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Abstract 

Neutrophils are key players in the host immune response against systemic infection with 

C. albicans, which is the fourth most common bloodstream infection in North America. 

Using intravital microscopy, we investigated the role of marginated pulmonary 

neutrophils in the host defense against disseminated C. albicans. We found that this 

unique population of neutrophils rapidly clears the fungus that sequesters to the 

pulmonary vasculature in a C5a-dependent fashion. This uptake of C. albicans by the 

neutrophils then leads to the formation of dense, motile clusters in the vasculature via 

LTB4 amplification. The formation and persistence of the neutrophil vascular clusters are 

independent of beta-2 integrins, platelets, and NETs. Although complement-mediated 

uptake of the fungus is required for the host survival, subsequent neutrophil cluster 

formation contributes to disease pathology. Therefore, we see that the rapid neutrophilic 

response in the lung against disseminated candidiasis is a dynamic, double-edged 

process. 

 

  



iii 

Acknowledgements 

I would not have made it this far without the support of many people. 

My supervisor, Dr. Bryan Yipp, has provided me with the most dedicated and 

patient guidance and support throughout my project. His insight and passion for research 

has provided an invaluable perspective that has helped guide my research as well as 

career. His enthusiasm and expertise in intravital microscopy is always inspiring. I could 

not have asked for a better role model as a scientist, physician, and mentor.   

My committee members, Drs. Chris Mody and David Proud, have provided me 

with critical insight and thoughtful directions to my project that has made my project a 

smooth sailing from the start. The invaluable comments and discussions during the 

committee meetings have helped me better appreciate and wrestle with my project. I 

thank them for their kind support throughout my Masters.  

The Yipp lab has been the best environment for me to pursue my Masters, so I want 

to thank all the members of the Yipp lab, who have been great mentors and friends to me. 

I would like to thank Fei Lou for being most patient in putting up with the countless 

favours for me and working through various troubleshoots with me. She has helped me 

learn everything from surgical prep for the intravital microscopy to ELISA. John Kim has 

been a good friend and sunbae, providing me with insightful ideas, timely 

encouragement, and practical help, especially for FACS and statistical analyses. I thank 

him for the experiments that he saved on more than one occasion. I thank Dr. Lu Li for 

all the tail-vein injections she has done for me. It made many experiments much more 

enjoyable. 

I would like to thank the Mody lab for providing me with the live C. albicans and 

for accommodating me in their lab so that I could culture my fungus. Special thanks to 



iv 

Stephen Kyei and Danuta Stack for teaching me how to culture C. albicans and providing 

technical help.  

I thank Dr. May Ho for introducing me to Dr. Yipp and the Snyder Institute for 

Chronic Diseases. It was the start of my project, and I truly appreciate her thoughts. I 

would also like to thank the Snyder Institute for Chronic Diseases and the Beverley 

Phillips Rising Star Program for funding this project.  

My dear friend Charissa Poon has provided such great encouragement and 

motivation by walking through this entire process with me. I am always thankful for her 

presence in my life.  

Lastly, I would like to thank my family for their continuous support and prayers, 

which always makes a world of a difference. 

  



v 

Dedication 

 

 

 

 

 

 

 

To the Confounder, Revealer, Author, and Artist— 

the one “who has put wisdom in the inward parts” (Job 38:36 ESV). 

 



vi 

Table of Contents 

Abstract ............................................................................................................................... ii 
Acknowledgements ............................................................................................................ iii 
Dedication ............................................................................................................................v 

Table of Contents ............................................................................................................... vi 
List of Figures .................................................................................................................. viii 
List of Abbreviations ...........................................................................................................x 

 INTRODUCTION ................................................................................11 
 Systemic candidiasis ................................................................................................11 

1.1.1 Epidemiology ..................................................................................................11 
1.1.2 C. albicans .......................................................................................................13 

1.1.3 Sepsis and organ failure ...................................................................................13 
 Immune response against C. albicans ......................................................................15 
1.2.1 Innate immune recognition and defense ..........................................................15 

