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LAY SUMMARY  
  

In the field of biology, individuals are classified either as a male or a female based on 

a combination of factors, including genomic differences (for example, in mammals, 

males possess one X and one Y chromosome, while females have two X 

chromosomes), reproductive organs and the action of specific hormones (chemical 

substances that regulate bodily functions). These factors influence how our bodies 

fight off infections. During the COVID-19 pandemic, men were experiencing more 

severe symptoms and higher mortality than females. This highlights the existence of 

sex-specific differences in disease susceptibility, the basis of which we still do not fully 

understand. Staphylococcus aureus is one of the common causes of bacterial 

bloodstream infections worldwide, and it disproportionately affects men. Although 

significant progress has been made in understanding how S. aureus infections 

develop, primarily signifying the role of macrophages (immune cells that engulf 

microbial invaders), it still needs to be fully understood why males are more 

susceptible to these infections than females. We used Drosophila melanogaster, 

commonly known as the fruit fly, which shares important similarities with humans, such 

as immune signalling pathways, many disease-causing genes and a macrophage-like 

immune cells.   

  

Like in humans, male fruit flies were more vulnerable to S. aureus challenge, with 

higher mortality and bacterial counts, especially early in the infection. Additionally, 

female macrophage-like cells (hemocytes) engulfed the bacteria more actively. We 

used genetic tools to create flies without hemocytes, revealing that these cells play a 

crucial role in controlling S. aureus infection. Interestingly, differences in survival and 
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bacterial growth between male and female flies without the macrophage-like cells 

were eliminated in individuals without hemocytes, suggesting that females rely more 

on cellular immune responses. Unlike mammals, where sex determination is organism 

wide, in Drosophila, sex is determined cell by cell. By manipulating this phenomenon, 

we created male flies with female-like macrophage cells. These sex-switched 

individuals showed improved survival rates, nearly matching the survival rates of 

control females. This suggests that the female sexual identity of the macrophage-like 

cells offers a survival advantage during S. aureus infection. Furthermore, we studied 

a special Drosophila population that had evolved to resist parasitoid wasp attacks 

during their larval stages. In these flies, sex differences in S. aureus infection 

disappeared, suggesting that evolving a constitutive hemocyte response that allows 

individuals to better survive wasp attack early in life comes at the cost of resistance 

to S. aureus in adulthood, and this adaptation compresses sexual dimorphism in adult 

immune responses that rely on hemocytes.  
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ABSTRACT  
  

Biological sex, determined by a combination of genetic, reproductive, and hormonal 

factors, significantly influences immune responses. This phenomenon is strikingly 

evident in the higher incidence of autoimmune diseases in females and the increased 

susceptibility to infectious diseases in males, as observed with COVID-19. Despite 

these disparities, less than 10% of immunological studies report their findings by sex, 

leaving the underlying mechanisms of this dimorphism unexplored.  

Staphylococcus aureus is a gram-positive bacterium responsible for numerous 

nosocomial infections, disproportionately affecting men. Drosophila melanogaster is 

an excellent model organism for studying innate immune responses due to its 

available genetic resources, highly conserved immune pathways, and professional 

phagocytes similar to mammalian macrophages. Since S. aureus is primarily 

controlled through phagocytosis, in this thesis we employed Drosophila melanogaster 

to investigate sex-specific responses to the S. aureus challenge, mainly focusing on 

hemocytes (the insect equivalent of macrophages) as a foundation for the sexually 

dimorphic outcomes of this infection. We utilised various laboratory techniques, 

including the generation of transgenic lines, pathogen microinjection and survival 

assays, bacterial load quantification and a flow cytometry-based assay for the 

determination of phagocytic activity.   

  

Our findings revealed that analogous to humans, males are more susceptible to S. 

aureus infection than females, accompanied by higher bacterial loads, especially in 

the early phase of infection. Additionally, females exhibited a higher proportion of 

phagocytic hemocytes compared to males. We implemented a genetic ablation 
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protocol to eliminate Drosophila hemocytes, resulting in significantly increased 

mortality rates in both sexes and higher S. aureus proliferation compared to controls. 

Interestingly, the depletion of hemocytes eliminated this dimorphism, indicating that 

both sexes rely on heavily on hemocytes to control the infection. Taking advantage of 

Drosophila's unique cell-autonomous sex determination cascade, we generated male 

flies with genetically feminised hemocytes. Remarkably, these sex-switched 

hemocyte-carrying individuals demonstrated significantly improved survival rates to 

the S. aureus challenge, nearly matching those of control females. A similar trend was 

observed in bacterial proliferation, suggesting that female hemocytes are more 

efficient than their male counterparts, conferring a survival advantage in S. aureus 

infection. Lastly, we challenged Drosophila lines, which had been selected for survival 

against wasp parasitism during larval development. Intriguingly, the sex dimorphism 

in survival and bacterial load disappeared in these individuals, implying that survival 

to parasitism at the juvenile stages leads to the loss of dimorphism and a trade-off 

with resistance to S. aureus infection in adulthood. The research uncovers 

macrophages as an important source of sexually dimorphic susceptibility to S. aureus 

infection. It highlights the importance of considering "sex" as a variable in 

experimental design and its implications for personalised medicine.  

  

  

  

  

 

 



 

  8  

TABLE OF CONTENTS:  

AUTHORSHIP DECLARATION .............................................................................................................2 

ACKNOWLEDGEMENTS ......................................................................................................................3 

LAY SUMMARY......................................................................................................................................4 

ABSTRACT ............................................................................................................................................6 

CHAPTER 1: GENERAL INTRODUCTION .........................................................................................10 

1.1 INTRODUCTION .............................................................................................................................10 

1.2 SEX-SPECIFIC DIFFERENCES IN IMMUNITY ARE APPARENT IN EPIDEMIOLOGICAL STUDIES YET 

OVERLOOKED IN RESEARCH ................................................................................................................ 11 

1.3 SEX-SPECIFIC DIFFERENCES IN IMMUNITY ARE REPORTED IN INNATE AND ADAPTIVE RESPONSES ......14 

1.3.1 Innate Immunity ................................................................................................................14 

1.3.2 Adaptive Immunity ............................................................................................................17 

1.4 BIOLOGICAL SEX IS A COMBINATION OF GENETIC AND HORMONAL FACTORS .....................................18 

1.4.1 Genetic Mediators .............................................................................................................18 

1.4.2 Hormonal Mediators .........................................................................................................20 

1.5 DROSOPHILA IMMUNITY .................................................................................................................23 

1.5.1 Humoral response ............................................................................................................24 

1.5.2 Drosophila cellular immune response is primarily mediated by hemocytes .............27 

1.5.3 Sexual dimorphism in immune responses across taxa: insights from Drosophila ..33 

1.5.4 Drosophila sex determination is cell-autonomous .......................................................37 

1.6 STAPHYLOCOCCUS AUREUS ..........................................................................................................38 

1.6.1 Drosophila as a model for Staphylococcus aureus infection ......................................41 

CHAPTER 2: METHODS .....................................................................................................................44 

2.1 FLY STRAINS .................................................................................................................................44 

2.1.1 Fly Strains (CHAPTER 3) ...................................................................................................44 

2.1.2 Fly Strains (CHAPTER 4) ...................................................................................................44 

2.2 FLY HUSBANDRY AND MAINTENANCE.............................................................................................45 

2.3 VIRGIN COLLECTION .....................................................................................................................46 

2.4 GENETIC MANIPULATION ...............................................................................................................47 

2.6 BACTERIAL INFECTION ..................................................................................................................48 

2.7 MONITORING HOST SURVIVAL .......................................................................................................49 

2.8 BACTERIAL LOAD QUANTIFICATION ...............................................................................................49 

2.9 FLOW CYTOMETRY SAMPLE PREPARATION AND GATING STRATEGY................................................50 

2.9.1 S. aureus Bioparticle Injection ............................................................................................50 

2.9.2 Sample Preparation ............................................................................................................50 

2.9.3 Gating Strategy ...................................................................................................................51 

CHAPTER 3: DROSOPHILA PHAGOCYTES PLAY A KEY ROLE IN SEX-SPECIFIC  ...................52 

SUSCEPTIBILITY TO S. AUREUS INFECTION .................................................................................52 

3.1 INTRODUCTION ........................................................................................................................52 

3.2 RESULTS ...................................................................................................................................55 

3.3.1 Females demonstrate significantly greater resistance to S. aureus infection along 

with more efficient control of bacterial proliferation .............................................................55 

2.3.2 Hemocytes play a crucial role in limiting S. aureus  growth .......................................58 

2.3.3 Females have a greater proportion of hemocytes engaged in active phagocytosis of 

S. aureus than males .................................................................................................................65 



  

  9  

2.3.4 Hemocyte-specific expression of the feminizing gene, transformer, results in a 

significant enhancement of male survival to S. aureus, providing them with greater 

control over bacterial proliferation ..........................................................................................67 

3.3 DISCUSSION .............................................................................................................................73 

3.1 Males are more susceptible than females to S. aureus infection...................................74 

3.2 Hemocytes are indispensable in the response to S. aureus in both sexes ..................74 

3.3 The consequences of expressing the female-specific splicing factor in hemocytes ..80 

3.5 Parasite-mediated effects ...................................................................................................83 

3.6 Future work ..........................................................................................................................84 

3.7 Conclusion............................................................................................................................85 

CHAPTER 4: ADAPTATION TO L. BOULARDI PARASITISM AT LARVAL STAGES TRADES OFF 

WITH RESISTANCE TO S. AUREUS INFECTION DURING ADULTHOOD ......................................87 

4.1 INTRODUCTION ........................................................................................................................87 

4.2 RESULTS ...................................................................................................................................89 

4.3 DISCUSSION .............................................................................................................................93 

4.3.1 Constitutive immunity to wasps comes at the cost of resistance to S. aureus  .......94 

infection ......................................................................................................................................94 

4.3.2 Heavy selection pressure on both sexes compresses adult immune dimorphism ..95 

4.3.3 Adaptation to juvenile parasitism reduces control over S. aureus proliferation in 

adulthood ....................................................................................................................................96 

4.3.4 Experimental limitations and future work ......................................................................98 

4.4 CONCLUSION ...........................................................................................................................99 

5. CONCLUDING REMARKS ........................................................................................................... 100 

6. REFERENCES .............................................................................................................................. 102 

 

  

  

  

  

  

  

  

  

  

  



 

  10  

 

CHAPTER 1: GENERAL INTRODUCTION  
   

1.1 Introduction  

In biological terms, sex is determined by distinctions emerging from the genome, such 

as sex chromosome configuration, the development of reproductive organs, and the 

levels of gonadal hormones. These physiological differences between males and 

females extend beyond reproductive tissues and impact various bodily processes, 

including the immune system. Consequently, men are more susceptible to certain 

infections than women, whereas women are more prone to autoimmune diseases. 

Interestingly, these sex-specific immune differences are not unique to humans but are 

commonly observed in various species, including Drosophila melanogaster. Despite 

the clear disparities in immune responses between the sexes across the animal 

kingdom, our understanding of the underlying causes has been very limited. This is 

partly due to historical neglect of sex-based differences in research and the 

oversimplification of attributing them solely to the action of gonadal hormones, 

overlooking the influence of the chromosome complement within each cell. A deeper 

understanding of the interplay between hormonal and sex chromosome-driven 

differences in immune responses could facilitate more personalized treatment 

approaches, leading to improved outcomes for diseases with clear sex-biased 

susceptibility, such as Staphylococcus aureus infection, which disproportionately 

affects men. While the precise factors leading to this increased susceptibility in men 

remain elusive, professional phagocytes emerge as plausible candidates, given their 

importance in staphylococcal pathogenesis.   
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Drosophila melanogaster is an excellent model organism to study host-pathogen 

interactions, particularly due to its genetic similarities and conserved immune 

pathways, notably those related to phagocytosis, which parallel those in mammals. 

Additionally, the dimorphic physiology of D. melanogaster, coupled with the 

established role of its phagocytes in managing S. aureus challenge, positions it as a 

prime candidate for investigating how professional phagocytes contribute to  

sex-specific outcomes in S. aureus infection, a focal point of this thesis. 

  

Herein, I present a review of important literature regarding the prevalent differences 

in immunity between the sexes, focusing on adaptive and immune responses, as well 

as their mediation through the combined action of hormonal and genetic factors. 

Additionally, I give an overview of the D. melanogaster immune system, particularly 

focusing on its involvement in the phagocytosis of bacteria and on the shared features 

between fruit flies and humans, ending with a brief revision of S. aureus pathogenesis 

and the accuracy of Drosophila as a model of staphylococcal infections.  

  

1.2 Sex-specific differences in immunity are apparent in 

epidemiological studies yet overlooked in research  

In epidemiology studies, it is evident that men exhibit higher age-adjusted incidence 

of various infectious diseases than women (Walter et al., 2018, Westergaard et al., 

2019). Additionally, men tend to experience more severe disease manifestations, 

leading to greater mortality. For instance, the occurrence of various bloodstream 

infections and subsequent mortality was higher for males across all age groups in 

Finland (Kontula et al., 2021). Similarly, in the majority of countries, tuberculosis 
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frequency was twice as high in men compared to women, with the exceeding number 

of deaths occurring among men (Horton et al., 2016). Such a tendency was also 

evident during the COVID-19 pandemic, when in almost all countries with available 

sex-disaggregated data, the risk of death was 1.7 times higher for men than women 

(Capuano et al., 2020). 

 

In certain instances, the disease vulnerability is not solely attributed to males, as 

exemplified by the higher fatality of females infected with pathogenic influenza A 

viruses, despite men being more frequently exposed (Sabikunnahar et al., 2022).  

Also, women have about 1.6 times higher risk of developing HIV, as suggested by the 

sex-matched RNA loads (Meditz et al., 2011). These sex-specific differences are 

reflected by a combination of hormonal and genetic factors, leading to more robust 

innate and adaptive immune responses in females, which facilitate faster pathogen 

clearance compared to males. However, this delicate balance of generating a potent 

yet not overly aggressive immune response is often disturbed in females, making 

them more prone to autoimmune diseases, such as systemic lupus erythematosus or 

multiple sclerosis (Voskuhl, 2011). Despite clearly evident sex-specific differences in 

disease susceptibility in population-based data, mechanisms driving these disparities 

remain largely unexplained due to a skewed research perspective (Beery and Zucker, 

2011).   

  

The neglect of sex-related considerations is evident in preclinical research, including 

both in vitro and in vivo approaches, and clinical research. In the initial stages of 

preclinical screenings of novel therapeutics, cell lines are predominantly used. Due to 

shared structural characteristics, it is often assumed that cellular physiology remains 



  

  13  

consistent between cells derived from males and females. Consequently, the sex of 

the cell line utilised in experiments is usually not accounted for (Shah et al., 2014).  

As a result, the cell model used in drug evaluations may be not representative of at 

least half of the population, negatively affecting the health of women (Correa-De-

Araujo, 2006). The problem is becoming increasingly evident, as some of the first-line 

anti-inflammatory medications, such as aspirin (Ridker et al., 2005) and statins 

(Ridker et al., 2005), were found less effective in females. When it comes to the in 

vivo approach, female subjects in animal studies have been frequently excluded to 

eliminate confounding variables, such as hormonal fluctuations during reproductive 

cycles (Wald and Wu, 2010). Historically, women have also been omitted in clinical 

evaluations, in line with the US Food and Drug Administration guidelines, 

recommending the exclusion of females of childbearing age from drug trials (Liu and  

Mager, 2016). In addition to experimental design, the problem of not considering “sex” 

as a variable extends to data analysis, as immunology ranks the lowest among the 

ten biological disciplines for reporting the sex of subjects in publications, with fewer 

than 10% of articles analyzing data by sex (Beery and Zucker, 2011). As a result, sex-

based differences have been overlooked at every possible stage, beginning with 

experimental design, in vitro, in vivo testing, human trials and finally, data analysis 

and reporting. However, new policies have been introduced (Klinge, 2008), providing 

some insight into sex differences in innate and adaptive immune responses.  
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1.3 Sex-specific differences in immunity are reported in innate and 

adaptive responses  

 

1.3.1 Innate Immunity  

The disparities in the innate immune defence mechanism can be seen in its cellular 

and humoral components. There are sex-specific differences in the number, relative 

distribution and activity of innate immune cells. For instance, men have more NK cells 

and monocytes (Abdullah et al., 2012, Piasecka et al., 2018) than women and they 

are more active than their female counterparts. Whereas females have more 

neutrophils in the peripheral circulation that are more phagocytic (Bain and England, 

1975). Antigen-presenting cells derived from women are also more efficient 

(Weinstein et al., 1984), suggesting that they relay signals to adaptive immune 

components more efficiently than men. The ability to detect pathogens is also 

differentially regulated between sexes, as females have higher expression of 

pathogen-associated molecular pattern receptors. For instance, female leukocytes 

show higher expression levels of  

TLR7, resulting in higher production of IFNα in women (Souyris et al., 2018).  

Additionally, females show a greater level of expression of genes associated with TLR 

pathways. However, male neutrophils express higher levels of TLR4, leading to 

increased production of TNF both at homeostasis and following the LPS activation 

(Aomatsu et al., 2013), which demonstrates that higher expression of inflammatory 

regulators is not exclusively skewed towards females.   

As evident, the disparities in cell number and activity result in the differential 

production of cytokines and chemokines between the sexes, which further deepens 
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the sexually dimorphic nature of innate and adaptive responses. Although there are 

some exceptions, many cytokine and inflammatory mediators show higher expression 

in females compared to males, and such female-biased activation levels also extend 

to macrophages.  

  

1.3.1.1 Macrophages  

Sex has been demonstrated to influence macrophages, with sex hormones regulating 

the expression of genes (Ribas et al., 2011) and proliferation of these immune cells  

(Pepe et al., 2017). Herein, the focus will be on sex-specific differences in phenotype 

and function of macrophages, independent of the action of steroid hormones. Female 

rodent-derived peritoneal macrophages exhibit significantly upregulated expression 

of TLR2, TLR3 and TLR, indicating that the female phagocytic cells are more adept 

at pathogen detection than their male counterparts. Moreover, female macrophages 

exhibit enhanced phagocytosis and antimicrobial activity, as demonstrated by quicker 

zymosan particle engulfment and elevated antibacterial NADPH oxidase levels. 

