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The enclosed dissertation lies at the intersection of three fields of study: sex differences, malaria, 

and hepatology (study of the liver). Biological sex and gender are critically important factors 

affecting health and disease throughout the human lifespan. Malaria is a deadly disease caused by 

Plasmodium parasites, a pathogen with a complex lifecycle, including a brief but critical liver 

stage. The liver is the largest solid organ in the body, and the site of complex spatial heterogeneity 

and important endocrine and immunological function. Biological sex influences the liver. As a 

sexually dimorphic organ, the liver sustains baseline differences in function, cell composition, and 

gene expression profiles on the basis of sex. And the liver niche impacts the Plasmodium parasite’s 

liver stage. As a hepatotropic pathogen, Plasmodium parasites interact within the heterogenous 

liver microenvironment in a series of host-pathogen interactions that permit survival in the face of 

innate and adaptive immune responses. However, a knowledge gap remains regarding whether 



 

biological sex impacts the liver stage of the Plasmodium parasite. Understanding this connection 

– between host biological sex, the hepatotropic Plasmodium parasite, and the liver – could uncover 

a new perspective on fundamental liver stage biology and inform the design and execution of liver-

targeting vaccines. Thus, the overall goal of this dissertation is to add sex-specific hepatotropic 

pathogen to the definition of Plasmodium parasites. Additionally, this dissertation aims to 

underscore the need for sex-informed research that transcends outdated biases, ensuring that host-

pathogen profiling and vaccines evolve to serve all people. 

 

This thesis demonstrates that Plasmodium parasites trigger a sex-specific host response, which 

holds significant implications for research and clinical interventions. Three key points will be 

demonstrated. First, humans exhibit sex-specific Plasmodium falciparum liver stage outcomes. 

Second, murine models exhibit sex-specific inflammatory and cellular responses during the rodent 

Plasmodium liver stage, which subsequently impacts parasite survival. Third, murine models also 

exhibit sex-specific protection from malaria liver stage vaccines, which is connected to the impact 

of androgens on CD8+ T cell effector mechanisms. Furthermore, we apply a three-part framework 

for understanding sex differences—encompassing the roles of sex hormones, sex chromosomes, 

and physiology—to offer a comprehensive, mechanistic view of how biological sex influences 

host responses to Plasmodium infection, with particular emphasis on the impact of sex hormones. 

 

The findings of this thesis reveal the complex impact of biological sex on liver stage immunity 

and Plasmodium liver stage outcomes. In humans, a pooled analysis across 13 Controlled Human 

Malaria Infection (CHMI) trials in malaria-naïve populations found that males are more likely to 



 

experience a delayed time to blood-stage positive parasites following challenge with Plasmodium 

falciparum compared to females. In mice, no difference in susceptibility of infection was 

identified. However, Plasmodium parasites had higher rates of survival in mice, leading to 

enhanced liver burden during later liver stage development. We spatially profile the liver stage and 

identify higher survival of infected hepatocytes in males, linking to a restricted inflammatory 

response and innate cell recruitment in male mice. Furthermore, the presence of androgens in males 

suppresses this innate immune response and alters liver stage survival. Next, this study sought to 

evaluate the impact of biological sex on Plasmodium liver stage vaccines. We discovered that male 

mice vaccinated with prime-and-trap, a whole organism-based vaccine strategy, exhibit poorer 

protection against Plasmodium sporozoite challenge than females. We investigated this sex 

difference, and identified that vaccinated male mice have fewer hepatic memory CD8+ T cells than 

females when scaling for liver biomass. We further investigated the impact of sex hormones, and 

identified that the presence of androgens did not affect memory CD8+ T cell quantity nor quality, 

but directly inhibited protective CD8+ T cell effector response during sporozoite challenge. The 

contrast in liver stage infection between mice and humans—where male mice show a higher liver 

parasite burden, whereas male humans experience an extended liver stage, suggesting a lower liver 

burden—highlights the critical role of model selection in sex difference research. Our findings 

reveal that baseline differences in cellular composition and tissue homeostasis must be accounted 

for to understand the underlying host-parasite interactions accurately. Bridging insights from 

mouse infection models to human observations remains essential. Overall, this research shows that 

sex differences in host responses significantly impact Plasmodium liver stage biology in both 

humans and mice. Sex hormones emerge as powerful modulators of these differences, shifting 

immunological baselines and influencing protection against infection in both natural-acquired and 



 

vaccine-induced immunity. This work underscores the importance of biological sex as a key 

variable in liver stage malaria studies and vaccine development. 
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When I started my thesis research, I focused on the Plasmodium liver stage vaccines in a mouse 
model, investigating the role of biological sex in modifying vaccine responses. My findings 
revealed an overlooked dimension: testosterone reduced vaccine efficacy, rendering male mice 
more susceptible to infection. As my research continued, I uncovered additional complexities in 
human immune responses to Plasmodium parasites on the basis of sex. Together, this line of 
inquiry, rooted in a deep respect for sex differences data, calls for a shift in vaccine development 
that considers both biological differences and the biases that have long shaped this field.  

Historically, vaccine research has disregarded the complexity of immune responses between sexes, 
favoring a one-size-fits-all approach skewed toward male biology. Only recently have more 
women been included in clinical trials, yet the foundational knowledge still privileges male 
immune responses. In a twist of irony, this imbalance has ultimately harmed both sexes. Females, 
studies now show, typically mount a stronger and more lasting defense against pathogens—an 
immunity advantage that could have offered insights had it not been neglected for so long. 

Through this work, I aim to underscore the need for sex-informed research that transcends outdated 
biases, ensuring that vaccines and other interventions evolve to serve all people, regardless of sex 
or gender. It is my hope that the strides I have made here reflect RBG’s commitment to advancing 
justice for everyone by strategically addressing inequities, one insight at a time. 
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Chapter 1. INTRODUCTION 
1.1 BIOLOGICAL SEX & IMMUNITY 

Biological sex and gender are among the most important factors affecting health and disease 

throughout the human lifespan1. Sex refers to biological characteristics such as chromosomes, 

reproductive organs, and sex hormones, whereas gender encompasses gender identity, 

expression, roles, and stereotypes, many of which are shaped by societal perceptions and 

behavioral norms2. Both biological sex and gender contribute to sex differences, which shape 

human health over time. Sex differences involve overlapping but shifted phenotypic traits in 

males and females, as opposed to sex dimorphism, which refers to non-overlapping phenotypic 

differences. For example, gonads and breasts are sexually dimorphic characteristics, while 

differences in disease prevalence between sexes are considered sex differential characteristics3. 

Studying sex differences is essential for advancing equitable medicine. Understanding the 

biological basis of these differences helps clarify health disparities, guides therapeutic 

interventions, and reveals novel mechanisms of pathogenesis. Although both biological sex and 

gender contribute to sex differences and subsequent health disparities in humans, this thesis will 

focus on the implications of biological sex on immunity.  

 

Biological sex is a dramatic mediator of the quality and magnitude of immune responses4. Sex 

influences immune responses to pathogens and vaccines, resulting in sex-specific outcomes. 

Generally, males are more susceptible to infection and produce reduced vaccine responses 

compared to their female counterparts, although this observation shifts across the human 

lifespan5.  Three main intrinsic factors influence sex differences: sex hormones, sex-chromosome 

linked genes, and physiology. Each of these elements play a role in shaping immune responses, 
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potentially driving sex-specific effects on both innate and adaptive immunity. In this section, we 

will explore how these three factors contribute to immune response to pathogens and vaccines, 

highlighting their general mechanisms of action. 

Sex hormones 

Sex hormones are steroid molecules derived from cholesterol that regulate a vast repertoire of 

biological functions. There are three main classes of sex hormones - progestogens, androgens, 

and estrogens6. Sex hormone production is regulated by the hypothalamic-pituitary-gonadal 

(HPG) axis, which controls androgen synthesis in the testes for males and estrogen synthesis in 

the ovaries for females7. However, peripheral tissues also have the capacity for sex hormone 

biosynthesis8,9. Notably, all sex hormones are present in both females and males. Sex hormone 

concentrations vary significantly across tissues10 and fluctuate throughout life, influenced by key 

events such as puberty, pregnancy, menopause, and aging11. 

 

Sex hormones regulate immunity through both direct and indirect mechanisms, leading to 

differences in immune cell production, maintenance, and function3,4. Directly, sex hormones 

interact with nuclear hormone receptors—such as the androgen receptor (AR) and estrogen 

receptor (ER)—present in immune cells. These ligand-bound receptors bind to hormone response 

elements (HREs) in the promoters of target genes, thereby regulating gene expression12,13. 

Additionally, sex hormones can modulate gene expression through non-genomic pathways14. 

Indirectly, sex hormones influence the microenvironment surrounding non-immune cells, 

altering the signals received by innate and adaptive immune cells during activation and 

development15,16. 
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Testosterone and estrogen exert distinct effects on the immune system. Numerous studies in both 

humans and mice have demonstrated that testosterone generally has anti-inflammatory effects, 

which may contribute to the reduced immune responses in males to infections and 

vaccinations4,14. Estrogen's effects, however, are more nuanced and depend on factors such as the 

form of estrogen, its concentration, biological sex, and the cell type involved. In general, low 

levels of estradiol (a form of estrogen) enhance pro-inflammatory responses in both humans and 

mice, while supraphysiological levels suppress inflammation17. Klein et al. provide an in-depth 

review of how sex hormones influence various immune cell types4. An in-depth review of the 

impact of sex hormones on T cells will be discussed in Chapter 1.6. A common starting point 

for studying the impact of sex hormones on human health is by comparing immune responses 

before and after puberty, when sex hormone levels rise significantly14. Although pubertal onset 

involves other non-hormone related changes, comparing adolescents to adults is still one 

common indicator of the impact of sex hormones on immune responses. 

Sex chromosomes 

Sex chromosomes drive sex differences through gene dosage with males (XY) and females (XX) 

having distinct sets of X- and Y-linked genes3-5. The human X chromosome contains over 1400 

genes, while the Y chromosome has over 200 genes18. To balance X-linked gene expression and 

prevent a harmful double dose of proteins, females undergo X-chromosome inactivation (XCI), 

randomly silencing one X chromosome in each cell. Some X-linked genes escape this process 

with mechanisms involving inactivation, disrupted maintenance of X inactivation, and XCI 

skewing19. The influence of sex-linked genes plays a significant role in biological sex 

differences, especially in immune responses and susceptibility to disease. 
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Many genes on the X chromosome regulate immune function and play an important role in 

modulating sex differences in the development of immune-related disease. These genes code for 

proteins ranging from Pattern Recognition Receptors (PRRs) to cytokine receptors and 

transcriptional factors20. Additionally, escape from XCI-inactivation on the immune-related 

genes has been implicated in differential immune outcomes by sex21,22. The Y chromosome 

contains regulatory genes that may impact immune function, and variations within this 

chromosome can contribute to sex-specific susceptibilities to viral infections23. However, the 

specific influence of Y-linked genes on immune responses remains relatively unknown1.  

Physiology 

Physiological factors contributing to sex differences include variations in body size/mass, cell 

composition, and organ structure. Those first two factors are intrinsically linked. Males are 

generally larger in size compared to females in both humans and mice24. The impact of size 

differences is a difference in baseline level of cells. Male and females differ in cell density for 

several immune cells categories4, for example females have higher CD4+ T cells numbers and 

higher CD4/CD8 ratios compared to males25, and Treg frequencies are higher within males26. 

Additionally, sex dimorphism in reproductive organs results in divergent regulatory pathways 

and biological systems27.  For example, gonadal organs also play a role in production and 

memory response in the body, and undergo different processes by sex28. 

 

This thesis introduces a three-part framework for studying sex differences in immunity. 

However, additional factors also contribute to phenotypic sex differences in immune responses. 

Variations in epigenetics, microRNA expression, genetic architecture1, and environmental 

factors such as nutrition, stress, and microbiota can also differ between sexes and modulate 
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immune responses4,5. While these factors will not be explored here, they play an important role 

in driving sex differences in immunity.   

1.2 MALARIA 

Plasmodium parasites, the causative agent of malaria, are unicellular eukaryotes that are 

transmitted to people through the bites of mosquitoes. Malaria is a major global health problem 

and resulted in an estimated 249 million cases and 608,000 deaths in 202229. Around 95% of 

malaria-related deaths happen in Sub-Saharan Africa, with 76% of these fatalities occurring in 

children under the age of five29.  

Moreover, the social and global health effects of the malaria burden are significant and enduring, 

as a 10% decrease in malaria cases was associated with a 1.8–1.9% increase in GDP per capita 

between 2000 and 201730. Reducing the social, global health, and economic impacts of malaria 

remains a high priority for the World Health Organization (WHO), with a focus on prevention, 

treatment, and ultimately, the elimination of the disease31. To achieve this, innovative new 

approaches that are grounded in the unique lifecycle and biology of the Plasmodium parasite are 

necessary.  

Plasmodium parasite lifecycle 

While there are over 200 species of Plasmodium that infect vertebrates and insects, two species, 

P. falciparum (Pf) and P. vivax (Pv), are responsible for most malarial morbidity and mortality in 

humans worldwide32. Rodent Plasmodium parasites are widely used as surrogates to study 

infection and therapeutics. The three primary species employed in murine systems are P. berghei 

(Pb), P. chabaudi (Pc), and P. yoelii (Py)33. In both human and murine hosts, Plasmodium 

parasites undergo a complex lifecycle (Figure 1.1). In brief, the cycle begins with a bite of a 
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mosquito carrying infectious sporozoites (spz). Spz migrate from the dermis to the bloodstream 

and are transported to the liver where they invade hepatocytes34. During this liver stage 

(discussed more in depth in Chapter 1.5), spz replicate over 10,000-fold. This process lasts 2 

days in mice and ~6.5 days in humans33. At the conclusion of the liver stage, infected 

hepatocytes release infectious exoerythrocytic merozoites into the bloodstream, which initiates 

the disease-causing phase of Plasmodium infection and eventually enables transmission to 

mosquitoes35.  

Malaria vaccines 

Preventative measures are a core strategy in combating the global malaria burden29. These 

measures broadly include vector control, antimalarial chemotherapies, insecticide-treated bed 

nets36, monoclonal antibody therapies37, and vaccines. While all are vital tools in the fight 

against malaria, this section focuses on recent advances in malaria vaccines. Vaccines are 

designed to enhance natural immunity and provide additional protection against malaria38,39. 

Given the complex lifecycle of Plasmodium, malaria vaccines fall into three categories: 

infection-blocking, disease-blocking, and transmission-blocking. Although vaccines can target 

any stage of the parasite's lifecycle, the most advanced efforts have focused on the pre-

erythrocytic (PE) stages, leading to potential prevention of disease and downstream 

transmission40 (Figure 1.1). 
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Figure 1.1. Schematic of the Plasmodium lifecycle as a target for vaccines. Created with 
BioRender.com. 

 
The two most clinically advanced malaria vaccines are RTS,S/AS0141,42 and R21/Matrix-M43. 

Both vaccines induce humoral responses that can block spz invasion of the liver. These vaccines 

completed phase 3 clinical trials and received WHO recommendations for pediatric use in 

malaria-endemic regions44. RTS,S has shown a 35% reduction in severe malaria cases45, while 

R21/Matrix-M demonstrated 75% efficacy over one year46. Although both vaccines induce 

strong immune responses, their efficacy wanes quickly over time – their net benefit may be 

limited to preventing severe malaria rather than completely eliminating infection or stopping 

transmission38. Thus, at this time, the primary goal for many developers of next-generation 

malaria vaccines is to achieve durable, sterilizing immunity that exceeds that of RTS,S/AS01 and 

R21/Matrix-M.  

Malaria liver stage vaccines 

The liver stage is a promising target for next-generation vaccines because this stage naturally has 

a small number of parasites that are vulnerable to T cell-mediated killing of infected hepatocytes 

prior to further replication47. If development of the parasite in the liver is completely stopped, 

there is no blood stage infection, no clinical disease, and no onward transmission. One promising 
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liver stage vaccine is the PfSPZ vaccine, based on an attenuated whole sporozoite strategy, 

described in detail more in Chapter 1.640. In brief, PfSPZ aims to provide long-lasting 

protection by leveraging the unique biology of Plasmodium parasites in the liver during both 

primary infection and post-vaccination reinfection (secondary infection). Clinical trials with 

PfSPZ have demonstrated potential for complete sterile protection in adults, with efficacy rates 

ranging from 50% to 100%, depending on participant demographics48. Despite decades of 

research into the Plasmodium parasites’ hepatotropic properties, the complex role of the liver 

microenvironment in shaping the vaccine outcomes remains under investigation. This 

environment is essential for the parasite's survival and function, and studying it may yield 

insights into both natural Plasmodium biology (addressed more in Chapter 1.5) and potential 

vaccine strategies (addressed more in Chapter 1.6). The first step in understanding these effects 

is to examine the liver in its steady state, as this foundational knowledge could inform future 

vaccine design and implementation. 

 

 

Figure 1.2: A framework of the types of the Plasmodium parasite's liver interaction that may 
be influenced by biological sex. Created with BioRender.com. 
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1.3 THE LIVER AT STEADY STATE 

At steady state, the liver maintains a unique microenvironment, made distinct by its architecture, 

function, and immunogenic properties.  

Liver architecture 

The liver is the largest internal organ in the body. While the architecture of the liver differs 

between mice and men, both share the same basic structural unit: hepatic lobules comprised of 

layers of hepatocytes arranged around a central vein49 (Figure 1.3). As the major organ stroma, 

hepatocytes comprise up to 80% of the total volume of the liver50. Hepatocytes radiate from the 

central vein, forming a hexagon shape. Branched to the corners is the portal triad, which is 

composed of the portal vein (supplies oxygenated blood), hepatic artery (carries blood rich in 

nutrients), and bile duct (collects bile products). The hepatic sinusoids are liver microvessels that 

facilitate mixing of blood from the portal triad before draining to the central vein, and 

recirculating to the heart51. The hepatic sinusoid contains three main cells types: 1) liver sinusoid 

endothelial cells (LSECs), which constitute the walls of microvessels; 2) hepatic stellate cells 

(HSCs), which regulate microvasculature and synthesize the extracellular matrix; and 3) Kupffer 

cells (KC), which are resident macrophages51. Additionally, the liver sinusoid is a uniquely 

porous endothelial layer with slower blood flow compared to other organs. This features allows 

circulating T cells to directly interact with hepatocytes, bypassing the need to extravasate to 

eliminate cells52. This unique characteristic is one reason T cells are a primary focus for malaria 

vaccine development (discussed further in Chapter 1.6). 
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Liver function  

The liver performs a plethora of vital physiological functions. Included amongst these functions 

is the breakdown of waste products and foreign substances, as well as glucose, lipid, and 

cholesterol metabolism, and blood volume regulation53. The liver is also a dynamic endocrine 

organ. It is involved with important endocrine pathways via direct roles in hormone production 

and metabolism of hormone binding proteins54. With the high vascularity of the liver, it is 

optimally placed to participate in multiple signaling pathways with other endocrine organs, 

including the pituitary, pancreas, gut, thyroid, and adrenal glands, to modulate the liver’s 

metabolic and synthetic functions54.  
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Figure 1.3: Architecture and cell composition of the liver. a. The macro structure of the liver 
lobule, which is composed of the bile duct, portal vein, central vein, and hepatic artery. b. Further 
examination depicts the nutrient flux and cellular composition of the liver sinusoids. Adapted from 
Bram et al55. Created with BioRender.com. 

Liver immunology  

The liver is a hub of immune activity. It hosts a diverse array of immune cells that contribute to 

homeostasis, tolerance, and inflammation56,57. Constantly exposed to dietary antigens and 

bacterial products, the liver must tolerate benign stimuli while maintaining surveillance for 

pathogens and malignant cells58. Its unique structure, cellular composition, and continuous 

exposure to gut-derived molecules shape a distinct microenvironment where tolerance and 

inflammation coexist. This regulated immune activity ensures that the liver remains primed to 

respond to threats, such as infections or toxic metabolic byproducts, without compromising its 

homeostatic functions56,57.  

The liver's immune complexity arises from its high density of both myeloid and lymphoid cells, 

including Kupffer cells (KC), dendritic cells (DC), neutrophils, and adaptive and innate 

lymphocytes such as T cells, natural killer (NK) and natural killer T cells (NKT). KCs, which 

make up a significant portion of the liver's non-parenchymal cells, act as primary detectors of 

microbial molecules and drivers of inflammation59. These resident macrophages, equipped with 

an array of PRRs60, play a critical role in phagocytosis, cytokine production, tissue repair, and 

regeneration59,61. DCs, including myeloid and plasmacytoid subsets, stimulate robust T-cell 

responses in the liver and liver-draining lymph nodes62, while neutrophils primarily appear in the 

liver during infection and inflammation63. 

The lymphoid compartment also contributes to liver heterogeneity. The liver is enriched in CD8+ 

T cells, memory T cells, and various innate lymphocyte populations64. These cells are crucial for 
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a productive innate and adaptive immune response in the liver47. The role of memory CD8+ T 

cells in adaptive immunity will be discussed more in Chapter 1.6. B cells are present as well, 

contributing to the liver’s immune landscape65. Beyond immune cells, non-hematopoietic cells—

hepatocytes, hepatic stellate cells, and liver sinusoidal endothelial cells—are key players in both 

local and systemic immune regulation, serving as sensors and responders to immune challenges 

through their expression of PRRs66. 

The liver's tolerogenic ability to balance inflammatory and regulatory responses is crucial for 

maintaining homeostasis, both locally and systemically58,67. KCs68 and hepatic DCs69 promote 

tolerance by producing anti-inflammatory cytokines like IL-10 and favoring regulatory T cell 

(Treg) responses. Myeloid-derived suppressor cells (MDSCs) further enhance this tolerogenic 

environment, particularly during the liver’s acute phase response70. This intricate immunological 

equilibrium allows the liver to ensure protection from harmful agents while fostering tolerance to 

non-threatening stimuli in this unique microenvironment.  

Liver is a sexually dimorphic organ 

We have examined the diverse properties of the liver microenvironment, but an essential element 

of its complexity is its sexually dimorphic nature. The liver is one of the most sexually 

dimorphic organs, with differences in function and composition between males and females in 

mice71 and humans72. This dimorphism is primarily driven by sex hormones, sex chromosomes, 

and physiology which results in two critical sex differences: 1) cell composition and 2) gene 

expression patterns in hepatocytes. The diverse liver cell types contribute significantly to sex-

specific liver functions. Under steady-state conditions, the liver exhibits sex-based differences in 

cell numbers, with hepatocytes and KCs more abundant in females than in males73. This 
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bicellular composition bias is accompanied by notable sex differences in gene expression 

profiles. Hepatocytes account for most of the observed sex-biased gene expression. In contrast, 

non-parenchymal cells—including immune cells like KC, NK cells, NKT cells, dendritic cells, T 

and B lymphocytes, and LSECs—show less baseline gene expression bias between sexes74. 

Although these immune cells exhibit subtler gene expression differences, sex-specific immune 

activities have been documented in other tissue microenvironments75. Investigating how 

variations in cell density and activity influence host-parasite interactions remains an important 

yet underexplored area. 

 

Sexual dimorphism plays an important role in sex-specific liver function and is dynamically 

linked to the endocrine system and sex hormone production. For example, the primary regulators 

of sex-biased gene expression are androgen and estrogen signaling76 and sex-dependent 

expression of growth hormone (GH)77. Thus, we will further review in-depth how the liver 

participates in most steps of steroid hormone regulation, starting from being the primary site of 

cholesterol biosynthesis78. Cholesterol translocation to the mitochondrial membrane is the first 

step of sex hormone biosynthesis within a cell (Figure 1.4)79. Following this rate limiting step, 

cholesterol is converted to pregnenolone by Cyp11a1, a member of the cytochrome P450 

superfamily (CYP) of enzymes. A cascade of enzymatic steps conducted by hydroxysteroid 

dehydrogenases (HSD) and CYP enzymes result in the generation of estrogens and androgens. 

Many of the HSD and CYP enzymes responsible for this conversion are expressed in the liver. 

Critically, the liver is a major source of expression of 5a-reductase (Srd5a), the enzyme 

responsible for converting testosterone (T) to its potent form dihydrotestosterone (DHT). 

Aromatase (Cyp19a1), the enzyme responsible for catalyzing conversion of testosterone to 
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estradiol is also expressed in the liver80. Thus, while steroid hormones are mostly synthesized by 

the gonads and adrenals, the liver tissue is another main site for metabolic conversion of 

estrogens, progesterones, and androgens. 

 

 

Figure 1.4: Schematic of hormone biosynthesis pathways in the liver and resulting 
endocrine axis. Created with BioRender.com. 

 
Sex steroid biosynthesis is intrinsically linked to other essential liver functions such as fatty acid, 

lipid, and glucose metabolism. Here we will discuss the intersections between sex hormones and 

glucose metabolism in the liver as a well-studied example of endocrine-metabolism interactions. 

Androgens for example are regulators of glucose metabolism54. In male mice, targeted deletion 

of the aromatase gene resulted in glucose and insulin intolerance81. In female mice, aromatase 
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deficiency led to impaired liver metabolism and was correlated to elevated T levels55. In 

castrated male rats blood glucose levels increase since glucose is exported out of the liver 

more82. The exact impact of sex hormones on the liver is sex-specific: high testosterone levels 

are associated with decreased risk of insulin resistance and Type II Diabetes in men, but 

increased risk in women83. This example emphasizes the importance of considering endocrine 

contributions to sexual dimorphism of metabolic diseases in the liver. 

 

In summary, the liver is a complex sexually dimorphic organ, and as a hepatotropic pathogen, 

Plasmodium is likely influenced by these sex-based differences during its liver stage (Figure 

1.2). This intersection—between biological sex, Plasmodium, and the liver—forms the 

foundation of this thesis. In the next section, we will explore current knowledge on sex 

differences induced by liver and attenuated Plasmodium parasites and other hepatotropic 

pathogens.  

1.4 SEX-BASED DIFFEERENCES IN MALARIA  

Sex-based differences in malaria 

Although malaria poses a significant global burden, there is limited information available 

regarding sex-specific differences during the Plasmodium lifecycle and malaria disease. 

Available evidence indicates that sex-linked differences exert a multifaceted influence 

throughout the human lifespan, showing distinct divergences between children and adults. This 

suggests that puberty may play a significant role in mediating these sex differences. 
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There is insufficient evidence of sex-based differences in malaria in children and infants. Several 

studies evaluated the prevalence, incidence and disease severity by sex in children. The hallmark 

Garki Project, spanning from 1969 to 1976 in the rural lowlands of Nigeria, was a longitudinal 

study that documented malaria prevalence through repeated cross-sectional surveys. In this high 

transmission setting, there was no sex difference in Pf prevalence in children prior to 5 years of 

age84. A similar study in India and Thailand on children in low-burden area also found no 

difference of prevalence and incidence of Pv and Pf85,86. An observational prospective cohort 

study in Uganda that enrolled febrile children aged 2 months to 5 years also found that there was 

no difference by sex in disease severity scores or in frequency of diagnosis of malaria87. Some 

conflicting studies have also been reported where female88,89 or male88,90–92 children were at 

greater risk of malaria. Overall, there is conflicting and insufficient evidence to suggest sex-

difference in malaria risk in children.  

 

There is sufficient evidence of sex-based differences in malaria risk in older children and adults. 

Specifically, several studies have reported male bias in malaria prevalence during adolescence 

and adulthood. Prevalence of infection (often measured by cross-sectional studies) is a reflection 

of both the number of new infections (incidence) and the duration of those infections. The Garki 

Project found that after 5 years of age, males have higher Pf malaria prevalence than females, 

and these differences were most significant in the age groups of 9 -18 years and 19 - 28 years84. 

Several other studies in low and high-burden areas found similar male biases in Pf and Pv 

prevalence88,90,93–96. There are however mixed results related to sex bias in Plasmodium 

incidence97. Some studies have also found a higher incidence of Pf or Pv malaria in male older 

children and adults85,86,91,92, while other studies have reported higher incidences in females98 or 



17 
 

observed no difference based on sex89,99. Related to disease severity, it has been found that 

females are at higher risk of presenting symptoms100. Briggs et al97 hypothesized that the reason 

older males experience higher prevalence of malaria is related to a reduced ability to clear blood-

stage infection, and females are less able to tolerate parasite without fever, leading to a higher 

probability of symptoms upon infection. Indeed, one cohort study in Uganda intensively 

followed Pf infections and modeled the rate of clearance. They found that females cleared 

asymptomatic infections at nearly twice the rate as males, after accounting for age, timing of 

infection onset, and parasite density101. For more information on epidemiological trends, find a 

thorough review in Briggs et al97. Overall, prevalence of malaria is higher in males in adult 

populations, but the same trend is not observed in infants and neonates.  

 

While the epidemiological evidence points to higher malaria burden in adolescent and adult male 

populations, these studies capture sex differences related to blood-stage infection and malaria 

disease, overlooking potential differences related to the liver stage of the Plasmodium lifecycle. 

Measuring the liver stage infection rates is difficult within the scope of available measurement 

on human populations. Perhaps the greatest evidence of sex-specific differences to liver 

infections would be observed following the liver stage in CHMI trials of naïve and exposed 

populations. We hypothesize that sex differences exist in the host response to the liver stage of 

Plasmodium, given that the liver is a highly sexually dimorphic organ and sex biases are 

documented for other hepatotropic pathogens. However, to our knowledge, no sex-specific 

studies have evaluated this in humans. Therefore, to explore known sex differences during the 

Plasmodium liver stage, animal models are essential. 
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Sex-based differences in Plasmodium murine model  

Murine models of malaria infection are most frequently employed to study mechanisms 

underlying immunity. These tools’ main benefit is their ability to provide access to the liver for 

immunological assessments. As previously discussed there are three main strains of rodent 

Plasmodium employed in studies (P. berghei, P. yoelii, and P. chabaudi) and administered to the 

inbred mouse strains, like C57BL/6 and BALB/cJ mice, or outbred mouse strains33. Sex 

differences in blood stage infection outcomes has long been observed. In studies involving the 

lethal malaria model of C57BL/6 mice challenged with P. chabaudi-infected red blood cells, 

male mice were significantly more likely to die and exhibited slower recovery than female 

mice102,103. A similar trend is found within CBA/Ca mice infected with P. berghei-infected red 

blood cells, where males exhibited slower recovery compared to a female counterpart104 and 

higher parasitemia nine days post-infection105.  

 

Further evaluation of the impact of sex hormones in malaria blood stage infection has also been 

conducted. The surgical approach of orchiectomy (ORX – removal of testes in male mice) and 

ovariectomy (OVX – removal of ovaries in female mice) to remove the major source of sex 

hormones in murine models has also been employed. Ovariectomy in females reversed sex-

specific responses to P. chabaudi infection, suggesting that estradiol and progesterone might 

influence the response to blood stage infection 102,106. Add-back studies of estradiol and 

progesterone in mice found a pro-inflammatory role during Plasmodium infection103. 

Orchiectomy in males reduced sex differences in immune response to P. chabaudi infection as 

well, suggesting a role of testosterone in mediating infection107. Indeed, administration of 

testosterone to females significantly reduced survival outcomes following blood stage 
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challenge,108 which has been linked to suppressed immune responses during Plasmodium blood 

stage infection in the liver and blood108–110. While the potential to use mice to study sex bias 

during liver stage is clear, to our knowledge this topic has never been previously studied in 

detail. While evidence regarding sex differences to Plasmodium during the liver stage is limited, 

hints of sex-based differences might exist in the literature of liver-targeting vaccines or other 

hepatotropic pathogens. 

Sex-based differences to liver stage vaccines 

Liver stage vaccines are often employed as a tool for studying the Plasmodium liver stage111. 

Sex-specific responses to vaccination are a well-documented phenomenon, with adult females 

generally producing more robust immune responses than males 1,5,112,113. Though the question 

remains, what is the impact of biological sex on liver stage vaccines? A recent meta-analysis of 

clinical trials on the attenuated sporozoite vaccine PfSPZ, found higher levels of antigen-specific 

antibodies in adult females compared to males114. However, no difference in PfSPZ vaccine 

efficacy based on sex was identified. No sex difference evaluation of the presumed mechanism 

of protection, CD8+ T cells, was included within the paper. Interestingly, since these PfSPZ 

human challenge clinical trials began in 2011, 343 adults have been vaccinated. Of those 

enrolled, 238 (69.4%) were male114. However, almost all pre-clinical studies of spz-based 

vaccines have almost exclusively relied on female mice. For example, in a review115 of 17 papers 

on spz immunization in mice, none reported using male mice, 11/17 reported using exclusively 

female mice, and 6/17 reported no sex information (Error! Reference source not found.). This 

underscores the need to consider sex as a biological variable and delineate protection 

requirements in male mice. The limited data we do have on the impact of sex on immune 

responses to liver stage malaria vaccines in mice come from a single pre-clinical study116. 
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Following repeated radiation attenuated sporozoite-based vaccination (reviewed in Chapter 1.6), 

female mice were found to have more hepatic IFN-g-producing CD8+ T cells and greater 

protection against P. berghei spz challenge than male mice. This reduced protection in males 

could be overcome by removal of testicular hormones via orchiectomy prior to vaccination116. 

Given the paucity of information about how biological sex interacts with the immune-parasite 

axis during Plasmodium liver stage infection in mice and humans, further evaluation of the basic 

biology of how male and females respond to liver stage vaccination is warranted.   

Sex-based differences in hepatotropic pathogens 

Sex-based differences in the prevalence and pathogenesis of liver-targeting diseases are 

extensively documented. In this section we will briefly review general trends is sex-bias to 

pathogen-induced hepatotropic diseases (amebiasis, schistosomiasis, and viral hepatitis) and 

other liver diseases.  

 

Amebiasis 

Amebiasis is a parasitic disease caused by Entamoeba histolytica which spreads to various 

organs, leading to significant liver tissue destruction known as amebic liver abscess. Amebiasis 

serves as a classic example of a parasitic disease that exhibits a notable sex bias towards 

males117. Over 80% of amebic liver abscess cases occur in adult men, with the disease being rare 

among children and women117,118. Testosterone has been implicated in mediating these sex 

differences, with risk increasing significantly post-puberty and gradually declining with age, 

reaching its peak in men around 40 years old118.  

 

Schistosomiasis 
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Schistosomiasis is most commonly caused by the trematodies such as Schistosoma mansoni that 

cause adnominal pain, diarrhea, blood in the stool, and liver enlargement in advanced stages119. 

