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Thesis abstract

Toxoplasma gondii is aglobal public health concern and poses a significant health threat
as a foodborne illness to humans and animals. Upon exposure, T. gondii parasites replicate
quickly and disseminate from the intestine throughout the body over acute infection. Host
immune pressure causes acute infection parasites to differentiate into slow growing cysts that
establish a persistent chronic infection in the brain and muscle tissue of the host. This thesis
explores the role of programmed cell death as a host response to a natural acute oral infection,
and this thesis measures the host transcriptional response to long-term chronic infection in the
brain. We identified the receptor-interacting serine/threonine-protein kinase 3 (RIPK3), an
essential component to necroptosis mediated programmed cell death pathway, to have negative
impacts on host survival to oral T. gondii infection. The detrimental effects of RIPK3 activity on
host survival to oral infection were attributed to necroptosis-independent roles. Host survival to
an oral T. gondii exposure potentially gives rise to chronic infection cysts if parasites are not
completely cleared. These chronic infection cysts are thought to reside in the host for its lifetime.
We measured the host transcriptional response to long-term chronic infection in the brain and
discovered sex specific gene expression responses. Both male and females has similar levels
of more abundant gene expression with immune related functions. Interestingly, infected male
mice have significantly more less-abundant gene expression compared to infected female mice,
but these differences do not result in biological changes to the way the hostrespondsto T.

gondii infection.
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Abstract

Toxoplasma gondii is naturally acquired by consuming food or water contaminated with
infectious tissue cysts or oocysts. Toxoplasmosis poses asignificant health threat as a
foodborne illness to humans and animals. The gut mucosal immune system must form a robust
and balanced pro-inflammatory response to protect the host throughout acute infection and
facilitate host survival into a chronic infection. If the acute pro-inflammatory response is too
weak or too strong, then the host will succumb to parasite overgrowth or severe tissue
immunopathology, respectively. The host response to acute infection causes T. gondii parasites
to differentiate into chronic cysts that reside in muscle and brain tissue. Once chronic infection is
reached, host inflammatory responses must be maintained above a normal baseline to prevent
host death from cyst reactivation and uncontrolled parasite replication. As a consequence, a
host with a latent T. gondii infection displays a state of chronic inflammation. This review
highlights the protective host response, coordinated by the gut mucosal immune systemfroma
natural oral T. gondii exposure. In addition, this review discusses the physiological impacts of

chronic inflammation on the host with a latent T. gondii infection.

Introduction

Toxoplasma gondii infection is a global public health concern, with an average
prevalence estimated at 30% among the entire human population (1). The three most common
routes of T. gondii transmission are: i.) congenital infection from mother to fetus, ii.) ingestion of
tissue cysts from undercooked meat, iii.), and consumption of oocysts from contaminated food
or water (2). The impact of natural oral exposure to T. gondii in susceptible humans makes it the
second leading cause of death among foodborne illnesses and is estimated to cost $3 billion
dollars annually, with 11,000 quality-adjusted life-years lost per year in the United States (1).
Beyond humans, T. gondii poses a significant health threat to domestic animals, wildlife, and

livestock through economic losses (1). Typically, a healthy host is asymptomatic after infection,



with occasional flu-like symptoms, but congenital or immunocompromised individuals can have
more severe disease outcomes, like stillbirths and fatal encephalitis (3) Currently, there are no
vaccines to protect against acute toxoplasmosis or treatments for chronic infection (4).

Felines are the definitive host of T. gondii and facilitate completion of the parasite’s
sexual life cycle by shedding environmentally resistant and highly infectious oocysts. All other
warm-blooded animals, including humans, are T. gondii intermediate hosts (1). In an
intermediate host, T. gondii can differentiate into two distinct developmental stages. In the acute
infection stage, parasites replicate asexually as a rapidly dividing tachyzoite. In the chronic
infection stage, parasites replicate slowly as a bradyzoite, forming a chronic tissue cyst. Acute
parasites are naturally exposed to the host in the intestine following a natural oral route of
infection. There are three models that T. gondii uses to cross the intestine epithelium and
disseminate throughout the body:i.) passage between tight junctions, ii.) transcellular crossing,
and iii.) a “trojan horse” mechanism where immune cells are actively infected or phagocytose
parasites and travel throughout the body (5). From the moment of exposure, the gut mucosal
immune system mounts a protective innate immune response that causes T. gondii to
differentiate from tachyzoites to bradyzoite cysts, atransition that can be measured by
transcriptional and epigenetic changes (3, 6, 7). Bradyzoite cysts reside in immune-privileged
sites like muscle and the central nervous system (CNS), which includes the retina, spinal cord,
and brain (6, 7). The central dogma of chronic T. gondii infection speculates that bradyzoite
cysts are quiescent and reside in the host for its lifetime (8).

The goal of this review is to summarize our current understanding of the physiological
effects of acute oral and chronic T. gondii infection on the host. This review will focus on the
fine-tuned process of the gut mucosal immune response and its role in supporting host survival
through the acute phase of oral infection and into a chronic infection. The review will conclude

with the impacts of chronic infection on the host.



Parasite dissemination and intestinemucosal immune system

The precise mechanisms and cues for T. gondii parasites to exit infectious bradyzoite
cysts or oocysts after consumption remain unknown. It is known that following ingestion, T.
gondii uses gliding motility to propel itself between and within intestinal epithelial cells (IECs) to
establish infection in the underlying lamina propria (LP) tissue of the distal small intestine (5).
Parasite dissemination throughout the body is facilitated by entry into blood and lymph vessels
within the intestine. Alternatively, T. gondii can reach other organs by the “trojan horse”
mechanism. Parasites can be found in IECs 30 minutes post oral infection, but quickly reside in
the LP thereafter (9). Within 2 to 3 days, parasites have spread fromthe LP to peripheral
lymphatic tissue. By 1 week, parasites can be found in the lung, liver, heart, and the CNS (10).
Mechanisms of T. gondii mobility and dissemination have been extensively reviewed elsewhere
(20).

The gut mucosal immune system is the first to interact with T. gondii upon peroral
exposure with tissue cysts or oocysts. The IEC layer is composed of avariety of cell types (e.g.
enterocytes, Paneth cells, microfold cells, and goblet cells) that create a physical and chemical
barrier between the host and the intestinal lumen (11, 12). Within the IEC layer resides
intraepithelial ymphocytes that are responsible for intestine homeostasis and inflammatory
responses to infection (13). The IECs are supported by the LP which is composed of connective
tissue, blood vessels, lymphatic ducts, and a myriad of resident immune cells that mediate
innate and adaptive immunity. These include dendritic cells (DCs), macrophages, conventional
CD4+ and CD8+ T cells, B lymphocytes, and innate lymphoid cells (ILCs) (14, 15). Peyer’s
patches are spread throughout the intestinal LP and contain germinal centers for T and B cells
(16). These elements make up the gut mucosal immune system responsible for host protection

against oral T. gondii infection (Fig. 1).



Recognition and host survival

Host survival to oral T. gondii infection depends on arobust and balanced innate
immune response. Pattern recognition receptors (PRRS) in the gut mucosal immune system are
an essential component to host resistance. These receptors identify pathogen- or damage-
associated molecular compounds (PAMPs or DAMPs, respectively) and trigger inflammatory
signaling cascades that activate and recruit immune cells in a coordinated effort to curb
infection. The pro-inflammatory consequences of T. gondii infection must be regulated in order
to prevent severe tissue damage and host death. The following section will focus on the
molecular mechanisms that promote host survival, the cell types that induce a protective innate
immune response, and the factors that preventinflammatory-mediated pathology after oral T.
gondii infection.
Molecular mechanisms of survival

The intestine epithelium and mucosal immune system are the first to interact with T.
gondii parasites after ingestion. These cells harbor toll-like receptors (TLRs) which are afamily
of PRRs that recognize PAMPs and stimulate innate immunity as a consequence. One TLR that
is particularly relevant for the discussion of T. gondii infection is TLR-11/12. Unlike humans,
mice have functional TLR-11/12 genesthat specifically recognize T. gondii profilin, a surface
protein critical to parasite invasion. Activation of TLR-11/12 recruits the signaling adaptor,
myeloid differentiation primary response 88 (MYD88), to induce interleukin 12 (IL-12) which
stimulates interferon-gamma (IFN-y) expression. The MYD88, IL-12, and IFN-y signaling axis is
vital to host survival. Hosts deficient in MYD88 or IL-12 fail to control parasite replication and die
from sublethal T. gondii infections (17-20). IFN-y is also an important molecule in host survival
because it is the downstream product of MYD88 signaling, and IFN-y perturbations lead to
uncontrolled parasite replication and host death to sublethal infections (21, 22). The power of

IFN-y-mediated host protection rests in its ability to stimulate a multitude of host genes that



activate immune cells, promote cell proliferation, and induce mechanisms that clear intracellular
pathogens (23-25).

Multiple cell types, including non-immune cells, contribute to pathogen clearance
through IFN-y stimulated pathways (23). The precise mechanisms that regulate intracellular
defensesto T. gondii have been described elsewhere (24, 25). Briefly, IFN-y can stimulate cells
to produce immunity-related GTPases (IRGs) and guanylate-binding proteins (GBPs) that
disrupt T. gondii membranes and facilitate pathogen clearance. The molecular mechanisms of
IRG and GBP localization to parasite membranes remains unclear, but ubiquitination is likely
one tool to distinguish T. gondii from the host. In addition, IFN-y signal transduction causes
resident intestine macrophages and circulating monocytes to differentiate into an inflammatory
subtype. These immune effectors can produce nitric oxide (NO) to increase parasite
degradation. Interestingly, mice lacking NO have significantly improved acute survival, even with
a higher parasite burden relative to wild type mice, after a lethal oral T. gondii infections (26,
27). Anincrease in host fitness in NO deficient mice was attributed to reduced tissue pathology,
but these mice succumb to parasite burden in the early stages of chronic infection (28). Two
conclusions can be drawn from these data: first, NO overproduction causes detrimental
immunopathology, and second, the pleiotropic effects of IFN-y that are NO-independent are
sufficient for host protection over acute infection but are necessary during chronic infection. The
protective effect of IFN-y signaling in chronic infectionis evident in infected mice treated with
anti-IFN-y antibodies. After antibody assisted depletion of IFN-y, chronically infected mice die
from complications due to cyst reactivation and uncontrolled parasite replication in CNS (29).
Control of parasite replication during acute infection is also enhanced by the inflammatory
cytokine, tumor necrosis factor-alpha (TNF-a), in combination with IFN-y (30, 31). Similar to NO,
TNF-a is dispensable during acute infection, but required for host survival in chronic infection

(32). These studies provide strong evidence for the essential role IFN-y plays in host defense.



The gut microbiome also plays a critical role in host survival by promoting a protective
innate immune response through the MYD88, IL-12, and IFN-y axis. The inflammatory response
generated upon oral T. gondii infection reduces the intestinal antimicrobial barrier and creates a
shift in gut bacteriafrom a mostly gram-positive, non-pathogenic species to alargely gram-
negative, pathogenic species (33, 34). This process of gut dysbiosis increases intestine
permeability and allows pathogenic gut bacteriato interact with mucosal PRRs to promote a
protective immune response. The protective effect of gut bacteriawas highlighted in a study that
compared the survival of TLR-11/12 null (TLR-11/1279) mice when challenged with oral or
intraperitoneal (IP) T. gondii infections. Gut bacteriaimproved mouse survival in oral, but not IP
infection (35). This observation demonstrated how the microbiome promotes a protective
immune response in aTLR-11/12-independent manner, which is particularly relevant to humans
who have a pseudo TLR-11/12 gene. Moreover, gut bacteriafailed to direct its protective effects
in MYD88-- mice after oral infection (35). This establishes MYD88 as a central mediator to
protective host immunity against oral T. gondii exposures through multiple TLRs. The molecular

mechanisms of host survival are summarized in Figure 2.

Immune cell effectors

Host survival to T. gondii infection is a coordinated response from avariety of cell types
to generate IFN-y-dependentresistance. Macrophages, IECs, and DCs produce IL-12 which
polarizes CD4+ T cells to a T helper type 1 (Th1) subset that express IFN-y. Stimulation with IL-
12 also activates CD8+ T cells and ILCs to upregulate IFN-y (36-39). Both Th1 and activated
CD8+T cells play complementary roles in IFN-y production and host protection. However, dual
deletion of these activated T cells is detrimental to host survival during acute infection because

IFN-y is severely limited (40). The function of ILCs in oral T. gondii infection is complex, unclear,



and reviewed extensively by another group (15). Importantly, ILCs overlap with the function of
Th1l and effector CD8+ T cells, which provides the hostwith multiple layers of protection.
Inflammatory monocytes are a multifaceted group of cells important in acute oral T.
gondii infection. They have the potential to serve a pro- or anti-inflammatory role (41). Along
with neutrophils, inflammatory monocytes are among the firstimmune cells recruited to the LP
after T. gondii recognition (42, 43). Inflammatory monocytes can differentiate into macrophages
and dendritic cells upon localization to sites of infection (44-46). Dendritic cells are considered
to be the primary producers of IL-12, but their deletion results in delayed IFN-y kinetics and host
survival (42, 47, 48). Mouse models that lack inflammatory monocyte recruitment fail to control
T. gondii infection and die from severe tissue damage after a sublethal oral dose (46, 49, 50).
However, the increase in susceptibility was credited to neutrophil-mediated tissue damage,
because wild type (WT) mice with neutrophil depletion survive after the same sublethal dose
(49). Neutrophils produce other pro-inflammatory cytokines, like IL-18, IL-18, and IL-17, which
can enhance immune activity and cause tissue damage (51). The consequences of IL-1, IL-18,
and IL-17 on host survival to acute T. gondii infection are discussed below. Interestingly, after a
lethal high dose oral infection, inflammatory monocytes display anti-inflammatory elements
through neutrophil modulation and tissue preservation (50). These results illustrate a twofold
nature of inflammatory monocytes: one that degrades parasites and another that mediates
tissue pathology. A more detailed account of the molecular mechanisms used by inflammatory
monocytes in the context of T. gondii infection is comprehensively reviewed elsewhere (42).
The cellular responses to T. gondii infection form a positive feedback loop that circulates
between recognition, immune effector activation, and inflammatory outputs (Fig. 3). Under
normal circumstances, a healthy host generates a pro-inflammatory response that curbs
parasite growth and enables host survival. However, immune regulation is critical in this process

to avoid severe tissue damage and death.



Immune regulation and pathology

The gut mucosal immune system is constantly challenged by non-self-antigens, so
immune tolerance mechanisms must be in place to prevent a state of perpetual immune
activation. Regulatory T cells (Tregs) are an essential component of immune tolerance and
tissue homeostasis. They limit excessive inflammatory responses in antigen presenting cells
and effector T cells (52). Immune tolerance must be broken in order to produce a protective
immune response against pathogens. In T. gondii infection, Tregs are downregulated from
inflammatory responses, Thl expansion, and subsequent IL-2 deprivation (53, 54). This process
is vital to induce optimal host defenses. For example, when Treg populations are upheld by IL-2
supplementation, the host is unable to produce effective IFN-yresistance and dies due to
parasite burden (53). In a healthy host, Treg population loss is transient and repopulationis
necessary to prevent lethal pathology from excessive pro-inflammatory responses (53, 55).

Several cellular mechanisms are in place to repopulate Tregs. Retinoic acid (RA), a
Vitamin A metabolite, and transforming growth factor-beta (TGF-f3) are two molecules
expressed by avariety of cell types that regenerate Tregs and restores immune tolerance (56,
57). However, RA and TGF-§ are also capable of inducing effector T cell populations (57, 58).
The duality of these molecules complicates their function in T. gondii infection, but Treg
populations are clearly an important cell type that helps the host recover fromthe pro-
inflammatory responses in acute infection.

The anti-inflammatory nature of Tregs is accomplished, in part, by IL-10 (59). As an
inhibitor of effectorimmune cell stimulation and inflammatory cytokines production, IL-10
expression is required to prevent catastrophic immunopathology during acute T. gondii infection
(60, 61). In addition to Tregs, inflammatory monocytes can be programmed into regulatory

macrophages that also express IL-10 as well as prostaglandin E2 (PGEZ2), another molecule
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shown to limit effector immune cell activation (42, 62). Specifically, PGE2 from inflammatory
monocytes could play a significant role in host protection from neutrophil-mediated damage
after oral T. gondii infection (49). These results demonstrate there is a delicate balance between
a safe and harmful host response.

The early studies of peroral T. gondii administration established the factors responsible
for generating a pathogenic response that causes severe tissue damage and host death. These
detrimental effects were credited to uncontrolled Th1l effector responses and unrestrained
expression of IL-12, IFN-y, TNF-a, or NO (27, 63, 64). Blocking any of these factors significantly
improved tissue pathology scores and extended host life. However, the shift to a pathogenic
immune response can be more directly attributed to advanced immune stimulation by bacterial
imbalances in the gut after an oral T. gondii infection. This is most clearly represented in
gnotobiotic mice and mice pre-treated with antibiotics before an oral infection (65, 66). These
gut-bacteria-free mice had reduced intestine pathology and significantly lower IFN-y and TNF-a
levels. Consequently, host survival was improved even though there was no difference in
parasite burden. This suggests the fatalimmune pathogenesis that occurs in colonized mice is
independent of parasite control and a consequence of unregulated immune stimulation from
intestine dysbiosis.

The peroral route of T. gondii infectionis a unique model to study the cellular and
molecular mechanisms that trigger abreak in immune tolerance and the meth ods that assist
immune recovery. Interestingly, the physiological consequences of an oral T. gondii challenge
cause similar gut dysbiosis and pathological responses observed in inflammatory bowel
diseases (67). This highlights the value of oral T. gondii infection as a model to study

autoimmune disorders that are particularly relevant to humans.
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Programmed cell death and inflammation

Lytic programmed cell death pathways could augment host immunity out of tolerance
and into the realm of disease. Necroptosis and pyroptosis are two lytic programmed cell death
pathways that release DAMPs, which promote inflammation (68). The molecular mechanisms of
necroptosis and pyroptosis are briefly described below, and more detailed analyses have been
extensively reviewed (69, 70). These pathways have evolved to control viral, bacterial, and
parasitic infections by destroying replicative niches (68). However, when unregulated, these lytic
cell death pathways have the potential to be the tipping point that suddenly brings about
catastrophic host pathology.

Central to necroptosis is the receptor-interacting serine/threonine-protein kinase 3
(RIPK3) and its downstream substrate, mixed lineage kinase domain-like pseudokinase (MLKL),
which ultimately compromises cellular integrity and DAMPs are released to promote
inflammation. Without RIPK3 or MLKL, the necroptosis pathway is inhibited (71-73). There are
several lines of evidence that support the detrimental role of necroptosis in host physiology.
These come from the observations that RIPK3-- mice have reduced pathology and organ injury
after viral or bacterial ligand exposure (71, 72, 74, 75). However, the direct effects of
necroptosis in these studies can be difficultto interpret because RIPK3 has necroptosis-
independent functions in the pyroptosis pathway and kinase-independent activity in
inflammatory gene induction (76). The direct impact of necroptosis on host physiology, tissue
damage, and survival could be more clearly demonstrated in MLKL”- mice. This approach is
demonstrated in Chapter 3 with MLKL - mice, and our evidence suggests that necroptosis does
not impact host survival to T. gondii infection.

The core inflammatory mediators of pyroptosis are IL-1 and IL-18. A more thorough
background on pyroptosis has been described elsewhere (70). Concisely, PRR sense specific

PAMPs or DAMPs and assemble a multi-protein complex called the inflammasome. The
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inflammasome recruits the enzymes, Caspase 1 and 11 to cleave Gasdermin D, which causes
cell permeability. Activation of Caspase 1 and 11 also leads to the cleavage of IL-1 and IL-18
into mature and active forms. Upon release, IL-13 and IL-18 mediate pro-inflammatory cellular
responses. The host genes involved in pyroptosis have been studied recently in the context of
T. gondii infection. Exposureto T. gondii has been reported to activate the pyroptosis pathway
which controls parasite burden in in vivo and in vitro models (77, 78). Although there appears to
be some controversy over the implications of pyroptosis on hostsurvival to different T. gondii
infection models. For instance, genetic knockout models and inhibition of pyroptosis effectors,
like IL-18, the IL-1p receptor, and its IL-17 product show improved host survival compared to
WT mice after oral infection (64, 79-81). On the other hand, mice with deletions in various
components of the inflammasome show reduced host survival after IP infection (82-84). The
host responses of any given genetic mouse model, like the TLR-11/12" mice described above,
can show drastically different effects that are dependent on the route of infection. The individual
inputs of the genes along the pyroptosis pathway and the effects of pyroptosis on the host could
be clarified with the oral infection model, which is biologically relevant and would account for the
impact of gut bacteria on mucosal immunity.

There are other cell death pathways, like apoptosis and autophagy, that are also
important in pathogen control, but these pathways are considered non-immunogenic.
Interestingly, T. gondii has developed specific mechanisms to circumvent apoptosis and
autophagy pathways to establish infection (85, 86). The majority of studies that investigate
apoptosis in relation to T. gondii infection occur in vitro, and investigation of apoptosis in vivo is
difficult since genetic knockouts in essential apoptosis genes, like Caspase-3, are
developmentally lethal (87). Recent advancements have been made in understanding the
effects of autophagy in vivo after oral T. gondii infection. Autophagy was shown to be an

essential process in intestine Paneth cells for tissue homeostasis and host defenseto oral T.
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gondii infection (33). Disruption of the autophagy pathway results in increased host susceptibility
and intestine pathology after oral infection. The requirement of autophagy in Paneth cells has
significant clinical relevance in humans, observed by correlations between autophagy gene
mutations and inflammatory bowel disease occurrences (88).

Chronic infection

The hostimmune response to acute T. gondii infection enables parasite differentiation
into bradyzoite cysts that establish a chronic infection. The process of parasite differentiation,
from tachyzoites to bradyzoite tissue cysts, can be measured by alternate gene expression
profiles and epigenetic changes (6, 7). Bradyzoites produce a highly glycosylated cyst wall,
approximately 240 nm thick and between 20 — 70 um in diameter, that protects the internal
parasites against cell-mediated responses (89). Chronic cysts form in smooth muscle tissue and
in the CNS, but the majority of chronic infection studies have focused on host-pathogen
interactions in the brain. The ideathat bradyzoite cysts reside for the lifetime of the host and
offer protective immunity from secondary infection has been challenged (8). In addition, it is also
believed that bradyzoite cysts are dormant because a healthy host shows no overt symptoms,
but it was recently revealed that chronic cysts are dynamic entities (90, 91). The following
section will discuss the physiological impacts of chronic T. gondii infection on the host.

The CNSis a complicated and vital organ composed of neurons and glial cells. Neurons
are primarily responsible for signal transduction, while glial cells offer neuronal support and
contribute to innate and adaptive immune responses (5, 92). T. gondii’s access to the brain is
similar to the mechanisms of parasite dissemination during acute infection. T. gondii passes the
blood-brain barrier through cellular tight junctions, by transcellular crossing, or via the “trojan
horse” mechanism. Bradyzoite cysts primarily reside in neurons because they are unable to
mount intracellular defenses (93, 94). The CNS was thought of as an immune-privileged site,
but glial cells within the CNS are capable of clearing intracellular parasites through innate

immune responses, which support the observation that T. gondii selectively inhabit neurons (94-
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97). The innate immune responses generated from IFN-y must be maintained throughout
chronic infection or else the host dies from uncontrolled parasite growth, cell lysis, and
encephalitis (29). The host transcriptional response in the brain shows elevated immune genes
throughout acute and long-term chronic infection, which is further discussed in Chapter 2 (6,
98). An elevated immune response that is prolonged for extended periods of time defines
chronic inflammation. Generally, chronic inflammation is thought to have negative impacts on
host health.

Cachexia is a syndrome defined as a metabolic disorder associated with chronic
inflammation that results in muscle and fat loss (99). Mice have higher levels of immune gene
transcripts in the brain as well as an elevated, local and systemic, production of inflammatory
cytokines throughout chronic T. gondii infection (6, 98). Cachexiais a result of T. gondii induced
chronic inflammation on the mouse host (79, 100, 101). In addition, chronic infection and
inflammation trigger prolonged intestinal dysbiosis (100, 102). Considering the fact that the
intestinal dysbiosis observed in acute oral T. gondii infection leads to intestine pathology, it
would be interesting to determine if chronically infected mice with gut microbial imbalances also
suffer fromintestine pathology. The chronic infection phenotypes on the mouse host are
particularly interesting because this is a latent infection that primarily occurs in the brain and has
profound effects on host metabolism and gut physiology. This summons the idea of the gut-
brain-axis.

