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Abstract

The human Toll-like Receptor 9 (TLR9) is an endosomal Pattern Recognition Receptor
(PRR) that recognizes DNA sequences containing the unmethylated Cytosine-Guanine (CpG)
dimers, which are present in greater abundance in most bacterial genomes compared to those of
vertebrates. Specific CpG-containing sequences are strongly stimulatory of human TLR9, as
shown in published studies using synthetic oligonucleotides (ODN) and DNA from bacterial
species of varying genomic CpG concentration.

Human TLR9 activation was experimentally examined in this thesis using DNA extracted
from different bacterial sources, human DNA from Caco-2 cells, known immunostimulatory
ODN, and short ODN. In vitro assays using fragment length-standardized microbial genomic
DNA on HEK-Dual TLR9 Cells and human peripheral blood mononuclear cells (PBMCs)
revealed that TLR9 activation strongly correlated to CpG concentration of the input DNA, with
an additional influence of CpG-containing 5-mer TCGTT concentration.

When DNA of varying origins and fragment lengths were used together, however,
complex dynamics of TLR9 activation, co-activation, and repression were observed, which were
less predictable than expected from genomic CpG concentration alone. DNase I-treated microbial
DNA fragments of less than 15 bp of length were non-activating on their own, but co-activated
human TLR9 together with ODN-2006 in Ramos Blue (B) cells. Similarly, human DNA
fragments at the length of 50-200 bp co-activated human TLR9 with both ODN-2006 and
Escherichia coli DNA in HEK-dual TLR9 cells. In contrast, large human DNA fragments at over
10000 bp of length repressed TLR9 activation by ODN-2006 in Ramos Blue cells.

Finally, a preliminary study was conducted in HT-29 cells on the effect of TLR9

activation on the invasion of Fusobacterium nucleatum, an opportunistic gut pathogen with a



very low genomic CpG concentration at 0.296%, using ODN-2006 and human DNA as TLR9
activators. While increased presence of intracellular Fusobacterium nucleatum upon treatment
with both ODN-2006 and human DNA was noted, more studies are needed to confirm TLR9
activation as a cause of greater bacterial invasion.

The human colon is the location of the largest microbial population of the human body,
which provides a rich source of non-human DNA in contact with human TLR9 present in
intestinal epithelial cells, plasmacytoid dendritic cells (pDCs), and B lymphocytes. Additionally,
the daily mass shedding and death of human intestinal epithelial cells provide large amounts of
human DNA, which when combined with microbial DNA could result in co-activation and
possible autoimmunity. The thesis thus provided an in vitro model of TLR9 activation by
complex DNA of varying origins and fragment lengths likely to present in the human gut
environment, and prepared a working basis for future studies of TLR9 activation by human fecal

metagenomic DNA.



Zusammenfassung

Der menschliche Toll-like-Rezeptor 9 (TLRY) ist ein endosomaler
Mustererkennungsrezeptor (PRR), der DNA-Sequenzen erkennt, die unmethylierte Cytosin-
Guanin-Dimere (CpG) enthalten. Diese sind in den meisten bakteriellen Genomen in groBBerer
Menge vorhanden als im Vergleich zu denen von Wirbeltieren. Spezifische CpG-haltige
Sequenzen stimulieren den menschlichen TLR9 unterschiedlich stark, wie in veréffentlichten
Studien mit synthetischen Oligonukleotiden (ODN) und DNA von Bakterienarten mit
unterschiedlicher genomischer CpG-Konzentration zeigten.

In der vorliegenden Arbeit wurde die Aktivierung des menschlichen TLR9 unter
Verwendung von DNA aus verschiedenen bakteriellen Quellen, menschliche DNA aus Caco-2-
Zellen, bekannte immunstimulierende ODN und kurze ODN experimentell untersucht. In in-
vitro-Assays, in denen die TLR9 Aktivierung durch, mit Fragmentldngen-standardisierte
mikrobielle genomische DNA in HEK-Dual TLR9-Zellen und humanen peripheren
mononukledren Blutzellen (PBMCs) untersucht wiirde, zeigten dass die TLR9-Aktivierung stark
mit der CpG-Konzentration Input-DNA korreliert und die CpG-haltige 5-mer TCGTT-
Konzentration einen zusitzlichen Einfluss hat.

Wurden jedoch DNAs unterschiedlicher Herkunft und Fragmentldngen zusammen
verwendet, konnte eine komplexe Dynamik der TLR9-Aktivierung, Koaktivierung und
Unterdriickung beobachtet werden, die weniger vorhersehbar war als von der genomischen CpG-
Konzentration allein erwartet. Mikrobielle DNA-Fragmente mit einer Ldnge von weniger als 15
Basenpaaren (bp), welche mit DNase I behandelte wurden, besal3en alleine keine aktivierende
Funktion. Im Zusammenspiel mit ODN-2006, konnte jedoch eine Aktivierung zusammen des

menschlichen TLR9 in Ramos Blue (B)-Zellen beobachtet werden. In dhnlicher Weise ko-



aktivierten menschliche DNA-Fragmente mit einer Lange von 50-200 bp den menschlichen
TLR9, sowohl unter Zugabe von ODN-2006, als auch Escherichia coli DNA in HEK-dual TLR9-
Zellen. Im Gegensatz dazu unterdriickten grof3e menschliche DNA-Fragmente mit einer Linge
von Uber 10000 bp die TLR9-Aktivierung durch ODN-2006 in Ramos Blue-Zellen.

SchlieBlich wurde eine vorldufige Studie iiber die Auswirkungen der TLR9-Aktivierung
in HT-29-Zellen auf die Invasion von Fusobacterium nucleatum, einem opportunistischen
Darmpathogen mit einer sehr niedrigen genomischen CpG-Konzentration von 0,296%,
durchgefiihrt. Als TLR9-Aktivatoren wurden dabei ODN-2006 und menschliche DNA verwendet.
Wihrend eine erh6hte Prisenz von intrazelluldrem Fusobacterium nucleatum nach der
Behandlung sowohl mit ODN-2006 als auch mit menschlicher DNA festgestellten wurde, sind
weitere Studien erforderlich, um die TLR9-Aktivierung als Ursache fiir eine stirkere bakterielle
Invasion zu bestétigen.

Der menschliche Dickdarm beherbergt die grofte mikrobielle Population des
menschlichen Korpers. Diese stellt eine reichhaltige Quelle nicht-menschlicher DNA dar, die mit
menschlichem TLRO in intestinalen Epithelzellen, plasmazytoiden dendritischen Zellen (pDCs)
und B-Lymphozyten in Kontakt kommt. Dariiber hinaus liefern die téglichen Ausscheidungen
und das Absterben menschlicher Darmepithelzellen grole Mengen menschlicher DNA, die in
Kombination mit mikrobieller DNA zu einer Koaktivierung und moglicher Autoimmunitét fiihren
konnten. Die Arbeit lieferte somit ein in-vitro-Modell der TLR9-Aktivierung durch komplexe
DNA unterschiedlicher Herkunft und Fragmentlidnge, wie sie in der menschlichen
Darmumgebung vorkommen kann, und bereitete eine Arbeitsgrundlage fiir kiinftige Studien zur

TLR9-Aktivierung durch menschliche fikale metagenomische DNA.
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1. Introduction

1.1 The Toll-Like Receptor 9 (TLR9) and the Innate Immune System

The Toll-like Receptor 9 (TLR9) belongs to the Toll-like receptor (TLR) family, a
category of Pattern Recognition Receptors (PRRs) within the innate immune system2. The
innate immune system has an older evolutionary lineage compared to the adaptive immune
system®#, and is the only type of immunity found in invertebrates®. Evolutionary development of
innate immunity had been studied in various organisms including Drosophila®, jawless fish’, and
Placozoans®, the latter of which the most primitive animal in which innate immunity was
identified. For organisms possessing both the innate and the adaptive immune system, the innate
immune system forms the first line of defense®, and gives rise to a fast-acting immune response
which confronts a diversity of pathogens regardless of origin'. The innate immune system can
also signal the immune cells responsible for the adaptive immune response, such as Antigen
Presenting Cells, via the Type I interferon (IFN) signaling pathway!12,

Contrary to the adaptive immune system, where immune cells generate pathogen-specific
antibodies in a lock-and-key interaction with bacterial and viral antigens via memory of prior
exposures®3, the innate immune system recognizes generalized features of invading pathogens
such as bacterial lipopolysaccharides (LPS)!* or viral nucleic acid sequences®®. PRRs, variously
located at the surface, cytosolic, or endosomal regions of a cell*®, respond to a variety of features
deemed potentially harmful to the host!®!’. PRRs recognize foreign bodies distinguishable from
the self, as well as patterns associated with tissue damage'®. Activation of PRRs leads to
inflammation!’, a complex physiological process which includes production of cytokines’ and

Nitrous Oxide (NO)*® 2°, vasodilation, and infiltration of immune cells into damaged tissues?.
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The TLR family is a family of PRR that recognizes patterns expressed by intruding
microorganisms including bacteria, viruses, and fungi, collectively known as pathogen-associated
molecular pattern (PAMP) or microbe-associated molecular pattern (MAMP)Z%°, The receptor
family received its name from the protein product of Toll gene in Drosophila melanogaster,
discovered by the Nobel laureate Christiane Nusslein-Volhard, which not only controls early
larval development of dorsoventral polarity in Drosophila?®, but also their innate immune defense
against fungal infection?’. The vertebrate equivalents of the Drosophila Toll, which similarly
induce an NF-kB signaling cascade upon activation, is therefore named Toll-like receptors?.

The TLR family are Type | transmembrane glycoproteins consisting of an extracellular
domain, a single transmembrane domain, and an intracellular domain®® 3, The extracellular
domain consists of modules containing leucine rich repeat (LRR) amino acid sequences
sandwiched between N-and-C termini and form a characteristic horseshoe shape, which is
responsible for recognizing specific microbial motifs?®. In mammals, the TLR family recognizes
MAMPs via direct binding of the ligand with the extracellular domain of the TLR. Upon ligand
binding, TLR dimerizes and recruits adaptor proteins responsible for downstream signaling®°.
The structure of extracellular domains of endosomal nucleic acid sensors TLR7, TLR8 and TLR9
are similar to each other, all of which include a long Z-shaped insertion loop between LRR14 and
LRR15°%. The Z-loop was found to be crucial for DNA binding for TLR93L,

The TLR family is present in both vertebrates and invertebrates, and represents one of the
oldest, most evolutionarily conserved innate immunity receptor families®2. While they recognize
patterns expressed by bacteria and viruses, the patterns they recognize are not pathogen-specific,
which leads to problems when they react against commensal microorganisms®3. Thirteen

members of the TLR family were identified in human and mice together, though some TLRs,
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such as TLR10, 11, 12 and 13, are present in mice but not in humans. Ten TLRs were identified

in humans®*.

1.2 Location and Structure of the TLR9

TLR9, similar to other TLR specialized in nucleic acid sensing, are not located on the cell
surface. Instead, they are endosomal receptors, thus the nucleic acid ligand must be transported to
the endosome before an interaction takes place®. To activate TLR9, a ligand whether in the form
of a bacterium, virus, or synthetic oligonucleotide, must first be introduced into the cell®®.

TLR9 recognizes DNA patterns characteristic of invading bacteria and viruses, namely
unmethylated Cytosine-Guanine (CpG) dimers, which are present at higher frequencies in most
bacterial genomes compared to those of vertebrates®®. The resting TLR9 resides on the
Endoplasmic Reticulum (ER)®’. However, they translocate to the endo-lysosomes where they
bind to DNA®, Translocation of the TLR9 from the ER to the endo-lysosome is constitutive for a
fraction of TLR9%, where they traffic through the Golgi complex upon exiting the ER® *°. More
TLR9 were subsequently recruited upon an initial activation event of local TLR9, augmenting the
TLR9 response®. The endosomal location of TLR9 prevents TLR9 from reacting to self-DNA?,
Self-DNA are rarely endocytosed and remain in the extracellular domain, where they are rapidly
degraded*'. Engineered relocation of TLR9 onto the cell surface was found to induce powerful
reactivity to self-DNA and autoimmunity*°.

The inactive TLR9 is a monomer and contains a Z-loop at its extracellular domain. The
orientation of the Z-loop for TLRO is oriented differently from the RNA sensor TLR8, with the
TLR9 Z-loop extending toward the C-terminus and capable of interacting with LRR 15-21. The

ring structure of TLR9 has more unoccupied inner space compared to TLR8 and therefore allows
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ligand binding on the concave inner surface. Upon addition of TLR9-activating ligands, two
receptors bind to each other, forming a dimer around the ligand3!.

With the addition of a strand of CpG-containing Oligonucleotides (ODN), local
conformational changes of the loop regions LRR8, LRR11 and LRR18 occur, allowing for TLR9
dimerization. Both members of the dimer recognize the same sequence: The CpG bases are
recognized via multiple amino acids and hydrogen bonds, and the ODN forms a bent shape
wedged between the TLR9 dimers. During dimerization, LRRNT, LRR1 and LRR2 of one
receptor recognizes CpG dimer bases of the stimulatory ODN strand with additional hydrogen
binding capacities for flanking purine sequences, while LRR20 to LRR22 of the second receptor
binds to the backbone, resulting in opposing orientation of the two receptors. When inhibitory
ODN (iODNs) are present, the iODN sequence that binds to a TLR9 monomer partially overlaps
with the ODN, competitively inhibiting ODN binding, resulting in an antagonistic effect to TLR9

activation®?,

1.3 Downstream Signaling upon TLR9 Activation

Upon dimerization, TLR9 signals Toll-interacting proteins (TIR domain) attached to
MyD88, an adaptor protein. MyD88 then signals the protein kinases IRAK1, IRAK2 and IRAK4,
which are attached to TRAF3 and TRAF6. Two different pathways are activated depending on
cell type: the NF-kB/AP1 pathway through TAKZ, or the Type-I interferon pathway through
IRF7%2, In the first pathway, exemplified by human B cells, TRAF®6 signals of the protein
complex TAB2, TAB3 and TAKZ1, the same complex activated by the surface TLR such as
TLR1, 2, 5 and 6. Three downstream pathways of the protein complex were identified: IKKa and
IKKp signals NF-kB, MIKK4 or MIKK7 signals JNK which signals AP-1, and MIKK3 or

MIKKG®6 signals p38 which signals CREB. NF-kB, AP-1 and CREB are transcription factors
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occupying transcription sites of pro-inflammatory genes, resulting in production of inflammatory
cytokines such as IL-6, IL-8, and TNF-a?*. The second pathway is characteristic of plasmacytoid
dendritic cells and also involves IKKa, which signals IRF7, a transcription factor for the
production of Type-1 interferons such as IFN-a and IFN-B24. This pathway is primarily signaled
by endosomal nucleic acid sensors*®, and thus can be used to distinguish TLR9 activation by
bacterial DNA from surface TLR activation by residue bacterial components such as LPS in

TLR9 activation experiments using microbial DNA.

1.4 TLR9 Recognizes CpG-Containing DNA Sequences

The CpG dimer is one of the 16 possible dimer combinations within a genome. However,
due to rules of reverse complement, all dimers necessitate fixed sequences at its complementary
strand, i.e., AA must be complemented with TT, and so forth, thus by chance alone, CpG dimers
should occur ca. 1/8 (12.5%) of the time in a typical double-stranded DNA. The CpG
concentration of bacteria, whether human-associated or purely environmental, varies greatly
between species but typically, the CpG concentration is lower than 12.5%. A reason is that the
concentration of G+C is lower than 50% for most bacterial species**. The phenomenon may be
energetic in nature. Transcription of different bases requires different amounts of energy, with
Guanine as the costliest base followed by Cytosine*. Therefore, positive selection for the use of
A and T bases in transcribed regions of the genome occurred when multiple codon options are
available for a given amino acid occurs, depressing the G+C concentration®.

However, a lower CpG concentration than expected even within a given % G+C is found
in many commensals and pathogens®®, as well as in typical vertebrate genomic DNA*". Among
bacteria of the same species such as Clostridioides difficile, more virulent and invasive strains

exhibit additional CpG depression compared to less virulent strains*. In addition, some DNA
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viruses are also lower in CpG concentration than expected*®, suggesting evolutionary selection
for evasion from TLR9 recognition.

Among microbial species associated with human diseases, a wide range of CpG
concentrations are represented. Mycobacterium tuberculosis, the bacterium that causes the lung
disease tuberculosis, has 12.7% CpG*. Salmonella Typhi has 8.48% CpG®°, while Shigella
flexneri’s CpG concentration of 7.27%% is very similar to that of Escherichia coli, some strains
of which are also invasive. Others, however, have low CpG concentration, such as the food-borne
pathogen Campylobacter jejuni (1.44%)* and Clostridium perfringens (0.482%). Significantly,
whole genera of bacteria adapted to strictly intracellular lifestyle are low in CpG. Borrelia
bergadorfi, the causative agent of Lyme disease, has 1.01% CpG*¢. Mycoplasma spp., a parasitic
intracellular genus causing a variety of diseases, have genomic CpG concentration as low as
0.209%°!. The low CpG concentration of intracellular species suggested possible adaptation to
escape the TLR9-dependent antimicrobial response cascade, allowing for extended survival in the
intracellular environment®!,

For human gut commensals, CpG concentration is generally lower than 12.5%:
Escherichia coli has 7.47% CpG, Bacteroides fragilis has 4.72% CpG, while Fusobacterium
nucleatum, an oral commensal also found in the human gut, has a very low CpG concentration of
0.296%. Bioinformatics estimate for the average CpG concentration of a typical adult
microbiota is at circa 4.85%. The microbiota of a nursing infant, due to the prominent presence
of the high-CpG genus Bifidobacterium, has a higher CpG concentration than an adult’s®2.

The human genome has a very low CpG concentration: at 0.9%, the CpG concentration is
at one-fourths of expected from genomic % G+C of 38%. The low CpG concentration of human
DNA, like those of other vertebrate species, could represent an evolutionary adaptation against

autoimmunity*’.
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The human genomic DNA is additionally heavily methylated. Typically, methylation
occurs at locations rich in CpG dimers, on the Cytosine base®*. ODNs with methylated CpG bases
are non-activating of TLR9®, suggesting that the lack of TLR9 activation by human DNA is not
due solely to low CpG concentration. Methylation is another means by which human TLR9
distinguish self-DNA from microbial intruders®. Nonetheless, CpG methylation is exploited by
some bacteria. An enzyme involved with CpG-DNA methylation, the methyltransferase M.Mpel,
was found in Mycoplasma penetrans which, along with its very low genomic CpG concentration,
is likely to further help it evade human TLR9 detection and promote their survival inside host

cells®,

1.5 Sequence Patterns Influencing Human TLR9 Activation

Elucidation of molecular patterns activating human and mouse TLR9 were carried out
using synthetic CpG-containing oligonucleotides, or ODNs®®. The design of CpG-containing
ODN originated from studies of genetic sequences of bacterial extracts such as those from the
mycobacterium Bacillus Calmette-Guerin (BCG)®’ and antisense sequences to retroviruses®®.
Antisense ODN were found to induce B cell proliferation and immunoglobin secretion®®. Via
cloning of the bacterial and viral genes, it was found that the self-complimentary palindrome
CpG dimers within these genes are responsible for innate immune response to bacterial DNA®°,
Hartmann and Krieg (2009) additionally noted that antisense ODN alone do not explain immune
activation, but specific sequence motifs do, and the flanking sequences around the CpG dimer
play a major role®:,

Three classes of CpG-ODN for humans were designed leading to somewhat different
responses from TLR9-containing immune cells. Class A CpG-ODN is of mixed

phosphorothioate- and phosphodiester backbone, and the two CpG-containing sequence motifs
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have a phosphodiester backbone, and are palindromic and self-complementary. The sequence,

named ODN-2216, has the sequence: 5°-ggGGGACGA:TCGTCgggggg-3’ (20-mer), where

capital letters indicate phosphodiester bases and underlined letters indicate the self-
complementary loop. The sequence induces strong production of Interferon-alpha (IFN-a) from
human plasmacytoid dendritic cells (pDCs) but weak B-cell response. Class B ODN, ODN-2006,
is a linear ODN of completely phosphorothioate backbone with the sequence: 5°-
tcgtegttttgtegttttgtegtt-3° (24-mer). The sequence is highly stimulatory of human B-cells,
inducing TLR9-dependent NF-kB signaling and proliferation, but is weak in inducing pDC IFN-a
production. Finally, Class C ODN, ODN-2395, is a duplex DNA of phosphorothioate backbone
with a 3’ palindrome with the sequence: 5’-tcgtcgttttcggcgce:gegeceg-3’ (22-mer), where the
underlined letters indicate palindromic sequences through which two sequences complement each
other and form a duplex. ODN-2395 stimulate both human and murine TLR9, and induce both
pDC and B-cell response. For all classes of ODN, a switch of the CpG dimer with GpC
eliminates the TLR9 response.®?

In a series of ingenious experiments using a self-designed ODN (called minH75, a
modified ODN sequence based on ODN-2006 with a phosphodiester backbone) and short ODNs
(SODN) of less than 10 bases long, Pohar et al. illustrated an additional dynamic of human TLR9
activation. SODN sequences containing the CpG dimer flanked by Tyrosine bases as 4-mers and
5-mers, TCGT and TCGTT, were non-activating on their own of Ramos Blue cells (an
engineered B lymphocyte reporter cell line), but intensely promoted TLR9 activation together
with low concentrations of minH75. The phenomenon of SODN co-activation of human TLR9
with ODN occurred when sequences of different lengths are present, though the CpG dimer
remains central: when the CpG dimer on the SODN sequence TCGTT was switched with GpC, or

when the sODN consist of Tyrosine bases alone, no co-activation occurred, similar to how ODN-
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2006GC (ODN-2006 with all CpG dimers replaced by GpC) is non-activating of human TLR9.
CpG dimer without flanking tyrosine bases as SODN also co-activated TLR9 with minH75 on
Ramos Blue cells, but to a weaker extent compared to TCGT and TCGTT.®

In addition, they showed TCGTT to co-activate human TLR9 with ODN sequences
containing a single CpG dimer, which are non-activating on their own. TCGTT also co-activated
TLR9 with DNA extracted from bacteria, mouse fibroblast DNA and their unmethylated PCR
products, methylated ODN, and calf thymus DNA, thus lower the sequence specificity needed for
TLR9 activation by a given DNA fragment. Via FITC labeling, Pohar et al. confirmed
colocalization of SODN with ODN within the endosome of mouse bone marrow dendritic cells
(BM-DC), explaining the synergistic effect of ODN and sODN in contact with TLR9.5

Co-activation experiments implied that while human DNA, with its low CpG
concentration and extensive methylation, is itself not a potent TLR9 activator, they can act in
synergy with small CpG-containing DNA fragments of microbial origins to induce TLR9
response. The interaction suggests that when human and microbial DNA of different lengths are
co-present in the endosome, cross-interaction can result in increased TLR9 activation that cannot
be explained by direct activation alone.®

Aside from co-activation of ODN by sODN, a class of ODNs are known to inhibit TLR9
activation, called inhibitory ODN (iODN). Even at the ratio of 1:10, iODN suppressed TLR9
activation by ODN, indicating a potent inhibitory effect®. A potent TLR9-inhibitory sequence is

found in telomeric hexamer repeats at the end of the human chromosome TTAGGG®.

1.6 TLR9 Response to Self-DNA
The human genomic DNA is both low in CpG dimer and where CpG dimers are present,

heavily methylated®. Therefore, human TLR9 is less inclined to be activated by its own DNA,
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and can distinguish DNA sequences of microbial intruders versus its own. However, an exception
exists regarding mitochondrial DNA®®, Evolutionarily considered, the mitochondria originated
from the ingestion of bacteria by ancient eukaryotic cells, thus retaining an independent genome
with its own DNA sequence (mtDNA) with “bacteria-like” properties®’. Compared to nuclear
DNA, mtDNA contains high concentration of hypomethylated CpG sequences, thus is
significantly more activating of TLR9®. Therefore, mtDNA can be recognized similarly to the
DNA of bacteria, leading to a possible autoimmune response when they are damaged and
recognized by the TLR9 receptor®. The role of mtDNA in TLR9 activation had been illustrated
in a Dengue Fever Virus (DENV) model where the RNA virus, not a TLR9 ligand itself, caused
mitochondrial permeability and release of mtDNA into the cytosol, which induced TLR9
response to mtDNA and release of inflammatory cytokines by pDCs®°,

DNA from apoptotic cells can also be a TLR9 ligand, as had been shown in mouse
models on obesity”® and acetaminophen-induced hepatoxicity’®. In an obesity model, Nishimoto
et al. noted that adipocytes degenerate due to chronic inflammation induced by high-fat diet.
Apoptotic adipocytes released cell-free DNA (cfDNA) into the bloodstream, promoting
monocyte chemo-attractant protein (MCP-1) expression in macrophages’. In the hepatoxicity
model, when liver injury and liver cell apoptosis was induced by the drug acetaminophen, free
DNA released from apoptotic liver cell was found to activate TLR9, which signaled transcription
of pro-inflammatory genes IL-1p and IL-18 and the Nalp3 inflammasome’. Increased cfDNA in
the bloodstream was also found in patients with obesity?, insulin resistance’, metastatic
cancer’®, and Systemic Lupus Erythematosus (SLE)".

Self-DNA can be complexed to proteins e.g., high-mobility group box 1 (HMGB-1)"® and
antimicrobial peptides e.g., LL-377®, forming a ribonucleoprotein complex. These complexes are

formed in the event of DNA release from burst cells undergoing necroptosis’®, and during the
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formation of the neutrophil extracellular trap (NET)’®, a matrix consisting of cellular DNA and
proteins released by neutrophils as a means to capture invasive microorganisms such as type A
Streptococcus’’. Self-DNA-protein complex is a source of TLR9-associated autoimmune
response in autoimmune diseases such as SLE. SLE is characterized by defective clearance of
dead cells, which are insufficiently recognized and removed by professional phagocytes, thus
becoming autoantigens consisting of self-DNA complexed to proteins that can bind to antibodies
on the surface of pDCs and B cells’®. The complexes are transported by surface antibodies into
the endosome, which comes into contact with TLR9°, whose activation leads to production of
large amounts of IFNa and TNFa by pDCs and proliferation of B cells characteristic of

autoimmunity®.