1.2.1.1 Importance of neutrophils ......................................................................15 

1.2.1.2 Pattern recognition receptors (PRRs), recognition, and C. albicans 

killing ......................................................................................................16 

1.2.1.3 The importance of complement in systemic candidiasis .......................21 
1.2.2 Adaptive immune response .............................................................................22 
 Marginated pool of pulmonary neutrophils .............................................................22 

 Neutrophil clustering behaviour ..............................................................................23 
 Summary ..................................................................................................................24 

 Hypothesis and objectives .......................................................................................25 

 MATERIALS AND METHODS ........................................................26 

 Mice .........................................................................................................................26 
 Antibodies and reagents ...........................................................................................26 

 C. albicans culture and staining ...............................................................................27 
 Pulmonary intravital imaging ..................................................................................27 
 Enzyme-Linked Immunosorbent Assay ...................................................................28 

2.5.1 LTB4 ELISA ...................................................................................................28 
2.5.1.1 LTB4 level in lung homogenate ............................................................28 
2.5.1.2 LTB4 production by pulmonary neutrophils .........................................29 

2.5.2 C5a ELISA ......................................................................................................29 

 Video/Image analysis ...............................................................................................29 

2.6.1 Quantifying neutrophil clusters .......................................................................30 

2.6.1.1 Mean cluster area ...................................................................................30 
2.6.1.2 Max skeletal length ................................................................................30 
2.6.1.3 Blinded counting of cluster ....................................................................31 

2.6.2 Manual cell tracking ........................................................................................33 
2.6.2.1 Tracking initial neutrophil recognition of CA .......................................33 

2.6.2.2 Tracking clustering and non-clustering neutrophils ..............................33 
 Colony-forming unit (CFU) measurement ..............................................................33 
 Clinical assessment of candidemia ..........................................................................34 

 Statistical analysis ....................................................................................................35 



vii 

 CANDIDEMIA AND THE LUNG .................................................36 

 Organ burden of C. albicans during candidemia in mice ........................................36 
 Early neutrophilic response to candidemia in the lung ............................................38 
 Imaging C. albicans sequestration to pulmonary vasculature .................................45 

 Summary ..................................................................................................................47 

 RAPID PULMONARY NEUTROPHIL RESPONSE TO 

CANDIDEMIA .........................................................................................................48 
 Neutrophil recruitment to sequestered C. albicans ..................................................48 
 Role of complement in the rapid neutrophil association with C. albicans ..............51 

 The importance of C5a in the recognition of C. albicans by neutrophils ................57 
 Summary ..................................................................................................................59 

 NEUTROPHIL VASCULAR CLUSTERING IN RESPONSE TO 

CANDIDEMIA .........................................................................................................60 
 Neutrophil aggregate formation during candidemia ................................................60 
 Measuring the growth and motility of vascular neutrophil clusters ........................64 

 Cluster-specific neutrophil crawling ........................................................................68 
 Summary ..................................................................................................................70 

 MECHANISM AND CONSEQUENCE OF NEUTROPHIL 

VASCULAR CLUSTERING ...................................................................................71 
 C5a and vascular neutrophil clustering ....................................................................71 

 Importance of Leukotriene B4 in neutrophil clustering ...........................................73 
 Complement-mediated LTB4 production ................................................................83 

 Beta-2 integrins, platelets, and neutrophil extracellular traps play minor roles in 

neutrophil clustering ..............................................................................................87 

 Consequences of imparing the rapid neutrophilic response against C. albicans .....95 
 Consequences of inhibiting vascular neutrophil clustering during systemic 

candidiasis ..............................................................................................................99 
 Summary ................................................................................................................103 

 DISCUSSION ................................................................................104 
 Summary of findings .............................................................................................104 
 Early role of lung during systemic candidiasis ......................................................107 
 Rapid neutrophilic response against C. albicans ...................................................108 
7.3.1 Complement-mediated early response ..........................................................108 

7.3.2 Consequences of rapid neutrophilic response ...............................................111 

7.3.3 Complement-mediated LTB4 production ......................................................111 

 Vascular neutrophil clustering ...............................................................................112 
7.4.1 Analysis of neutrophil clusters ......................................................................113 
7.4.2 Consequences of vascular neutrophil clustering during systemic 

candidiasis ......................................................................................................114 
 Significance of the study and future directions .....................................................115 

