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Abstract

Toxoplasma gondii (1. gondii) is a protozoan parasite that chronically infects a wide range of
warm-blooded hosts, including humans and mice. After an acute phase of infection, when the
parasite is replicating quickly and inducing rampant inflaimmation and tissue damage
throughout the body, T. gondii transitions to a chronic stage where it remains in a protective
cyst for the rest of the host’s life. It has been known in the 1. gondii field for decades that
infection in rodents leads to prolonged wasting; however, the mechanism of this wasting has
not been probed in the modern molecular era. Here we characterize 1. gondi-induced wasting
as cachexia, a deadly muscle wasting disease associated with most chronic human illness. The
discovery that T. gondii causes cachexia is a critical tool for the cachexia field, as it introduces
a natural infection model that allows for mechanisms of wasting to be studied over the course
of months rather than days to weeks (the span of most popular experimental models of
cachexia today). 1. gondii-induced cachexia occurs independently of intestinal inflaimmation
and sustained dysbiosis, but does require signaling through the type I interleukin-1 receptor
(IL-1R), as IL-1R”" are protected from cachexia while maintaining a comparable parasite
burden as wildtype mice. Importantly, while IL-1R signaling remains dispensable for control
of the parasite during the acute period as well, it promotes pathways of tissue tolerance to
infection and inflammation. II-1R”" have significantly worse tissue damage in the liver and
adipose tissue than wildtype mice, despite having the same number of parasites. Together
these observations suggest a paradigm that while pathways controlling disease tolerance
pathways may be beneficial in the short-term (for example, protection from acute liver and
adipose tissue damage), unchecked activation of them can lead to pathology, like cachexia. In
addition to cachexia, IL-1R is also necessary for the perivascular fibrosis that arises in the
skeletal muscle and liver of cachectic mice, a heretofore unobserved phenomenon in
experimental cachexia models, despite being seen in clinical cachexia.
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Chapter 1: Introduction

The text and figures included in this chapter have been adapted from the following
publication: Melchor, S. J., and S. E. Ewald. 2019. Disease tolerance in Toxoplasma infection.
Front. Cell. Infect. Microbiol. 9: 185.

Introduction: disease tolerance vs. resistance

A successful immune response requires two distinct, but complementary components:
“resistance mechanisms” and “tolerance mechanisms.” Resistance (or restriction) mechanisms
directly target pathogens to limit microbial replication or dissemination. Examples of
resistance mechanisms include antimicrobial peptides, complement, and degranulation by
neutrophils or cytotoxic T cells. Disease tolerance mechanisms target host cell biology to
improve tissue integrity and function in the setting of damage caused by a pathogen or the
inflammatory response. Examples include extracellular matrix remodeling, the DNA damage
response, antioxidant production, and shifts in cell metabolism (1-4) (Fig. 1.1). Although
tolerance mechanisms are often induced by and intimately related to an immune response,
many disease tolerance programs are carried out by non-immune (non-hematopoietic) cell
types. In fact, disease tolerance mechanisms were first described in plants, which lack a distinct
cellular immune system, where they have been associated with tissue integrity, growth, and
reproductive capacity (5).

Historically, immunologists have used the word ‘tolerance’ to describe two processes
that limit lymphocyte autoreactivity. In central tolerance, B or T lymphocytes with an affinity
for self-antigens are deleted in the bone marrow or thymus before entering circulation. In
peripheral tolerance, auto-reactive lymphocytes that arise later in development are deleted or
rendered unresponsive to antigen (anergic) in peripheral tissues or in lymph nodes. Regulatory
T cells (Tregs) play an important role in peripheral tolerance. Central and peripheral
lymphocyte tolerance are included under the broader umbrella of so-called “disease tolerance”
strategies because they are mechanisms of limiting inflammation and preventing auto-
immunity but do not directly influence pathogen burden. In this thesis, we refer to the broader
definition of “disease tolerance” as mechanisms that support host fitness and survival during
infection, not by directly targeting pathogen biology, but by shifting homeostasis to maintain
tissue function during infection and inflammation (6).

It is important to note that tolerance mechanisms, like resistance mechanisms,
represent a shift from normal homeostasis. The costs of overactive resistance mechanisms are
well established. Examples include bystander damage from reactive oxygen species, delayed
wound healing, and recognition of autoantigens like DNA- or RNA-binding proteins. The
negative effects of excessive tolerance programs are comparatively under-appreciated, but
include mutations due to imperfect DNA repair, fibrotic wound healing and, potentially,
metabolic disorders like Type II diabetes. We can assume that long-term reliance on tolerance
mechanisms must be maladaptive, otherwise they would be selected for homeostatic function.
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This is an important consideration, as tolerance programs are receiving attention as therapeutic
targets to interrupt the maladaptive consequences of acute inflaimmation (for example sepsis
or influenza infection) without increasing susceptibility to pathogens. As discussed in the
following sections, it is also important to consider how promoting tolerance biology may
benefit the life cycle of pathogens, particularly those that have evolved a strategy for long-term
persistence within a host (Fig. 1.2).

Reinterpreting the immune response to Toxoplasma in the framework of
disease tolerance

Toxoplasma gondii (1. gondii) is an obligate intracellular protozoan parasite that
establishes life-long infection in a wide range of warm-blooded intermediate hosts, including
rodents and humans. Three major strains dominate Europe and North America: types I, 11,
and I1II, which differ in virulence by several logs. Feline definitive hosts support 1. gondii sexual
recombination and shed millions of environmentally stable, highly infectious oocysts in feces.
This confers a tremendous benefit for the parasite in terms of genetic diversity and
dissemination potential, which suggests that rodents may be an important intermediate host
for T. gondii, given the predator-prey relationship between the two host organisms.

Intermediate hosts are infected by ingesting 1. gondii oocysts or tissue cysts, the so-
called bradyzoite form, from a previously infected intermediate host. 1. gondii invades the small
intestine, converting to the rapidly dividing tachyzoite form and inducing inflammation (Fig.
1.3) (7). This process activates an immune response that is critical to the parasite’s life cycle in
two major ways. First, T. gondii infects and replicates within infiltrating immune cells (8). The
parasite uses immune cells to disseminate systemically, reaching tissue sites that support
chronic infection, including the brain, muscle, and other tissues (9). Second, chronic infection
is defined by parasites shifting to a bradyzoite transcriptional program and clearance of most
tachyzoites. This involves synthesis of a saccharide-rich parasite cyst wall which is necessary
for the parasite to survive transit through the gastrointestinal tract of the next host (9, 10).
Thus, without a robust immune response, the parasite kills the host before this shift occurs
and the opportunity for transmission is limited.

In the mouse, T. gondii is recognized by innate immune sensors including Toll-like
receptors, the NLRP1 and NLRP3 inflaimmasomes, and IFN-y-regulated GTPases (IRGs).
Mice deficient in Toll-like receptor 11 (TLR11) or its signaling adaptor MyD88 fail to control
parasite replication after intraperitoneal (i.p.) infection (11). Similarly, mice lacking the
inflaimmasome effector caspases-1 and -11 die of parasite overgrowth early in chronic
infection (12, 13). Disabling the IRG system (GTPases which identify modified intracellular
membranes and target them for degradation) leads to rapid parasite expansion and host death
in inbred laboratory mice in a manner that depends on parasite genetics. Type 11 T. gondiz, the
most frequently isolated type in Europe and North America, expresses alleles of the effector
proteins ROP5 and ROPI18 which make it susceptible to IRG-mediated clearance.
Hypervirulent type I and hypovirulent type 111 T. gondii express alleles of rgp5 and rop18 that
inactivate IRGs at the parasite vacuole improving intracellular replication in many inbred
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strains of mice (14, 15). However, some wild-derived mouse strains are able to restrict growth
of hypervirulent type I parasites in an IRG-dependent manner, suggesting that the IRG
restriction pathway has imparted an important selective pressure on both host and parasite
evolution (16).

Innate immune recognition of 1. gondii promotes 1L-12 release, NK cell-mediated
IFN-y production, and a Thl-polarized adaptive immune response (17, 18). The cellular
mechanisms of these responses and the importance of CD8" cytotoxic T cell response for host
survival have been reviewed extensively elsewhere (19, 20). Importantly, many cytokines
central to this response have been shown to be necessary for parasite resistance. Specifically,
mice deficient in IL-12 (21), IFN-y (22, 23), IL-6 (24), TNF-o (25), iNOS (26) or their
receptors die from parasite overgrowth in acute infection or early chronic infection. Host
haplotype also plays a dominant role in patasite resistance. BALB/c mice are resistant to
infection and express the H-21.* MHC haplotype, which presents an immunodominant peptide
from the dense granule protein GRAG (27). In contrast, C57BL/6 mice have the H2b
haplotype which presents ROP5, a lower abundance rhoptry protein that elicits a weak CD8"
T cell response, resulting in worse parasite restriction (28).

Immune pathways involved in T. gondii resistance have been well-characterized (as
noted above); however, a number of pathways relevant to disease tolerance have also been
identified. Many of these are immune cell driven pathways that mitigate Thl-mediated
immunopathology during T. gondii infection (Table 1.1). At acute infection, mice deficient in
the immunoregulatory cytokine IL-10 had a similar liver parasite burden as wildtype mice, but
died from a cytokine storm of IL-12, TNF-a, and IFN-y (29, 30) This phenotype could be
reversed by depleting CD4+ T cells (29), or by depleting IFN-y (31), implicating CD4+ T cells
and IFN-y as mediators of lethal pathology. More recently, Jankovic ez @/ showed that T-
bet"Foxp3 Th1 cells were a major source of I1-10 during chronic i.p. infection with 20 ME49
cysts. These IL-10-producing cells were required to limit fatal immunopathology during both
acute and chronic infection (32). In 2005, Wilson ez /. found that chronically infected I1.-107
mice develop lethal T. gondii encephalitis without developing higher parasite loads, implicating
IL-10 as a tolerance effector in the central nervous system (CNS) during T. gondii infection
(33). Similarly, mice lacking I1.-4 were more susceptible to T. gondii infection despite having
slightly reduced cyst burdens and microglial nodules in the brain at chronic infection (34).
These data suggest that tolerance mechanisms induced during T. gondii infection are critical to
the survival of host. Although the mechanistic basis for the protective effect of IL-4 during T.
gondii infection is currently unclear, it has been well studied in other systems. One example is
the rodent helminth Nippostrongylus brasiliensis. N. braisliensis burrows through the skin then
migrates to the lung where it is coughed up and swallowed to complete its life cycle in the
gastrointestinal tract. IN. brasiliensis chitin promotes 1L-4, which drives alveolar macrophages
to limit lung pathology by producing insulin-like growth factor 1, resistin-like molecule-a., and
arginase-1 (35). These effectors dampen inflaimmation and promote a wound repair response
(36). While these pathways don’t directly impact the parasite, it is important to note that the
parasite’s egg-laying stage occurs in the gut, after trans-lung migration. There may be
significant selective pressure for N. brasiliensis to activate tolerance programs to promote
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wound healing in the lungs (and subsequently host survival) so that the parasite has sufficient
time to complete its life cycle to ensure transmission.

Immune cell-mediated mechanisms of tolerance during T. gondii
infection

In addition to their widely accepted role in pathogen clearance and adaptive immune
response activation, innate immune cells play a critical role in mitigating tissue pathology
during T. gondii infection. A 2013 study from Yasmine Belkaid’s laboratory found that lamina
propria-infiltrating neutrophils generated “casts” containing cells and extracellular DNA over
regions of small intestine damaged by per oral (p.o.) 1. gondii infection. These casts appeared
to limit bacterial translocation into host circulation. Depleting neutrophils with an «-Gr-1
antibody increased mortality without increasing parasite burden, indicating that the immune-
commensal axis also plays an important role in disease tolerance during 1. gondii infection (37).
During p.o. T. gondii infection, lamina propria-infiltrating Ly6C™ monocytes were also shown
to release IL-10 and prostaglandin E, (PGE,) which limited neutrophil-induced pathology.
Administration of a PGE; analog during infection was sufficient to reduce intestinal tissue
pathology and immune infiltration in the absence of monocytes without affecting parasite

burden (38).

5-lipoxygenase is the rate-limiting enzyme in the synthesis of lipoxin A4 an eicosanoid
mediator of the resolution phase of an inflaimmatory response (39). The importance of this
pathway in disease tolerance during 1. gondii infection is underscored by the observation that
5-lipoxygenase deficient mice succumbed to 1.p. infection with 20 ME49 cysts by 35 days post-
infection, despite harboring significantly fewer brain cysts than wild type mice. Death was
associated with encephalitis, increased T cell infiltration into the brain, and elevated circulating
IL-12, IFN-y, and TNF-a (40). IL-27 is another important mediator of tolerance during T.
gondii infection. 1L-27 is part of the IL-12 family of JAK-STAT signaling cytokines. WSX-1
knockout mice (which lack the IL-27 receptor) i.p. infected with 20 ME49 cysts succumbed
to infection within 13 days. No change in parasite burden was detected between knockout and
wildtype mice in peritoneal lavage fluid at 7 days post-infection, but knockout mice had
elevated circulating I1L.-12, IFN-y, increased inflammation and necrosis in the liver and lungs,
and hyperactive and hyperproliferative CD4" T cells in the spleen. Survival was partially
rescued when CD4" T cells were depleted (41). Subsequently, the same group found that IT-
27 limited production of IL-2 by activated CD4" T cells, implicating I1.-27 receptor as a
negative regulator of T cell responses during Toxoplasma infection (42). This conclusion was
also supported by a 2012 study from the Hunter Laboratory where mice were p.o. infected
with 100 MEA49 cysts or i.p. infected with 20 cysts. IL-27 promoted development of Tregs at
primary sites of infection, the small intestine or peritoneal cavity, respectively. IL.-27”" mice
succumbed to acute infection, which could be partially rescued by adoptive transfer of Treg
cells (43). Although this result is consistent with a tolerance strategy, parasite burden was not
directly measured.

IL-2 is also important for Treg biology in Toxoplasma infection. Using p.o. infection,
several groups have shown a transient, but significant loss of Treg function in the small
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intestine (44, 45). Addition of IL-2 promoted Treg survival and prevented liver pathology,
consistent with a role in disease tolerance in the liver. However, IL.-2 treatment also resulted
in a higher brain cyst burden (44). Similarly, Benson e# 4/ found that IL-2 treated mice had
more Tregs and significantly higher brain cyst burdens causing lethality (45). Whether the
inability to restrict cerebral Toxoplasma infection in these studies was due to Treg-mediated
suppression of effector T cells or a direct effect of IL-2 on naive or effector T cell activity is
unclear. However, directly targeting effector T cell responses has been shown to reduce tissue
damage in a mouse model of ocular toxoplasmosis. Specifically, in the retina both infiltrating
antigen-presenting cells (MHCII-expressing) and tissue resident retinal cells expressed PD-L1,
the ligand for the T cell inhibitory receptor PD-1. PD-L1 expressing retinal cells were able to
suppress splenic T cell proliferation ex vzvo using a co-culture system with Toxoplasma-antigen
loaded dendritic cells (46). These results suggest that retinal cells may be able to moderate local
immune responses and reduce tissue damage by directly suppressing T cell activation in the
eye. Cumulatively, these studies underscore the importance of targeting the T cell response
both restrict parasite grown and to limit tissue damage.

Host metabolic dysregulation in Toxoplasma infection

There is a growing appreciation that immune responses are intimately linked with
shifts in metabolic homeostasis. This is a critical arm of pathogen resistance. For example, T
cell activation requires a glycolytic burst; anorexia during infection mobilizes glycogen and
lipid stores to support gluconeogenesis for the immune system; metabolic shifts are also used
to sequester trace metals or nutrients to limit pathogen growth, often referred to as nutritional
immunity (47, 48). Shifts in nutrient utilization are also important mediators of disease
tolerance. For example, diet restriction improves fruit fly survival during S. phimurium
infection without affecting bacterial load (1).

There is a growing body of literature showing metabolic shifts in the host during acute
T. gondii infection. However, a role for these shifts in disease tolerance has not been addressed
specifically. Using Swiss-Webster mice infected p.o. with 8 cysts of the human-derived Type
IT strain BGD-1, one group reported reduced circulating cholesterol and HDL at 14 days post
infection (49). Untargeted proteomic analysis of sera isolated from BALB/c mice infected per
orally with 10 Type II Pru cysts showed increased circulating amino acids and reduced choline
levels in the first 21 days of infection (50). The same group observed an increase in choline-
derived phosphatidylcholine and phosphatidylethanolamine in the brains of infected mice (51).
Choline is an essential dietary nutrient as the precursor of phosphatidylcholine and the
neurotransmitter acetylcholine. Phosphatidylcholine is a major component of cell membranes
and is necessary for the packaging and export of very-low-density lipoproteins (VLDL) from
the liver (52). Together, these studies suggest that 1. gondii infected mice shift towards amino
acid and fat metabolism and away from glycolytic metabolism during 1. gondii infection. This
is consistent with a well-described, although transient, period of anorexia during acute
infection in T. gondii infected mice which would induce such programs (53-56). In mice
infected with L. monocytogenes, anorexia-induced ketogenesis protected tissues from oxidative
stress, whereas glucose supplementation increased mortality. Interestingly, the opposite effect
was observed with influenza infection, suggesting that the effectiveness of disease tolerance
programs, like restriction mechanims, depend on the pathogen (57). Similar experiments to
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look at the role of glycolytic and beta-oxidative host metabolism in 1. gondii will be necessary
to determine if anorexia respresents a host disease tolerance strategy, or if the parasite
capatilizes on altered host metabolism for infection.

It is well established that scavenging host lipids is necessary for T. gondii survival in vive
and zn vitro. For example, most of the cholesterol in T. gondii is derived from scavenged host
LDL (58). Metabolic labeling with "*C-acetate showed that T. gondii must scavenge fatty acid
precursors from its host to synthesize its full range of lipids (59). Recent studies indicate that
T. gondii competes with the host cell for lipids at the level of lipid droplet recruitment,
mitochondrial interaction, and vesicular transport for intracellular survival (60-62). Further
studies are warranted to determine whether host metabolic shifts that mobilize lipid stores at
a systemic (rather than a cellular) level benefit T. gondi.

By contrast, there is growing evidence that altered metabolism has a long-term
negative impact on the host during T. gondii infection. A series of studies by Arsenijevic ez al.
demonstrated that mice orally infected with 10 Me49 cysts undergo anorexia-associated
hypermetabolism during acute infection. Nearly half of the infected cohort could not regain
weight as they progressed to chronic infection. These ‘non-gainers’ harbored a higher parasite
load than mice that regained weight and sustained the hypermetabolic phenotype along with
elevated circulating inflammatory cytokines (54, 63). A subsequent study showed that non-
gainers challenged with LPS had a more severe inflammatory response, worse pathology, and
a longer rebound period than infected mice that gained weight (64). More recently, the
Wohlfert lab showed that oral infection with 5 Me49 cysts causes acute weight loss in mice
and inability to regain weight as chronic infection progresses (56). Surprisingly, muscle
inflammation and myositis were driven by Tregs, a population classically associated with
tolerance, suggesting that sustained tolerance programs may negatively impact the host.

Loss of total gut commensal diversity and a shift towards “pathobiotic” Gram negative
species is also a well-established phenotype in acute 1. gondii infection (37, 53, 65, 60).
Although the precise composition of outgrowth species is animal colony-dependent, several
groups have reported E. co/i outgrowth (37, 66—68). It is highly plausible that shifts in
commensals influence nutrient availability, in addition to playing a better-described role in
influencing host immunity during 1. gondii infection.

T gondii interactions in metabolic organs may have important implications for host
metabolism as well. The liver coordinates dietary nutrient uptake (bile acid recycling),
availability and storage (fat and glycogen), and detoxifies the blood. Liver resident
macrophages called Kupffer cells screen incoming blood for pathogens and intestinal
microbes that leak from the gut during intestinal inflaimmation, including during T. gondii
infection (37). T. gondii has been detected in the livers of mice at acute infection using
bioluminescence, histology, and PCR in a number of studies using Type II strains (69—72). In
the first week of infection, 1. gondii has been observed replicating in hepatocytes near regions
of inflammatory infiltrate and focal necrosis in both Swiss-Webster and BALB/c mice (73,
74). Interestingly, Atmaca et al. also reported an expansion of hepatic stellate cells during T.
gondii infection (74). During inflaimmation, hepatic stellate cells differentiate into
myofibroblasts and produce extracellular matrix which is consistent with the induction of a
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tissue remodeling tolerance program during Toxoplasma infection. However, an important
caveat with these studies is that they were performed with lethal doses of the hypervirulent
Type I strain RH, raising the question of relevance to hepatic infection with strains that are
more commonly found in mice or humans. Using clinically isolated Type II strains, T. gondii
cysts were found in the livers of infected Swiss-Webster mice as late as 33 weeks post-
infection, indicating that the liver may be a reservoir for chronic infection (75). This is
consistent with clinical reports of T. gondii-negative transplant recipients who have developed
toxoplasmosis after receiving livers from sera positive donors (76, 77). While there are no
studies directly implicating 1. gondii infection in the development of liver disease,
approximately 30% of patients with chronic liver disease test sera-positive for 1. gondii
compared to 6% in control populations (78). These T. gondi-infected patients had significantly
elevated circulating ALT and AST, which are clinical markers of liver damage, compared to
uninfected patients with liver disease. Although these data do not imply causality, they are
consistent with the interpretation that chronic 1. gondii infection may negatively impact host
fitness in diseases of co-occurrence.

T. gondii infection may also change the metabolic landscape of the liver. In a recent
liver proteomics study, BALB/c mice intraperitoneally infected with 200 type II PYS
tachyzoites had reduced signatures of fatty-acid oxidation proteins and an upregulation of cell
death, inflaimmatory, and stress response pathways at 6 days post-infection (70). A parallel
liver transcriptomics study reported down-regulation of gene families involved in lipid
metabolism, cholesterol and bile synthesis, and amino acid metabolism, with an increase in
inflammatory transcripts (79). Together, these studies provide evidence that T. gondii occupies
a liver niche in acute and chronic infection and may directly contribute to shifts in liver
metabolic homeostasis.

Adipose tissue depots are another important site of calorie storage and immune
regulation. Fat tissues have long been described as an anti-inflammatory environment that can
become inflamed, such as during obesity and diabetes. As better tools have become available
to survey low pathogen loads in tissue, researchers have begun to appreciate the frequency of
microbial translocation to and persistence in this nutrient-rich environment. M. tuberculosis, T.
brace, and facultative pathogen strains of E. co/i have been detected in this niche, indicating
that it serves as a reservoir of infection for many pathogens (80-82). More recently, 1. gondii
has been reported in the visceral fat following intraperitoneal infection and oral infection by
bioluminescence assay and PCR (69). Interestingly, using a stage-specific reporter system, di
Cristina ¢ al. detected parasites in visceral fat based on their expression of SSR9, a gene
product enriched during bradyzoite differentiation, suggesting that T. gondii was able to encyst
within the adipose tissue (69). Future studies will be necessary to determine if fat is a long-

term reservoir for 1. gondii, and whether colonization of the fat is related to host metabolic
shifts.

T. gondii has evolved sophisticated mechanisms to evade sterilizing immunity, yet
activating a robust immune response is necessary to ensure host survival long enough for T.
gondii encystation and transmission. (83, 84). Disease tolerance programs are adaptations to
cell biology and metabolism that allow tissues to function in the harsh environment of an
inflammatory response (85). However, tolerance adaptations must come at a cost to the host,
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otherwise they would be selected for homeostatic use. The literature reviewed here are
consistent with a model where tolerance programs initiated in acute T. gondii infection,
including immune-microbiota interactions, T cell-mediated responses and metabolic shifts,
fail to return to homeostasis in chronic infection. Emerging studies suggest that these shifts
in homeostasis have sustained negative consequences for the host, including muscle wasting,
and impaired responses to secondary immune stimuli (53, 54, 806, 87).

Current Knowledge Gaps

When I joined the Ewald Lab in November 2016, there were several unanswered
questions that converged to drive the work in this thesis. The most notable questions, and the
ones we aimed to answer in this dissertation, are listed below.