Despite the higher macrophage count in women, their macrophage-derived cytokine 

production remained limited due to the increased presence of resident CD4+T 

lymphocytes (Scotland et al., 2011), showing that the differential macrophage 

regulation at the innate level may result in varying responses at the adaptive level. 

While another study did not report sex-specific expression of TLRs in peritoneal 

macrophages, a different type of pattern recognition receptor, C-type lectin receptor 

CD209b, was shown to be upregulated in female macrophages, enhancing their ability 

to control S. pnuemoniae peritonitis (Bain et al., 2020). Therefore, it appears that 

female macrophages heighten their sensitivity to infectious stimuli by upregulating 
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different classes of pattern recognition receptors. Numerous distinctions have been 

also reported in sex-specific differences in macrophage gene expression downstream 

of pathogen recognition. For instance, female macrophages derived from the bone 

marrow of recombinant chickens exhibited higher set points of IFN-responsive genes 

under basal conditions (Garcia-Morales et al., 2015). In murine macrophages, these 

genes are expressed through an autocrine induction of IFN-β in response to LPS 

dependent bacterial activation of TLR4 (Takeuchi and Akira, 2010). Therefore, female 

macrophages exhibit distinctive regulation not only at the level of pathogen 

recognition but also downstream of the immediate genes. Additionally, the elevated 

expression of IFN-responsive genes in female macrophages, even under homeostatic 

conditions, may potentially enhance their capacity to respond to a pathogen 

challenge.   

  

In addition to differences in activity and gene expression, several studies have 

reported on sex-related disparities in the phenotypic states of murine macrophages. 

Under specific environmental stimuli, the lineage of monocyte-macrophage cells is 

distinguished by great plasticity and diversity (Sica and Mantovani, 2012, Mosser and 

Edwards, 2008), enabling them to transition through various activation stages. For 

simplification, we will focus on the two most extreme ones. In response to IFN-γ and 

LPS, macrophages can undergo classical activation (M1), facilitating the 

proinflammatory processes and microbial killing. M1 macrophages are characterized 

by increased production of pro-inflammatory cytokines and reactive oxygen species. 

Driven by IL-4 or IL-13, macrophages may become alternatively activated (M2), 

mediating processes of tissue repair and inflammation. M2 macrophages typically 

generate copious amounts of anti-inflammatory cytokines and arginase 1 (Murray et 
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al., 2014). For instance, rodent-derived bone marrow macrophages from males were 

more susceptible to LPS treatment and promoted M2 phenotype. Following S. 

agalactiae infection, the ratio of M1 to M2 macrophages in bronchoalveolar lavages 

was higher in male mice compared with female animals (Deny et al., 2022). Similarly, 

rodent-derived myocardial macrophages infected with Coxsackievirus B3, a causative 

agent of severe myocarditis in males but not females, expressed high levels of the M1 

macrophage markers in males, whereas females showed elevated expression of 

markers associated with the M2 phenotype. As could be expected, the adoptive 

transfer of ex-vivo programmed M1 macrophages significantly increased myocarditis 

in both sexes and the transfer of M2 macrophages into infected males resulted in 

diminished inflammation of the myocardial tissue (Li et al., 2009). Therefore, the 

alternative activation phenotype commonly found in females may be one of the factors 

that confer them protection against infectious agents.   

  

Hence, female macrophages exhibit better pathogen recognition ability, 

accompanied by greater bactericidal and engulfment properties compared to their 

male counterparts. Additionally, female macrophages seem to be better equipped to 

respond to infectious challenges. While macrophages are the primary mediators of 

the innate response, they also play a pivotal role in driving the effector phase of the 

adaptive immune response (Hirayama et al., 2017).  

  

1.3.2 Adaptive Immunity  

Although not relevant to the thesis, sexual differences have been also reported in the 

adaptive arm of the immune system, as exemplified by sex-specific activity and 
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distribution of lymphocyte subsets. At baseline, females have a higher frequency of 

CD4+ T cells, accompanied by a higher CD4+ to CD8+ ratio, whereas the count of 

circulating CD8+ T cells is greater in males. Regardless, according to clinical studies, 

the ratios of CD3+ to CD4+ cells and CD4+ to CD8+ cells remain lower in males (Uppal 

et al., 2003). Additionally, adult females show more robust antibody responses, higher  

B cell numbers (Abdullah et al., 2012) and higher IgM and IgG titers (Obiandu et al., 

2013, Ter Horst et al., 2016). Therefore, female adaptive immune cells typically 

demonstrate greater numbers, heightened activation and elevated levels of 

inflammation. Such more potent innate and adaptive immune responses in females 

stem from the mix of genetic and hormonal factors.  

  

1.4 Biological sex is a combination of genetic and hormonal factors  

  

1.4.1 Genetic Mediators  

The sex of an embryo is determined by the presence of either two X chromosomes, 

driving the development of a homologous female, or the combination of one X and 

one Y chromosome, defining a heterologous male. Therefore, sexual differentiation 

commences at the moment of conception and becomes apparent early on in life. The 

human X chromosome contains about 1100 genes, such as IL-1 or IL-2, which are 

strongly implicated in the immune response  (Libert et al., 2010). While the human Y 

chromosome harbours only 100 genes, including the SRY testis-determining protein, 

some of them have also been implicated in male immunity (Case et al., 2012, Case 

et al., 2013). In females, one of their two X chromosomes is randomly silenced in each 

cell to equalize gene product dosages between the sexes (Tukiainen et al., 2017). 

However, about 15% of genes on the X chromosome, particularly those governing 
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sex-specific immune responses, escape the inactivation, leading to their dual 

expression and higher copy number in females than males. For instance, the 

abovementioned TLR7, which acts as a critical intranuclear nucleic acid sensor critical 

to the induction of antiviral immunity, has been shown to escape chromosome 

inactivation in immune cells (Pisitkun et al., 2006). The X chromosome chosen for 

inactivation is determined randomly during embryonic development, resulting in cell 

mosaicism in females a phenomenon associated with survival advantage (Migeon, 

2007). Additionally, polymorphisms from the Y chromosome and variations in 

autosomal genes encoding immunological proteins can also affect sex-dependent 

susceptibility (Case et al., 2012, Spach et al., 2009, Poland et al., 2008).   

  

Aside from the differential gene expression between the sexes, the role of non-coding 

regions in the genome, especially microRNAs in mediating sex-specific variation is 

becoming increasingly evident (Cui et al., 2018). The X chromosome contains around 

10% of all microRNAs found in the human genome (Sharma and Eghbali, 2014), while 

there are only two microRNAs located on the Y chromosome (Ghorai and Ghosh, 

2014). In addition to quantitative differences, numerous microRNAs have been 

implicated in post-transcriptional mRNA expression of immunomodulatory genes. For 

example, the level of expression of the X chromosome-linked microRNA-223-3p, 

which has been previously shown to modulate inflammation, was upregulated in 

female rodent-derived macrophages compared to their male counterparts. 

Additionally, the overexpression of microRNA-223-3p in female lung macrophages 

correlated positively with the percentage of CD206+ macrophages (M2) and 

negatively with the percentage of CD80+ macrophages (M1), implying that the 
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differentially expressed microRNA-223-3p between the sexes may have a role in 

modulating the M1/M2 macrophage ratio. 

  

Numerous sex-specific immunological differences are inherent in our genome. These 

distinctions between males and females emerge as early as conception, 

encompassing variations in chromosome configuration, gene content and regulation 

of their expression patterns. However, biological sex results from the interplay of both 

genetic and hormonal factors, which affect the dynamic, extent and changes of these 

sex-specific immunological distinctions embedded in our genome (Klein, 2012).    

  

1.4.2 Hormonal Mediators  

Sex steroid hormones, including testosterone, progesterone and estradiol, 

quantitatively and qualitatively influence immune responses by binding to their 

respective steroid receptors (Edwards, 2005) expressed in various cells, such as 

circulating lymphocytes or macrophages. As a result, they directly stimulate cell 

signalling pathways, leading to differential production of cytokines and chemokines 

(Klein and Roberts, 2010). Gonadal hormone level disparities originate from in-utero 

development, with testes leading to higher testosterone levels in males and ovaries 

inducing greater estrogen synthesis in females, establishing a life-long imbalance 

(Dias et al., 2022). Besides the immune system modulation, sex steroid hormones 

also influence bacterial metabolism and the expression of virulence determinants 

(GarcíaGómez et al., 2013), exerting effects both on the host and the pathogen. 

Several immune genes have androgen or estrogen response elements in their 

promoter regions (Hannah et al., 2008) and some microRNAs have been 
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demonstrated to be under hormonal regulation, clearly highlighting the connection 

between the genome and secreted hormones.  

  

Generally, testosterone suppresses immune activity (Roberts et al., 2001), inhibiting 

natural killer (NK) cells (Hou and Zheng, 1988), neutrophils, macrophages and 

proinflammatory cytokine synthesis at early infection stages through the impairment 

of the transcriptional activity of NF-κB (D'Agostino et al., 1999). Whereas in the late 

stages of pathogen challenge, testosterone upregulates the production of  

anti-inflammatory cytokines via the androgen signalling (D'Agostino et al., 1999, Liva 

and Voskuhl, 2001). Additionally, it has been shown to decrease the expression of 

TLR4 on monocytes and macrophages, increasing disease susceptibility in male mice 

(Rettew et al., 2008). Progesterone also exhibits broad anti-inflammatory effects,  

suppressing the antibody-producing B cells (Lü et al., 2002), macrophages (Miller and 

Hunt, 1996, Savita and Rai, 1998) and NK cells (Furukawa et al., 1984), as well as 

the NF-κB signal transduction (Su et al., 2009). As a result, the synthesis of 

proinflammatory cytokines is reduced in favour of enhanced expression of  

anti-inflammatory mediators, thus preventing the development of bacterial infections 

and their subsequent spread to the bloodstream and sepsis (Vázquez-Martínez et al., 

2018). Estrogens are mainly protective against bacterial infection and septic shock, 

with low concentrations enhancing TH1-type responses and cell-mediated immunity, 

which stimulates the synthesis of pro-inflammatory cytokines and chemokines. 

Whereas high estradiol concentrations inhibit NF-κB activity, promoting TH2-type 

responses and humoral immunity, which blocks pro-inflammatory pathways and 

promotes the production of anti-inflammatory cytokines (Bouman et al., 2005, Straub, 

2007). Additionally, estrogen increases the expression of  TLR4 on the surface of 
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peritoneal macrophages in rodents (Rettew et al., 2009). In general, estrogen has 

been demonstrated to exert a protective effect in many infections, including S. aureus 

(Castleman et al., 2018).   

  

1.4.3 All cells have a sex  

The theory of mammalian sex determination hinges on the two above-discussed 

components – the evolution of sex chromosomes, which results in different gene 

expression patterns on the X and Y chromosomes, and the sex chromosome 

dependent differentiation of either testes or ovaries, leading to the gonadal hormone 

regulation. Historically, the focus has centred on the role of sex hormones, specified 

by gonadal development, as the key drivers of sexual dimorphism between men and 

women (Arnold, 2019). As a result, the mechanisms based on the differences in X and 

Y gene dosage have been relatively understudied. However, research has shown that 

sex-related differences arise before the gonad differentiation (Bain et al., 2020) and 

in the context of immune responses, higher susceptibility to infections in males is 

observed from birth, before the action of pubertal hormones (Libert et al., 2010). 

Additionally, sex-specific distinctions in immune cell behaviour may not be exclusively 

governed by differing hormone levels, since the majority of cytokines in macrophages, 

which exhibited disparities between males and females, did not correlate with the 

concentrations of progesterone and testosterone. (Ter Horst et al., 2016, Jaillon et al., 

2019). This suggests that while gonadal secretions play a crucial role in shaping 

sexual dimorphisms, the determination of sex and the manifestation of sex-specific 

traits extend beyond the influence of the gonads and their hormonal outputs. 

Consequently, the research perspective has shifted, focusing on the inherent 

imbalance of sex chromosomes within every single cell, beginning in the zygote, 
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functioning in the embryo and all through the lifespan.  Therefore, sex differences in 

somatic tissues are an end product of complicated interactions between gonads, 

which define differences in sex hormones that, in turn, interact with the unequal effects 

of X and Y genes within cells. Although there are models, such as the FCG and XY* 

mice, that provide insights into the sex-biased and hormone independent effects of 

sex chromosome dosage on non-reproductive tissues, the differences observed are 

mostly phenotypic (Cox et al., 2014). The cell-autonomous influence of X and Y 

chromosome complement in non-gonadal tissues remains poorly investigated due to 

challenges in establishing a mammalian model that would allow for the manipulation 

of sex chromosome configuration at a cellular level (Straface et al., 2012). However, 

Drosophila melanogaster, whose sex determination is governed by a well-studied 

cascade of regulatory genes, enables the manipulation of sex at a cellular level by 

expressing sex-specific transcription factors. Such manipulation simulates the 

consequences of changing the chromosomal complement and provides clearer 

means to interpret chromosome-related differences between the sexes, all without the 

confounding effects of sex hormones.  

  

1.5 Drosophila immunity  

Drosophila relies entirely on an innate immune response which includes humoral and 

cellular factors, making it a powerful model to study innate immune response which 

otherwise could be masked by adaptive immune response. The humoral component 

depends on the production of antimicrobial peptides (AMPs), reactive oxygen species, 

cytokines and mediators of blood clotting and melanization (Vierstraete et al., 2004, 

De Gregorio et al., 2001, Agaisse et al., 2005). Whereas the cell-mediated component 
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involves phagocytosis of small microorganisms and encapsulation of larger parasites 

which are mediated by plasmatocytes and lamellocytes respectively (Lemaitre and 

Hoffmann, 2007). Herein, a brief overview of cellular recognition and signalling 

processes that Drosophila rely on to fight the infection will be given.  

  

1.5.1 Humoral response  

The humoral response in Drosophila encompasses various processes such as 

hemolymph coagulation and melanization. However, it is primarily driven by the 

secretion of AMPs, which are small, positively charged molecules that disrupt the 

negatively charged microbial membrane, resulting in cell death (Joo et al., 2016). 

While the synthesis of AMPs occurs mainly in the fat body, some may be produced in 

other tissues, such as epithelia (Tzou et al., 2000). To date, there are identified seven 

families of AMPs, including Drosomycins and Metchnikowins with antifungal 

properties (Fehlbaum et al., 1994, Levashina et al., 1995), Cecropins and Defensins 

with antibacterial and some antifungal characteristics (Ekengren and Hultmark, 1999, 

Cociancich et al., 1993, Tzou et al., 2002) and Drosocins, Attacins, and Diptericins, 

which primarily demonstrate antibacterial activity (Hedengren et al., 2000, Bulet et al., 

1996). Depending on the type of pathogen, the expression of these AMPs is induced 

at the transcriptional level through the NF-κB-related Toll and IMD signalling pathways 

(Meister et al., 1997), activated by the recognition of pathogen-associated molecular 

patterns, such as lipopolysaccharides, β-glucans and peptidoglycans, which are 

recognized by specialized pattern recognition receptors. In the context of bacterial 

infections, there are thirteen peptidoglycan recognition proteins (PGRPs) within the 
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Drosophila genome (Werner et al., 2000), which distinguish the type of peptidoglycan, 

initiating signalling, facilitating phagocytosis, or doing both.   

  

1.5.1.1 The Toll and Imd signalling pathways  

The Toll pathway is analogous to the MYD88-dependent TLR pathway in mammals  

(Leulier et al., 2003, Kaneko et al., 2004). Contrary to vertebrate Toll-like receptors, 

Toll is not involved in pathogen recognition directly but is rather activated upon binding 

with a cleaved form of a cytokine called Spätzle (Weber et al., 2003). In response to  

LYS-type peptidoglycan and glucan, mostly found in gram-positive bacteria and fungi, 

PGRP-SA, PGRP-SD and GNBP3 become activated, initiating the processing of 

Spätzle pro-form. As a result, the Toll molecule undergoes dimerization, recruiting 

three death domain-containing proteins to the plasma membrane, which induces 

phosphorylation and subsequent degradation of the Cactus. Then, transcription 

factors Dorsal and Dif are translocated to the nucleus, inducing the expression of 

genes encoding AMPs, such as Drosomycin and Attacin. Additionally, a separate 

group of peptides, known as the Bomanins, which are regulated by the Toll pathway, 

contribute to the killing of gram-positive bacteria and fungi in the fly hemolymph  

(Clemmons et al., 2015).  

  

The Imd pathway, often compared to the TNF and TRIF-dependent TLR pathways in 

mammals (Buchon et al., 2014), is triggered by DAP-type peptidoglycan found in 

gram-negative bacteria and Bacillus species (Boulet et al., 2021b, Georgel et al., 

2001). Direct binding of DAP-type peptidoglycan to the surface-bound PGRP-LC or 

cytosolic PGRP-LE results in the recruitment of a signalling complex, followed by 
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phosphorylation and cleavage of the transcription regulator Relish. As a result, rel-68 

translocates to the nucleus, leaving the inhibitory domain in the cytoplasm, and 

induces the expression of AMPs, such as Diptericin and Drosocin.  

  

1.5.1.2 The JAK/STAT signalling pathway  

Similarly to mammals, the Drosophila JAK/STAT pathway mediates multiple immune 

processes, including responses to mechanical stress, e.g. due to wounding or 

parasitation by wasps. In response to infection, hemocytes release three cytokines 

from the Unpaired (Upd) family, Upd1, Upd2 and Upd3 (Myllymäki and Rämet, 2014). 