1.7 TLR9 Activation and Innate Immunity in the Human Gut

The mucosal layer is a major defensive barrier of the gut segregating the intestinal
microbiota from the cell layer, confining bacteria to the lumen of the large intestine. A gel-like
matrix called the mucus, consisting of mucin, digestive enzymes, antimicrobial peptides and
immunoglobins, lies between the cell layer and the lumen®3. Mucin is a glycoprotein secreted by
goblet cells, an elongated epithelial cell type present in the human intestine and the lungs®. The
mucus is divided into two layers in the colon: a loose upper layer and a packed lower layer®?. The
upper layer of the intestinal mucus is in direct contact with the microbiota. Antimicrobial
peptides, secreted by Paneth cells in the intestinal crypt, are concentrated at the lower layer of the
mucus, and preclude bacteria from direct contact with the intestinal epithelium®. Mucus also
protects against bacterial adhesion to the epithelium via transportation of bacteria down the

digestive tract and shedding®.
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The microbiota is required for normal mucus development. Germ-free mice, which do not
have a microbiota, showed anomaly in mucus composition. In a study using bacteria-sized beads
flushing through the colon of germ-free and conventional mice, the beads were trapped within the
upper mucosal layer of germ-free mice, which suggests a greater permeability of the mucus of
germ-free mice to bacteria, while the mucus of conventional mice is fully impenetrable.
Proteomics analyses showed greater presence of MUC2 in the mucus of conventional mice
compared to germ-free mice.®*

In addition to microbial DNA, the intestinal mucus contains human DNA, likely to
originate from daily massive shedding and death of human intestinal epithelial cells. The human
intestinal epithelial cells are some of the shortest-lived cells of the human tissues, with an
extremely high turnover rate. At normal rates, all human intestinal epithelial cells are replaced in
four days®. A typical intestinal epithelial cell in the colon is generated from the stem cells at the
bottom of the intestinal crypt, pushed up alongside the crypt toward the tip of the villi, and finally
shed from the tip®. The shed cells then die of apoptosis in the mucosal region®.

In inflammatory bowel diseases and parasite infections, increased cell turnover occurs,
suggesting greater apoptosis in the gut®”#. In addition, some gut cells die of necrosis, a cell death
pathway that does not follow the standard apoptosis program®’. In necrosis, the cells burst and
spill their cytosolic materials into the surrounding environment, including DNA, which can be
complexed with proteins into ribonucleoprotein complexes activating TLR9%. Increased cell
death and premature cell death prior to shedding also compromise the gut barrier, resulting in
greater contact of gut microbiota with immune cells®. Inflammatory bowel diseases such as
Crohn’s disease and ulcerative colitis are characterized by disruption of the gut barrier®?, where

an increase of apoptotic and necrotic DNA in the gut, together with a compromised gut barrier
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that permits more members of the microbiota to invade intestinal tissues®, exposes resident
immune cells of the gut to an increased amount of DNA of both microbial and human origins,

aggravating the inflammatory response®*.

1.8 TLR9 Activation Can be Anti-Inflammatory

Activation of PRRs leads to the production of chemokines and cytokines'’. While most
cytokines are pro-inflammatory, some, such as IL-10, are anti-inflammatory cytokines that
counter the inflammatory response®®. Activation of different PRR’s result in the release of
different cytokines types depending on the cell types affected and the receptors involved?’.

Anti-inflammatory roles played by TLR9 activation were studied on neonatal Necrotizing
Enterocolitis (NEC)% % and Non-Alcoholic Fatty Liver Disease (NAFLD) models®, which
characterized the antagonistic relationship between TLR4 and TLR9 activation, where the former
is pro-inflammatory but the latter anti-inflammatory. In both models, the TLR4-activating agent
LPS aggravated inflammatory responses: In NEC, TLR4 activation induced gut cell apoptosis
and production of the inflammatory cytokine IL-6%; in NAFLD, it induced liver stenosis and
worsening of the liver disease indicator ALT®8. The disease manifestations in both examples
could be reversed by the addition of ODN-1826, the mouse-specific TLR9 agonist. In a mouse
and piglet model on neonatal NEC induced by Enterobacteriaceae, Good et al. (2013) found that
TLR9 activation by Lactobacillus rhamnosus extracts could protect the intestine from NEC. The
same effect could be shown when ODN-1826 was used®®. Therefore, TLR9 activation by gut
commensal DNA might play a role in immune homeostasis of the gut environment, and can be
anti-inflammatory in specific circumstances.

Additional evidence of TLR9 playing an inflammatory role was described in lupus-prone

MRL/Mplpr/lpr mouse models representing SLE. Compared to mice with wild-type TLR9, TLR9
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deficient mice showed a greater number of activated B and pDC cells and increased production of
inflammatory cytokines with concordant severer skin and kidney disease manifestations. TLR9
activation can thus serve a protective role in promoting clearance of dead cell debris and reducing

inflammation in SLE patients.®

1.9 Goal of This Thesis

The gut microbiota is a rich supplier of DNA in the human gut environment and interacts
with the human TLR9 in direct and indirect ways. As the human large intestine harbors a vast
population of human microbiota'® and short-lived human intestinal epithelial cells®®, sources for
high concentration of DNA of both microbial and human origin, it is an ideal environment for
human TLR9 activation to occur. The project aims to clarify how specific combinations of DNA
of various origins—synthetic ODNs, microbial DNA and human DNA—, that might be present
in the human gut in both normal and pathological conditions, affect human TLR9 activation.
While it is known that microbial DNA activates human TLR9, and TLR9 activation depends on
CpG-containing sequences, which are more concentrated in most microbial genomes compared to
that of the human genome, human TLR9 activation by microbial and human DNA co-present in
the gut is likely to play out in a more complex manner that affects human gut homeostasis.

In addition, we aim to develop experimental models using DNA of varying origins and
fragment lengths to provide insights into TLR9 activation applicable to situations such as infant
gut development, inflammatory bowel diseases, bacterial infection, and colorectal cancer. While
the overall innate immune response in the gut in the aforementioned situations is likely to be far
more complex, various normal and disease conditions are predicted to cause TLR9-containing

cells of both epithelial and leukocytic origins to come into contact with microbial and human
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DNA. The role played by human DNA, likely to originate from apoptotic and necrotic intestinal
epithelial cells, in the context of human TLR9 response in the gut, remains unclear.

Finally, preliminary experiments on Fusobacterium nucleatum invasion of intestinal
epithelial cells are included to identify the role of TLR9 activation on bacterial penetrance. As the
species has a very low CpG concentration and is an opportunistic pathogen often found in the gut
of patients with colorectal cancer'®?, an invasion model could provide hints on TLR9 activation

within the tumor microenvironment.
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2. Methods

2.1 Bacteria Cultivation

2.1.1 Source of Bacteria Stock

Micrococcus luteus (DSM 1790), Bifidobacterium bifidum (DSM 20239),
Bifidobacterium breve (DSM 20213), Lactobacillus ruminis (DSM 20403), Bacteroides dorei
(DSM 17855), Enterococcus faecalis (DSM 20478) , Staphylococcus epidermidis (DSM 20044),
Lactobacillus salivarius (DSM 20555), Clostridioides difficile (DSM 1296), Clostridium
perfringens (DSM 756), and Fusobacterium nucleatum (DSM 15643) were purchased as freeze-
fried stocks from the German Collection of Microorganisms and Cell Culture GmBH (DSMZ).
Escherichia K12/C600 and Campylobacter jejuni (DSM 4688) were a gift from Department of
Food Biotechnology (Prof. Herbert Schmidt), and Escherichia coli DH5a were a gift from the
Department of Immunology (Prof. Thomas Kufer) from the University of Hohenheim, Stuttgart,

Germany).

2.1.2 Overview of Medium and Conditions for Bacterial Cultures

Table 1. Cultivation Medium, Growth and Freezing Conditions of the Bacteria Species
Used

Bacterial Species | Growth Medium Growth Propagation Freezing medium

(strain) Environment Time

Escherichia coli LB Medium and LB Agar | 37°C, aerobic 16 h 70% LB medium

(K12/C600) (Carl Roth) 15% Glycerol (Sigma)

15% sterile H20

Escherichia coli LB Medium and LB Agar | 37°C, aerobic 20 h 70% LB medium

(DH50) Columbia Agar with 5% 15% Glycerol
defibrinated sheep blood 15% sterile H20
(Biomerieux)
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Campylobacter Columbia Agar with 5% 37°C, 72 h 70% Columbia Broth
jejuni (DSM defibrinated sheep blood microaerophilic (BD)
4688) 15% Glycerol
15% sterile H20
Micrococcus Nutrient Agar: 5g/L 30°C, aerobic 96 h 70% nutrient broth
luteus (DSM peptone (Carl Roth), 3g/L (5¢/L Peptone, 3g/L
1790) meat extract (Carl Roth), Meat Extract)
15¢/L Agar (Carl Roth) 15% Glycerol
15% sterile H20
Bifidobacterium Bifidobacterium medium: | 37°C, anaerobic 48 ~72h 70% Bifidobacterium
bifidum (DSM MRS medium (Carl Roth) medium
20239) with 40mL/L salt 15% Glycerol
solution™, 15% Sterile H20
5¢/L NaCl and 0.05%
Cysteine-HCI (Carl Roth),
pH 6.8, Bifidobacterium
agar (+15¢g/L Agar)
Bifidobacterium Bifidobacterium medium: | 37°C, anaerobic 48 ~72h 70% Bifidobacterium
breve (DSM MRS medium with medium
20213) 40mL/L salt solution®ote 1), 15% Glycerol
5¢/L NaCl and 0.05% 15% Sterile H20
cysteine-HCI, pH 6.8,
Bifidobacterium agar
(+15¢/L Agar)
Lactobacillus MRS medium with 30°C, anaerobic 48 h 70% MRS medium
ruminis (DSM additional 2g/L meat 15% Glycerol
20403) extract, 1g/L yeast extract, 15% Sterile H20
and 0.05% Cysteine-HCI
pH 6.2~6.5
MRS Agar (+15g/L Agar)
Bacteroides dorei | Columbia Agar with 5% 37°C, anaerobic 48 h 20% Powdered Skim
(DSM 17855) defibrinated sheep blood Milk (Carl Roth)
Enterococcus Columbia Agar with 5% 37°C, 48 h 70% Columbia Broth
faecalis (DSM defibrinated sheep blood microaerophilic (BD)
20478) 15% Glycerol
15% sterile H20
Staphylococcus Columbia Agar with 5% 37°C, aerobic 48 h 70% Columbia Broth
epidermidis defibrinated sheep blood 15% Glycerol
(DSM 20044) 15% Sterile H20
Lactobacillus MRS medium with 37°C, anaerobic 48 h 70% MRS medium
salivarius (DSM | additional 2g/L meat 15% Glycerol
20555) extract and 1g/L yeast 15% Sterile H20
extract, pH 6.2~6.5
Clostridioides Brain-Heart Infusion 37°C, anaerobic 48 ~72h 70% Brain-Heart
difficile (DSM Broth (Sigma) with 5g/L Infusion Broth (Sigma)
1296) Yeast Extract and 0.05% with 5g/L Yeast Extract
Cysteine-HCI and 0.05% Cysteine-
HCI
Columbia Agar with 5% 15% Glycerol
defibrinated sheep blood 15% Sterile H20
Clostridium Columbia Agar with 5% 37°C, anaerobic 48 h 70% Columbia Broth

perfringens (DSM
756)

defibrinated sheep blood

15% Glycerol
15% sterile H20
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Fusobacterium
nucleatum (DSM
15643)

Liquid culture
(Fusobacterium
nucleatum and
Clostridium
perfringens)

Columbia Agar with 5%
defibrinated sheep blood

Brain-Heart-Infusion
Broth with 5 mg/mL
Hemin (Sigma) and 1
mg/mL Vitamin K
(Sigma)

37°C, anaerobic

37°C, anaerobic

48 ~72h

Variable
(based on
growth curve)

70% Columbia Broth
15% Glycerol

15% sterile H20
N/A

Liquid culture
(Staphylococcus

Brain-Heart-Infusion
Broth

37°C, aerobic

Variable
(based on

N/A

epidermidis) growth curve)

Note 1: Per 1L of salt solution, the following formula was used: 0.25 g CaCl; x 2 H,0, 0.50 g MgSQO4 x 7 H,0, 1.00
g KzHPQOy4, 1.00 g KH2PO4, 10.0 g NaHCOs3, 2.0 g NaCl. The mixture was filled up to 1L with distilled water and
autoclaved using the standard liquid program.1%

2.1.3 Medium Preparation

With the exception of Columbia Agar with 5% defibrinated sheep blood, which was
purchased directly as prepared agar plates from Biomerieux, culture media were prepared from
powdered stock, supplemental ingredients, and sterile water according to growth formulas
provided by DSMZ. All ingredients, except for Agar, Hemin, Vitamin K and Cysteine-HCI, were
added to water directly and left on a magnetic stand with a stirrer until fully dissolved, and pH
value was adjusted with HCI and NaOH and a pH meter to +/- 0.1. Agar (if needed) was added to
the medium and briefly stirred, and the medium was autoclaved at 121°C for 20 min. Once the
autoclaved medium reached “hand-warm” temperature, i.e., when the medium bottles could be
held by hand without discomfort, sterile 0.2 um filtered Hemin, Vitamin K and Cysteine-HCI
were added to the desired final concentration. Medium containing agar were poured into sterile
10 cm petri dishes at circa 20 mL per dish, and the plates were left at room temperature with
open lids until agar solidified. Liquid medium and agar plates were stored in 4°C until further
need. For cultivation of anaerobic organisms, aliquots of liquid medium and agar plates were

incubated inside the anaerobic chamber for 24 h prior to use.
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2.1.4 Cultivation and Storage of Bacterial Stock from Freeze-Dried Pellets

Purchased freeze-dried bacterial stocks were encased in closed glass tubes within sealed
glass vials supplied by DSMZ. To break the glass vial, the sealed end was placed on a gas burner
for circa 10 s, and water was pipetted onto the heated glass to crack the vial, with the aid of a
pair of forceps. The inner glass tubes were taken out with forceps and moved to a suitable
location (sterile bench or anaerobic chamber) depending on growth condition. The mesh seal was
removed with forceps and set aside, and 500 pL of suitable medium was added directly to the
freeze-dried pellet and left for 30 min with the mesh seal placed loosely on top. 350 L of the re-
suspended bacteria were inoculated in 5 mL of suitable liquid medium, and 30 pL of bacteria
were streaked onto an agar plate (five in total) in four dilutions using an inoculation loop. The
liquid culture and agar plates were incubated in suitable temperature and atmospheric conditions
until visible growth was observed.

Bacterial stocks were prepared from both solid and liquid cultures. For single-colony
stocks, one colony was picked from an agar plate and resuspended in cryotubes containing 300
pL of suitable storage medium (Table 1). Lawn stocks were generated by scratching a line of
bacterial colonies using an inoculation loop and dipping the loop into 1 mL of suitable storage
medium. Liquid stocks were generated by pipetting 1050 mL of liquid culture onto 450 pL of

50% glycerol. All bacterial stocks were briefly vortexed, then stored in -80°C until further need.

2.1.5 Recovery and Cultivation of Bacteria on Agar Plates
To recover bacteria, frozen stocks were streaked on suitable agar plates using autoclaved
cotton swabs in several dilutions to generate single colonies. Once colonies were visible, single

colonies were spread onto fresh agar plates with an inoculation spatula. Anaerobic bacteria were
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left to grow either inside the anaerobic chamber, or in anaerobic jars (Oxoid 2.5L Anaerojar) and
boxes (Biomerieux 2.5L Anaerobic Box) with suitable gas pack generators (Oxoid and
Biomerieux). Microaerophilic bacteria were grown in anaerobic jars and boxes with
microaerophilic gas packs (Oxoid and Biomerieux). Detailed protocol link from Oxoid is listed

in Appendix 7.2.

2.1.6 Cultivation of Bacteria in Liquid Medium and Growth Curve Determination

A single colony of recovered bacteria on agar plates were inoculated into 5mL of pre-
prepared liquid medium until visible growth was observed. A dilution of 1:100 (1:500 for
Clostridium perfringens) was made, and the bacteria left to grow in an incubator or anaerobic
chamber. One mL of bacteria was taken out from growth tubes at various times for optical
density (OD) measurement at 600nm of wavelength, and 10 pL of bacteria were added to 90 pL
of Phosphate Saline Buffer (PBS) (Gibco) in serial dilutions. A total of 50 L of 10 to 10®
dilutions were spread onto Columbia Agar plates with 5% defibrinated sheep blood using an
inoculation spatula to generate single colonies. Colonies were counted in plates containing target
colony number of 30 to 300 per plate, and three graphs were generated: OD versus time, colony
forming unit (CFU) versus time, and CFU versus OD, to determine the time required for optimal

logarithmic phase growth for the given species.

2.1.7 Collection of Bacterial Pellets from Liquid Medium and Agar Plates
Bacterial pellets were collected from both liquid cultures and agar plates. Liquid culture
was centrifuged at 5000 rpm for 15 min twice with 1 PBS wash in between, and carefully

removed via a 1000 pL pipette leaving the bacterial pellet intact. Bacterial lawns from agar
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plates were swept with inoculation spatulas and inoculation loops and resuspended in 3mL pre-
prepared PBS in 5 mL Eppendorf tubes. Two agar plates of bacterial lawns generated from single
colonies were collected into one Eppendorf tube, then centrifuged at 5000 rpm for 15 min with
one PBS wash in between. PBS was removed, and dry pellets were stored at -20°C for

subsequent DNA extraction.

2.2 Human Cell Culture Growth and Processing

2.2.1 Source of Human Cell Culture Stock

HEK-Dual TLR9, HEK Null cells, and Ramos Blue (B) cells were purchased as frozen
stock from InvivoGen Europe. HEK-Dual TLR9 and HEK Null cells originated from human
embryonic kidney 293 (HEK-293) cells taken from a female fetus and transfected with human
adenovirus 5 DNA for immortalization'®, and engineered with two NF-kB/AP-1 downstream
reporters: the secreted embryonic alkaline phosphatase (SEAP) and Luminescence under the
control of the IL-8 promoter'®1%, The HEK-Dual TLR9 cell line was additionally engineered
with human TLR that signals NF-kB upon activation*%®. Ramos Blue cells are human B
lymphocytes extracted from a 3-year-old patient suffering from Burkett’s Lymphoma’? and
engineered with SEAP reporter downstream of NF-kB, and possess natural TLR9'%, Caco-2
cells were a gift from the Department of Nutritional Biochemistry (Prof. Lutz Graeve), and HT-
29 cells were a gift from the Department of Immunology (Prof. Thomas Kufer), both from
University of Hohenheim, Stuttgart, Germany. Both cell lines were originally isolated from

human colon carcinoma*®® and are capable of forming a monolayer upon 100% confluence,
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which differentiate into specialized cells possessing typical intestinal epithelial cell morphology

and functions?1°,

2.2.2 Routine Cell Culture Procedures

HEK-Dual TLR9 cells were cultivated in Dulbecco’s Modified Eagle’s Medium
(DMEM) (Gibco) with 10% heat-inactivated Fetal Calf Serum (hi-FCS, pre-inactivated in 56°C
liquid bath for 30 min) (Thermo Fisher Scientific) and 1% Penicillin/Streptomycin (Biochrom
Ltd.), supplemented with 100 pg/mL Normocin, 50 pg/mL Zeocin, and 100 pg/mL Hygromycin
B Gold (all from InvivoGen). HEK-Null Cells were cultivated in DMEM with 10% hi-FCS and
1% Penicillin/Streptomycin, supplemented with 100 pg/mL Normocin. Ramos Blue cells were
grown in Iscove’s Modified Dulbecco’s Medium (IMDM) (Gibco) with 10% heat-inactivated
FCS and 1% Penicillin/Streptomycin, supplemented with 100 pug/mL Normocin and 100 pg/mL
Zeocin. Caco-2 and HT-29 cells were grown in DMEM with 10% hi-FCS and 1%
Penicillin/Streptomycin. All cells were grown in T75 flasks in 37°C and 5% CO..

Cells were routinely passaged every 2-3 days. To passage adherent cells, cells were
washed once with PBS and gently detached with 2 mL of 0.025 mg/mL Trypsin/EDTA
(Biochrom Ltd. and Thermo Fisher Scientific), then stopped with the addition of growth medium
and diluted to the desired cell density. Suspension cells were passaged via direct dilution with
medium to the desired density. For HEK-Dual TLR9 and HEK-null cells, passage humber of 15
or fewer were used for all experiments. Passage number of 11 or fewer was used for Ramos Blue
cells. No passage number limit was observed for Caco-2 and HT-29 cells.

All cell stocks were frozen in growth medium supplemented with additional 10% hi-FCS

(20% final concentration) and 10% Dimethyl sulfoxide (DMSO) (Carl Roth) in color-coded 2mL
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cryotubes in liquid nitrogen until further need. Passage number was marked for all cell types

except HT-29 cells.

2.2.3 Isolation of Human Peripheral Blood Mononuclear Cells (PBMCs) from Fresh
Human Blood

Blood samples were collected from healthy adults in their 20s and 30s in EDTA-coated
tubes. For the extraction of PBMCs, 16 mL of fresh human blood was mixed with 16 mL of pre-
prepared growth medium: 80% RPMI-1640 medium (Gibco) with 20% hi-FCS and 1% Non-
Essential Amino Acids (Life Technologies). In a fresh 50mL Falcon tube, 16 mL of Ficoll-
Histopaque-1077 (Merck) was prepared, and the blood/medium mixture was slowly pipetted on
top of Ficoll-Histopaque without disrupting the two layers. The tube was centrifuged at 1400
rpm for 30 min without breaking (actual centrifuge time ~45 min), and the middle opaque layer
containing PBMCs were carefully extracted from the tube with a 1000uL pipette and transferred
to a fresh 50mL Falcon tube. 30mL of fresh medium were added to the cells, and the cells were
counted in a renumeration chamber. The tube was centrifuged at 1400 rpm for an additional 10
min to pellet the cells. Medium was removed, and the cells were re-constituted to the final cell
density of 1 x 107 cells/mL with fresh medium inside a T25 flask and incubated in 37°C and 5%

CO- overnight.

2.2.4 Partial Differentiation and Apoptosis Induction of Caco-2 Cells
For the generation of Caco-2 cell pellets for DNA extraction, Caco-2 cells were left to
grow into a confluent monolayer, and incubated for an additional 6 days with routine medium

change to allow for partial differentiation prior to apoptosis induction and cell collection. To
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induce apoptosis, Staurosporine (Merck) was added to 8 pg/mL of final concentration to

partially-differentiated Caco-2 cells for 24 h.

2.2.5 Collection of Caco-2 Cell Pellets for DNA Extraction

Apoptotic Caco-2 cells were harvested by scraping and centrifuged at 1500 rpm for 10
min to pellet. Supernatant containing apoptotic blebs was transferred to fresh 5mL Eppendorf
tubes. The pellet, which contained apoptotic bodies, was washed with PBS and centrifuged for at
1500 rpm for 10 min twice. Supernatant containing apoptotic blebs was centrifuged at 18,000 x g
(17,200 rpm) for 50 min to generate bleb pellets. Blebs were washed with PBS and centrifuged at
18000 x g for another 50 min. Intact Caco-2 Cells were treated with 2mL Trypsin/EDTA for 10
min, scraped, reconstituted with growth medium to 10mL, and transferred to fresh 50mL Falcon
tubes, then centrifuged at 1200 rpm for 5 min. The pellets were washed with PBS and
centrifuged at 1200 rpm for 5 min twice. PBS was removed after washing, and the pellets were

frozen at -80°C.

2.3 DNA Extraction

2.3.1 Extraction and Endotoxin Removal of Bacterial DNA from Frozen Pellet

DNA was extracted from bacterial pellets via Quick-DNA Fungal and Bacterial Miniprep
Kit. Metagenomic DNA from adult and infant stool samples was extracted via Quick-DNA
Fecal/Soil Microbe Miniprep Kit (both from Zymo Research). DNA extraction was performed
according to standard protocols supplied by the manufacturer. Extracted DNA from the Gram-

negative species Escherichia coli, Bacteroides dorei, Campylobacter jejuni, and Fusobacterium
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nucleatum were purified of contaminating endotoxin using the MiraCLEAN Endotoxin Removal
Kit (Mirus Bio LLC). Bacterial DNA was eluted and dissolved in nuclease-free water, and DNA
concentration and purity were determined via Nanodrop. Detailed protocol links from

manufacturers are listed in Appendix 7.2.

2.3.2 Extraction of Human DNA from Intact and Apoptotic Caco-2 Cells

DNA was extracted from frozen Caco-2 cell pellets via DNeasy Blood and Tissue Kit
(QIAGEN) with the following protocol modifications: from intact Caco-2 cells, pellets were
resuspended with 2 mL of PBS and split into ten reactions. 4 uL of RNase A was added per
reaction, then vortexed and rested for 2 min at room temperature. 20 pL of Proteinase K was
added, followed by 200 pL of Buffer AL (Lysis buffer) provided in the kit. The reaction was
vortexed rigorously for 20 s and incubated in 56°C dry bath for 20 min. 200 uL of 100% Ethanol
was then added, and the mixture was vortexed for another 20 s. An additional 600 pL of Ethanol
was added to the mix, the tubes briefly vortexed, and the DNA was left to precipitate at -80°C for
at least 2 h.

