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Sex is a variable that affects the immune response. Males and females have 

different innate and adaptive immune responses to pathogens, a fact that affects disease 

progression and treatment. However, only recently has sex has become more universally 

taken into account, and a lot of the mechanisms that dictate this variability are still being 

investigated. Correlative studies show that male and female immunologic responses to 

different pathogens continues to be different regardless of hormone levels, and suggest 

innate mechanism that differentiate sex response. Here, we used two different models of 

peripheral inflammation to study the sex-specific mechanisms of pathogenesis and its brain 

effects. The first model uses intraperitoneally injected LPS (IP-LPS), to drive systemic 

inflammation via TLR-4 receptor recognition. Using this model, we show in females but 

not males, that jejunum increases permeability, which is associated with recruitment of 

CCR2+ macrophages and robust up regulation of inflammatory gene expression. To test 

whether macrophage activation was required for these effects, we used TREM2KO mice 

to “lock” macrophages in homeostatic state.  We found that TREM2 deficiency prevented 
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the sex-specific effects of jejunum permeability, CCR2+ macrophage recruitment, and 

metabolic gene expression. Using CCR2KO mice, we demonstrated that the recruited 

CCR2+ cell population is directly responsible for functional alterations in the jejunum of 

IP-LPS treated females. The second model uses Alternaria alternata fungal extract to 

trigger allergic lung inflammation. Lungs contain nociceptors that relay the inflammatory 

response to the nuclei of the solitary tract (NTS), which controls breathing rhythms, 

bronchoconstriction, and can modulate inflammatory responses in the lung. We show 

males and females differentially regulate excitatory synaptic numbers in the NTS region; 

females decrease vglut2 and synaptophysin co-localized puncta, while males do not. The 

NTS also shows a sex-specific activation of protein signaling cascades PI3K/AKT and 

MAPK. Collectively the two models show how sex differentially impact peripheral 

immune response in inflammatory models, and how the brain plays a dual role by receiving 

and influencing that response. 
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Chapter 1  

Introduction  
 

Immune Response and Inflammation 

Inflammation is the collective response of cells to harmful stimuli, be it cellular injury, 

tissue malfunction or pathogenic invasion. It serves the purpose to alert surrounding cells, 

recruiting immune cells to the site of injury and returning the tissue to homeostasis. This 

orchestrated response is initiated by innate immune cells: macrophages and dendritic cells 

recognize danger molecular patterns (DAMPs) or pathogenic molecular patterns (PAMPs) 

via pattern recognition receptors. This initiates a signaling cascade that drive the production 

of pro-inflammatory mediators and culminate with the many symptoms of inflammation: 

swelling, redness, pain, and heat. They are associated with changes in blood vessel 

permeability, that allow the migration of immune cells to the injured site necessary for the 

immune system to remove the harmful stimuli and heal the tissue. 

Among the PAMP receptors necessary for the innate immune system to recognize 

pathogenic molecules are a class of toll-like receptors (TLRs), that will be the focus of this 

introduction chapter. TLRs are highly conserved mammalian receptors, that can recognize 

many different pathogenic molecules. Each different PAMP is recognized by a different 

set of TLR, that range from 1-9. TLR 1,2,6 are responsible for lipoprotein and fungal 

extract recognition, while TLR3,7,9 can recognize RNA or DNA (Xu and Larbi, 2018). 

Upon activation toll-like receptors can elicit 2 different cascades of protein 
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phosphorylation: one uses the myeloid factor eighty-eight (MYD88) to activate the 

transcription factor nuclear factor kappa B (NFkB) and activating protein-1 (AP-1) (Park 

and Lee, 2013). The other uses the TIR-domain-containing adapter-inducing interferon-β 

(TRIF) to activate IRF3. The TLR activation from both signaling classically produce pro-

inflammatory cytokines tumor necrosis alpha (TNFa), interleukin 6 (IL6), and interferon 

(IFNg) (Schreiber et al., 2006). These wide range of responses help the innate immune 

system produce a somewhat conserved first response, before the adaptive immune system 

builds a more specialized immunology response.  

Around five days after the innate immunity is initiated, the tissue starts to shift toward an 

adaptive immune response, that is strongly and successfully mounted after seven days (Jain 

and Pasare, 2017). Animal models can make use of this timed response to isolate the innate 

immunity by using early time points of investigation, from a transitional period between 

the different types of immunity around day 5, and a later timepoint around seven days 

where adaptive immunity is prevalent. This time of response occurs because during tissue 

injury, dendritic cells travel to lymphoid organs carrying pathogenic molecules bound to 

MHCII receptors. Then, they present these pathogenic molecules to T cells, which in turn 

start their clonal expansion and generation of a specialized immune response with great 

specificity.  

T cells can differentiate into a variety of subtypes during clonal expansion, depending on 

which pathogenic molecule was presented to them. CD8+ T cells recognize infected cells 

and selectively induce apoptosis of them, while CD4+ T cells act as stimulators of innate 

immunity by further controlling macrophages phagocytic capabilities (Sonnenberg et al., 
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2011). T cells are also responsible to stimulate antibody production via its interaction with 

B cells, the second adaptive cell type to be covered in this introductory chapter. B cells are 

activated by T cell interaction via MHC class II receptors, and start producing 

immunoglobulins which further tag pathogenic molecules for phagocytosis of innate cells 

via opsonization (Pröbstel et al., 2020). 

This orchestrated response discussed here is beneficial to the tissue, as so is the 

inflammatory response. The body needs these series of adaptations to quickly recognize, 

neutralize and protect the body from harm. It is only when this response is dysregulated 

that inflammation becomes detrimental: chronic exposure to inflammatory mediators, or 

exacerbated acute inflammatory responses lead to tissue damage. This happens because the 

same inflammatory mediators used by the immune system to signal distress, change 

vascular permeability and fight pathogens can cause cellular stress and cell death (Rufo et 

al., 2022). Reactive oxygen species often released by innate immunity prostaglandin-

endoperoxide synthase 2 (COX-2) and inducible nitric oxide synthase (iNOS), cause 

oxidative damage in pathogenic molecules and cells alike, contributing to cell death during 

chronic inflammatory responses (Needleman and Manning, 1999). 

So what are some of the mechanisms that ensure this inflammatory response will be 

physiologically beneficial instead of harmful? Or even if harmful, will the benefits out 

weight the costs? Many aspects influence this intricate balance of inflammatory response 

in disease, making treatments very hard to manage in clinic. One factor that heavily 

influences the immune response for example is sex, which is often overlooked in research. 
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Since the inflammatory regulation is sex-specific, models dissecting each sex contribution 

to inflammatory dysregulation is of major importance to aid specialized disease treatment. 

 

Sex as a variable that influences the Immune response  

An important step when talking about the influence of sex in the immune response is 

defining what is sex and gender, since both can heavily influence the immune response of 

an individual. According to Wilkinson et al. sex is defined by 3 different characteristics: 

the chromosome composition (XX or XY), the gonadal hormones (testosterone and 

estrogen), and the reproductive system (ovaries, testes).  

Wilkinson et al. defines gender as a social construct and refer to an individual’s expression 

in clothes, pronouns, traits, but also to one sense of internal identity. Because of the way 

gender is constructed in society, it is hard to use animal models to study and isolate gender 

effects. However, extensive data documents in humans the effect gender have in the 

immune response: gender identity shapes the interaction of an individual with the health 

care system, as well as dictates lifestyle choices (smoking, stress, exercise, nutrition) that 

influence long-term health (Wilkinson et al., 2022). This dissertation will focus on the 

effect of sex. Therefore, when males, females, men or women are used throughout this 

document, one should assume it is referring to sex and not gender. 

Women are more affected by the majority of autoimmune diseases, with ratios that reach 

almost 10:1; below a table generated from epidemiological data in the United states shows 

the evolution of autoimmune affected individuals separated by sex (TABLE1). Females 

have higher prevalence in most diseases since 1997, which account for approximately 80% 
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of the United States’ cases of autoimmunity (Jacobson et al., 1997). At the same time, 

females have a lower prevalence of viral infections when compared to males. Men are more 

effected by Influenza virus, dengue viruses, oral HPV, West Nile viruses, among others 

(Gay et al., 2021). And when females do get infected, viral loads tend to be lower, and 

symptoms less severe (Wang, Chen and Yeh, 2015). These evidences argue to the fact that 

females have a stronger innate and adaptive immune systems, and human studies do find 

strong evidence that sex is a major variable to influence immune responses (Ter Horst et 

al., 2016). So what does explain the sex difference in immunity? 

 

 
Table 1.1 Sex influences prevalence of autoimmunity  
Different types of autoimmunity diseases and their prevalence in women in the United States 
population since 1997. Adapted from Jacobson et al., 1997. 
 
Males and females express different chromosomes complement to their X, females have a 

second copy of an X chromosome, while males express chromosome Y. The X 

chromosome express over 1,000 genes; in the meantime, the Y chromosome only expresses 

between 45-75 genes (Wilkinson et al., 2022). A lot of inflammatory genes are localized 

Autoimmune Disease Percent affected (women)

Addison’s disease

Chronic Ac8ve Hepa88s

Hyperthyroidism

Insulin Dependent Diabetes

Mul8ple Sclerosis

Myasthenia Gravis

Pernicious anemia

Rheumatoid Arthri8s

Sjorgren’s

Systemic lupus

Thyroidi8s

Vi8ligo

92.5%

88.3%

94.6%

47.9%

64.2%

72.7%

66.7%

74.8%

93.7%

88.2%

94.6%

52.3%
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to the X chromosome, including the expression of TLR7, TLR8, IRAK1, CD40L, and 

CXCR3 (Schurz et al., 2019); but also the expression of X-linked non-coding microRNAs 

that regulate gene expression (Bianchi et al., 2012). TLR4 on the other hand is not 

expressed in the X chromosome. 

Because inflammatory genes are associated with the X chromosome, researchers have 

proposed the hypothesis of its influence in female inflammatory response; but it is hard to 

separate females XX hormone influence from XX chromosomal expression. Recently, this 

issue was circumvented by the generation of SRY expressing mice. SRY is expressed on 

the Y chromosome and drives testes development, by deleting sry gene from males one can 

generate XY mice that develop a uterus gonadotropin. With the same logic, one can express 

sry gene in XX females, this mutation allows female to develop testes even with an XX 

chromosome, separating the estrogen response from the equation (Arnold, 2020). In an 

animal model of experimental autoimmunity encephalomyelitis (EAE), animals with the 

same gonadal type expressed different XX or XY chromosomal pairs (e.g. XX and XY 

mice expressing testes). In this model, XX mice are more susceptible to EAE, regardless if 

the XX mice had testes or uterus (Smith-Bouvier et al., 2008). This was not an isolated 

study, in stroke susceptibility XX mice have higher susceptibility with a higher immune 

cell infiltration and cytokine production in the infarct brain region regardless if they had 

uterus or testes (McCullough et al., 2016). These animal models provide strong evidence 

that the sex influence in the immune response is mediated by an inherent mechanism from 

birth and not from hormonal levels. 
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In a study from the Human Functional Genomics Project, over 500 healthy subjects were 

challenged with bacterial, fungal, viral and non-pathogenic stimuli and a strong association 

between age and sex was found to affect the immune response. Moreover, the study found 

a remarkable fact: differences in circulating hormone levels did not explain sex differences. 

Most of the cytokines released to these different stimuli presented no correlation in men 

and women to the levels of progesterone and testosterone hormones (Ter Horst et al., 

2016). Another strong evidence that female increased innate responsive is due to birth gene 

expression, and not a hormonal regulation when comparing from male response. 

As described above, the X chromosomes express a variety of inflammatory genes, but is 

that sufficient to drive sex differences to a variety of diseases? Chromosomal expression 

of genes is not the only described mechanism of sex specific immunity. TLR7, 8 and 9 

activation in dendritic cells depend in the transcriptional regulation by an estrogen 

responsive element alpha (EREa) to elicit a pro-inflammatory cytokine response. ERE is 

the receptor for estrogen, that upon binding enters the nucleus and functions as a 

transcription factor to a number of genes (Cunningham et al., 2012). Although estrogen is 

the main mediator of ERE activation, there are also non-canonical molecules that can 

activate ERE in an estrogen independent manner. This is the case for TLR7/8/9 activation, 

EREa transcription of inflammation genes occurs independently of estrogen levels 

(Cunningham et al., 2014). One should not assume then, that hormonal fluctuations during 

the female menstrual cycle will be responsible for driving immune changes every time an 

estrogen receptor is present in the regulation of response. 
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This mechanism of inflammatory regulation poses a challenge to studying the effect of 

hormones in the immune response: administering estrogen artificially into animal models 

to high non-physiological levels would have estrogen participate in immune responses via 

estrogen responsive elements, something that as suggested above is not always a natural 

effect of the hormonal regulation of inflammation and can confound findings.  

Now, the purpose of this dissertation is not to say that hormones have no role in the immune 

response. Estrogen, progesterone, and testosterone heavily influence the innate and 

adaptive immune responses and there is an extensive literature on the subject. Estrogen for 

example, can change innate immunity by producing a pro-inflammatory response in 

combination with TLR activation, that is abolished when estradiol is not present. Myeloid 

cells increase TLR-4 response to LPS in a mechanism dependent on estrogen by producing 

a higher level of cytokine release (Rettew, Huet and Marriott, 2009), ovariectomized 

females reduce serum levels of TNFa, IL6 and IL-10 in response to IP-LPS (Rettew, Huet 

and Marriott, 2009). At the same time, very high levels of estrogen that are 

supraphysiological have been shown to reduce the inflammatory response by IP-LPS 

(Deshpande et al., 1997; Zhang et al., 2001), suppressing these same cytokines TNFa, IL6 

and IL-10. This is a mechanism in females that is used for the regulation of the immune 

response during pregnancy, where levels of estradiol vary from low to high, shifting the 

female response toward anti-inflammatory (Robinson and Klein, 2012), a mechanism 

thought to protect the developing embryo. 

Hormonal levels also play a role in male inflammatory response: in vitro testosterone 

stimulation reduces TLR-4 expression in murine macrophages (Rettew, Huet-Hudson and 
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Marriott, 2008), this evidence is reproduced in vivo by orchiectomized male mice (Posma 

et al., 2004), which have increased levels of TLR-4. Testosterone also influences the TLR-

4 cytokine response, by decreasing its expression. Human epithelial cells exposed to LPS 

and dihydrotestosterone significantly downregulate IL-6, MCP-1, TLR4, and Cox-2 

(Norata et al., 2006). However, the fact is, hormone levels influence both male and female 

response and cause variability in both sexes, not just in one of them. For example, males 

have very strict social hierarchy in mice, a-males can have 10x more testosterone levels 

than other males lower in the social hierarchy within the same cage. A fact that can directly 

influence the variability in male response to inflammation, but it is rarely considered. And 

again, even at the light of hormones influencing immune responses, chromosomal 

expression is still the strongest factor that explains sex differences and researchers should 

consider its specific mechanisms of regulation. Therefore, works focusing on the intrinsic 

regulation of sex-specific inflammatory responses, regardless of hormonal influence in the 

interindividual variability, can be of great value to support novel treatments of 

inflammatory related diseases. 

Systemic Inflammation Affects the brain 

The immune response that happens throughout the body uses blood vessels to communicate 

to distant locations. For example, intestinal or lung inflammation may recruit immune cells 

from outside via production of chemokines and cytokines that travel the blood. And pro-

inflammatory mediators that initiate in peritoneal cavity, can travel throughout the body 

and have the capacity to influence distant organs, including the brain. 
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For some time, the brain was thought of as an immune privileged organ. Inflammation that 

happens throughout the body are filtered by the blood-brain barrier, protecting the brain 

from being affected. Indeed, the blood-brain barrier is responsible for filtering out 

molecules from the blood before then enter the brain: it is composed of endothelial cells 

with tight junction expression, which prevents the free passage of molecules from blood to 

brain; astrocytes have their end-feet in close proximity to endothelial cells, further filtering 

out substances that come from the blood; and pericytes are in close association with these 

cells, regulating the blood flow (Brown et al., 2019). This view of immune privilege has 

changed over time. 

Now we know that the blood-brain barrier does not cover every part of the brain, and that 

the area postrema within the brainstem does not possess a barrier, and blood molecules and 

inflammatory mediators can just impact function directly. Recently, we have also 

discovered lymphatic vases that arrive in the brain and directly carry immune cells to the 

brain, facilitating the impact of inflammation within (Louveau, Da Mesquita and Kipnis, 

2016). Changes in systemic inflammation impact the blood-brain barrier, increasing 

permeability and facilitating cellular and inflammatory mediators migration (Galea, 2021). 

IP-LPS in the periphery for example increases levels of pro-inflammatory cytokines in the 

brain: TNFa, IL-1b, and increases the permeability of the blood-brain barrier to big 

molecules(Banks et al., 2015; Zhao et al., 2019). This increase in neuroinflammation 

impact brain function: cognitive performance decreases and animals have deficits in 

memory related tasks (Zhao et al., 2019). Systemic inflammation also decreases motor 
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activity, food and water consumption and leads to social withdrawal, symptoms 

collectively known as sickness behavior (Dantzer et al., 2008). 

The access of cytokines via blood vessels by mechanisms described above are not the only 

ways the peripherical inflammation impact brain function, specially in the case of the 

sickness behavior control. Internal organs are innervated by sensory fibers such as 

nociceptors, that sense alterations in the inflammatory milieu and send the information to 

the brainstem in a region known as the nuclei of the solitary tract. This information than 

travels to a number of brain regions, including the hypothalamus and amygdala to influence 

the behavioral alterations necessary for sickness behavior (Dantzer et al., 2008). 

These physiological alterations to peripheral inflammation are a well-adapted response to 

direct our behavior for resting while we are feeling sick, but systemic inflammation can 

lead to maladaptive behaviors that culminate in brain injury. When inflammation is in high 

intensity, such as the case of sepsis, or when chronic, the brain is negatively impacted by 

decreasing synapse numbers, activating local immune cells the microglia and potentially 

leading to cellular death (González-Scarano and Baltuch, 1999). In fact, there is a growing 

hypothesis that neurodegenerative diseases development is influenced by chronic exposure 

to systemic inflammation (Houser and Tansey, 2017). 

 

Microglial cells play a role in the brain effects of inflammation   

Microglial cells are resident immune cells that constantly surveil their microenvironment. 

This surveillance is part of their homeostatic role in the central nervous system (CNS), 

microglia participate in the active engulfment of synapses in a process known as synaptic 
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pruning, a normal developmental process that eliminates the excess synapses that are in 

formation in early age (Stevens et al., 2007). The classification of microglia as immune 

cells should not blind us from their physiological role in the CNS. Indeed, their own 

similarity to the macrophage population is limited, since they have distinct embryonic 

origin. Tissue macrophages derive from a myeloid stem cell population that reside in the 

fetal liver in embryonic development and later from bone marrow (Gomez Perdiguero, 

Schulz and Geissmann, 2013). On the other hand, the myeloid progenitors that give rise to 

microglial cells are derived from the yolk sack, and they migrate to the central nervous 

system during early embryonic development (Ginhoux et al., 2013). This microglial 

population from embryonic origin is a long-living brain resident throughout an individual’s 

life and they have the ability to proliferate, regulating their numbers (Aguzzi, Barres and 

Bennett, 2013).  

Upon the recognition of a pathogenic molecule in the CNS, microglial cells become 

reactive, a process in which they change their gene expression and morphology, retracting 

their processes and acquiring an amoeboid shape that has been extensively characterized 

(Kettenmann, Kirchhoff and Verkhratsky, 2013). This change in morphology permits the 

microglia to migrate to the site of inflammation, proliferate, and secrete a series of pro-

inflammatory cytokines in order to reestablish homeostasis within the brain. These 

cytokines can also enter the blood, recruiting peripheral immune cells to assist them in the 

process. Since the cytokines produced have the ability to directly regulate neuronal 

transmission and neurogenesis (Sierra et al., 2013), only when exacerbated they can lead 

to neuronal damage and can contribute to neurodegeneration (Ginhoux et al., 2013). 
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Therefore, the microglia population needs a tight regulation when responding to alterations 

in their environment to prevent a cascade of damage they may trigger. If systemic 

inflammation leads to neuroinflammation, microglial cells will now act to amplify this 

neuroinflammatory response and actively contribute to damage when tight controls are not 

in place.  

In neurodegenerative diseases microglial cells contribute to synapse loss by increasing 

phagocytosis of synaptic numbers. This mechanism depends on the orchestration of 

cellular mediators: astrocytes produce a complement system molecule 1q (C1q) that binds 

to synapses that need to be engulfed (Dejanovic et al., 2022). On the other hand, microglial 

cells secrete another complement molecule C3, that binds to C1q. Microglia then recognize 

via C3R the tagged synapses and engulf them, a mechanism present in neurodegenerative 

diseases that drive synapse loss (Dejanovic et al., 2022). 

This is not the only way reactive microglia can negatively impact the brain. The changes 

in gene expression during certain neuroinflammatory environments generates by microglia 

reactive oxygen species COX2 and iNOS that decrease synaptic markers and induce 

memory deficits (Zhao et al., 2019). Preventing microglial activation is a mechanism that 

prevents negative impact in brain health by systemic inflammation, as previously described 

(Frost et al., 2019). 

 

Crosstalk between sex, inflammation and the brain in this document 

Given the role of sex in affecting the inflammatory response, and how the inflammatory 

response impact the brain we use two different models of systemic inflammation to 
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understand sex-specific mechanisms of response. Chapters 3, 4 and 5 explore the sex-

specific mechanisms of intestinal inflammatory strategies in response to a systemic 

inflammatory model. Chapter 6 focuses on the lung-brain axis, and how sex impacts the 

information from lung to brain, and its potential implication in brain to lung modulation. 

Chapter 2 goes over the methods and techniques used throughout this dissertation for both 

projects. 
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Chapter 2  

Methods  

 

Mice  

C57Bl/6J, TREM2KO, CCR2KO, and Nav1.8cre+/-DTA+/- were maintained in standard 

mouse husbandry with standard Purina food chow under a 12-hour light/dark cycle in UCR 

campus vivarium. All experiments were performed in compliance with University of 

California Institutional Animal Care and Use Committee regulations. Genotyping of mice 

was conducted by Transnetyx. 

 

C57Bl/6J Wild Type mice (WT) 

C57Bl/6J mice were originally obtained from Jackson labs (ID#000664) and subsequently 

bre in house at UCR. This mouse model can be served as the background of many 

transgenic lines, it has low genetic individual variability (Corder et al., 2023). Both sexes 

of these mice were used in experiment at ages of 2-3 months old unless stated otherwise.  

 

Transient Receptor Expressed on Myeloid Cells (TREM) 2 knockout Mice 

TREM2KO animals (T2KO) were donated by Dr. Marco Colonna and bred in house at 

UCR. They are generated by targeting exons 3 and 4 of the TREM2 gene, which encode 

the transmembrane and cytoplasmic domains of the receptor, as previously reported by 

(Turnbull et al., 2006). Only homozygous TREM2KO mice were used in this studies at the 
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same ages as wild-type mice, unless stated otherwise. TREM2KO mice are 3 months old 

and both males and females are used throughout the experiments unless stated otherwise.  

 

C-C-motif chemokine receptor 2 (CCR2) RFP knock-in/knock-out mice 

CCR2 RFP KI/KO mice were purchased from Jackson laboratory (ID# 017586). These 

animals have a monomeric red fluorescent protein (RFP) sequence replaces the expression 

of the CCR2 gene. When heterozygous, the mice exhibit a marker for CCR2 expressing 

cells, these animals were named CCR2 RFP thought this manuscript. When homozygous 

the animals do not express the CCR2 gene, therefore these animals were named CCR2KO 

throughout this manuscript. 

 

Nav1.8cre x DTA mice 

Nav1.8-cre knock-in/knock-out mice (ID# 036564) and Rosa/DTA STOP mice 

(ID#009669) were purchased from Jackson laboratory and breed to generate Nav1.8cre x 

DTA. In brief, Nav1.8 cre knock-in/knock-out have a cre expression under the translation 

initiation site of the scn10a gene. The gene transcribes for the voltage-gated sodium 

channel alpha (Nav1.8), which is expressed in a subtype of sensory neurons known as 

nociceptors (Nassar et al., 2004). Rosa/DTA STOP mice have a STOP cassette between 

two loxp sites and a Gt(ROSA)26Sor promoter driving diphterin toxin a (DTA) expression 

(Voehringer, Liang and Locksley, 2008), under normal conditions the STOP cassette 

prevents the expression of the toxin. When the animals are breed together, the cre 
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expression drives DTA expression in Nav1.8 expressing cells, ablating the nociceptor 

subtype as previously used (Talbot et al., 2015).  

Treatment 

LPS administration  

At 3-5 months of age, male and female, C57Bl/6J, TREM2KO and CCR2KO mice were 

administered lipopolysaccharide (LPS, Sigma-Aldrich, 1mg/mL) intraperitoneally (IP) 

5mg/kg.  

 

Chamber Exposure to Alternaria Fungi 

Mice are kept in their home cage with food and water ad libidum, with a 12h light/dark 

cycle for the duration of experiment. The cages are put inside an acrylic chamber, where 

the air flow is controlled as described by Peng et al. 2017. Specifically, compressed air is 

filtered by a series of passages through different materials: silica (moisture absorption), 

activated carbon (organic absorption), hopcalite (CO absorption) and purafil (NOx 

absorption). Pressure is applied to guarantee a constant flow of air and aerosolized 

particles. Alternaria alternata non-infectious extracts are diluted in PBS1X and converted 

to an aerosol spray at a constant flow of 6L/min by a nebulizer. The concentration of 

Alternaria alternata is kept constant at 750µg/cm2 for the 7day duration of experiment by 

a condensation particle counter as previously described (Peng et al., 2018). A control 

chamber is concomitant exposing mice to filtered air for the duration of the 7day 

experiment, and a reversal group receives Alternaria alternata non-infectious extracts for 
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7days and are then transferred to a filtered air chamber for another 7days to verify reversal 

of lung and brain effects. 