The gut-brain-axis entails a bidirectional line of communication between the intestine
and CNS. This relationship provides afeedback mechanism when alterations occur in the
intestine or brain. For instance, alterations in gut composition have been linked to behavioral
changes, like stress or psychological disorders, and vice versa (103, 104). Chronic T. gondii
infection is associated with behavioral changes, mental disorders, and cognitive diseases (105).
However, many of these studies that investigate T. gondii effects on the brain are riddled with

design limitations and experimental caveats. Since neurons are the primary source of



15

communication in the brain and most bradyzoite cysts are found within the cerebral cortex and
basal ganglia, two regions with executive functions in perception, memory, and behavior (5), itis
interesting to speculate the consequences of altered signal transduction in the brain by chronic

T. gondii cysts.

Conclusion

Toxoplasmosis is a significant health concern for humans, wildlife, domestic animals,
and livestock. Although, T. gondii infection mainly poses an imminent threat to the immune-
compromised or developing fetus. The host response that promotes survival to an acute oral
infection is a coordinated response between the gut mucosal immune system and the gut
microbiome. This process requires adequate pathogen recognition, immune activation, and pro -
inflammatory responses to control parasite replication and promote host survival. Immune
regulation is critical to prevent unnecessary tissue damage and host death. The line between a
sufficient and disadvantageous immune response is harrow. Uncontrolled lytic cell death
pathways could tilt the scales of immune tolerance into disease associated with intestine
inflammation and host death after oral T. gondii infection
n. However, a balanced immune response enables parasite dissemination and transition to
bradyzoite cysts, which promote a chronic inflammatory phenotype that could have negative
consequences on host physiology. Ultimately, oral T. gondii infection is the biologically relevant

model to study the cellular and molecular mechanisms of host innate and adaptive immunity.
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Figure 1. Gut mucosal immune system. The intestine epithelium and gut mucosal immune

system provide a physical and chemical barrier against luminal contents. Collectively, these
features are poised to induce arapid and coordinated response against pathogens. The gut
mucosal immune system generates a protective innate pro-inflammatory response that

facilitates host survival to oral T. gondii infection.
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stimulate MYD88-mediated IL-12 production and subsequent IFN-y expression after oral T.
gondii infection. The IFN-y signaling pathway is vital for immune cell stimulation and cell-
mediated defenses that control parasite burden. The MYD88, IL-12, and IFN-y pathway is

essential to host survival. Any deficiency in this pathway results in host death from an

inadequate pro-inflammatory response and uncontrolled parasite replication.
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is critical to activate T cells and ILCs, as well as other inflammatory immune cells to produce
IFN-y. Subsequently, IFN-y drives immune cell activation, pro-inflammatory responses, and
mechanisms of T. gondii degradation. This process forms a positive feedback loop that
amplifies host defenses against T. gondii infection. To prevent excessive inflammation and
tissue damage, Tregs and regulatory monocytes inhibit further immune cell activation and

stimulation. These mechanisms provide a protective host response that is robust and balan ced.
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Abstract

The long-term host effects caused by the protozoan parasite Toxoplasma gondii are
poorly understood. RNA-seq analysis previously determined that the host response in the brain
was higher and more complex at 28 versus 10 days postinfection. Here, we analyzed the host
transcriptional profile of age- and sex- matched mice during very early (21 days), early (28
days), mid (3 months) and late (6 months) chronic infection. We found that a majority of the host
genes which increase in abundance at day 21 postinfection are stillincreased 6 months
postinfection for both male and female mice. While most of the differentially expressed genes
were similar between sexes, females have far fewer genes that are significantly less abundant,
which may lead to the slight increased cyst burden in males. Transcripts for C-X-C Motif
Chemokine Ligand 13 and a C-C Motif Chemokine Receptor 2 (CCR2) were significantly higher
in females compared to males during infection. As T. gondii chronic infection and profilin (PRF)
confer resistance to Listeria monocytogenes infection in a CCR2 dependent manner, the
differences in CCR2 expression lead us to re-test the protection of PRF in both sexes. Chronic
infection as well as PRF were nearly as effective at reducing the bacterial burden in male versus
female mice. These data show that most of the host genes differentially expressed in response
to T. gondii infection are similar between males and females. While differences exist between
sexes, these differences do not result in biological changes to the way the host respondsto T.

gondii infection.
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Introduction

The parasitic protozoan Toxoplasma gondii has the unigue ability to form long-lasting
chronic infections in the central nervous system (CNS) of humans and other mammals. After the
initial infection through ingestion of either T. gondii oocysts or tissues cysts, the fast-growing
tachyzoite form travels into the CNS and transitions into the slow-growing bradyzoite. These
bradyzoites form cysts in the brain, primarily within neurons (1), and reside there presumably for
the lifetime of the host. The long-term effects of chronic T. gondii infection on the body and brain
are poorly understood, and current antiparasitic drugs are ineffective against this chronic form.
Although otherwise healthy individuals chronically infected with T. gondii are clinically
asymptomatic, the risk of cyst reactivation is inherent when an infected person becomes
immunocompromised.

In chronically infected mice, T. gondii provides protection against lethal pathogens (2-7),
largely through a strong immune response against the immunodominant antigen profilin (PRF,
(8)). PRF binds the murine Toll-like receptors 11 and 12 (TLR11/12) which leads to an
interleukin-12 (IL-12) dependent interferon gamma (IFNy) response (9-12). Continual IFNy
production is required to suppress chronic T. gondii infection, as reduction of IFNy in chronically
infected mice results in tissue cyst reactivation and host death (13, 14). Although the immune
mechanism is different in humans, a continuous suppression of T. gondii by the immune system
is required for survival (15). This effect is evident in patients with chronic T. gondii infection who
become immune compromised by an immunosuppressive disease or chemotherapeutic
treatment. These patients suffer from encephalitis when brain cysts reactivate into tachyzoites.

The immune response to parasitic protozoans, like T. gondii, Leishmania, and
Plasmodium, vary between male and female hosts. During acute T. gondii infection, females
show reduced survival rates and lower cytokine levels compared to males (16). Innate and

adaptive immune cells are influenced by sex hormones that impact the immune response to
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protozoan infections (17). Treatment with sex hormones, like estradiol and estrogen, increase
acute pathogenesis (18) and increase the number of brain cysts in both male and female mice
(19, 20). Although the effects of sex hormones on acute T. gondii infection have been well
studied, comparisons between male and females during chronic infection have varied
depending on mouse genotypes. Cyst counts between male and female outbred mice show no
difference between sexes (19), whereas inbred B6 female mice have slightly more brain cyst
compared to male during early chronic infection (16).

To start understanding the long-term interactions between the parasite and host, the
host/parasite transcriptomic profile was compared at the peaks of acute and chronic mouse
infection (21). The number of highly expressed hostgenes specific to chronic infection was
striking and required further investigation. In this manuscript, we used high throughput RNA
sequencing (RNAseq) to examine the host response late into chronic T. gondii infection. Brain
tissue of CBA/J mice infected from 21 days through 6 months of infection was analyzed, and
both male and female mice were included to account for sex dependent responses to chronic T.
gondii infection. We found that a majority of the host genes which are increased in abundance
at 21 days postinfection are still more abundant at 6 months postinfection in both sexes. While
most of the host response is similar between sexes, females have far fewer genes that are
significantly less abundant. Also, the B-cell chemoattractant C-X-C Motif Chemokine Ligand 13
(CXCL13) and a C-C Motif Chemokine Receptor 2 (CCR2) for Monocyte Chemoattractant
Protein 1 (MCP1) are higher in females compared to males during infection. These results
highlight that studies of the host immune response against T. gondii should include both males

and females, especially when examining responses to the chemokines and their rece ptors.
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Materials and methods

Mouse infection with T. gondii. The ME49 strain of T. gondii was cultured as tachyzoites in
human foreskin fibroblast cells. 6-10 week-old CBA/J male and female mice (JAX) were infected
intraperitoneally with 1x10° tachyzoites for studies of acute toxoplasmosis and 1x104
tachyzoites to establish chronic toxoplasmosis. Animal survival curves were produced and
analyzed using Prism software (v5; GraphPad). Animals were treated in compliance with the
guidelines set by the Institutional Animal Care and Use Committee (IACUC) of the University of
Wisconsin School of Medicine and Public Health (protocol #M005217), which adheres to the
regulations and guidelines set by the National Research Council. The University of Wisconsin is
accredited by the International Association for Assessment and Accreditation of Laboratory

Animal Care.

Generation of RNA and RNAseq. The cerebral cortex of infected mice at 21, 28, 90, and 180
days postinfection, along with aged-matched uninfected control mice, was harvested. Brain
tissue from three mice were processed for RNAseq for each condition and sex for the 21, 28,
and 90 day timepoints, and two mice were used for each condition for the 180 day timepoint,
except the infected female 180 day timepoint group in which three mice were used. Tissue was
immediately homogenized in Trizol (Ambion) using a pellet pestle (Kontes), and RNA extracted
using phenol/chloroform separation and ethanol precipitation. RNA libraries were prepared
using TruSeq RNA Library Prep Kit v2 set A (lllumina), according to the manufacturers protocol.
RNA libraries were multiplexed and run across 9 lanes (infected tissues) or 3 lanes (uninfected
tissues) for paired end sequencing by Illumina HiSeq 2500 at the University of Wisconsin

Biotechnology Center, generating approximately 5.7 billion total paired-end 125 base pair reads.
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Differential Expression Analysis. The sequenced reads were alignhed to the Mus musculus
genome (GRCm38; database v87; Ensembl), using the Spliced Alignment to a Reference
(STAR; v2.5.2b) program (40). Alignment parameters for STAR were kept at default except for
the following: 2 base pair maximum mismatch, 70 base pair minimum intron length, and a
500,000 base pair maximum intron length. Gene expression levels were then estimated using
the program RNA-seq by Expectation-Maximization (RSEM v1.2.31) (41). Differential analysis
was calculated using the DESeq2 (v1.14.1) program, analyzing genes with 210 raw counts
(calculated by RSEM) for at least one sample. Fold change was calculated using the geometric
mean values for the infected samples relative to their matching uninfected samples. The rlog
transformed DESeq2 values were used forthe PCA plot and PCA calculated using “plotPCA”
function of the DESeq2 package. The logz transformed DESeq2 values were used to calculate
Pearson’s correlation coefficients and coefficients were calculated using the corrgram package.
The Database for Annotation, Visualization and Integrated Discovery (DAVID v6.8) was used as
a functional annotation tool to identify enriched biological gene ontology (GO) terms among
genes commonly differentially expressed between timepoints. A list of mouse genes with at
least 10 RSEM gene counts was used as background for enrichment analysis in DAVID. All raw
sequencing data and differential expression values have been depositedin NCBI's Gene
Expression Omnibus (GEO) (42) and are accessible through GEO Series accession number

GSE117504 (https://www.ncbi.nim.nih.gov/geo/query/acc.cqi?acc=GSE117504). Heat maps

were generated using the Multi Experiment Viewer program.

gPCR. RNA fromisolated from the RNAseq experiment was reverse transcribed to synthesize
cDNA using SuperScript Il polymerase (Invitrogen). Amplification of target genes was quantified
using SYBR Green Supermix (Bio-Rad) with primers directed to the mouse genes GAPDH,

TUBa1a, Cxcl13, Ccr2, Cd74, Fcrls, TNFa, and IFNy. Primers were designed using the


https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE117504
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Integrated DNA Technologies RealTime PCR Tool. Expression was calculated by normalizing
the cycle threshold values (Ct) to that of GAPDH for each sample (ACt). The AC: value was then
used to calculate either the fold change by dividing the AC: of each gene in infected mice from
the average AC: of the gene in uninfected mice, or the log2 fold change using the AACt method

(43) relative to uninfected for each sample.

Listeria monocytogenes infection. C57BL/6 mice were either infected peritoneally with 250
ME49 tachyzoites or treated retro-orbitally with 10 ng T. gondii PRF (8, 10) or PBS as control
treatment. Purified recombinant his-tagged T. gondii PRF was a kind gift from F. Yarovinsky
which consistently yields near endotoxin-free protein (10). Mice were infected with
approximately 6x104 L. monocytogenes colony forming units (CFU) retro-orbitally either 28 days
post T. gondii infection or four hours post-PRF treatment. Bacterial culture was grown to mid-log
growth stage at 37°C in LB medium prior to infection. At 3 days post L. monocytogenes
infection, spleentissue was harvested and homogenized in 1 mL PBS using a pellet pestle
(Kontes). Homogenate was plated on LB agar plates to quantify viable L. monocytogenes CFU

for each condition.

Quantitation of brain cyst burden. Whole brain tissue was homogenized using a pellet pestle
(Kontes) in PBS. Homogenate was fixed in 4% paraformaldehyde, then blocked and
permeabilized in PBS with 3% BSA and 0.2% Triton X-100. Biotinylated Dolichos biflorus
agglutinin (DBA,; Vector Laboratories) was used to mark the surface of the T. gondii cyst and
was visualized using Alexaflour-594 conjugated streptavidin (Thermo Scientific). Cysts were

counted by microscopy to calculate cyst burden for each brain.
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Quantitation of serum cytokines. Blood was harvested from the mice used for RNAseq analysis
via cardia puncture. Samples were incubated on ice, and serumwas separated from the
coagulated clot by centrifugation (10 minutes at 14000xg). 25 pL of serum was used for cytokine
quantification using a cytometric bead array (BD Biosciences). Serum cytokine concentrations

were calculated based on a standard curve of known concentrations.
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Results
Host response to T. gondii throughout chronic infection

When we previously compared host transcript abundance during T. gondii infection, we
were surprised to see many more highly abundant transcripts at day 28 than day 10 (21). For
this study, our goal was to investigate the temporal nature of this chronic infection gene
induction by examining early (21 day), mid (90 day) and late (180 day) chronic infection
timepoints. Because sex as a biological variable has not been previously explored by RNAseq
during T. gondii chronic brain infection, we also examined infected male mice brains at early
and late chronic infection. Uninfected age- and sex-matched control mice were sequenced at
every timepoint (n=2-3) to account for any age- and sex-related changes independent of
infection (Fig. 1A). For this study we used CBA/J mice to be consistent with the previous study
(21) and for their ability to survive late into chronic infection.

To reduce sequencing bias, RNA libraries were multiplexed and run across 6 lanes for
infected tissues and 2 lanes for uninfected tissues. Sequencing generated approximately 46
million paired-end, 125 base pair reads per lane for each sample, providing approximately 270
million reads for each infected tissue sample and 100 million reads for uninfected tissue sample.
Reads were aligned to the Mus musculus genome (normalized expression values are listed in
Table S1) for analysis. Reads were also aligned to T. gondii (hormalized values in Table S2);
however, the RNA processing methods used did not allow for efficient RNA extraction from the
cysts, so no comparisons were performed with the T. gondii transcripts. Analyzing the similarity
of samples using the mouse alignment data through a principle component analysis showed
distinct grouping between male and female groups as well as infected and uninfected samples
(Fig. 1B). Within each group, separation of the 180 day samples is seen, likely due to age
related changes in the mice since this happens in both uninfected and infected samples.

Pearson’s correlation coefficients show high similarity among all samples (ranging from 84 -99%
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similar; Table S3), with the greatest difference between infected and uninfected samples of
either sex.

We first compared the differential expression of host genes from infected female
cerebral cortex to their corresponding uninfected controls (Table S4). A statistical cutoff of an
adjusted p-value or false discovery rate (FDR) of <0.05was used for all analyses, and genes
with >2-fold change from uninfected mice were identified to increase the likelihood of biological
significance. This threshold identified 1660, 1369, 745, and 1256 genes differentially expressed
in female mice at 21, 28, 90, and 180 days postinfection, respectively. Nearly all these genes
were higher in abundance, as only 110, 28, 6, and 52 genes were less abundant at 21, 28, 90,
and 180 days postinfection, respectively. Thisresult was similar to that seen in the previous
chronic transcriptional analysis of T. gondii infection (21). Of the significantly less abundant
genes, the average change was approximately 2.5-fold for all timepoints expect for the 90-day
timepoint which averaged 5.0-fold reduction. No gene was >10-fold reduced for any of the

female timepoints.

Host genes with greater abundance are shared between early and late chronic infection
Among female genes with greater abundance, 710 are shared between all timepoints
(Fig. 2A), which represents approximately half of all differentially expressed genes at 21, 28,
and 180 days postinfection and 95% at 90 days. The results were similar for male mice, with
609 shared genes between days 28 and 180 (Fig. 2B), out of 2009 and 1014 genes more
abundant at 28 and 180 days postinfection, respectively, for males. The number of unique
female genes is drastically reduced from 21 to 28 days postinfection (322 to 48, respectively).
This large set of 21 day unique genes suggests these genes may be either acute stage specific

genes or genes required for the onset and establishment of chronic infection. As evidence for
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both scenarios, 193 of the 322 genes specific for 21-days are also differentially expressed when
comparing chronic transcripts at 28 days to acute transcripts at 10 days postinfection (21).

To understand which host genes were the most responsive to infection, we sorted for
genes with a 20-fold or greater abundance in infected versus uninfected mice. 92 female genes
met these criteriain both early (28-days) and late (6 months) chronic infection (Fig. 3A).
Similarly, male mice have several genes (42 genes) greaterin abundance both early and late
into infection (Fig. 3B). 153 male genes were at least 20-fold differentially expressed during
infection at 28 days, 148 of which were more abundant. At 180 days 43 male genes are
differentially expressed using the 20-fold cutoff, all of which are more abundant and 42 are
shared between both timepoints. Moreover, 40 of the 42 shared male genes are also shared
with females at both 28 and 180 days postinfection (Fig. 3C). All but six of these 40 shared
genes contain a gene ontology (GO) term linked with the immune response, demonstrating that
the host continues to robustly respondto T. gondii months after initial infection and genes with

greater abundance are shared between sexes during chronic infection (Fig. 3D).

Male mice have vastly more genes thatare less abundant

The number of less abundant genes was strikingly different between males and females
(Fig. 4A). Only 28 and 52 female genes were less abundant at 28 and 180 days postinfection,
respectively. In males, 2290 genes were less abundant at 28 days and 970 at 6 months
postinfection using a 2-fold cutoff, with 328 shared between both timepoints. Of these, 40 are
>10-fold reduced at 28 days and 3 genes reduced at 6-months postinfection, none of which are
common between the two timepoints (Table S5).

One host gene less abundant in both males (28-fold at 28 days) and females (8-fold at
28 days) is Fc receptor-like S scavenger receptor (FCRLS), a protein with unknown function that

is highly expressed on microglia (22). FCRLS resembles an Fc receptor but does not bind
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antibodies. It is interesting to notice that other microglial-specific markers, such as P2ry12,
Mertk and Gas6, have similar transcript levels in infected and uninfected males, while Clgaand
Pros1 are significantly more abundant in infected versus uninfected males (Table S3). These
results point to a specific downregulation of FCRLS in microglia by T. gondii, and not a global
downregulation or lysis of microglia cells by T. gondii. We confirmed that FCRLS was less

abundant by quantitative (qPCR) in both male and female mice (Fig. 4B).

Gene ontology analysis shows immune response late into infection

To understand the roles forthese common genesduring in infection, we analyzed the
sets of shared genes for GO enrichment. Using the 710 genes with 2-fold greater abundance
shared among the female timepoints, 370 GO terms were significantly enriched (Table S6).
Similarly, from the 609 genes with 2-fold greater abundance shared in the male timepoints, 291
GO terms were identified (Table S6). All the most enriched GO terms related to immune
responses or other responses to infection and were the same for both males and females (Fig.
5A). This immunological GO term enrichment is also found among the >20-fold more abundant
genes (Fig. 5B), using the 92 greater abundant genes shared among the female timepoints and
the 42 greater abundant genes shared in the male timepoints. These results show that T. gondii

continuously induces immunological responses during late chronic infection.

Serum cytokines are elevated throughout the course of infection

We quantified serum cytokines to determine whether the increased transcriptional
abundance of immunological factors translated into a physiological response. Serum cytokines
important for control of T. gondii include tumor necrosis factor alpha (TNFa), IFNy, IL-12, IL-6,
IL-10 and MCP1 (Fig. 6A-F, respectively). TNFa, IFNy, MCP1, and IL-12 were highest in

infected male and female mice at the earliest timepoint tested (21-days postinfection) and



44

decrease as the infection continued. By 6 months postinfection, TNFa, IFNy, MCP1, and IL-12
were all decreased by approximately 70% from the levels at 21 days postinfection; however,
levels at 6-months were still significantly higher than uninfected. These decreases over time
were also seen when analyzing transcript abundance either by RNAseq (Fig. 6G) or by gPCR
(Fig. 6H). These results were similar to the decrease in serum cytokines seen in C57BL/6 mice
at 8-weeks post T. gondii infection (23). While IL-6 and IL-10 both showed atrend of elevated
serum concentration compared to uninfected, not all timepoints reached statistical significance.
Comparing cytokines from male to female, we found the same trend of decreasing
concentrations for TNFa, IFNy, MCP1, and IL-12 for both sexes. In addition, IL-6 and IL-10 were
variably significant for both sexes throughout infection compared to uninfected. Although some
cytokines tended to be lower in males, these differences were not statistically different.

The cytokine concentrations matched the transcriptional profile over time for many of the
tested cytokines for both sexes. The normalized expression values (FPKM values) for TNFq,
IFNy, and IL-12 had the highest levels in the infected mice at 21 days postinfection and
decreased over time. Many immunological genes show a dip in transcriptional activity at 90
days postinfection, but the transcriptional change did not correlate to areduction in serum
cytokines tested. Gene expression of IL-6 and IL-10 showed low and unchanging levels
throughout infection, and these levels were not significantly different from uninfected mice at
any of the timepoints in the female mice. Expression for the receptors for many of the tested
cytokines are increased in abundance, suggesting the host brain cells are responsive and active

toward the immunological cytokine response.

Sex specific responses to infection
Because male and female mice had similar immunological GO term enrichment in

response to T. gondii infection, we expected their survival to T. gondii would also be similar.
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During an acute challenge with 1x105 parasites/mouse, both male and female mice became
moribund and required euthanasia at similar rates (Fig. 7A). When mice are infected with a
lower dose of parasites (1x10* parasites/mouse) to allow survival into chronic infection, both
sexes had 90% survival at the start of chronic infection (28 days) (Fig. 7B). Although male mice
had a slightly lower survival percentage throughout chronic infection, the survival curve did not
reach statistical significance between sexes. Although it has previously been seen that female
mice are slightly more susceptible to T. gondii infection than male mice (16, 17), our studies
contain many altered variables, including different parasite and mouse strains, than the earlier
studies. Males had a statistically significant, 2-fold higher cyst count at 3 months postinfection
(Fig. 7C). While the same trends were seen at 6 months postinfection, only about 20% of the
mice survived to that timepoint, and the cyst counts in the remaining seven male mice were
highly variable. Due to this low survival and variability, we were not able to adequately power
the 6 month timepoint (Fig. 7C). These small differences in survival and cyst counts may be
related to the slight reduction in key cytokines in males during chronic infection (Fig. 6). These
results also indicate that cyst levels are not the only cause of mortality during chronic infection
as male mice had slightly higher cyst counts but did not have increased mortality.

Although most differentially expressed genes were common between sexes, 11 genes
(Table S7) were increased 20-fold in females but not in males (Fig. 8A). CXCL13 and CCR2
were two immunologically related genes from this set of 11, which showed alarge difference
between male and female. This trend of reduced expressionin males was duplicated by gPCR
(Fig. 8B), particularly for CCR2 at the 28 day timepoint (p=0.036). CCR2 is the receptor for
MCP1, and 4 hour pretreatment with T. gondii PRF confersresistance to a secondary bacterial
infection by recruiting monocytes in a CCR2 dependent manner (8). We tested the ability of T.
gondii to confer resistance to Listeria monocytogenes in male mice during chronic infection (Fig.

8C) and found a 3.3 log reduction in CFU from the spleens of male mice chronically infected
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with T. gondii. This was similar, to the 3.6 log reduction seen in chronically infected females (8).
To directly compare male and females, and as PRF is the CCR2 stimulant, we treated mice with
10 ng PRF (as a proxy for chronically infected mice) prior to L. monocytogenes infection (Fig.
8D). The 3.2 log CFU reduction seen in male mice when treated with PRF was nearly identical
as chronic infection, and female mice showed a 3.6 log reduction, similar to results seen
previously (8). Although female mice had an overall higher CFU burden compared to males, the
CFU reduction was slightly greater for female mice, but this difference was not statistically
different. While female and male mice have similar protection against T. gondii (Fig. 7) and L.
monocytogenes (Fig. 8), the precise molecules and their intensities of that protection are

different, so mechanistic analyses should include both sexesin the studies.

Discussion

T. gondii can form a chronic infection in any warm-blooded animal, presumably for the
life of the host. In mice, this chronic infection alters the host both physically and behaviourally.
Mice show increased activity relative to uninfected controls (24, 25) and infected mice are no
longer repulsed by feline urine (26). This type of host manipulation serves as a selective
advantage for the feline/rodent cycle. However, the induced behavioural changes and their
effects in humans is more controversial and less understood. Associations with T. gondiiin
humans range from personality changes, to increased risk of involvement in atraffic accident, to
mental health disorders such as schizophrenia (27, 28). Because no drug treatments are
effective against chronic T. gondii infection and there are no effective vaccine options, it is
important for us to better understand the long-term effects on the host. Our current RNA-seq
study of along-term chronic infection time course will enhance our understanding of these

behavioural studies and their effects on the brain.
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Our transcriptional analysis of mouse genes during late chronic infection shows a
continuous and robust immunological response to T. gondii. Host responses are reduced after
the 21 day timepoint, but they are still significantly higher than the age-matched uninfected
mice. Nearly half of all the genes that increased in abundance at 21 days post infection (start of
chronic infection) were still increased 6 months postinfection (Fig 2). All the most enriched GO
terms from this set of genes related to immunological responses (Fig. 5). Although the
amplitude of expression forimmunological genes during late -chronic infection may be reduced
for some genes such as TNFa and IFNy, they are still significantly more abundant than in the
uninfected controls and many genes are >20-fold increased (Fig. 3). Given these results, it is
not surprising that natural killer cells isolated from the peritoneal cavity of mice continue to be
activated out to 6 months postinfection (29) and T. gondii infection maintains protection from
secondary infection out to 7-months postinfection (2). This demonstrates a continual
immunological response from the host and has been verified in our transcriptional analysis here.

Both sexes showed a major increase in the expression of several immunological genes.
While the majority of the differentially expressed genes are shared, key factors showed
differences between the sexes leading to altered responses to the infection. Levels of CCR2
expression was higher in females, along with a trend of increased serum cytokine
concentrations, compared to male mice (Fig. 6). We previously found that CCR2 is essential for
T. gondii chronic infection and PRF to conferresistance to L. monocytogenes in females, but
these findings were not tested in male mice. In this current study, we found that both chronic
infection and PRF treatment were effective to reduce the L. monocytogenes bacterial burden in
male mice, similar to female mice. PRF treatment reduced bacterial burden in males by 3.2 logs
compared to untreated males, related to the bacterial reduction of 3.6 logs for females (Fig. 8).
These results emphasize that while there are some differences in the molecules induced by T.

gondii, chronic infection with T. gondii can protect against Listeria in both sexes. Still, CXCL13
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and CCR2 were increased 20-fold in females but not as much in males during chronic T. gondii
infection, so females have may better protection against some co-infections than males. Future
immune mechanistic analyses should include both female and male mice.

A striking difference between the sexes was seen in the number of genes with lowered
abundance during infection. While female mice only had around one hundred genes with
reduced abundance at each timepoint, male mice had over 2000 genes at 28 days postinfection
and over 1000 at 6 months postinfection with lowered abundance (Fig. 4). Many of the most
reduced genes have an unknown function (Table S4), but five of the most reduced genes are
named genes: FCRLS, DLG2, PPIL6, SCEL, and MARCH10. These genes are all reduced
specifically in males except for FCRLS which is reduced at in both sexes. Disks large homolog 2
(DLG2, transcript number ENSMUST00000207095) is a membrane-associated guanylate
kinase that forms multimeric scaffolds at postsynaptic sites. While DLG2 knockout mice have
normal synapse development (30), they have abnormal thermogenesis and bone density (31),
suggesting male mice may have altered metabolism during T. gondii infection. Peptidylprolyl
isomerase like 6 (PPIL6), is a gene enriched in olfactory sensory neurons (32); however, the
biological function is unknown, as the PPIL6 catalytic site is inactive (33). As mice have altered
perception of feline urine scent (26), PPIL6 may play a role in this mechanism for male mice.

Sciellin (SCEL), is a protein thought to function in the assembly or regulation of cornified
envelope proteins in keratinocytes (34), and membrane associated ring-CH-type finger 10
(MARCH10) is a ubiquitin ligase (35). SCEL and MARCH10 are both linked to Alzheimer’s
disease. A specific type of keratin has been detected in cerebrospinal fluid of patients with
Alzheimer’s disease but not healthy individuals, which may be the result of blood brain barrier
breakdown or dysregulation of the ubiquitin proteasome (36). Since SCEL is involved with cells
which produce keratin and MARCH10 is a ubiquitin ligase, these genes may play a role in the

mechanism of keratin accumulation in the CNS.