1. Why do mice chronically infected with T. gondii maintain weight loss? Is sustained
weight loss due to long-term anorexia, or due to hypermetabolism/defects in nutrient
storage? Does this wasting benefit the 1. gondii growth in some way?

2. What is the role of interleukin-1 receptor (IL-1R) signaling during T. gondii infection?

Is IL-1R signaling necessary to control parasite growth the way other innate cytokines
like I1L.-12, TNF- «, IFN-y, and IL-6 are?

3. What is the role of chronic innate inflammation in driving cachexia?

4. Are disease tolerance programs activated during T. gondii infection? If so, what is the
nature of these tolerance pathways during acute and chronic infection?

5. What novel observations can be made from using an experimental model of chronic
cachexia versus acute cachexia? Are these observations relevant to clinical cachexia?

Summary of Dissertation

We aim to use chronic inflammation as the common thread connecting several
disparate immunological paradigms into one story. By mechanistically probing an observation
that has existed in the 1. gondii field for decades, we emerged with a novel model for studying
cachexia. We present a story showing that, although not required for restriction of the parasite,
IL-1R is an active player during T. gondii infection, controlling host homeostasis during both
acute and chronic stages of infection through modulation of cell death, cachexia, and fibrosis
pathways.

Chapter 3 introduces the observation that has been noted in several studies with T.
gondyi — that chronically infected mice lose a significant percentage of their weight during acute
infection, and then maintain that weight loss indefinitely. Here, we characterize this muscle
wasting as cachexia, a clinically-defined disease characterized by transient anorexia, chronic
muscle and adipose tissue wasting, and elevated circulating cytokines. While acute oral T. gondii
infection causes severe intestinal inflammation, this inflaimmation resolves during chronic
cachexia, indicating that sustained intestinal inflammation is likely not the cause of sustained
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wasting. Importantly, while oral T. gondii infection does induce sustained dysbiosis in the gut
(namely an expansion of Clostridia), this dysbiosis is also insufficient to fully explain the
sustained wasting observed. The work in this chapter establishes chronic T. gondii as a robust
and viable experimental model for cachexia that will be drawn upon in the following two
chapters.

Chapter 4 addresses the role of the interleukin-1 (IL-1) signaling axis during 1. gondii
infection. As a lab with extensive experience in innate inflammatory signaling and
inflammasome biology, we were particularly interested in revisiting the role of IL-1 receptor
(IL-1R) signaling in the context of 1. gondii infection, which has not been clearly defined in the
literature. In this chapter, we make two important discoveries. The first is that while IL-1R
signaling is dispensable for parasite control during both acute and chronic infection, it is
important for promoting disease tolerance in the adipose tissue and liver during acute 1. gondii
infection, as IL-1R”" mice experience exacerbated acute pathology compared to wildtype mice,
despite having comparable parasite burden. We found that in the long run, IL-1R signaling
leads to pathology in the form of cachexia. 1) We learned valuable basic information about
the role of IL-1R biology in its ability to promote disease tolerance, 2) we discovered that T.
gondii-induced cachexia is IL-1R dependent, and 3) made the observation that pathways that
trigger disease tolerance pathways can become pathogenic if activated for too long,.

In Chapter 5, we revisit the cachexia model introduced in Chapter 3 and Chapter 4.
We perform a thorough metabolic analysis to try to place 1. gondi-induced cachexia within the
context of other well-accepted (but shorter term) experimental cachexia models. Although
many pathways that are central to acute cachexia models, such as lipolysis and insulin
resistance, are not the main drivers of chronic 1. gondir-induced cachexia, our long-term model
provided us with a unique discovery. Chronic cachexia is associated with perivascular fibrosis
in metabolic tissues like the liver, skeletal muscle, and adipose tissue. Liver and skeletal muscle
fibrosis are dependent upon IL-1R signaling, and this discovery may provide a key to
understanding how IL-1R is driving cachexia (Chapter 4) and may illuminate future strategies
for targeting cachexia.
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Figure 1.1 Summary of restriction versus tolerance mechanisms. While the immune
system controls critical offensive tactics called restriction (or resistance) mechanisms that
directly target the growth, spread, and/or virulence of invading micro-organisms, there is
a growing appreciation for the evolution of disease tolerance mechanisms, that “shield”
tissues and cells from damage that occurs during infection. Many of these pathways are
parenchymal or stromal cell intrinsic, but are nonetheless essential for increased tolerance,
recovery from, and survival of infectious insults.
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Figure 1.2 Toxoplasma gondii induces host tolerance and resistance mechanisms
in successful infections. In the absence of a strong restrictive immune response the host
succumbs to Toxoplasma overgrowth early in infection (left quadrants). Without tolerance
mechanisms the host is susceptible to inflammation-induced pathology, even if parasite
replication effectively restricted (lower right quadrant). Both resistance and tolerance
mechanisms are necessary for host survival (upper right quadrant). This balance also
benefits Toxoplasma by ensuring that the host survives long enough to enable bradyzoite
cyst differentiation, a requirement for transmission to another host
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Figure 1.3 Summary of 7. gondii life cycle. Infection of an intermediate host with T.
gondii occurs when this host ingests parasite oocysts shed by a cat or tissue cysts found in
another infected host. During acute infection, the parasite transitions to its fast-growing
tachyzoite phase, where it spreads throughout the body and induces a robust immune
response. The host immune system clears the majority of the parasites, although some will
linger and transition to their slow-growing bradyzoite phase, where they are encased within
a protective tissue cyst. From here, the parasite can cycle between intermediate hosts, or
can be ingested by a feline, its definitive host, where it can undergo sexual recombination.



Table 1.1 Summary of literature describing
during Toxoplasma gondii infection.

I1.-10"" mice die of acute encephalitis during Toxoplasma infection,
associated with elevated cytokine levels, but not with enhanced
parasite proliferation

IL-4"" mice succumb during acute Toxoplasma infection despite having
fewer circulating parasites, but chronic IL-4 suppresses the restriction
response, leading to increased pathogen burden and pathology

Mice deficient in 5-lipoxygenase (the enzyme responsible for
generating lipoxin A ) succumb to otherwise sublethal doses of

Toxoplasma, have elevated circulating I1.-12, IFN-y, and TNF-a, and
have increased T cell infiltration, despite harboring lower cyst burdens
than WT mice

Mice lacking the IL-27 receptor have enhanced mortality and CD4"
mediated tissue damage, independently of parasite burden during oral
Toxoplasma infection

Chronic IL-10 is required to limit fatal immunopathology mediated by

CD4" T cells in the brain during Toxoplasma infection

IL-10 is required to limit fatal immunopathology at acute and chronic
Toxoplasma infection. In this context, it is primarily produced by T-

bet Foxp3 Th1 cells.

IL-27 signaling promotes a subset of Tregs that limit intestinal
pathology and improve host survival during oral Toxoplasma infection

Lamina propria-infiltrating Ly6Chi monocytes release 1L-10 and PGE,

that limit neutrophil-induced tissue pathology in oral Toxoplasma
infection

Gut infiltrating neutrophils create multicellular casts to prevent
bacterial translocation, improving host survival independently of
parasite burden
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Chapter 2: Materials and Methods

Mouse strains /husbandry

CBA/J, BALB/cJ, C57BL/6, IL-1R”" (B6.129S7-1/171"""), mice were purchased from
Jackson Laboratories and I1.-1o/" (88) and I1.-137" (89) mice were a gift from John Lukens at
the University of Virginia. Mice receiving hepatic vagotomy (VAGOX) or sham surgery were
purchased from Chatles River. Mice were bred and housed and treated in accordance with the
University of Virginia Institutional Animal Care and Use Committee AAALAC and IACUC
protocol #4107-12-18.

Infections

To generate cysts, 8-10 week female CBA /] mice were infected with 3-10 Me49 or Me49 stably
expressing green fluorescent protein and luciferase (Me49-GFP-luciferase) bradyzoite cysts by
intraperitoneal injection. 4-8 weeks following infection, mice were euthanized with CO2 and
brains were harvested, homogenized through a 70 um filter, washed 3 times in PBS, stained
with dolichos biflorus agglutinin conjugated to either FITC or rhodamine (Vector labs) and
the number of cysts were determined by counting FITC-positive cysts at 20x magnification
using an EVOS FL imaging system (Thermo Fisher). Cysts were diluted to 50 cysts/mL in
sterile PBS. 10-14 week male mice (unless otherwise noted) were infected with 10 Me49 or
Me49-GFP-luciferase bradyzoite cysts by intraperitoneal infection (10 cysts/200pL dose,
injected with a 1 mL tuberculin syringe, 25G x 5/8", Monoject by Covidien). Prior to infection,
mice were cross-housed on dirty bedding for two weeks to normalize commensal microbiota.
At the end of the experiment, mice were fasted for 4 hours and then euthanized by CO, (mice
were not fasted for any experiments that only looked at inflammation and not at any metabolic
parameters).

Chronic parasite burden was determined by dolichos staining, counting at 10X magnification
(cyst diameter measured in Fiji) (53); or by qPCR of T. gondii 529bp Repeat Element (RE)
compared to mouse beta actin as described (90) and analyzed using the ACt method. Brain
DNA was extracted with TRIzol Reagent (Invitrogen) and used at 30 ng DNA per qPCR
reaction (Chapter 4) or was isolated as described (91), and used at 100 ng DNA per qPCR
reaction (Chapter 5). Adipose DNA was isolated by NucleoSpin DNA Lipid Tissue kit
(Machery-Nagel), and used at 10-30 ng DNA per qPCR reaction. Liver DNA was isolated as
described (91), and used at 500 ng DNA per qPCR reaction. qPCR on the Peyer’s patches was
performed by homogenizing flash frozen tissue and isolating RNA using Trizol. RNA. For
each sample 10ug of RNA was digested and converted to cDNA using the gMax cDNA
Synthesis Kit (Accuris). 7.2uL. of cDNA was used in each 20pL. qPCR reaction. reverse
transcribing The following Tagman primet/probes wetre used: 529bp Repeat Element (RE)
Sforward: 5-CACAGAAGGGACAGAAGTCGAA-3; reverse: 5-
CAGTCCTGATATCTCTCCTCCAAGA-3; probe: 5’-CTACAGACGCGATGCC-3” (IDT,
(90)); mouse beta actin: Mm02619580_g (ThermoFisher Scientific). qPCR was performed on
a QuantStudio6 instrument (Applied Biosystems).

High Fat Diet:_At four weeks post-infection, mice were shifted a high fat diet (ID12451
(Research Diets, Inc.), 20% kcal protein, 35% kcal carbohydrates, and 45% kcal fat) or
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remained on standard mouse show (Teklad) and were fed ad libitum for the duration of the
experiment (indicated on figure legends).

Anakinra: Mice were injected i.p. with 50 mg/kg/day anakinra (Kineret, Swedish Orphan
Biovitrum) using with insulin syringes Anakinra was diluted fresh every day in sterile PBS to
1 mg/mL). Mice were either injected once per day or twice (every 12 hours), as noted in the
figure legends.

Atglistatin: Atglistatin (Cayman Chemical Company) was resuspended at 2.5 mg/mL in 100%
ethanol and was stored at -30°C as stock. Stock was diluted fresh into a working stock of 200
ug/mL (diluted in sterile PBS), and was injected daily at 1mg/kg/day with an insulin syringe.

Assessment of food intake

To measure food intake, mice were house on chip bedding and food was weighed daily. When
animals began showing signs of sickness (1 week post infection) several pieces of food were
place in dishes on the floor of the cage which encouraged animals to eat without having to
reach for the hopper. After 24 hours the food was removed from the hopper, the bedding was
sifted to find intact pieces of food, and all remaining food was weighed. The 24-hour
difference in food weight was normalized to the total body weight of all mice in the cage to
determine the amount of food eaten. Of note, interventions including addition of moistened
food, high caloric supplements or intra peritoneal injection of fluids were not implemented in
this study. Extra nesting supplies were maintained in cages for the duration of the study.

Clinical scoring
Mice were monitored daily for 1) ruffled fur, 2) hunching, 3) >20% weight loss, 4)

squinting/eye discharge, 5) failure to move on an open hand. Mice that scored 5/5 based on
these parameters were immediately euthanized. In chronic cachexia, most animals retain a
sickness score of 1-2 due to weight loss and/or fur ruffling. Roughly 1/100 mice would be
found dead in a cage, however, as this often occurred after the resolution of peak sickness, it
is likely that these deaths were due to invasion of the parasite in a critical region of the brain
leading to rapid lethality unrelated to other aspects of disease.

Body temperature measurements

Mice were anesthetized with isoflurane at 10 days post-infection, and subcutaneously injected
with temperature micro-transponders (Bio Medic Data Systems, Seaford, DE). Temperature
was monitored daily (at the same time of day) using a telemetric reader.

Bioluminescence imaging and quantification

For bioluminescence imaging (BLI), mice were injected in the intraperitoneal cavity with 200
uL of a 15 mg/mL stock solution of luciferin (Xenogen), anesthetized with isoflurane and
imaged for 4 minutes on an IVIS system. To image organs, mice were injected 5 minutes prior
to euthanasia, after which the organs were harvested and imaged for 4 minutes. Images were
analyzed with Livinglmage software and Image].
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Tissue weights and body mass composition

Body mass composition was determined by using the EchoMRI™-100H Body Composition
Analyzer. At the experimental end points, mice were euthanized with CO2. Blood was isolated
by cardiac exsanguination. Abdominal subcutaneous white adipose depots, epididymal visceral
white adipose depots, supraclavicular brown adipose depots, quadriceps, tibialis anterior, EDL
and gastrocnemius muscles were isolated and placed in pre-weighed 2mL tubes for weighing
and flash freezing. For small intestine, a Peyer’s Patch containing regions of the distal jejunum
or ileum were identified by eye. A 2cm section surrounding the Peyer’s patch (or patches) was
excised. Sections immediately adjacent to but excluding a Peyer’s patch were harvested as well.

Bomb calorimetry and fecal lipid assessment

Mice were individually housed for 24 hours at 10 weeks post-infection. Fecal pellets were
collected every 2 hours during the daytime and flash-frozen. Pellets were lyophilized and then
sent to University of Texas Southwestern Metabolic Phenotyping Core for bomb calorimetric
analysis. For fecal lipid analysis, mice were singly-housed on isopads for 3 days. Stool was
collected daily and stored at 4°C until time of analysis. Lipid extraction and measurement was
according to previously published protocols (92).

Sera metabolomics and lipidomics

At 7 weeks post-infection, isoflurane-anesthetized mice were retro-orbitally bled and sera was
flash frozen and sent to the West Coast Metabolomics Center (UC Davis) for untargeted mass
spectrometry analysis using the primary metabolism assay (GCTOF MS) or the complex
lipids (CSH-QTOF MS) assay.

CLAMS metabolic monitoring

At 5 weeks post-infection, mice were individually housed in Oxymax cages for 5 days
(CLAMS, Columbus Instruments, Columbus, OH) at the University of Virginia. Mice were
maintained at 25°C with 12 hour light/dark cycles and had free access to food and water in all
conditions. The first 24 hours of data was considered and acclimation period and excluded
from analysis. 16-point rolling averages across the remaining data were used to visualize data
across the recorded time periods.

Cytokine measurements

Sera cytokines were measured by Luminex (courtesy of University of Virginia Flow Cytometry
Core or the Stanford Human Immune Monitoring Core) or ELISA (Invitrogen unless noted).
Tissue homogenate cytokines were measured by ELISA: IFN-y (88-7314); TNF-« (88-7324);
IL-1a (88-5019-88); IL-6 (eBioscience 50-112-8863); IL-13 (88-7013-88); 1L.-10 (88-7105-80);
IL-1Ra (R&D DY480); TGF-8 (88-8350-22), and are normalized to total protein per well.

16S ribosomal sequencing and diversity analysis

Fresh fecal pellets were collected from mice at the time points indicated and flash frozen.
DNA was isolated using the MoBio PowerSoil Kit and barcoded primers were used to amplify
the V4 region of the 16S tRNA gene. MoBio UltraCLean-htp 96 Well PCR Clean-Up Kit was
used to purify PCR products which were then quantified using Quant-iT' ds DNA Assay Kit.
184 samples were pooled at equimolar ratios. 16S ribosomal sequencing was performed by the
Mayo Clinic using a single lane of the Illumina HiSeq. Community composition and beta



22

diversity were determined using QIIME and beta diversity was visualized using EMPeror (93,
94) T-tests were performed using GraphPad Prism and corrected for multiple hypothesis using
the FDR approach.

Sorting and culturing of primary hepatic stellate cells

Primary murine hepatic stellate cells were isolated as previously described.42 Following sorting
on a BD Influx Cell Sorter in the University of Virginia Flow Cytometry Core, cells were
seeded onto fibronectin coated 4 kPa polyacrylamide hydrogels (Matrigen) and stimulated with
10 ng/mL recombinant mouse IL-1a (R&D), 10 ng/mL recombinant mouse TGF-8 (R&D),
or media alone for 48 hours, after which hydrogels were fixed with 4% paraformaldehyde and
stained with phalloidin-488 (Invitrogen) and anti a-SMA antibody (Invitrogen, clone IA4).
Cells were mounted with ProLong Diamond Anti-Fade mountant (Thermo Fisher Scientific),
and imaged at room temperature on a Nikon Eclipse Ti microscope with an UltraView VoX
imaging system (PerkinElmer) using a Nikon N Apo LWD 40X water objective (numerical
aperture: 1.15) and cell area and a-SMA intensity were determined using Volocity software.

Stimulation and staining of mouse embryonic fibroblasts
Transformed mouse embryonic fibroblasts were cultured in (DMEM, 10% FBS, 1% L-

glutamine, 1% penicillin/streptomycin, 1% HEPES, 1% sodium pyruvate) and used between
passage 3-10. 1 x 104 cells were seeded overnight onto poly-D-lysine coated glass coverslips
in 24-well plates and then stimulated with 10 ng/mL recombinant mouse IL-1o (R&D), 10
ng/mL recombinant mouse TGF-8 (R&D), or media alone for 48 houts. Coverslips were
fixed in 4% paraformaldehyde for 10 minutes, permeabilized with 0.1% Triton X-100 for 15
minutes, blocked in 1% BSA for 30 minutes, and then stained overnight at 4°C with anti a-
SMA antibody (Invitrogen, clone IA4). The next day, coverslips were stained for 1 hour at
room temperature with phalloidin-eFluor660 (eBioscience) or donkey anti-mouse-AF594
(Jackson ImmunoResearch), and mounted onto slides with Vectashield Mounting Medium
containing DAPI (Vector Laboratories). Coverslips were imaged on a Zeiss Imager M2
microscope (Carl Zeiss) with an AxioCam Mrm camera (Carl Zeiss) using a 20X objective
(numerical aperture: 0.80) and ZenBlue software (Catl Zeiss). Cell area was determined by
manually tracing cells in Fiji software. For serum starvation experiments, 2,500 MEFs/well
were seeded into a 96 well plate overnight and then treated for 48 hours with cytokine in media
containing either 10% or 1% serum. At the end of the 48-hour period, cell proliferation and
viability were determined using CellTiter-Glo reagent (Promega).

Western blots

Flash-frozen tissues were homogenized by bead-beating in lysis buffer (25 mM Tris-HCI, 15
mM NaCl, 1 mM MgClI2, 2.7 mM KCl, 1 mM EDTA, 1 mM EGTA, 1 mM DTT, 1% Triton-
X, and protease and phosphatase inhibitors (Roche EDTA-free protease inhibitor mini and
Pierce™ Phosphatase Inhibitor Mini Tablets), and centrifuged. Protein concentration was
measured using via BCA concentration (Pierce BCA Protein Assay Kit, Cat# 23225). Protein
concentrations were equalized by diluting with 2X Laemmli buffer and lysate was then boiled
at 9501 C for 3 minutes. All protein samples were separated on 10% bis-Tris gels by SDS-
PAGE and then transferred to PVDF membranes membranes using Trans-Blot Turbo
Transfer System (Biorad). The membranes were blocked in 2% ECL Prime Blocking Reagent
(GE Amersham RPN418) in TBS-T for 30 min, incubated in primary antibody for 1 hour at
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room temperature, washed 3X in TBS-T, incubated in secondary antibody for 30 min at room
temperature, washed 3X in TBS-T and then imaged on either the Bio-Rad ChemiDoc Imager
(for HRP secondary antibodies) or the Leica Typhoon (for fluorescently-conjugated secondary
antibodies). The following primary antibodies were used to probe protein levels by
immunoblotting: anti-GAPDH (Cell Signaling Technology, clone D16H11), anti-3-Actin
(Santa Cruz Biotechnology, clone 1), anti- a-SMA (Santa Cruz Biotechnology, clone CGA7),
anti-pACCa (Santa Cruz Biotechnology, clone F-2), anti-ATGL (Santa Cruz Biotechnology,
clone F-7), anti-HSL (Cell Signaling Technology, #4107), anti-phospho-HSL (Ser660) (Cell
Signaling Technology, #4126), anti-AKT (Cell Signaling Technology, clone C67E7), and anti-
phospho-AKT (Cell Signaling Technology, clone D9E). The following secondary antibodies
were used: goat anti-rabbit Cy5 (Jackson Immunoresearch, 705-175-147), goat anti-mouse
HRP (Thermo Scientific, PA1-28664). All primary antibodies were used at a 1:1000 dilution
and secondary antibodies at a 1:10,000 dilution in 2% ECL Prime Blocking Reagent. The
stripping protocol used was adapted from Yeung and Stanley, 2009. 85 Briefly, blots were
washed 2 times with TBS-T, incubated twice for 5 minutes each in GnHCI stripping solution
at room temperature (6 M GnHCI, 0.2% NP-40, 0.1 M LI -mercaptoethanol, 20 mM Tris-HCI),
washed 4 times (3 minutes each) in wash buffer at room temperature (0.14 M NaCl, 10 mM
Tris-HCI, 0.05% NP-40), and then blocked in 2% ECL Primer Blocking Reagent in TBS-T.
Stripped blots were re-probed following the protocol described.

qPCR

Flash frozen tissues were homogenized in TRIzol reagent (Invitrogen) by bead-beating and
RNA was extracted following manufacturer’s instructions. Following genomic DNA digestion
and reverse transcription, RNA was run on a QuantStudio 6Flex (Applied Biosystems) using
ABI Power SYBR Green PCR Master Mix (Applied Biosystems) using the primers listed in
the table below. For I.-7R gene expression, the following PrimePCR probe sets were used
with 1Q Power-Mix (Bio-Rad): IL-7R (@MmuCIP0032372) and AeB (MmuCEP0039589).
Data were analyzed using the ACt method (relative to a housekeeping gene), and then
normalized to the mean of the ACt of uninfected mice to get fold change. qPCR was
performed on a QuantStudio6 instrument (Applied Biosystems) or a CFX-96 (Bio-Rad).