Infection occurs after contact with water, linking access to water as a major confounding factor 

in epidemiologic studies on sex-related differences. For example, a study in Uganda found that 

correcting for exposure to water reduced sex-differences in infection intensity and prevalence120. 

Despite this, a study found late-stage liver fibrosis occurs predominately in adult men121. 

Additionally, schistosomiasis is more commonly diagnosed in male travelers than female 

travelers122.  

 

Viral hepatitis 

Viral hepatitis is an infection caused by nucleic acid-based viruses that causes liver inflammation 

and damage. While there are six types of viral hepatitis, hepatitis B and C (HBV and HCV) pose 

the most significant public health threat due to the persistence of chronic infection, which can 

lead to liver cirrhosis, failure or cancer123. Several meta-analyses have identified a male bias in 

hepatitis infection, with higher HCV and HBV prevalence in males compared to females124–127. 

One study further identified no gender difference in children124, implicating sex hormones in 

modulating response to chronic viral hepatitis.  

 

Other liver diseases 

Compared to adult males, human females generally experience a degree of protection against 

chronic liver fibrosis, irrespective of its cause, with lower rates of nonalcoholic fatty liver 

disease128, cirrhosis and liver transplant129, as well as a reduced risk of hepatocellular 
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carcinoma.127 Additionally, metabolic associated fatty liver disease is more common in males, 

with a loss of protection in post-menopausal females130 when hormone levels naturally deplete.  

 

Overall, there is resounding evidence of sex dimorphism of disease in the liver. Moreover, sex 

hormones have also been implicated in shaping the male response to hepatotropic pathogens and 

related diseases. Yet, this story has not been comprehensively told for Plasmodium liver stage 

infection and vaccination. In the next section, we will further describe Plasmodium liver stage 

infection and discuss how the unique sex-specific physiology of the liver may alter downstream 

outcomes.  

1.5 THE LIVER DURING PRIMARY PLASMODIUM INFECTION 

This section provides context about the biology of the liver stage of Plasmodium in the setting of 

the unique immunological properties of the liver.  First, we will review the bi-directional 

interaction between parasite metabolic re-modeling and hepatocyte micronutrient composition. 

Second, we will describe the innate immune response during primary Plasmodium infection, 

from the inflammatory and cellular level. In each part, we discuss how biological sex might 

shape the outcomes.  

The Plasmodium liver stage 

The saga between Plasmodium parasites and mammalian host begins with the bite of a thirsty 

female mosquito. Spz, the pre-erythrocytic form of Plasmodium, are introduced into the dermis 

and within one hour, approximately half will use gliding motility to migrate to blood vessel131. 

After entering the circulatory system, spzrapidly and efficiently arrive at the liver sinusoids132. 

Spz leverage specific interactions between its surface proteins and host molecules to arrest 
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within the liver sinusoid. The main mechanism described is the interaction between the parasite’s 

circumsporozoite protein (CSP) and heparan sulphate proteoglycan (HSPG) expressed on the 

surface of hepatocytes65. After arresting in the sinusoid, the spz must navigate through two 

potential obstacles prior to invasion of hepatocytes: endothelial cells and KCs. In theory, spz 

could traverse through either cell type, however the exact mechanism of spz traversal out of the 

sinusoid is actively debated133,134. Regardless, once a spz accesses a hepatocyte, it migrates 

through several hepatocytes before forming a parasitophorous vacuole (trophozoite and schizont 

phase) in its final hepatocyte host cell. Puncturing of the plasma membrane as sporozoites 

migrate through hepatocytes causes microenvironmental liver damage133, possibly inducing 

secretion of infection-susceptibility-inducing factors like hepatocyte growth factor (HGF)135. 

Following the final invasion, surviving spz proliferate within the hepatocyte, resulting in the 

production of thousands of new parasites in the merozoite form. Importantly though, not all 

parasite-infected hepatocytes survive. Some infected hepatocytes self-abort136 or are detected by 

the host immune cells and are killed136. The liver stage takes about 2 days in mice and around a 

week in humans (Schematic in Figure 1.5). Once merozoites are released from infected 

hepatocytes into the blood stream, the erythrocytic stage of the Plasmodium lifecycle begins132.  

 

 

Figure 1.5: Detailed schematic of the Plasmodium liver stage. a. Schematic of the Plasmodium 
liver stage from invasion to merozoite release. b. Fluorescent microscopy image of a schizont 
during later liver stage development, with a clear depiction of a parasitophorous vacuole (PV). 
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Image was taken on tissue harvested 44 hours post P. yoelli infection in BALB/cJ mice. Created 
with BioRender.com. 

 

Micronutrients and zonation direct the liver stage 

The unique microenvironments in the liver are mediators of the parasite development in 

hepatocytes and actively shapes replication into daughter cells.  Hepatocytes are storehouses for 

excess nutrients, capable of internalizing and metabolizing proteins and molecules for later 

usage137. Since Plasmodium is auxotropic for specific nutrients (amino acids, sterols, fatty acids, 

etc), the parasite capitalizes on the nutrient rich environment of hepatocytes138–140. During 

replication process tens of thousands of merozoites end up occupying 90% of the host cell 

volume141 (Figure 1.5), the parasites undergo a dramatic metabolic re-configuration. 

Mechanistic studies on liver stage infection of Plasmodium revealed its capacity for 

sequestration and metabolism of glucose, sterols, and fatty acids, highlighting key adaptations 

that support parasite survival and growth138,139,142. Alongside with parasite re-configuration, 

hepatocytes also undergo significant shifts. Gene expression studies on infected hepatocytes 

found various host pathways that are manipulated by the parasite such as cholesterol synthesis, 

amino acid metabolism, and nutrient metabolism143–145. While the bi-directional feedback 

between parasite and hepatocyte has been extensively studied146, one question that remains is if 

sex hormones and their biosynthesis, which begins with cholesterol (Chapter 1.3), is leveraged 

by Plasmodium during development for growth and replication. While parasite sequestration of 

sex hormones has been hypothesized before, a lack of sex-powered murine studies has shrouded 

a potential endocrine-Plasmodium interaction in the liver.  
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Liver zonation is an important mechanistic clue for how Plasmodium might interact under 

different nutrient environments. As previously described, the liver is structured in hexagonal 

lobules, where different metabolic processes are concentrated in specific areas. Hepatocytes near 

the portal region (portal) primarily handle gluconeogenesis and ureagenesis due to their 

proximity to a fresh supply of oxygen and nutrients. In contrast, hepatocytes near the central vein 

(central) are focused on glycolysis and xenobiotic metabolism (Figure 1.6). An important 

implication of studies evaluating Plasmodium interaction within micronutrient environments is 

the biased zone localization within a hepatic lobule147. A key paper found that Pf spz had a 

selective preference for pericentral hepatocytes, in part due to more abortive hepatocyte state in 

the periportal location148. One explanation for this bias has been that glutamine synthetase (GS), 

which is highly expressed in the pericentral region, is imported for the parasite and further 

supports a beneficial metabolic state136.  

 

Liver zonation, however, also exhibits sex-biased gene expression149. A detailed spatial analysis 

of the impact of sex on liver zonation in gene expression revealed that many transcripts exhibit 

sex-specific zonation patterns within the liver lobule74. For example, one study found that 46% 

of zone-biased genes are sex-biased, particularly affecting pathways in lipid metabolism, 

cytochrome P450, and ion transport74. Some of these sex-biased pathways may be exploited by 

Plasmodium parasites, enhancing its development within this spatially heterogeneous liver 

environment. A growing body of literature on Plasmodium's liver stage has underscored the 

pivotal role of liver zonation and metabolism in shaping infection136,150. However, none of these 

studies have explored the impact of the liver’s sexually dimorphic microenvironment on bi-

directional interaction between parasite and hepatocyte.  
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Figure 1.6: Liver lobule anatomy and nutrients composition. Highlights nutrient flux across its 
three distinct zones: Periportal (PP), Interzonal (IZ), and Pericentral (PC). These zones are defined 
by their relative positions within the lobule, ranging from the portal vessels to the central vein. 
Metabolic nutrient flux varies significantly across these zones, reflecting their unique roles in 
hepatic function. Adopted from Cunningham and Porat-Shliom151. Created with BioRender.com. 

 

Innate immune response to the liver stage 

The innate immune response induced by Plasmodium infection is another factor potentially 

influenced by biological sex. There are two main components to this innate response: 1) sensing 

and initiation of inflammation within infected hepatocytes; and 2) innate cell recruitment and 

activation toward infected hepatocytes.  

 

First is the sensing and initiation of inflammatory responses within infected hepatocytes (Figure 

1.7). Hepatocytes infected with rodent Plasmodium have been demonstrated to sense and initiate 

a type I interferon (IFN) response152. Plasmodium RNA is likely detected via melanoma 

differentiation-associated gene 5 protein (MDA5) and signaling occurs via the mitochondrial 
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antiviral signaling protein (MAVS) to activate the transcription factors IRF3 and IRF7. Type I 

IFNs are then released in the extracellular environment, where they bind to Ifnar on the surface 

of hepatocytes in an autocrine or paracrine manner, leading to the upregulation of IFN stimulated 

genes (ISGs) via IRF9 transcription factor. This process is portrayed in Figure 1.7152. 

Plasmodium DNA is also detected by pathways such as cytosolic AIM2 (absent in melanoma 2) 

receptor activation of inflammasome-mediated Caspase-1 activation153.While these processes 

likely play a crucial role in recruiting immune cells to infected hepatocytes, it is noteworthy that 

the hepatocyte-mediated response alone likely isn't sufficient to eliminate the parasite. One 

experiment in P. berghei-infected mice lacking Ifnar1 specifically on myeloid cells (neutrophils 

and macrophages), found reduced innate cell recruitment to infected hepatocytes. This indicates 

that hepatocytes indirectly act against Plasmodium parasites by recruiting and inducing 

leukocytes to execute elimination152.  

 

Figure 1.7: Schematic of hepatocyte innate 
inflammatory response to Plasmodium 
infection by hepatocytes. Innate immune 
response may be autocrine or paracrine 
toward other hepatocytes and could 
influence downstream CD8+ T cell 
production. Created with BioRender.com. 
 

Secondly, four key types of innate immune 

cells are abundant in the liver and play 

crucial roles in controlling Plasmodium 

infection in a naïve host. (1) Natural killer (NK) and (2) natural killer T (NKT) cells increase in 

the liver within three days post-Pb infection and are capable of eliminating the infection111,154. 

(3) Monocyte-derived dendritic cells increase in number 36 hours post-P. yoelii infection, 
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facilitating antigen presentation and initiating an adaptive immune response155. (4) Kupffer cells, 

while not increasing in total number following Plasmodium infection155, are recruited to infected 

hepatocytes156, potentially propagating a type I IFN response that aids in recruiting additional 

effector cells152. 

Biological sex impacts innate immune cells 

Biological sex plays a key role in regulating innate immune responses, affecting both 

inflammation and immune cell activity. Generally, females develop a more robust innate immune 

response, that escalates to a higher magnitude14,16,157. The three main sex factors—sex hormones, 

sex chromosomes, and physiology—may all influence this, but here we will focus on the 

significant impact of sex hormones on the innate immune response. Sex hormones can alter the 

costimulatory tissue environment by modulating type I IFN signaling, a critical signal for the 

production of functional resident memory CD8+ T cells158. Multiple studies have described sex-

specific effects on induction of type I IFN by innate immune cells16,159. In autoimmune liver 

diseases where T cells are thought to play an important pathogenetic role, both estrogens and 

androgens have been implicated in their role in mediating inflammatory responses in the 

liver159,160. In a model of autoimmune liver inflammation, female mice produced more type I IFN 

signaling than male counterparts leading to more severe liver pathology157. In light of a well-

established female bias in the type I IFN responses upon active inflammation, a sex-specific 

balance of sex hormones and type I IFN signaling underlie sexual dimorphism in autoimmunity 

and potentially primary immune response to Plasmodium infection.   

 

While the innate immune response is an important tool against liver stage infection, by itself the 

innate response is not sufficient to arrest spz during the liver stage prior to emergence into the 
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blood stage. It is also important to note that the hepatic microenvironment in naïve and 

previously exposed (immune) animals is distinct. In the next section we will review how liver 

stage vaccines have sought to leverage the unique biology of the immune liver to advance a 

protective immune response for parasite elimination.   

1.6 THE LIVER DURING VACCINATION & SECONDARY PLASMODIUM 

INFECTION 

We have established that the liver is sexually dimorphic, and the Plasmodium liver stage can 

exploit this heterogeneity to its advantage. One of the most significant impacts of these sex 

differences may be observed in liver-targeted malaria vaccination. In this section, we will discuss 

malaria liver stage vaccines, the adaptive immune responses they aim to elicit, and how 

biological sex might influence these responses. The implications of sex differences extend 

beyond natural immunity and could also affect vaccine efficacy.   

Attenuated-sporozoite based vaccines 

The goal for many vaccine developers against malaria is to induce long-lived and sterile 

protection. The liver stage is a promising target because this stage naturally has a small number 

of parasites that are vulnerable to T cell-mediated killing of infected hepatocytes prior to further 

replication47. Additionally, if the development of the parasite in the liver is completely stopped, 

there is no blood stage infection, clinical disease, or onward transmission.  

 

Attenuated spz are a leading class of vaccines that leverage the ability of spz to home to and 

invade the liver but then arrest prior to completion of the liver stage – in doing so, attenuated spz 

deliver thousands of parasite antigens to the liver161. There are two major categories of these 
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liver-targeting live attenuated-sporozoite based vaccines: homologous and heterologous. 

Homologous strategies involve repeated delivery of attenuated spz. Various attenuation 

strategies have been employed on spz, though overall they can be further categorized as early 

arresting and late arresting spz115. Repeated vaccination with radiation-attenuated sporozoites 

(RAS), an early arresting strategy, serves as the most protective experimental malaria vaccine 

tested in humans to date that confers sterile immunity against the liver stage162–164. The ability of 

RAS to protect against infection was first demonstrated in mouse models of Plasmodium165. 

Subsequent studies of liver stage vaccination primarily use P. berghei and P. yoelli in BALB/c or 

C57BL/6 mice115. Since this discovery, decades of research have sought to deconvolute the 

mechanisms of immune protection conferred by RAS and other similar attenuated spz-based 

liver stage vaccines.  

 

The collective data indicate that sufficient memory CD8+ T cells are a defining requirement for a 

protective immune response in the liver. In particular, eliciting liver-targeted, tissue-resident 

memory CD8+ T (Trm) cells and effector memory CD8+ (Tem) cells are important for durable 

protection164,166. Knowledge of these immune correlates of protection inspired the design of next-

generation heterologous liver stage vaccines using a ‘prime-and-trap’ (P&T) strategy. The 

priming component of P&T vaccines is designed to induce peripheral antigen-specific CD8+ T 

cells, and the trapping component is intended to later recruit or ‘trap’ circulating antigen-specific 

memory CD8+ T cells in the liver to become liver Trm cells166,167. Although various non-

sporozoite-based liver vaccine strategies exist, the immunity produced by both homologous 

attenuated-sporozoite strategies and heterologous P&T vaccination is highly liver-specific. Spz-
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based regimens can be utilized to study sex-specific adaptive immune responses, while also 

simultaneously serving as a tool to study the adaptive immune response to virulent spz infection.  

Plasmodium-specific CD8+ T cells 

As previously mentioned, Plasmodium-specific CD8+ T cells are a critical correlate of long-term 

protection against sporozoite challenge in mice and humans52,164,165. The most compelling 

evidence for the important role of CD8+ T cells is observed when depletion of CD8+ T cells at 

the time of vaccination168 and at the time of sporozoite challenge169 sharply reduces protection in 

all tested combinations of a vaccine regimen across all mouse and parasite strains170. In 

immunized mice and humans, Plasmodium-specific cytotoxic CD8+ T cells eliminate infected 

hepatocytes following recognition of parasite derived antigens bound to MHC class I molecules 

presented on the hepatocyte surface161. Naive CD8+ T cells are not sufficient to clear spz, due to 

slow development of effector function and low frequency in the liver171. One study adoptively 

transferred naïve and memory/activated CSP-specific CD8+ T cells and found the naïve cells 

were unable to reduce parasite liver burden in contrast to the memory/activated cells171. Titration 

studies on the number of antigen-specific CD8+ T cells needed to confer protection is dependent 

on the number of infected hepatocytes and the ability to locate infected hepatocytes172,173. Due to  

their scarcity, infected hepatocytes are vastly outnumbered by non-infected cells, making them 

difficult to target. Even one infected hepatocyte escaping immune detection can trigger blood-

stage infection, necessitating a hyper-abundance of memory CD8+ T cells for effective 

protection172. Consequently, a robust pool of memory parasite-specific CD8+ T cells is essential 

for immunity against sporozoite challenge. 
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Memory CD8+ T cells can be divided into three main subsets based on phenotypic heterogeneity 

in expression of homing markers: central memory T cells (Tcm), which patrol secondary 

lymphoid organs; Tem cells, which recirculate through the blood and peripheral tissues; and Trm 

cells, which remain stationed in a respective tissue compartment174. Tem and Trm cells are 

ideally situated to respond to malaria challenge, whereas little evidence has demonstrated a role 

of Tcm in protective immunity against malaria parasite175,176.  Tem cells recirculate throughout 

the liver sinusoids and can quickly exert effector function within 6 hours after Pb infection to 

facilitate clearance of liver stage malaria infection in female mice176. Tem cells are defined by 

lack of secondary lymph node organ-homing markers such as L-selectin (CD62L)177. In a series 

of elegant experiments by Lefebvre et al., it was found that Tem recruitment into the liver is 

independent of antigen, liver Trm cells, Kupffer cells, CD11c+ cells (marker of DCs), IFNg 

signaling, NK and NKT cells, type I IFN signaling, platelets, and CD44 (memory marker) 

blockade176. Instead, Tem cell recruitment to the liver from the periphery is dependent on liver 

resident and circulating macrophages, including KCs and CD8+ T cell-intrinsic LFA-1 

expression176.  

 

Trm cells are like sentinels, patrolling the liver sinusoids for their cognate antigen anatomically 

poised to recognize and initiate effector function166,178. Trm cells in mice are distinguished from 

other subsets by the expression of chemokine receptors like CXCR6 and CXCR3 , activation 

marker CD69, and the senescence like KLRG1lo phenotype. Residency status of liver Trm cells 

are clearly assessed via parabiosis, where only Trm defined cells in the liver (CD69+KLRG1lo) 

were not mixed between vaccinated and unvaccinated parabiotic mouse166. Trm cells are clearly 

critical for protection against sporozoite challenge; depletion studies with anti-CXCR3, a Trm 
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marker, at time of challenge abrogated sterile protection in previously vaccinated mice166. While 

Trm cells confer sterilizing immunity, two possible mechanisms could explain this essentiality: 

by enacting intrinsic cytotoxic and cytokine pathways to directly kill hepatocytes or by initiating 

a “sensing and alarm” function to recruit other cytotoxic cells178, or both. Thus, both CD8+ Trm 

and Tem cells play roles in adaptive protection during liver stage vaccination.  

Fate and function of Plasmodium-specific CD8+ T cells.  

There are two main phases that could influence the fate and functions of Plasmodium-specific 

cytotoxic CD8+ T cells: the Production phase (time of vaccination) and the Effector phase 

(time of challenge) (Figure 1.8). In this section, we will briefly introduce the current 

understanding of the role of these two phases in shaping memory CD8+ T cell responses to liver 

stage vaccines, noting how the liver microenvironment plays a role in shaping fate and function.  

 

Production phase (Time of vaccination) 

Contrary to previous assumptions179, CD8+ T cell responses are not likely to be primed by 

Plasmodium-infected hepatocytes. Instead, during natural infection there is an essential role for 

monocyte-derived CD11c+ cells in acquiring Plasmodium in the liver and delivering liver stage 

antigens to CD8+ T cells in the liver-draining lymph node155. In RAS vaccinated mice, this 

priming process also occurs in both the spleen and liver-draining lymph node52. Once activated 

in the spleen or liver-draining lymph node, naïve CD8+ T cells home back to the liver and can 

differentiate into short-lived effector cells (SLEC) or memory precursor effector cells (MPEC) to 

facilitate clearance of parasites. Generally, SLEC are good at producing effector proteins, but 

decline after clearance of Plasmodium infection, whereas MPEC produce less effector proteins 

and can be observed to develop into true memory T cells180.  
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The acute inflammatory response of hepatocytes and innate immune cells in the liver 

microenvironment following liver stage malaria immunization shapes the fate and function of 

sporozoite-specific CD8+ T cell responses. From the perspective of fate, the magnitude and 

decision to convert into a SLEC or MPEC is dependent on the liver microenvironment and the 

transcription factors the cell is expressing180. Typically, SLEC develop in high inflammatory 

conditions (high levels of inflammatory cytokines like IFNg and IL-12) and MPEC develop in 

low inflammatory conditions180,181. Additionally, immunizing IFNg receptor KO mice with RAS 

does not result in protection182 and is linked to attenuated contraction of the CD8+ T cells183. 

From the perspective of function, studies comparing early and late arresting whole sporozoite 

vaccines in female mice have determined that the presence of a type I IFN gene signature at the 

time of immunization impairs hepatic CD8+ T cell memory via a CD8+ T cell extrinsic 

mechanism184. IFN-1 signaling-deficient mice immunized with replication-competent spz 

exhibited superior protection against infection compared to similarly vaccinated C57BL/6 mice 

with Py. Additionally, these mice also expressed less exhaustion markers like PD-1 and LAG-3 

and had an increased number of memory CD8+ T cells in the liver184. This finding is further 

corroborated by two recent studies in spz-immunized humans, which found a negative 

correlation between type I IFN signaling in peripheral blood and protection against malaria 

infection185,186. The same paper concluded that the detrimental role for the parasite-engendered 

IFN-1 signaling is due to IFN-1 signaling in a cell type other than CD8+ T cells184.  

 

In addition, the presence and frequency of other cells are important to the priming process. For 

example, depletion of gd T cells at time of RAS vaccination in mice hindered the influx of 
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CD11c+ DCs into the liver and prevented optimal effector CD8+ T cell responses and sterilizing 

immunity to future sporozoite challenges187. NK cells188 and CD4+ T cells189 may also mediate 

the fate and function of CD8+ T cells during the production phase. Overall, the acute 

inflammatory environment via a CD8+ T cell-extrinsic mechanism influences functional CD8+ T 

cell responses.   

 

Effector phase (Time of challenge) 

The mechanisms by which cytotoxic CD8+ T cells enact their effector mechanisms against 

infected hepatocytes involve three mechanisms: cytolytic pathways, cytokine pathways190, and 

“sensing and alarm”178. Cytolytic pathways involved direct lysis of infected hepatocytes via 

granzymes and perforin. Cytokine pathways involve the direct production of IFNg and TNF to 

help control parasites191. Redundancy is present across these effector pathways; studies on 

depletion at the time of challenge, which evaluate the role of cytokines and cytotoxic proteins in 

protection outcomes, are highly dependent on the recipient mouse strain and the Plasmodium 

species162,170,191. This significant variation suggests that an effective CD8+ T cell response is 

influenced by factors extrinsic to the CD8+ T cells and by the natural defense mechanisms of the 

host192. Yet, this also points to the importance of polyfunctional T cells, able to enact both 

cytolytic and cytokine pathways. “Sensing and alarm” function is unique to Trm cells, and 

involved Trm cells serve as a local sensor of Plasmodium antigen presentation by hepatocytes to 

initiate an innate-like alarm signal to recruit more memory CD8+ T cells178.  This might be of 

especial importance in Py infection, where it was demonstrated in vivo that Py undergoes a 

lengthy process that requires multiple CD8+ T cells per parasite and independent of contact with 

hepatocytes (contact independent)193. 
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The contribution of acute inflammatory environment in the liver microenvironment at time of 

challenge is less clearly defined. This is an important consideration, since the T cell response in 

the liver is suppressed by diverse mechanisms, any of which might be an obstacle to CD8+ T 

cell-mediated Plasmodium elimination. IFNg depletion at time of challenge reduces protection 

outcomes. While this effect is often attributed to impaired CD8+ T cell function, IFNγ is also 

produced by other liver-resident cells, such as NK and NKT cells111, and may synergize with 

TNF to activate additional innate immune cells. Type I IFN signaling is not required for 

protection in a C57BL/6 / Py mouse model. IFNAR and IRF3 knockout mice vaccinated with 

two doses of late-arresting attenuated spz were able to confer complete protection83. Other cells 

types have been assessed for their role in mediating protection during this phase: gd T cells are 

dispensable187 and generally bystander activation is thought to not play an essential role in 

hepatocyte clearance at time of challenge194.  

 

 

Figure 1.8: Schematic summarizing the time course of the priming and effector phase of T 
cells responses in the liver following attenuated whole spz-based vaccination. Created with 
BioRender.com. 

 
Overall, designing a vaccine that induces polyfunctional T cells that can contribute to cytokine 

production, cytolytic action, and sensing and alarm is the ideal goal of vaccination. To design a 
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vaccine effective in all populations, one must overcome sex-specific differences in intrinsic and 

extrinsic factors influencing CD8+ T cell fate and function.  

Biological sex and CD8+ T cells 

Biological sex influences the human T cell repertoire. Generally, females have higher number of 

activated T cells, cytotoxic activity, greater proliferation, higher CD4+ T cell counts and a bias 

toward Th2 CD4+ T cells. Whereas, males tend to have more Treg and CD8+ T cell counts 

(reviewed in 4). An important consideration to these trends is that they occur in an age-dependent 

manner. For example, while adolescent females and males have similar CD4+:CD8+ T cell ratios, 

as opposed to the higher CD4+:CD8+ T cell ratio in females in adulthood4. While many 

differences exist in the T cell repertoire, due to their importance in liver stage vaccine strategies, 

the rest of this section will focus on the implications of biological sex on memory CD8+ T cells.  

 

Biological sex influences CD8+ T cells via three potential mechanisms: sex hormones, sex 

chromosome-linked genes, and physiology. Sex hormones could skew CD8+ T cells either by 

direct action on CD8+ T cell transcription or epigenetic modifications or indirectly via altering 

the cytokine and inflammatory signals delivered to CD8+ T cells195 during the priming and 

effector phase to direct fate and recall response. Sex chromosome-linked genes have the potential 

to alter CD8+ T cell fate and function via intrinsic differences in either XCI escape, expression of 

Y-linked genes in males, or epigenetic differences produced over the life course.196 Physiological 

differences could be related to the impact of murine size to cell ratio and baseline differences in 

density of T cells, such as naïve CD8+ T cells or Treg cells197.  

Sex hormones and CD8+ T cells 
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Androgens and estrogens are also known to modulate CD8+ T cells via direct and indirect 

mechanisms. At the direct level, sex hormones mediate transcriptional regulation and post-

translational modifications198. Via binding to their respective receptors (ERα, ERβ, AR) or non-

genomic signaling pathways, sex hormone modifications can significantly impact T cell 

function4. Of key interest to vaccination is the impact of androgens and estrogens on CD8+ T cell 

fate and function. The most developed literature comes from the fields of prostate cancer, female 

reproduction, and autoimmunity. Recent studies on prostate cancer found that androgen signaling 

pathways decreased CD8+ T cell effector function and routed CD8+ T cells toward 

exhaustion199,200. In a tumor model of chronic antigen stimulation, the frequency of CD4+ and 

CD8+ T cells were comparable between sexes, but male mice had fewer polyfunctional CD8+ T 

cells able to produce effector cytokines such as IFN-g, TNFα, and granzyme B in tumors199. 

Estrogens likewise modulate CD8+ T cell function. Estrogen regulates the IFNg promoter201, 

with higher estrogen levels in females driving increased T cell IFNg production. Estrogen also 

suppresses cytotoxic activity of human endometrial CD8+ T cells. This was exhibited when 17b-

estradiol-treated CD8+ T cells exhibited inhibition of perforin and granzyme A, regardless of 

endometrial tissue-residency states as defined by the CD103 tissue resident memory marker202. 

Relating to impact on fate, a recent paper demonstrated that in females these cells have a 

propensity to become SLEC, whereas male CD8+ T cells give rise to more MPEC, linking this 

phenotype to the innate propensity of female CD8+ T cells to respond to IL-12 . As far as we 

know, no one has reported the impact of biological sex and sex hormones on Trm frequency, 

number, and function in any tissue-type.  

At the indirect level, sex hormones can alter the costimulatory tissue environment by modulating 

type I IFN signaling, a critical signal for the production of functional resident memory CD8+ T 
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cells158. Additionally, another indirect mechanism could be related to the differential activity of 

innate immune cells in assisting or delivering signals to CD8+ T cells during the priming or 

effector phase14,15,204.  

 

Sex chromosomes and CD8+ T cells 

Many genes on the X chromosome regulate immunity and are important for the development of 

functional CD8+ T cells. Immunological X-linked genes involved in CD8+ T cell memory 

response include: immune response related proteins like CD40L (CD40 ligand), transcriptional 

control effectors like FOXP3 (associated with the development and function of Treg cells),  

receptors like IL-2RG, AR (Androgen receptor), and the pattern recognition receptor, TLR7 

(reviewed in 196). Further investigations into the contribution of these ligands in modulating 

memory CD8+ T cell formation is warranted.  

 

Physiological differences and CD8+ T cells 

Finally, the physiological differences - different size, organs, and cell composition of the host – 

could also influence the production and effector function of CD8+ T cells4. Different densities or 

frequencies of immune cells could impact the sensing and alarm function of CD8+ T cells, time 

course of recruitment of T cells toward site of infection, or skewing of certain signaling immune 

cells.  This process is likely impacted by the surrounding tissue microenvironment. For example 

a recent study found that female mice had a higher density of skin-resident T cells than males 

and found this was tissue specific197. 
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In conclusion, the intrinsic differences between a male and female liver have the potential to 

shape protection outcomes to CD8-T cell-dependent liver stage vaccines via three potential 

mechanisms - sex hormones, sex chromosomes, and physiological differences. The direct and 

indirect effects on protection could occur during the priming and/or effector phase of the CD8 T 

cell response.   

1.7 THESIS GOALS 

Epidemiological studies on sex-based differences in Plasmodium infection capture only one 

stage of the parasite’s lifecycle, the blood stage infection. It is unclear whether sex-based 

differences exist during the liver stage of Plasmodium lifecycle. Given biological sex 

significantly alters infection outcomes of other hepatotropic pathogens, the story of sex 

differences in the host response to Plasmodium parasites has yet to be told. Chapter 1 has 

summarized the intersection of several fields of study - sex differences, malaria, hepatology 

(study of the liver), immunology, and endocrinology – to provide frameworks and background 

for the rest of this thesis. The remaining chapters of this dissertation will investigate the impact 

of biological sex on the host response to Plasmodium liver stage and liver stage vaccines. 

Combined, this body of work seeks to add sex-specific hepatotropic pathogen to the definition of 

Plasmodium parasites, and inspire the study of the impact of host sex on mechanisms, 

therapeutics and vaccines targeting the Plasmodium liver stage.  

 

Chapter 2 will evaluate the impact of biological sex on the duration of Plasmodium falciparum 

liver stage infection in humans. Chapter 3 will seek to evaluate sex-specific and sex hormone-

mediated immune responses to Plasmodium parasite’s liver stage in rodent malaria models. 

Chapter 4 will evaluate the impact of biological sex on protection by malaria liver stage 
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vaccines in mice. Further work will also deconvolute the molecular and cellular mechanism 

underlying androgen-mediated protection to liver stage vaccination. Chapter 5 will conclude by 

summarizing the dissertation, discussing the significance of the results, and outlining limitations 

as well as potential future directions for the project. 
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Chapter 2. SEX-BASED DIFFERENCES TO PLASMODIUM 
INFECTION IN THE PLACEBO ARMS OF CONTROLLED HUMAN 
MALARIA INFECTION (CHMI) TRIALS IN MALARIA-NAÏVE 
POPULATIONS: A POOLED ANALYSIS 
 
2.1 ABSTRACT 

Plasmodium falciparum, while most known for the clinical manifestations of malaria during 

blood stage infection, is a hepatotropic pathogen with a complex liver stage. Sex-based 

differences in pathogenesis by hepatotropic pathogens are well-documented, but unstudied for P. 

falciparum. We conducted a pooled analysis on data from participants in placebo arms and 

infectivity controls of Controlled Human Malaria Infection (CHMI) trials in malaria-naïve 

populations to evaluate the impact of biological sex on the time to blood stage positivity and 

initial parasite density as indicators of liver stage dynamics and parasite replication. In this study, 

we pooled data from 102 placebo controls (48 female and 54 male) across 13 CHMI studies 

conducted between 2010 and 2024. We found that males are more likely to experience a delayed 

detection of blood-stage parasites following challenge with Plasmodium falciparum compared to 

females. Similar replication rate during blood-stage infection implicates sex-based difference in 

liver stage biology as the culprit of a delayed time to parasitemia. Thus, Plasmodium falciparum 

induces a sex-specific host-pathogen response in the liver, similar to what is observed with other 

hepatotropic pathogens.  

2.2 INTRODUCTION 

Biological sex, defined by characteristics such as chromosomes, reproductive organs, and 

hormones, significantly influences immune responses to infectious diseases4. Typically, females 

exhibit more robust innate and adaptive immune responses than males, often resulting in 
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increased susceptibility and more severe disease progression among males for various 

pathogens4,205–207. This disparity is particularly evident with hepatotropic pathogens, where sex-

based differences in liver disease prevalence and pathogenesis are well documented. Pathogens 

such as Entamoeba histolytica117,118, Schistosoma spp.120–122, and hepatitis-inducing viruses124–127 

lead to higher rates of fibrosis and liver damage or increased infection frequency in males 

compared to females. Despite extensive evidence of these sex-specific effects on hepatotropic 

pathogens, the impact of biological sex on the liver stage of Plasmodium species in humans 

remains largely unexplored. 

 

Plasmodium parasites, the causative agents of malaria, pose a significant global health threat, 

with an estimated 249 million cases and 608,000 deaths reported in 202229. These parasites have 

a complex lifecycle that begins when sporozoites are transmitted to humans by mosquito bites34. 

Infectious sporozoites migrate from the dermis to the bloodstream and are transported to the liver 

to initiate an asymptomatic liver stage that lasts about a week208,209. This is followed by the 

symptomatic blood stage, where parasites cyclically replicate in red blood cells, leading to 

clinical malarial illness. Eventually parasites develop into gametocytes that when transmitted to 

mosquitoes can facilitate the rest of the parasite lifecycle35. Although Plasmodium parasites are 

mostly known for their clinical malaria manifestations during the blood stage, they are also 

considered to be hepatotropic because of the preceding liver-targeting stage of their lifecycle. 