These cytokines bind to the Domeless receptor (Brown et al., 2001), which is 

inherently associated with Hopscotch (Perrimon and Mahowald, 1986). As a result, 

Domeless dimerizes, activating Hopscotch which in turn phosphorylates 

transcriptional regulator STAT92E (Brown et al., 2003). This leads to STAT92E 

dimerization and nuclear translocation, activating genes from the turandot (Tot) and 

thioester-containing protein (TEP) families (Myllymäki and Rämet, 2014). TEPs, which 

phylogenetically share similarities with mammalian complement factors and 

macroglobulins, are mostly expressed in hemocytes, the fat body and specific regions 

of the epithelia. While some studies have demonstrated that a concurrent deficiency 

of TEP1, TEP2 and TEP4 does not impact survival to bacterial and fungal infections 

(Bou Aoun et al., 2011), others have reported that flies lacking all the TEPs are more 

susceptible to some fungi, gram-positive bacteria and parasitoid wasp infections, 

yielding contradictory results. Additionally, the TEP-deficient flies exhibited a 

compromised phagocytic activity and decreased Toll activation (Dostálová et al., 

2017), implying their role in particle engulfment and signalling crosstalk. Genes from 
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the Tot family, although relatively understudied, have been implicated in response 

stress induced by bacterial and viral infections (Kemp et al., 2013, Ekengren and  

Hultmark, 2001).  

  

1.5.2 D. melanogaster cellular immune response is primarily mediated by 

hemocytes   

The cellular response in D. melanogaster involves phagocytosis of small 

microorganisms and encapsulation of larger parasites and is primarily mediated by 

circulating blood cells, collectively known as hemocytes. The D. melanogaster blood 

cell system shares highly conserved features with the vertebrate hematopoietic 

system at the functional and developmental levels. Much like in vertebrates, there are 

two blood lineages, the embryonic lineage, which resembles self-renewing tissue 

macrophages in vertebrates, and the lymph gland lineage, which is analogous to 

progenitor-based hematopoiesis in vertebrates (Mase et al., 2021). These lineages 

give rise to three types of hemocytes, plasmatocytes, lamellocytes and crystal cells, 

each with a distinct function and structure. In general, hemocytes are scattered 

around the body, mostly in sessile clusters, and accumulate along the heart in the 

abdomen (Lanot et al., 2001).  

Both lineages are induced in the pupal stages and continue into adulthood, with the 

embryonic lineage primarily supplying immune cells under normal conditions, while 

the lymph gland lineage aids in immune challenges, providing support. In adult 

animals, the production of new blood cells halts, and the number of hemocytes 

decreases. It was widely believed that at every developmental stage beyond the 

embryo, 90% of all cells were plasmatocytes and small numbers of crystal cells. 
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However, recent data has challenged this notion, suggesting that the adult 

hematopoietic system is essentially composed of plasmatocytes  (85%), crystal cells 

(8 to 10%) and a small population of undifferentiated cells ( 4%) (Boulet et al., 2021).   

  

1.5.2.1 Plasmatocytes   

Plasmatocytes, which are characterized by a round and small appearance, account 

for the majority of circulating hemocytes in larvae and adults. They perform a diverse 

array of functions, such as the production of AMPs, cytokines, extracellular matrix 

components, uptake of lipids, secretion of metabolic mediators, and, more importantly, 

phagocytosis of apoptotic cells and pathogens. Although various types of Drosophila 

cells have been implicated in the engulfment of particles (Shklover et al., 2015, 

Serizier and McCall, 2017), plasmatocytes demonstrate the greatest phagocytic 

ability. Usually, the process of phagocytosis starts with the binding of molecules 

exposed on the surface of microorganisms or apoptotic cells to dedicated phagocytic 

receptors. Upon ligand recognition, phagocytic receptors, either directly or indirectly, 

activate downstream signalling pathways, triggering particle uptake (Stuart and 

Ezekowitz, 2005). The process has been demonstrated to involve various phagocytic 

machinery, including the above-discussed PGRPs, scavenger receptors (SRs), 

integrins, opsonins, and the Down syndrome cell adhesion molecule (Dscam). Most 

phagocytic receptors overlap with molecular markers of plasmatocytes, aiding in their 

analysis.  

  

Scavenger receptors bind to a wide range of polyanionic ligands and are grouped into 

the class B and class C families. One of the four members of the class C family, dSrCI, 
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is expressed exclusively on the surface of plasmatocytes, mediating the binding of 

both gram-positive and gram-negative bacteria, such as S. aureus and E. coli, but not 

yeast (Pearson et al., 1995, Rämet et al., 2001). Croquemort, the class B family 

member, is also specifically expressed in plasmatocytes, aiding in the clearance of 

apoptotic cells and gram-positive microbes (Stuart et al., 2005, Franc et al., 1996). 

More specifically, it primarily mediates phagosome maturation rather than the initial 

recognition. Another class B member, Peste, has been implicated in the engulfment 

of selected gram-positive bacteria (Philips et al., 2005, Agaisse et al., 2005). The 

Nimrod family of phagocytic receptors, which is characterized by the presence of 

epidermal growth factor-containing repeats, comprises twelve members, including 

NimrodC1, Eater and Draper. These receptors are associated with the clearance of 

apoptotic cells and the elimination of both gram-positive and gram-negative bacteria, 

and fungi (Kurucz et al., 2007, Melcarne et al., 2019, Kocks et al., 2005, Bretscher et 

al., 2015, Freeman et al., 2003, Cuttell et al., 2008). Integrins, which are heterodimeric 

proteins formed by α and β subunits, have been demonstrated to facilitate the uptake 

of both apoptotic cells and gram-positive bacteria. Although with contrasting results, 

PGRP-LC, has been suggested to have a minor in the phagocytosis of gram-negative, 

but not gram-positive bacteria (Rämet et al., 2002). Whereas another pattern 

recognition receptor, PGRP-SC1 Drosophila Down Syndrome Cell Adhesion Molecule 

1, whose genetic composition allows for the generation of alternatively-spliced 

isoforms, has been shown to act as both a phagocytic receptor of E. coli and an 

opsonin (Watson et al., 2005). Additionally, for the actin-dependent engulfment to 

happen, the target molecule must be tethered to the phagocyte, which is achieved 

either by direct recognition of microbial determinants or previously mentioned TEPs. 

In Drosophila, certain TEPs, specifically TEP2 and TEP3, have been shown to 
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opsonize certain pathogens, such as E. coli and S. aureus, before phagocytosis 

(Stroschein-Stevenson et al., 2005, Dostálová et al., 2017).  

  

Several morphological similarities between mammalian macrophage-mediated and 

Drosophila plasmatocyte-facilitated phagocytosis have been observed, with 

approximately 70% of the mammalian phagosome proteins present in Drosophila S2 

cell phagosomes. This highlights a high degree of conservation in the phagocytic 

machinery shared between fruit flies and humans (Stuart et al., 2007). In Drosophila, 

once the phagocyte binds to the target particle, a phagosome is formed around it 

through the remodeling of the plasma membrane, which is facilitated by the actin 

cytoskeleton (Pearson et al., 2003). Then, the newly formed phagosome fuses with 

cellular endosomes and lysosomes, which release hydrolases. Small GTPases of the 

Rab family, especially Rab5 and Rab7, mediate the initial and late fusion events 

respectively (Horn et al., 2014, Yousefian et al., 2013, Cheng et al., 2005). For the 

proper activation of the hydrolases, the phagosome lumen undergoes acidification 

mediated by the proton-pumping vacuolar ATPase, resulting in microbe destruction 

(Cheng et al., 2005, Philips et al., 2005).   

  

1.5.2.2 Lamellocytes  

Lamellocytes, known for their large and flat appearance, play a key role in the 

encapsulation of large immune targets. While they originate in larvae, lamellocytes 

are not typically present in healthy juveniles or adolescents unless under immune 

challenges, such as parasitoid wasp egg infestation, when their differentiation is 

massively induced (Lanot et al., 2001). Drosophila may be infected by more than 50 

species of hymenopteran parasites, where female wasps lay their eggs in the larval 
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hemocoel (Carton et al., 1986). The parasitic eggs are too large to be engulfed by 

Drosophila phagocytes, so circulating plasmatocytes only attach to the eggs, the 

number of crystal cells increases (Sorrentino et al., 2002), promoting the significant 

differentiation of lamellocytes (Lanot et al., 2001), which subsequently encapsulate 

the invader, resulting in its elimination.   

  

1.5.2.3 Crystal cells  

Crystal cells, which are typically found in small numbers in adult animals, play a pivotal 

role in clotting and melanin-mediated wound healing. They are distinguished by the 

presence of an enzyme called prophenoloxidase that is stored in the form of crystalline 

inclusions. Upon cell degranulation, prophenoloxidase is solubilized in the 

hemolymph, leading to enzyme activation. Subsequently, phenols and quinones are 

oxidized, resulting in the polymerization of these molecules into melanin (Vlisidou and 

Wood, 2015). Because of the cytotoxic nature of certain intermediate products in 

melanin synthesis, a Toll pathway-dependent protease inhibitor Serpin 27-A strictly 

controls the localization of the reaction (De Gregorio et al., 2002). Melanin may be 

synthesized either at the site of infection or injury, aiding in wound closure, or 

sequestered onto the pathogen itself, promoting lamellocyte adherence and 

subsequent encapsulation of the particle too big to be phagocytosed.  

  

1.5.2.4 Hemocytes are a heterogenous population with various functional 

subtypes  

Recent advancements in single-cell RNA sequencing have unveiled the heterogeneity 

of Drosophila blood cells, revealing distinct hemocyte subpopulations, and 
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challenging the notion of adult hemocytes as a uniform and terminally differentiated 

cell population (Ghosh et al., 2015). Circumstances, such as immune challenges, 

developmental transitions, or generation-long selective pressures, may change the 

transcriptional profiles of plasmatocytes. As previously mentioned, plasmatocytes can 

differentiate into lamellocytes in response to parasitism by wasps (Leitão et al., 2020). 

There are also domeMeso cells expressing progenitor markers that have been 

reported to proliferate and differentiate in response to infection (Boulet et al., 2021a). 

In response to bacterial stimuli, plasmatocytes undergo metabolic reprogramming, a 

process regulated by HIF1α. Remarkably, this metabolic transition resembles the M1 

macrophage activation observed in mammals, which enhances phagocytic activity 

and promotes a pro-inflammatory phenotype. (Cattenoz et al., 2020). Lastly, changes 

in hemocyte populations are not constrained to the individual level but can also 

accumulate over generations, as evident in larvae that have evolved under high levels 

of wasp parasitism, resulting in the constitutive presence of lamellocytes regardless 

of immune stimuli (Leitão et al., 2020).  

  

1.5.2.5 The crosstalk of Drosophila hemocytes with other immunocompetent 

tissues  

Hemocytes send signals to other immunocompetent tissues, such as the fat body. 

While signalling pathways responsible for regulating the expression of AMPs are 

indeed present and activated within hemocytes (Vlisidou and Wood, 2015), their 

contribution to AMP production is yet to be fully elucidated. Nevertheless, several 

pieces of evidence suggest a connection between hemocytes and the systemic 

activation of AMPs. For example, mutants for psidin lysosomal protein were unable to 

both engulf bacteria and activate the expression of Defensin in the fat body (Brennan 
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et al., 2007). Individuals with mutations in the domino gene, which dramatically 

reduces the pool of both circulating and sessile hemocytes, displayed increased 

lethality but still mounted a humoral response upon septic injury (Braun et al., 1998). 

Similarly, genetic ablation of larval hemocytes also underscored the importance of 

hemocytes in systemic immune response upon gut and systemic challenge. 

Moreover, hemocyte-specific knockdown of the cytokine-like Toll ligand Spätzle 

impeded the expression of Drosomycin, a known target of the Toll pathway (Shia et 

al., 2009), suggesting that in larvae, there is an integration of the cellular response 

with humoral response through a cytokine-based regulatory signal. Additionally 

activation of totA gene, which has been demonstrated to regulate JAK-STAT pathway 

in the fat body during response to septic injury, is based on the hemocyte-specific 

expression of gene encoding Unpaired-like cytokine (Agaisse et al., 2003), suggesting 

that the cellular response influence humoral response through cytokine-based 

regulatory signals. However, the understanding becomes more complicated when 

looking at fully developed individuals. In adult Drosophila, even when hemocytes are 

depleted, there is still a robust expression of AMPs (Defaye et al., 2009, Charroux and 

Royet, 2009), indicating that the induction of AMP production in adulthood occurs 

independently of a hemocyte-specific signal.   

  

1.5.3 Sexual dimorphism in immune responses across taxa: insights from 

Drosophila  

Sexual dimorphism of innate immunity is not restricted to humans, but disparities are 

evolutionarily conserved across taxa, including insects. Different theories seek to 

explain the factors contributing to the widely observed susceptibility of males, some 

proposing that the diminished immune response, which can be energetically costly, 
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represents a trade-off linked to the positive selection of traits enhancing reproductive 

fitness (Zuk, 2009). Regarding genetic parallels with mammals, D. melanogaster 

possesses X and Y chromosomes, which, unlike humans, regulate sex determination 

cell-autonomously. Additionally, Drosophila exhibits X-linked variation in genes 

encoding innate signalling proteins (Hill-Burns and Clark, 2009).   

  

While sexually dimorphic immune responses in Drosophila are evident even without 

the action of steroid hormones (Belmonte et al., 2019), some involvement of hormonal 

mediators has been demonstrated. Compared to mammals, the endocrine regulation 

in fruit flies is relatively uncomplicated, involving three major hormones: 

20hydroxyecdysone, Juvenile Hormone, insulin/insulin-like growth factor signalling 

and adipokinetic hormone (Keith, 2023). Research in this area has been 

predominantly focused on developmental aspects, and the understanding of immune 

regulation, especially in adult Drosophila, is still emerging (Nunes et al., 2021). For 

instance, 20hydroxyecdysone has been implicated in the activation of hemocytes and 

their immune functions, such as response to a pathogenic challenge in pupae (Regan 

et al., 2013). In cell culture experiments, Juvenile Hormone, which exerts an 

immunosuppressive effect, has been shown to counteract the immunostimulatory 

functions of 20-hydroxyecdysone, suggesting potentially more complex interactions 

(Flatt et al., 2008). Therefore, while fruit flies may share some similarities in endocrine 

immune regulation with mammals, the extent of the parallels is largely unknown, with 

genetic differences considered as the main mediators of sexually dimorphic outcomes 

in D. melanogaster.   

  



  

  35  

In addition to chromosomal and hormonal disparities, the sex-specific responses to 

infections are most likely distinctly mediated by different immune components (Regan 

et al., 2013). For instance, the number and activity of key cellular immunity 

representatives, hemocytes, have been reported to differ between males and females 

(Leech et al., 2019a, Duneau et al., 2017b). Several studies have also reported sex 

disparities in Drosophila humoral immunity. Various transmembrane Toll receptors are 

differentially regulated between male and female flies, with Toll-5 and Toll-7 

demonstrating higher basal expressions in males (Duneau et al., 2017b, Chowdhury 

et al., 2019). Certain Toll receptors, like Toll-1 and Toll-3, show elevated expression in 

females (Chowdhury et al., 2019) and males (Duneau et al., 2017b) respectively. 

However, they regulate both immunity and gonad-specific processes, easily 

explaining their sex-specific expression (Duneau et al., 2017b, Levin and Malik, 2017). 

Differences have also been observed downstream of these receptors, e.g. at the level 

of other signalling components and in AMP induction. For instance, sexually dimorphic 

induction of Drosomycin following P. rettgeri challenge was lost in flies devoid of 

cytokine Spätzle (Duneau et al., 2017b), implicating its role in mediating the sexually 

distinct expression of AMPs. In the IMD pathway, unchallenged males have been 

shown to express Diptericin at higher levels, particularly upon infection with  

P. carotovorum (Regan et al., 2016), although another study reported higher 

expression of Diptericin in females (Meister et al., 1994). Finally, the JAK-STAT also 

exhibits dimorphic regulation, as exemplified by the above-mentioned totA genes, 

whose expression were significantly upregulated in males (Duneau et al., 2017b). 

Therefore, even though males exhibit a higher expression of many Toll-regulated 

genes and to a lesser extent IMD-regulated genes, the Toll pathway appears to be 
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crucial for the sexually dimorphic outcome of both gram-positive and gram-negative 

bacterial infections in both sexes (Duneau et al., 2017b).   

  

Despite the differential outcomes of bacterial challenges between the sexes, it is not 

possible to attribute the direction of sex-biased survival to infection to one signalling 

pathway or sex. Whenever immune responses and survival of males and females are 

directly compared, survival appears to be pathogen-dependent (Regan et al., 2013). 

For instance, systemic infections with the Providencia species, the extracellular  

gram-negative bacteria, render males more resistant than females (Buchanan et al., 

2018, Duneau et al., 2017a), whereas males challenged with P. fluorescens, another  

gram-negative representative, die quicker compared to females (Leech et al., 2019b). 

Although there is a paucity of studies assessing the response of both sexes to  

gram-positive bacteria, female-biased survival to S. aureus is well-established (Leech 

et al., 2019b), providing the foundation for further research. Various Drosophila 

laboratory models demonstrate both female- and male-specific survival to  

gram-positive and gram-negative species (Regan et al., 2013). Additionally, the nature 

of the immune performance in D. melanogaster, and consequently its sexually 

dimorphic outcome, is heavily dependent on a variety of factors. For instance, mating 

status has been shown to have an immunosuppressive impact on females. More 

specifically, mated females were more susceptible to infection and had a higher 

pathogen load compared to virgin females (Duneau et al., 2017a, Short and Lazzaro, 

2010, Schwenke and Lazzaro, 2017). In a recent study, male-biased susceptibility to 

S. marcescens, a gram-negative bacteria, was only observed in two out of four lines 

(Kutch and Fedorka, 2017), suggesting that the direction of sexual dimorphism is also 

dictated by genetic background. Therefore,  Drosophila is a powerful model to 
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investigate the sexually dimorphic nature of bacterial infections, such as S. aureus, 

provided that there are appropriate controls put in place.   

