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ABSTRACT

The influence of the microbiota on viral transmission and replication is well
appreciated. However, its impact on retroviral pathogenesis outside of transmission/replication
control remained unknown. Using Murine Leukemia Virus (MuLV), we found that some
commensal bacteria promoted the development of leukemia induced by this retrovirus. The
promotion of leukemia development by commensals was due to suppression of the adaptive
immune response through upregulation of several negative regulators of immunity. These
negative regulators included Serpinb9b and Rnf128, which are associated with a poor prognosis
of some spontaneous human cancers. Upregulation of Serpinb9b was mediated by sensing of
bacteria by NOD1/NOD2/RIPK2 pathway. Using an unbiased metabolomics approach, we also
identified various metabolites whose presence and abundances in the periphery is mediated by
both bacterial colonization and MuLV infection. Highlighting the potential for metabolites to also
influence virally induced leukemia development. This work describes a novel mechanism by which
the microbiota enhances tumorigenesis within gut-distant organs and points at potential new

targets for cancer therapy.



INTRODUCTION

Commensal microbiota

From birth, humans are colonized with a diverse and complex population of
microorganisms including bacteria, viruses, fungi, archaea, and protozoans, collectively called the
microbiota. Every surface of the human body exposed to the external world is colonized with
microbes including the skin, genitourinary tract, and gastrointestinal tract. The human
gastrointestinal tract is major site of colonization and is estimated to house over 10'* microbial
organisms (Singh et al., 2017). Composition of the microbiota established during initial
colonization can be affected by birth route and feeding method (Thursby & Juge, 2017). While
microbial communities are stable in adult humans (David et al., 2014), factors encountered
throughout a person’s lifetime such as infection, antibiotic use, diet, sanitation, and urban/rural
living can affect microbial composition (Carmody et al., 2015; David et al., 2014; Dethlefsen et al.,
2008; Singh et al., 2017; Sonnenburg et al., 2016). However, the microbial composition generally
returns to the pre-perturbed state after exposure with the exception of some microbial species
(David et al., 2014; Sonnenburg et al., 2016). Additionally, host genetics also contribute to the
composition of the microbiota. In humans, monozygotic twins have more similar microbiotas than
dizygotic twins (Goodrich et al., 2014). Furthermore, mice of different genetic backgrounds
associated with the same complex microbial input exhibit differences in what bacterial species
stably colonize the gastrointestinal tract (Khan et al., 2019).

The majority of these microorganisms are non-pathogenic, coexisting as symbionts and
supporting host health. Bacteria assist in breaking down nutrients and producing vitamins for the
host to utilize (Thursby & Juge, 2017). One well studied example is the production of short chain
fatty acids (SCFAs) via commensal bacteria and its influence on intestinal epithelial cellular
processes and metabolization by colonocytes for energy (Thursby & Juge, 2017; Topping &
Clifton, 2001). Intestinal barrier function, encompassing intestinal epithelial cell turnover and
renewal, mucus and antimicrobial peptide production, and antibody secretion, is also supported by

the microbiota. Germ-free (GF) mice, which lack all microorganisms, exhibit reduced epithelial cell
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turnover and have lower production of mucus that prevents penetration of intestinal bacteria into
the underlying epithelium (Natividad & Verdu, 2013; Thursby & Juge, 2017). Antimicrobial
peptides exert a wide range of antimicrobial activity and can directly kill bacterial cells (Thursby &
Juge, 2017). Baseline expression of antimicrobial proteins are maintained in GF mice, but
expression of certain antimicrobials are increased in conventionally housed mice, suggesting the
expression of these factors is modulated by the microbiota (Natividad & Verdu, 2013). GF mice
also present with underdeveloped Peyer’s patches and other lymphoid organs including spleen,
thymus, and gut-associated lymphoid structures, resulting in reduced CD4*/CD8" cells (Gensollen
et al., 2016; Jandhyala et al., 2015). Needless to say, the microbiota plays a vital role in

maintaining host health and supporting the development and maturation of the immune system.

Commensal microbiota and pathogens

Finally, one of the most important properties the commensal microbiota confers is the
resistance of colonization by pathogenic microorganisms. The commensal microbiota support
colonization resistance of pathogens by occupying the space, utilizing available nutrients, and
activating the production of antimicrobial peptides and other host defenses (Buffie et al., 2015).
This is clearly shown in GF mice, where the absence of the microbiota increases susceptibility to
enteric pathogens including Shigella flexneri, Citrobacter rodentium, Listeria monocytogenes, and
Salmonella enterica (Baumler & Sperandio, 2016).

The interplay between the microbiota and bacterial pathogens has been well appreciated
and studied for decades. However, it was recently discovered that the microbiota also influences
viral infections. The Golovkina lab demonstrated dependence of the microbiota for transmission of
a mucosally transmitted mouse retrovirus (Kane et al., 2011). It was determined MMTYV binds to
lipopolysaccharide (LPS) derived from commensal bacteria through incorporation of LPS-binding
proteins into the viral envelope upon budding from the host cell. MMTV bound LPS initiates
immune tolerance through production of cytokine IL-10 to inhibit the anti-viral response. Therefore,

in the absence of microbiota derived LPS, the anti-viral immune response mediated by
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neutralizing antibodies, prevents transmission of the virus from infected mothers to nursing
progeny (Kane et al., 2011; Wilks et al., 2015).

Concurrently published, the Pfeiffer lab showed the influence of the microbiota on
transmission and pathogenesis of two enteric viruses, poliovirus and reovirus (Kuss et al., 2011).
Replication of the virus was significantly hindered, and survival enhanced in antibiotic treated mice
compared to untreated mice. Incubation of microbially derived components including LPS,
lipoteichoic acid, peptidoglycan, and chitin with poliovirus prior to infection of cells in vitro
significantly increased poliovirus infectivity. The authors were able to show that microbially derived
factors enhanced the ability of poliovirus to adhere to host cells, and therefore, likely increased
infectivity.

Another study found that while enteric norovirus did not rely upon the microbiota for initial
intestinal infection, the microbiota was required for the virus to establish a persistent infection in
mice (Baldridge et al., 2015). Furthermore, they found the IFN-A pathway controlled the clearance
of persistent norovirus infection in antibiotic treated mice. Based on these data, the authors
suggest the microbiota suppresses the efficacy of the IFN-A innate immune response enabling
persistence (Baldridge et al., 2015). Additionally, rotavirus replication and shedding were reduced,
and diarrhea incidence was ameliorated in antibiotic treated mice compared to untreated mice due
to an enhanced antibody response (Uchiyama et al., 2014). And in stark contrast, it was
demonstrated that microbially derived products such as LPS, and to a lesser extent peptidoglycan,
promoted the generation of T cell specific responses against influenza A virus, suppressing viral
titers in the lung (Ichinohe et al., 2010). Overall, these studies demonstrate not only that many
factors derived from commensal microorganisms promote or suppress viral infection, but that the
microbiota affects the pathogenesis and/or transmission of viruses from a range of families

through a variety of mechanisms.

Cancer



Aside from its influence on bacterial and viral infections, the microbiota has been shown to
contribute to other disease states such as cancer. For example, early studies using germ-free rats
found the intestinal microbiota promoted chemically induced spontaneous colon tumor
development (Reddy et al., 1975). Three steps of cancer development are widely accepted:
initiation, promotion, and progression, and microorganisms have been suggested to impact cancer
development at all three stages (Casasanta et al., 2020; Guidi et al., 2013; He et al., 2019; Lopez
et al., 2021). Cancer initiates from genetic alterations through germline inheritance of mutations or
sporadic mutations in tumor suppressor and/or activation of oncogenes leading to abnormal and
uncontrolled proliferation of cells (Lee & Muller, 2010). Tumor suppresser genes regulate cell
growth. Therefore, mutation of these genes leads to dysregulation of the cell cycle and cell
proliferation (Lee & Muller, 2010). Oncogenes are genes that promote cellular replication (Lee &
Muller, 2010). In cancer, the protein product of the oncogene exhibits a gain of function, promoting
uncontrolled and unregulated cell replication (Lee & Muller, 2010).

The promotion stage of cancer development involves reduced cell death and sustained
proliferation of the precancerous cells with an accumulation of mutations necessary for further
cancer development. To accomplish this, inflammatory cytokines are produced and trigger
transcription factors such as NF-kB, STAT3, and AP-1 to stimulate cell proliferation and survival
(Grivennikov et al., 2010; Whiteside, 2008). Furthermore, reactive oxygen species produced by
inflammatory cells support cell proliferation and cause double-stranded DNA breaks, promoting
genetic instability (Liou & Storz, 2010). Additionally, tumor associated macrophages recruited to
the tumor by chemokines, secrete epidermal growth factor to promote cell proliferation and
vascular epidermal growth factor to support angiogenesis (Gonzalez et al., 2018; Grivennikov et
al., 2010).

Finally, in the progression stage, the cancer continues to acquire mutations and produce
factors, such as TGF-B, that promote tumor motility, intravasation into the circulatory and

lymphatic system, and metastasization (Grivennikov et al., 2010).



Microbiota and cancer

Microbes contribute to cancer development via three general mechanisms: modulating cell
proliferation and death, altering the function of the immune system, and influencing metabolism of
various compounds (Garrett, 2015). The study of microbiota influence on carcinogenesis is vast
and has been applied to cancers of various etiologies manifesting in many locations (Eslami-S et
al., 2020; Jain et al., 2021; Rakoff-Nahoum & Medzhitov, 2007; Riquelme et al., 2019; Sivan et al.,
2015; Vetizou et al., 2015; Yoshimoto et al., 2013; Yu & Schwabe, 2017). Models used for these
studies are generally carcinogen induced tumors or genetically engineered mouse models with a
pre-disposition for tumor development. Most of these studies have focused on cancers that
develop proximal to the intestinal microbiota such as colon and liver cancers. Dysbiosis of the
microbiota leading to metabolic alterations or chronic inflammation influences the incidence and
progression of genetic and carcinogen induced intra-intestinal and intestinal proximal cancers
(Zitvogel et al., 2015). A well-studied example of this phenomenon is colorectal cancer (CRC).
CRC results from the accumulation of genetic mutations, with the microbiota as a major risk factor
(Sabit et al., 2019). Many bacterial species in mouse models have been shown to modulate CRC
initiation/progression through direct action disrupting the integrity of the intestinal epithelial barrier
or production of compounds that induce DNA damage, modulate the immune response, or
generate reactive oxygen species (ROS) which promote inflammation (Sabit et al., 2019). The
liver is connected to the gut via the portal vein, allowing microbial associated molecular patterns
(MAMPs) and microbial metabolites originating in the gut to reach the liver (Yu & Schwabe, 2017).
As mentioned above, dysbiosis of the gut resulting in loss of intestinal barrier integrity and
subsequent leaky gut can contribute to inflammation and the development of liver diseases
leading to hepatocellular carcinoma (HCC) (Yu & Schwabe, 2017). Dextran sulfite sodium (DSS)
induced gut leakage in mice leads to increased levels of systemic bacterial derived LPS and
promotion of HCC (Achiwa et al., 2016). Furthermore, in a model of chemical carcinogen induced
HCC, mice on a high-fat diet compared to mice on a normal fat diet, had increased levels of

deoxycholic acid (DCA), a bacterial metabolite known to induce DNA damage (Yoshimoto et al.,
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2013). DCA was found to promote inflammation and HCC development in mice after treatment
with a chemical carcinogen (Yoshimoto et al., 2013). These brief examples illustrate how bacteria,
and their microbial products, influence the host and can greatly affect development of tumors
connected to the gut.

How the microbiota affects tumor development at site distal from the gut microbiota is an
open field of investigation. Studies investigating the impact of the microbiota on tumor
development distal from the gut often observe leakiness of the gut enabling translocation of
bacteria or their products from the gut to the periphery or microbial modulation of the anti-tumor
immune response (D'Alessandro et al., 2020; Meisel et al., 2018; Sivan et al., 2015). However,
many studies investigating the impact of the microbiota on distal tumors rely on transplanted
tumors/tumor cells in mice which often exhibit characteristics of progression, genetic
heterogeneity, and response to therapies amongst many other factors different compared to the
spontaneous or inborn cancers that develop in humans (Coffelt & de Visser, 2015; Guerin et al.,
2020; Jain et al., 2021; Olson et al., 2018).

As described above, tumors can result from inborn mutations in tumor
suppressor/oncogenes or spontaneously from carcinogens, radiation, or infections. Around 20% of
all human cancers are caused by infections and around 12% are caused by viral infections (White
et al., 2014). Namely, Epstein-Barr virus, Hepatitis B virus, Hepatitis C virus, Human
papillomavirus, Kaposi’s sarcoma herpesvirus, Human T-cell lymphotrophic virus, and Merkel cell
polyomavirus (White et al., 2014). All of these viruses encode their own viral oncogenes that
confer genetic changes or regulate cell proliferation/death which contribute to carcinogenesis
(White et al., 2014).

Due to the known influence of the microbiota on non-virally induced cancers, the influence
of the microbiota on the development of cancers via oncogenic viral infections is of great interest.
However, it is very difficult to assign causality of the microbiota in human oncogenic viral
infections. Studies examining a role of the microbiota in carcinogenesis induced by these human

viruses are limited in number and rely upon transgenic mice or in vitro experiments (Fox et al.,
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2010; Imai et al., 2012; Morris et al., 2007). Therefore, an alternative method of studying the role
of the microbiota on carcinogenesis induced by viral infections is through the use of animal models
paired with animal viruses. While such studies do not directly address how human commensals
contribute to human oncogenic viral infections, pathways identified using animal models of virally
induced tumors many prove useful therapeutic targets for both virally and non-virally induced

cancers.

Retroviruses

Investigations into microbial influence on virally induced tumorigenesis using animal
models began to be thoroughly tested in the 1960s with the advent of GF animals (Mishra et al.,
2021). Studies at this time made use of murine retroviruses. Retroviruses are enveloped, positive
sense single-stranded RNA (ssRNA) viruses belonging to group VI of the Baltimore classification
system (Maeda et al., 2008). Upon entry of the virus into a host cell, the ssRNA is reverse
transcribed by a virally encoded reverse transcriptase to double-stranded DNA (dsDNA). The
dsDNA is subsequently integrated into the host genome as a provirus. Integration is necessary for
viral replication. From the provirus, the viral genetic material is transcribed and translated by host
machinery to produce virions which upon exiting from the host cell can infect other susceptible
cells (Robinson, 1982).

Retroviruses that confer tumorigenesis fall into two categories: acute and non-acute
transforming. Acute transforming viruses have virally encoded oncogenes that promote
carcinogenesis (Robinson, 1982). Viral oncogenes are derived from host cellular proto-oncogenes
and are constitutively active through loss or mutation of sequences required for its regulation
(Robinson, 1982; Vogt, 2012). Tumors that develop from these infections typically arise very
quickly and are polyclonal (Coffin et al., 1997). Non-acute transforming viruses do not encode viral
oncogenes. Rather, they induce tumorigenesis via proviral insertional mutagenesis. This involves
proviral integration near a cellular proto-oncogene and its subsequent upregulation. This is

accomplished by promoter and enhancer elements within the proviral long terminal repeats (LTRs)
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which drive upregulation of the cellular proto-oncogene (Coffin et al., 1997; Maeda et al., 2008).
As integration near a cellular proto-oncogene is a rare and stochastic event, monoclonal tumors
arise after a latent period (Coffin et al., 1997).

While retroviruses can generally infect many cell types, those that are oncogenic
preferentially induce a single type of tumor. For retroviruses carrying viral oncogenes, this is
mediated by specific interactions between the viral oncogene and cell specific co-factors or
transcription factors (Coffin et al., 1997). Retroviruses that cause cancer via insertional
mutagenesis, confer cell specificity through components of the LTRs. Specifically, host factors
such as transcription factors inherent to certain cell types interact with LTRs to direct transcription
of the proviral sequence within specific cell types (Coffin et al., 1997). Enhanced expression of the
provirus and consequently a nearby cellular protooncogene within a particular cell type may lead
to unregulated cell cycling and eventually tumor development.

Proviral integration into the host genome and expression of viral oncogenes or
upregulation of cellular proto-oncogenes are the first necessary step for retroviral induced
tumorigenesis. As cancer development is a multi-step process, other events are required for
retrovirally induced cancer (Coffin et al., 1997; Compere et al., 1988; Robinson, 1982). This is
exemplified in the instance of transgenic mice expressing oncogenes. These mice generally
develop spontaneous tumors in the tissues that express the oncogene. However, not all animals
develop tumors, the rate of tumor development varies, and not all cells within the tissue
expressing the oncogene become tumors. Indicating the expression of an oncogene is not
sufficient for tumor development (Adams & Cory, 1991). Therefore, it is likely that additional

factors contribute to virally induced tumorigenesis.

Microbiota and retrovirally induced tumorigenesis
Beginning in the 1960s, researchers began studying the effect of the microbiota on the
main pathogenesis of exogenous oncogenic retroviruses: tumor development. Due to the subject

9



matter of this dissertation, | will be focusing on those that utilized murine leukemia virus (MuLV) as
a model oncogenic retrovirus. MuLVs do not encode viral oncogenes, and therefore initiate cancer
through insertional mutagenesis. In 1963, disease development in conventionally housed and GF
Hauschka-Mirand/ICR Swiss mice infected with Friend MuLV was determined. GF mice exhibited
increased susceptibility and decreased latency to leukemia development, compared to
conventionally housed mice (Mirand & Grace, 1963).

Nearly a decade later, a similar experiment was conducted using conventionally housed
and GF BALB/c mice infected with Friend MuLV. Contrary to what was observed by Mirand and
Grace, these authors observed increased resistance in GF mice compared to conventionally
housed animals (Kouttab & Jutila, 1972). Nearly all (93%) infected conventionally housed mice
died during the course of the experiment compared to only 13% of GF infected mice. Furthermore,
necropsies of the infected conventionally housed mice revealed a loss of splenic architecture and
an accumulation of lymphocytes within the spleen. GF infected mice exhibited a slight increase in
lymphocyte counts and changes in the splenic architecture, but to a lesser degree than infected
conventionally housed mice.