 

Ex vivo intestinal experiments 

Ussing chamber Experiments 

24h post IPLPS animals were anesthetized with isoflurane and sacrificed with cervical 

dislocation. Intestine was collected 9cm after stomach and a 6cm jejunum segment was 

isolated in Parson’s solution as previously described (Chen et al., 2020), with or without 

D-glucose-1,2,3,4,5,6,6-d7 (Sigma-Aldrich), adjusted to 305 mosmol/kgH2O by the 

addition of NaCl or water. Indomethacin was added to solution (1μM/ Cambridge Isotope 

Laboratories, Tewksbury, MA). Segment was further dissected into 3 pieces of 2cm each, 

intestine was then mounted in 0.3cm2 chamber slider aperture and inserted in chamber. 

Luminal side received 3mL Parson’s solution with mannitol (10Mm) and indomethacin 

(1µM), while serosal side received Parson’s solution with D-glucose (10mM) and 

indomethacin (1µM). Temperature was controlled to 37°C, tissues received a mixed gas 

(CO2 5%, O2 95%) throughout the duration of experiments. Tissues remained in chambers 

for approximately 30min before current was measured at rest and after a 2mV pulse 

(Physiological Instruments VCC-MC2). Glucose solution (300mM) was added to lumen 

and peak of current increase was recorded in voltage clamp mode (0mV). 3µL of forskolin 

was added to serosal side, and peak of current increase in voltage clamp was recorded. 

Forskolin activates cAMP dependent chloride secretion and indicates tissue viability. 

Tissues that did not respond to forskolin (ΔI<12µA) were excluded from analysis.  
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4kDa FITC-dextran quantification 

40uL 4kDa FITC-dextran (Abcam, 80mg/ml) was applied to luminal side in Ussing 

chambers. After a 1hr incubation period, 200uL of solution from serosal side was collected 

for analysis. Samples were kept in -80°C until quantification on Veritas Microplate 

luminometer (Turner Biosystems, Sunnyvale, CA), using GloMax software (Promega, 

Madison, WI). Sample concentration was determined using a 4kDa FITC-dextran dilution 

curve. 

 

Cd11b cell isolation and co-culture 

Spleen is removed from isoflurane anesthetized animals and homogenized in HBSS1x 

(Thermo Fischer), contents are passed through a 70um cell strainer into a 50mL conical 

tube and centrifuged for 10min 1000rpm. Supernatant is discarded and pellet is 

resuspended. This cell suspension is now centrifuged for 10min at 300g and cells are 

resuspended in 90uL of MACS Buffer per 107 cells. 10uL of cd11b beads (MACS) are 

used per 107 cells and incubated at 2-8°C for 15min. Cells are centrifuged at 300g 10min 

and resulting pellet is resuspended in 500uL of buffer. Solution is passed through MACS 

beads separation column (MiniMACS) according to manufacturer’s instructions. Cd11b+ 

separated cells are diluted in DMEM media 25mM HEPES, L-Glutamine and 4.5g/l D-

Glucose (sigma-aldrich) and added to the bottom of a 12well plate (500,000 cells per well). 

T84cells cultured in same DMEM media 12-mm permeable Transwell inserts (Corning, 

Corning, NY) until confluent and then are added to the cd11b cell population. Co-culture 
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is maintained for 48hrs, transepithelial resistance (TEER) is measured at 4h, 24h and 48h 

post cell plating. 

 

BALF collection and Analysis 

BALF collection 

Animals are anesthetized with isofluorane followed by euthanasia via cervical dislocation. 

Animals had their trachea perforated using a 23G needle and the bronchio-alveolar lavage 

fluid (BALF) was recovered through intratracheal washing of ice-cold PBS (3x 0.8mL 

each) as previously described (Chen Gang et al., 2016). Collected BALF is centrifuged at 

1500rpm to generate a cell pellet and resuspended in fresh PBS. 

 

Flow cytometry of lung tissue 

Resuspended BALF is centrifuged at 1500rpm for 7min and resuspended in 100µL of  

zombie Yellow dye (biolegend) for assessment of cellular death. After staining, cells were 

washed in FACS Buffer, centrifuged and resuspended in 1:50 dilution of anti-Fc block (BD 

Pharmigen) for 10min. Cells are then incubated for 30min with the following cellular 

markers: anti-CD45 FITC (BioLegend, 30-F11), anti-CD19 Percp-Cy5.5 (eBioscience, 

eBio1D3), anti-CD3 APC-Cy7 (BioLegend, 17A2), anti-Ly6G BV510 (BioLegend, 1A8), 

anti-CD11b BV421 (BioLegend, M1/70), anti-CD11c PE-Cy7 (BioLegend, N418) and 

anti-SiglecF APC (BioLegend, S17007L). Samples are washed with FACS buffer, 

incubated with PFA1% overnight and run through flowcytometer NovoCyte Quanteon 
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(Agilent Technologies). Gating strategies were used according to previously described 

(Biddle et al., 2023) and analyzed using FlowJo software (Version 10.81). 

 

Histological analysis 

Jejunum Collection 

Mice are anesthetized by isofluorane, and cervical dislocated. Jejunum intestinal segment 

is isolated by measuring 9cm after stomach, and a 10cm measured section is isolated and 

flushed using ice cold PBS to empty contents of intestinal lumen. Tissue is them flushed 

with PFA4% and post-fixed in this solution for 24hrs, then further incubated in a solution 

of PBS +30%sucrose for 48hrs. Tissue was mounted on optimal cutting temperature 

compound (OCT) and sectioned (16µm). Samples were incubated for 20min at 60-80°C in 

Citrate Buffer, followed by permeabilization in PBS, 0.5% Tween 20 for 10min (Sigma-

Aldrich). Tissues were blocked by a solution containing PBS, 5%Normal Goat Serum 

(NGS, Vector Laboratories) and 0.1% Tween for 1hr prior to claudin-3 antibody (Abcam) 

incubation overnight. Secondary antibody anti-rabbit 488 (Invitrogen) was used 16hrs later 

during a 1hr incubation. Tissue sections were mounted in Prolong Gold with DAPI and 

imaged in spinning-disk confocal imager (Yokogawa, Japan) attached to a Zeiss Axio 

Observer inverted microscope. 

 

Claundin-3 puncta quantification 

Pictures were taken at 63X magnification on spinning-disk confocal imager (Yokogawa, 

Japan). Animals have 2 sections of their intestine collected. For each section, 3 images are 
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taken at 63X in different regions of their jejunum. For each image at least 5 cells are 

quantified per villi. Internalized puncta is quantified in Image J software manually, any 

puncta smaller than 0.065µm2 was excluded from counts. 

 

Brain Collection  

Mice are anesthetized with isofluorane and intracardiacally perfused using ice cold PBS 

(20mL) followed by 4%PFA (20mL). The whole brain is then removed and dissected for 

the brain regions of interest, and post-fixed 24hrs in 4%PFA. Brains are then transferred to 

a 30%sucrose in PBS solution for 48hrs and mounted on OCT. Samples are sectioned at 

5µm for GeoMx and puncta quantification, while they are sectioned at 20µm for IBA1 

quantification.  

 

Brain immunofluorescence  

Samples were incubated for 20min in high-pressure cooker with Citrate Buffer. Tissues 

were blocked by a solution containing PBS, 5%Normal Goat Serum (NGS, Vector 

Laboratories) and 0.1% Tween for 1hr prior to primery antibody incubation overnight. The 

following antibodies were used: anti-rabbit IBA1 (WAKO), anti-mouse synaptophysin 

(abcam), anti-rabbit PSD95 (abcam), anti-guinea pig vglut2 (EMDmillipore). Secondary 

antibody anti-rabbit 594 (Invitrogen), anti-guinea pig 647 (Invitrogen), anti-mouse 488 

(Invitrogen) were used 16hrs later during a 1hr incubation. Tissue sections were mounted 

in Prolong Gold with DAPI and imaged in spinning-disk confocal imager (Yokogawa, 

Japan) attached to a Zeiss Axio Observer inverted microscope. Images for puncta analysis 
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were taken at 63X. Microglial analysis were taken with z-stack at 20x (1.19um z-step, 14 

slices) and 63X (0.37um z-step, 45 slices). 

 

Synaptic Puncta Quantification 

63X images from synaptic markers were taken from the nuclei of the solitary tract (NTS) 

in air and Alternaria alternata exposed mice. Each animal had 3 sections collected, and 

each section were taken 3 pictures of the NTS region. parameters for each synaptic marker 

(vglut2, synaptophysin and PSD95) were set per batch of analysis; samples had the same 

brightness and contrast and exposure time at the microscope. Images were analyzed for 

puncta separately using ImageJ software for particle analysis, only puncta within 0.5-

10µm2 size were considered. Values were normalized by a positive control sample and 

graphed in GraphPad Prism.  

Puncta co-localization was analyzed according to previously published data (Nguyen et al., 

2020). In brief, vglut2 and synaptophysin were transformed to an 8-bit image and an 

ImageJ plugin colocalization was used. Samples were superimposed and a third image with 

the superimposed puncta was generated, a threshold of 160 is applied and puncta is 

quantified by particle analysis. Once again, only puncta within 0.5-10µm2 are considered 

in quantification. Values are normalized by a positive control sample and graphed in 

GraphPad Prism. 
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mRNA isolation 

Jejunum was dissected from animals and immediately placed in RNA later at 4°C before 

RNA extraction. 500uL of Trizol (Invitrogen, Carlsbad, CA, USA) per 1mg of tissue was 

used for homogenization; samples were incubated in room temperature (RT) for 5min, then 

250uL of chlorophorm was used for phase separation. Samples are then centrifuged 

(12,000g 15min 4°C) and up to 400uL of supernatant is collected. 500uL of isopropanol is 

used for RNA precipitation at RT for 5min, then 700uL of solution is pippeted into RNeasy 

mini kit columns (Qiagen, cat: 74106). Manufacturer’s protocol is followed, ensuring high 

quality RNA, which is further characterized in Nanodrop 2000 for purity and on Agilent 

2100 Bioanalyzer for quality Absorbance ratios 260/280 below 1.85 or RIN below 7.9 are 

criteria used for sample exclusion. 

 

Nanostring highthroughput assays 

nCounter gene expression analysis 

RNA extracted from samples were incubated with Reporter probe and Capture probe for 

16hr at 65°C, 50ng of RNA samples were pippeted into inflammation panel cartridge or 

metabolic panel cartridge for imaging on nCounter SPRINT Profiler. Raw gene counts 

were obtained and normalized by housekeeping genes by a built-in analysis on Rosalind 

website. Principal component analysis and pathway scoring are obtained by software. 

Volcano plots comparing males and females response were generated by analyzing 

differential expression of individual genes, multiple comparison p-value adjustment was 

obtained by Benjamin-Hochberg analysis.  
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GeoMx spatial protein analysis 

Brains dissected from perfused animals as described previously (Immunofluorescence 

section) are sectioned at 5um thickness for protein quantification via GeoMx procedure. 

Slides are then incubated with anti-tyrosine hydroxylase antibody conjugated with Alexa 

fluorophore 594 (ThermoFischer) and with the kits provided by NanoString company for 

the following: neuronal cell profiling core, autophagy module, MAPK module, PI3K/AKT 

module and glial subtype module. A complete list of probes used in this study are depicted 

in figure 2.1. In brief, samples are imaged in GeoMx machine and the nucleus of the 

solitary tract is selected as region of interest (ROI). Machine collects probes in 96-wells, 

and they are hybridized at 67C for 17hours before being pipetted into cartridges for readout 

on nCounter machine. Data is obtained as raw counts of proteins per sample. Any protein 

counts with levels close to background are excluded from the analysis. To decide excluded 

proteins in brief, counts were normalized by the negative control probes (Rabbit IgG, Rat 

IgG2b, Rat IgG2a) geometric mean, then data is transformed by its logarithmic on base 2 

value (Figure 2.1). Any protein counts with its 75th percentile below the background level 

of 0 is interpreted as below detection as counts are close to background levels, therefore 

they are excluded from analysis. This does not include proteins which part of the counts 

are at or below background level and part of it is above, as this might have biological 

significance. Proteins excluded are: MHCII, CD163, ki-67, CD39, SPP1, GPNMB, MET. 

Any samples with more than 50% of protein counts below the geometric average of 

negative probes are excluded from analysis.  
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There are 3 additional methods to normalize data across samples based on housekeeping 

protein expression, negative probes and nuclei counts. The best method for normalization 

is investigated using a correlation plot of all 3 possible normalizing factors. The factor that 

best correlates across the datasets is more equipped to be used as representative of the data 

for normalization. First, we must decide if all housekeeping proteins should be used as 

housekeeping normalization or if one should be excluded. Next, we must analyze if within 

the negative probes one should be excluded or if they should all be used. Last, we must 

generate geometric averages with the probes chosen for housekeeping and the probes 

chosen for negative/background probes and check which parameter best correlates with the 

data: nuclei counts, housekeeping proteins or negative probes. 

To decide which housekeeping proteins to use in our normalization, raw counts for S6, 

histone H3 and GAPDH are plotted (Fig2.2 A). The r squared value is calculated per plot, 

and values below 0.6 are used as an indicator of poor correlation. In our analysis the 

correlation between GAPDH and histone H3 values has an r2 value of 0.57; therefore one 

of them must be excluded from our final geometric average for housekeeping, but further 

analysis is necessary to decide which one of the two. The next two graphs show r squared 

values of 0.7 plotting GAPDH and S6, and 0.86 plotting histone H3 and S6. Therefore, 

GAPDH has the poorest correlative value between them and is excluded from analysis. A 

geometric mean using S6 and histone H3 raw counts is generated per sample. 

To decide whether all 3 negative control probes should be used for normalization we 

generate correlation plots for Rabbit IgG, Rat IgG2a and Rat IgG2b (Fig. 2.2 B). All graphs 
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have high correlation and high r2 values. Therefore, a geometric mean is generated using 

all 3 negative probes per sample. 

Next, we must decide between the different methods of normalization which one fits our 

data better. Again, correlation plots are generated to look for consistency between different 

parameters (Fig. 2.2 C). The housekeeping (HK) protein geometric average is an indicator 

of signal in our data; the negative probes geometric average is an indicator of background 

in the data. In a perfect dataset in which all samples are comparable, the higher the signal 

the higher the background obtained, therefore high correlation. Indeed, we observe a high 

correlation between our signal (HK geo mean) and our background (IgG geo mean), 

suggesting they are both good parameters to be used as normalization factors. To choose 

between them a second correlation plot is generated using nuclei counts. Each ROI has a 

distinct area and a consequently a distinct number of nuclei. Assuming a perfect dataset in 

which all signal is obtained, the number of nuclei in a given ROI correlates with the amount 

of signal and background. We can see that in our dataset, the housekeeping protein 

parameter correlates the most with the nuclei counts and therefore is the best method to be 

used as a normalization factor. 

After the choices for normalization are made the samples are inputed into the GeoMx 

software for quantification and it automatically normalizes samples by the parameter 

chosen: housekeeping proteins S6 and histone H3 geometric mean. Normalized values are 

used to generate volcano plots using the LOG2 of fold change by the -LOG10(adj. p-value). 

Data is compared using linear mixed models and p-value is adjusted by Benjamini-

Hochberg method.         
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Statistical Analysis 

Bars graphs show mean ± SEM. Samples were compared by unpaired two-tailed or one-

tailed Student t-test for single comparisons; one-way ANOVA was used for multiple 

comparisons, and post-test Tukey was used. Groups were analyzed with two-way ANOVA 

when appropriate. A p value lower then 0.05 was used for statistical significance. Data was 

graphed in GraphPad Prism Software. Differentially expressed genes was analyzed in 

NanoString Advanced Analysis nCounter software and graphed in GraphPad Prism 

software, multiple comparisons corrected p value was generated by Benjamini-Hochberg 

test. Heatmaps were generated by nCounter Analysis software by comparing normalized 

gene expression average via Euclidian distance clustering.  
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Figures and Legends  

Figure 2.1 List of proteins quantified by GeoMx 
Data is expressed by normalized values. In brief, protein counts per sample are divided by the 
geometric mean of the negative control probes (Rabbit IgG, Rat IgG2b, Rat IgG2a). Then, the 
logarithmic value on base 2 of this ratio is obtained and plotted. Puncta expresses each ROI 
obtained in the analysis, data expressed as average with box extending to 25 to 75 percentile, 
whiskers go to minimum and maximum value obtained. Dashed line represents background, 
proteins with distribution majoritarily (75 percentile bar) bellow dashed line are excluded from 
analysis. 
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Figure 2.2 Housekeeping proteins are used as normalization factor based on correlation  
A. Raw counts of the data are used to generate correlation plots for housekeeping. 
B. Raw counts of the data are used to generate correlation plots for background. 
C. Geometric average of chosen housekeeping and negative probes are used to generate correlation. 
plots between themselves and nuclei. 
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Chapter 3  

Sex Influences the Intestinal Inflammatory Response 
 

Introduction 

In this chapter we try to characterize the sex-specific intestinal alterations in response to a 

well characterized model of systemic inflammatory response that uses intraperitoneal 

lipopolysaccharide (IP-LPS) administration. The introduction is divided in sub-sections, 

the first two introduce the LPS molecule and its receptor recognition in immune cells. 

Meanwhile the third sub-section provides information on current models of IP-LPS that 

investigated sex-alterations. The forth sub-section explores the idea that metabolic changes 

are intertwined with alterations with immune responses, which is important to understand 

the metabolic changes we present later in the results section of this chapter. The fifth 

section introduces the intestinal tissue, and its relationship to metabolism, inflammation 

and sex, illustrating why we chose to focus in this tissue in our models. 

Lipopolysaccharide structure  

Lipopolysaccharide (LPS) administration is a well characterized model to study systemic 

inflammatory responses in animal models. LPS is an endotoxin present in gram-negative 

bacteria and consists of 3 regions: a lipid A region, anchored to the cellular membrane; a 

core oligosaccharide structure; and a polysaccharide chain denominated the O-antigen 

(Erridge, Bennett-Guerrero and Poxton, 2002). This well conserved structure, varies from 

species to species of bacteria, with changes in the composition of the polysaccharide chain 
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of the O-antigen and the core, being most prevalent (Lerouge and Vanderleyden, 2002), 

but alterations in lipid-A region have also been found (Migale et al., 2015). This 

heterogeneity in LPS exists even in bacteria of the same species, if we use pathogenic 

Escherichia coli as an example, the LPS composition varies from different strains and each 

variation receives a unique name such as O55:B5 LPS, O111:B4 LPS and O127:B8 LPS, 

among others (Nedrebø and Reed, 2002). 

As discussed before, the immune system is able to recognize evolutionary conserved 

pathogenic molecular patterns, and despite the alterations in serotype composition of LPS, 

all forms of LPS bind and activate TLR-4. That is not to say that are no alterations in its 

response, as different serotypes of pathogenic E. coli LPS have shown different lethal 

dosages (Nedrebø and Reed, 2002), different inflammatory mediator responses (Migale et 

al., 2015), and a difference in symptoms (Pieterse et al., 2016; Anhê et al., 2021). The 

lethal dosage of O127:B8 is 10mg/kg while the lethal dosage for O111:B4 is half that dose: 

4.9mg/kg (Nedrebø and Reed, 2002). Cytokine wise, the different serotypes O55:B6, 

O127:B8 and O111:B4 had differences in levels of mmp3, IL6 and COX2, and the serotype 

O111:B4 activated c-jun signaling cascade more strongly than the others (Migale et al., 

2015). Not surprisingly, given the altered responses of the animals to these strains, their 

symptomatic presentation also differs: O127:B8 increases albumin extravasation in a 

variety of tissues, with a most drastic effect in small intestine, while serotype O111:B4 

does not.  

As mentioned, the differences in strain response are not associated with a difference in 

receptor recognition: TLR-4 knockout mice do not respond to LPS, regardless of strain 
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used (LPS from E. coli, Serotype O55:B5 (TLRGRADE®) (Ready-to-Use), 2022)Then 

what explains the drastic difference in animal response to strains of LPS pertaining to a 

same bacterial species? It is possible that the differences in LPS structure in the different 

strains cause a different interaction between LPS and the TLR4 receptor. This would 

activate different signaling cascades of TLR-4 and elicit a different cytokine response, a 

hypothesis supported by other researchers in the field (Migale et al., 2015). In fact, removal 

of a polysaccharide side chains and acyl groups from the lipid A structure of LPS 

drastically decreases the TLR4 mediated pro-inflammatory response (Mata-Haro et al., 

2007). 

 

LPS and TLR4 receptor activation 

The TLR4 receptor uses adaptor protein CD14 and LBP to help with LPS recognition. 

Because of the lipophobic nature of LPS, the molecule aggregates and form micelles, which 

are harder to recognize by the immune cells. Therefore, LBP binds to LPS and 

monomerizes the molecule, presenting it to CD14, which then transfers it to TLR4 

receptors (Jiang et al., 2005; Płóciennikowska et al., 2015). Upon recognition of LPS, 

TLR4 receptor dimerizes, and a signaling cascade is initiated in its cytosolic domain. The 

myeloid differentiating factor 88 (Myd88) is recruited to the receptor, associating with Mal 

and generating the TIRAP assembly. By then IRAK kinases assemble together with TIRAP 

in a complex to further continue the signaling cascade, activating TRAF-6 and culminating 

with NF-kB and AP-1 activation (Park and Lee, 2013). These transcription factors are 

responsible for pro-inflammatory cytokine production. NF-kB produces TNF-a, IL-6 and 
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iNOS (Schreiber et al., 2006); AP-1 activates IL-8, RANTES and COX-2. TLR-4 can also 

generate a Myd88 independent signaling cascade, in which TRIF is recruited and activated. 

This pathway then produces and secretes interferon type-I proteins, via IRF-3, and is 

usually associated when the TLR-4 receptor and its ligand are endocytosed (Figure 3.1). 

Activation of TLR4 serves two different purposes: initiate the pro-inflammatory cascade 

to alert the vicinity cells of a bacterial pathogen and drive appropriate recruitment of 

immune cells; and to up-regulate the phagocytic capability of myeloid cells to actively 

engulf and digest the bacterial pathogen. 

When LPS is administered intraperitoneally (IP), the first cells to recognize the molecules 

are peritoneal macrophages. Activation of TLR receptor in those cells secrete pro-

inflammatory cytokines that travel the blood and influence other organs. At the same time, 

depending on LPS concentration, the increase in permeability facilitates LPS to travel via 

blood vessels and then LPS itself affect other tissues, including the intestine. Even though 

TLR4 is primarily expressed by immune cells, other non-immune cells also express this 

receptor. In jejunum tissue for example, this expression is very high in intestinal epithelial 

cells (Dheer et al., 2016) and on sensory nerve fibers (Barajon et al., 2009). On lung tissue, 

TLR4 is highly expressed in nociceptor fibers (Hiroki et al., 2021). And non-classical 

activation of TLR-4 receptors can both contribute to immune responses or signal the brain 

the occurrence of an immune response (Maruyama, 2022).  
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Sex affects the IP-LPS response 

Peritoneal macrophages have a difference in number between males and females: females 

have an increased total amount of cells in the peritoneal cavity, which reflects in a higher 

macrophage, T cell and B cell population than males (Scotland et al., 2011). This is also 

reflected on a baseline increased expression of several chemokines: cxcl1, ccl2, cxcl12, 

ccl5, and TLR receptors: TLR2, TLR3, TLR4 (Scotland et al., 2011). When isolated 

peritoneal macrophages are treated with zymosan, a yeast cell wall particle, females engulf 

more efficiently the molecule than males (Scotland et al., 2011), evidence reproduced by 

different treatments (Spitzer, 1999). This suggests that female macrophages have a higher 

phagocytic capacity than macrophages in male mice, an idea supported by many authors 

(Wilkinson et al., 2022). With this amount of evidence supporting a strong innate immune 

response, one would hypothesize that the inflammatory response in female peritoneal 

cavity would be stronger or more robust than males. However, that is not what happens: 

after in vitro LPS treatment to peritoneal macrophages, males and females have similar 

levels of TNFa, IL6, ccl2 and TGF-b production (Scotland et al., 2011). Many different 

works started to characterize the inflammatory response to IP-LPS in males and females. 

Data from different models support the idea that females have a higher phagocytic 

capability than males (Weinstein, Ran and Segal, 1984; Spitzer, 1999) although it is still 

unclear which sex responds with a stronger pro-inflammatory release. 

In a work published as a pre-print in 2023, 2hrs after IP-LPS (O111:B4, 0.25mg/kg) males 

and females secreted similar levels of IL-1b, IL6 and TNFa, but females had a higher 

secretion of ccl3, ccl4, cxcl2 in plasma; while males had a higher increase of cxcl10 and 
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ccl5 than females (Finnell, Speirs and Tronson, 2023). At 24h timepoint all increased 

circulating proteins returned to baseline levels. This suggests that in models using a single 

administration of a low dose IP-LPS, there is a very transient effect in cytokine and 

chemokine release, and a very rapid return to homeostasis despite of sex. 

In another investigation, IP-LPS (O111:B4, 0.3mg/kg) caused a more robust effect in 

female mice. Females had higher plasma levels of almost all cytokines and chemokines 

investigated, including IL-1b, IL6, TNFa, IL-10 among others (Nonoguchi et al., 2022) at 

6hr timepoint. This difference in susceptibility cannot be explained by mouse strain or 

bacterial strain and external factors that drive sex-response remains to be discovered. 

Despite this controversy, a lot of papers cite that males have a stronger TLR4 response to 

IP-LPS. This data is based on analysis of sickness behavior in mice, where males are more 

affected by the same IP-LPS dose (Cai et al., 2016); on papers that do show males with 

higher response to IP-LPS, which are present in the literature (Deny et al., 2022); and data 

on human cohorts.  