REFERENCES ................................................................................................................117 



viii 

 

List of Figures 

Figure 1. Neutrophil and complement vascular immunity against foreign pathogen ....... 20 

Figure 2. Instructions for blinded counting of neutrophil clusters .................................... 32 

Figure 3. Lung sequesters and clears intravenously injected C. albicans over 24 

hours. ......................................................................................................................... 37 

Figure 4. Neutrophil depletion leads to worse clinical outcome during systemic 

candidiasis ................................................................................................................. 39 

Figure 5. Impaired clearance of C. albicans in the lung of neutrophil-depleted mice ..... 41 

Figure 6. Increased accumulation of C. albicans in the kidney of neutrophil-depleted 

mice ........................................................................................................................... 42 

Figure 7. Rapid neutrophil association with C. albicans in organs .................................. 44 

Figure 8. Blood-borne C. albicans sequester to the lung vasculature .............................. 46 

Figure 9. Pulmonary neutrophils rapidly chemotax to sequestered C. albicans ............... 49 

Figure 10. The uptake of sequestered C. albicans by pulmonary neutrophils occurs 

within the first ten minutes of injection .................................................................... 50 

Figure 11. Lung complement 5a levels following intravenous C. albicans infection ...... 52 

Figure 12. Complement is required for rapid neutrophil association with C. albicans .... 54 

Figure 13. Impairing complement results in impaired neutrophil association with C. 

albicans ..................................................................................................................... 55 

Figure 14. Complement is required for neutrophils chemotaxis to C. albicans ............... 56 

Figure 15. C3 KO mice have a basal level of C5a, which does not increase in 

response to C. albicans injection .............................................................................. 58 

Figure 16. Neutrophils and C. albicans aggregate to form a motile vascular cluster ....... 61 

Figure 17. Neutrophil clusters rapidly increase in number within an hour of C. 

albicans injection ...................................................................................................... 63 

Figure 18. Cluster size increases within an hour of C. albicans injection ........................ 65 

Figure 19. Neutrophil recruitment to vascular neutrophil clusters ................................... 67 

Figure 20. Cluster-forming neutrophils have longer directional track lengths ................. 69 



ix 

Figure 21. Neutrophil clustering in complement impaired mice ...................................... 72 

Figure 22. LTB4 is produced in the lung and in isolated pulmonary neutrophil culture 

of candidemic mice ................................................................................................... 74 

Figure 23. Impaired LTB4 signaling inhibits cluster growth ........................................... 76 

Figure 24. Impairment in LTB4 signaling does not affect neutrophil association with 

C. albicans ................................................................................................................ 78 

Figure 25.  Neutrophils of LTB4 signaling impaired mice have no defect in the ability 

to chemotax to and associate with C. albicans sequestered in the lung.................... 79 

Figure 26. Inhibiting the LTB4 pathway affects neutrophil trafficking to clusters .......... 82 

Figure 27. LTB4 production by neutrophils induced with recombinant C5a ................... 84 

Figure 28. LTB4 production is reduced in the complement impaired mice ..................... 86 

Figure 29. β2 integrin-deficiency does not impact cluster formation in response to 

candidemia ................................................................................................................ 88 

Figure 30. Minor presence of platelets on neutrophil aggregates ..................................... 90 

Figure 31. DNase does not interfere with the growth of neutrophil aggregate ................. 92 

Figure 32. Minor presence of extracellular DNA and dead cells in the neutrophil 

aggregate ................................................................................................................... 94 

Figure 33. Clinical severity scores in complement impaired mice following 

candidemia ................................................................................................................ 96 

Figure 34. Blocking C5a signaling inhibits C. albicans clearance in the lung and 

promotes its build up in the kidney ........................................................................... 98 

Figure 35. LTB4-mediated vascular clustering does not affect fungal clearance in the 

lung or kidney ......................................................................................................... 100 