Another study also investigated the contribution of the microbiota to MuLV pathogenesis.
This study utilized conventionally housed and GF BALB/c mice infected with Moloney MuLV (M-
MuLV). Comparable to the study conducted in 1970, this investigation also found that GF mice
were significantly more resistant to M-MuLV induced leukemia compared to conventionally housed
mice (Isaak et al., 1988). Where conventionally housed mice succumbed to fatal leukemia by 18
weeks post infection, all GF mice were alive at 18 weeks and only started succumbing to virally
induced tumorigenesis at 26 weeks post infection (Isaak et al., 1988). Interestingly, the
researchers noted production of infectious M-MuLV in the spleen, lymph node, thymus, and bone
marrow were not different between mice with or without a microbiota. Indicating the increased
resistance to M-MuLV induced leukemia development observed in GF mice compared to
conventionally housed mice was not due to a decreased number of viral permissive cells or their

virus replicating capability (Isaak et al., 1988).
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While it generally appears that the microbiota promotes MuLV induced tumorigenesis,
these prior studies utilized different strains of mice and various MuLV variants. Making it difficult to
conclude the effect of the microbiota on MuLV pathogenesis. Furthermore, these studies did not
observe pathogenesis in mice infected with the virus via natural routes. Mice were infected
through intraperitoneal injection rather than acquiring the virus through the blood or mucosa.
Third, the researchers only investigated pathogenesis of the virus in injected mice. Therefore, it is
unclear whether the microbiota effects transmission of MuLV as well as the pathogenesis.
Additionally, these studies were conducted with viral preps that were likely contaminated with
lactate dehydrogenase elevating virus (LDV) (Dittmer et al., 2019; Hanna et al., 1970). LDV has
been shown to suppress and delay CD8" T cell response against Friend MuLV, prolonging acute
viral infection (Robertson et al., 2008). Furthermore, at that pre-PCR and sequencing era, the
sterility of the experimental isolators was tested only using culturing techniques (Kouttab & Jutila,
1972). Thus, unculturable bacteria could have been missed.

Based on the known influence of the commensal microbiota on cancer development and
the potential impact it could have on virally induced tumorigenesis, we decided to undertake a

study to fully understand the role of the microbiota in retroviral pathogenesis.
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OUTLINE

In Chapter 1, we begin investigating the influence of the microbiota on MuLV
pathogenesis. We determine that the commensal microbiota, specifically bacteria, promote MuLV
induced leukemia development. Furthermore, we show that the microbiota suppresses the
adaptive immune response enabling the development of leukemia in SPF infected mice.

Next, in Chapter 2, we explore the mechanism by which the microbiota supports leukemia
development. From the results of an RNA-seq experiment we identify two negative immune
regulators, whose expression is mediated by the presence of the microbiota and MuLV infection
and contribute to MuLV induced leukemia development.

In Chapter 3, we examine the means by which the host detects tumor promoting
microbially derived factors. Using a biased genetic approach, we found that innate immune sensor
Capase1/11 and innate immune sensing adaptor RIPK2 modulate leukemia development through
the upregulation of a negative immune regulator identified in Chapter 2.

As previously described, both microbially derived structural compounds as well as
metabolites can influence cancer development. Therefore, in Chapter 4, we utilized an unbiased
metabolomics approach to identify metabolites differentially abundant in the presence of MuLV
and a bacterium with the goal of identifying metabolites that contribute to MuLV induced
leukemogenesis.

Herein we demonstrate that the microbiota modulates virally induced tumorigenesis that
manifests distal from the gut in a sterile organ. Therefore, we were interested in whether the
microbiota influences tumorigenesis in models of inborn mutations where tumors also manifest
distal from the gastrointestinal system. In Chapter 5, Trp53 deficient mice, a model of tumor
suppresser mutagenesis, and Wnt1 transgenic mice, a model of oncogene dysregulation, were
rederived as GF and monitored for tumor development and compared to their conventionally
housed counterparts. These data suggest the commensal microbiota may not impact the

development of tumors distal from the gut in models of genetic predisposition.
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MATERIALS AND METHODS
Mice

Mice utilized in this study were bred and maintained at the animal facility of The University
of Chicago. B6.129S2-Trp53™'™J (B6.Trp53”"), FVB.Cg-Tg(Wnt1)1Hev/J
(FBV.wnt1Tg), and C.129S7(B6)-Rag 1™™°m/J were purchased from The Jackson Laboratory
(TJL). CByJ.129S2(B6)-IL6™'™ " purchased from TJL were crossed to BALB/cJ mice and the
resulting F1 mice were intercrossed to generated -/- and +/+ littermate mice used in the studies.
Similarly, C.C3-TIr4*59J, C.129(B6)-TIr2™'%"/J, B6N.129S2-Casp1™'"/J, and B6.129S1-
Ripk2™"F]J mice were purchased from TJL and backcrossed to BALB/cJ mice for 10 generations
to create TLR4”", TLR2", Caspsae1/11”-, and RIPK2" mice, respectively, on the BALB/cJ
background.

Serpinb9b™, Rnf128", VSig4”, CD4”, CD8", and CD4""CD8" BALB/cJ mice were
generated using a CRISPR/Cas9 approach. VSig4” mice were generated by TJL. To generate
VSig4™” mice, two guide RNAs targeting exon 1 (5’AGAAGTAGCTTCAAATAGGATGG3' and
5TGAGCACTATTAGGTGGCCCAGG3’) were used. Five distinct BALB/cJ VSig4™ lines were
produced. Primers flanking exon 1 (5'CCAGAACAAATGGTTTCCCTAGS3’ and
5TTGGAGTCCTCTGACATCCC?3’) were used to genotype the founder mice and subsequent
offspring.

The following mice generated via CRISPR/Cas9 technology were made at the University of
Chicago transgenics core. Injection mixtures were provided to the core for injection into embryos
at the single cell stage. For all injections conducted at the University of Chicago, crRNAs (IDT)
were resuspended in 0.1X TE to 1ug/ul (resuspension volumes were calculated using IDT
resuspension calculator). tracrRNA (IDT) was also resuspended in 0.1X TE to a concentration of
1ug/ul. Guide RNA (gRNA) was prepared by mixing 5ug of crRNA with 10ug of tracrRNA. These
components were annealed in a thermocycler (95°C for five minutes, ramping down to 25°C at a

rate of 5°C per minute). gRNAs were diluted in embryo water to a final concentration of 75ng/pl
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per gRNA. For genetically modified mice generated using two gRNAs, the injection mixture
contained Cas9 nuclease at a final concentration of 150ng/ul. For mice generated via
CRISPR/Cas9 using four gRNAs, the injection mixture contained Cas9 nuclease at a final
concentration of 300ng/pl. To form the ribonucleoprotein complex (RNP), the gRNA plus Cas9
mixture was incubated at room temperature for ten to fifteen minutes. The injection mixture was
centrifuged at 20,0009 for 10 minutes at 4°C. The top 65ul was transferred to a new tube and
provided to the transgenics core for injection.

To generate Serpinb9b™ mice, two guide RNAs were used to target exon 2
(5TATGGTCCTCCTGGGTGCAA3’ and 5TTCCACCCTAGTTGTTACTC3’). Genotyping was
performed using two primers flanking exon 2 (5’ TTTCCCTCCAGACTCTGCA3 and
5 GAGAAGCATGAGGCCAAGAC3’). Two lines of Serpinb9b” mice were produced. For the
generation of BALB/cJ Rnf128" mice, one guide RNA was used to target exon 4
(5’AGGATGCGCACCAAATCATT3’). Genotyping was accomplished with two primers surrounding
exon 4 (5’AGTCACACCTCACTCTTTATCCAS3’ and 5 TCGAGAACAAACTGTACCGGAZJ’) One
line of Rnf128” mice was developed.

Two guides were used to target exon 3 (5 AAGGTGTATTAATTAGAGGT3 and &
ACCCGCAAAGGATGGGACAT3’) of CD4 to generate CD4"" mice. CD4™ mice were genotyped
using primers flanking exon 3 (5°CATGCACTGAGGTGTGTGTG3’ and 5°
GGATGGGACATAGGGAGACAZJ’). One line of CD4” mice were generated. CD8” mice were
generated using two guides targeting exon 1 of CD8 (5 TGAAGCCATATAGACAACGAS3’ and
5AATTCTATCCTGGAGCCAAC3’). Genotyping of CD8” mice was conducted using primers
flanking exon 1 (5 CCCCTAAAAGGTGGTTGACASJ’ and 5 GGATACGTGCTGGGCTACTCS3).
Two lines of CD8" mice were produced. CD47"CD8" mice were generated by using both CD4 and
CD8 guide RNAs. The one line of CD4”"CD8" mice produced were genotyped using primers as
listed above. Founder VSig4™”, Serpinb9b”, Rnf128", CD4", CD8", and CD4""CD8" mice were

crossed to BALB/cJ mice for at least two generations. Heterozygous mice were then intercrossed
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to produce homozygous knockout (KO) and wild-type (WT) littermate animals used in subsequent
studies.

Mice were genotyped using tail or ear tissue. Tissue was digested in 150yl of tail solution
(1X STE 0.05% lauryl sarcosine) supplemented with 0.2mg/ml of proteinase K. Tissue was
digested in a water bath overnight at 55°C then incubated at 85°C for 45 minutes to inactivate the
proteinase K. Digested samples were stored at 4°C until genotyping was completed.

The knockout allele in genetically modified mice was analyzed by sequencing. Genotyping
PCR products were prepared for sequencing using the ExoSAP-IT PCR product Cleanup (Thermo
Fisher Scientific) as per manufacturer’s instructions.

Males and females were used at ~50:50 ratio in all experiments. The studies outlined here
have been reviewed and approved by the Animal Care and Use Committee at The University of

Chicago.

Antibiotic treatment

BALB/cJ females injected intraperitoneally (i.p.) with 1 x 10° plaque forming units (pfus) of
RL-MuLV were bred with BALB/cJ males to produce infected generation 1 (G1) animals. The G1
mice were weaned onto water containing the following antibiotic mixture: kanamycin (4 mg/ml),
gentamicin (3.5 mg/ml), colistin (8500 U/ml), metronidazole (2.15 mg/ml), and vancomycin (4.5
mg/ml) for the duration of the experiment. When the mice became symptomatic (anemic, lethargic,
enlarged abdomen), they were sacrificed and assessed for leukemia development. All animals
were sacrificed by 5 months of age. The efficacy of the antibiotic-treatment protocol was evaluated
by periodical bacteriologic examination of feces. Fresh fecal samples from antibiotic-treated and
control mice were vortexed in TSA broth (0.1g in 1ml) and plated on BBL plates. Plates were
incubated for 48h at 37°C under both aerobic and anaerobic conditions. Anaerobic growth
conditions were created using a COY anaerobic chamber (Grass Lake, MI). There were no

detectable colony forming units (CFUs) on either aerobic or anaerobic plates from the antibiotic
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treated animals. The plates from the untreated animals had 10" CFUs and 8 x 10° CFUs of

anerobic and aerotolerant bacteria per 1g of feces, respectively.

Monitoring sterility in GF isolators

BALB/cJ, BALB/cJ RAG1™", B6.Trp53", FVB.wnt1Tg, BALB/cJ CD4”-, BALB/cJ CD8™,
BALB/cJ CD4"-CD8", BALB/cJ RIPK2"", and BALB/cJ Caspase1/117 mice were re-derived as
germ-free (GF) at Taconic and housed in sterile isolators at the gnotobiotic facility at the University
of Chicago. Sterility of GF isolators was assessed as previously described (Wilks et al., 2014).
Briefly, fecal pellets were collected from isolators weekly and quickly frozen. DNA was extracted
using a bead-beating/phenol-chloroform extraction protocol. A single fecal pellet was placed in an
autoclaved 2ml screw-cap tube containing 0.1mm zirconium beads. 500ul of 2X buffer A (filter
sterilized 200mM NaCl, 200mM Tris, 20mM EDTA), 210pul of 20% SDS, and 500ul of
phenol:chloroform, were added to the screw cap tube. The tube was bead beat on high for 2
minutes followed by centrifugation at 8,000 rpm at 4°C for 3 minutes. The aqueous phase was
removed and placed into a new Eppendorf tube. 500ul of phenol:chloroform was added to the
aqueous phase and subsequently spun at 13,000 rpm at 4°C for 3 minutes. The aqueous phase
was removed and mixed with 40ul of 3M sodium acetate pH 7 and 400pl of -20°C isopropanol.
The suspension was spun at 13,000 rpm at 4°C for 10 minutes. The supernatant was dumped
followed by the addition of 500yl of -20°C 80% ethanol. The sample was again centrifuged at
13,000 rpm at 4°C for 5 minutes. The supernatant was dumped, and the sample was vacuum
dried for 10 minutes. The pellet was resuspended in 1,000pl of sterile water and left overnight at
4°C. A set of primers that broadly hybridize to bacterial 16S rRNA gene sequences
(5’GACGGGCGGTGWGTRCA3 and 5’AGAGTTTGATCCTGGCTCAGS3’) were used to amplify
isolated DNA. In addition, microbiological cultures were set up with GF fecal pellets, positive
control SPF fecal pellets, sterile saline (sham), and sterile culture medium (negative control). BHI,

Nutrient, and Sabbaroud Broth tubes were inoculated with samples and incubated at 37°C and
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42°C aerobically and anaerobically. Cultures were followed for five days until cultures were

deemed negative.

Colonization of GF mice

GF BALB/cJ mice were colonized with the ASF consortium (Sarma-Rupavtarm et al.,
2004) via oral gavage of suspended cecal contents from donor mice. All but one species (ASF360,
Lactobacillus acidophilus) was found in the ASF-colonized mice. Lactobacillus murinus (L.
murinus, ASF361) and Parabacteroides goldsteinii (P. goldsteinii, ASF519) were isolated from the
ASF consortium. L. murinus was isolated by plating suspended fecal matter from ASF-colonized
mice onto de Man, Rogosa and Sharpe agar (MRS) (Thermo Fisher Scientific), a selective media
for Lactobacilli. Growth of L. murinus was confirmed by PCR. P. goldsteinii was isolated by plating
fecal matter from ASF colonized mice re-suspended in PBS onto brain heart infusion
supplemented (BHIS) media, supplemented with hemin and vitamin K1, and grown in an
anaerobic chamber. Growth of P. goldsteinii was confirmed by PCR. Bacteroides thetaiotaomicron
(B. theta) was grown on tryptone yeast extract glucose (TYG) media in an anaerobic container.
Enterococcus faecalis (E. faecalis) a gift from Dr. Gary Dunni (University of Minnesota) was grown
on BHI. Parabacteroides goldsteinii strain CLO2 and Parabacteroides distasonis strain ATCC
8503, a gift from Dr. Laurie Comstock, were grown in BHI supplemented with vitamin K1, hematin,
and cysteine. L. murinus, P. goldsteinii (ASF519), E. faecalis, and B. theta were introduced to GF
BALB/cJ mice by oral gavage of 200ul of overnight liquid culture grown from single colonies. For
P. goldsteinii (CL02) and P. distasonis (ATCC 8503), bacteria were grown on agar plates for two
or three days respectively. Bacteria were scraped off the plate and resuspended in sterile PBS.
200yl of resuspended bacteria was introduced into GF BALB/cJ mice by oral gavage. Successful
colonization was confirmed via PCR using primers specific for each individual bacterium or 16S

rRNA primers followed by sequencing of the PCR product.
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Virus isolation, infection, and leukemia monitoring

Rauscher-like Murine Leukemia Virus (RL-MuLV) which consists of N, B tropic ecotropic
and mink cell focus forming (MCF) virus (Hook et al., 2002) was isolated from tissue culture
supernatant of chronically infected SC-1 cells (ATCC CRL-1404). Supernatants from infected SC-
1 cells were combined with 3X polyethylene glycol (PEG) at a ratio of 2:1 and stirred at 4°C
overnight. The mixture was centrifuged at 10,000 rpm for forty minutes at 4°C in 250ml bottles
using an SLA-3000 fixed angle rotor. Pellets were resuspended in PBS and spun through a 30%
sucrose cushion at 31,000 rpm in a TW55.1 bucket rotor for 1 hr at 4°C. The pelleted fraction was
resuspended in 1ml of PBS and spun at 5000 rpm for 5 minutes. Supernatant was transferred to a
new tube and viral titer was determined using XC infectious center assay (see below). The virus
was tested for hepatitis virus, mouse thymic virus, mouse parvovirus, pneumonia virus of the
mouse, polyomavirus, mammalian orthoreovirus serotype 3, enzootic diarrhea virus of infant mice,
Sendai virus, Mycoplasma (M) pulmonis, M. arginine, M. arthritidis, M. bovis, M. cloacale, M.
falconis, M. faucium, M. fermentans, M. genitalium, M. hominis, M. hyorhinis, M. hyosynoviae, M.
opalescens, M. orale, M. pirum, M. pneumonia, M. salivarium, M. synoviae, Acholeplasma
laidlawii, Ureaplasma urealyticum, cilium-associated respiratory bacillus, ectromelia virus,
encephalitozoon cuniculi, Theiler's murine encephalomyelitis virus, Hantaan virus (Korean
hemorrhagic virus), lymphocytic choriomeningitis virus, lactate dehydrogenase enzyme, minute
virus of the mouse, mouse adenovirus, and mouse cytomegalovirus and was found to be negative
for all the pathogens.

Ecotropic virus titers in the RL-MuLV mixture were determined by an XC infectious center
assay as described below (Rowe et al., 1970). 1 x 10° pfus of the virus isolated from supernatants
of infected SC-1 cells were injected i.p. into 6-8 week-old BALB/cJ mice (GO mice). Mice were
bred to produce G1 animals which were used as a source of the virus for all experiments. The
virus was not passaged beyond G1 in vivo. To isolate the virus, splenic homogenates of non-

leukemic 2-3-month-old G1 mice were centrifuged at 2,000 rpm for 15 min at 4°C. The
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supernatant was layered onto a 30% sucrose cushion and spun down at 31,000 rpm using a
TW55.1 bucket rotor for 1 hr at 4°C. The pelleted fraction was resuspended in PBS, which was
spun at 10,000 rpm at 4°C to remove insoluble material. The resulting supernatant was aliquoted
and stored at -80°C.