SYBR Green Primer Sets
Gene Forward Primer (5’-3%) Reverse Primer (5-3’)
ActB GGCTGTATTCCCCTCCATCG CCAGTTGGTAACAATGCCATGT

Ucp-1 ACTGCCACACCTCCAGTCATT CTTTGCCTCACTCAGGATTGG
Prdm16 | GAAGTCACAGGAGGACACGG CTCGCTCCTCAACACACCTC
PGCla | ACAGCTTTCTGGGTGGATTG TGAGGACCGCTAGCAAGTTT
Cidea TGCTCTTCTGTATCGCCCAGT GCCGTGTTAAGGAATCTGCTG
C/ebpf | TGACGCAACACACGTGTAACTG | AACAACCCCGCAGGAACAT
Ppary-2 | TCGCTGATGCACTGCCTATG GAGAGGTCCACAGAGCTGATT

Flow Cytometry

Liver and epigonadal visceral white adipose tissues were prepared for flow cytometry after
cardiac perfusion with 10 mLL HBSS (5 mM HEPES, 0.5 mM EDTA), as described (95)
Following mechanical disruption, tissue was Liberase (Roche)-digested for 30 minutes at 37°C
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(shaking at 130 RPM) and filtered. Cells were separated on a 40% iodixanol density gradient
by centrifugation at 1038 g for 25 minutes (no brake). Cells were blocked with anti-CD16/32,
stained with Zombie Aqua (Biolegend) and antibodies (Biolegend): F4/80-FITC (BMS),
Ly6C-PerCP/Cy5.5 (HK1.4), CD19-PE/Cy7 (6D5), CD11c-APC (N418), CD11b-AF700
(c1/70), I-A/I-E-APC/Cy7 (M5/114.15.2), CD45-PacBlue (30-F11), Ly6G-BVG605 (1A8),
CD3e-FITC (145-2C11), CD62L-PE-dazzle (MEL-14), CD8a-PerCP/Cy5.5 (53-6.7), PD-1-
PE/Cy7 (29F.1A12), CD4-APC (GK1.5), CD44-BV605 (IM7). Beckman Coulter CytoFLEX
and Flow]Jo were used to assess immune cell populations using the following gating strategy:
Cells, singlets, live cells, CD4" T cells (CD45°CD3e¢'CD4%), CD8" T cells
(CD45'CD3e'CD8"), B cells (CD45°CD19%), Kupffer cells (liver only,
CD45"F480™CD11b"), macrophages (CD45"F480™CD11b"Ly6c"), inflammatory monocytes
(CD45"F480™ CD11b"Ly6c™), dendritic cells (CD45"F480CD11c¢"MHCII"), and neutrophils
(CD45'F480CD11b" Ly6G*SSC™).

Histology and Immunohistochemistry
Tissues were fixed overnight in 4% paraformaldehyde at 4°C and paraffin-embedded and

sectioned (by the University of Virginia Research Histology Core or the Stanford Department
of Comparative Medicine Histology Core), and stained with hematoxylin and eosin, Von
Kossa Stain Kit (American Mastertech Scientific), picrosirius red, or anti-cleaved caspase-3
(Cell Signaling Technology, staining performed by the University of Virginia Biorespository
and Tissue Research Facility).

Jejunum pathological scoring: Regions of the jejunum were selected based on the presence
of a Peyer’s patch. Adjacent regions of the Jejunum (not containing a Peyer’s patch) were also
harvested. Every other section was stained with H&E. A semi-quantitative scoring system of
1 to 5, (1 = no significant lesion, 2 = mild, 3 = moderate, 4 = marked, 5 = severe) was used
to evaluate the severity of any lesions. Parameters included inflammatory cellular infiltrate, loss
of Peyer’s patch organization, villi destruction and villi shortening. For detailed scoring, each
tissue section was blinded, divided into fields of view at 40X magnification, and an
inflammation score was assigned to each field of view.

vWAT pathological scoring: H&E samples were scored for necrosis by a blinded pathologist
using the following scale: 1 = 1%-25%, 2 = 26%-50%, 3 = 51%-75%, 4 = 76%-100% of the
area affected. Inflammatory lesion diameter was measured with Fiji.

Caspase-3 Quantification: Caspase-3 staining was determined using the color deconvolution
Fiji plug-in (96) and thresholded on negative controls.

Picrosirius red quantification: Slides were imaged on an Olympus BX51 microscope with
an Infinity 1 camera (Lumenera) for 5-10 blinded fields of view were acquired per mouse. To
quantify percent area, images thresholded in the green channel on Fiji (97), and percentage of
positive pixels per area was determined.

Immunofluorescence and microscopy

Following euthanasia and harvest, tissues were fixed overnight in 4% paraformaldehyde at
4°C, after which they were submerged in 30% sucrose in PBS, embedded in Tissue-Tek®



25

O.C.T. Compound (VWR) and flash frozen on dry ice. Samples were submitted to the
Research Histology Core at the University of Virginia for sectioning. When noted, paraffin-
embedded sections were used. Slides were imaged on a Zeiss LSM 880 confocal microscope
(Carl Zeiss) and images were processed in Fiji.

T. gondii: Unstained sections were used to quantify 1. gondiiload. To deparaffinize, sections
were passed twice through xylene, then through 100% ethanol, 80% ethanol and 50% ethanol
and distilled water for 3 minutes each. Antigen retrieval was performed by incubating sections
in sodium citrate buffer brought to a boil in the microwave and incubated for 15 minutes in a
vegetable steamer (10mM Citric Acid, 0.05% Tween-20, pH6.0). Slides were cooled, washed
once in PBS and outlined with a Pap pen to perform staining. Samples were blocked for 30
minutes in 5% goat sera in PBS. T. gondii was labeled with mouse anti-Toxoplasma-FITC
(Thermo Scientific Clone J26A) at a concentration of 1 pg/pL in 5% goat sera overnight.
Samples were washed 3x in PBS, mounted in Vectashield with DAPI (Vector Laboratories)
and imaged on an Olympus BX60 upright fluorescence microscope with a 4x, 10x, 40x or
100x objective. To quantify parasite load, each section was subdivided identically to the
adjacent H&E section. The threshold of parasite signal at 488nm was determined by
comparison to uninfected samples, each image was converted to binary and the dark pixels
were counted using Image].

ASC/CD45 and TUNEL staining: Following deparaffinization, slides were antigen-
retrieved with boiling sodium citrate buffer (10 mM sodium citrate buffer + 0.05% Tween-20,
pH 6.0), blocked and permeabilized for an hour (2% donkey serum, 2% goat serum, 0.1%
Triton-X, 0.05% Tween-20), and stained overnight at 4°C with rabbit anti-mouse ASC (Santa
Cruz, N-15), or rat anti-mouse CD45 (Biolegend, 30-F11) diluted 1:50 in blocking buffer. The
next morning, following washing, samples were incubated for one hour at room temperature
in secondary antibody diluted 1:200 in blocking buffer (donkey anti-rabbit AF594 (Jackson
Immunoresearch, 711-585-152) or goat anti-rat IgG AF647 (Life Technologies, A21247)).
Following washing, samples were incubated for 5 minutes in 10 ug/mL DAPI, washed 3 times
in PBS, and mounted in Vectashield (Vector Laboratories). Click-IT™ Plus TUNEL Assay
(Invitrogen) was used for TUNEL staining, following manufacturet’s instructions. Slides were
imaged on a Zeiss LSM 880 confocal microscope using the 40X or 63X objectives.

IL-1«: Slides were blocked for 1 hour at room temperature in blocking buffer (2% donkey
serum, 2% goat serum, 0.1% Triton-X, 0.05% Tween-20). Samples were incubated overnight
at 4°C in primary antibody diluted in blocking buffer (R&D AF-400-NA goat anti-1L-1 a, 1:50;
Novus Biologicals NB600-408 rabbit anti-collagen I, 1:50; Biolegend 103101 rat anti-CID45,
1:50). The next morning, samples were washed 3 times in PBS/0.1% Triton-X and were
incubated in secondary antibody (donkey anti-goat Dylight 594, Novus NBP1-75607, 1:500;
Invitrogen A21245 goat anti-rabbit AF647, 1:300; and donkey anti-rat AF488, 1:500), for 1
hour at room temperature, diluted in blocking buffer. Samples were stained with DAPI,
mounted, and imaged as described above.

IL-1R: Antigen retrieval was performed as described above. Slides were blocked for 1 hour
at room temperature in 2% donkey serum and CD16/CD32 (Biolegend, Clone 93, 1:200).
Samples were incubated overnight at 4°C in primary antibody diluted in blocking buffer (R&D



26

AFT771 goat anti-IL-1R, 1:50; Novus Biologicals NB600-408 rabbit anti-collagen 1, 1:50). The
next morning, samples were washed 3 times in PBS/0.1% Triton-X and were incubated in
secondary antibody (Novus NBP1-75607 donkey anti-goat Dylight 594, 1:250 and LifeTech
A21206 donkey anti-rabbit AF488, 1:200), and the directly conjugated «-SMA primary (Novus
Biologicals NBP2-34760APC, 1:400) for 1 hour at room temperature, diluted in PBS/0.1%
Triton-X. Samples were stained with DAPI, mounted, and imaged as described above.

Collagen I/III: Samples were antigen-retrieved as described above. They were blocked for 1
hour at room temperature in blocking buffer (2% donkey serum + 2% goat serum). Samples
were incubated overnight at 4°C in primary antibody diluted in blocking buffer (Biolegend
103101 rat anti-CD45, 1:50; Novus Biologicals NB600-408 rabbit anti-collagen I, 1:50; Novus
Biologicals NB600-594 rabbit anti-collagen 111, 1:50). The next morning, samples were washed
3 times in PBS + 0.1% Triton-X and were incubated in secondary antibody (Invitrogen A-
11007 goat-anti rat AF594, 1:500; LifeTech A21206 donkey anti-rabbit AF488, 1:200), and the
directly conjugated a-SMA primary (Novus Biologicals NBP2-34760APC, 1:400) diluted in
PBS + 0.1% Triton-X for 1 hour at room temperature. Samples were stained with DAPI,
mounted, and imaged as described above.

Statistical analysis

Statistics were performed using GraphPad Prism 8. For comparison of two groups, two-tailed
unpaired Student’s t-tests were performed with a confidence level of 95%. The Holm-Sidak
test was used to correct for multiple comparisons. If statistical outliers were removed using
the ROUT method (Q=1%), it is indicated in the figure legend. Statistical significance
threshold was set at P<0.05. All data are presented as the mean = SEM.
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Chapter 3: Toxoplasma gondii infection triggers chronic
cachexia and sustained commensal dysbiosis in mice

The text and figures included in this chapter have been adapted from the following
publication: Hatter, J.A., Kouche, Y.M., Melchor, S.J., Ng, K., Bouley, D.M., Boothroyd,
J.C., & S.E. Ewald. 2018. Toxoplasma gondii infection triggers chronic cachexia and sustained
commensal dysbiosis in mice. PLoS ONE 13(10): ¢0204895.
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Background

Chronic diseases account for over 85% of deaths in the first world and 70% of deaths
globally (98). The cooccurrence of cachexia, or the progressive loss of lean body mass, is one
of the best predictors of mortality across chronic disease. Cachexia is distinct from starvation
or malabsorption and can be accompanied by anorexia, elevated inflaimmatory cytokines (IL-
1, IL-6 and TNF-u), loss of fat and insulin resistance (99). In human disease, therapeutic
interventions that have proved effective in animal studies, including nutritional
supplementation, appetite stimulants, steroid treatment, and TNF-a inhibitors have not
proven widely successful to block or reverse cachexia (100). One reason for the potential
disconnect in treatments that seem promising in animal studies failing in the clinic is that many
current animal models of cachexia do not recapitulate the chronic nature of clinical disease.
Specifically, low-dose endotoxin injection causes weight loss over a period of several days, but
after repeated injections, mice develop tolerance and return to normal weights. Cancer
cachexia models may take many weeks before the onset of symptoms; however, the period of
weight loss is also limited to 1-2 weeks before animals succumb to the tumor. Renal and
cardiac obstruction models have a similar 1-2 week time frame of disease before animals
succumb to the surgery (101). Thus, there is a great need to develop animal models that
recapitulate the long-term nature of clinical cachexia, both to understand the underlying
mechanisms of disease and to test targets for disease intervention and potential reversal.

Toxoplasma gondii ('I. gondii) is an obligate intracellular protozoan parasite that cycles
between a broad range of mammalian intermediate hosts and definitive feline hosts.
Intermediate hosts ate infected for life and support haploid division/asexual expansion of
parasite strains. Intermediate hosts are infected when they ingest either oocysts shed in cat in
feces or tissue cysts, termed bradyzoites, in the muscle or brain of other intermediate hosts.
Over the first three days post-ingestion, T. gondii migrates down the small intestine, converts
to the rapidly dividing tachyzoite stage, and infects intestinal epithelial cells and immune cells
(10, 37, 102). Acute infection is marked by severe, focal disruption of the villi, expansion of
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secondary lymphoid structures and the appearance of “casts” formed from matrix and dead
cells that form a physical barrier over damaged regions of the ileum (37). Several groups have
reported a decrease in microbial diversity in the gut, marked by outgrowth of Gram-negative
bacterial species, as well as commensal microbe translocation to the liver (37, 103, 104).
However, whether these alterations to commensal homeostasis are maintained during chronic
infection has not been addressed.

T. gondii benefits from local intestinal inflammation by infecting infiltrating monocytes
and dendritic cells and using them to traffic throughout the host (9). Over the course of 3—4
weeks, a Th1-mediated adaptive immune response clears systemic parasitemia, except in select
tissues (mainly the brain and skeletal muscle) which support stage conversion to bradyzoite
tissue cysts. The bradyzoite form of T. gondii is characterized by altered transcriptional profiles,
a shift to glycolytic metabolism, slow growth, and formation of a polysaccharide-rich wall that
protects the parasites as they transit through the stomach of the subsequent host (105). Thus,
parasite transmission requires a robust host immune response: ensuring that the host survives
acute infection and enabling the parasite to access the tissues amenable for chronic infection.
Once the parasite has converted to the bradyzoite form, transmission requires predation of
the chronically infected host. Cats acquire T. gondii by eating intermediate hosts and play an
important role in the parasite life cycle by: 1) facilitating sexual recombination of the parasite,
thereby increasing genetic diversity, and 2) mediating range expansion of the parasite by
shedding millions of highly stable and highly infectious oocysts (106, 107). The selective
advantage conferred by infecting cats and the predator-prey relationship between cats and
rodents suggest that mice and rats are critical intermediate hosts for T. gondii. The importance
of this relationship is evident in the sophisticated mechanisms the parasite has evolved to
intersect host signaling pathways (108), promoting intracellular survival, as well as the
observation that T. gondii infected rodents lose their aversion to cat urine, a putative means to
facilitate transmission (109, 110).

Here we show that in the first 10 days post-T. gondii infection, adult mice lose 20% of
their body mass, which is associated with elevated circulating cytokines, anorexia and
moribund behavior. The majority of T. gondii infected animals do not succumb to infection,
yet the reduction of muscle mass and visceral white adipose depots is sustained, indicating
that 1. gondii infection is a robust and reproducible model of sustained cachexia. We show
that 1. gondii infects and replicates in distinct puncta along the distal jejunum and proximal
ileum throughout the acute phase of infection. Peak inflaimmation correlates directly with
parasite load but is resolved by 5 weeks post-infection (wpi). Using 16S sequencing, we identify
an outgrowth of Clostridia spp. that is sustained during the chronic stages of disease.
Importantly, co-housed uninfected animals exhibit a similar shift in commensal populations
without exhibiting any signs of illness or weight loss, consistent with the conclusion that
commensal alterations alone are not sufficient to explain the sustained cachexia disease. We
propose that promoting muscle and fat wasting may be a means of enhancing the opportunity
for rodent predation and transmission of this parasite to definitive feline hosts.
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Results

C57BL/6 mice orally infected with T. gondii develop chronic cachexia

10-12 week male C57BL6 mice acquired from Jackson Labs were cross-housed on
dirty bedding for two weeks. Mice were then infected per orally with 100-250 T. gondii cysts
of the Me49 background engineered to express GFP and luciferase (Me49-GFP-luc). Body
weight was monitored for the duration of infection. Mice lost a significant amount of weight
during the acute phase of infection (7 to 14 days post infection (dpi)), but weight loss stabilized
by 30 dpi, the onset of chronic infection (Fig. 3.1A). Although mice increased in weight over
the chronic phase of infection (day 30-90) they remained 20% less massive than uninfected
controls. Animals infected with 100 or 250 cysts had similar weight loss (Fig. 3.1B) and
survival through 40 dpi (Fig. 3.1C). Although the precise reason for similar disease kinetics
across this range of cyst doses is not known, these data suggest a bottleneck at the intestine
that prevents parasites from disseminating systemically beyond a certain threshold. Parasites
were sometimes visible by bioluminescence assay when imaged ventrally at day 7 dpi (Fig.
3.1D); however, by day 40 dpi, parasite signal was not detectable (Fig. 3.1E). Of note, we have
determined that luminescence signal can be masked if the parasites invade a region of the
intestine on the dorsal face of the abdominal cavity. Despite variability in ventral luciferase
signal, infections were very similar across small intestines when imaged ex vivo (Fig. 3.3).

Because infected mice routinely lose over 20% of their initial body weight but recover
other indicators of health, we determined that weight loss alone was not an accurate indicator
of morbidity. We implemented a 5-point sickness score (ruffled fur, hunching, >20% weight
loss, squinting or eye discharge, failure to move) to differentiate between animals were almost
certain to recover versus animals that required euthanasia (Fig. 3.1F). Most animals routinely
exhibit 3/5 phenotypes or above for a few days. Any animals scoring 5/5 wetre immediately
euthanized (Fig. 3.1F, red) During chronic infection most animals retained a score of 1-2
based on reduced body mass and fur ruffling. Although mice underwent a phase of anorexia
during acute infection, they regained their appetites and consumed normal pre-infection food
amounts by 15 dpi, indicating that sustained weight loss was not simply due to sustained
anorexia (Fig. 3.1G). These results are consistent with a 1997 report from Arsenijevic et al.
that showed that mice infected with T. gondii can be described in different response groups:
death in acute infection, failure to regain body mass or partial recovery of body mass (54).
Whether weight loss resulted from a loss of fat or lean mass, or both, was not determined in
this study.

To identify the tissue types affected, abdominal subcutaneous fat depots (scWAT, a
rapidly mobilized energy source), epididymal visceral white adipose depots (VWAT, a key
metabolic regulatory tissue), and supraclavicular brown adipose depot (BAT, thermogenic fat)
were harvested. At 10 dpi, there was already significant reduction in BAT and scWAT depots.
VWAT depots were significantly reduced 5 weeks post-infection (wpi) (Fig. 3.1H). In contrast
to fat depots, which were reduced early, tibialis anterior (T'A), gastrocnemius (GA), and
quadriceps (QUAD) muscles were significantly reduced at 5 wpi (Fig. 3.1I). Chronic muscle
loss was consistent with a recent report describing T regulatory cell-dependent myositis during
chronic T. gondii infection which leads to impaired animal strength (80).
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At 7 dpi, the canonical cachexia cytokines IFN-y, IL-18, TNF-a, and 1L-6 were
significantly upregulated in the sera (Fig. 3.1], grey versus black). IFN-y, specifically, is well
described to be necessary to control chronic parasite infection in mice (111-114). Consistent
their potent inflammatory capacity, at chronic infection circulating IFN-y and TNF-a were
substantially reduced compared to acute infection. However, levels of IFN-y, TNF-a, and IL-
6 remained significant compared to uninfected mice (Fig. 3.1], red versus black). Among the
significantly upregulated cytokines in chronic infection were eotaxin, a CCR3 agonist (a
receptor highly expressed on TH2 cells), and interferon-gamma-inducible protein 10 (IP-10),
which has been reported to antagonize the same receptor, suggesting a complex layering of
pro and anti-inflammatory signals in chronic infection (115). Elevated sera titers of eotaxin,
IP-10 and MCP-1 (a chemoattractant for macrophage and T cells) have also been observed in
long-term follow up on a cohort of patients with juvenile dermatomyositis, a disease
characterized by inflammatory cells surrounding the blood vessels leading to destruction of
muscle fibers and skin irritation (116). IP-10 upregulation is consistent with the sustained
elevation in IFN-y (67, 111, 117). Cumulatively these data indicate that chronic infection
with T. gondii meet a modern definition of cachexia put forth in 2008: the loss of 5% or more
lean body mass accompanied by anorexia, fat loss and inflammation (IL-1, TNF, IL-6, acute
phase proteins) and/or insulin resistance (99).

Previous studies have suggested that C57BL/6 mice ate uniquely susceptible to
infection with Me49 parasites (118). Importantly, the cachexia phenotype was not restricted
to C57BL/6 mice as CBA /] mice also lost approximately 20% of their body mass (Fig. 3.2,
black vs. blue solid lines); however, BALB/c mice were protected from all weight loss using
our experimental conditions (Fig. 3.2, black vs orange solid lines). Whereas C57BL/6 and
CBA/J mice express the H-2Db haplotype of MHC class I, BALB/c mice express the H-
2L haplotype of MHC class 1 (119). BALB/c H-2Ld presents the T. gondii dense granule
protein GRAG, leading to a more effective CD8-mediated immune response, limited acute
parasitemia, decreased chronic cyst burden, decreased overall inflammation and minimal if any
weight loss compated to C57BL/6 (27).

Mice recover from severe acute inflammation and parasite growth in the small
intestine

T. gondii is naturally acquired by ingestion of oocysts or tissue cysts leading to severe
regional inflammation in the small intestine (37, 66, 104). We reasoned that cachexia could be
the result of sustained gut inflammation, changes in intestinal architecture, and/or the gut
commensal community. To address this question, we orally infected mice with 200 Me49-
GFP-luc cysts. Three mice per day were euthanized to assess parasite load in the small
intestine, mesenteric lymph node, and spleen by bioluminescence assay. Significant parasite
signal was observed in the small intestine at 4 dpi and peaked 7—8 dpi (Fig. 3.3A, black bars).
Parasites were observed in the mesenteric lymph nodes (Fig. 3.3A, green bars) and spleen
(Fig. 3.3A, grey bars) as early as day 3. For as long as 1. gondii was detected by BLI (Fig. 3.3A,
4-10dpi) the first luciferase signal was consistently found at 50% the length of the small
intestine and the mean of all luciferase positive regions was identified at 2/3w the length of the
intestine (Fig. 3.3B) indicating that the parasites grow primarily in this niche for the majority
of the time they are found in the small intestine.
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These data are consistent with previous reports studying the first week of infection.
Specifically, Gregg ef al. have shown parasite infection along the mucosa of the small intestine
in the duodenum, jejunum and ileum over the first 6 days of infection (10). Further, Molloy e#
al. demonstrated that 9 dpi, commensals were segregated from the epithelial layer in the leum
but not the jejunum by the presence of a ‘cast’-like pseudomembrane composed of dead host
cells and invasive E. co/j, suggesting that there is a distinct interplay between 1. gondiz,
commensals, and the immune system in this tissue (37). While we did not observe parasite
signal in the duodenum, this may be due the fact that we imaged intestines from the serosal
side rather than the luminal aspect. In addition, the bioluminescence assay is not sensitive
enough to detect small numbers of parasites that may be present elsewhere in the small
intestine (10). Nonetheless, our data are consistent with the interpretation that the distal
jejunum/proximal ileum is the major small intestinal niche for parasite replication throughout
acute infection. This region of the small intestine is enriched in immune resident cells,
specialized structures including M cells that allow for sampling of the lumen and can mediate
pathogen transit into the host, as well as an expansion in microbial diversity. All elements
could contribute to Toxoplasma’s predilection for residence in this niche (120).

Diet as well as reactive oxygen species derived from inflammatory infiltrate can
produce auto-luminescent signal. To validate that the luciferase signal was derived from T.
gondii, and to monitor the degree of inflammation, we harvested segments of the small intestine
7 dpi for histological analysis. Having observed that luciferase positive regions always occurred
adjacent to at least one enlarged Peyer’s patch, 2cm segments centered on a Peyer’s patch (or
Peyer’s patches) were excised from the small intestine of infected and uninfected mice (Fig.
3.3C-G). This allowed us to assess parasite load and the degree of inflammation in matched
regions of the intestine across time points without pre-existing knowledge about parasite
location provided by BLI. These intestine segments were fixed and sectioned. One section
was stained with H&E (Fig. 3.3C-D, and 3.3G) to assess inflammation. The adjacent section
was deparaffinized and stained for T. gondii using an antibody specific to parasite lysate and for
nuclei using DAPI (Fig 2i-vi). At 7 dpi, tachyzoites were observed throughout the villi and the
lamina propria. Interestingly, in sections where a Peyer’s patch was cross-sectioned, parasites
were observed nearby but excluded from lymphoid follicle (Fig.3.3Ci and 3.3Cii). Necrosis
was not observed in Peyer’s patches at 7 dp1 (Fig. 3.3Ciii, 20x and 3.3G, 40x). When H&E
sections were examined at high magnification, vacuoles containing multiple tachyzoites were
visible in intestinal epithelial cells, indicating that parasites were growing in this niche at 7dpi
(Fig.3.3Dv, 100x, asterisks).