 

Despite the significant global burden of malaria, there is limited information on sex-specific 

differences throughout the Plasmodium lifecycle, with most evidence focused on blood stage 

outcomes97. Several studies show higher malaria prevalence in males, especially among older 



44 
 

children and adults, but this bias is not seen in all study settings84,88. Similarly, findings on sex 

differences in malaria incidence are mixed, with some studies indicating higher incidence in 

males85,86,91,92, one higher in females98 and some showing no sex-based differences89,99. Potential 

variations in liver stage infection by biological sex remain underexplored due to challenges like 

limited access to liver samples, underrepresentation and underreporting of biological sex in study 

designs, and immunodominant effects of existing and prior blood stage infection. 

 

A critical tool for assessing the duration of liver stage infection without directly sampling the 

liver involves measuring the day of the first blood stage infection in Controlled Human Malaria 

Infection (CHMI) studies210. In CHMI trials, human volunteers are safely and deliberately 

infected with P. falciparum parasites under close medical supervision to evaluate the efficacy of 

experimental drugs and vaccines211. During the acute blood stage infection window, these trials 

include at least daily monitoring of participants to diagnose infections and monitor for clearance 

after treatment with approved antimalarial medications. To evaluate the efficacy of the biologic 

product and ensure that the challenge product is infectious, many CHMI trials include a placebo 

control group and/or infectivity controls.  These participants do not receive any products known 

to block parasite development, but do receive challenge with wild-type infectious sporozoites. 

 

When CHMI is conducted in malaria-naïve populations, the placebo participants provide a 

unique set of samples to study parasite emergence into the blood stage. These participants 

provide a minimally biased and available set of samples to assess the impact of biological sex on 

Plasmodium liver stage dynamics. Malaria-naïve participants represent a unique population with 

no pre-existing immunity, allowing us to isolate the contribution of biological sex without 
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confounding effects of prior Plasmodium infections. Here, data from CHMI trials conducted in 

malaria-naïve populations in the United States and the Netherlands were used to investigate the 

effect of biological sex on time to positivity (TTP) of P. falciparum parasites as an indicator of 

sex-specific liver stage outcomes in P. falciparum infection. Additionally, the effect of biological 

sex on parasite replication in the blood stage was examined. This analysis offers valuable 

insights into sex-specific differences in liver stage outcomes, which could have significant 

implications for the development and assessment of vaccines that target liver stage parasite 

development. Understanding these differences is also important for identifying sources of 

heterogeneity in liver stage infections that may influence outcomes in vaccine and drug efficacy 

trials.  

2.3 METHODS 

Data Sources and Participants 

Data were compiled from all CHMI clinical trials where testing was conducted at the Seattle 

Malaria Molecular Diagnostic Laboratory (MMDL) or the Leiden Controlled Human Infection 

Center (LUMC) using Plasmodium 18S nucleic acid amplification tests (NAAT) as infection 

detection assays208,212–220. The MMDL assay targeted 18S rRNA by quantitative reverse 

transcription PCR (qRT-PCR) and the LUMC assay targeted the 18S rRNA coding genes by 

quantitative PCR (qPCR); the assays are hereafter referred to as ‘18S NAAT’ tests. All studies 

enrolled healthy, malaria-naïve adults between age 18 and 48 years old.  

 

For each study, the route of CHMI administration (intravenous or mosquito bite), Plasmodium 

challenge strain, challenge dose, placebo given, start day and frequency of blood draws post 



46 
 

CHMI, treatment criteria, study year(s), and method for parasite detection were abstracted from 

study protocols and publications. For each participant in the placebo or infectivity control 

groups, sex, age (if available), date of anti-malarial treatment, and date and parasite densities for 

all post-CHMI blood draws were obtained.  

Patient Consent Statement 

The study designs and consent forms for future research were previously approved by local 

ethics committees. Informed consent for each clinical study was described in previously 

published reports212–216,219–224. No further documentation was needed for the analyses presented 

in this report. 

Data Processing and Outcome Variables 

The main outcome of interest was the TTP for each participant, defined as the day which 

corresponded to the first positive 18S NAAT result at any parasite density. Day of CHMI was 

coded as Day 0 for all studies. For studies that sampled twice per day, the second daily samples 

were coded as half days (e.g. Day 6.5). Any participant who did not experience the outcome was 

excluded from these analyses. 

 

Given that previous analyses have suggested the liver stage is 6-7 days209,225, we reviewed TTP 

distributions, blinded to biological sex, and confirmed most participants had parasites detected 

by PCR by Day 7. Then, we created a binary variable, delayed parasitemia, to classify if TTP 

occurred greater than seven whole days post-CHMI. For this outcome measure, the analytic data 

set was restricted to include only the first sample of the day. This was done to create uniformity 

with studies that sampled daily and minimize possible biases.  
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As an exploratory analysis, we analyzed parasite densities at TTP and one and two days post-

TTP to assess blood stage replication rate. Parasite densities were reported in estimated 

parasites/mL by the testing laboratories for all received samples and then transformed to log10 

densities for analyses. Only samples drawn prior to the initiation of antimalarial treatment were 

considered.  

Statistical Analysis 

To explore possible differences in the distribution of TTP by sex, we compared whether there 

was a difference in TTP by sex with a log-rank test using interval-censored Kaplan-Meier 

survival. The start of the interval was the time of the last negative test prior to testing positive. 

The end of the interval was the time that a participant tested positive. If a participant tested 

positive on their first day of sampling, the start of their interval was set to Day 6, which was the 

most common sampling start day in the studies. No positives were observed before Day 6 in 

studies that began sampling earlier. We estimated a hazard ratio (HR) and 95% confidence 

interval (CI) using a semi-parametric interval-censored Cox-proportional hazard model. We fit 

an unadjusted model, as well as a model that included vector and CHMI strain. Finally, Z-tests 

were used to compare the likelihoods of developing parasitemia by Days 6, 7 or 8 between males 

and females, based on survival probabilities from the interval-censored survival model. 

 

To explore the relationship between delayed parasitemia (first positive >7 days post-CHMI) and 

sex, we fit a generalized linear mixed-effects model with a logit link that accounted for the 

correlation within studies. The final model was adjusted for route of CHMI administration and 

strain, coded as a binary variable indicating if NF54 or another strain was used (3D7 or 7G8). 
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Prior to model fitting, we assessed possible effect modification by administration route and 

CHMI strain using chi-squared tests for homogeneity within stratum of route and vector. To 

explore if any single study was especially influential on the outcome, we performed a sensitivity 

analysis in which each study was removed from the data set one-by-one and the adjusted and 

unadjusted model was refit. Odds ratios and confidence intervals from each iteration were plotted 

to look for influential studies.  

 

Finally, to examine if blood stage replication rates may differ between males and females, we 

compared the fold change in parasite density over one-day (~24 hours) and two-day (~48 hours) 

intervals. The fold change was calculated as the difference in log10 parasite density relative to 

density at first positive. Both full-day and half-day samples were considered. For example, if a 

participant was first positive on Day 7, samples considered were Days 7, 8 and 9. If the first 

positive was on Day 6.5, samples considered were Days 6.5, 7.5, and 8.5. Fold changes were 

compared between males and females using t-tests after verifying that the distributions were 

approximately normal. 

 

All analyses were performed using R Statistical Software, version 4.3.2226. Survival analysis was 

conducted using the survival R package version 3.7-0, icenReg package version 1.0.1227 and 

interval package version 1.1-1.0228. Generalized linear mixed effects models were fit using the 

lme4 package version 1.1-35.5229. 
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2.4 RESULTS 

CHMI demographics 

Data from 103 controls from 13 different studies carried out between 2010 and 2024 with 

samples tested by molecular assays at the MMDL or LUMC were available for this study (Table 

2.1). One infectivity control from the GAP3KO study did not develop parasitemia following 

CHMI216 and was not included in this analysis, resulting in 102 controls included. Nine (69%) of 

the studies challenged participants using infectious mosquito bites, three (23%) used direct 

venous inoculation (DVI) of PfSPZ Challenge sporozoites, and one (DSM265) challenged two 

participants with mosquito bites and two participants via DVI of PfSPZ Challenge. All mosquito 

bite challenges were conducted using bites from five infectious mosquitoes. All DVI PfSPZ 

Challenge were conducted using aseptic, cryopreserved, vialed P. falciparum strain with NF54230 

or 7G8231 sporozoites. The DVI challenge dose was 3.2x103 PfSPZ Challenge in all studies. 

Most studies (11/13) used the NF54 challenge strain, while one used 3D7 strain by mosquito 

bites and another used PfSPZ Challenge 7G8 by DVI. Two studies began monitoring participants 

for parasites beginning five days post-CHMI, nine began monitoring on Day 6, and one 

(USSPZV6) began monitoring on Day 7. Ten studies took samples once daily, and three studies 

drew samples twice daily (MC-003/Cvac, ZonMW1, ZonMW2)212–214. Participants in the 

placebo groups in most studies received normal saline, non-infectious bites, or no product at all 

(infectivity controls) during the experimental product administration phase of the study that 

preceded the CHMI phase. Three studies administered placebo products in conjunction with an 

antimalaria medication with CHMI performed later after the prophylactic effects of the drug had 

worn off (MC-003, ZonMW1, ZonMW2)212–214. The reagents and conditions of the NAATs 

differed between sites and evolved over time208,220,222,232. However, the tests had similar limits of 
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detection (10-100 parasites per mL) and used standard curves for absolute quantification, 

allowing for pooled and comparative analysis across trials. 

 

 

Table 2.1 Summary of Controlled Human Malaria Infection (CHMI) Studies. Studies 
included in the pooled analysis, along with meta-data about each study.   

 
Of 102 participants, 54 (52%) were male. There were no notable differences in age, challenge 

route, or challenge strain between male and female participants (Table 2.2).  However, females 

were overrepresented in studies that sampled twice per day (15/48) compared to males (5/54). 

Total 
Placebos 
(M +F)

NCT01058226 MC-001/Demo 2010-2011 6 (4+2) Mosquito bite NF54 5 daily

NCT01500980 MC-003/Cvac 2012 6 (3+3) Mosquito bite NF54 6 twice daily

NCT01218893 ZonMW1 2012 5 (0+5) Mosquito bite NF54 6 twice daily

NCT01422954 ZonMW2 2012-2013 4 (0+4) Mosquito bite NF54 5 twice daily

NCT04072302 KAF156 2014-2017 22 (22+0) Mosquito bite NF54 6 daily

NCT02562872 DSM265 2016 6 (0+6) DVI or 
Mosquito bite NF54 6 daily

NCT02511054 NIH Cvac-Pyr 2016 5 (3+2) DVI NF54 6 daily

NCT02773979 DMID 11-0042 2017 6 (4+2) DVI NF54 6 daily

NCT0316121 GA1 2017 9 (3+6) Mosquito bite NF54 6 daily

NCT03168854 VTEU 14-008 GAP3KO 2018-2019 9 (3+6) Mosquito bite NF54 6 daily

NCT04966871 USSPZV6 Warfighter 2021-2022 11 (6+5) DVI 7G8 7 daily

NCT04577066 GA2 2022 3 (1+2) Mosquito bite NF54 6 daily

NCT05468606 CoGA 2023-2024 5 (3+2) Mosquito bite 3D7 6 daily

Sampling 
frequency

clinicaltrials.gov 
identifier Shorthand name Year(s) Challenge 

route
CHMI 
strain

Monitoring 
start day
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Table 2.2. Baseline characteristics for male and female subjects included in the pooled 
analysis of time to parasitemia following controlled human malaria infection (CHMI). 

Sex difference in time to parasitemia 

The data indicate that males have an overall longer time to the first NAAT-positive test 

compared to females. The distribution of TTP by sex is shown in Figure 2.1. Considering all 

samples drawn, the mean day of first positivity for females was 7.2 (SD=0.9), and for males was 

7.6 (SD=1.2), with no discernable differences by route of CHMI administration and strain (Table 

2.3 and Table 2.4).  Additionally, the risk of TTP is presented by Kaplan-Meier (KM) curves in 

Figure 2.2. A log-rank test of the interval-censored survival curves showed a significant 

difference in the distribution of TTP between males and females (p=0.04), with males tending to 

develop parasitemia at later time points than females. A Cox proportional hazards model suited 

for interval-censored data also suggested that males were 37% less likely to develop parasitemia 

at any time point compared to females in an unadjusted model (HR=0.63, 95%CI: 0.39, 1.05), 

but the result only bordered on significance (p=0.08). Adjusting for vector and strain of CHMI 

did not change the HR estimate for sex, but did increase the confidence interval (adjusted 

HR=0.63, 95%CI: 0.33, 1.2, p=0.16). 

Female Male All
Participants 48 54 102
Mean age (SD) 26.67 (7.51) 28.06 (5.66) 27.27 (6.77)
Challenge route

DVI (%) 13 (27.1) 13 (24.1) 26 (25.5)
Mosquito bite (%) 35 (72.9) 41 (75.9) 76 (74.5)

CHMI strain (%)
3D7 2 (4.2) 3 (5.6) 5 (4.9)
7G8 5 (10.4) 6 (11.1) 11 (10.8)
NF54 41 (85.4) 45 (83.3) 86 (84.3)

Abbreviations: SD= standard deviation; DVI= direct venous inoculation; 
CHMI = Controlled Human Malaria Infection
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Figure 2.1. Distribution of the day after CHMI that each participant was first positive for P. 
falciparum by NAAT, divided by sex. A. Schematic of placebo or infectivity control arms of 
CHMI clinical trial. B. Histogram of the day after CHMI that each participant was first positive 
for P. falciparum by NAAT, divided by sex. For studies that sampled twice daily, the lighter 
shaded section of the bar indicates participants that had their first positive during the second sample 
of the day. 

 

 

Table 2.3. Summary of Plasmodium falciparum 18S NAAT data in CHMI studies. 

 

 
 
Table 2.4. Summary of Plasmodium 18S NAAT data in CHMI studies by parasite strain. 
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Mosquito Bite DVI All Mosquito Bite DVI All
Total Participants 35 13 48 41 13 54 102

Day First Positive1 7.14 (1.01) 7.23 (0.60) 7.17 (0.91) 7.63 (1.27) 7.46 (0.66) 7.59 (1.15) 7.39 (1.06)

Log10 parasite density at first positive1 2.21 (0.48) 1.92 (0.56) 2.13 (0.51) 2.41 (0.59) 1.91 (0.68) 2.29 (0.64) 2.21 (0.59)

Time to first positive 18S NAAT2:
   > 7 days 4 (0.11) 2 (0.15) 6 (0.13) 14 (0.34) 5 (0.38) 19 (0.35) 26 (0.25)

    ≤ 7 days 31 (0.89) 11 (0.85) 42 (0.88) 27 (0.66) 8 (0.62) 35 (0.65) 76 (0.75)

Female Male
Overall

1Presented as mean (standard deviation) ; ²Presented as n (%)

3D7 7G8 NF54 3D7 7G8 NF54 3D7 7G8 NF54
Total Participants 2 5 41 3 6 45 5 11 86
Day First Positive1 8.00 (1.41) 7.00 (0.00) 7.15 (0.94) 9.00 (2.00) 7.50 (0.84) 7.51 (1.09) 8.60 (1.67) 7.27 (0.65) 7.34 (1.04)

Parasite density at first positive1 2.40 (0.52) 2.49 (0.27) 2.07 (0.52) 2.21 (0.30) 2.29 (0.73) 2.29 (0.66) 2.29 (0.35) 2.38 (0.55) 2.19 (0.60)
Time to first positive 18S NAAT:

    > 7 days 1 (0.5) 0 (0) 5 (0.12) 2 (0.67) 2 (0.33) 15 (0.33) 3 (0.6) 2 (0.18) 20 (0.23)
   <= 7 days 1 (0.5) 5 (1) 36 (0.88) 1 (0.33) 4 (0.67) 30 (0.67) 2 (0.4) 9 (0.82) 66 (0.77)

1Presented as mean (standard deviation) ; ²Presented as n (%)

Female Male Overall
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Figure 2.2. Risk of parasitemia following CHMI. Kaplan-Meier plot showing time to first 
positive NAAT-positive test for males (blue dashed line) and females (red solid line). All samples 
were included when determining the first positive sample. Samples began to be collected starting 
on Days 5, 6 or 7.  

 
Drawing on prior literature indicating a liver stage duration of approximately seven days, we 

assessed the probability of TTP within the expected detection window of seven days post-CHMI, 

plus or minus one day. The probability of developing parasitemia by Day 7 estimated with the 

interval-censored survival model was significantly higher in females (86.7%) compared to males 

(63.5%) (p=0.005). There was no difference between females and males in the probability of first 

positive by Day 6 or Day 8 (Table 2.5).   
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Table 2.5. Interval-censored Kaplan-
Meier survival curve estimates of 
probability of first positive by Day 6, 7 
and 8 post CHMI, separated by sex. 

 
 

 
In parallel with the survival analysis, a binary variable, delayed parasitemia, to classify an over 

seven-day TTP was developed. Using data only from the first sample of each day, there were 19 

males (35%) who experienced delayed parasitemia, compared to six females (13%), with 

proportions similar when stratifying by route of infection (Table 2.3). There was no difference in 

classification of each participant when half-day samples were considered. There was no evidence 

of differences in the proportions of delayed parasitemia by sex within stratum of route of 

infection or CHMI strain, and all data were used in a single model. In the unadjusted model, 

males were 3.71 times more likely to experience delayed parasitemia compared to females 

(95%CI: 1.28, 10.77). Males were 3.67 times more likely to experience delayed parasitemia 

when adjusting for route of administration and challenge strain (95%CI: 1.24, 10.79). Results 

were similar when stratifying by route of challenge, but results were no longer significant with 

the smaller sample sizes (Figure 2.3).  

 

Figure 2.3. Adjusted odds ratio of 
first positive after seven days in 
males compared to females. The 
odds ratio (OR), adjusted for 
CHMI vector and strain, is 
presented as a point, and the limits 
of the 95% confidence intervals as 
lines. The adjusted ORs are 
presented just in those that received 
CHMI via DVI or mosquito bite, 
and all participants combined. 

 

Female Male
6 4.40% 0.00% 0.26
7 87.50% 64.80% 0.005
8 89.60% 87.00% 0.1

Probability of first positive
p-valueDay

3.67

3.71

3.89

All (n=102)

Bite only (n=76)

DVI only (n=26)

1 3 10 30
Adjusted Odds Ratio of 

 first positive over 7 days (M/F)
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Removing studies one-by-one revealed no studies that were heavily influencing the results 

(Supplemental Figure 2.7). Adjusted odds ratios (aOR) of odds of delayed parasitemia 

comparing males to females ranged from 2.8 to 4.9 with each data set. The greatest impact was 

seen when removing KAF156, which only had male placebo participants. Without this study in 

the data, the aOR was 2.8, and was the only estimate that was not significant (95%CI: 0.84, 

9.33). 

No sex difference in parasite density and replication 

Evaluation of parasite densities indicate no sex-specific difference in density at day of first 

positive. The log10 parasite density for all first-positive samples was not significantly different 

between males and females (p = 0.16) (Figure 2.4). Similarly, no significant differences in 

parasite density were observed when data were stratified by route and strain. However, males 

exhibited a trend toward slightly higher parasite densities compared to females in the mosquito 

bite group (p = 0.1) and NF54 strain recipients (p = 0.08) (Figure 2.4). Additionally, parasite 

density was higher in those challenged by mosquito bite compared to DVI for both females and 

males (Table 2.3). Similarly, the log10 parasite density at first positive was comparable across P. 

falciparum strains (3D7, 7G8, and NF54) in both females and males (Table 2.4). 
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Figure 2.4: Parasite densities of first positive NAAT test following CHMI. Jitter plots show 
the parasite densities (log10 parasites/mL) of males and females at first positive NAAT test for all 
clinical trials (A), or divided by challenge route (B) and strain (C). P-values displayed are from an 
unpaired t-test. 

 
Further evaluation of parasite replication capacity within the first two days of parasitemia found 

no difference between males and females. Parasite density measurements unaffected by rescue 

drug treatment were available one and two days after first positive for 90 and 63 participants, 

respectively. For those with a sample one day after the first positive, mean log10 density in 

females (2.03 +/- 0.48 log10 parasites/mL) was slightly lower compared males (2.26 +/-0.66 log10 

parasites/mL) at first positive. One day after, mean log10 density increased by an average 0.44 

log10 parasites/mL in females and 0.17 log10 parasites/mL in males, but the difference in log10 

fold change was not significant (p=0.3). For those with samples two days after the first positive, 
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mean log10 density in females (1.89 +/- 0.41 log10 parasites/mL) was similarly lower compared to 

males (2.04 +/- 0.60 log10 parasites/mL) at first positive (Supplemental Figure 2.8). Two days 

after, mean log10 density increased by an average 0.70 log10 parasites/mL in females and 0.71 

log10 parasites/mL in males. The log10 fold change between first positive and two days later was 

not significantly different between sexes (p=0.98) (Figure 2.5).  

 

Figure 2.5. Fold change relative 
to first positive of log10-
transformed parasite densities.  
Box plots show the median log10-
fold change in parasite densities 
for males and females one day 
(A) and two days (B) after first 
positive. The top and bottom of 
the boxes represent the third and 
first quartiles of the distribution, 
respectively, with lines extending 
to the 95% of the distribution. 
Points outside of the 95% are 
presented as points. P-values 
displayed are from an unpaired t-
test. 

 
2.5 DISCUSSION 

We analyzed the impact of biological sex on the time to positivity after CHMI and the P. 

falciparum blood stage replication rate following CHMI in the placebo arms of clinical trials 

conducted in malaria-naïve adults. We pooled data from malaria-naïve participants in 13 clinical 

studies across two locations. Overall, males tended to develop parasitemia later than females, and 

males were 3.7 times more likely than females to have TTP greater than seven days post CHMI. 

Results did not change when stratifying by CHMI challenge route, nor when adjusting analyses 

for challenge route and strain. Evaluation of changes in parasite density following patency, 

which is a proxy for blood stage replication, showed that that replication in the blood did not 
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differ by biological sex. These results suggest that the Plasmodium liver stage serves as the 

source of the sex difference in patency, which to our knowledge, is the first evidence of a 

biological sex difference in liver stage infections in humans.  

 

Our results highlight the unknown impact of biological sex of participants on Plasmodium 

infection, and subsequent interpretation of CHMI clinical trials and vaccine efficacy. CHMI has 

a long history as a tool to quickly and effectively evaluate clinical interventions such as vaccines 

and drugs233,234. Delay of parasitemia, defined as a delay in time to blood stage parasitemia 

during a pre-defined follow-up period compared with infectivity controls, is a frequently applied 

primary or secondary analysis for partial treatment efficacy235–240. The P. falciparum liver stage 

is understood to have a biological duration of 6 to 7 days209,225. Here we find that biological sex 

modifies the duration of the liver stage and the emergence of blood stage infections, highlighting 

the need to account for biological sex in malaria clinical trials and analyses.  

 

Two general biological phenomena could explain why males are more likely to experience a 

longer time to positivity compared to females: parasites have a slower replication capacity within 

the blood stage of male hosts or parasites experience a delayed or reduced liver stage in male 

hosts. Previous clinical studies have sought to evaluate differences in parasite densities by sex. A 

longitudinal cohort study conducted in a malaria endemic region of Uganda intensively followed 

P. falciparum infections in members from 80 households over two years and found no evidence 

for differences in parasite density as determined by qPCR between male and females after 

adjusting for age101. The same conclusion was found in a cross-sectional study of school children 

in Cote d’Ivoire where mean parasite densities by PCR did not differ between sexes95. We 
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observed similar findings in our analyses. There were no differences in parasite density of the 

first positive test result between males and females. Additionally, we saw no difference in the 

log10 change in parasite densities in samples taken one and two days after first positive, 

suggesting that blood stage replication is not altered by biological sex. The lack of evidence for 

difference in blood stage replication leaves one to consider the impact of biological sex on the 

Plasmodium liver stage.  

 

The liver is a sexually dimorphic organ71,75,241, due in part to its critical role as an endocrine 

organ responsible for biosynthesis of certain sex hormones54,77,242. Five biological host-pathogen 

liver stage mechanisms could explain why males might be more likely to experience delayed 

TTP: 1) decreased susceptibility during initial infection; 2) lower replication rate within 

hepatocytes; 3) higher threshold needed for merozoite egress; or 4) higher clearance by intrinsic 

and extrinsic immune mechanisms. One additional explanation could be that fewer P. falciparum 

parasites reach the male liver during migration from the dermis, reducing downstream liver 

burden. While this study does not address these questions directly, our results highlight the need 

to differentiate these outcomes by sex and adjust the current paradigm to accommodate the 

heterogeneity introduced by biological sex.  

 

For the results of a pooled analysis to be valid, one must assume that the data collected across 

studies are sufficiently similar to be combined. While all studies in our sample set utilized P. 

falciparum sporozoite CHMI, there were differences in the use of vialed PfSPZ Challenge 

products or infectious mosquito bites and the P. falciparum strain utilized. Route of 

administration is a known modifier of TTP and parasite density at TTP, with mosquito bite 
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challenge introducing more variability and longer TTP243. We observed a wider range of TTPs in 

both males and females in those challenged by mosquito bite compared to DVI (Supplemental 

Figure 2.6). However, there was no evidence of an interaction between sex and challenge route 

that differentially impacted time to parasitemia. Previous literature found a reduced patency 

period for 7G8 compared to NF54; however, we found no difference in TTP between these 

strains (Table 2.4). In our sample set, the minimum pre-patency period for those challenged with 

NF54 was six days, compared to seven days for 3D7 and 7G8. However, it should be noted that 

the one study that used 7G8 did not start sampling before Day 7, so it is possible that patency 

occurred prior to Day 7, but was not measured. Even though there was a slight difference in TTP 

by strain observed, it did not differ by sex and showed no modifying effect on our analysis.  

 

Another difference between studies was the frequency of sample collection and the first day of 

sampling. Two studies began monitoring on Day 5, ten on Day 6, and one on Day 7. Most 

studies sampled participants once per day, but three studies conducted twice daily sampling. 

Notably, two of the three studies that did twice daily sampling only had female placebo subjects. 

As such, the TTP is potentially biased by the timing and frequency of sampling, as the true TTP 

exists between the time of the last negative and first positive. Interestingly, 12/20 (60%) 

participants who were sampled twice per day had their first positive on the second sample of the 

day. This suggests that participants sampled once per day may have developed parasitemia prior 

to their test positive date. To account for this, we utilized interval censoring for survival 

analyses. For the odds ratio analyses, we limited the analysis to include only the first samples in 

studies that sampled twice per day. Shifting to only using the first sample of each day did not 
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change whether a participant was positive before or after seven days, suggesting our results 

would not change if more frequent sampling had occurred. 

 

Despite long-standing observations of biological sex differences in malaria prevalence97, there is 

little known about sex-based differences during the liver stage of P. falciparum infection. Our 

analysis shows that malaria-naïve males are more likely to experience a delayed detection of 

blood stage parasites following CHMI compared to malaria-naïve females. The controlled design 

of CHMI trials minimizes environmental influences on infection outcomes, making observed 

differences more directly attributable to biological factors. The sex-based delay in patency is 

likely due to differences in liver stage biology rather than blood stage replication. CHMI trials 

remain critical decision-making tools for treatment efficacy, with time to positivity often serving 

as an important primary endpoint metric. We propose that biological sex may be a demographic 

characteristic that could influence the interpretation of such results, such that the sex of 

participants should be considered during randomization and analysis. Re-analysis of CHMI trials 

with sex-disaggregated data and consideration of biological sex in appropriately-powered future 

studies may reveal other potentially sex-based differences. 
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2.7 SUPPLEMENTAL FIGURES 

 
Supplemental Figure 2.6. Distribution of the day after CHMI that each participant was first 
positive for P. falciparum by 18S NAAT, divided by sex and route. For studies that sampled 
twice daily, the lighter shaded section of the bar indicates participants that had their first positive 
during the second sample of the day. 
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Supplemental Figure 2.7. 
Sensitivity analysis of 
adjusted odds ratio. Odds 
ratios comparing odds of 
delayed parasitemia 
(parasite detected more than 
7 days after CHMI) 
between males and female 
control subjects in CHMI 
studies. Unadjusted (black) 
and adjusted for strain and 
route (teal) are presented for 
the full data set, and then 
with one study removed, 
shown on the y-axis. Lines 
show the 95% confidence 
interval for each estimate.  
 
 
 

 
 
 
 
 

Supplemental Figure 2.8. 
Log10-transformed parasite 
density (parasites/mL) 
measured at time of first test 
positive (TTP), 1-day post-TTP, 
and 2-days post-TTP. P-values 
displayed are from a paired t-test. 
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Chapter 3. HOST BIOLOGICAL SEX DIRECTS IMMUNE 

CONTROL OF PLASMODIUM PARASITE LIVER STAGE IN MICE 

3.1 ABSTRACT 

Plasmodium parasites, the causative agents of malaria, undergo a complex liver stage involving 

replication influenced by the spatial heterogeneity of the liver. The liver is known to be one of 

the most sexually dimorphic organs in the body, yet how the biological sex and androgens alters 

host responses to parasites in the liver remains unclear. Here, we investigated how biological sex 

and androgen levels influence host-parasite interactions during Plasmodium yoelii liver-stage 

infection. Using spatial transcriptomics, we mapped sex-specific gene expression and cellular 

composition in the BALB/cJ mouse liver. We found that androgens significantly impact parasite 

survival by reducing infected hepatocyte numbers, with females and castrated (ORX) males 

showing greater immune activity compared to intact males. At homeostasis, males exhibited 

lower baseline densities of Kupffer cells, monocytes, and dendritic cells in the liver; during 

infection, these disparities persisted and amplified. Intact males displayed impaired recruitment 

of immune cells and reduced antigen presentation activity, alongside a deficient Type I interferon 

response, which was robust in females and ORX males. Interestingly, despite similar magnitudes 

of Kupffer cell recruitment during infection, sex differences were driven by baseline innate 

immune cell densities mediated by androgens. Our findings highlight the critical role of 

biological sex in shaping immune responses during Plasmodium infection, and highlight the 

importance of considering sex as a biological variable in malaria infection studies. 
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3.2 INTRODUCTION 

Plasmodium spp., the unicellular eukaryotic parasites responsible for malaria, are transmitted to 

mammalian hosts through the bite of infected Anopheles mosquitoes34. This transmission 

introduces Plasmodium sporozoites into the dermis, a highly motile stage of the parasite that 

quickly travels through the host’s circulatory system to reach the liver via the portal vein131. The 

sporozoite traverses across multiple hepatocytes, until infection is established within a final 

hepatocyte. Upon entering a hepatocyte, the sporozoite forms a parasitophorous vacuole (PV), a 

protective enclosure within the cell's plasma membrane, allowing it to replicate rapidly in a 

process called schizogony while evading host defense mechanisms132. Plasmodium parasites 

actively modify the host hepatocyte to access nutrients that support its growth and 

development143–145. At the end of this transformation, the schizont form matures into merozoites, 

which are then released into the bloodstream, initiating the symptomatic blood stage of malaria35.  

 

The liver is a sexually dimorphic organ, characterized by differential gene expression patterns 

and ensuing function on the basis of sex149. The male and female liver during homeostasis 

maintains hundreds of genes that are differentially expressed in mice71 and humans72, including 

genes encoding xenobiotic and fatty acid metabolic enzymes, immune signaling pathways, and 

immune cells markers. Sex-differential patterns in function are most commonly characterized for 

sex-bias in metabolism76,77 and endocrine function, where the liver plays an important role in sex 

hormone biosynthesis and hormone protein production54,244. Due to its high vascularity, the liver 

is well-suited for inter-organ signaling, modulating metabolic and synthetic functions in concert 

with other endocrine organs54. Sex differences also characterize the prevalence and severity of 

several hepatotropic pathogens, including Entamoeba histolytica117,118, trematodes119–122, and 
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hepatitis-causing viruses124–127, which are either more prevalent or more severe, or both, in 

males. A hormonal basis for these sex differences is indicated by lower prevalence and severity 

in prepubertal populations, as is the case for Amebiasis is a parasitic disease caused by 

Entamoeba histolytica, where risk in men increases significantly post-puberty and gradually 

declining with age118.  

 

Biological sex also modifies the spatial heterogeneity within the liver74. The liver’s basic 

anatomical unit, the lobule, consists of layers of hepatocytes arranged around a central vein, 

forming a hexagonal structure49. Hepatocytes, which make up about 80% of liver volume50, 

radiate from this vein, with portal triads at each corner containing the portal vein, hepatic artery, 

and bile duct51. To optimize metabolism and prevent futile cycles, liver cells express different 

proteins along the axis from each portal node to the central vein, creating spatially defined 

metabolic zones known as zonation245. Sex-biased gene expression also follows a zonal pattern 

in the lobule; for example, one study found that 46% of zone-biased genes are sex-biased, 

particularly affecting pathways in lipid and xenobiotic metabolism74.  

 

The diverse liver cell types contribute significantly to sex-specific liver functions. Under steady-

state conditions, the liver exhibits sex-based differences in cell numbers, with hepatocytes and 

Kupffer cells (KC) more abundant in females than in males246. This bicellular composition bias 

is accompanied by notable sex differences in gene expression profiles. Hepatocytes account for 

most of the observed sex-biased gene expression74. In contrast, non-parenchymal cells—

including immune cells like KCs, Natural Killer (NK) cells, dendritic cells (DC), T and B 

lymphocytes—show less bias in baseline gene expression between sexes74. Although these 
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immune cells exhibit subtler gene expression differences, sex-specific immune cell activities 

have been documented in other tissue microenvironments197. 

Prior studies have mapped a spatially-resolved host response to Plasmodium liver-stage infection 

using rodent Plasmodium parasites136,150,156. Other studies found that during P. berghei infection, 

the host liver initiates a sequential response, including interferon-mediated immune gene 

activation in later stages of parasite development111,145,152. Additionally, parasite growth 

dynamics, including pace and survival, vary between pericentral (PC) and periportal (PP) 

hepatocytes136. Another study found immune cell infiltrates have also been observed, gathering 

around infected hepatocytes following P. berghei150,152 infection. These insights have deepened 

our understanding of Plasmodium infection, hepatic zonation, and tissue-wide immune 

responses. However, despite the pronounced sexual dimorphism of the liver, these previous 

studies on Plasmodium liver-stage heterogeneity have focused mostly on female mice. Thus, the 

effects of sex-specific factors and hormones on gene expression across hepatic zones and the 

involvement of liver-resident immune cells so far remains unexplored. 