Splenic derived RL-MuLV was diluted in sterile PBS and filtered through a sterile 0.22um
membrane in a laminar flow hood. 1 x 10 pfus were injected i.p. into GF and SPF BALB/cJ control
females. For gnotobiotic experiments, females were injected i.p. with 1 x 10° pfus of filter sterilized
virus. SPF BALB/cJ mice were also infected as control for experiments with gnotobiotic mice. For
genetically altered mice, KO females were injected i.p. with 1 x 10° pfus. WT littermates and non-
littermate BALB/cJ mice bred in the colony were infected as controls. Infected females were put in
mating to generate G1 animals. G1 mice were aged and monitored for leukemia development
which included signs of lethargy, hunched back, ruffled/unkempt fur, distended abdomen, and
anemia. Symptomatic mice were sacrificed. All mice were sacrificed by 5 months, at the
conclusion of the experiment. Survival curves indicate symptomatic mice that were closed during
the experiment. The survival curve for SPF mice is a cumulative curve generated over the course
of the entire studies using BALB/cJ mice. Wild-type littermates were used for each of the
experimental groups of mice and their survival curves were compared with the curve for SPF mice
to ensure that the leukemia development rate is the same (Figures 2.4D and 2.4E). Comparison
between leukemia score and spleen weight indicate that spleen weights > 0.35g have a leukemia
score of 2 or higher, which was used for some mice as a proxy for denoting leukemia Figures 1.2C
and 1.2D). Leukemia or lack of it in all gnotobiotic mice, TLR2”, TRL4™", TLR2""TLR4™", RIPK2™,
Caspase1/117", Rnf128™, Serpinb9b™, VSig4” mice was also confirmed histologically using

splenic sections.

Plaque and infectious center assays

Blood from RL-MuLV infected BALB/cJ mice was collected in tubes containing heparin,

19



which was then spun at 10,000 rpm for 10 min at 4°C. The plasma was serially diluted in PBS, and
was subjected to the XC plaque assay (Rowe et al., 1970). Data is represented as the number of
infectious centers per milliliter of plasma.

Infection status of mice with spleens weighing less than 0.2g was conducted via infectious
center assay or analysis of integrated provirus (see below Isolation of DNA from organs). To
assess the frequency of infected cells, single cell suspensions (with red blood cells) from RL-
MuLV infected mouse spleens were serially diluted in Clicks medium supplemented with 5% fetal
calf serum, pen/strep, 0.04mM mercaptoethanol, and 200mM L-glutamine (Irvine Scientific). The
dilutions were subjected to the infectious center assay (Rowe et al., 1970). Data is represented as
the number of infectious centers per million splenocytes.

The infectious center assay was conducted as follows. On day 1, SC-1 cells, grown in
supplemented Click’s medium were plated in 60mm tissue culture treated dishes at a
concentration of 2 x 10° cells per dish. Day 2, SC-1 cells were checked for confluency before
proceeding. Cells should be 30-60% confluent on day 2. Media was changed to 4ml of
supplemented Click’s medium containing polybrene at a final concentration of 10ug/ml. To stop
proliferation, splenocytes were irradiated with 2000 rads and plated on the SC-1 cells at a final
concentration of 10* or 10° splenocytes per dish. To ensure the splenocytes were evenly
distributed in the dish, the dishes were gently mixed. As polybrene is toxic to cells, on day 3 the
media was changed using 4ml of supplemented Click’'s medium. The media was changed again
on day 6 using 3ml of supplemented Click’'s medium. On day 7, the media was removed, and each
dish was subjected to UV irradiation for 30 seconds (2 GE germicidal bulbs at 26cm). 4ml of XC
(ATCC CCL-165) cells, grown in minimum essential medium (MEM) supplemented with 10% fetal
calf serum and pen/strep (Gibco), were plated in the dishes at a concentration of 10° cells per
dish. Media was changed on day 9 using 4ml of supplemented MEM medium. On day 11, the
dishes were checked for confluency then stained. Media was removed and the dishes were

stained with the XC plaque assay stain (3 parts 1% methylene blue [stains proteins] in methanol, 1
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part 1% carbol fuchsin [stains lipids] in methanol, and 2 parts methanol) for ten minutes. The

excess stain was washed off and plaques were counted.

Isolation of DNA from organs and testing for integrated provirus

Spleens were homogenized in 2ml of 1X STE containing 1% SDS and 200ug/ml of
proteinase K. The homogenized sample was then incubated at 55°C overnight. DNA was isolated
via phenol-chloroform extraction. Briefly, 200ul of homogenate was mixed with and equal volume
of 1X STE and mixed. An equal volume of phenol-chloroform was added and mixed by hand
followed by centrifugation for five minutes at 14,000 rpom. The aqueous layer was extracted and
placed in a fresh tube. The phenol-chloroform step was repeated once. The aqueous layer from
the second extraction was mixed with 2.5 volumes -20°C 200 proof ethanol and mixed to
precipitate the DNA. The precipitated DNA was transferred to a new tube containing 80% ethanol
using a pipet tip. The DNA was centrifuged for five minutes at 14,000 rpm and vacuumed dry. The
pellet was resuspended in 200ul of 1X STE and the DNA precipitation step was repeated. DNA
was resuspended at a final concentration of Tmg/ml in 1X TE.

To test for integrated provirus, primers specific for the long terminal repeats found only in
RL-MuLV integrated provirus (5’ ATGAACGACCCCACCAAGT3’ and
5 GAGACCCTCCCAAGGAACAGZY’) were used. Amplification of DNA from these primers denote

the presence of integrated provirus and therefore indicates the mouse was infected with RL-MulLV.

Histology and immunohistochemistry

Mouse spleens were fixed in Telly’s fixative (70ml 95% ethanol, 30ml water, 5ml glacial
acid, 10ml 37-40% formaldehyde), sectioned, and stained with hematoxylin and eosin. Leukemia
was scored using the following criteria: maintenance of splenic architecture, level of cellular mitotic
activity and degree of cell maturation (Figure 1.2B). Visible tumors were excised from SPF and GF

Trp53 deficient and Wnt1 transgenic mice and were fixed in Telly’s fixative. Tumor diagnosis was
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based on morphologic assessment of hematoxylin and eosin stained 4-micron sections.

For VSig4 and F4/80 immunohistochemistry, spleens were embedded in OCT (Tissue Tek;
Torrance, CA) and flash frozen in dry ice chilled methylbutane. Five-micron sections of spleen
were cut using a cryostat, collected on a glass slide, and air dried for three hours. Sections that
were not fixed immediately were stored at -80°C. Tissue sections were fixed in cold acetone for
three minutes and dried at room temperature for 30 minutes. The tissue section was circled with a
paraffin pen and rehydrated by washing in FACS buffer (1X PBS supplemented with 1% fetal calf
serum and 0.1% sodium azide) for ten minutes. Non-specific binding was reduced by blocking in
FACS buffer containing 10% goat serum and 1ug/ul of Fc block for 30 minutes. Tissues were
incubated with rat anti-mouse F4/80 conjugated to fluorescein isothiocyanate (FITC) and goat anti-
mouse VSig4 followed by rhodamine (TRITC) — conjugated donkey anti-goat diluted in FACS
buffer for thirty minutes in a humidity chamber at 4°C. Unbound antibodies were removed by
washing the slide in FACS buffer for five minutes. To prevent the tissue from drying, PBS
containing 50% glycerol was dripped onto the slide and a coverslip was slowly placed on the slide.
Clear nail polish was used to adhere the coverslip to the slide. A Leica microscope type 307-
072.056 was used to analyze tissue sections. Images were captured using a Diagnostic

Instruments SPOT RT Slider camera (Sterling Heights, MI).

Isolation of peritoneal macrophages

Mice were sacrificed and pinned down on their back. The skin over the abdomen was
carefully cut, avoiding cutting through the peritoneum. The skin was pulled back exposing the
abdomen and pinned down on either side. Small slits were made in the skin of the limbs, the skin
was pulled away and pinned down. Using a 22-gauge needed attached to a 5ml syringe, 5ml of
ice-cold supplemented Click’s media (Irvine Scientific) was injected into the peritoneal cavity
through the leg. A hemostatic clamp was used to gently clamp the peritoneum tissue and shake

the peritoneum for a minimum of two minutes. The needle attached to the syringe was used to

22



puncture the peritoneum and collect the Click’s media containing the peritoneal macrophages.

Fluorescence-activated cell sorting (FACS) analysis

For analysis of VSig4 deletion in VSig4 deficient mice, peritoneal macrophages were
stained with FITC-conjugated anti-F4/80 mAb (Biolegend; San Diego, CA) and allophycocyanin
(APC)-conjugated anti-VSig4 mAb (eBioscience; San Diego, CA). Propidium-iodide positive dead
cells were excluded from the analysis.

Deletion of CD4 and CD8 cells in CD4™7, CD8", and CD47-CD8” mice was confirmed via
FACS analysis. Splenocytes were harvested and red blood cells were lysed. Remaining single cell
suspensions were stained with APC-conjugated anti-CD3 mAb (ThermoFischer Scientific;
Pittsburg, PA), phycoerythrin (PE)-conjugated anti-CD4 mAb (BioLegend; San Diego, CA), and
FITC-conjugated anti-CD8 mAb (BioLegend; San Diego, CA). Propidium-iodide was used to
identify dead cells to exclude them from the analysis. Samples were run on a BD LSR Fortessa
and analyzed using FlowJo.

Expression of F4/80"VSig4"* splenocytes in uninfected and infected SPF BALB/c mice was
accomplished via FACS. Red blood cell lysed splenocytes were stained with FITC-conjugated
anti-F4/80 mAb (Biolegend; San Diego, CA) and APC-conjugated anti-VSig4 mAb (eBioscience;

San Diego, CA). Dead cells labeled with propidium-iodide were excluded from the analysis.

RNA sequencing

RNAseq analysis was performed on splenic RNA from infected (preleukemic) and
uninfected GF and SPF BALB/cJ males and females (4 groups of mice, 6-8 mice per group).
Splenic RNA was subjected to lllumina Next Gen Sequencing to generate a Directional Total RNA
library. Ribosomal RNA was removed using a Ribo-Zero rRNA removal kit (Epicentre; Madison,
WI). Gene expression was quantified through the Kallisto software (Bray et al., 2016). To identify

genes regulated specifically by both the microbiota and the virus, we performed a series of
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heuristic gene set filtering operations. We identified gene expression changes between
infected/microbiome conditions using log-fold change >0.5 and p < 0.05 Wilcoxon rank sum test.
Briefly, the set of gene expression change between uninfected SPF or infected/uninfected GF
conditions were removed from the set of gene expression changes common between MuLV SPF
and other conditions. These operations resulted in a candidate gene set specifically influenced by
the presence of the virus and the microbiota. Gene filtering and statistical analysis was conducted
using MATLAB (R2019b) (Natick, MA).

Splenic RNA from infected (preleukemic) and uninfected SPF BALB/cJ RIPK2” and
Caspase1/117 was isolated and submitted for RNAseq analysis. Ribo-Zero rRNA removal kit
(Epicentre; Madison, WI) was used to remove ribosomal RNA. lllumina Next Gen Sequencing was
used to generate a Directional Total RNA library. Quality of raw reads were assessed via FastQC
software (Andrews, 2017). STAR (Dobin et al., 2013) was then used to create a genome index
using the BALB/cJ reference genome and the BALB/cJ GTF annotation file (both downloaded
from Ensembl). Raw paired-ends were aligned using STAR to the genome index. SubReads
FeatureCounts (Liao et al., 2014) was then used to sum the number of exonic reads per gene.
Deseq2 v 1.32.0 (Love et al., 2014) was utilized to analyze differential gene expression. Finally,
gene expression levels were compared between uninfected and infected mice for each genotype.
We focused on expression of the three negative immune regulators by pulling out normalized
transcript counts for Rnf128, Serpinb9b, and VSig4 from the Deseq 2 output. Expression of each
negative regulators was plotted by condition (genotype and infection status) using ggplot2 v 3.3.5

(Wickham, 2009). P-values were calculated using a Wald test.

Measurement of serum cytokines
Serum cytokine levels were assessed in uninfected, pre-leukemic, and leukemic mice
using a Cytometric Bead Array for mouse Th1, Th2, and Th17 cytokines (BD Biosciences; San

Jose, CA) as per manufacturer’s instructions.
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FITC permeability assay

Permeability of the mouse gut was assessed using a FITC permeability assay. Food and
water were removed from mouse cages for four hours. After four hours, mice were gavaged with
80mg/100g of FITC-dextran (citation). Three hours post gavage, mice were bled into 100ul
heparin, and plasma was separated by spinning the blood at 2,000rpm for ten minutes and 4°C.
50ul of each sample was loaded into a 96-well plate in duplicate. FITC-dextran standards were
diluted in plasma from mice that were not gavaged with FITC-dextran. FITC concentration was
measured using a TECAN fluorescence spectrophotometer and Magellan software at emission
and excitation wavelengths of 520nm and 490nm respectively. Fluorescence from the negative
control well (unmanipulated sera) was subtracted from fluorescence of the standards and
experimental wells. FITC concentration in the plasma of experimental animals was determined by

intercalation of the standard curve and expressed as the concentration of FITC per ml of plasma.

Cell sorting and RNA isolation from sorted cells

Cells were sorted using a FACS or magnetic-activated cell sorting (MACS) based
approach. For FACS, splenocytes were isolated and RBCs lysed. Cells were stained with a
combination of APC-Cy7 labeled anti-B220 (Biolegend; San Diego, CA), APC labeled anti-CD3
(Life Technologies Corp; Carlsbad, CA), and BV421 labeled anti-F4/80 (Biolegend; San Diego,
CA) and subsequently sorted based on these markers. RNA from sorted cells was isolated and
gene expression was analyzed as described in the section below. For cells sorted via MACS,
RBC-depleted splenocytes were incubated with anti-F4/80 microbeads beads (Miltenyi Biotec;
Bergisch Gladbach, Germany). F4/80" cells were positively selected using LS columns as
recommended by the manufacturer (Miltenyi Biotec; Bergisch Gladbach, Germany). F4/80 positive
cells underwent a second round of positive selection using MS columns. F4/80 negative cells were
incubated with biotin-labeled CD3 antibodies (Life Technologies Corp; Carslbad, CA) then

streptavidin conjugated microbeads (Miltenyi Biotec; Bergisch Gladbach, Germany). CD3" cells
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were positively selected using LS columns. CD4", CD8", and NK" cells were isolated from RBC-
depleted splenocytes. Cells were incubated with anti-CD4 microbeads (Miltenyi Biotec; Bergisch
Gladbach, Germany). CD4 positive cells were positively selected using LS columns as detailed by
the manufacturer (Miltenyi Biotec; Bergisch Gladbach, Germany). CD4 negative cells underwent a
second round of positive selection using LS columns. Remaining CD4 negative cells were
incubated with biotin-labeled CD8 antibodies (BioLegend; San Diego, CA) then streptavidin
conjugated microbeads (Miltenyi Biotec; Bergisch Gladbach, Germany). CD8" cells were positively
selected using LS columns. CD4/CD8 negative cells were incubated with an antibody cocktail
conjugated to biotin (Miltenyi Biotec; Bergisch Gladbach, Germany) then incubated with anti-biotin
microbeads (Miltenyi Biotec; Bergisch Gladbach, Germany). NK positive cells were negatively
selected using LS columns. Isolated cells were centrifuged at 2000 rpm for five minutes and kept
at -80°C until RNA isolation.

Purity of cells sorted by MACS was confirmed via FACS analysis. Briefly, sorted cells were
stained with a cocktail of antibodies: APC conjugated anti-CD3 (eBioscience), Pacific Blue
conjugated anti-CD4 (Biolegend), FITC conjugated anti-CD8 (Biolegend), and PE conjugated anti-
DX5 (Invitrogen).

RNA was isolated from sorted cells via guanidine thiocyanate extraction and CsCl gradient
centrifugation (Chirgwin et al., 1979). Briefly, cell pellets were lysed with 3ml of solution 1 (solution
1 per 100ml: 60g guanidine thiocyanate, 0.5g sodium lauryl sarcosine, 5ml autoclaved 1M sodium
citrate, 0.5ml beta-ETSH. Volume raised to 100ml with water and filter sterilized). Cell lysate was
gently layered onto 2ml of 5.7M filter sterilized CsCl in a SW 55.1 tube. Samples were centrifuged
at 36,000 rpm for 16-20 hours at 25°C using a TW55.1 bucket rotor. After centrifugation, the top
4ml were removed using p1000 pipet tips. The last ml was dumped into a beaker by quickly
inverting the tube. To dry the tube, a piece of filter paper was rolled up and carefully inserted into
the tube being cautious not to touch the RNA pellet at the bottom of the tube. RNA at the bottom
of the tube was collected with 100-200ul of water, being careful not to touch the side of the tube

with the pipet tip. RNA was solubilized by heating the samples at 65°C for 15 minutes. RNA
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concentration was measured using a Qubit per manufacturer’s instructions. RNA was precipitated
in 2.5 volumes -20°C ethanol and 0.1 volumes 3M sodium acetate pH 5 and stored at -20°C.
Contaminating DNA was eliminated using the DNase treatment and removal reagents kit
(Life Technologies). Briefly, 5ug of RNA was centrifuged for 15 minutes at 15,000 rpm and
vacuum dried. RNA was resuspended in 50l of water and solubilized by heating at 65°C for ten
minutes. 5ul of 10X DNase | buffer and 1ul of rDNase | was added to the RNA and incubated at
37°C for thirty minutes. DNase was inactivated by adding 5ul of the DNase inactivation reagent
followed by two minutes incubation at room temperature. The inactivation reagent was removed
from the RNA by centrifuging the sample at 10,0009 for 1.5 minutes. The RNA in the supernatant

was transferred to a new tube for downstream applications.

RNA isolation from spleens

RNA was isolated from spleens using the PureLink RNA Mini Kit as per manufacturer’s
instructions (Invitrogen). Contaminating DNA was removed using an on-column PureLink DNase
treatment (Invitrogen) during RNA isolation. RNA concentration was measured using a Qubit per
manufacturer’s instructions. RNA was precipitated in 2.5 volumes -20°C ethanol and 0.1 volumes

3M sodium acetate pH 5 and stored at -20°C.

RNA gel

A northern gel was run to assess the quality of RNA. A 1% agarose gel made in 1X
running buffer (200mM MOPS, 10mM EDTA pH 8, 50mM NaOAc) was supplemented with 37ml of
37% formaldehyde and 0.2ug/ml ethidium bromide once the agarose had cooled. Precipitated
RNA was centrifuged, vacuum dried, and resuspended in 20ul of 1X sample buffer containing
50% formamide and 2.2M formaldehyde. The RNA was heated for ten minutes at 65°C, loaded
into the gel and run overnight at a low voltage. RNA gel was analyzed for an ideal ratio 2.5 28S
subunit to 1 18S subunit and for a lack of smearing between the two bands which would indicate

RNA degradation.
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cDNA synthesis and quantitative reverse transcription PCR (RT-qPCR)

Complementary DNA (cDNA) was generated using SuperScript IV Reverse Transcriptase
(Life Technologies). Briefly, 5ug of precipitated RNA was centrifuged and vacuum dried. RNA was
mixed with 4.6uM random primer mix and 0.75mM dNTPs in a total volume of 13ul and heated at
65°C for five minutes. Afterwards, RNA was mixed with SuperScript buffer at a final concentration
of 1X, DTT at a final concentration of 5mM, 1U of RNase OUT Recombinant RNase Inhibitor, and
1U of SuperScript IV Reverse Transcription to a final volume of 20ul. The reaction was heated at
55°C for ten minutes followed by incubation at 80°C for ten minutes.