We noticed the fields of view closest to the Peyer’s patch contained the most T. gondii
(Fig. 3.3D v versus iv and vi fluorescence images 10x), whereas neighboring fields of view
contained few parasites and were less morphologically disrupted (Fig. 3.3Div-vi, 3.3H, &
3.3E). To quantify this observation, 2cm segments of the intestine containing a Peyer’s patch
or 2cm segments immediately adjacent to but excluding Peyer’s patches were isolated,
sectioned, and stained for H&E or T. gondii as described above. Across each section, there was
a significant positive correlation between inflammation score and parasite load (Fig. 3.3E,
Pearson’s correlation, Peyer’s patch segments, red: r = 0.716, n = 98, p<0.0001; adjacent
segments, grey: r = 0.602, n = 81, p<0.0001). Peyer’s patch negative sections had a significantly
lower overall inflimmation score and parasite load (Fig. 3.3E, linear regression of
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correlations, Peyer’s patch segments: 0.781£0.078; Adjacent segments: 0.29610.044,
p<0.0001 and Fig. 3.3F,). By 5 wpi there was not a significant difference in inflammation
score between infected and uninfected intestinal segments (Fig. 3.3F). Also consistent with
the conclusion that infection in the small intestine was resolved in chronic disease, Peyet’s
patch architecture, which had a highly disorganized germinal center 7 dpi, was
indistinguishable from uninfected animals by H&E staining 5 wpi (Fig. 3.3G). Finally, T.
gondii was no longer observed in the Peyer’s patch-containing segments of the small intestine
by 5 wpi by qPCR (Fig. 3.3H). Taken together, these results indicate that since acute
inflammation in the small intestine is resolved by chronic infection, it is unlikely to drive the
sustained cachexia in these animals.

Changes in the commensal community are amplified in chronic infection

Several groups have observed that acute infection with T. gondii triggers a loss of
microbial diversity, an enrichment in Gram negative bacteria associated with intestinal
pathology, and, sometimes, lethal ileitis (37, 65, 121). However, it is not known if these changes
in the commensal communities are transient or sustained in chronic infection. To address this,
we collected fecal pellets from mice two days before infection (Fig. 3.4, pre-infection), or at
1 wpi, 2 wpi, and 5 wpi with T. gondii and analyzed microbial diversity by 16S ribosomal
sequencing (Fig. 3.4). In each cage, 1-2 uninfected animals were co-housed with infected
littermate controls.

Community composition analysis reflected significant expansion in Clostridia spp.
Operational Taxonomic Units (OTUs) 5 wpi when compared to the pre-infection community
(Fig. 3.4A, navy blue outset, 5 wpi 0.59910.142 versus pre-infection 0.147£0.015 SEM, p =
0.0004, q = 0.007 student’s T-test). This trend was also observed in uninfected animals,
although it was not statistically significant (5 wpi 0.373%£0.181 versus pre-infection
0.100£0.005 SEM, p = 0.319, q = 0.569). There was also a moderate, expansion in
Verrucomicrobia at 1 week in both infected and uninfected animals that contracted by 5 weeks,
although this change was not significant. The enrichment of Clostridia spp. in fecal pellets of
infected mice was unexpected, based on previous observations that 1. gondii infection can
trigger an outgrowth of y-proteobacteria in the lumen of the small intestine 7-9 dpi (37, 67,
103, 121). However, these mice wete obtained from Jackson Lab (C57BL/6]), whereas
previous repotts desctibing y-proteobacteria outgrowth were performed using C57BL/6N
mice. In addition to hatboring several important polymorphisms, C57BL/6N raised at the
NIH are known to harbor an O21:H+ strains of E. co/i associated with invasiveness
(septicemia) and worse pathology in DSS colitis, AOFM-induced colon cancer, and a range of
gastrointestinal bacterial infections (37, 67, 82, 122). In the context of these previous reports,
our data are consistent with a model where the outgrowth species may reflect the facultative
pathogens already present in the community (dependent on mouse genetic background and
facility to facility variation) that capitalize on niche availability following an inflammatory
insult. The outgrowth species, in turn is likely to have important implications on the immune
response at both the site of the initial infection and systemically. These differences in the pre-
existing members of the commensal community explain why our mice are more resistant to a
high dose infection with Me49 cysts than others have reported in the past. As these
pathological strains of E. co/i have been associated with invasiveness, this may also explain why
others have observed that Peyer’s patches become necrotic in acute T. gondii infection where
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we do not (Fig. 3.3Ciii, 20x and 3.3G 1wpi 40x) (54, 104, 120). A second parameter that may
explain why our mice are tolerant of high dose infection is that uninfected and infected animals
were co-housed for the duration of our study. Coprophagia may have buffered the severity of
the commensal shift in infected mice as well as altered the commensal population in uninfected
animals, as discussed below.

When principal component analysis was used to assess beta diversity across fecal
pellets, pre-infection animals (Fig. 3.4B, red) clustered distinctly from infected animals (Fig.
3.4B, small circles: yellow = 1 wpi, green = 2 wpi; magenta = 5 wpi). The shift in similarity
away from pre-infected phenotype was most pronounced by 5 wpi (Fig. 3.4B, magenta, small
circles = infected, large circles = uninfected). Interestingly, the co-housed uninfected animals
had a shift in microbial diversity as well and represented an intermediate cluster between pre-
infection and infected animals (Fig. 3.4B, 1 wpi yellow, large circles; 2 wpi green, large circles).
As uninfected cohoused animals do not display symptoms of cachexia, we conclude that the
observed changes to the microbial species are not sufficient to explain the cachexia phenotype
alone. However, future studies will be needed to understand if the altered commensal
community synergizes with immune or metabolic defects to promote cachexia maintenance.

Discussion

Here we describe a sustained cachexia phenotype in adult C57BL/6 mice (age 10-12
weeks) following per oral T. gondii infection. T. gondii cachexia is characterized by a loss of 20%
in body mass, including fat and muscle, transient anorexia, and an acute elevation in the
hallmark cachexia cytokines IL-1, TNF, and IL-6. To our knowledge, T. gondii infection is the
first model to study sustained cachexia in mice that meets the modern, standard definition of
cachexia put forth in 2008 (99). This will be an important tool for future studies aimed at
understanding the physiological and molecular mechanism of cachexia. It may even prove to
be a model to test interventions that halt and potential reverse disease.

That T. gondii infection causes acute regional ileitis is well-established; however, a
detailed analysis of how long intestinal inflammation is sustained or whether acute changes in
commensal microbial communities are long-lived has not been addresed until now.
Unexpectedly, we observed parasite signal in the same region of the distal jejunum throughout
acute infection, suggesting that this is the major region of the small intestine supporting
parasite replication. Perhaps more surprisingly, we found no evidence of sustained intestinal
inflammation at 5 wpi. In addition, the changes in fecal commensal communities observed in
acute infection became more polarized in chronic infection rather than recovering as the
intestinal barrier appeared to do. Importantly, the commensal communities of co-housed
infected and uninfected mice both shifted by 5 wpi. However, uninfected animals showed no
signs of disease, suggesting that altered commensal microbiota alone is not sufficient to explain
the sustained cachexia phenotype in infected animals.

Whether the cachexia program is beneficial to the host or the parasite remains to be
determined. Anorexia and depletion of fat stores are classic signatures of infection that play
an important role in restricting systemic bacterial pathogen replication, but can trigger a host-
detrimental response during viral infection (57, 123). In tissue culture, the T. gondii vacuole
accumulates host lipids and parasite growth can be inhibited by blocking host lipases,
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suggesting that inducing lipolysis early in infection could benefit the parasite, although this has
not been tested in vivo (60, 62). It is now well accepted that T. gondii infection triggers altered
aversion behavior to feline urine (109, 110). This is hypothesized to be an adaptive strategy
used by the parasite to facilitate transmission to the feline definitive host. Interestingly, the
reduction in muscle mass during chronic T. gondii infection has been associated with reduced
strength (86). Therefore, it is plausible that promoting cachexia during chronic infection
represents a second adaptive strategy used by T. gondii to facilitate the likelihood of predation
by the definitive feline host. By studying the pathways that T. gondii has evolved to manipulate
to promote transmission, we may identify critical immune and metabolic interactions driving
the progression of chronic cachexia that can be applied to other disease settings.
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Figure 3.1 C57BL/6 mice orally infected with T. gondii develop chronic cachexia. A,
Following per oral infection with 120 Me49-GFP-luciferase cysts (grey) or mock infection
(black) mice were monitored for weight loss. Data average of 8 experiments. B, Mice were
infected as described in (A) with 100 cysts (dashed line), 250 cysts (grey) or mock infected
(black) weight was monitored at the indicated time points. C, Survival curves for mice
represented in (B). N = 4-7 mice per group, data representative at least 3 experiments. D,
Mice were harvested at 7 days post infection (dpi) (E) or 40 dpi to assess parasite load by
bioluminescence assay (legend continues on the next page).
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Figure 3.1 (continued from previous page) F, Sickness scores for animals infected per
orally with 100 Me49gfp-luc cysts (grey circles, toxo) or mock infected with PBS (black
circles, UI). Animals were scored on a scale of 1-5: hunched posture, ruffled fur, failure to
move when picked up, eyes closed or discharged, loss of over 20% weight. Mice were
monitored twice daily at peak sickness and euthanized immediately if all 5 behaviors were
observed (red outline). N = 5 mice per group. G, Every 24 hours food was weighed to
determine the amount eaten and normalized to the weight of animals in the cage. Data are
average of 2 experiments, N = 5 mice per group each experiment. Significance relative to
uninfected at the same time point. H, Brown adipose tissue (BAT), sub cutaneous white
adipose tissue (scWAT) or visceral white adipose tissue (VWAT) was harvest at 10 dpi
(black) or 5 wpi (grey) and weighed. I, Extensor digitorum longus (EDL), tibialis anterior
(TA), gastrocnemius (GA) and quadriceps (QUAD) muscles were weighed at 10 dpi (black)
or 5 wpi (grey) post infection. Data is average of 2 experiments, N = 5-10 mice per time
point. J, Luminex cytokine array was performed on sera from uninfected mice (black), 7
dpi (grey) or 5 wpi (red) mice. N = 3—10 mice per group. * p=<0.01, ** p=<0.001, ***p=0.001,
SEM, student’s T-test.
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Figure 3.2 C57BL6/] and CBA/] mice are susceptible to cachexia
following Toxoplasma infection, but BALB/c mice are not. BALB/c (orange squate) ot
C57BL6/] mice (black square, B6 BALB cont.); CBA/] (blue circles) or C57BL6/] (black
circles, CBA cont.) were infected with 120-200 cysts or mock infected. Weight was monitored
at indicated time points. N = 4-8 mice per condition averaged across two independent
experiments, significance is measured relative to uninfected at same time point.
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Figure 3.3 Mice recover from severe acute inflammation and parasite growth in the
small intestine. A-B, Following per oral infection with 200 Me49-GFP-luc cysts, mice
were euthanized and parasite load was determined by BLI in the small intestine (black),
mesenteric lymph nodes (MLN, green) and spleen (grey). N = 3 animals per day,
Significance is measured for each time point relative to day 3 post infection. Student’s T-
test * p=0.01, ** p=0.001. B, For each intestine, the position of the luciferase signal was
measured as distance from the stomach to the first luciferase positive region (1% luc+) or
distance from the stomach to the mean of all luciferase positive regions (mean luc +). The
position of luciferase signal was averaged from 4 to 10 dpi (legend continues on the next

page).
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Figure 3.3 (continued from previous page) Mice recover from severe acute
inflammation and parasite growth in the small intestine. C-H, 2cm segments of the
distal jejunum/ileum (the distal 50-90% of the small intestine) were excised for histology
based on the presence of Peyer’s patches visible to the eye at 7dpi, 5wpi or from uninfected
mice. C-D, Representative images of 7dpi sections stained with H&E to assess
inflammations score at 10x or 20x (iii) magnification (scale of 1 = no detectable
inflammation to 5 = complete distuption of lymphoid structure and/or villi). Parasites
vacuoles were visible in the villi at 100x magnification (v, asterisks). In addition to staining
a section for H&E, an adjacent section of each intestinal segment was stained with
a Toxoplasma-specific antibody (green) and DAPI (blue) and imaged at 10x (i-vi) to assess
parasite load. E, Correlation between parasite load and inflaimmation score in intestinal
segments 7dpi. Segments containing a Peyer’s patch (red) or adjacent segments lacking a
Peyer’s patch (grey), Pearson’s correlation **** p=<0.0001. Slopes were significantly
different between the two groups: Peyer’s patch 0.781£0.078, adjacent 0.296%0.044
p<0.0001, linear regression of correlations. F, Inflammation score for Peyer’s patch-
containing segments (solid bars) and adjacent, Peyer’s patch negative segments (dashed
bars) of the intestine from uninfected animals, 7 dpi (black) or 5wpi (grey). Student’s T-test
*p=0.05, ** p=<0.001, SEM, N = 4-6 segments from 3 mice per condition. G,
Representative images of Peyer’s patch organization in uninfected, 1wpi and 5 wpi small
intestines. H, Parasite load in the Peyer’s patch containing intestine segments 1wpi or Swpi
using quantitative PCR. Toxoplasma RE expression relative to host actB. N = 5.
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Figure 3.4 Changes in the commensal community are amplified in chronic
infection. 16S profiling of commensal microbiota in fecal pellets gathered 2 days before
infection (pre-infection), 1wpi or 5Swpi with 120 Toxoplasma cysts. A, At chronic infection
there is a significant outgrowth of Fimmicutes Clostridia in comparison to pre-infection (navy
blue, outset). Toxoplasma infected group: pre-infection mean 0.147£0.015 SEM, 5wpi mean
0.599£0.142 SEM, ***p=0.001 student’s T-test. Data represented as the mean of 3—8 mice
per time point. B, Unweighted Unifrac principle component analysis of 16S ribosomal
subunit diversity in the fecal pellets of mice 2 days before infection (pre-infection, red), 1
wpi (orange), 2 wpi (green) or 5 wpi (magenta). Small circles = infected, large circles =
uninfected. Data representative of two experiments.
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Chapter 4: IL-1R regulates disease tolerance and cachexia
in T. gondii infection

The text and figures included in this chapter have been adapted from the following
publication:  Melchor, S.J., Saunders, C.M., Sanders, I., Hatter, J.A., Byrmes, K.A,
Coutermarsh-Ott, S., & S. E. Ewald. IL-1R Regulates Disease Tolerance and Cachexia in
Toxoplasma gondii Infection. 2020. The Journal of Immunology 204 (10).
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Background

Toxoplasma gondii (1. gondii) is an obligate intracellular parasite that chronically infects a
wide range of hosts. 1. gondii is a natural rodent pathogen, but also infects humans. An
estimated 30% of the global human population is infected (124). A host is infected by ingesting
food contaminated with parasite cysts, which invade the small intestine. Over the first two
weeks of infection, tachyzoites, the rapidly replicating form of the parasite, can be detected in
almost every tissue (125). Infection elicits IL-12, IFN-y, and IL-6 to promote a TH1-polarized
adaptive immune response that is necessary to restrict systemic infection. However,
intermediate hosts remain infected for life, harboring low levels of bradyzoite tissue cysts in
the brain, muscle, and other tissues. A sustained immune response is essential to suppress
parasite growth during chronic infection: chronically infected mice and humans present with
elevated sera titers of T. gondii-specific antibodies and IFN-y, and immune suppression triggers
parasite recrudesce (126-128). However, the long-term consequences of sustained
inflammation during 1. gondzi infection are not entirely clear.

Inflammasomes are cell-intrinsic innate immune signaling platforms linked to the
release of IL-1 family cytokines and, often, inflammatory cell death. In T. gondii infection, mice
deficient in the inflaimmasome sensors NLRP1 and NLRP3 and the effector caspases-1 and -
11 have defects controlling parasite load (12, 13). These pathways release alarmins in the I1-1
family. However, there are conflicting reports regarding the role of I1L-1a, IL-183, and their
receptor IL-1R1 during T. gondii infection. Elevated I1L-1a and IL-13 have been observed in
the sera (1 week post-T. gondii infection) and brain by 2-3 weeks post-infection (53, 129).
Pretreating Swiss Webster mice with IL-1o and IL-1§3 protected them from a lethal dose of T.
gondii (130).  One study reported increased mortality in IL.-1R-deficient (IL-1R”) mice
following intraperitoneal (i.p.) T. gondii infection (131), while another reported no deficiencies
in parasite restriction (132). A third study reported that orally infected IL.-1R”" mice had



42

significantly improved survival, reduced intestinal pathology, and decreased parasite load
compared to wildtype mice (133). Taken together, the role of the IL-1 axis on 1. gondii burden
and infection outcome is unclear.

We were interested in revisiting the requirement for IL-1R signaling in T. gondii
infection based on an emerging role of the IL-1 axis in regulating disease tolerance during
endotoxemia and bacterial infection (123, 134-130). Disease tolerance programs are defined
as shifts in homeostasis that protect the host from bystander damage caused by infection and
inflammation without directly affecting pathogen load (137). In contrast, resistance programs
promote host fitness by directly mediating pathogen clearance. Tolerance mechanisms are as
important for survival as restriction mechanisms, but are far less well understood, particularly
in T. gondii infection. We found that IL-1R was not necessary to control parasite burden during
acute or chronic i.p. T. gondii infection. Consistent with a role in disease tolerance, IL.-1R”
mice had increased cell death in the liver and adipose tissue compared to wildtype mice during
acute infection. Unexpectedly, infected IL-1R”" mice had better long-term survival than
wildtype mice in chronic infection. IL-1R”" mice recovered from acute weight loss,
hepatomegaly and muscle atrophy. In contrast, wildtype mice exhibited sustained cachexia, an
immune-metabolic wasting disease that led to a poor survival outcome in chronic infection
(53, 56, 64, 99). These data indicate that IL-1R signaling controls cytoprotective disease
tolerance programs that benefit the host during acute 1. gondii infection. However, in the
context of chronic disease, IL-1R can drive cachexia and ultimately impair host fitness.

Results

IL-1R signaling impairs host survival during chronic 7. gondii infection independent
of parasite burden.

Mice deficient in the 1L-6 (24), TNF-a (138), and IFN-y (23) cytokine pathways
succumb to acute or early chronic T. gondii infection due to a failure to restrict parasite growth.
To test whether IL-1R signaling plays a similar role in parasite restriction, IL-1R-deficient (IL-
1R or control C57BL/6 (WT) mice were intraperitoneally infected with 10 Me49 T. gondii
cysts. Contrary to expectation, IL-1R”" mice had significantly improved long-term survival
compared to WT mice (Fig. 4.1A, 6-18 weeks post-infection). Improved survival was not due
to better parasite clearance, as IL.-1R”"mice had a similar parasite load in the brain as W'T mice
at 9 weeks post-infection (Fig. 4.1B-C). T. gondii cyst morphology and inflammatory infiltrate
in the brain were similar in infected IL-1R” and WT mice by H&E staining (Fig. 4.2).

IL-1R signaling limits cell death in the adipose tissue and liver during acute infection
without affecting parasite load, consistent with a role in disease tolerance.

Based on the observation that IL-1R”" mice had better survival in chronic infection
but similar parasite load, we reasoned that IL-1R signaling in acute infection could shape a
fundamentally distinct immune environment with long-lasting effects on survival
Alternatively, sustained IL-1R signaling could prevent recovery in the chronic phase of
infection. To assess the role of IL-1R signaling in acute infection, infected mice were
euthanized at 2 weeks post-infection, when parasites are systemic and have infected most
tissues in the mouse. We were surprised to observe numerous large lesions on the epigonadal
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visceral white adipose tissue (YWAT) of IL-1R”" mice (Fig. 4.3A, arrows). Although lesions
were sometimes observed in the vWAT of infected WT mice, they were noticeably smaller
and less frequent. These lesions were consistent with a histopathological definition of fat
necrosis, which is acellular areas devoid of inflammation and occasional calcification (139,
140). Increased calcium deposition in IL-1R” vWAT was confirmed by Von Kossa stain (Fig.
4.3B, brown staining outlined, with pink nuclear counterstain). Necrotic lesions, defined as
acellular regions surrounded by inflimmatory infiltrate (Fig. 4.3C, outlined) were more
frequent in IL-1R7 vWAT than WT (Fig. 2D). By 9 weeks post-infection the lesions had
largely resolved (Fig. 4.3A, 4.3C-D). T. gondii can directly induce tissue damage by lysing out
of infected cells. T. gondii load was similar in WT and IL-1R”" vWAT, indicating that the
difference in necrosis was not due to parasite overgrowth in the I1.-1R” mice (Fig. 4.3E).

Consistent with previous observations, hepatomegaly was also observed in WT and
IL-1R” mice at 2 weeks post-infection (29, 141). The livers of WT and IL.-1R”" mice had focal,
perivascular immune infiltrate of similar size and frequency (Fig. 4.4A-B). However, IL-1R"
livers had significantly more enzymatically active caspase-3 staining by immunohistochemistry
than WT livers (Fig. 4.4C-D), an early measure of apoptotic cell death. Immune infiltrate was
also observed at 9 weeks post-infection (Fig. 4.4A), however, this was morphologically
consistent with extramedullary hematopoiesis and active caspase-3 staining was not observed
(Fig. 4.4C). Similar to the vWAT, WT and IL-1R" livers had similar T. gondii burden (Fig.
4.4E), indicating that the increased cell death in IL-1R”" livers was not due to increased
parasite load at 2 weeks post-infection. Taken together, these data are consistent with the
conclusion that IL-1R signaling is cytoprotective in the liver and vWAT during acute infection,
implicating a role in disease tolerance in acute 1. gondii rather than the expected role in T. gondii
resistance.

When IL-1a and IL-18 protein levels were assessed in the tissue we found that IL-13
was elevated in the vVWAT (Fig. 4.5A). IL-1o and IL-13 were both significantly elevated in the
liver of WT and IL-1R deficient mice. Other published disease tolerance models have reported
significant differences in tissue pathology and function regulated independently of
inflammatory cytokine levels or immune infiltrate (57, 123, 142). Consistent with these models,
TNF-« and 11.-6 were similar in the vWAT and liver of IL-1R”" and WT mice at 2 weeks post-
infection (Fig. 4.5A-B). IFN-y levels were not elevated in the vWAT, but were elevated in the
liver, where IL-1R”" livers had a slight but significantly elevated level compared to WT.
Terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) is an indicator of
late stage apoptosis as well as inflammatory, programmed cell death pathways that release I1L-
1o and IL-1B, however, these processes can be difficult to detect in vivo due to immune
clearance of damaged cells. A low but significant elevation of TUNEL positive cells were
detected in the vVWAT (Fig. 4.6A) and livers (Fig. 4.6B) of infected WT and IL.-1R” vWAT.
ASC ‘specks,” which form downstream of some inflaimmasomes, were also observed in the
vWAT of infected mice (Fig. 4.6C); and, very infrequently in liver sections (less than one per
10 fields of view at 40x, data not shown).

IL-10 is a regulatory cytokine necessary to control lethal immunopathology during 7.
gondyi infection (29, 30, 33). Levels of 1L-10 were not elevated in the vWAT of infected mice
relative to uninfected controls, and were lower in infected WT and IL-1R”" mice relative to
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uninfected animals, suggesting that the cytoprotective effect of IL-1R in WT tissues was not
mediated by IL-10. IL-1R antagonist (IL-1Ra) is a competitive inhibitor of IL-1R signaling
that is transcriptionally regulated by IL-1R signaling among other NF-kB inducers (143). IL-
1Ra was higher in the vWAT of infected mice relative to uninfected animals, although this was
not significant. IL-1Ra was significantly higher in the liver (Fig. 4.5B) and sera (Fig. 4.5C) of
infected WT and IL-1R” mice: however, there was significantly more IL.-1Ra in the WT livers
compared to IL-1R” mice, consistent with positive regulation of IL.-1Ra by IL-1R signaling.