Figure 36. Inhibiting vascular neutrophil clustering during systemic candidiasis leads 

to better clinical outcome ........................................................................................ 102 

Figure 37. Effect of treatments on the neutrophilic response against lung-sequestered 

C. albicans, fungal burden, and clinical severity .................................................... 105 

Figure 38. Immune response of marginated pulmonary neutrophils in systemic 

candidiasis ............................................................................................................... 106 

 



x 

List of Abbreviations  

Symbol Definition 

Ab Antibody 

ANOVA Analysis of variance  

C3 Complement component 3 

C5 Complement component 5 

C57Bl/6 Inbred laboratory wildtype mice 

C5aR Complement component 5a receptor; CD88  

CA C. albicans 

CARD9 Caspase recruitment domain family member 9 

CD18 Cluster of differentiation 18; integrin beta-2 

CD31 Cluster of differentiation 31; platelet 

endothelial cell adhesion molecule (PECAM-

1) 

CD45 Cluster of differentiation 45; protein tyrosine 

phosphatase receptor type C (PTPRC) 

CD49b Cluster of differentiation 49b; integrin alpha-2 

CFU Colony-forming unit 

DNA Deoxyribonucleic acid 

DNase Deoxyribonuclease 

ELISA Enzyme-linked immunosorbent assay 

FACS Florescence-activated cell sorting 

FSC Forward scatter  

HKCA Heat-killed C. albicans 

ICAM-1 Intercellular Adhesion Molecule 1; CD54  

IP Intraperitoneal 

IV Intravenous 

KO Knock-out 

LFA-1 Lymphocyte function-associated antigen 1; 

integrin αLβ2; CD11a/CD18 

LTB4 Leukotriene B4 

Ly6G Lymphocyte antigen 6 complex locus G6D 

Mac-1 Macrophage-1 antigen; integrin αMβ2; 

CD11b/CD18 

NET Neutrophil extracellular trap 

PBS Phosphate buffered saline 

SEM Standard error mean 

TCC Terminal complement complex 

YM Yeast Mold-specific media 



11 

 Introduction  

Systemic candidiasis caused by the bloodstream invasion of the commensal fungus 

Candida albicans is a serious concern to the healthcare system, being the fourth most 

common bloodstream infection. Despite the options of antifungal treatment, mortality due 

to systemic candidiasis remains high. Using intravital microscopy, we investigated the 

rapid vascular host immune responses against disseminated C. albicans. It has revealed a 

dynamic role of pulmonary neutrophils in the host defense against C. albicans.  

 Systemic candidiasis 

Systemic candidiasis is caused when C. albicans, normally a human commensal 

organism on mucocutaneous surfaces, opportunistically invades into the bloodstream1,2. 

Once it gains access to the blood, C. albicans disseminates into different organs and can 

cause sepsis and septic shock, especially in immune-compromised patients3. It was 

estimated in 2001 that a total of $1 billion per year was spent on the treatment of invasive 

candidiasis in the United States, mainly due to the increase in the length of hospital stay4. 

1.1.1 Epidemiology 

Systemic candidiasis is the fourth most common bloodstream infection in North 

America, accounting for up to 10% of bloodstream infection acquired in the hospital5-7. 

The incidence of candidemia is highest in the intensive care unit (ICU) with a rate 5- to 

10-times higher than in other hospital wards3.  

Various risk factors have been identified for disseminated candidiasis: neutropenia, 

central venous catheters, parenteral nutrition, severe burn injuries, broad spectrum 

antibiotic exposure, mechanical ventilation, hemodialysis, surgery, corticosteroid 

treatment, and chemotherapy3,8.  
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Current literature largely identifies the gastrointestinal (GI) tract and skin as the 

portal of entrance to the blood for C. albicans to cause disseminated infection9. It is 

suggested that the commensal C.albicans in the human GI tract, which increases in 

number in response to antibiotics, along with impairment of phagocytes in the case of 

cytotoxic chemotherapy, allows for the invasion of C. albicans into the bloodstream9. A 

study in mice has also demonstrated that neutropenia and mucosal disruption was 

required for the development of systemic candidiasis from the GI tract10.  