Data obtained from LPS exposure in men and women does show that circulating levels of 

cytokines are higher in men after LPS challenge. 1ug/mL of LPS elicits an increased male 

response of TNFa only (Aulock et al., 2006), fact supported and reproduced by bigger 

cohorts (Ter Horst et al., 2016). While no differences are found in IL-10, IFNg nor IL6 

response between sexes (Aulock et al., 2006; Ter Horst et al., 2016). 

Regardless of the susceptibility controversy, there is a very strong consensus in the field 

that sex influences the immune response, disease susceptibility and IP-LPS regulation. 
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Metabolism changes are associated with changes in immune response 

Immune cells after recognizing molecular patterns and activating signaling cascades to 

produce a pro-inflammatory response are now posed with the challenge of increasing 

protein synthesis and proliferating. Those activities are extremely metabolic demanding. 

Therefore, during the normal course of an immune response, cells change their preferential 

metabolic source to glycolysis to be able to quickly undergo the necessary changes and 

mount a proper immune response. This has a variety of consequences for immune cells.  

Macrophages first upregulate GLUT1 expression to increase glucose absorption 

(Freemerman et al., 2014). Second, they start aerobic glycolysis producing lactate from 

pyruvate, instead of allowing pyruvate to go to the TCA cycle (Figure 3.2). The change to 

aerobic glycolysis is orchestrated by hypoxia inducible factor-a (HIF1-a) after mTOR 

activation, HIF1-a upregulates genes that will change the metabolic dependency to 

glycolysis by preventing pyruvate from entering the TCA cycle, such as lactate 

dehydrogenase A (LDHA), phosphoinositide-dependent kinase-1 (PDK1) (Figure 3.2). 

LDHA increases the use of pyruvate for lactate production, while PDK1 inhibits the use of 

pyruvate the in TCA cycle, thus reducing oxidative mitochondrial dependency during an 

immune response, while upregulating glycolysis (Kelly and O’Neill, 2015).  

LPS upregulation of mTOR consequently increases ccl2 activation to recruit blood 

monocytes to tissue (Ribeiro et al., 2018), as well as decreases ccr7 expression, preventing 

dendritic cells to migrate outside of resident tissue and recruit adaptive immune cells (Jang 

et al., 2006).  
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Metabolism than, not only affects the immune response of innate cells, but also how they 

interact with adaptive immune cells, programming the whole immune response. In tumor 

environments, macrophages and dendritic cells also up-regulate an enzyme called indole- 

amine 2,3-dioxygenase (IDO). This enzyme is responsible for dictating tryptophan 

catabolism, and production of kynurenine metabolite. Since tryptophan is an essential 

amino acid for T cells, decreases in tryptophan inhibit T cell response in these 

microenvironments (Munn et al., 1999). In a model of study of innate immunity, these 

tryptophan/kynurenine shifts can occur early (24hrs), and could be a predictor of later 

adaptive response, but not an indicator of adaptive immune regulation since recruited 

adaptive immune cells would only influence tissue around 5-7 days after PAMP encounter.  

During LPS response, the shutdown of the TCA cycle with an up-regulation of glycolysis 

also has an implication to the reactive oxygen species generation. Since pyruvate is 

primarily prevented from coming into the TCA to allow electron transport chain to happen, 

LPS can elicit a reverse transportation of electrons through this pathway (Mills et al., 

2016). This reverse flow counter oxidative phosphorylation and promotes the production 

of ROS, this stabilizes HIF-1a and culminates with il1b production (Mills et al., 2016). 

However, the role of oxidative phosphorylation in the inflammatory response to LPS is 

dual. LPS signaling also increases production of itaconate metabolite, which disrupts TCA 

cycle and the electron transport chain, at the same time it acts as a major down-regulator 

of the inflammatory response suppressing a number of pro-inflammatory genes 

(Lampropoulou et al., 2016). This highlights the fact that immunity is tightly regulated, 
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and metabolism supports this regulation even in a microenvironment that favors a highly 

characterized pro-inflammatory response in the presence of LPS. 

During periods of decrease glucose availability, the cells might start to use fatty acids as a 

metabolic source to fuel the TCA cycle and continue energy production. This phenomenon 

is called fatty acid oxidation. During immune responses, this mechanism has been proposed 

to aid in tissue repair, by changing macrophage gene expression to produce anti-

inflammatory genes, and affecting the genome landscape with epigenetic modifications in 

histones (Vats et al., 2006). However, simply preventing fatty acid oxidation has 

contradictory results in inhibits this macrophage role (Van den Bossche and van der Windt, 

2018). It is possible the fatty acid oxidation is a consequence of tissue repair, not a 

requirement, but more data is necessary to draw a conclusion on this subject. Nonetheless, 

the anabolic role of fatty acid metabolism: fatty acid synthesis, has been shown to be 

necessary for proper pro-inflammatory responses in a variety of works, as reviewed 

(Stunault et al., 2018). The gene responsible for driving fatty acid synthesis ascl, decreases 

TNFa, IL-1b and CCL2 expression when deleted (Kanter et al., 2012). 

Glutamine is the most available amino acid in the human body and is used in several 

metabolic processes during inflammatory responses. Immune cells use glutamine at high 

rates during cellular division, as a precursor for nucleotide synthesis (Cruzat et al., 2018). 

Degradation of glutamine produces pyrimidines and purines for both DNA and RNA 

synthesis (Cruzat et al., 2018). This metabolite seems to be particularly important for 

macrophages specializing in tissue repair, instead of a potent pro-inflammatory response 

(Satoh et al., 2010). 
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Recapitulating, innate immune cells change their metabolism in response to PAMP 

recognition. During LPS activation of TLR4, glycolysis is up-regulated by HIF-1a, and 

mitochondrial oxidation is downregulated. Nucleotide and protein synthesis are necessary 

during this process. Amino acid metabolism regulate both nucleotide and protein synthesis, 

as well as adaptive immune response. Fatty acid oxidation is associated with tissue repair 

and an anti-inflammatory response, while fatty acid synthesis is necessary for a pro-

inflammatory response.  

This response in innate immune cells is not isolated from the tissue they reside; the cells 

always communicate with each other to further control tissue homeostasis. In the intestinal 

tissue for example, the intestinal epithelial cells actively communicate with the immune 

cells and themselves can also generate an immune response by TLR recognition, further 

contributing to the changes in tissue metabolism.  

 

The Intestine responds to systemic inflammation 

The intestinal tissue is composed of a single layer of columnar intestinal epithelial cells 

that separates the intestinal lumen, filled with organic matter and microorganisms, from 

the lamina propria, a structure with fenestrated capillaries and a myriad of resident immune 

cells. The intestine is tightly regulated, as breaches in intestinal permeability affect the 

intricate balance of the tissue: bacterial molecules from the lumen can now access the 

lamina propria and elicit a pro-inflammatory response in resident immune cells, and an 

exacerbated inflammatory response can travel through the blood and become systemic, as 

well as act in a positive loop to further cause epithelial cell damage and increase 
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permeability. Therefore, changes in systemic inflammation that increase permeability 

dysregulate this intricate balance and might create a positive feedback of pro-inflammatory 

amplification that damages the intestinal epithelium.  

To avoid this from happening, the intestinal epithelial cells and innate immune cells have 

a series of specializations to dampen the immune response and prevent its amplification. 

Intestinal epithelial cells are composed of different cell lineages: goblet cells, absorptive 

enterocytes, enteroendrine-cells and Paneth cells. Goblet cells auxiliate with protection 

from microorganisms by producing mucus on top of the epithelial cell layer, this produces 

another barrier that needs to be overcome before contacting the lamina propria. Paneth cells 

are specialized in the production of anti-microbial peptides. Entero-endocrine cells produce 

hormones that control intestinal function. Enterocytes have specialized transporters to 

absorb nutrients, while filtering out unwanted substances. This happens via two distinct 

mechanisms: first, the epithelial cells express tight junctions that prevent the free passage 

of molecules between lumen and lamina propria, second, they create an ionic concentration 

reducing the energy use of this demanding task. For example, glucose absorption happens 

via the sodium glucose co-transporter 1 (SGLT1), that uses the transportation of sodium, 

in favor of its gradient, to drive glucose transportation across the epithelium (Röder et al., 

2014). 

All of these cell types are organized in vili, a strategy to further amplify the absorption of 

nutrients increasing the surface area of the intestinal organ. The cells all come from the 

same stem cell population that reside in intestinal crypts and are always dividing. Not 

surprisingly, the metabolic demands between the two regions are quite different. The stem 
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cell niche in constant division adopts glycolysis as their main metabolic source to maintain 

the high rate of division; while the intestinal epithelial cell layer uses mainly mitochondrial 

oxidation in their cellular functions (Rath and Haller, 2022). 

 Regardless, the intestinal epithelial cells express toll-like receptors to recognize bacterial 

molecules (Peterson and Artis, 2014). This is an important role, since the lumen of the 

intestine has microorganisms that are essential for intestinal function and must be ignored 

by the immune system, at the same time it provides a route for pathogenic bacteria and 

virus to induce infection, which must be recognized, and an immune response must be 

mounted. It seems important than, that immune cells and intestinal epithelial cells have 

some tolerance to the bacterial molecules they must respond, unlike other organs. 

Resident intestinal macrophages have been shown to prevent this amplification of 

inflammatory response. Upon recognition of a bacterial molecule the cells increase its 

phagocytic capacity without releasing pro-inflammatory mediators such as nitric oxide, 

and preventing the negative impacts of an inflammatory response (Smythies et al., 2005). 

Moreover, in the presence of microbiota released metabolites, macrophages respond with 

IL-10 production (Kim et al., 2018). Macrophages help preserve the integrity of intestinal 

epithelial cells, a population cd121b+ stays in close proximity to the epithelial population 

phagocyte intestine epithelial cells, helping with cell turnover (Kang et al., 2019). When 

csf1is deleted, a gene that ensures macrophage survival, mice display impaired intestinal 

epithelial cell differentiation and renewal (Huynh et al., 2013). Macrophages are extremely 

plastic cells that are influenced by their environment (Yip et al., 2021). Not surprisingly, 

the heterogeneity of environmental cues in the different specializations of the intestinal 
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tissue (small and large intestine, vili, crypt-associated, lamina propria) generates a 

heterogeneity of macrophage cells within each niche (Viola and Boeckxstaens, 2021).  

When a inflammatory response in generated, macrophages from outside the intestinal 

tissue are recruited via a series of chemokine signals: ccl8, ccl2, cxcl9. These monocytes 

have specialized receptors like CCR2 that recognize these migrating signals and reallocate 

to the intestinal tissue. This migrating population initially do not possess the same break 

mechanisms to prevent an exacerbated immune response and only acquire this phenotype 

over time: they decrease CCR2 expression, increasing CXCR1 and MHCII over the course 

of 5-6 days. As a consequence, they increase genes associated with phagocytosis, 

complement pathway and IL10 signaling (De Schepper et al., 2018). The initial migration 

of immune cells can therefore amplify the pro-inflammatory response.  

Since this intricate balance of immune cells and epithelium can be dysregulated with the 

arrival of cells outside the tissue, mouse models have tried to understand these mechanisms 

by studying systemic inflammation and its impact in intestinal health, including the use of 

IP-LPS as a model. To this point we have shown how sex impacts the IP-LPS cytokine 

response, but there is very little information in the literature about the effect of sex in 

intestinal permeability to IP-LPS. Small intestine increases epithelial cell apoptosis close 

to 1.5hrs after a high-dose of IP-LPS, and an increase in intestinal permeability 5hrs later 

(Williams et al., 2013), but the study was performed in males only.  

Diseases with dysregulated inflammatory responses affect intestinal permeability in 

humans, and are influenced by sex. In Crohn’s disease (CD) females have a higher 

incidence throughout their lifetime. On the other hand, for ulcerative colitis (UC), there 
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was no sex effect until the age of 45, then males were shown to have a higher incidence of 

UC (Shah et al., 2018). Other diseases that again have an immune component such as celiac 

disease also have a higher incidence in women (Jansson-Knodell et al., 2018). Given the 

epidemiological data it is non-surprising to find differences in intestinal immune response 

between males and females to change throughout life. Jejunal biopsies of healthy adults 

shows a sex-difference in their transcriptomic profile. In woman’s samples, genes 

associated with a pro-inflammatory response were upregulated, including ones associated 

with IL2 and IL1 response. The signaling cascade of activation of NFkB a major 

orchestrator of inflammation showed upregulation in a series of key genes, among them 

Myd88, TRAF6, JNK and MAPKp38 (Sankaran-Walters et al., 2013). Regardless of the 

disease, it seems like sex plays a factor in its susceptibility, a phenomenon not well studied. 

Moreover, these diseases have very intricate inflammatory responses that are still not 

completely understood in the light of sex. Using mice models of early IP-LPS 

administration allows us to understand the innate immune responses early in the 

inflammatory process, and its sex-specific tissue regulation.  

Here, we demonstrate that a model of IP-LPS in mice provides clues into the differences 

in innate immune response between male and female, and its effect in intestinal function. 

Females increase jejunum permeability in response to IP-LPS, concomitantly rearranging 

tight junction claudin-3 and increasing gene expression of chemokines, molecules 

associated with TLR signaling cascade and pro-inflammation response. Males at the same 

timepoint do not change permeability in response to IP-LPS. Reduce gene expression of 

inflammatory mediators including nfkb and increase glucose absorption in jejunum tissue. 
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Metabolic changes are associated with both male and female jununum. Collectively, the 

data suggests sex is a major influence in innate immune response to IP-LPS, and 

differentially impacts jejunum health with a greater susceptibility in females at 24hrs. 
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Results 

Intestinal permeability is increased in females but not male jejunum  

To understand the effects of systemic inflammation in the intestinal response during innate 

immunity, male and female C57Bl/6J mice were injected with IP-LPS and jejunal intestinal 

tissue was collected 24hrs later. Jejunum was then added to using chamber for an ex vivo 

assessment of intestinal permeability as previously described (Chen et al., 2020). Female 

mice had a significant decrease in transepithelial resistance (TEER) after IP-LPS, while 

male jejunum did not (Figure 3.3 A). Only female jejunum showed an increased 

permeability to 4kDa FITC-dextran in response to IP-LPS (Figure 3.3 B). Ex vivo 

measurements of short circuit current under baseline conditions was stimulated in the 

female jejunum following in vivo LPS exposure, but not in males (Figure 3.3 C). 

Changes in permeability are associated to alterations in tight junction expression (Lee, 

2015). We investigated claudin-3 tight junction alterations in our model. Claudin-3 is a 

tight junction that becomes internalized after an inflammatory response and is associated 

with changes in TEER in intestinal tissue (Prasad et al., 2005). Female mice internalize 

claudin-3 tight junction after IP-LPS, while male mice do not (Figure 3.3 D-F).  

One of the major functions of the jejunum intestinal segment is the absorption of nutrients. 

We measured the glucose absorption in ex vivo jejunum tissue in our experimental models 

to see the effect of IP-LPS in intestinal function. The measurement is done indirectly by 

assessing changes in current after glucose administration as previously described 

(Overduin et al., 2023). Male jejunum increase glucose associated current after IP-LPS, 

while female jejunum does not (Figure 3.3 G). 
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Female jejunum has a robust change in the expression of inflammatory genes while male 

jejunum does not  

Because IP-LPS is shown to increase the inflammatory response, and changes in intestinal 

permeability are associated with a higher inflammatory response we decided to investigate 

changes in gene expression of inflammatory genes in jejunum of males and females. For 

this purpose, the Nanostring Inflammatory gene expression panel was used. This 

technology allows for the quantification of genes associated with a specific biological 

function, in this case inflammation, without amplifying gene products. A list of all probes 

analyzed are available online (nCounter Mouse Inflammation V2 Panel Gene List, 2021). 

248 genes were assessed in male and female jejunum 24hr after IP-LPS and volcano plots 

were generated to measure changes in gene expression correcting for multiple 

comparisons.  

Females have a more robust regulation of the inflammatory response, with a higher number 

of genes up- and downregulated (Figure 3.4 A-E). None of the genes changed between 

males and females are shared, as sex-brings the most differences to the immune response 

(Figure 3.4 F). In female jejunum, molecules associated with limiting or inhibiting pro-

inflammatory innate immune responses are downregulated (Rps6ka5, Mapk3, Max), while 

molecules associated with promoting inflammation are downregulated in males (jun, 

ccl20). Furthermore, the female jejunum robustly upregulates transcription of genes 

promoting proinflammatory innate immune responses (tlr8, Cxcl9, Cxcl10, hif1a mapk8, 

Mx2, nod1, stat3), amplifying TLR mediated responses (il6ra, il1rap) as well as 
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chemokines associated with recruiting blood derived inflammatory monocytes and 

neutrophils being amongst the molecules showing the most robust upregulation (Ccl2, 

Ccl8, cxcl9). None of those up-regulated genes are present in the male dataset. 

Collectively this data suggests a more robust responsiveness of female jejunum to IP-LPS. 

 

Female jejunum pathway score analysis shows gene expression identity associated with 

pro-inflammatory response 

To further understand the role of gene expression changes, the data was analyzed by 

pathway scores. In this analysis the genes are grouped into specific biological pathways 

according to function as described by NanoString (nCounter Mouse Inflammation V2 Panel 

Gene List, 2021), genes with a higher change in gene expression, regardless of direction of 

regulation, receive a higher score. In this analysis we can differentiate the biological 

pathways changing the most in our dataset (Figure 3.5 A), allowing an unbiased look into 

the biological roles of the network of changing genes. The pathway with the most alteration 

is the cytokine activity pathway, with a global significance score close to 2.5. Immune 

Response, Innate Immune Response and Inflammatory Response also appear in the list 

suggesting a tight control of immunity (Figure 3.5 A). 

The next pathways with the most amount of change in females are external side of plasma 

membrane, extracellular space and extracellular region (Figure 3.5 A), suggesting a lot of 

the up-regulation genes are being secreted to act elsewhere, again suggesting a role in 

immune cell recruitment. 
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To further understand how those pathways are altered we generated heatmaps with the 

identity of genes associated with each pathway. This then allows us to infer directionality 

of pathway with high scores and infer function (Figure 3.5 B-N), as well as look at 

variability. The biological replicates pertaining to different groups show a very similar 

regulation of gene expression (Figure 3.5 B-N). 

In females the high scored pathways for immune response mentioned show most genes 

with an up-regulation, and all these genes participate in the generation of a pro-

inflammatory response (Figure 3.5 B, D, I, M). The pathway for cytokine activity shows 

upregulation of cxcl9 and cxcl10, two chemokines associated with the recruitment of 

immune cells and with the pathophysiology of dysregulated inflammatory diseases of the 

small intestine (Ostvik et al., 2013; Zhao et al., 2017). 

Despite the alterations showed, the pathway for negative regulation of apoptosis appears 

in the most changed pathways. Suggesting a role for both hif1a and mapk8 upregulation to 

prevent apoptosis in our model (Figure 3.5 J). 

Collectively, the data shows a robust change in pathways associated with female 

inflammatory response, and the identity of the genes confirms a profile toward a pro-

inflammatory response.  

 

Male pathway score analysis shows similar pathways to females, but downregulated   

The same pathway score analysis was performed in males to investigate biological 

function. Only two pathways show significant regulation in male mice: cytokine activity 
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and immune response both showing a downregulation of genes as previously discussed 

(Figure 3.6 A-C). 

Gene expression analysis suggests that females have a higher pro-inflammatory response 

than males; consistent with the jejunum profile observed. 

 

Metabolic analysis of gene expression shows sex-specific regulations of response  

Changes in inflammatory response are accompanied by shifts in the metabolic profile of 

immune cells. Therefore, we investigated gene expression of the metabolic profile of male 

and female jejunum. To pursue these questions, NanoString metabolic panel was used to 

assess gene expression in jejunum tissue after IP-LPS in males and females. A list of full 

genes associated with NanoString metabolic panel is available online (Mouse Metabolism 

Panel Gene List, 2022). 

Consistent with previous data, we noticed a different profile of expression between males 

and females (Figure 3.7 A, B). Female jejunum seems to be more responsive than male 

jejunum, with an overall robust up-regulation of genes, not present in males. Females 

shows a log2 fold change that reaches 5, while males fluctuate around 2 (Figure 3.7 C, D). 

When we look at the identity of these genes once again those associated with a pro-

inflammatory immune response and chemokine expression are among the ones with the 

highest fold change (Figure 3.7 C-G), including cxcl9, a neutrophil chemokine, cd14 a 

protein that assists with TLR signaling. Non-surprisingly, a lot of genes involved with TLR 

signaling are also upregulated in females but not in males, including tlr1, traf6, myd88, 

mapk8 genes (Figure 3.7 H), as observed with the inflammatory panel. Males once again 



 
 

 53 

downregulate most genes, including a major orchestrator of the inflammatory response 

nfkb (Liu et al., 2017). 

Since the changes in inflammatory response are usually accompanied by an increase in in 

glycolysis as a metabolic source (Stunault et al., 2018). In innate immune cells such as 

macrophages, this happens via hif1a activation, a transcription factor activated by mTOR 

signaling that upregulate the glycolytic response (Cheng et al., 2014). We next asked if 

genes involved with this pathway would be changed in a sex-specific manner. Females do 

indeed increase expression of hif1a, while males do not (Figure 3.7 H). However, genes 

associated with the glycolysis pathway show an up- and downregulation in both males and 

females (Figure 3.7 A-H). Since this is a jejunum gene expression it is possible that 

different cell types are having different metabolic shifts, and the glycolytic pathway is 

becoming a preferred metabolic source in some cells but not others, a limitation of our 

technique. 

In conclusion, male and females have a different metabolic shift, again showing a robust 

upregulation of gene expression in females, but not male jejunum. 

 

Identity of pathways changing in females suggest fatty acid oxidation as the major 

metabolic source and a tight control in mTOR pathway  

Having stablished a very different profile in gene expression between males and females 

(Figure 3.7 G), and a mixed response in the glycolytic pathway modulation we decided to 

further explore changes in metabolism between males and females. Once again, the 
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pathway score analysis from NanoString would offer an unbiased way of understanding 

which metabolic pathways are having more changes in both sexes.  

First, the female pathways were organized in ascending order according to their pathway 

score (Figure 3.8 A), then the genes associated with each pathway were graphed in a 

heatmap for analysis of directionality (Figure 3.8 B-AD).  

Females show the most change in pathways associated with fatty acid and amino acid 

metabolism (Figure 3.8 A). Fatty Acid oxidation is the most changed pathway in females, 

and it is associated with a macrophage production of anti-inflammatory cytokines (Vats et 

al., 2006). Since fatty acid is the most changed pathway, we also analyzed the individual 

genes associated with the pathway to understand the directionality of fatty acid oxidation 

(Figure 3.8 B), again there is a mixed response in its directionality, genes associated with 

an increase in fatty acid oxidation such as acadl and acat1 are respectively up- and 

downregulated in females suggesting a cell specific response that modulates this pathway. 

At the same time, the majority of genes that drive fatty acid oxidation acat1, acox1, hadh, 

ehhadh are downregulated, suggesting that even with cellular heterogeneity the pathway is 

shifting toward downregulation after IP-LPS (Figure 3.8 B).  

For metabolic changes in amino acid usage, several pathways show a major regulation after 

IP-LPS in females: tryptophan/kynurenine pathway, glutamine metabolism, amino acid 

synthesis and amino acid transporters. Amino acid synthesis is necessary for production of 

proteins during inflammation and resolution, but both synthesis and catabolism of proteins 

are among the most changed pathways, again suggesting a mixed tissue response and a cell 

specific directionality of amino acid pathways. Confirming this hypothesis once more, all 
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pathways mentioned above have an up-regulation and downregulation of gene expression 

after IP-LPS administration, suggesting a concomitant activation and repression of these 

pathways that could be a confounding factor of whole tissue analysis (Figure 3.8 A-H). 

mTOR and AKT/PI3K pathway are orchestrators of this change in metabolism and are 

activated by TLR signaling (Ribeiro et al., 2018). mTOR appears among the most changed 

pathway is females with a tight regulation of response with a big change in gene expression 

(Figure 3.8 G). Again, genes show both an up- and downregulation, suggesting a mixed 

tissue response. However, just like fatty acid oxidation, most genes associated with an 

activation of mTOR pathway are up-regulated, this includes akt1, akt2, prkaa2, prkab1 braf 

and fnip2, which could suggest an overall positive regulation of the pathway in female 

jejunum after IP-LPS, but more experiments would be necessary to confirm this 

hypothesis. 

Collectively, the data shows a dramatic shift in major metabolic sources in females 

including mTOR pathway, as well as amino acid and fatty acid dependent regulation. 

 

Male jejunum metabolism shows a different profile than that of the female 

The same pathway analysis was performed in male jejunum for comparison of its metabolic 

shifts after IP-LPS. Initial analysis shows that both mTOR and fatty acid metabolism that 

appear as the most regulated ones in females (Figure 3.8) do not show up in male jejunum 

regulation. Instead, mitochondrial respiration is one of the metabolic pathways showing 

most regulation and most genes associated with pathway activation are downregulated 

(Figrue 3.9 A-J). This suggests male jejunum prefers to shift its metabolism toward a 
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decrease dependency in mitochondrial respiration, a different regulation than female 

jejunum.  

Again, strikingly, male jejunum exclusively shows 2 interesting pathways most highly 

regulated, that are involved with changes in inflammatory response: reactive oxygen 

species and c-myc. Reactive Oxygen Species are usually a preferred change in metabolism 

to drive the destruction of pathogenic bacteria during a pro-inflammatory immune response 

(Mills et al., 2016). This pathway can also cause damage to tissues, including jejunum 

epithelial cells, contributing to the detrimental effects of an inflammatory response (Farré 

et al., 2020). In male jejunum this pathway shows a great modulation, with most genes 

showing a downregulation (Figure 3.9 B).  

c-myc on the other hand is a pathway that can be active by TLR response independent of 

hif1a (Lee et al., 2010). This pathway that is exclusively regulated in males, shows an 

overall downregulation after IP-LPS at the 24h timepoint (Figure 3.9 D). 