To determine if the increased pathology in IL-1R”" was associated with a greater
magnitude or altered distribution of immune infiltrating cells, mice were perfused with HBSS,
and the liver and adipose tissues were dissociated for analysis by flow cytometry. Infected WT
and IL-1R”" mice had a similar overall number of infiltrating CD45" immune cells (Fig. 4.7A)
and a similar distribution of infiltrating immune cell types in the adipose tissue and liver (Fig.
4.7B-C). Minimal contamination from blood-derived cells was confirmed by i.v. injecting anti-
CD45-PacBlue five minutes prior to perfusion and staining with CD45-BV711 (data not
shown) (144). While it is possible that more subtle difference in immune cell populations exist,
these data indicate that the enhanced cell death in the IL-1R”" mice was not simply due to a
greater magnitude of inflaimmatory infiltrate, innate cytokine production, or altered parasite
burden. These data also refute our initial hypothesis that chronic survival of IL-1R”" is
established during the acute phase of 1. gondzi infection.

IL-1R signaling during 7. gondii infection drives chronic cachexia.

Based on our observation that IL-1R is cytoprotective during acute infection but
negatively impacts long-term survival, we turned our attention to the role of IL-1R signaling
during the chronic phase of disease. We, and others, have shown that infection with T. gondii
can trigger sustained weight loss, inflammation, and muscle atrophy, consistent with the
clinical definition of cachexia (53, 64, 145). Cachexia is an immune-metabolic disease of muscle
wasting that predicts and directly contributes to mortality in a wide range of chronic diseases
(99). IL-1, TNF-a, TNF, 1L-6, and IFN-y comprise a cytokine signature conserved across
etiologies of cachexia. We hypothesized that sustained 1L-1 signaling during chronic 1. gondii
infection could promote cachexia, explaining the poor long-term survival of wildtype mice
compared to IL-1R knockouts. To examine cachexia, we first measured body mass. Infected
IL-1R”" and WT mice both lost approximately 10% of their body mass by 1-4 weeks post
infection (Fig. 4.8A), including fat and lean mass (Fig. 4.8B). However, IL-1R”" mice regained
weight between 5 and 11 weeks post-infection (Fig. 4.8A-B) whereas WT mice remained
wasted. Infected IL-1R”" and WT mice were anorexic at 1-2 weeks post-infection; however,
both groups recovered eating during chronic infection (Fig. 4.8C). Infected IL.-1R”" mice lost
significantly more muscle mass than WT mice by 2 weeks post-infection, but significantly
regained muscle mass by 9 weeks post-infection. In contrast, WT mice continued to lose
muscle mass from 2 to 9 weeks post-infection (Fig. 4.8D, Quad). Consistent with liver damage
observed at acute infection, both WT and IL-1R”" mice had hepatomegaly 2 weeks post-
infection, although compared to uninfected mice, WT livers atrophied by 9 weeks post-
infection whereas IL-1R"" livers returned to normal weight (Fig. 4.8D, liver). Consistent with
clinical observations that adipose tissue levels do not always correlate with cachexia severity,
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WT and IL-1R” mice regained subcutaneous adipose tissue, but the VWAT remained
significantly wasted in both genotypes at 9 weeks post-infection (Fig. 4.8D).

We next assessed levels of cachexia-associated cytokines in WT and IL-1R”" mice at
9 weeks post- infection (99, 146). TNF-a, IL-6, and IFN-y were significantly elevated in WT
and IL-1R”" serum relative to uninfected controls (Fig. 6A). Although this was expected based
on the essential role these cytokines play in restricting parasite growth (22, 24, 147), these data
also suggest that elevated serum TNF-a (previously named cachectin), IL-6, and IFN-y are
not sufficient to sustain cachexia during T. gondii infection in the absence of IL-1R signaling.
IL-1o and IL-1RA were also significantly elevated in sera of chronically infected, cachectic W'T
mice (Fig. 4.9A). When cytokine levels were assessed in wildtype tissues, IL-1a was sustained
in the liver of infected WT mice and brain lysates had increased IL-1a, IL-1§3, and IL-1RA
protein levels relative to uninfected mice (Fig. 4.9B). Although IL-1 expression is not a direct
measure of release, these data suggest that the liver and brain may be sites of sustained IL-1R
signaling in chronic infection. Although IL-1a and IL-183 were not elevated in muscle lysate,
IL-1Ra was significantly increased, suggesting that skeletal muscle may be sensitive to IL-1R
signaling due to circulating IL-1a and/or IL-1o or IL-1f levels in muscle microenvironments
that are below the threshold of detection in whole tissue lysate.

To determine if IL-1a, IL.-1B, or both cytokines were necessary for chronic T. gondii-
induced cachexia, IT.-1o/" or IL-137" mice were infected and weights were monitored for up to
16 wpi. Mice deficient in either IL-1o” or IL-18”" had improved survival compared to wildtype
animals (Fig. 4.10A). Both II-1o/ and I1.-13”" animals and were partially protected from
weight loss by 12 weeks post-infection (Fig. 4.10B). (Note that death of the most severely
cachectic infected wildtype mice from 12-16 weeks post infection increased the mean body
mass of this group and a loss of the statistically significant difference between infected IL-1a
“and 1L-1B8”7 groups). However, neither the IL-1a”’ or IL.-1B7" groups fully regained body
mass relative to uninfected animals by 16 weeks post infection. Similar to infected wildtype
mice, the muscle and liver of infected I1.-137" mice were significantly wasted relative to
uninfected controls (Fig. 4.10C-D). I.-1o/ mice had larger quadriceps muscles than IL-137
mice, and the muscle and liver mass trended larger in IL.-1o”/" mice relative to WT, however,
this was not significant (Fig. 4.10C-D). These data, in conjunction sustained tissue cytokine
levels (Figure 4.9), suggest that IL-1aand 1L-18 both likely contribute to chronic cachexia
during T. gondii infection. Together, our data demonstrate that the IL-1R axis plays a dual role
in disease progression during 1. gondii infection: IL-1R signaling limits tissue damage during
acute infection; however, cachexia is a long-term cost of IL-1R signaling during the chronic
phase of infection.

Discussion

Our data indicate that IL-1R plays a distinct role in the innate inflammatory response
during T. gondii infection. In contrast to better-studied effectors IL-6, TNF-o, and IFN-y,
which are necessary for T. gondii resistance (22, 24, 147), 1L-1R signaling protects mice from
acute liver and adipose tissue pathology without affecting parasite load. This result is consistent
with the definition of a disease tolerance mechanism, which is a tissue-intrinsic pathway that
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enables tissue function during immunological stress without directly affecting pathogen
burden (148). However, in the long-run, an intact IL-1R signaling axis negatively impacts host
survival during chronic infection by driving cachexia.

Our studies suggest that IL-1o and IL-1B may both contribute to acute weight loss

and cachexia during T. gondii infection. Release of functional IL-1f requires cleavage by the
effector casapase-1 downstream of inflaimmasome activation (149), whereas bioactive IL-1a
can be released downstream of a broader range of cell death and damage events. Unlike IL-
1R mice, mice deficient in the inflammasome adaptor ASC, sensors NLRP1 and NLRP3, or
effector caspases-1 and/or caspase-11 cannot control T. gondii replication and have decreased
survival in acute or early chronic infection (12, 13, 150, 151). Interpreting these data in the
context of our results suggest that inflammasome activation restricts 1. gondii growth through
an IL-1R independent mechanism. Interestingly, pyroptotic cell death has not been observed
in T. gondii infected mouse macrophage or human monocytes (12, 131, 152, 153). However, it
is possible that other cell types undergo pyroptosis in response to 1. gondii infection, or that
there is crosstalk between the inflammasome and other pathways that restrict the parasite in
vivo, like iNOS (154) and/or or interferon-regulated GTPase pathways (155, 156).
Alternatively, the inflaimmasome also mediates I1.-18 release, which has been shown to be
critical for parasite restriction (13).

Our study is not the first to investigate the role of IL-1R signaling in T. gondii infection;
however, results, at least at the outset, seem to conflict. A 1998 study showed that IL-1a or
IL-183 administration one day before infection protected Swiss Webster mice from an LID100
dose of type 111 T. gondii (130). Although parasite load was not measured, all experimental
groups had comparable T. gondii specific IgG and evidence of brain infection. In 2007 La Rosa
and colleagues reported that IL-1R antagonist treatment did not affect parasite burden and
stated that IL-1R”" mice are no more susceptible to T. gondii infection than wildtype controls
(132). By contrast, Gorfu ez a/ found that mice deficient in IL.-1R or the IL.-18 axis were more
susceptible than WT mice to i.p. infection with 10,000 type II 76K T. gondii tachyzoites, and
susceptibility correlated with increased parasite load by luciferase assay (131). These data do
not necessarily conflict with our results, in fact we might expect that a failure in tolerance
biology would result in increased host death at an L.ID50, as used here, compared to our milder
infection conditions. It is also important to note that although tolerance biology does not
directly target pathogen growth, parasite load can be indirectly impacted over time.

In a study by Villeret e a/. 1L-1R-deficient mice orally infected with type 11 T. gondii
(76K) had more severe acute gut pathology, increased neutrophil and myeloid cell recruitment,
and elevated pro-inflammatory cytokines compared to wildtype mice (133). Several important
differences between this model and our study may explain the pathological effects of IL-1R in
the gut and the protective effect of IL-1R signaling we observed in the liver and fat. First,
during oral infection, the small intestine barrier is compromised, leading to TLR recognition
of commensal microbiota, so it is unclear whether changes in immune infiltration are due to a
lack of IL-1R signaling directly or an indirect effect of increased interaction with commensals
(37, 66, 157). A not mutually exclusive alternative is that the small intestine has a different
tolerance threshold for inflammation, distinct IL-1R-responsive cell types, or overall levels IL-
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loe and/or IL-1P released than the fat and liver. Importantly, our conclusion agrees with the
Villeret study in IL-1R signaling was not necessary to restrict 1. gondii and, overall, the loss of
IL-1 promoted host survival during 1. gondzi infection.

Future experiments will be necessary to determine if the cytoprotective effect IL-1R
observed in the liver and adipose tissue is cell-intrinsic or indirect. IL-1B pretreatment has
been shown to protect primary murine hepatocytes from Fas-ligand mediated death (158), and
prevent hepatocyte death in vivo after treatment with a Fas activating antibody (159) or TNF-
o (160). Ishibe ez al. found that IL-1RA deficient mice (which have increased I1L-1R signaling)
are protected from acetaminophen-induced liver injury, and pretreatment with IL-1o was
sufficient to significantly attenuate liver pathology (161). Together, these studies indicate that
IL-1R signaling can directly promote survival in liver parenchymal cells, however, less is
known in adipose tissue.

From a clinical perspective, promoting tolerance biology has become a topic of
therapeutic interest as a strategy to mitigate the negative aspects of inflaimmation without
increasing the risk of infection. While this may be a beneficial treatment strategy to treat
resolving infections or acute inflammatory events, an extension of the tolerance/resistance
paradigm is that disease tolerance programs must come at a cost to the organism, otherwise
they would be selected for homeostatic use. Consistent with this theoretical framework, our
data indicate that IL-1R signaling is cytoprotective during acute infection, but ultimately
promotes cachexia. Precisely how IL-1R signaling promotes cachexia remains to be
determined; however, there is evidence to suggest central nervous system dependent and
independent mechanisms could be at play.

IL-1R signaling in the central nervous system has been shown to be important for
controlling appetite and eating behavior (162). However, in our model, anorexia is not IL-1R
dependent or sustained. Both i.p. administration of IL-1a and intracerebroventricular infusion
of IL-1f in rats has been demonstrated to induce anorexia-independent muscle loss (163,

164). Mice that received tumor xenografts engineered to express IL-1a had more severe
wasting than mice that received control tumor xenografts (independent of food intake), and
blockade of local IL-1R signaling by intra-tumoral administration of IL-1Ra significantly less
fat and muscle wasting in the C-26 murine model of colon cancer (165, 166). The IL-1R axis
has also been shown to regulate glucose and lipid metabolism (167, 168) Similar to metabolic
shifts associated with cachexia, mice deficient in IL.-1Ra are smaller, have impaired fat storage,
abnormal lipid metabolism, and elevated resting baseline energy expenditure (168-170). Of
note, the majority of these studies were performed before a modern clinical definition of
cachexia was established, indicating that it may be time to revisit a role for IL-1 in current
models of cachexia.

T. gondii infection has several unique advantages as a tool to study the inflammatory
mediators in cachexia. First, the kinetics of T. gondii cachexia more closely resemble clinical
disease than current surgical or tumor cachexia models, which are lethal after only several days
of weight loss (171, 172). To our knowledge, this study is the first example of a genetic rescue
of cachexia after peak weight loss has occurred. This result is significant because it indicates
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that the inflammatory networks responsible for maintaining cachexia are distinct from those
that initiate disease. Second, the parameter of pathogen burden can be used to distinguish
between immune effectors primarily designed to promote inflammation (resistance biology)
versus those targeting tissue homoeostasis (tolerance biology). Targeting resistance effectors
should reduce damage-to-self, but may not correct the tolerance-induced homeostatic shifts
that occur in response to the inflammatory environment. Consistent with this model, blocking
the cachexia-associated cytokine TNF-a (a pathogen resistance signaling molecule) has
repeatedly failed to treat clinical cachexia (31). Recently, however, a first-in-class monoclonal
antibody targeting IL-1ac (MABp1) was shown to improve body mass in a phase 1 dose
escalation trial for metastatic cancers (173). While further studies in disease-matched cachectic
and weight stable patients are necessary, these findings suggest that dual therapies targeting
both tolerance and resistance pathways may be a more efficacious way to restore homeostasis
during chronic diseases like cachexia. Given the conserved role IL-1 plays across etiologies of
clinical cachexia, we anticipate that mechanisms uncovered in 1. gondii cachexia may have
important implications for cachexia in general.
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Figure 4.1 IL-1R”"mice survive chronic 7. gondii infection better than wildtype mice
independent of parasite burden. 10-14 week old male C57B1/6 (WT) or IL-1R”" mice were
intraperitoneally infected with 10 Me49 Toxoplasma cysts. A, Survival curves of infected
C57BL/6 (WT) or IL-1R” mice (#» = 52-55 mice per group, data pooled from twelve
experiments). p-value is 0.0210 by Log-rank test. B, Brain cyst burden and diameter at 9 weeks
post-infection (wpi) (# = 12-21 mice per group, data pooled from three experiments). C, qPCR
quantification of T. gondii 529-bp repeat element (1. gondii RE) gDNA relative to mouse -
actin in the brain at 9 wpi (#z = 7-20 mice per group, data pooled from five experiments). n.d.,
not detectable. Data are shown as the mean = SEM. *P < 0.05; **P < 0.01; ***P < (0.001, *¥*k*
P < 0.0001 by unpaired Student’s T test with Holm-Sidak method to correct for multiple
comparisons.
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Figure 4.2 Wildtype and IL-1R”" mice have inflammation in the brain during chronic
infection. Brains were harvested at 5 weeks post-infection, fixed in 4% PFA, and frozen until
they were cryosectioned, stained with H&E, and imaged. Scale bars = 50 pm. Arrows are
pointing to 1. gondii cysts.
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Figure 4.3 IL-1R signaling limits cell death in the adipose tissue during acute 7. gondii
infection. A, Epididymal visceral white adipose tissue (VWAT) was harvested at 2 wpi
(representative of five experiments). vVWAT was stained with Von Kossa stain (brown staining
(outlined) denotes calcification) (B) or hematoxylin/eosin (H&E, necrotic lesion outlined) (C).
D, Degree of vWAT necrosis in H&E scored by a blinded pathologist (# = 6-8 mice, pooled
from two experiments). E, qPCR quantification of T. gondii RE gDNA in the vWAT at 2 wpi,

relative to mouse B-actin (# = 5-15 mice per group, pooled from four experiments). Scale bars
= 50 pm. n.d., not detectable. Data are shown as the mean * SEM. * P < 0.05; **, P < 0.01;
P < 0.001, n.s., not significant by unpaired Student’s T test.
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Figure 4.4 IL-1R signaling limits caspase-3 activation in the liver during acute 7.
gondii infection. At 2 wpi liver was harvested and sectioned for H&E staining (A). B, Focal
immune lesions were counted across slide scans of whole liver sections and lesion perimeter
was measured (# = 6 mice per group, pooled from two experiments). C,
Immunohistochemistry for cleaved caspase-3 (brown stain, asterisks) quantified in (D) (# = 4-
5 mice per group, representative of two experiments). E, qPCR quantification of T. gondii RE
¢DNA in the liver at 2 wpi, relative to mouse B-actin (7 = 4-11 mice per group, pooled from
three experiments). Scale bars = 50 um. n.d., not detectable. Data are shown as the mean *
SEM (except D, where they are SD). *, P < 0.05; **, P < 0.01; ** P < 0.001, n.s., not
significant by unpaired Student’s T test.
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Figure 4.5 IL-1R ligands are elevated in the liver and vWAT at 2 weeks post-infection.
Cytokine concentration in tissue lysate were measured by ELISA in A, vWAT (7 = 5-15 mice
per group, pooled from three experiments. IL-18, IL-10, and IL-1Ra are from two
experiments) or (B) liver (# = 7-10 mice per group, pooled from two experiments). n.d., not
detectable. Data are shown as the mean £ SEM. *P < 0.05; *P < 0.01; **P < 0.001,
AP <0.0001, n.s., not significant by unpaired Student’s T test.
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Figure 4.6 TUNEL staining and ASC speck formation can be detected at similar levels
between WT and IL-1R”" mice at 2 wpi. A-B, Tissues were harvested at 2 wpi and stained
for CD45 and double-stranded DNA breaks using a TUNEL assay kit in (A) vWAT or (B)
liver. (C) Alternatively, slides were stained for CD45 and ASC. ASC specks (indicated by white
arrowheads) form upon inflammasome activation. Scale bars = 50 yum. Data are shown as the
mean £ SD. *P < 0.05; *¥P < 0.01; ***P < 0.001, ***P<0.0001, by unpaired Student’s T test.
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Figure 4.7 IL-1R signaling does not control immune infiltrate in vWAT and liver at 2
weeks post-infection. A-C, Following cardiac perfusion with HBSS, vWAT and liver were
excised, dissociated, and numbers of infiltrating immune cells were determined by flow
cytometry. A, Total number of infiltrating CD45" cells per gram of vWAT or liver at 2 wpi.
CD4" T cells, CD8" T cells, B cells, dendritic cells (DCs), macrophages (Macs), inflammatory
monocyte (IMs), Kupffer cells (KCs, liver only), and neutrophils (Neut., vWAT only) in the
vWAT (B) or liver (C) at 2 wpi by flow cytometry (# = 2-6 mice per group, pooled from two
experiments). Data are shown as the mean = SEM. *P < 0.05; **P < 0.01; **P < 0.001,
AP <0.0001, n.s., not significant by unpaired Student’s T test with Holm-Sidak method to
correct for multiple comparisons.
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Figure 4.8 Acute weight loss is IL-1-independent, but IL-1R”" mice are protected from
chronic Toxoplasma-induced cachexia. A, Weight curves showing percent of initial weight
from 0-11 wpi (# = 34-48 mice, pooled from seven experiments). B, Echo MRI quantification
of fat (left) and lean (right) mass at 2 or 9 wpi (#» = 9-22 mice, pooled from two to four
experiments). C, Mouse chow was weighed daily, and food intake per cage normalized to total
body weight was determined (# = 2-4 cages per group, pooled from two experiments).
Asterisks indicate significant differences between UI and T WT (black) or UI and T IL-1R”
(gray). D, Inguinal subcutaneous white adipose tissue (scWAT), vWAT, quadriceps (Quad),
and liver at 2 wpi or 9 wpi (# = 12-18 mice per group, pooled from three experiments). Data
are shown as the mean £ SEM. *P < 0.05; **P < 0.01; ***P < 0.001, ****P<(0.0001, n.s., not
significant by unpaired Student’s T test with Holm-Sidak method to correct for multiple
comparisons.



57

A
IL-1a IL-1 TNF-a IL-6 IFN IL-10 IL-1Ra
i
S 30004 oUIWT
2 oIWT
© 20004 Ul IL-1R™
. * Fed 1R
S 3710004 el L 1IL-1R
g 1 1 ] ° -
(o) g 100“ o
o< ok & o
kK °
E  50{. = |, . |= ﬁ o[|°
f= — o
5 oediihasdloacil® T g LB,
B IL-1g
- IL-6
c 280 £ 50 < 20 c 80
2 200 2.0 g g
o ° o
8 120 5 s 15 aso
g4 g % £ 10 S 40
2 151, 2 20 8 8
o 10 o o =]
E E 10 E S E20
2 2 2 2
2 9 o 0

il lnd 0 n.d.
VWAT quad brain liver VWAT quad brain liver

IL-10 IL-1Ra

IFN-y

pg/mg total protein

0 —t n.d
VWAT quad brain liver

Figure 4.9 IL-1« remains chronically elevated in the circulation, liver, and brain of
cachectic mice. A, Serum cytokines at 9 wpi measured by Luminex (» = 3-10 mice per group,
pooled from two experiments) or ELISA (IL-1a, IL-10, and IL-1Ra » = 9-17 mice per group,
pooled from two to three experiments). B, Cytokines in tissue lysates were determined by
ELISA (7= 5-19 mice per group, pooled from three experiments. Brain data pooled from two
experiments). n.d., not detectable. Data are shown as the mean + SEM. *P < 0.05; **P < 0.01;
P < 0.001, #¥P<0.0001, by unpaired Student’s T test with Holm-Sidak method to correct
for multiple comparisons.
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Figure 4.10 IL-1a”/" and IL-18”" mice are partially protected from chronic cachexia. 10-
15 week old C57BL/6], Il-1a”", and IL.-1B”" mice were intraperitoneally infected with 10
Toxoplasma cysts of the Me49 strain and monitored daily. A, Survival curves of infected
C57BL/6 (WT), IL-1a”, or IL-1B7" (2 = 5-13 mice per group, data pooled from two to three
experiments). p-value is 0.3259 by Log-rank test. B, Weight curves showing percent of initial
weight. C, Inguinal subcutaneous white adipose tissue (scWAT), epididymal visceral white
adipose tissue (VWAT), and quadriceps (Quad) were harvested at 16 wpi and weighed. D, Liver
weights at 16 wpi (# = 6-13 mice per group, data pooled from two to three experiments). Data
are shown as the mean £ SEM. *P < 0.05; **P < 0.01; ***P < 0.001, ***P<(.0001, by
unpaired Student’s T test with Holm-Sidak method to correct for multiple comparisons.
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Chapter 5: T. gondii infection induces IL-1R dependent
chronic cachexia and perivascular fibrosis in the liver and
skeletal muscle

The text and figures included in this chapter have been adapted from the following
publication: Melchor, S.J., Hatter, J.A., LaTorre Castillo, E.A., Saunders, C.M., Byrnes, K.A.,
Sanders, 1., Abebayehu, D., Barker, T., & S. E. Ewald. T. gondii infection induces IL-1R
dependent chronic cachexia and perivascular fibrosis in the liver and skeletal muscle. Journal of
Cachexia, Sarcopenia and Wasting (ander review at time of dissertation submission)
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Background

Cachexia is defined as the loss of 5% of lean body mass in less than six months,
accompanied by at least three of the following symptoms: weakness, fatigue, adipose tissue
loss, abnormal blood biochemistry, and /ot anorexia (99). Cachexia occurs in conjunction with
a primary chronic disease, and prevalence can range from 5-15% in chronic heart failure and
chronic pulmonary disease to over 80% in advanced cancer patients (174, 175). Beyond
impairing quality of life, cachexia limits the effectiveness and duration of therapeutic
interventions and can directly cause death in chronically ill patients (176—178). Currently, there
are no broadly efficacious therapeutics for cachexia. Dietary supplementation and anabolic
steroids have largely failed to reverse clinical cachexia (100). Circulating IL-1, IL-6, TNF-o,
and IFN-y are a conserved inflaimmatory signature across etiologies of cachexia; however,
TNF-o blockade has failed to halt or reverse cachexia in the clinic (179). More recently a first-
in-class monoclonal antibody against IL.-1a has been shown to increase lean body mass and
quality of life in patients with metastatic cancers (173). While these data suggest that there may
be therapeutic value in targeting the IL-1 pathway for cachexia, a disease-matched study of
cachectic and weight stable patients has not yet been performed.