49

This current study highlights the importance of using male and female mice when
studying the immune responses to T. gondii. Our previous studies of chronic T. gondii infection
being protective against other pathogenswere all performed exclusively in female mice (8, 37,
38). Our methods in the manuscript did not state the sex of the mice, but our records indicated
that only female mice were used. The original studies on the effects of chronic infection being
protective against other pathogens either did not say the sex of the animal (4) or they only used
female mice (5-9), so this study is the first to show that the protective effects of T. gondii
chronic infection are not exclusive to female mice. It is also been seen that sex hormones,
especially estradiol, can affect the immune responseto T. gondii as well as it’s replication (39).
In the rodent estrous cycle, ovulation occurs every 4—-5 days and is characterized by increasing
levels of estradiol. In proestrus, estradiol levels are triple that of estrus, so infection with T.
gondii at these different stages of the estrous cycle may account for some of the variability seen
during studies. Future studies using both male and female mice and documenting female estrus

stage will increase our understanding of the host immune responseto T. gondii.
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Figure 1. RNA-seq of long-term chronic infection. (A) Timeline of infection representing RNAseq

timepoints, defining acute (<14 days), very early (21 days), early (28 days), mid (90 days) and

late chronic (180 days) T. gondii infection. Female cerebral cortexes () were harvested 21, 28,

90, and 180 days postinfection, and male cerebral cortexes (J3') were harvested 28 and 180

days postinfection. Numbersrepresentthe number of individual mice used for each groupin the

RNAseq analysis. Arrows represent the timepoints used to compare acute and early chronic

transcripts from the previous analysis (Pittman, et al., 2014). (B) PCA plot of samples used for

RNA-seq analysis. Open symbols represent uninfected samples and closed symbols represent

infected samples. Triangle represent males, and circles represent females. Colors correspond

to timepoint of infection (red=21 days, blue=28 days, green=90 days, purple=180 days).
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Figure 2. Host genes with greater abundance after infection are shared throughout infection.
Number of female (A) and male (B) mouse genes with a greater than 2-fold increase from age-
matched uninfected controls. Shared sets are represented by overlapping regions between the

21 day (red), 28 day (green), 90 day (blue), and 180 day (yellow) timepoints.
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controls. (C) Shared sets are represented by overlapping regions between the 28 day (green)
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Figure 4. Males have a greater number of less-abundant genes than females in response to
infection. (A) Total number of differentially express genes with both aFDR value <0.05and a 2-
fold increase (solid bars) or decrease (slashed bar) compared to uninfected controls for females
(red) and males (blue) at 28 or 180 days postinfection (DPI). (B) gPCR analysis of one of the
most differentially expressed genes with greater abundance (CD74) and one of the less
abundant genes in both males and females (FCRLS), Owith tubulin as a control. Datafrom
females is in shades of red, data from males is in shades of blue. Raw data was first normalized
to housekeeping gene glyceraldehyde 3-phosphate dehydrogenase (GAPDH) before the fold

change of infected versus uninfected was calculated.
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Figure 5. Immunological gene ontology (GO) terms are highly enriched during infection. (A) GO
term enrichment was performed using the 710 genes with 2-fold greater abundance shared
among the female timepoints (red) and the 609 genes with 2-fold greater abundance shared in
the male timepoints (blue). (B) GO term enrichment for the >20-fold more abundant genes using
the 92 genes shared among the female timepoints (red) and the 42 genes shared in the male
timepoints (blue). Terms were sorted based on their g-value and the percent enrichment for the

top ten most significant are shown.
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Figure 6. Inflammatory cytokines are abundant throughout infection. Serum TNF O (A),
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IFNCO(B), IL-12 (C), IL-6 (D), IL-10 (E) and MCP1 (F) were quantified from the male (blue) and
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female (red) mice used for the RNAseq analysis. Timepoints include 21, 28, 90 and 180 days
postinfection. Circle symbols represent cytokines frominfected mice and squares symbols
represent uninfected mice. Data is the average concentration of three mice, except for infected
and uninfected males at 180 days postinfection and uninfected females at 180 days
postinfection, which had two mice each. Error bars represent the standard deviation between
samples and asterisks indicate statistically significant differences betweeninfected and
uninfected samples by Student’s t-test (n.s., not significant; *, p<0.05; **, p<0.01; ** p<0.001).
(G) Heatmap differential expression compared to uninfected, fromthe RNAseq datafor the
cytokine genes. Bright blue is 5.0 Log2(FC) or 32-fold change. Yellow is no change as seen for
tubulin (Tuba1a) across the bottom. The genes for the two subunits of IL-12 are shown, as the
cytometric bead array quantified the dimeric form of IL-12 (IL-12p70). (H) gPCR analysis of the
cytokine genes IFNT and TNF[J Dwith tubulin as a control. Data from females is in shades of
red, data from males is in shades of blue. Raw data was first normalized to housekeeping gene

GAPDH before the fold change of infected versus uninfected was calculated.
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Figure 7. Outcomes of T. gondii infection are similar in male and female mice. (A) Acute

survival curve of male (blue, n=6) and female (red, n=5) mice infected with 1x10° parasites. (B)

Chronic survival curve for male (n=28) and female (n=26) mice infected with 1x104 parasites.

(C) Cyst burden in brains of mice at 3 months (n=3 male, n=3 female) and of surviving mice at 6
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months postinfection (from B; n=7 for males and n=3 female). Statistical differences between
male and female survival curves was calculated using the Mantel Cox log-rank test, and
differences between male and female cyst burdens was determined using Student’s t-test (*

p<0.05). N.D. = not determined because of inadequate power).
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Figure 8. Stimulation with T. gondii confers more resistance to L. monocytogenes in female
mice. (A) Heatmap of transcript abundance from the RNAseq datafor the eleven genesthat are

more differentially expressed in females than males in response to T. gondii infection. Bright
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blue is 6.0 Log2(FC) or 64-fold change. Yellow is no change as seen for tubulin (Tuba1a) across
the bottom. (B) gPCR analysis of CXCL13 and CCR2 with tubulin as a control. Data from
females is in shades of red, data from males is in shades of blue. Raw data was first normalized
to housekeeping gene GAPDH before the fold change of infected versus uninfected was
calculated. (C) L. monocytogenes burden in spleens of male mice infected 28 days prior to L.
monocytogenes with T. gondii (+, n=4) compared to uninfected male mice (-, n=4). (D) L.
monocytogenes burden in spleens of female (red) and male (blue) mice (n=4/group) treated
intravenously with saline (-) or 10 ng of recombinant T. gondii PRF (+) 4 hours prior to L.

monocytogenes infection. Lines represent mean burden of each group.
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Abstract

Toxoplasma gondii infection activates pattern recognition receptor (PRR) pathways that
drive innate inflammatory responses to control infection. Necroptosis is a pro-inflammatory cell
death pathway a part of the innate immune response that has evolved to control pathogenic
infection. In this study we further defined the role of Z-DNA binding protein 1 (ZBP1) as a PRR
and assessed its contribution to necroptosis as a host protection mechanismto T. gondii
infection. We found that ZBP1 does not induce pro-inflammatory necroptosis cell death and
ZBP1 null mice have reduced survival after oral T. gondii infection. In contrast, mice deleted in
receptor-interacting serine/threonine-protein kinase 3 (RIPK3--), a central mediator of
necroptosis, have significantly improved survival after oral T. gondii infection even with higher
parasite burden. The physiological consequences of RIPK3 activity did not show any differences
in intestine villiimmunopathology but RIPK3-- mice showed higher immune cell infiltration and
edema in the lamina propria. The contribution of necroptosis to host survival was clarified with
mixed lineage kinase domain like pseudokinase null (MLKL*) mice. We found MLKL " mice to
succumb to oral T. gondii infection the same as wild type mice, indicating necroptosis-
independent RIPK3 activity impacts host survival. These results provide new insights on the
impacts of pro-inflammatory cell death pathways as a mechanism of host defense to oral T.

gondii infection.
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Introduction

Toxoplasma gondii is one of the most widespread parasitic infections in the world and is
acquired by nearly 30% of the human population (1). The natural route of infection occurs by
consuming food or water contaminated with tissue cysts from the asexual cycle or oocysts from
the sexual cycle. Asexual cysts contain the bradyzoite stage, which differentiates into the
tachyzoite stage after ingestion and invasion of the intestinal tract. Tachyzoites disseminate
fromthe intestine throughout the body during acute infection. Host immune pressure causes
tachyzoite parasites to differentiate into bradyzoite cysts that reside in the brain and muscle
tissue. This stage constitutes a latent, chronic infection. Pathogen recognition and a balanced
inflammatory immune response are necessary to survive an acute infection.

T. gondii elicits a strong T helper type 1 (Thl) response, characterized by interleukin-12
(IL-12) induced interferon-gamma (IFN-y), which in turn orchestrates cell-mediated immunity
important for intracellular-pathogen defense (2). Deficienciesin this pathway lead to
uncontrolled parasite replication and host death (1, 3, 4), highlighted in mouse studies where IL-
12, IFN-y, toll-like receptors (TLR), and myeloid differentiation primary response 88 (MyD88)
responses are perturbed (5-10). These signaling pathways, cytokines, and their downstream
effectors are elevated throughout long-term chronic infection and must be maintained to prevent
cyst reactivation and fatal encephalitis (11, 12).

In contrast to a weak Th1l response, a hyperactive and unregulated Thl response results
in severe tissue damage and host death (13, 14). Immune regulation by IL-10 is vital to host
survival because IL-10 null mice succumb to oral T. gondii infection due to uncontrolled host
immune response and not uncontrolled parasite replication (13, 14). Early studies in
susceptible C57BL/6J mice used high dose oral T. gondii infections and showed mortality is
caused by an excessive immune response that is accompanied by severe intestinal

immunopathology and tissue necrosis (15-17). This fatal pathology is mediated by the
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uncontrolled expression of IFN-y, tumor necrosis factor (TNF), and nitric oxide (15, 16).
Therefore, abalanced innate immune response is essential for a host to survive acute T. gondii
infection.

The innate immune system employs pattern recognition receptors (PRRS) to identify
pathogens. Common PRRs are TLRs, nucleotide oligomerization domain-like receptors (NLR),
and DNA/RNA sensors like Z-DNA binding protein-1 (ZBP1). These PRRs induce programmed
cell death pathways as a mechanism for host defense to infectious diseases (18, 19).
Programmed cell death pathways include apoptosis, necroptosis, and pyroptosis. Apoptosis is a
cell death pathway regarded as non-inflammatory, whereas necroptosis and pyroptosis are lytic
forms of cell death that release highly pro-inflammatory damage associated molecular
compounds (20, 21). Central to necroptosis is receptor-interacting serine/threonine-protein
kinase 3 (RIPK3) and its downstream substrate mixed lineage kinase domain like pseudokinase
(MLKL). Similarly, pyroptosis depends on caspase-1 activation that is mediated by NLR
inflammasome components. The processes of necroptosis and pyroptosis ultimately induce cell
membrane pores and lytic cell death that contribute to inflammatory immune responses,
adaptive immunity, and host defense to pathogenic infection.

Our lab previously found Zbp1l transcripts are highly expressed in the brains of mice
chronically infected with T. gondii (22, 23). We also found ZBP1 to assist in host control of T.
gondii infection in vitro and in vivo (24). Recently, IFN-y has been shown to strongly induce
ZBP1 to complex with RIPK3 to mediate inflammation and necroptosis as a host defense
mechanism (25-28). Here, we tested the hypothesis that ZBP1-dependent necroptosis is

protective for T. gondii infection.
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Materials and methods

Ethics statement

All animal use was approved by and in agreement with the Institutional Animal Care and Use
Committee (IACUC) at the University of Wisconsin-Madison (UW-Madison) (protocol
#MO005217). Cats were treated in compliance with the guidelines set by the IACUC of the United
States Department of Agriculture, Beltsville Area (protocol #15-017). Both institutions adhere to
the regulations and guidelines set by the National Research Council. All mice were monitored

daily for clinical signs of disease and were euthanized if symptoms were severe.

Mouse experiments

All mice used were fromthe C57BL/6 background. Wild type (WT) were originally purchased
from JAX but have been breed in the UW-Madison vivarium with all the other strains used for
these studies. RIPK3 null (RIPK3--) mice were provided from Genentech (29). MLKL null (MLKL-
') mice were provided by Dr. Doug Green at St. Jude Children’s Research Hospital (30). The
RIPK3-- stain was genotyped by PCR with three primers: 5'-AGAAGATGCAGCAGCCTCAGCT,
5'-ACGGACCCAGGCTGACTTATCTC, and 5'-GGCACGTGCACAGGAAATAGC. The MLKL"-
strain was also genotyped by PCR with primers: 5-TATGACCATGGCAACTCACG, 5'-

ACCATCTCCCCAAACTGTGA, and 5'-TCCTTCCAGCACCTCGTAAT.

Z-DNA Binding Protein-1 CRISPR-Cas9 generated mouse knockout.

The ZBP1 null (ZBP1--) mouse was generated at the UW-Madison Biotechnology Center. Two
guide RNAs were designed to target the 5’-end (CGATCCCCTCTTACGTAATA, Chr:2
173219317-173219336) and 3’-end (TCAATCAATCGATCAACCGC; Chr:2173207132-
173207151) of Zbpl, removing 14KB of genomic DNA (gDNA) that included the promoter and

all splice variants (Fig. S1A). The RNA guides were optimized for the least off-target effects
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within the Zhang Laboratory CRISPR Design tool (crispr.mit.edu). The guides were cloned into
the plasmids pX330 or pX548 (obtained from Zhang Laboratory via Addgene; Cambridge, MA)
and the PCR products were transcribed with the T7 MEGAshortscript kit (Life Technologies). A
mixture of 50 ng/pL guide RNAs and 40 ng/uL of Cas9 protein in injection buffer (5 mM Trizma
Base, 5mM Tris HCL, 0.1 mM EDTA, pH 7.4) was injected into the pronucleus of one-day old
fertilized embryos isolated from C57BL/6 mice. The resulting pups were genotyped by PCR with
a mixture of three Zbp1l primers (5-CAACGACTGCTGCTGTCTTGC, 5'-
GAACTCTGTGAAAGCCCTGTGAGG, 5'-CCTCATCCCCTGGTTGGTGTTAC). Mice withaWT
genotype produce a 376 base pair band and the ZBP1-- genotype produce a 538 base pair

band (Fig. S1B).

Necroptosis assay.

Lactate dehydrogenase (LDH) release was used as a measure of necroptosis in bone marrow
derived macrophages (BMDM) from 2 independent experiments according to the manufacturer's
instructions (Sigma-Aldrich, MAK066-1KT). Bone marrow derived macrophages were harvested
from 8 — 10-week-old mice and grown in 20% L929 conditioned RPMI medium as described
(31). Harvested BMDM were seeded in technical triplicate at 5 x 104 cells/well in a 96-well plate.
Cells were infected with 2.5 x 10° ME49 tachyzoites or left uninfected for 3 hours. After infection,
the cells were washed with PBS (Calcium and magnesium free) and stimulated with 50 ng/mL
TNF (PMC3013) and 40 uM Z-VAD-FMK (ab120382) or left unstimulated for 24 hours.
Necrostatin-1 (SC-200142) was added at 50 uM as a control to inhibit necroptosis. Media
supernatant was used to measure LDH release at 450 nm every 5 minutes for 1 hour in a
BioTek Synergy HT plate reader. An NADH standard curve was used to determine the amount

of LDH activity for each sample by the colorimetric assay.
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Parasites for in vitro and in vivo experiments

The ME49 type-2 T. gondii strain was used for all experiments and maintained in human
foreskin fibroblast cells. The mCherry parasites were generated as follows: ME49 T.

gondii strain (1 x 107) was electroporated with 25 ug tub-mCherry (32), linearized with Kpnl, and
selected with chloramphenicol. Clones were isolated by limiting dilution. Tachyzoites were
injected into mice for at least 28 days and bradyzoites were collected from the brains for
passage through afeline and mCherry oocysts were collected from the feces. Oocysts
concentration was calculated using a hemocytometer. Brain tissue cysts were collected from
chronically infected C57BL/6J mice and the number of brain tissue cysts for oral infection was

determined by immunofluorescence as described previously (24).

Survival curve.

Male or female mice between 9 and 13 weeks old were used for oral and intraperitoneal (IP)
challenges. Oral challenges were performed by gavage with mCherry oocysts or bradyzoite
brain cysts. The mCherry oocyst oral challenge was done with 6 x 103 oocysts/mouse and the
brain tissue cyst oral challenge was done with 2 x 103 or 4 x 103 brain tissue cysts/mouse. The
IP infection was performed with 1 x 104 tachyzoites/mouse. All mice were monitored daily for

clinical signs of disease and euthanized when moribund.

Intestine pathology

Intestine pathology was evaluated by histology and length. The Comparative Pathology
Laboratory at UW-Madison scored blinded hematoxylin and eosin (H&E) stained ileum swiss
rolls from female mice infected with 600 mCherry oocysts by oral gavage at day 7 po st infection.
The ileum (distal 1/3 of the small intestine) was washed with PBS and fixed in 10% buffered

formalin in a swiss roll. Uninfected female mice ileum samples were processed as controls. The
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slides were blinded and scored from 0 — 5 (0 = equivalent to control and 5 = severe) on
inflammation, gland loss, smooth muscle vacuolation, and edema. The intestine length was
measured in male and female mice at 7 — 10 weeks old that were gavage fed 1 x 104 mCherry
oocysts. The small intestine was measured at 7 days postinfection. Uninfected male and

female mice 7 — 10 weeks old were used to normalize the intestine length of infected mice.

In vivo parasite quantification.

Parasite burden was determined in intestine samples by mCherry fluorescence and gPCR. The
UW-Madison Small Animal Imaging and Radiotherapy Facility provided an in vivo imaging
system (IVIS) to measure mCherry fluorescence. Male and female mice at 7 — 11 weeks old
were gavage fed 1 x 104#mCherry oocysts/mouse in 2 independent experiments. At 7 days post
infection the mice were sacrificed, their intestines were removed, and mCherry fluorescence
was measured (excitation 587 and emission 610) by IVIS. The fluorescence of infected WT and
RIPK3-- mice was normalized to the average fluorescence in uninfected male and female mice.
Parasite burden measured by qPCR was performed with parasite specific SAG1 primers (5’ -
TGCCCAGCGGGTACTACAAG and 5’-TGCCGTGTCGAGACTAGCAG) on gDNA fromthree
intestine sections. Total gDNA was extracted from 1 cm sections from the duodenum, jejunum,
and ileumtissues in female mice orally infected with 3 x 10* mCherry oocysts at 7 days post
infection by Trizol following the manufacturer’s instructions. AgDNA T. gondii standard curve
was generated from aknown concentration of parasites cultured in human foreskin fibroblast
cells to calculate burden. A StepOne Real-Time PCR machine with iTagq Universal SYBR Green
Supermix (Bio Rad, 1725120) was used to determine parasite number in each intestine section
relative to a standard curve of parasite gDNA. Total parasite/ng was normalized across all 3

intestine tissue sections for each mouse sample.
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Brain cyst quantification.

The number of brain cysts was determined by immunofluorescence at 28 days post oral
infection with 3 x 102 mCherry oocysts in male mice. Each brain was homogenized separately
with a Dounce homogenizer, fixed with 4% paraformaldehyde for 20 minutes, quenched with 0.1
M glycine for 2 minutes, and blocked for 1 hour at room temperature in blocking buffer (PBS
with 3% BSA and 0.2% Triton-X 100). Brain cysts were stained with streptavidin conjugated
Dolichos biflorus agglutinin (Vector laboratories, B-1035-5) for 1 hour at room temperature,
washed in PBS with 0.1% Triton-X 100, followed by incubation with a biotinylated Alexa Flour
594 (Thermo Fisher, S11227) secondary antibodyfor 1 hour at room temperature in the dark.
An aliguot of processed brains was mounted on glass coverslips, blinded and the number of

cysts was counted on a Zeiss inverted Axiovert 200 motorized microscope with 10x objective.

In vitro parasite quantification.

The parasite burden in vitro was determined by immunofluorescence in BMDM. A total of 1 x
10°BMDM were seeded on glass coverslips and infected with 5 x 10° tachyzoite parasites for 3
hours. After infection, cells were stimulated with 25 ng/mL LPS and 25 U/mL IFN-y for 24 and
48 hours. Cells were fixed with 3% formaldehyde for 20 minutes, quenched for 5 minutes with
0.1M glycine, and blocked for 1 hour at room temperature in blocking buffer (PBS with 3% BSA
and 0.2% Triton-X 100). Parasites were stained with chronic infection serum for 1 hour at room
temperature, followed by Alexa Flour 488 anti-mouse (Thermo Fisher, Z25002) secondary
antibody for 1 hour. All slides were blinded before counting. The 24-hour timepoint included 7
WT and 5 RIPK3--coverslips, and the 48-hour timepointincluded 6 WT and 6 RIPK3-
coverslips. Total parasites were counted in 150 vacuoles and visualized using a Zeiss inverted

Axiovert 200 motorized microscope with a 100x oil objective.
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Intestine permeability assay.

Intestine permeability was determined by LPS and FITC-dextran concentration in mouse blood
serum after oral infection. Serum LPS concentration was measured with the Pierce
Chromogenic Endotoxin Quant Kit (Thermo Scientific, A39552) following the manufacture’s
protocol. Male and female mice were orally infected with 1 x 104 mCherry oocysts by gavage.
As a positive control, male and female mice were treated with 3% dextran sodium sulfate (DSS)
in drinking water. Paired blood serumwas collected at days 0 (uninfected), 3, 5, and 7 post
infection. Blood serum LPS concentration was measured spectrophotometrically at 405 nmin a
96-well BioTek Synergy HT plate reader. Intestine permeability was determined by FITC-
dextran concentration in mouse blood serum after oral infection. Female mice were infected for
7 days with 600 mCherry oocysts by gavage. Mice were fasted overnight, gavage fed 0.44 mg/g
FITC-dextran, and after 4 hours blood serum was collected at euthanasia. FITC-dextran was

quantified spectrophotometrically (485 nm excitation and 528 nm emission) from blood serum.

Blood serum cytokine measurement.

The BD Cytometric Bead Array Mouse Inflammation Kit (BD Biosciences, 552364) was used to
measure IL-6, IL-10, monocyte chemoattractant protein-1 (MCP-1), IFN-y, TNF, and IL-12 from
blood serum. Female mice at 8 — 13 weeks old were gavage fed 6 x 103mCherry oocysts and
euthanized at 7, 8, and 9 days post infection in 3 independent experiments. Blood serum was
collected for cytokine analysis by flow cytometry with a ThermoFischer Attune at the UW -

Madison Flow Cytometry Core.
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Results
ZBP1’-and RIPK3"- mice show divergent phenotypes to necroptosis and host survival

The ZBP1 knockout mice used in Pittman et al. 2016 (24) originated from the Shizuo
Akira lab and appear to have a mixed genetic background (33). This mixed background in the
Akira knockout has complicated comparisons to WT mice (33). To rectify this, we created anew
ZBP1 null (ZBP17-) mouse in the C57BL/6 background using CRISPR-Cas9 technology to
remove the entire Zbpl genomic locus, including the promoter and all MRNA splice variants
(Fig. S1). We then evaluated the role of ZBP1 in host protection during T. gondii infection.

Necroptosis is a pro-inflammatory cell death pathway where cells become permeable
and release damage associated molecular compounds that enhance inflammatory responses
(20). Because ZBP1 has been shown to drive RIPK3-dependent necroptosis (34), we tested
whether ZBP1 could activate this pathway during T. gondii infection. We included RIPK3 null
(RIPK3--) mice as a negative control for necroptosis because RIPK3 kinase and scaffold
domains are essential for necroptosis (35, 36). Necroptosis was measured in WT, ZBP1-/-, and
RIPK3-- bone marrow derived macrophages (BMDM) by lactate dehydrogenase (LDH) release.
LDH release was reduced in all genotypes treated with necrostatin-1, a necroptosis inhibitor
(Fig. 1A). Infection with T. gondii alone caused little LDH release in each BMDM genetic
background, but stimulation with TNF and Z-VAD-FMK (a pan caspase inhibitor that drives
necroptosis) caused asimilar increase in LDH release in WT and ZBP1/- BMDM. The LDH
release in WT and ZBP17/- BMDM was amplified when stimulation with TNF and Z-VAD-FMK
was combined with T. gondii infection (Fig. 1A). In contrast, RIPK3--BMDM showed no LDH
release above background in any condition. This outcome indicates that ZBP1 does not
promote cell permeability, a process apart of necroptosis, while RIPK3 influences cell

membrane integrity during T. gondii infection.
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Pro-inflammatory cell death pathways, like necroptosis, have evolved to protectthe host
from pathogenic infections (18). An acute host survival challenge is a simple assay to determine
a gene’s contribution to host protection during infection. We established host protection against
T. gondii by intraperitoneal (IP) and oral infection. Similar to previous observations (20), there
was no significant difference between WT and ZBP1-- mouse survival after IP inoculation (Fig.
1B), but the ZBP1-/- mice were more susceptible to oral T. gondii challenges with oocysts and
brain tissue cysts (Fig. 1C&D, S2 - 4). Along with ZBP1-- mice, the RIPK3-- mice also showed
no difference in survival after IP inoculation with T. gondii tachyzoites (Fig. 1B). However, unlike
ZBP1-- mice, the RIPK3-- mice had significantly improved survival after oral infection with both
T. gondii oocysts and brain tissue cysts (Fig. 1C & D). These results suggestthat while ZBP1
and RIPK3 both play roles during oral T. gondii infection, they are likely working in dif ferent

pathways.

RIPK3-- mice have higher parasite burdens

We sought to understand the role of RIPK3 in host defense responses given the striking
survival phenotype to oral infection. Genetic evidence supports RIPK3-dependent necroptosis
clears viral, bacterial, and parasitic infections which can affect host susceptibility (25, 26, 36-40).
We determined the T. gondii parasite burden at the peak acute infection by measuring mCherry
parasite fluorescence and by gPCR in intestine sections. A significantly higher mCherry signal
was present in RIPK3-- intestines compared to WT (Fig. 2A) which correlated with a greater
parasite load by qPCR (Fig. 2B). Oral infection with a sub-lethal mCherry oocyst dose also
showed an increased parasite burden in RIPK3--small intestine and livers during acute infection
(Fig. S5) and mouse brains at chronic infection (Fig. 2C). Moreover, RIPK37- BMDM exhibited
increased total parasite burden by immunofluorescence in vitro after infection and stimulation

(25 ng/mL LPS and 25 U/mL IFN-y) (Fig. 2D). These results reinforce previous evidence for
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RIPK3 control of pathogenic infections, and more importantly, these results suggest that fatality

in WT mice is not a consequence of increased parasite replication.