Collectively, the pathway analysis has shown a sex-specific metabolism shift after IP-LPS, 

which in males is characterized by changes in mitochondrial respiration, reactive oxygen 

species and c-myc.     
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Discussion 

This third chapter of my dissertation proposes the following hypothesis: that male and 

female mice have different innate immune responses in the intestinal tissue. This is not a 

new idea, throughout the years many different authors have proposed the fact that 

immunity is influenced by sex (Wilkinson et al., 2022). Dendritic cells, macrophages, 

neutrophils have differences in number and expression of TLR receptors. Females present 

a higher amount of peritoneal macrophages, with a more efficient phagocytic response to 

pathogenic and non-pathogenic stimuli, and a higher expression of TLR receptors at 

baseline levels than males (Scotland et al., 2011). Activation of TLR receptors 8, 7 and 9 

elicit stronger responses in female innate immune cells (Torcia et al., 2012; Griesbeck et 

al., 2015). 

For TLR4 however, the receptor that recognizes LPS, there is a mixed response in the 

literature of sex-specific effects. Male macrophages produce higher levels of CXCL10 than 

females, while females produce higher levels of prostaglandin (PGE2) (Torcia et al., 2012). 

Early in the response to LPS males have higher circulating TNFa levels (Card et al., 2006; 

Sylvia and Demas, 2018), while females present higher levels of CCL1, IL10, IL-5 around 

28hrs post IP-LPS (Erickson et al., 2018). This effect is corroborated by data obtained from 

humans, as an ex vivo LPS challenge can produce higher circulating cytokines in males 

than females including TNFa, IL6, IL-1b and IFNg (Ter Horst et al., 2016), the classical 

cytokines responsible for a series of systemic effects that culminate in sickness behavior 

(Dantzer et al., 2008). 
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However, this sex-specific effect in circulatory cytokines still needs to be further explored 

in different tissues. In the intestine, innate immune cells have been shown to inhibit the 

response to LPS (Nakata et al., 2006). Moreover, the LPS not necessarily reaches the 

intestinal tissue. The intraperitoneal LPS administration is first recognized by peritoneal 

macrophages and it is more likely that peritoneal macrophages started the response and 

intestinal macrophages responded to the TNFa or other pro-inflammatory cytokines 

produced, than responding to LPS itself. The question then remains: how can the systemic 

immune response to a high dose of IP-LPS influence sex-specific jejunum function? And 

how does that affect resident tissue innate immune response and its metabolic shift?  

Here, we show that in contrast to the systemic response reported in other studies, the 

jejunum tissue has a stronger effect in female. Females show an increase in tissue 

permeability 24hrs after IP-LPS, while males do not. The comparison of sex-specific 

permeability changes is not entirely understood and very little studied. A recent pre-print 

has tried to understand the changes in jejunum permeability to different stimuli (Doney et 

al., 2023). Using IP-LPS (O127:B8, 0.83mg/kg) they showed a decrease in tight junction 

expression in male jejunum only, suggesting male jejunum to be more susceptible to IP-

LPS, as an apparent contrast to what was shown here with LPS (O55:B5, 5mg/kg).  

The data from this preprint combined to the experiments here suggest a couple of 

interesting ideas about jejunum function in response to inflammation. First, it suggests that 

the use of different strains and its TLR-4 changes in ligand interaction, affect sex-

susceptibility of response. In fact, LPS isolated from different strains increase different sets 

of pro-inflammatory cytokines (Migale et al., 2015). Therefore, this opens the possibility 
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that sex-effects are mediated by the activation of different signaling cascades in different 

immune cells and depend on receptor-ligand interaction. 

The same pre-print that showed male susceptibility to IP-LPS (Doney et al., 2023), also 

shows a shift in sex-susceptibility when the inflammatory stimuli is changed to a stress 

paradigm: female jejunum shows a decrease in tight junction expression that is not seen in 

male mice. This data only strengths the idea that the concentration of stimuli, or specificity 

of receptor recognition, shifts the sex-specific susceptibility.  

In our study, disorganization in claudin-3 tight junction is shown in female, but not male 

jejunum. Claudin-3 has been shown to become internalized in response to an inflammatory 

response (Doney et al., 2023). And gene expression analysis obtained from nanostring 

panels in our data show a more robust up-regulation of genes involved with a pro-

inflammatory immune response in female jejunum only.  

All TLR receptors from TLR1-TLR9 are investigated in this Nanostring inflammatory 

panel. TLR expression is usually induced after activation in a positive feedback mechanism 

to amplify recognition of ligand (Krivan et al., 2019). Strikingly, TLR4 receptor does not 

increase expression after IP-LPS exposure in our animals, suggesting the receptor was not 

the one eliciting the inflammatory response of the tissue at the 24hr timepoint. This 

corroborates with the idea that jejunum innate immune cells are responding to factors 

released from peritoneal macrophages, and not recognizing LPS themselves. Further 

experiments are necessary to confirm this hypothesis.  

Among all TLR genes, only TLR1 and TLR8 are up-regulated (Figure 3.4 and 3.5). TLR8 

up-regulation has been associated with female ulcerative colitis and Crohn’s disease 
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mucosal inflammation (Saruta et al., 2009), this provides a mechanism in which female 

innate immunity influences IBD. Moreover, TLR8 activation is associated with an 

enhancement of classical cytokines TNFa, IL6 and IL-1b (Moen et al., 2019), and its 

expression is localized to the X chromosome (Jaillon, Berthenet and Garlanda, 2019). 

TLR1 forms heterodimers with TLR2 receptors to recognize bacterial molecules, 

specifically it has been shown to induce a response to lipoprotein, but not essential for LPS 

mediated response (Takeda and Akira, 2005). In intestinal function TLR1 activation 

decreases the inflammatory response (Kamdar et al., 2016). 

Genes associated with a downstream signaling activation of TLRs and cytokine receptors 

are also upregulated in females only: Myd88, traf6, mapk8, suggestive of a myd-88 

dependent activation instead of TRIF dependent. MAPK8 transcribes JNK, a major 

signaling mechanism that increases chemokine expression and in intestinal tissue is 

associated with changes in barrier function (Zhou and Boutros, 2020). The increase 

expression of chemokines ccl2, ccl8 attract monocytes from circulation, and increase in 

cxcl9 attracts T cells (Zimmerman et al., 2008). This could lead to two different outcomes 

that are not mutually exclusive: the initial inflammatory response is amplified by the 

migration of immune cells; or the immune cells start resolving the inflammatory response 

and engaging with tissue repair.  

In contrast to this female response, males downregulate nfkb expression. Together with the 

fact that males do not upregulate pro-inflammatory genes, signaling cascades nor 

chemokines, it makes a compelling case that males are downregulating the jejunum pro-

inflammatory response. Consistent with a lack of intestinal permeability changes after IP-
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LPS. That is not to say that the jejunum at this time-point is unresponsive to IP-LPS. Males 

have an increase in glucose transportation after LPS exposure.  

Intestinal epithelial cells, as mentioned before, have polarity with an apical side facing the 

lumen and a basolateral side, facing the lamina propria. The apical side expresses a Na+-

glucose co-transporter (SGLT1), that uses a sodium symport mechanism to also transport 

glucose inside the lumen against its concentration gradient. Therefore, measuring increases 

in current in using chambers are used as an indirect method to assess glucose transportation, 

as previously described (Clarke, 2009). This has its own disadvantage, since other 

molecules can influence ionic distribution and could indirectly affect glucose 

transportation, including claudins, such as claudin-15 (Rosenthal et al., 2020), and Na+/K+-

ATPase (Thorsen, Drengstig and Ruoff, 2014). Measuring SGLT1 levels would be a first 

step in determining whether this glucose transporter transduces in an increased glucose 

transportation in males only. In fact, an increase in SGLT-1 mediated glucose uptake 

protects intestinal epithelial cells against LPS mediated cell death (Yu, Turner and Buret, 

2006), by increasing crypt cellular proliferation (Zhou et al., 2018). This could be a 

possible mechanism used by males to prevent changes in intestinal permeability.  

Both the change in inflammatory profile of immune cells in female jejunum, and the 

increased glucose absorption in male jejunum suggested that metabolic changes in the 

tissue would take place. Moreover, this difference in intestinal response by sex suggests 

the metabolic changes are also sex-specific. 

Female jejunum had among the most regulated pathways are fatty acid oxidation, 

tryptophan/kynurenine metabolism, glutamine metabolism. All of which are not associated 
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with a TLR4 pro-inflammatory activation (van Teijlingen Bakker et al., 2022), and the 

genes associated with theses pathways are majoritarily downregulated in our model. In 

intestinal tissue the microbiota population produces short-chain fatty acid lipids that 

undergo lipid oxidation a main source of epithelium metabolism fueling the TCA cycle 

(Donohoe et al., 2011; Smith et al., 2021).  

Hypoxia, mTOR and amino acid synthesis also show very high scores within the pathway 

analysis. Hypoxia and mTOR pathways are controlled by a pro-inflammatory immune 

response, activating akt, hif1a signaling cascades; for these pathways most genes are 

showing an upregulation. Consistent with these, most pathways being regulated in female 

mice are also inflammation pathways: cytokine and chemokine signaling, reactive oxygen 

response, TLR signaling, endocytosis, NFkB and antigen presentation. However, despite 

this profile, glycolysis pathway does not seem to be changing very significantly, nor protein 

synthesis, which are contradictory to the idea of an innate immunity pro-inflammatory 

response. Moreover, the genes in each of those pathways have contrasting responses, as 

genes that both activate and inhibit a specific biological function are being regulated in 

similar direction. This opens up the possibility that different cells are acquiring different 

metabolic phenotypes, causing the data to have mixed results, a disadvantage of our whole 

tissue gene expression analysis. 

In fact, intestinal epithelial cells themselves have many different cellular compositions, 

with different functions and contrasting metabolic responses, which could explain in part 

the data obtained. For example, crypt cells have a stem cell niche and rely on glycolysis to 

be constant dividing (Rath and Haller, 2022), which could hinder the glycolytic alterations 
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in immune cells from being detected. Moreover, differentiation and maturation of these 

stem cells into intestinal epithelial cells rely heavily on mitochondrial respiration (Zhou et 

al., 2018), again contributing for our apparently contradictory data. 

In males on the other hand, the most regulated pathways are reactive oxygen response, 

mitochondrial respiration and c-myc. First, none of the pathways acquire as high score as 

the females, showing that the regulation in response to LPS are not as substantial. Second, 

those pathways show a downregulation of response, again highlighting how mixed the 

intestinal metabolic profile is, as reactive oxygen species are usually up-regulated during 

inflammation, while mitochondrial respiration are usually downregulated.  

Collectively, the data suggests the jejunum intestinal response in females is more pro-

inflammatory than males, even to LPS-TLR4 ligand, a classically described signaling that 

elicits a higher circulating pro-inflammatory response in males.  
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Figures and Legends 
 

Figure 3.1. LPS elicits two different signaling cascades, one Myd88 dependent, the other 
Myd88 independent, and activates PI3K and mTOR pathways 
TLR-4 activates myd88 and culminates with TRAF-6 activation that will in turn activate two 
different pro-inflammatory transcription factors: NF-kB and AP-1. On the other hand it is capable 
of activating TRIF and TRAF-3, which in turn will activate IRF-3 and initiate interferon genes 
transcriptions. Image generated and adapted from Biorender. 
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Figure 3.2. HIF1a elicits a series of metabolic changes within the cell to fuel protein and 
nucleotide synthesis necessary during an immune response 
TLR-4 and cytokine activation can increase PI3K and AKT pathways that in turn activate mTOR. 
mTOR then is responsible for increasing ccl2 production and release; and activate HIF1a. HIF1a 
acts as a transcription factor that activates protein synthesis and nucleotide synthesis and changes 
the metabolic profile toward glycolysis, inhibiting mitochondrial respiration. HIF1a increases the 
insertion of GLUT1 glucose transporter to cell membrane, increases PDK1 and LDHA expression, 
which will respectively prevent pyruvate from entering the TCA cycle and increase the usage of 
pyruvate in lactate production. In green: positive alterations driven by HIF, red arrows represent 
inhibition or decreased function. Image generated and adapted from biorender. 
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Figure 3.3 IP-LPS increases female jejunum permeability and male glucose absorption 
A –Ussing chamber transepithelial resistance (TEER) of jejunum in WT naive and 24h after IP-
LPS in male and female mice. n=WT F (6), WT+LPS F (5), WT M (6), WT+LPS M (6) mice, total 
jejunum segments. 
B – 4kDa dextran FITC-conjugated permeability in jejunum of male and female WT naive and 24h 
after IP-LPS mice. n=WT F (5), WT+LPS F(5), WT M(6), WT+LPS M (6) mice. 
C – Current at rest in jejunum of male and female mice WT naïve and 24h after IP-LPS n=WT F 
(7), WT+LPS F(5), WT M(5), WT+LPS M (6) mice, total jejunum segments. 
D – zoom of 63X representative images for jejunum vili of WT naive and 24h after IP-LPS. Green 
represents claudin-3 (cld3), white arrows represent internalized cld3 puncta. Scale bar 5µm.  
E, F – Total internalized claudin-3 puncta per cell per animal in females (E) and males F). 
G – Peak of current after glucose in lumen of male and female jejunum WT naive and 24h after IP-
LPS. n=WT F (6), WT+LPS F (5), WT M (5), WT+LPS M (6) mice, total jejunum segments). 
Data showed as mean ± SEM, analyzed with unpaired one-tailed t-test (E and F), or one-way 
ANOVA, Tukey multiple comparison analysis post-test (A-C, G). *p<0.05, **p<0.01, 
****p<0.0001. 
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Figure 3.4 – LPS changes gene expression in both males and females, with females showing a 
greater upregulation of inflammatory genes 
A,D – NanoString inflammatory panel Volcano plot analysis of differentially regulated gene 
expression in response to inflammation in females (A) and males (E). Red represents significantly 
upregulated genes and blue represents significantly downregulated genes with p-value adjusted to 
multiple comparisons by Benjamin-Yekutieli method. n=3 animals per group 
B, C, F, G – Fold change and adj.p-value of genes from volcano plot analysis in females (B, C) 
and males (F, G).  
D, H – Venn Diagram of genes changing in both males and females in response to IP-LPS. Females 
significantly downregulated and upregulated genes are displayed in grey; males significantly 
downregulated and upregulated genes are displayed in green. 
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Figure 3.5 NanoString Inflammatory biological pathways impacted by IP-LPS in female 
jejunum  
A – List of Pathway Global Significance Scores in NanoString Inflammatory cartridge panel. Only 
pathways with a higher score than 2 are included in analysis. Global significance scores are 
calculated based on the sum of the combined t-tests of differentially expressed genes in each 
pathway. N=3 per group  
B-N – Pathways showing all genes z-scores per sample before and after IP-LPS  
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Figure 3.6 NanoString metabolic pathways in response to jejunum IP-LPS in males 
A – List of Pathway Global Significance Scores in NanoString Inflammatory cartridge panel. Only 
pathways with a higher score than 2 are included in analysis. Global significance scores are 
calculated based on the sum of the combined t-tests of differentially expressed genes in each 
pathway. N=3 per group 
B-C – Pathways showing all genes z-scores per sample before and after IP-LPS  
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Figure 3.7 – LPS changes gene expression in both males and females, with females showing a 
greater upregulation of metabolic genes 
A, B – NanoString metabolic panel Volcano plot analysis of differentially regulated gene 
expression in response to inflammation in females (A) and males (B). Red represents significantly 
upregulated genes and blue represents significantly downregulated genes with p-value adjusted to 
multiple comparisons by Benjamin-Yekutieli method. n=3 animals per group 
C-F – Fold change and adj.p-value of genes from volcano plot analysis in females (C, D) and males 
(E, F).  
G – Venn Diagram of genes changing in both males and females in response to IP-LPS. Females 
significantly downregulated and upregulated genes are displayed in grey; males significantly 
downregulated and upregulated genes are displayed in green. 
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Figure 3.8 – NanoString Metabolic biological pathways impacted by IP-LPS in female 
jejunum  
A – List of Pathway Global Significance Scores in NanoString Metabolic cartridge panel. Only 
pathways with a higher score than 2 are included in analysis. Global significance scores are 
calculated based on the sum of the combined t-tests of differentially expressed genes in each 
pathway. N=3 per group  
B-AD – Pathways showing all genes z-scores per sample before and after IP-LPS  
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Figure 3.9 – NanoString Metabolic biological pathways impacted by IP-LPS in female 
jejunum  
A – List of Pathway Global Significance Scores in NanoString Metabolic cartridge panel. Only 
pathways with a higher score than 2 are included in analysis. Global significance scores are 
calculated based on the sum of the combined t-tests of differentially expressed genes in each 
pathway. N=3 per group  
B-J – Pathways showing all genes z-scores per sample before and after IP-LPS  
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Chapter 4  

TREM2 modulates the sex-specific inflammatory 
response 
 

Introduction  

By the year 2000, researchers knew that a series of receptors existed in myeloid cells and 

were responsible for modulating the inflammatory response of these cells with a potential 

role for disease pathogenesis. Up to this point, very few groups worked in this 

characterization. In 2001 TREM-1 and TREM-2 were identified for the first time by Marco 

Colonna group (Bouchon, Dietrich and Colonna, 2000). The manuscript focused on 

TREM-1 however, due to the observation that after LPS administration neutrophils and 

monocytes up-regulated TREM-1 expression, while downregulated TREM2 expression. 

During those first years, DAP12 was identified as the obligate partner mediating 

downstream signaling cascade of activated TREM2 (Daws et al., 2001). Initially, anionic 

lipids were identified as TREM2 ligands (Daws et al., 2003). In 2002, two different groups 

suggested a rather important role of TREM2 at the exact same time that started the boom 

of research in this field. First, Leena Peltonen group published in September that 

homozygous mutations in the TREM2 receptor were associated with the development of 

Nasu-Hakola Disease: a disease characterized by frontotemporal dementia and 

abnormalities in bone density (Paloneva et al., 2002). While Monica Carson group in 

December of the same year characterized the expression of TREM2 in a population of 



 
 

 83 

myeloid cells in the brain: the microglial cells (Schmid et al., 2002). For the very first time 

in the literature, they hinted at the fact that this receptor would be associated with 

Alzheimer’s disease and other types of dementia. The prediction would only become true 

almost 10 years later, when in 2012 polymorphisms in TREM-2 gene expression with 

single-amino acid substitutions were linked to Alzheimer’s Disease (Jones, 2013), and later 

that would implicate a 3-4 fold increased risk of developing the disease when mutations 

were present. After the correlation of TREM2 with the development of two different types 

of dementia, there was a boom in research for understanding the role of TREM2 in myeloid 

cells, especially since its expression varies from brain-to-brain region (Schmid et al., 

2002). 

TREM2 activation by LPS decreases TREM2 expression, while increases TREM-1. For a 

very long time these molecules were thought to have opposing effects, with TREM2 acting 

as an anti-inflammatory molecule and TREM-1 as a pro-inflammatory molecule (Turnbull 

et al., 2006). In fact, the most classical described role of TREM-2 is an inhibitor of TLR4 

mediated inflammation (Turnbull et al., 2006). New evidence has now shown how flexible 

the role of TREM2 is in the inflammatory response and consequently in neurodegenerative 

disease pathogenesis. 

 

TREM2 expression in myeloid cells and its control of inflammatory response 

TREM2 is a receptor expressed in myeloid cells including macrophages, microglia, and 

dendritic cells (Genua et al, 2014). One of its first described functions in macrophages was 

its recognition of lipidic molecules such as bacterial lipopolysaccharide (LPS) and 
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consequent inhibition of the downstream signaling cascade of TLR4 activation, generating 

an anti-inflammatory response (Genua et al, 2014). This response occurs via 

downregulation of two major pro-inflammatory transcription factors: JNK and NFkB 

(Hamerman et al., 2006). And consequently downregulate the expression of pro-

inflammatory cytokines such as TNFa and IL6 (Turnbull et al., 2006).  

It does seem a little counterintuitive how T2KO models can show exacerbated 

inflammatory reactions or increased disease severity if the main role of TREM2 is to 

downregulate inflammation. What was found is that TREM2 has the capacity of activating 

a series of other roles such as phagocytosis and metabolic shifts. Each role is dependent on 

a separate signaling cascade in which the regulating mechanisms are still unknown. 

For its phagocytic role, activation of TREM2 by ligands such as LPS, starts a signaling 

cascade with DNAX-activating protein of 12 kDa (DAP12), and recruits the spleen tyrosine 

kinase (SYK). Activation of SYK leads to a phagocytic response of myeloid cells as 

demonstrated by increased internalization of LPS expressing bacteria E. coli (Yao et al., 

2019), among other phagocytic targets (Crowley et al., 1997). The Syk signaling cascade 

of phagocytosis is a known target that upregulates the inflammatory response of myeloid 

cells via PI3K/AKT and is a conserved signaling cascade used by other receptors that up-

regulate inflammation (Crowley et al., 1997). Therefore, TREM2 anti-inflammatory role 

must happen independent of SYK, PI3K and AKT (Yao et al., 2019). And blocking SYK, 

PI3K or AKT is enough to prevent the phagocytic role of TREM2 activation, without 

affecting its anti-inflammatory response (Yao et al., 2019). For its effect in anti-
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inflammation, particularly to antagonize TLR4 activation is still under investigation. It is 

still under investigation the signaling cascades that determine this anti-inflammatory role. 

Binding of low affinity molecules to TREM2 receptor is capable of activating inositol 

phosphatase (SHIP1). This molecule then acts to inhibit SYK by dephosphorylation, 

consequently preventing PI3K and AKT signaling to block activation of TREM2 receptor 

(Peng et al., 2010). TREM2 receptor can also recruit DAP10 as a heterodimer to DAP12, 

or DAP10 only homodimers to its intracellular site of activation. DAP10-TREM2 signaling 

happens independent of SYK, mTOR pathways and leads to myeloid cell proliferation 

(Wang et al., 2022). Contrasting to the effect in macrophages, dendritic cell activation of 

TREM2 is a classically described response of pro-inflammation (Correale et al., 2013; Hall 

and Agrawal, 2017). 

 

TREM2 effect on metabolism 

Given the role of PI3K and AKT signaling in regulating mTOR and metabolism, it is not 

surprising that TREM2 signaling also regulates metabolic fitness of immune cells. TREM2 

is necessary for the proper activation of myeloid cells and the metabolic changes necessary 

for them to fully exert a pro-inflammatory response. This was discovered after an 

observation that T2KO microglia in a murine model of Alzheimer’s Disease, start 

undergoing autophagy cell death as disease progresses. Autophagy occurs during 

metabolic stress, when the cell is not able to find sufficient metabolic sources for its 

survival and starts to digest cytosolic components to recycle some of its own organelles as 

energy (Kroemer, Mariño and Levine, 2010). Autophagy is downregulated by mTOR. 
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Since T2KO microglia have mTOR dysregulation in AD, it was suggested that TREM2 

signaling could be responsible for changing the metabolic profile of immune cells and 

prevent the autophagy mediated cell death in AD. 

The recognition of DAMP is very metabolic demanding, as previously discussed in this 

dissertation: the immune cells start a shift in metabolic source toward glycolysis, inhibiting 

mitochondrial mediated cell respiration in a process necessary to properly mount a pro-

inflammatory response. TREM2 then is a major regulator of this process: the pro-

inflammatory response mounted by SYK recruitment of the TREM2 receptor is necessary 

for mTOR and HIF1a activation and the cell shifts to glycolysis to be able to respond to 

the metabolic demand (Keren-Shaul et al., 2017). In fact, in T2KO microglia both 

glycolysis and mitochondrial respiration are decreased (Ulland et al., 2017). 

 

TREM2 impact on intestine 

In the intestine, an organ in close proximity with a bacterial population and a myriad of 

immune cells it is not surprising that TREM2 plays a role in disease mechanisms. 

Mutations in the TREM2 receptor are suggested to be associated with the development of 

intestinal bowel disease (Natale et al., 2019), and animal models are used to dissect its 

control in tissue response. In models of intestinal colitis, TREM2 increases inflammation 

and pathological scores induced by dextran-sulfate (Correale et al., 2013) as well as the 

expression of pro-inflammatory genes TNFa, IL-1b and MMP-3.  

At the same time, TREM2 signaling is necessary for wound healing by dampening the pro-

inflammatory response and recruiting TREM2+ macrophages (Seno et al., 2009). Given 
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TREM2 is a major controller of the innate immune response by both inhibition and 

activation, it is likely the different models recruit different signaling cascades downstream 

of TREM-2, although that remains to be investigated. 

Sex is a known variable to influence the immune response (Takahashi and Iwasaki, 2021) 

and it is surprising to find very few reports of sex-specific mechanisms of immunity. 

Females have a better phagocytic capability in innate immune cells than males (Scotland 

et al., 2011), a role controlled by TREM2. For intestinal inflammatory disorders, ulcerative 

colitis is more prevalent and severe in men, while epidemiological data shows Chron’s 

disease to be more prevalent and severe in women rather than men (Goodman, Erkkila and 

Pizarro, 2020). And TREM2 is found to be up-regulated in humans with intestinal bowel 

disease (Correale et al., 2013). Thus, here we want to bridge this gap in literature by 

understanding the role of TREM2 in controlling sex-specific jejunum innate immune 

inflammatory responses using IP-LPS as a model. We show a drastic divergence between 

sex in intestinal inflammation and a rather clear pro-inflammatory role of TREM2 

signaling in female jejunum. 
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Results 

Sex-specific alterations in jejunum tissue are TREM2 dependent 

To investigate the modulation of the innate-immune response in jejunum and its sex-

specific dependency, we used T2KO animals to assess regulation of inflammatory 

response. 24hrs after IP-LPS administration, jejunum section was collected and tissue was 

analyzed in ussing chambers for measurements of ex vivo jejunum permeability, as 

previously described in this dissertation. No changes were found in TEER, IsC nor FITC 

in response to IP-LPS in male and female jejunum (Figure 4.1 A-C). This data suggests 

that TREM2 is required for female jejunum increases in permeability by IP-LPS. 