For DNA extraction from apoptotic bodies and apoptotic blebs, Gel Electrophoresis
results showed that the smaller fragments found in apoptotic DNA ladders were enriched in the
flow-through of the spin columns (Supplementary Figure S1). Pellets were suspended in PBS,
and the same enzyme digestion and incubation steps were performed as with pellets from intact
cells, and combined with 200 pL of 100% Ethanol. The mixture was added to the provided spin
columns attached to collection tubes, and centrifuged at 8000 rpm for 1 min. Spin columns are

then discarded, and 600 pL of Ethanol was added to the collection tubes containing the
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flowthrough, and the mixture transferred to into fresh 1.5mL Eppendorf tubes, vortexed briefly,

and left to precipitate at -80°C for at least 2 h.

2.4 DNA Fragmentation

2.4.1 Double-Stranded DNA Fragmentase Treatment of Bacterial and Caco-2 DNA

Time course experiments were conducted for microbial and Caco-2 DNA enzymatically
fragmented via dsDNA Fragmentase (NEB; New England Biolabs) to determine the optimal time
needed to obtain fragment lengths of 50-200 bp. 3 ug of extracted DNA was diluted with water
to 16 pL inside PCR strips (15 pL for human DNA with 1 L of 200 mM MgCly). 2 uL of NEB
dsDNA Fragmentase Buffer and 2 uL of NEB dsDNA Fragmentase were added to the diluted
DNA. The reaction was vortexed, briefly centrifuged, and placed in benchtop dry bath at 37°C
for 30, 60, 90, and 120 min, after which 5 uL of 0.5M EDTA (pH 8.0) (Life Technologies) was
added to halt the reaction. The fragmentation reaction was loaded onto 1.5% agarose gel and run
at 100V with a 100 bp ladder for 60 min. Figure 1 from Results 3.1.2 showed the resultant gel
image and fragmentation time selection for microbial DNA from different species.

Time course experiments were performed on four bacterial genomes: Bifidobacterium
bifidum, Escherichia coli, Lactobacillus salivarius and Campylobacter jejuni from 2 to 25 min to
obtain target fragment length of 1000 bp. Bacterial DNA was loaded onto multiple wells, and a
section of the gel representing DNA fragments of roughly 1000 bp was cut out into strips, and
DNA was extracted from gel strips using GeneJET Gel Extraction Kit (Thermo Fisher Scientific)

according to the manufacturer’s instruction (Appendix 7.2).
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Caco-2 DNA was also fragmented to 200-6000 bp of length to obtain fragment length
distributions similar to that of DNA extracted from apoptotic cells. A time course experiment
was performed on extracted Caco-2 DNA for fragmentation times of 2, 5, 7, 10, and 15 min, and
the subsequent range of fragment lengths was determined was determined via Agilent
Bioanalyzer (Methods 2.6.3). 7 min of fragmentation was used to generate 200-6000 bp
fragments, analogous to the typical fragment lengths of DNA extracted from apoptotic Caco-2
cells loaded as control (Supplementary Figure S2). The precipitated DNA was then processed

and purified according to steps outlined in Methods 2.5.1 and 2.5.3.

2.4.2 Covaris g-Tube Shearing of Bacterial DNA

Genomic DNA from Escherichia coli and Campylobacter jejuni was fragmented to
20,000 bp and 6000 bp via Covaris g-Tube (Covaris Inc.). To obtain fragments of 20,000 bp, 30
pg of bacterial DNA was loaded to the upper chamber of Covaris g-tubes and centrifuged at
5100 rpm for 1 min. For 6000 bp of length, bacterial DNA in Covaris g-tubes were centrifuged at
13,200 rpm for 30 s. The resultant DNA Fragment length were verified on a 0.7% agarose gel

with Lambda Hind 11l Ladder (Supplementary Figure S3).

2.4.3 DNA Shearing via Covaris S220 Sonication

DNA from Micrococcus luteus, Bifidobacterium bifidum, Escherichia coli, Lactobacillus
ruminis, and Lactobacillus salivarius were fragmented to 3000 bp of length using the Covaris
§220 Focused Ultrasonicator (Covaris Inc.). 15 pg of bacterial DNA was diluted to 200 pL and
placed in a blue miniTUBE (Covaris Inc.). Water was added to the sonication chamber to the

indicated fill line and degassed for 30 min. Ultrasonicator setting was adjusted as followed—
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water level: 15, Temperature: 20°C, Target bp: 3000 bp, peak incidence power: 3 Watts, duty
factor: 20%, cycles per burst: 1000, treatment time: 600 s. The miniTUBE containing bacterial
DNA were loaded to the miniTUBE holder (Covaris Inc.) and placed in the tank, and left to
sonicate for 10 min. The resultant DNA fragments, confirmed to be an average of 3000 bp of
length via gel electrophoresis (Supplementary Figure S4), underwent additional SPRI bead

selection (Methods 2.5.2) prior to use in stimulation experiments.

2.4.4 DNase | Treatment of Bacterial and Human DNA

Small DNA fragments of < 15 bp length were obtained from bacterial and human
genomic DNA digested with DNase | via the Ambion TURBO DNA-free Kit (Life
Technologies). Per reaction, 7.5 ug of DNA was diluted to 44 pL in a 1.5-mL Eppendorf tube. 5
puL of TURBO DNase | Buffer and 1 pL of TURBO DNase was added, and the reaction was
placed in a benchtop 37°C dry bath for 30 min. DNase Removal Reagent was vortexed to
homogenize the beads, and 5 pL of the reagent was added to stop the reaction. The tubes were
placed at room temperature for 5 min with intermittent vortexing, and centrifuged at 14,000 rpm
for 1 min. The supernatant containing digested DNA fragments was transferred to fresh 1.5mL

Eppendorf tubes.

2.5 Downstream Processing of DNA Fragments

2.5.1 DNA Clean-Up via Zymo Clean & Concentrator-25 and Oligo Clean & Concentrator
DNA was cleaned up via the Clean-and-Concentrator 25 or the Oligo Clean-and-

Concentrator kit (both from Zymo Research) according to the manufacturer’s instruction
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(Appendix 7.2). Clean-and-Concentrator-25 kit was used to purify DNA extracted from intact
and apoptotic Caco-2 cells, as well as DNA fragments between 200 bp to over 10,000 bp long.
Oligo Clean-and-concentrator kit was used to purify Caco-2 apoptotic bleb DNA, as well as
DNA fragments at 50-200 bp of length. Purified DNA fragments were eluted with water and

precipitated with ethanol (Methods 2.5.3) prior to use in stimulation experiments.

2.5.2 SPRI Bead Selection: Left-Side and Modified Right-Side Selection

Left-side DNA selection was performed on DNA fragmented to 3000 bp length.
Magnetic bead solution (Beckman Coulter and Zymo Research) was vortexed, and DNA was
combined with beads at a ratio of 1:0.4. The DNA/Beads mixture was placed on a benchtop
rotator for 30 min, briefly centrifuged, and placed on a magnetic stand until the solution is clear,
circa 1 min. Supernatant was removed, and the beads were washed twice with 85% ethanol on
the magnetic stand. Ethanol was removed and the beads were allowed to dry briefly. Nuclease-
free water was then added to the beads, the mixture vortexed at top speed for 20 s, and placed on
37°C for 30 min to elute the DNA. The mixture was placed on a magnetic stand again, and the
supernatant containing eluted DNA was transferred to a fresh 1.5 mL Eppendorf tube.

For small DNA fragments of 50-200 bp long, a simplified method of reverse selection
was used. Here DNA was combined with magnetic beads at the ratio of 1:1.2, and placed on a
benchtop rotator for 30 min. The mixture was centrifuged briefly and placed on a magnetic
stand, and the supernatant faction was transferred to a fresh 1.5-mL Eppendorf tube. The
supernatant containing the DNA fragments were cleaned up afterwards using the Oligo Clean-

and-Concentrator kit and ethanol precipitation (Methods 2.5.1 and 2.5.3).
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2.5.3 Ethanol Precipitation

Extracted and fragmented DNA was cleaned up by ethanol precipitation. Sodium Acetate
(Abcam) was added to the DNA to a final concentration of 0.3M, followed by 2-2.5 times of
100% ethanol by volume. The DNA-ethanol mixture was briefly vortexed and placed in -80°C
for 2 h to precipitate the DNA. Afterwards, DNA was centrifuged at 17,200 rpm for 30 min.
Supernatant was removed, and the DNA pellet was washed twice with 70% ethanol with 15 min
of centrifugation after each wash. Ethanol was removed and the pellet was left to dry for 5 to 10

min, then dissolved in nuclease-free water.

2.6 Determination of Fragment Length

2.6.1 Agarose Gel Electrophoresis

Gel electrophoresis was performed on extracted and fragmented DNA according to the
standard procedure. Large DNA fragments of 6000 to 20,000 bp were loaded onto 0.7% agarose
gels, middle-length fragments of 500-6000 bp were loaded onto 1% agarose gels, and small
fragments of 50-500 bp were loaded onto 1.5% agarose gels. Agarose Broad Range powder (Carl
Roth) was boiled in 1x TAE (diluted from 50x stock from Carl Roth) to dissolve, and stained
with either ROTI-stain (Carl Roth) or GelStar Nucleic Acid Gel Stain (Lonza Bioscience) to the
final concentration of 0.005%, and poured into a standard gel chamber to polymerize. 200 ng of
DNA was diluted to 10 pL, combined with 2 pL of 6x Loading Dye (Carl Roth, Thermo Fisher
Scientific). 5 pL of reference DNA ladders (Lambda Hind 111, 1 kb, 200 bp or 100 bp ladders)
were loaded depending on the expected DNA fragment length. For gels stained with GelStar

Nucleic Acid Gel Stain, DNA ladders were first diluted (1 pL ladder, 5 pL Water, 1 pL 6x
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Loading Dye). The gel chamber was connected to a power source set to 100 Volts for 45-60 min,
and photographed via Life Technologies E-Gel Imager and the E-Gel Imager software (both
from Thermo Fisher Scientific). All photos were inverted and exposure times adjusted to

highlight DNA fragments while reducing background noise.

2.6.2 PAGE Gel Electrophoresis

Fragment lengths of DNase I-treated bacterial DNA were determined via PAGE gels
containing 20% Acrylamide: Bisacrylamide. For a typical run with 2 gels, the following mixture
was prepared: 14 mL 30% Acrylamide: Bisacrylamide, 4.55 mL H20, 2.1 mL 10x TBE (1M Tris
Base, 1M Boric Acid, 0.02M EDTA in distilled H20), 350 uL 10% Ammonium Persulphate
(APS), 17.5 uL Tetraacetylethylenediamine (TEMED). The mixture was poured into 1.5 mm gel
cassettes on a gel caster. Combs were inserted immediately, and the gels were left to polymerize
for 20 min. The cassettes were then transferred to a PAGE gel chamber. 1x TBE (diluted from
10x TBE with distilled H20) was filled between two cassettes or one cassette plus one buffer
dam to the top of the wells, and outside the cassettes to the indicated fill line. Combs were
removed, and gel wells were washed with a syringe. 20 L of DNA sample was combined with 4
pL of 6x Loading Dye (Thermo Fisher Scientific), and loaded in the middle wells. 5 pL of Ultra-
Low-Range Ladder (Thermo Fisher Scientific) was loaded at both sides of the sample DNA. The
chamber was then connected to the lid containing electrodes, and connected to a power source
set to 48 Volts. The gel was left to run to 2/3 of length, around 3 h 30 min.

After the run was complete, the chamber was disconnected. The cassettes were opened
and the gels removed from the cassette. Loading wells were removed with a blade, and the gels

were transferred to covered dishes containing 80 mL 1x TBE and 4 pL of GelStar Nucleic Acid
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Gel Stain. The dishes were wrapped with aluminum foil, and placed on a benchtop shaker set to
low speed for 30 min. The gels were then briefly de-stained with water, around 5 min, and placed
under the Bio-Rad Chemi-Doc XRS+ Gel Imaging System UV Camera to confirm fragment
length. Photos were inverted and exposure times adjusted to highlight DNA fragments and
reduce background noise.

For DNA extracted from apoptotic blebs of Caco-2 cells, and bacterial and human DNA
undergoing NEB dsDNA Fragmentase treatment, identical experimental procedures were carried

out using gels containing 15% Acrylamide.

2.6.3 Agilent Bioanalyzer

A time course of NEB dsDNA Fragmentase treatment was performed on Caco-2 genomic
DNA. 1 pL (diluted to concentration of 100 ng/uL when applicable) of fragmentation products
after 2,5, 6, 7, 8, 9, 10 min of NEB dsDNA Fragmentase treatment, plus DNA extracted from
Caco-2 apoptotic bodies, were combined with 10 L of Genomic DNA Sample Buffer (Agilent
technologies, part no. 5067-5366). 1 uL of Genomic DNA ladder (part no. 5067-5366) was
combined with 10 pL of Genomic DNA Sample Buffer. The mixture was transferred to Optical
Tube 8x Strips (part no. 401428) labeled A1-H1 and A2, centrifuged briefly, vortexed at 2000
rpm for 1 min, then centrifuged again. The strips were uncovered and loaded onto a Genomic
DNA ScreenTape, which was then inserted into the Agilent 2200 TapeStation System and read
via the 2200 TapeStation Controller Software (see Appendix 7.2 for detailed protocol provided

by the manufacturer).
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2.7 TLR9 Activation Experiments

2.7.1 Synthetic Oligonucleotides (ODN) and Small Synthetic Oligonucleotides (SODN)
Human TLR9-specific CpG-containing synthetic oligonucleotides ODN-2006 (5°-

tcgtegttttgtegttttgtegtt-3’) and ODN-2216 (5°-ggGGGACGA:TCGTCgggggg-3°), their negative

control GpC counterparts ODN-2006GC (5°-tgctgcttttgtgcttttgtgctt-3’) and ODN-2216GC (5°-

ggGGGAGCA:TGCTCgggggg-3’), and the inhibitory ODN INH-18 (5°-

cctgaatgggaacttaccgetgea-3’) were purchased directly from InvivoGen and Eurofins Genomics.
(Bases with phosphodiester backbone are denoted by capital letters and bases with
phosphonothioate backbone by small letters. Palindromic sequences are indicated with an
underline with colon indicating the location of the stem loop.) Human TLR9-specific short
synthetic oligonucleotides (SODN), 5’-TCGTT-3’, and its negative control 5>-TTTTT-3", with

phosphodiester backbone, were purchased from Eurofins Genomics.

2.7.2 Stimulation of Human Cells with ODNs, Bacterial DNA and Caco-2 DNA

HEK-Dual TLR9 cells, Ramos Blue cells, or human PBMCs were plated at the density of
1x10°, 5x10* or 2x10°, and 4x10° cells/well, 90 pL cells/well in 96-well plates in antibiotics-free
medium supplemented with 10% FCS. To intensify the positive signal for specific TLR9 co-
activation and repression experiments (Results 3.7.1-3.7.3), Ramos Blue cells were pre-starved
for 16 h in IMDM with 0.2% Bovine Serum Albumen (BSA) and plated in the starvation
medium prior to stimulation. ODN-2006, ODN-2006GC, sODN, bacterial DNA or human DNA
of varying concentrations and fragment lengths were diluted with serum-free medium, or

complexed with a fixed amount of the transfection agent DOTAP (Carl Roth) pre-diluted with
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serum-free medium for 15 min, and 10 pL of the DNA mixture was added to cells in duplicates
to make for 100uL of final plating volume per well. For all experiments that included DOTAP,
DOTAP concentrations were standardized by plate to one nontoxic final concentration.

Stimulated cells were incubated overnight in 37°C, 5% CO..

2.7.3 Measurement of TLR9 Activation in HEK-Dual TLR9 and Ramos Blue Cells

TLR9 activation from HEK-Dual TLR9 and Ramos Blue cells was measured as the
release of engineered secreted embryonic alkaline phosphatase (SEAP) in the supernatant, 18-20
h after stimulation. 20 pL of supernatant was collected for the measurement. Ramos Blue cells, a
suspension cell line, was first centrifuged at 300 rpm for 15 min prior to supernatant collection to
avoid cell take-up during supernatant collection. Two additional wells consisting of growth
medium (or starvation medium) without antibiotics were added as blanks, depending on
stimulation condition. Quanti-Blue Solution (InvivoGen) were reconstituted according to the
manufacturer’s instruction (Appendix 7.2), and 180 pL of Quanti-Blue was added to the
supernatant per well and the mixture incubated in 37°C, 5% CO; for 3 h. The plates were read at
the wavelength of 605-650 nm and TLR9 activation normalized to internal positive controls of

cells treated with fixed concentrations of ODN-2006.

2.7.4 Enzyme-Linked Immunosorbent Assay (ELISA)

Supernatant from stimulated PBMCs and HT-29 cells were collected for ELISA. IFN-B,
which was produced in response to ODN-2006 but not to bacterial LPS (Supplementary Figure
S5), was used to determine TLR9 activation from PBMC stimulation experiments. Human IL-6

ELISA was used to determine the effect of bacterial LPS. Human IL-8 ELISA was performed on
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supernatant collected from HT-29 cells stimulated with ODNs and Caco-2 DNA, and from
bacterial invasion experiments. Human IFN-B, IL-6, and IL-8 ELISA Kits were purchased from R
& D Systems, and ELISA was carried out according to the manufacturer’s instruction (Appendix
7.2). 1:10 and 1:50 dilutions were made using pre-prepared Reagent Diluent on cell supernatant

to obtain cytokine concentrations within standard ranges.

2.8 Invasion Assay

2.8.1 Preparation of Bacterial and Human HT-29 Cells for Invasion

HT-29 cells were prepared in the following way: 3 days prior to the invasion assay, HT-
29 cells were plated at 50% confluence, in a 24-well plate with 500uL per well of DMEM
medium supplemented with 10% FCS and 1% Penicillin/Streptomycin and left to grow into a
confluent monolayer. 24 h prior to invasion, the cells were washed twice with PBS and replaced
with 500 uL DMEM with 10% FCS but without antibiotics. The prepared cells were examined
under the microscope to confirm proper attachment and 100% confluence. Cell count at 100%
confluence was pre-determined to be at 8 x 10° cells/well.

For preparation of active bacterial cultures, all agar plates and liquid medium were pre-
incubated in the anaerobic chamber for at least 24 h prior to cultivation of Fusobacterium
nucleatum and Clostridium perfringens, or warmed up in a 37°C incubator for cultivation of
Escherichia coli DH5a and Staphylococcus epidermidis. Frozen stocks of bacteria were streaked
onto Columbia blood agar plates in several dilutions with a cotton swab to obtain single colonies.
Then, a single colony was added to liquid medium (LB medium for Escherichia coli DH5a,

Brain-Heart Infusion medium supplemented with 5 pg/mL Hemin and 1 pg/mL Vitamin K for
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Fusobacterium nucleatum, Clostridium perfringens and Staphylococcus epidermidis) until
visible growth was observed. The bacteria were then diluted 1:100 and incubated for an

appropriate amount of time (Methods 2.1.6) to obtain log phase growth at time of invasion.

2.8.2 Determination of Antibiotics Sensitivity of Select Bacterial Strains

Strains from four different species of bacteria, Escherichia coli DH5a, Fusobacterium
nucleatum (DSM 15643), Clostridium perfringens (DSM 756) and Staphylococcus epidermidis
(DSM 20044) were selected for antibiotics sensitivity determination. A range of antibiotics were
used, including 1 % Penicillin and Streptomycin, 300 pg/mL of Gentamicin and 200 pug/mL of
Metronidazole, a cocktail combination of all four antibiotics, and 100 pg/mL of Cefoxitin, in
duplicates. Bacteria were plated at 8 x 10° bacteria in wells with or without HT-29 cells in 500
pg/mL of antibiotics-free DMEM medium with 10% FCS, and incubated at 37°C, 5% CO; for 4
h. Supernatant was then collected and centrifuged at 5000 rpm for 10 min, washed twice with
PBS with centrifugation in between, and resuspended in medium containing the appropriate
antibiotics. The wells containing HT-29 cells were washed twice with PBS and replaced with
medium containing antibiotics. The centrifuged bacteria from the supernatant with antibiotics
medium were placed in a fresh plate. The plates containing cells and the fresh plate containing
bacteria were incubated in 37°C for 1 h. Negative controls wells without antibiotics were
performed in an identical manner except that the bacteria and the cells containing bacteria were
replaced with fresh DMEM without antibiotics.

Afterwards, the supernatant with bacteria was removed, centrifuged for 10 min at 5000
rpm, washed once with PBS, re-centrifuged, and resuspended with 500 pL of PBS. For wells

with HT-29 cells, the medium was removed, the cells washed twice with PBS, and 500 pL of
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water was added per well to lyse the cells for 45 min. The lysed cells were collected and
centrifuged at 5000 rpm for 10 min, then resuspended in 500 pL of PBS. Bacteria from the
supernatant and the cell-containing faction were serially diluted 1:10 to four dilutions: 10°, 1072,
102 and 103, and 25 pL of each dilution was streaked onto half of a pre-incubated Columbia
blood agar plate, with duplicates of the same condition and dilution factor plated onto each half
of the plate. The plates were stored in 37°C incubator (for Escherichia coli and Staphylococcus
epidermidis) or anaerobic chamber set at 37°C (for Fusobacterium nucleatum and Clostridium

perfringens) until visible colony growth was observed.

2.8.3 Combined Invasion and TLR9 Activation Experiment on HT-29 Cells

Fusobacterium nucleatum (DSM 15643) was selected as the invasive bacterial species for
combined invasion and TLR9 activation experiments, with Escherichia coli DH5a as the non-
invasive controls. HT-29 cells and bacterial cultures were prepared via procedures outlined in
Methods 2.8.1. Directly before invasion, ImL of active bacteria culture was taken from the
liquid culture for OD measurement, and invasion was performed at a MOI of 5:1 bacterial to HT-
29 cells. Bacteria was pre-diluted with DMEM and 10% FCS such that 4 x 108 bacteria were in
450uL of medium. Cells were washed twice with PBS prior to the bacteria addition.

The remaining 50 pL to be added consisted of serum-free DMEM for the negative
control condition, 5 pg/mL of ODN-2006, 20 pg/mL of Caco-2 DNA, or a combination of ODN-
2006 and Caco-2 DNA. The four conditions were used in wells containing Fusobacterium
nucleatum, plus an extra plate consisting of HT-29 cells without addition of bacteria, in

duplicates. For wells containing Escherichia coli DH5a, only the negative control condition
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consisting of serum-free DMEM was used. Both plates (one with bacteria, one without) were
centrifuged for 15 min at 100 x g, and placed in the 37°C incubator for 4 h.

Afterwards, supernatants containing bacteria were passed through a 0.2um filter and
collected onto a fresh 24-well plate. Supernatants were also collected from the plate with cells
but no bacteria. Collected supernatant was frozen in -20°C in 24-well plates for human IL-8
ELISA (Methods 2.7.4). The plate without bacteria was discarded, while the plate with bacteria
was washed twice with PBS, then replaced with 500pL medium supplemented with 300 pug/mL
Gentamicin and 200 pug/mL Metronidazole, and incubated for 1 h. Cells were washed twice
again with PBS, and lysed with 1% Saponin (500 pL/well) for 10 min. The lysed cells with any
invaded bacteria were then centrifuged at 5000 rpm for 15 min. Saponin was removed and
replaced with 500uL PBS, and serial dilutions of 10° to 10 were made. 50pL of bacterial
dilution was spread onto pre-prepared Columbia Blood Agar plates in appropriate atmospheric
conditions to determine colony forming units (CFU) for all conditions (Escherichia coli DH5a.
negative control; Fusobacterium nucleatum negative control, ODN-2006, Caco-2 DNA, and

combined ODN-2006 and Caco-2 DNA).

2.9 Bioinformatics and Data Analyses

2.9.1 Determination of CpG and K-mer Concentration in Bacteria

Concentration of bacterial CpG and other sequence patterns, including that of CpG-
containing k-mer sequences up to 8-mer and potentially repressive k-mer sequences, genome
size, and significant ratios such as % CpG / % G+C, were determined by Dr. Daniel Podlesny

from the Department of the Microbiome and Applied Bioinformatics at the University of
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Hohenheim via custom Python scripts*. Full bacterial FASTA genomes were downloaded from

the NCBI RefSeq database (https://www.ncbi.nlm.nih.gov/refseq/), including chromosomal and

plasmid sequences, and the results collected into a comprehensive Excel database. The type
strain of each species was used for k-mer determination.

To determine k-mer concentrations, only one strand of the two complementary strands
were used, and overlapping sequences were counted—that is, for k-mers with a length of >5 bp,
a sequence with Five bases would contain five, typically distinct, overlapping 5-mers. For
selection of bacterial genomes used for stimulation, bacteria spanning a range of CpG
concentrations were primarily considered, followed by their significance as members of adult
and infant gut commensals or pathogens, and finally the concentration of human TLR9-

stimulatory 4-mer TCGT and 5-mer TCGTT.

2.9.2 Statistical Analyses of Technical and Biological Replicates

Technical replicates were generated in each TLR9 activation and bacterial invasion
experiment, and average and standard deviation were calculated for all conditions. TLR9
activation was normalized to a standard concentration of positive control ODN-2006, pre-
determined via a titration curve of cells treated with serially diluted ODN-2006. In TLR9 co-
activation experiments, additional controls of fixed concentrations of ODN-2006 together with
short ODNs TCGTT were included, and for TLR9 repression experiment, an additional control
of ODN-2006 with the inhibitory ODN INH-18 was included.

Statistical significance of biological replicates was determined for all conditions where
more than three independent experiments were carried out. Significance of correlation was

determined via Spearman test, while comparison of individual conditions was determined via
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either Wilcoxon Mann-Whitney test or Student’s T-test, adjusted with Benjamini-Hochberg
correction to 5% false discovery rate (FDR). Plots were generated via R’s ggplot function (from

the /tidyverse package), and statistical analyses via standard R scripts.