The presence of quality cDNA was determined by using PCR primers specific for
the Actb gene (5 GTATCCTGACCCTGAAGTACC3 and 5TGAAGGTCTCAAACATGATCTGSY).

For RT-gPCR, primer pairs and probe (Applied Biosystems) were used to amplify VSig4
(primer and probe set Mm00625349 m1), Serpinb9b (primer and probe set MMm00488405_m1),
Rnf128 (primer and probe set Mm00480990_m1), and Beta-Actin (Mm02619580_g1) from splenic
RNA using the Applied Biosystems QuantStudio 3 (ThermoFisher). For sorted cells, primers were
developed to amplify VSig4 (5° GGAGATCTCATCAGGCTTGC3’ and
5’ CCAGGTCCCTGTCACACTCT), Rnf128 (5 TAGCTGTGCTGTGTGCATTG3 and
5GAATGTCACACTTGCACATGGS3’), Serpinb9b (5AGCAGACCGCAGTCCAGATA3J’ and
5GTCTGGCTTGTTCAGCTTCC3’), and Beta-Actin (5GTATCCTGACCCTGAAGTACC3’ and
5TGAAGGTCTCAAACATGATCTG3’) using SYBR green master mix (Bio-Rad; Hercules, CA).
Tagman based qPCR reactions were performed in duplicate 20ul reactions containing 1ul cDNA
(generated as described above), 2X Gene Expression Master Mix (ThermoFisher), and 20X
Tagman primer/probe assays (ThermoFisher). An Applied Biosystems QuantStudio3 instrument
was used to amplify each product using the following cycling conditions (50°C for two minutes,
95°C for ten minutes, followed by 40 cycles of 95°C for 15 seconds and 60°C for one minute.
SYBR Green based gqPCR reactions were performed in duplicate 10ul reactions containing 1ul of

cDNA (generated as described above), 2X iTaq Universal SYBR Green Supermix (BioRad), and
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primers at 200nM each. Amplification was carried out on an Applied Biosystems QuantStudio3
machine with the following cycling conditions: 95°C for three minutes, followed by 40 cycles of
95°C for five seconds and 60°C for 15 seconds. A melt curve was also generated using the
following cycling conditions: 95°C for 15 seconds, 60°C for one minute, and 95°C for 15 seconds.
cDNA was quantified using the comparative Ct method. Data are represented as logz fold change

compared to uninfected controls, normalized to the endogenous control (beta-actin).

ELISA

An enzyme-linked immunosorbent assay (ELISA) was used to detect anti-MuLV antibodies
in MuLV-infected GF and SPF BALB/cJ mice as previously described (Case et al., 2008). Briefly,
RL-MuLYV virions isolated from infected SC-1 cells were treated with 0.1% Triton X-100 and bound
to plastic in borate-buffered saline overnight. Two percent ovalbumin was used as blocking
component. Sera samples were incubated at 4°C for one hour at a 1 x 10 dilution, followed by
goat anti-mouse IgG2a coupled to horseradish peroxidase (HRP) (SouthernBiotech, Birmingham,
AL). The IgG2a specific antibody response is a specialized response against viruses in BALB/cJ
mice (Kane et al., 2018). Background optical density (ODuso) values from incubation with

secondary antibody alone were subtracted from values acquired from sera of infected mice.

Association of GF mice and 16S rRNA sequencing
Cecal contents were harvested from three Taconic C57BL/6 mice or three SPF RIPK2™"
mice from our colony, mixed, and snap frozen at -80°C. Cecal content from Taconic C57BL/6 mice

or SPF RIPK2" mice was resuspended in PBS and 200ul was gavaged into GF BALB/cJ WT,

RIPK2", and Caspase1/117 mice. Two weeks post associated, mice were sacrificed. Using non-
ridged forceps, small intestinal contents were squeezed into Eppendorf tubes. Cecal content was
also collected into Eppendorf tube. All samples were snap frozen at -80°C. Cecal content was sent

to the Environmental Sample Preparation and Sequencing Facility at Argonne National
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Laboratory. Sample preparation and sequencing was conducted as described in ((Khan et al.,
2019). Briefly, DNeasy PowerSoil HTP 96 Kit (QIAGEN, Germantown, MD) was used to extract
DNA from the samples per manufacturer’s instructions. PCR was used to amplify the V4 region of
the 16A rRNA-encoding gene (515F-806R). Specifically, PCR reactions were carried out with the
5 PRIME HotMasterMix kit (Quantabio, Beverly, MA) in triplicates. PCR cycling conditions were as
follows: 95 °C for 30 seconds, 55 °C for 45 seconds, 72 °C for 1.5 minutes, followed by 72 °C for
10 minutes. Triplicates were pooled and primer dimers removed with UltraClean 96 PCR Cleanup
Kit (QIAGAN, Germantown, MD). DNA concentration was determined using the PicoGreen®
dsDNA Assay (Invitrogen/Thermo Fisher Scientific, Carlsbad, CA) and resuspended at 2ng/ul.
Amplicons were sequenced with 151 x 151 base pair paired-end sequencing on an lllumina
MiSeq.

Raw sequence data was processed using the DADA2 v 1.2.0 analysis pipeline (Callahan
et al., 2016). Reads were filtered to remove those with poor/low quality and trimmed using the
standard DADAZ2 parameters. Paired reads were merged, then clustered into an amplicon
sequence variant (ASV) table. Sequence chimeras were removed, and taxonomy was assigned at
the genus level using the Silva reference database v138.1 (Quast et al., 2013). The taxonomy
table produced by the DADAZ2 pipeline was further analyzed using the Phyloseq v 1.36 package
(McMurdie & Holmes, 2013) to generate principal coordinate analysis (PCoA) calculated using the
Bray-Curtis dissimilarity index. Differentially abundant bacteria between genotypes were identified

with an unpaired Student’s T-test with a cut-off of p < 0.05.

Metabolomics
As detailed above, 200ul of overnight Lactobacillus murinus (ASF 361) culture grown in

MRS broth was gavaged into GF mice. Successful colonization of mice was confirmed by isolating
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DNA from fecal samples via phenol-chloroform extraction (see above) followed by sequencing of
the 16S PCR product. Two weeks after colonization, mice were infected with 1x10° PFU (see
above). Progeny of MuLV infected L. murinus colonized mice were closed at 3 months. Uninfected
L. murinus colonized mice, uninfected GF mice, and progeny of MuLV infected GF mice were also
closed at 3 months. Spleens and plasma were collected upon sacrifice and immediately frozen
and kept at -80°C. Samples were shipped to the Fischbach lab at Stanford University for
hydrophilic interaction liquid chromatography (HILIC) untargeted metabolomics at the Chan
Zuckerberg Biohub. Metabolites were identified based on mass to charge ratio (m/z) and retention
time compared to the local and global library.

Metabolites with a relative standard deviation (RSD) greater than 30% between other
samples in the same group were discarded. Metabolites with RSDs less than 30% were
normalized with Log1o, quantile normalization, followed by determining the zscore. Normalized
values for each group were averaged and constructed into a heat map where red color indicates
high metabolite levels and blue color indicates lower metabolite levels. P-values were adjusted
using Bonferroni correction followed by two-way ANOVA to identify metabolites influenced by two

independent variables: the presence of L. murinus and the virus.
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CHAPTER 1: COMMENSAL BACTERIA MEDIATE MULV INDUCED LEUKEMIA
DEVELOPMENT VIA SUPPRESSION OF THE ADAPTIVE IMMUNE RESPONSE

Preface

The contents of this chapter were modified and adapted from J. Spring, S. Lara, A. Khan,
K. O’Grady, J. Wilks, S. Gurbuxani, et al. bioRxiv 2022 Pages 2022.02.02478820. | performed
most of the experiments reported in the paper. Kelly O’Grady performed experiments with IL-6 and
RAG1-deficient mice. Jessica Wilks conducted experiments with antibiotic treated mice,
experiments on erythroid differentiation, and monitored ASF colonized mice. Sandeep Gurbuxani
generated the leukemia scoring system and scored splenic tissue sections and contributed to
experimental design. Amy Jacobson cultivated B. thetaiotaomicron. Michael Fischbach and
Alexander Chervonsky contributed to experimental design and the edit of the manuscript. Jessica
Spring and Tatyana Golovkina wrote the manuscript. Tatyana Golovkina conceived the project

and performed many of the experiments.

Abstract

The influence of the microbiota on viral transmission and replication is well
appreciated. However, its impact on retroviral pathogenesis outside of transmission/replication
control remained unknown. Using Murine Leukemia Virus (MuLV), we found that some
commensal bacteria promoted the development of leukemia induced by this retrovirus, in the
absence of decreased viral burden. The promotion of leukemia development by commensal

bacteria was due to suppression of the adaptive immune response.

Introduction
The commensal microbiota plays a critical role in maintaining host health by providing
nutrition, creating a hostile environment for incoming bacterial pathogens, and modulating

maturation of secondary lymphoid organs (Kim et al., 2017; Littman & Pamer, 2011). Pathogens
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also take advantage of the microbiota for their spread and replication. Previously, we
demonstrated that transmission of Mouse Mammary Tumor Virus (MMTV) that causes mammary
carcinomas in susceptible mice depends on the gut commensal bacteria (Kane et al., 2011).
Orally transmitted MMTYV binds bacterial lipopolysaccharide (LPS) through LPS binding receptors
incorporated into the viral membrane during budding (Wilks et al., 2015). LPS attached to the viral
membrane triggers TLR4 to induce inhibitory cytokine interleukin-10 (IL-10), thus generating a
status of immunological tolerance to the virus (Kane et al., 2011). Therefore, the presence of the
microbiota enables MMTYV transmission by suppressing the anti-viral immune response.
Commensal microbiota has also been shown to impact transmission, replication, and
pathogenesis of enteric and respiratory viruses from Caliciviridae, Picornaviridae, Reoviridae, and
Orthomyxoviridae families (Baldridge et al., 2015; Kuss et al., 2011; Uchiyama et al., 2014). In this
study, we sought to determine whether the commensal microbiota influences replication and
pathology induced by a retrovirus transmitted through the blood — MuLV (Buffett et al., 1969;

Duggan et al., 2006).

Results and discussion

We have previously shown that the replication of a different retrovirus (Mouse Mammary
Tumor Virus, MMTV) was dependent on the presence of the host microbiota, which served as a
source of LPS used by MMTV to dampen the host’s immune response. If a similar scenario
(control of replication by the microbiota) was applicable to MuLV, it would be difficult to study a
potential role of the microbiota in development of MuLV-induced pathology. To address the issue,
we used BALB/cJ mice either treated with microbiota-depleting doses of antibiotics (Abx) (Kane et
al., 2011) upon weaning or reared in germ-free (GF) conditions. It is necessary to utilize both
approaches in parallel as each has pros and cons. While mice treated with Abx beginning at
weaning will have developed normal secondary lymphoid structures, there is the possibility for

outgrowth of Abx resistant bacteria during the course of the experiment as well as depletion of
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non-bacterial microorganisms (Wilks et al., 2013). GF mice lack all microorganisms, but have
underdeveloped lymphoid tissues (Wilks et al., 2013). To test whether the microbiota has an effect
on RL-MuLV transmission, all groups of mice were infected by intraperitoneal (i.p.) injection of
0.22uM filter-sterilized MuLV as adults (GO mice) and bred to produce offspring (G1 mice). G1
mice were examined for the presence of infectious virus. This experimental design allowed us to
test whether the microbiota is required for both virus transmission and replication. Frequency of
infected cells and viremia were compared via infectious center assay (Rowe et al., 1970). Abx
treatment had no effect on viral replication compared to untreated mice (Figure 1.1A),
Furthermore, GF MuLV-infected mice also showed similar levels of MuLV in the spleens (Figure
1.1A) or in the plasma (Figure 1.1B) compared to infected SPF mice. Thus, the system was robust
for testing the role of the microbiota in leukemogenesis caused by MuLV.

Upon RL-MuLV infection, hematopoiesis within the bone marrow is blocked, resulting in
compensatory extramedullary hematopoiesis (EMH) in the spleen (Hook et al., 2002). EMH leads
to expansion of target cells susceptible for infection. RL-MuLV readily replicates within the rapidly
proliferating erythroid progenitor cells, increasing the likelihood of proviral integration near a
cellular proto-oncogene, a step necessary for development of erythroid leukemia as this virus
does not encode for an oncogene (Figure 1.2A).

To test whether the microbiota has an effect on RL-MuLV pathogenesis, all groups of mice
were infected by i.p. injection of filter-sterilized MuLV as adults (GO mice) and bred to produce
infected offspring (G1 mice) that were further observed for leukemia development. G1 mice, which
received a physiologically relevant infectious virus dose from their parents, were aged and
monitored for leukemia for 150 days (unless indicated otherwise). Diseased mice removed from
the cohorts and mice surviving up to 150 days were examined according to a leukemia scoring
system based on histological analysis of the spleen. Uninfected mice retain splenic architecture
and are given a score of 0. Pre-leukemic mice are defined as having increased extramedullary
hematopoiesis and are given a score of 1. Leukemic mice exhibiting regions containing leukemic

blasts with high mitotic activity are scored as 2, and more advanced cases, where the splenic
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Figure 1.1. Commensal microbiota is not required for MuLV transmission and replication.
Adult BALB/cJ females from different experimental groups were injected with MuLV and bred (GO
mice). Their offspring (G1 mice) were assayed for infectious virus. (A) Comparison of viral load
[number of infectious centers (ICs) per 106 splenocytes] in SPF, GF, and Abx-treated animals. IC
assay was done on preleukemic mice with a score of 1. (B) Plaque forming units (PFU) per mL of
plasma in SPF and GF mice. Abx, antibiotic. n, number of mice used per group. p values were
calculated using an unpaired t test. Error bars indicate standard error of the mean.
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architecture is wholly disrupted by immature leukemic blasts, are scored as 3 (Figure 1.2B).
Leukemia score directly correlated with spleen weight and all animals with spleen weight greater
than or equal to 0.35g had leukemia (Figures 1.2C, 1.2D).

Infected SPF BALB/cJ mice exposed to water containing a broad-spectrum Abx cocktail since
weaning as well as infected GF BALB/cJ mice had increased latency of the disease and

markedly reduced spleen weights compared to infected untreated SPF mice (Figures 1.3A,

1.3B, and 1.3C). Leukemia latency was not significantly different between Abx treated and GF
mice (Figure 1.3B). Therefore, the likelihood outgrowth of Abx-resistant bacteria influenced
leukemia development in Abx treated mice is unlikely. As leukemia resistant phenotype of Abx-
treated and GF mice was not due to a reduction in viral replication (Figures 1.1A and 1.1B), it
became obvious that the microbiota significantly augmented viral pathogenesis.

The commensal microbiota is composed of various microorganisms including bacteria, viruses,
archaea, fungi, and unicellular eukaryotes. To define a subset of the microbiota capable of
enhancing leukemia susceptibility to SPF mice, GF mice were colonized with a defined consortium
of mouse commensal bacteria, Altered Schaedler’s Flora (ASF) (Dewhirst et al., 1999), bred, and
infected with 0.22uM filtered RL-MuLV. Virus fate and pathogenesis was followed in G1 mice
generated from infected GO females. ASF restored high susceptibility of GF mice to leukemia
(Figures 1.4A and 1.4B), proving that commensal bacteria can promote virally induced
leukemogenesis. ASF contains seven bacterial species that include both gram-positive and gram-
negative lineages (Sarma-Rupavtarm et al., 2004). A single gram-positive bacterium, Lactobacillus
murinus (L. murinus), and a single gram-negative bacterium, Parabacteroides goldsteinii (P.
goldsteinii), were isolated from ASF and used to colonize GF mice. Progeny from RL-MuLV
infected L. murinus colonized females developed leukemia at a similar rate and incidence as SPF
mice (Figures 1.4C and 1.4D). Conversely, progeny from RL-MuLV infected P. goldsteinii
colonized females exhibited leukemia development similar to that of GF mice (Figures 1.4C and

1.4D). Importantly, infected P. goldsteinii colonized mice had a frequency of infected splenocytes
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Figure 1.2. Leukemia development in infected SPF and GF BALB/c mice.

(A) Paraffin section of the spleen from an infected SPF mouse was stained with anti-GATA1
antibody and counterstained with hematoxylin. (B) Disease scoring system. Uninfected mice retain
splenic architecture and were given a score of 0. R, red pulp; W, white pulp. Pre-leukemic mice
were defined as having increased extramedullary hematopoiesis and were given a score of 1.
Leukemic mice exhibiting regions containing leukemic blasts (LB) with high mitotic activity were
scored as 2. Red dotted circle are the remnants of the white pulp. Score 3 was given to mice in
which splenic architecture was wholly disrupted by immature LBs. Representative stained sections
of spleens from SPF infected mice with indicated scores. Magnification - 10X, 40X magnification is
shown in lower right corners. (C, D) Correlation of spleen weight with leukemia score in SPF (C)
and GF (D) mice determined by histological examination of hematoxylin and eosin (H & E) stained
spleen sections. 74 spleens from SPF infected, 6 spleens from SPF uninfected, 34 spleens from
GF infected, and 4 spleens from GF uninfected mice were analyzed histologically. Vertical dotted
line indicates spleen weight of 0.35g.
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Figure 1.3. Dependence of MuLV-induced leukemia development on commensal

microbiota.

Adult BALB/cJ females from different experimental groups were injected with MuLV and bred (GO
mice). Their offspring (G1 mice) were monitored for leukemia. Diseased mice removed from the
cohorts and mice surviving up to 150 days were examined according to a leukemia scoring system
based on histological analysis of the spleen (Figure 1.2A). (A) Spleen weights of infected and
uninfected SPF and GF mice at 4-5 months of age. Dotted horizontal line indicates 0.35g. (B)
Survival curves of G1 SPF, GF, and Abx-treated mice. (C) Example hematoxylin-and eosin
stained-splenic sections from uninfected or infected SPF and GF mice at 4 months of age. Black
arrows indicate red and white pulp. W, white pulp; R, red pulp; LB, leukemic blasts Magnification -
10X, 40X magnification is shown in lower right corners. Abx, antibiotic. n, number of mice used per
group. p values were calculated using an unpaired f test (A) and Mantel-Cox test (B). Error bars
indicate standard error of the mean.
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comparable to that observed in SPF mice (Figure 1.4E). Non-members of ASF, gram-positive
Enterococcus faecalis (E. faecalis), and, interestingly, a gram-negative commensal Bacteroides
thetaiotaomicron (B. theta) also conferred leukemia susceptibility to GF infected mice (Figures
1.4C and 1.4D). These data provide evidence that leukemia promoting factors are not inherent to
all bacteria but are unique to certain bacteria across different bacterial phyla.