Here, we examine the impact of biological sex on the susceptibility, development, and survival 

of the rodent parasite Plasmodium yoelii. Building on prior evidence for androgen effects on 

infection outcomes, we further characterize how androgens influence P. yoelii infection in male 

mice. To elucidate the effects of sex and sex hormones on the host response, we conducted 

spatial gene expression analysis of P. yoelii-infected mouse livers 44 hours post-infection. We 

investigate genes, pathways, and immune cell dynamics influenced by biological sex, by 

comparing male and female, and androgen levels, by comparing male and orchiectomized (ORX) 

male. Our findings are further corroborated through immunofluorescence microscopy. 
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Altogether, this study provides a comprehensive analysis of host-parasite interactions within the 

sexually dimorphic liver microenvironment. 

3.3 METHODS 

Ethics statement 

Animal studies were performed according to the regulations of the institutional animal care and 

use committee. Approval was obtained from the University of Washington Institutional Animal 

Care and Use Committee (IACUC) under protocol 4317-01. The University of Washington 

IACUC adheres to the NIH Office of Laboratory Animal Welfare standards (OLAW welfare 

assurance # D16-00292).  

Mice 

Male and female BALB/cj mice (4-6 wk old) were obtained from Jackson Laboratories (Barr 

Harbor, ME) and housed at the University of Washington in an Institutional Animal Care and 

Use Committee (IACUC)-approved animal facility. All mice were used under an approved 

IACUC protocol (4317-01 to SCM). 

Plasmodium sporozoites for challenge  

Female Anopheles stephensi mosquitoes infected with wild-type (WT) Py (strain 17XNL) and 

unattenuated P. berghei ANKA (Pb) were reared at Seattle Children’s Research Institute 

(Seattle, WA) or UW Medicine (Seattle, WA). Fresh spz were obtained by salivary gland 

dissection 14-18 days post-infection. All spz were diluted in Schneider’s insect media for 

administration (Gibco, Thermo Fisher Scientific). Figure legends specify the dose for each 
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experiment. For Py-WT spz challenge administrations, 1x105 freshly dissected Py-WT spz were 

injected unless state otherwise. For Pb-WT spz challenge administrations, 0.5x105 freshly 

dissected Pb-WT spz were injected unless state otherwise.   

Liver Fixations for Microscopy 

Following infection with either Py or Pb or mock injection with loading media (Schneiders), 

livers from mice were harvested at 12, 24, or 44 hours post infection (hpi) and left lateral lobe 

was fixed in formalin solution (MilliporeSigma) for 24 hours. Tissue were then paraffin 

embedded, cut into 5µm sections, and mounted on positively charged glass slides. Mounted liver 

slices were then used for digital spatial profiling or immunofluorescence staining.  

Immunofluorescence Staining 

Slide-mounted liver slices were washed twice in xylene for 3 minutes followed by washes in 

100%, 95%, 70% and 50% ethanol for 3 minutes each. Slides were then washed with DI water 

and heated to 90°C for 30 minutes in 1% citrate-based antigen unmasking solution (Vector 

Laboratories) using a Biocare Medical Decloaking Chamber. Slides were washed with Tris-

buffered saline (TBS) and 1% Triton X-100 and then blocked for 2 hours in a solution containing 

1.5% BSA and 15% goat serum (Sigma Aldrich). Slides were incubated in primary antibodies at 

4°C overnight. Following primary antibody staining, slides were washed with TBS and 1% 

Triton X-100 then incubated with secondary antibodies and DAPI (1:2,000) for 1 hour at room 

temperature. Because the conjugated CLEC4F antibodies also come from a mouse host, slides 

were washed again with TBS and 1% Triton X-100 followed by an overnight incubation at 4°C 

with the CLEC4F antibodies separately. Slides were washed and autofluorescence quenched 

using Vector TrueView (Vector Labs). Fluoromount G mounting media was used to preserve 
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fluorescence signal. Primary antibodies were used at the following concentrations: PyHsp70 

1:500, Conjugated CLEC4F-647 1:100 (BioLegend 156804). Secondary antibodies, anti-mouse 

AlexaFluor-488, were used at a 1:1,000 dilution. 

 

For experiments on quantification of spatial localization and parasite size at 44hpi, the following 

method was employed. Slide-mounted liver slices were washed twice in xylene for 3 minutes 

followed by washes in 100%, 95%, 70%, and 50% ethanol for 3 minutes each. Slides were then 

washed with DI water and heated to 90C for 30 minutes in 1% citrate-based antigen unmasking 

solution (Vector Laboratories) using a Biocare Medical Decloaking Chamber. Slides were 

washed with PBS and blocked for 1 hour in PBS containing 0.3% Triton-X, 1% BSA, and 10% 

natural goat serum (Jackson ImmunoResearch). Slides were incubated in primary antibodies and 

Hoescht (1:1000) and DAPI (1:400) (Invitrogen) at room temperature for 1 hour. Following 

primary antibody staining, slides were washed with PBS and incubated with secondary 

antibodies for 1 hour at room temperature. Slides were washed with PBS and autofluorescence 

quenched using Vector TrueView (Vector Laboratories). Fluoromount G mounting media was 

used to preserve fluorescence signal. Primary antibodies were used at the following 

concentrations: PvHsp70 1:500, anti-Ass1-AF488 1:250 (Abcam ab208412), anti-GS 1:500 

(Abcam ab64613). Secondary antibodies anti-rabbit AlexaFluor-594 and anti-mouse AlexaFluor-

647 were used at 1:500 dilution. 

Imaging and Quantification 

Images (40X) were acquired using a high-resolution widefield focused on encompassing infected 

hepatocytes and uninfected regions. For cell quantification within Ring ROIs 4x4 image panels 

were taken with a 60-pixel overlap and stitched together using the DAPI channel. Images were 



72 
 

stitched and deconvolved using the NIS-Elements software and were visualized using ImageJ 

software. ImageJ was used to quantify fluorescence intensity within defined ROIs of 200µm 

radii. Distances from parasites to Kupffer cells were measured between nucleus centers, using 

ImageJ/FIJI. Only Kupffer cells with a visible, stained nucleus (DAPI) and a clear surrounding 

CLEC4F signal were included in counts. Size quantification and frequency at 24 hours post Py 

infection used whole lobe images for quantification of number of parasites images were acquired 

at 10X, and image panels were generated based the size entire liver lobe.  

 

Images for spatial localization were acquired in the following method. Images (20X) were 

acquired and stitched using a Keyence Automated Microscope. For liver zonation, periportal, 

interzonal, and pericentral regions were identified by Ass1 and GS staining. Periportal regions 

were classified as Ass1hiGSlo, interzonal regions were classified as Ass1intGSlo, and pericentral 

regions were classified as within 3 nuclei of Ass1loGShi.Images were visualized for analysis 

using ImageJ software. ImageJ was used to count the number of parsitess in each liver region 

and define ROIs around parasites in order to measure parasite area. Only parasites with visible, 

stained nuclei were included in counts and measurements. 

Liver burden quantification by RT-qPCR 

To quantify liver burden by reverse transcription polymerase chain reaction (RT-qPCR), mice 

were sacrificed, half of the liver was excised and pulverized by bead beating NucliSENS lysis 

buffer, and nucleic acid was extracted as previously described (bioMérieux, Durham, NC, USA). 

RNA was subjected to RT-PCR using the SensiFAST™ Probe Lo-ROX Kit (Bioline, London, 

UK) using a predesigned HEX-labelled mouse GAPDH RT-PCR assay (IDT Inc, Coralville, IA) 

multiplexed with a Pan-Plasmodium 18S rRNA assay as described222. Conditions of 45°C for 10 
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min, 95°C for 2 min and 45 cycles of 95°C for 5 s, 50°C for 35 s were run on a QuantStudio 5 

real-time PCR machine (Thermo Fisher Scientific). Data were normalized to mouse GAPDH, 

and copy numbers per reaction were determined using custom lot of quantified Armored RNA 

encoding full-length Plasmodium 18S rRNA (Asuragen, Austin, TX).  

Acyline and testosterone administration 

Acyline (lot # RDZ001) was provided by John K. Amory, MD, MPH at the University of 

Washington. The lyophilized vials were stored at -20°C until resuspension. At the time of use, 

Acyline was resuspend to a concentration of 2mg/mL with sterile Molecular Biology Grade 

Water (Cytiva). Resuspended vials were stored for a maximum of 1 week at 4°C. Mice were 

subcutaneously injected 5 and 4 days prior to treatment to give time for the hormone 

environment to equilibrate. For testosterone treatment, testosterone propionate (Sigma Aldrich) 

was dissolved in sesame oil (Sigma Aldrich) at a concentration of 20 ug/uL. Mice were weighed 

to determine average weight per group, and then subcutaneously injected with 100 ug 

testosterone/g body weight at 2 timepoints (3- and 1-day pre-challenge). 

Testosterone quantification in serum 

Serum was collected via chin bleed day of harvest and stored in -20°C until testing. To measure 

testosterone levels in serum, Testosterone ELISA kits (Crystal Chem) were used per 

manufacturer guidelines. Singlet absorbance values of each sample were measured with 

CLARIOstar Plus Microplate Reader (BMG Labtech) and analyzed using MARS data analysis 

interface. A calibration curve was generated using manufacturer provided standards (0,0.1, 0.4, 

1.5, 6.0, and 25 ng/mL) and a four parametric logistic curve fit was used to calculate sample 

values. 
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Orchiectomy 

Male mice were orchiectomized at least 30 days prior to treatment. For orchiectomy (ORX), 

male mice were anesthetized by isoflurane inhalation (Isoflurane, USP, Dechra Veterinary 

Products), with doses of 4-5% for induction and, 2-3% for maintenance. A 5 mg/kg dose of 

meloxicam (Pivetal® Alloxate™, Aspen Veterinary Resources®, LTD) was administered 

subcutaneously (SC) to each mouse for systemic analgesia. Lubricant ophthalmic ointment 

(Pivetal® Artificial Tears, Aspen Veterinary Resources®, LTD) was applied to both eyes to 

prevent corneal desiccation. Thermal support was provided using a warm water circulating 

heating pad. The intended incision site was surgically prepped with three alternating scrubs of 

10% povidone-iodine and 70% ethanol. A small, midline, scrotal incision was made with tissue 

scissors. Each testicle was identified singly, and the associated spermatic cord was clamped with 

hemostats for at least 10 seconds, and the testicle removed. The incision was closed using 

surgical tissue adhesive (3M™ Vetbond Tissue Adhesive 1469, 3M). Sham ORX surgeries were 

performed using the same surgical protocol without surgical removal of the testicles. 

Digital Spatial Profiling 

Experimental execution of DSP 

Spatial transcriptomic analysis was completed using the Nanostring GeoMx Digital Spatial 

Profiler. Tissues were cut onto positively charged slides at a 5 micron thickness, dried overnight, 

and baked at 65°C for 1 hour. All subsequent steps were performed in an RNAse-free 

environment with DEPC water. Slides were de-paraffinized with xylenes, rehydrated using 

graded alcohols, and held in 1X PBS for 1 minute. Tissues were incubated in Tris/EDTA pH 9.0 

antigen retrieval solution (Invitrogen #00-4956-58) pre-heated to 100°C for 15 minutes, washed 
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in 1X PBS for 5 minutes, and transferred to 37°C 1.0 ug/ml proteinase K (Ambion #AM2546) 

for 15 minutes. Slides were washed in 1X PBS for 5 minutes, then post-fixed with a 5 minute 

incubation in 10% neutral-buffered formalin followed by two 5 minutes incubations in Tris-

glycine fixation stop buffer and one 5 minute wash in 1X PBS. Slides were hybridized overnight 

at 37°C with the Mouse Whole Transcriptome Atlas probe set (Nanostring #121400313) diluted 

in Buffer R (Nanostring #121300313) and DEPC water. Unbound probes were removed using 

two 25 minute incubations in stringency wash buffer comprised of 50% deionized formamide 

(Sigma #4650) and 50% 4X SSC buffer. Slides were washed twice with 2X SSC buffer for 2 

minutes, then incubated in Buffer W for 30 minutes. Slides were stained overnight in 

morphology marker HSP70 antibody (Rabbit polyclonal, 1:42 dilution, StressMarq #SPC-186D), 

washed twice with 2X SSC for 5 minutes, and detected with a 1 hour incubation in secondary 

antibody conjugated to AlexaFluor 647 (Goat polyclonal, 1:200 dilution, Jackson 

ImmunoResearch #111-605-144). This was followed by two 5 minute 2X SSC washes and 1 

hour incubation of labeled antibodies ASS1-AlexaFluor 488 (Rabbit clone EPR12398, 1:250 

dilution, Abcam #ab208412) and GS-AlexaFluor 594 (Mouse clone 3B6, 1:60 dilution, Abcam 

#ab64613) cocktailed with nuclear counterstain Syto83 (2 uM, 1:10, Invitrogen #S11364). Slides 

were held overnight in 2X SSC buffer, then re-stained for 10 minutes with Syto83 immediately 

prior to loading the instrument.  

 

Following whole-slide fluorescent imaging, circular ROIs were placed on tissue areas. Syto83 

immunofluorescence was utilized for autofocus of GeoMx imaging. Immunofluorescence for 

Ass1 was used to identify periportal, pericentral, and interzonal regions and PfHSP70 was used 

to identify the location of parasites. ROIs were generated using the circle tool and measured to a 
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diameter of 200µm, 100µm, 75µm, and 50µm. Each ROI was selectively exposed to UV light, 

cleaving the barcode sequences and collecting them in a unique well in a 96-well collection plate 

(three plates in total). Libraries were prepared with Nanostring SeqCode construction kits 

according to manufacturer instructions, sequenced using NovaSeq 6000 SP flowcell, and 

processed using the GeoMX NGS Pipeline. 

 

Quality control 

In the mouse GeoMx experiment, 278 segments were collected in total from 18 mice, and 5 of 

these segments failed Quality Control (QC) analysis and were removed from the dataset. One 

segment was removed for sequence stitching <80% and aligned sequence reads <80%. Two 

additional segments were removed for aligned sequence reads <80% alone, and two segments 

were removed for sequence saturation <50%. A secondary blinded reviewer conducted a follow-

up quality control (QC) evaluation of the liver zones after initial collection. ROIs with identified 

discrepancies in accordance between initial and secondary reviewers were excluded from 

subsequent analyses (14 ROIs removed). Additionally, we excluded 60 ROIs with diameters that 

deviated from the specified 200 µm radius threshold and were collected for exploratory 

purposes. Final analysis included 199 ROIs.  

 

Table 3.1. Table of final number per condition following QC and exclusion criteria 

PP IZ PC
F 9 9 6
M 9 7 3
ORX 8 9 7
F 8 9 9
M 9 9 9
ORX 9 9 9
F 6 6 5
M 5 6 6
ORX 6 6 6

Total 199

Parasite

Bystander

Mock
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Of the 20175 gene targets contained in the GeoMx Mouse Whole Transcriptome Atlas, all were 

included in the downstream analyses following QC analysis. No genes were removed as a global 

outlier and local outlier (Grubbs test). Sample size was determined based on pilot data. No 

statistical method was used to determine sample size. Experiments did not involve multiple 

experimental conditions. 

Normalization and Batch Correction 

The dataset was processed using the Seurat package. Gene expression data were normalized 

using Seurat’s NormalizeData function, which scales and log-transforms the data. Variable 

features were identified with the FindVariableFeatures function, selecting the top features for 

downstream analysis. The selected features were then scaled using the ScaleData function to 

standardize expression values across cells.  

 

To correct for batch effects, raw count data were extracted from the Seurat object and converted 

into a matrix format compatible with the Surrogate Variable Analysis (SVA) package. Batch 

variables were defined based on the experimental block, and covariates (sex/hormone status and 

infection status) were incorporated into a covariate matrix. Batch correction was performed using 

the ComBat_seq function from the SVA package, and the adjusted count matrix was then used 

for subsequent analyses.  

 

Differential expression 

Differential expression of gene targets in the GeoMx experiments was determined via a linear 

regression model. The regression model implemented was as follows: 
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𝑌 = 𝑔𝑒𝑛𝑒	~	𝐺𝑟𝑜𝑢𝑝 + 𝐺𝑟𝑜𝑢𝑝: 𝑙𝑖𝑣𝑒𝑟	𝑧𝑜𝑛𝑒 + 𝑙𝑖𝑣𝑒𝑟	𝑧𝑜𝑛𝑒	 

Where group is a combined designation for sex/hormone status and infection type (e.g. F mock, 

F parasite, M mock, M parasite, ORX mock, ORX parasite). This model robustly tests for 

differential gene expression for comparisons of interest (ex. mock vs. parasite, sex and hormone 

status within mocks, etc.) while controlling for liver zone. Prior iterations of this model included 

bystander with an interaction term to evaluate the impact of bystander activation of gene 

expression, where Group was composed of mock, bystander, and parasite ROIs.  

𝑌 = 𝑔𝑒𝑛𝑒	~	𝐺𝑟𝑜𝑢𝑝 ∗ 𝑇𝑦𝑝𝑒 + 𝐺𝑟𝑜𝑢𝑝: 𝑙𝑖𝑣𝑒𝑟	𝑧𝑜𝑛𝑒 + 𝑙𝑖𝑣𝑒𝑟	𝑧𝑜𝑛𝑒 

However, with the limited difference between parasite and bystander (Supplemental Figure 

3.13) led us to exclude the bystander ROIs from the main DE analysis in Figure 3.4. 

Differentially expressed genes (DEGs) were defined as genes with a false-discovery rate (FDR) 

< 0.05 and |logFC| > 1.0. 

Pathway analysis 

Hypergeometic enrichment against Broad MSigDBHallmark (H) and KEGG (K) pathway gene 

sets was completed for significant genes. Gene set enrichment analysis (GSEA) was performed 

again H and KEGG gene sets with contrast fold changes using fast GSEA. 

 

Cell-type deconvolution 

We used BayesPrism via InstaPrism247 cell-type deconvolution algorithm to determine the cell-

type proportions in our spatial transcriptomics data. We determined cell-type proportions in our 

data via comparison of our data to single-cell data from Hildebrandt et al150, which was 
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conducted on C57BL/6 mice during P. berghei infection and included 14 cell types. We pseudo 

bulked the scRNAseq data by calculated the average expression per cell type in dataset. To 

determine statistical significance of difference in cell type proportions, we compared groups with 

a Wilcoxon test since proportions do not hold up to assumptions of normality. 

Statistics 

Details of the statistical tests applied to datasets shown in figures can be found in the above 

methods and in corresponding figure legends. All data points and n values reflect biological 

replicates. Data analyzed included outliers unless these could be explained by technical error. 

GeoMX data collection and analysis were not performed blind to the conditions of the 

experiments. Fluorescent microscopy with CLEC4F antibody and liver zonation were counted 

blinded to experimental conditions. Fluorescent microscopy and 18S rRNA data were assumed 

to be not normal thus non-parametric test were employed. Where relevant, statistical tests were 

two-sided. Individual p values are provided in the figures. Statistical analyses were performed in 

R (version 4.3.2) or GraphPad Prism 9.1.2 Software. Plots used in this manuscript were 

generated with GraphPad Prism and the following R packages: ggplot2, ggpubr, and UpSet248. 

 

3.4 RESULTS 

Time-dependent sex differences in Plasmodium yoelli liver infection 

To test if biological sex modifies susceptibility to infection or subsequent liver stage 

development, we used a model where adult male and female BALB/cJ mice were infected with 1 

x105 P. yoelli sporozoite intravenously. Twelve, twenty-four, and forty-four hours post infection 

(hpi), the liver was isolated for quantification of a Plasmodium parasite RNA by 18S RT-qPCR 
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as a surrogate for liver burden (Figure 3.1a). At 12 and 24 hpi, no significant sex difference was 

observed. However, at 44 hpi, males maintain a about 3- fold higher liver burden compared to 

female age-matched mice (Figure 3.1b), indicating a sex difference in growth or survival and 

not frequency of initial infection. Two factors potentially influence the quantity of Plasmodium 

rRNA at 44 hours: 1) the number of parasite infected hepatocytes or 2) the replication capacity of 

schizont within the hepatocyte. To evaluate if sex influenced these factors, the number of 

infected hepatocytes were counted and measured size with fluorescence microscopy (Figure 

3.1c). Similar to our previous findings, there were more parasites in males compared to females 

at 44 hours, but not at 24 hours (Figure 3.1d). The size of parasites was not significantly 

different between sexes at 44 hours, suggesting growth was unaffected by sex (Figure 3.1e). 

Interestingly, parasite size was significantly higher in males at the 24-hour timepoint, indicating 

that rate or initiation of replication might differ initially, but other factors influence schizont size 

at 44 hours. Taken together, this data suggests that higher liver burden at 44 hours in males is 

related to survival, rather that differences in susceptibility to infection or parasite replication 

capacity.  

Androgen-linked variation in Plasmodium parasite survival 

Previous data has implicated androgens in modifying liver-stage vaccination outcomes116. We 

therefore sought to evaluate whether androgens in males contribute to higher liver burden at 44 

hours. To evaluate whether androgens in males contributed to susceptibility or survival of 

infection, we removed the gonads in adult male mice at least 14 days prior to challenge and then 

later quantified liver burden at 12, 24, and 44 hours post-spz challenge by Plasmodium 18S 

rRNA RT-PCR (Figure 3.1a). Orchiectomy (ORX) is a common method for removing testicular 

hormones, and is frequently applied to reduce androgen levels in murine systems249. For males, 
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ORX led to higher liver burden in male mice at 44 hpi (Figure 3.1b). Also similar to previous 

data, no significant difference in 18S rRNA parasite burden at 12 and 24 hpi between intact and 

ORX male mice was observed (Figure 3.1b). We further identified that ORX male mice 

maintained more infected hepatocytes at 44 hours compared to intact counterparts, with ORX 

male mice having a similar number to that of female mice (Figure 3.1d).  

 

To further confirm the confirm that testosterone increased parasite survival, we developed an 

acute and reversible model to suppress testosterone production in male mice. Acyline is a 

gonadotropin releasing hormone (GnRH) antagonist that suppresses downstream production of 

testosterone in a dose-dependent manner and has previously been applied in mice250, and 

humans251,252. We depleted testosterone prior to infection with P. yoelli and measured liver 

burden via 18S RT-qPCR at 44 hpi. We found reducing testosterone (Supplemental Figure 

3.7a) was sufficient to increase liver burden outcomes in male mice (Supplemental Figure 

3.7c). To further confirm that testosterone during infection changes liver burden at 44 hpi, we 

added back testosterone and once again saw a reduced 18S rRNA levels in androgen treated 

groups compared to Acyline treated group (testosterone depleted) (Supplemental Figure 3.7c). 

Together, these findings lead us to conclude that testosterone during liver infection is a 

significant factor influencing the survival of parasites during the liver stage.  
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Figure 3.1: Sex bias in survival of Plasmodium yoelli infection in BALB/cJ mice. a. Schematic 
of male, female, and orchiectomized (ORX) male BALB/cJ mice infected with 1x105 Py-WT spz 
intravenously (IV) and harvested at 12, 24, and 44 hours post infection (hpi). b. Livers were excised for 
absolute pan-Plasmodium 18S rRNA quantification at 12 hpi (left), 24hpi (middle) and 44hpi (right); c. 
Liver stage parasites were visualized by fluorescence microscopy with HSP70 in yellow, DAPI shown in 
blue, ASS1 (zonal marker) in green, and GS (zonal marker) in red. d. Density of liver stage in tissue 
quantified by microscopic counting at 24hpi (left) and 44hpi (right). e. The size of each parasite was 
quantified in each sample with fluorescence microscopy at 24hpi (left) and 44hpi (right). Data are shown 
from two independent experiments (n= 6-8). Statistical significance for data was determined by One-way 
ANOVA with Tukey multiple comparison. Error bar represents mean ± s.e.m; box plot depicts median with 
interquartile range. ***p<0.001, **p<0.01, *p<0.05, ns p³0.05. 
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Spatial transcriptomics captures sex-specific responses induced by Plasmodium parasite 

infection  

To interrogate the impact of sex and sex hormones on host response to Plasmodium infection, we 

performed GeoMX spatial genome-wide transcriptomic profiling on P. yoelli-infected BALB/cj 

mouse liver tissue. Adult intact male, female and ORX male mice were intravenously infected 

with 3 x105 Py sporozoites or mock injected. The comparison with mock-infected sections 

enabled us to evaluate the baseline contributions of biological sex in this mouse model. At 44 

hpi, 18 liver sections from the left lateral lobe were collected and prepared for digital spatial 

profiling with GeoMX. 

 

The design of GeoMX is to capture transcripts in tissue regions, which we employed to capture 

regions of interest (ROIs). These ROIs were selected based on staining with fluorescent 

microscopy with three markers, one for Plasmodium parasites (HSP70 -cytosolic marker), one 

for liver zonation (ASS1 – periportal marker), and one nuclear stain (SYTO83). ROIs were 

selected from infected and mock infected mice. Within the infected mice, two additional ROIs 

were collected to evaluate both direct and indirect effects of Plasmodium on liver-stage 

outcomes: one surrounding the parasites and another distant from parasites (bystander, without 

encircling parasites). (Figure 3.2a).  As zonal location (Periportal (PP), Interzonal (IZ), and 

Pericentral (PC)) is known to influence the host response to infection136,150, we selected at least 3 

ROIs per mouse per zone per infection type. We confirmed clear zonated expression were 

exhibited by pre-annotated ROIs (Supplemental Figure 3.8). This was evidenced from the 

mutually exclusive expression of the pericentrally zonated hepatocyte gene Cyp2e1 and Glul and 

the periportally zonated gene Cyp2f2 (Supplemental Figure 3.8a). We further confirmed with 
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differential gene expression analysis that these genes were differentially expressed between 

Periportal and Pericentral regions (Supplemental Figure 3.8b). Cell proportion analysis also 

accurately predicted the pericentral and periportal regions, though the interzonal (midlobular) 

region was more unclear (Supplemental Figure 3.8c). Gene-set enrichment analysis also found 

that within the PP region, primary bile acid biosynthesis was upregulated, in part due to the 

proximity of the bile duct to the portal vein (Supplemental Figure 3.8d).  

 

First, we performed unsupervised clustering analysis to identify overall trends in the data. We 

identified 5 clusters (0-4) (Figure 3.2b). Many of these clusters represented the hormone status 

of the mouse, with intact males (Cluster 0) differentiating from females (Clusters 1, 3, 4) and 

ORX males (Clusters 1, 2, 4) regardless of infection status (Figure 3.2c). Clusters associated 

with Females and ORX males clearly differentiate on infection status (Cluster 4 – uninfected; 

Cluster 0,2, and 3 – infected). We found genes enriched in these clusters are connected to the 

cytochrome P450 superfamily, fatty acid metabolism, and hormone biosynthesis (Figure 3.2d). 

In contrast, the clusters associated with intact males did not separate out by infection status 

(Cluster 0). Liver zone did not drive cluster expression at this resolution. With these clusters 

defined, we next conducted a supervised analysis to further investigate the impact of biological 

sex on gene expression outcomes.  
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Figure 3.2: Digital spatial profiling facilitates evaluation of transcriptomes in Plasmodium yoelii 
infected tissues. a. The workflow to evaluate fixed liver samples from BALB/sJ mice infected with Py 
sporozoites. 1) Biopsies from 18 mice were fixed and assembled to evaluate mice challenged with 300k Py 
spz IV (3 per group) or mock infected (3 per group) in three groups, adult female, male, and ORX male 
mice. 2) Liver section was stained with anti-ASS1, anti-SYTO83, and anti-HSP70 to visualize the liver 
zone and the presence of Plasmodium parasite and then hybridized with a >19,000 RNA probe panel 
targeting mouse genes for GeoMX assay. 3 - 4) Region of interests (ROIs) were selected based on the 
infection status of the mouse and the zonal location of the parasite. To ensure representation from each 
zone, at least 3 ROI were selected per infection type (bystander, parasite, mock) and per liver zone (PC, IZ, 
PP). 5) Targeted extraction of whole transcriptomes within each region that enables differentiation of 
targeted mouse groups. 6) Computationally dissect the key differences underlying response to infection by 
biological sex and hormone status. b. After dimensionality reduction, the normalized and batch-corrected 
data were embedded in Uniform manifold approximation and projection (UMAP) space and colored by 
clusters identified through unsupervised clustering. c. Proportion of spots of original conditions (Infection 
status, sex and hormone status, and zonal location) across all identified clusters from analysis. Original 
conditions are indicated by color. d. Heat map for top marker genes per cluster. *Py spz samples had 3 
ROIs per infection type and mock samples each had 2. **Up to 3 zones if enough parasites were present at 
time of collection.  
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Sex-bias in gene expression and cell composition in the liver at steady state 

To further evaluate how sex and sex hormones impact the liver at steady state, we then overlaid 

phenotypic information of all ROIs collected. Globally, male mice clearly differentiate from 

female and ORX male mice with mutually exclusive expression of Cyp7b1, a cytochrome p450 

family gene that is known to be regulated by biological sex in the murine liver253. Female and 

ORX male mice also differentiate from intact male mice with higher expression of Cyp2b13, a 

gene connected to lipid and fatty acid metabolism254(Figure 3.3a). Thus, we were able to capture 

known differences in gene expression by biological sex and hormone status74,253,255, and 

identified that androgen presence better differentiated clusters than biological sex. 

 

Next, to identify differentially expressed genes, we performed pairwise comparisons between all 

intact males and females and intact males and ORX males, while accounting for covariates of 

infection, and liver zone. We found most genes differentially expressed between females and 

intact males were also differentially expressed between ORX and intact males (Figure 3.3b, 

Supplemental Figure 3.9). Up regulated genes in females and ORX males are linked to fatty 

acid metabolism (e.g. Acot3, Hao2) and xenobiotic metabolism (e.g. Fmo3 and Gstp1). Up 

regulated genes in males were linked to bile acid metabolism (e.g. Cyp7b1, Scp2) complement 

and coagulation cascades (e.g. C4a, C9) (Figure 3.3c) corroborating previously identified sex-

biased pathways256. 

 

Thirdly, since GeoMX does not provide data at the individual cell level, we leveraged single-cell 

RNAseq data set from livers of C57BL/6 mice infected with P. berghei published by Hildebrandt 

et al150. This dataset defined liver cell populations based their differential gene expression 



87 
 

patterns, which we deconvoluted247,257 and used to estimate cell type proportions across the tissue 

in spatial gene expression data. We focused on mock-infected groups to define cellular 

composition by sex in the liver at baseline/steady state (Figure 3.3d). Comparing the proportions 

of 14 annotated cell types, we found that within our selected ROIs, hepatocytes comprised 20 – 

40% (and remaining cells type comprised 60 – 80%) within the mock infected samples 

(Supplemental Figure 3.10). We note this was different than Hildebrandt et al., likely due to 

differences in sequencing platform because we uniquely targeted ROIs in immune rich regions. 

Four immune cell categories were captured with this method, KCs, monocytes and DCs, T and 

NK cells, and B cells. Analysis of cell proportions revealed that females and ORX males have 

higher levels of KCs, monocytes and DCs, and T and NK cells compared to intact males. Thus, 

this analysis revealed similar sex-biased differences in baseline immune cell proportions in 

tissues as previously identified in rodent models246,258.  

 



88 
 

 
Figure 3.3: Sex bias in immune cell density and gene expression at steady state. a. UMAP of ROIs, 
colored by biological sex and hormone status (left), and by expression of the male-biased genes Cyp7b1 
and androgen-naïve biased-gene Cyp2b13. b. Volcano plot showing differentially expressed genes 
conserved across all females and males (left) and orchiectomized males and intact males (right). The y-axis 
shows the log10 of the adjusted p value (Bonferroni corrected). The x-axis shows the log2 fold change 
relative to all males. Gene significantly increased or decreased in ROIs are plotted in orange or blue, 
respectively (false discovery rate (FDR) p-value< 0.05 and Log2Fold Change +/- 1). Gene symbols are 
shown for selected genes. c. Gene set enrichment analysis (GSEA) shows pathways differentially regulated 
between Females and Males, and ORX Males and Males. H, Hallmark gene sets. d. UMAP of ROIs, colored 
by infection status. d. Immune cell type proportions calculated with BayesPrism method for each ROI in 
mock-infected mice, separated by biological sex and hormone status. e. An independent Wilcoxon test was 
used to compare the mean cell type proportions between female, male, and ORX male samples, and the 
resulting p values are shown.  f. Representative image of CLEC4F+ staining within a mock-infected liver. 
Tissue Nuclear DAPI staining is shown in blue, CLEC4F (Kupffer cell marker) in red. Ring captures a 
200um diameter randomly selected within a mock-infected tissue. 10 ROI sets were counted for each of the 
mice. g. Number of CELC4F+ cells normalized by area of ring in infected and uninfected tissue at 44hpi 
(Two independent replicates, n = 5 – 8; up to 10 circles per mouse). One-way ANOVA with Tukey multiple 
comparison was applied for g. box plot depicts median with interquartile range. ***p <0.001, **p<0.01, 
*p<0.05, ns p>0.05. 
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To confirm the finding that females and ORX males have higher density of KCs compared to 

males in mock-infected tissues, we used fluorescent microscopy and quantified KCs with a 

CLEC4F marker (Figure 3.3f). We found that females and ORX males have higher baseline 

levels of CLEC4F+ cells compared to the males (Figure 3.3g). Overall, this suggests that 

differences in baseline gene expression and immune cell composition between intact male and 

female mice are strongly influenced by androgen status, establishing a distinct metabolic and 

immune homeostatic state.  

Biological sex does not impact P. yoelli liver zonal patterns 

Next, we explored if biological sex and hormone status modified gene expression patterns by 

liver zone. Previous studies have identified sex-biased gene expression patterns by liver 

zones74,259. Thus, we investigated if including liver zone as an interaction term was able to 

identify differentially boosted genes by biological sex and hormone status (Supplemental 

Figure 3.11a). Three genes were identified to be modified by biological sex and hormone status 

and down regulated between PC and PP region, Csad, Cyp2c29, and Cyp2a4 (Supplemental 

Figure 3.11b). While previous single-cell studies have shown that biological sex can influence 

liver zone-specific gene expression, the non-single-cell resolution of the GeoMX platform may 

have diluted this signal, potentially preventing us from detecting the effect if it exists. 