2.9.3 Correlation of TLR9 Activation with Bacterial Genomic CpG and Significant K-mer
Concentration

Activation and ODN-2006 co-activation of human TLR9 by bacterial genomic DNA was
plotted as a x-y scatterplot via R’s ggplot2 function, where the x-axis represents genomic CpG or
CpG-containing k-mer concentration and y-axis represents TLR9 activation compared to a
standard reference of a fixed concentration of ODN-2006. Correlation coefficient and

significance of correlation were determined via Spearman test.
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3. Results

3.1 TLR9 Activation of HEK-Dual TLR9 Cells Correlated to Bacterial Genomic CpG

Concentration

3.1.1 CpG and CpG-Containing K-Mer Concentrations of Bacterial Genomes

Bacterial CpG and CpG-containing k-mer concentrations were calculated via
bioinformatics methods (Methods 2.9.1) on raw FASTA sequences downloaded from the RefSeq
database of National Center for Biotechnology Information (NCBI) by Dr. Daniel Podlesny“®,
and 13 bacterial species were selected for TLR9 activation experiments (Table 2). Bacterial
strains were chosen to represent a wide range of genomic CpG and CpG-containing k-mer
concentrations due to the sequences’ predicted effect on human TLR9 activation®®*, and for their
relevance as members of adult and infant gut commensals or pathogens. Type strains for a given
bacterial species were chosen and purchased from the German Collection of Microorganisms and
Cell Culture GmBH (DSMZ) unless otherwise noted in Methods 2.1.1.

Within this set, genome sizes varied widely between specie, ranging from 1.64 x 10° bp
for Campylobacter jejuni to 5.49 x 10° bp for Bacteroides dorei*®. The concentration of Guanine
and Cytosine bases (% G+C) ranged from 73.00% for Micrococcus luteus to 27.15% for
Fusobacterium nucleatum*®. Strong correlation between genomic % G+C and CpG concentration
was found: except for Staphylococcus Epidermidis and Lactobacillus salivarius, higher % C+G
was associated with higher CpG concentration. Correlations were weaker between % G+C with
the CpG-containing 4-mer % TCGT (CpG flanked by one Tyrosine base at both ends) and 5-mer
% TCGTT (CpG flanked by one Tyrosine base at 5’ end and two Tyrosine bases at the 3’ end,

previously determined as relevant for TLR9.
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CpG concentration of the selected species ranged from 14.97% for Micrococcus luteus to
0.2958% for Fusobacterium nucleatum, a difference of greater than 50-fold*. While
Micrococcus luteus DNA had the highest CpG concentration of them all and was used in several
of our simulation experiments, it was known primarily as an environmental bacterium and skin
commensal as opposed to a gut commensal or pathogen*'*2, Among the common gut
commensals, Bifidobacterium bifidum had the highest CpG concentration at 12.40%. It was
known to be present at high level in the developing infant gut but represented only a minority in
the adult gut®. Among the low-CpG bacteria, Fusobacterium nucleatum was known as a
common oral bacterial species and an opportunistic gut pathogen with invasive characteristics
102,113-115 '\while Campylobacter jejunit!®, Clostridioides difficile!*’, and Clostridium
perfringens*® were implicated in pathogenic conditions such as gastroenteritis or colitis.

Table 2. List of Bacterial Genomes Used for TLR9 Activation Experiments and Their
Significant K-mer Concentrations*. Bacterial genomes were ordered by genomic CpG

concentration specific to the strain used for TLR9 activation experiments. Other relevant genomic
characteristics, such as % G+C, % GpC, and % CpG-containing 4-mers and 5-mers, are included.

Species (Strain) Genome Size{(Mb) % G+C % CpG % GpC % TCGT % TCGTT CpG/GpC
Micrococcus luteus (DSM 1790) 2.50| 72.99525 14.97232 12.9634 1.121989 0.079965 1.154969
Bifidobacterium bifidum (DSM 20239) 2.21]  62.66644 12.40225 10.6771 1.154763 0.191452 1.161574
Bifidobacterium breve (DSM 20213) 2.27|  58.89029 9.932873 9.632134 0.958706) 0.209878| 1.031222
Escherichia coli (K12/C600) 4.64] 50.79071 7.471329 8.275116) 0.622473 0.195168]  0.902867|
Lactobacillus ruminis (DSM 20403) 2.06| 43.46954 5.989091 5.817943 0.991808| 0.372782 1.029417
Bacteroides dorei (DSM 17855) 5.49| 41.98595 4.044603 4.656586) 0.522493 0.168339 0.868577|
Enterococcus faecalis (DSM 20478) 3.36] 37.38115 3.46643 4.303907| 0.686198| 0.30042 0.805415
Staphylococcus epidermidis (DSM 20044) 2.56| 32.04594 2.19827| 2.927855 0.533301 0.202762 0.750812
Lactobacillus salivarius (DSM 20555) 2.13|  33.04047 1.863285 3.221878 0.444618| 0.156142 0.578323
Campylobacter jejuni (DSM 4688) 1.64] 30.54857 1.439128 4.071752 0.245023 0.095889 0.353442
Clostridioides difficile (DSM 1296) 4.30 29.05841 0.722267| 2.459301 0.173704 0.059794|  0.293688]
Clostridium perfringens (DSM 756) 3.26 28.37915 0.481871 2.425567 0.095895 0.032702 0.198663
Fusobacterium nucleatum (DSM 15643) 2.17| 27.15159 0.295839 2.2413 0.087561 0.034399 0.131994]
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3.1.2 DNA Pre-Processing and Fragment Length Standardization

Bacteria were grown and harvested (Methods 2.1.2-2.1.5 and 2.1.7) and the DNA
extracted via Zymo Quick-DNA Fungal and Bacterial Miniprep Kit. As experiments had shown
variable TLR9 activation due to DNA fragment length on human PBMCs (Results 3.6.1), an
attempt was made to obtain standard fragment lengths of 50-200 bp using enzymatic
fragmentation with NEB’s dsDNA Fragmentase (Methods 2.4.1). Following recommendations
from company**® and taking account of an earlier test run with Escherichia coli and
Campylobacter jejuni genomic DNA showing variation of fragmentation time (Supplementary
Figure S6), a time course was performed on all bacterial genomes. Twelve genomes were
selected for test fragmentation, ten of which were shown below. While 30 min was sufficient for
most genomes to obtain the target fragment length of 50-200 bp, several genomes (both
Bifidobacterium species, Clostridium perfringens and Micrococcus luteus) required 60 min, and
one genome (Clostridioides difficile) required 120 min (Figure 1). The varied fragmentation
times needed for different bacterial genomes did not depend on genomic G+C and CpG
concentrations, but could potentially be due to other sequence patterns'?° or presence of
inhibitors*?t, The lack of an optimal fragmentation time for all microbial genomic DNA to one
standard target fragment length could implicate the unsuitability of the NEB’s dSDNA
Fragmentase in generating length-standardized DNA fragments from metagenomic DNA

samples.
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Figure 1. Time course of Bacterial DNA Treated with NEB dsDNA Fragmentase. 3 ug of
bacterial genomic DNA were treated with NEB dsDNA Fragmentase for 30, 60, 90, and 120 min,
and loaded onto an 1.5% agarose gel together with the 100-bp ladder. The desired fragment
length of 50-200 bp was obtained at different time points depending on species origin. 30 min of
fragmentation time was used in subsequent experiments for Escherichia coli, Campylobacter
jejuni, Bacteroides dorei, Fusobacterium nucleatum, Staphylococcus epidermidis and
Enterococcus faecalis. 60 min of fragmentation time was used for Bifidobacterium bifidum,
Bifidobacterium breve, Clostridium perfringens and Micrococcus luteus. 120 min of
fragmentation time was used for Clostridioides difficile. (f Micrococcus luteus fragmentation and
gel electrophoresis was performed at a later date under identical conditions.)

3.1.3 Strong Positive Correlation was Found Between TLR9 Activation and Bacterial
Genomic CpG Concentration Across Nine Bacterial Genomes
Nine fragment length-standardized (Results 3.1.2) bacterial genomic DNA spanning a

range of high (such as Bifidobacterium bifidum and Bifidobacterium breve), moderate (such as
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Bacteroides dorei and Enterococcus faecalis), and low (such as Clostridium perfringens and
Fusobacterium nucleatum) CpG concentration and relevant as members of the human microbiota
(Results 3.1.1) were chosen to stimulate human TLR9. Genomic DNA was pre-complexed with
10 pug/mL of DOTAP and added to HEK-Dual TLR9 cells, a line of HEK (human embryonic
kidney) cells engineered with secreted embryonic alkaline phosphatase (SEAP) reporter protein
downstream of NF-kB and Lucia Luciferase reporter gene transcribed by the human IL-8
promotor®. HEK cells with engineered TLR9 and downstream reporters had previously been
used in studies of TLR9 activation by ODNs and bacterial genomic DNA®*%2 and the engineered
TLR9 responded predictably to both ODNs and microbial genomic DNA%%!?2, thus the HEK-
Dual TLR9 cell line represents a simplified cell model where the engineered response can
exclusively be inferred as a result of TLR9 activity compared to the more complex response of
natural immune cells possessing multiple innate immune receptors®. The cells were plated at 1 x
10° cells per well, at the final bacterial DNA concentrations of 5 and 2.5 pg/mL, in duplicates.
Figure 2 shows NF-kB activity as SEAP, a signal of TLR9 activation in HEK-Dual TLR9 cells,
compared to the positive control of cells treated with 0.5 pg/mL of ODN-2006, 20 h later. The
genomes are listed in decreasing order of CpG concentration in Figure 2 a) and b), and the
background signal was measured in wells treated with DOTAP alone in the same plate, while c)
and d) correlates NF-kB activity with genomic TLR9 concentration.

Results from four independent experiments (two for Bifidobacterium breve) indicated
robust positive correlation of TLR9 activation with genomic CpG concentration (p = 0.825 and
0.850, and p = 1.93 x 10"%% and 1.49 x 10, respectively, for 5 and 2.5 pg/mL of DNA,
correlation and significance determined via Spearman test). Bifidobacterium bifidum DNA,
which has the highest CpG concentration of 12.4% in the experiments, induced high TLR9

activation at 65.1% and 37.5% of ODN-2006 standard using 5 and 2.5 pg/mL of DNA.
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Conversely, the low-CpG genomes of Clostridium perfringens and Fusobacterium nucleatum

induced little TLR9 activation (respectively 13.2% and 10.4% of ODN-2006 for 5 pg/mL of

DNA, and 7.67% and 8.66% of ODN-2006 for 2.5 pg/mL of DNA, the latter of which showed no

statistically significant difference to untreated wells).
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Figure 2. TLR9 Activation of HEK-Dual TLR9 Cells Stimulated with Bacterial Genomic
DNA. HEK-Dual TLR9 cells were stimulated with bacterial genomic DNA fragments 50-200 bp
of length. Comparison of ten different bacterial genomes was made for a) 5 pg/mL and b) 2.5
pg/mL of input DNA (final concentration in wells). Correlations with genomic CpG
concentration for the two input concentrations were shown in ¢) and d), respectively. TLR9
activation as Secreted Embryonic Alkaline Phosphatase (SEAP) in the supernatant was compared
to plate positive control of 0.5 pg/mL ODN-2006. Results from four independent experiments
(two experiments for Bifidobacterium breve) were shown, with each dot representing results of
one experiment and bars representing + s.e.m. Correlation coefficient p and significance value p
were determined via Spearman’s rank correlation test.

3.1.4 Experimental Variations to CpG/TLR9 Activation Correlations Suggested Additional
Influences on Human TLR9 Activation Besides CpG Concentration

We found the correlation of TLR9 activation to genomic CpG concentration to be highly
significant, but evidence of experimental variations or other factors beyond CpG affecting human
TLR9 activation was found, as the activation signal of several genomes did not conform to the
overall positive correlation. For example, the genomic DNA of Enterococcus faecalis, whose
CpG concentration is at a moderate 3.47%, activated human TLR9 at a similar range to
Bifidobacterium breve (9.93% CpG) and Escherichia coli (7.47% CpG), and was significantly
more activating than the genomic DNA of Bacteroides dorei (4.04% CpG) at both 5 and 2.5
pg/mL. The genomic DNA of Clostridioides difficile, at 0.72% of CpG, was more activating of
TLR9 than expected from the correlation at 5 pg/mL, but not at 2.5 pg/mL.

The genomic DNA of Micrococcus luteus, which has a CpG concentration of 14.97%,
was another genome that did not conform to the above correlation (Supplementary Figure S7),
but in the opposite direction. Result of one experiment, which included Micrococcus luteus DNA
processed in the same manner, indicated that the genomic DNA of Micrococcus luteus was less
activating than that of both Bifidobacterium bifidum and Escherichia coli for both concentrations,

and less activating than Enterococcus faecalis DNA at 5 pug/mL. The exceptional status of the
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Micrococcus luteus DNA suggested that genomic CpG concentration alone might not be the only

genomic pattern the human TLR9 responds to.

3.2 Correlation of TLR9 Activation to Genomic CpG Concentration Was Confirmed on
Human Peripheral Blood Mononuclear Cells (PBMCs)

Four bacterial genomic DNA, Bifidobacterium bifidum, Escherichia coli, Lactobacillus
salivarius and Campylobacter jejuni were used to stimulate human PBMCs. Bifidobacterium
bifidum and Lactobacillus salivarius were chosen as representatives of high (12.40%) and low
(1.86%) CpG members of the healthy human gut microbiota, particularly in infants, while
Escherichia coli and Campylobacter jejuni are members of the human microbiota that can
become pathogenict*®?® with moderately high (7.47%) and low (1.44%) genomic CpG
concentration, respectively. The use of human PBMCs represented TLR9 activation in a more
natural and physiologically relevant context compared to engineered HEK cells'?*, Extracted
bacterial genomic DNA was enzymatically fragmented to 1000 bp of length, gel-extracted, and
added to human PBMCs extracted from fresh blood sample from a young adult in three different
concentrations: 2.5, 0.5 and 0.1 pg/mL (pre-complexed with 12.5 pg/mL of DOTAP per well).
TLR9 activation was measured via ELISA as release of human Type I interferon-beta (IFN-p)
into the supernatant (Figure 3). IFN-p was determined to be specific to TLR9 activation via
control wells treated with TLR9-stimulatory ODNs versus 10 ng/mL of Escherichia coli LPS,
which induced TLR4 activation and release of IL-6 but not IFN-B (Supplementary Figure S5).

The strongest correlation of IFN-B release by human PBMCs to bacterial CpG
concentration occurred at the input DNA concentration of 0.5 pg/mL. A plot of IFN-f
concentration in the supernatant versus genomic CpG concentration for this DNA concentration

is shown in Figure 3 b). At 2.5 pg/mL, however, Bifidobacterium bifidum DNA induced lower-
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than-expected IFN-B release in the supernatant. Cellular IFN-p release from treatment with

Lactobacillus salivarius DNA was comparable to cells treated with Escherichia coli DNA

(Figure 3 a)). No difference was found between the genomes at 0.1 pg/mL of input bacterial

DNA. Our results suggested that the correlation of human TLR9 activation to Genomic CpG

concentration was consistent across different cell types. The patterns of TLR9 activation in

engineered HEK-Dual TLR9 cells could therefore be confirmed in a more natural,

physiologically relevant model.
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Figure 3. TLR9 Activation of Human Peripheral Blood Mononuclear Cells (PBMCs)
Stimulated with Bacterial Genomic DNA.

a) IFN-B Production by PBMCs Treated with 1000 bp Long Bacterial DNA Fragments in
Three Different Concentrations. PBMCs were treated with bacterial DNA at 1000 bp of
average fragment length. DNA from four bacterial species were added to cells to the final
concentrations of 2.5, 0.5 and 0.1 pg/mL together with DOTAP. IFN-f release into the
supernatant was measured via ELISA. Result of 1 experiment with bars representing + s.d. of

duplicates.

b) Correlation of IFN-p production by PBMCs and Bacterial CpG Concentration. IFN-§
production was plotted against % CpG of different bacterial species added to cells at 0.5
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pa/mL final concentration (indicated by a red box in Figure 3 a)). Bars represent + s.d of
duplicates.

3.3 Concentration of CpG-Containing K-Mer Showed Additional Effects to Human TLR9

Activation

3.3.1 Higher CpG Concentration Did Not Necessarily Induce Higher Human TLR9
Response: Results from Stimulation of HEK-Dual TLR9 Cells by Five Bacterial Genomes
Fragmented to 3000 Bp

The genomes of five bacterial species, Micrococcus luteus, Bifidobacterium bifidum,
Escherichia coli, Lactobacillus ruminis and Lactobacillus salivarius were fragmented to 3000 bp
of length using the Covaris S220 Ultrasonicator with miniTUBES (Methods 2.4.3) and left-hand
size selection with SPRI Beads (Methods 2.5.2). The five genomes were chosen due to their
unusual CpG-containing 4-mer TCGT and 5-mer TCGTT concentrations, which did not directly
correspond to their genomic CpG concentration. Genomic DNA was complexed with 20 pg/mL
DOTAP and added to HEK-Dual TLR9 cells to three different final concentrations: 5, 2.5 and
1.25 pg/mL. TLR9Y activation was determined as SEAP production and Lucia Luciferase, an
engineered Luminescence reporter under the control of human IL-8 promoter signaled by NF-kB
and AP-1.

Results from SEAP using these five genomes exhibited no positive correlation of TLR9
activity to genomic CpG concentration (p =-0.1637, p = 0.56, see Figure 4a)). Similar lack of
correlation was observed when Lucia Luciferase was used as an alternative reporter for TLR9
activity (Supplementary Figure S8). The results suggested that unusual CpG-containing k-mer

concentrations could become a source of noise interfering with direct correlation of TLR9
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activation with bacterial CpG concentration observed in Results 3.1.3., and additional genomic

patterns could play a role in human TLR9 activation.

3.3.2 Human TLR9 Activation Positively Correlated to CpG-Containing 5-mer TCGTT

As the correlation of TLR9 activation against genomic CpG concentration was found to
be weak using the aforementioned five genomes (Results 3.3.1), additional genomic patterns,
that of CpG-containing k-mers, were examined. The CpG-ODN used for human TLR9 activation,
ODN-2006, is a 24-nucleotide sequence containing four TCGT 4-mers i.e., the CpG dimers are
flanked by Tyrosine bases on both ends. Three of the motives are also part of the TCGTT 5-mer.
What is significant concerning Micrococcus luteus, the genome previously found to be an
exception in TLRY activation in spite of its high genomic CpG concentration (Results 3.1.4), is
its low concentration of TCGTT 5-mer, which at 0.0800% is the lowest of the five genomes
tested. The genome of Lactobacillus ruminis, on the other hand, had exceptionally high TCGTT
concentration at 0.373% (Table 2).

Figure 4 c¢) and d) correlated TLR9 activation as SEAP production with genomic TCGT
4-mer and TCGTT 5-mer concentration. Positive correlations were found relative to TCGTT 5-
mer concentration (p=0.535, p = 0.04). Similar correlation was noted using the Lucia Luciferase
reporter assay (Supplementary Figure S8). The high TCGTT 5-mer concentration of 0.300%
could also explain the higher TLR9 activation of Enterococcus faecalis genomic DNA relative to
its CpG concentration of 3.47% (Results 3.1.4). The results suggested that the flanking Tyrosine
bases around the CpG dimer aided in the human TLR9 response, and could be an explanation for
the exceptional status of several genomes such as Micrococcus luteus and Enterococcus faecalis
in activating human TLR9 (Results 3.1.4) compared to expected via their genomic CpG

concentration.
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Figure 4. Correlation of TLR9 Activation of HEK-Dual TLR9 Cells to Genomic K-mer
Concentrations. HEK-Dual TLR9 cells were stimulated with 5 pg/mL (final concentration) of
bacterial DNA from five bacterial species of diverse CpG and CpG-containing k-mer
concentration sheared to 3000 bp of length with DOTAP. a) SEAP production of 5 genomes,

arranged in the order of decreasing CpG concentration. b) Correlation of SEAP production with
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genomic CpG concentration, ¢) genomic TCGT 4-mer concentration and d) genomic TCGTT 5-
mer concentration. Results were normalized to plate positive control of 0.5 pg/mL ODN-2006.
Results from three independent experiments, with each dot representing results of one experiment
and bars representing £ s.e.m. Correlation coefficient p and significance p were determined via
Spearman’s rank correlation test.

3.4 Short Synthetic Oligonucleotide TCGTT Was a Human TLR9 Co-Activator with

Different DNA Types

3.4.1 TCGTT Co-Activated Human TLR9 with Synthetic Oligonucleotides ODN-2006 and
ODN-2006GC

Pohar et al. (2017) showed short CpG-containing synthetic oligonucleotides less than 10
bp long to be non-activating of human TLR9 on their own, but co-activated human TLR9 of cells
treated together with CpG-containing ODNSs at low concentrations®. We verified TLR9 co-
activation by 20 and 100 pg/mL of TCGTT using Ramos Blue cells (an engineered human B cell
line) plated at 2 x 10° cells/well and co-treated with a low concentration of 2.5 pg/mL of ODN-
2006. No DOTAP was used in experiments with Ramos Blue cells due to observed toxicity
(Supplementary Figure S9).

TLR9 activation was measured as SEAP under the control of NF-kB, a transcription
factor known to respond to TLR9 activation in B cells*?, 20 h later, compared to a standard plate
positive control of 25 pg/mL ODN-2006. We additionally observed co-activation of TLR9 by
TCGTT together with the non-activating GpC control of ODN-2006, ODN-2006GC, and a lack

of TLR9 co-activation by TTTTT with either ODN-2006 or ODN-2006GC (Figure 5).
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Figure 5. Effect of TCGTT and TTTTT on ODN-2006 and ODN-2006GC-Induced Human
TLRY Response. 25 and 100 ug/mL of a) TCGTT or b) TTTTT was added to 2.5 pg/mL of
ODN-2006. ¢) 100 pg/mL of TCGTT or TTTTT was added to 2.5 pg/mL of ODN-2006GC.
TCGTT or TTTTT was also added alone as controls. All experiments were performed on Ramos
Blue cells and TLR9 response measured as NF-kB activity relative to plate positive control of 25
pg/mL ODN-2006 (Mean from two independent experiments, bars + s.e.m.).
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3.4.2 TCGTT Co-Activated Human TLR9 with Caco-2 DNA Fragmented to Different
Lengths

Co-activation was found when 100 pg/mL of TCGTT was combined with 20 pug/mL of
human DNA extracted from Caco-2 cells. DNA extracted from intact Caco-2 cells without
additional fragmentation (>10,000 bp long), enzymatically fragmented (200-6000 bp or 50-200
bp) via NEB dsDNA Fragmentase (Methods 2.4.1), as well as DNA extracted from apoptotic
bodies and blebs from Staurosporine-treated Caco-2 Cells (Methods 2.2.4, 2.2.5, and 2.3.2),
were used, performed on Ramos Blue cells plated at the density of 2 x 10° cells/well and pre-
starved for 16 hours in 0.2% Bovine Serum Albumen (BSA). The two target fragment lengths of
human DNA via enzymatic fragmentation were chosen to approximate the typical fragment
lengths of apoptotic body and apoptotic bleb DNA and confirmed via PAGE gel and Agilent
Bioanalyzer (Methods 2.6.2 and 2.6.3, Supplementary figure S2). Results are shown as SEAP
production relative to plate positive control of 5 pg/mL ODN-2006. Co-activation of human
TLR9 by TCGTT with Caco-2 DNA was found to be lower than that with either ODN-2006 or
ODN-2006GC, and no difference was observed between the different fragment lengths and types
of Caco-2 DNA (Figure 6). The result suggested that TCGTT co-activated TLR9 with human
DNA of varying qualities and without regard to whether the human DNA originated from intact

or apoptotic cells.
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Figure 6. Co-Activation of human TLR9 Using TCGTT with Human DNA Fragments. 100
pg/mL of co-activating short DNA TCGTT was used to co-activate human TLR9 together with
Caco-2 DNA fragments of the following lengths: >10,000 bp, 200-6000 bp, 50-200 bp, and DNA
derived from apoptotic Caco-2 cell body and blebs, all at 20 pg/mL of concentration, on
overnight-starved Ramos Blue cells plated at 2 x 10° cells/well. TLR9 activation was measured as
SEAP activity normalized to plate positive control of 5 pg/mL ODN-2006 (results from one
experiment, bars + s.d. of duplicates).

3.5 DNase I-Digested Bacterial DNA Co-Activated Human TLR9 With Low Concentrations

of ODN-2006 in Ramos Blue Cells

3.5.1 DNase I-Digested Bacterial DNA Enhanced TLR9 Activation by Low Concentrations
of ODN-2006 In Ramos Blue Cells

The genomic DNA of six bacterial species: Micrococcus luteus, Bifidobacterium bifidum,
Escherichia coli, Bacteroides dorei, Lactobacillus salivarius and Campylobacter jejuni, were
selected to represent members of the common human microbiota spanning a wide range of CpG
concentration from 14.97% (Micrococcus luteus) to 1.44% (Campylobacter jejuni). The extracted

DNA were digested with DNase | to the target fragment length of less than 15 bp. Complete
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digestion was confirmed via PAGE gel (Supplementary Figure S10), and the digested DNA
was added to the final concentration of 25 pg/mL to Ramos Blue cells plated at a density of 5 x
10* cells/well, with or without 2.5 pg/mL of ODN-2006.