Based on the observed resistance of P. goldsteinii colonized mice to MuLV induced
leukemia, we wondered if this resistance phenomenon is specifc to P. goldsteinii species or to all
Parabacteroides strains. To address this question, we colonized one cohort of GF BALB/cJ mice
with a non-ASF derived strain of P. goldsteinii (strain CL02) and a separate cohort of GF BALB/cJ
mice with P. distasonis (strain ATCC 8503). One month post colonization, females were injected
with 1 x 10° PFU of MuLV and put into mating. G1 progeny mice are currently being monitored for
leukemia development. If both P. goldsteinii colonized and P. distasonis colonized mice are
resistance to MuLV induced leukemia, then the resistance phenomenon may be general to
Parabacteroides species. Conversely, if only P. goldsteinii colonized mice confer leukemia
resistance while P. distasonis colonized mice promote leukemia development, then the resistance
phenotype is specific to this species. In this instance, a comparison between P. goldsteinii and P.
distasonis may vyield structural or genetic differences that may influence the disparity in the
bacterium’s ability to support leukemia development.

Tumor promotion is often linked to chronic inflammation, which is defined as a prolonged,
aberrant protective response to a loss of tissue homeostasis (Medzhitov, 2008). Inflammation-
driven tumor promotion activates transcription factors in premalignant cells, which induce genes
stimulating cell proliferation and survival (Grivennikov et al., 2010) . One candidate factor that
contributes to inflammation and tumorigenesis, is the proinflammatory cytokine IL-6. IL-6 has been
shown to be overexpressed by host cells within the tumor microenvironment and by tumors of
various etiologies (Lippitz, 2013), and also shown to be microbially induced and necessary for pre-

leukemic myeloproliferation in genetically susceptible mice (Meisel et al., 2018). To determine the
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Figure 1.4. Certain bacteria are sufficient to confer MuLV-induced leukemia development.
Adult BALB/cJ females from different experimental groups were injected with MuLV and bred (GO
mice). Their offspring (G1 mice) were monitored for leukemia. Diseased mice removed from the
cohorts and mice surviving up to 150 days were examined according to a leukemia scoring system
based on histological analysis of the spleen (Figure 1.2A). (A) Survival curves of MuLV-infected
SPF and ASF- colonized BALB/cJ mice observed for 97 days. (B) Total leukemic incidence in
infected ASF-colonized and infected SPF mice monitored for 97 days. (C) Survival of GF, SPF
and gnotobiotic BALB/cJ mice colonized with single bacterial lineages monitored for 150 days. (D)
Final assessment of leukemia development in mice from these groups at day 150. (E) Frequency
of infected splenocytes (infectious centers, ICs) per 10° splenocytes in SPF and gnotobiotic mice.
n, number of mice used per group. p values were calculated using Mantel-Cox test (A, C), Fisher's
exact test (B, D), and unpaired t test (E). Error bars indicate standard error of the mean.
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role of IL-6 in virally- induced leukemia, IL-6-sufficient and -deficient female mice were infected
with RL-MuLV and their progeny were monitored for leukemia. IL-6-sufficient and -deficient mice
both developed leukemia at the same latency and with similar incidence (Figure 1.5A).
Interestingly, while about 50% of infected SPF BALB/cJ WT mice develop leukemia by 150days
(Figure 1.3B), we noticed that nearly 80% of SPF BALB/c IL-67 mice exhibit leukemia by 150 days
(Figure 1.5A). This could be attributed among other possibilities to the difference in strain
background between BALB/cJ (the background strain used for all mice in the studies) and
BALB/cByJ mice (the background strain of the IL-67 mice) that could influence the microbiota
altering the rate of leukemia development. In addition, other cytokines have been shown to
support tumor immune evasion by inhibiting immune effector functions. IL-4 and IL-10 have been
reported to facilitate monocyte differentiation in tumors towards an M2 phenotype which support
tumor growth and invasion (Mantovani et al., 2002). Furthermore, IL-10 enhances T cell
suppression and inhibits dendritic cell function, and elevated serum IL-10 has been described as a
negative clinical outcome for a variety of tumors (Moore et al., 2001). To determine whether other
cytokines are associated with leukemia development in MuLV infected mice, we measured protein
levels of IL-6, IL-2, IL-4, IFN-y, TNF-a, IL-17A, and IL-10 in the sera of uninfected, infected, and
leukemic mice only to find that levels of these cytokines were unchanged (Figures 1.5B, 1.5C,
1.5D, 1.5E, 1.5F, 1.5G, and 1.5H). It is important to note that while we did not observe altered
levels of these cytokines in the sera, that cytokine levels may be different at the level of tumor
microenvironment. Furthermore, other cytokines omitted in our investigation could influence
leukemia development. Thus, while we were unable to detect elevated or reduced levels of these
cytokines in the sera of infected mice compared to uninfected mice, cytokines or other signaling
molecules involved in MuLV induced leukemia development are yet to be established.
Maintenance of pre-cancerous and cancerous cells within the host requires the evasion or
suppression of the immune response (Kim et al., 2007; Shankaran et al., 2001). To test the role of

the adaptive immune response in resistance of GF mice to RL-MuLV-induced leukemia, we
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Figure 1.5. Expression of certain cytokines does not correlate with MuLV induced leukemia

development.

(A) Survival of IL-6 sufficient and IL-6 deficient MuLV-infected SPF BALB/cJ mice. (B-H) Serum
cytokine concentration was measured in uninfected (score 0), infected preleukemic (score 1) and
infected leukemic (scores 2-3) BALB/cJ mice using a flow cytometry bead-based assay. (B) IL-6
(C) IL-2 (D) IL-4 (E) IFN-y (F) TNF-a (G) IL-17A (H) IL-10. n, number of mice used. p values
calculated using Mantel-Cox test (A) or unpaired t test (B, C, D, E, F, G, H). Error bars indicate
standard error of the mean.
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monitored leukemia development in immunodeficient RAG1 recombinase negative (lacking a
functional adaptive immune system) GF BALB/cJ G1 mice born to injected RAG1-deficient GO
mice. RAG1 deficiency led to enhanced susceptibility of RL-MuLV infected GF mice to leukemia
(Figures 1.6A and 1.6B). Importantly, both GF and SPF RAG1” mice displayed a similar frequency
of infected splenocytes, excluding the possibility that the sensitivity of RAG1-deficient mice to
MuLV-induced tumors could be simply explained by an increase in viral replication in these mice
(Figure 1.6C).

These data implied that increased leukemia susceptibility in SPF mice was a consequence
of commensal bacteria suppressing the anti-tumor adaptive immune response. And, conversely,
the absence of commensal bacteria in GF mice allowed an unsuppressed adaptive immune
response to counteract the development of leukemia. Even though MuLV induces
immunosuppression in SPF mice (Dittmer et al., 2004; Robertson et al., 2006), the immune
response still controls leukemia development to a certain degree as SPF RAG1™ mice exhibited
increased leukemia susceptibility compared with SPF RAG1-sufficient mice (Figures 1.6A and
1.6B). This response was unrelated to the virus-specific antibodies (Abs) as neither infected GF
nor SPF mice mounted potent virus-specific Ab responses (Figure 1.6D). In addition, significant
susceptibility of GF RAG1" mice to MuLV-induced leukemia ruled out the possibility that
resistance of GF wild-type mice to leukemia is due to the lack of provirus integration in the vicinity
of oncogenes.

Considering B cell mediate antibody responses do not appear to restrict leukemia
development in GF mice, the other subsets of the adaptive immune response absent in RAG1™
mice, T cells and NKT cells, must play a more prominent role. To delineate which subset of the
adaptive immune response controls leukemia development in GF mice, we generated CD4™,
CD8, and CD47"CD8" mice on the BALB/cJ background using CRISPR Cas9 (Figures 1.7A and
1.7B). CD4" and CD8" T cells have been shown to play a direct role in anti-tumor immunity (Toes

et al., 1999). Therefore, we reasoned these cell types may play a critical role in MuLV induced
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Figure 1.6. Comparison of leukemia susceptibility of immunosufficient and
immunodeficient infected GF and SPF BALB/cJ mice.

(A) Survival of infected RAG1-sufficient SPF, RAG1-deficient SPF, RAG1-sufficient GF, and RAG1-
deficient GF BALB/cJ miceover 150 days. (B) Total leukemia incidence of infected indicated mice
at 150 days. (C) Comparison of the viral burden (frequency of infected cells per 10° splenocytes) in
indicated preleukemic mice (score 1). (D) MuLV-specific ELISA to detect anti-virus antibodies.
I/Lnd mice fostered on MuLV-infected BALB/cJ females are included as a positive control as they
produce virus-neutralizing antibodies (Case et al., 2008). n, number of mice used. p values
calculated using Mantel-Cox test (A), Fisher’s exact test (B), or unpaired t test (C, D). Error bars

indicate standard error of the mean.
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leukemia development. CD4-, CD8-, and CD4/CD8-deficient mice were rederived as GF and bred
to produce a sizeable colony. Females were injected with 1 x 10° PFU MuLV and bred to produce
the subsequent generation. G1 mice are currently being monitored for leukemia. We hypothesize
deficiency in the cell subset which enables protection from leukemia in the GF setting would
render infected GF mice as susceptible to leukemia as GF RAG1” mice. We additionally
generated similar colonies of CD4™, CD8”, and CD4"CD8” mice in the SPF environment,
infected females with MuLV, and are currently monitoring the G1 progeny. We expect mice
deficient in the subset of cells which provide minor control of leukemia development in infected
SPF mice will render mice as susceptible to leukemia as SPF RAG1” mice.

Among the factors influencing tumor development, the host’s microbiota has been found to
play a significant role. The intestinal microbiota has been implicated in progression of cancers of
the gut or organs connected with the gut such as the liver. That effect is achieved by signaling
through pattern recognition receptors or producing metabolites that lead to the induction of
inflammatory cytokines and chemokines, as well as through production of DNA-damaging reactive
oxygen and nitrogen species (Arthur et al., 2012; Hope et al., 2005; Rakoff-Nahoum & Medzhitov,
2007; Reddy et al., 1975; Yoshimoto et al., 2013). At the same time, the gut microbiota can be
tumor suppressive (Donohoe et al., 2014) or enhance the effect of anti-cancer immunotherapy by
modifying dendritic cell maturation and promoting tumor specific T cell responses (Sivan et al.,
2015; Vetizou et al., 2015).

Using a model of retrovirally-induced leukemogenesis, we found the gut commensal
bacteria constitute an additional factor, which is utilized by tumors to counteract the immune
response. Importantly, this happens in an organ distant from the intestinal tract. The host
microbiome has been already shown to support the pathogenic effects of various viruses
(Baldridge et al., 2015; Kuss et al., 2011; Uchiyama et al., 2014). However, in these studies,
decreased pathogenesis due to the microbiota ablation was clearly coupled with reduction of virus

replication. In contrast to these experiments, we show that the decreased leukemogenesis
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Figure 1.7. CRISPR-Cas9 targeting strategy for generation of CD4-, CD8-, and CD4/CD8-

deficient mice.

CRISPR-Cas9 targeting strategy for (A) CD4 and (B) CD8. Red arrow indicates location of
double-stranded breaks within the targeted gene. Targeted sequences are shown on the right. All
lines generated and the regions of the chromosome deleted are listed in blue boxes. Guides for
CD4 and CD8 were used in conjunction to generate double deficient mice.
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observed in MuLV infected microbiota-free mice is not linked to a decrease in the virus burden.
Thus, another tumor-promoting mechanism had to be found, which was subsequently identified as
a negative regulation of adaptive immunity.

First, we discovered that adaptive immunity indeed controlled leukemogenesis in infected
GF mice. The high susceptibility and rapidity with which MuLV infected GF RAG1” mice develop
leukemia supports a role for cells expressing somatically rearranged immune receptors in
controlling tumor development in GF mice. As neither SPF nor GF infected mice produce
neutralizing antibodies against viral antigens (Figure 1.6D), any prominent role for B cells in a
protective anti-tumor immune response seems unlikely. The absence of virus-neutralizing
antibodies also explains the lack of control of the extracellular virus resulting in similar viral
replication levels in GF and SPF mice. Therefore, the adaptive immune response against MuLV
pathogenesis is likely controlled by T cells and/or NKT cells. Anti-tumor immunity response by
NKT cells is thought to be primarily through their support of other effector cells like CD8" T cells
and NK cells via production of Th1 cytokine IFN-y (Crowe et al., 2002) or IL-2 (Metelitsa et al.,
2001). Both CD4" T cells and CD8" T cells play decisive roles in suppressing tumor development
and growth (Toes et al., 1999). CD4" T cells contribute to anti-tumor immunity by secretion of
proinflammatory cytokines such as IL-2, IFN-y, and TNF- « (Quezada et al., 2010). CD4" T cells
have also been reported to adopt cytotoxic activity by means of Fas-mediated cell death or
perforin and granzyme induced apoptosis (Nagata & Golstein, 1995; Raskov et al., 2021; Xie et
al., 2010). However, the exact subset of the adaptive immune system that controls leukemia

development in GF mice remains an area of investigation.
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CHAPTER 2: TWO NEGATIVE IMMUNE REGULATORS CONTRIBUTE TO BACTERIA
DEPENDENT MULV INDUCED LEUKEMIA DEVELOPMENT

Preface

The contents of this chapter are modified and adapted from J. Spring, S. Lara, A. Khan, K.
O’Grady, J. Wilks, S. Gurbuxani, et al. bioRxiv 2022 Pages 2022.02.02478820. | performed most
of the experiments described in this section. A.K. carried out computational analysis of the RNA-
seq data. S.L. performed real time PCRs and IC assays for Serpinb9b” and Rnf128” mice. S.E.

helped design CRISPR/Cas9 approaches to target Serpinb9b and Rnf128.

Abstract

Various methods by which the microbiota supports or suppresses tumor development and
progression have been well documented (Arthur et al., 2012; Donohoe et al., 2014; Hope et al.,
2005; Rakoff-Nahoum & Medzhitov, 2007; Reddy et al., 1975; Yoshimoto et al., 2013). Using
MuLV as a model of retrovirally-induced leukemia, we identified a novel mechanism whereby
negative immune regulators suppress the anti-tumor immune response in a microbiota dependent
manner. These negative regulators, Rnf128 and Serpinb9b, which are associated with a poor
prognosis of some spontaneous human cancers, were found to be crucial for MuLV induced

leukemia development in the SPF setting.

Introduction

The immune system plays a critical role in controlling tumors of various etiology at each of
the steps of tumor development mentioned above (Vinay et al., 2015). Immunosurveillance forces
tumor cells to exploit multiple mechanisms of avoidance of the immune responses: induction of
regulatory T cells (Jacobs et al., 2012), defective antigen presentation due to down-modulation of
antigen processing machinery (Hicklin et al., 1999; Johnsen et al., 1999), production of
immunosuppressive mediators (Lind et al., 2004; Pasche, 2001), and induction of tolerance

(Staveley-O'Carroll et al., 1998), to name a few. As we have shown, the microbiota is an additional
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factor that plays a role in tumor development. To further understand this phenomenon, we needed
to discern the molecular mechanisms by which the microbiota promotes leukemia development in

MuLV infected mice.

Results and discussion

To identify microbiota-mediated signaling pathway(s) essential for counteracting the
immune response controlling leukemia progression, RNAseq was performed using spleens from
infected and uninfected age-matched GF and SPF mice (GF, GF MuLV, SPF, SPF MuLV) at the
pre-leukemic stage (score 1) (Figure 2.1A). Given the distinct phenotype of MuLV infected SPF
mice, we sought to identify robust gene expression changes associated with both the presence of
the microbiota and viral infection. We subjected the set of all genes quantified across all mice to a
series of heuristic gene set filters. First, we identified gene expression changes common between
SPF MuLV mice and GF, GF MuLV, and SPF mice (log-fold change > 0.5 and p < 0.05 Wilcoxon
rank sum test): (a) SPF MuLV vs GF MuLV, (b) SPF MuLV vs SPF, and (c) SPF MuLV vs GF
(Figure 2.1A, positive gene set). Second, we identified genes expression changes specific for GF,
GF MuLV, and SPF mice that were different from SPF MuLV mice: (d) GF vs GF MuLV, (e) SPF
vs GF, and (f) SPF vs GF MuLV (Figure 2.1A, negative gene set). Finally, we subtracted the
negative gene set from the SPF MuLV specific positive gene set, resulting in candidate genes
specifically impacted by the presence of both the virus and the microbiota. Knowing that
leukemogenesis depends on the negative regulation of the immune response, we focused on
genes that were known to have properties of negative immune regulation (Figure 2.1B, red
arrows). Three genes - V-set immunoglobulin-domain-containing 4 (VSig4), serine (or cysteine)
peptidase inhibitor, clade B, member 9b (Serpinb9b), and Ring finger protein 128 (Rnf128, also
known as gene related to anergy in lymphocytes, or GRAIL) were selected for further in vivo
analysis.

VSig4 was discovered as a complement receptor and then subsequently shown to inhibit T
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cells (Vogt et al., 2006; Zeng et al., 2016). Serpinb9b is a serine protease inhibitor that acts on
and suppresses granzyme M (Bots et al., 2005). Rnf128 is a ubiquitin ligase that among many
functions has been shown to ubiquitinate CD3 and CD40L on T cells, leading to their degradation
(Lineberry et al., 2008; Nurieva et al., 2010). To confirm the upregulation of these genes by MuLV
and the microbiota, real time quantitative PCR (RT-gPCR) was performed using RNA isolated
from the spleens of pre-leukemic mice. Whereas SPF pre-leukemic mice showed significant
upregulation of these genes compared to uninfected SPF mice (Figure 2.2A), GF pre-leukemic
mice did not (Figure 2.2B) confirming the RNAseq data (shown in Figure 2.1B). Notably, the
expression of VSig4, Serpinb9b, and Rnf128 was also upregulated in the spleens of L. murinus-
colonized mice but not P. goldsteinii colonized mice (Figure 2.2C) indicating that their induction
correlated with the presence of bacteria with leukemia-promoting properties. Interestingly, Rnf128
was the only factor upregulated in the spleens of B. theta and E. faecalis colonized mice (Figure
2.2C), which exhibited high leukemia susceptibility. Together, these data suggest that one or a
combination of these negative immune regulators function in a microbiota dependent fashion to
suppress the anti-tumor immune response.