 

While we did not identify gene expression differences based on zonal location, we had yet to 

evaluate potential sex differences in zonal patterns in infection rates. We quantified the location 

of parasites in the liver in a separate set of validation mice that were infected with 1 x105 Py IV 

and harvested 44 hpi (Supplemental Figure 3.12a). Here, zonation was determined with the 
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markers Hsp70, Ass1 (periportal marker), and GS (pericentral marker) (Supplemental Figure 

3.12b). Across all samples, regardless of biological sex and hormone status, there were more 

periportally located schizonts than pericentral (Supplemental Figure 3.12c). A slight difference 

in localization was observed between intact and ORX male mice and female mice, though no 

detectable difference was observed for the PC region. Additionally, quantification of parasite 

size was not significantly different regardless of the location of the parasite (Supplemental 

Figure 3.12c). This indicates that the relative contribution of liver zonation is minimal on the 

basis of sex and hormone status, though if anything there might be some skew towards parasites 

in female mice being more concentrated in the PP relative to the IZ region. 

P. yoelli infection impacts both proximal and bystander immune responses  

We next sought to confirm that genes expected to respond to rodent malaria infection were 

indeed induced. Upon visual inspection, cluster analysis was unable to differentiate gene 

expression patterns between ROIs selected around parasites or around peripheral bystander 

regions on the same tissue (Supplemental Figure 3.13a). We further confirmed that few 

significant differences were found in immune cell proportions between parasite and bystander 

regions (Supplemental Figure 3.13b). This observation of global gene expression instead of 

distinct spatial effect has been observed previously150. Thus, for differential gene expression 

analysis, we focused on identifying the uniquely expressed genes between P. yoelii parasites and 

mock ROIs, and excluded bystander selected ROIs from further analysis.   

 

We further aimed to connect the observed patterns of immune cell enrichment in infected liver 

tissues with the data disaggregated by infection status only. Kupffer cells and monocytes and 

DCs were significantly induced between mock infected samples and parasites, confirming 
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previously identified trends in immune cell recruitment in the liver during Plasmodium infection 

(Supplemental Figure 3.13c). Interestingly, we also found a potential downregulation of B cells 

and fibroblasts in infected tissue compared to mock injected samples (Supplemental Figure 

3.13c). This suggests that our assay was able to capture known fluctuations in the liver cell 

proportions during Plasmodium infection156. 

Biological sex impacts inflammatory response to P. yoelii infection 

After establishing that biological sex and androgens alter innate immune cells and gene 

expression patterns at baseline, we next aimed to evaluate whether these effects extend to 

influencing the host response to P. yoelii infection. We conducted pairwise comparisons between 

parasite and mock ROIs for each female, male, and male ORX mice (Figure 3.4a). Differential 

gene expression analysis found that regardless of zonal location, IFNa responses were 

upregulated in females, males, and ORX males. Gene enrichment analysis conducted separately 

for females, males and ORX males confirmed inductions of pathways previously identified as 

induced in response to P. berghei in female C57BL/6 mice136. For example, all groups 

demonstrated an upregulation of response to type I IFNs and antigen processing and both 

females and males showed downregulation of metabolism of fatty acids and bile acid in response 

to parasite infection (Figure 3.4b). 

 

Further investigation of the specific genes differentially induced between groups revealed a 

restricted inflammatory response within intact male mice. Overall, fewer genes were 

differentially induced in males, compared to female and ORX males (Figure 3.4c). While all 

groups demonstrated an upregulation of genes associated with cellular stress response (Saa1, 

Saa2, Orm2), we found a significantly restricted interferon response in intact male mice 
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compared to female and ORX male counterparts (Figure 3.4d). Upregulated genes at 44 hpi that 

were shared between female and ORX male mice, but not intact male mice, were linked to 

cellular stress responses and inflammation (e.g. Saa3, Cxcl9) and type I IFN response (e.g. Irf7, 

Tgtp1, Gbp6, Ly6e) (Figure 3.4e, Supplemental Table 3.3). Females exhibited an even stronger 

interferon response at 44 hpi compared ORX males and intact males (Figure 3.4d). Many 

differentially expressed genes in females were interferon stimulated genes (ISGs), including 

transcription of Cxcl10, Isg15, Bst2, and Ifitm3 and ISGs connected to autophagy, including Igtp, 

Gbp2, Irmg1, Irmg2, and Ifi47 (Figure 3.4e, Supplemental Table 3.3). Thus, females and ORX 

mice both mount more robust inflammatory responses compared to intact male counterparts.   

Biological sex impacts other key pathways in response to P. yoelii infection 

Gene enrichment analysis further revealed pathways associated with antigen processing and 

presentation were uniquely produced withing female mice. Upon further inspection, however, we 

identified a coordinated set of expression of genes connected to antigen presentation via MHC 

class II (Cd74, H2-Eb1, H2-Ea), MHC class I (H2-D1, Tap1) (Figure 3.4f). Additionally, 

Mpeg1, macrophage-expressed gene1, which is a pore-forming protein that plays a central role in 

antigen cross-presentation in DC260,261, which is an important process for priming CD8 T cells in 

the liver179. Further evaluation identifies a trend toward significance with ORX mice, but not 

male mice, possibly indicating either reduced activity by DCs and monocytes or higher 

recruitment of these antigen presenting cells (APCs).   
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Figure 3.4: Inflammatory response to P. yoelli infection is influenced by sex and hormone status. a. 
Volcano plot showing differentially expressed genes between parasite and mock in females, males, and 
ORX males evaluated. The y-axis shows the log10 of the adjusted p value (Bonferonni corrected). The x-
axis shows the log2 fold change relative to mock samples of each respective sex. Genes significantly 
increased or decreased in ROIs are plotted in orange or blue, respectively (false discovery rate (FDR) p-
value < 0.05 and Log2Fold Change +/- 1). Gene symbols are shown for selected genes. b. Gene set 
enrichment analysis (GSEA) shows pathways differentially regulated between parasite and mock for F, M, 
and ORX male mice. H, Hallmark gene sets; K, KEGG gene sets. c. Upset plot of genes shared between 
groups and in response to infection (FDR < 0.05 and Log2Fold Change +/- 1). d. Gene enrichment analysis 
of genes unique to males, females, ORX males, and shared between ORX and F mice portray in upset plot 
(highlighted in yellow). e. Violin plots of expression levels of selected genes shared between F, M, and 
ORX males, between F & ORX alone, and F only. f. Heatmap of antigen processing and presentation related 
genes significantly induced within female mice in response to parasite infection. Fold change relative to 
mock of respective contrast (F, M, ORX) is depicted and * denotes a FDR< 0.05 and Log2Fold Change +/- 
1. Red marks marks upregulations and blue marks downregulation.  
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Genes associated with iron homeostasis were also differentially induced in response to 

Plasmodium infection between sexes. Plasmodium parasites are known to shift iron flux during 

hepatocyte invasion147. Lsn2 was specifically increased within female and ORX male mice, 

which is constituently expressed by neutrophils mostly and is responsible for iron-trafficking 

from the cell. In contrast, Hamp2, hepcidin-2, which exports iron efflux into plasma, was 

specifically downregulated in female mice, which could be connected to low iron levels. 

Interestingly, Scd1, G6pc, and Fasn, genes involved in fatty acid metabolism, were reduced 

within ORX male mice, but not female and male mice. This may either indicate a potential 

regulatory role of ovarian hormones in fatty acid metabolism that drives a shift262, or technical 

variability introduced by ORX surgery.   

Biological sex impacts Kupffer cell and other immune cell responses in liver tissue 

Finally, we sought to evaluate the impact of biological sex on immune cell proportions around 

parasites in infected tissues. We again used the single-cell RNAseq data set by Hildebrandt et 

al150 to deconvolve the spatial gene expression data to estimate cell type proportion across the 

tissue.  For this analysis, we compared immune cells between female, male and ORX male mice 

in the 200µm radius region around a parasite. We found female mice were enriched for Kupffer 

cells and monocytes & DCs (Figure 3.5a). However, we did not identify a significant difference 

in these immune cell densities between males and ORX males.  
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Figure 3.5: Microscopy and digital spatial profiling reveal baseline differences by sex skew 
enrichment of Kupffer cells and other innate immune cells. a. Immune cell type proportions for each 
ROI in Py parasite-infected mice, separated by biological sex and hormone status. An independent 
Wilcoxon test was used to compare the mean cell type proportions between female, male, and ORX male 
samples, and the resulting p values are shown. b. Representative image of CLEC4F+ staining within an 
infected liver. Nuclear DAPI staining is shown in blue, CLEC4F in red, and HSP70 staining in green. White 
ring portrays outer boundary of a 200µm radius. Additional CLEC4F staining of a single cell within the 
ring and representative image of a CLEC4F cell in close proximity to a parasite at 44hpi. c. Number of 
CELC4F+ cells normalized by area of ring in infected and uninfected tissue (left) and fold change of 
CLEC4F cells relative to respective mock-infected samples (right) at 44hpi. d. Calculated distance of 
CLEC4F+ cell from center of parasite. 5-10 ROI sets were counted for each of the mice. Data for c-d are 
shown from two independent experiments (n= 7 – 8; up to 10 circles per mouse). One-way ANOVA with 
Tukey multiple comparison was applied for c; unpaired t-test was applied to d. Error bar represents mean 
± s.e.m; box plot depicts median with interquartile range. ***p<0.001, **p<0.01, *p<0.05, ns p>0.05.  
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To confirm the finding that females have higher density of KCs compared to males in infected 

tissues, we used fluorescent microscopy and quantified KC with a CLEC4F marker in a separate 

set of mice infected with 1x 105 Py sporozoites (Figure 3.5b). We further found that following 

infection, females and ORX males retain this increased density, while all groups increase overall 

density above mock-infected (Figure 3.5c-d). To determine if there was a difference in the 

magnitude of response between males and females, we calculated the fold difference relative to 

the mock infected samples of the respective sex. Interestingly, there was no significant difference 

in fold change between male and females nor in distance of KC from parasite (Figure 3.5c). This 

data overall indicates that sex difference in KC recruitment at 44 hpi is related to innate 

difference in baseline cell densities rather than an intrinsic activity difference between 

recruitment of KC toward site of infection. 

Sex differences in Plasmodium berghei liver infection 

To test the generalizability of these findings to other mouse models, we tested if we observed a 

sex difference in liver burden with Plasmodium berghei, a more inflammatory parasite. We used 

the established model in which adult male and female C57BL/6 mice were infected with 0.5 x105 

P. berghei sporozoite intravenously. Forty-four hours post infection, the liver was isolated for 

quantification of a Plasmodium parasite RNA by 18S RT-qPCR as a surrogate for liver burden 

(Figure 3.6a). Interestingly, at 44 hpi, we did not detect a sex-specific difference in liver burden 

at this later timepoint (Figure 3.6b), indicating that the baseline factors driving set differences in 

P. berghei mice are not observed with P. yoelli. 
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Figure 3.6: Sex bias in susceptibility to Plasmodium berghei infection in 
mice. a. Scheme of male and female C57BL/6 mice infected with 0.5x105 
Pb-WT intravenously (IV) and harvested at 44 hours post infection (hpi). b. 
Livers were excised for absolute pan-Plasmodium 18S rRNA copy numbers 
at 44 hpi. Data are shown from two independent experiments (n= 6). P-value 
with unpaired t-test ns p>0.05. mean ± s.e.m. 

 

 

 

 

 

3.5 DISCUSSION 

In this study, we investigated how biological sex and androgens influence host-parasite 

interactions during Plasmodium yoelii liver stage infection. We discovered that both biological 

sex and androgen levels significantly affect parasite survival. There is a notable difference in 

immune cell composition between females and ORX (castrated) males compared to intact males 

at baseline, with male mice having a reduced density of Kupffer cells (KCs) and other 

monocytes, and dendritic cells compared to female and ORX mice. We further show these 

baseline disparities were amplified during Plasmodium infection, as intact male mice exhibited 

impaired KC, monocyte, and DC recruitment and antigen presentation activity at 44 hours post 

infection. We further identify a robust, androgen-mediated Type I IFN response in females and 

ORX males, that is deficient in intact males. Yet, despite the impaired inflammatory response in 

males, the magnitude of KC recruitment was similar between males and females/ORX males. 

Thus, we conclude that a key driver of sex-specific differences in survival of parasites is likely 

linked to intrinsic difference in innate immune cell density between male and female mice, 

which is mediated by the presence of androgens.    
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Prior research in murine malaria models has aimed to unravel host-parasite interactions during 

the Plasmodium liver stage to guide liver-targeting interventions. Next-generation sequencing 

technologies have been used to map the spatial and single-cell host responses to P. berghei 

infection in female mice, revealing heterogeneity in host response to infection within liver 

tissue136,150,156. However, these studies overlook the impact of biological sex. As a sexually 

dimorphic organ, the liver's transcriptional patterns differ by sex in both mice71,74,241 and 

humans72,75. By employing DSP with GeoMX on male, female, and castrated (ORX) male mice, 

here we were able to address this gap in the literature. In doing so, we uncover sex- and 

androgen-specific transcriptional programs that influence host metabolic processes, innate and 

adaptive immune responses, and localized inflammatory responses to Plasmodium liver stage 

infection. 

We identified a difference in parasite survival by sex and sex hormone environment. Three 

possible mechanisms could explain this enhanced clearance in females and ORX male livers: (1) 

higher rates of innate immune cell recruitment and direct immune-cell clearing of infected 

hepatocytes, (2) increased cell-autonomous abortive pathways within infected hepatocytes, or (3) 

reduced metabolic sequestration and nutrient uptake by the parasite, limiting development and 

leading to clearance. Prior research has shown that innate immune responses in the liver play a 

crucial role in controlling Plasmodium infection111,152,263,264. Interferons (IFNs) are key regulators 

of these immune defenses265. Here, we demonstrate that while male mice produce a Type I IFN 

response during infection, it is significantly reduced in magnitude compared to female mice. 

Specifically, we were unable to identify a meaningful induction in males of some key genes 

important for potential T cell priming and propagation of further innate immune activation (e.g. 
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Irf7, Cxcl9, Cxcl10). Due to the non-single cell resolution of this dataset, we are unable to 

attribute this response to hepatocytes or innate immune cells. Regardless, a productive Type I 

IFN response in male mice is lacking, and this is modified by the presence of androgens. This 

finding parallels the known anti-inflammatory impact of androgens in other liver 

diseases159,266,267. 

Additionally, Type I IFNs, whether produced by hepatocytes or early innate immune responders, 

facilitate the recruitment of professional immune cells to the liver, where they can directly target 

infected hepatocytes111. Here we show recruitment of KCs, monocytes, and DCs toward infected 

tissues, confirming previously identified trends in innate immune cell recruitment around 

parasites150,156. Interestingly, we found similar immune cell proportions between parasites and 

bystander regions of infected mice, suggesting that immune cells may be uniformly distributed 

across the tissue. While activation was evident across all groups, males exhibited a lower total 

number of KCs near parasites compared to females and ORX males. This reduced KC density 

was also observed at baseline, where males consistently maintained fewer KCs than females and 

ORX males under steady-state conditions. Further evaluation of fold change between mock-

infected samples and P. yoelli infected samples found that magnitude of KC recruitment is 

similar between sexes. We speculate that the stronger Type I IFN response in females and ORX 

males did not increase immune recruitment, but rather reflected a higher baseline density of KCs 

and monocytes/DCs surrounding infected hepatocytes that cascade to higher activation during 

infection. Furthermore, these APCs also likely have higher overall activity as linked to higher 

expression of genes associated with antigen processing (Mpeg1 and Tap1). While further work 

would need to be executed to couple IFN response to cell source and direct hepatocyte clearance, 
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these data alone underscore the pivotal role of baseline cellular composition in shaping innate 

immune responses.  

Alternatively, sex-specific and androgen-regulated cell-autonomous clearance within hepatocytes 

could be responsible for the difference in survival of infected hepatocytes between males and 

females. Abortive hepatocytes undergo a cell-autonomous abortive pathway that clears infection 

outcomes within itself268–270. Here we measured a more abortive-like gene expression profile in 

the infected tissue of female and ORX males, compared to intact males. Cxcl10 and Tgtp1 are 

both genes that are significantly reduced in males compared to females and have previously been 

connected to a more abortive-like profile136. Although the detected and measured parasites have 

evaded this process, we speculate that the increased abortive-like properties, tied to heightened 

inflammation, may contribute to greater infection clearance at earlier timepoints not captured in 

this analysis. 

Previous studies have speculated a potential role for metabolism of lipid and fatty acid in 

facilitating Plasmodium liver stage development150. We also identified differences in baseline 

gene expression of lipid and fatty acid metabolism pathways, corroborating known sex-specific 

pathways between males and females. Previous studies in female mice found higher expression 

of genes involved in lipid metabolism close to the parasites, which in effect bring in an anti-

inflammatory bubble around parasites that limits immune cell activity at the site of infection150. 

We were unable to detect a significant induction of lipid metabolism with GeoMX resolution, so 

we were able to answer this question, and further work should be done at increased resolution to 

identify a potential effect of metabolism on parasite survival. Further analysis, however, found a 

potential sex-specific effect on iron homeostasis. Hamp2 and Lcn2, genes connected to iron flux 
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in hepatocytes271,272, are not differentially induced in male mice. Other genes involved in 

metabolism in the liver were identified. One set of genes were G6pc, a Glucose-6-phosphate, and 

Sult2a1, a sulfotransferase known to metabolism DHEA to DHEA-S in the liver273. The liver is 

the main site of conversion of DHEA to its secretory form DHEA-S, and this conversion seems 

to be down regulated in response to Plasmodium infection274. Overall, this points to that female 

mouse and ORX mice are more metabolically plastic, which results in higher clearance of 

parasites and more robust anti-evasion mechanisms.  

Thus, in our proposed model, the malaria parasite is better able to evade the innate immune 

mechanisms in males due to their lower immune cell density at steady state and restricted 

inflammatory response during infection. Likely, the intrinsic evasion mechanisms employed by 

the parasite are better suited to a testosterone-rich liver environment where anti-inflammatory 

mechanisms limit activation of genes associated with cell-autonomous clearance mechanisms. 

We did not observe that biological sex influenced zonal genes expression, however, we found 

that the resolution in which we conducted the GeoMX assay was not suited to capture these 

nuanced gene expression perturbations. Future investigations into the impact of biological sex on 

the Plasmodium liver stage should further deconvolute the impact of the microbiome, which is 

known to interact with the endocrine axis275. Further work will need to be undertaken to fully 

characterize the impact of biological sex and zone at earlier timepoints. Additionally, tandem 

measurement of  parasite transcriptome in response to the sexually dimorphic liver would give 

insight into more sex-specific host-parasite interactions.  

In conclusion, this study provides a comprehensive spatial transcriptomic analysis of host-

parasite interactions during Plasmodium development within the sexually dimorphic liver. 
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Effective malaria eradication efforts depend on capturing the true heterogeneity of the human 

population. Thus, those engaged in generation of tissue-specific atlases might consider the 

intrinsic impact of biological sex and hormone environment on shifting immune responses to 

Plasmodium infection to design more inclusive interventions. Indeed, work by our lab has 

identified a significant sex-specific difference in protection from liver-stage vaccination 

(Chapter 4). Building on these findings, future research will aim to explore how results from 

rodent models translate to larger animal models, and determine how biological sex as a variable 

can be best considered in the development of interventions targeting malaria parasite liver stage.  
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3.7 SUPPLEMENTAL FIGURES 

 
 
Supplemental Figure 3.7: Testosterone alters liver burden to Plasmodium yoelli infection in 
BALB/cJ mice. a. Scheme of male BALB/cJ mice infected with 1x105 Py-WT spz by 
intravenously (IV) and harvested at 44hpi. Male mice received two doses 300µg Acyline, two 
doses of testosterone, or left untreated. b. Confirmatory testosterone measurements by ELISA of 
the mice. c. Liver burden as absolute pan-Plasmodium 18S rRNA copy numbers 44 hr post-
challenge. Data are shown from two independent experiments (n= 6). d. Confirmatory testosterone 
measurements by ELISA of the mice in GeoMX experiment starting in Figure 2. e. Liver burden 
as absolute pan-Plasmodium 18S rRNA copy numbers 44 hr post-challenge in GeoMX experiment 
starting in Figure 2. Data are shown from one independent replication (n=3).  
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Supplemental Figure 3.8: Gene expression confirms accurate differentiation of liver zones during 
ROI selection. a. UMAP of ROIs, colored by liver zone (left), and by expression of the pericentral (PC) 
genes Cyp2e1 and Glul, and periportal (PP) gene Cyp2f2. b. Volcano plot of showing differentially 
expressed genes conserved between periportal region or interzonal (IZ) region and PC region. The y-axis 
shows the log10 of the adjusted p value (bonferonni corrected). The x-axis shows the log2 fold change 
relative to periportal region. Gene significantly increased or decreased in ROIs are plotted in orange or blue, 
respectively (false discovery rate (FDR) p-value< 0.05 and Log2Fold Change +/- 1). Gene symbols are 
shown for selected genes. c. Immune cell type proportions for each ROI in mock-infected mice, separated 
by liver zone. An independent Wilcoxon test was used to compare the mean cell type proportions between 
female, male, and ORX male samples, and the resulting p values are shown. ***p <0.001, **p<0.01, 
*p<0.05, ns p>0.05. d. Gene set enrichment analysis (GSEA) shows pathways differentially regulated 
between Females and Males, and ORX Males and Males. H, Hallmark gene sets; K, KEGG gene sets. Color 
scale denotes the Normalized Enrichment Score (NES).  
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Supplemental Figure 3.9: Differentially expressed genes between steady state F, M, and ORX mice. 
a. Upset plot of genes shared between groups (FDR < 0.05 and Log2Fold Change +/- 1) from comparisons 
plotted in Figure 3b. b. Table of differentially expressed genes for each comparison. 

 
 
 
 
 
 

 
Supplemental Figure 3.10: Proportions of cell types across all samples. a. average proportion of 
hepatocytes across all conditions compared to the average proportion of all other cell types identified. b. 
average proportion of all cell types across all conditions. The number of samples used to calculate each cell 
type proportion was n = 3 (1 average value per condition).  
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Supplemental Figure 3.11: Biological sex and hormone status minimally perturb gene expression 
profiles of liver zones at GeoMX resolution. a. Volcano plot of showing differentially boosted genes 
conserved between male and females (left) or ORX males and males (right) in the context of genes 
differentially expressed between periportal and pericentral. The y-axis shows the log10 of the adjusted p 
value (bonferonni corrected). The x-axis shows the Log Fold Change of differentially boosted between PP 
and PC in the context of biological sex and hormone status. Gene significantly increased or decreased in 
ROIs are plotted in orange or blue, respectively (false discovery rate (FDR) p-value< 0.05 and Log2Fold 
Change +/- 1). Gene symbols are shown for significant genes. b. Violin plots of normalized and batch-
corrected gene expression of gene Cyp2c29, Csad, and Cyp2a4. 
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Supplemental Figure 3.12: Impact of sex and castration on zonation of Plasmodium yoelli infection in 
the liver. a. Scheme of male, female, and male orchiectomized BALB/cJ mice infected with 1x105 Py-WT 
spz by intravenously (IV) and harvested at 44 hours post infection (hpi). b. Representative image of the 
location of the parasite in the liver. Periportal (PP), interzonal (IZ), and pericentral were determined with 
the markers GS (red), ASS1(green), HSP70 (yellow), and DAPI (blue). c and d. Percentage of total parasite 
and size of parasites within the periportal (left), interzonal (middle), and pericentral (right) region of the 
liver as determined by fluorescent microscopy. Statistical significance for data was determined by One-way 
ANOVA with Tukey multiple comparison. Data are shown from two independent experiments (n= 7-8). 
Error bar represents mean ± s.e.m; box plots depict median with interquartile range. ***p<0.001, **p<0.01, 
*p<0.05, ns p>0.05.  
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Supplemental Figure 3.13: P. yoelli infection impacts proximal and peripheral immune cell 
recruitment and genes expression in liver tissue. a. UMAP of ROIs, colored by infection type (parasite, 
bystander, or mock). b. Volcano plot of differentially boosted genes between parasite and bystander. The 
y-axis shows the log10 of the adjusted p value (bonferonni corrected). The x-axis shows genes differentially 
expressed relative to bystander. Gene significantly increased or decreased in ROIs are plotted in orange or 
blue, respectively (false discovery rate (FDR) p-value< 0.05 and Log2Fold Change +/- 1). Gene symbols 
are shown for selected genes. c. Immune cell type proportions for each ROI in all mice, separated by 
infection type. An independent Wilcoxon test was used to compare the mean cell type proportions between 
female, male, and ORX male samples, and the resulting p values are shown. ***p <0.001, **p<0.01, 
*p<0.05, ns p>0.05.  
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Target Primary Secondary 
DAPI N/A  DAPI (Unlabeled aliquot) 1:2000 
PyHsp70 Unlabeled aliquot mouse host 1:500 

PyHSP70 
Alexa Fluor 488 anti-mouse (A-11001) 
1:1000 

CLEC4F N/A Conjugated Alexa Fluor 647 anti-mouse 
CLEC4F (BioLegend 156804) 1:100 

Supplemental Table 3.2: Table of antibodies for CLEC4F staining.  

 
 
 

 

 
Supplemental Table 3.3: DEGs between mock and parasite ROIs.  

 

 
 
 
 
 
 
 
 

Comparison (Parasite vs. mock) Number of genes DEGs

ORX 9 Angptl8, Car3, Cfp, Ddx3y, Fasn, Mt1, Mt2, 
Nudt7, Slc22a28

F 42

Apcs, Apol9b, Bst2, Cd74, Ces3b, Cxcl10, 
Cyp2c37, Cyp3a41a, Cyp4a14, Cyp7a1, 
G6pc, Gbp2, Gbp2b, Gm20792, Gm4841, 
H2-D1, H2-Ea, H2-Eb1, H2-K1, Hamp2, 
Hp, Hpd, Ifi47, Ifitm3, Igfbp2, Igtp, Irgm1, 

Irgm2, Isg15, Lrg1, Mpeg1, Mup13, Psmb8, 
Serpina10, Serpina3g, Steap4, Sult2a1, 
Sult2a2, Sult2a5, Tap1, Tmsb4x, Zbp1

M 1 Phlda1

Shared between F & ORX 9 Cxcl9, Gbp3, Gbp6, Gm21783, Irf7, Ly6e, 
Saa3, Scd1, Tgtp1

Shared between M & ORX 1 Clec2j
Shared between F & M 3 Fgl1, Orm1, Slfn4

Shared between all 6 Hpx, Iigp1, Lcn2, Orm2, Saa1, Saa2
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Chapter 4. THE INFLUENCE OF BIOLOGICAL SEX AND SEX 
HORMONES ON LIVER STAGE VACCINATION IN MICE 
 
4.1 ABSTRACT 
Attenuated whole organism vaccines targeting the malaria liver stage reliably confer sterilizing 

immunity. These vaccines completely protect female mice from infection, but protection in male 

mice remains unproven. We discovered that male mice vaccinated with prime-and-trap, a whole 

organism-based vaccine strategy, exhibit poorer protection against Plasmodium sporozoite 

challenge than females. We investigated this sex difference, and discovered that vaccinated 

males have fewer hepatic memory CD8+ T cells than females when scaling for liver biomass, and 

that they have reduced inflammatory responses post-vaccination. Surgical hormone manipulation 

clarified that the presence of testicular hormones hindered protection in male mice. The presence 

of androgens did not affect memory CD8+ T cell quantity nor quality, but directly inhibited 

protective CD8+ T cell effector response during sporozoite challenge via suppression of IFNg. 

Here, we show both males and females form functional memory responses following prime-and-

trap vaccination, but the presence of androgens during sporozoite challenge impair protection in 

male mice. 

4.2 INTRODUCTION 
 
Vaccines that are durably effective are urgently needed to combat malaria, which resulted in 

249,000 infections and 608,000 deaths in 202229. The complex lifecycle of Plasmodium 

parasites, the causative agent of malaria, begins with a bite from a mosquito carrying infectious 

sporozoites (spz). Spz migrate from the dermis to the bloodstream and are transported to the 

liver34. During this liver stage, spz invade hepatocytes. After replication, hepatocytes release the 

infectious exoerythrocytic merozoites into the bloodstream, initiating the disease-causing phase 
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of Plasmodium infection and enabling onward transmission35. Since halting the liver stage could 

prevent disease and transmission, it is considered an attractive target for vaccine design. 

  

Repeated vaccination with radiation-attenuated sporozoites (RAS) is the most protective 

experimental malaria vaccine to date that confers sterile immunity against the liver stage in 

humans162–164. The ability of RAS to protect against infection was first demonstrated in mouse 

models of Plasmodium165,276. RAS-based vaccines leverage the natural ability of spz to home to 

the liver while lacking the ability to advance to blood stage infection. Since their discovery, 

decades of research have sought to deconvolute the mechanisms of immune protection conferred 

by RAS and other similar attenuated spz-based vaccines. The collective data indicate that 

memory CD8+ T cells are a defining requirement for a protective immune response in the 

liver168,169,277. In particular, liver-targeted, tissue-resident memory CD8+ T (Trm) cells and 

effector memory CD8+ (Tem) cells are important for durable protection164,166,278–280. Knowledge 

of these immune correlates of protection inspired the design of next-generation liver stage 

targeting vaccines called ‘prime-and-trap’ (P&T). The priming component of the P&T vaccine is 

designed to induce peripheral antigen-specific CD8+ T cells, and the trapping component is 

intended to recruit or ‘trap’ circulating antigen-specific memory CD8+ T cells in the liver to 

become liver Trms166,167. Different iterations of this P&T strategy have protected female 

mice167,281, but no data are so far available in male mice. 

  

Sex-specific differences to vaccines are a well-documented phenomenon, with a general trend 

for females to mount more robust immune responses than males1,5,112. Three main sex-based 

factors drive differences in immune responses: sex hormones, sex-chromosome linked genes, 
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and physiological differences5,112,282. These three factors intrinsically modify the tissue 

microenvironment72, leaving T cell-based vaccines especially susceptible to sex-divergent 

outcomes. The liver is also known to be one of the most sexually-dimorphic organs in mice71 and 

humans283. Yet, pre-clinical studies of spz vaccines have almost exclusively relied on female 

mice. For example, in a review by Nganou-Makamdop and Sauerwein, of the 17 papers on spz 

immunization in mice, none reported using male mice, 12/17 reported using exclusively female 

mice, and 5/17 reported no sex information115(Supplemental Table 4.1).  This underscores the 

need to consider sex as a biological variable and delineate protection requirements in male mice. 

  

The limited data we do have on the impact of sex on immune responses to liver stage malaria 

vaccines come from a single recent pre-clinical study116. Following repeated RAS vaccination, 

female mice were found to have more hepatic IFNg-producing CD8+ T cells and greater 

protection against P. berghei spz challenge than male mice. This reduced protection in males 

could be overcome by removal of testicular hormones prior to vaccination116. Male mice are also 

known to experience more severe blood stage malarial disease than female mice across several 

rodent Plasmodium spp103,284. Thus, there is at least some evidence that biological sex modifies 

immune responses to both attenuated and virulent Plasmodium parasites. 

  

Given the paucity of information on liver stage malaria vaccination in male mice, here we will 

provide a comprehensive evaluation of P&T vaccine-induced responses on the basis of sex. 

Through a series of P&T immunization and challenge studies in male and female mice, we will 

evaluate sex-specific differences in protection outcomes and memory CD8+ T cell populations. 

We will further assess the contribution of sex hormones in modifying protection and the quality 
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and quantity of P&T-induced memory CD8+ T cell responses. Together, this study provides an 

in-depth characterization on the impact of biological sex and sex hormones on a liver stage 

malaria vaccine. 

4.3 METHODS 

Ethics statement 

Animal studies were performed according to the regulations of the institutional animal care and 

use committee. Approval was obtained from the University of Washington (UW) Institutional 

Animal Care and Use Committee (IACUC) under protocol 4317-01. The UW IACUC adheres to 

the NIH Office of Laboratory Animal Welfare standards (OLAW welfare assurance # D16-

00292). 

Mice 

Male and female BALB/cJ mice (4-6 wk old) were obtained from Jackson Laboratories and 

housed at UW in an IACUC-approved animal facility. All mice were used under an approved 

IACUC protocol (4317-01 to SCM). 

DNA vaccine preparation 

The P. yoelii (Py) circumsporozoite protein (CSP) DNA vaccine plasmids were constructed in 

the pUb.3 vector with an N-terminal ubiquitin tag and purified as described167,285,286. For all 

vaccinations, Escherichia coli heat-labile toxin (LT)-encoding plasmid was used as an adjuvant 

in a 1:10 ratio with the PyCSP vaccines287. The Py CSP-minigene plasmid encodes the codon-

optimized SYVPSAEQI epitope and the Py CSP plasmid encodes the full-length codon-

optimized CSP protein without the major repeat regions, (GPGAPQ)5 and (PPQQ)4. All plasmids 
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were Sanger sequenced at Azenta Life Sciences before use. Gene gun DNA vaccine cartridges 

were constructed by loading DNA onto gold powder and then coating loaded gold onto tubing as 

previously described167,286. Abdominal fur was trimmed and mice were vaccinated on the 

abdomen using a PowderJect-style gene gun using two cartridges per day on days 0 and 2 (0.5 

µg DNA per cartridge). 

Plasmodium sporozoites for challenge and vaccination 

Female Anopheles stephensi mosquitoes infected with wild-type (WT) P. yoelii  (strain 17XNL), 

GFP/luciferase-expressing P. yoelii 17XNL (Py-Luc)288, or P. berghei (strain ANKA) were 

reared at Seattle Children’s Research Institute (Seattle, WA) or UW (Seattle, WA). Fresh spz 

were obtained by salivary gland dissection 14-18 days post-infection followed by Accudenz 

gradient purification68. All spz were diluted in Schneider’s insect media for administration 

(Gibco, Thermo Fisher Scientific). Figure legends specify the dose for each experiment. For Py-

WT spz challenge, 1x103 freshly dissected Py-WT spz were injected unless stated otherwise. For 

Pb-WT spz challenge, 200 freshly dissected Pb-WT spz were injected. Blood stage protection 

after spz challenge was assessed by Giemsa (Sigma-Aldrich,) stained thin blood smear 

microcopy on Days 3-14 post-challenge. Mice were deemed protected if blood smears remained 

negative for parasites up to Day 14. 

For spz vaccinations, radiation attenuation of freshly dissected Py spz (Py-RAS) was done by 

exposing wild-type spz (Py-WT) to 10,000 rads via an X-ray source (Rad Source). 