As shown in Figure 7 a) and b), addition of 25 pg/mL of DNase I-digested microbial
genomic DNA fragments did not activate TLR9 in Ramos Blue cells, while they co-activated
human TLR9 with 2.5 pg/mL of ODN-2006, i.e., additional activation was observed in cells co-
treated with ODN-2006 and DNase I-digested bacterial DNA, compare to 2.5 pg/mL of ODN-
2006 alone. Co-activation ranged from 7.26% for Campylobacter jejuni to 26.34% for
Micrococcus luteus over treatment with 2.5 pg/mL of ODN-2006 alone (as % of 25 pug/mL of
ODN-2006) (n =3~ 5, p <0.05, Wilcoxon test with Benjamini-Hochberg correction to 5%
FDR). The experiment was repeated twice using a higher Ramos Blue cell density of 2 x 10° cells
per well and showed similar patterns (Supplementary Figure S11). Under the higher plating
density, 25 pg/mL of concentration of fragmented Escherichia coli DNA co-activated human
TLR9 with low concentrations of ODN-2006, at similar intensity as 25 pg/mL TCGTT, while
Micrococcus luteus gDNA fragment, with its high CpG concentration, was a more potent co-
activator (Supplementary Figure S12). The results indicated that small DNA fragments of
microbial origins, which contains the CpG dimer, could similarly enhance human TLR9
activation by stimulatory ODNSs, similar to TCGTT. Small microbial DNA fragments can

therefore play a similar role as synthetic SODNs as co-activators of human TLR9.

3.5.2 Small Microbial DNA Fragments as Human TLR9 Co-Activators: Correlation to
Genomic CpG Concentration
Correlation between TLR9 co-activation of 2.5 pg/mL ODN-2006 by fragmented

bacterial genomic DNA and CpG concentration is shown in Figure 7 b). The correlation was
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found to be highly significant (p = 0.603, p = 8.72 x 10™). However, the correlation was likely
due to the genomic DNA of Micrococcus luteus alone, which possesses the highest CpG
concentration and also co-activated human TLR9 with ODN-2006 more than the small genomic
DNA fragments from other species. Intergenomic comparison indicated significantly higher co-
activation of human TLR9 by Micrococcus luteus genomic DNA fragments compared to other
genomes, while the remaining five genomes did not significantly differ from each other (Pairwise

Student’s t-Test with Benjamini-Hochberg Correction to 5% FDR).
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Figure 7. Direct Activation versus Co-Activation of Human TLR9 With Low
Concentrations of ODN-2006 by DNase I-Digested Bacterial DNA on Ramos Blue Cells. a)
Direct activation of human TLR9: DNase I-digested bacterial DNA fragments (< 15 bp long)
were added to the final concentration of 25 pg/mL. b) Co-activation of human TLR9 with ODN-
2006: DNase I-digested bacterial DNA fragments were added to the final concentration of 25
pg/mL together with 2.5 pg/mL of ODN-2006. ¢) Correlation of TLR9 co-activation with ODN-
2006 to bacterial CpG concentration. Stimulation was performed on Ramos Blue cells plated at 5
x 10* cells/well in antibiotics-free IMDM medium. TLR9 activation was measured as SEAP
activity normalized to plate positive control of 25 pg/mL ODN-2006. Results from at least three
and up to five independent experiments, with each dot representing results of one experiment.
Bars represented + s.e.m. Correlation coefficient p and significance p were determined via
Spearman’s rank correlation test.

3.6 TLRY Activation by Microbial and Human DNA of Different Lengths

Several optimization experiments using Escherichia coli and Campylobacter jejuni
genomic DNA of different fragment lengths on human PBMCs early on alerted us on the
influence of DNA fragment length on human TLR9 activation. The outputs of the optimization
experiments were summarized in Results 3.6.1, and the impact of DNA fragment lengths on

TLR9 activation were confirmed on HEK-Dual TLR9 cells (Results 3.6.2). Co-activation of
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human TLR9 with ODN-2006 and suppression of ODN-2006-induced TLR9 activation were
further tested on Ramos Blue cells (Results 3.7.1-3.7.3). Therefore, we standardized and

specified DNA fragment lengths prior to all TLR9 stimulation experiments.

3.6.1 Activation by Escherichia coli and Campylobacter jejuni DNA of Different Fragment
Lengths on PBMCs

Results from human PBMC stimulation indicated a noticeable influence of fragment
length of input bacterial DNA on human TLR9 activation. We used Escherichia coli and
Campylobacter jejuni mechanically fragmented via Covaris g-tube or enzymatically fragmented
via NEB Fragmentase to different lengths (Methods 2.4.1 and 2.4.2). Fragmented DNA was
complexed with DOTAP at the ratio of 1:5 DNA: DOTAP and used to stimulate human PBMCs.
TLR9 activation was measured as IFN-p release via ELISA, 24 hours after stimulation. All
experiments were performed in duplicates with bars representing + s.e.m.

Supplementary Figure S13 a) compared DNA extracted from Escherichia coli, with or
without fragment length standardization to 20,000 bp of length, at input DNA concentrations of
5, 1 and 0.2 pg/mL. For all three concentrations, DNA fragmented to 20,000 bp induced greater
IFN-B release from PBMCs compared to unprocessed DNA. Supplementary Figure S13 b)
compared treatment with Escherichia coli and Campylobacter jejuni DNA fragmented to 20,000
bp, 6000 bp and 200 bp of length at 1 ug/mL of DNA. Again, differences were observed between
DNA fragmented to different lengths for both bacterial species. DNA fragmented to 200 bp
induced lower IFN- release from PBMCs compared to that fragmented to 20,000 bp and 6000
bp, while Escherichia coli DNA was more activating than Campylobacter jejuni DNA at
comparable fragment lengths. Supplementary Figure S13 c¢) compared Escherichia coli and

Campylobacter jejuni fragmented to the lengths of 6000 bp and 1000 bp, added to PBMCs to the
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final DNA concentrations of 2.5, 0.5 and 0.1 pg/mL. In this case, no difference was found
between the two fragment lengths regardless of species or input DNA concentration. Escherichia
coli DNA consistently induced greater IFN-f release than that of Campylobacter jejuni for all

concentrations.

3.6.2 Activation by Escherichia coli and Caco-2 DNA of Different Lengths on HEK-Dual
TLR9 Cells

Extracted Escherichia coli genomic DNA was used to stimulate HEK-Dual TLR9 cells at
the concentration of 5 pg/mL with or without fragmentation to 50-200 bp of length. DNA from
intact and apoptotic Caco-2 cells, as well as human genomic DNA fragmented to 50-200 bp was
used at the concentration of 5 and 20 pug/mL. For both conditions, DOTAP was complexed with
DNA at the concentration of 10 pug/mL before stimulation.

No significant difference was observed in TLR9 activation of HEK-Dual TLR9 cells
treated with Escherichia coli DNA of different lengths (Supplementary Figure S14). Extracted
Escherichia coli DNA, confirmed by gel electrophoresis to be over 10,000 bp long, resulted in
comparable activation of TLR9 to DNA fragmented to 50-200 bp, the length previously used in
multi-species stimulations (Results 3.1.3.).

On the other hand, human DNA fragmented to 50-200 bp long was found to be non-
activating, unlike DNA extracted from intact and apoptotic Caco-2 Cells. Intact Caco-2 DNA at
the concentration of 5 pg/mL of final input concentration was less activating than Escherichia
coli DNA (17.7% versus Escherichia coli’s 49.3% of 0.5 pg/mL ODN-2006), consistent with
prediction from the low genomic CpG concentration of human-origin DNA. 5 pg/mL of
apoptotic Caco-2 DNA induced 19.9% of SEAP activity relative to ODN-2006 (refer to Results

3.8.2 and Figure 10).
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3.7 TLR9 Activity of Ramos Blue Cells Stimulated by Microbial and Human DNA of

Different Lengths, and Activity Changes in Combination with ODN-2006

3.7.1 TLR9 Activation by Microbial and Caco-2 DNA of Different Fragment Lengths on
Ramos Blue Cells

Direct activation of TLR9 by Escherichia coli and Caco-2 DNA was tested on pre-starved
Ramos Blue cells plated at 2 x 10° cells/well. TLR9 activity was measured as SEAP relative to
plate positive control of 5 pg/mL ODN-2006, 20 h after stimulation. Activation by Escherichia
coli DNA at 40 pg/mL was observed at the fragment length of 50-200 bp, but not from DNase I-
digested fragments at less than 15bp (Supplementary Figure S15 a) and b)). No activation was
observed for extracted DNA at greater than 10,000 bp long. For Caco-2 DNA, activation was
observed at DNA fragmented to 200-60,000 bp and 50-200 bp long, but not from extracted DNA
at greater than 10,000 bp long or DNase I-digested DNA fragments at less than 15 bp long,
though the signal was rather weak and no statistical analyses could be performed from the low
number of experiments conducted (Supplementary Figure S16). An unexpected result was
noted when comparing DNA at 50-200 bp long: at 40 pg/mL of concentration, Caco-2 DNA was
more activating than Escherichia coli DNA, inverse to our prediction from their genomic CpG

concentration (Supplementary Figure S15 a)).

3.7.2 Co-Activation of Human TLR9 with ODN-2006 by Microbial and Caco-2 DNA
Fragments of Different Lengths

DNA from Escherichia coli and Caco-2 were fragmented to either 50-200 bp or less than
15 bp long, then used to stimulate pre-starved Ramos Blue cells at 40 pg/mL final concentration

in combination with 0, 1 and 2 pg/mL of ODN-2006. Supplementary Figure S15 a) and b)
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detailed co-activation of TLR9 with ODN-2006 of two fragment lengths for both types of DNA,
respectively. Co-activation was weak for both genomes at fragment lengths of less than 15 bp,
though Escherichia coli DNA was slightly more co-activating of TLR9 with low concentrations
of ODN-2006 compared to Caco-2 DNA. Greater co-activation was also found for DNA
fragmented to 50-200 bp long regardless of origin compared to those less 15 bp long. Contrary to
expectation, it was Caco-2 DNA that co-activated human TLR9 with 1 pg/mL of ODN-2006
more, compared to Escherichia coli DNA. No co-activation was observed on top of direct
activation by 2 pg/mL of ODN-2006, suggesting that a critical concentration of ODN-2006 was

needed for co-activation to occur.

3.7.3 Long Caco-2 DNA Fragments Repressed Human TLR9 Activation by ODN-2006 and
TCGTT

Caco-2 DNA of four different fragment lengths, greater than 10,000 bp, 200-6000 bp, 50-
200 bp and less than 15 bp, were used at 40 pg/mL of final concentration on top of 5 pg/mL of
ODN-2006, or 0.5 pg/mL of ODN-2006 plus 100 pg/mL of TCGTT on pre-starved Ramos Blue
cells. The concentrations of ODN-2006 and TCGTT used were representative of optimal
concentration for TLR9 activation by ODN-2006 or TCGTT co-activation as determined in
calibration experiments.

Results showed that Caco-2 DNA at greater than 10,000 bp of length reduced TLR9
activation by ODN-2006: TLR9 activation dropped to 45% of 5 pg/mL ODN-2006 when 40
pg/mL of DNA was added (n =4, p <0.05, Student’s T-Test) (Figure 8). Repression lessened
with the three shorter fragment lengths, where no significance was found. Results from two
experiments also showed Caco-2 DNA of greater than 10,000 bp long to reduce TLR9 activity of

cells treated with 0.5 pg/mL ODN-2006 plus 100 pg/mL of TCGTT (Supplementary Figure
76



S17), but no statistical analyses could be performed due to the small number of independent

experiments performed.
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Figure 8. Long Human DNA Fragments Repressed
TLR9 Activation by ODN-2006 on Ramos Blue
cells. 40 pug/mL (final concentration) of Caco-2 DNA
sheared to different fragment lengths were added on
top of 5 pg/mL ODN-2006, compared to 5 pg/mL
ODN-2006 alone. Results showed long (>10,000 bp)
Caco-2 DNA fragments significantly reduced TLR9
activation in Ramos Blue cells. Ramos Blue cells
overnight-starved and plated at 2 x 10° cells/well were
used. TLR9 activation was measured as SEAP activity
normalized to plate positive control of 5 pg/mL ODN-
2006. Results from four independent experiments. Bars
represented + s.e.m. (*: p< 0.05, Student’s t-test)

3.8. Human DNA at 50-200 Bp of Length Co-Activated Human TLR9 With Low

Concentrations of ODN-2006 and Select Bacterial DNA on HEK-Dual TLR9 Cells

3.8.1 Observed Co-activation of Human TLR9 by Caco-2 DNA Fragments With ODN-2006

and Escherichia coli Genomic DNA

Caco-2 DNA was enzymatically fragmented to the length of 50-200 bp and used to co-

activate human TLR9 together with 0.05 pg/mL ODN-2006 or 2 pg/mL DNA of three different

bacterial species of contrasting CpG concentration: Bifidobacterium bifidum, Escherichia coli

and Fusobacterium nucleatum, on HEK-Dual TLR9 cells. Human DNA was added at the

concentration of 20 pg/mL, and human DNA alone was used in all experiments as an internal
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negative control. A standard concentration of 10 pg/mL DOTAP was used to pre-complex with
the DNA mixture for all conditions, identical to the multispecies experiment in Results 3.1.3.
Results were measured as SEAP compared to the positive control of 0.5 pg/mL ODN-2006.

As shown in Figure 9 b), human DNA fragments were powerful co-activators of human
TLR9 with low concentrations of ODN-2006, and 20 pug/mL human DNA on top of 0.05 pg/mL
ODN-2006 resulted in SEAP signals on par with 0.5 pg/mL ODN-2006, and the results were
highly significant (p < 0.01, Wilcoxon test with Benjamini-Hochberg correction to 5% FDR). On
the other hand, no direct activation was observed when 20 pg/mL human DNA was used on its
own (Figure 9 a)).

Human DNA could also co-activate human TLR9 with low concentrations of DNA from
Escherichia coli, but not that from Bifidobacterium bifidum or Fusobacterium nucleatum (p <
0.05, Wilcoxon test with Benjamini-Hochberg correction to 5% FDR). Co-activation with
Escherichia coli DNA was weaker than that with ODN-2006, at 10.5% of 0.5 pg/mL ODN-2006
over Escherichia coli DNA alone. Human DNA did not induce additional TLR9 activation with
Bifidobacterium bifidum DNA, which was activating on its own at the concentration of 2 ug/mL
with SEAP activity at 49.0% of 0.5 ug/mL ODN-2006. No co-activation was observed with the
addition of human DNA on top of Fusobacterium nucleatum DNA, which was also non-
activating on its own (Figure 9 c) to €)). The results indicated that there could be an optimal
baseline TLR9 activation for co-activation with high concentrations of human DNA to occur,

which was achievable with 0.05 pg/mL ODN-2006 or 2 pg/mL Escherichia coli DNA.
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Figure 9. Human DNA Fragments at 50-200 Bp Co-Activated TLR9 with Low
Concentrations of ODN-2006 and Escherichia coli Genomic DNA on HEK-Dual TLR9
Cells. Caco-2 DNA fragmented to 50-200 bp of length were used to co-activate different types of
DNA. 20 pg/mL Caco-2 DNA fragments were added to a) directly activate TLR9, or co-activate
b) 0.05 pg/mL of ODN-2006, c) 2 pg/mL of Bifidobacterium bifidum DNA, d) 2 pg/mL of
Escherichia coli DNA, or e) 2 pg/mL of Fusobacterium nucleatum DNA. A comparison of 0 vs.
20 pg/mL of Caco-2 DNA was shown for each condition. Similar to Caco-2 DNA, all bacterial
DNAs were fragmented to 50-200 bp using NEB dsDNA Fragmentase. A standardized DOTAP
concentration of 10 pg/mL was used for all wells including controls. TLR9 activation was
measured as SEAP activity normalized to plate positive control of 0.5 pg/mL ODN-2006. Results
from at least 6 and up to 11 independent experiments are shown, with each dot and connecting
line representing results of one experiment. Bars represented + s.e.m. (*: p<0.05, **: p<0.01,
Wilcoxon test with Benjamini-Hochberg correction to 5% FDR)

3.8.2 Length of Human DNA Fragments Determined Whether Direct TLR9 Activation or
Co-Activation With ODN-2006 Occurred

DNA was extracted from intact and apoptotic Caco-2 cells, with the fragment lengths at
respectively >10,000 bp and 200-6000 bp in a typical step ladder pattern of multiples of 180 bp.
Caco-2 DNA was also enzymatically fragmented to 50-200 bp. The three types of DNA: intact,
apoptotic, or enzymatically fragmented, were added with or without 0.05 pg/mL of ODN-2006 to
HEK-Dual TLR9 cells at the concentrations of 5 and 20 pug/mL with a standard DOTAP
concentration of 10 pg/mL. TLR9 activation was measured as NF-kB/SEAP Activity compared
to the positive control of 0.5 pg/mL of ODN-2006.

Figure 10 depicts the effect of fragment length of human DNA on TLR9 activation. To
summarize, Caco-2 DNA extracted from intact or apoptotic Caco-2 cells directly activated TLR9
in HEK-Dual TLR9 cells. No co-activation was observed with the addition of low concentrations
of ODN-2006. On the other hand, Caco-2 DNA fragmented to 50-200 bp was completely non-
activating of human TLR9 on its own, but significantly co-activation occurred when low
concentrations of ODN-2006 was added. Results suggest that the fragment length of a given
DNA ligand can have drastically different effects on the human TLR9 receptor.
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Figure 10. Length of Human DNA Fragments Determined Whether They Directly
Activated human TLR9 or Indirectly Co-Activated TLR9 With Low Concentrations of
ODN-2006 on HEK-Dual TLR9 Cells. DNA extracted from a) intact Caco-2 cells and b)
apoptotic Caco-2 cells directly activated TLR9. No difference was seen when 0.05 pg/mL ODN-
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2006 were added. c) Caco-2 DNA fragmented to 50-200 bp long did not directly activate TLR9,
but strongly co-activated TLR9 when 0.05 pg/mL of ODN-2006 was added. TLR9 activation was
measured as SEAP activity normalized to plate positive control of 0.5 pg/mL ODN-2006. A
standardized DOTAP concentration of 10 pg/mL was used for all wells including positive and
negative control. Results from at least 3 and up to 11 independent experiments with bars
representing +s.e.m. (¥*p<0.05, **p<0.01, Student’s T-Test with Benjamini-Hochberg correction
to <5% FDR)

3.9 Effect of TLR9 Activation by ODN-2006 and Human DNA on Fusobacterium nucleatum

Invasion of HT-29 Cells

3.9.1 Increased Presence of Intracellular Fusobacterium nucleatum upon TLR9 Activation
by ODN-2006 and Caco-2 DNA on HT-29 Cells

Results from two independent invasion experiments using confluent HT-29 cells and
Fusobacterium nucleatum confirmed the invasive ability of Fusobacterium nucleatum (Figure
11a)) in line with literature!*14, The negative control Escherichia coli DH5a was non-invasive,
with fewer than 0.001% of bacteria surviving antibiotics treatment. Fusobacterium nucleatum
invasion increased when cells were simultaneously treated with 5 pg/mL of ODN-2006, 20
pg/mL of Caco-2 DNA at 50-200 bp of fragment length, or both (Figure 11 a)), compared to
wells without DNA treatment, in both experiments. However, the percent of invasive
Fusobacterium nucleatum with or without ODN-2006 and Caco-2 DNA differed considerably by
experiment, resulting in large, overlapping error bars. The growth rate of Fusobacterium
nucleatum was found to be different between different batches, and could contribute to the
observed variation between experiments. Moreover, no statistical analyses were possible due to
the small number of biological replicates (n = 2). Therefore, additional experimental repeats are
needed to confirm that TLR9 activation consistently promotes Fusobacterium nucleatum

invasion.
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3.9.2 IL-8 Release upon Addition ODN-2006, Caco-2 DNA and Bacteria

Human IL-8 release was measured via ELISA on filtered supernatant frozen for a
maximum of 4 days. Wells treated with ODN-2006, Caco-2 DNA, and a combination ODN-2006
with Caco-2 DNA with or without Fusobacterium nucleatum were compared, together with three
control conditions (wells without bacteria, wells with Escherichia coli DH5a, and wells with
Fusobacterium nucleatum without addition of DNA). An additional experiment was performed
on HT-29 cells treated with ODN-2006 and/or Caco-2 DNA alone for 4 hours, identical to the
“no bacteria” conditions in invasion assays.

Increase in IL-8 production occurred upon addition of bacteria, with the addition of
Escherichia coli leading to higher IL-8 production compared to that of Fusobacterium nucleatum
(Figure 11 b)). However, no statistical analyses were performed due to the small number of
biological replicates (n=2). Addition of ODN-2006 and Caco-2 DNA to cells infected with
Fusobacterium nucleatum did not further increase IL-8 production. As Escherichia coli DH5a
was not invasive, the increase of IL-8 production upon Escherichia coli DH5a treatment was
likely due not to TLR9 activation but to recognition by surface receptors to other components of
the bacteria. There was also no sign that increased Fusobacterium nucleatum invasion upon
ODN-2006 and/or Caco-2 DNA treatment (Results 3.9.1) lead to additional IL-8 release from
HT-29 cells. Therefore, our experiments could not confirm TLR9 activation or increased
Fusobacterium nucleatum presence within the cell as sources of inflammatory cytokine release

from HT-29 cells.
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Fusobacterium nucleatum Invasion of HT-29 Cells Treated
with ODN-2006 and/or Caco-2 DNA
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Figure 11. Invasion Experiments To Determine Role of TLR9 Activation by ODN-2006 and

human DNA on Fusobacterium nucleatum Invasion and Human IL-8 Production.
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a) Intracellular Fusobacterium nucleatum with Treatment of ODN-2006, Caco-2 DNA, or
Both. Confluent HT-29 cells were treated with ODN-2006, human DNA (extracted from Caco-2
cells and enzymatically fragmented to 50-200 bp), or both. Fusobacterium nucleatum was added
at the Multiplicity of Infection (MOI) of 5:1 bacteria to HT-29 cells. Controls consisted of the
same number of Escherichia coli DH5a or Fusobacterium nucleatum without additional DNA. %
Intracellular bacteria were determined as number of colony-forming units after 1 hour of
antibiotics treatment and cell lysis with Saponin, divided by the number of input bacteria (results
from two independent experiment, bars + s.e.m.).

b) IL-8 Production by HT-29 Cells Treated with ODN-2006, Human DNA, or Both, With
or Without Addition of Bacteria. IL-8 production by HT-29 cells were measured via ELISA
from supernatant collected from invasion experiments, as well as that from cells treated with
ODN and/or human DNA but without addition of bacteria. Noninvasive Escherichia coli DHS5a
was added only in control wells without DNA treatment. Increase of I1L-8 release into the
supernatant was found with the addition of both Escherichia coli and Fusobacterium nucleatum,
though no additional statistical analyses were performed due to the low number of experiments
conducted (results from two independent experiments with bars representing £ s.e.m.).
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4. Discussion

The human microbiota population is vast and outnumbers human somatic cells at the
ratio of circa 1.3:1%%. Most of the microbiota reside in the human large intestine and provide a
rich source of non-human DNA. DNA of diverse origins, with different concentrations of CpG,
k-mer and other immunostimulatory sequences, are thus highly represented in the intestinal
lumen.

Typically, a thick and impermeable mucosal barrier prevents the microbiota from direct
contact with the gut epithelium, and the antimicrobial peptides at the bottom layer of the
intestinal mucus further destroy any bacteria that manage to penetrate through the upper layer®.
The bacteria are moved, along with shed gut cells, down the digestive tract, together with the gel
matrix of the lose upper mucus layer. When the mucosal layer is intact, neither the intestinal
epithelial cells, nor the immune cells present in the intestinal epithelium, are perturbed by the
presence of normal human microbiota population in the luminal region'?. The cells of the
human intestinal epithelium, similar to those of other human internal tissues, are largely devoid
of bacteria presence and remain sterile®,

However, situations exist where human cells containing TLR9 can contact the microbiota
population and their genomic DNA and thus be activated. Examples include intestinal pathogens
that penetrate through the mucosal region and invade intestinal epithelial cells*?, and certain
specialized cell types that actively take in and sample bacteria, such as the M cells of Peyer’s
patch in the small intestine'?128, Dendritic cells, which are present in Payer’s patch, mesenteric
lymph nodes, and throughout the lamina propria layer of the small intestine and colon, similarly

sample the intestinal lumen in cooperation with intestinal epithelial cells*?®. Moreover, in
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pathological conditions such as IBD and infectious diseases such as Clostridioides difficile
colitis, the intestinal barrier can be compromised®>!’, In these situations, the local immune cell
populations with PRRs that reside in the lamina propria layer of the intestine can recognize
bacterial breach of the intestinal barrier, and mount an innate and adaptive immune response

against bacterial intruders, which may include TLR9 responses to microbial DNA®%,

4.1 Toward an In Vitro Model of TLR9 Activation Within the Human Gut Environment
and Their Applications

While our in vitro assays did not fully characterize the complex interaction of microbial
DNA and human DNA with human TLR9, we were able to identify trends regarding human
TLR9 activation and co-activation relative to CpG concentrations of human microbiota
members, DNA fragment lengths, and the presence of human DNA in the gut environment. Our
results provide insights into the possible role of TLR9 activation for infant gut development,

inflammatory bowel diseases, and bacterial invasion.