To provide definitive proof that all or some of these genes (VSig4, Serpinb9b, and Rnf128)
function to promote leukemia, a CRISPR-Cas9 approach was taken to generate BALB/cJ mice
lacking these genes with the expectation that elimination of the critical factor(s) would result in
leukemia resistance even in the presence of commensal bacteria. Guides were designed to target
exon 1 of VSig4 (Figure 2.3A), exon 2 of Serpinb9b (Figure 2.3B), and the ring finger domain
within exon 4 of Rnf128 (Figure 2.3C) resulting in frameshifting indels (VSig4 and Serpinb9b)
(Figure 2.3D) and disruption of a functionally important domain of Rnf128 (Anandasabapathy et
al., 2003). Mice with targeted mutations, their wild-type littermates, and BALB/cJ mice bred in the
same colony were injected with the virus and further bred to produce infected offspring to be
monitored for leukemia. VSig4-deficient mice developed leukemia at a similar latency and

incidence as VSig4-sufficient mice (Figures 2.4A, 2.4B, and 2.4D), indicating VSig4 by itself
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Figure 2.1. Gene expression mediated by commensal bacteria and the virus.

RNA isolated from spleens of preleukemic mice (score 1) of 4 groups (SPF +/- MuLV infection and
GF +/- MuLV infection) was subjected to high throughput sequencing. (A) Diagram detailing the
series of operations taken to identify genes differentially expressed in spleens of mice from four
groups. See explanation in the text. (B) Heat map of gene expression found to be significantly
upregulated in SPF MuLV-infected mice compared to mice from all other groups. Red arrows
indicate established negative regulators of adaptive immunity. Two-way ANOVA was used to
identify genes upregulated in infected SPF mice compared to uninfected SPF, uninfected GF, and
infected GF mice.

51



A VSig4 Serpinb9b Rnf128

p <0.0001
10+ (P <0.0001, 10 10+ —
p <0.0001 -
- L)
s & . ] [
§ 5 L] § 5 " £ 54 _%=
SPF 3 - . b I . H
s .. : kS L s ° .
S 0 gshge 50 == $ 05 ¥
§) & . S DAELH S eVeo
5 T 5 T T 5 T T
Leukemia
score: 0 1 0 1 0 1
n: 1 12 1 12 9 12
B VSig4 Serpinb9b Rnf128
10 p=008 10 10
p=0.04
L] o p=0.1
§s S 51 . gs p
@ o 5} <
3 L]
GF Sl cts8se Mmy 5 | s %20l 2%  g==
° -io _‘I‘_ o L %%, —_‘ﬁ
S ..' L o] S o é- C} ay
s ar 85 gz S Chab by
- ]
-10 10
Leukemia T T T 10 ! !
score: 0 1 0 1 0 1
n: 20 14 13 13 14 13
C VSig4 Serpinb9b Rnf128
159 p=00001 159 15
] ) o
0.0001
210+ an 210 210 AL
L. murinus £ i g jpo0ted, g .
. S G e HL
- 54 - 54 o 5
I > 2, =
S . R— S 04 W . [ 2. " uwnf
B el DRt o D
Leukemia ' r Leukemia T Leukemia T
score: 0 1 score: 0 1 score: 0 1
n 18 1 n 16 1" n 18 17
104 10 10
p=05
S 3 3
& 5 & 54 - g s p=0008
P. goldsteinii & p=07 5 5
=l . 1 o % "
o
504 - T - < o] B
=] —_
5 *t Wt g S oo
L
5 s 5
Leukemia ' T Leukemia T Leukemia " T
score: 0 1 score: 0 1 score: 0 1
n: 6 10 n 8 8 n: 8 8
- =02 =
10 10 ) 10
[} [ - () -
= = = o p=0.02
& 54 3 54 8 54 .
B. theta S S i e e
% % e —— S °° .—'j-.v .
<04 B e~ e e
D 2 o - 2 . -
S 3 3
5 5 sl
Leukemia ! Leukemia ' T Leukemia ' g
score: 0 1 score: 0 1 score: 0 1
n: " 12 n: 1 12 n: 9 12

Figure 2.2. Induction of negative regulators of the immune response by commensal
bacteria and the virus.

(A, B) Real time quantitative PCR (qPCR) measurement of expression of the negative
regulators of immune response in SPF and (B) GF mice. Mice were either uninfected (score 0)
or infected pre-leukemic (score 1). (C) gPCR with RNA isolated from spleens of uninfected
(score 0) and infected pre-leukemic (score 1) mice colonized with L. murinus, P. goldsteinii, or
B. theta. Data are represented as log, fold change compared to uninfected controls, normalized
to the endogenous control (beta-actin). n, number of mice used. p values calculated using
unpaired t test (A, B, C). Error bars indicate standard error of the mean.
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Figure 2.3. CRISPR-Cas9 targeting strategy for generation of VSig4-, Serpinb9b-, and
Rnf128-deficient mice.

CRISPR-Cas9 targeting strategy for (A) VSig4, (B) Serpinb9b, and (C) Rnf128. Red arrow
indicates location of double-stranded breaks within the targeted gene. Targeted sequences are
shown on the right. All lines generated and the regions of the chromosome deleted are listed in
blue boxes. (D) Peritoneal macrophages isolated from wild-type mice and VSig4™ mice were
stained with anti-VSig4 and anti-F4/80 antibodies. Representative FACS plot depicting staining
in a wild-type mouse (plot on the left) and VSig4” mouse from line #2 (plot on the right).
Deletion of VSig4 in the other lines was confirmed by FACS (data not shown).
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does not contribute to MuLV-induced leukemia development. Serpinb9b-deficient mice showed
a significant delay in leukemia development (Figures 2.4A and 2.4E) and reduced incidence of
leukemia (Figure 2.4B) compared to wild-type and littermate mice (Figures 2.4A, 2.4B, and
2.4E). Interestingly, latency and incidence of leukemia development in Rnf128-deficient SPF
mice were both significantly delayed and reduced compared to wild type mice (Figures 2.4A and
2.4B). Thus, Serpinb9b-deficiency and Rnf128-deficiency reverted leukemia susceptibility in
SPF conditions to that of GF WT mice without affecting viral replication (Figure 2.4C).

Rnf128 was upregulated in CD3" cells, specifically CD4" T cells (Figures 2.5A),
supporting a role for Rnf128 in mediating CD4" T cell unresponsiveness as previously reported
(Kriegel et al., 2009; Nurieva et al., 2010). Serpinb9b was not upregulated in B cells, T cells,
macrophages, or NK cells upon viral infection (Figure 2.5B). Overall, these data suggesting a
pivotal role for T cells lacking Rnf128 and non-B, T, macrophage, or NK cells lacking Serpinb9b
in blocking leukemia progression.

Although VSig4 does not contribute to MuLV induced leukemia development, VSig4
expression correlated very well with progression of leukemia in infected mice (Figures 2.6A and
2.6B). Importantly, the observed increase in VSig4 expression was not due to an influx of F4/80*
macrophages into the spleen. Suggesting the increase in VSig4 expression is due to an altered
transcriptional state in splenic resident macrophages rather than an influx of monocyte derived
macrophages from the bone marrow. Therefore, we entertained the possibility that VSig4
expressing splenic resident macrophages contribute to leukemia development rather than VSig4
itself. There is precedence supporting macrophages contributing to tumor development. Tumor
associated macrophages (TAMs) have been shown to support an inflammatory state in the
tumor microenvironment (Mantovani et al., 2002). Specifically, TAMs exhibit reduced antigen
presenting capacity and suppress T cell activation via release of inhibitory IL-10 and TGF-pB.

Additionally, TAMs secrete growth factors such as epidermal growth factor and vascular
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Figure 2.4. Resistance of Rnf128-deficient and Serpinb9b-deficient SPF mice to MulLV-
induced leukemia.

MuLV-infected BALB/cJ mice deficient in either VSig4, Serpinb9b, or Rnf128 were monitored for
leukemia development. (A) Survival curves for up to 150 days are shown. (B) Final leukemia
assessment at 150 days. (C) Infectious centers per 10° splenocytes from pre-leukemic (score 1)
SPF WT, VSig4™, Serpinb9b™, and Rnf128" mice. (D) Survival curve of SPF MuLV-infected
VSig4™, VSig4** littermates, and wild-type non-litermate BALB/cJ mice bred in the colony. (E)
Survival curve of SPF MuLV- infected SPF Serpinb9b™, Serpinb9b** littermates, and wild-type
non-littermate BALB/cJ mice bred in the colony. As Rnf128 is mapped to X chromosome we had
limited Rnf128+/+ mice as littermate controls and thus, used non-littermate BALB/cJ mice bred
in the colony as experimental controls. n, number of mice used. p values calculated using
Mantel-Cox test (A, D, E), Fisher’s exact test (B), and unpaired t test (C). Error bars indicate
standard error of the mean.
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Figure 2.5. Cell expression of Rnf128 and Serpinb9b.

Expression of Rnf128 and Serpinb9b in sorted splenic cell RNA from uninfected and infected
SPF WT mice analyzed by gPCR. Data are represented as log. fold change compared to
uninfected controls, normalized to the endogenous control (beta-actin). (A) Expression of
Rnf128 in B220*, F4/80", CD3", CD4", and CD8" sorted cells. (B) Expression of Serpinb9b in
B220*, CD3", and F4/80" sorted cells. n, number of mice used. p values calculated using
unpaired t test (A, B).
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Figure 2.6. Analysis of the role of VSig4 in MuLV-induced leukemia development.

(A) Percentage of F4/80"VSig4* splenocytes in uninfected and infected WT SPF mice analyzed
by FACS. (B) Expression of F4/80*VSig4* splenocytes in uninfected (left) and leukemic (right)
spleen analyzed by immunohistochemistry. The top panel shows staining for VSig4 in red. The
middle panel reflects F4/80 staining in green. The bottom panel is an overlay of the top two
panels. Orange color results from overlapping VSig4 (red) and F4/80 (green) fluorescence. (C)
CRISPR-Cas9 targeting strategy for VSig4 IRES-DTR-GFP knock-in. p values calculated using
unpaired t test (A).

57



endothelial growth factor that influence tumor cell proliferation and angiogenesis (Mantovani et
al., 2002). To test our hypothesis that VSig4 expressing splenic resident macrophages support
leukemia development, we will be generating a mouse in which we can specifically delete VSig4
expressing macrophages. Using CRISPR/Cas9, an IRES-DTR-GFP fusion protein was inserted
in the 3’ UTR region of the VSig4 gene (Figure 2.6C). As the diphtheria toxin receptor (DTR) is
not native to mice, only cells expressing the receptor will be susceptible to killing by the
diphtheria toxin (Dtx). Upon exposure to Dtx, the catalytic A subunit will ADP-ribosylate
elongation factor 2 (EF-2). ADP-ribosylation inactivates EF-2 and therefore prevents protein
synthesis, leading to apoptosis mediated cell death (Ruedl & Jung, 2018). As F4/80" VSig4
expressing macrophages in the spleen are resident macrophages derived from the fetal liver,
they will not be replenished by bone marrow derived monocytes after Dix treatment (Perdiguero
& Geissmann, 2016). Therefore, this is an effective mechanism by which to eliminate resident
splenic macrophages expressing VSig4. Expression of this fusion protein will be confirmed by
FACS and founder mice bred to establish a colony. To test whether VSig4 expressing
macrophages contribute to leukemia development, the following study will be conducted.
Female knock-in (KI) mice will be infected, and their progeny will be injected with a few doses of
Dtx post weaning. Absence of VSig4 expressing macrophages will be confirmed by FACS. G1
treated Kl mice will be monitored for leukemia along with G1 untreated Kl mice. If Dix treated K
mice develop leukemia at a slower rate than untreated Kl mice, we can conclude that VSig4
expressing resident splenic macrophages support MuLV induced leukemia development.

In conclusion, RNA-seq analysis revealed three negative immune regulators whose
expression was significantly increased in the presence of both the virus and the microbiota.
Rnf128 and Serpinb9b proved to be critical for leukemia development in MuLV-infected SPF
mice. In line with our results, overexpression of members of the ovalbumin family of serpins, to
which Serpinb9b belongs, and Rnf128, are markers for poor prognosis in some human cancers

(Bai et al., 2020; ten Berge et al., 2002; Uhlen et al., 2017) and our own analysis of previously
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published data (Bolouri et al., 2018). A homolog for Serpinb9b has not been identified in
humans, but related family member, human proteinase inhibitor 9 (SerpinB9) inhibits perforin-
mediated cytotoxic T lymphocyte (CTL) cytotoxicity (Medema et al., 2001). Additionally, murine
Serpinb9 was shown to protect mouse melanoma tumors from granzyme B mediated killing
(Jiang et al., 2020). Published data support the idea that Serpinb9b functions in a similar
manner by inhibiting the action of granzymes toward tumors (Bots et al., 2005). Rnf128 is highly
expressed in T cells undergoing anergy and subsequently found to regulate T cell function by
ubiquitinating key activation signaling molecules, such as CD3 and CD40L, resulting in their
degradation (Lineberry et al., 2008; Nurieva et al., 2010). Rnf128 deficient primary CD4" T cells
did not develop anergic phenotype in various models and also exhibited hyperactivation upon
TCR stimulation (Kriegel et al., 2009). Rnf128 deficiency in CD8" T cells enhances their anti-
tumor effector function by increasing expression of IFN-y, granzyme B, perforin 1, and TNF-a
(Haymaker et al., 2017). Precisely how Serpinb9b and Rnf128 function in the context of MuLV
infection is unknown, but it is likely that they mediate immune suppression via these described
pathways.

Interestingly, VSig4™ mice were as susceptible as wild-type littermates to MuLV-induced
leukemia (Figures 2.4A and 2.4B). Although VSig4 is a bona fide negative regulator, in this case
it may have been a marker of cells that upregulate VSig4 but have immunosuppressive function
that is independent of it. For example, resident macrophages, in which VSig4 is expressed, are
known to have immunosuppressive function (Chen et al., 2011; Chen et al., 2010; Fu et al.,

2012; Vogt et al., 2006; Xu et al., 2010).
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CHAPTER 3: INNATE IMMUNE SENSORS OF BACTERIA MODULATE LEUKEMIA
DEVELOPMENT BY UPREGULATION OF NEGATIVE IMMUNE REGULATORS

Preface

The contents of this chapter are modified and adapted from J. Spring, S. Lara, A. Khan,
K. O’'Grady, J. Wilks, S. Gurbuxani, et al. bioRxiv 2022 Pages 2022.02.02478820. | performed
most of the experiments described in this section. J.W. monitored TLR2", TLR4", and TLR2™"
TLR4™ mice for leukemia and conducted infectious center assays on these mice. S.L. assisted
with gPCR analysis of negative immune regulators in Caspase1/11" and RIPK2” mice. S.L.

analyzed 16S rRNA sequencing.

Abstract

Presence and detection of the commensal microbiota plays a crucial role in establishing
and maintaining the host’s health. However, certain pathogens have made use of the host’s
detection of commensal microbes for their own advantage, enabling evasion and suppression of
the immune system (Baldridge et al., 2015; Ichinohe et al., 2010; Kane et al., 2011; Kuss et al.,
2011; Uchiyama et al., 2014). While the influence of commensal microbes on viral infection is
well established, in many studies the nature of the microbial derived factor(s) and the host
sensor(s) that detects this factor to manipulate the host response to the pathogen is not well
understood. In this chapter, we describe how in the context of MuLV infection, detection of
bacteria derived factors via innate immune sensors Caspase1/11 and RIPK2 upregulates
negative immune regulator Serpinb9b, promoting leukemia development likely via suppression
of the anti-tumor immune response. A novel mechanism utilized by a pathogen to suppress the

immune response.
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Introduction

Known mechanisms by which the microbiota influences cancer development requires
detection of the microbe(s) through host pattern recognition receptors or microbial mediated
production of metabolites which in turn induces production of signaling molecules or
inflammation to promote tumor growth (Arthur et al., 2012; Hope et al., 2005; Rakoff-Nahoum &
Medzhitov, 2007; Reddy et al., 1975; Yoshimoto et al., 2013). As we have shown, the host
microbiota supports MuLV induced leukemia development through upregulation of negative
immune regulators that suppress the immune response against MuLV pathogenesis. Our next
goal was to identify how the host detects tumor promoting bacteria and whether this sensing

directly mediates expression of the negative immune regulators.

Results and discussion

To ascertain how the host detects microbial derived factors which subsequently leads to
upregulation of negative immune regulators, we investigated the role of host innate immune
receptors in RL-MuLV- induced leukemia. Given that bacteria are sufficient to promote RL-
MuLV induced leukemia, we investigated pattern recognition receptors that specifically detect
bacterial moieties. We hypothesized that removal of the host sensor detecting leukemia-
promoting bacteria would result in resistance to leukemia even in the presence of the
microbiota. Mice lacking innate immune receptors TLR2, TLR4, Caspase1/11, and mice unable
to signal through NOD1/2 via deficiency in adaptor RIPK2 were bred on the BALB/cJ
background, infected with RL-MuLV and their offspring were monitored for leukemia. Mice
deficient in TLR2, a receptor for bacterial products including lipoteichoic acid and capsular
polysaccharide (de Oliviera Nascimento et al., 2012; Graveline et al., 2007; Han et al., 2003),
displayed latency and incidence of leukemia similar to WT SPF mice (Figures 3.1A and 3.1B).
Similarly, TLR4-deficient mice, which are unable to detect LPS (Poltorak et al., 1998), exhibited

leukemia latency and incidence similar to WT SPF mice (Figures 3.1A and 3.1B). However, it
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was possible that signaling through either TLR2 or TLR4 could be redundant and promote
leukemia development. To address this possibility, we infected TLR2“TLR4™" mice and
monitored their offspring for leukemia to find that they were as susceptible as mice deficient in
either single receptor (Figures 3.1A and 3.1B).

Caspase1/11 deficient mice, which lack the ability to detect intracellular LPS (Huang et
al., 2019), had a leukemia latency comparable to WT GF mice (Figure 3.2A). However, upon
closing Caspase1/11 deficient mice at the end of the experiment, it was discovered that despite
a lack in overt symptoms of leukemia, many mice had spleens weighing > 0.35g and were thus
considered leukemic. Therefore, total leukemia incidence in Caspase1/11 deficient mice is
comparable to WT SPF mice (Figure 3.2B). Overall, Caspase1/11 deficiency delays leukemia
development, but does not decrease the incidence of leukemia.