Current animal models of cachexia recapitulate acute cachectic weight loss, but fail to
model many aspects of long-term cachexia progression. Surgical interventions including
cardiac, gastric, and renal obstructive surgeries are lethal after a rapid period of weight loss.
Tumor models take longer to develop but have a similar 1-2 week window of weight loss
before tumor growth is lethal. Interventions like low level endotoxin injection are transient,
and in a new LCMV model of cachexia, mice recover weight once infection is cleared (171,
180). Although these studies have uncovered important aspects of acute cachexia biology,
longer-term models may reveal novel pathways of homeostatic dysfunction and potential
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therapeutic targets. Cachexia or cachexia-like disease is extraordinarily common in parasitic
infection; however, animal models of parasite-induced cachexia have received comparatively
little attention in the modern molecular era (181). We have recently shown that oral infection
with the protozoan parasite Toxoplasma gondii (1. gondii) leads to a sustained loss of muscle mass
that meets the current clinical definition of cachexia (53). T. gondii is a protozoan parasite that
naturally infects humans and mice. During acute infection (the first 3 weeks of infection) the
parasite can be found in most tissues in the body. Immune competent hosts largely clear
systemic infection, but low levels of T. gondii tissue cysts persist for the life of the host in the
brain and skeletal muscle, among other tissues (7). Controlling chronic infection depends on
a sustained, low grade inflaimmatory response and TH1 immunity, characterized by IL-12,
IFN-y, and CD4" and CD8" T cells.

We hypothesized that the robust and reproducible nature of T. gondii infection-induced
cachexia would yield novel insight into the pathophysiology of chronic cachexia. Here we
report that intraperitoneal injection of 1. gondii, which limits the effect of commensal
microbiota-induced inflammation, was sufficient to induce chronic cachexia characterized by
long-term muscle and fat wasting, fatigue, and elevated circulating cytokines. The longevity of
our model revealed that cachectic mice develop perivascular fibrosis in major metabolic
tissues, including the visceral white adipose tissue, the muscle, and the liver. Chronic cachexia
and cachexia-associated liver and skeletal muscle fibrosis was IL-1R dependent. This increase
in fibrosis was not due to parasite overgrowth, as infection levels were similar between IL-1R’
/" and wildtype mice. IL-1a levels were elevated in sera and liver lysates of cachectic mice; in
vitro, IL-1a or IL-1P were sufficient to promote fibroblast contractility and expression of
smooth muscle actin. These findings are consistent with a novel role for the IL-1R signaling
axis as a driver of chronic cachexia and the development of cachexia-associated fibrosis during
T gondii infection.

Results

T. gondii infection leads to sustained cachexia in mice

Oral infection with T. gondii causes severe intestinal inflammation, leaky gut, and
commensal-induced inflammation during the first two weeks of infection (65, 182, 183). We
previously demonstrated that mice orally infected with 1. gondii develop chronic cachexia that
was sustained even after intestinal inflaimmation resolved (53). To determine if T. gondii
infection induced cachexia when the gastrointestinal tract was bypassed entirely, 10-14 week
old male C57BL/(] mice were intraperitoneally injected with 10 Type I T. gondii (Me49 strain)
bradyzoite tissue cysts. 1. gondi-infected mice lost 15-20% of their initial body mass during the
first three weeks of infection (Fig. 5.1A-B), and remained significantly wasted compared to
uninfected controls for up to twenty-one weeks (Fig. 5.1B). Chronic infection was confirmed
by counting cysts in brain homogenate at nine weeks post-infection (Fig. 5.1C). Although
infected mice went through a period of acute anorexia 8-10 days post-infection, they regained
eating relative to uninfected controls, indicating that sustained weight loss was not due to
prolonged anorexia (Fig. 5.1D). In fact, infected mice trended towards eating more chow per
24-hour period than uninfected mice, although this was not significant (Fig. 5.1D, Fig. 5.1E,
left). Bomb calorimetry on fecal pellets confirmed that infected mice were absorbing a similar
number of calories as uninfected mice (Fig. 5.1E, right).
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Loss of lean muscle mass is the primary diagnostic marker of cachexia. By two weeks
post-infection, infected mice had a significant reduction in both fat (Fig. 5.1F, left) and lean
(Fig. 5.1F, right) body mass by EchoMRI Whole Body Composition Analysis. Importantly,
while fat mass partially recovered by six weeks post-infection, lean body mass wasting
progressed from two to six weeks post-infection (Fig. 1F). When individual tissues were
dissected and weighed, we found that inguinal subcutaneous white adipose tissue (scWAT),
epigonadal visceral white adipose tissue (VWAT), and quadriceps muscle mass (Quad) were
significantly reduced at two weeks post-infection. Acute hepatomegaly was also observed,
consistent with published reports of acute 1. gondii infection in the liver (Fig. 5.1G) (141). By
nine weeks post-infection, scWAT had recovered in mass but vWAT, quad, and liver were
significantly reduced in size relative to uninfected littermate controls (Fig. 5.1G).
Gastrocnemius (GA), tibialis anterior (T'A), and extensor digitorus longum (EDL) muscles
were also weighed. The TA and EDL were significantly smaller in infected mice relative to
uninfected; the GA from infected mice trended smaller, although this was not significant due
to variability in GA mass (Fig. 5.2). Elevated circulating inflammatory cytokines are a
hallmark of cachexia that contribute to disease pathology (184). At one week post-infection,
when T. gondii infection is systemic, mice had elevated circulating IFN-y, IL-183, IL-6, and
TNF-a compared to uninfected controls (Fig. 5.1H, grey background). Although TNF-a, IL-
6, and IFN-y were reduced by five weeks post-infection, they were still significantly elevated
relative to uninfected controls (Fig. 5.1H, white background). Based on these data,
intraperitoneal 1. gondii infection causes loss of adipose tissue, progressive muscle loss,
transient anorexia, and elevated innate circulating cytokines, consistent with the current clinical
definition of cachexia (99).

T-gondii-induced chronic cachexia is independent of non-shivering thermogenesis,
insulin resistance, and elevated lipolysis

Non-shivering thermogenesis and fat browning have been implicated as important
mediators of wasting in animal models of acute cancer cachexia. (185-187) However, no
sustained differences in body temperature (Fig. 5.3A) or expansion of brown adipose tissue
(BAT) depots (Fig. 5.3B) were observed between uninfected and infected mice with T. gondzi-
induced cachexia (188). Although transcript levels of the mitochondrial uncoupling protein
Ugp-T were increased in the scWAT and vWAT of cachectic mice, the regulator of brown fat
differentiation Prdm16 was lower in scWAT, and other fat browning-associated transcripts,
including Pgeta, Cidea, and C/ebp1 wete not significantly elevated in WAT or BAT of cachectic
mice (Fig. 5.4A-C). (186) Additionally, we did not observe the morphological changes in
vWAT histology associated with fat browning (Fig. 5.4D) (189). These data indicate that non-
shivering thermogenesis or fat browning are likely not the central drivers of sustained cachexia
in T. gondzi infection.

Consistent with other cachexia models, 1. gondi-infected mice had small but significant
reductions in fasting and non-fasting blood glucose levels (Fig. 5.3C-D). (190, 191) However,
no significant differences in serum insulin levels were observed (Fig. 5.3E), and glucose
clearance in response to a bolus of insulin was similar in cachectic mice and uninfected mice
(Fig 5.3F), suggesting that insulin resistance is not the primary driver of metabolic dysfunction
during T. gondi-induced chronic cachexia.
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To assess systemic metabolic function during 1. gondii-induced cachexia, mice were
individually housed in CLAMS metabolic monitoring cages. Cachectic mice had significantly
reduced nighttime activity compared to uninfected mice (Fig. 5.5A), as well as decreased
calculated heat production (Fig. 5.5B), consistent with cachexia-associated fatigue. However,
the reduced activity confounds our ability conclude that the reduced respiratory exchange ratio
(RER) observed in cachectic mice was due to a shift towards beta-oxidative rather than
glycolytic metabolism (Fig. 5.5C-E). To better address this question, we next measured levels
of key lipolytic and metabolic signaling enzymes in vWAT, liver, and muscle by western blot.
Although there was some animal-to-animal variability, no consistent differences were
observed between uninfected and cachectic mice in the levels of hormone sensitive lipase
(HSL), phospho-HSL (Ser660), AKT, phospho-Akt (Ser473), phospho-ACC, adipose
triglyceride lipase (ATGL), phospho-ATGL, and perilipin in the WAT (Fig. 5.6A), muscle, or
liver (Fig. 5.6B). Atglistatin, a pharmacological inhibitor of ATGL, has been shown to block
muscle wasting in acute murine cancer cachexia; (192) however, it inhibits 1. gondii growth
(62) and could not be used to confirm the conclusion that increased lipolysis was not the major
driver of chronic T. gondi-induced cachexia. That lipolysis pathways are not chronically
activated during 1. gondi-induced cachexia is consistent with our observation that adipose
tissue does not continue to waste during chronic cachexia (scWAT weight rebounds and
vWAT weight stabilizes (Fig. 5.1F-G)), as well as clinical observations that cachexia can co-
occur with obesity, and that not all cachectic patients present with adipose tissue loss (99).

T. gondii-induced cachexia is associated perivascular fibrosis in metabolic organs

In the course of probing protein expression by western blot, we noticed that the f3-
actin loading control was significantly upregulated in infected mice relative to uninfected
controls in all the tissues assessed (Fig. 5.6A-B). B-actin has over 90% sequence homology
with alpha smooth muscle actin (a-SMA), and most commercially available antibodies raised
against [-actin cross-react with .-SMA (193). a-SMA is a marker of myofibroblast activation,
which occurs when myofibroblast precursors (usually stromal cells with distinct homeostatic
roles during quiescence) encounter local inflammation or mechanical stress. Upon activation,
myofibroblasts upregulate a-SMA and deposit extracellular matrix. While this is an important
aspect of wound healing, a dysregulated myofibroblast response can lead to fibrosis and
impaired tissue function. (194-196) To determine if a-SMA was chronically elevated in
cachectic metabolic tissues, tissue lysates were probed with an a-SMA-specific antibody by
western blot. a-SMA was elevated in liver (Fig. 5.7A), muscle (Fig. 5.7B), and vWAT (Fig.
5.7C) of infected, cachectic mice relative to the uninfected mice at nine weeks post-infection.
To determine if tissues with elevated a.-SMA were fibrotic, tissue sections were stained with
Picrosirius Red, an anionic dye that labels elongated collagen fibers. Significantly more
perivascular collagen was observed in the liver (Fig. 5.7D), muscle (Fig. 5.7E), and vWAT of
cachectic mice relative to uninfected controls (Fig. 5.7F). Increased levels of collagen I and
collagen III in the liver in proximity to a-SMA-expressing cells was confirmed by
immunofluorescence staining (Fig. 5.7G). These data indicate that perivascular fibrosis in
major metabolic tissues occurs during T. gondji infection-induced chronic cachexia.
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IL-1o and IL-1R are expressed in the fibrotic liver microenvironment
Transforming growth factor beta (TGF-f) is a canonical inducer of tissue remodeling
and fibrosis, so we hypothesized that TGF-§ would be elevated in fibrotic tissues.
Unexpectedly, TGF-B was not significantly increased in liver, muscle or vWAT lysates (Fig.
5.8A, Fig. 5.9A-B). Based on these data, we also evaluated expression of IL-6, TNF-a, IFN-
v, IL-1a, and IL-1f because these inflammatory cytokine are frequently observed in cachexia
as well as fibrotic diseases. (197) We found that IL-1a was significantly higher in liver lysates
(Fig. 5.8A) and the serum (Fig. 5.8B) of cachectic mice at 9 weeks post-infection relative to
uninfected controls. Of note, IL-6, TNF-a, and IFN-y, which are also elevated in sera during
chronic T. gondii infection, (Fig. 5.1H) play a well-established and essential role in controlling
chronic T. gondii burden. The role of IL-1a/IL-1R axis in T. gondii infection is comparatively
understudied. IL-1 has been implicated in the development of liver fibrosis; (198-200) and
altered liver biology, which is central to systemic metabolism, has been observed in a number
of experimental and clinical cachexia models (201-204). To determine if IL-1a was localized
to areas of fibrosis, liver sections were stained with an IL-la-specific antibody for
immunofluorescence assays. Cells expressing IL-1a.  were observed within collagen I-rich
perivascular fibrotic lesions, but did not co-stain with immune cell marker CD45, suggesting
that these were likely liver-resident cells (Fig. 5.8C). IL-1a signals through the type I IL-1
receptor (IL-1R). IL-1R staining was also observed within perivascular fibrotic lesions on a
subset of a-SMA positive cells with fibroblast morphology (Fig. 5.8D), suggesting that .-
SMA positive cells could directly respond to locally-released IL-1a in the liver.

IL-1 is sufficient to stimulate myofibroblast contractility in vitro

To determine if IL-1a. was sufficient to promote myofibroblast activation in vitro,
murine embryonic fibroblasts (MEFs) were treated with media, IL-1a, IL-1B, or TGF-8
(positive control) for 48 hours then stained for immunofluorescent imaging (Fig. 5.10A).

Compared to media alone, IL-1a treatment significantly induced a-SMA expression and
increased cell surface area (a measure of increased cell contractility) to a similar level as TGF-

B (Fig. 5.10B-C) (205). IL-1f treatment also inctreased cell spreading and o.-SMA expression,
albeit to a lower level than IL-1a. Neither IL-1a or IL-1f promoted MEF proliferation or
survival under serum starvation conditions (Fig 5.11A). To determine if IL-1o was sufficient
to induce myofibroblast differentiation in primary cells, we took advantage of a recent protocol
to isolate primary hepatic stellate cells (HSCs), the major liver myofibroblast precursor cell
type in the liver, based on the endogenous autofluorescence of vitamin A-containing granules
(Fig. 5.11B) (206). Mechanosensing of rigid tissue culture plastic can spontaneously trigger
HSC activation (207), potentially masking an activating effect of IL-1a, so HSCs were plated
on a 4kPA hydrogel to approximate normal liver rigidity. (208) IL-1o. or TGF-B stimulation
for 48 hours led to significantly increased cell area (Fig. 5.10D, E) and intracellular a-SMA
staining (Fig. 5.10F) relative to HSCs treated with media alone. HSCs stimulated with IL-13

for 24 hours also had significantly elevated cell area, and trended towards an increase in o-
SMA which was not significant over this shorter time frame (Fig. 5.11C). Taken together,

these data indicate that IL-1a. is sufficient to promote myofibroblast activation in vitro.
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IL-1R is necessary for cachexia, as well as cachexia-associated liver and skeletal
muscle atrophy and fibrosis during 7. gondii-induced chronic cachexia
Both IL-1at and IL-1f signal through the type I IL-1 receptor (IL-1R). To determine
if the IL-1R pathway was necessary for development of fibrosis during T. gondii infection-
induced chronic cachexia, wildtype or mice deficient in IL.-1R (IL-1R”") were infected and
fibrotic tissues were harvested at nine weeks post-infection. Importantly, IL-1R”" mice were
rescued from long-term weight loss (Fig. 5.12A). Protection was not due to better parasite
clearance, as IL-1R”" and wildtype mice had a comparable brain parasite load at chronic
infection (Fig. 5.12B). This was surprising because mice deficient in IL-6 (24), TNF-a (147),
and IFN-y (23) succumb to parasite overgrowth early in infection. When fibrotic tissues were
weighed, infected IL-1R” mice had less pronounced muscle loss at nine weeks post-infection
than infected wildtype mice, and by 18 weeks post-infection, IL-1R”" muscle mass completely
recovered while wildtype mass remained wasted compared to uninfected controls (Fig.
5.12C). Similarly, infected IL-1R”" livers were significantly elevated in mass compared to
infected wildtype livers at both nine and eighteen weeks post-infection (Fig. 5.12D).
However, vVWAT mass remained wasted in infected IL-1R”" and wildtype mice (Fig. 5.12E).

In comparison to WT mice, which had fibrotic tissues at nine weeks post-infection,
infected IL.-1R”"mice had levels of liver and muscle c.-SMA comparable to uninfected controls
(Fig. 5.13A-B). Infected I1.-1R” vWAT, which wasted in chronic infection (Fig. 5.12E), had
more a-SMA than uninfected controls, but a-SMA levels were slightly lower than infected
wildtype mice (Fig. 5.13C). When collagen was measured directly, infected IL-1R”" mice had
significantly less picrosirius red collagen staining in the liver (Fig. 5.13D) and skeletal muscle
(Fig. 5.13E) compated to infected W'T mice. Although IL-1a and IL-1 were not significantly
increased in skeletal muscle lysate by ELISA (Fig. 5.9A), the circulating IL-1a (Fig. 5.8B)
may be sufficient to promote perivascular fibrosis in the skeletal muscle. A not mutually
exclusive possibility is that pockets of IL-low and/or IL-1B may exist in muscle fibrotic
microenvironments which are below the level of detection in whole tissue lysate. In the vIWAT),
picrosirius red staining was similar between WT and IL.-1R” mice at nine weeks post-infection
(Fig. 5.13F) This was consistent with vWAT wasting and a-SMA upregulation and suggest
that IL-1R-independent pathways regulate collagen deposition and/or turnover in this tissue.
Together, these data indicate that IL-1R drives chronic cachexia and the associated liver and
skeletal muscle fibrosis during chronic T. gondii infection. Although there was significant
immune infiltrate in infected livers and adipose tissue, immune infiltrate was not different
between infected WT and infected IL-1R”" mice in the liver (Fig. 5.14A) or vWAT (Fig.
5.14B), suggesting that changes in liver fibrosis were not mediated by different populations of
immune cells.

Discussion

Here we show that intraperitoneal T. gondii infection is a robust model for chronic
cachexia that recapitulates critical aspects of clinical disease. This is supported by several
previous reports describing chronic weight loss and muscle dysfunction during 1. gondii
infection (44, 53, 54, 63, 64). A major advantage of the T. gondzi cachexia model is its longevity,
which opens the door to studying mechanisms of disease reversal and testing therapeutic tools
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(180, 209). Our data indicate that pathways critical to acute anorexia-cachexia progression
(lipolysis and non-shivering thermogenesis) may not be central drivers of chronic cachexia.
Moreover, the longevity of our model allowed us to observe fibrosis in the liver, adipose tissue,
and skeletal muscle, a process that typically takes many weeks to develop. This finding
complements recent studies from the Seelaender group, who has recently reported increased
tumor and adipose tissue fibrosis in cachectic gastrointestinal cancer patients relative to age
and disease-matched, weight stable cancer patients. (210, 211) Skeletal muscle fibrosis has also
been reported in the quadriceps of cachectic patients with chronic heart failure,(212) as well
as in the rectus abdominus of cachectic patients with pancreatic ductal adenocarcinoma
(PDAC) compared to weight stable controls (213). In the latter study, skeletal muscle collagen
levels directly correlated with weight loss and mortality.

While only a handful of studies have assessed fibrosis in cachectic patients, there is a
strong association between cachexia and fibrotic diseases (174, 214). Emerging clinical data
show a clear correlation between muscle wasting, disease progression, and mortality in liver
cirrhosis, non-alcoholic fatty liver disease and hepatocellular carcinoma--the 4 leading world-
wide cause of cancer related mortality (215-225). The liver is a central regulator of nutrient
absorption, storage, and metabolism, and as such, liver fibrosis may influence aberrant
metabolism in distal tissues. Additionally, fibrosis in the skeletal muscle physically restricts
muscle regeneration (226) and fibrosis in other muscles like the heart and diaphragm could
lead to dysfunction that is ultimately fatal. Historically, peripheral fibrosis during cachexia may
have been overlooked because of the difficulty in obtaining biopsies from these tissues.
However, muscle biopsy and assessment of adipose tissue removed during surgery are
becoming increasingly common, which may enable a more thorough understanding of
cachexia-associated fibrosis in the future.

Our experiments showed that IL-1R deficient mice are protected from developing
cachexia, consistent with reports demonstrating that peripheral (163) and central (164)
administration of IL-1 is sufficient to acutely recapitulate aspects of muscle wasting. In
addition, mice deficient in MyD88, the signaling adaptor downstream of IL-1R and most Toll-
like receptors, are protected from fat and lean muscle mass, fatigue, and increased mortality in
a pancreatic cancer model of cachexia (227). IL-1R”" mice are also protected from perivascular
fibrosis in the liver and muscle during chronic cachexia. This finding is consistent with reports
that SNPs in the IL-1R antagonist gene resulting in elevated IL-1 signaling are associated with
an increased risk of developing both respiratory (228, 229) and liver fibrosis (230).
Additionally, pharmacological or genetic blockade of IL-1R signaling in mice has been shown
to attenuate fibrosis in the liver (145, 198, 231), heart (232, 233) and lungs (233, 234). We did
not see elevated IL-1a or IL-1P in the circulation duting chronic cachexia; however, IL-10.-
expressing cell types were observed within perivascular fibrotic lesions in the liver. This
observation, in conjunction with the observation that IL-1R is also expressed within fibrotic
regions, suggests that local IL-1a is sufficient to control tissue-wide development of fibrosis

in the liver. As an alarmin, bioactive IL-1a can be released via a broad range of cell damage or
death inducers, and future work will be necessary to determine the source and mechanism of
release of IL-1a.. Studies are also underway to identify precise myofibroblast cell or precursor
populations that express IL-1R and test whether selectively eliminating or driving IL-1R
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signaling on these cell types is sufficient to influence fibrosis and cachexia during T. gondii
infection.