Cryopreserved radiation-attenuated Py 17XNL spz (10,000 rads by C0-60) were produced, 

purified, and vialed by Sanaria Inc. (Rockville, MD) as described289,290. All spz used for 

immunization or challenge studies were administered intravenously (retro-orbital) in a volume of 
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100 μL per mouse. For Py and Pb RAS immunizations, the standard dose was 2x104 spz, unless 

stated otherwise. 

Parasite burden quantification 

Luciferase-based in vivo parasite imaging of the liver was conducted with an in vivo 

bioluminescent imager (Xenogen IVIS Spectrum, Caliper Life Sciences)288. Briefly, mice 

previously infected with 104 Py-Luc spz were injected intraperitoneal (IP) with 5 mg of firefly 

D-Luciferin (Goldbio) prior to undergoing isoflurane anesthesia.  Bioluminescence was acquired 

and measured as previously reported using a one-minute acquisition time. IVIS images were 

quantitatively evaluated using Living Image 3.0® software (Perkin Elmer) with regions of 

interest (ROI) placed around the abdominal area overlying the liver. ROI measurements were 

recorded in total flux (p/sec/cm2/sr).  

  

To quantify Py liver burden in BALB/cJ mice by reverse transcription polymerase chain reaction 

(RT-PCR), mice were sacrificed, half of the liver was excised and pulverized by bead beating in 

NucliSENS lysis buffer. For Pb liver burden in C57BL/6 mice, whole liver was excised, gently 

mashed through a 100-mm cell strainer and washed with RPMI mixture, and a fraction was 

collected into NucliSENS lysis buffer. Both methods, nucleic acids were extracted as previously 

described using a bioMérieux EasyMAG (bioMérieux)222. RNA was subjected to RT-PCR using 

the SensiFAST™ Probe Lo-ROX Kit (Bioline) using a predesigned HEX-labelled mouse 

GAPDH RT-PCR assay (IDT Inc) multiplexed with a Pan-Plasmodium 18S rRNA assay as 

described222. Cycling conditions consisted of one cycle of 45°C for 10 min, one cycle of 95°C 

for 2 min, and 45 cycles of 95°C for 5 s and 50°C for 35 s on a QuantStudio5 real-time PCR 

machine (Thermo Fisher Scientific). Plasmodium 18S rRNA copy numbers per reaction were 
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determined against a calibration curve of quantified Armored RNA encoding full-length 

Plasmodium 18S rRNA (Asuragen); data were also normalized to mouse GAPDH. Results were 

reported to a cycle threshold (CT) of 35 cycles. Mice were deemed completely protected if RT-

PCR results were below the limit of detection (no cycle threshold detected or detected at >35 

cycles). 

Tissue processing for flow cytometry 

Unperfused livers were collected into RPMI media containing, 5% fetal bovine serum (FBS), 

and supplemented with glutamine (RPMI mixture). Each liver was gently mashed through a 100-

mm cell strainer and washed with RPMI mixture. Cell suspensions were centrifuged at 80 x g for 

1 min at 22°C with no brake. Isolated supernatants were then centrifuged at 450 x g for 10 min to 

pellet cells. Cells were resuspended in 10 mL of 35% Percoll (GE Healthcare) in HBSS (Life 

Technologies) supplemented with 100 U heparin (Millipore Sigma) before centrifugation at 830 

x g at 22°C with no brake. The cell pellet was incubated in 3 mL RBC lysis solution (150 mM 

NH4Cl, 10 mM KHCO3; 0.1 mM EDTA Na2·2H2O, pH 7.4) for 3 min before being washed 

with 10 mL of RPMI mixture and spun at 500 x g at 4°C for 8 min. Final pellets were 

resuspended in 200 µL of RPMI mixture and moved to 96-well plates for antibody staining. For 

hormone-free conditions observed in Figure 6, RPMI mixture was made without phenol red and 

used charcoal-stripped FBS. 

  

Splenic lymphocytes were isolated by teasing tissue through a 100-mm cell strainer, washed with 

RPMI mixture and centrifuged at 460 x g at 4°C for 5 min. The cell pellet was incubated in 3 mL 

RBC lysis solution for 3 min before being washed with 10 mL of RPMI mixture and spun at 460 

x g at 4°C for 5 min. Cells were resuspended in 1 mL of RPMI mixture and counted. Cells were 
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diluted, and one million splenocytes per sample were used for antibody staining. For ELISPOTS, 

splenocytes were cryopreserved in freezing media (FBS/10% DMSO) prior to thawing for 

ELISPOT procedures, except in the case of the C57BL/6 mice where splenocytes were not 

previously frozen. 

Antibody staining and flow cytometry 

Antibody panels used for staining were optimized to the BALB/cJ mouse model and are 

provided in Supplemental Table 2. For experiments corresponding to intracellular cytokine 

staining (ICS) in Figs 2 and 4, lymphocytes were incubated at 37°C with PyCSP peptide 

SYVPSAEQI (10 μM final) (Genemed Synthesis) and CD107a antibody for 18 h. Brefeldin A 

was added (BD Biosciences, Franklin Lakes, NJ ), and cells were incubated for an additional 4 h. 

Cells were washed, stained for live/dead designation, and resuspended in Fc-block for 15 min. 

Cells were washed and stained for cell surface markers and the intracellular markers IFNg, 

TNFa, and Granzyme b using the BD Cytofix/Cytoperm reagent (BD Biosciences) according to 

manufacturer’s instructions. For experiments corresponding to Figs 2 and 4, following liver 

lymphocyte isolation, cells were immediately stained for live/dead designation and resuspended 

in Fc-block. Lymphocytes was incubated with H-2Kd-PyCSP280-288 -specific tetramer for 30 min 

at 4°C prior to staining with surface antibodies and then intranuclear staining. Samples 

underwent intranuclear staining for marker TCF1 using the Foxp3/Transcription Factor buffer set 

(Thermo Fisher) for 30 min at 4°C. For experiments corresponding to Fig 6, lymphocytes were 

incubated at 37°C with either 500nM of Dihydrotestosterone (DHT – Millipore Sigma) (or 

Methanol vehicle control) for 18 h. Cells were then stimulated with PyCSP peptide (or DMSO 

vehicle control). Brefeldin A was added after 2 h and cells were incubated for an additional 4 h. 
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ICS was then performed after stimulation as outline above. Flow cytometry data were acquired 

on a BD LSR Fortessa (BD Biosciences) equipped with a high-throughput sampler and 

configured with blue (488 nm), green (532 nm), red (628 nm), violet (405 nm), and ultraviolet 

(355 nm) lasers using standardized good clinical laboratory practice procedures to minimize 

variability. 

Flow cytometry data analysis 

Initial compensation, gating, and quality assessment of flow cytometry data were performed 

using FlowJo v.10 (TreeStar). Representative gating trees for ICS panel and intranuclear panel 

are shown in Supplemental Figures 2 and 3. The surface marker and ICS flow cytometry data 

were then processed using the OpenCyto framework in the R programming environment291. 

Ex vivo IFNγ ELISPOT 

PyCSP peptide (SYVPSAEQI) (Genemed Synthesis) was reconstituted in DMSO. Mouse IFNγ 

ELISPOT (eBioscience) was conducted by stimulating 5×105 splenocytes with PyCSP peptide 

(or DMSO vehicle control) at 1 µg/ml for 18 hr at 37°C followed by development following 

manufacturer guidelines as reported previously292. The number of spot-forming units (SFU) in 

each well was calculated using an ImmunoSpot 5.1 Analyzer (Cellular Technology Limited). 

SFU were normalized to DMSO control wells and reported as SFU per million splenocytes.  

Orchiectomy and ovariectomy surgeries 

For orchiectomy (ORX), male mice were anesthetized by isoflurane inhalation (Isoflurane, USP, 

Dechra Veterinary Products), with doses of 4-5% for induction and, 2-3% for maintenance. A 5 

mg/kg dose of meloxicam (Pivetal® Alloxate™, Aspen Veterinary Resources®, LTD) was 
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administered subcutaneously (SC) to each mouse for systemic analgesia. Lubricant ophthalmic 

ointment (Pivetal® Artificial Tears, Aspen Veterinary Resources®, LTD) was applied to both 

eyes to prevent corneal desiccation. Thermal support was provided using a warm water 

circulating heating pad. The intended incision site was surgically prepped with three alternating 

scrubs of 10% povidone-iodine and 70% ethanol. A small, midline, scrotal incision was made 

with tissue scissors. Each testicle was identified singly, and the associated spermatic cord was 

clamped with hemostats for at least 10 seconds, and the testicle removed. The incision was 

closed using surgical tissue adhesive (3M™ Vetbond Tissue Adhesive 1469, 3M). Sham ORX 

surgeries were performed using the same surgical protocol without surgical removal of the 

testicles. 

  

For ovariectomies (OVX), female mice were anesthetized by isoflurane inhalation with doses of 

4-5% for induction and 2-3% for maintenance. A 5 mg/kg dose of meloxicam and 0.1 mg/kg 

dose of buprenorphine (generic Buprenorphine Hydrochloride for Injection, Par Sterile Products) 

were administered subcutaneously to each mouse for systemic analgesia. A 0.02 ml dose of 0.5% 

lidocaine/0.25% bupivacaine mixture (VEDCO Lidocaine Hydrochloride 2%, Sparhawk 

Laboratories; 0.25% Bupivacaine Hydrochloride Injection, USP, HF Acquisition Co., LLC) was 

also administered SC at each of the intended bilateral flank incision sites prior to incision for 

local anesthesia. The intended incision sites were surgically prepped with three alternating scrubs 

of 10% povidone-iodine and 70% ethanol. The first flank incision was made on one side of the 

mouse using iris tissue scissors, through the skin and abdominal muscle layers. The ovary was 

identified within the ovarian fat pad, exteriorized out of the skin incision, and a suture ligature 

was tied immediately proximal to the ovary using 4-0 or 5-0 absorbable suture. The ovary was 
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removed by incising through the oviduct immediately distal to the suture ligature. The abdominal 

wall was then closed using 4-0 or 5-0 absorbable suture. The skin incision was closed using 

surgical tissue adhesive (3M™ Vetbond Tissue Adhesive 1469, 3M). This process was repeated 

on the contralateral flank to remove the second ovary. Sham OVX surgeries were performed 

using the same surgical protocol without surgical removal of the ovaries. 

Administration of acyline and testosterone 

Acyline (lot # RDZ001) was provided by John K. Amory, MD, MPH at the University of 

Washington. The lyophilized vials were stored at -20°C until resuspension. At the time of use, 

Acyline was resuspend to a concentration of 2mg/mL with sterile Molecular Biology Grade 

Water (Cytiva). Resuspended vials were stored for a maximum of 1 week at 4°C. Unless stated 

otherwise, mice were subcutaneously injected 5 and 4 days prior to treatment (gene gun prime, 

RAS trap, or WT spz challenge) to give time for the hormone environment to equilibrate. For 

testosterone treatment, Testosterone propionate (Sigma Aldrich) was dissolved in sesame oil 

(Sigma Aldrich) at a concentration of 20 ug/uL. Mice were weighed to determine average weight 

per group, and then subcutaneously injected with 100 ug testosterone/g body weight at 3 

timepoints (3- and 1-day pre-challenge and 1-day post-challenge), unless stated otherwise. 

Testosterone quantification in serum 

Serum was collected via chin bleed and stored in -20°C until testing. To measure testosterone 

levels in serum, Testosterone ELISA kits (Crystal Chem) were used per manufacturer guidelines. 

Singlet absorbance values of each sample were measured with CLARIOstar Plus Microplate 

Reader (BMG Labtech) and analyzed using MARS data analysis interface. A calibration curve 
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was generated using manufacturer provided standards (0,0.1, 0.4, 1.5, 6.0, and 25 ng/mL) and a 

four parametric logistic (4-PL) curve fit was used to calculate sample values. 

Immunization with CSP Peptide-Pulsed DCs 

Male BALB/c bone marrow-derived DCs were cultured and prepared for immunization as 

described72. On day 9 of culture, media was supplemented with lipopolysaccharide (0.1 µg/mL; 

Sigma) and PyCSP peptide (1 µg/mL)72. The next day, cells were washed in PBS and counted, 

and then 1x106 cells were injected intradermally (ID) into mice. ID immunizations were 

administered as 100 µL per mouse split across two ID injections in the lower back near the base 

of the tail. 

Glycolipid adjuvant preparation 

Good manufacturing practice (GMP) grade glycolipid adjuvant 7DW8-5 powder was provided 

by Moriya Tsuji (Columbia U). 7DW8-5 was dissolved in DMSO, aliquoted, and stored at -

20°C. Single use aliquots were thawed at 56°C for 10 min and then sonicated in an ultrasonic 

water bath for five min to break micelle formation. The 7DW8-5 was mixed with diluted PyRAS 

immediately before administration to mice. All mice received 2 µg of 7DW8-5 adjuvant. 

Gene Expression Analysis 

For RNA sequencing, the liver was perfused with perfusion buffer (PBS with 2 mM EDTA). 

Following perfusion, the left lateral lobe was sectioned and preserved in RNAlater. Total RNA 

was extracted from tissue and mRNA library was prepared with TruSeq stranded mRNA 

(Illumina). A sequencing depth of 40M total reads was performed on a NovaSeq6000 S4 150PE 

flowcell. RNA extraction and Illumina sequencing was performed by Psomagen. RNA 
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sequencing libraries were aligned with STAR aligner and quality filtered by median coefficient 

of variation coverage <0.75, duplicate mapped reads >0.75, total aligned sequences ≤106. No 

samples were omitted after this process. Counts were normalized for RNA composition using the 

trimmed mean of M-values normalization method, filtered to protein-coding genes with ≥0.1 

count per million in at least three samples, and converted to log2 count per million with quality 

weights using voom. This resulted in 15,120 genes for analysis. Differential expression was 

determined separately for each time point using the pairwise contrast model of: ~0 + group. 

Differentially expressed genes (DEGs) were defined as genes with a false-discovery rate (FDR) 

< 0.05 and |logFC| > 1.5.  Hypergeometic enrichment against Broad MSigDBHallmark (H) and 

canonical pathway (C2) gene sets293,294 was completed for significant genes, and here significant 

genes were defined at FDR less than 0.05.  Gene set enrichment analysis (GSEA) was performed 

again H and C5 gene sets with contrast fold changes using fast GSEA. 

Pathway score calculation 

To identify the effect of the vaccine on the pathway response in female vs. male mice, we 

conducted a linear regression analysis separately for each time point (acute and adaptive). We 

took the normalized data and subsetted the data to the genes found in the MSigDB 2022.1.Mm 

mouse gene sets named in the figures. In order to use the lm function in R to perform the linear 

regression analysis, we first normalized the data to ensure that the geometric mean for each gene 

was 1. Next, we computed the geometric mean weight for each sample across gene sets and used 

these values as weights in the linear regression analysis. For each mouse, we then calculated the 

pathway gene score by taking a sum of gene expression across respective response gene sets. 

Next, we evaluated the significance of the interaction term between sex and vaccination status. 
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Confidence intervals for sex-specific differential expression were computed from the same linear 

regression. R 4.2.2 was used for all calculations. 

Statistics 

Details of the statistical tests applied to datasets shown in figures can be found in the above 

methods and in corresponding figure legends. All data points and n values reflect biological 

replicates. Data analyzed included outliers unless these could be explained by technical error. 

Data collection and analysis were not performed blind to the conditions of the experiments. 

Except as described above,  non-parametric tests were employed. Where relevant, statistical tests 

were two-sided. Individual p values are provided in the figures. Statistical analyses were 

performed in R (version 3.5.1) or GraphPad Prism 9.1.2 Software. Plots used in this manuscript 

were generated with GraphPad Prism and the following R packages: ggplot2, ggpubr, and 

ComplexHeatmap. 

4.4 RESULTS 

Male mice exhibit less protection after prime-and-trap vaccination 

To assess the influence of sex on the efficacy on liver stage malaria vaccines, we utilized a two-

dose heterologous P&T regimen167 in male and female BALB/cJ mice. This P&T regimen 

involves epidermal DNA plasmid vaccination by gene gun on days 0 and 2. The DNA encodes a 

P. yoelii circumsporozoite protein (CSP) minigene designed to maximize CD8+ T cell activation 

and minimize antibody responses167. Twenty-eight days after DNA vaccination, a single dose of 

2x104 P. yoelii RAS was injected IV to trap circulating CSP-specific CD8+ T cells in the liver. 

Mice were challenged 28 days later with IV administered 0.5-1.0x103 infectious wild-type Py 

spz (Py-WT) (Figure 4.1a) and monitored for blood stage patency to assess protection. All 
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female mice were protected (19/19), whereas only 15% of male mice (3/20) were protected 

(Figure 4.1b). Regardless of sex, all naïve mice were susceptible to infection. 

  

To determine if vaccinated male mice could achieve partial liver stage protection, we next 

monitored liver burden in P&T vaccinated mice of both sexes after virulent spz challenge. Mice 

were challenged 28 days after P&T using 1x104 P. yoelii spz that constitutively express a GFP-

luciferase fusion protein (Py-Luc)288 and evaluated at 44 hours post-injection (hpi) by in vivo 

bioluminescent imaging. Naïve male and female mice were likewise challenged. Vaccinated 

female mice showed a 45-fold reduction in infection compared to naïve female mice, whereas 

vaccinated male mice showed only an 11-fold reduction compared to naïve males (Figure 4.1c-

d). There was no difference in luminescence signal at 44 hpi between naïve female and male 

mice (Figure 4.1 c-d), suggesting that liver stage replication of the parasite was similar for both 

sexes. Additionally, augmenting P&T with a more potent prime or a co-administered RAS with 

the glycolipid adjuvant 7DW8-5295 did not overcome the low rate of protection observed in male 

mice (Supplemental Figure 4.17). 

 

To confirm that sex-specific protection was not unique to this mouse and parasite strain, we 

conducted similar P&T studies using C57BL/6 mice and P. berghei (Pb) parasites. DNA 

encoding PbTRAP and PbRPL6 was used for priming, since these two antigens can be 

recognized in C57BL/6, with P. berghei RAS used for trapping, and Pb-WT spz for challenge 

(Supplemental Figure 4.9). As expected, P&T vaccinated female C57BL/6 mice showed 

increased protection over vaccinated male mice. Thus, P&T vaccination induces sex-specific 

protection across two mouse models. 
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Figure 4.1: Prime-and-Trap malaria vaccination induces sex-specific protection against 
sporozoite challenge. a. Scheme of male and female BALB/cJ mice Prime-and-Trap (P&T) 
vaccination experiments. b. Percentages of mice protected or not protected against challenge with 
0.5-1.0x103 Py-WT sporozoites, as measured by blood parasitemia up to day 14 post-challenge. 
Numbers above bars indicate numbers of protected mice out of total mice challenged, derived from 
four independent experiments. c. Representative rainbow images of luminescence in livers 44 hr 
post infection (hpi) with 1x104 Py-Luc sporozoites. Rainbow scales are expressed in radiance 
(p/s/cm2/sr). d. Quantification of bioluminescent signal in log-transformed total flux (p/s) from 
mice in at 44 hpi (two independent replicates, n = 8-10/group; mean ± s.e.m). Groups in b were 
compared using Fisher’s exact test and groups in d were compared by the Wilcoxon test; only 
relevant comparisons are depicted. ns = p > 0.05, ***p <0.001. 

 

Female mice generate higher density of memory CD8+ T cells in the liver 

Given the importance of T cell responses to spz vaccines166,172, we phenotyped memory CD8+ T 

cells in male and female mice following P&T vaccination (Fig 2a). Twenty-eight days after 

vaccination, we isolated liver and spleen leukocytes and ex vivo stimulated with PyCSP280-288 

(SYVPSAEQI) peptide prior to intracellular cytokine staining (ICS) to evaluate CD8+ T cells at 
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this memory timepoint. PyCSP280-288 is a known immunodominant epitope in the 

PyRAS/BALB/cJ mouse model and responsive cells represent a major population of antigen-

specific CD8+ T cells after P&T vaccination167. A higher total CD4/CD8 ratio was observed in 

vaccinated male livers compared to female livers, but no significant differences in CD4/CD8 

ratio were found in the spleen (Figure 4.2b-c, Supplemental Figure 4.12a). Male livers 

weighed significantly more than female livers in both naïve and vaccinated mice (Figure 4.2e); 

thus, liver weights were incorporated in an analysis (results expressed per gram of liver) to 

account for the impact of sex-difference in physical size on T cell numbers.   

 

With differences in liver weight by sex acknowledged, we then evaluated the vaccine-induced 

memory CD8+ T cell populations. Upon peptide stimulation, liver Trm cells generated by P&T 

vaccination are known to express IFNg, TNFa, and the degranulation marker CD107a166. We 

evaluated the total cell number, frequency, and effector function of CSP-specific CD8+ T cells 

isolated from the liver and spleen of male and female P&T-immunized mice. First, we examined 

the number of total cytokine-producing  
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Figure 4.2: Higher density of hepatic memory CD8+ T cells in female mice. a. Male and female 
BALB/cJ mice were vaccinated with the prime-and-trap (P&T) regimen. 28 days later, liver cells 
were analyzed by flow cytometry. b. Representative flow plots of CD4 and CD8 surface markers 
on CD3+ cells isolated from the liver of mice. c. Ratio of CD4-to-CD8 in the liver of P&T 
vaccinated (+) and unvaccinated mice (-) female (F) and male (M) BALB/cJ mice. d. 
Representative flow plots of IFN-g (top), CD107a (middle), and TNF-a (bottom) on CD8+ T cells 
isolated from the liver and ex vivo stimulated with PyCSP280-288 peptide. e. Liver weights of 
unvaccinated (open circle) or P&T vaccinated (closed circle) mice. f-g. Quantification of CD8+ T 
cells responding to PyCSP280-288 (SYVPSAEQI) peptide defined by total number of IFN-g+ and/or 
TNF-a+ and/or CD107a+ producing CD8+ T cells per gram of liver (f) and as proportion of CD3+ 

T cells (g). h-i. Quantification of proportion of IFN-g+ (left), TNF-a+ (middle), CD107a+ (right) 
(h), and IFN-g+ TNF-a+ CD107a+ (i) producing CD8+ T cells in the liver. Detailed gating 
information included in supplemental figures (Fig S2). Data for c - i are shown from 3 independent 
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experiments (n = 14 total mice/group). j. Representative flow cytometry plot depicting CSP-
tet.+CD44hi CD8+ T cells Trm, Tem, and Trm phenotypes by markers CD69 (left) and CXCR3 
(right). Gating calculations performed in R. See Supplemental Fig S3 for gating tree. k. Frequency 
of CSP tet.+CD44hi Tem (CD62L-CD69+CD44hi), Tcm (CD62L+CD69- CD44hi), Trm (CD62L-

CD69+CD44hi) subsets of CD8+ T cells in the liver. l. Frequency of CSP-tet.+CXCR3+CD62L-

CD69+CD44hi cells of CD8+ T cells in the liver. Data for j-l are shown from two independent 
experiments (n= 8-9). Error bar represents mean ± s.e.m. Statistical significance for data in c, f-i, 
k-I, was determined by Kruskal-Wallis test with Dunn’s multiple comparison and data in e was 
evaluated with the Wilcoxon Test; ***p <0.001, **p<0.01, *p<0.05, ns p>0.05. 

 

CSP-specific CD8+ T cells defined as any cell expressing IFNg, TNFa, CD107a, or any 

combination of the three (Figure 4.2d). Females showed higher cell counts per gram of liver 

compared to males (Figure 4.2f). However, when evaluating total CSP-specific hepatic CD8+ T 

cells as a percent of CD3+ T cells, cytokine-producing CD8+ T cell frequencies did not 

significantly differ between male and female mice, though females trended toward more cells 

(Figure 4.2g). Second, we evaluated the relative production of IFNg, TNFa, and CD107a within 

the respective CD8+ T cell population. Vaccinated male and female mice had similar frequencies 

of IFNg, TNFa, and CD107a producing CD8+ cells in the liver, and the frequencies were 

significantly higher than what was seen in the naïve control group (Figure 4.2h). Third, we 

evaluated a putative cytotoxic ‘functional’ memory population defined as CD8+ IFNg+ 

TNFa+CD107a+ 296,297. Hepatic CD8+ T cells expressing all three markers were detected at 

similar frequencies in both male and female mice (Figure 4.2i). In the spleen, there were also 

similar frequencies of IFNg+ TNFa+CD107a+ producing CD8+ T cells in male and female mice 

(Supplemental Figure 4.12b-e). 
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We also evaluated antigen-specific memory CD8+ T cells induced by P&T vaccination in 

another experiment using the H-2kd tetramer specific for MHC class I peptide Kd-PyCSP280-288. 

We defined putative Trms as CD44hiCD62L-CD69+ or CD44hiCD62L-CD69+CXCR3+ (Fig 2j). 

P&T vaccinated females showed a trend for increased frequency of CSP-tetramer+CD44hi CD8+ 

T cells in the liver at 28 days post-immunization, but this was non-significant (Supplemental 

Figure 4.13c). Across either definition of PyCSP-specific tissue resident memory in the liver, 

there was no significant difference in Trm frequency between vaccinated male and female mice 

(Figure 4.3k-l, Supplemental Figure 4.13d-e). In the spleen, most cells had an effector memory 

phenotype (Tem: CD44hiCD62L-CD69-) and there were also no significant differences in the 

proportion of PyCSP-specific Tem cells in the spleen between vaccinated male and female mice 

(Supplemental Figure 4.13). 

  

Taken together, P&T vaccination induces more CSP-specific memory CD8+ T cells per gram of 

liver by ICS in female mice compared to male mice. However, the frequency of these cells as a 

proportion of CD3+ T cells did not differ between male and female mice. Also, there were no 

detectable difference in effector function between male and female mice based on expression of 

IFNg, TNFa, and/or CD107a. Finally, there was no detectable difference in frequency of tissue 

resident memory T cells. Thus, sex divergent outcomes in P&T vaccinated mice are associated 

with differences in density, but not quality, of vaccine-induced memory CD8+ T cells. 

Livers of male and female mice differ in inflammatory response to RAS immunization 

We examined gene expression profiles following RAS immunization to contextualize the sex-

specific liver localized microenvironment directing the formation of memory CD8+ T cells. The 

acute inflammatory response of the liver following attenuated spz immunization mediates the 
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formation of functional hepatic spz-specific CD8+ T cell responses184. Thus, to capture the 

transcriptional profile during initial innate phase and peak CD8+ T cell production phase, bulk 

mRNA sequencing was performed on whole livers isolated 44 hours or 6 days post-RAS 

immunization. Prior to RAS immunization, mice were either primed with DNA encoding PyCSP 

or were naïve (Figure 4.3a). Principal component analysis (PCA) identified sex as a major driver 

of variation in the transcriptome, mapping to the first principal component (PC1) that explained 

35.6% of variation (Figure 4.3b), even when omitting sex chromosomal-linked contributions 

(Supplemental Figure 4.14) and stratifying by vaccination status (Figure 4.3c). Differential 

expression analysis of mock-infected male and female mice confirmed differentially expressed 

genes (DEGs) in the Cytochrome P450 (Cyp) enzyme superfamily (Supplemental Figure 

4.14b), aligning with known sex differences in the liver298. DEGs were examined relative to 

mock-infected controls within sex to account for this baseline variability between sexes 

(Supplemental Figure 4.14d). 

  

Prior studies comparing early and late arresting whole spz vaccines in female mice have 

determined that type I IFN gene signature at time of immunization impairs hepatic CD8+ T cell 

memory via a CD8+ T cell-extrinsic mechanism184. IFN signaling pathways have also been 

documented in response to wild-type152,176 and attenuated spz111. Yet, despite a well-established 

female bias toward heightened interferon signaling responses upon inflammation282, a direct 

comparison between sexes following attenuated spz delivery remains to be reported. Thus, we 

performed gene sequence enrichment analysis (GSEA) on previously defined transcriptional 

patterns293,299. During the initial innate immune response phase at 44 hrs post-immunization, 

male and female mice responded similarly for several pathways, including IFN-a response 
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regardless of vaccination status (Figure 4.3d). Further evaluation of differentially expressed 

genes identified a gene signature shared between male and female mice related to liver 

inflammation (Saa1, Saa3) (Supplemental Figure 4.15c). 

  

The day 6 timepoint captures the transcriptome during peak T cell recruitment, proliferation, and 

ongoing innate immune cell recruitment in the liver following clearance of RAS from infected 

hepatocytes162,172. Consistent with this, the gene ontology pathway for T cell activation was 

significantly induced in both vaccinated male and female mice at this timepoint (Figure 4.3d), 

though females experienced a significantly higher response than male mice (Figure 4.3e-f). The 

T cell activation gene ontology pathway includes genes indicative of a CD8+ T cell response, 

including key genes encoding CD8, CD3, and CD28 surface markers. It is notable that there was 

a lack of detectable Plasmodium 18S rRNA at 6 days post-immunization, indicating that 

transcriptomes were driven by inflammation resulting from RAS clearance and the onset of 

adaptive cellular responses (Supplemental Figure 4.14f). Indeed, unsupervised clustering 

revealed that liver gene expression signatures clustered first by sex, then by timepoint and 

vaccine type (Figure 4.3c). 

  

Finally, further evaluation of the inflammatory environment during this T cell response at day 6 

was conducted. Networks associated with responses to IFN-a were upregulated in female mice, 

but not in male mice at this timepoint (Figure 4.3d). Further investigation of the genes involved 

in IFN-a response found  
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Figure 4.3: Male mice experience a restricted inflammatory response compared to females 
after Radiation Attenuated Sporozoite (RAS) immunization. a. Experimental schematic. 
Livers from mock vaccinated, P&T vaccinated (P&T), or RAS-only (RAS) vaccinated male and 
female BALB/cJ mice were collected 44 hours or 6 days after the indicated vaccine for RNAseq 
(n=4 per group). b. Principal Component (PC) analysis of male and female transcriptomes 
following vaccination (containing all vaccinated and mock-vaccinated mice). c. Hierarchical 
clustering on differentially expressed genes (FDR < 0.05 and |LogFC| > 1.5) and unique to 
response to vaccination (not shared with baseline differences between the mock-vaccinated male 
and female mice) with column annotations for sex, vaccine status, and timepoint. Euclidean 
distance metric was used for sample clustering. d. GSEA of Hallmark (top) and Gene Ontology 
Biological Processes pathways (bottom) with genes ranked by fold-change values relative to mock 
injected mice by sex. NES = normalized enrichment score. Column annotations depict sex and 
vaccine status as designated in panel c. e. Heatmap and hierarchal clustering of genes that contain 
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at least one differentially expressed gene in either timepoint (44 hours or 6 days) (BH-adjusted p 
<0.01, |LogFC| > 2) and appear in the Gene Ontology Biological Processes pathway ‘T cell 
activation’. Column annotations depict sex, timepoint, and vaccine status. f. Calculated pathway 
score of aggregate samples by T cell activation pathways depicted in e for the 44 hour and 6-day 
timepoint. Detailed explanation of calculation in Methods section. g. Heatmap and hierarchal 
clustering of genes that contain at least one differentially expressed gene at the 6 days timepoint 
(BH-adjusted p <0.05, |LogFC| > 1) and appear in the Hallmark ‘Interferon-a response’, or Gene 
Ontology Biological Processes pathways ‘phagocytosis’, ‘response to chemokine’. Column 
annotations depict sex and vaccine status as in panel c. j. Calculated pathway score of aggregate 
samples by Interferon-a response, response to chemokine, and phagocytosis pathways depicted in 
panel g at day 6 post-immunization. Error bars in f and h represent 95% confidence intervals. 
**p<0.01, *p<0.05, ns p>0.05. 

 

little to no induction of genes related to proteins associated with a type I IFN response (Gbp2, 

Gbp3, ifi44, ifit2) and CXCR3 ligands (Cxcl9, Cxcl10) in male mice (Figure 4.3i). Female mice 

also experienced an increased IFNg response compared to male mice (Figure 4.3d, 

Supplemental Figure 4.14g-h). Several other pathways were evaluated due to their potential to 

influence hepatic CD8+ T cell memory responses176: phagocytosis was upregulated in females 

but not males, whereas both male and female mice induced responses to chemokines at this 

timepoint (Figure 4.3i-j). Overall, this suggests that while male mice can form chemokine cues 

important for CD8+ T cells, and there is a diminished response to inflammatory signals, like 

interferons, when compared to female mice. This data indicates that the difference in hepatic 

CD8+ T cell number is potentially related to reduced inflammatory and T cell activation in the 

liver following immunization. 

Androgens alter protection from malaria challenge 

Given the known effects of sex hormones on altering adaptive immune responses, we sought to 

evaluate the impact of sex hormones on protection from P&T vaccination. To evaluate whether 

estrogens in females or androgens in males contributed to the discordance in protection by sex 
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following vaccination, we removed the gonads in adult mice at least 14 days prior to P&T 

vaccination and then later quantified liver burden 44 hours post-spz challenge by Plasmodium 

18S rRNA RT-PCR to assess protection (Figure 4.4a). For females, ovariectomy (OVX, 

removing estrogens and progestins) had no effect on protection outcome, with OVX females 

maintaining protection (Figure 4.4b, Supplemental Figure 4.15a). For males, orchiectomy 

(ORX, removing androgens) led to protection, a reversal of the outcome in intact males (Figure 

4.4c, Supplemental Figure 4.15b). IFNg ELISPOT on splenocytes obtained at post-challenge 

timepoints did not demonstrate significant differences in IFNg producing cells between intact 

and OVX females or intact and ORX males (Supplemental Figure 4.15c). Taken together, these 

data illustrate that among female mice, ovariectomy to ablate circulating estrogens does not 

affect protection outcomes, whereas orchiectomy to ablate androgens prior to vaccination 

significantly improves protection in male mice. 
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Figure 4.4: Androgens decrease protection from challenge, but do not alter markers of 
memory CD8+ T cell fate and function. a. Experimental regimen with orchiectomy (ORX) in 
males, ovariectomy (OVX) in females, or sham surgery followed by P&T vaccination. 28 days 
later, mice were challenged and liver and spleen lymphocytes were analyzed by flow cytometry. 
b-c. Protection following 1x103 Py-WT sporozoite challenge defined as no detectable pan-
Plasmodium 18S rRNA copies 44 hours post-challenge. c and e. Liver burden as absolute pan-
Plasmodium 18S rRNA copy numbers 44 hr post-challenge. Data are shown from two independent 
experiments (n = 8 - 10/group). Only relevant comparisons are shown. d. Liver weight of ORX 
and SHAM operated male BALB/cJ mice vaccinated with P&T regimen and harvest 28 days later. 
e.  Quantification of total responsive CD8+ T cells to PyCSP280-288 (SYVPSAEQI) peptide defined 
by total number of IFN-g+ and/or TNF-a+ and/or CD107a+ producing CD8+ T cells corrected by 
weight of liver. f. Ratio of CD4-to-CD8 in the liver. g. Quantification of total responsive CD8+ T 
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cells to PyCSP280-288 (SYVPSAEQI) peptide defined by total number of IFN-g+ and/or TNF-a+ 
and/or CD107a+ producing CD8+ T cells as proportion of CD3+ T cells in the liver. h. Frequency 
of CSP tetramer+CD44hi Tem (CD62L-CD69+), Tcm (CD62L+CD69-), Trm (CD62L-CD69+) 
subsets of total CD8+ T cell. i. Quantitative evaluation of TCF1 MFI on CSP-tet.+ Trm cells in the 
liver (CSP-tet.+CD62L-CD69+CD44hiCD8+ T cells). j. Proportion of PD-1+ on liver Trm cells. k. 
Proportion of LAG-3+ on liver Trm cells. Data for h – k are shown from two independent 
experiments (n = 7-10/group). l-m. Quantification of proportion of IFN-g+ (left), TNF-a+ (middle), 
and CD107a+ (right), and IFN-g+ TNF-a+ CD107a+ (m) producing CD8+ T cells in the liver. Data 
for d-g and l-m are shown from two independent experiments (n = 9-10/group). Statistical 
significance for data in b and d was determine by Fisher exact test; data in e, g-h, and l-m was 
determined by Kruskal-Wallis test with Dunn’s multiple comparison and data in d, f, and i-k was 
evaluated with Wilcoxon Test. In h, individual p values for significant differences are shown, 
colored to correspond to memory T cell subsets where relevant. Error bar represents mean ± s.e.m; 
***p <0.001, **p<0.01, *p<0.05, ns p>0.05. 