  

1.5.4 Drosophila sex determination is cell-autonomous  

Whereas in mammals, the Y chromosome is involved in both genetic and gonadal sex 

determination (Gilbert, 2000), the Drosophila Y chromosome does not influence 

genetic sex determination, and its sole role is limited to the male germline 

differentiation (Manolakou et al., 2006).  Although there is some evidence of endocrine 

regulation of sexual dimorphism in the Drosophila (Bilen et al., 2013), none has been 

implicated in the sex determination cascade, making cellular sex independent of 

hormonal mediation. Therefore, except for germ cells, whose sexual identity is 

dictated by both independent and soma-associated inductive signalling (DeFalco et 

al., 2008), somatic sex determination in Drosophila is cell-autonomous. However, 

there are a few inconsistencies, such as the muscle of Lawrence (Lawrence and 

Johnston, 1986), whose sexually dimorphic appearance is also influenced by cell-to-

cell interactions. Regardlessly, such exceptions prove the rule that the sexual identity 

of somatic cells is mainly determined in a cell-autonomous manner by a ratio of female 

determinants on the X chromosome, called the numerator proteins (Cline, 1988), and 

male determinants on the autosomes, known as the denominator proteins (Younger 

Shepherd et al., 1992), which determine which sex-specific pattern of transcription will 

be initiated. Normally, flies have either one or two X chromosomes (X) and two sets 

of autosomes (A). In individuals with two X chromosomes and two sets of autosomes, 

the numerator proteins activate the early expression of the Sex-lethal (Sxl) gene, 

which results in female-specific processing of its own transcript. Once expressed, it is 
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maintained through the positive autoregulatory circuit (Bell et al., 1991). Sxl is required 

for female-specific processing of the transformer (tra) pre-mRNA (McKeown et al., 

1987), which together with constitutively synthesised Transformer-2 protein, 

enhances alternative splicing of the doublesex (dsx) pre-mRNA (Inoue et al., 1992). 

As a result, a female-specific DSX-F protein isoform is produced (Burtis and Baker, 

1989). Whereas in individuals with one X chromosome and two sets of autosomes, 

the denominator proteins inhibit numerator proteins, blocking the early Sxl expression 

(Younger-Shepherd et al., 1992). As a result, the Sxl transcription is initiated from the 

late promoter, resulting in a default processing of Sxl and tra transcripts, which contain 

an early codon stop, producing a nonfunctional protein (Boggs et al., 1987). As a 

result, a male-specific DSX-M isoform is expressed. Both DSX-F and DSX-M are key 

transcription factors that predominantly control sexual differentiation outside of the 

central nervous system (Burtis and Baker, 1989), whereas an additional transcription 

factor in the cascade, fruitless, regulates sex-specific behaviour (Ryner et al., 1996).    

  

1.6 Staphylococcus aureus  

Staphylococcus aureus, a gram-positive bacterium, primarily resides in the upper 

respiratory tract (Wertheim et al., 2005b) but may be also found in other locations 

within the human host (Albrecht et al., 2015). It is a common member of the human 

microbiota, colonizing approximately 40% of newborns and up to 50% of adults, either 

periodically or permanently, but not causing any harm (Wertheim et al., 2005b, 

Peacock et al., 2003). However, when host defences are breached, S. aureus can 

become pathogenic and cause a spectrum of diseases, ranging from minor skin and 

soft tissue infections to potentially deadly conditions like bacteremia and meningitis 
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(Naber, 2009). With the rise of health-seeking behaviour,  S. aureus has become now 

a major pathogen causing both community and hospital-acquired infections 

(Prestinaci et al., 2015). Although the overall rates of S. aureus infections have 

remained stable over the last two decades (Tong et al., 2015), it was still associated 

with over one million deaths in 2019 (Ikuta et al., 2022). The rise of antibiotic 

resistance, particularly the methicillin-resistant form of S. aureus (MRSA), 

substantially contributes to high mortality rates of S. aureus-induced community and 

nosocomial infections (Lee et al., 2018a). Apart from the antibiotic resistance affecting 

outcomes of the staphylococcal challenge, sex is also a notable risk factor. Generally, 

men are more susceptible to various forms of S. aureus infection than females. S. 

aureus colonizes men more often than females (Humphreys et al., 2015), 

predisposing them to infection, dissemination of the bacterium into the bloodstream 

(Allard et al., 2008), and subsequent death (Mohus et al., 2022). This aforementioned 

tendency is also evident in the United Kingdom, where the incidence of methicillin-

sensitive S. aureus bloodstream infections has been increasing since 2014 and 

regardless of age, the rate was always markedly higher in men compared to women 

(PHE, 2019). Together with the clinical observations, the aforementioned tendency 

has also been observed in ex vivo and in vivo laboratory studies. For instance, 

neutrophils from female rodents showed an increased bactericidal capacity of S. 

aureus compared to their male counterparts and enhanced protection against tissue 

damage accompanied by faster bacterial clearance (Castleman et al., 2018).  

  

The primary mechanism through which the immune system controls S. aureus 

infection is via phagocytosis by specialized cells, such as macrophages. The 

importance of macrophages in controlling the staphylococcal challenge has been 
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underscored in different model organisms such as mice (Surewaard et al., 2016, 

Yajjala et al., 2016, Martin et al., 2011, Kitur et al., 2015) or zebrafish (Prajsnar et al., 

2008, Pollitt et al., 2018, Prajsnar et al., 2021). Usually, S. aureus enters the human 

body cavity through breaches in the host's physical defences, e.g. a wound, where it 

encounters macrophages and neutrophils, comprising the first line of the host defence 

(Pidwill et al., 2020). Although macrophages are generally effective in phagocytosing 

and breaking down most of the bacteria, a small fraction manages to escape the 

destruction, facilitating dissemination within the host (Pollitt et al., 2018). Additionally, 

S. aureus can establish intracellular persistence within macrophages, creating a 

reservoir for recurrent and chronic infections (Kubica et al., 2008). The bacterium can 

manipulate and evade macrophage responses, hampering their recruitment and 

phagocytic functions (Flannagan et al., 2015). Furthermore, differences in 

macrophage polarization states can also influence host resistance. Whilst most 

microbes typically induce the M1 polarization state (Galli and Saleh, 2021, Benoit et 

al., 2008), S. aureus has been reported to trigger both the M1 and M2 responses, 

depending on the infection context (Werz et al., 2018). For example, abscess 

formation in dermal S. aureus has been linked to M1-activated macrophages, while 

uncontrolled bacterial dissemination has been associated with M2-activated 

macrophages (Asai et al., 2010). Additionally, the formation of small colony variants, 

which are atypical S. aureus subpopulations often present in chronic infections, in the 

in vitro liver-on-chip model has been associated with M2-activated macrophages, 

promoting increased cell death and impaired monocyte recruitment (Siwczak et al., 

2022).   
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Given the protective effect of estrogen against gram-positive bacteria (Saia et al., 

2015) and the contribution of alpha-hemolysin (Hla), a toxin causing pore formation 

and inflammation, to the staphylococcal pathogenesis (Kennedy et al., 2010), the 

apparent sex bias has been thus far predominantly considered in an  

estrogen-dependent manner (Castleman et al., 2018), with very few finding reported 

at the molecular level, especially in respect to macrophages (Pokhrel et al., 2020).  

  

1.6.1 Drosophila as a model for Staphylococcus aureus infection  

Invertebrates, such as D. melanogaster, are validated as suitable models of human 

staphylococcal infections if the considered bacterium is pathogenic in a given model 

and if the previously characterized virulence regulators are required for pathogenicity 

in that model (García-Lara et al., 2005). The infection dynamics following S. aureus 

injection have been well-characterized, beginning with bacterial proliferation at the 

injury site, subsequent systemic infection and mortality. Notably, the increase in 

bacterial load is exponential and proportional to the number of bacteria inoculated, 

resulting in fly death, irrespective of the bacterial strain. None of the well-characterized 

virulence regulators essential for full pathogenicity in several mammalian systems 

play an important role in the D. melanogaster model (Needham et al., 2004). However, 

individuals infected with the perR and pheP mutants died significantly slower than 

those injected with wild-type S. aureus. Both perR and pheP mutants were also 

attenuated in the murine skin abscess model (Horsburgh et al., 2001, Horsburgh et 

al., 2004), showing that there are virulence components essential for both  

D. melanogaster and mice.   
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D. melanogaster serves as an excellent model organism for studying staphylococcal 

phagocytosis because plasmatocytes, independent of humoral responses, are critical 

to the survival of S. aureus infection (Nehme et al., 2011, Defaye et al., 2009). As a 

result, phagocytic machinery involved in the uptake and elimination of the bacterium, 

especially at the stage of particle recognition, is relatively well-researched. Several 

phagocytic receptors, such as dSr-CI (Pearson et al., 1995), Croquemort (Stuart  et 

al., 2005), NimrodC1 (Kurucz et al., 2007), Eater (Kocks et al., 2005), GRP-SC1a  

(Garver et al., 2006), Draper and integrin βv have been implicated in the engulfment 

of S. aureus by Drosophila. Interactions between some of the receptors have also 

been reasonably well-defined. For instance, both integrin βv and Draper have been 

shown to act together to mediate the engulfment of S. aureus by recognizing the 

lipoteichoic acid and peptidoglycan (Shiratsuchi et al., 2012, Hashimoto et al., 2009).  

Additionally, another integrin subunit, αPS3, has been shown to act as a heterodimer 

with the βv subunit in mediating the phagocytosis of S. aureus (Nonaka et al., 2013). 

However, not all bacterial recognition happens directly, as TEP4 has been implicated 

in S. aureus opsonization, improving the specificity and efficiency of its engulfment 

(Stroschein-Stevenson et al., 2005). Once activated by the bacterium, nucleation-

promoting factors D-SCAR and D-WASP regulate the actin network at the engulfment 

site, resulting in plasma membrane zippering and engulfment of S. aureus (Pearson 

et al., 2003). Substantial progress has also been made in deciphering processes 

related to phagosome formation and maturation in the staphylococcal challenge. For 

instance, another RabGTPase, particularly Rab14, has been shown to facilitate 

phagosome maturation (Garg and Wu, 2014). Despite S. aureus primarily triggering 

the cellular response, the bacterium has been demonstrated to induce the production 
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of AMPs and reactive oxygen species through the Toll (Ramond et al., 2021) and 

unexpectedly IMD pathways (Hori et al., 2018).   

  

Therefore, the well-characterized infection dynamics, virulence regulators, and 

phagocytic machinery involved in S. aureus control, combined with the relatively 

straightforward and well-defined cellular component of Drosophila immunity, 

establishes a good host-pathogen model for further research. Within this thesis, we 

will utilise this model to study the sexually dimorphic outcome of the staphylococcal 

challenge, focusing on phagocytosis as a source of the sex-specific intricacies.  
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CHAPTER 2: METHODS  
  

2.1 Fly strains  

2.1.1 Fly Strains (CHAPTER 3)  

All transgenic lines were backcrossed for at least six generations into the wild-type, 

outbred strain whiteDahomey (gifted by Partridge Laboratory at the Institute of Healthy 

Aging). The reporter line, hmlΔ-GAL4, UAS-GFP (BDSC: 30140) (Sinenko and 

Mathey-Prevot, 2004) was used for the determination of basal S. aureus susceptibility 

or flow cytometry and for driving hemocyte-specific expression. Additionally, the 

hmlΔGS line (gifted by the Jasper Laboratory at the Buck Institute for Research on 

Aging) (Ayyaz et al., 2015) line was used to drive hemocyte-specific expression of 

transgenes. The UAS-traF (BDSC:4590) and the UAS-bax/CyO (gifted by the Wood 

Laboratory at the Institute for Generation and Repair) reporters were used in 

hemocyte depletion and hemocyte feminisation experiments.  

  

2.1.2 Fly Strains (CHAPTER 4)  

In summary, the lines we employed were established in the laboratory of our 

collaborators by experimental evolution using larvae from an outbred population of 

wild-caught D. melanogaster females. These larvae were housed with a single female 

wasp of Leptopilina boulardi for 24 hours. Following the egg encapsulation in infected 

individuals, surviving flies with visible capsules, implicating successful encapsulation 

and melanization of the parasite, were selected to establish the next generation, which 
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was maintained with the same protocol, establishing a population resistant to wasp 

parasitism. The control lines were maintained in the same condition but without the 

infection step, establishing a control population with no parasitism resistance (Leitão 

et al., 2020). These lines are continually maintained under parasitic selection and 

were sent to us periodically by our collaborator. We always used F1 flies for our 

experiments to ensure that the effect of parasitism was not lost, which may occur in 

later generations if the extreme pressure of parasitic selection is lifted.   

  

2.2 Fly Husbandry and Maintenance  

Stocks of the hmlΔ-GS, UAS-bax/CyO, UAS-traF and wDah were maintained at 18±1°C 

under a 12-hour light and 12-hour dark cycle on Lewis food vials (mix of 93 g agar 

(ThermoFisher A10752), 1716 g cornmeal (Flystuff 62-101), 310 g Brewer’s yeast 

(Sigma-Aldrich YBD-1KG), 517g of sucrose (Sigma-Aldrich 84097), 1033 g dextrose 

(Generon HY-B0389), 200 mL phosphoric acid (Merck 7664-38-2) and propionic acid 

(Merck 79-09-4) per 17 L of water) (Belmonte, 2023). Every five weeks, the flies were 

transferred to fresh vials.  Before setting up crosses, flies were moved to 25±1°C 

temperature and allowed to expand. The reporter line, hmlΔ-GAL4, UAS-GFP, was 

maintained in a population cage with ad libitum access to four SYA food bottles (mix 

of 90 g agar (ThermoFisher A10752), 300 g sucrose (Sigma-Aldrich 84097), 60 g 

Brewer’s yeast (MP Biomedicals 0290331205), 180 mL Nipagin (Merck 99-76-3), 18 

mL propionic acid (Merck 79-09-4) per 6L of water) (Belmonte, 2023). The population 

cage was stored at 25±1°C under a 12-hour light and 12-hour dark cycle, with the 

provision of fresh SYA food bottles every 10 days. To obtain a new generation for 

experimental purposes, a 55 mm standard Petri dish filled with apple juice agar (mix 
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of 9 g agar (ThermoFisher A10752), 10 g sucrose (Sigma-Aldrich 84097), 100 mL 

apple juice, 2.1 mL Nipagin (Merck 99-76-3) per 300 mL of distilled water) (Monteith, 

2018)  and yeast paste was placed in the cage, allowing the adult flies to lay eggs 

overnight. Eggs were collected from the agar surface by first removing the excess 

yeast and then washing them off with 1 mL of 1 X phosphate-buffered saline (PBS) 

(Merck 66062) using a paintbrush to dislodge the eggs. The collected egg suspension 

was poured into a 50 mL Falcon tube and allowed to settle down at the bottom of the 

tube. Using a 200 μL pipette with a cut-off tip, 20 μL of the suspension was transferred 

onto SYA food bottles. stored at 25±1°C under a 12-hour light and 12-hour dark cycle.  

  

2.3 Virgin Collection  

The hmlΔ-GS and hmlΔ>GFP lines were transferred to fresh Lewis and SYA food 

bottles, respectively, over a three-day period to ensure a well-distributed collection of 

virgin flies. Parent flies were removed from the bottles and eggs were allowed to 

develop at 25 ±1°C under a 12-hour light and 12-hour dark cycle for 10-12 days. Upon 

eclosion, flies were collected twice daily and visually selected under a microscope 

based on a larger size, lighter colour, the presence of the meconium and female 

genitalia. Females meeting these criteria were placed into fresh food vials, with 5-10 

individuals per vial, and stored at 18±1°C under a 12-hour light and 12-hour dark cycle 

until a suitable number of virgin females per experiment for genetic crosses was 

attained.  

  



  

  47  

2.4 Genetic Manipulation  

Following virgin collection, females from the hmlΔ-GS line were crossed with males 

from the UAS-bax line to drive hemocyte ablation and females from the hmlΔ>GFP 

reporter line were crossed with UAS-traF males and with WDah males to induce, 

respectively, hemocyte feminisation and associated control genotype. Each cross was 

established with a 3:1 ratio of virgin females to males, with approximately 50 

individuals in total. The crosses were housed in small embryo collection cages 

(Flystuff 59-105) supplied with a 35 mm standard Petri dish filled with apple agar that 

had yeast paste-like smeared around the edges. The cages were placed at 25 ±1°C 

under a  

12-hour light and 12-hour dark cycle for 24 hours before the Petri dish was changed. 

To collect eggs, excess yeast was initially removed from the agar surface, and the 

eggs were dislodged with a fine paintbrush and gently washed off with 1 X PBS (Merck 

66062). The resulting egg suspension was poured into a 50 mL Falcon tube, allowing 

the eggs to settle down at the bottom of the tube. Then, 20 μL of the suspension was 

transferred onto SYA food bottles which were stored at 25 ±1°C under a 12-hour light 

and 12-hour dark cycle for 10-12 days.  

  

To induce hemocyte ablation, we sorted two-day-old post-eclosion flies, removing 

those with the CyO balancer based on the presence of curly wings. The remaining 

hmlΔ-GS, UAS-bax flies were subsequently transferred to SYA food bottles containing 

RU486 (ThermoFisher H11001) the gene-switch system activator. The RU486+/SYA 

food was prepared by first obtaining working stock, which involved dissolving RU486 

powder in 95% ethanol at a concentration of 43 mg per mL, yielding a working solution 

of 100 mM. Then, 2 mL of this 100 mM stock was added to 998 mL of liquid SYA, 
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resulting in a final concentration of 200 μM RU486 per 1L of SYA. For the RU486/SYA 

control treatment, 2 mL of ethanol alone was added to 998 mL of SYA (Rogers). The 

RU486+/SYA and RU486-/SYA were dispensed into bottles and vials. RU486, 

commonly known as Mifepristone, is a synthetic steroid with antiprogesterone effects 

commercially used for pregnancy termination. Consequently, the RU486-infused SYA 

food was prepared under a fume hood. It was clearly labelled during the drying 

process and then in storage, and its handling always involved the use of gloves and 

extreme care.  

  

2.6 Bacterial Infection  

We utilised a gram-positive bacterium, Staphylococcus aureus (PIG1 strain) (Liu et 

al., 2005), stored as 200µL frozen aliquots at -70°C. To prepare a liquid bacterial 

culture, we thawed the aliquot and resuspended it in 50 mL of fresh Lura Bertani (LB) 

broth. The culture was allowed to grow overnight at 37°C on a shaker at 150 rpm.  

After reaching saturation, we centrifuged the cultures at 1600 rpm at 4°C for 20 min 

and resuspended them in 10 mL of 1 x PBS (Merck 66062) to an optical density (OD) 

of 0.25 (600 nm wavelength). We injected four days post-eclosion flies with 23 nL of 

the bacterial suspension into each fly abdomen using Nanoject III (Drummond), 

corresponding to a dose of about 1000 viable bacteria per fly. Injection of the same 

volume of sterile 1 x PBS was used as a control treatment for t the injection procedure. 