4.1.1 TLR9 Activation and Infant Gut Development

A number of studies described microbiota changes in infants from birth to circa 1 year of
life'®. Infants undergoing vaginal birth are likely seeded with maternal stool microbiota, as well
as facultative anaerobes from the surrounding environment and the maternal skin3L. In contrast,
infants undergoing Caesarian section birth, who had less direct contact with the maternal stool
microbiota, are colonized predominantly with environmental and skin microbiota at birth*3%: 132,

Regardless of birth mode, the microbiota of the infant shifts within the first two weeks of birth to
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one dominated by Bifidobacterium spp., species not only found in maternal stool, but also in
breast milk, which is the likely source of the species in infants born by C-section*3,
Bifidobacterium spp., which exist as the majority population in the infant gut but
gradually decrease as the infant’s gut microbiota evolves, are noted for their higher CpG
concentration compared to typical species found in adult guts®. Bifidobacterium bifidum
(12.40% CpG) and Bifidobacterium breve (9.93% CpG)*® were two of the species with the
highest CpG concentration used in our multispecies stimulation experiment (Results 3.1.3).
The adult microbiota, in contrast, is typically dominated by Bacteroidetes and
Firmicutes'34. The Bacteroidetes species we used in the multispecies experiment, Bacteroides
dorei, is a typical adult gut microbiota member!3® with a CpG concentration of 4.04%%, far
lower than the two Bifidobacterium species tested. And as predicted, Results 3.1.3 revealed
higher TLR9 activation upon exposure to genomic DNA of Bifidobacterium spp. compared to
that of Bacteroides dorei. Therefore, we expected the Bifidobacterium spp.-rich environment of
the infant gut, where the key residents are high in CpG as predicted by bioinformatics'®, to
induce higher local TLR9 activation compared to the adult gut environment. TLR9 activation
from CpG-rich microbiota induces IFN-B production from pDCs, which converts naive CD4 T
cells into Thi cells'®” and suppresses Th2 cytokine expression, provides the needed balance
against the Th2-biased T-cell population of newborns'®. As Th2 overrepresentation is a known
source of allergy*3®, high TLR9 activation within the infant gut environment can have an impact

on immune response to pathogens and autoimmune issues such as allergies later in lifel%?, thus

play a role in early development of the infant innate immune system.
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4.1.2 Human DNA in the Gut Environment, and Its Role in Activation and Co-Activation
Of Human TLR9

A major characteristic of human intestinal epithelial cells is their rapid turnover.
Typically, intestinal epithelial cells are completely replaced in 2 to 6 days, and for humans,
approximately 10! intestinal cells are shed by day®. The replaced cells are shed into the lumen
and soon die of apoptosis®’. The apoptotic intestinal epithelial cells, along with necrotic cells, are
major contributors of human DNA in the mucosal layer of the gut®®. According to our
calculations™°® 2 jf apoptotic DNA from shed intestinal epithelial cells is evenly distributed
throughout the intestinal tract, each cm?® within the intestinal tract contains 138 pg of human
DNA from apoptotic intestinal epithelial cells, a concentration high enough to either directly
activate or co-activate human TLR9 with microbial DNA (Results 3.8.1 and 3.8.2). Local higher
concentration of human DNA is expected to occur near the surface of the intestinal lumen,
potentially generating a more intense TLR9 response.

Apoptotic DNA is fragmented and consists of a ladder of different DNA lengths which
could potentially be directly stimulatory or co-stimulatory of human TLR9 depending on their
actual length (Results 3.8.2), and can also interact with microbial DNA in multiple ways
depending on the CpG concentration and fragment lengths of the microbial DNA. In addition,
apoptotic DNA, which are present within apoptotic bodies and blebs, can be absorbed by cells
containing the TLRY receptor such as human macrophages*4142 and pDCs!*,

In pathologies such as IBD, intestinal epithelial cells are replaced at a higher rate,
implying greater apoptosis and thus higher amount of apoptotic DNA#2144, Cells can also die of
necrosis, a pathological version of cell death that involves cell bursting and spewing of

intracellular materials, necrotic DNA included, into the surrounding environment®. While
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apoptotic DNA shows an ordered “ladder” pattern consisting of fragment lengths of multiples of
180 bp'*°, necrotic DNA is not fragmented and only degrades upon exposure to DNase within
the gut environment!*®. The higher concentration of human DNA upon increased cell apoptosis
and necrosis in gut pathologies can co-present with a compromised gut barrier, increasing
contact of TLR9-containing immune cells with DNA from dead cells, resulting in potential
autoimmune reactions®. All of this is consistent with our findings in Results 3.8.1 that even with
a small amount of microbial DNA, self-DNA from shed intestinal epithelial cells can result in
human TLR9 activation when the cells are not efficiently cleared and removed, instead
accumulate in the intestinal environment.

Note 2: The amount of human DNA in the gut can be calculated as such: a diploid human cell contains
approximately 6.4 x 1012 g of DNAX, thus 10** shed intestinal epithelial cells yield 0.64 g of DNA per
day. The volume of the human intestine could be calculated as such*: 1.25cm (radius of small intestine)
* 1.25cm * 3.14 * 333cm (length of small intestine) = 1633 cm?® (volume of small intestine) and 2.4cm
(radius of large intestine) * 2.4cm * 3.14 * 167cm (length of large intestine) = 3020 cm? (volume of large
intestine), which together adds to 4654 cm?® of volume. The amount of human DNA per cm? of intestinal
tract produced per day would be 0.64g / 4654 cm?® = 1.38 x 10** g or 138 pg per cm?® of human intestinal
tract.

4.1.3 TLR9 Activity Can Affect Pathogen Invasion and Survival Inside Host Cells

Preliminary results from our invasion experiments of Fusobacterium nucleatum of HT-29
cells, with or without the inclusion of ODN-2006 and human DNA, suggest that TLR9 activation
could affect bacterial invasion. We observed increased invasion from Fusobacterium nucleatum,
a pathogen of very low CpG concentration (0.296%), with the addition of ODN-2006 and/or
Caco-2 DNA (Results 3.9.1), though the result was yet to be statistically validated.

However, increased intake of bacteria upon TLR9 activation had been previously shown
using mouse macrophages and Escherichia coli‘*®. Macrophages stimulated with ODN-2006
internalized more Escherichia coli compared to those without'*®, suggesting that TLR9

activation has a positive effect on macrophage phagocytosis. In the same study, several genes
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involved in phagocytosis and apoptotic cell clearance were found to be upregulated in TLR9-
activated macrophages'*®. Therefore, it is possible that TLR9 activation induces cells to
proactively take in pathogens in an attempt to destroy them, leading to increased bacterial
presence inside the cells.

Fusobacterium nucleatum is a species associated with colorectal cancer'®?, and if TLR9
activation by ODNSs or human DNA increases their presence inside intestinal epithelial cells, it
hints at a possible oncogenic role of TLR9, which is upregulated in several tumor cell lineages
including gastric cancer, breast cancer, prostate cancer, and lung cancer cells®®. Human
carcinoma cell lines MCF-7, A549, and Caco-2 exhibited greater motility, indicating pro-
metastasis phenotypes, upon stimulation of their TLR9 via ODNs*! or bacterial DNA
fragments®®2. Fusobacterium nucleatum invasion also increased cell motility and permeability
through the Transwell membrane in co-cultivation experiments, likely due to increased
production of inflammatory cytokines I1L-8 and CXCL1 by invaded cells'®3, identifying the
bacterium’s role in oncogenesis and metastasis. Thus, increased TLR9 activity of the gut could
potentially escalate colorectal cancer development, and be used as a possible diagnostic marker
for cancer. When the gut barrier is compromised, and frequency of contact between the
microbiota and TLR9-expressing cells is increased, TLR9 activation in the gut can be a possible

link between diseases such as IBD and a greater risk of cancer development.
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4.2 Potential Confounders of TLR9 Activation Experiments

4.2.1 Fragment Length Needs to be Standardized for Experiments, Posing Technical
Limitations to Metagenomic DNA Stimulation Experiments

Our experiments showed major influence of DNA fragment length for both microbial and
human DNA on TLR9 activation (Results 3.6.1, 3.6.2 and 3.8.2), TLR9 co-activation with
ODN-2006 (Results 3.7.2, Results 3.8.2), or repression of TLR9 activation by ODN-2006
(Results 3.7.3). Additionally, highly fragmented bacterial DNA at 15 bp or less of length co-
activated TLR9 with low concentrations of ODN-2006 without being activating on their own
(Results 3.5.1).

Therefore, to obtain consistent multi-species TLR9 activation experiments and correlate
TLR9 activation with genomic CpG or k-mer concentrations, DNA fragments of similar length
are needed. Moreover, short DNA fragments must be removed to preclude co-activation.
Standardized fragment lengths also ensure cells are exposed to similar numbers of DNA
fragments at a given DNA concentration.

One major difficulty in our attempts to standardize fragment length of microbial DNA
were the large differences of fragmentation times from one genome to the next. Depending on
the genome, 30 to 120 min were needed to obtain DNA fragments of 50-200 bp using the NEB
dsDNA fragmentation enzyme (Results 3.1.2). The reason behind the differences was unknown,
but speculated to be the presence of enzyme inhibitors in extracted DNA. No correlation between
fragmentation time and genomic G+C or CpG concentration was found.

By extension, the varied fragmentation times between bacterial species would be a major

limitation if NEB’s dsDNA Fragmentase was used to fragment metagenomic DNA. If the DNA
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of one species fragmented more quickly than another, the DNA fragments of the fast-
fragmenting species would be shorter at any point of time compared to those of the slow-
fragmenting species, leading to inconsistent fragment lengths between species. The use of clean-
up Kits at later steps could also filter out the fast-fragmenting DNA and reduce their
representation within a sample, and skew the overall species contribution of the metagenomic
DNA used for stimulation.

The Covaris S220 sonication system, which used mechanical fragmentation, could
standardize DNA fragments more effectively, though even for this system, differences between
genomes existed. Supplementary Figure S4 showed that while all genomes were standardized
to 3000 bp after 600 s of sonication, DNA from Escherichia coli smeared across a larger range of
fragment lengths compared to DNA from the other four genomes which were more uniform. In
addition, Covaris microTUBES would be needed to mechanically shear DNA to shorter lengths,
and they are expensive and have low capacity compared to enzymatic fragmentation.

In a parallel study of infant microbiota with samples collected from newborn and 3-week-
old infants, as well as adult stool from mothers, we found that the DNA extracted from human
stool presented in various levels of intactness, from greater than 10kb to less than 100 bp of
length (Supplementary Figure S18). While storage and delivery conditions were possible
reasons behind the varied intactness of extracted DNA, technical issues were likely not the only
contributor to the differences. Other reasons for fragment length inconsistency of extracted DNA
could include whether the bacteria were alive or dead at time of extraction, whether the stool was
firm or loose, or the condition of the gut microenvironment at time of sample collection. The use
of antibiotics, for instance, is likely to cause massive death of the gut microbiota population and

a more fragmented microbial DNA profile!®*. DNA fragments of different lengths could also co-
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exist within a microbiota sample, and potentially some species of bacteria could have genomic
DNA more fragmentable than others, similar to how varied fragmentation time was needed to
achieve target lengths via the NEB dsDNA Fragmentase enzyme for the various species. It is
also possible that DNA from different microbial species presents in different fragment lengths
within the gut environment, thus contributes to human TLR9 activation in the gut differently,
with some playing a greater role than others independent of genomic CpG concentration.
Additionally, plasmid DNA could be expressed in different lengths compared to chromosomal
DNA from bacteria®®®, potentially complicating the overall sequence contribution to TLR9

activation in the gut.

4.2.2 Actual DNA Fragment Length in Contact with Human TLR9

Human TLRO9 is located in the endosomal region, which is separate from the surface of
the cell. Microbial DNA fragments, which are enclosed inside the cell wall of a bacterium or the
protein coat of a virus, must be introduced to the endosome through phagocytosis of the
microbial cell or viral unit, active invasion of the microbe, or as free DNA released upon the
death of the microbe taken in by the human cells. In all cases, microbial DNA must travel from
the surface of the cell to the endosome to come into contact with human TLR9*®®,

Through FITC labeling of calf thymus genomic DNA and PAGE gel electrophoresis,
Pohar et al. showed that the DNA within the endosome of the cell was extremely fragmented, at
an average length of less than 20 nucleotides. No DNA fragments of over 15bp could be
detected, suggesting that DNA was degraded prior to arrival in the endosome, and presented as
short fragments, most of which lower than the fragment length threshold of 10bp for direct

human TLR9 activation to occur®. Our experiments using synthetic short ODN TCGTT and
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DNase I digested microbial DNA fragments was able to confirm the lack of direct human TLR9
activation from small DNA fragments of 15bp or less (Results 3.5.1). Pohar et al. also showed
that serum, a prominent component of blood and a growth additive in culture medium, was able
to degrade DNA’, Serum degradation was a reason behind the adoption of overnight cell
starvation in several of our stimulation and co-stimulation experiments with Ramos Blue cells.
However, the use of serum-free medium posed a question of how realistic a situation was
regarding TLR9 activation in blood. While cell-free DNA fragments circulate in blood, their low
concentration (median at 7.9 ng/mL for normal subjects and 13.8 ng/mL for patients with

colorectal cancer'®®) implied that they are probably insufficient to activate human TLRO.

4.2.3 Co-Presence of DNA of Microbial, Human and Synthetic Origins Made TLR9
Activation Patterns Rather Complex

In our study, we combined DNA of different types—ODN, sODN, and DNA of bacterial
and human origin and fragment lengths—to identify the varied dynamics of TLR9 activation by
complex DNA combinations that can present in the human gut environment. High concentrations
of small DNA fragments, for instance, could result in a characteristic co-activation dynamic,
where small DNA fragments are in themselves non-activating but co-activate TLR9 with other
longer, though less concentrated DNA fragments, analogous to the way short ODNSs co-activated
TLR9 with ODN-2006 and human DNA.

Co-activation by small DNA fragments negated the specificity of the CpG dimer within a
given DNA sequence as the activator of human TLR9. For example, Results 3.4.1 showed
TCGTT not only co-activated ODN-2006, but also ODN-2006GC, the negative control ODN to

ODN-2006 with swapped Cytosine and Guanine bases. The intensity by which TCGTT co-
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activated TLR9 with ODN-2006GC was as high as that with ODN-2006, suggesting that
presence of high amounts of small CpG-containing DNA fragments could relax the sequence
specificity of larger DNA fragments co-present and subsequently induce powerful human TLR9
responses. Pohar et al. also showed TCGTT to co-activate with methylated DNA fragments, thus
negating the effect of methylation in vertebrate genomic DNA to avoid triggering TLR9%3. Co-
activation could thus drastically alter TLR9 response to microbial versus self-DNA and be a
possible cause for TLR9-related autoimmunity. High presence of undegraded human DNA
fragments can result from cells undergoing apoptosis or necrosis which are not efficiently
cleared, as in the case of SLE®, as well as NET (neutrophil extracellular trap) consisting a
mixture of human and microbial DNA complexed to proteins’”*% which can co-present with
degraded microbial DNA fragments in the endosome. Co-activation of small CpG-containing
DNA fragment of microbial origin together with larger DNA fragments with low CpG
concentration characteristic of human DNA could therefore occur and induce autoimmune
reactions, as modeled in Results 3.4.2 via TCGTT and DNA fragments from apoptotic human
cells.

We also identified the ability of human DNA of certain fragment lengths (50-200 bp,
analogous to the smallest DNA fragment from apoptotic ladder at 180 bp) to co-activate TLR9
with ODN-2006 and Escherichia coli DNA in HEK-Dual TLR9 cells (Results 3.8.1). The result
suggested that when large amounts of apoptotic DNA are present together with bacterial DNA,
co-activation occurred, which could be relevant for the human gut where massive numbers of
shed intestinal epithelial cells co-exist with smaller numbers of bacteria i.e., based on our
findings, when an ideal ratio of human to microbial DNA concentration for TLR9 co-activation

was achieved. Similarly, microbial DNA fragmented to less than 15 bp was non-activating on its
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own on Ramos Blue cells, but co-activated TLR9 with low concentrations of ODN-2006
(Results 3.5.1), while Escherichia coli and Caco-2 DNA of 50-200 bp of length was directly
activating (Results 3.7.1). Therefore, smaller DNA fragments generally acted more like a co-
activator than a direct activator, compared to larger fragments. Smaller DNA fragments can
originate from apoptotic cells that undergo secondary necrosis, or from naked DNA fragments of
both microbial and human origin exposed to DNases present in the serum or the intestinal
fluid'*®. Therefore, disease conditions that cause increased cell apoptosis and necrosis, or
inadequate removal of dead cells, will likely increase local presence of small DNA fragments. In
cancer, for example, local increase of small DNA fragments from necrotic tumor cell occurs®®?,
and increased TLR9 co-activation with microbial DNA could exacerbate local inflammation and
subsequent tumor development and metastasis'®.

The complex interaction of DNA fragments of various lengths suggested that if one
simply used metagenomic DNA extracted from human stool samples to stimulate human TLRO,
the results will be confounded by the varied quality of the extracted microbial DNA. Firstly, a
typical DNA extraction kit already selected for fragment length. The columns of Zymo Quick-
DNA Fecal/Soil Microbe Kit, for instance, only retain microbial DNA fragments greater than 50
bp, and highly fragmented DNA is lost during extraction. Secondly, even for DNA retained by
the columns, varied fragment lengths could affect the ease by which microbial DNA fragments
enter the endosome and reach TLR9 and the number of DNA fragments present in the local cell
environment. As differences in TLR9 activation were observed when cells were stimulated by
microbial and human DNA from the range of 50-200 bp versus that of over 10,000 bp (Results

3.6.1 and 3.8.2), metagenomic DNA stimulation of human TLR9 by DNA of varying quality and
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fragment lengths extracted from the stool of different individuals is likely to generate unreliable
results.

Furthermore, the gut microenvironments of an adult and a newborn, as well as healthy
versus diseased individuals, can differ significantly from each other, which not only shapes the
representative microbiota profile of the individuals in question, but also the quality of DNA
present within the gut. The stool of an individual suffering from diarrhea, for instance, contains
large amounts of water, which could both lyse bacteria'®® and induce DNA degradation®. Stool
from newborn infants is likewise watery®®. Therefore, it would be fruitful to study stool water
content and its impact on DNA intactness, and also examine whether health conditions impacting
stool consistency, such as diarrhea and constipation, can result in different degrees of DNA

intactness upon extraction.

4.2.4 Additional Influence of CpG-Containing K-mers

Results 3.1.4 showed that while the human TLR9 response correlated with genomic CpG
concentration of input DNA, significant variations exist, which may be linked to unusual CpG-
containing k-mer concentrations such as the TCGTT-rich Lactobacillus ruminis and
Enterococcus faecalis, or conversely Micrococcus luteus with its high-CpG but low TCGTT 5-
mer concentration. Therefore, it is likely that human TLR9 does not respond to the CpG dimer
alone, but CpG flanked by specific sequences. In contrast to human TLR9, mouse TLR9 is more
responsive to ACGTT 5-mer. The mouse-specific ODN-1826 had previously been shown not to
activate HEK cells engineered with human TLR9, but strongly activated mouse macrophages*66.

In addition, it was shown that the human TLR9 receptor responds optimally to CpG

dimer and GTCGTT 6-mers that are separated by a distance of 4 to 8 bases'%. Oligonucleotides
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with a single CpG dimer were insufficient to activate human TLR9 unless co-activated by short
CpG-containing sequences®®%, These additional k-mer patterns suggest that while CpG
concentration is generally predictive of human TLR9 activation, the correlation is unlikely to be
one-to-one, and other sequence patterns can cause a given bacterial genome to be more or less
activating compared to predicted via their CpG concentration alone. The complex relationship of
how various CpG-containing k-mers affect human TLR9 activation has been studied using self-
designed synthetic oligonucleotides by Pohar et al. (2015)*. Therefore, while our results
revealed robust correlation of human TLR9 activation with genomic CpG concentration (Results
3.1.3) and in specific cases, TCGTT 5-mer concentrations (Results 3.3.2), additional sequence
patterns might explain the observed experimental variations not accounted for via correlation

with single genomic CpG-containing k-mer concentrations alone.

4.2.5 Complex Formation of DNA with Peptides and Lipids

Proteins and peptides in human cells are able to complex with DNA and prevent DNA
degradation in the bloodstream”. By forming complexes with other molecules, DNA fragments
could retain lengths that directly activate human TLR9 where smaller, more degraded DNA
fragments cannot (Results 3.8.2). Two peptides, HMGB2 and the antimicrobial peptide LL-38,
for instance, were studied in conjunction with diseases such as SLE, where peptides complexed
with apoptotic and necrotic DNA generate autoimmune conditions associated with TLR9
activation’®’®, The same peptides complexed with parasite-origin DNA also enhanced TLR9
response’®®. DNA-peptide complexes are more resistant to degradation*®. The peptides also
facilitate DNA entrance into the cell, thus increasing opportunity for them to become in contact

with the endosomal TLR9 present in immune cells’®.
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DOTAP, a lipid-based transfection reagent, was used in our experiments to promote
entrance of bacterial and human DNA into HEK-Dual TLR9 cells, Without DOTAP, the DNA
concentrations we used to stimulate human TLR9 in HEK-Dual TLR9 cells was insufficient in
inducing a measurable response, and very high input microbial DNA concentrations of 50 or 100
pg/mL were used to induce significant human TLR9 activation in previous studies®?*, The use
of DOTAP posed the question of whether there exist similar lipid vesicles in real-life situations
that can complex with DNA, promoting increased DNA presence inside the cells. A possible
candidate is that of apoptotic blebs, which contains fragmented DNA surrounded by a lipid
membrane!’®. While apoptotic blebs induced high SEAP release from Ramos Blue cells
(Personal communication, Jelka Pohar and results from preliminary experiments), we were
unable to reproduce the results in HEK-Dual TLR9 cells, and the question of whether blebs
facilitate DNA entrance into cells and enhance TLR9 activation remains unclear.

On the other hand, DOTAP had not shown in our experiments to increase TLR9 response
in Ramos Blue cells, suggesting that cells of immunological origins may be more efficient in
DNA fragment uptake without assistance of a lipid. Similarly, ODN-2006 can enter both HEK-
Dual TLR9 cells and Ramos Blue cells and activate TLR9 without DOTAP, though TLR9
activation by ODNs is more efficient in HEK-Dual TLR9 cells with DOTAP. Additionally,
DOTAP at high concentrations could have a toxic side effect on cells (Supplementary Figure
S10 and microscopic observation). Thus, DOTAP should only be used, sparingly and at a low,
non-toxic concentration in the condition where it was clearly shown to assist in DNA uptake on

non-specialist cell lines.
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4.2.6 TLR9 of Cells from Different Origins Responded Differently

Our TLR9 activation experiments with microbial and human DNA were performed on
four different cells types: HEK-Dual TLR9 cells, Ramos Blue cells, human PBMCs, and HT-29
cells. Of the four cell types, Ramos Blue cells and PBMCs are immune cells, while the TLR9
receptor was engineered onto human embryonic kidney (HEK) cells by InvivoGen to generate
the HEK-Dual TLR9 reporter cells!®. HT-29 cells were derived from human colon carcinoma®.

We observed differences between the cell types in reaction to immunostimulatory
sequences from CpG ODNs and microbial DNAs of diverse species origin. While PBMCs
responded strongly and consistently to TLR9-activating sequences, IFN-B production of PBMCs
extracted from different human sources vary considerably, at the difference of 5-fold, making
general statistical analyses difficult (Supplementary Figure S19). A possible workaround for
interindividual differences in TLR9 responses would be to utilize PBMCs from a single
individual, which would however limit the number of experiments performed due to the amount
of blood needed to extract PBMCs for stimulation experiments.

Intestinal epithelial cells, HT-29 cells included, also respond to TLR9 agonists in certain
cases. In a seminal study by Lee et al. (2006), intestinal epithelial cell lines were cultivated as a
monolayer on 0.4 um filter inserts and stimulated with TLR9 agonists from the apical or the
basolateral side. IL-8 and NF-kB were upregulated only when then the cells were stimulated on
the basolateral side, but not on the apical side!’t. TLR9 receptors of intestinal epithelial cells was
found to tolerate microbial DNA confined on the apical side through accumulation of
ubiquinated IkappaB in the cytoplasm™t. Microbial DNA at the basolateral side, however, was
recognized as microbial breach of the intestinal wall and induced activation of NF-kB and

subsequent inflammatory response pathways. In summary, this suggests that the presence of
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TLR9-activating DNA within the gut lumen can be well-tolerated by TLR9-containing intestinal
epithelial cells in a normal physiological state where the intestinal wall barrier is intact, and
experiments using Transwall membrane setups with bacteria and TLR9 agonists could be a
possible future direction in testing microbial tolerance via intact intestinal barrier alone, which

could include tolerance of microbial DNA.

4.2.7 Additional Confounders

Specialized classes of TLR9-activating synthetic oligonucleotides for both human and
mouse cells have been previously identified®?. The human Class A ODN, ODN-2216, has a stem
loop structure due to presence of palindromic sequences that must first be separated by DNase 11
before TLR9 activation can occur!’2, while the Class B ODN, ODN-2006, is linear. Class A and
Class B ODNs also selectively activate certain cell types more than others®?,

That different cell types respond better to either class A or class B ODNs suggests that
there exist higher-order sequence patterns that influence human TLR9 activation. Differences in
the most effective stimulatory ODN additionally implied that either TLR9 present with structural
differences in different cell types, or that different ODN classes were pre-processed differently in
different cell types prior to contact with TLR9, or both.

The signaling cascades downstream of TLR9 activation also differs significantly
depending on cell type*?. While TLR9 activation of pDCs results in activation of the interferon
signaling pathway, inflammatory signaling cascades are activated in B cells, resulting in
production of IL-8 and cell proliferation®*. TLR9 receptors of hepatocytes respond by activation
of IL-1p inflammasome upon exposure to ODNs and apoptotic DNA®®. The differences in

downstream signaling introduce major obstacles in generating a standardized in vitro model of
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human TLR9 activation across cell lines. Instead, the specific cytokine reporter to be used that
reflects TLR9 activation per cell line must be individually determined.