Androgens do not alter hepatic CD8+ T cell memory populations 

Next, we characterized the impact of androgens on the memory CD8+ T cell repertoire in male 

mice after P&T immunization by ICS. Male mice underwent ORX or equivalent sham surgeries 

(SHAM), were P&T vaccinated, and then vaccines response at 28 days post-immunization was 

evaluated as above. As previously reported300, we observed that livers from vaccinated ORX 

mice were significantly smaller compared to the vaccinated SHAM mice (Figure 4.4d). We 

analyzed the number CSP-specific CD8+ T cells per gram of tissue, and did not find a significant 

difference between ORX and SHAM mice (Figure 4.4e). There was no difference in the 

CD4/CD8 T cell ratio in the livers of ORX and SHAM mice (Figure 4.4f). Additionally, there 

was no significant difference in the frequency of CSP-specific CD8+ T cells as a percent of CD3+ 

T cells in the liver (Figure 4.4g) and the spleen (Supplemental Figure 4.16d-e). Thus, 

androgens do not appear to alter the total number or frequency of CSP-specific CD8+ T cells 

memory cells in the liver as measured by ICS. 

  

In a separate experiment, we characterized the impact of androgens on memory CD8+ T cell 

responses in male mice after P&T vaccination by tetramer staining. ORX and SHAM male mice 
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showed similar frequencies of memory CSP-tetramer+CD44hiCD8+ T cells in the liver and 

spleen, with frequencies higher than naïve mice (Figure 4.4h). Although Trm and Tem 

phenotypes were present in both ORX and SHAM vaccinated mice livers and spleen, there were 

no differences in Trm or Tem composition (Figure 4.4h-i, Supplemental Figure 4.16a-c). 

Taken together, androgens do not appear to alter the frequency of CSP-specific CD8+ T cells 

memory subsets in the liver. 

  

Since there was no difference in the number and proportion of CSP-specific CD8+ T cells in the 

livers of immunized ORX and SHAM male mice 28 days post-immunization, other factors must 

mediate the improved protection that occurs after withdrawal of androgens. We next evaluated 

the quality of CSP-tetramer + Trm cells for markers of dysfunction. Androgen receptor signaling 

has been linked to a more dysfunctional T cell state via the transcription factor TCF1199,200,301,302. 

Thus, we hypothesized that the presence of androgens may alter TCF1 expression and increase 

expression of co-inhibitory molecules like programmed cell death protein (PD-1) and 

lymphocyte activation gene 3 (LAG-3) that have also been connected to dysfunctional states303. 

As expected, higher expression of TCF1 was observed on central memory CD8+ T cells (Tcm) in 

the liver than on Tem and Trm cells (Supplemental Figure 4.16d). However, importantly, there 

was no difference in TCF1, PD-1, and LAG-3 expression on tissue resident CD8+ T cells 

(defined as CSP-tetramer+CD62L-CD69+CD44hi CD8+ T cells) in ORX compared to SHAM 

vaccinated mice (Figure 4.4i-k, Supplemental Figure 4.16g). 

  

Next, we assessed whether there are more cytokine-producing CD8+ T cells in ORX P&T 

immunized mice upon re-stimulation compared to SHAM mice. Both P&T vaccinated groups 
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had increased levels of cytokine producing CD8+ T cells as compared to the naïve controls, but 

there was not a significant difference in the frequency of IFNg+, TNFa+, or CD107a+ cells in the 

liver or the spleen between the ORX and SHAM groups (Figure 4.4l, Supplemental Figure 

4.16h). A similar pattern was seen when comparing the frequency of IFNg+TNFa+CD107a+ cells 

(Figure 4.4m, Supplemental Figure 4.16i). 

  

In all, there was no detectable difference between the frequency, exhaustion/dysfunction status, 

or polyfunctionality profiles of antigen-specific CD8+ T cells in male mouse livers at 28 days 

post-immunization following ORX or SHAM surgeries. 

Hormone environment at time of challenge impacts protection outcomes 

The question remained, why are intact male mice not protected by vaccination? Theoretically, 

androgens could influence the efficacy of P&T vaccination during two potential phases: 1) the 

production phase of immune memory at time of vaccination, or 2) the recall phase of immune 

memory at time of challenge. To identify at what stage androgens alter protection outcomes, 

ORX was performed before or after P&T vaccination and then mice were challenged three weeks 

after the post-P&T ORX procedures (Figure 4.5a) to allow the hormone environment in the liver 

to re-equilibrate. SHAM mice received surgery at the post-P&T timepoint. As in previous 

experiments, male mice were protected by P&T when ORX was performed prior to vaccination. 

Remarkably, when ORX was performed after P&T vaccination, the mice were also protected 

(Figure 4.5b, Supplemental Figure 4.17b).  However, since ORX is irreversible, this method of 

hormone manipulation did not allow for evaluation of the effect of androgens uniquely at the 

time of vaccination.   
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To allow us to further interrogate at which phase of vaccination and challenge androgens were 

exerting immune effects, we developed an acute and reversible model to suppress testosterone 

production in male mice. Acyline is a gonadotropin releasing hormone (GnRH) antagonist that 

suppresses downstream production of testosterone in a dose-dependent manner and has 

previously been applied in mice250, and humans251,252. We optimized the dose of acyline for the 

BALB/cJ mouse model by selecting the dose that most consistently retained suppressed 

testosterone levels for over 7 days but under 14 days to ensure that hormone levels were 

maintained during peak immune responses of the P&T regimen (Supplemental Figure 4.18a-b).  

 

Next, we depleted testosterone prior to both steps of P&T vaccination, prior to spz challenge, or 

both (Figure 4.5c). We found reducing testosterone during either vaccination or challenge was 

sufficient to increase protection outcomes in male mice (Figure 4.5d). To further confirm that 

testosterone at time of challenge changes protection outcomes, we added back testosterone and 

once again saw a reduction in protection (Figure 4.5d). We further confirmed that administration 

of acyline, testosterone, and ORX surgery did not alter liver burden in unvaccinated mice 

(Supplemental Figure 4.18e-f). Together with the above liver CD8+ T cell characterization data, 

these findings lead us to conclude that the hormone environment at time of challenge is a driving 

factor behind limited vaccine-induced protection in intact male mice. 
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Figure 4.5: Protection of male mice depends on hormone environment at time of challenge. 
a. Schedule of orchiectomy (ORX) in male mice 21 days before or 28 days after P&T vaccination 
as shown. After the completion of vaccinations, mice were rested 21 days to establish a new 
hormone equilibrium and then were challenged with 1x103 Py-WT sporozoites. b. Protection after 
Py-WT sporozoite challenge by pan-Plasmodium 18S rRNA RT-PCR from livers collected 44 
hours post-challenge. Data are shown from two independent experiments (n= 9-10/group). c. 
Schedule of administration of Acyline (Acy) in male mice at day 5 and 4 prior to either P&T 
vaccination (prior to gene gun and RAS) or prior to challenge, or both. Testosterone add-back 
group received 3 injections of testosterone on day 3 and 1 prior to challenge and 1 day following 
challenge. d. Protection after Py-WT sporozoite challenge by pan-Plasmodium 18S rRNA RT-
PCR from livers collected 44 hours post-challenge. Data are shown from two - three independent 
experiments (n= 10-14/group). Statistical significance for data in b and e was determined by the 
Fisher exact test. Only relevant comparisons are shown. Error bar represents mean ± s.e.m; 
***p<0.001, **p<0.01, *p<0.05, ns p>0.05. 
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Androgens inhibit CD8+ T cell recall response 

To further identify the impact of androgens on CD8+ T cells during recall at time of challenge, 

we established an ex vivo stimulation model where we exogenously supply dihydrotestosterone 

(DHT), the metabolically active form of the testosterone, and evaluated the impact on CD8+ T 

cells in altered hormone environment. Intact male and female mice, and ORX male mice were 

P&T vaccinated as previously described (Figure 4.6a) and lymphocytes were isolated from the 

liver and stimulated with PyCSP280-288 peptide in the presence or in the absence of DHT (Figure 

4.6b). CD8+ T cells from ORX male mice showed a reduction in IFNg and Granzyme B, but not 

TNFa, in the presence of DHT (Figure 4.6b). Furthermore, in the presence of DHT, there was a 

reduction in proportion of CD8+ T cells expressing IFNg+ Granzyme B+ or a putative 

polyfunctional T cell expressing IFNg+ Granzyme B+TNFa+CD107a+ in cells from the ORX 

male group and female group (Figure 4.6d,f). Granzyme B+ expression was reduced only in 

cells from the female mice (Figure 4.6e-g). Thus, overall, the presence of DHT reduced activity 

of CD8+ T cells via inhibition of IFNg+ and Granzyme B+.  

 

As a secondary analysis, within the above experiment we also queried the frequency of gd T cells 

by biological sex. Interestingly, we identified that females also have a higher frequency of gd T 

cells at both baseline and in response to P&T vaccination (Supplemental Figure 4.19).  
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Figure 4.6. Androgens inhibit protective CD8+ T cell activity via inhibition of IFN-g and 
Granzyme B production during recall response. a. Female, male, and ORX male BALB/cJ mice 
were vaccinated with the prime-and-trap (P&T) regimen. 35 days later, liver cells were analyzed 
by flow cytometry. b. Quantification of proportion of IFN-g (left), Granzyme B (middle), and TNF-
a (right) producing CD8+ T cells in the liver. c. Representative flow plots of IFN-g (top), Granzyme 
B (middle), and TNF-a (bottom) on CD8+ T cells isolated from the liver and ex vivo stimulated 
with PyCSP280-288 peptide in hormone free condition with dihydrotestosterone (DHT) added to 
media. d and f. Quantification of proportion of IFN-g+Granzyme B+ (d) and IFN-g+Granzyme B+ 
TNF-a+CD107a+ (f) producing CD8+ T cells in the liver. e and g. Quantification of Granzyme B 
MFI on IFN-g+ (e) and IFN-g+Granzyme B+ TNF-a+CD107a+ (g) producing CD8+ T cells in the 
liver. Data are shown from 2 independent experiments (n = 10-12 total mice/group, naïve 
composed of n=6 per sex). Statistical significance for data in b, d-g was determined by a paired 
Wilcoxon Test; ***p <0.001, **p<0.01, *p<0.05, ns p>0.05.  
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4.5 DISCUSSION 
Liver stage malaria vaccine research has predominantly been conducted in female mice. Through 

a series of P&T immunization and challenge studies in male and female BALB/cJ mice, we 

identified sex-specific differences in protection outcomes, CD8+ T cell density, and 

inflammation in the liver. We further show that although androgens modulate protection 

outcomes, the number of CD8+ T cells was not correlated with sex hormone-mediated protection. 

Instead, through a step-wise assessment of modified vaccination regimens to overcome reduced 

protection, we ultimately determined that androgens at the time of challenge impede an 

otherwise protective adaptive immune response via suppression of IFNg production by vaccine-

induced CD8+ T cells in male mice. 

  

Sex hormones, physiology, and sex chromosomes are factors potentially contributing to sex-

specific malaria liver stage vaccine outcomes. These three factors have important implications 

for the production, function, and recall responses of memory CD8+ T cells in liver. First, with 

respect to sex hormones, it is well established that sex hormones influence many immune system 

functions5,112,282. Both androgens and estrogens have been linked to altering inflammation, 

interferon signaling, and CD8+ T cell frequency and function14,16,20,104,159,207,304. One prior report 

also found that sex hormones alter protection outcomes in adult C3H/HeNCr MTV mice 

vaccinated with two doses of radiation attenuated P. berghei expressing P. falciparum CSP116. 

They further identified testosterone as a key modulator of protection through a series of 

orchiectomies, ovariectomies, and add-back hormone studies116. Here, we found a similar trend 

in response to P&T vaccination – that androgens and not estrogens are the driver behind 

differential protection to P&T vaccination in the Py/BALB/cJ model. 
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Theoretically, androgens could influence the efficacy of P&T vaccination during two potential 

phases: 1) the production phase of immune memory at time of vaccination, or 2) the recall phase 

of immune memory at time of challenge. Some of our data does suggest androgens may 

influence the “production phase” of vaccination, since by acutely and reversibly altering 

hormone environment at time of vaccination, we were able to increase protection in male mice. 

However, other evidence points to that poor protection in intact male mice is not directly related 

the “production phase” of vaccination. First, increasing CD8+ T cell responses with more 

immunogenic priming or adjuvanted trapping methods did not significantly increase protection 

in males. Second, a non-significant difference in the quality and quantity of the vaccine-induced 

CD8+ T cell repertoire between ORX and SHAM male mice indicated that differences in CD8+ T 

cell programs could not explain the outcome. This was surprising, as there is literature describing 

how the androgen receptor accelerates terminally exhausted CD8+ T cells via direct 

transcriptional activation of TCF1/Tcf7302. We hypothesized that intact male mice would have 

more dysfunctional CD8+ T cells as shown by increased LAG-3+, PD-1+, and TCF1lo expression 

and/or reduced production of IFNg, TNFa, and CD107a. Yet, neither direct ex vivo phenotyping 

nor in vitro stimulation under normal media conditions followed by ICS could establish a 

connection between androgens and T cell dysfunction. One potential explanation for why 

administering acyline at time of vaccination altered protection outcomes could be related to 

CD8-T cell extrinsic factors within the liver. Therefore, while we can affirm that androgens do 

not alter the permanent CD8+ T cell program, we cannot exclude their potential impact on CD8+ 

T cell effector function in vivo. 
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The alternative explanation was that immune effects of androgens at the “recall phase” were 

driving sex-bias in protection outcomes from P&T vaccination. Remarkably, when we reduced 

androgens levels after P&T vaccination but prior to spz challenge, high levels of protection in 

males was achieved, confirming this was the key driver of the sex-specific outcomes in our 

model. Prior literature has shown that androgens could be suppressing protection by direct and 

indirect mechanisms. Given this, we hypothesized that androgens could directly reduce effector 

CD8+ T cell activity at time of challenge (Figure 4.7)305. The major caveat to previous in vitro 

stimulation conditions was the non-physiologic hormone environment found in cell culture 

media306. When we repeated ex vivo stimulation in hormone-free conditions and exogenously 

added DHT into the media, we saw a reduction in expression of IFNg and granzyme B. This 

supports prior literature that had identified that androgen receptor (AR) interacts with the open 

chromatin regions associated with Ifng and Gzmb in effector memory CD8+ T cells and regulates 

rapid production of IFNg and granzyme B upon TCR stimulation199. The lack of reduction after 

DHT treatment observed within male intact mice is likely related to an already activated AR that 

is refractory to further activity, unlike the case in female and ORX male mice. While not directly 

evaluated, at the indirect level, androgens could reconfigure the tissue microenvironment80 to 

restrict sensing109, alter innate immune cell activity14, and suppress inflammation14,307. Indeed, in 

line with this, we observed markedly reduced cellular and inflammatory responses in the male 

liver following RAS immunization. Further investigations into how reduction in IFNg and 

granzyme B might modulate recognition and further immune cell recruitment toward infected 

hepatocytes will thus be a key focus of our future work. 
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Figure 4.7. Proposed model of the impact of biological sex and androgens on Trm cell 
recruitment during the effector phase at time of challenge. In female mice there is a higher 
density of memory CD8 T cells that are able to more quickly respond to signaling produced by 
infected hepatocytes. Both in female and ORX male mice there is also a higher density of Kupffer 
cells and other innate immune cells that are also more quickly activated to clear infected 
hepatocytes. Under high androgen conditions, there is reduced Type I IFN response and less 
density of memory CD8+ T cells. Additionally, the presence of androgens at time of challenge also 
reduces secretions of cytokines and cytolytic compounds, hereby limiting recruitment toward 
infected hepatocytes and leaving male mice less protected from Plasmodium challenge. Created 
with BioRender.com. 

 
While physiological differences by sex were not a focus here, we also observed the male mouse 

liver was about 35% larger than that of female mice (Figure 4.2e). Previous work found a 

balance between the number of infected hepatocytes and effector CD8+ T cells needed to confer 

sterile protection172. While we did not identify a difference in parasite biomass between naïve 

male and female mice 44 hours after spz challenge, vaccine-induced CD8+ T cell number after 

accounting for differences in liver mass revealed a higher density in females. Future research 

could thus also seek to explore whether physical size influences malaria liver stage vaccine 

efficacy in pre-clinical models. 

  

Equally, while sex chromosomes were not directly evaluated here, the X and Y chromosomes 

encode a wide array of immune response-linked proteins20. The presence of two X chromosomes 

(XX) and absence of the Y chromosome is clearly not a requirement for protection since we were 
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able to protect male mice by altering the hormone environment. However, genes mapped to the 

X-chromosome exhibited sex-specific expression in response to P&T, such as Cxcr3 and Il2rg. 

CXCR3 is an important homing marker and is constitutively expressed on Trm cells during 

homeostasis308. IL-2Rγ transduces common γ-chain cytokine signals such IL-2, IL-7, and IL-15, 

which are important signals for the survival of memory CD8+ T cells309. These genes therefore 

also warrant further evaluation for sex biased regulation. However, since male mice were 

capable of being protected, we can conclude these sex-linked genes were not the major driver of 

differential protection to P&T vaccination. 

  

Finally, a critical question is how these findings may relate to human vaccination and infection. 

A recent meta-analysis of the attenuated spz vaccine PfSPZ identified higher levels of antigen-

specific antibodies in females compared to males. However, no difference in PfSPZ vaccine 

efficacy based on sex was identified114. Although sex-specific immunogenicity is observed in 

humans and mice, the absence of sex specific protection outcomes in humans may be linked to 

inherent differences, such as the longer liver stage in humans and distinct endocrine systems. 

Given the paucity of information about how biological sex interacts with the immune-parasite 

axis during Plasmodium liver stage infection in mice and humans, further evaluation of the basic 

biology of how males and females respond to attenuated and virulent Plasmodium parasites is 

warranted.   

  

Taken together, our results indicate that there are sex-specific differences in protection outcomes 

and hepatic memory CD8+ T cell number relative to liver size. However, direct inhibition of 

CD8+ T cell activity via IFNg is the driving factor behind the inability to protect male mice. 
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Although ovariectomies did not decrease protection, we could not assess if there was an increase 

in efficacy because intact female mice are already completely protected, leaving the potential 

role of ovarian hormones uncertain. Additionally, the gene expression data are limited by 

measuring the mRNA levels and no protein level analysis was conducted. This work highlights 

why male mice serve as a more stringent model for malaria liver stage vaccine evaluation. While 

we were unable to overcome the natural androgen-mediated barrier of the male liver with 

alternative P&T strategies, a malaria liver stage vaccine that can elicit complete sterile immunity 

in males may be an indicator of a promising malaria vaccine. Beyond malaria liver stage 

vaccines, capturing sex differences in pre-clinical and clinical studies is a National Institute of 

Health mandate and an important step towards understanding intrinsic biases in vaccine 

development. 

 

4.6 EXTENDED INFORMATION ON ESTROGENS 

The focus of the dissertation naturally shifted to the impact of androgens on restricting protection 

in male mice. The reason for this was two-fold. First, preliminary data first identified the 

dramatic modifying effect of androgens in reducing protection in P&T vaccinated male mice. 

Second, there were practical limitations. The time period to conduct on orchiectomy lasted 

around ~ 5 minutes per mouse by the board-certified vet within the laboratory. In contrast, an 

ovariectomy took around 20 - 30 minutes per mouse, due to the added complication of two 

incision routes and a smaller target. Thus, in the end this thesis focused on androgens. However, 

we have also identified an important role of ovarian hormones, estrogens and progesterone, in 

mediating protection outcomes.  
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Here we report that the main ovarian hormones, estrogens and progesterone, increase 

protection from secondary sporozoite challenge. Given the pro-inflammatory features of 

estrogen in mediating immune responses4, we hypothesized that an intact female mouse has 

higher protection. Since the P&T vaccine regimen already confers 100% protection, a sub-

optimal vaccine model would be necessary to capture the beneficial effect of estrogens and 

progesterone on protection. Given the known effects of sex hormones on altering adaptive 

immune responses, we sought to evaluate the impact of sex hormones on protection from the 

sub-optimal single dose of RAS vaccine model. To evaluate whether estrogen in females or 

androgens in males contributed to the discordance in protection between male and female mice 

following vaccination, we removed the gonads in adult mice at least 14 days prior to RAS 

vaccination and then later quantified liver burden 44 hours post-spz challenge by Plasmodium 

18S rRNA RT-PCR to assess protection (Figure 4.8a). For females, ovariectomy (OVX, 

removing estrogens and progestins) decreased protection outcome, with OVX females only 10% 

protection compared to the 50% protected in the SHAM female group (Figure 4.8b-c). For 

males, orchiectomy (ORX, removing androgens) led to higher levels of protection as expected 

from previous P&T experiments (Figure 4.8b). This data shows that ovariectomy reduces 

protection in female mice, while orchiectomy improves protection in male mice. 

We further examined the impact of estrogen (E2) delivered via pellet implantation on liver gene 

expression profiles. In this study, male mice underwent orchiectomy (ORX) and were implanted 

with either an estrogen or testosterone pellet subcutaneously (see Chapter 4 for detailed 

methods). Liver samples were collected 44 hours after injection with 10,000 cryopreserved spz 

(Figure 4.8b). Due to the inclusion of only one mock control—an intact male mouse—this 

differential gene expression analysis reflects a combination of baseline hormonal effects and the 
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response to spz. However, the hormone-induced changes are likely the primary drivers of the 

observed gene expression patterns. E2-treated ORX mice displayed significant shifts in baseline 

gene expression profiles. Compared to ORX alone, E2 treatment led to elevated IFN-b levels, 

enhanced regulation of chemotaxis, activation of IL-2/STAT signaling, and a general increase in 

inflammatory responses (Figure 4.8b -f). These findings highlight that estrogen dramatically 

alters the baseline immune homeostasis in male mice under controlled conditions, whereas 

testosterone suppresses immune responses (Figure 4.8e -f), corroborating spatial transcriptomic 

findings in Chapter 3. 

This work establishes a foundation for future studies to investigate the effects of estrogen and 

progesterone on innate and adaptive immune responses in the murine liver. Exploring the dose-

dependent impact of estrogen could potentially uncover novel correlates of infection in humans, 

offering valuable insights into sex-specific immune mechanisms. 
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Figure 4.8: Estrogen increases protection for liver stage vaccines and inflammation. a. 
Experimental regimen with orchiectomy (ORX) in males, ovariectomy (OVX) in females, or sham 
surgery followed by RAS only (2x104 PyRAS) vaccination. b. Protection following 1x103 Py-WT 
sporozoite challenge defined as no detectable pan-Plasmodium 18S rRNA copies 44 hours post-
challenge. c. Liver burden as absolute pan-Plasmodium 18S rRNA copy numbers 44 hr post-
challenge. Data are shown from two independent experiments (n = 9 - 10/group). Only relevant 
comparisons are shown. d. Experimental schematic for surgery and pellet implantation in male 
mice. e.  Upset plot of differentially expressed genes (FDR < 0.05 and |LogFC| > 1).  between each 
treatment group compared to mock infected intact male mice. d. GSEA of selected Hallmark and 
KEGG pathways with genes ranked by fold-change values relative to mock injected male mouse 
collected at the 44-hour timepoint. Pathways with an BH-adjusted FDR<0.05 are shown. NES = 
normalized enrichment score. 
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4.8 SUPPLEMENTAL FIGURES 

 
Parasite strain Mouse strain Sporozoite attenuation 

strategy Biological Sex Ref  

P. yoelii (17XNL), 
P. berghei 
(ANKA) 

BALB/c RAS, CPS-CN Female 1 

P. yoelii (265BY) BALB/c; 129P2Sv/ev RAS, CPS-CQ, CPS-PQ Female (BALB/c); 
Sex not reported 

(129P2Sv/ev) 

2 

P. yoelii (17XNL), 
P. berghei (NK65) 

BALB/c; C57BL/6; 
Swiss Webster 

RAS, CPS-PQ Sex not reported 3 

P. yoelii (17XNL) BALB/c; Swiss 
Webster 

GAP ΔSAP1 Female 4 

P. yoelii (17XNL) BALB/c GAP ΔSAP1 Female 5 
P. yoelii (17XNL), 
P. yoelii (YM), P. 

berghei 

BALB/c; C57BL/6; 
Swiss Webster 

GAP ΔSAP1, GAP 
ΔFABB/F, RAS 

Sex not reported 6 

P. yoelii (17XNL) BALB/c GAP ΔUIS3, GAP ΔUIS4 Female 7 
P. yoelii (17XNL) BALB/c;C.129S7(B6) GAP ΔUIS3, GAP ΔUIS4 Female 8 
P. yoelii (265 BY), 

P. berghei 
(ANKA) 

BALB/c; C57BL/6 GAP Δp36p, RAS Sex not reported 9 

P. berghei 
(ANKA) 

BALB/c; C57BL/6 GAP Δp36p, RAS Female 10 

P. berghei 
(ANKA) 

C57BL/6 GAP ΔUIS3, GAP 
Δp36p, RAS, CPS-PQ, 

CPS-AZ, CPS-CQ, CPS-
PYR 

Female 11 

P. berghei 
(ANKA) 

C57BL/6 RAS, CPD-CQ Sex not reported 12 

P. berghei 
(ANKA) 

C57BL/6 GAP ΔSLARP Female 13 

P. yoelii (17XNL), 
P. berghei 
(ANKA) 

BALB/c; C57BL/6 CPS-PQ Sex not reported 14 

P. berghei 
(ANKA) 

BALB/c; C57BL/6 CPS-CN Female 15 

P. berghei (NK65) C57BL/6 GAP ΔPKG Female 16 
P. berghei 
(ANKA) 

C57BL/6; μMT CPS-AZ, CPS-CM Female 17  

 
Supplemental Table 4.1: Was mouse sex listed in key papers about murine sporozoite 
vaccines? 
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Marker Fluorochrome Clone Source Catalog 
Titer (in 50 

µL MM) 
Live/Dead Zombie yellow   Biolegend   1:250 

CD3E BUV395 145-2C11 BD Bioscience 563565 1 µL 
B220 BV711 RA3-6B2 Biolegend 103255 0.25µL 
CD4 BB700 GK1.5 BD Bioscience 745922 0.5µL 
CD8a APC-H7 53-6.7 BD Bioscience 560182 0.5µL 
CD44 BUV737 IM7 BD Bioscience 612799 0.5µL 

CD62L PE-CY7 MEL-14 BD Bioscience 560516 0.5µL 
CD69 BV786 H1-2F3 BD Bioscience 564683 1µL 

CXCR3 BV650 CXCR3-173 BD Bioscience 740630 1µL 
PD1 PE/DAZZLE594 29F.1A12 Biolegend 135228 0.5µL 

LAG3 BB515 C9B7W BD Bioscience 564672 0.5µL 
TCF1 BV421 S33-966 BD Bioscience 566692 1µL 

CD107a PE 1D4B BD Bioscience 558661 
0.5µl (in 

200µL MM) 
IFNG BV421 XMG1.2 Biolegend 505830 1µL 
TNFa FITC MP6-XT22 BD Bioscience 554418 1µL 

Granzyme B AF647 GB11 BD Bioscience 560212 0.5µL 
CSP-tetramer APC  NIH tetramer facility   1µL 

 
Supplemental Table 4.2: Flow cytometry antibody manifest. 
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Supplemental Figure 4.9: Prime-and-Trap malaria vaccination induces sex-specific 
protection against sporozoite challenge in a Plasmodium berghei and C57BL/6 rodent 
malaria model. a. Scheme of male and female C57BL/6 mice Prime-and-Trap (P&T) vaccination 
experiment. b. Protection following 1x103 Py-WT sporozoite challenge defined as no detectable 
pan-Plasmodium 18S rRNA copies 44 hours post-challenge. c. Liver burden as absolute pan-
Plasmodium 18S rRNA copy numbers 44 hr post-challenge. d - f. Liver and spleen were harvested 
from the mice at the 44 hours post-challenge timepoint and IFN-g ELISPOT was performed in the 
presence of either RPL6 peptide (e), TRAP peptide (f), or both (d). IFN-g spot forming units (SFU) 
are shown per million liver (d) and spleen (e-f) lymphocytes for each mouse normalized to the 
corresponding media control. Error bar are mean normalized SFU per million lymphocytes ± 
s.e.m. n= 9 -10 mice across two independent experiments. Statistical significance for data in b was 
determined by the Fisher exact test. Only relevant comparisons are shown. Statistical significance 
for data in c - f was determined by the Kruskal-Wallis test with Dunn’s multiple comparison. Error 
bar represents mean ± s.e.m; ***p<0.001, **p<0.01, *p<0.05, ns p>0.05. 
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Supplemental Figure 4.10. Gating strategy for T cell Intracellular Cytokine Staining. Data in 
Figures 2 (b-i), 4 (d-g and l-m), and 6 were obtained using a 9-color multiparameter flow cytometry 
panel following intracellular cytokine staining (ICS). Events were selected using a lymphocyte 
gate, then a singlet event gate, and then a live/dead stain. CD3 and B220 were next used to identify 
T cells and exclude B cells. CD3+ cells were subsequently evaluated for either granzyme B 
(GZMB) or for CD4 and CD8. CD8+ cells were further chracterized for expression of IFN-g, TNF-
a, and the CD107a degranulation marker. Further downstream heiracheal and boolean gating was 
performed in RStudio.  
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Supplemental Figure 4.11. Gating strategy for T cell flow cytometry. Data presented in Figures 
2 (j-l), and 4 (h-k) were obtained using a 13-color multiparameter flow cytometry panel. Events 
were selected using a lymphocyte gate, then a singlet event gate, and then a live/dead stain. CD3 
and B220 were next used to identify T cells and exclude B cells. CD3+ cells were gated for CD4 
and CD8 co-receptor expression. For CD8+ populations, cell were further characterized for 
expression of CD44, CD62L, CD69, CSP-tetramer, LAG-3, PD-1, TCF1, and CXCR3. Further 
downstream heiracheal gating was performed in RStudio.  
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Supplemental Figure 4.12: Evaluation of vaccine-induced CD8+ T cells in the spleen between 
males and females. Female and male BALB/cJ mice were vaccinated with the prime-and-trap 
(P&T) regimen. 28 days later, spleen cells were analyzed by flow cytometry. a. Ratio of CD4-to-
CD8 in the spleen of P&T vaccinated (+) and unvaccinated mice (-) female (F) and male (M) 
BALB/cJ mice. b-c. Quantification of total CSP280-specific CD8+ T cells as total number of IFN-
g+ and/or TNF-a+ and/or CD107a+ producing CD8+ T cells per million splenocytes (b) and as a 
proportion of CD3+ splenic T cells (c). d-e. Quantification of proportion of IFN-g+ (d - left), TNF-
a+ (d - middle), CD107a+ (d - right) and IFN-g+ TNF-a+ CD107a+ (e) producing CD8+ T cells in 
the spleen. Error bars are mean ± s.e.m. Statistical significance for data was determined by 
Kruskal-Wallis tests with Dunn’s multiple comparison; **p<0.01, *p<0.05, ns p>0.05. 
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Supplemental Figure 4.13: Extended evaluation sex differences in CD8+ T cells memory 
subsets. a. Representative flow cytometry plot (gated on CD8+ T cells) depicting H-2Kd-PyCSP280-

288 tetramer positive (CSP-tet.+) cells isolated from the liver of P&T vaccinated female (left) and 
male (middle) mice and an unvaccinated control mouse collected 28 days after the last 
immunization. b. Representative flow cytometry plot depicting CSP-tet.+CD44hi CD8+ T cells Trm, 
Tem, and Trm phenotypes. Gating calculations performed in R. See Supplemental Fig S3 for 
gating tree. c. Frequency of CSP-tet.+CD44hi cells of CD8+ T cells in livers (top) and spleens 
(bottom). d-e. Frequency of CSP tet.+CD44hi  memory subsets, Trm (CD62L-CD69+ ; left), Tem 
(CD62L-CD69+; middle), Tcm (CD62L+CD69-; right), of total CD8+ T cell in livers (top – also 
depicted in Fig 2k) and spleens (bottom). Data are shown from two independent experiments (n= 
8-9). Error bar represents mean ± s.e.m. Statistical significance for data was determined by 
Kruskal-Wallis test with Dunn’s multiple comparison. Individual p values for significant 
differences are shown, colored to correspond to memory T cell subsets where relevant; **p<0.01, 
*p<0.05, ns p>0.05. 
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Supplemental Figure 4.14: Male mice experience a restricted inflammatory response 
compared to females after Radiation Attenuated Sporozoite (RAS) immunization (extended). 
a. Principal Component (PC) plot after exclusion of sex-chromosome-linked genes of male and 
female transcriptomes following RAS immunization. b - c. Volcano plot of differentially expressed 
genes between mock-injected male and female mice (b), P&T vaccinated female and mock females 
(c - left), and P&T vaccinated males and mock-injected males (c – right). Red indicates genes up-
regulated in female and blue indicates genes down-regulated relative to male mock (b, c - right) to 
female mock (c – left) with FDR < 0.05 and |LogFC| > 1.5. The top ten most significant 
differentially expressed genes are depicted. d. Depiction of number of differentially expressed 
genes for each comparison (FDR < 0.05 and |LogFC| > 1.5). Dark blue and dark red indicate down-
regulated and up-regulated genes that are unique to the response to sporozoites respectively. Light 
blue and light red indicate genes that are also differentially expressed between mock male and 
female mice. e. Pathway score of aggregate samples by Interferon-a response, phagocytosis, and 
response to chemokines pathways at 44 hours post-immunization. f. Livers dissected for RNAseq 
were processed for Plasmodium 18S rRNA reverse transcription polymerase chain reaction (RT-
PCR) to measure parasite burden. Data are shown as absolute 18S rRNA log10 copy numbers per 
liver. g. Pathway score of aggregate samples by Interferon-g pathways at 44 hours (left) and 6 days 
(right) post-immunization. h. Heatmap and hierarchal clustering of genes that contain at least one 
differentially expressed gene at the 6 day timepoint (BH-adjusted p <0.05, |LogFC| > 1) and appear 
in the Hallmark ‘Interferon-g response’. Column annotations depict biological sex and vaccine 
status. Error bars in e and g represent 95% confidence intervals. **p<0.01, *p<0.05, ns p>0.05. 
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Supplemental Figure 4.15: Further evaluation the impact of ORX and OVX on splenic CD8+ 
T cells. a. Liver burden values from Fig 4a-b as absolute pan-Plasmodium 18S rRNA copy 
numbers 44 hr post-challenge. Data are shown from two independent experiments (n = 8 - 
10/group). Spleens were harvested from a subset of the mice in Fig. 4a-c at the 44 hours post-
challenge timepoint and IFN-g ELISPOT was performed in the presence of CSP280-288 peptide. 
IFN-g spot forming units (SFU) are shown per million splenocytes for each mouse normalized to 
the corresponding media control. Error bar are mean normalized SFU per million splenocytes ± 
s.e.m. n=6-9 mice across two independent experiments. d. Confirmatory testosterone 
measurements in serum by ELISA of a subset of mice in Fig 4c. e. ICS quantification of total CSP 
responsive CD8+ T cells as total IFN-g+ and/or TNF-a+ and/or CD107a+ producing CD8+ T cells 
per million splenocytes (e) and as proportion of splenic CD3+ T cells (f). Data for e-f are shown 
from two independent experiments (n = 9-10/group). Error bars are mean ± s.e.m. Statistical 
significance for data in a-c and e-f was determined by Kruskal-Wallis test with Dunn’s multiple 
comparison and data in d was evaluated with unpaired Wilcoxon Test; ***p<0.001, **p<0.01, 
*p<0.05, ns p>0.05. 