For injection, we anaesthetized flies with CO2 for less than 30 min and then observed 

shortly after to confirm recovery from the injection.  
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2.7 Monitoring Host Survival  

We monitored survival in groups of approximately 50 males and 50 females kept 

together in 1200 mL plastic boxes with access to two SYA vials on the sides, 

monitoring survival every 2 to 4 hours and removing dead individuals at each time 

point with a brush. The survival of individuals was analysed in RStudio (version: 

2023.06.0+421 ) using the package “survival” (Therneau, 2023). Differences in host 

survival were assessed using a Proportional Hazards Cox Model (coxph) or Mixed 

Effects Cox Model (coxme), fitting Sex and Genotype (hemocyte feminization, 

selection lines) or Diet (hemocyte ablation) and their interactions as fixed effects and 

“Day of Injection” as a random effect. Each genotype was housed in a separate box. 

Hazard ratios were extracted from these models. The models were specified as 

follows:  

  

Survival ~ Sex + Genotype (or Diet) + Sex * Genotype (or Diet) + (1|Replicate)  

  

2.8 Bacterial Load Quantification  

To monitor bacterial proliferation, each fly was individually homogenized in 250 µL of 

sterile 1 x PBS (Merck 66062) with two aseptic glass beads in a TissueLyser II 

(Qiagen) at 30 Hz for 1 minute. Depending on the time the homogenate was sampled 

at, it was then diluted 1:4, 1:16, 1:64, 1:256 and 1:1024 with 1 x PBS. 4 µL of each 

dilution was plated on LB agar plates, including undiluted, in duplicate (8- and 12-hour 

time points) or triplicate (0- and 8-hour time points). Plates were stored at 37°C 

overnight and then transferred to room temperature and allowed to continue growing 

until colonies were visible. Images of each plate were captured with iPhone 13 (Apple) 
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and uploaded into the “CountDrops” software (not published but generously shared 

by David Duneau and Jean-Baptiste Ferdy, University of Toulouse - Paul Sabatier III) 

where colonies were counted manually to estimate the number of viable bacterial 

colonies per fly. Bacterial load was then calculated in RStudio (version:  

2023.06.0+421) using the “CFUfit” R package. Differences in bacterial load were 

compared with a Wilcoxon or Pairwise Wilcoxon test for multiple comparisons. 

Whenever possible, these bacterial loads were modelled with a weighted mixed-effect 

generalised linear model using the “spaMM” package (Rousset and Ferdy, 2014) to 

obtain differences with the individual fly as a mixed effect.   

  

2.9 Flow Cytometry Sample Preparation and Gating Strategy   

2.9.1 S. aureus Bioparticle Injection  

We administered 23 nL (1/mg) of pHrodo bioparticles of S. aureus (ThermoFisher  

A10010) into the abdominal area of four-day-old adult Drosophila individuals. 

Subsequently, we sorted them by sex, placing 20 flies per vial, and incubated at 25°C 

for two hours.  

  

2.9.2 Sample Preparation  

Pools of 20 four-day-old individuals were anaesthetized with CO2 and transferred into 

1.5 mL microcentrifuge tubes filled with 500 µL of ice-cold 1 x PBS. While keeping the 

samples on ice, flies were crushed with a pestle. The homogenate was then 

transferred through a 40 µM filter placed on top of a 50 mL Falcon tube. Any sample 

residuals on the tube and filter were washed off with an additional 500 µL of ice-cold  

1 x PBS. The filtered suspension was transferred to a clean 1.5 mL microcentrifuge 
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tube and spun at 4°C, 1200 g for 3 minutes. The samples underwent a triple wash 

procedure, involving the removal of the supernatant, the addition of ice-cold 1 x PBS 

(Merck 66062) and subsequent centrifugation at 4°C, 1200 g for 3 minutes. The 

samples were poured through a 50 µm filter to clean 5 mL round-bottom flow 

cytometry tubes and placed on ice.  

  

2.9.3 Gating Strategy  

The samples were run on BD LSRFortessa and obtained data was analysed with FCS 

Express (version 6.06.0042). First, data was gated using the FSC-A and SSC-A to 

exclude doublets and debris from the analysis, eliminating cells with low values for 

both parameters. Then we gated for single cells using FSC-W against FSC-A. To 

identify green fluorescently labelled hemocytes and red fluorescently labelled S. 

aureus bioparticles, we set the channels to FITC and PE-Texas Red, allowing us to 

single out cells with overlapping intensity as phagocytic hemocytes. Sex-specific rates 

of phagocytosis were analysed using a binomial generalized linear model in RStudio  

(version: 2023.06.0+421) with the “glmer” package, with sex fitted as a fixed effect 

and the date of the experiment as a random effect.   
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CHAPTER 3: Drosophila phagocytes play a key role in sex- 

specific susceptibility to S. aureus infection  
  

3.1 INTRODUCTION  

Staphylococcus aureus is a gram-positive and opportunistic bacterium which 

commonly colonizes various body parts in approximately 20% to 40% of the general 

population (Wertheim et al., 2005b), with a primary presence on nasal mucosa. While 

most staphylococcal infections remain benign, the pathogen may infiltrate deeper 

tissues, leading to potentially fatal conditions, such as sepsis or endocarditis, making 

it one of the leading causes of life-threatening bloodstream infections (Kwiecinski and 

Horswill, 2020).  Treatment typically involves antibiotics, whose overuse has led to the 

emergence of resistant strains, particularly the methicillin-resistant form of S. aureus 

(MRSA), which significantly contributes to high mortality in staphylococcal infections 

(Yaw et al., 2014). In addition to the challenges posed by antibiotic resistance, sex is 

also a notable risk factor. Generally, men are more susceptible to various forms of S. 

aureus infection than females and are more frequently carriers of the bacterium 

(Humphreys et al., 2015). In addition to the clinical observations, the sex-biased 

susceptibility has been consistently observed in ex vivo and in vivo laboratory studies 

(Castleman et al., 2018). Although S. aureus is a complex pathogen with several  

well-studied virulence factors, professional phagocytes have emerged as particularly 

important disease mediators in different species (Prajsnar et al., 2008, Surewaard et 

al., 2016). Whilst there is a substantial body of research exploring emerging antibiotic 
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resistance, the underlying mechanisms of sex-specific susceptibility to the 

staphylococcal challenge remain poorly explored.  

  

With the observed male-biased susceptibility to S. aureus infection and the pivotal 

role of phagocytes in managing the staphylococcal challenge, we aimed to explore 

whether the observed differences in disease vulnerability might be linked to sex-

specific variations in phagocyte function. Several lines of evidence support such 

macrophage-focused investigation, such as a study of rodent-derived peritoneal 

macrophages which have shown enhanced pathogen detection, phagocytosis, and 

bactericidal activity in female cells (Scotland et al., 2011). Additionally, recombinant  

chicken-derived female macrophages appear to display greater readiness for infection 

evidenced by the upregulation of specific IFN-responsive genes at basal conditions 

(Garcia-Morales et al., 2015). In both the Coxsackievirus B3 and S. agalactiae mice 

infection models, females favoured the M2 activation state, known for promoting 

tissue repair, which potentially limits the inflammatory damage, a characteristic feature 

of sepsis (Li et al., 2009, Deny et al., 2022). The emerging evidence for the sex-

specific functionality of macrophages in response to various pathogens further 

supports our rationale for examining macrophages as a potential source of male-

biased susceptibility to S. aureus challenge.  

  

While there is evidence supporting the sex-specific functionality of mammalian 

macrophages, it is typically considered through a traditional framework of sex 

determination, which restricts the role of the chromosome complement to gonadal 

development and associated hormonal secretions, overlooking the inherent inequality 

in sex chromosomes present in each cell (Arnold, 2012). The sexual identity of 
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macrophages at a cellular level may be regulated by genomic sex differences in 

addition to hormonal signals, potentially playing a role in the dimorphic regulation of 

pathogenesis and disease outcomes. Such a notion finds partial support in studies on 

the four core genotypes mice, which enable the evaluation of the sex chromosome 

effect independent of the gonadal phenotype, revealing that sex chromosome 

complement contributes to the severity of Coxsackievirus B3 infection (Robinson et 

al., 2011). However, such manipulation only allows for the assessment of phenotypic 

differences and does not provide a means to directly manipulate  

sex-specific regulation at the cellular level.   

  

In this study, we aimed to investigate the role of macrophages in sex-specific 

susceptibility to S. aureus infection, employing Drosophila melanogaster as our model 

organism. Drosophila shares many evolutionary conserved features important for 

immune function with mammals, including disease gene homologs, signalling 

pathways and notably, the functionality of its phagocytes (Younes et al., 2020). Its 

immune system relies entirely on innate responses, comprising of humoral and 

cellular components. The cellular arm is primarily mediated by plasmatocytes, which 

are macrophage-like cells. These cells are important for development and 

homeostasis, and are also important for controlling many bacterial infections, 

including S. aureus, acting in parallel with the humoral response (Charroux and Royet, 

2009). Sex determination in Drosophila is regulated through a well-studied pathway 

of regulatory genes (Baker and Ridge, 1980), uniquely allowing us to induce female-

specific transcriptional regulation of male cells.  
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In the previous work of our research team, a male-biased susceptibility to S. aureus 

infection was demonstrated, and the single-cell RNA sequencing of adult hemocytes 

from males and females aided in the identification of sex-specific transcription 

differences in various genes, including those related to phagocytic pathways, which 

could contribute to the observed infection dimorphism. In this study, I aimed to further 

investigate these findings, by replicating the susceptibility pattern at a high resolution, 

focusing on bacterial proliferation and phagocytosis, and exploring whether the  

sex-specific outcomes of S. aureus infection could be attributed to the sex identity of 

hemocytes themselves, which is influenced by sex-specific genetic regulation.  

  

3.2 RESULTS  

  

3.3.1 Females demonstrate significantly greater resistance to S. aureus 

infection along with more efficient control of bacterial proliferation  

Although Drosophila melanogaster is a frequently utilised model host for studying S. 

aureus infection (Lee et al., 2018b, Needham et al., 2004), there is a noticeable 

scarcity of research comparing the responses of males and females to the challenge 

posed by this pathogen. In a study using an outbred population derived from the 

Global Diversity Lines, Duneau, Kondolf et al. established that males are significantly 

more susceptible to S. aureus infection than females (Duneau et al., 2017b). However, 

it is essential to recognize that the direction of sex-biased survival in bacterial 

infections can be influenced by environmental factors, such as mating or diet, and can 

vary depending on a host genotype (Belmonte, 2023). Therefore, we opted to confirm 

the previously observed female-specific survival advantage to S. aureus challenge 

under the conditions of our laboratory, in the genotype, hmlΔ-GAL4>UAS-GFP. In this 
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transgenic line, the hemolectin gene promoter drives a hemocyte-specific expression 

of GFP, whose fluorescent properties we utilise in subsequent stages of our study.  

  

We monitored the survival of four days post-eclosion individuals who were injected 

with a lethal dose of approximately 1000 viable S. aureus cells, resulting in the death 

of all individuals within 72 hours post-injection. It allowed us to analyse early control 

of infection but also detect any potential differences in susceptibility. We observed a 

significant difference in survival between males and females (Cox-me: Sex: df = 2, 

χ2 = 51.23, P = 0.00002) (Fig. 1A). Additionally, we further assessed this difference 

by extracting hazard ratios from the survival model, which indicated that males are 

1.53 times more likely to succumb to the staphylococcal challenge compared to 

females (Fig. 1B). To explore whether males and females differ in their ability to control 

S. aureus proliferation, we quantified the bacterial load in each individual at specific 

time points (4, 8, and 12 hours post-injection), while ensuring that both sexes received 

the same initial pathogen dose. In general, we observed a significant difference in 

proliferation between males and females (Wilcoxon test: W = 1358, P = 0.032). At 4 

hours post-injection, there was no detectable increase in bacterial growth, possibly 

due to it being too early for the pathogen to enter the exponential growth phase. 

However, a pronounced disparity becomes evident at 8 hours post-injection, where S. 

aureus proliferated significantly more in males than females (Wilcoxon test: W = 

148.5, P = 0.011), suggesting that females are more effective in limiting the 

staphylococcal growth during the initial response. At 12 hours post-injection, the sex-

specific difference in pathogen loads diminished, possibly due to host-specific 

increased variability in bacterial growth (Fig. 1C). Therefore, there is a correlation 

between differences in the survival and bacterial proliferation, where females 
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demonstrate a reduced likelihood of mortality and maintain a lower pathogen load 

during the initial stages of infection, but as time progresses, bacterial concentrations 

become comparable between the two sexes, eventually resulting in the mortality of all 

individuals (Fig. 1A, 1B, 1C).   

  

  

  

Figure 1. Adult male Drosophila exhibit increased susceptibility to S. aureus 

infection and a diminished ability to control staphylococcal proliferation.  

A) Survival curves for both males and females following S. aureus infection based on 

pooled survival data from six independent experiment replicates. The replicates were 
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accounted for in Cox mixed-effects modelling, revealing that females are more 

susceptible than males (Cox-me: df = 2, χ2 = 51.23, P =0.00002). The sample size 

of each sex is provided in the brackets. B) A graphical representation of the estimated 

Log(Hazard Ratio) extracted from the Cox mixed-effects model for each sex. A hazard 

greater than 1 indicates increased susceptibility of males compared to females (red 

horizontal line) to S. aureus infection. C) Bacterial load, presented as Log2 of S. 

aureus colony forming units (CFUs) in individual flies at 0, 4, 8 and 12 hours post-

injection. The number of individuals is indicated below each time point. Overall, S. 

aureus grows more in males than in females (Wilcoxon test: W = 1358, P = 0.032), 

with the difference being only detectable at 8 hours post-infection (Wilcoxon test: W 

= 148.5, P = 0.011).  

  

2.3.2 Hemocytes play a crucial role in limiting S. aureus growth  

The importance of D. melanogaster hemocytes in effectively controlling and 

eliminating S. aureus has been documented, often by impairing phagocytosis through 

methods such as the saturation of phagocytic machinery with latex beads (Nehme et 

al., 2011) or genetic removal of hemocytes (Defaye et al., 2009). While both of these 

techniques have consistently resulted in increased susceptibility to staphylococcal 

challenge in larvae and adults, no studies have directly compared the responses of 

males and females. To assess the degree of dependence on hemocytes in responding 

to S. aureus infection in both sexes, we employed a genetic ablation strategy. Similar 

to the approach used by Defaye, Evans et al., we induced the hemocyte-specific 

expression of a pro-apoptotic gene bax, known for its role in the efficient activation of 

Drosophila apoptotic pathways (Gaumer et al., 2000). To prevent the adverse effects 
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of hemocyte depletion during embryonic and postembryonic development 

(Stephenson et al., 2022), we employed a modified GAL4/UAS system. In this system, 

GAL4 is coupled with the progesterone-receptor protein called “GeneSwitch” (GS), 

enabling both spatial and temporal regulation of its expression by administering the 

synthetic progesterone analogue mifepristone (RU486) (Osterwalder et al., 2001). 

Therefore, we induced the hemocyte-specific expression of bax using hml>GS driver 

by feeding adults the activating drug at 48 hours post-eclosion. This activation time 

was chosen as during the first two days of adulthood, large individual adipose cells, 

which are dissociated from the larval fat body during metamorphosis (Nelliot et al., 

2006)  are removed by hemocytes (Aguila et al., 2007).  Henceforth, we will designate 

the individuals receiving RU486 through dietary intake as “hemocyte-depleted”, while 

those not exposed to the drug will be referred to as the “control”.   

  

To determine the role of hemocytes in sex-specific outcomes to S. aureus, we injected 

approximately 1000 S. aureus cells into each individual and closely monitored their 

survival. In general, hemocyte-depleted flies displayed a significantly heightened 

susceptibility, succumbing to infection within 46 hours post-injection, in stark contrast 

to non-depleted controls who managed to resist the infection for up to 72 hours. 

Additionally, we found a significant interaction between hemocyte presence or 

absence and sexually dimorphic susceptibility to S. aureus in our model (Cox-me: 

df = 4, χ2 =  163.88, P = 2.2 x 10-16 and P = 0.021), underscoring the crucial role of 

hemocytes in resisting staphylococcal challenge (Fig. 3A). Without hemocytes, both 

sexes exhibited an increase in susceptibility. However, the sexually dimorphic 

survival, which was initially observed in non-depleted controls, was notably eliminated 

in hemocyte-depleted individuals (Cox-me: df = 2, χ2 = 17.10, P = 0.065). Given the 



 

  60  

lack of significant difference between hemocyte-depleted males and females, we 

compared the effect of hemocyte depletion within each sex separately, revealing that 

hemocyte-depleted males were 2.12 times more likely to succumb to infection 

compared to control males. In parallel, hemocyte-depleted females were 3.51 times 

more likely to die of the staphylococcal challenge than control females. Therefore, the 

magnitude of the increase in hazard ratio is proportionally greater in hemocyte-

depleted females compared to hemocyte-depleted males, suggesting that while both 

sexes rely on hemocytes in resisting S. aureus challenge, females may exhibit more 

efficient hemocyte-regulated control of the infection.   
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Figure 2. Hemocytes are significant contributors to S. aureus survival in both 

sexes, but their role is more pronounced in enhancing female resistance.  

A) Survival curves for both sexes in hemocyte-depleted and control groups following 

S. aureus infection based on pooled survival data from three separate experiment 

repeats. In the Cox mixed-effects modelling, we accounted for the random effect of 

replication and the interaction between hemocyte depletion and the sex of an 
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individual, revealing that hemocyte elimination leads to a dramatic increase in S. 

aureus susceptibility and eliminates normally observed differences in survival 

between the sexes. and that the effect of hemocyte-specific ablation and females are 

more susceptible than males and that there was an interaction between hemocyte 

ablation and sex (Cox-me: df = 4, χ2 =  163.88, P  = 2.2 x 10-16  and P = 0.021).   