WT and RIPK3”- mice do not have differences in intestinal villi pathology

As RIPK3 is associated with mucosal immune pathology (41, 42) and oral T. gondii
infection causes intestinal inflammation (43-46), we assessed intestinal villiimmunopathology.
At day 7 post oral T. gondii infection, H&E stained ileum swiss rolls were blinded and assessed
for villi integrity. While we saw signs of villi damage due to oral T. gondii infection, there were no
differences in villidamage between WT and RIPK3-- mice (Fig. 3). We further examined villi
integrity by measuring intestine permeability because it was previously seen that oral T. gondii
infection causes lipopolysaccharide (LPS) from the bacterial microbiome as well as gavage fed
FITC-dextran to enter the circulation (47). Using a dextran sulfate sodium-induced colitis model
as a positive control, we measured LPS in the blood at 3, 5, and 7 days after oral T. gondii
infection. There were no significant differences in serum LPS (Fig. 4A) or gavage fed FITC-
dextran concentration in blood serum between WT and RIPK3-- mice (Fig. S6). These results
suggest that intestine permeability induced by oral T. gondii infection is equivalent in both
strains and the increased survival seen in RIPK3- mice after oral T. gondii infection is not due

to decrease intestinal villi pathology.

RIPK3-- mice have more immune cell infiltration and edema in the lamina propria

After oral infection, T. gondii parasites can be found largely in the lamina propria of the
ileum (48-50). We noticed that large patches of immune cells tended to be more common in the
lamina propria of RIPK3-- mice after oral T. gondii infection (Fig. 3), so we submitted the H&E
stained ileum swiss rolls to the UW-Madison Comparative Pathology Laboratory for analysis.

They scored gland loss, immune cell infiltration, edema in the lamina propria, and vacuolation of
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the muscularis mucosa (Fig. 4B-E). While none of these scoresreached statistical significance,
there was a trend for the RIPK3-- mice to have increased inflammatory measures compared to
WT mice. We then measured the length of the entire infected small intestine because intestine
shortening is associated with tissue damage and pathology from oral T. gondii infections (43-
46). The difference in intestine length was significant (Fig. 4F) as WT mice lost 17% intestine
length compared to a 10% loss in RIPK3-- mice. The longer RIPK3--intestine length could be
due to swelling fromincreased edema, immune cell infiltration, and muscularis vacuolation or it

could be due to decreased immunopathology.

RIPK3-- mice have higher IFN-y and lower IL-10

As inflammatory cytokines are critical for the control of T. gondii infection, we compared
serum cytokine levels between WT and RIPK3-- mice using the cytometric bead array mouse
inflammation kit. There were no differences in MCP-1, IL-6, IL-12, and TNF systemic cytokines
levels between WT and RIPK3-- mice at any of the time points examined (Fig. S7A-D).
However, at day 9 post oral infection, RIPK3-- mice had significantly higher IFN-y (Fig. 5A) and
reduced IL-10 levels (Fig. 5B). IFN-y and IL-10 are both essential for mice to survive acute T.
gondii infection, but IFN-y is necessary to control parasitemia (9, 10) and IL-10 is necessary to
control the host immune response (13, 14). Theseresults may be due to the higher parasitemia

in the RIPK3-- mice (Fig. 2).

MLKL-and RIPK3-- mice show divergent host survival phenotypes

Necroptotic induced cell death and inflammation are dependent on RIPK3, but RIPK3
activity is not limited to necroptosis (51). The necroptosis executioner, MLKL, is the downstream
substrate of RIPK3 that ultimately compromises cell membranes, fulfilling the necroptotic

pathway (52). We specifically examined RIPK3-dependent necroptosis in host survival to oral T.
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gondii infection with MLKL null (MLKL"") mice. After oral infection, MLKL" mice succumb to
infection similar to WT mice, whereas RIPK3-- mice showed improved survival (Fig. 6, S8). This
data provides evidence that RIPK3-independent necroptosis contributes to severe intestine

pathology and host death.

Discussion

Innate immune activation and its role in host defense to pathogenic infections depend on
PRR driven inflammation. ZBP1 has recently come to light as a PRR involved in innate
immunity and programmed cell death (34). Mechanisms of programmed cell death include
apoptosis, necroptosis, and pyroptosis. T. gondii has evolved mechanisms to inhibit apoptosis
to promote fitness (53). However, the host maintains cellular cross-talk between each
programmed cell death pathway to subvert apoptosis inhibition and guard against pathogenic
infection via necroptosis and pyroptosis (18). ZBP1 was found to mediate the interferon-induced
necroptosis pathway in response to viral infection (27, 28). ZBP1 as a PRR that induces
immunity could fit within the realm of bacterial and parasitic infection (24, 54-56). The fact that
IFN-y and ZBP1 are highly expressed and maintained throughout T. gondii infection (22, 23),
make T. gondii a thought-provoking target to investigate the role of ZBP1 in non-viral infections.
Our lab previously found ZBP1 to be important for oral but not IP infection (24). Here, we sought
to determine the potential role of ZBP1 in host induced necroptosis in response to T. gondii
infection by comparing ZBP1-- and RIPK3-- mice.

We tested ZBP1 induced necroptosis by LDH release in BMDM and found ZBP1 to be
independent of necroptosis in T. gondii infection. We also found ZBP1- and RIPK3"- mice to
have opposing responses to oral T. gondii infection, with ZBP1-- mice being more susceptible
(24) and RIPK3-- mice being more resistant (Fig. 1). Studies using high dose oral T. gondii

infection have linked excessive Th1limmunity and intestinal pro-inflammatory cell death as the



82

culprit in host mortality (15-17). The physiological role of RIPK3-dependent necroptosis can
drive immunopathology and impair host fithess (35, 36, 41, 42). These findings supportthe fact
that RIPK3-- mice have improved survival to oral T. gondii infection even with a higher parasite
burden (Fig. 2). While there were no differences between WT and RIPK3-- mice in intestinal villi
damage, there was a trend for the RIPK3-- mice to have increased inflammatory measures in
the lamina propria (Fig. 3, 4), as well as a reduction in IL-10 (Fig. 5).IL-10 is up-regulated to
control excessive Thl cells and prevent immunopathology (57) and has previously been seen to
be key in host survival after T. gondii infection (13, 14). All of these factors contradict a model
where RIPK3-- mice survive oral T. gondii infection better than WT mice because of reduced
immunopathology. RIPK3-- mice have reduced intestinal length loss after oral T. gondii infection
compared to WT mice (Fig. 4F). This difference could be due to the WT mice having RIPK3-
dependent activity causing more severe intestinal immunopathology, or more likely, it could be
that the small intestine in the RIPK3-- mice is more swollen and longer with the increased
edema, immune cell infiltration, and muscularis vacuolation (Fig. 4B-D).

Gut bacteria drive an unregulated immune response that results in early host death,
cellular necrosis, and severe tissue pathology in susceptible C57BL/6 WT mice in high dose ora
T. gondii infections (44, 58). The inflammatory response reduces antimicrobial compound
secretion and compromises the epithelial barrier, which allows greater interaction with gut
bacteria to promote Th1l immunity and pathogen control (47). Gnotobiotic and antibiotic treated
mice are one of the few models that have also shown improved survival and higher par asite
burdens after lethal oral T. gondii infections (44), similar to our RIPK3-- mice. Therefore, we
examined intestine permeability by measuring bacterial LPS or gavage-fed FITC-dextran
concentration in blood serum after oral T. gondii infection. There was no difference in LPS or

FITC-dextran concentration in blood serum between WT and RIPK3-- mice (Fig. 4A, S6), which
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suggests intestine permeability and the degree of immune activation by gut bacteria is
equivalent.

The biological function of RIPK3 appears to be only important for the natural route of T.
gondii infection as there is not adifference in susceptibility between WT and RIPK3-- mice after
IP infections. This implicates the importance of exposure route when studying host responses to
pathogenic infections. The difference in RIPK3-- mouse survival between IP and oral infection
likely contrast in pathogen recognition pathways that lead to immune stimulation. This result
was evidentin TLR-11 null (TLR-117-) mice that also have improved survival to oral butnot IP T.
gondii infection (59). TLR-11in mice is a PRR that recognizes T. gondii profilin which activates
MyD88 dependent signaling pathways to induce IL-12 and IFN-y, two critical cytokines for host
survival to T. gondii infection (60). When TLR-11" mice are challenged with T. gondii by IP
infection, the host is unable to recognize the pathogen, mount an appropriate immune response,
and as a consequence, is overcome by uncontrolled parasite replication. In contrast, oral
infection generates a TLR-11-independent protective immune response from gut bacteriathat
improves host survival. This study points towards an important role for gut bacteriato stimulate
PRRs and immunity in the intestine to help fight pathogenic infections.

The role of RIPK3 is not limited to necroptosis. RIPK3 can activate pyroptosis as an
alternative cell death mechanism that releases the pro-inflammatory effectors, IL-13and IL-18.
Pyroptosis and its pro-inflammatory effectors are activated upon T. gondii infection and have
been shown to control parasite burden in in vitro and in vivo oral infection models (61, 62). The
proportion of RIPK3 activity in necroptosis or pyroptosis in host survival to oral T. gondii
infection was clarified with MLKL-mice. The observation that MLKL- mice succumb to oral
infection with WT mice indicated that necroptosis does not play a major role in the survival
difference between WT and RIPK3”-mice. The difference in survival between RIPK3--and

MLKL-- mice could be attributed to their ability to initiate pyroptosis because RIPK3 can activate
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pyroptosis in an MLKL-dependent or -independent manner (63, 64). This resultagrees with
previous findings that show inhibition of pyroptosis effectors IL-1 and IL-18 improve host
survival to oral T. gondii infection (17, 65-67). However, genetic knockouts in other
inflammasome and pyroptosis components have shown conflicting results in host susceptibility
from IP T. gondii infection (68-70). Our study provides further evidence that supports
inflammasome activation in oral T. gondii infection affectsthe host immune response.

Our CRISPR-Cas9 ZBP1/- mouse had no significant effect on host survival to IP
infection and reduced survival to oral challenge. This result corresponded with our previous
findings, where the Akira ZBP1 knockout mice also showed no significant difference to IP
infection but reduced survival to oral infection (24). Although independent groups have linked
ZBP1 function to necroptosis, they have reported opposing susceptibility phenotypesto viral
infection with the Akira ZBP1 knockouts (26, 37). Thus, the relevance of ZBP1 to host
vulnerability in infectious diseases could be remedied by our clean CRISPR-Cas9 ZBP1--

mouse.
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Figure 1. ZBP1 and RIPK3 show divergent phenotypes to necroptosis and host survival.

(A) Necroptosis was measured by LDH release in BMDM. Cells were seeded at 5 x 104
cells/wellin triplicate in a 96-well plate and infected with 2.5 x 105 parasites/well or left
uninfected for 3 hours. Stimulated cells received 50 ng/mL TNF and 40 uM Z-VAD-FMK and
unstimulated cells received fresh media. After 24 hours, the media supernatant was used to
measure LDH release by absorption. Necrostatin-1 was added upon stimulation at 50 uM as a
negative control for necroptosis. These results are from 2 independent experiments. A 2-way
ANOVA with Bonferroni post-test was used for statistical analysis in LDH release. ** P-value <
0.01, ** P-value < 0.001. (B) Host survival from IP inoculation with T. gondii tachyzoites.
Female (WT n =10, ZBP1/-n =10, RIPK37-n = 10) mice were IP infected with 1 x 104

tachyzoites/mouse. This data combines 2 independent experiments. Significance was



96

determined by a Log-rank (Mantel-Cox) test and the P-value between each genotype was not
significant. (C) Host survival from an oral infection with oocysts. Male (WT n=17, ZBP17/-n=
12, RIPK3”-n = 15) and female (WT n =9, ZBP1/-n = 6, RIPK3--n = 8) mice were orally
infected by gavage with 6 x 103 mCherry oocysts/mouse in 3 independent experiments.
Significance was determined by a Log-rank (Mantel-Cox) test. The P-value =0.001 for WT
compared to RIPK37- mice and the P-value was not significant between WT and ZBP1-7-mice.
(D) Host survival from an oral infection with brain tissue cysts. Female (WT n=15, ZBP1”/-n=
17, RIPK3”-n = 15) mice were orally infected by gavage with 4 x 108 brain tissue cystsin 3
independent experiments. Significance was determined by a Log-rank (Mantel-Cox) test. The P-
value = 0.003 between WT and RIPK3-- mice and the P-value was not significant between WT

and ZBP1--mice.
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Figure 2. RIPK3”- mice have higher parasite burdens. (A) Intestine parasite burden determined
by mCherry fluorescence with IVIS. Male (WT n =10, RIPK37-n = 9) and female (WT n =10,
RIPK3--n=10) mice were gavage fed 1 x 10*mCherry oocysts and mCherry fluorescence was
measured (excitation 587 and emission 610) in extracted intestines at 7 days post infection. The
dotted line indicates the average background mCherry fluorescence of uninfected male (WT n =
2, RIPK37-n =2) and female (WT n =4, RIPK37-n = 3) mouse intestines. (B) Parasite burden
measured by qPCR in intestines with parasite specific SAG1 primers. Total gDNA was extracted
from 1 cm intestine sections (duodenum, jejunum, and ileum) in female (WT n = 3, RIPK37-n =
3) mice orally infected with 3 x 104 mCherry oocysts. A standard curve was generated froma
known concentration of tachyzoite parasites to calculate the burden. The intestine parasite
burden was normalized across all 3 intestine tissue sections for each mouse. P-value was not
significant for the intestine qPCR. (C) Brain cyst burden in male (WT n =5, RIPK3--n = 3) mice

28 days post oral infection with 3 x 102 mCherry oocysts. (D) Parasite burden in WT and RIPK3-
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-BMDM. Total parasites in 150 vacuoles were counted by IFA on blinded glass coverslips at 24
(WT n=7,RIPK37-n =5)and 48 (WT n = 6, RIPK3”-n = 6) hour post infection and stimulation
(25 ng/mL LPS and 25 U/mL IFN-y). A 2-tailed independent Student’s T-test was used to

calculate significance. * P-value < 0.05, ** P-value < 0.01.
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Figure 3. Intestinal histopathology shows similar villidamage in WT and RIPK3-- mice. Female
mice were left uninfected (UNINF, left panel) or were infected with 600 mCherry oocysts by oral
gavage and sacrificed at day 7 post infection (WT, middle panel and RIPK3--, right panel). The
ileum (distal 1/3 of the small intestine) was washed with PBS and fixed in 10% buffered formalin
in a swiss roll, sectioned, then stained with H&E and imaged using Zeiss light microscopy. The
red box indicates dark nuclei of inflammatory cells that have infiltrated in the lamina propria and

submucosa of this tissue.
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Figure 4. RIPK3 does not affect intestinal permeability but lamina propria pathology after oral T.
gondii infection. (A) Intestine permeability by LPS concentration in blood serum. Male (WT n=
4, RIPK3”-n =3) and female (WT n =5, RIPK3- n = 5) mice were orally infected with 1 x 104
mCherry oocysts by gavage. As a positive control, male (WT n =4, RIPK3”-n = 5) and female
(WT n =4, RIPK3”-n = 3) mice were treated with 3% DSS in the drinking water. Paired blood
serumwas collected at days 0 (uninfected), 3, 5, and 7 post oral infection. Statistical
significance was calculated by 2-way ANOVA with Bonferroni post-test. *** P-value < 0.001 for
uninfected compared to 5 dpi, and 5 dpi compared to 7 dpi. * P-value < 0.05 for uninfected
compared to 7 dpi. There was no significant difference within each group. (B-E) Intestine
pathology scores by H&E in ileum swiss rolls. Female mice (WT n = 3, RIPK3-/-n = 3) were
infected with 600 mCherry oocysts by oral gavage and sacrificed at day 7 postinfection. The
ileum (distal 1/3 of the small intestine) was washed with PBS and fixed in 10% buffered formalin
in a swiss roll. Uninfected female mice (WT n = 2, RIPK3”-n = 3) ileum samples were
processed the same as controls. The slides were blinded and scored from0 — 5 (0 = equivalent
to control and 5 = severe) for (B) edema, (C) smooth muscle vacuolation, (D) immune cell
infiltration, and (E) gland loss. (F) Intestine length was measured in male (WT n =6, RIPK37/-n=
6) and female (WT n = 6, RIPK3”-n =6) mice at 7 days post oral infection by gavage with 1 x
10*mCherry oocysts. A 2-tailed independent Student’s T-test was used to calculate significance

from 2 independent experiments. ** P-value < 0.01.
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Figure 5. RIPK3 activity affects IFN-y and IL-10 serum cytokine levels. Blood serum cytokines
in female (WT n = 14, RIPK3- n = 15) mice gavage fed 6 x 103mCherry oocysts. Serum
samples were collected at 7, 8, and 9 days postinfection in 3 independent experiments. IFN-y
(A) and IL-10 (B) were significantly different. A 2-way ANOVA with Bonferroni post-test was

used to calculate significance. * P-value < 0.05.
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Figure 6. RIPK3-independent necroptosis activity influences host survival to oral infection.
Female (WT n = 25, RIPK3”-n = 16, MLKL”-n =16) mice were orally infected with 4 x 103 brain
tissue cysts by gavage. A Log-rank (Mantel-Cox) testwas used to calculate significance
between each genotype. ** P-value <0.01. The results are a compilation of 3 independent

experiments.
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Supplementary figures
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Figure S1. Generation of CRISPR-Cas9 ZBP1-- mice. (A) Two guide RNAs were designed to
targetthe 5’-end (CGATCCCCTCTTACGTAATA; Chr:2 173219317-173219336) and 3’-end
(TCAATCAATCGATCAACCGC; Chr:2173207132-173207151) of Zbp1, removing 14KB of
genomic DNA that included the promoter and all splice variants. Relative genotype primer
locations are shown and the expected band sizes for WT (376 bp) and ZBP1-- (538 bp)
genotypes after PCR. (B) Genotype PCR of WT and ZBP1-”-mice. Lane M is a 1 Kb reference
ladder. The ZBP1”-lane shows a single 538 bp band and the WT lanes show a single 376 bp
band for homozygous null and WT genotypes, respectively. The ZBP1*- lane shows two bands,

538 bp and 376 bp, to indicate a heterozygous genotype.
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Figure S2. Independent experiments for oral brain tissue cyst survival challenges with WT and
ZBP1/-mice. (A) Experiment 1. Female (WT n =6, ZBP1--n =10) mice were gavage fed 4 x 103
brain tissue cysts by gavage. (B) Experiment 2. Female (WT n =11, ZBP1--n = 12) mice were

gavage fed 2 x 108 brain tissue cysts by gavage.
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Figure S3. Independent experiments for oral oocyst survival challenges.
Mice were gavage fed 6 x 103 mCherry oocysts. (A) Oocyst survival challenge experiment 1.
Male (WT n =4, ZBP1”/ n =4, RIPK3” n = 4) mice. (B) Oocyst survival challenge experiment 2.

Male and female (WT n = 14, ZBP1/-n =14, RIPK3”-n =6) mice. (C) Oocysts survival

challenge experiment 3. Male and female (WT n =8, RIPK3--n = 13) mice.
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Figure S4. Independent experiments for oral brain tissue cyst survival challenges. Mice were
fed 4x103 brain tissue cysts. (A) Experiment 1. Female (WT n=4, ZBP1/-n=7, RIPK37/-n = 8)

mice. (B) Experiment 2. Female (WT n= 11, ZBP1--n =10, RIPK37-n = 7) mice.
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Figure S5. RIPK37-mice have elevated parasite burden in the intestine and liver. Female (WT n
= 6, RIPK3--n = 6) mice were orally infected with 6 x 102 mCherry oocysts and parasite burden
was measured by qPCR with parasite specific SAG1 primers at 7 and 9 dpi. (A) Intestine gDNA
was extracted from 1 cm tissue sections (duodenum, jejunum, ileum) and parasite burden was
normalized across all 3 sections for each mouse. (B) Liver gDNA was extracted from 50 mg
samples. A standard curve was generated from a known concentration of tachyzoite parasites

to calculate burden in the intestine and liver.
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Figure S6. T. gondii infection creates leaky intestinal villi in both WT and RIPK3-- mice.
FITC-dextran concentration in blood serum from female (WT n = 9, RIPK3”-n = 7) mice fed 600
mCherry oocysts by gavage. At 7 days post infection, mice were fasted over night then gavage
fed 0.44 mg/g FITC-dextran. Blood serum was collected after 4 hours and FITC-dextran was

measured (485 nm excitation and 528 nm emission).
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Figure S7. Inflammatory cytokines in blood serum. Blood serum cytokines in female (WT n =
14, RIPK3-/- n = 15) mice gavage fed 6 x 103 mCherry oocysts. Samples were collected at 7, 8,
and 9 days post infection used to measure (A) IL-12, (B) MCP-1, (C) TNF, and (D) IL-6. Each
time point has at least 3 biological replicates from 3 independent experiments. A 2-way ANOVA
with Bonferroni post-test was used to calculate significance. There was no statistical

significance between any of these cytokines.
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Figure S8. Independent MLKL"- survival experiments to oral brain tissue cyst infection.
(A) MLKL"- brain tissue cyst survival challenge experiment 1. Female (WT n =4, RIPK37/-n= 3,

MLKL-n=4) mice. (B) MLKL"- brain tissue cysts survival challenge experiment 2. Female (WT
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n =3, RIPK37-n =3, MLKL"-n =6) mice. (C) MLKL"-brain tissue cyst survival challenge

experiment 3. Female (WT n = 6, RIPK3”-n = 3, MLKL”- n = 6) mice.
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Chapter 4

Conclusions and Future Directions
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Conclusion

The protozoan, Toxoplasma gondii, is an obligate intracellular parasite that infects about
30% of the human population and is naturally acquired from food or water contaminated with
infectious cysts. Acute infection progresses with tachyzoite parasite dissemination from the
intestine throughout the body. Meanwhile, hostimmune and inflammatory responses cause
tachyzoites to differentiate into bradyzoite cysts that persist in brain and muscle tissue, a phase
that constitutes chronic infection. The central objective of this thesis was to characterize the
host transcriptional response to long-term chronic T. gondii infection in the brain and to
understand the role programmed lytic cell death plays in host protection to a natural peroral T.
gondii exposure.

Bradyzoite cysts can presumably persevere in the brain of a healthy host for the lifetime
of the host, and host gender can influence immune responses to protozoan infections (1). The
long-term effects and sex-specific responses to chronic T. gondii infection are poorly
understood. In Chapter 2, we characterized the hosttranscriptional response to long-term
chronic infectionin the brains of both male and female mice. We discovered that key transcripts
for the immune response were similar in both biological sexes. Also, for both male and female
mice, the same transcripts that were more abundant in early chronic infection were still
increased in late chronic infection. However, the less abundant transcripts were significantly
different between the two sexes. Males had 10-fold more genes with reduced abundance
compared to females. Additionally, T. gondii infected males were less resistant to Listeria
monocytogenes, as a secondary infection, further suggesting sex-specific responses.

Our study showed that the host sex is limiting the immune response in the case of T.
gondii and secondary infections. Moreover, it provided additional evidence that hosts with a
latent T. gondii infection display a state of chronic inflammation, which can have significant

effects on weight gain and commensal bacteria populations (2-4). The host transcriptome
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throughout long-term chronic infection generated in this study will be useful in future studiesto
identify the molecular factors affected by chronic inflammation and develop hypotheses for their
physiological impact on the host.

Host survival is key to reach the state of alatent T. gondii infection after oral exposure.
Normally the intestine mucosal immune system generates a protective pro-inflammatory
response that controls parasite growth, and this response is counterbalanced by anti-
inflammatory mechanisms to prevent severe tissue damage and host death. Interestingly, in
high dose oral T. gondii infection models, the host conjures an excessive and unregulated pro-
inflammatory response that causes severe tissue damage and host death (5-7). Necroptosis
and pyroptosis are two lytic cell death pathways that can enhance innate immunity and
potentially drive harmful pro-inflammatory responses (8). The receptor-interacting
serine/threonine-protein kinase 3 (RIPK3) is an essential component of the necroptosis
pathway, and it also plays a dispensable role in pyroptosis (9). Previous in vivo reports have
shown that mice with RIPK3 inhibition have attenuated mucosal tissue damage and organ injury
after a viral or bacterial ligand challenge (10-12). Therefore, we hypothesized that RIPK3-
dependent activity could be the tipping point that contributes to unregulated pro-inflammatory
responses in high dose oral T. gondii infection.

In Chapter 3, our data show RIPK3 null (RIPK3--) mice have improved survival over wild
type (WT) counterparts, even with a higher intestine parasite burden, after ahigh dose oral T.
gondii infection. The extended survival phenotype observed in RIPK3--mice suggests that
RIPK3 activity during acute toxoplasmosis is detrimental to the host. Additionally, the parasite
load was significantly higher in RIPK3--mice, further suggesting that the difference in survival
was due to the RIPKS3 activity itself and not directed related to the parasite burden. Given RIPK3
is involved in two lytic cell death mechanisms, we tested the hypothesis that RIPK3-dependent

necroptosis specifically prolonged host survival. We obtained mice deficient in mixed lineage
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kinase domain-like protein (MLKL) which is the downstream substrate of RIPK3 and ultimately
causes necroptosis. The MLKL mice presented similar survival as WT mice. This data shows
that disruption of necroptosis does not increase host survival, and further suggeststhat the
phenotype observed in the RIPK3--mice survival is not related to necroptosis. Thus, we can
hypothesize that RIPK3 involvement in pyroptosis could be the mechanism that drives host

death after a high dose oral T. gondii infection.

Future directions

Our data in Chapter 3 suggest that RIPK3 activity affects host susceptibility to oral T.
gondii infection in a necroptosis-independent fashion. Future studies will focus on how cell
specific RIPK3 activity affects host responses, and they will investigate the potential role for

RIPK3 regulated pyroptosis in mucosal defenses against T. gondii infection.

Why do RIPK3-- mice have improved survival?