 



164 
 

 
 
Supplemental Figure 4.16: Further evaluation of impact of ORX on CD8+ T cell fate in male 
mice. ORX- or SHAM-operated male BALB/cJ mice were vaccinated by the P&T regimen. 28 
days later, liver and spleen lymphocytes were analyzed by flow cytometry. a and d. Frequency of 
CSP tetramer+CD44hi cells of CD8+ T cells in the liver (a) and the spleen (d). b - c and e - f. 
Frequency of CSP tetramer+CD44hi Trm (CXCR3+CD62L-CD69+- b; CD62L-CD69+- c and f), 
Tem (CD62L-CD69+), Tcm (CD62L+CD69-) subsets of total CD8+ T cell in the liver (b-c) and 
spleen (e-f). g. Quantitative evaluation of proportion of TCF1- on CSP-tet.+CD44hi CD8 T cells 
phenotypically defined as Trm, Tem, and Tcm cells in the liver. Data are shown from two 
independent experiments (n = 7-10/group). h. Quantification of proportion of IFN-g+ (left), TNF-
a+ (middle), CD107a+ (right), and IFN-g+ TNF-a+ CD107a+ (i) producing CD8+ T cells in the 
spleen. Data for h-i are shown from two independent experiments (n = 9-10). Statistical 
significance for data in a-f, h-i and between T cell memory phenotypes in g was determined by 
Kruskal-Wallis tests with Dunn’s multiple comparison and data between SHAM and ORX within 
a T cell memory phenotype in g was evaluated with Wilcoxon Test; ***p<0.001, **p<0.01, 
*p<0.05, ns p>0.05. 
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Supplemental Figure 4.17: Enhancing P&T vaccination does not overcome hormone 
environment. a. Schedule of orchiectomy (ORX) in male mice 21 days before or 28 days after 
P&T vaccination as shown. After the completion of vaccinations, mice were rested 21 days to 
establish a new hormone equilibrium and then were challenged with 1x103 Py-WT sporozoites. b. 
Liver burden values from Fig 5b as absolute pan-Plasmodium 18S rRNA copy numbers 44 hr post-
challenge. Data are shown from two independent experiments (n= 9-10/group). c. Confirmatory 
testosterone measurements in serum by ELISA of a subset of mice in Fig 5b. d. Male and female 
BALB/cJ mice were vaccinated with gene gun (GG) CSP DNA vaccination alone or left as naïve 
mice or primed with CSP peptide-pulsed dendritic cells (DC) followed by 2x104 radiation 
attenuated sporozoites (RAS), or remained naïve to RAS. e. CSP-specific IFN-𝛾+ T cells in the 
spleen by ELISPOT on samples collected 28 days following priming steps. Data shown are from 
1-2 experiments. f. Percentages of mice protected against challenge with 1x103 Py-WT sporozoites 
by blood smears through 14 days post-challenge. g. P&T vaccination with the addition of the 
glycolipid adjuvant 7DW8-5 to the RAS trapping step. h. Percentages of mice protected against 
challenge with 1x103 Py-WT sporozoites by blood smears through 14 days post-challenge. Data 
are shown from two independent experiments (n= 10/group). Statistical significance for data in f 
and h was determined by the Fisher exact test. Only relevant comparisons are shown. Statistical 
significance for data in b-c, and e was determined by the Kruskal-Wallis test with Dunn’s multiple 
comparison. Error bar represents mean ± s.e.m; ***p<0.001, **p<0.01, *p<0.05, ns p>0.05. 



166 
 

 
Supplemental Figure 4.18: Acyline as a model for acute, reversible reduction of testosterone 
levels. a - b. Male mice received one or multiple doses of 100µg or 300µg Acyline and were 
monitored for testosterone levels measured by ELISA up to 28 days post last dose. c. Liver burden 
values from Fig 5c as absolute pan-Plasmodium 18S rRNA copy numbers 44 hr post-challenge. d-
e Confirmatory testosterone measurements by ELISA of the mice in Figure 5d. f. Male mice either 
were orchiectomized (ORX), received Acyline and/or testosterone, or left untreated, then 
challenged with 1000 Py-WT spz. g. Liver burden as absolute pan-Plasmodium 18S rRNA copy 
numbers 44 hr post-challenge. h. Confirmatory testosterone measurements by ELISA of mice in 
Fig S10g. Statistical significance for data in c, e, and g-h was determined by the Kruskal-Wallis 
test with Dunn’s multiple comparison; data in d was determined by a paired Wilcoxon Test. No 
statistical test was conducted for b due to an observatory readout. Error bar represents mean ± 
s.e.m; ***p<0.001, **p<0.01, *p<0.05, ns p>0.05. 
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Supplemental Figure 4.19: Female mice have increased number of gd T cells following 
vaccination. a. Female and male BALB/cJ mice were vaccinated with the prime-and-trap (P&T) 
regimen. 35 days later, liver cells were analyzed by flow cytometry. b-c. Quantification of g/d T 
cells defined by total number of gd TCR+ as proportion of CD3+ T cells (b) and per gram of liver 
(c). Data are shown from 2 independent experiments (n = 10-6 total mice/group). Statistical 
significance for data in b-c was determined by a paired Wilcoxon Test; ***p <0.001, **p<0.01, 
*p<0.05, ns p>0.05. 
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Chapter 5. DISCUSSION AND CONCLUSIONS 
5.1 SUMMARY OF FINDINGS 

Understanding the heterogeneity in host responses to pathogens and vaccines is essential for 

designing interventions effective across diverse populations. Until recently, there was a 

knowledge gap in how biological sex – through sex hormones, sex chromosomes, and 

physiology – influences the Plasmodium liver stage (Figure 5.1). Two key observations 

underpin this gap: 1) The liver is a sexually dimorphic organ71,241,310, and 2) Plasmodium 

parasites are hepatotropic and interact dynamically with their microenvironment during liver 

stage infection136,150,156. To fill this gap, we hypothesized that biological sex alters the 

Plasmodium liver stage. We then tested this in 

humans and mice and contributed to 

substantially new knowledge about how 

biological sex mediates the host response to 

Plasmodium parasites.  

Figure 5.1: State of the literature before and after this 

thesis is published. 

This thesis demonstrates that male humans experience a delayed liver stage infection compared 

to females (Chapter 2). In contrast, male mice show an increased liver burden, attributed to 

enhanced parasite survival due to restricted innate immune responses, with this effect influenced 

by androgens (Chapter 3). Additionally, our work identified sex differences in liver stage 

vaccine protection, linked to the presence of androgens, and uncovered the mechanisms through 

which androgens alter memory CD8+ T cell responses (Chapter 4). Through these studies, we 

revealed a cascade of sex-specific host responses, shaped by baseline differences and amplified 
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throughout different stages of the host-parasite interaction – from primary Plasmodium infection 

in the liver, to vaccination with attenuated spz-based vaccines, and to secondary infection during 

challenge (See Figure 5.2 for a summary). At each stage, biological sex through sex hormones 

modifies host responses critical for innate and adaptive control of Plasmodium liver stage 

infection.  

In this discussion, we will explore the implications and limitations of these findings. Here we 

will discuss sex differences between mice and humans (Chapter 5.2), implications for liver 

stage vaccine development (Chapter 5.3), interpretations from the endocrinologist perspective 

(Chapter 5.4), and lessons learned from studying biological sex with omics-based data 

(Chapter 5.5). We will also address future research directions throughout each section. 

5.2 CONNECTING SEX DIFFERENCES IN MICE AND MEN 

At first glance, the sex-based differences in the duration of the human liver stage appear to 

contradict those observed in murine models. In humans, males are 3.7 times more likely to 

experience delayed parasitemia, suggesting decreased parasite survival in the liver. Conversely, 

in mice, males exhibit a higher liver parasite burden, which is associated with increased parasite 

survival in the liver. The apparent discordance between the trends observed in mice and humans 

may stem from fundamental differences in host-parasite interactions between these species. 

Rodent malaria models are widely used to understand Plasmodium biology and inform 

intervention strategies for humans. Comparing these models highlights both similarities and 

differences, which can provide insights into the sex-based variations observed in humans and 

mice.   
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Figure 5.2: Summary of thesis findings in mice.  This figure summarizes the main 
immunological findings on the impact of biological sex and sex hormones across four stages of 
the Plasmodium liver stage in mice: (1) the liver at steady state (baseline); (2) the liver during 
Plasmodium infection; (3) the liver during vaccination; and (4) the liver during sporozoite 
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challenge. Findings from human studies have also been integrated for additional context. Created 
with BioRender.com. 

This section first calls attention to the limitations of the murine model in representing human 

biology, focusing on differences in sex hormones, liver biology, immune systems, and 

Plasmodium strains and vaccine dosage. Next, we explore how these differences can be 

leveraged to inform our understanding of potential underlying biology in humans. Finally, we 

propose future research directions to deepen understanding of biological sex in malaria biology 

and bridge the translational gap between murine models and human studies. 

Differences in sex hormones 

Connecting sex-based differences in mice to those in humans requires a nuanced understanding 

of their respective endocrine systems, particularly regarding sex hormones. While both species 

produce the same types of sex hormones, their concentrations vary by age and sex311. Male mice, 

on average, have higher testosterone levels than humans, whereas female mice and humans 

exhibit similar estradiol (E2) concentrations311. Differences in tissue availability of sex hormones 

arise due to species-specific production of sex hormone-binding globulin (SHBG), which 

regulates bioactive hormone levels312. Interestingly, although the SHBG gene is present in all 

mammals, adult rats and mice do not express or secrete SHBG from their liver cells, resulting in 

the absence of circulating SHBG in adult male mice313. Additional differences include the length 

of the female estrous cycle — 4–7 days in mice versus 28 days in humans314—and the pulsatile 

testosterone release cycle, which occurs in both species but at different frequencies7,315. Despite 

these differences, no time-dependent effects on susceptibility or protection during liver-stage 

malaria challenges were observed in mice (unpublished observation). This suggests that acute 
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hormone fluctuations may play a limited role, whereas prolonged hormonal changes may be 

more relevant for aligning human and murine sex hormone dynamics. 

The limitation in natural steady state between murine and human endocrine system is further 

exacerbated under hormone manipulation methods employed here in this thesis. The methods 

developed and employed here in the thesis are three-fold: surgical (orchiectomy and 

ovariectomy), chemical (acyline as a gonadotropin antagonist), and supplemental (T, DHT & E2 

reintroduction via pellets and injections). All of these methods overwhelm the system with either 

complete removal or supraphysiological hormone levels to that beyond natural steady state. 

While these methods are useful to determine the effect of sex hormones at the extreme, they are 

not exact parallel models to natural hormone fluctuations in humans over their lifespan, from 

infancy to puberty to adulthood to old age. This disparity could be especially pronounced in the 

liver, where evidence suggests sex hormone storage may occur. For example, one study 

demonstrated that castration had no effect on the bioactive DHT levels in the liver, even as T and 

DHT levels in the serum decreased, as expected316. Given that sex hormones have an effect 

beyond just the liver, reproducing natural concentrations and cycle patterns would allow for 

identification of parallel processes in humans. Overall, while there are notable similarities and 

differences in sex hormone concentrations and regulation between mice and humans, the largest 

limitation remains the lack of liver-specific information on sex hormone flux. 

Further research is needed to elucidate human sex hormone-mediated liver processes. Models 

like the four-core genotype (FCG) mouse could offer more physiologically relevant hormone 

concentrations317. The FCG mouse model was developed to investigate the impact of sex 

chromosomes (XX versus XY) and gonadal type (testes versus ovaries) on phenotypes318. 
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Deletion of Sry from the Y chromosome, a gene that causes testes formation and testosterone 

synthesis, results in XY- mice with ovaries (gonadally female). In contrast, insertion of the Sry 

transgenes onto an autosome in XX mice generates the production of testes318. Application of 

FCG mice could permit identification of the relative contribution of sex chromosomes and sex 

hormones at more physiological concentrations on sex differences319 in Plasmodium liver stage 

infection and protection conferred by P&T vaccination.  

Differences in liver biology  

Additional differences exist between liver size, liver architecture, and gene regulation between 

mice and humans that could instill sex-specific outcomes. First, the liver in humans is much 

larger than the liver in mice. While the microarchitecture of the liver is very similar among 

mammalian species, with increasing size in humans comes increasing number of lobules and 

slightly larger lobules, with increasing portocentral distance in humans compared to mice49. 

Second, the liver in humans is generally considered to not have clearly delineated lobes (non-

lobulated), compared to mouse livers with six clearly distinct lobes (Figure 5.3). This difference 

is primarily related to the amount of connective tissue separating the liver sections in each 

species49. Third, gene specific regulation differs between humans and mice. One study sought to 

identify gene specific network in the liver between mice and humans by comparing regulation 

under fatty acid disease in both hosts. Interestingly, they identified around 50% of commonly 

regulated genes exhibited opposite regulation, even when tightly controlling for the environment 

of expression in vitro320. Together, their data implied that differences in gene regulation between 

humans and mice in the liver could induce divergent immune responses.  
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The impact of these three differences (liver size, architecture, and gene expression) all limit 

applicability between mice and humans. Liver size may directly influence IFN-1 signaling-

mediated homing mechanisms by introducing longer physical distances for chemokine 

gradients321. Additionally, the distinct lobulation component is a factor given that all microscopy 

was performed on the left lateral lobe in mice within this thesis, demonstrates that any lobe-

specific effect on sporozoite homing and delivery might not be translatable to human liver. 

Third, the opposite gene regulation trends in humans may reflect differential processes that alter 

liver immune responses compared to mice320. Future work should explore a biophysical 

evaluation of liver size and distance from stimuli on inflammation. Additionally, sex-informed 

organoid models based on human livers322 may also help in the better representation of human 

anatomy over that of mice.  
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Figure 5.3: Summary table of known differences between mice and humans. The figure 
highlights key differences between mice and humans during Plasmodium liver stage infection. It 
also includes a summary of findings on sex-based differences. An asterisk (*) indicates literature-
supported observations that were not confirmed within this thesis. Created with BioRender.com. 

 

Differences in immune systems 

The immune systems of mice and humans differ significantly, particularly in immune cell 

composition and pathogen-sensing mechanisms323. Murine livers are enriched in NK and NKT 

cells compared to humans324, which may influence their responses to adjuvants and downstream 

correlates of protection325. Differences also extend to populations of γδ T cells326, potentially 

altering innate mechanisms that bridge to adaptive immunity. Mice and humans express distinct 

Toll-like receptor (TLR) repertoires, with humans having 10 TLRs and mice 12327. Sex-specific 

variations in TLR activation have been documented, though the patterns and hormonal regulation 

differ between mice and humans66,323,328. While this thesis identifies several sex-specific 

differences in liver immune cell composition (Figure 5.2), much work remains to map the 

baseline immune cell landscape of the human liver by biological sex. Creating comprehensive, 

accessible atlases of human liver immune composition during Plasmodium infection will be 

critical for future tissue-specific sex difference research. 

Differences in Plasmodium liver stage strain and dose 

The translation of mouse models of Plasmodium infection and vaccination to humans is 

constrained by several differences, including: (1) differences in parasite biology, (2) 

discrepancies in mimicking the natural host immune response. First, a critical difference is the 

duration of the liver stage. P. falciparum takes between 6 – 7 days in humans, whereas Py or Pb 
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completes a liver stage in 2 – 3 days in mice33. Second, the natural host of Pb and Py are thicket 

rats (Grammomys surdaster and Thamnomys rutilans, respectively) and not laboratory mice 

(Mus musculus)329, which may limit an accurate portrayal of an evolutionarily evolved sex-

specific host response. Additionally, inbred rodent models do not represent the genetic diversity 

differences of human populations, which could alter host responses to infection330.  

 

There were two main limitations of the models employed: (1) differences in the administered 

dose of spz, and (2) variations in the route of sporozoite delivery. First, field studies using 

naturally reared mosquitoes in humans have shown that a single mosquito injects less than 100 

spz, whereas laboratory-reared mosquitoes deliver an inoculum of approximately 125 spz per 

bite331. In contrast, mouse experiments to test vaccines typically involve administering 1×10³ P. 

yoelli spz, a dose significantly higher than what is delivered by a mosquito bite. Furthermore, 

within the microscopy studies employed here, a dose up to 3×105 was used, a vastly 

supraphysiological dose to the murine liver that could limit downstream translational 

application150. Interestingly, at lower doses, we did not observe a sex difference in liver burden 

by RT-PCR in mice. The 2-3 fold sex-based difference in parasite survival was only measurable 

with a higher challenge dose of 1x105 spz. Second, the challenge route is a critical factor to 

consider. Spz are naturally transmitted to humans via mosquito bites, requiring migration 

through the skin before reaching the liver35. In this study, the intravenous (IV) challenge route 

was utilized in mice, bypassing the skin and directly delivering spz to the liver. The IV approach 

was chosen for its stringency and reliability in assessing the liver stage and T cell-mediated 

efficacy of liver stage vaccines. Notably, throughout the study, 100% of naïve control animals 

were successfully infected, confirming the effectiveness of the IV challenge in mice. Our 
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analysis of IV versus mosquito bite challenges in human CHMI, the latter of which involved the 

bites of five infectious mosquitos that presumably delivered a variable injection dosage, revealed 

that biological sex influenced the delay in time to positivity, regardless of the route. For future 

directions, further investigation is warranted to examine the effects of inoculation routes and spz 

dosage on liver stage survival, especially at low doses. Additionally, including an evaluation of 

mosquito bite challenge by biological sex would be warranted.  

Proposed model for sex-based differences in humans 

Considering the combined differences in the human endocrine system, liver biology, immune 

system, parasite strain, and dose—factors that may not accurately reflect human biology—a 

leading hypothesis emerges. We propose that variations in liver stage infection between mice and 

humans play a pivotal role in measured liver burdens. In both mice and humans, an early innate 

immune response is induced. However, humans have an additional four or more days to mount 

an early adaptive immune response, which may be critical in controlling lower-density 

infections. During this extended time, an early adaptive T cell response begins to develop, which 

could significantly influence infection outcomes. Additionally, differences in TLR signaling 

between mice and humans may further contribute to these discrepancies. It is possible that TLR 

differences limit the ability to detect liver stage infections in female mice to a measurable extent, 

whereas such differences may be more detectable in humans. Lastly, other factors such as diet 

and microbiome may further modulate outcomes by species128,332,333.  

In summary, differences in the endocrine system, liver biology, immune response, parasite 

strains, and dose likely contribute to variations in Plasmodium liver stage infection. Future 

research should focus on measuring liver burden by host sex using models that more closely 
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mimic natural host liver biology, such as P. knowlesi in pigtail macaques (Macaca nemestrina) 

or cynomolgus macaques (Macaca fascicularis)334,335. Additionally, primary human hepatocyte 

culture systems could be used to investigate the influence of sex and sex hormones on parasite 

invasion and replication, while preserving a natural hormonal environment336. Immortalized 

hepatocyte cell lines are unsuitable for studying sex differences, as they lack the sex-specific 

gene expression and physiological hormone conditions essential for such investigations. 

Humanized mouse models would also be appropriately applied to study the impact of liver stage 

biology on human-infecting Plasmodium strains320,337, however, often these models lack an 

effective immune system to measure differences in host responses.  

5.3 IMPLICATIONS ON LIVER STAGE VACCINE DEVELOPMENT 

An effective malaria vaccine is urgently needed to alleviate the global burden of the disease. 

Currently, no vaccine offers complete protection, but three promising candidates—RTS,S, R21, 

and PfSPZ—can reduce malaria mortality after multiple booster shots44–46,221. The primary target 

demographic for these vaccines is children in malaria-endemic areas, who account for 

approximately 85% of global malaria mortality29. RTS,S and R21 have been shown to prevent 

severe malaria disease and mortality, but they do not significantly prevent infection or 

transmission in field studies in endemic regions42. They are most effective in infants and children 

in endemic setting. On the other hand, PfSPZ (irradiated spz) can completely prevent infection in 

malaria-naïve populations164 but has shown limited efficacy in children and infants338. The onset 

of sex hormones in adults impacts vaccine efficacy but is not yet fully understood 196. This thesis 

shows that biological sex and hormones shape innate and adaptive immune responses to liver 

stage infection in mice. However, their role in Plasmodium liver stage immunity and vaccine 



179 
 

protection in humans remains unclear. This section explores the implications for preclinical 

murine studies and CHMI human trials. 

In pre-clinical mouse studies, biological sex significantly affects vaccine efficacy. We 

demonstrated that across several liver-targeting vaccine regimens (P&T, RAS only, adjuvanted 

P&T, DC-pulsed prime) in two mouse strains (BALB/cJ, C57BL6) and two rodent malaria 

strains (P. yoelli and P. berghei), females were more protected than males. This higher protection 

likely explains one reason why most pre-clinical trials use female mice. We identified two main 

mechanisms contributing to this: higher baseline CD8+ T cell density in females and a restricted 

type I IFN response in males, which limits the recruitment of Trm cells needed for parasite 

clearance. While females are easier to protect, we could not design a more effective vaccine to 

overcome these sex-specific differences. This raises the question: should male mice be used as a 

more stringent model for T-cell mediated liver vaccines? In theory, this sounds reasonable, but 

the strain differences between mouse and human malaria parasites complicate translating results 

from mice to humans. From a vaccinology perspective, using only female mice may be sufficient 

to inform human vaccine development. However, if the goal is to understand the mechanisms of 

protection in the liver stage, inclusion of both sexes is crucial. For instance, we could not 

determine if IFNg was a key mediator of protection in androgen-deficient males, even though it 

is known to play a role in protection in females across multiple studies. 

In malaria vaccine CHMI trials, the effect of biological sex and sex hormones is less well 

defined. A recent meta-analysis of clinical trials on the attenuated spz vaccine PfSPZ found 

higher levels of antigen-specific antibodies in adult females compared to males, but no difference 

in vaccine efficacy based on sex114. However, no analysis of CD8+ T cells, the presumed 
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mechanism of protection, was conducted due to technical limitations of peripheral sampling. 

This suggests that males can achieve complete protection from an attenuated-parasite vaccine, a 

stark contrast to the significant sex-based differences we observed in mice. In Chapter 5.2, we 

discussed the potential differences in liver stage responses between male and female mice and 

humans. We also identified differences in liver stage duration between male and female humans 

in CHMI studies (Chapter 2).  Notably, vaccine efficacy in the meta-analysis above was 

determined by the presence of blood-stage infection, without considering the time to parasitemia. 

So, does the time to parasitemia matter if the final protection outcome is the same? While 

clinical trials are not typically powered to assess sex-based differences in protection, further 

studies should explore this. A potential implication could be the need to adjust dosing for males 

in case of inefficacy. Regardless, clinical trials should aim for balanced sex representation or 

include a sex-weighted metric to assess its modifying effect on vaccine efficacy. Stratifying 

human trials by sex, as recommended for mice, would clarify immune differences and guide 

interventions effective for diverse populations. 

Overall, when evaluating vaccine translational capacity in mice—where the focus is on 

preliminary immunogenicity and efficacy—sex balancing may be less critical. However, when 

investigating underlying immunological mechanisms, accounting for biological sex is essential. 

In humans, it is important to balance and design trials capable of capturing sex-specific effects 

on protection. Additional consideration should also be done to account for various characteristics 

that might alter sex hormone levels, for example hormonal contraception and hormone therapy.  
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5.4 ENDOCRINE PERSPECTIVE: CONSIDERATIONS FOR STEROIDOGENESIS  

There are two ways to evaluate the intersection of the endocrine-immune interface in the liver. 

One way to evaluate this is from the perspective of an immunologist. Here, an immunologist 

would ask the question: how do sex hormones impact the immune system? The bulk of this thesis 

focuses on the perspective of the immunologist. We have identified that testosterone suppresses 

inflammation, restricts innate and adaptive immune cell recruitment, and completely shifts the 

liver immunogenic state at steady state. However, the perspective from the lens of the 

endocrinologist is lacking. An endocrinologist is focused on the question: how does the immune 

system impact sex hormone biosynthesis? Steroidogenesis is a complex series of events that 

result in the production of steroid molecules339. The liver is the site of some essential 

steroidogenic pathways, such as conversion of testosterone to its metabolically active form, 

DHT340, and the sulfation of DHEA to DHEA-S54, the most abundant hormone in the human 

body (Figure 1.6). Here we will discuss two potential points: do we see evidence of a shift in 

gene expression patterns around infected Py-infected hepatocytes and what liver cells could be 

attributed to this potential function. Additionally, we will explore if there is preliminary evidence 

to further investigation of parasite-induced nutrient sequestration from hepatocytes.  

 

Differentially expressed genes in response to infection (Figure 5.4), as detailed in the GeoMX 

experiment, revealed notable changes in sulfotransferases, particularly Sult2a1, Sult2a2, and 

Sult1a1341, which regulate the sulfation of DHEA and estrogens. In female mice, Sult1a1 was 

uniquely downregulated, likely reflecting elevated estrogen levels compared to males and ORX 

males. Interestingly, the induction of Esr2 (estrogen receptor 2) suggests a potential interplay 

between sulfotransferase activity and estrogen signaling, warranting further investigation. Other 
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genes of interest include Cyp11a1, which may indicate a parasite-driven shift in de novo steroid 

synthesis, and Hsd17b1, a key player in sex steroid metabolism, establishing estrogen gradients 

between serum and tissues. Additionally, Cyp19a1, an aromatase, was uniquely downregulated 

in ORX males, potentially reflecting a shift towards a more inflammatory hepatic environment. 

Contrary to initial hypotheses, no strong evidence was observed for Srd5a2-mediated 

testosterone conversion, suggesting differential regulation of androgen pathways during 

infection. 

Future work should further consider that the strongest evidence for a steroidogenic role of 

Plasmodium infection in the liver lies in the activation and inactivation of hormones via 

sulfotransferases and Hsd17b1, indicating a complex metabolic flux. However, other pathways 

appear less affected by hormone presence, possibly due to minimal baseline differences in 

hormone states. While hepatocytes likely drive most of these gene expression patterns, the 

observed shifts could also be partially attributed to the influx of monocytes, dendritic cells, and 

Kupffer cells near parasites. From an endocrine perspective, Plasmodium appears to influence 

steroidogenesis, particularly hormone deactivation pathways in hepatocytes, but further 

investigation is required to pinpoint the cellular contributors and fully elucidate these 

mechanisms. This highlights the need for integrating a metabolomic perspective with gene 

expression data to capture the full scope of nutrient flux leveraged by the parasite during 

infection. 
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Figure 5.4: Figure of selected steroidogenesis-related genes. a. Heatmap of differential gene 
expression on liver tissue produced in Chapter 3 GeoMX experiment. Scale bar marks the Log 
Fold Change in gene expression for selected contrasts (rows) and for selected genes (x-axis). 
Significance of comparison is marker on heatmap (***FDR <0.001, **FDR<0.01, *FDR<0.05, ns 
FDR>0.05). b. Violin plots of differential gene expression profiles for selected genes in mock and 
within 200um around parasite at 44 hours post infection with Plasmodium yoelli. c. Schematic of 
sex hormone biosynthesis with genes highlighted that were differentially induced by 
administration of Py. Purple indicates a gene that was differentially expressed in both female and 
ORX males. Blue indicates a gene that was differentially expressed in both male and ORX males. 
Red and teal indicates a differentially expressed gene only in female mice and ORX mice 
respectively. Created with BioRender.com. 
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5.5 LESSONS LEARNED ABOUT SEX DIFFERENCES IN OMICS DATA  

Throughout the exploration of the endocrine-immune-parasite axis within a tissue 

microenvironment, a wide range of immunological techniques were utilized, including flow 

cytometry, microscopy, and ELISPOT assays. Among these, the most transformative approach 

was the integration of omics-based data, which required extensive trial-and-error steps to 

effectively capture the influence of biological sex in a murine model. While this thesis primarily 

focuses on bulk RNA sequencing (Chapter 4.4) and spatial transcriptomics with GeoMX 

(Chapter Error! Reference source not found.) to investigate the role of biological sex, additional 

efforts considered incorporating metabolomics to accurately quantify sex hormones in a tissue-

specific context. This section highlights the key lessons learned from designing and analyzing 

omics-based data to accurately capture the impact biological sex and sex hormones on an 

immunological system.  

First and foremost, it is crucial to include appropriate steady-state controls for each sex and 

hormone state in study designs. Biological sex and sex hormones significantly modulate baseline 

gene expression and the metabolome, making non-stimulated or mock controls essential for 

distinguishing baseline variations from stimulus-induced effects. These controls also help map 

the baseline impact of biological sex. Sex-based analyses should begin with a clear 

understanding of baseline differences in gene expression and cellular composition, as these can 

vary across mouse strains342 and environmental conditions343. This foundational knowledge is 

key to accurate interpretation and reproducibility. 

Carefully consider the resolution of your chosen omics assay. In this thesis, single-cell resolution 

was achieved only through flow cytometry, which allowed for assessing sex hormone impacts on 
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individual immune cells. However, its targeted panel design focused on memory T cell 

responses, overlooking other cell types. Bulk RNA sequencing provided a broad overview of 

liver responses but lacked spatial resolution and cell-type specificity. Spatial transcriptomics 

with GeoMX added spatial context but did not achieve single-cell resolution, preventing 

distinctions between infected and uninfected hepatocytes. Additionally, metabolic shifts within 

the liver microenvironment remained unmeasured, limiting detection of subtle, sex-specific 

expression profiles. The techniques used here had inherent resolution limitations, and the lack of 

integration between metabolomics and spatial transcriptomics further restricted mapping of 

steroidogenic pathways. Future studies should combine high-resolution methods or apply 

techniques like Single-cell Spatial Metabolomics (ScSpaMet)344 to better capture sex-specific 

processes in tissue microenvironments. 

Caution is needed when interpreting gene ontology pathways related to sex hormone responses. 

A key limitation exists with widely used Broad Institute MPEG collections of pathways, 

employed in this thesis and many other analyses. These pathways provide valuable insights into 

system-level functions but often fail to capture the effects of sex hormone fluctuations. For 

instance, KEGG pathways broadly describe gene functions345, but do not account for hormone 

states or biological sex, despite including most genes involved in sex hormone biosynthesis. 

Similarly, the Androgen and Estrogen Response pathways in the HALLMARK database293 have 

notable gaps. The Androgen Response pathways were derived from cell line treatments in 

prostate adenocarcinoma cells treated with DHT (likely male), while the Estrogen Response 

pathways were based on breast cancer cells treated with E2 (likely female)293. Neither is defined 

for mice or tissue-specific contexts like the liver. These limitations highlight the need for sex-
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informed gene sets categorized by biological sex and mapped to capture sex-biased and 

hormone-mediated processes more precisely. 

Finally, to conduct a sex-informed analysis, one must frame your research questions within the 

context of the impact of sex hormones, sex chromosomes, and physiological differences. By 

categorizing these factors, you can focus on how each contributes to the biology of the system. 

Together, these lessons emphasize the importance of careful and targeted omics-based 

approaches that account for the nuanced effects of biological sex. This ensures a more accurate 

and comprehensive understanding of the system's true biology, leading to more insightful and 

targeted analyses. 

5.6 CONCLUSIONS 

This thesis unequivocally demonstrates that the sexually dimorphic liver significantly influences 

the Plasmodium parasite liver stage and liver stage vaccine outcomes, shaped by intrinsic 

baseline cellular differences and sex hormones. This work addresses a critical gap in 

understanding how biological sex alters the Plasmodium liver stage, and also highlights several 

future directions, including employing alternative models to better study immune responses and 

re-analyzing CHMI trial data to stratify outcomes by biological sex. Overall, this work 

underscores the importance of considering biological sex as a key variable in liver stage malaria 

research and vaccine development, and countering historical biases that have previously 

obscured biologically relevant sex-based trends. 
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