Once again, claudin-3 becomes disorganized after an inflammatory response and in 

females 24hrs after IP-LPS (Figure 3.2). In T2KO animals, there is no change in claudin-

3 cellular reorganization (Figure 4.1 D-F).  

TREM2 is also required for male jejunal effects. Glucose absorption does not increase in 

male jejunum after IP-LPS (Figure 4.1 G).  

Collectively, this data indicates that myeloid TREM2 is required for sex-specific jejunal 

responses to IP-LPS. 

 

Sex-specific changes in inflammatory gene expression are TREM2 dependent 

Three different facts were used to hypothesize the role of TREM2 in IP-LPS jejunal gene 

expression. First, the fact that jejunum permeability is driven by pro-inflammatory 

mediators; second, the fact that TREM2KO abolished the jejunal permeability changes in 

females; third, the fact that other authors have stipulated a role for TREM2 in controlling 
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the inflammatory response of myeloid cells, as explored in the introduction portion of this 

chapter. Therefore, we hypothesized that TREM2 would change both males and females 

inflammatory gene expression in response to IP-LPS.  

Females completely abolished the changes in inflammatory gene expression in T2KO 

jejunum (Figure 4.2 A). While males increase their gene expression profile (Figure 4.2 B-

D). Male jejunum now shows a robust downregulation of gene expression in response to 

IP-LPS. Overall, there is a regulation toward pro-inflammatory responses by decreasing 

expression of il10rb; and increased cxcl9 chemokine. Among the genes up-regulated ifit2, 

mx2, ligp1 lead to an interferon response, and hsh2d is involved with T cell activation, 

suggesting once more a pro-inflammatory regulation. At the same time, male jejunum 

decreases pro-inflammatory response by downregulating nfkb, jun, map3k1, map2k6. This 

shows that in the absence of TREM2, there is a dysregulation of the inflammatory control 

of IP-LPS response, with a mixed pro- and anti-inflammatory response in male jejunum. 

It is very clear that the sex-specific effect remains, but it is now inverted. T2KO males 

regulate more inflammatory genes after IP-LPS than female jejunum (Figure 4.2 E).  

Collectively, the data suggests TREM2 to drive the upregulation of the inflammatory 

response in females, causing intestinal permeability; while showing a complex regulation 

of the inflammatory response in males in the absence of permeability changes.  
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Pathway score analysis suggest TREM2 controls biological pathways associated with 

transcriptional regulation in males 

To further understand the role of TREM2 loss of function in the intestinal immune 

response, the genes were organized in biological pathways according to NanoString 

Inflammation panel. A global significance score was attributed to each gene, representing 

the sum of t-tests of each differentially expressed gene. The bigger the change in a 

biological pathway, the bigger the global significance score being used to represent that 

pathway (Figure 4.3 A). Females did not show any changes in pathway score analysis, 

consistent with a lack of gene expression changes from volcano plot analysis. 

Most pathways changed in males demonstrate a transcriptional control of the response: 

Regulation of Transcription by RNA pol. II promoter, Transcription DNA dependent, 

Negative and Positive Regulation of Transcription DNA dependent, and Nucleus are 

among the pathways most regulated in T2KO mice. This suggests that IP-LPS generates a 

shift in the transcriptional regulation to the inflammatory response of male jejunum 

independently of TREM2 (Figure 4.3 A).  

To further understand the direction of these biological pathways and its role in regulating 

biological function, each pathway was organized by individual gene expression using Z-

score (Figure 4.3 B-J). Most transcriptional factors are downregulating gene expression 

after IP-LPS, including as described previously, nfkb a major regulator of inflammatory 

response (Figure 4.3 C, E, F, G); and jun and fos regulators of cellular activation. IP-LPS 

shifts the expression of major controllers of transcription in the absence of TREM2 in 

males. 
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Transcriptional factors that upregulate inflammatory response are also downregulated in 

male jejunum: mapk3, mapk3k1, irf1, rps6ka5, ddit3. As well as pro-inflammatory 

mediators such as il15, mmp9, ccl24 associated with the extracellular space since they are 

secreted molecules (Figure 4.3 K, J). Overall pathway analysis shows several transcription 

factor are being used after IP-LPS to control the mixed inflammatory response independent 

of TREM2 in male jejunum. 

 

Metabolic response is also shifted in TREM2 dependent manner 

TREM2 investigations in microglial cells have shown that loss of function of this receptor 

affect changes in metabolic shifts dependent on hif1a and mTOR (Ulland et al., 2017), 

regulators present in female IP-LPS response (Chapter 3). We hypothesized that in T2KO, 

female jejunum would fail to metabolically regulate these pathways.  

For males, the IP-LPS response increases glucose absorption after IP-LPS (Chapter 3), 

which was TREM2 dependent (Figure 4.1G). We then hypothesized that the absence of 

TREM2 metabolism would shift differently than females, affecting glucose metabolism.  

To explore that possibility, NanoString Metabolic panel was used to investigate the 

metabolic response in naïve and 24h after IP-LPS jejunum of male and female mice (Figure 

4.4).  

As hypothesized, the female jejunum failed to shift the metabolic response after IP-LPS, 

as no genes are found significantly altered in our analysis (Figure 4.4 A), again suggesting 

that the female jejunum is not responding to IP-LPS in the absence of TREM2 signaling. 
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In males, there was a greater shift in metabolic gene expression (Figure 4.4 B-E), that is 

different than the WT profile. This suggests IP-LPS to drive changes in metabolism in the 

absence of TREM2 expression. Once again, the data suggests that in the absence of 

TREM2 there is a shift in the sex-specific response: male jejunum is more responsive to 

IP-LPS than female jejunum. 

 

Metabolic pathways in T2KO mice highlight male and female specific effects 

Females only had one pathway significantly regulated (Figure 4.5 A), while males had a 

very robust biological response (Figure 4.5 B). Among the pathways up-regulated by 

males, the profile is very similar to the one obtained by female WT jejunum: changes in 

fatty acid oxidation, glutamine metabolism and hypoxia. This suggests a TREM2-

independent modulation these metabolic pathways after IP-LPS. Most genes associated 

with these pathways showed a downregulation of its expression (Figure 4.5 C-Y).  

At the same time, there are shifts in the metabolic profile that are divergent of the female 

response: fatty acid synthesis, glycolysis and lysosomal degradation show high scores in 

male pathway analysis. All these pathways are correlated with inflammatory responses and 

phagocytic functions (Jung, Zeng and Horng, 2019). The glycolysis pathway, which we 

hypothesized would show alterations, presented a downregulation of adh genes, which are 

implicated in alcohol production from glycolysis use (Yuki and Thurman, 1980). This 

result does not explain the changes in male glucose absorption, and could point toward 

microbiota alterations, although more experiments are necessary to understand this data.  
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Overall, the T2KO male response is very divergent in the metabolic profile than the male 

WT response, suggesting the TREM2 receptor shifted the metabolic profile in WT IP-LPS 

response. The data differs between male and female, suggesting a role of TREM2 in 

regulating sex-specific responses to IP-LPS. Moreover, collectively, the female jejunum 

does not seem to respond to IP-LPS in the absence of TREM2.  
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Discussion 

TREM2 regulates phagocytosis and metabolic shifts necessary for a pro-inflammatory 

response at the same time they can downregulate TLR-4 mediated proinflammatory 

responses. Given this dual role of TREM2 in mediating a myriad of functions in immunity 

it is not surprising that mutations of this receptor are associated with dysregulated 

inflammatory disorders. Single amino acid substitutions to the receptor increase by 3 fold 

the risk of developing Alzheimer’s disease (Guerreiro et al, 2013; Bianchin et al, 2013), 

and when mutations are homozygous it causes frontotemporal dementia and Nasu-Hakola 

disease.  

TREM2 is not only expressed in the brain myeloid population, as macrophages and 

dendritic cells also express the receptors and are present in almost every organ of the body. 

Here, we use IP-LPS as a model to generate systemic inflammation, and at the 24hr 

timepoint to study the effect of innate immunity in intestinal inflammation. As we have 

previously characterized in this dissertation, the intestinal response has a sex-specific 

phenotype, with female jejunum producing higher levels of inflammatory mediators and 

an increased intestinal permeability. To further understand how that inflammatory response 

is controlled we acquired mice with a null mutation in the TREM2 receptor.  

TREM2 was able to fully reverse female effect: T2KO prevented the changes in 

inflammatory and metabolic gene expression and prevented changes in intestinal 

permeability. This suggests (1) TREM2 is required for the female response to IP-LPS, and 

(2) TREM2 up-regulates the pro-inflammatory response, increasing intestinal permeability 

in females only. This was not the first-time intestinal inflammation was driven by TREM2. 
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In a model of DSS colitis, T2KO mice decreased the intestinal inflammatory response. The 

effect seems to be dependent on dendritic cell signaling (Correale et al., 2013). In our 

model, we have not investigated the cellular contribution of TREM2 response in 

macrophages versus dendritic cells, and it is possible dendritic cells are the ones eliciting 

this strong phenotype in females. 

It has been stablished that female macrophages have a higher phagocytic capacity than 

male macrophages (Scotland et al., 2011). Since TREM2 is responsible for phagocytosis 

in myeloid cells, it is possible that TREM2 is more active in females after IP-LPS, a 

function that is regulated independent of the anti-inflammatory role of TREM2. In fact, the 

mTOR pathway that is regulated by TREM2 and necessary for a pro-inflammatory 

response is more upregulated in female jejunum. As discussed in chapter 3 females have a 

higher expression of genes affecting the mTOR pathway including hif1a, akt1, akt2. Given 

how dependent the female response is in mTOR signaling it is not surprising that T2KO 

completely abolishes the changes in inflammatory and metabolic gene expression in 

females. 

The TREM2 regulation of mTOR is a pathway described to keep microglial cells in a high 

metabolic state during pro-inflammatory responses. When that fails, autophagic pathways 

are recruited to help maintain the metabolic status and can lead to cell death by autophagy 

(Ulland et al., 2017). T2KO models shows an upregulated autophagic vesicles (Ulland et 

al., 2017). In our model, we did not detect changes in autophagy in T2KO female intestine. 

In fact, in the absence of TREM2, the female jejunum seemed to not notice the IP-LPS 

response at all and did not elicit responses in the parameters we measured. 
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Male jejunum did not change permeability in response to IP-LPS, but instead showed an 

up-regulation of glucose absorption. T2KO male jejunum also reverted the effects of IP-

LPS, thus TREM2 was responsible for the glucose generated current in male jejunum. This 

suggests that myeloid cells expressing TREM2 are interacting with intestinal epithelial 

cells and modulating nutrient absorption during inflammatory conditions. More 

importantly, it suggests this happens via TREM2. This is the first time in the literature that 

TREM2 expression is shown to modulate glucose absorption in the intestine. More 

investigations into the mechanisms that drive these alterations are necessary to draw further 

conclusions. 

T2KO also shifted the inflammatory and metabolic profile of gene expression in males to 

a new direction. Unlike the female response it represented a more robust up- and 

downregulation of gene expression. The profile seems to have characteristics of both pro- 

and anti-inflammatory responses: nfkb2, jun and several mapk are downregulated. At the 

same time, il10 is downregulated and duox2, cxcl9, myd88, cd14 are all up-regulated and 

associated with a pro-inflammatory response (Chen et al., 2018). The downregulation of 

nfkb is present in male WT jejunum, and is not changed after TREM2 is knocked out. Since 

IP-LPS is being administered, it is non-surprising that immune cells generate an immune 

response in the absence of TREM2, myeloid cells express TLR-4 receptors, and circulating 

cytokine levels reach the jejunum tissue from peritoneal macrophages response regardless. 

But the fact the intestine is more responsive in T2KO, suggests TREM2 dampens the pro- 

and anti-inflammatory response in the male jejunum after IP-LPS administration.  
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Since male jejunum do not seem to be recruiting mTOR related genes (Figure 3.4), it 

suggests TREM2 acts independently of mTOR to regulate male alterations. TREM2 mtor 

independent signaling is classically described as an anti-inflammatory response that acts 

on TLR-4 mediated signaling (Yao et al., 2019). Whether or not males and females activate 

different signaling cascades upon TREM2 activation in jejunum remains to be investigated. 

This dual role of TREM2 activation has been shown in different models of disease. In 

cancer for example, tumor associated macrophages suppress T cell response via TREM2 

receptor (Binnewies et al., 2021). Blocking TREM2 using antibodies promotes anti-tumor 

immunity. At the same time, a lack of function of the TREM2 receptor worsens 

Alzheimer’s Disease prognostics by preventing phagocytosis of amyloid-beta proteins, 

molecular mediators of the cognitive deficits in Alzheimer’s Disease (Ulland et al., 2017). 

In fact, the use of antibodies that activate TREM2 in Alzheimer’s Disease are capable of 

enhancing the phagocytic response of microglia and prevent detrimental metabolic changes 

in microglial cells (van Lengerich et al., 2023). These models of disease highlight the 

versatility of the TREM2 receptor in promoting and inhibiting inflammatory responses, 

depending on the role of innate immunity when driving pathogenesis. 

Collectively, this chapter has shown how TREM2 is responsible for different roles in the 

inflammatory response to IP-LPS that are sex-specific. In males TREM2 is responsible for 

up-regulating glucose absorption, which does not happen in females. In females, TREM2 

is responsible for upregulating the inflammatory response and to increase intestinal 

permeability. Overall, more experiments are necessary to further understand how TREM2 

regulates this sex difference.   
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Figures and Legends 

Figure 4.1 TREM2 is necessary for IP-LPS increased female jejunum permeability and male 
glucose absorption 
A –Ussing chamber transepithelial resistance (TEER) of jejunum in T2KO naive and 24h after IP-
LPS in male and female mice. n=4-6 mice, points represent total jejunum segments. 
B – 4kDa dextran FITC-conjugated permeability in jejunum of male and female T2KO naive and 
24h after IP-LPS mice. n=4-6 mice 
C – Current at rest in jejunum of male and female mice T2KO naïve and 24h after IP-LPS =4-6 
mice, total jejunum segments. 
D – zoom of 63X representative images jejunum, vili of T2KO naive and 24h after IP-LPS, green 
represents claudin-3 (cld3), white arrows represent internalized cld3 puncta, scale bar 5µm.  
E, F – Total internalized claudin-3 puncta per cell per animal in females (E) and males (F). 
G – Peak of current after glucose in lumen of male and female jejunum WT naive and 24h after IP-
LPS. n=4-6 mice, total jejunum segments. 
Data showed as mean ± SEM, analyzed with unpaired one-tailed t-test (E and F), or one-way 
ANOVA, Tukey multiple comparison analysis post-test (A-C, G). *p<0.05, **p<0.01, 
****p<0.0001. 
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Figure 4.2 – T2KO animals have sex-specific regulations of inflammatory gene expression 
after IP-LPS 
A,B – NanoString inflammatory panel Volcano plot analysis of differentially regulated gene 
expression in response to inflammation in females (A) and males (B). Red represents significantly 
upregulated genes and blue represents significantly downregulated genes with p-value adjusted to 
multiple comparisons by Benjamin-Yekutieli method. n=3 animals per group 
C, D – Fold change and adj.p-value of genes from volcano plot analysis in males. Blue represents 
downregulated genes after IP-LPS (C), red represents upregulated genes after IP-LPS (D). 
E – Venn Diagram of genes changing in both males and females in response to IP-LPS. Females 
significantly downregulated and upregulated genes are displayed in grey; males significantly 
downregulated and upregulated genes are displayed in green. 
  



 
 

 101 

 

 

 
 
 
 
 
 
 
 

A B

C D E

p<0.05
p<0.01

0-5 -3 3 5 7
0

1

2

3

Log2 fold change

-lo
g1

0 
(a

dj
. p

-v
al

ue
)

T2KO+LPS/T2KO T2KO+LPS/T2KO

0-5 -3 3 5 7-7.5
0

1

2

3

Log2 fold change
-lo

g1
0 

(a
dj

. p
-v

al
ue

)

p<0.05
p<0.01

-8 -6 -4 -2 0

Gnb1
Nfatc3
Prkca
Mapk14
Atf2
Il10rb
Max
Nfkb1
Irf1
Mapk3
Pdgfa
Map2k6
Map3k1
Nr3c1
Smad7
Jun
Rps6ka5
Fos
Ddit3
Nfe2l2
Il15
Mmp9
Ccl24
Mbl2

log2 fold change

adj. p-value

0.0024
0.0113
0.0279
0.0270
0.0248
0.0113
0.0217
0.0270
0.0113
0.0227
0.0113
0.0113
0.0270
0.0213
0.0213
0.0113
0.0072
0.0270
0.0213
0.0493
0.0024
0.0113
0.0270
0.0270

0 1 2 3 4

Iigp1
Hsh2d

Ifit2
Cxcl9

Mx2

log2 fold change

0.0493
0.0396
0.0270
0.0174
0.0227

adj. p-value

Atf2
Ccl24
Ddit3
Fos
Gnb1

Downregulated
Upregulated

Cxcl9
Hsh2d
Ifit2
Iigp1
Mx2

Il10rb
Il15
Irf1
Jun
Map2k6
Map3k1
Mapk14
Mapk3
Max

Mbl2
Mmp9
Nfatc3
Nfe2l2
Nfkb1
Nr3c1
Pdgfa
Prkca
Rps6ka5
Smad7

Atf2
Ccl24
Ddit3
Fos
Gnb1

Downregulated
Upregulated

Cxcl9
Hsh2d
Ifit2
Iigp1
Mx2

Il10rb
Il15
Irf1
Jun
Map2k6
Map3k1
Mapk14
Mapk3
Max

Mbl2
Mmp9
Nfatc3
Nfe2l2
Nfkb1
Nr3c1
Pdgfa
Prkca
Rps6ka5
Smad7

Downregulated after LPS

Upregulated a4er LPS



 
 

 102 

Figure 4.3 NanoString inflammatory biological pathways impacted by IP-LPS in T2KO male 
jejunum  
A – List of Pathway Global Significance Scores in NanoString Inflammatory cartridge panel. Only 
pathways with a higher score than 2 are included in analysis. Global significance scores are 
calculated based on the sum of the combined t-tests of differentially expressed genes in each 
pathway. N=3 per group  
B-K – Pathways showing all genes z-scores per sample before and after IP-LPS in T2KO male 
jejunum. 
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Figure 4.4 – TREM2 is necessary for female metabolic response and changes males metabolic 
response to IP-LPS 
A,B – NanoString metabolic panel Volcano plot analysis of differentially regulated gene expression 
in response to inflammation in T2KO females (A) and males (B). Red represents significantly 
upregulated genes and blue represents significantly downregulated genes with p-value adjusted to 
multiple comparisons by Benjamin-Yekutieli method. n=3 animals per group 
C, D – Fold change and adj.p-value of genes from volcano plot analysis in T2KO males. Blue 
represents downregulated genes after IP-LPS (C), red represents upregulated genes after IP-LPS 
(D). 
E – Venn Diagram of genes changing in both T2KO males and females in response to IP-LPS. 
Females significantly downregulated and upregulated genes are displayed in grey; males 
significantly downregulated and upregulated genes are displayed in green. 
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Figure 4.5 NanoString metabolic biological pathways impacted by IP-LPS in T2KO male and 
female jejunum  
A, B – List of Pathway Global Significance Scores in NanoString Metabolic cartridge panel in 
T2KO females (A) and males (B). Only pathways with a higher score than 2 are included in 
analysis. Global significance scores are calculated based on the sum of the combined t-tests of 
differentially expressed genes in each pathway. N=3 per group  
C-Y – Pathways showing all genes z-scores per sample before and after IP-LPS in T2KO male 
jejunum. 
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Chapter 5  

Monocyte recruitment is necessary for jejunal sex-
specific response to IP-LPS 

 

Introduction  

The intestinal tissue as mentioned previously, is home to a plethora of microorganisms. 

Their proximity to immune cells is thus a challenge, the microorganisms themselves and 

their secreted molecules are potential triggers of pro-inflammatory responses. Therefore, 

the resident population of immune cells must have intricate mechanisms of preventing an 

exacerbated immune response to keep the organ functioning. Many of the diseases that 

affect the intestine have dysregulated immune responses: generating an exacerbated 

inflammation that affects the intestinal epithelium, increase intestinal permeability and 

impact intestinal function (Ungaro et al., 2017). This is the case for both ulcerative colitis 

and Crohn’s disease.  

Both are characterized by immune cell infiltrates, there is increased recruitment of immune 

cells to the tissue and their retention. Recruited cells, unlike intestinal resident cells, don’t 

have the same mechanisms to prevent the cascade of pro-inflammatory response, thus 

further contributing to the pathogenesis. The circulation of these immune cells to the gut is 

a highly regulated mechanism, in which adhesion molecules are expressed in endothelial 

cells and immune cells weakly interact with it to migrate to their destination.  
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Mechanism for Immune Cell Recruitment 

After an inflammatory response in the tissue, the recruitment of immune cells from outside 

the tissue use mainly the secretion of soluble molecules known as chemokines. These 

inflammatory mediators recruit vicinity immune cells to the site of infection and are able 

to bind the extracellular matrix or remain on the extracellular space, generating a 

concentration gradient that guides the migration of immune cells toward specific sites. 

Chemokines are recognized by specific receptors in immune cells to further specialize the 

tissue needs. For example, CCL2 chemokine expression is recognized by monocyte 

receptor CCR2, thus increasing the migration of monocytes to a CCL2 rich site. 

The first cells recruited during inflammatory responses, including to IP-LPS inflammation 

are neutrophils. Neutrophils can respond as fast as 4hrs after an initial immune response, 

peaking usually between 24-48hrs. They are able to migrate from the blood because 

cytokines secreted in the tissue such as TNFa, affect the expression of adhesion molecules 

p-selectin and e-cadherin in adjacent blood vessels. Circulating neutrophils recognize 

adhesion molecules via sialyl-Lewisx receptor binding, slowing down their progression in 

blood vessel flow and facilitating stronger interactions with the endothelial cells that 

culminate with extravasation and transendothelial migration (Fournier and Parkos, 2012).  

Since neutrophils are very quickly recruited, their interaction with the tissue has 

implications for directing the immune response. During migration, neutrophils produce 

ADAM17, an enzyme that cleaves the inactive TNFa into its active form, contributing with 

the pro-inflammatory response (Cesaro et al., 2009). Neutrophils can also further 

contribute to inflammation by regulating other cell types. For example, neutrophils 
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recognize interferon signaling and secrete CXCL9 in response. CXCL9 chemokine is used 

to recruit CD4+ T cells, which further modulate innate immune responses in a positive 

feedback loop (Chen et al., 2019). 

Mucosal organs, such as the intestine have specialized immune compartments with several 

adaptive immune cells ready to act in case of an immune response. In the jejunum, this 

specialized organ is called the Payer’s patch. The payer’s Patch has a high concentration 

of T cells, especially regulatory T cells that constantly try to decrease the inflammatory 

response of the organ. Treg cells constantly produce IL-10 during healthy lamina propria 

to dimmish innate immunity toward bacterial populations (Denning et al., 2007). 

Upon a phagocyte recognition of a PAMP via MHCII molecules, innate immune cells do 

migrate to payer’s patch, but T cell activation at this location is still a matter of debate 

(Fournier and Parkos, 2012; Bamias, Rivera-Nieves and Grisham, 2018). Most migration 

has been shown to activate B cells, which interact with the T cell population and recognize 

a number of cytokines IL-4, IL-5 IL-21 and TGF-b to assist with IgA production from B 

cells (Bamias, Rivera-Nieves and Grisham, 2018). 

Dendritic cells that have recognized PAMPs can also travel via lymphatic vessels toward 

lymphoid tissues and activate T cell to migrate toward intestinal tissue. This mechanism is 

time-consuming, as T cells need to be selected by antigen binding and expand their 

population by clonal expansion, limiting the response to 5-7 days post pathogen invasion 

and recognition. 

During acute inflammatory responses, recruitment of innate immune cells via chemokines 

is the main mechanism of immune cell recruitment and can contribute to the inflammatory 
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response via amplification and activation of these innate cells as described (Bamias, 

Rivera-Nieves and Grisham, 2018). 

 

Monocyte Recruitment is important for physiological and disease states 

Monocytes from the bone marrow are attracted to the intestinal tissue via different sets of 

chemokines CCL8, CCL7 and CCL2. Monocytes recognize CCL2 chemokine via CCR2 

and it is an important intestinal mechanism to replenish macrophage populations and 

induce tissue repair. Bone marrow derived monocyte is not the only mechanism of 

macrophage recruitment, as peritoneal macrophages also migrate to intestinal tissue during 

DAMP secretion and contribute to injury repair (Honda et al., 2021). 

Once monocytes are attracted to the intestinal tissue, these CCR2+ cells are influenced by 

intestinal microenvironment and differentiate to macrophages or dendritic cells. This 

process is called monocyte maturation, and is characterized by gene expression 

modifications, loss of CCR2hi phenotype and increased expression of CX3CR1 to 

phenotypically acquire resident macrophage characteristics. 

In the intestine the resident population of macrophages is heterogenous, and express 

different types of receptors and are replenished by different progenitors. The lamina propria 

has the most abundant population of macrophages that require a high level of replenishment 

from the circulating monocytes. The resident population is characterized by high levels of 

CX3CR1 and high MHCII, while recruited monocytes are CCR2hi, Ly6Ghi and 

CX3CR1int (Viola and Boeckxstaens, 2021). Upon arrival, the recruited cells slowly lose 

their monocyte characteristic by decreasing Ly6G and increasing both CX3CR1 and 
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MHCII, a process that lasts between 5-6 days. Early in the immune response, when CCR2+ 

monocytes first arrive in the tissue they differ themselves transcriptionally from the 

resident population, particularly in terms of complement system pathway, phagocytosis 

mechanisms and IL-10 (Viola and Boeckxstaens, 2021). 