Previous reports have established that host death from a high dose oral T. gondii
infection is due to hyperimmune stimulation from gram-negative bacterial translocation into the
intestine (13). This translocation resulting from an increase of intestine permeability causes
severe tissue damage from excess IFN-y, TNF-a, and NO production (5, 7, 13). When gut
bacteria and pro-inflammatory cytokines are suppressed by treatment with antibiotic
prophylactics or cytokine-specific antibodies, intestine pathology is reduced and host survival is
improved (5, 7, 13). Improved survival and pathology are present in these treated animals
despite there being no difference in parasite burden between groups. These observations
support the hypothesis that host death is due to unregulated pro-inflammatory cytokine

production and not uncontrolled parasite growth.
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Fromthe organismal level, RIPK3"- mice have improved survival despite a higher
intestinal parasite burden. It remains unclear whether intestine pathology is the primary cause of
death for these animals. Our data show no difference in intestine histopathology score between
WT and RIPK3”- mice. However, RIPK3-- mice exhibit intestinal shortening, and therefore
intestinal pathology, to a lesser degree than WT counterparts. Intestine shortening is an
established indicator for pathology in oral T. gondii infection models (13-17). Moreover, RIPK3-/-
mice show no difference in intestine permeability or systemic levels of IFN-y and TNF-a than
WT mice. These results seemingly contradict the hypothesis that host death is due to excess
pro-inflammatory cytokine production and tissue damage. The intestine histopathology scores
and degree of intestinal shortening also appear contradictory, as these methods both indicate
pathology severity and yet support different conclusions. Given these apparent discrepancies, it
seems possible that intestine length and intestine histopathology scores capture distinct
endpoints, i.e. intestine length is an objective measure of overall tissue health and
histopathology scores can have pitfalls determined by tissue preservation quality, section
quality, and histologist training. Importantly, the histopathology experiments were underpowered
and would benefit from the evaluation of additional mice. Also, as both WT and RIPK3-- mice
presented similar intestinal pathology scores but different survival, we can hypothesize that
intestinal pathology is not the primary cause of death. In this case, it would be useful to perform
necropsies on recently deceased animals to better survey the health of the animal and the
conseguences of genetic deletion of RIPK3 in mice treated with a high dose oral T. gondii
infection. Also, by day 7 post-infection, T. gondii parasites are present in many other organs,
such as the lungs and liver. It would be informative to assess pathology scores in other infection
sites and compare them between RIPK3--and WT mice. While the results presented here
provide a baseline indication of intestinal health, it is clear that more exhaustive characterization

of this genetic model is required.
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What cell type does RIPK3 activity contribute to host susceptibility after oral T. gondii infection?

The intestine mucosal immune system is the first line of defense against luminal
microorganisms and pathogenic infections. Intestine epithelial cells and resident immune cells
sense invading pathogens and produce inflammatory cytokines to coordinate innate and
adaptive immune responses (18). The RIPK3- mouse used in Chapter 3 was a global knockout,
so the detrimental effects of RIPK3-dependent activity could be attributed to eventsin certain
cell types such as intestine epithelial cells or immune cells. Therefore, classifying the specific
cell type that RIPKS activity contributes to host susceptibility could be beneficial to
understanding the mechanism by which RIPK3 affects host survival following oral T. gondii
infection.

Irradiation and adoptive bone marrow transplant experiments could clarify if the
deleterious effects of RIPK3 activity on the host are specific to immune cells. Total body
irradiation is a method used to ablate hostimmune cells and allow for hematopoietic stem cell
reconstitution by bone marrow transplant with a genetically disparate donor (19). In our case,
irradiation and adoptive transfer experiments provide a means to study the effects of RIPK3
activity in myeloid and lymphoid cell populations on the host. Preliminary results show improved
survival in WT mice that received RIPK3-- bone marrow compared to RIPK3--mice that received
WT bone marrow (Fig. 1). Although this experiment did not reach statistical significance, it
suggests that RIPK3 activity in immune cells negatively affects host susceptibilityto oral T.
gondii infection. One caveat to this experiment is that a successful bone marrow adoption was
determined by a genotyping PCR from tail bleeds. A genotype PCR does not determine the
percent retention of native immune cells compared to donor immune cells, and the residual non -
irradiated cells could skew host susceptibility and affect observations. This potential retention of
host cells may not be representedin agenotyping PCR. Flow cytometry is one method that

could be used to measure the percent retention of native immune cells and provide a better
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overview of immune cell genotype. This could be performed on peripheral blood mononuclear
cells labeled with monoclonal antibodies specific for RIPK3, anti-B220 (B cells), anti-CD4 (T
cells), anti-CD8 (T cells), anti-GR1 (granulocytes), and anti-F4/80 (macrophages). The
percentage of donor cell engraftment would be calculated for these lymphocyte and myeloid cell
populations.

A conditional RIPK3-- mouse model could be an effective complement to the adoptive
transfer model in the effortto delineate the cell type in which RIPK3 activity influences host
susceptibility to oral T. gondii infection. There are many mouse models that harbor cell specific
Cre recombinase transgenes that could be crossed with a conditional floxed RIPK3 mouse
model to generate the conditional deletion of RIPK3 in the desired cell type. In particular, a villin-
cre mouse could be crossed with a floxed RIPK3 mouse to generate a conditional RIPK3
deletion in intestine epithelial cells. This would help identify whether RIPK3 activity in intestine
epithelial cells leads to differences in host survival. Our adoptive transfer preliminary results
point towards hematopoietic cells as an important candidate cell type to follow up with a RIPK3
conditional knockout. A hematopoietic RIPK3 conditional deletion could be achieved by crossing
a floxed RIPK3 mouse with BAB-Cre mice. Activity of RIPK3 could further be assessed down
the hematopoietic developmental pathway to dendritic cells or inflammatory monocytes by
crossing floxed RIPK3 mice with CD11c-Cre or CCR2-Cre mice, respectively.

Preliminary data suggests potential mechanisms of action for RIPK3 in a candidate cell
type, inflammatory macrophages. Inflammatory macrophages play a versatile and important role
in immunity to oral T. gondii infections through pro-inflammatory functions (20-22). Nitric oxide
(NO) production frominducible nitric oxide synthase (iNOS) is one effector mechanism by which
inflammatory macrophages can induce intestine dysbiosis and cause host death after oral T.
gondii infection (23). We observed elevated monocyte chemoattractant protein 1 (MCP-1) in

RIPK3-- mouse intestines after oral infection which corresponded to a percent increase in an
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F4/80+ macrophage cell population by flow cytometry (Fig. 2A & B). In addition, RIPK37-bone
marrow-derived macrophages (BMDM) produce less nitric oxide after T. gondii infection and
stimulation with LPS and IFN-y (Fig. 2C). These preliminary results suggest that RIPK3 activity
influences inflammatory macrophage recruitment and NO production in macrophages.
Therefore, RIPK3-- mice could have improved survival from reduced NO production in
inflammatory macrophages.

A RIPK3 conditional knockout in inflammatory macrophages could be generated to
determine how RIPKS activity affects host survival in these cells after oral infection. This would
be achieved by crossing floxed RIPK3 mice with CCR2-Cre mice. Alternatively, flow cytometry
could be used to measure INOS expressing intestine inflammatory macrophages in WT and the
global RIPK3-- mice after an oral challenge. Briefly, immune cells can be isolated from the
intestine by filtering collagenase treated tissue through a 100 um mesh. A detailed protocol for
immune cellisolation from the intestine can be found here (24). After isolation, flow cytometry
could be used to identify NO producing inflammatory macrophages, which would be positive for
antibodies against Ly6C+, F4/80+, and iNOS. If RIPK3-mediated NO production in inflammatory

macrophages affects host survival, then we would expect NO to be reduced in the RIPK3-- cells.

Does RIPK3-mediated pyroptosis drive host susceptibility to oral T. gondii infection?

Pyroptosis is another lytic cell death pathway that elicits a pro-inflammatory response
mediated by IL-1p and IL-18 (25). In the context of oral T. gondii infection, inhibition of IL-13 and
IL-18, as well as their downstream effectors, improves hostsurvival (3, 6, 26, 27). Since RIPK3
can activate pyroptosis (9) and our datain Chapter 3 suggest that RIPK3 activity affects host
survival in a necroptosis-independent manner, it would be interesting to determine if pyroptosis
effectors are differentially regulated in RIPK3-- mice after oral T. gondii infection. IL-1p and IL-18

transcripts could be measured by quantitative-PCR in intestine tissue sections. However, local



121

or systemic cytokine concentration might be more biologically relevant due to their widespread
physiological impact. Cytokine production could be measured by a cytometric bead array or an
ELISA assay. If RIPK3 mediated pyroptosis affects host survival, then we would expect IL-13
and IL-18 production to be reduced compared to WT mice. In addition, active forms of IL-13 and
IL-18 in MLKL-- mice would be expected to be similar to WT mice since RIPK3 can drive
pyroptosis in an MLKL-independent manner (28, 29). If RIPK3-- mice produce less pyroptosis
effectors, then we could determine if supplementation with IL-1f or IL-18 in RIPK3-- mice
decreases survival similar to WT survival levels. This data would support the hypothesis that

RIPK3 activity influences the host response to oral T. gondii infection through pyroptosis
effectors.

While there is much to be discovered about the mechanisms by which RIPK3 facilitates
host death, this work has established a significant role for RIPK3 in host survival to a protozoan
infection. The experiments described above could be a starting point to uncover the cause of

such a profound phenotype in RIPK3-- mice.
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Figure 1. Irradiation and adoptive bone marrow transfer.

Susceptible C57BL/6 WT mice and RIPK3-- mice were subject to two rounds of X-ray irradiation
at 550 cGy for 8 minutes each. The following day irradiated mice were reconstituted by
retroorbital injection with 1.5 x 106 bone marrow cells from WT and RIPK3-- donor mice.
Irradiated and adoptive transfer mice were maintained on medicated diet (275 ppm trimethoprim
and 1365 ppm sulfadiazine) for 6 weeks. Tail bleeds were performed, and successful adoptive
transfers were determined by genotype PCR with three RIPK3 primers
(5'AGAAGATGCAGCAGCCTCAGCT, 5’ACGGACCCAGGCTGACTTATCTC,
5'GGCACGTGCACAGGAAATAGC). Mice (WT adopts RIPK3--n =7, RIPK3"- adopts WT n =9)
were gavage fed 6 x 103 mCherry oocysts and monitored for clinical signs of disease. A Log-

rank (Mantel-Cox) test was performed to calculated significance.



127

A C
8000 L 25+ ok
 WT . WT  WT
| M ripks” + 4 [ ripk3” £ 20+ O ripks”
2 6000 F3 =
=3 —
g F 2 15
4000 1 =
o 8 2 S 10
g 8
2000 R g o
n - 0- " . 0- T T
Uninfected 7 dpi Uninfected 7 dpi T. gondii R ~
LPS & IFN-y + +

Figure 2. RIPK3”-mice show phenotypic differences in inflammatory macrophage recruitment
and effector capacity. (A) Cytometric bead array was used to measure MCP-1 in blood serum
fromfemale (WT n = 3, RIPK3-- n = 3) mice gavage fed 6 x 103mCherry oocysts at 7 days post
infection. (B) Lamina propria cells were isolated from female (WT n = 3, RIPK3--n = 3) mice
gavage fed 6 x 103 mCherry oocysts at 7 days post infection. The percent CD3-F4/80+ positive
cells was determined with an Attune flow cytometer. (C) Nitric oxide was measured by Griess
reaction in WT (n = 3) and RIPK3-- (n = 3) BMDM. Cells were seeded in a4 well plate at 1 x 104
cells/wellin a 4-well plate and infected with 2 x 104 tachyzoite parasites. After 3 hours of
infection, cells were stimulated with 25 ng/mL LPS and 25 U/mL IFN-y for 24 hours. Statistical

significance was determined by 2-way ANOVA with Bonferroni post-test. ** P-value <0.001.
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Abstract

Intrinsic to Toxoplasma gondii infection is the parasite-induced modulation of the host
immune response, which ensures establishment of a chronic life-long infection. This
manipulation of the host immune response allows T. gondii to not only dampen the ability of the
host to eliminate the parasite, but also to trigger parasite differentiation to the slow growing,
encysted bradyzoite form. We previously used RNAseq to profile the transcriptomes of mice
and T. gondii during acute and chronic stages of infection. One of the most abundant host
transcripts during acute and chronic infection was Z-DNA binding protein 1 (ZBP1). Here, we
determined that ZBP1 functions to control T. gondii growth. In activated macrophages isolated
from ZBP1 deletion mice (ZBP1--), T. gondii has an increased rate replication and a decreased
rate of degradation. We also identified a novel function for ZBP1 as aregulator of NO
production in activated macrophages, even in the absence of T. gondii infection. Upon
stimulation, T. gondii infected ZBP1-- macrophages display increased pro-inflammatory
cytokines compared to wild type macrophages under the same conditions. These In vitro
phenotypes recapitulated in vivo with ZBP1-- mice having increased susceptibility to oral
challenge, higher cyst burdens during chronic infection and an evaluated inflammatory cytokine
response. Taken together, these results highlightarole for ZBP1 in assisting host control of T.

gondii infection.
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Introduction

Toxoplasma gondii is an obligate intracellular parasite capable of infecting any nucleated
cellin warm-blooded animals. With such a large host range, T. gondii has become one of the
most prevalent eukaryotic parasites in the world, with approximately 30 percent of the human
population infected (1). T. gondii has both a sexual and asexual cycle, with the sexual cycle
occurring only in the feline intestine, and asexual cycle existing in all warm-blooded hosts. Two
asexual forms of the parasite exist in infected animals, the rapidly replicating tachyzoite and the
slower growing encysted bradyzoite. During acute infection, the tachyzoite disseminates
throughout the hostuntil pressure from the immune system trigger differentiation to the slower
growing encysted bradyzoite, which signifies the establishment of a chronic life -long infection.
Cysts containing bradyzoites only occur in cells of the central nervous system and striated
muscle (2). Cysts persist for the lifetime of the host and remain infectious if contaminated tissue
is consumed. The most common route of exposure to T. gondii is ingestion of undercooked
meat containing bradyzoite cysts or consumption of unwashed food contaminated with
environmentally stable oocysts (3).

Infection with T. gondii is typically asymptomatic, but does present issues in the immune
compromised and unborn fetuses when acquired congenitally. In immune competent hosts, a
multitude of defenses to combat T. gondii infection are present with the majority involved in
production of interferon-gamma (IFN-y). The significance of IFN-y during infection is attributed
to its ability to stimulate hundreds of genes (4). These genes initiate an array of responses
necessary for control of parasite growth and dissemination including host immune cell
proliferation, differentiation, and destruction of infected cells. T. gondii has developed strategies
to evade these host immune responses. An interesting example of T. gondii modulation of host
cellresponses lies in the ability of T. gondii to block its degradation by activated macrophages
(5, 6). At least part of this block is due to the ability of T. gondii to suppress NO production by

limiting the availability of intracellular arginine (5, 7, 8). Type | strain parasites initiate arginine
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starvation by secreting ROP16, akinase that activates STAT6 resulting in expression of host
arginase-1(5). Arginase-1 degrades available host cell arginine thus limiting the availability for
NO (9). A decrease in NO synthesis would appear to be beneficial to the parasite, but T. gondii
is an arginine auxotroph and exhibits decreased growth in media lacking arginine (5). Another
example of T. gondii triggered host response is the MyD88 dependent production of IL-12 and
subsequent expression of IFN-y. The downstream effector of the MyD88 pathway that triggers
IL-12 transcription is NF-kB. Type Il strains of T. gondii actually promote expression and
translocation of NF-kB to the nucleus via secretion of GRA15 (10). The promotion of pro-
inflammatory signal would seem detrimental to the parasite, but stimulation of this mechanism
may be adapted by the parasite to ensure survival of the host, establishment of a stable chronic
infection and subsequent persistence of the parasite.

Our laboratory has sought to determine other mechanisms of host and parasite
interactions through dual transcriptome analysis of mice infected with T. gondii (11). From this
dataset, host Z-DNA binding protein 1 (ZBP1) was shown to be highly abundant in acute and
chronic time points when compared to uninfected samples. ZBP1 also had a fold change
difference of approximately 240 in a similar study where T. gondii infected mice were compared
at 30 days post infection to uninfected mice (12). Since its initial identification, ZBP1 has been
implicated in the cytosolic sensing of foreign bacterial and viral DNA and subsequent activation
of type | interferon pathways (13-15). Known binding partners are RIPK3 and RIPK1 through the
RHIM binding domain of ZBP1 and can activate NF-kB through IRF3 and TBK1 recruitment (13-
16). In more recent years ZBP1 has been studied in the context of viral induced necroptosis
through RIPKS3, in the absence of RIPK1 (17). It has been demonstrated that ZBP1 and RIPK3
forma complex that triggers necroptosis of infected cells with viruses lacking the M45 gene
responsible for blocking the interaction of RIPK3 and ZBP1 with the RHIM domain (17). ZBP1
also initiates type | interferon production in response to viral infection, which is a critical

response for clearance. Although it has been implicated in multiple host defense pathways,
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ZBP1 was deemed indispensable for the innate and adaptive immune response to B-DNA and
DNA vaccine (18), possibly due to redundancy in DNA sensing proteins. Therole of ZBP1
during parasitic infection has yet to be elucidated. In this paper, we address the significance of

ZBP1 expression during T. gondii infection.

Materials and methods

gPCR

Using Invitrogen Superscript Il Reverse Transcriptase cDNA synthesis kit, cONA was
generated from the same RNA samples used for the previous RNAseq analysis (11). gPCR
primers were IDT PrimeTime primers designed to targeting ZBP1 and GAPDH as a house
keeping control. Fold changes were determined using the AACT method and normalized to
GAPDH, then compared to uninfected samples. For gPCR measurements in macrophages, wild
type and ZBP17- macrophages were plated and infected at an MOI of 5. Two hours post-
infection, macrophages were stimulated with 5ng/mL of LPS and 25U/mL of IFN-y, and 48 hours
post-infection, RNA was extracted using TRIzol. cDNA was synthesized using Invitrogen
Superscript Il Reverse Transcriptase cDNA synthesis kit. PrimeTime qPCR primers from IDT
targeting GAPDH (control), INOS, ZBP1, and ARG1 were used in these experiments. ZBP1,
INOS, and ARG1 transcript levels were normalized to GAPDH levels and then compared to

uninfected wild type and ZBP1--naive macrophages using the AACT method.

Determination of parasites per vacuole and the percent degraded parasites

Bone marrow-derived macrophages were isolated and grown in RPMI media containing 20%
L929 cell conditioned medium as previously described (19). 1x10°wild type or ZBP1--
macrophages were plated on glass cover slips in RPMI media. Cells were infected with 5x10°
parasites per well. Two hours post-infection, the mediawas changed and RPMI containing

5ng/mL LPS and 25U/mL IFN-y or fresh untreated RPMI was added to the cells. For the
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replication assay, cells were fixed at 24 hours post-infection, and for the degradation assay,
cells were fixed at 48 hours post-infection. Cells were incubated with chronic infection serum,
followed by Alexa Flour 488 anti-mouse secondary antibody. Parasites were visualized using a
Zeiss inverted Axiovert 200 motorized microscope with a 100X objective (PlanApo 1.4 naoil
PH3 objective). Slides were blinded prior to the counting. For the replication assay, a total of 6
slides for wild type and 6 slides for ZBP1--cells were quantified with 150 vacuoles counted on
each slide. The percent of vacuoles containing 1, 2, 4, and 8 parasites were calculated based
on number of total vacuoles counted on each slide. For the degradation assay, a total of 4 slides
for wild type and 4 slides for ZBP1-- cells were quantified with 100 vacuoles counted on each
slide. The percent of vacuoles containing degraded parasites were calculated based on number

of total vacuoles counted on each slide as described in (20).

NO assay

Wild type and ZBP1-/-macrophages were seeded at 1x104cells per well in a 96-well plate. Three
hours after plating, macrophages were infected with T. gondii at an MOI of 0, 2, 5, and 20. Two
hours post-infection, the media was changed and RPMI containing 5ng/mL LPS and 25U/mL
IFN-y or fresh untreated RPMI. Supematants from the cells were removed 48 and 72 hours
post-infection and transferred to a new 96 well plate. NO levels were determined using the
Promega Griess reagent system according to the manufacturer’s protocol. Absorbance was
measured at 530 nm using a Synergy HT plate reader. Concentrations were determined using a
standard curve generated for each reaction. Experiments were conducted with three technical
replicates and three biological replicates. Statistical significance was determined using

GraphPad Prism’s two-way ANOVA analysis.

Mouse experiments
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All animal use was approved by and in accordance with the policies of the Institutional Animal
Care and Use Committee at the University of Wisconsin-Madison. ZBP1-mice were
backcrossed 6 times to C57BL/6 mice, therefore to generate ZBP1**and ZBP1-/-mice we
established heterozygous ZBP1+*-breeding colonies. ZBP1*-mice were bred to produce wild
type, heterozygous, and knockout mice. Primers used for genotyping were, WT Forward:
GCTCTGGGAATGACGACAGC. Knockout Forward: CTAAAGCGCATGCTCCAGACTG.
Reverse: CACTTCGTCTGCCCCTCAATTAGA.

Six to eight-week old ZBP1++and ZBP1-”-mice were used for all studies. For acute
infection, mice were infected with 5x103 tachyzoites by intraperitoneal (i.p.) injection. Animals
were monitored daily for clinical signs of disease (ruffled fur, hunched posture, paralysis, etc.)
and were euthanized if moribund. For quantification of the cyst burden, mice were infected with
1x103 tachyzoites by i.p. injection. Mice were sacrificed at 24 days post-infection, their brains
were removed, and ground with a mortar and pestle in 1.3 ml of phosphate buffered saline
(PBS). 250 pl of the homogenized brain was spun at 3000 x g for 5 min, then the supernatant
removed for cytokine analysis and the pellet fixed with 3.0% formaldehyde. Tissue cysts were
stained with fluorescein-labeled Dolichos biflorus agglutinin (Vector Labs, Burlingame, CA,
USA) and 3- 5 pL samples were mounted and cyst numbers counted by fluorescence
microscopy. Samples were blinded to ensure no counting bias.

For oral infection studies, eight-week old CBA/J mice from JAX labs were infected with
2x104 tachyzoites by i.p.. Cyst burden was quantified as described above for 2-4 mice at 27
days post-infection. Then at 28 days post-infection, the brains were removed from the rest of the
mice, pooled, ground with amortar and pestle, and fed to ZBP1**, ZBP1*- and ZBP1--mice at
approximately 4000 cysts/mouse. Mice were monitored daily for clinical signs of disease (ruffled

fur, hunched posture, paralysis, etc.) and were euthanized if moribund.

Cytokine quantification
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Wild type and ZBP1-- bone marrow-derived macrophages were infected with T. gondii at an
MOI of 5, then stimulated with LPS and IFN-y after 2 hours. At 48 hours post-infection, media
was removed and the cytokines quantified using a mouse inflammation cytokine bead array
(CBA) kit (BD Biosciences), which measures IL-12p70, IFNy, TNFa, MCP-1, IL-6 and IL-10 in
the same sample. Alternatively, cytokines were measure in the supernatants of the 24 day post-
infection brain preparations described above. Events were collected and gated using the BD

LSR Il flow cytometer and FACsDIVA software (BD Biosciences).

Results
ZBP1 is highly abundant during acute and chronic T. gondii infection

Our laboratory previously generated an in vivo RNAseq time course of the forebrains of
mice during acute and chronic T. gondii infection (11). Differential expression analysis was
conducted and comparisons made between uninfected, 10 and 28 days post infection. One of
the highest differentially expressed transcripts between uninfected and infected time points was
ZBP1. The average fold change between acute versus uninfected and chronic versus
uninfected time points were 300 and 1000, respectively (Table 1). gPCR was conducted on
these samples to verify the increase in abundance of ZBP1 transcripts between each
experimental time point. Fold changes of ZBP1 transcript levels were similar between gPCR

and RNAseq analysis (Table 1).

ZBP1 expression is altered by T. gondii in activated macrophages

ZBP1 was originally described as a highly up-regulated product of IFN-y stimulation in
macrophages (21). To characterize the expression of ZBP1 in macrophages, gPCR was
performed on wild type and ZBP1-- (18) bone marrow-derived macrophages with and without T.
gondii infection. In wild type uninfected macrophages stimulated with LPS and IFN-y, a 11.5-fold

increase in ZBP1 expression was detected when compared to uninfected naive macrophages
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(Fig. 1A). In wild type macrophages infected with T. gondii and stimulated, only a 5-fold increase
in expression of ZBP1 was observed. As expected, there was no expression of ZBP1 in
macrophages from ZBP1-- mice. These results confirmthat ZBP1 is up-regulated by IFN-y in
macrophages and that macrophages do not initiate expression of ZBP1 in responseto T. gondii
infection alone. The decrease in ZBP1 transcript levels between infected and uninfected
macrophages was significant, suggesting that while IFN-y induces expression of ZBP1, T.

gondii infection can counteract that induction.

Absence of ZBP1 leads to increased parasite replication and decreased parasite degradation in
activated macrophages

To determine if ZBP1 contributes to T. gondii growth in macrophages, areplication
assay was conducted. Bone marrow-derived macrophages were plated on glass cover slips,
infected with T. gondii at an MOI of 5 and stimulated with LPS and IFN-y two hours post-
infection. After 24 hours, cells were fixed and an immunofluorescence was used to determine
the number of parasites per vacuole. The number of total parasites within the 150 random
vacuoles was quantified, and ZBP1-- stimulated macrophages contained significantly more
parasites than wild type stimulated macrophages (Fig. 1B). In wild type macrophages, there was
a statistically higher percentage of single parasite vacuoles, 44%, compared to 28% ZBP1--
cells. Only 13% of wild type cells contained vacuoles with 4 parasites whereas 24% in ZBP1 /-
cells contained vacuoles with 4 parasites. To analyze whether the difference in parasite
numbers was intrinsic to stimulation, we compared the number of parasites per vacuole in naive
wild type and ZBP1-- macrophages. There was no statistical difference betweenthe number of
parasites per vacuole between wild type and ZBP1-- naive macrophages (data not shown).
These data suggests that ZBP1 has an influence on parasite growth and/or stability in activated,

but not naive macrophages.
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Because we had previously determined that decreased parasite growth in activated
macrophages could be directly related to parasite degradation (20), we assessed the ability of
stimulated wild type and ZBP1-- macrophages to degrade intracellular T. gondii. Using
differential interference contrast (DIC) and immunofluorescence to visualize T. gondii within
stimulated macrophages, parasites were verified as being intracellular and classified as
degraded based on the lack of consistent staining around the membrane of the parasites (20). A
total of 100 vacuoles were counted and the percentage of degradation was quantified. Over
60% of parasites within wild type activated macrophages appeared degraded, whereas only
30% of parasites were degraded in activated ZBP1-- macrophages (Fig. 1C). This data
suggests ZBP1 has a key role in the pathway that leads to T. gondii degradation in activated

macrophages.