Finally, other pattern recognition receptors involved with DNA sensing have been
identified, such as cytosolic sensors that recognize viral DNA'?3, Specifically, cytosolic viral
DNA induces production of cyclic AMP-GMP (cGAMP), which binds to the adaptive protein
STING (Stimulator of Interferons Gene)'’. A member of the nucleotidyltransferases named
cGAMP synthase (cGAS) catalyzes cGAMP synthesis upon sensing cytosolic dsSDNA", Upon
binding to cGAMP, STING activates TBK1, which phosphorylates the transcription factor IRF3,
which then then signal the transcription of IFN- and inflammatory genes in a manner similar to
that downstream of TLR9 activation, and STAT6, which induces the production of
chemokines’. That human pDCs produce IFN-B subsequent to the activation of either TLR9 or
cGAS activation upon exposure to DNA poses question of whether IFN-B production is solely
due to TLR9 activation. Therefore, we cannot fully rule out potential responses of cytosolic
sensors to bacterial DNA in our examination of TLR9 activation in PBMCs by choosing IFN-f3

as our cytokine reporter.

4.3 Generalizing in vitro TLR9 Activation Assays to Real-Life Scenarios: Insights and

Limitations

4.3.1 Large Amount of DNA is Needed to Activate Human TLR9
Published studies on TLR9 activation using microbial-origin DNA typically used a large
amount of bacterial DNA. In Dalpke et al (2006), for instance, 100 pg/mL of microbial DNA

was used®®. The use of DOTAP, which facilitated cell intake of microbial DNA, reduced the
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input DNA concentration to 30 pg/mL®. The high concentration of microbial DNA needed for
TLR9 activation raised the question of whether there exist realistic situations by which the
human cells can come into contact with such large amounts of DNA. A possible location for the
very high DNA concentration is that of the intestinal lumen. Certain cells, such as professional

phagocytes, could actively take in bacteria from the intestine'#3

, accumulating bacterial DNA in
sufficient amount inside the cells for TLR9 activation to occur.

HEK-Dual TLR9 cells, where TLR9 was engineered to HEK cell lines, is a more
sensitive cell line that responds to lower amounts of input DNA. The TLR9 response of this cell
line, according to the source company InvivoGen, is said to be exaggerated (personal
communication with company). On the other hand, Ramos Blue cells, a cell line of B
lymphocytes with a knocked-in SEAP reporter downstream of NF-kB, possesses natural TLR9
receptors.

We identified major sensitivity differences in the TLR9 response between HEK-Dual
TLR9 cells and Ramos Blue cells. For positive controls of our experiment, we used 0.5 pg/mL of
ODN-2006 for HEK-Dual TLR9 cells, but 25 pg/mL for Ramos Blue cells, a difference of 50-
fold. Moreover, even at the high concentration of 25 pg/mL, bacterial DNA extracted from
Escherichia coli was insufficient to activate TLR9 in Ramos Blue cells without pre-starvation.
The results suggested that the results from artificial systems based on engineered cell lines might
not be fully applicable to natural human TLR9 response to microbial DNA in real-life contexts.

PBMCs, which were extracted directly from human blood samples and several types of
TLR9 receptor-containing cells, were generally more sensitive to ODN-2006 and bacterial DNA

compared to Ramos Blue B cells. Yet, they also showed varied sensitivity to both ODN-2006

and extracted bacterial DNA depending on the blood source, which became a major source of
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technical difficulties (Supplementary Figure S19). On the other hand, the same result could
offer insight into variation of innate immune response in different individuals and potentially be

correlated to other human phenotypes such as allergy proneness’®.

4.3.2 Possible Scenarios of TLR9 Activation in the Human Gut in Health and Disease

A realistic location for TLR9 activation by microbial DNA is the human colon where the
vast microbial population takes residence. The mucus, a powerful gel-like matrix secreted by
Paneth cells, normally deters direct contact between the microbiota and the intestinal
epithelium®. The human microbiota is strictly confined in the intestinal lumen. The mucosal
barrier and the barrier of intestinal epithelial cells form two impenetrable walls, preventing the
microbiota from crossing over and becoming a problematic source of immune activation!?.
Contact between TLR9-receptor containing immune cells and the microbiota is limited, and only
in select regions of the intestines, such as the Peyer’s Patch in the human small intestine, are
bacteria funneled through specialized cells such as M cells and which could then contact local
immune cells populations, providing small-scale recognition of bacteria by innate and adaptive
immune cells?7128,

Several diseases are believed to increase contact between the microbiota and immune
cells. When the intestinal barrier is breached, the microbiota can more easily penetrate through
the intestinal epithelial cell barrier®?. Diseases known to compromise the tight junctions of the
intestinal wall include IBD and celiac disease. In IBD, chronic inflammatory conditions in the
intestine lead to the loss of intestinal wall integrity®?, while in celiac disease, gluten activates
zonulin signaling, increasing permeability of the intestinal wall to macromolecules!’’. Increased

intestinal permeability were also implicated in diabetes!”’, rheumatoid arthritis*’®, and liver
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cirrhosis!™

, suggesting the role of increased contact between bacteria and human somatic cells in
inflammatory conditions and disease development. In these conditions, contacts of multiple
PRRs in somatic and immune cells and bacterial components could potentially be involved,
among which TLR9. Our assays suggested the potential role of increased cell death, which
occurs in the context of IBD®’, to result in possible combinatorial effect in TLR9 activation
together with bacterial DNA. In infectious diseases, invasive pathogens are also known to either
invade intestinal epithelial cells directly or across the intestinal wall by exploiting tight junctions
or specialized cell types®2127128_ Some pathogens could also induce gut cell apoptosis and
necrosis, thus weaken the intestinal tight junction and increase gut permeability*®>!8L, Qur in
vitro experiments combining human and microbial DNA of various lengths thus provided a
possible explanation of the interaction between bacterial DNA, human DNA from apoptotic and
necrotic cells, and human TLR9 in the gut environment in several disease contexts.

Colorectal cancer is another condition where TLR9 activation could be involved. The
tumor microenvironment offers a rich opportunity for interaction between tumor cells, the
microbiota, and immune cells'®2, Increased blood flow into tumor growth, a consequence of
angiogenesis, transports a variety of immune cells into the tumor growth*®, where they can
interact with the microbiota, as well as apoptotic and necrotic cells within the tumor*84&, The
microbiota, along with apoptotic and necrotic cells, are both rich sources of DNA leading to
TLR9 activation and co-activation® which is likely to induce an inflammatory response that can
aggravate tissue damage and tumor development!*°. Colorectal tumors can also become key
locales of intestinal barrier compromise, increasing local trafficking of both bacteria and immune
cells®®. Therefore, TLR9 activation from increased exposure of the receptor to bacterial and

human DNA can be a common underlying cause of both IBD and colorectal cancer'®’, and play a
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role in the progression of colorectal cancer from its in situ to metastatic stages-*°. More studies

are need to precisely identify how TLR9 activation could occur in and around tumor sites.

4.4 Future Experimental Directions

Results of preliminary experiments using HT-29 cells and Fusobacterium nucleatum
indicated that TLR9 activation via ODN-2006 and/or human-origin DNA increased
Fusobacterium nucleatum invasion. As identical experiments were performed only twice, no
statistical analysis was available. Interestingly, increased IL-8 production was observed with
cells treated with non-invasive Escherichia coli DH5a and invasive Fusobacterium nucleatum
with or without addition of ODN or human DNA, suggesting that HT-29 cells have additional
surface receptors that recognize bacterial presence in the environment, resulting in release of
inflammatory cytokines regardless of bacterial invasion*e®,

Thus, the most urgent future task is to carry out additional invasion experiments with
TLR9 activation to confirm our preliminary observations. If TLR9 activation increases
Fusobacterium nucleatum invasion, the question remains whether it is due to TLR9 activation in
particular, or to general activation of the inflammatory signaling cascades independent of TLR9.
Pro-inflammatory cytokines such as IL-8 and TNFa could be added HT-29 cells directly and
examine if they also increase invasion. TLR9 activation could be one among the many sources
that increase cell membrane permeability and/or phagocytosis of bacterial*® (Discussion 4.1.3).
Invasion by other known invasive bacteria with different genomic CpG concentration, such as
Shigella spp., could also be used to test if prior exposure to TLR9 agonists induces more or less
efficient internalization of higher-CpG bacteria, thus demonstrating human TLR9’s ability to

discriminate and selectively internalize bacteria based on their CpG concentration.
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Metagenomic DNA stimulation of human TLR9 could also provide additional insights.
Due to the numerous practical difficulties discovered during the project, few metagenomic TLR9
stimulation experiments were conducted. While test stimulations were performed on PBMCs and
Ramos Blue cells using adult and infant metagenomic DNA directly extracted from stool
samples, the quality of DNA extracted, as indicated by their fragment length, played a major
confounding role. Whether infant metagenomic DNA, with its high concentration of high-CpG
bacterial species such as Bifidobacterium spp., can predictably cause higher TLR9 activation
than adult metagenomic DNA, remains inconclusive.

As DNA of different species origins fragment differently, a possible solution is to use
synthetic metagenomic DNA that approximates typical adult or infant metagenomic DNA,
combining typical gut species by first cultivating the species separately, extracting their DNA,
and fragmenting them to a standard fragment length, then combining them in typical proportions
to approximate the more common microbial population of an adult or infant gut. The synthetic
method provides a large and unlimited amount of source DNA material, which could compensate
for the low volume of infant metagenomic samples and thus generate the large amount of DNA
required for typical stimulation experiments. It also permits standardization of fragment length,
which was a major technical barrier to accurately characterize metagenomic CpG concentration
from infant and adult sources and their ability to activate human TLR9.

Co-cultivation of intestinal epithelial cells and immune cells could be performed as two
layers via the Transwell membrane system. Intestinal epithelial cells such as Caco-2 and HT-29
cells can be grown into a confluent monolayer on the membrane, and left to differentiate until
they exhibit characteristic small intestine cell morphologies such as the brush border. In addition,

a subclass of HT-29 cells, called the HT-29 MTX, are mucus-producing®®. A fully differentiated
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Caco-2 or HT-29 cell monolayer have tight junctions and is impenetrable to microorganisms.
Protocols for the generation of differentiated Caco-2 and HT-29 cell monolayer are well-
established and used extensively in drug permeability Studies*®®°, The co-cultivation setup is
useful to simulate the effect of an intact physical barrier, such as the intestinal cell monolayer, on
TLR9 activation, as characteristic of a homeostatic condition in the human large intestine where
high concentration of microbial and human DNA is present within the intestinal lumen.

In co-cultivation, immune cells such as B cells could be cultivated in the lower layer,
with a membrane containing fully differentiated intestinal epithelial cell monolayer placed on
top. TLR9 ligands, such as ODN-2006, as well as living bacteria, could be added to either side of
the Transwell membrane. It was shown that stimulatory ODNs did not cross over the intestinal
epithelial cell monolayer, and when introduced on the apical side, did not generate a TLR9-
dependent response, but those added at the basolateral side did*"*. A possible experimental setup
will be to introduce stimulatory ODN at either side of the intestinal epithelial cell monolayer,
thus inducing different levels of TLR9 activation, then add invasive bacteria on top of the
monolayer to examine the effect of TLR9 activation on invasion.

Finally, several mouse models that have been developed are particularly suited for TLR9
activation and inflammation studies. TLR9 knockout mouse models, used as controls in studies
of liver inflammation®?, mitochondrial DNA activation®, and parasite invasion®3, was an
obvious choice. Additional mouse models include germ-free mice, which develop a defective
mucus more penetrable to bacteria due to lack of developmental exposure*. Germ-free mice
could also be inoculated with single bacterial species to create gnotobiotic mice and thus be used
as models of innate immune development in early life. IL-10 knockout mice, which develop

spontaneous colitis, could be used to study the role of TLR9 in the context of IBD%.
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5. Conclusion

Activation of human TLR9 was verified experimentally to correlate to genomic CpG
concentration of a given microbial genomic DNA, though the flanking sequences around CpG
could play an additional role. As the fecal metagenomic DNA of infants were determined via
bioinformatics analyses to be higher in the CpG dimer compared to that of adults**, results
suggested that the TLR9-stimulatory aspects of infant metagenomic DNA could be involved with
the development of innate immune system in early life.

Additionally, we identified more complex patterns of human TLR9 activation which
included direct activation, co-activation, and repression of human TLR9 when DNA of various
CpG concentration and fragment lengths were used, which could provide insight relevant to the
human gut microenvironment, in which large amounts of DNA of various origins and qualities
can co-present. The results of our stimulation experiments can thus be relevant to potential
TLR9-dependent inflammatory response and autoimmunity that might characterize a wide range
of disease conditions of the human gut such as IBD, infectious diseases, and colorectal cancer.

Further in vitro and in vivo studies are needed to clarify the impact of TLR9 activation
within the context of the human gut environment, as well as specific disease situations that can
lead to increased contact between the human gut microbiota and TLR9-expressing cells.
Additional topics can include how TLR9 activation affect bacterial invasion and internalization
of bacteria by host cells, the role of human-origin DNA released from apoptotic and necrotic
intestinal epithelial cells in TLR9 co-activation, as well as TLR9 involvement within the tumor

microenvironment in colorectal cancer models.
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6. Supplementary Figures

1kb  100bp
Ladder Lladder 1 2 3 4 5 6 7 8 9 10 11 12 13 14

Gel Loading Order:

Caco-2 6-day 2 uM Staurosporine (STS) 8-Hour Treatment (8h) Pellet
Caco-2 6-day 2 uM STS 8h Bleb
Caco-2 6-day 8 uM STS 8h Pellet
Caco-2 6-day 8 uM STS 8h Bleb
Caco-2 6-day 2 uM STS 24h Pellet
Caco-2 6-day 2 uM STS 24h Bleb
Caco-2 6-day 8 uM STS 24h Pellet
Caco-2 6-day 8 UM STS 24h Bleb
9. Caco-2 2 uM STS 96h Pellet

10. Caco-2 2 uM STS 96h Bleb

11. Caco-2 4 uM STS 96h Pellet

12. Caco-2 4 uM STS 96h Bleb

13. Caco-2 8 uM STS 96h Pellet

14. Caco-2 8 uM STS 96h Bleb

NG~ WNRE

Supplementary Figure S1. Gel Electrophoresis of Caco-2 DNA Undergoing Staurosporine
Treatment. Staurosporine was used to induce apoptosis in Caco-2 cells, and different
Staurosporine concentrations and treatment times were attempted to induce the characteristic
ladder pattern of apoptotic DNA. Apoptotic DNA ladder was enriched in the flowthrough from
the spin column of Qiagen’s DNeasy Blood and Tissue Miniprep Kit as opposed to the DNA
extracted from columns, where large fragments were found. Therefore, a modified protocol was
used (Methods 2.3.2), where the column flowthrough was ethanol precipitated and then cleaned
with the Zymo Clean-and-Concentrator-25 kit. DNA extracted from apoptotic blebs were small
and enriched in the flowthrough, where it was ethanol precipitated and later cleaned with the
Zymo Oligo Clean-and-Concentrator Kit. Based on the results of this gel, Caco-2 cells were left
to partially differentiate for 6 days and treated with 8 UM Staurosporine for 24 h for all future
apoptotic DNA preparations.
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Supplementary Figure S2. Size Distribution of NEB dsDNA Fragmentase-Treated Caco-2
DNA Revealed 7 Min as the Optimal Fragmentation Time. a) Fragment length distribution of
DNA extracted from apoptotic bodies of Caco-2 cells according to the modified protocol
(Methods 2.3.2). b) to d) Fragment length distribution of Caco-2 DNA after b) 5 min ¢) 7 min,
and d) 10 min of NEB dsDNA Fragmentase Treatment. After DNA was fragmented for 7 min, a
peak at 6609 was found with a smooth slope downward from 4000 to 1000 bp, and a smaller
number of fragments at the range of 200 to 1000 bp, similar to the size distribution of apoptotic
DNA without the ladder peaks. DNA was fragmented without MgCl, and cleaned up prior to the

loading of the tape station. All DNA samples above 100 ng/pL of concentration were pre-diluted
to 100 ng/puL.
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Supplementary Figure S3. Fragment Length Distribution of Escherichia coli and
Campylobacter jejuni DNA sheared the target lengths of 20,000, 10,000 and 6000 bp via the
Covaris g-tube. Sheared DNA was loaded onto a 0.7% Agarose gel with the Lambda Hind I11
ladder. The numbers at the left indicated the fragment length in bp for the Lamba Hind I11 Ladder
used to characterize large DNA fragments.
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1kb
ladder Escherichia coli Lactobacillus salivarius
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Supplementary Figure S4. Time Course of Five genomes Sheared by Sonication via the
Covaris S220 Instrument with 3kb miniTUBE (Covaris Inc.) Showed Fragmentation to 3kb
of Length after 10 min of Sonication. Fragment length distribution of time course experiment
using 5, 7.5, 10, 12.5 and 15 min of sonication. The sonication time specified by Covaris Inc.,
600 seconds (=10 minutes), was suitable for all five genomes. Representative gel (0.7% Agarose
with 1kb Ladder) of a) Micrococcus luteus, b) Escherichia coli and Lactobacillus salivarius, and
c) Bifidobacterium bifidum and Lactobacillus ruminis.
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Supplementary Figure S5. IFN-p was Produced Only when TLR9 Agonists were Used.
Supernatant concentration of a) IFN- 3 and b) IL-6 of PBMCs treated with 1 uM of CpG-ODN
(TLR9-stimulatory oligonucleotides), ODN control, 20 ng/mL of Escherichia coli
lipopolysaccharides (LPS), or serum-free medium (as negative control), as measured by ELISA
(bars = s.d. of duplicates)
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Supplementary Figure S6. Fragment Lengths of Escherichia coli and Campylobacter jejuni
Genomic DNA After 8 Min Digestion by NEB’s dsDNA Fragmentase Showed Major
Differences. Extracted and fragmented DNA were loaded onto 1.5% agarose gel with 100 bp
ladder (Carl Roth). The target fragment length of 200bp was not reached by Campylobacter
jejuni DNA after 8 minutes of fragmentation time, suggesting major intergenomic differences in
response to enzymatic fragmentation via NEB’s dSDNA Fragmentase.
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NF-kB/SEAP Activity of HEK-Dual TLR9 Cells
Treated with Bacterial gDNA Fragments (50-200bp Length)
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Supplementary Figure S7. Micrococcus luteus DNA Induced Lower TLR9 Activation than
Expected from Its Genomic CpG Concentration. Micrococcus luteus DNA (red bars, indicated
by arrows), the genome with the highest (14.97 %) CpG concentration, induced lower SEAP
production from HEK-Dual TLR9Y cells compared to Bifidobacterium bifidum and Escherichia
coli at both 5 and 2.5 ng/mL of concentration (result from one experiment, bars £ s.d. of
duplicates).
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Supplementary Figure S8. TLR9 Activation of Five Genomes Relative to Bacterial CpG,

_ Bifidobacterium bifidum
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TCGT 4-Mer and TCGTT 5-Mer Concentration Using Lucia Luciferase Under the Control
of Human IL-8 Promoter. HEK-Dual hTLRO cells were stimulated with 5 pg/mL of bacterial

genomic DNA from Micrococcus luteus, Bifidobacterium bifidum, Escherichia coli,

Lactobacillus ruminis and Lactobacillus salivarius fragmented to 3kb via Covaris AFA sonication
and size-selected with SPRI beads. IL-8 response was calculated by dividing the luminescence

value of gDNA-stimulated cells by negative control. IL-8 fold change was plotted against a)
genomic CpG, b) TCGT 4-mer, and ¢) TCGTT 5-mer concentration of the five species tested

(results from three independent experiments, bars = s.e.m.).
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Titration Curve of ODN-2006 on Ramos Blue Cells
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Supplementary Figure S9. Titration Curve of ODN-2006 on Ramos Blue Cells With or
Without DOTAP. A titration experiment using ODN-2006 on Ramos Blue cells showed that
DOTAP did not improve cellular TLR9 response (shown as SEAP activity under the control of
NF-kB). Instead, addition of DOTAP reduced SEAP production, suggesting possible toxicity.
Therefore, DOTAP was not used in subsequent experiments using Ramos Blue cells.
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Supplementary Figure S10. Fragment Lengths of DNase I-Digested Genomic DNA. 2 ug of
DNase I-digested genomic DNA fragments from all six genomes were loaded onto a PAGE gel to
confirm complete digestion. DNA was confirmed to be fragmented to less than 15 bp of length.
Gel with 20% Acrylamide:Bisacrylamide was used and DNA fragment length was compared to
Ultra Low Range Ladder (Thermo Scientific).
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Supplementary Figure S11. TLR9 Activation and Co-Activation Normalized to Plate
Positive Control was Not Affected by Plating Density. TLR9 co-activation experiments by 25
pg/mL of DNase I-digested bacterial DNA a) without or b) with 2.5 pg/mL of ODN-2006 were
performed on Ramos Blue cells plated at 50000 or 200000 cells/well in 96-well plates. Results
suggested no difference in TLR9 activation normalized to plate positive control of 25 pg/mL
ODN-2006 for all conditions. Each dot represented results of one independent experiment (five
experiments for 50000 cells/well and two experiments for 200000 cells/well, sorted by color).

ODN-2006 + 30-Minute DNase I-Digested gDNA

0.3
0.25
0.2
0.15

0.1

0 . S .

+2.5 pg/mL ODN-2006 | 2.5 ug/mL ODN-2006

NF-kB/SEAP Activity (A.u.)

W Micrococcus luteus M Escherichia coli |

123



Supplementary Figure S12. Human TLR9 Activation of DNase I-Digested Bacterial gDNA

With or Without ODN-2006. Bacterial genomic DNA from Micrococuccus luteus and

Escherichia coli were digested for 30 minutes with DNase I and added to Ramos Blue cells at the
concentration of 25 pg/mL together with 2.5 pg/mL of ODN-2006. 25 ng/mL bacterial gDNA or

2.5 pg/mL ODN-2006 were added alone as comparison (mean from two independent

experiments, bars + s.e.m.).
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Supplementary Figure S13. Bacterial DNA Fragment Length Had Some Effect on TLR9
Activation in Human PBMC. a) Extracted Escherichia coli DNA was less activating of human
TLR9 on PBMCs compared to DNA sheared to 20,000 bp of length at final concentrations of 5,
1, and 0.2 pg/mL. b) Escherichia coli and Campylobacter jejuni DNA were fragmented to
20,000, 6000, and 200 bp and used to activate human TLR9. Short DNA fragments of 200 bp
from both genomes activated TLR9 less compared to longer fragments. ¢) No difference in TLR9
activation between 6000 and 1000 bp of length was seen for Escherichia coli and Campylobacter
jejuni DNA at three different final concentrations. TLR9 activation was measured as IFN-
concentration released in the supernatant via ELISA. Results from one experiment with bars
representing + s.d. of duplicates.
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Supplementary Figure S14. No Difference was Found in TLR9 Activation by Bacterial
DNA at >10,000 bp and 50-200 bp of Length on HEK-Dual TLR9 Cells. Extracted

5 pg/mL E. coli DNA

Neg. Control

Escherichia coli DNA (>10,000 bp fragment length) showed similar abilities to activate TLR9 in

HEK-Dual TLR9 cells compared to E. coli DNA fragmented to 50-200 bp. A standardized
DOTAP concentration of 10 pg/mL was used for all wells including positive and negative

control. TLR9 activation was measured as SEAP activity normalized to plate positive control of

0.5 pg/mL ODN-2006 (results from two independent experiment, bars £s.e.m.).
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Supplementary Figure S15. Co-Activation of ODN-2006 by Bacterial and Human DNA at
Two Different Fragment Lengths on Ramos Blue Cells. DNA from Caco-2 and Escherichia
were fragmented to a) 50-200 bp or b) less than 15bp of length, and used to co-activate 0, 1, or 2
pHg/mL ODN-2006 at the final concentration of 40 pg/mL. Ramos Blue cells overnight-starved
and plated at 200,000 cells/well in starvation medium were used. TLR9 activation was measured
as SEAP activity normalized to plate positive control of 5 pg/mL ODN-2006 (results from one
experiment with bars representing + s.d. of duplicates).
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Supplementary Figure S16. Direct TLR9 Activation of Ramos Blue Cells by Human DNA
of Various Fragment Lengths. 40 pg/mL human-origin (Caco-2) DNA of different fragment
lengths were added to Ramos Blue cells. Cells were overnight-starved and plated at 200,000
cells/well. TLR9 activation was measured as SEAP activity normalized to plate positive control
of 5 ug/mL ODN-2006 (mean from 2 independent experiments, bars £ s.e.m.).
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Supplementary Figure S17. Long Human DNA Fragments Repress Low Concentrations of
ODN-2006 Co-Activated by TCGTT. 0.5 pg/mL TLR9 activation by ODN-2006 was co-
activated with 100 pg/mL short DNA and 40 pg/mL Caco-2 DNA of different fragment lengths
were added. TLR9 activation of TCGTT-co-activated Ramos Blue cells was repressed by long (>
10,000 bp) fragments of Caco-2 DNA. Results shown were from 1 experiment performed on
overnight-starved Ramos Blue cells plated at 200,000 cells/well. TLR9 activation was measured
as SEAP activity normalized to plate positive control of 5 pg/mL ODN-2006. Results of one
experiment with bars representing * s.d. of duplicates.
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Supplementary Figure S18. Metagenomic DNA Extracted from Infant Stool Samples from
Olga Hospital. Quality of DNA extracted from infant stool samples showed large variation,
ranging from over 10,000 bp to less than 100 bp of average fragment length. All DNA were
extracted via Zymo Quick-DNA Fecal/Soil Microbe Miniprep Kit and loaded onto a 0.8% gel.
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Supplementary Figure S19. IFN-B Production of PBMCs from Two Different Individuals
Stimulated by Bacterial DNA. Human PBMCs extracted from two healthy young adults were
stimulated with DNA fragments from Escherichia coli and Campylobacter jejuni in three
different concentrations. While results are consistent by species and input concentration, the
PBMC extracted from subject 2 produced circa 5 times as much IFN-f compared to those from
subject 1.
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7. Appendix

7.1 Materials

Table 3. Equipment

Equipment

Manufacturer

DG250 Anaerobic Workstation

Don Whitley Scientific, Bingley, West Yorkshire,
UK

Herasafe 2030i Laminar Flow Hood (Class II,
Type A2 Biosafety Cabinet)