At the same time, mice deficient in RIPK2, the downstream adaptor of intracellular
peptidoglycan receptors NOD1 and NOD2 (which detect y-D-Glu-mDAP and MurNAc-L-Ala-D-
isoGlIn, respectively) (Caruso et al., 2014), had significantly increased latency and decreased
total leukemia incidence compared to WT SPF mice (Figures 3.1A and 3.2B). These data
suggest that detection of microbial products, likely intracellular peptidoglycan, and signaling
through the NOD1/2 RIPK2 pathway promoted RL-MuLV induced leukemia development.
Importantly, viral burden was not decreased in Caspase1/11- or RIPK2- deficient mice
compared to littermate controls, ruling this out as a possibility for the increased resistance to
leukemia (Figures 3.2C and 3.2D). Although RIPK2 deficient mice were significantly more
resistant to leukemia development compared to WT SPF mice, RIPK2 deficiency did not confer
the level of leukemia resistance as observed in WT GF mice (Figures 3.2A and 3.2B).
Suggesting that other innate immune sensors also play a role in RL-MuLV induced leukemia
development.

We next contemplated how signaling through Caspase1/11 and RIPK2 could impact

leukemia development. Considering upregulation of the negative immune regulators Rnf128,
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Figure 3.1. Innate immune receptors TLR2 and TLR4 do not contribute to MuLV-induced
leukemia development.

MuLV-infected BALB/cJ mice deficient in either TLR2, TLR4, or both were monitored for
leukemia development. (A) Survival curves for up to 150 days are shown. (B) Final leukemia
assessment at 150 days. n, number of mice used in the study. p values calculated using Mantel-
Cox test (A) and Fisher’s exact test (B).

63



VSig4, and Serpinb9b is dependent upon the microbiota, we wondered if detection of the
microbiota through Caspase1/11 and/or RIPK2 would directly induce expression of these genes.
To address this, we analyzed RNA expression of the negative immune regulators in infected
Caspase1/11 and RIPK2 deficient mice. RNA from the spleens of infected and uninfected
Caspase1/11 and RIPK2 deficient mice as well as their WT littermate counterparts was isolated.
Expression of the negative immune regulators was assayed using SYBR green RT-gPCR.
Neither Caspase1/11 nor RIPK2 deficiency influenced VSig4 expression upon infected (Figures
3.3A and 3.3B). Similarly, Rnf128 expression was upregulated in infected Caspase1/11 and
RIPK2 deficient mice compared to uninfected deficient mice (Figures 3.3C and 3.3D). In
contrast, Serpinb9b was not upregulated in either infected Caspase1/11 or RIPK2 deficient mice
(Figures 3.3E and 3.3F). Importantly, Serpinb9b was upregulated in infected Caspase1/11-
sufficient and RIPK2-sufficient control mice (Figures 3.3E and 3.3F). Together, these data
demonstrate that activation of RIPK2 and Caspase1/11 contributes to the upregulation of
Serpinb9b in the presence of both the virus and commensal bacteria. Therefore, a lack of
Serpinb9b upregulation in Caspase1/11 and RIPK2 deficient mice is likely the basis for the
observed increase in leukemia resistance.

If signaling through Caspase1/11 and RIPK2 induces Serpinb9b expression, why is
there no upregulation of Serpinb9b in mice deficient in only one receptor? We hypothesize
signaling through these receptors has an additive effect which leads to a detectable increase in
Serpinb9b expression. This could explain why neither Caspase1/11 or RIPK2 deficient mice are
as resistant to leukemia development as Serpinb9b deficient mice (Figures 3.2A, 3.2B, 2.4A,
and 2.4B). Further delving into this hypothesis requires Caspase1/11/RIPK2 double deficient
mice, which are currently being generated. If Serpinb9b expression upon MuLV infection is
dependent upon signaling through Caspase1/11 and RIPK2, we would expect double deficient
mice to have even lower levels of Serpinb9b expression compared to single deficient mice and

similar leukemia resistance as mice lacking Serpinb9b. Finally, while signaling through
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Figure 3.2. NOD1/2 adaptor RIPK2 and Caspase1/11 contribute to MuLV-induced
leukemia.

Leukemia development was monitored in RL-MuLV-infected SPF BALB/cJ mice deficient in
either RIPK2 or Caspase1/11. (A) Survival curves up to 150 days. (B) Total leukemia incidence
at 150 days. (C, D) Comparison of viral load [number of infectious centers (ICs) per 10°
splenocytes] in Caspase1/11-deficient and sufficient (C) or RIPK2-deficient and sufficient (D)
animals. IC assay was done on preleukemic mice with score 1. n, number of mice used. p
values were calculated using Mantel-Cox test (A), Fisher’s exact test (B), and unpaired t test
(C). Error bars indicate standard error of the mean.
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Figure 3.3. Caspase1/11 and NOD1/2 adaptor RIPK2 mediate MuLV-induced leukemia via
upregulation of Serpinb9b.

(A-D) Expression of VSig4 (A, B) and Rnf128 (C, D) in splenic RNA from Caspase1/117 and
RIPK2"- uninfected and infected mice analyzed by qPCR. (E, F) Expression of Serpinb9b in
splenic RNA from Caspase1/117 and control Caspase1/11*" (E) or RIPK2" and control RIPK2*"
(F) uninfected and infected mice analyzed by qPCR. Data are represented as log. fold change
compared to uninfected controls, normalized to the endogenous control (beta-actin). n, number
of mice used. p values calculated using unpaired t test (A, B, C, D, E, F).
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Caspase1/11 and RIPK2 leads to Serpinb9b upregulation, the signaling pathway that
upregulates Rnf128 is currently unknown.

Previous research from our lab has described the influence of host genetics on the
microbiota composition (Khan et al., 2019). Furthermore, NOD2 and Caspase1, and Caspase11
deficiency in mice has been shown to alter the microbiota (Brinkman et al., 2011; Demon et al.,
2014; Petnicki-Ocwieja et al., 2009; Rehman et al., 2011). NOD2 deficient mice display
outgrowth of bacteria in the terminal ileum compared to WT mice (Petnicki-Ocwieja et al., 2009).
This may be due to reduced expression of certain cryptdins (a-defensins in humans) and
reduced killing of bacteria by Paneth cells in the terminal ileum crypts of NOD2 deficient mice
(Kobayashi et al., 2005; Petnicki-Ocwieja et al., 2009). Therefore, while investigating the
induction of the negative immune regulators via signaling through innate immune receptors, we
also investigated the influence of RIPK2 and Casapse1/11 deficiency on microbial composition.

As we have shown, certain bacteria support leukemia development while others do not
(Figures 1.4C and 1.4D). Therefore, it is possible that in RIPK2 or Caspase1/11 deficient mice
the microbiota is altered toward a tumor suppressing phenotype. To determine whether
deficiencies in these receptors alters the microbiota we took the following approach. RIPK2 and
Caspase1/11 deficient mice were rederived as GF, bred to produce a sizeable colony, and then
housed in individual isolator cages based on genotype. Age matched mice of both genders from
each genotype were used. GF RIPK2 deficient, Caspase1/11 deficient, and WT BALB/cJ mice
were gavaged with 200ul of suspended cecal content from three C57/BL6 taconic mice. Two
weeks post association, mice were sacrificed and cecal contents were collected. Cecal contents
from associated mice along with the input cecal content was sent for 16S rRNA sequencing.

There was no significant difference in Alpha diversity between the cecal content of each
genotype as analyzed by Shannon and Simpson diversity indexes (Figure 3.4). To analyze the

overall similarity or dissimilarity in cecal content between WT, RIPK2 KO, and Caspase1/11 KO
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Figure 3.4. Alpha diversity is not altered in Caspase1/11- or RIPK2-deficient mice

compared to WT mice when colonized with C57BL/6 cecal content.

Alpha diversity in WT, Caspase1/11™”, and RIPK2” mice as measured by Shannon (left) and
Simpson (right) diversity indices. Each dot is a single mouse.
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mice, principal coordinates analysis (PCoA) plots were constructed using Bray-Curtis distance.
Each data point represents an individual mouse whose cecal contents were sequenced. When
mice of all three genotypes are compared together, there is no significant clustering between
mice of the same genotype, suggesting minor differences in cecal content between all of the
mice regardless of genotype (Figure 3.5A). A comparison between Caspase1/11 deficient mice
and WT mice does not yield significant differences in cecal content between the two groups as
data points for Caspase1/11 deficient mice do not cluster separately from data points for WT
mice (Figure 3.5B). Likewise, RIPK2 deficient associated mice have cecal contents similar to
WT associated mice (Figure 3.5C). Overall, these data indicate minimal differences in the
bacterial composition of the cecum between WT, Caspase1/11”-, and RIPK2" mice when
colonized with the same input microbiota.

While PCoA plots are useful for observing large overall differences between different
groups, small differences are likely to be missed. Additionally, PCoA plots are unable to tell us
what is specifically different in the cecal contents between mice of different genotypes. To
achieve this, we analyzed the abundance of amplicon sequence variants (ASVs) at the level of
family and genus between mice of each genotype (Figures 3.6A and 3.6B). Heat maps were
constructed to illustrate the few ASVs which were significantly altered in abundance between
the three genotypes (Figures 3.7A and 3.7B). As it is difficult to visualize the differences in
abundance between mice of different genotypes when Lachnospiraceae NK4A136 group is
included in the heat map (Figure 3.7A), an identical heatmap minus this genus is included
(Figure 3.7B). Members of the Prevotellaceae and Ligilactobacillus genus were higher in
abundance in RIPK2 deficient cecal contents compared to WT cecal contents. Conversely, WT
cecal contents contained greater abundance of bacteria from the Erysipelotrichaceae family and
Mucispirillum, Roseburia, and Harryflintia genera. Representatives of the Lachnospiraceae
NK4A136 group were in greater abundance in Caspase1/11 deficient mice compared to WT

mice. However, constituents of the Parabacteroides, Peptococcus, and Mucispirillum genera
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Figure 3.5. PCoA plots of cecal derived bacterial content from WT, Caspase1/11™”, and
RIPK2™" mice colonized with C57BL/6 cecal contents.

(A) Comparison of overall bacterial similarity between cecal contents of WT, Caspase1/11™",
and RIPK2” mice. (B, C) Analysis of similarity between WT and Caspase1/117- (B) or WT and
RIPK2" (C) bacterial cecal content. Each dot is an individual mouse.
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Figure 3.6. Bacterial abundance in cecal content of WT, Caspase1/11”-, and RIPK2” mice
colonized with C57BL/6 cecal microbiota.

(A, B) Bacterial abundance at the level of family (A) and genera (B).
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were of higher abundance in WT cecal contents compared to cecal contents from Caspase1/11
deficient mice. Finally, only members of two genera, Prevotellaceae and Eubacterium nodatum
group, were in greater abundance in RIPK2 deficient mice compared to Caspase1/11 deficient
mice.

It is important to note that these differences we observe are specific to the input from
C57BL/6 Taconic mice. We wondered if the microbiota specific to our facility would be
influenced by the absence of Caspase1/11 or RIPK2. Based on previous literature illustrating
the influence of NOD2, Caspase1, and Caspase11 on the commensal microbial composition,
we entertained the possibility that RIPK2 and Caspase1/11 apply pressure to the microbiota
influencing diversity and abundance, which may in turn effect microbiota dependent MuLV
induced leukemia development. To determine which bacterial species are suppressed in WT
mice and therefore gained in RIPK2 or Caspse1/11 deficient mice the following experiment was
conducted. Cecal content from three RIPK2 deficient mice within our SPF colony was collected,
combined, and snap frozen. GF WT, RIPK2”-, and Caspse1/11” mice housed in isolator cages
based on genotype were gavaged with cecal content from RIPK2” mice. Two weeks post
association, mice were euthanized and cecal content was collected for 16S rRNA sequencing.

Bacterial diversity within the cecal content of WT, Caspase1/11-, and RIPK2-deficient
mice was not significantly different (Figure 3.8). Further analysis shows high similarity between
the cecal composition of mice regardless of Caspase1/11 or RIPK2 expression (Figures 3.9A-
C). The top 30 ASVs by abundance at the family and genus level were comparable between
mice of all genotypes (Figures 3.10A and 3.10B). Overall, 14 ASVs at the level of genus were
significantly different between WT, Caspase1/11-, and RIPK2-deficient mice (Figures 3.11A and
3.11B). However, only two ASVs, genus Tuzzerella and member of the family
Erysipelotrichaceae were significantly more abundant in RIPK2" mice compared to WT mice.
Furthermore, these ASVs made up around 0.2% and 0.4%, respectively, of total bacterial

abundance. As these are at very low abundance, it is unlikely they play a significant role in
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Figure 3.7. Heat maps of ASVs at the genus level with significantly different abundances
between WT, Caspase1/11”-, and RIPK2” mice colonized with C57BL/6 cecal content.

(A) Heat map of nine ASVs that exhibit significantly different abundances between mice of
indicated genotypes. (B) Heat map in (A) minus Lachnospiraceae NK4A136 group. Each
column is an individual mouse. Each row is a specific ASV.

Peptococcus

B

Prevotellaceae UCG-001

Parabacteroides

Mucispirillum

NA from family
Erysipelotrichaceae

Ligilactobacillus
Roseburia
Harryflintia

Peptococcus




Shannon Simpson
L L J
0.98 1
4.6 *+
$
o
é 0.97 1 +
o) . ¢
= 4.4+ 3 °
3 4
= o 0.96 1
o
P .
042 8
<<
° 0.95 1
4.0

T T

T

Caspase1/11--
¢ Input
e RIPK2"
Wild-type

Figure 3.8. Alpha diversity in WT, Caspase1/11”-, RIPK2"- mice colonized with cecal
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Diversity as measured by Shannon (left) and Simpson (right) index is not significantly different
between mice of different genotypes analyzed. Each point is an individual mouse.
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Figure 3.9. Cecal bacterial composition is highly similar between WT, Caspase1/11”-, and
RIPK2™" mice colonized with SPF RIPK2™ cecal content.

(A) PCoA plot comparing WT, Caspase1/11”-, RIPK2”, and input bacterial composition. (B, C)
PCoA plots assessing similarity of bacterial composition between WT and RIPK2” mice (B) or
WT and Caspase1/117 mice (C). Each dot is an individual mouse.
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Figure 3.11. Heatmap of ASVs at the genus level whose abundances are significantly
different between WT, Caspase1/117-, and RIPK2" mice associated with cecal content
from SPF RIPK2" mice.

(A) 14 ASVs with significantly different abundances. (B) Heatmap shown in (A) minus
Bacteroides and NA from the Lachnospiraceae family. Each row is an ASV, and each column is
an individual mouse.
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conferring MuLV-induced leukemia resistance. Suggesting that direct signaling through RIPK2
promotes leukemia development.

To determine whether the microbiota is significantly altered in Caspase1/11-deficient
mice and potentially contributing to increased leukemia resistance, deficient and sufficient GF
mice will need to be colonized with cecal content from SPF Caspase1/11” mice and the
diversity/abundance of bacteria analyzed. Finally, the gut microbiome also consists of viruses,
fungi, archaea, and protists which may contribute to microbiota dependent MuLV induced
leukemia. However, due to availability and accuracy in microbial sequencing techniques, we

focused on the bacterial members of the gut microbiome.
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CHAPTER 4: COMMENSAL BACTERIUM AND VIRUS DIFFERENTIALLY ALTER
METABOLITE PROFILE

Preface

Colonization of GF mice with L. murinus and collection of plasma and spleens for
analysis was done by me. Tandem liquid-chromatography/mass-spectrometry was conducted
by Brain DeFelice of Chan Zuckerburg Biohub in partnership with our collaborator, Michael

Fischbach of Stanford. Analysis of the metabolomics data was conducted by Vera Beilinson.

Abstract

Commensal bacteria, including numerous bacterial derived compounds, have been
shown to modulate many diseases including infections with pathogens, autoimmunity, and
cancer development (Chervonsky, 2013; Garrett, 2015; Wilks & Golovkina, 2012; Xu et al.,
2019). Additionally, microbial dependent metabolites and secondary bile acids have recently
been shown to modify disease states, including tumor development (Hezaveh et al., 2022;
Mishra et al., 2021; Rossi et al., 2020). Therefore, we utilized metabolomics to further
investigate bacterial dependent metabolites that may contribute to MuLV pathogenesis.
Furthermore, while a few studies have examined alterations in metabolites after bacterial
colonization (Han et al., 2021; Wikoff et al., 2009) or viral infection (Groves et al., 2020) it is
unknown how bacteria plus viral infection alter the metabolomic landscape. Using tandem liquid-
chromatography/mass-spectrometry we analyzed the effect of bacterial colonization and MuLV

infection on metabolite abundances within the spleen and plasma.

Introduction
Investigations into leukemia susceptibility in SPF mice deficient in various innate
immune receptors indicates activators of Caspase1/11 and RIPK2 contribute to MuLV induced

leukemia. However, neither Caspase1/11 deficient nor RIPK2 deficient SPF mice display
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leukemia resistance comparable to GF mice. Implying additional factors derived from bacteria
and their cognate host sensors mediate MuLV induced leukemia. So far, our studies have
focused on host receptors that detect structural features of bacteria. However, many studies
have illustrated a role for bacterial derived metabolites in cancer development (Hezaveh et al.,
2022; Mishra et al., 2021; Rossi et al., 2020). To begin investigating a role for metabolites in
MuLV pathogenesis, the metabolites expressed in the periphery of infected colonized mice were

determined using an unbiased metabolomics approach.

Results and discussion

To minimize the complexity and number of metabolites identified in the metabolomics
screen, we made use of monocolonized mice. As previously shown, progeny of MuLV infected
L. murinus colonized females developed leukemia at a similar rate as SPF mice. To identify
metabolites influenced by the presence of bacteria and the virus, spleens and plasma were
collected from uninfected and progeny of MuLV infected L. murinus colonized mice as well as
uninfected and progeny of MuLV infected GF mice. Samples were subjected to tandem liquid
chromatography/mass spectrometry at the Chan Zuckerburg Biohub in partnership with our
collaborator, Michael Fischbach, at Stanford. Hydrophilic interaction liquid chromatography
(HILIC) separated small polar compounds based on molecular size and affinity for the non-polar
mobile and polar stationary phases of the column. Compounds were eluted at a gradient
whereby non-polar compounds eluted faster followed by polar compounds. Spectra based on
mass to charge ratios were collected on a mass spectrometer in both the positive and negative
ionization mode. Metabolites were annotated using a local and global library. The local library
was created through analysis of metabolite standards using the same protocol described for this
study. The global library relies on the pattern produced from metabolite fragmentation to assign
an identity to an unknown metabolite. From the spleens of mice from all four groups, a total of

2153 metabolites, of which 204 are known and 1949 unknown, were detected under the positive
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ionization mode. Under the negative ionization mode, 1202 metabolites were detected of which
124 are known and 1078 unknown. Many of the detected metabolites are unknown because we
can only identify metabolites which are included in the local or global libraries. Within each
group of mice, the standard deviation of individual detected metabolites was compared. Those
metabolites with a relative standard deviation greater than 30% from any one group were
discarded from all groups. This normalizes the metabolites identified within each group and left
us with 60 known and 852 unknown metabolites detected under positive ionization and 52
known and 739 unknown metabolites detected under negative ionization mode (Figure 4.1A and
Supplemental Tables 4.1A, and 4.1B).