As described in chapter 3, the lamina propria macrophages are highly phagocytic, but 

unlike other macrophage resident population, upon TLR activation they inhibit the release 

of reactive oxygen species and nitric oxide. Since the CCR2 newly recruited cells differ in 

these aspects to their response to PAMPs, during certain intestinal conditions the CCL2-

CCR2 axis acts as a pathogenic mechanism that further amplify inflammation in the tissue.  

During Crohn’s disease for example, the microenvironment of a constant increased 

epithelial permeability drives bacterial molecules to activate TLR receptors. Recruited 

monocytes to this environment are influenced by mediators to further amplify immune 

response, contributing to Crohn’s pathogenesis. There are high levels of CCL2 chemokine 

in intestinal tissue and pathogenesis is driven by this axis increasing recruitment of CD14+ 

monocytes to the lamina propria (Martin et al., 2019). Since Crohn’s has a higher incidence 

in women, dissecting the sex-specific mechanisms that contribute to chemokine 

recruitment is of great importance to understand how sex impacts intestinal diseases that 

depends on this inflammatory axis.  

Thus, here we investigate the role of CCR2 migrating cells in contributing to IP-LPS 

induced intestinal changes. Since females have a higher ccl2 gene expression in response 

to IP-LPS we hypothesized CCR2 cells would contribute to female jejunum response, but 

not male. We show that females increase CCR2+ cells, while males do not; a mechanism 
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dependent on TREM2. Next, we use CCR2KO animals to investigate IP-LPS response and 

show that CCR2KO reverses changes in intestinal permeability characteristic of female 

response, but do not impact increased glucose absorption in male jejunum. Collectively, 

this data suggests female innate immune response in intestine relies on CCL2 in a 

mechanism that drives changes in permeability, while males do not. 
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Results 

Female recruitment of CCR2+ cells is TREM2 dependent 

To further explore the sex-differences observed in the jejunum response to IP-LPS that are 

controlled by TREM2 we decided to look for immune cell recruitment to the tissue. 

Females in our data showed an increased expression of ccl2, cxcl9, ccl8 and cxcl10, while 

males did not, suggesting the recruitment of immune cells to intestinal tissue might be 

mediating the changes in intestinal permeability. CCR2+ cells recognize ccl2 chemokine 

and migrate toward target tissue, therefore our initial investigation focused in whether we 

observed an increased CCR2 recruitment to tissue after IP-LPS.  

To investigate this matter, a transgenic mice model expressing RFP under the CCR2 

promoter was used. Quantification of RFP cells is a direct measurement of CCR2 cells in 

intestinal tissue. Female mice increase CCR2 cells in jejunum 24hr after IP-LPS while 

males do not (Figure 5.1 A,B). The recruitment is TREM2 dependent, since TREM2KO 

mice fail to upregulate CCR2 cells in jejunum lamina propria (Figure 5.1 A, C).  

 

CCR2 recruitment is necessary and sufficient for changes in intestinal permeability 

Because CCR2+ cells migrating to tissue can amplify the initial immune response, we 

wanted to investigate if this specific cellular population was sufficient to induce changes 

in intestinal permeability. Animals of both sexes and genotypes were challenged with IP-

LPS and cd11b+ population was isolated from spleen 24h later. Spleen cd11b monocytes 

are rich in CCR2, and do not express TREM2 (Shi & Pamer, 2011). These cells were 

cultured with confluent T84 cells in vitro in transwells. This set up allows cd11b isolated 



 
 

 116 

cells to secrete substances to the media and influence T84 regulation, without the need of 

physical contact between cells nor the direct recognition of LPS by enterocytes (Fig. 5.2A).  

LPS activation of cd11b+ cells impacted the T84 cellular response, decreasing TEER in all 

groups (Fig. 5.2 B-E). There was no sex-specific effect, nor any genotype-specific effect, 

suggesting CCR2 cells are sufficient to change TEER after IP-LPS activation.  

To further understand the requirement of monocyte recruitment via CCR2 to the tissue in 

developing sex-specific changes in intestinal permeability to IP-LPS we isolated jejunum 

tissue from CCR2KO male and female mice for ex vivo using chamber analysis.  In the 

absence of CCR2 there was no effect in TEER, 4kDa FITC and IsC generated by IP-LPS 

in female mice (Fig. 5.2 F-H). Therefore, CCR2 recruitment is necessary for female effect 

in permeability. On the other hand, CCR2KO had no effect on male increase in glucose 

absorption 24hr after IP-LPS (Fig. 5.2 G), this result is consistent with our data on the lack 

of CCR2 recruitment in male jejunum (Figure 5.1).  

 

CCR2KO jejunum fails to recapitulate inflammatory response 

Since CCR2 cells seemed to be sufficient to recapitulate changes in jejunum permeability 

in females after IP-LPS, and necessary for their response we hypothesized gene expression 

to a pro-inflammatory profile would also be altered in CCR2KO animals. 

For this purpose, nCounter Inflammatory gene expression was analyzed in male and female 

CCR2KO jejunum 24hr after IP-LPS. Again, the CCR2KO jejunum recapitulates a sex-

specific response in gene expression even in the absence of changes in intestinal 

permeability. Female mice up-regulate more genes (Figure 5.3 A, B) than male mice 
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(Figure 5.3 C). This suggests the sex-specific effects in the gene signature of inflammatory 

response are not only driven by the recruitment of monocytes from outside the tissue, but 

rather an inherent resident macrophage or dendritic cell effect.  

Regardless of the sex-specific effect, it is very clear that CCR2KO animals (Figure 5.3) 

respond with less inflammation than the WT female animals (Figure 3.3 A, C, D). The 

expression profile is characterized by complement proteins c1qa, c3, c3ar1, c2, c4a 

upregulation, a profile associated with a phagocytic role of immune cells, consistent with 

an intestinal response to LPS (Sina, Kemper and Derer, 2018). Many genes associated with 

an innate immunity pro-inflammatory response are also upregulated irf7, ifi44, ifi27l2a, 

stat1 all associated with an interferon response (Honda et al., 2005), which are involved 

with intestinal repair (McElrath et al., 2021) and also in an increased uptake of LPS 

(Suzuki, Hisamatsu and Podolsky, 2003).  

Having already stablished that CCR2 recruitment is necessary for female increased 

intestinal permeability in response to IP-LPS, the gene expression data further supports 

that inflammatory up-regulation from resident immune cells is different in function than in 

the presence of recruited monocytes. Moreover, confirming that female intestinal 

permeability is dependent on an inflammatory response that needs recruitment of CCR2 

cells. 

 

CCR2KO and T2KO jejunum fails to recapitulate inflammatory response 

Confirming the profile of gene expression between the different genotypes, we generated 

a MDS plot to analyze changes in sample variability (Figure 5.4A). The analysis shows 



 
 

 118 

CCR2KO animals to have a completely different response to IP-LPS than TREM2KO and 

WT females. Surprinsingly, the effect of knocking out CCR2 is more drastic than TREM2. 

Since none of the volcano plot analysis allow a direct comparison between genotypes we 

decided to generate counts graphs for this purpose. The genes used in analysis were chosen 

because of their role in each genotype response: ccl2 in WT, cxcl9 in T2KO and c3 in 

CCR2 (Figure 5.4 B-G). Only these 3 genes were chosen because since we are not 

correcting for multiple comparisons, the higher the number of comparisons generated the 

higher the chance of a false positive finding. 

Only females WT significantly increase ccl2 expression, with males and all other 

genotypes failing to do so (Figure 5.4 B,C). cxcl9 is increased only in WT females, 

suggesting CCR2KO also affects migration of cells independent of CCR2 response (Figure 

5.4D). In male jejunum, cxcl9 is increased only in T2KO jejunum, showing how ablating 

this receptor affects neutrophil dependent migration in a sex-specific manner. 

Lastly, CCR2KO regulated a lot of complement pathway genes, with the highest fold 

increase in c3. Therefore, we also generated the graph comparing normalized counts for all 

3 genotypes and this time we failed to detect any significant changes across groups (Figure 

5.4D, E). 

Collectivelly, this data shows females IP-LPS response is dependent of CCR2 cell 

migration that occurs in a TREM2 dependent-manner. Knocking out this receptor in males 

does not impact their intestinal physiological response to IP-LPS by increasing glucose 

absorption. However, preventing CCR2 migrating cells to allocate to intestinal tissue we 

impact both male and female inflammatory gene expression in response to IP-LPS.   
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Discussion 

The intestinal tissue homes the largest number of macrophages in the body; its environment 

poses a strong challenge for this macrophage population. First, the lumen of the intestine 

is home to several bacterial molecules that could cause inflammatory responses and disturb 

intestinal homeostasis. Second, the macrophage population lie in close proximity to a 

single layer of intestinal epithelial cells at the lamina propria, therefore posing themselves 

as the first cell type to recognize and respond to DAMPs and PAMPs once breaches of 

intestinal permeability happen.  

Non-surprisingly, because of the position of the macrophage population, a series of 

adaptations were made to further control the immune response and avoid unnecessary 

alterations to intestinal function. Resident macrophages phenotype allow them to prevent 

up-regulation of pro-inflammatory responses, even in the presence of bacterial molecules 

such as LPS (Nakata et al., 2006). They express low levels of receptors that generate a pro-

inflammatory response, including TREM1, TLRs (Hausmann et al., 2002), and CD14 

(Nakata et al., 2006). And during development receive IL10 and TGFb that downregulates 

both TNFa and NFkB response (Viola and Boeckxstaens, 2021). 

Once an inflammatory response takes place, if chemokines are secreted such as ccl2, ccl8 

and ccl5, monocytes are recruited to intestinal tissue from the bone marrow. Unlike the 

resident macrophage population, these CCR2 recruited cells are ready to mount a pro-

inflammatory response, after differentiating into either macrophages or dendritic cells in 

intestinal tissue (Viola and Boeckxstaens, 2021). The CCR2+ cells do not have the same 



 
 

 120 

checkpoints to downregulate an inflammatory response and may act as inflammatory 

amplifiers.  

Here, we observe this phenomenon at the 24hr timepoint post IP-LPS. Female mice recruit 

CCR2+ cells to intestinal tissue at 24hrs, while males do not (Figure 5.1). The increase is 

TREM2 dependent, since TREM2KO females fail to recruit immune cells to tissue. This 

suggests an unknown mechanism in which TREM2 signaling is recruiting CCR2+ cells.  

To further explore the effect of CCR2 in modulating the immune response, CCR2KO 

jejunum permeability was measured 24hr after IP-LPS. CCR2 recruitment is necessary for 

the increased permeability in female jejunum, since CCR2KO females do not change 

permeability after IP-LPS (Figure 5.2). Suggesting in this case CCR2 recruitment is in fact 

necessary to amplify the initial immune response, and that is the mechanism of female 

intestine to generate a change in intestinal permeability and immune response.  

Again, this data does not exclude the possibility of a CCR2 dependent effect in males 

earlier. The effect observed at 24hrs might not be because females have a higher pro-

inflammatory response, but rather a different kinetics of response: males respond faster to 

IP-LPS, change intestinal permeability via CCR2+ cell recruitment and resolve the 

inflammatory response at the 24hr timepoint while females are still mounting their 

response.  The 24hr time-point is rather early in terms of generating an adaptive immune 

response, but rather late to detect pro-inflammatory cytokines generated by innate 

immunity after a single LPS challenge. More experiments are necessary to further 

understand sex-specific timeline of response.  
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This becomes even more important to comprehend since the effect of CCR2+ cell 

recruitment changes from model to model and depends again in the type of inflammatory 

response and its dependence on other immune cell types that modulate the immune 

response. In mouse model of inflammatory colitis, blocking CCR2 cell recruitment 

alleviates the intestinal inflammatory response and ameliorates the histological alterations 

associated with the disease (Tokuyama et al., 2005). However, in terms of gene expression 

the same model does not decrease pro-inflammatory cytokine response, only those 

associated with Th2 and Th1 phenotype (Tokuyama et al., 2005). In models of DSS 

induced colitis, both T cell and B cell are recruited to tissue since there is a chronic 

inflammatory response, therefore it is possible the effect we are observing in our model is 

only there during the initial innate immune response. CCR2KO models have also been 

shown to reduce expression of pro-inflammatory cytokines IL6 and IL-1b, even though 

TNFa levels are unchanged. Therefore, the improvement of DSS histological scores and 

permeability might be associated with these cytokines. In fact, in our model of 

inflammation, females increase expression of both il6ra and il1rap in response to IP-LPS 

(Figure 3.2) but fail to do so in CCR2KO (Figure 5.3) and TREM2KO jejunum (Figure 

4.2).  

In our model, the gene expression profile of CCR2KO showed other alterations at the 24h 

timepoint (Figure 5.4). CCR2KO jejunum fail to up-regulate inflammatory response in 

females and males after IP-LPS. Genes such as tlr1, stat1 and irf7 are still up-regulated, 

demonstrating that there is still an innate immune response occurring after IP-LPS in 

female jejunum, even though it not sufficient to change intestinal permeability (Figure 5.2). 
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Certain genes associated with complement system are up-regulated in female CCR2KO 

such as c2, c1qa, c4a, c3, so it is likely they are not increasing permeability in jejunum. 

The complement system is largely associated with phagocytosis by opsonization of 

molecules (Sina, Kemper and Derer, 2018), so this phagocytic gene signature in response 

to LPS occurs independent of CCR2 recruitment. In fact, papers that compare the responses 

of macrophages from intestine to other tissues have shown these cells to be highly 

phagocytic in nature: even though they have a decreased expression of pro-inflammatory 

receptors, they are readily to phagocyte antigens and microorganism more effective 

(Smythies et al., 2005). 

In our model, when cd11b+ cells, a population rich in CCR2+, are isolated from spleen and 

co-culture with intestinal epithelial cells, changes in intestinal permeability are 

independent of sex- and genotype. This is another proof of concept that the recruitment of 

cells outside of the intestine seem to be pivotal in the female stronger innate immune 

response to IP-LPS.  
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Figures and Legends 

Figure 5.1 Females recruit CCR2 cells to jejunum in a TREM2-dependent manner 
A - Histological representative sections of 20X jejunum villi of WT and T2KO, naïve and 24h after 
IP-LPS in females and males. Red represents CCR2-RFP, white arrows represent CCR2+ cells, 
scale bar 30µm.  
B, C – Number of cells positive for RFP per µm2 in villi of both male and female CCR2-RFP +/- 
(B) or T2KO male and female CCR2-RFP +/- (C). 
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Figure 5.2 CCR2 is sufficient and necessary to drive changes in intestinal permeability 
A – Schematic figure of experimental design. WT and TREM2KO animals were injected with IP-
LPS, 24h later spleen was collected and the cd11b cell population was isolated. The isolated cell 
population was co-cultured with confluent T84 cells in transwells and TEER was measured at 4, 
24 and 48h post co-culture. 
B-E – Time course of TEER from T84 cells co-cultured with cd11b+ cells isolated from male (C,E) 
and female (B,D) mice. Panels B and C represent cells isolated from WT mice naive and 24h after 
IP-LPS. Panels D and E represent cells isolated from TREM2KO mice naive and 24h after IP-LPS 
(n=3 independent experiments). Data showed as mean ± SEM, analyzed with two-way ANOVA, 
*p<0.05, **p<0.01 
F – Ussing chamber transepithelial resistance (TEER) of jejunum in CCR2KO naive and 24h after 
IP-LPS in male and female mice (n= CCR2KO F (5), CCR2KO+LPS F(5), CCR2KO M (5), 
CCR2KO+LPS M(5) mice)).  
G – 4kDa dextran FITC-conjugated permeability in jejunum of male and female WT naive and 24h 
after IP-LPS mice (n=3 mice, data represents total jejunum segments). 
H – Current at rest in jejunum of male and female mice WT naive and 24h after IP-LPS (n= 
CCR2KO F (5), CCR2KO+LPS F(5), CCR2KO M (5), CCR2KO+LPS M(5)). 
I – Peak of current after glucose in lumen of male and female jejunum WT naive and 24h after IP-
LPS (n= CCR2KO F (5), CCR2KO+LPS F(5), CCR2KO M (5), CCR2KO+LPS M(5), total 
jejunum segments) 
Data showed as mean ± SEM, analyzed with one-way ANOVA, Tukey multiple comparison 
analysis post-test (F-I). **p<0.01, ***p<0.001 
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Figure 5.3 CCR2KO gene expression shows sex-specific response different than WT 
A,B– NanoString metabolic panel volcano plot analysis by Rosalind Software of differentially 
regulated gene expression in response to inflammation in T2KO females (A) and males (B). Red 
represents significantly upregulated genes and blue represents significantly downregulated genes 
with p-value adjusted to multiple comparisons by Benjamin-Yekutieli method. n=3 animals per 
group 
C – Fold change and adj.p-value of genes from volcano plot analysis in females.  
D – List of Pathway Global Significance Scores in NanoString Metabolic cartridge panel. 
Only pathways with a higher score than 2 are included in analysis. Global significance 
scores are calculated based on the sum of the combined t-tests of differentially expressed 
genes in each pathway. N=3 per group  
E – Heatmap expression with significantly regulated genes from volcano plots for females. 
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Figure 5.4 Comparison of CCR2KO with TREM2KO and WT jejunum 
A – Multidimensional Scaling Plot generated by Rosalind Software of sample clustering according 
to similarities in gene expression 
B-G – Graphs generated from normalized counts of each analysis for comparison between different 
genotypes for females (B, D, F) and males (C, E, G). The following genes were analyzed: ccl2 (B, 
D), cxcl9 (E, F), c3 (G, H). N=3-5 per group. 
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Chapter 6  

Allergic lung Inflammation produces sex-specific 
brain alterations 

 

Introduction 

This chapter will now explore a second model for the investigation of sex-specific 

responses to inflammation, this time focusing on the lung-brain axis. The introduction first 

sub-section will explain the model we use to induce lung inflammation and its consequence 

to lung function. The second sub-section will focus on the fibers that conduct the 

information from lung to brain. The third and last sub-section focuses on how the brian 

impacts lung function.  

Lung allergic Inflammation and Alternaria 

Alternaria alternata is a fungus known to infect plants, including fruits, vegetables and 

grass and is recognized by the presence of dark black spots (Thomma, 2003). Although 

extremely common in outdoor environments, Alternaria alternata can also grow in indoor 

humid environments (Abbott, 2003). Its spores are released in dry air and can survive for 

a wide range of temperatures including -5 to 35oC (Hernandez-Ramirez et al., 2021). 

Because of its ability to adapt well, Alternaria alternata is the most prevalent fungi in the 

United States, known to grow indoors and outdoors (Hernandez-Ramirez et al., 2021); as 

well be found throughout other countries of Europe, China, Canada, and Australia (Zureik 

et al., 2002; Guan et al., 2019). 
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Alternaria alternata has more than fifteen different allergens that induce a hyperreactivity 

of the immune system and is clinically associated to asthma development (Bush and 

Prochnau, 2004). Upon breathing Alternaria into the lung, both lung epithelial cells and 

resident innate immune cells are capable of recognizing Alternaria particles via TLR2 and 

TLR4 receptors (Hayes et al., 2018). Since extracts of Alternaria are composed of a mixture 

of substances that act as allergens, it is unclear which particles elicit the responses, non-

surprinsingly, TLR2/4 are not the only receptors known to be associated with Alternaria 

alternata inflammation.  

During a regular immune response of the lung, PAMPs are recognized and innate immune 

cells respond with an inflammatory reaction that is acute. Adaptive immune cells can be 

recruited and pathogen is eliminated, as described during the introductory chapter of this 

dissertation.  

Sometimes non-pathogenic stimuli are recognized by the immune system, generating a 

series of alterations in the immune response known as hypersensitivity. This happens 

because during recognition of the molecule by the immune system, non-classical cytokines 

IL-33, IL-25 IL-4 and IL-13 are produced (Hernandez-Ramirez et al., 2021), as it happens 

during Alternaria alternata recognition (Figure 6.1).  These cytokines recruit eosinophils, 

a population of cells that are characteristic of allergic inflammation; change B cell antibody 

toward IgE; and activate mast cells to release histamine and other granules that will 

contribute to allergic symptoms.  
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Figure 6.1. Immune response to allergens. Alternaria alternata is recognized by 
dendritic cells and alveoli epithelial cells via TLRs. Dendritic cells present the antigen 
derived peptide (ADP) to T cells, which activate, expand clonally and give rise to Th2 
cells. T cells than will activate B cells into plasma cells. One major player in the allergic 
immune response is the group 2 innate lymphoid cell (ILC2). It recognizes IL-33 and IL-
25 released by the epithelium and in turn secretes IL-13, which induces a class switch of B 
cell antibody toward IgE; and IL-5, which induces the accumulation of eosinophils. 
 

The allergic immune response is responsible for inducing bronchoconstriction in a 

mechanism dependent of mast cells. IgE antibodies are recognized by mast cells upon 

contact with allergen and lead to degranulation. Among the active substances released the 

most notorious in asthma pathophysiology is histamine. Histamine is capable of producing 

bronchoconstriction and vasodilation, which both increases fluid accumulation in lung, 

facilitates immune cell infiltration and hinder oxygen and carbon dioxide exchange (Fanelli 

et al., 1994). In animal models of the disease, breathing Alternaria continuously for a 
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period of 5 days (1500µg/m3) is sufficient to induce the migration of neutrophils, 

eosinophils, B cells and T cells to lung (Peng et al., 2018).  

Given the theme of sex-specific differences within this dissertation, it is worth mentioning 

that allergic diseases have a very big sex divergence. Allergic diseases such as asthma 

affect more women than men (Chowdhury et al., 2021), and symptomatic presentation of 

disease is more severe in woman than man (Chowdhury et al., 2021). In fact, symptoms of 

allergy such as bronchoconstriction have been shown to be more responsive in females in 

both human and animal data regardless of inflammation (Langdeau et al., 2000). 

Mechanistically explanations for the sex-effect in asthma haven’t been throughouly 

explored in the literature, although smaller anatomical size of bronchi correlates with 

increased female bronchoconstriction response (Langdeau et al., 2000). 

 

From lung to brain communication 

The lungs are innervated by fibers that sense alterations in lung environment and respond 

with specificity depending on stimuli. And this is also the case for allergic lung responses. 

These fibers have differences in molecular markers, conduction velocity and transduction 

of information. These classifications overlap with each other, making it hard sometimes to 

isolate a specific type of sensory fiber. To tackle this issue, the dissertation will focus on 

conduction velocity, explaining the overlap of the other classifications when necessary. 

There are two main types of conduction velocity fibers: A-fibers, that conduct very fast 

action potentials when activated and are myelinated; and C-fibers, that are unmyelinated 

slow responsive fibers. 
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A-fibers express voltage-gated sodium channels 1.1 (Nav1.1) and Nav 1.6 to generate a 

response to sensory information. Most A-fibers transduce mechanical stretching of internal 

organs including the lung (Kollarik, Ru and Brozmanova, 2010) and are named 

mechanosensory fibers. The capability to adapt to mechanical stimulation further classify 

A-fibers into fast-adapting receptors or slow adapting receptors (Kubin et al., 2006).  

Slow adapting pulmonary A-fibers have stretch receptors that respond to mechanical 

stimuli. They innervate smooth muscle located at the submucosa of central airways 

(Bartlett and Sant’ambrogio, 1976) and are activated by lung inflation during inspiration 

in normal breathing and by very low levels of CO2 (Peterson et al., 1981). When activated 

they inhibit inspiratory activity (Motoyama and Finder, 2011). 

Rapid Adapting Receptors are another class of mechanosensory A-fibers that respond to a 

wide range of stimuli. They are capable of firing during lung collapse, or lung inflation and 

sense changes in the physical lung environment: changes in interstitial or luminal pressure, 

changes in diameter, bronchoconstriction, among others. These fibers are thought to play 

a role in the initiation of cough. Molecular analysis has suggested Piezo2 to transduce 

mechanosensory information in these rapid adapting A-fibers (Nonomura et al., 2017).  

Even though most A-fibers are mechanosensors, a portion of them is capable of transducing 

cold temperature sensory information. These fibers express TRPM8, a receptor that opens 

in response to decreases in temperature (McKemy, Neuhausser and Julius, 2002). 

The second type of fibers that are present in lung innervation are C-fibers, the most 

abundant type of sensory fibers innervating the lung and are classified based on their slow 

response to stimuli. These are unmyelinated fibers with free nerve endings that sense 
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noxious stimuli including pain and heat and express voltage gated sodium channels 1.7 

(Nav1.7), Nav1.9 and Nav 1.8.  

C-fibers sense noxious stimuli through a variety of different channels: TRPV1 channels 

are capsaicin responding channels that transduce changes in heat and are responsible for 

noxious hyperalgesia behavior (Shuba, 2020). TRPA1 expression drives the translation of 

cold and stretch irritants (Talavera et al., 2020). TRPC3 and TRPC6 are channels that sense 

mechanosensory information and are expressed within a subset of C-fibers. These receptors 

overlap in expression, therefore TRPV1 noxious heat sensing fibers can also express 

TRPC3 and sense mechanosensory information, although uncommon (Mickle, Shepherd 

and Mohapatra, 2016). Because of the polymodal nature of sensory fibers, inflammatory 

stimuli can affect a variety of different subsets of sensory information. For example, 

eosinophil granules activate C-fibers and enhance their mechanical and chemical 

sensitivities (Dempsey, 2015).  

Inflammatory mediators are known to activate nociceptor C-fibers. This is due in part to 

their expression of receptors that sense inflammation. They express a variety of toll-like 

receptors (Diogenes et al., 2011), cytokine receptors (Ferreira et al., 1988), and 

prostaglandin receptors (Tavares-Ferreira et al., 2022), and have been implicated in the 

pathophysiology of asthma. In animal models, deletion of nociception fibers during allergic 

inflammation reduces immune cell infiltration in lung (Talbot et al., 2015). Moreover, 

nociceptor fibers promote B cell antibody class switch toward IgE, contributing to allergic 

reactions (Mathur et al., 2021). Allergy is capable of modifying the transcriptional 

landscape of nociceptor fibers, increasing cytokine expression and neuropeptide release 
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(Crosson et al., 2023). Despite the strong sex interaction and influence in asthma, and the 

role of nociceptor in contributing to pathology, there are limited investigations toward sex 

specific differences in nociceptor regulatory mechanisms. One study does suggest sex 

regulation is involved: nociceptor fibers express more prostaglandin receptors at baseline 

in females than males (Tavares-Ferreira et al., 2022), and female nociceptors secrete more 

neuropeptides that regulate the immune response than males (Crosson et al., 2023).  