Like cachexia, fibrosis has been notoriously difficult to target and reverse in the clinic.
Our data suggest that these conditions may be linked, which poses a potential explanation for
why cachexia has been so difficult to reverse with nutritional supplementation and anabolic
steroids. Additional experiments will be necessary to determine if fibrosis is causal for cachexia
and/or limits recovery from acute cachectic weight loss, although a recent study found that
experimental models of cirrhosis lead to muscle wasting (235). The relationship between IL-
1R signaling, fibrosis and cachexia is an exciting new area for exploration in both animal
models and clinical cachexia.
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Figure 5.1 Chronic Toxoplasma infection causes sustained cachexia in mice
(legend continue on the next page).
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Figure 5.1 Chronic Toxoplasma infection causes sustained cachexia in mice (legend
continued from following page). 10-14 week old C57BL/6] mice were intrapetitoneally
infected with 10 Toxoplasma cysts of the Me49-GFP-luciferase strain (I, red) or mock injected
with PBS (UI, black). A, Schematic of weight loss relative to parasite distribution. The acute
phase of infection (white) is dominated by Toxoplasma tachyzoites (green crescents) which
spread systemically, infecting most tissues in the body. 4-6 weeks post-infection (wpi), systemic
infection is largely cleared and parasites are driven to the chronic tissue cyst form (green
circles). B, Mice lose up to 20% of their initial body mass in the first 4 wpi and fail to regain
weight relative to uninfected controls. N=35-45 mice pooled from 3 independent experiments.
C, Dolichos biflorous positive Toxoplasma cysts per half brain at 5-9 wpi. N=19 pooled from
6 independent experiments. D, Daily food intake per cage normalized to pooled weight of the
mice in the cage measured every 24 hours. N=7-9 cages per group, pooled from 3 independent
experiments. E, Mice were individually housed for 24 hours at 10 wpi and food intake over
24 hours was determined by weight (left) and caloric content of fecal pellets were determined
by bomb calorimetry (right). F, Echo MRI quantification of fat (left) and lean (right) tissue
mass at 2 or 6 wpi. N=28-45 mice per group, representative of 3 independent experiments. G,
Inguinal subcutaneous white adipose tissue (scWAT), epididymal visceral white adipose tissue
(vWAT), quadriceps (Quad) and liver weights at 2 wpi or 9wpi N=12-18 mice per group,
pooled from 3 experiments. H, Serum cytokines measured by Luminex at 1 or 5 wpi. N=3-4
mice per group, representative of 2 experiments. Error bars are standard error of the mean.
*P < 0.05; **P < 0.01; **P < 0.001, ****P < 0.0001 by unpaired Student’s T test with Holm-
Sidak method to correct for multiple comparisons.
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tissue mass (g)
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Figure 5.2 Skeletal muscle is wasted in mice chronically infected with 7. gondii.
Tissue weights of gastrocnemius (GA), tibialis anterior (T'A) and extensor digitorum longus
(EDL) at 10 wpi. N= 7-15 mice per group, pooled between 2-3 independent experiments.
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Figure 5.3 T. gondii-induced chronic cachexia occurs independently of non-shivering
thermogenesis and insulin resistance. A, Male and female mice were subcutaneously
injected with telemetric temperature probes at 11 days post-infection, and temperature was
monitored daily. B, Supraclavicular brown adipose tissue (BAT) weights relative to the mean
weight of uninfected tissue at 5, 10, or 17 wpi. N=2-11 mice per group C-D, blood glucose
was collected by tail snip and either measured after 4 hours of fasting at 9 wpi (C, N=13-17,
pooled between 3 independent experiments) or after random feeding at 7-14 wpi (D, N=18-
19 mice per group, pooled between 2 independent experiments) by glucometer. E, Serum
insulin levels measured by ELISA at 7-10 wpi. N=12-15 mice per group, pooled between two
independent experiments. F, Random-fed mice were intraperitoneally injected with 0.75 U
insulin/kg body weight at 7-14 wpi, and blood glucose was measured every 15 minutes. N=7-
9 mice per group, pooled between two independent experiments. *P < 0.05; *¥P < 0.01; ***P
< 0.001, ¥***P < 0.0001 by unpaired Student’s T test.
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Figure 5.4 Toxoplasma-induced cachexia does not induce the transcriptional
signature associated with adipose tissue beigeing at 17 weeks post-infection. 10-14
week old C57BL/6] mice (uninfected, UI and infected, I) were intraperitoneally infected with
10 Me49-GFP-luciferase Toxoplasma cysts. A-C, qPCR for markers of fat browning and
thermogenesis in inguinal subcutaneous adipose tissue (scWAT) (A) epigonadal visceral white
adipose tissue (VWAT) (B) or supraclavicular brown adipose tissue (BAT) (C) at 17 wpi. Error
bars are standard error of the mean. N= 7-9 mice per group. *P < 0.05; **P < 0.01; **P <
0.001 by unpaired Student’s T test with Holm-Sidak method to correct for multiple
comparisons. D, H&E staining of vWAT at 9 wpi.
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Figure 5.5 Cachectic mice have reduced activity and RER compared to uninfected
mice. Mice were housed in Oxymax CLAMS metabolic cages during the time points indicated.
Data from the first 24 hours in the cage were excluded (legend continues on the next page).
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Figure 5.5 Cachectic mice have reduced activity and RER compared to uninfected
mice (legend continued from previous page). Data on the left show mean of all the values
from light (white bars) or dark cycles (shaded bars), or all time points combined (stippled bars).
Data on the right show the 16 point rolling average of measurements with shaded bars
representing the dark cycle over a 6 day span. A, Activity. B, Heat. C, Respiratory exchange
ratio (RER). D, VO, (normalized to lean body mass). E, VCO; (normalized to lean body
mass). N=7-8 animals per group, pooled between 2 independent experiments. Error bars are
standard error of the mean *, P < 0.05; **, P < 0.01; *** P < 0.001, by unpaired Student’s T
test with Holm-Sidak method to correct for multiple comparisons (mean data), and *, P <
0.05; #, P < 0.01; 1, P < 0.001, §, P < 0.0001 (traces).
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Figure 5.6 Lipolysis is not a main driver of Toxoplasma-induced cachexia. 10-14 week
old C57BL/6] mice (uninfected, UI and infected, I) were intraperitoneally infected with 10
Me49-GFP-luciferase Toxoplasma cysts. A-B, Tissues were harvested at 5 wpi. Tissue lysates
were made for subcutaneous white adipose tissue (scWAT) and epigonadal visceral white
adipose tissue (VWAT) (A) or quadriceps muscle (QUAD) and liver (B), and blotted for
lipolysis machinery: phosphorylated and non-phosphorylated hormone sensitive lipase (p-
HSL, HSL), phosphorylated and non-phosphorylated AKT, phosphorylated (p-ACC),
perilipin. Beta-actin and GAPDH were loading controls. Each lane is lysate from an individual
mouse. Representative of 2 independent experiments.
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Figure 5.7 T. gondiiinduced cachexia is associated with perivascular fibrosis in
metabolic organs. A-C Western blot for alpha smooth muscle actin (a-SMA) or GAPDH
on liver (A), quadriceps (B), and vWAT (C) lysate at 9 wpi. Representative of at least 3
independent experiments. Each lane represents an individual mouse. D-F, Picrosirius red
staining on formalin-fixed paraffin-embedded liver (D), gastrocnemius (E), or vWAT (F) at 9
weeks post-infection. Representative images shown at left. Picrosirius red staining was
quantified in Image] (right) and pixel density represented as % of each field of view. Each
point represents 5 blinded fields of view averaged per mouse. D, N=06-13 mice per group,
pooled between two independent experiments. E-F, N=5-8 mice per group, pooled between
two independent experiments. Scale bars represent 50 um. Error bars are standard error of
the mean. *P < 0.05; **P < 0.01; ***P < 0.001 by unpaired Student’s T test. G, Livers were
harvested at 9 wpi, formalin-fixed, and then cryosectioned and stained for markers of
inflaimmation and liver fibrosis. Maximum intensity projections of 12-17 pm thick liver
sections with immunofluorescently labeled nuclei (DAPI white) a-smooth muscle actin
(yellow), CD45 (red) and Collagenla (top) or Collagen III (bottom) (blue) in the liver of
uninfected or 9 wpi WT mice. Scale bars represent 50 ym.
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Figure 5.8 Cells expressing IL-la and IL-IR are observed in the fibrotic liver
environment. A, Cytokines in tissue lysates from mice 9 wpi were measured by ELISA in
liver. Data are presented as fold change relative to the mean of uninfected levels. N=11-12
mice per group, pooled from three independent experiments. N=4 mice for TGF-f3, which is
representative of three experiments. B, IL-1a levels in the sera at 9 wpi measured by ELISA.
N=9-14 mice per group, pooled from four independent experiments C-D,
Immunofluorescence labeling of nuclei (DAPI white) IL-la (green), CD45 (red) and
collagenlal (blue) (C) or nuclei (DAPI white), at-smooth muscle actin (green), IL-1R (red),
and collagenla (blue) in the liver of uninfected or 9 wpi WT or IL-1R”mice (D) Inset, arrow
head represents @-smooth muscle actin, IL-1R co-staining cells (arrow heads). (C-D) represent
maximum intensity projections of 9-13 um thick z-stacks. Scale bar represents 50 pm. Error
bars are standard error of the mean. *P < 0.05; **P < 0.01; ***P < 0.001 by unpaired Student’s
T test with Holm-Sidak method to correct for multiple comparisons.
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Figure 5.9 Inflammatory cytokines are not chronically elevated in the muscle or vIWAT.
A-B, Cytokines in tissue lysates from mice 9 wpi were measured by ELISA in quad (A) quad
and vWAT (B). Data are presented as fold change relative to the mean of uninfected levels.
N=11-12 mice per group, pooled from three independent experiments. N=4 mice for TGF-
B, which is representative of three experiments.
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Figure 5.10 IL-1 induces contractility and alpha smooth muscle actin expression in
murine embryonic fibroblasts and primary hepatic stellate cells (legend continues on
the next page).
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Figure 5.10 IL-1 induces contractility and alpha smooth muscle actin expression in
murine embryonic fibroblasts and primary hepatic stellate cells (legend continued
from previous page). A-C, MEFs were incubated with media, 10ng/mL IL-1a, 150 pg/mL
IL-18 or 10 ng/mL TGFp-1 for 48 hours. After fixation, MEFs wete stained for F-actin, and
alpha-smooth muscle actin (x-SMA), and cell spreading was quantified in (B), and levels of a-
SMA expression were quantified in terms of pixels/cell (C). Etror bars are standard deviation,
representative of 3 independent experiments. D-F, Primary hepatic stellate cells (HSCs) were
isolated from uninfected mouse livers, and FACS-sorted based on endogenous retinoid
fluorescence (D). E-F, HSCs wete seeded onto 4kPa hydrogels coated with 10ug/mL of
fibronectin and cultured with 10ng/mL IL-1a, 10 ng/mL TGF-$, or media alone for 48 hours
and then fixed and stained for F-actin and «-SMA and imaged by confocal microscopy. Scale
bar represents 50 pm. Total cell area quantified in (E) and levels of «-SMA expression were
quantified in terms of pixels/cell in (F). Error bars are standard deviation. *P < 0.05; *¥P <
0.01; ***P < 0.001, ***P < 0.0001 by unpaired Student’s T test.
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Figure 5.11 IL-1 does not promote survival or proliferation in mouse endothelial
fibroblasts. A, MEF cells were plated on 96 well plates in 10% normal sera or 1% normal
sera and incubated with media, IL-1a, IL-13 or TGEFB-1 for 48 hours. Cell number was
determined relative to a standard curve using CellTiter-Glo reagent. Data pooled between 3
experiments. *P < 0.05; **P < 0.01; ***P < 0.001 by unpaired Student’s T test. B-C, Primary
hepatic stellate cells (HSCs) were isolated from uninfected mouse livers, and FACS sorted
based on endogenous retinoid fluorescence. HSCs were seeded onto 4kPa hydrogels coated
with 10ug/mL of fibronectin and cultured with 10ng/mL of IL-1b or media alone for 24hrs
and then fixed and stained for F-actin and o-SMA and imaged by confocal microscopy. Error
bars are standard error of the mean. ****P < 0.0001 by unpaired Student’s T test. Statistical
outliers were removed using the ROUT method (Q=1%). D, Representative images, scale bar

represents 10 um.
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Figure 5.12 IL-1R" /" mice are protected from 7. gondii-induced cachexia and cachexia-
associated liver atrophy. Total body weight of mice pre-infection and 9 wpi. N=20-33 mice
per group, pooled between 7 independent experiments. £ P<0.0001 by paired Student’s T test.
AP < 0.0001 by unpaired Student’s T test. B, Quantity of T. gondii DNA relative to host
beta-actin in the brain at 9 wpi. N=3-11 mice per group, representative of 3 independent
experiments. C-E, tissue weights of quad (C), liver (D), and vWAT (E) at 9 or 18 wpi. P <
0.05; **P < 0.01; ***P < 0.001, ****P < 0.0001 by unpaired Student’s T test.
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Figure 5.13 Cachectic mice develop IL-1R-dependent liver and skeletal muscle
fibrosis. A-C Western blot for alpha smooth muscle actin (t-SMA) or GAPDH on liver (A),
gastrocnemius, (B), and vWAT (C) tissue lysate at 9 wpi. Representative of at least 2
independent experiments. Each lane represents an individual mouse. D-F Picrosirius red
staining on formalin-fixed tissue at 9 weeks post-infection. Picrosirius red staining was
quantified in Image] (below) and pixel density represented as % of each field of view (each
point is 5 fields of view averaged per mouse) in the (D) liver, N=06-8 mice per group, pooled
between 2 experiments, (E) gastrocnemius, N=6-7 mice per group, pooled between 2

experiments, and (F) vWAT, N=06-9 mice per group, pooled between 3 experiments. Error
bars are standard error of the mean. P < 0.05; **P < 0.01; **P < 0.001, **P < 0.0001 by

unpaired Student’s T test.
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Figure 5.14 IL-1R signaling does not control immune infiltrate in liver and vWAT
nine weeks post-infection. A-C, Following cardiac perfusion with HBSS, vWAT and
liver were excised, dissociated, and numbers of infiltrating immune cells were determined
by flow cytometry. A-B, CD4" T cells, CD8" T cells, B cells, Kupffer cells (KCs, liver
only), macrophages (Macs), inflammatory monocyte (IMs), dendritic cells (DCs), and
neutrophils (Neut.) in the liver (A) or vWAT (B) at 9 wpi by flow cytometry (7 = 6-8 mice
per group, pooled from two experiments). Data are shown as the mean £ SEM. *P < 0.05;
P < 0.01; *P < 0.001, ***P<0.0001, n.s., not significant by unpaired Student’s T test
with Holm-Sidak method to correct for multiple comparisons
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Chapter 6: Implications, Outstanding Questions, and Future
Directions

Is chronic infection with 7. gondii necessary for sustained cachexia?

Because T. gondii induces chronic infection that persists for the life of the host, we
have not been able to separate whether cachexia results from the long-term effects of acute
infection, or from the sustained inflammation that results from chronic infection. There are
currently no known strategies to pharmacologically target and kill T. gondii cysts (thus fully
clearing infection) (2306), and until recently, there were few parasite genetic tools that limited
infection to the acute phase. Some of these tools include attenuated strains of T. gondii that
lack critical virulence factors. For example, ROP5 is a T. gondii pseudokinase that controls
parasite resistance to host immunity-related GTPases (IRGs). Infection with Arop5 parasites
(on a type II Prugniaud (Pru) background) in mice lead to a 99.5% reduction in brain cyst
burden compared to the parent strain by three weeks post-infection (237). While this approach
approximates a fully cleared infection, parasites weren’t fully eliminated from the brain, and
there was no assessment of unencysted parasites that could have perpetuating low levels of
neuroinflammation, giving this approach limited utility for addressing the question at hand.

Bradyzoite-Formation Deficient 1 (BFD1) is a Myb-like transcription factor that
controls T. gond;i differentiation from the tachyzoite stage to the bradyzoite stage both in vitro
and in vivo. With the recent discovery that ME49 parasites deficient in BFD1 (ABFD1) cannot
drive the tachyzoite to bradyzoite switch in response to alkaline stress in vitro or form
detectable cysts in vivo (238), we have an alternative tool to address whether cachexia resolves
or remains after parasite infection is fully cleared. Although more work is necessary to
determine if the parasite is fully cleared in this model, monitoring cachexia in mice infected
with ABFD1 parasites could be an exciting opportunity to better understand and resolve the
kinetics of the pathways that initiate cachexia versus those that sustain it. If chronic infection
is necessary for sustained 1. gondii-induced cachexia, a ABFD1 infection model may be
instructive for understanding the kinetics of recovery from acute fat and muscle wasting
(particularly in the context of the IL-1R-driven pathways that prevent recovery during the
chronic phase). Alternatively, if wasting persists in the absence of chronic parasite infection,
this would suggest that acute insult is sufficient to cause long-term metabolic rewiring,
resulting in cachexia. Additionally, this would provide much more flexibility in targeting the
metabolic and/or inflammatory pathways sustaining cachexia without the confounding factor
of targeting parasite growth.

Is induction of cachexia in an adaptation of 7. gondii to promote
transmission to felines?

Induction of cachexia is not exclusive to T. gondii infection. Other infectious organisms
like LCMV can also induce cachexia in mice (180). Parasites like Trypanosoma cruzi (239-241)
and Schistosoma mansoni (242, 243) also induce cachexia in mice, and Leishmania infection
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causes cachexia in Syrian hamsters (244). Many of these parasites also induce cachexia in
human patients. However, T. gondii relies on rodents as critical intermediate hosts, as they are
natural prey of its definitive felid host (245). T. gondii has a well-known association with
dampened fear responses to feline urine in laboratory rodents, postulated to be a strategy of
the parasite to return to a cat (110, 246, 247). It begs the question of whether or not activation
of well-conserved cachexia induction pathways during 1. gondii infection is another
evolutionary adaptation of T. gondii to enhance transmission to a felid host. Mice with 1. gondii-
induced cachexia are smaller, less active (Fig. 5.5A) and weaker (56) than uninfected
counterparts, all of which could render them less able to escape predation by a cat.

There are a number of ways to experimentally address this hypothesis. One way to test
it T. gondii-induced cachexia enhances the loss of aversion behavior in mice would be to
perform behavioral assays testing general fear responses (such as the open field test), as well
as specific fear responses to the smell of cat urine using IL-1R”" mice versus wildtype mice.
This approach would uncouple which aspects of the reduced aversion phenotype are due to
infection, and which (if any) are due to cachexia, with the expected outcome being that
cachectic mice would spend more time near cat urine and/or in the open field when compared
to non-cachectic mice with the same parasite burden.

For the studies presented in this thesis, the infectious dose of T. gondii cysts was titrated
to produce a robust wasting phenotype in our inbred mice while minimizing mortality. It is
currently unknown how widespread T. gondi-induced cachexia is within strains of inbred
laboratory mice, although Swiss Webster mice (54) and CBA /] mice also develop cachexia in
response to 1. gondii infection, while BALB/c mice do not (53). BALB/c mice express a
protective H-2D" haplotype that presents an immunodominant T. gondii antigen (GRAG),
leading to stronger T cell responses and more effective parasite clearance compared to CBA/J
and C57BL/6 mice (27), so whether protection from cachexia is due to innate differences in
pathways related to cachexia initiation or differences in parasite restriction is unclear. It is also
unknown whether wild mice develop cachexia in response to the level of dosing (and the strain
of parasite) they’d be likely to encounter in nature. As 1. gondii studies in wild-derived mice are
becoming more common (16), monitoring cachexia in these mice infected with T. gondii would
be a compelling way to understand the parasite’s long evolutionary history with a significant
intermediate host like mice.

How does chronic 7. gondii-induced cachexia cause disruptions in lipid
metabolism?

Although cachexia is primarily a disease of muscle wasting, adipose tissue homeostasis
is becoming a subject of interest in cachexia research. Fat wasting typically precedes muscle
loss in both clinical and experimental cachexia (192, 248), and both decreased fat mass and
low circulating phospholipids predict mortality in advanced cancer patients (249). While
cachexia-associated anorexia is partially responsible for loss of adipose tissue, the prevailing
hypothesis is that lipolysis, or the breakdown of lipids into fatty acids and glycerol, is the
primary driver of adipose tissue loss in cachectic subjects (250). In vivo lipolysis (measured by
normalizing circulating concentrations of fatty acids and glycerol to total amount of body fat)
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was significantly increased in cachectic patients with gastrointestinal cancer compared to
disease-matched weight stable controls. Additionally, mature primary adipocytes from
cachectic patients had significantly higher rates of lipolysis when stimulated ex vivo with
noradrenaline or natriuretic peptide compared to adipocytes from non-cachectic controls,
suggesting that lipolysis may be hyperactivated during cachexia (251).

Adipose tissue is an important energy reservoir and a major regulator of glucose
utilization and secretion of adipokines like leptin and adiponectin. When circulating glucose is
low, adipocytes release fatty acids into the circulation as fuel for skeletal muscle and other
organs (252). Thus, the rapid loss of adipose tissue should lead to widespread defects in lipid
and glucose homeostasis. In addition, lipolysis could be directly promoting muscle wasting.
Genetic ablation of adipose triglyceride lipase (ATGL), the enzyme that catalyzes the first step
in lipolysis, has been shown to rescue muscle wasting in Lewis lung carcinoma and B16
melanoma cachexia models (192), suggesting that excessive lipolysis during acute cachexia
promotes muscle wasting. Although the precise mechanisms are unclear, one hypothesis is
that adipose tissue wasting liberates fatty acids as substrate for the muscle to perform beta-
oxidation. Reactive oxygen species generated by beta-oxidation can activate the p38 MAPK
pathway, which regulates catabolic signaling in skeletal muscle (253). Notably, blockade of
beta-oxidation prevents muscle wasting in vitro and in vivo, suggesting a direct means by
which lipolysis could lead to muscle wasting (254).

Based on the sustained visceral white adipose tissue wasting observed during 1. gondii-
induced cachexia, as well as T. gondii’s well-characterized reliance on host lipid scavenging, we
hypothesized that lipolysis was a major component of 1. gondii-induced cachexia. To test
whether blocking lipolysis could prevent muscle wasting in our model, mice were treated with
atglistatin (a pharmacological inhibitor of ATGL) during either acute or chronic infection.
Mice treated with atglistatin during acute infection were protected from acute weight loss and
maintained weight comparable to uninfected mice for the duration of the experiment (Fig.
6.1A); however, assessment of parasite burden at chronic infection revealed that the early
atglistatin treatment had largely cleared the parasite (Fig. 6.1B). Shortly after this experiment
was performed, the observation that atglistatin inhibits T. gondii growth in vitro was published
by another group (62). Based on these observations, it was considered unlikely that we’d be
able to experimentally block cachexia-related lipolysis without the intervention having off-
target effects on parasite growth.

To test whether there was systemic dysregulation in lipid metabolism, sera was
collected from infected and uninfected mice at seven weeks post-infection and was sent for
untargeted lipidomic analysis by CSH-QTOF MS/MS that screened for 550 identified lipid
species. Infected mice had substantial dysregulation in a number of lipid species. Notably, fatty
acyls were significantly decreased in cachectic mice relative to healthy mice (Fig. 6.2A-B). An
increase in lipolysis should lead to elevated, not decreased, circulating fatty acyls. Of the few
lipid species that were significantly elevated in the circulation of T. gondi-infected mice, most
of these were sphingolipids, which are important lipid mediators of inflammation These data,
in conjunction with the western blots in Fig. 5.6 showing that levels of lipolysis-related
enzymes are not chronically elevated in adipose tissue, muscle, or the liver of cachectic mice,
suggest that the sustained dysregulation of lipid metabolism in cachectic mice is likely not due
to increased lipolysis.
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Nevertheless, the circulating lipidomics data and sustained vWA'T wasting still indicate
that there is altered lipid metabolism in mice with T. gondii-induced cachexia. In addition to
fatty acyls being decreased, there was also a substantial decrease in many glycerophospholipid
species, particularly glycerophosphocholines, consistent with other published metabolomics
data during T. gondii infection (50). Glycerophospholipids are the main component of cell
membranes (255) and glycerophosphocholines are precursors to phosphatidylcholine. Liver
phosphatidylcholine is essential for exporting triglycerides into the circulation (in the form of
VLDL), as well as for bile secretion (52). Given the liver fibrosis described in Chapter 5 and
the sustained metabolic dysregulation that could result from liver dysfunction, it is possible
that low circulating glycerophosphocholines are poised upstream of a number of the metabolic
phenotypes we have obsetved. Ob/ob mice fed a choline-deficient diet had significantly less
fat and decreased plasma glucose than ob/ob mice fed standard chow (256), suggesting that
dietary cholines are necessary for fat storage and regulation of glucose homeostasis. One way
to test whether choline deficiency is similarly upstream of these phenomena in our cachectic
mice (who have significantly less fat and lower blood glucose) is to supplement with extra
dietary choline and measure changes in fat accumulation and blood glucose levels.

To determine more broadly if supplementation of excess fat in the diet was sufficient
to rescue fat and/or muscle wasting, mice were infected with 1. gondii and then shifted to a
high fat diet (HFD, 45% kcal fat) at four weeks post-infection. While uninfected mice were
able to quickly gain fat after five weeks on the HFD, cachectic mice did not (Fig. 6.3A-B).
Cachectic mice were still unable to gain weight, even the experiment was extended to fourteen
weeks post-infection. (Fig. 6.3 C-D). To determine if the defect in weight gain was due to an
inability to absorb fats, total lipids in the stool were measured. Cachectic mice on normal
chow shed significantly more lipids than diet-matched uninfected mice, and this increased
shedding was exacerbated in HFD-fed cachectic mice, confirming a defect in lipid absorption
at the level of the gut (Fig. 6.3F).