Thermo Fisher Scientific, Walthem, MA, USA

Herasafe 2025 Laminer Flow Hood (Class 11,
Type A2 Biosafety Cabinet)

Thermo Fisher Scientific, Walthem, MA, USA

Galaxy® 170S CO; Incubator

Eppendorf, Hamburg, Germany

Heracell™ 150i CO, Incubator, 150L

Thermo Fisher Scientific, Walthem, MA, USA

INCU-line IL 159R Incubator

VWR, Bruchsal, Germany

HT Ecotron Shaking Incubator

INFORS, Bottmingen, Switzerland

GFL Hydra H20 S Water Bath

LAUDA, Lauda-Kdnigshofen, Germany

AccuBlock™ Digital Dry Baths

Labnet International, Edison, NJ, USA

TSX-600V Ultra Low Temperature Freezer

Thermo Fisher Scientific, Walthem, MA, USA

Oxo0id™ AnaeroJar 2.5L

Thermo Fisher Scientific, Walthem, MA, USA

GENBox Anaerobic Box 2.5L

Biomerieux, Marcy I’Etoile, France

Panthera E2 Binocular Microscope

Motic, Barcelona, Spain

Megafuge™ 16R Centrifuge

Thermo Fisher Scientific, Walthem, MA, USA

TX-200 Swinging Bucket Rotor

Thermo Fisher Scientific, Walthem, MA, USA

5430R Refrigerated Centrifuge

Eppendorf, Hamburg, Germany

Rotor FA-23-48-11 Rotor with Aerosol-Tight
Caps, to Hold 48 x 1.5/2.0 mL Tubes

Eppendorf, Hamburg, Germany

Rotor FA-45-16-17 Rotor with Aerosol-Tight
Caps, to Hold 16 x 5.0 mL Tubes

Eppendorf, Hamburg, Germany

A-2-MTP 2-Plate Swing Bucket Rotor

Eppendorf, Hamburg, Germany

5810R Refrigerated Centrifuge

Eppendorf, Hamburg, Germany

A-2-DWP-AT Rotor with Aerosol-Tight Caps for
Plates

Eppendorf, Hamburg, Germany

Sprout® Plus Minicentrifuge

Heathrow Scientific, Vernon Hills, IL, USA

Prism™ Air-Cooled Microcentrifuge

Labnet International, Edison, NJ, USA

Vortex-Genie 2

Scientific Industries, Inc., Bohemia, NY, USA

Horizontal-(24) Microtube Holder (SI-H524)

Scientific Industries, Inc., Bohemia, NY, USA

PTR-35 360° Vertical Multi-function Rotator

Grant-bio, Amsterdam, Netherlands

Enspire® Multimode Plate Reader

PerkinElmer Inc., Walthem, MA, USA

Owl™ EasyCast™ B2 Gel Chamber

Thermo Fisher Scientific, Walthem, MA, USA

Peglab PerfectBlue™ Horizontal Midi Gel
Systems

VWR, Bruchsal, Germany

Power Supply Standard

Carl Roth GMBH & Co. KG, Karlsruhe, Germany

Mini-PROTEAN® Tetra Handcast Systems
(PAGE Gel Chamber with Supplies)

Bio-Rad, Hercules, CA, USA

Life Technologies E-Gel Imager

Thermo Fisher Scientific, Walthem, MA, USA
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Bio-Rad Chemi-Doc XRS+ Gel Imaging System

Bio-Rad, Hercules, CA, USA

Agilent 2200 TapeStation System with Genomic
DNA ScreenTape (Part Number 3067-5365) and
Genomic DNA Reagents (Part Number 5067-
5366)

Agilent Technologies Inc., Santa Clara, CA, USA

S220 Focused-Ultrasonicator

Covaris Inc., Woburn, MA, USA

Holder miniTUBE

Covaris Inc., Woburn, MA, USA

g-TUBE

Covaris Inc., Woburn, MA, USA

MagneSphere® Technology Magnetic Sepearation
Stand for 1.5mL Tubes

Promega, Madison, WI, USA

NanoDrop™ One/One¢ Microvolume UV/VIS
Spectrophotometer with WLAN

Thermo Fisher Scientific, Walthem, MA, USA

FiveEasy Plus pH Meter FP20

Mettler Toledo, Columbus, OH, USA

Analytical Balance ABS-N_ABJ-NM_ACS ACJ

Kern & Sohn GMBH, Stuttgart, Germany

C-MAG HS 7 Digital Magnetic Stirrer

IKA, Staufen im Breisgau, Germany

Table 4. Bacteria and Human Cell Culture

Cell Type

Source

Micrococcus luteus (DSM 1790)

Leibniz Institute DSMZ-German Collection of
Microorganisms and Cell Culture GMBH
(DSM2Z), Braunschweig, Germany

Bifidobacterium bifidum (DSM 20239)

DSMZ, Braunschweig, Germany

Bifidobacterium breve (DSM 20213)

DSMZ, Braunschweig, Germany

Lactobacillus ruminis (DSM 20403)

DSMZ, Braunschweig, Germany

Bacteroides dorei (DSM 17855)

DSMZ, Braunschweig, Germany

Enterococcus faecalis (DSM 20478)

DSMZ, Braunschweig, Germany

Staphylococcus epidermidis (DSM 20044)

DSMZ, Braunschweig, Germany

Lactobacillus salivatius (DSM 20555)

DSMZ, Braunschweig, Germany

Clostridioides difficile (DSM 1296)

DSMZ, Braunschweig, Germany

Clostridium perfringens (DSM 756)

DSMZ, Braunschweig, Germany

Fusobacterium nucleatum (DSM 15643)

DSMZ, Braunschweig, Germany

Escherichia coli K12/C600

Department of Food Biotechnology, University of
Hohenheim

Campylobacter jejuni (DSM 4688)

Department of Food Biotechnology, University of
Hohenheim

Escherichia coli DH5a

Department of Immunology, University of
Hohenheim

HEK-Dual™ Human TLR9 (NF-kB-SEAP/KI-
[IL8]Lucia) Dual-Reporter HEK293 Cells

InvivoGen Europe, Toulouse, France

HEK-Dual™ Null Dual NF-kB and IL-8 Reporter
HEK?293 Cells

InvivoGen Europe, Toulouse, France

Ramos-Blue™ NF-kB/AP-1 Reporter B
Lymphocytes

InvivoGen Europe, Toulouse, France

Caco-2 Cells (Colon Carcinoma Cells)

Department of Biochemistry, University of
Hohenheim

HT-29 Cells (Colon Carcinoma Cells)

Department of Immunology, University of
Hohenheim

Peripheral Blood Mononuclear Cells (PBMCs)

Healthy Young Adults
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Table 5. Bacteria and Human Cell Culture Reagents

Material Manufacturer
MRS Broth Carl Roth GMBH & Co. KG, Karlsruhe, Germany
LB Medium Carl Roth GMBH & Co. KG, Karlsruhe, Germany

Tryptone/Casein Peptone

Carl Roth GMBH & Co. KG, Karlsruhe, Germany

Yeast Extract

Carl Roth GMBH & Co. KG, Karlsruhe, Germany

Meat Extract

Carl Roth GMBH & Co. KG, Karlsruhe, Germany

Agar-Agar, Bacteriological, for Bacterial Culture

Carl Roth GMBH & Co. KG, Karlsruhe, Germany

Columbia CNA Agar with 5% Sheep Blood

Biomerieux, Marcy I’Etoile, France

Brain-Heart Infusion Broth

Merck KGaA, Darmstadt, Germany

Vitamin Ky

Merck KGaA, Darmstadt, Germany

Glycerol

Merck KGaA, Darmstadt, Germany

Difco Columbia Broth

Benton, Dickinson and Company, Franklin Lakes,
NJ, USA

L-Cysteine-HCI

Carl Roth GMBH & Co. KG, Karlsruhe, Germany

Calcium chloride dihydrate (CaCl; - 2H,0)

Carl Roth GMBH & Co. KG, Karlsruhe, Germany

Magnesium sulfate heptahydrate (MgSQ, - 7H,0)

Merck KGaA, Darmstadt, Germany

di-Potassium phosphate (K:HPO.,)

Carl Roth GMBH & Co. KG, Karlsruhe, Germany

Potassium dihydrogen phosphate (KH2PO,)

Carl Roth GMBH & Co. KG, Karlsruhe, Germany

Sodium hydrogen carbonate (NaHCO;)

Carl Roth GMBH & Co. KG, Karlsruhe, Germany

LLC Hemin

MP Biomedicals, Santa Ana, CA, USA

Skim Milk (for Western Blot)

Carl Roth GMBH & Co. KG, Karlsruhe, Germany

Oxoid Anaerogen Gas Pack for 2.5L Jar

Thermo Fisher Scientific, Walthem, MA, USA

Oxoid Campygen Gas Pack for 2.5L Jar

Thermo Fisher Scientific, Walthem, MA, USA

Anaerobic Gas Pack for 2.5L Box

Biomerieux, Marcy I’Etoile, France

Microaerophilic Gas Pack for 2.5L Box

Biomerieux, Marcy 1’Etoile, France

Sodium Chloride (NaCl)

Labochem International, Heidelberg, Germany

Gibco Delbucco’s Modified Eagle Medium 1x
with 4.5f/L D-Glucose and L-Glutamine (DMEM)

Thermo Fisher Scientific, Walthem, MA, USA

Gibco Iscove’s Modified Delbucco Medium 1x
with L-Glutamine and 25mM HEPES (IMDM)

Thermo Fisher Scientific, Walthem, MA, USA

Gibco RPMI 1640 Medium with L-Glutamine

Thermo Fisher Scientific, Walthem, MA, USA

Fecal Bovine Serum (FCS)

Thermo Fisher Scientific, Walthem, MA, USA

Bovine Serum Albumin (BSA)

Merck KGaA, Darmstadt, Germany

Penicillin/Streptomycin

Biochrom Ltd., Cambridge, UK

Normocin

InvivoGen Europe, Toulouse, France

Zeocin

InvivoGen Europe, Toulouse, France

Hyglomycin B Gold

InvivoGen Europe, Toulouse, France

Staurosporine

Merck KGaA, Darmstadt, Germany

Gentamicin (50mg/mL)

Merck KGaA, Darmstadt, Germany

Metronidazole

Alfa Aesar (Thermo Fisher Scientific, Walthem,
MA, USA)

Cefoxitin

Carl Roth GMBH & Co. KG, Karlsruhe, Germany

Saponin

Carl Roth GMBH & Co. KG, Karlsruhe, Germany

Delbucco’s Phosphate Buffer Saline (DPBS) (1x)

Thermo Fisher Scientific, Walthem, MA, USA

Gibco 0.05% Trypsin/EDTA (1x)

Thermo Fisher Scientific, Walthem, MA, USA

Gibco Non-Essential Amino Acids

Thermo Fisher Scientific, Walthem, MA, USA

Histopaque-1077

Merck KGaA, Darmstadt, Germany

Dimethyl Sulfoxide (DMSQO)

Carl Roth GMBH & Co. KG, Karlsruhe, Germany
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Table 6. Materials for DNA Extraction, Fragmentation, Clean-up, and Gel Electrophoresis

Material

Manufacturer

Quick-DNA™ Fungal/Bacterial Miniprep Kit

Zymo Research Corporation, Irving, CA, USA

Quick-DNA™ Fecal/Soil Microbe Miniprep Kit

Zymo Research Corporation, Irvine, CA, USA

DNeasy Blood & Tissue Kit

QIAGEN, Hilden, Germany

Blood & Cell Culture DNA Maxi Kit

QIAGEN, Hilden, Germany

MiraCLEAN Endotoxin Removal Kit

Mirus Bio LLC, Madison, WI, USA

NEBNext® dsDNA Fragmentase®

New England Biolabs, Ipswich, MA, USA

Blue miniTUBE for 3Kb, used with Covaris s220
Sonicator and miniTUBE holder

Covaris Inc., Woburn, MA, USA

Invitrogen™ DNA-free DNA Removal Kit

Thermo Fisher Scientific, Walthem, MA, USA

DNA Clean & Concentrator-25® Kit

Zymo Research Corporation, Irving, CA, USA

Oligo Clean & Concentrator™ Kit

Zymo Research Corporation, Irvine, CA, USA

Select-a-Size DNA Clean & Concentrator™
Magbead Kit

Zymo Research Corporation, Irvine, CA, USA

SPRIselect Magnetic Beads

Beckman Coulter Inc., Brea, CA, USA

GeneJET Gel Extraction Kit

Thermo Fisher Scientific, Walthem, MA, USA

Ribonuclease A (RNase A)

QIAGEN, Hilden, Germany

Proteinase K

Carl Roth GMBH & Co. KG, Karlsruhe, Germany

Sodium Acetate

Amnesco LLC, Solon, OH, USA

Nuclease-Free Water

Thermo Fisher Scientific, Walthem, MA, USA

Agarose Broad Range

Carl Roth GMBH & Co. KG, Karlsruhe, Germany

Acrylamide: Bisacrylamide

Merck KGaA, Darmstadt, Germany

Tris Base

Carl Roth GMBH & Co. KG, Karlsruhe, Germany

Boric Acid

Carl Roth GMBH & Co. KG, Karlsruhe, Germany

Sodium dodecyl sulfate (SDS)

Carl Roth GMBH & Co. KG, Karlsruhe, Germany

Ammonium persulfate (APS)

Merck KGaA, Darmstadt, Germany

Tetramethylethylenediamine (TEMED)

Merck KGaA, Darmstadt, Germany

50x TAE

Carl Roth GMBH & Co. KG, Karlsruhe, Germany

ROTI-Stain

Carl Roth GMBH & Co. KG, Karlsruhe, Germany

GelStar Nucleic Acid Gel Stain

Lonza Bioscience, Basal, Switzerland

6x Sample Buffer

Carl Roth GMBH & Co. KG, Karlsruhe, Germany

Lambda Hind 11l Ladder

Carl Roth GMBH & Co. KG, Karlsruhe, Germany

1 Kb Ladder

Carl Roth GMBH & Co. KG, Karlsruhe, Germany

200 bp Ladder

Carl Roth GMBH & Co. KG, Karlsruhe, Germany

100 bp Ladder

Carl Roth GMBH & Co. KG, Karlsruhe, Germany

Ultra-Low-Range Ladder

Thermo Fisher Scientific, Walthem, MA, USA

Table 7. Synthetic Oligonucleotides

Oligonucleotide name Sequencet Manufacturer

ODN-2006 (Class B ODN) 5’-tcgtegttttgtegttttgtegtt-3° InvivoGen Europe, Toulouse,
France

ODN-2006GC (Negative 5’-tgctgcttttgtgcettttgtgett-3° InvivoGen Europe, Toulouse,

Control of ODN-2006) France

ODN-2216 (Class A ODN) 5’-ggGGGACGA:TCGTCggggygg-3° | InvivoGen Europe, Toulouse,
France

ODN-2216GC (Negative 5’-ggGGGAGCA:TGCTCgggggg-3’ | InvivoGen Europe, Toulouse,

Control of ODN-2216) France
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ODN INH-18 (Inhibitory 5’-cctgaatgggaacttaccgetgca-3’ InvivoGen Europe, Toulouse,

ODN) France

TCGTT 5’-TCGTT-3’ Eurofins Genomics,
Ebersberg, Germany

TTTTT 5-TTTTT-3 Eurofins Genomics,
Ebersberg, Germany

1 Bases with phosphodiester backbone are denoted by capital letters and bases with phosphonothioate
backbone by small letters. Palindromic sequences are indicated with an underline with colon indicating the

location of the stem loop.

Table 8. Other Reagents for TLR9 Activation Experiments

Material

Manufacturer

DOTAP

Carl Roth GMBH & Co. KG, Karlsruhe, Germany

LPS from Escherichia Coli K12

InvivoGen Europe, Toulouse, France

Quanti-Blue Solution

InvivoGen Europe, Toulouse, France

Quanti-Luc

InvivoGen Europe, Toulouse, France

Human Interferon-beta ELISA Kit

R & D Systems, Minneapolis, MI, USA

Human Interleukin-8 (1L-8) ELISA Kit

R & D Systems, Minneapolis, MI, USA

Human Interleukin-6 (IL-6) ELISA Kit

R & D Systems, Minneapolis, MI, USA

Table 9. Hardware for Data Analysis

Hardware Type

Description

Apple Mac Mini i5

CPU: Intel Core i5 2.6 GHz
Memory: 4GB 1067 MHz DDR3
Model: A1347 (EMC 2840)
Operating System: OS X EI Capitan
Version: 10.11.5 (15F34)

Acer Aspire A317-51G

CPU: Intel® Core™ i7-10510U CPU@ 1.80 GHz
2.30 GHz

Memory: 8GB

System Type: 64-Bit

Operating System: Windows 11 Home

Version: 21H2

Table 10. Software for Image Capture and Data Analysis

Software

Origin

E.Gel® Imager Software Package

Thermo Fisher Scientific, Walthem, MA, USA

Bio-Rad Image Lab Software

Bio-Rad, Hercules, CA, USA

Microsoft® Excel for Mac

Microsoft Corperation, Redmond, USA

Agilent 2200 TapeStation Software Revision

Agilent Technologies Inc., Santa Clara, CA, USA

A.02.02 (SR1)

R R Core Development team (2011)
RStudio® Version v2021.09.0+351 RStudio Team (RStudio 2021)

R Packages

[tidyverse H. Wickham et al. (2019)

/scales H. Wickham et al. (2016)
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7.2. Additional Protocol Links

Agilent Technologies

Agilent 2200 Tape Station:
https://www.agilent.com/cs/library/catalogs/public/Catalog-bioanalyzer-tapestation-systems-sw-
consumables-5994-0249EN agqilent.pdf

Beckman Coulter

SPRIselect Beads:
https://www.beckman.de/reagents/genomic/cleanup-and-size-selection/size-selection/performance

Covaris Inc.

g-Tube:

https://www.covaris.com/wp-content/uploads/pn 010154.pdf
s220 Ultrasonicator:
https://www.covaris.com/wp-content/uploads/pn 010122.pdf

InvivoGen

QUANTI-Blue Solution;
https://www.invivogen.com/sites/default/files/invivogen/products/files/quanti_blue_solution_tds.pdf
QUANTI-Luc:
https://www.invivogen.com/sites/default/files/invivogen/products/files/quanti_luc_tds.pdf

Mirus Bio LLC

MiraCLEAN® Endotoxin Removal Kit:
http://www.mirusbio.com/assets/protocols/ml14 miraclean endotoxin removal Kit.pdf

QIAGEN

DNeasy Blood and Tissue Kit:
http://www.giagen.com/us/products/discovery-and-translational-research/dna-rna-purification/dna-
purification/genomic-dna/dneasy-blood-and-tissue-kit/

R+D Systems

Human IFN-beta DuoSet ELISA Kit:
https://resources.rndsystems.com/pdfs/datasheets/dy814.pdf?v=20220713& a=2.84770393.1774167290.
1657729662-614719184.1657729662

Human IL-6 DuoSet ELISA Kit:
https://resources.rndsystems.com/pdfs/datasheets/dy206.pdf?v=20220713& ga=2.83194198.1774167290.
1657729662-614719184.1657729662
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https://www.invivogen.com/sites/default/files/invivogen/products/files/quanti_luc_tds.pdf
http://www.mirusbio.com/assets/protocols/ml14_miraclean_endotoxin_removal_kit.pdf
http://www.qiagen.com/us/products/discovery-and-translational-research/dna-rna-purification/dna-purification/genomic-dna/dneasy-blood-and-tissue-kit/
http://www.qiagen.com/us/products/discovery-and-translational-research/dna-rna-purification/dna-purification/genomic-dna/dneasy-blood-and-tissue-kit/
https://resources.rndsystems.com/pdfs/datasheets/dy814.pdf?v=20220713&_ga=2.84770393.1774167290.1657729662-614719184.1657729662
https://resources.rndsystems.com/pdfs/datasheets/dy814.pdf?v=20220713&_ga=2.84770393.1774167290.1657729662-614719184.1657729662
https://resources.rndsystems.com/pdfs/datasheets/dy206.pdf?v=20220713&_ga=2.83194198.1774167290.1657729662-614719184.1657729662
https://resources.rndsystems.com/pdfs/datasheets/dy206.pdf?v=20220713&_ga=2.83194198.1774167290.1657729662-614719184.1657729662

Human IL-8 DuoSet ELISA kit

https://resources.rndsystems.com/pdfs/datasheets/dy208.pdf?v=20220713& a=2.83194198.1774167290.

1657729662-614719184.1657729662

Thermo Fisher Scientific

Ambion DNA-Free™ DNA Removal Kit:
https://www.thermofisher.com/document-connect/document-

connect.html?url=https://assets.thermofisher.com/TFS-Assets%2FLSG%2Fmanuals%2Fcms 055739.pdf

GenelJET Gel Extraction Kit:
https://www.thermofisher.com/document-connect/document-
connect.html?url=https://assets.thermofisher.com/TFS-

Assets%2FL SG%2Fmanuals%2FMAN0012661 GeneJET _Gel Extraction_UG.pdf
Oxoid AnaeroJar 2.5L with 2.5L AnaeroGen/CampyGen:

http://www.oxoid.com/UK/blue/prod_detail/prod detail.asp?pr=AG0025&0rg=154&c=UK&Ilang=EN

Biomerieux

GENbox Anaerobic Sachets:
https://biomerieuxdirect.com/clinical/Bacteriology/Culture/Ancillary-Products/Others/Gas-
generators/s GENBOX-ANAER-10-SACHETS/p/96124

GENbox Microaerophilic Sachets:
https://biomerieuxdirect.com/clinical/Bacteriology/Culture/Ancillary-Products/Others/Gas-
generatorss GENBOX-MICROAER-10-SACHETS/p/96125

Zymo Research

DNA Clean & Concentrator-25® Kit:

http://files.zymoresearch.com/protocols/ _d4005_d4006 d4033_d4034 dna_clean_concentrator-
25_kit.pdf

Oligo Clean & Concentrator™:

http://files.zymoresearch.com/protocols/ d4060 d4061 oligo clean_concentrator.pdf
Quick-DNA™ Fecal/Soil Microbe Miniprep Kit:

http://files.zymoresearch.com/protocols/ _d6010_quick-dna_fecalsoil _microbe_miniprep_kit.pdf
Quick-DNA™ Fungal/Bacterial Miniprep Kit:

http://files.zymoresearch.com/protocols/ _d6005_quick-dna_fungal-bacterial _miniprep_Kkit.pdf
Select-a-Size DNA Clean & Concentrator™ MagBead Kit:
http://files.zymoresearch.com/protocols/ d4084 d4085 select-a-
size_dna_clean_concentrator_magbead_Kit.pdf
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https://resources.rndsystems.com/pdfs/datasheets/dy208.pdf?v=20220713&_ga=2.83194198.1774167290.1657729662-614719184.1657729662
https://resources.rndsystems.com/pdfs/datasheets/dy208.pdf?v=20220713&_ga=2.83194198.1774167290.1657729662-614719184.1657729662
https://www.thermofisher.com/document-connect/document-connect.html?url=https://assets.thermofisher.com/TFS-Assets%2FLSG%2Fmanuals%2Fcms_055739.pdf
https://www.thermofisher.com/document-connect/document-connect.html?url=https://assets.thermofisher.com/TFS-Assets%2FLSG%2Fmanuals%2Fcms_055739.pdf
https://www.thermofisher.com/document-connect/document-connect.html?url=https://assets.thermofisher.com/TFS-Assets%2FLSG%2Fmanuals%2FMAN0012661_GeneJET_Gel_Extraction_UG.pdf
https://www.thermofisher.com/document-connect/document-connect.html?url=https://assets.thermofisher.com/TFS-Assets%2FLSG%2Fmanuals%2FMAN0012661_GeneJET_Gel_Extraction_UG.pdf
https://www.thermofisher.com/document-connect/document-connect.html?url=https://assets.thermofisher.com/TFS-Assets%2FLSG%2Fmanuals%2FMAN0012661_GeneJET_Gel_Extraction_UG.pdf
http://www.oxoid.com/UK/blue/prod_detail/prod_detail.asp?pr=AG0025&org=154&c=UK&lang=EN
https://biomerieuxdirect.com/clinical/Bacteriology/Culture/Ancillary-Products/Others/Gas-generators/GENBOX-ANAER-10-SACHETS/p/96124
https://biomerieuxdirect.com/clinical/Bacteriology/Culture/Ancillary-Products/Others/Gas-generators/GENBOX-ANAER-10-SACHETS/p/96124
https://biomerieuxdirect.com/clinical/Bacteriology/Culture/Ancillary-Products/Others/Gas-generators/GENBOX-MICROAER-10-SACHETS/p/96125
https://biomerieuxdirect.com/clinical/Bacteriology/Culture/Ancillary-Products/Others/Gas-generators/GENBOX-MICROAER-10-SACHETS/p/96125
http://files.zymoresearch.com/protocols/_d4005_d4006__d4033_d4034_dna_clean_concentrator-25_kit.pdf
http://files.zymoresearch.com/protocols/_d4005_d4006__d4033_d4034_dna_clean_concentrator-25_kit.pdf
http://files.zymoresearch.com/protocols/_d4060_d4061_oligo_clean_concentrator.pdf
http://files.zymoresearch.com/protocols/_d6010_quick-dna_fecalsoil_microbe_miniprep_kit.pdf
http://files.zymoresearch.com/protocols/_d6005_quick-dna_fungal-bacterial_miniprep_kit.pdf
http://files.zymoresearch.com/protocols/_d4084_d4085_select-a-size_dna_clean_concentrator_magbead_kit.pdf
http://files.zymoresearch.com/protocols/_d4084_d4085_select-a-size_dna_clean_concentrator_magbead_kit.pdf
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