All nociceptive fibers express the voltage-gated sodium channel 1.8 (Nav1.8), allowing for 

the genetic targeting of this population. One strategy to eliminate nociceptive information 

from arriving into the brain is to use an animal model with cre expression driven by Nav1.8 

and diphterin toxin A (DTA) expression with a STOP locus between two loxp sites (Nassar 

et al., 2004; Voehringer, Liang and Locksley, 2008). This model has been extensively 

characterized in the literature since 2008 (Abrahamsen et al., 2008).  

Nav1.8 selective ablation via Nav1.8 x DTA affects 80% of C-fibers, with little impact on 

A-fibers. Therefore, there is a decrease in TRPV1, TRPC3, TRPC6 and TRPA1 expression, 

C-fiber markers, without changing levels of TRPM8 (Abrahamsen et al., 2008), an A-fiber 

marker. Behavior analysis of Nav1.8x DTA mice has shown that inflammatory thermal 

hyperalgesia detection is impaired (Abrahamsen et al., 2008), a classically described 

TRPV1 behavior. Moreover, close to 96% of TRPV1+ fibers are deleted upon 

Nav1.8xDTA ablation. This provides a very useful tool to investigate the role of these 

fibers in allergic responses. 

Sensory fibers from the lung have cell bodies in nodose and jugular ganglion before 

arriving with the information in the medulla region of the brainstem (Hiroki et al., 2021), 
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into the nuclei of the solitary tract (NTS). These brain regions are capable of 

communicating with many centers within the brainstem that regulate breathing patterns, 

cardiovascular functions and further promote feedback to peripheral organs based on the 

received information. 

 

From brain to lung communication 

The literature provides very strong evidence that fibers innervating internal organs 

including the lung are collecting information about their inflammatory milieu. Once the 

information from lung and other internal organs reach the NTS, the NTS contacts a variety 

of brain regions to regulate many relevant functions of lung response during allergic 

reactions. These include: breathing rhythms, bronchoconstriction and lung immune cell 

infiltration. 

Breathing rhythms are regulated by a variety of interactions within different parts of the 

medulla. Two different regions are thought of as the breathing pattern generators of the 

brain: The BötC and the pre BötC (Yackle, 2023). The pre BötC sends projections to the 

rostral ventral respiratory group mediating motorneuron innervation of the diaphragm. 

Activation of pre BötC drives inspiration by contracting the diaphragm. Expiratory phase 

of breathing is thought to be rather passive, and is mediated by the BötC inhibitory 

influence on pre BötC neurons (Yackle, 2023). The NTS comes into play by affecting these 

breathing patterns and contacting BötC, preBötC and ventral respiratory group with 

information from lung environment to modulate breathing. Given the different number of 

regions involved in breathing rhythmns, there are a series of described neuronal diversity 



 
 

 139 

within the NTS that mediates the control of this response. Phox2b+ neurons within the NTS 

contact all 3 regions and mediate an increase in breathing patterns when activated (Fu et 

al., 2019). In fact, activation of fibers arriving at the NTS is sufficient to induce changes 

in breathing patterns, even in fibers in which the medullary contacting regions haven’t been 

described. For example, activation of p2ry1+ fibers that arrive within the NTS is sufficient 

to induce apnea and alter normal breathing patterns. At the same time, activation of npy2r+ 

fibers that arrive within the NTS is sufficient to induce a rapid and shallow breathing 

pattern (Chang et al., 2015). These studies point to the NTS as a major regulator of 

breathing rhythms and show how much lung environment and lung inflammation influence 

this response.  

For bronchoconstriction, the circuitry has recently been characterized in a pre-print work. 

The NTS has a population of fibers dbh+, phox2b+ that are mainly responsible for relaying 

the information to the nucleus ambiguous by an increase in their firing rate. The nucleus 

ambiguous has a high density of cholinergic fibers that synapse back into the lung and 

generate bronchoconstriction via acetylcholine release (Su et al., 2023). Lung allergic 

response increase the activation of bronchoconstriction fibers, inducing a pathway for brain 

mediated bronchoconstriction during allergy. 

The control of the inflammatory response by the NTS is still a matter of growing research. 

The dorsomotor nucleus of the vagus (DMV) is responsible to carry out the information 

from the brain that arrived via the NTS and its release of acetylcholine modulates T cell, B 

cell and innate immune infiltration in a variety of models (Borovikova et al., 2000; Pavlov 

et al., 2006). During allergic inflammation, ablation of the nociceptor fibers that arrive 
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from the lung into the NTS is capable of downregulating the migration of eosinophils, 

macrophages, T cells and B cells into lung (Talbot et al., 2015) and modulating T cell 

response in non-allergic models (Baral et al., 2018). These models propose neuropeptide 

direct release from nociceptor fibers as the mechanism for this response. Whether this 

information is also central nervous system dependent or mediated solely by peripheral 

fibers remains to be investigated. 

Given the role of the NTS in modulating a series of lung functions; synaptic plasticity and 

alterations within the NTS region have a dramatic effect in peripheral organs. Given the 

sex-specific alterations in allergic inflammatory responses and nociceptive fibers that 

arrive within the NTS, we wanted to investigate their role in mediating sex-specific 

alterations in allergy. Here, we demonstrate nociceptor fibers have a sex-specific synaptic 

plasticity response within the NTS that is driven by lung inflammation. The effect shows 

females to be more responsive regardless of the type of lung inflammation, but 

directionally of NTS response is both dose- and type-dependent. This study provides an 

insight into sex-specific mechanisms of lung disease.  
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Results 

Airborne Alternaria extract exposure for one week triggers lung inflammation that is 

reversible after cessation of exposure  

Alternaria alternata has been shown to elicit an allergic immune response in the lung with 

the migration of both innate and adaptive immune cells to the tissue (Peng et al., 2018). To 

characterize the sex-specific lung inflammatory response to Alternaria alternata, we 

exposed mice for 7 days to either non-infectious Alternaria alternata extract particles or 

filtered air (Figure 6.2 A). Afterwards, the lung was flushed with PBS for the collection of 

immune cells in bronchoalveolar fluid (BALF) as previously described (Biddle et al., 

2023). Both males and females show an overall increase in immune cell infiltration CD45+ 

to lung (Figure 6.2 C, D). Since the data is expressed in number of magnitude, one 

interesting effect is that males have an overall larger CD45+ cell migration than what 

females do (Figure 6.2 B, C). 

Next, gates were selected to isolate specific populations of innate immune cells: 

CD45+/CD11c+/SingleF+ alveolar macrophages, CD45+/CD11c-/CD11b+/SinglecF+ 

eosinophils and CD45+/CD11c-/CD11b+/Ly6G+ neutrophils (Figure 6.2 D).  The Alternaria 

effect is consistent for both sexes in almost all cell types investigated. Neutrophils are 

increased in both males and females after Alternaria alternata exposure, with a trend for 

the eosinophilic population (Figure 6.2 G-N). Eosinophils characterize the response as 

allergic, corroborating with previous exposures of Alternaria (Biddle et al., 2023). 

Macrophages are the only cell type investigated that do not change in number after 

Alternaria alternata exposure (Figure 6.2 E,F), again in both sexes.  
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To understand how long-lasting these effects were, mice exposed to 1 week of Alternaria 

alternata were transferred to an air chamber for another week and had their 

bronchoalveolar lavage fluid (BALF) collected for analysis (Rev group). Despite the 

increase in lung immune cells, 7 days of filtered air is sufficient to reverse immune cell 

infiltration in both males and females (Figure 6.2 C-N). 

 

Adaptive immune cells recruitment to the lung increase in both males and females after 

Alternaria alternata exposure, and effect is reversed after breathing filtered air for 1 week 

Same experimental design is used to investigate lung infiltration of adaptive immune cells 

(Figure 6.3 A). Cells are gated by size, and expression of CD19 and CD3 markers are used 

to selectively quantify B and T cell infiltration (Figure 6.3 B). Same pattern observed for 

innate immunity is shown here. Both males and females increase adaptive immune cell 

migration to tissue (Figure 6.3 C-F), that is fully reversed after 1 week of filtered air. 

Magnitude of response is higher for males in both cell types. 

Collectively data suggests Alternaria alternata does not elicit a sex-specific response to 

lung immune cell infiltration in terms of cell types infiltrating and tissue recovery. But does 

suggest magnitude of response is higher in males, although direct comparison experiments 

are necessary to draw more conclusions. 
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Medulla has sex-specific alterations in excitatory synaptic numbers after Alternaria 

alternata exposure 

Lung sensory information, including changes in the inflammatory milieu, are sent to the 

medulla in the NTS region. To investigate the effects of allergic lung inflammation in this 

region, we collected the medulla from male and female mice 7 days after Alternaria 

alternata exposure (Alt group). Females had a reduced amount of excitatory synaptic 

markers vglut2 and PSD-95 (Figure 6.4 A-C) when compared to a matched filtered air 

breathing control. Overall pre-synaptic proteins are not affected (Figure 6.4 D). 

In males, no changes are detected in protein expression of synaptic markers in the medulla 

(Figure 6.4 E-H). This data suggests a sex-specific modulation of the lung information 

arriving at the medullary center, even in the event of a similar lung immune response 

(Figure 6.2). 

 

BötC or pre- BötC breathing regions are not impacted by changes in synaptic numbers 

The medulla comprises many different regions that are responsible for a variety of lung 

functions. Most notably, the respiratory centers of the brain that regulate breathing patterns 

are localized to medulla and pons within the brainstem (Yackle, 2023). To understand if 

the decreased excitatory protein levels within female brainstem were localized to breathing 

regions Bötc and preBötc (Figure 6.5 A, E) we measured pre-synaptic puncta numbers in 

both centers (Figure 6.5 B, F). 

Co-localized vglut2 and synaptophysin are used to determine changes in excitatory 

synaptic levels (Herzog et al., 2006). Here, no changes were observed in males nor females 
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within these regions (Figure 6.5 C,D,G,H), the n is small, so more animals need to be added 

before drawing conclusions on effect in Bötc and preBötc. 

 

Sex-specific alterations in excitatory synapses are localized to NTS region  

Sensory information is known to be plastic and interoception neurons respond to lung 

inflammatory mediators synapsing into NTS (Hiroki et al., 2021). Therefore, we next 

investigated if the NTS would have changes in vglut2 synaptic protein levels after 

Alternaria alternata exposure. Again, to avoid measuring vglut2 not localized to synaptic 

terminals, we co-localized vglut2 and synaptophysin and measured co-localized synaptic 

puncta (Figure 6.6 A,B). 

The NTS shows a decreased number of excitatory co-localized puncta in females, but not 

males (Figure 6.6 A, C,D). This data suggests the alterations within medulla are localized 

to the NTS region, that receives lung sensory information. Once again, to understand how 

long-lasting NTS effects are, reversal mice had their synaptic puncta quantified after 1 

week breathing filtered air. During this time-point, all the infiltration of immune cells have 

already returned to baseline (Figure 6.2). 

Reversal group shows complete reversal of effect in female NTS puncta (Figure 6.6 C) and 

no change in male NTS (Figure 6.6 D).  
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GeoMx shows differing cell signaling activation in male and female NTS without changes 

in inflammatory markers of glial cells 

Next, we wanted to explore the mechanisms within the NTS that would explain the 

differences in males and females after Alternaria alternata exposure. For this purpose, we 

used GeoMx spatial protein quantification, in which using antibody binding we are able to 

quantify within a specific region, the amount of protein associated with a biological 

function. Tyrosine hydroxylase antibody was used as a marker of the NTS region (Figure 

6.7 A), as NTS sends adrenergic fibers to other brain regions and is characterized by a high 

density of these fibers as previously described (Carrettiero, Ferrari and Fior-Chadi, 2012). 

We selected a portion of the NTS known to be enriched with lung interoception fibers 

(Zhao et al., 2022) for collection (Figure 6.5 B). 

The region of interest collected has the information of protein expression associated with 

neuronal markers, glial markers, autophagy associated markers, PI3K/AKT signaling and 

MAPK signaling, a list of proteins are provided in the methods section of this document 

(Figure 2.2).  

Volcano plots generated with the significant changes in protein expression show a 

strikingly difference between males and females in proteins associated with signaling 

cascades from MAPK and PI3K/AKT. Females downregulate p-S6, a protein activated by 

c-fos and used as a proxy for neuronal activation (Knight et al., 2012), corroborating with 

our decreased excitatory puncta in females only. Females also upregulate p-GSK3b and in 

pan-RAS protein in response to Alternaria alternata exposure (Figure 6.7 C).  
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Males on the other hand only up-regulate molecules associated with MAPK and PI3K 

signaling cascades: p-JNK and p-AMPK (Figure 6.7 D). This suggests a difference in 

signaling cascades being activated in response to Alternaria alternata in males and 

females.  

An important consequence of this data is that none of the stress markers of autophagy, nor 

proteins associated with glial reactivity: IBA1, cd11b, MHCII, CD68, TMEM119, GFAP, 

S100B show any alteration in our model. This suggests the changes in synaptic numbers 

are not occurring because of glial reactivity or neuronal stress, and are more likely a 

synaptic plasticity response to lung allergic inflammation in female NTS, not shared by 

males. 

To understand how long-lasting the Alternaria changes to the NTS would be, we next 

investigated GeoMx protein alterations in Reversal animals. Both male and female NTS 

protein changes return to baseline levels after 1 week breathing air (Figure 6.7 E,F). 

 

Glial cells play a role in synaptic plasticity in the absence of reactivity markers 

Glial cells play important roles in supporting neuronal function in the absence of 

neuroinflammation and glial reactivity. Microglial cells regulate synaptic numbers and 

neuronal activity in normal brain (Badimon et al., 2020), while astrocytic cells regulate 

metabolic changes and neurotransmitter availability in neurons (Su et al., 2003). We next 

sought to understand if the alterations in males and females were associated with glial 

function alterations.  
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Females decrease astrocytic glutamate transporter EAAT2 after Alternaria alternata 

exposure (Figure 6.8 A,B). Males do not change EAAT2 expression (Figure 6.8 A,C). 

Since EAAT2 uptake glutamate and contribute to glutamate availability at synapse it is 

possible effect is decreased because less excitatory synapses are present.  

As predicted by GeoMx analysis, neither IBA1 expression nor cell numbers are changed 

in microglia within the NTS in males or females (Figure 6.8 D-H).  

 

Genetic ablation of nociception neurons prevents alterations in NTS excitatory puncta 

To further investigate which component of our immune response in the lung was causing 

the NTS alterations in females, we decided to selectively ablate nociceptor fibers. For this 

purpose, Nav1.8+/- cre DTA flox +/- are used. These animals express the diphterin toxin A 

under the Nav1.8 cre promoter, selectively ablating Nav1.8+ fibers, or nociceptors as 

previously described (Abrahamsen et al., 2008). In these animals, male and female mice 

exposed to Alternaria alternata for 1 week show no effects in excitatory synaptic puncta 

numbers (Figure 6.9 A-C). This data shows that nociception communication into the NTS 

is necessary for the synaptic puncta alterations in females: the effect is driven by 

nociception synaptic plasticity. This data allows us to conclude two things: (1) a very 

limited effect of mechanosensory or other innervating fibers are taking place in the synaptic 

plasticity observed in females, since deleting nociceptors was sufficient to prevent decrease 

in excitatory synapses. And (2) a definitive proof that circulating pro-inflammatory 

mediators are not driving changes in synaptic numbers; since if neuroinflammation was 

playing a role, we would still see a decrease in synaptic numbers, which we don’t.  
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Female do not change immune cell infiltration in Nav1.8+/- cre DTA flox +/- mice 

The NTS is capable of modulating many different roles of lung function: 

bronchoconstriction (Su et al., 2023), breathing patterns (Chang et al., 2015) and immune 

cell infiltration (Talbot et al., 2015). To understand if the synaptic plasticity observed 

within the NTS was directly impacting lung function we decided to investigate the immune 

cell infiltration in our model. As previously described, neuronal efferents exiting the dorsal 

motor nucleus of the vagus (DMV) negatively regulates the immune cell infiltration of 

peripheral organs (Borovikova et al., 2000) , and they are modulated by NTS activity 

(Davis et al., 2004). And the afferent fibers Nav1.8+ when ablated, decrease the immune 

cell infiltration of lung tissue in response to allergic stimuli (Talbot et al., 2015). 

Here, we show that females do not significantly change the number or composition of 

immune cells in the lung bronchoalveolar fluid (BALF) (Figure 6.10 A). Alternaria 

exposure affects numbers of immune cells in a similar fashion in Nav+/-DTA+/- and WT 

mice. And cell number confirms data as female Nav+/-DTA+/- have a similar increase of 

CD45+ cells, eosinophils, neutrophils, T and B cell (Figure 6.10 B-G) in response to 

alternaria. Macrophages are the only cell type that seem to have a change in response to 

Alternaria alternata inhalation. Females Nav1.8+/-DTA+/- increase alveolar macrophage 

population (Figure 6.10 G).  
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Males do not change the immune cell response to Alternaria in Nav+/-DTA+/- mice 

The same investigation of BALF immune cell infiltration was performed in male animals 

to continue investigation of sex-specific effects. There was not a major shift in immune 

cell content after Alternaria alternata exposure to male mice (Figure 6.11 A). Alternaria 

significantly increases the percentage of T cells from 0.75% in air exposed to 25.60% in 

Alternaria exposed Nav+/-DTA+/- mice, while WT animals change percentage from 0.74% 

to 15.20%. This percentage increase in the T cell population is reflected in cell number, as 

the T cell increase after Alternaria exposure (Figure 6.11 G) is almost two-fold what WT 

mice had previously shown (Figure 6.3). This could suggest a T cell control of nociceptor 

fiber as previously reported (Baral et al., 2018), although more experiments are necessary 

to draw conclusions. 

Regardless of T cell alteration, most immune cell types remain relatively close to WT 

levels, and overall Alternaria exposure increase eosinophils, B cells, CD45+ and neutrophil 

infiltration in BALF, without an effect in macrophages. 

Collectively the data suggests nociceptor fibers do not change immune cell infiltration in 

males nor females, and NTS sex-specific synaptic plasticity response is mediating other 

functional aspects of lung. 

 

NTS sex-specific response is not exclusive to Alternaria exposure 

To investigate if the sex-effect observed was exclusive for allergic inflammation we next 

used a well characterized innate immune inducer LPS to drive lung inflammation. As 

described in other chapters of this dissertation, LPS is a lipopolysaccharide that is 
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classically described as a TLR-4 agonist and promotes innate immune response. Animals 

were exposed to LPS inhalation in two different concentrations: 1µg/m3 and 15µg/m3. 

Lung immune responses to 1µg LPS were characterized in Biddle et al showing a strong 

neutrophilic infiltration at 48hr that is almost reverted back at 7day timepoint (Biddle et 

al., 2023). LPS inhalation showed a very specific sex-effect with a higher vglut2 and 

synaptophysin co-localized puncta in females exposed to 15µg of LPS, but not in males 

nor smaller doses (Figure 6.12 A-C). This suggests the NTS response is dose-dependent 

and very sex-specific, although nature of inflammation differentially modulate vglut2 

effect. 

 

GeoMx analysis shows sex-specific and stimuli specific alterations within the NTS 

To further verify alterations within NTS inflammatory, neuronal stress markers and 

secondary messenger signaling cascades we used GeoMx technologies in both 1µg and 

15µg LPS exposed animals.  

We observe males to be more responsive to 1µg of LPS exposure, with changes in protein 

100SB associated with astrocytic reactivity (Figure 6.13 A,B). At the higher dose 

administration, 15µg of LPS elicit now a strong female response decreasing ITGAX and 

MEK1, again associated with glial reactivity (Figure 6.13 C,D). 

Collectively the data shows a strong sex-specific effect to lung inflammation that is 

dependent on the type of lung immune response. More experiments are necessary to 

determine which NTS controlled lung function the female NTS synaptic plasticity is 

modulating.  
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Discussion 

Lungs are innervated by nociceptive fibers that sense changes within the environment and 

send the information to the medulla to control bronchoconstriction, immune cell infiltration 

and breathing rhythmns. All of which are affected during lung allergic reactions. This 

provides the possibility that changes within lung environment are sensed and modulated 

by the central nervous system, idea that has recently been explored by different papers 

(Chang et al., 2015; Talbot et al., 2015; Nonomura et al., 2017).  

Sex is a major factor that influences the immune response during lung allergic 

inflammation. Females have more severe symptoms associated with asthma and are more 

affected by asthma and related allergic disorders (Chowdhury et al., 2021), but mechanisms 

of pathophysiology that involve sex susceptibility of disease have not been uncovered. 

Moreover, the same CNS controlled aspects of allergic reactions have themselves a female 

increased susceptibility: women respond with more bronchoconstriction than men 

(Langdeau et al., 2000), and women adapt breathing rhythmns to changes in lung 

environment more readily than men (Horiuchi et al., 2019).  

Here, we sought to investigate the sex-specific allergic lung responses and the involvement 

of central nervous system alterations via sensory fibers. We show females seem more 

responsive in the NTS to two different types of lung inflammatory challenges an allergic 

Alternaria alternata and a non-allergic LPS mediated.  

Alternaria alternata lung inflammation recruits allergic immune cells eosinophils, adaptive 

immune cells T cells and B cells and innate immune cells neutrophils in both males and 

females. Regardless of the seemingly identical lung immune response, the mediated 
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medullary effect is drastically sex-specific. Lung allergic sex-specific effects vary from 

model to model, depending on strain or immune challenge. For example, a comparison 

between C57Bl/6NJ and BALB/c mice shows females have increased immune cell 

infiltrates to the lung than males in BALB/c, but males have increased eosinophilic 

infiltrations in lung in C57Bl/6NJ (Mostafa et al., 2022). To avoid misinterpretation of our 

findings, direct comparisons between male and female mice were not performed. We were 

instead interested in the mechanism in males and females that are dictated by Alternaria 

alternata exposure. 

Even with similar immune responses, males and females presented differences in their 

central nervous system alterations. Females decrease vglut2 and PSD95 excitatory 

synapses, while males do not. Changes in excitatory synapses within the brain after 

systemic inflammation are well described in the literature, but usually as a consequence of 

neuronal inflammation, microglial reactivity or active engulfment of synapses by microglia 

(Schafer et al., 2012). These responses have been described in animal models of lung 

allergic inflammation as well. Ovalbumin use for lung allergic sensitization was sufficient 

to increase the response of lung sensory fibers to capsaicin, an agonist of TRPV1 channels. 

This sensitized increased response correlated with an increased in microglial and astroglial 

numbers within the NTS region (Spaziano et al., 2015). In systemic administration of LPS 

i.v., once again NTS seems to increase IBA1+ cells in number, correlating with a decreased 

in branch length of NTS neuronal fibers (Amorim et al., 2019). However, this well 

described mechanism does not seem to be necessary for the alterations seen in our model. 

Both Iba1 quantification in NTS region by immunofluorescence, and the GeoMx 
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quantification of proteins associated with microglial and astroglial reactivity do not change 

after lung Alternaria exposure in neither males nor females.    

Regardless of the absence of reactivity, glial cells play important roles in supporting and 

influencing neuronal activity (Su et al., 2003; Badimon et al., 2020). Astrocytes 

particularly change EAAT2 levels to modulate glutamate availability at the synaptic cleft. 

Inhibition of EAAT2 is sufficient to induce an increase in NTS neuronal activity (Matott, 

Kline and Hasser, 2017). This provides us with a mechanism in which astrocytes may 

counterbalance the decreased excitatory synapses in females only. And thus, suggests 7 

day Alternaria exposure is a turning point in synaptic regulation, although temporal 

experiments of effect are necessary for further conclusions.  

GeoMx data into female response also suggests this turning point. Activation of GSK-3b 

happens via phosphorylation of threonine residues, while its inactivation is obtained by 

phosphorylation of serine residue 9 (Beurel, Grieco and Jope, 2015). Females show an 

increased inactivation of GSK-3b, a protein in which activation suppresses exocytosis of 

vglut2 in other brain regions (Zhu et al., 2010). This also suggests an effort at the protein 

level to counterbalance the decrease in vglut2 observed in female NTS.  

Alternatively, GSK-3b has many different roles and its inactivation could potentially 

mediate a myriad of functions. Inactivation of GSK-3b decreases c-fos and NFkB 

activation (Ko et al., 2015) and alters cellular metabolism in hypoxia (Beurel, Grieco and 

Jope, 2015); all of which are candidates to affect NTS neurons in our model and a closer 

investigation into its functional roles are necessary. Regardless of its function, females 
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NTS excitatory synaptic decrease is associated with a decrease of GSK-3b activity, a 

regulation not present in male NTS. 

Females GeoMx also show changes in 2 different proteins in NTS region: pan-RAS 

augmentation and p-S6 decrease. p-S6 is a ribosomal protein associated with protein 

synthesis (Bohlen, Roiuk and Teleman, 2021), it is known to be activated by c-fos, 

correlating with neuronal activity (Knight et al., 2012). A decrease in p-S6 corroborates 

our findings of an overall decrease in female neuronal activation. 

Excessive glutamate release by synaptic activity can become toxic, a process known by 

excitotoxicity. An increase in response would either have to be counter balanced by a 

decrease of neuronal activity, otherwise can lead to neuronal stress and cellular death if 

activity is not reduced. However, no proteins associated with stress nor autophagy are 

changing within the NTS as investigated by GeoMx, suggesting this modulation is not 

happening in our model. 