Metabolomics of the plasma was conducted in a similar manner. After discarding
metabolites with a relative standard deviation greater than 30%, 73 known metabolites detected
under positive ionization and 56 known metabolites detected under negative ionization were
further analyzed (Figure 4.1B and Supplemental Tables 4.1C, and 4.1D).

By analyzing all metabolites detected within the spleen, we clearly see how presence of
bacteria, MuLV, or both alters the metabolomic landscape within the spleen (Figures 4.2A and
4.2B). Next, two-way ANOVA was utilized to find metabolites whose expression is modified by
the presence of both L. murinus and MuLV. While abundance of 306 metabolites and 103
metabolites were influenced by solely colonization or infection, respectively, a total of 428
metabolites detected within the spleen were found to be influenced by both bacterial
colonization and viral infection (Figures 4.3A and 4.3B). However, the vast majority of these
metabolites are not annotated, with only 21 being identified (Table 4.1).

Analogous to our analysis of metabolites within the spleen, we observed significant
changes in the type and abundance of metabolites in the plasma of mice upon colonization,
MuLV infection, or both (Figures 4.2C and 4.2D). Strikingly, and in contrast to what we observed
in the spleen, colonization alone appeared to have the greatest effect upon metabolites within

the plasma (Figure 4.2C). Colonization significantly altered the abundance of 53 metabolites
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Figure 4.1. Flow chart illustrating the processing of spleen and plasma samples for
metabolomics.

(A, B) Spleen (A) and plasma (B) samples were subjected to mass spectrometry under positive
and negative ionization modes. Metabolites with an RSD > 30% were discarded leaving the
indicated number of known and unknown metabolites.
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Table 4.1. Known metabolites found in spleens under positive ionization.
Metabolites identified in the spleens of GF, GF infected, L. murinus colonized, and L. murinus
colonized and infected mice under positive ionization.

PE 38:4 Galactitol Uracil Xanthine Arginine Gly-Asp Taurine myo-Inositol
Threonine Hypoxanthine N-Acetylserine 2'-Deoxycytidine Xylitol N-Acetylalanine 2-Deoxyuridine Allantoin
Aspartic acid Glucose PC 32:0 Serine Threonic acid PE 38:6 PC 32:1 Glutamine
D-Asparagine Histidine Gly-Gly PS 36:2 PE 36:4 Valine Orotic acid Glutamic acid

Ribose-5- . - - N-epsilon- Glucose-1- Dihydroxyaceto Glucose-6-
phosphate Tyrosine Cytidine Pseudouridine Acetyllysine phosphate ne phosphate phosphate
N,N- Pyroglutamic Palmitoy! Ribose-1- Plasmenyl-PE IC-SIL?(Z:;?aL Plasmenyl-PE | Plasmenyl-PE
Dimethylarginine acid sphingomyelin phosphate 38:6 glutamic acid 36:4 38:4
2- ’
1-Stearoyl-2- 1-Palmitoyl-2-
O- Docosahexaeno :
; 1 —n. | arachidonoyl- docosahexaeno
Phosp:gcolaml y-1 Istgearrgg_sn sn-glycero-3- yl-sn-glycero-3-
ph%gph oserine phosphoserine phosphocholine

Table 4.2. Known metabolites found in spleens under negative ionization.
Known metabolites identified in the spleens of GF, GF+MuLV, L. murinus colonized, and L.
murinus colonized+MuLV under negative ionization.
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Dipalmitoleoyl-
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Table 4.3. Known metabolites in the sera under positive ionization.
Metabolites identified in the sera of GF, GF infected, L. murinus colonized, and L. murinus
colonized and infected mice under positive ionization.

phosphocholine

phosphocholine

phosphocholine

phosphocholine

Citrulline 4-Nitrophenol Cytidine Allantoin Hypotaurine Arabitol Isoleucine Adipic acid
Arginine Leucine Asparagine lysoPC 14:0 Citric acid Vanillin Thymidine Taurine
Serine Pseudouridine myo-Inositol lysoPC 16:0 early | lysoPC 18:2 late lysoPC 18:0 late lysoPE 16:0 late | lysoPC 18:2 early
Delta-Hydroxylysine| lysoPC 18:0 early | lysoPE 16:0 early | lysoPC 17:0 late lysoPC 20:4 late lysoPC 16:0 late | lysoPC 20:4 early | N-Acetylalanine
lysoPC 18:1 late lysoPE 18:0 late | lysoPC 18:1 early | lysoPE 18:0 early | Pantothenic acid |Methioninesulfoxide A,\é:t;’ﬁ;:irrl]_e N-Acetylleucine
: ) 2-
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2- Beta.- 3- . "
Hydroxypalmitic Glycerophosphat | Hydroxyoctanoic linoleoyl-sn- docosahexaenoyl | arachidonoyl-sn- | Hexadecenyl)-sn-
Y acid e acid glycero-3- -sn-glycero-3- glycero-3- glycero-3-

Table 4.4. Metabolites identified in the sera under negative ionization.
Known metabolites in the sera of GF, GF+MulLV, L. murinus colonized, and L. murinus
colonized+MuLV mice under negative ionization.
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Figure 4.2. MuLV infection and bacteria colonization alter the metabolomics profile in the

spleen and plasma.

(A, C) PCoA plot of metabolites within the spleen (A) or plasma (C) of the indicated mice. Each
point is an individual mouse. (B, D) Heatmaps of metabolite abundances in the spleens (B) or
plasma (D) of the four groups of mice. Each row is a metabolite.
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Figure 4.3. Abundances of certain metabolites is altered by colonization and MuLV
infection.

(A, C) Venn-diagrams illustrating the numbers of metabolites significantly altered by
colonization, infection, or both in the spleen (A) or plasma (C). (B, D) Heatmaps demonstrating
metabolites whose abundances are influence by colonization, MuLV infection, or both in the
spleen (B) or plasma (D). Each row is a metabolite.
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3'-O-Methylinosine Alanine N,N-Dimethylarginine

Threonine Pyridoxal Tyrosine
Histidine Cytidine Pseudouridine
Uracil Galactitol N-Acetyl-D-glucosamine
PC 32:1 Uracil Cytidine
Tryptophan
Sphinganine Threonic acid

2-Docosahexaenoyl-1-stearoyl-sn-

glycero-3-phosphoserine
1-Stearoyl-2-arachidonoyl-sn-glycero-3-|  1-Oleoyl-2-myristoyl-sn-glycero-3-

phosphoserine phosphocholine

Table 4.5. Metabolites whose abundance are significantly altered by colonization and
infection in the spleen.

Spleens from GF, GF infected, L. murinus colonized, and L. murinus colonized and infected
mice were subjected to metabolomics. Two-way ANOVA was used to determine metabolites
whose abundances were significantly different in the spleens of colonized infected mice
compared to only colonized or infected mice.

Ornithine Isoleucine Cytidine Citric acid Hypotaurine
Proline
Nicotinamide Arabitol Delta-Hydroxylysine Citrulline

) ) ) | Methioninesulfoxide ) Asparagine
7,8-Dihydrobiopterin | 2-Hydroxypalmitic acid Leucine

Cytidine Hypotaurine Cystathionine Valine Guanidinoacetic acid
N6,N6-dimethyllysine N-Acetylhistidine Palmitoyl Methioninesulfoxide 1,2-dioleoyl-sn-

sphingomyelin [M+H]+ glycero-3-

phosphatidylcholine

1-(1Z-Octadecenyl)- | 1-(1Z-Octadecenyl)- | 1-O-Hexadecyl-2-O- | N-Oleoyl-D-erythro-

2-(52,8Z2,11Z,14Z- 2- (52,82,11Z,14Z,17Z- | sphingosylphosphory
eicosatetraenoyl)-sn- | (42,72,10Z,13Z,16Z, | eicosapentaenoyl)- Icholine
glycero-3- 19Z- sn-glyceryl-3-
phosphocholine docosahexaenoyl)- phosphorylcholine
sn-glycero-3-

phosphocholine

Table 4.6. Metabolites from the plasma whose abundance is significantly modified in the
presence of L. murinus and MuLV.

Spleens from GF, GF infected, L. murinus colonized, and L. murinus colonized and infected
mice were subjected to metabolomics. To determine metabolites in the plasma whose
abundances were significantly altered in colonized infected mice, two-way ANOVA was used.
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whereas infection altered abundance of 7. Two-way ANOVA identified 37 metabolites whose
abundance was significantly changed in colonized and infected mice (Figures 4.3A-B and Table
4.2).

As stated above, metabolites can be directly produced by bacteria or induced by
bacteria but produced by the host. The former suggests that metabolites would be
produced by bacteria in the gut and disseminate into peripheral organs to exert their leukemia
promoting properties. If this was the case, we would expect to find the same metabolites with
similar expression profiles in both the plasma and the spleen. Within the spleen and plasma,
eight metabolites were significantly altered by colonization and infection. However, only two
exhibited similar expression patterns between the plasma and spleen. 2’-deoxycytidine and 2’-
deoxyuridine are both deoxyribonucleosides which function as nucleotide precursors for
DNA/RNA synthesis (Patejko et al., 2018). While nucleoside analogs have been used to target
viruses as well as cancer (Patejko et al., 2018), the biological significance of these nucleosides
in MuLV induced leukemia development is unknown. Furthermore, we do not observe increased
permeability of the gut in SPF infected mice compared to uninfected mice (Figure 4.4).
Suggesting metabolites found in the periphery in L. murinus colonized mice are small enough to
diffuse across the intestinal epithelia or are produced by the host in response to bacterial
colonization.

Utilizing an unbiased metabolomics approach, we identified a large list of metabolites
influenced by L. murinus colonization and MuLV infection separately and together. However,
whether any metabolite(s) influence leukemia development remains unanswered. To address
this question, we would need to conduct one of the following experiments. 1) perturb the
metabolite synthesis pathway in L. murinus, colonize GF mice with the mutant bacteria, and
infect the mice with MuLV to determine whether this metabolite contributes to MuLV induced
leukemia development. Or 2) generate a mouse unable to synthesize these metabolites after

being colonized with L. murinus and infected with MuLV, then monitor the mouse for MuLV
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Figure 4.4. Intestinal permeability is unaffected my MuLV infection.

FITC permeability assay was used to determine the permeability of the intestines in SPF
BALB/cJ infected and uninfected mice. n, number of mice used. p value calculated using
unpaired f test.
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induced leukemia development. The option taken would depend upon the origin of the
metabolite. However, determining whether metabolites are produced by bacteria or induced by
bacteria and produced by the host is not a trivial task. Furthermore, the immense number of
metabolites that exhibit differential abundances in infected colonized mice, the bulk of which are
unknown, makes it difficult to select metabolites for further analysis. Overall, using
metabolomics to identify compounds responsible for a particular phenotype is a relatively new
field. Therefore, expanding the metabolites within the reference library and accruing additional
knowledge related to the synthesis pathways of metabolites will likely be required before we can
address the biological significance of any particular compound in MuLV induced leukemia

development.
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CHAPTER 5: MICROBIOTA DOES NOT AFFECT TUMOR DEVELOPMENT IN TWO
MODELS OF HERITABLE CANCER
Preface

| performed most of the experiments described in this chapter. S.G. scored sections of
tumors that developed in Trp53-deficient and Wnt1 transgenic mice and contributed to

experimental design.

Abstract

Tumors can arise from either spontaneous or inborn mutations (Roukos et al., 2007).
The effect of the microbiota on spontaneous mutations arising from chemical carcinogens and
viruses has been well documented by us and other researchers (Reddy et al., 1975; Sabit et al.,
2019; Spring et al., 2022). However, whether the microbiota plays a role in cancers that develop
distal from the gut and are driven by inborn mutations is not well understood. Here, we show
that in the absence of the microbiota, tumor incidence in Trp53-deficient and Wnt1 transgenic

mice is unaltered compared to the same mice housed in the SPF setting.

Introduction

In addition to spontaneous tumors, familial cancers arise from inherited mutations
occurring in tumor suppressor genes or oncogenes. Development and progression of hereditary
colorectal cancer, in which certain tumor suppressor genes such as APC are mutated, is
influenced by the microbiota (de la Chapelle, 2004; Sabit et al., 2019). To test whether the
microbiota affects tumors resulting from predisposing genetic defects, we used two other animal
models. Mutations in the TRP53 tumor-suppressor gene are the most frequently observed
genetic lesions in human cancers (Kandoth et al., 2013). In addition, germ-line mutations in the

TRP53 gene are associated with Li-Fraumeni syndrome, a cancer with familial predisposition
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(Malkin et al., 1990). Tumor suppressor p53 (encoded by TRP53 or Trp53 in mice) plays a
critical role in response to cell stress, such as DNA damage, by arresting cell-cycling or inducing
apoptosis (Zilfou & Lowe, 2009). A possibility that the microbiota played a role in
lymphomagenesis driven by p53 deficiency was suggested by a previous study of ataxia
telangiectasia, mutated (ATM) deficient mice (Yamamoto et al., 2013). ATM is activated by a
double stranded DNA breaks and induces cell cycle arrest or initiates apoptosis by
phosphorylating a tumor-suppressor protein, p53 (Xu & Baltimore, 1996). ATM-deficient

mice had reduced lymphoma incidence when they were housed under SPF conditions but
supplied with sterile food, water, and bedding compared to mice housed with non-autoclaved
supplies or when they were colonized with ‘reduced flora’ arising from Abx exposure

(Yamamoto et al., 2013).

Results and discussion

Thus, we used Trp53-deficient mice as a model to validate the possibility that
commensal bacteria may facilitate tumor development in a model of genetic predisposition.
GF Trp53-deficient mice developed tumors at a frequency very similar to that observed in SPF
Trp53-deficient mice (Figure 5.1A). In accordance with previously published data, most of both
SPF and GF Trp53-deficient mice developed lymphomas or sarcomas (Donehower, 1996)
(Figure 5.1B and Figure 5.1C). However, some GF mice developed carcinomas (Figure 5.1C),
indicating that the microbiota may be protective rather than promotive of that type of tumor.

Using the same rationale, we tested Wnt1 transgenic mice (a transgenic model for
mammary carcinoma development). Wnt1 signaling stabilizes and increases cytosolic levels of
B-catenin, which then translocates to the nucleus activating numerous genes including
regulators of cell cycle c-myc and cyclin D1 (Li et al., 2000). Aberrant Wnt1 expression under
the promoter of mammary tumor virus (MMTV-Wnt1) leads to the development of mammary

adenocarcinomas (Li et al., 2000). We found rates of tumor induction to be the same between
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Figure 5.1. Microbiota does not impact the tumorigenesis nor tumor etiology in mice

deficient in p53.

(A) C57BL/6 Trp53” SPF and GF mice were monitored for tumor development. (B) Proportion
of SPF Trp53™ mice that develop various forms of tumors in SPF (left) and GF (right) setting. (C)
Tumors were excised from the surrounding tissue, fixed, sectioned, and stained with
hematoxylin-and eosin. Representative hematoxylin-and eosin stained lymphomas (top) and
sarcomas (bottom) from Trp53” SPF (left) and GF (right) mice. 10X magnification. n, number of

mice used. p values calculated using Mantel-Cox test (A).
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Figure 5.2. The microbiota does not influence tumor development or type in mice
transgenic for Wnt1.

(A) FVB Wnt1 transgenic SPF and GF mice were monitored for tumor development. (B)
Proportion of Wnt1 transgenic mice that develop various types of tumors in SPF (left) and GF
(right) setting. (C) Tumors were excised from the surrounding tissue, fixed, sectioned, and
stained with hematoxylin-and eosin. Example hematoxylin-and eosin stained adenocarcinomas
from Wnt1 transgenic SPF (left) and GF (right) mice. 10X magnification. n, number of mice
used. p values calculated using Mantel-Cox test (A).
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SPF and GF MMTV-Wnt1 transgenic mice (Figure 5.2A). Wnt1 transgenic SPF and GF mice
both primarily developed adenocarcinomas typical of this model (Figures 5.2B and Figure 5.2C),
but a few GF mice developed squamous cell carcinomas (Figures 5.2B and Figure 5.2C), again
indicating that the microbiota may be protective against certain types of tumors.

Thus, unlike spontaneous malignancies, such as MuLV-induced leukemia, incidence and
latency of hereditary lymphoma/sarcoma and mammary gland tumor in Trp53” and Wnt1-
transgenic mice, respectively, were not affected by the absence of the microbiota (Figures 5.1A
and 5.2A). These data suggest that commensal microbes may not influence development of
tumors of gut distant organs arising from genetic predisposition. This discordance could be
explained by differences in the nature of retrovirally-induced tumors and tumors that develop in
Trp53” and Wnt1-transgenic mice. Retrovirally induced tumors (as do all spontaneous tumors)
appear from unique cells in which oncogenes have been upregulated by the integrated
proviruses or other events. These cells also express viral antigens or neoantigens that are
foreign for the host and may activate an immune response targeting these cells. That puts a
strong pressure on tumor cells to escape this response. In heritable cancer models, the
oncogene expression or loss of a tumor suppressor are ubiquitous in all cells of the body or a
tissue (in case of conditional expression). Lack of foreign antigens at the initiation of tumor
development may stifle the induction of a robust immune response. Combined with wide
expression of the mutation enhancing the chance for tumor development, this may lead to
immunological ignorance or exhaustion early in tumor development as a means to evade the
immune response (Ochsenbein, 2002). One observation made in our studies may shed light on
exceptions from these rules: in both Trp53-deficient and Wnt-transgenic mice (Figures 5.1B and
5.2B), the absence of microbiota led to a higher frequency of development of certain type of
carcinomas. Thus, it is possible that microbiota has a negative effect on the development of

epithelial tumors.
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