Additionally, HFD-fed cachectic mice developed greasy fur within one day of the diet
shift, suggesting impairments in lipid localization and/or utilization duting cachexia (Fig.
6.3E). Future experiments will be necessary to determine 1) where defects in fat storage and
localization are occurring, and 2) whether targeting it will improve overall cachexia outcomes.
A possible explanation for the fat storage defect could be that mRNA levels of the
transcription factor PPAR-y were significantly downregulated in the vWAT and scWAT of
cachectic mice at 17 weeks post-infection (Fig. 6.3G). PPAR-y is a master regulator of
adipogenesis and lipid storage, and PPAR-y”" mice cannot store fat while on a high fat diet
(257). PPAR-y agonism may be a compelling target in the future for rescuing lipid
dysregulation in mice with T. gondii-induced cachexia

To test whether IL-1R signaling during chronic cachexia was contributing to the
inability of cachectic mice to absorb and/or store fat, wildtype or IL-IR”" mice were i.p.
infected with 10 Me49 cysts and monitored for nine weeks. At four weeks post-infection, half
of the mice from each genotype were shifted to a HFD, while half remained on control chow.
By nine weeks post-infection, infected IL-IR”" mice on the high-fat diet had gained
significantly more fat than IL-1R”" mice on the regular chow diet, while wildtype mice on the
HFD remained the same weight as their normal chow counterparts, as observed previously
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(Fig. 6.4A). Mice of both genotypes on the HFD had significantly greater vWAT mass than
normal chow mice, although only I1.-1R”" mice had significantly greater scWA'T mass with the
HFD. Neither genotype had significant changes in muscle mass on the HFD (Fig. 6.4B).
Levels of fecal lipids were comparable between wildtype and IL-1R " mice on the high fat diet,
suggesting that IL-1 driven component of the fat storage defect was not occurring at the level
of intestinal absorption (Fig. 6.4C). Additionally, this finding suggests that defects in fat
absorption are insufficient to fully explain the inability to wildtype mice to store fat, as both
wildtype and I-1R”" mice shed comparable levels of lipids, but the only the IL.-1R”" mice
were able to gain significant fat stores in both fat depots. When chronic parasite burden in
the brain was measured, there were significantly fewer T. gondii cysts in the brains of HFD-fed
IL-1R”" mice compared to HFD-fed wildtype mice (Fig. 6.4D), confounding our
interpretations of the data. It is not clear from this experiment if the IL.-1R”" mice were able
to gain more fat because they are protected from IL-1R driven signaling cascades preventing
fat storage, or because they were benefitting from having a lower parasite burden (eg, lower
systemic inflaimmation). Additional experiments will be necessary to determine the
contribution of IL-1R signaling to lipid metabolism during T. gondii-induced cachexia, as well
as to test if excessive lipid availability leads to parasite toxicity. Integrating data of other
significantly changed metabolites from the sera of mice at seven weeks post-infection may lead
to a more thorough understanding of how defects in fat metabolism may be affecting nutrient
utilization on a broader scale (Table 6.1).

Is IL-1o or IL-1P primarily tesponsible for acute disease tolerance?

Because IL-1o and IL-1f both signal through IL-1R, an important question is whether
the acute IL-1R-mediated disease tolerance observed in the liver and vWAT is primarily
mediated by IL-1a, IL-1p, or both. Although both IL-1 isoforms ate able to initiate the same
signaling cascade downstream of IL-1R ligation, there could be differences in binding affinity
or recruitment of unknown accessory proteins. Additionally, because IL-la is canonically

released downstream of cell damage and death and IL-1B is teleased downstream of
inflaimmasome activation, each cytokine may be accompanied by a different milieu of
cofactors that would stimulate a different response (inflammation versus tolerance, for
example). A more thorough understanding of the kind of cell death occurring in both the
vWAT and the liver will help reveal whether IL-1a or IL-1P (ot both) are predominantly
released during acute T. gondii infection. A major caveat to measuring IL-1a or IL-1f in whole
cell lysate by ELISA is that this technique does not distinguish between released cytokine and
cytokine that was still inside cells at the time of lysis, nor does it distinguish between cleaved
and uncleaved forms. Western blot for IL-1f distinguishes between cleaved and uncleaved
forms of the cytokine (only the cleaved form is bioactive and cleavage is thought to be required
for release). While IL-1a can be cleaved, it is also released and capable of binding to IL-1R in
its uncleaved form (258), so western blotting may be less informative.

Since IL-1B is released downstream of inflaimmasome activation, ASC speck
formation in the liver and vWAT was assessed in Chapter 4 as a marker for inflammasome
activation and (potentially) precursor of pyroptosis. ASC specks were apparent in the vVIWAT
but not in the liver at two weeks post-infection, suggesting inflammasome activation may be
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a major driver of IL-1 release in vWAT but not the liver at this time point. (It is possible that
looking in the liver two weeks post-infection is missing an earlier window of inflammasome
activation. This could be addressed by looking at ASC speck formation at one week post-
infection). A more sensitive tool to confirm ASC visualization is using ASC-citrine mice, which
express ASC fused to citrine so that speck formation can be visualized directly (without
antibody staining) (259). Western blots showing cleavage of caspase-1 and gasdermin D would
strengthen the hypothesis that IL-1f is released downstream of pyroptosis in the vWAT at
two weeks post-infection. Distinguishing what kind of cell death could be leading to IL-Ta
release is more complicated, although tissues were histologically/pathologically scored for
necrosis, and IHC of cleaved caspase-3 was used as a proxy for caspase-3 mediated cell death
in Chapter 4. Annexin V staining and western blot of cleaved caspase-3 are additional ways
to characterize whether there is likely to be significant amounts of apoptosis, and blotting or
staining for MLKL is likely to reveal whether there is necroptosis, which is thought to be an
important source of IL-1a release (260, 261).

In addition to determining what kind of cell death is leading to the release of IL-Ta
and/or IL-1P in peripheral tissues during acute T. gondii infection, it is also important to
understand what cell death pathways IL-1R signaling is targeting to effect its role in disease
tolerance. One way to test this on a gross level would be to culture primary adipocytes or
hepatocytes, infect the cells with T. gondii, treat with IL-1o and/or IL-1 or media alone, and
then measure changes in cell viability using LDH release or ATP levels as a readout. If IL-1
treatment significantly improves viability, western blotting for proteins that moderate critical
junctions of cell death pathways would be one way to understand where IL-1R is acting. There
are a few caveats to this approach. One is that it assumes that the tissue damage in acute vWAT
and liver is caused directly by the parasite, instead of it resulting from bystander damage
downstream of immune infiltration or being secondary to damage in other tissues. For
example, the necrotic lesions seen in the fat are characteristic of what has been observed during
acute pancreatitis, when pancreatic lipases are released into the circulation and begin digesting
fat tissue (262). A different approach could be to stimulate various cell death pathways with
known ligands and test whether addition of IL-1o or IL-1f inhibits cell death. Itis currently
unclear if IL-1R is mediating disease tolerance through cell-intrinsic or cell-extrinsic
mechanisms, so another caveat with this reductionist approach is that it does not account for
cross-talk between parenchymal cells and stromal cells within the liver and vWAT. For
example, dying parenchymal cells may release IL-1a that acts on IL-1R on stromal cells, leading
to release of pro-survival factors and/or tissue remodeling that limits cell death. A co-culture
model of parenchymal cells and fibroblasts may mitigate this issue.

A way to test the respective roles of the IL-1 isoforms in disease tolerance during acute
T. gondii infection in vivo is to infect IL-1a’" or IL-1B”" mice, harvest tissues during acute
infection, and quantify the degree of adipose tissue necrosis, and caspase-3 cleavage in the
liver (using IL-1R”" mice as positive controls of exacerbated pathology). Weight loss curves
shown in Chapter 4 indicate that IL-1o/ mice lose significantly less weight than wildtype mice
by three weeks post-infection, whereas IL-1B7 lose comparable amounts of weight to wildtype
mice, suggesting that I-la”" may be regulating the initial drop in weight during acute
infection. A preliminary experiment with acutely infected I1.-1B” mice revealed that these mice
did not have necrotic lesions in the adipose tissue (suggesting that IL-1a may be the primary
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driver of disease tolerance in the vWAT); however, additional experiments with the proper
controls are necessary to conclude this for certain. Because there may be different forms of
cell death occurring in the liver and adipose tissue, it is possible that each isoform will have a
dominant effect in only one of the tissues assessed. Additionally, IL.-1Ra, which is also elevated
in acute vWAT and liver, has been recently shown to directly bind to and significantly reduce
the activity of caspase 8 and caspase 9, thus preventing certain forms of cell death (263). This

finding raises the question of whether IL-1a or IL-13 could be having effects independently
of IL-1R signaling, and these questions should be considered when using IL.-1o”"and IL-13"
mice.

When and where is IL-1R signaling required to cause cachexia?

Upon noticing the robust protection from chronic cachexia in IL-1R”" mice, two of
our biggest questions were when and where IL-1R signaling was occurring to promote
cachexia. One hypothesis is that IL-1R signaling during acute infection is sufficient to trigger
long-term inflammatory/metabolic rewiring that drives chronic cachexia. Another (not
mutually exclusive) hypothesis is that chronic IL-1R signaling is necessary for cachexia. To
test both of these hypotheses, T. gondi-infected mice were treated daily with 50 mg/kg
recombinant IL-1Ra (anakinra) i.p. during multiple timepoints during either acute or chronic
infection. None of these interventions improved the cachexia phenotype (Fig. 6.5A-C),
although the failure of injected anakinra to phenocopy the IL-1R”" could have been due to
anakinra’s short half-life or because the concentration in circulation was insufficient to block
high local concentrations of IL-1o/IL-1P in tissues. A more refined way to test the temporal
requirement for IL.-1R signaling would be to cross an IL-1R"" mouse with a mouse having an
inducible Cre recombinase so IL-1R could be genetically deleted during either acute or chronic
infection and test effects on cachexia could be monitored. A major caveat to using a
tamoxifen-inducible Cre mouse is that tamoxifen has been shown to be hepatotoxic in mice
(264), and this hepatotoxicity could confound effects of liver damage caused by the
patasite/the immune system. Nevertheless, understanding the kinetics of when IL-1R
signaling is necessary for causing cachexia is important for clinical considerations of
intervention. For example, if acute IL-1R signaling is sufficient to cause permanent metabolic
rewiring, pharmacologically blocking IL-1R signaling during advanced cachexia is unlikely to
be effective.

Another key question is where IL-1R is signaling occurring to promote cachexia and
fibrosis. While delivering drugs to inhibit IT-1R signaling in a specific cell type may be unlikely
at this point, understanding the downstream effects of IL-1R signaling may lead to
identification of other potential therapeutic targets. IL-1o and IL-1P are elevated in the
citculation (Fig. 5.1H), in the liver (Fig. 4.5B) and the vWAT (IL-1B only, Fig. 4.5A) of
acutely infected mice, indicating multiple biological compartments within which acute IL-1R
signaling could be occurring to induce long-lasting effects. Additionally, IL-1a is chronically
elevated in the brain (Fig. 4.9B), liver (Fig. 4.9B), and the circulation (Fig. 4.9A & Fig. 5.8B).
IL-1R was difficult to detect by immunofluorescence, although it has been shown to be
expressed on brain endothelial cells (265). Transcript levels of II.-7R are detectable in the
spleen, vWAT, quad, and brain during both acute and chronic infection (Fig. 6.6A-B),
although additional characterization is necessary to define which cell types within these tissues
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are the dominant IL-1R expressers. One way to test where IL-1R signaling is occurring to
drive cachexia is by making tissue-specific IL-1R knockout mice by crossing an IL-1R""
mouse with a mouse driving Cre on a variety of tissue-specific promoters, including E-
cadherin (endothelial cells), albumin (hepatocytes), adiponectin (adipocytes), L-retinol
acetyltransferase (LRAT, hepatic stellate cells), etc. This approach may help determine which
aspects of IL-1R-dependent cachexia are dependent on certain cell types (IL-1R on fibroblasts
may be driving fibrosis, but IL-1R on adipocytes may be changing fat metabolism, etc.). Failure
to see one of the cell-specific IL-1R knockouts phenocopy the whole-body knockout would
likely be indicative that IL-1R-driven cachexia requires integration from IL-1R signaling on
multiple different cell types.

To address whether IL-1R induced fibrosis is upstream of muscle wasting, one
approach would be to cross an IL-1R"" mouse with a mouse driving Cre recombinase on the
a-SMA promoter, thus allowing deletion of IL-1R in any cells expressing a-SMA (presumably
all activated myofibroblasts and smooth muscle cells). If these mice were infected and taken
out to chronic infection, degree of cachexia (by muscle wasting, fat wasting, circulating
inflammation), as well as degree of fibrosis (by picrosirius red) could be assessed. If IL-1R-
driven fibrosis causes cachexia, the mice with both the IL-1R"* and the «-SMA Cre would
have reduced fibrosis and would be at least partially protected from cachexia. The caveat with
this experimental setup is that IL-1R would only be deleted after o-SMA was expressed (after
myofibroblast activation), meaning that we would be potentially missing the chance to block
IL-1R in during the initiation of the fibrotic response. A more refined (and tissue specific)
approach would be to drive the Cre on a promoter for tissue specific myofibroblast precursors.
Although o-SMA expression is a nearly ubiquitous marker of activated myofibroblasts,
myofibroblast precursors are an extraordinarily heterogenous population (266). Almost every
tissue has its own precursor cell type (these are often stromal cells that play homeostatic roles
during quiescence). Driving the Cre on a protein expressed during quiescence and activation
would allow us to target the IL-1R-driven myofibroblast response to a particular tissue and
would not need to rely on activation of the myofibroblast to precede the IL-1R deletion. This
experimental approach would enable us to target IL-1R driven fibrosis in multiple tissues and
discern how fibrosis in each of those tissues was affecting systemic metabolism and muscle
wasting.

How does IL-1R cause cachexia?

IL-1e and IL-1PB are pleiotropic cytokines that influence inflaimmation, lipid
metabolism, glucose metabolism, eating behavior, nutrient regulation, and fibrosis, among
other pathways. Because T. gondii-induced cachexia is controlled by a signaling axis that has a
such a broad range of effects, it would not be surprising if IL-1R signaling were acting through
many of these pathways to promote metabolic dysregulation; however, isolating which (if any)
of these pathways are having dominant effects on the cachexia phenotype is important to
understanding the utility of IL-1R blockade as a potential therapeutic strategy in the clinic.

Gut-derived IL-1f signals through the afferent vagus nerve during Sa/nonella infection,
causing anorexia and reduced ability to tolerate infection (123), and petipheral IL-1 has long
been known to signal through the afferent vagus to affect such processes as fever induction
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(267) and anorexia (123). Additionally, efferent vagal signaling can control satiety and secretion
of pancreatic enzymes and bile acids (268), suggesting multiple ways vagal signaling could be
promoting cachexia. The afferent vagus nerve connects the microbiota-gut-brain axis, and is
able to sense nutrients, bacterial metabolite flux, and PAMPs in the gut, sending messages to
the brain that can then signal through the efferent vagus to regulate gut motility, cholinergic
signaling, and the inflammatory reflex (269, 270). To determine if retrograde IL-1R signaling
through the vagus nerve was a responsible for cachexia, we hypothesized that surgically
vagotomized mice would be protected from cachexia, either through modulation of eating
behavior or through controlling metabolism. Although chronically cachectic mice do not
remain anorexic (Fig. 5.1D), we wondered if preventing the initial drop in weight during acute
infection due to anorexia would improve chronic recovery and/or that peripheral IL-1 could
be signaling through the vagus nerve to control other nutrient-utilization pathways,
independently of eating behavior. Mice who had received a surgical hepatic vagotomy or mice
who had received sham surgery were i.p. infected with 10 Me49glLuc cysts and monitored daily
for changes in weight and food consumption. There was considerable mortality in the sham-
operated group during the acute infection (Fig. 6.7A), which makes it hard to draw
conclusions from these data, although it does raise the interesting question of whether afferent
vagal signaling is affecting survival by playing some sort of detrimental role in parasite
restriction (by modulating inflammatory tone) or inhibiting disease tolerance. Additional
experiments with greater numbers of mice will be necessary to determine whether vagotomy
significantly improves survival during acute T. gondii infection. Importantly, there was no
difference in eating behavior in acute or chronic infection between the groups (Fig. 6.7B).
However, since infected IL-1R " mice consume the same amount of chow per gram as infected
wildtype mice (Chapter 4) and are protected from cachexia, sustained anorexia is likely not
the way IL-1R is mediating cachexia. To determine if vagal signaling was controlling nutrient
usage and/or metabolism such that it could be promoting loss of muscle or fat, total change
in body weight and body composition was measured. However, vagotomized mice were not
protected from overall weight loss, or from fat or muscle wasting, (Fig. 6.7C-D) suggesting
that signaling through the afferent vagus nerve is not a major mechanism of 1. gondii-induced
cachexia. Although there may not have been much IL-1R signaling in the gut during i.p.
infection, it is important to note that a hepatic vagotomy dennervates several other critical
organs, including the pancreas, distal stomach, and the liver, where high chronic IL-1 has been
observed (123).

Because the vagus can sense changes in bacterial metabolites, it would be interesting
to return to the oral model of T. gondii infection to test whether the afferent vagus responds
to the sustained microbial dysbiosis that results from oral T. gondii infection to affect cachexia
in any way. Overall, though, these data lead us to conclude that peripheral IL-1R signaling
through the afferent vagus nerve was likely not the major pathway driving 1. gondii-induced
cachexia.

Concluding Remarks

The initial goal of this project was to understand the nature of the chronic wasting in
mice infected with T. gondii. Through careful characterization, we have defined this wasting as
cachexia, a devastating and deadly clinical disease characterized by significant muscle and
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adipose tissue wasting and elevated circulating inflaimmatory cytokines. In the course of
developing this model, we realized that the role of IL-1R signaling during acute and chronic
T. gondii infection has not been clearly established in the literature. Unlike other innate
cytokines like IT.-6, IL-12, TNF-a, and IFN-y, we found that IL-1R signaling is not required
to restrict parasite burden during either acute or chronic infection. Interestingly, we found that
IL-1R promotes disease tolerance during acute T. gondii infection, mitigating cell death in the
adipose tissue and liver during acute infection without affecting parasite burden. Importantly,
in the long term, IL.-1R”" mice are protected from T. gondii-induced cachexia, suggesting that
while acute IL-1R signaling is protective, chronic IL-1R signaling becomes pathogenic (Figure
6.8).. Most mechanisms of disease tolerance have been identified in the context of acute, self-
resolving infections, and have not been studied during longer-term insults. Our observations
bear the important implication that although disease tolerance mechanisms may be beneficial
during acute infection, chronic activation of these pathways leads to pathology. As there is
increasing discussion of developing therapies targeting disease tolerance pathways instead of
pathogen restriction pathways in the clinic, our findings caution against excessive activation
of disease tolerance mechanisms, especially in the setting of chronic disease.

The longevity of our T. gondii model revealed that T. gomdii-induced cachexia is
associated with perivascular fibrosis in metabolic organs such as the vVWAT, liver, and skeletal
muscle. Although fibrosis has been observed in these tissues of patients with cachexia, to our
knowledge, this is the first time it has been observed in a mouse model of cachexia. Liver and
skeletal muscle fibrosis are dependent on intact IL-1R signaling, and may be the key to the
observation that IL-1R”" mice recover from acute cachexia while wildtype mice do not. Our
observations imply that dual therapies targeting both pro-inflammatory and pro-fibrotic
pathways may be more effective at reversing clinical cachexia than therapies targeting
inflammation alone.

While this project has answered many questions, our studies raise many more. How
does IL-1R signaling promote disease tolerance, and are these mechanisms exclusive to T.
gondii infection? Is IL-1R-induced liver and skeletal muscle fibrosis the main driver behind
sustained muscle wasting and metabolic dysregulation during 1. gondii-fibrosis? Is it conserved
in other experimental and clinical instances of cachexia? Future work addressing these
questions will provide valuable insight into the basic biology of IL-1R signaling as well as
potential therapeutic strategies for cachexia.
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Figure 6.1 Acute atglistatin administration inhibits 7. gondii growth in vivo. 10-14 week
C57Bl6/] mice were infected with 10 Me49gLuc cysts i.p. and treated with 1 mg/kg/day
atglistatin at the time points indicated. A, Weight curves showing percent of initial weight from
0-11 wpi (» = 5-2 mice per group). B, Brain cyst burden 7 weeks post-infection (wpi) (# = 4
mice per group). Data are shown as the mean = SEM. *, P < 0.05; **, P < 0.01; *** P < 0.001,

n.s., by unpaired Student’s T test.
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Figure 6.2 Cachectic mice sustain dysregulation in circulating lipid species. 10-14
week old C57BL/6] mice were intrapetitoneally infected with 10 Me49¢gluc T. gondii cysts
of the strain or mock infected with PBS. At 7 wpi, mice were retro-orbitally bled and sera
was flash-frozen sent off for untargeted analysis of complex lipids by CSH-QTOF MS/MS.
Plots represent fold change (either positive or negative) of infected mice to uninfected mice
in A, broad families of complex lipids or B, more specialized sub-classes. Volcano plots

were generated in R. #» = 7 mice per group.
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Figure 6.3 Mice with chronic 7. gondiiinfection do not gain weight on a high fat diet.
10-14 week C57Bl6/] mice were infected with 10 Me49gLuc (A-B, G) or Me49 (C-F) cysts
L.p. At 5 wpi, mice in the indicated groups were switched to a high fat diet (45% kcal fat) or
remained on standard chow ad /ibitum for the time points indicated (» = 3-5 mice per group).
Fat depots were weighed at 9 wpi (B) or 14 wpi (D). E, Experimental mice at 9 wpi, after
being on the diet for 5 weeks. F, fecal lipids from stool collected at 8 wpi (3 weeks of being
on the diet). G, qPCR for transcript levels of PPAR-p in adipose tissue at 17 wpi normalized
to AcB and presented as fold change relative to uninfected (7 = 6-9 mice per group). *P <
0.05; *£, P < 0.01; **¢, P < 0.001, n.s., by unpaired Student’s T test.
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Figure 6.4 Infected IL-1R”" mice on a high fat diet have improvements in fat storage
compared to wildtype mice. 10-14 week C57BI6/] or IL-1R”" mice were infected with 10
Me49 cysts i.p. At 4 wpi, mice in the indicated groups were switched to a high fat diet (45%
kCal fat) or remained on standard chow ad /ibitum for the time points indicated (7 = 3-5 mice
per group). B, Tissue weights of adipose tissue and skeletal muscle depots were weighed at 9
wpl. C, fecal lipids from stool collected at 9 wpi (4 weeks of being on the diet). D, Brain cyst
burden at 9 wpi *P < 0.05; **, P < 0.01; ***, P < 0.001, n.s., by unpaired Student’s T test.
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Name p-value Fold Change
pinitol 0.0344 3.4
2-deoxytetronic acid 0.0004 2.0
methylphosphate 0.0048 1.8
trehalose 0.0310 1.7
ribonic acid 0.0248 1.6
fructose 0.0004 1.4
ribitol 0.0362 1.3
phenylalanine 0.0047 1.3
oxoproline 0.0059 1.3
hydroxycarbamate NIST 0.0035 1.3
threonine 0.0119 1.2
hexuronic acid 0.0333 0.8
glycerol 0.0219 0.8
palmitoleic acid 0.0339 0.7
glycerol-3-galactoside ~ 0.0195 0.7
glucose 0.0171 0.7
succinic acid <0.0000 0.5
2-hydroxybutanoic acid 0.0177 0.5
creatinine 0.0064 0.5
2-ketoisocaproic acid  0.0004 0.4
2-hydroxyglutaric acid ~ <0.0000 0.4
sorbitol <0.0010 0.4
alpha-ketoglutarate <0.0000 0.3
malic acid <0.0000 0.3
fumaric acid <0.0000 0.3

Table 6.1 Significantly changed metabolites in the serum of cachectic mice compared
to uninfected mice. 10-14 week C57B16/] mice were infected with 10 Me49 gluc cysts i.p.
or were mock infected with PBS. At 7 wpi, mice were bled and sera was sent for untargeted
mass spectrometry (GCTOF MS). The results shown here are fold change in either direction
that was significantly (P < 0.05) different in infected mice versus uninfected. » = 7 mice per

group
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