NO production is decreased in ZBP1-- activated macrophages

Generation of reactive nitrogen species, such as nitric oxide (NO), by macrophages is
critical for control of T. gondii infection (22, 23). Macrophage production of NO induces
degradation of intracellular T. gondii, with detectable levels of NO at 48 hours post-stimulation
(24). Because of the enhanced degradation of T. gondii in stimulated wild type macrophages,
compared to ZBP1--, we assessed NO production in T. gondii infected cells. Wild type and
ZBP1-- bone marrow-derived macrophages were infected with T. gondii at an MOI of 0, 2 or 5.
Two hours post-infection, macrophages were primed and stimulated with LPS and IFN-y, and
48 hours post-infection, a Griess reaction was performed to quantify production of NO. Wild type
cells produced significantly higher levels of NO in response to stimulation, compared to ZBP1 -
cells (Fig. 2A). There was a significant decrease in NO production ZBP1- macrophages, even
in the absence of T. gondii infection (MOI 0), indicating the role of ZBP1 in the NO production

pathways.
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To evaluate whether the decrease in NO production in ZBP1 - macrophages is due to a
difference in transcriptional expression of inducible nitric oxide synthase (iINOS), the enzyme
that catalyzes the conversion of L-arginine into NO, gPCR was performed. Uninfected and
infected wild type and ZBP1-- macrophages, with and without stimulation, were grown for 48
hours prior to RNA extraction. No difference in INOS transcript expression was observed
between wild type and ZBP1-- infected or uninfected stimulated macrophages (Fig. 2B). A
decrease in INOS transcript levels was seen between infected and uninfected wild type and
ZBP1-/- macrophages, indicating that T. gondii infection can inhibit transcription of INOS
independently of ZBP1.

A decrease in NO production can also be attributed to reduction in the availability of the
substrate of INOS, L-arginine. T. gondii up-regulates expression of Arginase-1 (ARG1), an
enzyme that competes with INOS for L-arginine in the cell, in order to decrease the ability of
cells to produce nitric oxide (54). gPCR was also performed to determine if the decrease in NO
production in ZBP1-7- macrophages was due to an increase of ARG1 expression (Fig. 2C).
Infected ZBP1-" macrophages increased ARG1 expression at similar levels to wild type
macrophages, indicating the reduced NO levels in ZBP17- macrophages is not due to ZBP1

influence on ARG1 expression.

Increased levels of pro-inflammatory cytokines in ZBP17- macrophages

To assess whether lack of ZBP1 lead to defects in cytokine production after stimulation
with LPS and IFN-y, the mouse inflammation CBA was used to determine levels of IL-12, TNF-
a, IL-10, MCP-1, and IL-6. Wild type and ZBP1-- bone marrow-derived macrophages were
infected with T. gondii at an MOI of 5, then stimulated with LPS and IFN-y 2 hours post-
infection. At 48 hours post-infection, ZBP1-- macrophages had increased levels of TNF-q,
MCP-1, and IL-6 compared to wild type cells (Fig. 3). There was no differencein IL-12 or IL-10

levels between stimulated wild type and ZBP1-- macrophages. While IFN-y is part of the mouse
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inflammation array, levels were saturated due to the activation of the macrophages with IFN-y.
These results indicate that pro-inflammatory molecules TNF-a, MCP-1, and IL-6 are higher in

ZBP1-/- macrophages.

ZBP1/-mice have increased inflammatory cytokines and cyst counts during chronic infection

Because ZBP1 was highly abundant in mouse brains, compared to uninfected controls
(Table 1), we determined whether ZBP1 influences outcome of T. gondii acute and chronic
infection. To examine acute infection, wild type and ZBP1-- mice were infected with 5x103
parasites by i.p. intraperitoneal inoculation. No significant differences were seenin the
susceptibility of wild type and ZBP1-- mice to this high dose of parasites (data not shown).

We then compared the cyst burden during chronic infection of wild type and ZBP1-- mice
infected with alower 1x103 dose. ZBP17- mice had a statistically higher cyst burden at 28 days
post-infection than wild type mice (Fig. 5A). When we measure the cytokine levels in these
brains, we saw results similar to the macrophages, where ZBP1-- mice had increased levels of
TNF-a, MCP-1, and IL-6 compared to wild type mice (Fig. 4). We also saw higher levels of IFN-y

in the ZBP1-7- mice, which we were not able to measure in our stimulated macrophages.

ZBP1/- mice have a decreased resistance to T. gondii after oral challenge

ZBP1 was highly abundant in the small intestine of mice (21, 25), possibly to assist in
the control of oral pathogens. To test this hypothesis, we fed wild type and ZBP1 - mice
approximately T. gondii 4000 cysts each and monitored their health. ZBP1--showed an increase
in susceptibility to lethal oral doses of T. gondii compared to wild type mice. Overall, these
animal studies mirror the results seen in tissue culture, namely increased parasite growth and
cytokine productionin the absence of ZBP1. They suggestZBP1--mice have increase in pro-
inflammatory cytokines (Figs. 3 and 4) but are not able to control the parasite burden, or that

increased parasite burden leads to higher cytokine levels.
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Discussion

We previously used RNAseq to determine the host and parasite transcriptome during T.
gondii acute and chronic infection (11), with the ultimate goal of understanding the mechanisms
involved in establishment and maintenance of infection. From this dataset, the host specific
gene ZBP1 was highly expressed in the brains of mice during acute and chronic infection (11).
ZBP1 was described over adecade ago as a gene up-regulated in macrophages in response to
LPS and IFN-y (21). Since its discovery, the function in activated macrophages has not been
elucidated. In this paper we have identified ZBP1 as another IFN-y product that is manipulated
by T. gondii upon infection because the IFN-y induction of ZBP1 is reduced in T. gondii infected
macrophages (Fig 1A). We determined that absence of ZBP1 in activated macrophages leads
to a defect in parasite degradation and an increase in parasite growth. We have also identified a
novel function for ZBP1 as a regulator of NO production in activated macrophages, even in the
absence of infection. Finally, we have demonstrated that these in vitro phenotypes translate to
increased parasite numbers and mortality in ZBP1--mice. Overall, we have found that T. gondii
has increased survival in ZBP1-/-macrophages through lack of degradation. As macrophages
are manipulated by T. gondii for use in dissemination throughout the host, we hypothesize that
this increase in parasites survival leads to higher parasitemiain many organs including those in
immunoprivileged areas (26).

ZBP1 has been shown to initiate transcription of type-Il interferons; however, type-1
interferons are not critical for survival during T. gondii infection. Mice lacking the IFN-a/IFN-[3
receptor do not succumb to T. gondii infection as severely as IFN-y7- mice. (27-29). Our data
supports the nonessential role of type-I interferons during T. gondii as no IFN-a transcripts were
detected in stimulated wild type or ZBP1--macrophages (data not shown). These data suggest
that ZBP1 is not functioning in the type-I interferons response during T. gondii infection.

The reduced degradation of T. gondii in ZBP1-- activated macrophages lead us to

investigate the role of the NO production pathways during infection. NO productionduring T.
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gondii infection has dichotomous roles. Absence of NO has been deemed dispensable for
survival of T. gondii during acute infection, but tight regulation of NO production is critical as too
much can lead to substantial tissue damage (30, 31). These studies focus on comparison of
INOS”- mice to IL-127- and IFN-y”- mice, which rapidly succumb to T. gondii infection at low
doses. The role of INOS has not been studied in the context of lethal doses of T. gondii as the
wild type controls from this study did not begin to die of infection until 12 weeks post-inoculation.
INOS”- mice showed an intermediate phenotype between the severely compromised IL-12" and
IFN-y7- mice and the wild type controls, dying at the beginning of chronic infection (20 days
post-infection). While this study suggests that NO production during early infection is less critical
than IL-12 or IFN-y, these data do not address the potential role of NO during lethal oral
challenge of T. gondii infection. We conducted experiments in wild type and ZBP1--mice that
were orally fed 4000 cysts from the brains of mice infected with T. gondii for 4 weeks, simulating
ingestion of alethal challenge of T. gondii. Our data suggest arole for NO production in
response to acute toxoplasmosis. Future experiments will elucidate the precise role of ZBP1 in
the production of NO in activated macrophages as well as determining the contributions of
ZBP1 during chronic T. gondii infection.

T. gondii blocks parasite degradation by reducing NO production in activated
macrophages (5, 6). T. gondii accomplishes this through multiple strategies including down-
regulating transcription of the enzyme iNOS, which is required for NO production (32). T. gondii
also suppresses NO production by limiting the availability of the substrate required for NO
production, L-arginine (5, 7, 8). This limitation is accomplished through T. gondii mediated up-
regulation of ARG1, an enzyme that degrades intracellular arginine. T he mechanism of action
has been studied in type | strains, where parasites initiate arginine starvation by secreting
ROP16, a kinase that activates STAT6 resulting in expression of ARG1 (5). ARG1 up-regulation
leads to limiting the availability of L-arginine and thus NO synthesis (9). The mechanism of

ARG1 up-regulation and iNOS down-regulation in cells infected with type Il parasites is currently
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unknown. A decrease in NO synthesis would appear to be beneficial to the parasite, but T.
gondii is an arginine auxotroph and exhibits decreased growth in medialacking arginine (5).
This is an example of T. gondii triggering aresponse that leads to reduction in parasite growth
for the purpose of long-term survival of the parasite within the host. While NO plays a role
during acute infection, it is most important during chronic infection, as iINOS knockout mice
succumb to T. gondii in the early stages of chronic infection (20-25 days) (33).

Our data shows the down-regulation of NO in ZBP1”-macrophages is not due to
transcriptional differences in INOS or ARG1 (Fig. 4B-C). However, INOS expression is induced
by TNF-a (34), which shows a statistically significantincrease in ZBP1--in both infected
macrophages and mouse brains. We hypothesize that this increase in TNF-a seen in ZBP1-
macrophages is in response to the increased number of T. gondii in the absence of ZBP1,
perhaps due to the decrease in parasite degradation. ZBP1 - cells produce higher levels of IFN-
Y, TNF-a, IL-6 and MCP-1 possibly as a means to initiate antimicrobial actions against T. gondii
infection. The higher levels of IL-6, which can act in either pro or anti-inflammatory mechanisms,
in stimulated ZBP1--macrophages will need to be studied further to elucidate whether it is acting

to stimulate or dampen the cytokine response.
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Figures and tables

Table 1. Comparison of ZBP1 transcripts as determined by RNAseq and gPCR.

Acute vs Uninfected

Chronic vs uninfected

RNAseq

300

1000

gPCR

480

1500

147

Fold change of ZBP1 transcript levels between acute vs uninfected and chronic vs uninfected

mouse forebrains was analyzed through RNAseq analysis, as descripted previously (11). To

verify the dramatic increase in ZBP1 transcripts between each sample, gPCR using the same

cDNA samples was performed. Primers targeting ZBP1 and GAPDH were used. gPCR fold

change was determined by normalization to GAPDH and then comparing to uninfected samples

using the AACT method.
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Figure 1. ZBP1 is up-regulated and influences parasite replication in activated macrophages.
(A) Wild type and ZBP1-- macrophages were infected with T. gondii at an MOI of 5 (infected) or
left uninfected. Two hours later, mediawas changed with no additives (gray bars, naive) or
5ng/mL LPS and 25U/mL IFN-y (black bars, stimulated). At 48 hours post-infection, RNA was
extracted, cDNA was synthesized and qPCR was performed using primers targeting ZBP1 and
GAPDH. ZBP1 transcript levels were normalized to GAPDH transcripts and then compared to
uninfected naive cells for both wild type and ZBP1--cells using the AACT method. gPCR was
performed in duplicate and RNA was collected from 3 independent experiments. P-value <0.05
as determined by 2-way ANOVA of stimulated vs naive samples. (B) T. gondii was cultured in
macrophages fromwild type (WT, black circles) and ZBP1-- (gray squares) and stimulated with
LPS and IFN-y. At 24 hours post-infection, the number of total parasites was determined by
adding together the number of 1, 2, and 4 parasites per vacuole from a total of 150 vacuoles.
Three technical replicates were collected from two independent experiments. (C) Degradation of
T. gondii is decreased in stimulated ZBP1-- macrophages. WT and ZBP1-7- macrophages were
infected with T. gondii (MOI 5), stimulated with LPS and IFN-y 2 hours later, and fixed 48 hours
post-infection. Degradation was determined based on presence of intact vacuole staining by IFA
as described in (20). 100 vacuoles were counted and the percentage of intact vs degraded
parasites was counted in duplicate in three independent experiments. Significance was

determined by student’s t-test.
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Figure 2. NO production is decreased in stimulated ZBP1--macrophages. (A) Wild type (WT,
black circles) and ZBP1-- (gray squares) macrophages were infected with T. gondii at an MOI of
0, 2, 5, 20. At 2 hours post-infection, cells were stimulated and at 48 hours post-infection, NO
levels in cell supernatants were determined by Griess reaction. Three technical replicates were
collected from three independent experiments. P-value < 0.0005 as determined by 2-way
ANOVA of all data. (B and C) To determine the mechanism of NO reduction in ZBP1-- cells,
gPCR was performedtargeting iINOS (B) and ARG1 (C) transcripts. Expression between wild
type (WT, black) and ZBP1-- (gray) macrophages was compared between stimulated infected
and uninfected samples using GAPDH as a control and the AACT method. All samples were
compared to uninfected naive samples. gPCR was performed in duplicate from two independent

experiments.
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Figure 3. Expression of pro-inflammatory cytokines is increased in ZBP1--macrophages. Wild
type (WT, black) and ZBP1--(gray) macrophages infected with T. gondii at an MOI of 5,
stimulated after 2 hours with LPS and IFN-y, and grown for an additional 48 hours. Cytometric
bead arrays were used to determine levels of IL-12, IFN-y, TNF-q, IL-10, MCP-1, and IL-6 from
supernatants. Two biological replicates were used for the analysis. TNF-a and IL-6 levels were
significantly higher in ZBP1-- supernatants. P-value=0.029 and 0.035, respectively as

determined by t-test.
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Figure 4. Expression of pro-inflammatory cytokines is increased in the brains of ZBP1--infected
mice. Wild type (WT, black) and ZBP1--(gray) mice were infected with 1x103 T. gondii,
sacrificed at 28 days post-infection and the cytokine levels measured from the supernatant of
brain homogenates. Shown is the pooled results from two independent experiments, with wild
type n=8 and ZBP1-/-n=12. Statistical significance was determined by a two-tailed, independent

t-test and the p-values were TNF-a =0.0018, IL-6 =0.0172, MCP-1=0.0461, IFN-y =0.0161.
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Figure 5. ZBP1”-mice have higher cyst burdens and are more susceptible to oral T. gondii
infection. ZBP1*-mice were bred to each other to produce ZBP1++(wild type), ZBP1*-, and
ZBP1-- used in these studies. (A) Wild type (WT, black circles) and ZBP1--(gray squares) mice
infected were infected with 1x103 T. gondii, sacrificed at 28 days post-infection and the cyst
burden quantifiedin brain homogenates. Shown is the pooled results from two independent
experiments, with wild type n=9 and ZBP1--n=14. (B) Wild type (WT, black circles), ZBP1+*-
(dark gray triangles) and ZBP1-- (gray squares) mice were fed brains of mice chronically
infected with T. gondii for 28 days, receiving approximately 4000 cysts each, and time to death

was determined. Shown is the pooled results from two independent experiments, with wild type
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n=6, ZBP1*-n=16, and ZBP1/-n=12. Statistical significance was determined by log-rank test,

which has a p-value of 0.0504 for WT vs. KO.
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Abstract

Environmental chemical screening programs such as those carried out at the US EPA
are increasingly using high throughputtranscriptomics (HTTr) to identify molecular targets that
can be linked to adverse outcomes. Here, we describe a method that uses a gene expression
biomarker to predict chemical activation of heat shock factor 1 (HSF1), atranscription factor
critical for proteome maintenance. The HSF1 biomarker was built from transcript profiles derived
from A375 cells exposed to a HSF1-activating HSP9O0 inhibitor in the presence or absence of
HSF1 expression. The resultant 44 identified genes included those 1) dependent on HSF1 for
regulation, 2) that have direct interactions with HSF1 assessed by ChIP-Seq, and 3) in the
molecular chaperone family. To test for accuracy, the biomarker was compared in a pair-wise
manner to gene lists derived from treatments with known HSF1 activity (HSP and proteasomal
inhibitors) using the correlation-based Running Fisher test; the balanced accuracy for prediction
was 96%. A microarray compendium consisting of 12,092 microarray comparisons from human
cells exposed to 2,670 individual chemicals was screened using our approach; 112 and 19
chemicals were identified as putative HSF1 activators or suppressors, respectively and most
appear to be novel modulators. A large percentage of the chemical treatments that induced
HSF1 also induced oxidant-activated NRF2 (~46%). For 5 compounds or mixtures, we found
that NRF2 activation occurred at lower concentrations or at earlier times than HSF1 activation
supporting atiered cellular protection system based on stress response levels. The approach
described here could be used to identify environmentally -relevant chemical HSF1 activators in

HTTr datasets. (258 words)
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Introduction

The heat shock response is a highly conserved major stress pathway that protects cells
from diverse physical and chemical insults (1). Activation of this pathway by heat or chemical
toxicants triggers the rapid transcriptional expression of afamily of genes known as “heat
shock” proteins that include members of the heat shock protein (HSP) family, some of which
bind to unfolded proteins to minimize denaturation, prevent protein aggregate formation and
facilitate the refolding of denatured proteins. Under basal conditions, the major transcriptional
regulator of the inducible HSPs is called heat shock factor 1 (HSF1) which typically exists as a
monomer in the cytoplasm through interactions with primary negative regulators, the molecular
chaperones HSP70 and HSP90 (2). Exposure to amultitude of stressors can activate HSF1
leading to formation of transcriptionally active trimers that accumulate in the nucleus and bind to
heat shock elements (HSE, inverted nGAAN repeats) in the upstream regulatory regions of
target genes (3, 4).

The mechanisms by which HSF1 is activated are not entirely understood given that a
great number of stressors of varied nature can trigger the heat shock response. The classical
model frequently described in the literature posits that when cells are subjected to heat shock or
other proteotoxic conditions, the increased levels of protein misfolding releases HSP90 from
HSF1 monomers allowing HSF1 activation and increased transcription of the genes encoding
HSP90 proteins (HSP90AAL, HSP90AA2) (2). Upon return to conditions in which protein
denaturation is eliminated, increased levels of HSP90 protein binds to HSF1, providing a
negative feedback mechanism. This mechanism ensures coordination between the overall
condition of the protein folding environment and the level of expression of HSF1 target genes.
Another (possibly) parallel mechanism of activation is the intrinsic ability of HSF1 itself to detect
and respond to proteotoxic stimuli. Purified recombinant HSF1 becomes trimeric in acell free
system by a number of stressors including high temperature, low pH, oxidative stress or

increasing concentrations of calcium (5, 6). The Arg 250 and Ser 247 residues in the DNA-
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binding domain of HSF1 are critical for DNA binding, since mutations in either residue
significantly alters HSF1 trimer formation and HSE recognition (7). In athird proposed
mechanism, rapid activation of HSF1 by heat is facilitated in the early stages by a
ribonucleoprotein complex consisting of translation elongation factor-1a (eEF1A) and a
constitutively expressed non-coding RNA called heat-shock RNA-1 (HSR-1)(8). It is proposed
that HSF1 is activated by the heat-sensing HSR-1 complexed with eEF1A, leading to
translational inhibition observed during heat shock. The identification of this ‘RNA temperature
sensor’ suggests that HSF 1 activation by heat occurs when temperatures surpass the
thermometer threshold.

A number of studies indicate that HSF1 plays an important role in tumor initiation,
development and maintenance. Eliminating a functional HSF1 protected mice from tumors
induced by mutation of the RAS oncogene or a hot spot mutation in tumor suppressor p53 as
well as from diethylnitrosomine-induced hepatocellular carcinoma (HCC) formation (9-11). Loss
of the tumor suppressor Neurofibromatosis Type 1 (NF1) activates HSF1 to promote
carcinogenesis through dysregulated MAPK signaling (12). In awide variety of human cancer
celllines, depletion of afunctional HSF1 markedly reduces growth, survival, and metastatic
potential (13-17)The cancer HSF1 program supports malignant cancer cell phenotypes through
direct effects on cell cycle, DNA repair, anabolic metabolism, and proliferation (11, 14, 15, 18).
The HSF1 program within the tumor stroma cells drives pathways that support malignant
elements within the tumor. These pathways facilitate angiogenesis, extracellular matrix
organization, adhesion, and migration. Surprisingly, the transcriptional program activated by
HSF1 in cancer cells is differentfrom the program activated by classical heat shock , and there
is increasing evidence that tumors co-opt the ancient survival functions of HSF1 to orchestrate
malignancy in both a cell-autonomous and non-cell-autonomous manner (14). In particular, the
HSF1 tumor transcriptional program acts to support the malignant state by promoting pathways

that facilitate anabolic metabolism, protein folding, proliferation, invasion, and metastasis as well
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as blunting apoptotic responses (11, 12, 14, 15, 17-19). Activation of this program by HSF1 in
cancer cells is strongly associated with disease progression in patients with breast, colon, lung,
and hepatocellular carcinoma (14, 16, 19).

High-throughput transcriptomic (HTTr) technologies are being increasingly used to
screen chemicals in human cell lines. The Environmental Protection Agency’s (EPA) Toxicity
Forecaster (ToxCast) screening program is now using HT Tr to replace the battery of individual
ToxCast screening assays (20) with a targeted RNA-Seq technique called TempO-Seq (21).
HTTr has the advantage over individual assays by examining the effects of environmental
chemicals on essentially all pathways simultaneously, many of which are not examined by the
battery of ToxCast assays (20). A major challenge for any transcript profiling strategy including
HTTr is how to make linkages between chemical exposure and modulation of molecular targets.
A number of approaches have been used to interpret the HT Tr profiles, and these include
typical pathway analysis as well as comparisons to archived profiles of reference chemicals
(e.q., (22)). While these approaches can lead to testable hypotheses as to what the chemical
targets are, they do not allow prediction with known accuracy. Gene expression biomarkers
have emerged as a complementary approach to accurately identify specific molecular targ ets.
Biomarkers are sets of genes known or predicted to be regulated by a particular transcription
factor (23). The biomarker gene expression patternis compared to gene expression profiles
derived from human cells exposed to chemicals using a number of computational techniques
that include correlation analysis (24). Gene expression biomarkers that predict modulation of
estrogen receptor (25), androgen receptor (26), metal-induced transcription factor 1 (27), and
the oxidant-induced transcription factor NRF2 (28) have been described. In addition, a
biomarker that identifies chemical exposure conditions that lead to DNA damage has been
extensively characterized (29, 30) and is currently undergoing review by the Food and Drug
Administration to be used as a tool to identify potential DNA damaging agents in human cells. A

methodical analysis of gene expression profiles from cells exposed to reference chemicals as
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well as perturbations of the gene encoding the chemical target will eventually lead to a battery of
highly predictive biomarkers that can be used to interpret HTTr data streams (23). The large
guantity of microarray data that already exists in commercial databases and in public
repositories will provide for in silico high-throughput screening (HTS) identification of chemical
agents that activate or suppress human molecular targets. Approaches to assess HSF1
modulation in a large microarray compendium have not been previously described.

In the present study, we developed procedures for predicting HSF1 perturbationin HTTr
data. The biomarker was constructed from microarray profiles derived from cells treated with a
HSP90 inhibitor in the presence or absence of HSF1 expression. The derived 44 geneswere
enriched for those involved in proteome maintenance, most of which were shownto be directly
regulated by HSF1. The biomarker was used to screen a library of microarray profiles from cells
treated with ~2600 organic chemicals to identify modulators of HSF1. The biomarker approach
can readily identify chemical treatments known to activate HSF1, including inhibitors of HSP
family members and the proteasome. Almost half of the chemical treatments that activated
HSF1 also activated NRF2. Five chemicals were shown to activate NRF2 at lower doses or
earlier times than HSF1, pointing to a tiered cellular protection system. Our approach not only
greatly expands the identification of chemicals that activate HSF1 but provides a proof of
principle approach that can be used to identify environmental chemicals that activate stress

responses linked to human diseases.
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Materials and methods
Use of a gene expression microarray experiment compendium.
As described previously in Rooney et al. 2018 (31), information from BaseSpace Correlation

Engine (BSCE) (https://www.illumina.com/products/by-type/informatics-products/basespace-

correlationengine.html; formerly NextBio) was used to build and test the HSF1 biomarker as well

as to screen for HSF1 modulators. The database consists of lists of statistically-filtered gene
expression comparisons (called biosets) from experiments carried out using human cell lines
and tissues. Each bioset is derived from a pairwise comparison (i.e. treated vs. untreated, or
mutant vs. wildtype). The master list was annotated to include information on bioset name,
study accession information, cell line, tissue, chemical name, chemical concentration, genetic
perturbation (e.g., HSF1 shRNA treatment), treatment time, and predicted HSF1 activity. Of the
biosets included, > 12,000 biosets were derived from experiments from chemically -treated cells.
Methods used to derive the statistically-filtered gene lists generated by different microarray

platforms or by RNA-Seq are described in detail in Kuperschmidt et al. 2010 (24).

HSF1 biomarker generation.

One study was selected to derive aset of HSF1-regulated genes that could be used for HSF1
modulation prediction. Out of our database, there was only one study in which gene expression
was perturbed by both a chemical known to activate HSF1 and in which the expression of the
HSF1 gene was inhibited. In this case, a short hairpin (sh) RNA inhibitor was used to
knockdown the expression of the HSF1 gene (9). Malighant melanoma A375 cells were treated
for 3 hrs with 200 nM NVP-HSP990, known to activate HSF1. Exposures to NVP-HSP990
occurred in the presence or absence of induced levels of the shHSF1 or control shRNA. The
final dataset consisted of 3 comparisons of NVP-HSP990 treatment and 4 comparisons of HSF1
gene knockdown. The 7 biosets selected to build the HSF1 biomarker are described in Table 1.

Starting with lists of statistically-filtered genes, the candidate biomarker genes were identified in


https://www.illumina.com/products/by-type/informatics-products/basespace-correlationengine.html
https://www.illumina.com/products/by-type/informatics-products/basespace-correlationengine.html
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two steps. In the first step, genes were selected that exhibited consistent directional changes in
at least 2 of 3 NVP-HSP990 treatments. Any genes that exhibited inconsistent directional
changes were removed. In the second step, agenetic filter was used to identify those genes
that require HSF1 for expression changes and that exhibited opposite directional expression in
at least 2 of 4 shHSF1 vs. wild-type biosets. Thus for the genes that were positively regulated
by HSP990, the genes had to also exhibit down-regulation when HSF1 was knocked down.
Conversely for the genes that were negatively regulated by HSP990, the genes had to also
exhibit up-regulation when HSF1 was knocked down. These filters resulted in a set of 44 genes
(33 genes with increased expression and 11 genes with decreased expression). The genefold-
change values were then averaged across the 3 NVP-HSP990 treatment biosets to create the
final biomarker of 44 genes. The list of genes and associated fold-change values was uploaded

into BSCE for further analysis. The genes in the biomarker are foundin Table S1.

Comparison of the biomarker to biosets in the database.