B) A graphical representation of the estimated Log(Hazard Ratio) extracted from the 

Cox mixed-effect model. A hazard greater than 1 indicates increased susceptibility 

compared to the control females (red horizontal line).  

  

To gain deeper insights into the effect of Drosophila phagocyte elimination on the 

dynamics of infection, particularly focusing on the varying impact of hemocyte 

depletion on the staphylococcal growth in males and females, we injected flies with 

S. aureus. Then, we carefully measured the pathogen load at 4, 8 and 12 hours  

post-injection, ensuring that both sexes were injected with identical volumes of the 

bacterial suspension. In general, hemocyte-depleted individuals exhibited significantly 

higher bacterial proliferation compared to the control genotype (Wilcox test:  

W = 2362.5, P = 2.2 x 10-16). In comparison to the starting load, the ablation of 

hemocytes led to a substantial increase in pathogen load as early as 4 hours post-

infection (Pairwise Wilcox test: P = 3.6 x 10-9). In contrast, for the control genotype, 

the same timepoint was too early in the bacterial growth trajectory to detect any 

significant increase, suggesting that hemocyte-depleted individuals lose control over 

S. aureus proliferation in the initial stage of infection. Such observation highlights the 

pivotal role of hemocytes in limiting staphylococcal dissemination, especially during 

the early phase of bacterial challenge. Given their ability to synthesize clotting factors, 

such observation likely implicates hemocytes in wound closure. Furthermore, 
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bacterial proliferation in hemocyte-depleted individuals was exceptionally rapid, with 

pathogen load significantly increasing between 4 and 8 hours and between 8 and 12 

hours (Pairwise Wilcox test: P = 7.5 x 10-13 and P = 2.5 x 10-5 respectively), 

whereas the only substantial increase in the control individuals was observed between 

0 and 8 hours, mirroring the proliferation pattern observed in the hmlΔ>GFP reporter 

line. These results suggest that staphylococcal growth is progressing rapidly in the 

absence of hemocytes. Surprisingly, despite the elimination of dimorphism in the 

survival, we still observed sex-specific differences in the pathogen load of hemocyte-

depleted individuals, with S. aureus proliferating significantly more in males at 8 and 

12 hours (Pairwise Wilcox test: P = 6.2 x 10-06 and P = 2.4 x 10-6 respectively). 

Considering that we had eliminated the primary mediators of cellular immunity, this 

suggests that the other arm of the Drosophila innate system, the humoral response, 

may in part drive this sex difference in early proliferation, independently of hemocytes. 

It is conceivable that such systemic response is more upregulated in females, as 

indicated by their better control of the early pathogen load than males. This does not 

translate to a dimorphism in susceptibility rates, indicating that the loss of hemocytes 

transcends this small effect in facilitating the response against this particular 

bacterium.  

  



 

  64  

  

  

Figure 3. Hemocyte depletion results in a significant increase in S. aureus 

proliferation, highlighting the role of hemocytes in controlling staphylococcal 

growth, but does not eliminate sex-specific differences in the pathogen load. 

Bacterial growth, presented as Log2 of S. aureus colony forming units (CFUs) in 

hemocyte-depleted and control flies at 0, 4, 8 and 12 hours post-injection.  

Overall, S. aureus grows more in hemocyte-depleted individuals compared to controls 

(Wilcoxon test: W = 2362.5, P = 2.2 x 10-16), with pathogen load being significantly 

higher in hemocyte-depleted individuals at every timepoint (Pairwise Wilcoxon test:  

P = 1.6 x 10-8, P = 5.0 x 10-16  and P = 1.7 x 10-9  for 4, 8 and 12 hours post-injection 

respectively). Compared to the injected dose, hemocyte-depleted individuals show 

significant growth as early as 4 hours post-injection, a pattern not otherwise observed 

in the control genotypes, implying the loss of S. aureus control early in the challenge 

(Pairwise Wilcoxon test: P = 3.6 x 10-9). There are sex-specific differences in 
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bacterial proliferation in hemocyte-depleted individuals, with males demonstrating 

significantly less control over the staphylococcal growth than females at 8 and 12 

hours post-infection (Pairwise Wilcoxon test: P = 6.2 x 10-6 and P = 2.4 x 10-6 

respectively). Additionally, we modelled the effects of sex and hemocyte depletion 

using a weighted mixed-effect generalized linear model, revealing significance for 

both, but notably stronger for the effect of hemocyte elimination (fitme ~ hemocyte 

elimination:  df = 2,  χ2 = 46.12507,  P = 9.6398 x 10-11 and fitme~ sex:  df = 2,  χ2  

= 12.37728  P = 0.002), suggesting that genetic ablation of Drosophila phagocytes 

overrides the effect of sex. Data was collected over four replicates, with the following 

number of observations in the control genotype: n=28, 22, 48, 24 for 0, 4, 8 and 12 

hours post-injection and in the hemocyte-ablation genotype: n=21, 28, 55, 28 for 

0, 4, 8 and 12 hours post-injection.  

  

2.3.3 Females have a greater proportion of hemocytes engaged in active 

phagocytosis of S. aureus than males  

While we have confirmed the male-biased susceptibility to S. aureus and the pivotal 

role of hemocytes in resisting this bacterium, we have yet to explore potential  

sex-specific differences in the phagocytic functionality of these immune cells. To 

address this, we implemented a modified protocol (Belmonte, 2023), built on a 

previously published hemocyte isolation procedure (Krejčová et al., 2019), and 

examined adult hemocytes using flow cytometry. We injected the previously 

mentioned hmlΔ-GAL4>UAS-GFP flies with S. aureus bioparticles. Within two hours 

post-injection, we quantified the proportion of hemocytes that had successfully 

engulfed these particles. We identified these phagocytic hemocytes based on the 
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staphylococcal bioparticles which become fluorescently red upon their uptake by 

fluorescently green hemocytes.  

Overall, there was a marked difference in the proportion of actively phagocytic cells 

between the sexes, with females having a greater proportion of cells involved in active 

phagocytosis than males (glmer: df = 1, χ2 = 346.257, P = 2.2 x 10-16), suggesting 

that during the initial phase of the infection, female hemocytes are phagocytosing 

more than male hemocytes, providing females with a survival advantage.   

  

Figure 4. Females demonstrate a significantly greater proportion of actively 

phagocytosing hemocytes compared to males. Both sexes of  

hmlΔ-GAL4>UASGFP reporter lines were injected with S. aureus particles, revealing 

that females have a higher percentage of phagocytic hemocytes compared to males 

(glmer: df = 1,  χ2 = 346.257, P = 2.2 x 10-16). Data was pooled from three replicates 

with a replicate accounted as a random effect. The number in the bracket denotes the 

percentage of cells from 20 individuals.  
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Considering that the hemocyte ablation significantly increased susceptibility to S. 

aureus infection in both sexes and eliminated the dimorphism in survival, we 

concluded that hemocytes could play a key pivotal role in the differential vulnerability 

between males and females to staphylococcal challenge. Additionally, a proportionally 

greater increase in a sex-matched hazard ratio for females, the significant interaction 

between hemocyte depletion and sex together with a greater proportion of phagocytic 

cells in females, prompted us to examine whether such contrasting susceptibility is 

attributed to the impact of sex-specific inductive signalling on Drosophila phagocytes 

or rather to the sex of hemocytes itself.   

  

2.3.4 Hemocyte-specific expression of the feminizing gene, transformer, results 

in a significant enhancement of male survival to S. aureus, providing them with 

greater control over bacterial proliferation.  

Sex determination in Drosophila is controlled in a cell-autonomous manner, with each 

cell independently determining its sexual identity through a well-studied splicing and 

transcriptional pathway. In chromosomally female cells, the presence of two X 

chromosomes induces transcription of the master sex-determination gene Sex-lethal. 

This results in female-specific splicing of its target, the transformer gene, itself a 

splicing factor. As a result, a functional TraF protein is produced, which controls 

alternative splicing of the doublesex gene, generating DsxF. In chromosomal males, 

Sex-lethal and Tra proteins are non-functional, and doublesex is spliced in a default 

manner, resulting in the expression of male-specific DsxM (Manolakou et al., 2006). 

Both DsxF and DsxM transcriptionally regulate the expression of many genes in 
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somatic tissues (Robinett et al., 2010). Therefore, such cellular autonomy of sex 

determination can be leveraged through transformer-specific genetic manipulation of 

the pathway, enabling the transcriptional transformation of male cells into female cells, 

or vice versa, which generates tissue-specific sexually mosaic individuals (Regan et 

al., 2022, Regan et al., 2016). Herein, we aimed to investigate the contribution of the 

sexual identity of hemocytes to S. aureus dimorphic survival. Using the GAL4/UAS 

system, we modulated transformer expression by crossing the hml-GAL4 driver with 

a UAS-regulated expression line driving expression of the active female form of 

transformer: UAS-traFemale, which results in  TraF transcript expression within 

hemocytes. Since UAS-traF has been backcrossed into the wDahomey strain, we 

crossed hml>GFP flies with WDah flies to obtain a control genotype with a 

homogenized genetic background. For simplification purposes, we will refer to wDah; 

hml>GFP, UAS-traF individuals as hemocyte-feminized and to wDah; hml>GFP as 

controls.  

  

To determine whether the presence of functional TransformerF protein in male 

hemocytes would change their response to S. aureus infection, we administered 

approximately 1000 S. aureus cells to each individual and closely monitored their 

survival. Strikingly, individuals with hemocyte-specific feminization demonstrated 

significantly enhanced resistance to the staphylococcal challenge, extending their 

survival to as long as 91 hours post-injection. In contrast, all individuals in the control 

group succumbed to the infection within 70 hours. Remarkably, the survival of 

hemocyte-feminized males exceeded that of control males, reaching a level 

comparable to the control females (Cox-me: df = 4, χ2 = 155.22, P = 0. 41). When 

examining the hazard ratios, the beneficial effect of expressing the female form of the 
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transformer becomes even more evident, with males being 0.92 times as likely to 

succumb to infection as the control females. In addition to hemocyte-specific 

feminization in males, we also induced the expression of traF in females, who naturally 

produce functional Transformer, which potentially amplified its levels. Such hypothesis 

is supported by our data,  as hemocyte-feminized females displayed significantly 

greater resistance to S. aureus challenge compared to control females (Cox-me:  

df = 4, χ2 = 155.22, P = 0.000012), indeed suggesting a dose-dependent effect of the 

transformer (Fig. 6A) . To determine which sex gained a greater advantage from the 

additional expression of the feminizing gene, we extracted sex-matched hazard ratios 

from the model. These ratios revealed a relatively comparable benefit, with hemocyte-

feminised males being 0.43 times less likely to succumb to the infection compared to 

control males and hemocyte-feminized females being 0.39 less likely to die from S. 

aureus challenge in comparison to their control counterparts. In our model, we also 

considered the interaction effect of sex and transcriptional feminization of hemocytes 

on survival, revealing no significant relationship between these two factors. This 

indicates that while both sex and feminization significantly influence survival, their 

effects are independent of each other. Therefore, the effect of hemocyte feminization 

seems to be consistent across both sexes, further supporting the concept of the dose-

dependent effect of TransformerF.   
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Figure 5. Hemocyte-specific expression of a female form of transformer 

significantly increases survival to S. aureus infection in both sexes, with 

hemocyte-feminized males achieving survival rates comparable to control 

females. A) Survival curves for both sexes in hemocyte-feminized and control groups 

following S. aureus infection pooled from four independent repeats across different 

dates. In our Cox mixed effect modelling, the day of injection and the interaction 
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between sex and transcriptional feminization were accounted for,  revealing that 

hemocyte-feminized individuals show significantly improved survival to S. aureus 

challenge (Cox-me: df = 4, χ2 = 155.22, P = 0.000012), yet the interaction between 

the sex of an individual and expression of traF remains insignificant. The sample size 

for each group is denoted in the brackets. B) A graphical representation of the 

estimated Log(Hazard Ratio) extracted from the Cox mixed-effects model for each 

group. A hazard greater than 1 indicates increased susceptibility of males compared 

to control females to S. aureus infection.   

  

To assess the relationship between survival and the progression of infection in 

hemocyte-feminized individuals, we again administered S. aureus and sampled at 8 

and 12 hours post-injection, ensuring equal bacterial dosages. Overall,  

hemocyte-feminised individuals demonstrated significantly lower staphylococcal 

growth in comparison to non-feminized controls (Wilcoxon test: W = 3227.5,  

P = 0.002), suggesting that the expression of the female-specific form of transformer 

allows for better control of the pathogen proliferation. Remarkably, we observed a 

parallel trend in both our survival and bacterial load data. Hemocyte-feminized males 

matched the survival rates of control females, and this pattern extended to our 

proliferation analysis, where there was no difference in microbial growth between 

hemocyte-feminized males and control females at either 8 or 12 hours post-injection 

(Pairwise Wilcoxon test: P = 0.16541 and P = 0.875 respectively). This implies the 

beneficial effect of the female-specific form of transformer. Remarkably, hemocyte 

feminization resulted in the elimination of the typical sex-specific differences in  

S. aureus growth at both 8 and 12 hours post-injection. Hence, while both sexes with 

feminized exhibited significantly improved control of S. aureus proliferation, the 
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expression of the female-specific transcription factor in male hemocytes enabled 

males to bridge the previously observed gap in proliferation between the sexes. At 12 

hours post-infection, bacterial load hemocyte-specific individuals showed a large 

spread between data points, suggesting that feminization of the hemocytes amplified 

the usually present increased variation between hosts.  

  

  

  

Figure 6. Hemocyte-feminized individuals demonstrated significantly stronger 

control of S. aureus proliferation, with hemocyte-feminized males displaying 

bacterial growth levels equivalent to those of control females. Bacterial growth 

presented as Log2 of S. aureus colony forming units (CFUs) per fly at 0, 8 and 12 

hours post-injection in hemocyte-feminized and non-feminized control groups. 

Hemocyte-feminized individuals demonstrated significantly lower S. aureus 

proliferation (Wilcoxon test: W = 3227.5, P = 0.002), with hemocyte-feminized males 
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reaching the same degree of proliferation control as non-feminized females, showing 

a beneficial effect of transformerF expression, specifically for males. While hemocyte-

feminized females also demonstrated significantly slower S. aureus growth, the sex-

specific differences in the staphylococcal load of hemocyte-feminized individuals were 

eliminated at both 8 and 12 hours post-injection (Pairwise Wilcoxon test: P = 0.165 

and P = 0.875 respectively).  Data was collected over three replicates. Each dot 

represents a single individual, with the corresponding numbers of observations: n=22, 

30 and 24 at 0, 8 and 12 hours post-injection for the control group and n=32, 30 

and 30 at 0, 8 and 12 hours post-injection for the hemocyte-feminised 

individuals.  

  

  

3.3 DISCUSSION  

Our findings confirmed that females are more resistant to S. aureus infection, exhibit 

better control of the staphylococcal proliferation and have a higher proportion of 

actively phagocytic cells than males. Through hemocyte ablation, we demonstrated 

the elimination of sexually dimorphic survival in response to S. aureus. By expressing 

the feminizing splicing factor, transformerFemale (traF) in male hemocytes, we have 

shown that traF regulation of hemocyte function enhances proliferation control of S. 

aureus and reduces infection susceptibility. Thus, we conclude that hemocytes are 

the primary contributors and regulators of sex-specific susceptibility to S. aureus in  

Drosophila melanogaster.  
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3.1 Males are more susceptible than females to S. aureus infection  

We have demonstrated that males are more susceptible to S. aureus infection than 

females, which was also previously shown by Duneau et al., confirming the  

male-biased susceptibility of the bacterium across different genotypes. Additionally, 

we have shown that staphylococcal proliferation is more controlled in females than in 

males, which can most likely be attributed to the greater proportion of phagocytic cells 

demonstrated by females. Our results align with previous evidence emphasizing the 

role of phagocytes in S. aureus responses, including mice (Martin et al., 2011, Kitur 

et al., 2015, Surewaard et al., 2016, Yajjala et al., 2016), zebrafish (Prajsnar et al., 

2008, Prajsnar et al., 2021, Pollitt et al., 2018) and Drosophila (Charroux and Royet, 

2009, Defaye et al., 2009). In addition to the previously attributed role of alpha-

Hemolysin, estrogen and neutrophils in mediating sex bias in staphylococcal infection 

(Castleman et al., 2018), we now suggest macrophages as another source of such 

dimorphism.  

  

3.2 Hemocytes are indispensable in the response to S. aureus in both sexes  

Our experiments have conclusively shown a significant reduction in resistance to S. 

aureus infection in both sexes. This points to the crucial role played by hemocytes in 

responding to the staphylococcal challenge, which aligns with similar results obtained 

in other studies involving hemocyte ablation in Drosophila, but also in other species 

like zebrafish or mice. Additionally, we observed that the elimination of hemocytes led 

to the loss of sex-specific survival differences, further validating Drosophila as a model 

organism to study how macrophages contribute to sex-specific susceptibility to  

S. aureus. Our data clearly illustrates a significant interaction between the sex of an 
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individual and the presence of hemocytes, which jointly influence resistance to 

staphylococcal challenge. Additionally, we found that the increase in a hazard ratio is 

proportionally greater in hemocyte-depleted females compared to their control 

counterparts, in comparison to the effect seen in hemocyte-depleted males versus 

healthy males. Such observation suggests that females may possess some  

hemocyte-specific advantage, normally making them more resistant to S. aureus, 

which elimination makes females drop more in survival than males.  

We also assessed the impact of hemocyte depletion on the dynamics of the 

staphylococcal infection, revealing that the absence of hemocytes significantly 

reduces control over bacterial proliferation in both sexes, resulting in unrestricted 

growth, as previously observed in larvae (Charroux and Royet, 2009). Interestingly, 

the sex-specific differences in S. aureus growth persisted, with hemocyte-depleted 

females continuing to limit the proliferation more efficiently than hemocyte-depleted 

males. This suggests that the absence of the main mediators of the cellular immune 

response exposed the generally weaker immune response in males or implicated a 

more efficient involvement of humoral response in females.   

  

Which hemocyte-related factors could render females less susceptible to S.  

aureus challenge?  