Males undergo specific protein alterations within the NTS, that are once again associated 

with signaling cascades. Both p-AMPK and p-JNK can modulate a series of cellular 

function including synaptic plasticity and neuroinflammation (Kristiansen and Edvinsson, 

2010; Evans and Hardie, 2020), and more experiments are necessary to address function. 

Within brainstem, p-AMPK is increased in neurons during lung hypoxia, and facilitates 

increases in synaptic activity that drive changes in breathing rhythmns (MacMillan and 

Evans, 2023). Moreover, p-JNK is associated with downregulation of synaptic plasticity 

by decreasing glutamate NMDAR in membrane within the hippocampus (Morel et al., 

2018). Contributing to an interpretation that males could be changing synaptic plasticity at 
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the post-synaptic terminal, which in terms of neurotransmitter receptors was not 

investigated in our model. 

The sex-effect was not exclusive to Alternaria, since LPS elicited a dose dependent sex-

effect within the NTS. Females responded with an increased excitatory synaptic puncta in 

response to 15µg LPS, while males did not. 

Given the sex-specific effects observed and the lack of neuroinflammation effects within 

the NTS we decided to investigate which lung sensory fibers could mediate female NTS 

synaptic plasticity. Nociceptive fibers are the majority of fibers that innervate lung arriving 

at NTS and are molecularly identified by the expression of Nav1.8 (Abrahamsen et al., 

2008). Ablation of nociception fibers reverses NTS alterations in our model and suggest 

nociceptive fibers are the ones driving the effect in females. There is a disadvantage to this 

model. Nav1.8 is also expressed by testes, heart and placental tissue (Scn10a Gene 

Expression Tissue Summary - GXD, no date). In the heart, it has been shown to impact 

heartbeat during extreme conditions, but not normal response (Stroud et al., no date). It is 

possible this has an effect in our model, since lung and heart regulation are affected by 

similar stimulus.  

Among all the NTS characterized regulations in lung function, we decided to investigate 

the role of immune cell infiltration that has been shown to be sex-modulated (Crosson et 

al., 2023). The animals do seem to lose tight regulation of immune infiltration control, as 

both female and male variability increases with ablation of Nav1.8+ fibers. This is in 

contrast with data obtained from Talbot group: They show a decrease in immune cell 

infiltration by total numbers CD45+ cells and also an allergic immune type eosinophil after 
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ablation of the same fibers Nav1.8+ (Talbot et al., 2015). This drastic response might be an 

effect of our model of continuous exposure for 7 days. In fact, a model of active infection 

by bacterial particles within lung shows that ablation of TRPV1 fibers is responsible for 

increasing T cell migration only (Baral et al., 2018), corroborating with our allergic data.  

Collectively the data suggests lung inflammation to drive synaptic plasticity changes within 

the NTS via nociceptors, that are dependent upon the type of inflammatory response of the 

lung. And provide a mechanism for sex-specific NTS driven changes in lung function. 
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Figures and Legends 

Figure 6.2 Males and females increase migration of innate immune cells after Alternaria 
exposure that is reversed after 1 week of filtered air exposure 
A. Schematic representation of experimental design. Males and females remain in home cage and 
are transferred to a chamber that allows them to naturally breath Alternaria alternata particles for 
7 days. Another group is transferred to a filtered air chamber after 1 week to investigate reversal 
effects (reversal group). 
B,C. Flow cytometry generated graphs from total immune cells infiltrated in BALF, characterized 
by CD45+, in females (B) and males (C).  
(D) Gating strategy used for isolating the different types of immune cells measured from percent 
CD45+ cells. 
E-J. Graphs generated from cell count of gates in flow cytometry. Alveolar macrophages are 
defined as CD45+CD11c+SinglecF+ and shown in females (E) and males (F). Eosinophils were 
defined as CD45+CD11b+SiglecF+CD11c− in females (F) and males (I). Neutrophils  
were defined as CD45+CD11b+Ly6G+SiglecF−CD11c− in females (G) and males (J). 
Data showed as mean ± SEM, analyzed with one-way ANOVA, Tukey multiple comparison 
analysis post-test. ***p<0.001 ****p<0.0001.  
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Figure 6.3 Males and females increase migration of adaptive immune cells after Alternaria 
exposure that is reversed after 1 week of filtered air exposure 
A. Schematic representation of experimental design. Males and females remain in home cage and 
are transferred to a chamber that allows them to naturally breath Alternaria alternata particles for 
7 days. Another group is transferred to a filtered air chamber after 1 week to investigate reversal 
effects (reversal group). 
B. Gating strategy used for isolating the B and T cell counts measured from CD45+ cells. 
C-F. Graphs generated from gates defined by flow cytometry. T cells are defined by 
CD45+CD3+CD19- in females (C) and males (E). B cells are defined by CD45+CD3-CD19+ in 
females (D) and males (F). 
Data showed as mean ± SEM, analyzed with one-way ANOVA, Tukey multiple comparison 
analysis post-test. **p<0.01, ***p<0.001 ****p<0.0001.  
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Figure 6.4 Medulla decrease synaptic proteins in females after Alternaria exposure, but not 
in males  
A. Representative image of medulla western blotting of females vglut2, PSD95, synaptophysin 
(SYN) and total protein stain (TPS) in air and Alternaria exposed. 
B-D Graphical analysis of western blotting for female medulla of vglut2 (B), PSD-95 (C) and 
synaptophysin (D). 
E. Representative image of medulla western blotting of males vglut2, PSD95, synaptophysin 
(SYN) and total protein stain (TPS) in air and Alternaria exposed. 
F-H. Graphical analysis of western blotting for female medulla of vglut2 (F), PSD-95 (G) and 
synaptophysin (H). 
Data showed as mean ± SEM, analyzed with unpaired two-tailed t-test. *p<0.05  
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Figure 6.5 BotC or pre-Botc breathing reagions are not impacted by changes in synaptic 
numbers 
A. drawing of analyzed section within the medulla in bregma -6.64mm. BötC region is shadowed 
in grey to represent quantificated region. 
B. Representative images of puncta quantification in air and Alternaria exposed BötC. Images were 
taken at 63X and magnified view of images are displayed. In blue DAPI staining, in red vglut2 and 
green synaptophysin (syn). Scale bar = 10µm. 
C, D. Graphical quantification of puncta from BötC region in females (C) and males (D). 
E. drawing of analyzed section within the medulla in bregma -7.08mm. preBötC region is 
shadowed in grey to represent quantificated region. 
F. Representative images of puncta quantification in air and Alternaria exposed preBötC. Images 
were taken at 63X and magnified view of images are displayed. In blue DAPI staining, in red vglut2 
and green synaptophysin (syn). Scale bar = 10µm. 
G, H. Graphical quantification of puncta from BotC region in females (G) and males (H). 
Data showed as mean ± SEM, analyzed with unpaired two-tailed t-test. 
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Figure 6.6 Sex-specific alterations in synaptic proteins are localized to NTS region  
A. Representative images of puncta quantification in air and Alternaria exposed NTS. Images were 
taken at 63X and magnified view of images are displayed. In blue DAPI staining, in red vglut2 and 
green synaptophysin (syn). Scale bar = 10µm. 
B. Drawing of analyzed section within the medulla in bregma -7.56mm. NTS region is shadowed 
in grey to represent region quantified. 
C, D. Graphical quantification of puncta from NTS region in females (C) and males (D). 
Data showed as mean ± SEM, analyzed with one-way ANOVA, Tikey multiple comparisons 
analysis post-test. 
 

  



 
 

 166 

 

  

A

♀ ♂
B C D

AIR ALT

Bregma -7.56mm

REV

10µm
SYN
vglut2
DAPI

10µm10µm

♀

♂

10µm10µm10µm

Air Alt Rev
0.0

0.5

1.0

1.5

2.0

vg
lu

t2
/s

yn
ap

to
ph

ys
in

co
-lo

ca
liz

ed
 p

un
ct

a 
 (f

ol
d 

of
 c

on
tr

ol
)

✱✱

ns

✱

Air Alt Rev
0.0

0.5

1.0

1.5

2.0

vg
lu

t2
/s

yn
ap

to
ph

ys
in

co
-lo

ca
liz

ed
 p

un
ct

a 
 (f

ol
d 

of
 c

on
tr

ol
)



 
 

 167 

Figure 6.7 GeoMx shows differing cell signaling activation in male and female NTS without 
changes in inflammatory markers of glial cells 
A. GeoMx representative image of NTS section in air and Alternaria exposed male and female 
mice. In blue syto13 nuclei staining, in yellow TH staining. 
B. zoom image of NTS region showing ROI collected for analysis. 
C-F. Volcano plots generated from data of males and females NTS. Red represents significantly 
up-regulated proteins, blue represents significantly downregulated proteins between treatment and 
air control in females (C, E) and males (D, F)  
Data analyzed by linear mixed model, p-test corrected by Benjamini and Hochberg method.  
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Figure 6.8 Glial cells play a role in synaptic plasticity in the absence of reactivity markers 
A. Representative image of medulla western blotting of females EAAT2 and total protein stain 
(TPS) in air and Alternaria exposed. 
B,C Graphical analysis of western blotting for EAAT2 in female (B) and male (C) medulla. 
D. Representative images of IBA1 quantification in air and Alternaria exposed NTS. Images were 
taken at 20X. In blue DAPI staining, and green IBA1. Scale bar = 50µm. 
C, D. Graphical quantification of IBA1 from NTS region in females. Mean fluorescence intensity 
of IBA1 is represented in (C) and IBA1+ cells/mm2 in (D). 
E, F. Graphical quantification of IBA1 from NTS region in males. Mean fluorescence intensity of 
IBA1 is represented in (E) and IBA1+ cells/mm2 in (F). 
Data showed as mean ± SEM, analyzed with unpaired two-tailed t-test. *p<0.05  
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Figure 6.9 Nav1.8 is used to investigate nociceptor influence in NTS synaptic plasticity 
A, C. Representative images of puncta quantification in air and Alternaria Nav+/-DTA+/- female (A) 
and male (C) NTS. Images were taken at 63X and magnified view of images are displayed. In blue 
DAPI staining, in red vglut2 and green synaptophysin (syn). Scale bar = 10µm. 
B, D. Graphical quantification of puncta from NTS region in females (B) and males (D). 
Data showed as mean ± SEM, analyzed with unpaired one-tail t-test. 
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Figure 6.10 Absence of nociceptors do not impact female BALF immune cell infiltration 
A. Graphs represent percent immune cells from CD45+ population in WT and Nav+/-DTA+/- 
female. 
B. CD45+ cell counts for both Nav+/-DTA+/- air and Alternaria exposed females 
C-G. Graphs generated from gates defined by flow cytometry from CD45+ population. Alveolar 
macrophages are defined as CD45+CD11c+SinglecF+ (C). Neutrophils were defined as 
CD45+CD11b+Ly6G+SiglecF−CD11c− in (D). Eosinophils were defined as 
CD45+CD11b+SiglecF+CD11c− in (E). B cells are defined by CD45+CD3-CD19+ (F). T cells are 
defined by CD45+CD3+CD19- in (G).  
Data showed as mean ± SEM, analyzed with unpaired two-tail t-test. *p<0.05, ***p<0.001 
****p<0.0001.  
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Figure 6.11 Absence of nociceptors affect T cell in male BALF  
A. Graphs represent percent immune cells from CD45+ population in WT and Nav+/-DTA+/- male. 
B. CD45+ cell counts for both Nav+/-DTA+/- air and Alternaria exposed males 
C-G. Graphs generated from gates defined by flow cytometry from CD45+ population. Alveolar 
macrophages are defined as CD45+CD11c+SinglecF+ (C). Neutrophils were defined as 
CD45+CD11b+Ly6G+SiglecF−CD11c− in (D). Eosinophils were defined as 
CD45+CD11b+SiglecF+CD11c− in (E). B cells are defined by CD45+CD3-CD19+ (F). T cells are 
defined by CD45+CD3+CD19- in (G).  
Data showed as mean ± SEM, analyzed with unpaired two-tail t-test. *p<0.05, **p<0.01, 
***p<0.001, ****p<0.0001 
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Figure 6.12 LPS lung inhalation elicits sex-specific modulation of NTS response  
A. Representative images of puncta quantification in air and LPS exposed NTS (1µg and 15µg). 
Images were taken at 63X and magnified view of images are displayed. In blue DAPI staining, in 
red vglut2 and green synaptophysin (syn). Scale bar = 10µm. 
B, C.  Graphical quantification of puncta from NTS region in females (B) and males (C). 
Data showed as mean ± SEM, analyzed with one-way ANOVA, Tukey multiple comparisons 
analysis post-test. **p<0.01. 
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Figure 6.13 GeoMx Analysis of NTS shows dose- and sex-dependent protein alterations  
A-D. Volcano plots generated from GeoMx data of males and females NTS. Red represents 
significantly up-regulated proteins, blue represents significantly downregulated proteins between 
treatment and air control in females (A,C) and males (B,D)  
Data analyzed by linear mixed model, p-test corrected by Benjamini and Hochberg method.  
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Chapter 7  

Discussion 

The data contained in this dissertation provides 2 distinct mechanisms in which sex affects 

the response to inflammation. (1) jejunum data shows at the level of the immune response 

males and females differentially control recruitment of immune cells to tissue, with distinct 

consequences to tissue function; (2) lung data shows that despite similar responses to 

immune cell infiltration, males and females differentially control brain sensory information 

with a distinct consequence to tissue function. During systemic inflammation, circulating 

inflammatory mediators impact tissue function. The brain is not isolated from the body and 

is impacted by systemic inflammation. Because the brain provide feedback for these 

organs, inflammation affects the crosstalk between brain and periphery. Here, we will 

discuss the two different mechanisms in more detail and infer about their possible function 

for both brain and tissue, given their close relationship.  

 

From intestine to brain: The intestinal tissue sex specific mechanisms of inflammation 

Mucosal tissues are in close proximity with the outside of the body and jejunum is no 

exception. At the same time the organ has an extensive surface area to facilitate the 

absorption of nutrients, immune cells are monitoring the tissue to prevent foreign 

organisms of invading the tissue and both selectivity and defense are tightly controlled. 

Here, we show that inflammatory responses dysregulate this intricate balance, increasing 

permeability in female jejunum but not male. We prove that the effect in jejunum 
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permeability is dependent on TREM2 signaling that recruits CCR2+ immune cells to the 

tissue, augmenting the initial immune response. This effect of TREM2 is also sex-specific, 

as males use TREM2 signaling to increase glucose transportation without drastically 

upregulating inflammatory expression, nor changing intestinal permeability (Figure 7.1). 

 

 
Figure 7.1 Proposed mechanism of intestinal changes in males and females dependent on 
TREM2 and CCR2+ cells 
Females increase jejunal permeability to ions and 4kDa molecules after IP-LPS, increasing claudin-
3 tight-junction internalization. The mechanism is dependent on TREM2 signaling, that increases 
ccl2, ccl8 and cxcl9 release and culminates with an increase in CCR2+ cell recruitment. TREM2 
also responds to IP-LPS in a mechanism dependent on mtor activation of hif1a. Males on the other 
hand do not change intestinal permeability in response to IP-LPS, nor change claudin-3 tight-
junction location. Instead there is an increase in glucose transportation to jejunal tissue that is 
TREM2 dependent. TREM2 elicits c-myc activation, decreases in nfkb and no chemokine 
recruitment. 
 

Crohn’s disease is characterized by immune dysregulations that spans both the innate and 

adaptive immune system, with T cells and recruited monocytes contributing to 

pathogenesis. Since the innate immunity drives adaptive, models of Crohn’s disease 

investigation, characterize the response of both, being difficult to separate mechanisms of 

- mtor ac)va)on hif1a
- myd88, nod1, traf6
- Ccl2, ccl8, cxcl9

- C-myc activation
- Decreased nfkb
- No chemokine recruitment

Monocyte 
recruitment
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disease. One strength of our model is the ability to separate the early innate immune 

response and understand mechanisms of intestinal pathology with a sex component. 

LPS is a well-characterized model of innate inflammatory responses, it drives strong 

polarization of macrophages in vitro (Orecchioni et al., 2019), and is useful to perturb the 

system with exacerbated responses. Our model takes advantage of these characteristics of 

LPS in intestinal response and find a CCL2 dependent mechanism of intestinal 

permeability present in female but not males. How this drives adaptive immunity 

differentially between sexes still remains to be solved, but in Crohn’s disease the CCL2-

CCR2 axis and monocyte migration to tissue are major disease drivers. IL6, TLR and ROS 

activation further contribute to a positive feedback of monocyte recruitment and 

differentiation into myeloid populations that drive disease (Bain et al., 2013). Since we 

show here how CCL2 is driven by innate immunity in females but not males, this could 

provide a mechanism in which sex contributes to Crohn’s disease. In fact, woman are more 

affected by Chron’s Disease than man (Feuerstein and Cheifetz, 2017). Further association 

between the two must be proven, but the possibility is a very interesting investigative 

approach to this pathology. 

This mechanism of resident versus innate immune cell in sex differences has been 

demonstrated in other models. High-fat diet induces differences in immune cell recruitment 

between males and females, with females responding with higher levels of CCR2+ cells 

(Varghese et al., 2022). Spinal cord injury elicits an acute inflammatory response that 

results in the recruitment of different types of immune cells, including monocytes and 

neutrophils. And females recruited more monocytes to the injury site, while males relied 
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more on resident microglial populations and increased their recruitment (Stewart et al., 

2021). Suggesting the sex-specific mechanism of inflammation can be shared among other 

tissues, with males depending more on resident immune cells, while females rely more on 

immune cell recruitment during innate immune responses. Interestingly, the paper also 

compares the immune cell response of recruited versus resident macrophagic populations 

and shows microglial cells have lower expression of complement proteins C1q and a higher 

expression of hif1a, suggesting the monocytic population once recruited contribute to 

complement response with decreased hif1a expression, a profile extremely similar to what 

was obtained in our model (Chapter 3, 5).  

Our data also suggest the relative contribution of the different cell types to sex-differences. 

Jejunum tissue recruits monocytes in females that are responsible for driving changes in 

intestinal permeability. While males focus on resident immune cells, that are able to control 

inflammatory reaction without amplification and recruitment of monocytes. The process is 

TREM2 dependent, suggesting TREM2 is responsible for this increased recruitment in 

females but not males and the TREM2 activation is different between sexes. 

TREM2 has many different signaling cascades that have been partially uncovered. TREM2 

signaling activates phagocytosis, anti-inflammatory response, and metabolic shifts of 

immune cells (Ulland et al., 2017; Yao et al., 2019). Because females have classically been 

described to be more phagocytic than males (Scotland et al., 2011), and TLR activates the 

phagocytic response of myeloid cells (Wu, Chen and Chen, 2009), it is possible that 

differences between male and female phagocytosis is a direct effect of TREM2 activation 

in females. Moreover, it is possible the differences observed in this dissertation regarding 
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function of myeloid cell response and recruitment is because of TREM2 activation toward 

a phagocytic role in females drives ccl2 recruitment, while TREM2 activation in malers is 

anti-inflammatory and prevents changes in jejunum permeability. The TREM2 activation 

toward phagocytosis and metabolic shifts dependent on hif1a uses phosphorylation of SYK 

protein (Ulland et al., 2017). Future experiments should focus on quantifying pSYk 

between males and females. This would provide an interesting insight into sex effects in 

intestinal pathology. 

This becomes specially important because TREM2 is involved with Alzheimer’s disease 

and other types of dementia. TREM2 heterozygous loss of function mutations increase by 

3-fold the risk of developing Alzheimer’s (Guerreiro et al., 2013), while homozygous 

mutations drive frontotemporal dementia and Nasu-Hakola disease (Paloneva et al., 2002). 

Alzheimer’s is one of the most investigated cognitive diseases in the literature, and the 

most common type of dementia for individuals older than 75 years old (What is Alzheimer’s 

Disease?, 2023). It is non-surprising that many research groups have shown aspects of 

Alzheimer’s disease intertwined with TREM2 function in microglial cells (Jones, 2013; 

Wang et al., 2022). But TREM2 is expressed throughout the body and can extensively 

change outcome of inflammatory responses (Chapter 4 of this dissertation). Is it possible 

that TREM2 contributes to Alzheimer’s disease by its effect in periphery inflammation? 

Which other organ specific effects have a sex effect driven by TREM2, and how much do 

they contribute to brain disease?  

Given the sex-specific effect if the inflammatory response in the periphery, and the 

connection between gut and brain it is possible this data has implications for sex-specific 
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brain effects. There are many different routes that the intestinal tissue can use to modulate 

brain activity. The endotoxin theory of neurodegeneration suggests increases in intestinal 

permeability drive alterations in the brain by promoting long-term neuroinflammation. 

This idea is corroborated by several research that investigate the intestine-brain axis 

(Houser and Tansey, 2017). How much sex affects this regulation remains to be solved.  

 

From lung to brain: Lung tissue and its brain effects 

The lung mucosal tissue is also specialized to be in constant contact with the outside world. 

It requires the exchange of gas through systems, at the same time it needs to prevent foreign 

organisms and harmful aerosol particles to enter the body. This is a tightly regulated 

process to avoid hindering gas exchange or facilitating microorganism invasion. But 

inflammation briefly dysregulates this process, activating immune cell response that can 

potentially be harmful to tissue. Sex affects the immune response and has influences in 

lung function, Females have stronger bronchoconstriction than males (Langdeau et al., 

2009), and adapt breathing patterns more easily than males to low levels of oxygen 

(Horiuchi et al., 2019). We hypothesized sex-specific differences would be present during 

lung inflammation and contribute to dysregulation of lung function.  

Here, we show males and females diferentially regulate this response: female NTS is more 

responsive to changes in lung environment. LPS is capable of driving an increase in the 

number of excitatory synapses within the NTS, while Alternaria alternata drives a decrease 

in the number of excitatory synapses within the NTS (Figure 7.2). 
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Figure 7.2 Proposed model in female and male response in the NTS to different types of lung 
inflammation.  
Females decrease excitatory synapses in number after 7 days of continuous Alternaria alternata 
inhalation, while they increase synaptic number after 7 days of high dose LPS inhalation. We 
propose the modifications are driven by nociceptor synaptic plasticity independent of 
neuroinflammation, a mechanism only regulated in females, and which consequence to lung 
function remains to be investigated. 
Males show an altered in signaling cascades within the NTS after Alternaria exposure, while no 
detected alterations were found in NTS after lung response to LPS. 
 

This response is nociceptor driven and has implication for many different lung functions. 

The NTS is a region extremely plastic to internal organ alterations. Changes in 

inflammatory response, particularly allergic are capable of enhancing the nociceptive 

response within the NTS to an agonist (Spaziano et al., 2015), and in non-human primates 

direct measurement of neuronal response show an increase after allergic lung inflammation 

(Chen et al., 2001). This modification has direct consequence in lung function: cough 

reflexes are initiated by the joint response of nociceptors and mechanoceptors in lung 
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(Andrani et al., 2019) to expel particles or irritants. Another paper has shown that 

bronchoconstriction is mediated by NTS activation by nociceptors during allergic 

responses (Su et al., 2023). 

Unfortunately, this dissertation was not able to solve which function this sex-specific NTS 

response was modulating. This opens up to possibilities (1) either this effect is merely 

adaptive in female mice driving the same response in male and female lung; (2) this effect 

mediates breathing rhythmns adaptations to lung differentially between males and females; 

(3) it drives stronger bronchoconstriction in females. Next experiments are necessary to 

prove regulation of lung response. 

Regardless, the fact that NTS responds in such a sex-specific way has direct implication to 

lung diseases. During the COVID19 pandemic, many individuals suffered from lung 

disease and respiratory alterations. Since the control of respiratory reflexes is mediated by 

the NTS this dissertation provides an insight into mechanistic ways the CNS affects the 

lung during COVID19 pathology. Is it possible that COVID19 respiratory deficits were 

caused by mismatched responses between lung environment and NTS driven commands? 

Moreover, would NTS be responsible for sex differences in lung disease? 

 

Everything, everywhere, all at once 

Animal models of disease allows us to separate mechanistically the effects observed. In 

our IP-LPS model, we were able to separate innate versus adaptive immune response; in 

the Alternaria model we were able to isolate lung effect and NTS response. This strategy 

is extremely useful to dissect mechanisms of disease, and in the case of this dissertation, to 
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show sex specific modulation of response. However, the body experiences things 

altogether: the intestine is also innervated by nociceptive fibers, IP-LPS also affects the 

lung, the lung immune cells also secrete inflammatory mediators that could impact 

intestinal permeability. This section will briefly explore the intertwined connection of the 

3 different systems. 

Intestinal tissues are innervated by Nav1.8+ fibers that respond to inflammation in intestine. 

These nociceptor fibers have been shown to secrete neuropeptides that protect the intestine 

from Salmonella infection (Lai et al., 2020). And increases in intestinal permeability are 

associated with an increase of nociceptive fibers thermal hypersensitivity (Grundy, 

Erickson and Brierley, 2019), interestingly, this increase correlated with disease severity. 

These fibers have been shown to induce sex-differences in response dependent of LPS 

recognition. Mechanical hypersensitivity in sensory fibers is dependent on TLR4 in female 

sensory fibers, but in males is not (Burton et al., 2019). 

Inflammation in mucosal tissue alerts other mucosal tissues. Changes in intestinal immune 

response would also affect lung-response and vice versa.  

IP-LPS model of systemic inflammation affects other organs within the body, including 

the lung and the brain. IP-LPS has been used to study acute lung injury, and acute 

respiratory distress syndrome (ARDS). LPS induces increased permeability in lung tissue 

and affect the expression of a variety of inflammatory markers within the lung (Yue and 

Guidry, 2019). 

In conclusion, sex affects the immune response. We have uncovered two distinct 

mechanisms that diverge responses in male and female tissues with consequences for brain 
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health. Moreover, changes in brain function could directly impact peripheral tissues and 

more research is needed to further understand this crosstalk between brain and periphery. 
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