The HSF1 biomarker was compared to all other biosets in the database using the Running
Fisher algorithm. This method provides an assessment of the statistical significance of the
overlapping genes between the biomarker and each bioset by assessing correlation and
providing asummary p-value. A complete description of the Running Fisher test is provided in
Kuperschmidt et al. 2010 (24). The statistical significance of the pair-wise comparisons were
exported and each p-value was converted to a -log(p-value), with negative values used to
indicate negative correlation between the biomarker and the bioset. Biosets with -log(p-value) 2
|4| were considered significant based on prior studies using this threshold (25, 32, 33). A column
in the human gene expression spreadsheet was populated with the -log(p-value) for each
bioset. Biosets that were positively correlated with the biomarker (-log(p-value) = 4) were
predicted to exhibit activation of HSF1, while biosets that were negatively correlated (-log(p-

value) < -4) were predicted to exhibit suppression of HSF1.
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Ingenuity pathway analysis.

The HSF1 biomarker genes were analyzed using the canonical pathway and upstream analysis
functions of Ingenuity Pathway Analysis (IPA, Qiagen Bioinformatics, Redwood City, California).
IPA uses a right-tailed Fisher’s Exact test to calculate a significant overlap between the HSF1
biomarker genes and the IPA pathway gene list. The upstream analysis uses the number of
differentially expressed genes to predict upstream regulators of the biomarker genes. The p-
values for the canonical pathway analysis and upstream regulator were converted to -log(p-

value)s. The results are found in Table S2 and Table S3.

Selection of positive and negative controls and calculation of biomarker accuracy.

The HSF1 predictive accuracy was calculated separately for human HSF1 activation by
chemical treatments or by heat shock treatments. In the database of human gene expression
comparisons, biosets were identified that examined the effects of different factors on HSF1
modulation. These included chemical (87), genetic (12), and heat shock (37) treatments known
or suspected to modulate HSF1. Information about the biosets used in these two analyses is
found in Table S4 and Table S5 including reference citations supporting HSF1 activity (or lack
thereof). The biosets used to create the biomarker were not included in the analysis. The -log(p-
value) correlations of each bioset to the HSF1 biomarker was used to analyze the predictive
accuracy. HSF1 predictive accuracy for chemical activation was calculated from 74 biosets
treated with chemicals known to activate HSF1 and 18 biosets from chemical and genetic
perturbation treatments known to not increase HSF1 activity. The sensitivity for human HSF1
activation by heat shock treatment was determined using 37 biosets subjected to heat shock
treatment. Accuracy to predict HSF1 activation in mice was carried out using all 25 and 8
biosets from mouse cells undergoing either heat shock or treatme nt with known HSF1-activating
chemicals, respectively. Additionally, there was only one bioset from the livers of intact mice

subjected to heat shock. Bioset information is providedin Table S6. The predictive accuracy for
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the HSF1 biomarker was calculated as follows: sensitivity (true positive rate) = TP/(TP+FN);
specificity (true negative rate) = TN/(TN+FP); positive predictive value (PPV) = TP/(TP+FP);

negative predictive value (NPV) = TN/(TN+FN); balanced accuracy = (sensitivity + specificity)/2.

Results and discussion
HSF1 biomarker generation

The HSF1 biomarker was generated and tested for predictive accuracy using gene
expression comparisons (biosets) with known HSF1 activity. (Each bioset consists of a list of
statistically-significant genes from a pairwise comparison in a gene expression study). The
biosets included chemical (87), genetic (12), and heat shock (37) perturbations known or
assumed to modulate HSF1 activity. One study was selected to derive acore set of HSF1 -
regulated genes that could be used for HSF1 modulation prediction. Out of our database, the
selected study was the only one in which gene expression was perturbed by both a chemical
known to activate HSF1 and a genetic approach using a short hairpin (sh) RNA inhibitor
targeted to knockdown the expression of the HSF1 gene (9). The 7 biosets selected to build the
HSF1 biomarker are found in Table 1. In this study, malignant melanoma A375 cells were
treated for 3 hrs with 200 nM NVP-HSP990, a compound that inhibits HSP90 leading indirectly
to activation of HSF1. Exposures to NVP-HSP990 occurred in the presence or absence of
induced levels of the shHSF1. The final dataset consisted of 3 comparisons of NVP-HSP990
treatment and 4 comparisons of HSF1 genetic perturbation. First, genes were identified that
exhibited consistent directional changes in at least 2 of 3 NVP-HSP990 treatments. Then a
genetic filter was used to identify genes under control of HSF1 that exhibited opposite
directional expression in at least 2 of 4 shHSF1 vs. wild-type biosets. The gene fold-change
values were averaged across the 3 NVP-HSP990 treatment biosets to create the final biomarker

of 44 genes (33 genes with increased expression and 11 genes with decreased expression).
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The expression of the 44 genes across the 7 biosets is represented in aheat map (Figure 1A).
The biomarker genes are listed in Table S1.

The correlation between the biomarker and each of the biosets used in its construction
was determined. The Running Fisher algorithm was used to calculate the statistical significance
of each pair-wise correlation. Statistically-significant correlations were defined as those with a -
log(p-value) = |4|, where negative values indicated a negative correlation. Conditions that
resulted in positively-correlated biosets were predicted to activate HSF1, while those conditions
that resulted in negatively-correlated biosets were predicted to suppress HSF1. As expected, all
3 biosets from the NVP-HSP990 treatments exhibited very significant positive correlation
(Figure 1B). All 4 of the biosets in which HSF1 expression was suppressed exhibited negative
correlation with three of them being significant and one approaching significance (-log(p-value)

=-2.92).

Characterization of HSF1 biomarker genes

The HSF1 biomarker gene list was analyzed by canonical pathway and upstream
regulator analysis in IPA. The top 7 canonical pathways most significantly affected by the HSF1
biomarker genes are shown in Figure 2A and Table S2 and included pathways that are known
to affect HSF1 activity including protein ubiquitination, unfolded protein response, and oxidative
stress. The relationships between HSF1 activation and NRF2-mediated oxidative stress
response is addressed in detail below. Additional pathways identified have less clear linkages
with regulation of the HSF1 genes. Mineralocorticoid receptors as well as other nuclear
receptors are held in an inactive state in the cytoplasm by a complex of HSPs (34). Deregulation
of HSF activity has been linked to a number of neurological diseases including Huntington
disease and Parkinson disease in which the pathology arises from protein misfolding including
that associated with compromised activation of HSF1, which further exacerbates protein

misfolding (35). Bcl2-associated athanogene 2 (BAG2) functions as a co-chaperone and
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interacts with the ATPase domain of HSP70 (36). In vascular endothelial cells, increases in the
expression of human HSF1 corresponded with elevated steady-state levels of eNOS (37).

The top 10 upstream transcription factors predicted to regulate the biomarker genes are
shown in Figure 2B and Table S3. The most significant factor was HSF 1 followed by HSF2.
HSF1 and HSF2 bind to both distinct and overlapping sites in the genome and can form hetero-
oligomers, increasing the breadth of the regulatory control mechanisms imposed on each HSF
subtype in a combinatorial manner (35). HSF2 has a different expression pattern than HSF1
and is highly expressed in the testis and brain (38, 39). The other transcription factors predicted
included KMT2A, a histone lysine methyltransferase (2A); MYC proto-oncogene; H2AFX, the
DNA-dependent protein kinase catalytic subunit, H2A histone family member X; KLF4, Kruppel-
like factor 4; and CREB1, cAMP Responsive Element Binding Protein 1. While not KMT2A,
another histone H3K3 methyltransferase called mixed lineage leukemia 1l (MLL1) functions as a
coactivator of HSF1 in response to HSP90 inhibition. MLL1 is recruited to the promoters of
HSF1 target genes and regulates their expression in response to HSP90 inhibition (40). Ablation
of HSF1 restrains the growth of c-Myc-derived mouse hepatocellular carcinoma (HCC) cell
lines, in parallel with downregulation of c-Myc levels. Conversely, silencing of the c-Myc gene in
human and mouse HCC cells led to downregulation of HSF1 expression. Mostimportantly,
overexpression of adominant negative form of HSF1 in the mouse liver resulted in complete
inhibition of mouse hepatocarcinogenesis driven by overexpression of c-Myc (41). HSF1
induces DNA-PKcs including H2AFX upregulation through the activation of the MAPK/INK/AP-1
axis (42). Overexpression of KLF4 was found to promote the basal expression of HSP90
(HSP84 and HSP86) but not inducible expressionin the C2C12 cells and RAW264.7 cells (43).
HSF1 interacted with members of the ATF1/CREB family involved in metabolic homeostasis
and recruited them to the HSP70 promoter in response to heat shock (44). Therewas no

information about the linkage between HSF1 and ONECUT1, FERD3L, and PML.
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Additional evidence was examined to determine if the biomarker genes are regulated by
HSF1. In a comparison of the biomarker genes with those identified by ChIP-Seq, there was a
significant overlap with those identified as HSF1 targets (p-value = 1.3E-18) but not two other
transcription factors (E2F4 or C/EBPaq; p-values > 0.05) in human adipocytes derived from
mesenchymal stem cells (data from GSE24326;(45)). Out of the 20 biomarker genes identified
as direct targets, all but 3 were positively regulated by NVP-HSP990. Furthermore, in adirect
comparison between NVP-HSP990 treatments of A375 cells with and without expression of the
shRNA against HSF1, the 32 biomarker genes with significant expression were all partially or
completely dependent on HSF1 for altered expression (Figure S1). Between the two sets of
genes, there were 35/44 (80%) that exhibited either direct interactions with HSF1 by ChIP-Seq
and/or were regulated by HSF1 as assessed by the wild-type vs. HSF1 knockdown comparison.

The genes in the biomarker included those in various HSP families known to be
regulated by HSF1. These included HSP27 (HSPB1), anumber of DNAJ family members that
are known as HSP40 subfamily members (DNAJA1, DNAJB1, DNAJB4, DNAJBG6), a HSP47
family member (SERPINH1; serpin peptidase inhibitor, clade H (heat shock protein 47), member
1, (collagen binding protein 1)), HSP70 family members (HSPA1A, HSPA1B, HSPAG), and
HSP105/110 (HSPH1). There were other genes associated with proteome maintenance
including a cochaperone of HSP90 (AHSA2; AHA1, activator of heat shock 90kDa protein
ATPase homolog 2 (yeast)), ubiquitin B (UBB), ubiquitin specific peptidase like 1 (USPL1), and
BCL2-associated athanogene 3 (BAG3), which serves as a co-chaperone with heat shock
proteins in facilitating autophagy. All of these genes were included in the 35 genes discussed
above with linkages to HSF1. Thus, our unbiased weight of evidence method identified a set of
genes enriched in those involved in proteome maintenance and regulated by HSF1.

Biomarkers predictive of human MIE modulation in vitro have been described that were
built in a fashion similar to that used to make the HSF1 biomarker in which genetic perturbation

of the factor was incorporated into the genefiltering procedures. Androgen receptor (AR)
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biomarker genes were first identified as those with consistent regulation by a set of AR agonists
and opposite regulation by a set of AR antagonists (26). The genes were thenfiltered forthose
with concordant directional changes in cells expressing a set of constitutively -active ARs and
opposite regulation in cells treated with siRNA against the AR gene. The gene set behaved
similarly to agonists or when AR was constitutively-activated and opposite of AR antagonists
and after AR knockdown. NRF2 biomarker genes were identified by firstidentifying those with
concordant directional changes across NRF2 activators followed by genetic filters (Keap1
siRNA and NRF2 siRNA knockdown)(31). The NF-kB biomarker genes were identified as those
that were responsive to TNFa in wild-type cells but not in cells that overexpressed the inhibitor
of NF-kB (IkB). In each of these approaches, the resultant gene lists were generally in the range
of 46-144 genes.

Similar to approaches taken here, the resultant gene lists of the biomarkers have been
evaluated a number of ways to confirm that the genes were in fact regulated by the factor to be
predicted. Approaches that have been used included literature mining for studies showing direct
or indirect regulation of the target gene by the factor, pathway based analysis, prediction of
regulators using the upstream analysis function (Ingenuity Pathway Analysis) which identifies
potential transcriptional regulators of the group of biomarker genes, and performing a
reexamination of archived chromatin immunoprecipitation (ChlP)-Seq datasets in which genes
were identified that were physically associated with the TF (26, 31, 46). The p53-dependence of
genes in the TGx-DDI biomarker, the ER-dependence of genesin the ER biomarker, and the
MTF-1-dependence of genes in the MTF-1 biomarker were confirmed by comparing
transcriptional responses in wild-type cells to those in cells in which the expression of the factor
was knocked down by factor-specific SIRNAs (27, 29, 46). These analyses increase the

confidence that relevant gene sets were identified and are appropriate for further analyses.
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The HSF1 biomarker accurately identifies known HSF1-activating chemicals

For a biomarker to be useful in HTTr screening of environmentally-relevant chemicals,
the methods using the biomarker must have known high accuracy. To test accuracy, the
biomarker was compared to biosets that examined factors with known HSF1 activity. In the
compendium there were 74 biosets comprising exposure to 26 chemicals that were putative true
positives. The chemicals included those known to 1) inhibit HSP90 (17 -(allylamino)-17-
demethoxygeldanamycin, 17-(dimethylaminoethylamino)-17-demethoxygeldanamycin, 5-(2,4-
dihydroxy-5-isopropylphenyl)-4-(4-morpholin-4-yimethylphenyl)isoxazole-3-carboxylic acid
ethylamide, alvespimycin, gamitrinib-G4, gedunin, geldanamycin, hypericin, monorden, NMS-
E973, PU-H71, sanguinarine, withaferin A), 2) inhibit HSP70 family members (MAL3-101,
parthenolide), 3) act as proteasomal inhibitors that lead to HSF1 activation (bortezomib, MG262,
MG132, Thiostrepton), and 4) increase oxidative stress (pyrrolidine dithiocarbamic acid,
sapphyrin). A number of other chemicals were selected that are known to activate HSF1 but
through unknown mechanisms (4-hydroxy-2-nonenal, arsenic trioxide, disulfiram). Using the
Running Fisher test, the biomarker was compared to these 74 chemical treatment biosets. (It
should be noted that these biosets did not include those used to make the biomarker
(essentially the training set)). The HSF1 biomarker successfully predicted 71 true positives with
3 false negatives resulting in a 96% biomarker sensitivity for HSF1 chemical activation (Figure
3A). The 3 false negatives had -log(p-values) close to the cutoff used (2.3-2.9). To test for
specificity, true negatives were selected as they included treatment by chemicals known not to
activate HSF1 and also included comparisons between HSF1 knockdown vs. wild-type. The
biomarker effectively identified all 10 true negative biosets for 100% specificity. Overall, the
balanced accuracy for HSF1 chemical activation was 98% (Table 2). The gene expression fold
changes for the 44 biomarker genes across all 84 biosets are shown in a heat map (Figure 3B).
For those biosets that were positively correlated with the biomarker, the expression of the

biomarker genes was remarkably similar to the biomarker itself. Literature citations supporting
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HSF1 activity and in some cases, mechanisms of action for the biosets used are found in Table
S4.

For a biomarker to be useful, predictive accuracy must be high in the tissue or cell line in
which chemicals will be screened. The balanced accuracies for characterized biomarkers used
for in vitro screening ranged from 87-97% for activators. Only two of the biomarkers (AR, ER)
have been characterized for prediction of suppression (98%) (26, 46). In anumber of cases, the
biomarkers were shown to be accurate independent of the platform used to generate the gene
expression profiles and included a variety of microarray types (mostly Affymetrix, llluminaand
Agilent) as well as RNA-Seq. The accuracy of the TGx-DDI biomarker was similar across many
platforms including microarrays, RT-gPCR, and direct digital nCounter technology (29). In the
case of the HSF1 biomarker, the biosets used to determine predictive accuracy came mostly
from different Affymetrix chip types, but also came from microarrays from Agilent and Illumina
as well as a custom chip. This indicates that the biomarkers described so far are relatively
insensitive to the platform used to assess gene expression. The biomarkers predicting hormone
receptor-mediated effects are highly cell context-dependent due to the cell-specific expression
patterns of these receptors. In contrast, biomarkers that predict the activation of factors involved
in generalized stress responses (TGx-DDI, NRF2, NF-kB, MTF-1) are useful for predictionin
many cell lines but are still dependent on expression of the factor. For example, the TGx-DDI
biomarker cannot identify genotoxic agents in cells with inactivating mutations in the TP53 gene.
While we did not systematically determine the context of use of the HSF1 biomarker, the
biomarker appears to be able to identify HSF1 activation in >30 cell lines or cell contexts (Table
S4), consistent with HSF1 being expressed and the HSF1 regulon being responsive in awide

variety of cell lines, typical for ageneralized stress factor.
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The HSF1 biomarker identifies conditions undergoing the heat shock response in multiple
species

The ability of the biomarker to predict activation of HSF1 by heat shock was carried out
using 37 biosets derived from human cells subjected to heat shock treatments. The HSF1
biomarker identified 20 true positive biosets but failed to classify 17 biosets resulting in a54%
sensitivity (Figure 4A,B; Table 2). The ability to detect HSF1 activation appears to be specific
to a group of 10 different cell lines or primary cells (Figure 4C). Most of the false negatives (13)
were from one study examining the effects of heat shock in HeLa cells or primary lung
fibroblasts (GSE4301;(47)). Three of the false negatives came from three different breast
cancer cell lines. Itis unlikely that these breast cancer cell lines are not responsive to HSF1
activation, as there are examples of chemical-induced HSF1 biomarker gene alteration by true
positive chemicals in HeLa and MCF-7 cells (Table S5, Table S7). The lack of predicted
activation of HSF1 in the GSE4301 study for the two cell lines is in contrast to the robust
induction of HSF1 in the leukocyte cell line K-562 generated in the same study. In this cell line,
there was significant biomarker correlation from 1 hr that peaked at 4 hrs and was maintained
until the last time point measured (24 hrs) (Figure 4D). The lack of robust induction of HSF1 in
these other two cell lines remains to be determined.

Given the strong conservation of the HSF1 regulon in mammals, we hypothesized that
the biomarker could identify conditions in which HSF1 was activated in mice and rats. Out of the
>13,000 biosets examined in rat tissues, there were only 4 examples in which the effects of
induced heat shock (hyperthermia) were examined within a time frame of expected HSF1
activation (3 hrs) (from GSE29733 and GSE23093). There was significant activation of HSF1 in
three of the comparisons: 1) choroid plexus (GSE23093), 2) blood (GSE23093), and 3)
meninges and associated vasculature (GSE29733). Activation of HSF1 in the parietal cortex
approached significance (-log(p-value) = 2.62) (GSE23093). A larger group of biosets derived

from mouse tissues or cells with known effects on HSF1 were evaluated. These included 25
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heat shock treatments in wild-type tissues or in tissues with HSF1 expression either knocked
down or knocked out. There were also three chemicals (NVP-HSP990, AUY992, MG132) in 8
biosets known to activate HSF1 and 12 comparisons which examined the transcriptional effects
of knocking down or knocking out Hsfl. Figure 4E shows that out of the 25 biosets predicted to
exhibit HSF1 activation, 8 did not pass the statistical threshold (false negatives). Out of these 8,
there were 3 biosets that approached significance (-log(p-value) > 2.5). Some of the false
negatives came from a study in which there was significant activation of HSF1 at 2 and 3 hrs but
notat 1, 4 and 6 hrs (from GSE3074). There were 20 true negatives and none exhibited
activation. Overall, the balanced accuracy was 84%. Thus, the biomarker identified mouse
conditions in which HSF1 was activated.

This is the first example of the ability of a biomarker designed to predict effects in human
tissues demonstrating predictive effects in rodents. The ability of the biomarker to identify
effects in mouse tissues is most likely due not only to the conservation of the responsive genes
between species but the degree to which each gene responds to HSF1 activation between
species. Thus, while there were outliers in mouse tissues (Hspbl, Hspala, Hsphl, Dnajal;
Figure S2), most of the genes exhibited the relative order of the fold-change responses
observed in human tissues. However, the fact that not all genes overlapped or that orthologs
could be found in mice may at least partially explain the diminished range of the correlations in
the mouse tissues (-log(p-value)s < 9) compared to those in humans (-log(p-value)s < 16). This
diminishment would potentially impact sensitivity of the response resulting in increases in false
negatives. However, this prediction would have to be validated by an independent set of biosets
derived from HSF1 activators that cause a spectrum of responses. Future work could focus on
identification and characterization of chemicals that modulate HSF1 in the rat and mouse

microarray chemical compendia.
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An in silico screen identified novel chemical modulators of HSF1

Given the high predictive accuracy of the biomarker foridentifying HSF1 chemical
activators, an in-silico screen was performed of our human microarray chemical compendium.
Using the Running Fisher test, the HSF1 biomarker was compared to all gene expression
biosets derived from 12,089 treatmentsin human cells of 2670 chemicals. The significance of
each bioset correlation to the HSF1 biomarker was ranked by -log(p-value) (Figure 5). Using a
statistical cutoff of -log(p-value) = |4|, we identified 202 biosets including 112 chemicals that
were putative HSF1 activators and 19 chemicals in 20 biosets that were putative HSF1
suppressors. The chemicals that resulted in HSF1 suppression are discussed in Supplemental
File 2. The biosets which exhibited significant correlation to the biomarker are found in Table

S7.

Characterization of chemicals predicted to activate HSF1

We examined the chemicals that were potential novel activators of HSF1. The
distribution of the -Log(p-value)s across the identified positive chemicals is shown in (Figure
S3A). These chemicals exhibited an expression pattern of the biomarker genes very similar to
that of the biomarker itself (Figure S3B). The top 20 ranking biosetsthat resulted in HSF1
activation are shown in Table 3. The top 20 hits included exposure to 9 mixtures or individual
chemicals including tobacco smoke, diesel exhaust, iron(l11) meso-tetramesitylporphyrin, metals
(sodium arsenite, zinc oxide nanoparticles), albendazole, sulforafan, allyl alcohol, and
furosemide. There were also five chemicals in 7 biosets from the CMAP collection (discussed
below). For most of these exposures, there is only limited evidence that HSF1 is activated. Pro-
oxidative diesel exhaust particle chemicals induce heat shock proteins and an unfolded protein
response in a bronchial epithelial cell line (48).0One-month exposure of rats to cigarette
smoke/air mixture led to increased expression of HSP70 and HSF1 in airway smooth muscle in

rats (49). Sulforaphane activated the heat shock response and enhanced proteasome activity
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through up-regulation of HSP27 (50). Allyl alcohol, furosemide, iron(lll) meso-
tetramesitylporphyrin, and albendazole appear to be novel HSF1 activators.

We next asked whether there were any chemicals that activated HSF1 in multiple cell
lines under similar or identical exposure conditions. The 1078 chemicals profiled in HL-60, MCF-
7, and PC3 cells for 6 hrs were examined and ranked based on significance of the correlation
and number of cell lines in which the chemical activated HSF1 (Figure S3C). There were three
chemicals that activated HSF1 in all three cell lines (15-deoxy-delta(12,14)-prostaglandin J2,
ebselen, securinine), 6 that activated in two cell lines (1,4-chrysenequinone, diethylstilbestrol,
menadione, oxyphenbutazone, phenoxybenzamine, piperlonguminine), and 16 that activated in
only one (5182598, 5224221, 5253409, carbamazepine, celastrol, chelidonine, clotrimazole,
cyproheptadine, ethacrynic acid, fenbendazole, mometasone furoate, nifedipine, oxaprozin,
resveratrol, scoulerine, trichostatin A). Very little information exists that links exposure of these
compounds to HSF1 activation. Prostaglandin 15-deoxy-deltal2,14-prostaglandin (PG) J2 was
shown to have anti-inflammatory properties in carrageenin-induced hind-paw edema, an acute
model of inflammation, and this effect was associated with HSF1-induced HSP72 expressionin
Vivo suggesting that the use of cyclopentenone derivatives such as PGJ2 may represent anovel
therapeutic approach for the treatment of inflammatory diseases (51). Treatment of cultured
cardiac myocytes with ebselen for 24 hr increased the expression of stress proteins such as
HSP70 in cardiac myocytes (52). Securinine, a GABAA receptor antagonist, has been reported
to enhance monocyte cell killing of Coxiella burnetii without obvious adverse effects in vivo;
HSPs (60, 70, and 90), including seven HSP70 isoforms were observed to be up-regulated in a
monocyte cell line (53). A gene expression-based analysis was used to classify HSP90
inhibitors as having similar transcriptional profiles to celastrol which was found to inhibit HSP90
activity and the HSP90 client, androgen receptor (54). In summary, we have identified a number
of potential novel HSF1 activators. Identification of the mechanisms of how these compounds

might induce HSF1 requires further study.
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Relationships between oxidative stress and activation of HSF1

We tested the hypothesis that in many cases, chemical exposure leads to HSF1
activation through increases in oxidative stress, subsequent damage to proteins, and induction
of the unfolded protein response. To test this hypothesis, biosets in which HSF1 was activated
were examined for NRF2 activation using a recently characterized gene expression biomarker
that can predict the modulation of oxidant-induced NRF2. Figure 6A shows the relationships
between activation of HSF1 and NRF2 across the 2670 chemical treatments examined in this
study. The correlation to the HSF1 biomarker generally increased with increasing correlation to
the NRF2 biomarker. (It should be noted that co-occurrence of activation was not due to overlap
of the biomarker genes, as there was only one gene (SLC7A11) that overlapped between the
biomarkers.) Remarkably, for 124 of the 276 biosets (45%) representing 64 chemicals or
mixtures in which there was significant activation of HSF1, there was significant activation of
NRF2.

We examined the relationships between different functional classes of HSF1 inducers
and NRF2 activation. Only 3 out of the 42 biosets from treatments of HSP70, HSP72, and
HSP90 inhibitors exhibited NRF2 activation, supporting the classical activation of HSF1 by a
mechanism that does not involve oxidative stress (Figure 6B). Similar to inhibition of HSP
family members, none of the 20 biosets from heat shock-treated biosetsin which there was
activation of HSF1 was there also activation of NRF2 (Figure 6C). In contrast, 15 out of the 21
biosets from proteasomal inhibitors (bortezomib, MG132, thiostrepton) exhibited NRF2
activation (Figure 6D), indicating that inhibition of protein degradation can lead to oxidative
stress and activation of both factors. There were anumber of compounds described previously
as being dual activators of NRF2 and HSF1 that overlapped with those examined in our
compendium (15-deoxy-delta(12,14)-prostaglandin J2, 4-hydroxy-2-nonenal, acrolein, celastrol,

curcumin, gedunin, resveratrol, sulforafan, withaferin A) (55). The ability of these compounds to
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activate both factors is shown in Figure 6E. Four of the chemicals activated both factors
(celastrol, PGJ2, sulforafan, withaferin A).