  

3.2.1 Transcriptional control of hemocyte function  

Data from our laboratory has previously shown sex-specific transcriptomes of adult 

hemocytes before and after S. aureus exposure, supporting our hypothesis that 

hemocytes demonstrate sexually dimorphic responses to bacterial challenge. Before 

infection, males exhibit higher expression of genes from the Toll and IMD pathways, 
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such as Dpt and Drsl5, along with a more robust induction of certain antimicrobial 

genes, e.g. GNBP3. In contrast, females display higher expression of genes related 

to the endocytosis pathway, specifically those linked with particle internalization and 

phagosome maturation. However, following infection, the differential induction of 

many antimicrobial peptides diminishes, resulting in comparable expression levels 

between the sexes (Belmonte, 2023). Hence, before the bacterial challenge, it 

appears that females possess pre-existing phagocytic machinery, likely allowing them 

to mount a more rapid and effective immune response and gain better control of the 

pathogen growth. The mechanistic immune advantage is also evident in my flow 

cytometry data, which shows that females displayed higher rates of phagocytosis of 

staphylococcal bioparticles than males, providing experimental validation. However, 

such a heightened phagocytic response may render females more exposed to its loss 

or impairment, as indicated by a proportionally greater increase in the hazard ratio for 

females following hemocyte ablation. Despite male hemocytes appearing better 

equipped for AMP production before infection, such advantage somehow diminishes, 

as both sexes upregulate the systemic responses to similar levels during the 

challenge, preventing males from matching the significantly more efficient cellular 

responses exhibited by females.   

  

3.2.2 Sex differences in hemocyte functional subtypes  

Recent advances in single-cell RNA sequencing uncovered various new plasmatocyte 

subtypes with differing functionalities in larvae. Several independent studies have 

identified a cluster of plasmatocytes expressing antimicrobial peptide encoding genes, 

which mainly emerge in wounding (Cattenoz et al., 2020, Tattikota et al., 2020, Leitão 

et al., 2020). These clusters are also enriched in the IMD and to a lesser extent Toll 
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signalling pathways, suggesting that plasmatocytes can elicit a humoral response 

against a wide variety of pathogens. Additionally, two minor phagocytic subtypes 

enriched in peroxidase enzyme-encoding genes were identified. Peroxisomes, small 

membrane-enclosed organelles, are known to be crucial for phagocytosis in 

Drosophila, and notably, for survival and the Toll-mediated immune response to  

S. aureus (Di Cara et al., 2017, Cattenoz et al., 2020). Belmonte et al. examined data 

from these studies to investigate sex-based differences in larval functional clusters, 

revealing sex-specific disparities in the relative size of nearly all clusters (Belmonte, 

2023). However, it is essential to note hemocytes from unchallenged larvae do not 

encompass lymph-gland-derived hemocytes, which constitute the main source of 

adult hemocytes (Lanot et al., 2001). So while these are informative to an extent, they 

do not precisely reflect the situation in adults, and the link between the larval functional 

clusters and adult plasmatocyte specialization remains uncertain. However, it is 

plausible that adult females possess more antimicrobial and phagocytic 

plasmatocytes than adult males, granting them with additional survival advantage 

alongside the upregulated phagocytic responses.   

  

3.2.3 Non-cell autonomous roles for hemocytes  

Besides differences in hemocyte subpopulation composition, it is important to 

consider the possibility of hemocytes signalling to other immunocompetent Drosophila 

tissues, like the fat body. While the signalling pathways governing AMP expression 

are present and activated within hemocytes (Vlisidou and Wood, 2015), supported by 

the sex-specific transcriptome adult of hemocytes (Belmonte, 2023), the exact nature 

of signalling between hemocytes and the fat body remains to be elucidated. Despite 

S. aureus displaying resistance to the Toll-dependent response, as evidenced by the 
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lack of protection from Defensin overexpression or constitutive Toll pathway activation 

(Nehme et al., 2011), several AMPs, such as Diptericin, Metchnikowin and Bomanins 

were upregulated in larval and in adult hemocytes (Ramond et al., 2020, Belmonte, 

2023), suggesting that AMPs may, to some extent, contribute to the response to this 

bacterium. Hemocyte-derived AMPs are likely only a small percentage of total AMPs 

but may have local effects. Previous studies have shown that even with the elimination 

of hemocytes, AMP production remained at wild-type levels in hemocyte-depleted 

individuals, although they became more susceptible to infection (Defaye et al., 2009, 

Charroux and Royet, 2009), indicating that plasmatocytes are not strictly required for 

the activation of systemic AMP production. While we did not quantify the expression 

of AMPs or their hemocyte-specific activation, hemocyte-depleted females showed 

slower S. aureus proliferation than males, suggesting that the humoral response was 

still functional, but its exact activity levels remain uncertain. Therefore, while 

hemocytes likely serve the same function in both sexes, they may trigger the systemic 

response at different rates.   

  

In addition to resistance factors like AMPs, Drosophila hemocytes express Unpaired 

cytokine-like molecules, which can induce fat body responses such as AMP release. 

For instance, upd3, which has shown increased activation following ablation of hml+ 

hemocytes in larvae, possibly due to associated expansion of pxn+ hemocytes, the 

effect which is even strengthened  Such upregulation resulted in enhanced JAK-STAT 

pathway activation and subsequent stimulation of the fat body (Shin et al., 2020). 

While the role of the JAK-STAT pathway in AMP production is relatively limited, it may 

have other implications, such as facilitating phagosome maturation with S. aureus as 

demonstrated in mammalian cell culture (Zhu et al., 2015).   



  

  79  

  

  

3.2.4 Hemocyte metabolic regulation  

Sex-specific disparities in energy allocation for immune responses stem from the 

differing priorities between the sexes. Males invest in traits for mate attraction, limiting 

their expenditure in immunity. Conversely, females prioritize extended reproductive 

lifespan, requiring a stronger immune response and greater energy investment (Rolff, 

2002). The differential energy allocation to the immune system between the sexes 

likely leads to sex-specific metabolic regulation of immune cells. The ablation of hml+ 

hemocytes, which paradoxically increases their Upd3 expression (Shin et al., 2020), 

also downregulates insulin signalling, reducing triacyl glycerides storage in the fat 

body. This suggests metabolic distinctions within the plasmatocyte population, with 

specialized hemocytes, e.g. pxn+ hml responding to metabolic changes (Shin et al., 

2020). This could parallel the M1/M2 macrophage paradigm in Drosophila and imply 

conservation of alternatively activated macrophages. Additional support for such 

concept comes from the plasmatocyte-specific metabolic reprogramming in response 

to bacterial infection, shifting towards aerobic glycolysis while depleting glucose from 

the other body parts (Krejčová et al., 2019). This metabolic change mimics the M1 

macrophage activation, enhancing phagocytic activity and promoting a 

proinflammatory phenotype. Hence, females may mount a more efficient immune 

response to S. aureus due to more efficient metabolic remodeling within their 

plasmatocytes which has also been supported by sex-specific transcriptional 

regulation of metabolic genes observed in our laboratory (Belmonte, 2023).  
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3.3 The consequences of expressing the female-specific splicing factor in 

hemocytes  

Our experiments showed that expressing the female-specific form of the Drosophila 

sex determination gene, transformerFemale (traF), in hemocytes significantly enhances 

resistance to S. aureus challenge in both males and females. Remarkably, this effect 

was particularly beneficial for males, as it allowed them to nearly match the survival 

of control females. We also observed a similar trend in our proliferation data, where 

hemocyte activation of traF led to substantially greater control of S. aureus growth in 

both sexes. Interestingly, males achieved the same level of control over 

staphylococcal growth as control females. Hence, the expression of traF likely induces 

female-specific regulation of male hemocytes, providing them with an advantage 

similar to that of females. This could result in more efficient phagocytosis, which 

subsequently limits proliferation. However, the improvement was not exclusive to 

males but was also seen in females, who naturally express the female form of 

transformer. Consequently, driving its expression in hemocytes may have artificially 

amplified traF levels within these cells. Therefore, the enhancement in survival and 

better control of bacterial proliferation in females additionally expressing traF could 

implicate the dose-dependent effect of the gene. Such a notion is further supported 

by the lack of interaction between sex and hemocyte feminization. Interestingly, we 

have observed the elimination of sex-specific differences in the staphylococcal 

proliferation, further supporting the idea that the expression of traF in male hemocytes 

improved their functionality, possibly allowing them to match the phagocytic activity of 

female hemocytes.  
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The beneficial effects observed when expressing traF in both male and female 

hemocytes should be interpreted as a female-specific transcriptional regulation of 

male cells rather than changes in the chromosome complement itself or cell sex during 

development, as the hml marker used to drive traF is only expressed in mature, fully 

differentiated cells. Therefore, for now, we should identify traF as an important 

regulator enhancing the more effective hemocyte-specific response to S. aureus in 

females. To definitively establish TraF as the key effector protein modulating 

sexspecific hemocyte responses, we must demonstrate its role in a reverse scenario 

by inducing the loss of traF in females.   

  

The transformer gene occupies the second position in the regulatory hierarchy that 

determines the sex of each Drosophila cell, with an upstream gene, Sex-lethal, and 

two downstream genes, doublesex and fruitless. These genes, depending on the 

presence of functional transformer, contribute to sex-specific splicing of doublesex 

and fruitless, with the latter one primarily regulating male courtship behaviour (Demir 

and Dickson, 2005) and female receptivity (Chowdhury et al., 2020). These genes 

yield male-specific forms of DsxM and FruM or female-specific DsxF and FruF. Both, 

DsxF and DsxM are expressed in various somatic tissues, including those with no 

reported sexual dimorphism, such as leg muscles or the digestive system (Robinett 

et al., 2010).  Given the improved survival and proliferation control following 

hemocyte-specific expression of traF, such transcriptional regulation is likely important 

for adult hemocyte function, e.g. targeting genes implicated in the endocytosis whose 

sex-specific hemocyte expression has been shown before (Belmonte, 2023). It is 

possible that the hemocyte-specific expression of traF also regulates some of the sex-
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specific differences discussed above, e.g. enhancing hemocyte signalling to the fat 

body.  

However, the extent of traF, and consequently its two downstream targets, on the 

expression of hemocyte-specific genes remains to be elucidated. For instance, most 

genes with significant sex-biased expression in Drosophila head tissue are regulated 

downstream of tra, and some genes are not even under its direct control, e.g. the 

male-specific lethal 2, which plays a major role in the dosage compensation (Chang 

et al., 2011). Additionally, many genes with male-biased expression are enriched on 

the X chromosome and located close to the dosage compensation gene entry sites, 

suggesting that differences in sex chromosome composition contribute to the 

dimorphism in gene expression, which is something we could not manipulate. 

(Abdullah et al., 2012). Therefore, the results of transformer manipulation in male and 

female hemocytes should be interpreted with caution, as there is still a lot to be 

determined about the regulation of its targets both upstream and downstream.  

  

3.4 Experimental limitations of our genetic system  

While our experiments revealed genotype- and sex-specific significant differences, it 

is essential to acknowledge the limitations of the hemocyte genetic marker, 

hemolectin (hml), we employed to induce transgene expression (Goto et al., 2001). At 

the larval stage, hml is activated only in a subpopulation of fully differentiated 

plasmatocytes and lamellocytes some studies report that hml is found only in 65% of 

adult cells (Boulet et al., 2021a). While hml is the most pervasive hemocyte marker, 

circulating plasmatocytes also express other markers, such as peroxidasin (pxn) 

(Nelson et al., 1994), which we did not consider in our experiments. Consequently, 

the hml marker alone might have been not sufficient to induce cell killing and 
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feminization in all hemocytes. This notion is further supported by the hml-driven 

expression of bax during adulthood, which resulted in the ablation of almost all hml+ 

cells. Nonetheless, some pxn+ blood cells persisted, giving rise to two distinct 

hemocyte subpopulations, pxn+ hml+ and hml-pxn+ (Boulet et al., 2021a).   

  

Apart from the dose-dependent effect of transformerF, another explanation for the 

enhancement of survival and load control in hemocyte-feminized females could stem 

from genetic factors directly associated with the GAL4/UAS system in both hemocyte-

feminised and control lines, which might be regulating these differences. To eliminate 

such a possibility, we would need further testing in another genetic context e.g. using 

the GeneSwitch system.  

  

3.5 Parasite-mediated effects  

Finally, while all of our experiments primarily focused on Drosophila responses to S. 

aureus, it is important to recognize that bacteria can also influence host phenotypes 

and evade its immune responses. Although in humans, S. aureus has been 

demonstrated to evolve various evasion strategies, little is known about the 

mechanisms employed by the bacterium to subvert the immune responses in 

Drosophila, a widely used model host for S. aureus infection. One notable mechanism 

involves wall teichoic acids, which limit the access of innate immune receptors to 

peptidoglycan, impairing the binding of PGRP-SA (Vaz et al., 2019, Atilano et al., 

2011). As a result, staphylococci are allowed to go undetected and multiply within the 

fly. Additionally, wall teichoic acid-mediated inhibition of PGRP-SA attachment to S. 

aureus has been shown to impair subsequent Toll pathway activation (Tabuchi et al., 
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2010). Therefore, it is plausible that Drosophila females may possess a superior ability 

to combat the interference of wall teichoic acids on PGRP-SA, making them more 

efficient at pathogen recognition, which then translates to higher rates of 

phagocytosis, and increased Toll activation, ultimately leading to more controlled 

staphylococcal proliferation.   

  

While we know that females have a higher proportion of hemocytes that phagocytose 

S. aureus bioparticles, it is important to note that this may not necessarily transfer to 

the same outcome with live bacterium, as phagocytic activity can be influenced by the 

characteristics of phagocytosed particles (Underhill and Goodridge, 2012). 

Additionally to the complex surface proteins, S. aureus is known for its ability to target 

the integral components of the host immune response, particularly the professional 

phagocytes. For instance, S. aureus can evade and manipulate macrophages,  

allowing for its intracellular survival within these cells and serving as a potential source 

for further dissemination (Kubica et al., 2008). However,  thus far such a phenomenon 

has not been demonstrated in Drosophila.   

  

3.6 Future work  

In future investigations, it would be valuable to determine sex differences in adult 

plasmatocyte composition, i.e. determine if females have a higher proportion of 

antimicrobial and phagocytic plasmatocytes than males. Identifying appropriate 

genetic markers for these plasmatocyte subtypes would allow their specific 

manipulation, advancing our understanding. Further clarification on the role of the sex 

determination cascade in regulating hemocyte responses is needed, beginning with 
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traF validation in females through its RNAi-mediated knock-down. Assessing the 

expression of previously identified genes with sex-specific patterns, such as those 

related to the endocytosis pathway in hemocytes of feminised males would shed light 

on the extent of this cell-autonomous regulation and its role in S. aureus dimorphism.  

To explore if developing with female cells provides additional advantages, it is worth 

expressing traF under the control of GATA protein Serpent (Srp) (Rehorn et al., 1996), 

creating sexual chimaeras during haematopoiesis.  

  

Finally, we have not tested any sex differences in functionality of the hemocytes ex 

vivo. It is crucial to determine how effective Drosophila hemocytes are at recognition, 

uptake and subsequent degradation of S. aureus. For instance, we should determine 

if there is a differential ability between the sexes in overcoming peptidoglycan 

inaccessibility. To assess that,  I would induce hml-driven fluorescence of PGRP-SA. 

Subsequently, based on the endogenous fluorescence, hemocytes would be 

extracted using FACS sorting and transferred with wall teichoic acid-deficient and 

parental strains of S. aureus labelled with a fluorescent reporter, e.g. mCherry.  Then, 

microscopic imagining would allow us to determine which bacterial cells were 

internalized, which were bound to the membrane, and which remained free-floating. 

A similar technique could be employed to establish a killing assay which would allow 

us to determine the killing capacity of Drosophila phagocytes.  

  

3.7 Conclusion  

We have demonstrated that Drosophila females are less susceptible to S. aureus 

infection than males, highlighting a conserved susceptibility observed in humans and 
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other model organisms. It appears that phagocytic cells play a crucial role in the 

differential S. aureus susceptibility between the sexes, with females relying more on 

them to maintain resistance. This difference is most likely driven by hemocyte-specific 

disparities in gene expression, with females exhibiting higher levels of molecular 

machinery even before bacterial challenge. This initial advantage probably results in 

slower pathogen proliferation and reduced susceptibility. Additionally, our research 

has shown that to some extent, this dimorphism is mediated by the cell-autonomous 

regulation of hemocyte responses, with female sex determination factors providing a 

significant survival advantage and more controlled bacterial growth.   

  

Our findings not only shed light on broadly observed sex differences in the context of 

S. aureus infection but also pinpoint the existence of sex-specific regulation at the 

single-cell level, highlighting the vital biological paradigm that every cell is influenced 

directly by its sex chromosome complement.  
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CHAPTER 4: Adaptation to L. boulardi parasitism at larval 

stages trades off with resistance to S. aureus infection 

during adulthood  
  

4.1 INTRODUCTION  

Throughout its life, Drosophila encounters various microorganisms and possesses a 

robust innate immune response, comprising both cellular and humoral components, 

allowing it to effectively combat pathogens with diverse virulence strategies. These 

responses can be further classified based on their state of readiness. Constitutive 

immune responses are perpetually active, even in the absence of infectious stimuli, 

acting promptly to prevent the infection. Whereas inducible responses are triggered 

only in response to pathogenic attacks, typically intensifying the already present 

constitutive factors (Boots and Best, 2018). Mounting an immune response is 

energetically costly, and often requires a trade-off with other vital biological functions, 

such as development, due to the reallocation of a finite pool of resources (Bajgar et 

al., 2015). Different states of readiness impose distinct energy costs, with inducible 

responses incurring costs only after infection and constitutive immune responses are 

continually active, requiring a constant energy investment. Organisms strive to strike 

a balance between investing in constitutive and inducible factors and achieving an 

optimal response (Martin and Tate, 2023). However, selective pressures, such as the 

frequency of infection may necessitate differential allocation of energy.  