We next tested the hypothesis that chemical exposure leads first to NRF2 activation
followed by activation of HSF1 (55, 56) 25465722. We found a number of studies to determine if
this hypothesis is true as the studies involved 3 or more concentrations or treatment times of the
chemical. Primary human hepatocytes were exposed to three concentrations of two chemicals
(azathioprin, propylthiourea) for 24 hrs (datafromthe TG-GATES study) (Figure 7A). Each
compound activated NRF2 with increasing significance of correlation at increasing
concentration, with HSF1 activation achieving significance at either the two highest doses
(propylthiourea) or highest dose only (azathioprine). Figure 7B shows the effects of 15%
tobacco smoke in bronchial epithelial AIR-100 cells. In these experiments, cells were exposed
to the 15% tobacco smoke for 7, 14, 21, or 28 min and then after replacement with synthetic air,
gene expression was evaluated at 5 different times (0.5 — 48 hrs) (datafrom MTAB-874). Under
each of the 4 treatment times, NRF2 activation preceded activation of HSF1. Figure 7C shows
the effects of three concentrations of the Chinese herbal supplement si-wu-tang on gene
expression in MCF-7 cells (datafrom GSE23610). NRF2 activation occurred at the two highest
doses whereas HSF1 occurred only at the highest dose. Figure 7D shows the effects of
exposure to hemin, an iron-containing porphyrin with chlorine in K-562 cells at 5 times of
exposure (datafrom GSE1036). Activation of NRF2 occurred at all time points examined,
whereas HSF1 activation only occurred at the two latest time points. These studies examining
the effects of 5 chemicals or mixtures indicate that oxidative stress produced by chemical
exposure leads first to activation of NRF2 followed by HSF1 in a concentration- and time-
dependent manner.

Naturally occurring and synthetic small molecules have been identified that can activate
both HSF1 and NRF2 including endogenous chemicals, phytochemicals and synthetic

compounds (55). In line with the diverse cytoprotective functions of HSF1- and NRF2-regulated
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proteins, numerous studies have described the protective effects of many inducers in various
cell culture and animal models of chronic disease, including neurodegenerative and
cardiovascular disease, as well as cancer (55). Here, we identified 64 compounds or mixtures
that activate both HSF1 and NRF2, and most of these appear to be novel. A common feature of
many of these compounds is their ability (or that of their metabolites) to react with sulfhydryl
groups (55). For example, the active electrophilic cyclopentenone 15d-PGJ2, which contains an
a,B-unsaturated carbonyl moiety is active while other arachidonic acid metabolites which lack
this electrophilic functional group, are inactive (57). Similarly, in sharp contrast to the
electrophilic nitro-oleic acid, the non-electrophilic oleic acid counterpart is devoid of inducer
activity (58). The importance of sulfhydryl reactivity for inducer activity is awell-established
property of NRF2 activators which react with cysteine sensors of Keap1 (59, 60) resulting in
blocking degradation of NRF2 (61). Although the sensor protein(s) in the mammalian cell for
HSF1 activators is often unknown, the fact that many of the HSF1 chemical inducers possess
sulfhydryl reactivity suggests that these proteins contain reactive nucleophilic amino acids. For
example, the sulfoxythiocarbamate inducer (STCA) which activates both NRF2 and HSF1
conjugates to HSP90 in experiments performed in human HEK293 cells (56). Thus, chemical-
induced modifications of HSP90 and/or HSP70 independent of specific inhibitors may trigger
release of HSF1 and activation of gene expression. Some activators can be directly sensed by
HSF1 itself as cysteine oxidation by H202 affects HSF1-dependent transcription (62, 63).
Additionally, sulfhydryl-reactive compounds could cause transient depletion of the intracellular
GSH and reduced thioredoxin pools, and it is therefore possible that, in certain cases, global
protein oxidation, rather than, or in addition to, direct target protein modifications, activates
HSF1 and NRF2.

In our compendium, we identified microarray experiments which allowed us to test the
hypothesis that NRF2 is activated at lower concentrations of chemical inducers than HSF1 (55,

56). The hypothesis was based on experiments with atricyclic bis(cyanoenone)-31 (TBE-31)



181

that protects against peroxynitrite-induced cytotoxicity carried out in mouse embryonic
fibroblasts that were either wild-type or knocked out for Nfe212 or Hsf1. In our experiments, all 4
chemicals examined at least 3 concentrations exhibited activation of NRF2 at concentrations
lower than those that activated HSF1. Additionally, hemin activated NRF2 at earlier times than
HSF1. Thus for the limited number of compounds and mixtures examined with appropriate
experimental conditions, our findings support the earlier hypothesis that the KEAP1/NRF2/ARE
regulon is at the forefront of cellular defense, protecting against low levels of oxidative stress
while HSF1 and regulator response closely follows under more adverse exposure conditions to
resolve subsequent potentially devastating damage in efforts to save the proteome. This duality
contributes to the effects of cytoprotective molecules in models of carcinogenesis,

cardiovascular disease, and neurodegeneration (56).

What are the implications for identifying HSF1 modulation in HTTr chemical screening studies
using the HSF1 biomarker?

Large numbers of environmentally-relevant chemicals are currently being tested by the
EPA and other organizations for transcriptional effects in human cell lines using HTTr. Here,
using our biomarker and the Running Fisher test to determine correlation, we can readily
identify HSF1 activators. How will we interpret these findings in terms of the underlying
mechanistic basis? The biomarker approach can identify HSF1 activated by two major
mechanisms: selective inhibition of HSPs and increases in proteotoxicity. Based on profiles in
our compendium, chemical-induced HSF1 activation occurs mainly through inhibition of HSP90,
but a few chemicals could activate by inhibiting HSP70 family members. Increases in
proteotoxicity could occur through multiple mechanisms including specific inhibition of the
ubiquitin-dependent 19S (thiostrepton) or ubiquitin-independent 20S (MG132, MG262,
bortezomib) proteasome. There were no compounds in the compendium to determine if

selective inhibition of the immunoproteasome would lead to activation of HSF1. HSF1 can also
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be activated by protein unfolding or damage caused by a number of mechanisms that include
oxidative stress. To gain insights into the underlying mechanism of induction, concentration-
dependent activation of HSF1 could be compared to the activity of other stress factors. These
comparisons would help to distinguish between HSF1 coactivated with other stress factors as
part of the cytotoxic burst attributed to a (nonspecific) generalized stress response (64). Under
these exposure scenarios, the prediction would be that in many cases NRF2 activation would
occur at chemical concentrations lower than the burst itself. If activation of HSF1 occurs at
concentrations that are below the cytotoxic burst, then there may be more specific mechanisms
in play including inhibition of one or more of the HSP family members. However, it remains to be
determined the relationships between exposure to inhibitors of HSPs and cytotoxicity. While
there were compounds in the compendium that have been previously characterized as direct
HSF1 activators, none of these activated HSF1. In a previous study, a strong transcriptional
linkage was found as part of the alteration of a cancer transcriptional program between
perturbations that inhibit protein translation and HSF1 suppression (18). In our studies, we did
not find as many chemicals that suppressed HSF1 as those that activated and for the most part
they did not include translation inhibitors (except one instance). How those chemicals suppress
HSF1 requires further study. Additionally, how we put chemical-induced HSF1 activation into the

context of human health requires further study.

Summary

Chemical screening programs are increasingly relying on high throughput
transcriptomics (HTTr) to identify extrapolated doses that would be predicted to not cause
effects in humans and to identify molecular targets that can be linked to adverse outcomes (20).
Prior work using cellular assays in ToxCast and Tox21 screening programs have shown that
chemicals often activate one or more cellular stress response pathways especially at high

concentrations. Using HTTr screening, there are opportunities to move from reliance on a set of
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single assays with limited coverage of potential biological targets to essentially characterize all
molecular events simultaneously. These individual findings could be assembled to identify a
specific pattern or bio-signature attributable to compound and/or tissue-specific toxicity. It is
hoped but not yet realized that identification of the biomolecular changes and signaling pathway
alterations that precede atoxic phenotype will allow for better classification and earlier
prediction of compound toxicity (20). At the very least, the approach will allow the identification
of chemicals of greater concern for human exposure that can be further evaluated.

The major toxicologically-relevant stress factor-governed molecular pathways include
those that are activated by chemical-induced oxidative, genotoxic and proteotoxic stress, which
induce coordinated responsesin an effort to restore homoeostasis. These response pathways
include those regulated by NRF2, NRF1, p53, HSF1, HIF1, regulators of the unfolded protein
response (ATF4, ATF6, XBP1), MTF-1, and the immunomodulatory transcription factor NF-kB.
The biochemical characteristics of these stress response pathways, their common architecture
that enables rapid activation during stress, their participation in cell fate decisions, the essential
nature of these pathways to the organism, and the biochemical basis of their cross-talk have
been extensively reviewed (65, 66).

We describe here amethod that uses a gene expression biomarker and a correlation-
based comparison approach to predict chemical activation of heat shock factor 1 (HSF1), a
transcription factor implicated in a number of human diseases. The HSF1 biomarker can now be
added to a growing number of gene expression biomarkers for different stress pathways that
include DNA damage, NRF2, MTF1, and NF-kB. Like the biomarker for HSF1, biomarkers for
NRF2 and NF-kB utilized profiles in which the factor itself was perturbed either directly by
knocking down the expression of the factor or indirectly by knocking down or overexpressing
positive or negative effectors of response. Efforts are underway to create biomarkers of the
other common stress pathways allowing a comprehensive assessment of how environmentally -

relevant chemicals cause perturbations in homeostasis that using future models can be linked to
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key events in adverse outcome pathways. The balanced accuracy for identification of HSF1
chemical activators was 96%. The high accuracy was similar to the other biomarkers
characterized and ranged from 87 to 97%. These biomarkers have been shown to identify
chemical modulators in human cell lines derived from awide range of tissues as long as the
factor being predicted is expressed and not mutated. This is in contrast to more tissue-specific
biomarkers that can only be used in the context of alimited number of tissues (i.e., the
androgen receptor biomarker used in AR positive prostate cancer cell lines; the estrogen
receptor biomarker used in ER positive breast cancer cell lines). All of the biomarkers have
been used to screen amicroarray compendium consisting of >12,000 microarray comparisons
from human cells exposed to >2,600 individual chemicals providing arich catalog of chemical-
key event interactions for future assembly into networks of AOPSs. It is anticipated that with a
complete set of biomarkers that predict the major stress pathways there will be opportunities to
uncover cell-agnostic as well as cell-specific network interactions that would help to catalog and
prioritize chemicals for further testing. One example of a greater systems biology understanding
of stress responses is the identification of sequential activation of NRF2 followed by HSF1
based on level of chemical-induced stress. Lastly, the fact that these biomarkers did not require
any specialized computational techniques to build and use provides the impetus to reconstructa
similar architecture that is publicly-available possibly similar to CMAP that would allow a greater
number of investigators to build predictive biomarkers and used them for screening in publicly-

available datasets.
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Figures and tables

Table 1. Biosets used to make HSF1 biomarker.

Bioset | Bioset name (from BSCE) Perturbant | Mode Exposure | Cell

number time line

1 Malignant melanoma A375 NVP- HSF1 3 hours A-
cells uninduced HSF1 shRNA | HSP990 activation 375
-100nM HSP990 3hr _vs
DMSO treatment

2 Malignant melanoma A375 NVP- HSF1 3 hours A-
cells uninduced control shRNA | HSP990 activation 375
-100nM HSP990 3hr _vs
DMSO treatment

3 Malignant melanoma A375 NVP- HSF1 3 hours A-
cells induced control sShRNA HSP990 activation 375
3d - 100nM HSP990 3hr _vs_
DMSO treatment

4 Malignant melanoma A375 HSF1 HSF1 3 days A-
cells DMSO treatment - shRNA suppression 375
induced HSF1 shRNA 3d _vs_
uninduced

5 Malignant melanoma A375 HSF1 HSF1 3 days A-
cells DMSO treatment - shRNA suppression 375

induced HSF1 shRNA 3d vs_

induced control shRNA

194



6 Malignant melanoma A375 HSF1 HSF1 3 days A-
cells 100nM HSP990 3hr - shRNA suppression 375
induced HSF1 shRNA 3d _vs_
uninduced

7 Malignant melanoma A375 HSF1 HSF1 3 days A-
cells 100nM HSP990 3hr - shRNA suppression 375

induced HSF1 shRNA 3d vs_

induced control shRNA

All biosets were from GSE44867.
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Table 2. HSF1 biomarker predictive accuracy for HSF1 activation by chemicals and heat

shock.

HSF1 chemical

HSF1 heat shock

activation activation
True positives 71 20
False negatives 3 17
True negatives 18
False positives 0
Sensitivity 0.96 0.54
Specificity 1
Balanced accuracy 0.98
Positive predictive value 1
Negative predictive value 0.86




Table 3. Top 20 biosets with positive correlation to the HSF1 biomarker.
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Bioset Name (from BSCE) Factor Cell Public | HSF1
line id bioma

rker (-
Log(p-
value)
)

Monocytes exposed to diseal exhaust Diesel Exhaust Monocyt | GSE3 | 16.1

particles in vitro _vs_ saline control es 4025

T cell Jurkat A3 cells treated 6hr with Zinc Oxide Jurkat GSE3 | 15.0

10ug/mL ZnO particles _vs_ 6hruntreated | Nanoparticles A3 9444

PC3 cells + 15-delta prostaglandin J2, 15-Deoxy- PC-3 GSE5 | 14.9

10uM _vs_ DMSO vehicle Delta(12,14)- 258

Prostaglandin J2

PC3 cells + 1,4-chrysenequinone, 15.4uM 1,4- PC-3 GSE5 | 13.9

_vs_ DMSO vehicle Chrysenequinone 258

MCF7 cells + piperlongumine, 12.6uM _vs_ | Piperlonguminine | MCF7 GSES | 13.7

DMSO vehicle 258

Leukemic cells (K562) 20uM Fe(ll1) Iron(lll) Meso- K-562 GSE5 | 13.6

mesoporphyrin treated for 20hr _vs_ DMSO | Tetramesitylporph 2087

control yrin

MCF7 cells + celastrol, 2.5uM _vs DMSO | Celastrol MCF7 GSE5 | 12.7

vehicle 258
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Prostate cancer androgen-independent Sulforafan PC-3 GSE4 | 11.7
PC3 cells + 15uM sulforaphane for 6hr _vs 8812
vehicle (DMSO)
Bronchial epithelial cells 2hr post-15min Tobacco Smoke | Bronchi | GSE1 | 11.3
cigarette smoke exposure _vs_ air al 0718
exposure epithelia

I
HL60 cells + piperlongumine, 12.6uM _vs_ | Piperlonguminine | HL-60 GSE5 | 11.2
DMSO vehicle 258
Prostate cancer androgen-dependent Sulforafan LNCaP | GSE4 | 11.2
LnCaP cells + 15uM sulforaphane for 6hr 8812
_vs_ vehicle (DMSO)
Hepatocytes of female donors treated 24hr | Furosemide Hepatoc | TG- 11.2
with 2500uM furosemide _vs_OuM ytes GATE

S

NHBE cells 4hr post-exposure to 15min of | Tobacco Smoke Bronchi | GSE1 | 10.9
light cigarette smoke _vs_mock exposure al 0700

epithelia

I
Bronchial epithelial cells 4hr post-15min Tobacco Smoke | Bronchi | GSE1 | 10.9
cigarette smoke exposure _vs_ air a 0718
exposure epithelia
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Lymphoblastoid B cells treated 2hr with Sodium Arsenite | B- GSE5 | 10.8
5uM sodium arsenite _vs_ untreated Lympho | 1454
controls cytes
Monocytes from lymphatic filariasis patients | Albendazole Monocyt | GSE2 | 10.7
- 8mo post albendazole treatment _vs_ es 135
pretreatment
Hepatocytes of female donors treated 24hr | Allyl Alcohol Hepatoc | TG- 10.6
with 70uM allyl alcohol _vs_ OuM ytes GATE
S

HL60 cells + 15-delta prostaglandin J2, 15-Deoxy- HL-60 GSE5 | 104
10uM _vs_DMSO vehicle Delta(12,14)- 258

Prostaglandin J2
Monocytes from lymphatic filariasis patients | Albendazole Monocyt | GSE2 | 10.4
8mo post albendazole treatment _vs_ es 135
healthy controls
PC3 cells + scoulerine, 12.2uM _vs_ DMSO | Scoulerine PC-3 GSE5 | 10.3
vehicle 258
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Figure 1. Identification of HSF1 biomarker genes. Genes were derived from comparisons
between A375 cells treated with the HSP90 inhibitor NVP-HSP990 for 3 hrs in wild-type cells
and cells in which HSF1 expression was knocked down by targeted shRNA (67). Two filters
were used to identify HSF1 biomarker genes. (1) Consistent up- or down-regulation in at least 2
of the 3 HSF1 activation biosets. (2) Opposite regulation in at least 2 of the 4 HSF1 suppression
biosets. The biomarker gene fold-changes were derived from the average fold-change values

across the HSF1 activation biosets. The list of biosets used are found in Table 1. (A) Heat map
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of the fold-changes of the 44 HSF1 biomarker genes across each bioset used to build the
biomarker. (B) Correlation of each bioset to the biomarker genes. The 44 HSF1 biomarker
genes were compared to each bioset using the Running Fisher test and the significance is

indicated by the -log(p-value). The compound usedto modulate HSF1 in each bioset is

indicated.
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MNRF2-mediated Oxidative Stress Response
Unfolded protein response
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Aldosterone Signaling in Epithelial Cells
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Figure 2. Characterization of the HSF1 biomarker genes. The HSF1 biomarker genes and their
associated fold-changes were analyzed in Ingenuity Pathway Analysis. (A) List of top canonical

pathways. (B) List of top transcription factors predicted to regulate the expression of HSF1

biomarker genes.
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Figure 3. The biomarker accurately predicts HSF1 chemical activation. (A) The HSF1 biomarker

was compared to 87 chemical and 12 genetic treatment biosets known to activate or suppress

HSF1 using the Running Fisher test. The significance of correlation to the HSF1 biomarker for

each biosetis ordered by -log(p-value)s. Biosets included those known to activate HSF1 (true
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positives; red), biosets that do not activate HSF1 (true negatives; green), and false negative
biosets predicted to activate HSF1 but did not meet the cut off (-log(p-value) = 4; black). The top
5 biosets of 4 chemical treatments with the highest -Log(p-value)s are shown.

(B) The fold changes for the biomarker genes across the biosets are represented as a heat map

in the same order as those found in A.
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Figure 4. The HSF1 biomarker can predict heat shock conditions in humans and mice. The
biomarker was compared to a list of 37 heat shock treated biosets from various human cell-lines
using the Running Fisher test. (A) The bioset significance of correlation to the HSF1 biomarker
is ordered by the -log(p-value). The cell line or cell source used is indicated. (B) The fold
changes for the biomarker genes across the biosets are represented as aheat map in the same
order as those found in A. (C) The biosets were grouped by cell line and the significance of
biomarker correlation to each bioset is indicated by a -log(p-value). Biosets with = 4 -log(p-
value) were considered true positives for heat shock and biosets below < 4 -log(p-value) were
considered false negatives. (D) Time course of heat shock response in three human cell lines.
Hela, K-562, and primary lung fibroblasts were exposedto 42 degrees heat for 30 min and then
analyzed for gene expression changes after the indicated time at 37 degrees (datafrom

GSE3074). Each treatment was compared to the corresponding control at time 0 and the
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indicated biosets were compared to the biomarker using the Running Fisher test. (E) The HSF1
biomarker was compared to 45 heat shock or hsp activator chemical exposure conditions
derived from mouse cells or tissues. The significance of correlation of each bioset to the HSF1
biomarker is ordered by the -log(p-value). Biosets included those known to activate HSF1 (true
positives; red) and false negative biosets predicted to activate HSF1 but did not meet the cut off

(-log(p-value) = 4; black).
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Figure 5. HSF1 biomarker identifies novel chemicals that activate or suppress HSF1.

The HSF1 biomarker was compared to a list of 7,823 chemical treatment biosets using the

Running Fisher test. The resulting correlation -Log(p-value)s were ranked ordered. Biosets were

considered significantly correlated to the HSF1 biomarker if the -log(p-value) was = |4|. Biosets

with a significant positive correlation are colored red and biosets with a significant negative

correlation are colored green. Biosets that did not meet the significance cutoff are colored black.

The chemicals fromthe top 5 positively and negatively correlated biosets are indicated. The

biosets used to make the HSF1 biomarker and the biosets from chemical treatments used to

determine biomarker accuracy were not included in this analysis.
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Figure 6. Relationships between oxidative stress and activation of HSF1. (A) All chemical
biosets with significant HSF1 activation were compared to the NRF2 biomarker. The graph
shows the relationship for each bioset between the significance of the activation of HSF 1 and
the significance of the activation of NRF2. (B) Lack of NRF2 activation by HSP inhibitors.

(C) Lack of NRF2 activation by heat shock. (D) Proteasomal inhibitors activate NRF2. (E)
Activation of HSF1 and nrf by chemicals known to activate both factors. Chemicals were

selected fromthose in Naidu et al. (55).
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Figure 7. Chemicals induce NRF2 at lower concentrations and at earlier times than HSF 1.

A number of microarray experiments were examined to determine the relationships between
activation of NRF2 and HSF1. Statistically-filtered gene lists were compared in a pair-wise
manner to the biomarkers for NRF2 or HSF1 using the Running Fisher test. (A) Primary human
hepatocytes were exposed to three concentrations of two chemicals (azathioprin,
propylthiourea) for 24 hrs (datafromthe TG-GATES study). (B) Effects of 15% tobacco smoke
in bronchial epithelial AIR-100 cells. Cells were exposed to 15% tobacco smoke for 7, 14, 21, or
28 min and then after replacement with synthetic air, gene expression was evaluated at 5
different times (0.5 — 48 hrs) (datafrom MTAB-874). (C) Effects of the Chinese herbal
supplement si-wu-tang in MCF-7 cells (datafrom GSE23610). (D) Effects of hemin (50 uM) on

K-562 cells at increasing times of exposure (datafrom GSE1036).



Supplementary figures and tables

Table S1. Top 20 biosets with negative correlation to the HSF1 biomarker.
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Bioset Name (from BSCE) Factor Cell Publi | HSF1
Line cid biomarker (-
Log(p-
value))
THP-1 cell line infected with B. pseudomallei | Daboiatoxi | THP-1 GSE |-10.2
and Daboiatoxin treated vs untreated n 7577
THP-1 cell line infected with B. pseudomallei | Ceftazidim | THP-1 GSE |-9.3
and ceftazidime treated vs untreated e 7577
Glioblastoma LN229 cells 1mM glucose and | Acetate LN229 GSE |-8.3
5mM acetate treated 24hr _vs_ glucose only 5748
8
MML1 cell line + 5-aza-2-deoxycytidine 5- MM1 E- -8.3
0.5uM _vs_ control Azacytidine MEX
P-
1269
Hepatocytes of female donors treated 24hr | Chlorpheni | Primary | TG- |-6.9
with 90uM chlorpheniramine _vs_ OuM ramine hepatocy | GAT
tes ES
MM1 cell line + trichostatin A 100 ng per mL | Trichostati | MM1 E- -6.1
_vs_ control nA MEX
p-
1269
Hepatocytes of female donors treated 24hr | Promethazi | Primary | TG- |-5.5
with 35uM promethazine _vs_OQuM ne hepatocy | GAT
tes ES
Melanoma Me23682 cells control siRNA for | PIx4720 Me2368 | GSE |-5.0
24hr then 500nM PLX4720treated 8hr _vs_ 2 3468
untreated 6
Hepatocytes of female donors treated 24hr | Imipramine | Primary | TG- |-4.9
with 15uM imipramine _vs_ OuM hepatocy | GAT
tes ES
Prostate cancer VCaP cells control siRNA- | R1881 VCaP GSE |[-4.5
R1881 treated _vs_ ethanol control 6083
6
HepG2 human hepatocyte cell line cultured | Glucose HepG2 | GSE |-4.4
with 25mM (high) glucose _vs_ 2.7mM (low) 2207
4
Hepatocytes of female donors treated 24hr | Diltiazem Primary | TG- [-4.3
with 150uM diltiazem _vs_OuM hepatocy | GAT
tes ES
Pancreatic progenitors (INS+) derived from | H 1152 Pancreat | GSE | -4.2
HES-3 ES cells treated 8d with 10uM H- ic 8432
1152 vs_DMSO progenit | 5
ors
Rectal mucosal biopsies of ulcerative colitis | Mesalamin | Rectal GSE |[-4.2
non-inflamed - ex vivo 50mM 5-ASA 6hr e mucosal | 4645
_VS_untreated biopsies | 1
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Melanoma Me23682 cells control siRNAfor | Pd Me2368 | GSE |-4.2
24hr then 5nM PD0235901 treated 8hr _vs_ | 0325901 2 3468
untreated 6
Glioblastoma LN229 cells 10mM glucose Glucose LN229 GSE |[-4.1
treated 24hr _vs_ 1nM 5748
8
MCF7 cells + cicloheximide, 14.2uM _vs_ Cyclohexi | MCF-7 GSE |-4.1
DMSO vehicle mide 5258
Bronchial epithelial BEAS-2B cells treated Tetrachloro | BEAS- GSE |(-4.0
3wk - 10nM TCDD _vs_ acetone controls dibenzodio | 2B 8388
Xin 6
Ovarian cancer cell line MCAS 1uM NVP- Nvp MCAS GSE |(-4.0
BEZ235 treated 6hr _vs_ DMSO control Bez235 2899
2
Prostate cancer LNCaP cells treated 6hr Phenproco | LNCaP GSE |-4.0
with 35uM PPC _vs DMSO umon 9478
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HSP990-induction

_ Biomarker
2 HSP990-no induction

m
Figure S1. HSF1-dependence of expression of HSF1 biomarker genes. Heatmap showing the
expression of the biomarker genes after exposure to NVP-HSP990 in A375 cells expressing a

control short hairpin RNA (shRNA) (no induction) or expressing a shRNA targeting the HSF1

gene (induction).
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Figure S2. Comparison of heat shock biosets from mouse tissuesto the HSF1 biomarker.
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The top 23 most significant biosets were examined. (Top) Bioset -Log(p-value). (Bottom) Heat

map of expression of genes in the biomarker for the corresponding 23 biosets.
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from CMAP. (A) The HSF1 biomarker was compared to all human gene expression biosets

The fold change values for the 44 HSF1 biomarkers genes across the 202 biosets with a
significant positive correlation are shown in aheat map. (C) Activation of HSF1 by CMAP

chemicals across three cell lines. Chemicals were ordered based on number of cell lines the

the heat map indicates activation of HSF1 by the chemical in that cell line.
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Figure S3. Biosets with significant positive correlation to the HSF1 biomarker including those

using the Running Fisher. There were 202 biosets from chemical treatments with a significant

positive correlation. The significance of each correlated bioset is ranked by -log(p-value). (B)

chemical activated HSF1 and the significance of the correlation to the biomarker. Brightred in