  

In the wild, Drosophila is at risk of attack from parasitoid wasps, such as Leptopilina 

boulardi, which lay their eggs in fly larvae or pupae. Under normal conditions, there 

are only two classes of hemocytes present in larvae, plasmatocytes and crystal cells. 
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However, upon wasp egg oviposition, these circulating hemocytes together with 

prohemocytes and plasmatocytes from the lymph gland (Cho et al., 2020, Honti et al., 

2014) differentiate into lamellocytes, which are key effector cells in the anti-parasitoid 

immune response. Once plasmatocytes surround the parasitoid eggs, lamellocytes 

adhere to them, forming a multilayered capsule that is melanized by the activity of 

phenyloxidases (Dudzic et al., 2015), whose by-products contribute to parasite-killing 

(Nappi et al., 2009). Recent studies have demonstrated that when Drosophila is 

subjected to repeated selection for survival to L. boulardi parasitism, the inducible 

production of immature lamellocytes becomes constitutive, even in the lack of wasp 

infestation. Such adaptation allows the host to mount quicker and more effective 

immune responses, resulting in a survival rate of almost 80% in the lines with evolved 

wasp resistance as opposed to the 10% survival rate observed in the control 

population (Leitão et al., 2020). Nonetheless, wasp parasitism is not the sole 

pathogenic threat Drosophila may encounter throughout their lifespan, and little is 

known about how adaptation to one parasite early in life affects the immune response 

to a different pathogen later on, particularly if it requires a distinct immune response 

from the same immune tissue – in this case, hemocytes. In addition to the limited 

energy resources, type of pathogen and its infection frequency, the allocation of host 

investment into constitutive and induced immunity may be also differentially regulated 

between the sexes as males and females are subjected to different selective 

pressures.   

  

We utilised these valuable populations of experimentally evolved Drosophila, exposed 

to high levels of parasitism, to determine whether selection for survival to one parasite 

at juvenile stages affects the response to a different pathogen, such as S. aureus, 
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during adulthood. We also investigated how these pathogen-related selective 

pressures differ between males and females. Since S. aureus is primarily controlled 

by plasmatocytes, we aimed to determine how the changes in hemocyte composition 

at the larval stage, favouring lamellocytes, influence the immune response to a 

pathogen that is primarily controlled by a distinct blood cell type from the hemocyte 

population – plasmatocytes.  These results form part of a larger study that aims to 

understand the costs to immune responses across the life course of adapting to a 

stage-specific parasite.  

  

4.2 RESULTS  

To explore how multiple generations of selection for parasitism at larval stages 

(selection lines), along with associated changes in hemocyte composition, influence 

the susceptibility to S. aureus infection during adulthood, we infected them with 

approximately 1500 cells of the bacterium and closely monitored their survival. In 

general, the selection lines show significantly increased susceptibility to the 

staphylococcal challenge when compared to the control lines, with individuals 

possessing evolved parasite resistance succumbing to infection within 70 hours  

(Cox-ph: df = 3,  χ2 = 73.65, P = 2.2 x 10-16). While in control individuals, the typical 

sex-based survival was observed (Cox-ph: df=3, χ2 = 73.65, P = 0.003), in flies with 

developed parasite resistance the sexually dimorphic response to S. aureus was 

eliminated (Cox-ph: df = 2,  χ2 = 1, P = 0.148). To understand how each sex is 

affected by the early-life parasite resistance, we extracted hazard ratios from our 

model, revealing that selection-line females are 2.2 times more likely to succumb to 

S. aureus infection compared to their control counterparts, whereas selection-line 
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males are 1.7 times more likely to perish from the staphylococcal challenge compared 

to control males. Such observation suggests that the proportional increase in hazard 

is greater for females than males.   
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Figure 7. S. aureus challenge of selection line individuals results in significantly 

greater susceptibility to the infection and the loss of dimorphism. A) Survival 

curves for both sexes in the selection and ancestral lines following S. aureus infection 

based on survival data from a single experiment. In the Cox proportional hazards 

modelling, we accounted for the interaction between selection and the sex of an 

individual, revealing that juvenile adaptation to wasp parasitism leads to a dramatic 

increase in S. aureus susceptibility in both sexes, eliminating the usually observed 

dimorphism in survival (Cox-ph: df = 3,  χ2 = 73.65, P < 0.0001) and (Cox-ph: df = 

2,  χ2 = 1, P = 0.148) respectively. The sample size of each sex is provided in the 

brackets. B) A graphical representation of the estimated Log(Hazard Ratio) extracted 

from the Cox proportional hazards model. A hazard greater than 1 indicates increased 

susceptibility compared to the ancestral females (red horizontal line).  

  

To further assess how parasitism selection affects within-host proliferation of S. 

aureus, we injected selection and control lines with a precise inoculum and sampled 

at 8 and 12 hours post-injection, ensuring equal loads were administered. Overall, 

bacterial proliferation was greater in the selection lines (Wilcoxon test: W = 11996, 

P = 0.038) compared to the control lines, suggesting that the adaptation for wasp 

parasitism results in less efficient control of bacterial proliferation. Contrary to our 

expectations based on the survival rates, the sex-specific differences in selection lines 

were not evident at 8 hours post-injection but did appear at 12 hours post-injection, 

with selection line females showing significantly poorer control over pathogen growth 

than selection line males (Pairwise Wilcoxon test: P = 0.003), possibly implicating 

differential regulation of humoral response or development of bacterial tolerance.  
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Another surprising observation comes from the control lines, where we did not 

observe sex-specific differences in bacterial load at either 8 or 12 hours, which had 

not been observed before in other genotypes in use in the laboratory.   

  

 
Figure 8. Selection lines demonstrated significantly worse control of S. aureus 

proliferation. Bacterial growth, presented as Log2 of S. aureus colony forming units  

(CFUs) in ancestral and selection line individuals at 0, 8 and 12 hours post-injection. 

Overall, selection line flies demonstrated greater staphylococcal proliferation 

compared to ancestral line flies (Wilcoxon test: W = 11996, P = 0.03801), showing 

the harmful effect of wasp parasitism adaption on proliferation control. The only  

sex-specific difference in bacterial load was observed at 12 hours post-injection 

(Pairwise Wilcoxon test: P = 0.00315), which was not in line with the survival 

analysis. Data was collected over three replicates. Each dot represents a single 

individual, with the following number of observations in the ancestral lines: n=8, 79, 
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78 for 0, 8 and 12 hours post-injection and in the selection lines: n=8, 92, 79 for 

0, 8 and 12 hours post-injection.  

 

4.3 DISCUSSION  

Our collaborators have successfully generated a valuable collection of experimentally 

evolved Drosophila lines derived from wild-caught specimens (Leitão et al., 2020). 

These lines underwent parasitation by L. boulardi, a wasp that deposits eggs within 

the bodies of larvae, subsequently developing at the expense of the host. Drosophila 

has strong physiological defences, such as encapsulation, preceded by lamellocyte 

differentiation, and melanization, allowing some of them to combat such a threat. The 

surviving individuals were selectively bred to establish the next generations, 

eventually creating a population with enhanced resistance to wasp infestation. Single-

cell RNA sequencing revealed that the resistance observed in selection line larvae is 

attributed to the constitutive differentiation of lamellocyte precursors, which were 

previously usually produced only in response to infection, leading to a state of 

persistently primed immune response and the altered composition of the 

hematopoietic system (Leitão et al., 2020). We were particularly interested in 

examining how such hemocyte-specific adaptation to one parasite early in life 

influences the response to a different parasite, S. aureus, whose proliferation is 

primarily controlled by Drosophila hemocytes.  
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4.3.1 Constitutive immunity to wasps comes at the cost of resistance to S.  

aureus infection  

Our results indicate that lines subjected to multiple generations of wasp parasitism 

(selection lines) exhibit increased susceptibility to S. aureus infection compared to the 

lines maintained without repeated parasite infection (ancestral lines). Such a 

heightened susceptibility can be traced back to the shift from inducible lamellocyte 

differentiation to constitutive lamellocyte presence, which is the observed 

consequence of continuous selection for parasitism survival. Significant amplification 

of lamellocytes has been shown to alter the composition of the hematopoietic system 

and transcriptional states of other cells. Single-cell sequencing of unchallenged larval 

hemocytes from the ancestral lines revealed nine transcriptionally distinct hemocyte 

clusters, primarily composed of self-cycling plasmatocytes (PLASM1 and PLASM2), 

which upon parasitic wasp challenge, differentiate into immature lamellocyte 

precursors (LAM1 and LAM2) before maturing into mature LAM3. Within the selection 

lines, a constitutive increase in the presence of LAM1 and LAM2 is observed, 

indicating the fixation of inducible lamellocytes, a phenomenon that occurs at the 

expense of circulating plasmatocytes (Leitão et al., 2020). Therefore,  the increased 

susceptibility of selection lines to S. aureus is likely attributed to the persistent 

presence of lamellocytes and a corresponding loss of plasmatocytes in larvae, which 

carries over into adulthood. This suggests that investment in larval lamellocyte 

production comes at the expense of adult plasmatocyte responses, making selection 

lines particularly ineffective at fighting S. aureus, which primarily triggers 

plasmatocyte-mediated immune responses.   
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4.3.2 Heavy selection pressure on both sexes compresses adult immune 

dimorphism  

In the ancestral adult lines, females displayed lower susceptibility to S. aureus 

infection than males, consistent with our observations in other genotypes (e.g. 

CHAPTER 2). We observed that sex differences in survival to S. aureus challenge are 

not detectable in the selection lines. When it comes to sex-specific transcriptomic 

differences in single-cell sequencing data of these lines,  Belmonte (2023) revealed 

that both sexes in the selection lines experienced a decrease in the proportion of self-

cycling plasmatocytes (PLASM1) in favour of more immature lamellocytes (LAM1 and 

LAM2), both at baseline and upon parasitation. However, selection line females 

experienced a more substantial loss of self-cycling plasmatocytes (PLASM1) 

compared to males (Belmonte, 2023). Consequently, the hemocyte-specific 

advantage of females, such as a higher proportion of actively phagocytic hemocytes 

and more primed phagocytic response (CHAPTER 2) is most likely permanently lost 

due to the general decrease of self-cycling plasmatocytes, which are primarily 

involved in phagocytosis. While the population of self-cycling plasmatocytes also 

decreased in the selection line males, they do not show as much hemocyte-specific 

advantage as females. This is further supported by a proportionally greater increase 

in the hazard ratio in females than in males. Therefore, while both sexes lose 

phagocytic activity, resulting in the elimination of dimorphism, the loss is probably 

more pronounced in females.  

  

The induction of resistance to parasitism is also recognized as a costly process (Dias 

et al., 2022) and both males and females bear these costs This is evidenced by the 
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elimination of the dimorphism, which results from the diversion of the energy 

resources, which would normally be allocated to maintaining the pool of 

plasmatocytes capable of responding to bacterial infections, to resist the wasp 

parasitism. In the context of the staphylococcal challenge, this juvenile-derived 

reallocation of energy resources, results in a proportionally greater increase in sex-

matched hazard ratio in females compared to males, suggesting that the cost of 

resistance to wasps might be greater for females. However, as both sexes are very 

strongly affected by the adaptations to wasp parasitism, resulting in no difference in 

susceptibility between males and females, this suggests the pressures associated 

with adapting to wasp parasitism override any sex-specific pressures on developing 

or maintaining the immune system.  

  

4.3.3 Adaptation to juvenile parasitism reduces control over S. aureus 

proliferation in adulthood   

Our results reveal significantly greater S. aureus proliferation in the selection lines 

compared to the ancestral lines, likely due to a limited plasmatocyte response, a 

consequence of constitutive lamellocyte differentiation, resulting in decreased 

bacterial clearance. While we did not detect sex differences in bacterial load at 8 

hours, in line with the survival analysis and loss of dimorphism, to our surprise, 

selection line females exhibited higher S. aureus growth at 12 hours post-injection, 

despite no difference in survival between the sexes. Several theories could account 

for such observation.   
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Females  are  thought  to  invest  more  energy  in  immunity,  enhancing  

immunocompetence for extended breeding time (Rolff, 2002), which likely leads them 

to prioritize resource allocation toward resistance mechanisms over males (Vincent 

and Sharp, 2014). However, investment in parasite-specific resistance at juvenile 

stages, a process known to be resource-intensive (Dias et al., 2022), likely limits 

energy allocation into an effective immune response against different parasites in 

adulthood. Supporting this, we see similar effects on susceptibility in males and 

females from selected lines. Although males and females do not show different 

encapsulation rates either before or after selection (unpublished data from our 

collaborators), males and females may have taken slightly different routes to adapt to 

wasp parasitism, leading to subtle differences, such as those seen in early load, that 

are exposed by our bacterial infection paradigm.   

  

One source of variation could be other immune tissues. The wasp selection, applied 

to the entire fly and not just hemocytes, likely affected the fat body as well, known to 

respond to wasp challenges through the Toll and JAK/STAT pathways (Schlenke et 

al., 2007, Yang and Hultmark, 2016). Therefore, a possible explanation for the slightly 

increased bacterial load at 12 hours in selection line females may involve the fat body 

and its signalling cascades. Most genes altered upon parasitoid challenge differ from 

those induced in antimicrobial responses, but two PGRPs and three AMPs were 

significantly upregulated shortly after the attack, likely due to cuticle puncturing which 

increases exposure to low levels of microorganisms (Wertheim et al., 2005a). In 

another study, L. boulardi eggs triggered the expression of AMP-encoding genes in 

susceptible Drosophila larvae, but not in resistant strains, suggesting that parasitism 

resistant individuals may favour cellular responses over humoral ones, overcoming 
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the need for wound-related protection (Coustau et al., 1996). Additionally, a more 

marked reduction in phagocytic plasmatocytes of selection line female larvae 

(Belmonte, 2023) may exacerbate the effect of reduced AMP-producing 

plasmatocytes, resulting in elevated bacterial loads. Hence, the potential impairment 

of the humoral response in selection lines, normally aiding in wound closure, might 

disproportionately affect females, who are already weakened by a greater loss of 

phagocytic plasmatocytes, resulting in higher bacterial load at a later stage.   

  

Finally, the decrease in the proportion of self-cycling plasmatocytes could also impair 

their role in activating the JAK/STAT signalling in the fat body mediated through 

plasmatocyte-secreted cytokines Upd2 and Upd3 (Woodcock et al., 2015, Shin et al., 

2020), and in the expression of tep and tot genes  Plasmatocyte-secreted cytokines. 

Therefore, it is plausible that selection line females have a limited expression of tep 

genes, which have been shown to facilitate efficient phagocytosis of S. aureus 

(Dostálová et al., 2017), potentially leading to higher bacterial loads.  

  

4.3.4 Experimental limitations and future work  

Contrary to our observations in survival monitoring, there was no difference in S. 

aureus proliferation between the sexes of the ancestral populations, which contradicts 

the usual bacterial growth pattern seen in the control genotypes. Since the flies in the 

ancestral lines are essentially wild-type, with no artificially selected traits or genetic 

modifications, the chosen optical density (OD) of 0.25 might have been too 

overwhelming for them to detect subtle sex-specific differences in bacterial load that 

otherwise would have been optimal to uncover such disparities in mutants. 
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Additionally, the only trait considered for selection was survival to L. boulardi, without 

accounting for potential variations that might emerge in individuals later in life. Given 

that adaptation to wasp parasitism at larval stages affects susceptibility to S. aureus 

infection in adulthood, it would be interesting to see how such adjustment and 

associated changes in the hematopoietic system affect lifespan. Therefore, adding 

another trait for selection, such as a long lifetime, could provide insight into the 

connection between wasp parasitism adaptation and longevity. While all of the 

transcriptome information comes from larval stages, how adult hemocyte 

subpopulations exactly react to such adaptation and how it influences their activity 

remains unknown.   

  

 

4.4 CONCLUSION  

In our study, we successfully demonstrated that the early development of resistance 

to one pathogen imposes a cost on the effective immune response to a different 

pathogen later in life. Our findings are further substantiated by the results of single-

cell RNA analyses of larval hemocytes, which help pinpoint the underlying cause of 

this immune trade-off in adulthood: persistent changes in the composition of the 

hematopoietic system. In the context of our S. aureus survival monitoring, we 

observed that adaptation to juvenile parasitism results in the loss of sex-specific 

differences in S. aureus susceptibility during adulthood, clearly indicating that parasitic 

selective pressures override any positive implications of sex-specific influences. It 

becomes evident that under certain conditions, a more potent but also more resource 

intensive immune response in females can make them more exposed to its eventual 

impairment, e.g. through evolutionary adaptation to a different pathogen. While there 
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are numerous examples of infectious diseases that have acted on human populations 

over many generations, allowing them to develop resistance alleles, there are 

relatively few studies that explore how the adaptation of resistance to one infectious 

agent may render individuals more susceptible to another. However, given our 

observations, this could be the case. Our results underscore the concept of a finite 

pool of resources available to organisms, which must be strategically allocated to 

various aspects of their survival and immune defence throughout their lifetime.  

 

5. CONCLUDING REMARKS  

Using Drosophila melanogaster, we have successfully and with robust statistical 

power confirmed the male-biased susceptibility to S. aureus infection, with a particular 

focus on phagocytes as the primary mediators of the dimorphism. In addition to 

survival analysis, we have examined bacterial proliferation and phagocytic activity, 

adding further reliability to the findings previously obtained by our research group. 

Furthermore, we have demonstrated a very important, yet often overlooked, biological 

principle, highlighting that the specific chromosome complement, either female or 

male, regulates not only the development of our gonads but is in fact, present in every 

single cell of our organism. The consequences of inherent chromosome imbalance 

between the sexes influence regulation at a cellular level, influencing immune 

responses. We have explored how the body is a closed system, where energy 

allocated to one process, such as adaptation for wasp parasitism at juvenile stages, 

cannot be recycled, trading off with another process, such as resistance to S. aureus 

infection. In the case of parasitic pressures and associated energy investments, sex-
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related pressures are overridden, suggesting that while sex is a very important factor 

in mediating disease susceptibility, it is not the only one.   

Our findings bring implications for research, encouraging the inclusion of sex as a 

factor in experimental design, statistical analysis and reporting. Additionally, we 

postulate for more awareness regarding the sex of the cell line used, as we have 

clearly shown that cells exhibit sex-specific regulation. Further research could bring 

new advancements in personalized treatment strategies, targeting the sex-specific 

differences not only in terms of systemic regulation but also at a cellular level.    
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