Another potential method of entrance for C. albicans is via central catheters, which 

allow C. albicans on the surface of the skin to gain access to the bloodstream. Mouse 

models of systemic candidiasis induced by the intravenous injection of C. albicans, via 

either the lateral tail vein or the internal jugular vein, closely mimics the pathophysiology 

of this infection, and these models have revealed much regarding the host response 

against invasive candidiasis.  

Mortality due to systemic candidiasis has been reported to be as high as 71%11, and 

the mortality rate has not improved over the past several decades7,12. Although, treatment 

with fluconazole, amphotericin B, echinocandins and their combinations have shown a 

wide range of success rates, the success of these antifungal treatments depend largely on 

being administered early on in the infection3. 

Unfortunately, the diagnosis still remains challenging, as the “gold standard” for 

diagnosis is blood culturing, which limits early detection due to its inefficiency7,13. 

Although there are other promising diagnostic tools such as β-D-glucan, mannan, and 

anti-mannan antibodies assays, they have variable sensitivity and specificity3. Better 
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understanding of the immunological response and state during the disease will help in the 

development of a better diagnostic and preventive measures.  

1.1.2 C. albicans 

Of the Candida spp., C. albicans is the most commonly identified species that 

causes infections in humans (50-60%), followed by C. parapsilosis and C. tropicalis8. 

Candida albicans is a common polymorphic fungus in the environment. It can 

switch between three different forms: yeast, pseudohyphae and true hyphae, and this 

ability to switch between the forms is thought to be an important virulence factor. It has 

been shown that yeast-to-hyphal morphological change enables C. albicans to more 

strongly adhere to tissue, invade epithelium, penetrate endothelial wall, and escape 

phagocytes14,15. C. albicans survives successfully in different environments such as 

vagina, gut, oral mucosa, and skin, all with differing pH, nutrient availability, O2
 and CO2 

levels, demonstrating how adept C. albicans is as a commensal16.  

C. albicans has a cell wall made of β-glucans, chitin, and a matrix of 

mannoproteins. The covalently linked β-1,3- and β-1,6-glucans along with chitin makes 

up the inner structural component of the cell wall, and glycosylated proteins make up the 

outer layer of the cell wall6,17. These cell wall components serve as pathogen-associated 

molecular pattern (PAMP), which are important for the recognition by the host immune 

system via various pattern-recognition receptors (PRRs).  

1.1.3 Sepsis and organ failure  

Invasive candidiasis results from the infiltration and dissemination of Candida in 

the blood and often is associated with sepsis and septic shock3. Generally, based on the 

studies done in mice, mortality due to systemic candidiasis is thought to be linked with 

kidney immunopathology, where C. albicans accumulates over the span of few days and 
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is poorly cleared18,19. In fact, a multiple center study that compared the clinical 

manifestations of septic shock caused by bacteria and Candida showed that sepsis caused 

by Candida had higher incidences of hepatic and renal failure3.  

Interestingly, however, autopsy studies of invasive candidiasis have found the 

fungus more frequently in the lung than in any other organs including the kidney, liver, 

and spleen13. As surprisingly, mouse model studies have shown the lung to be the most 

effective organ in clearing both yeast and hyphal forms of C. albicans20.  

Furthermore, disseminated candidiasis has been linked to acute lung injury that is 

different in its characteristics than those caused by the bloodstream infection of 

Escherichia coli and Staphylococcus aureus. Sepsis caused by E. coli and S. aureus 

resulted in slight pulmonary edema but no acidemia at death, yet sepsis induced by C. 

albicans caused acidemia, capillary obstruction, and interstitial hemorrhage in addition to 

moderate pulmonary edema21. This study suggested that the bloodstream infection with 

C. albicans causes serious lung injury that leads to gas exchange problems.  

In comparison, a study looking at the organ-specific immune response to a fatal 

model of invasive candidiasis showed an interesting response in the kidney22. It reported 

that neutrophil accumulation in the kidney in response to systemic C. albicans infection 

was delayed but persistently increasing even after 7 days of infection. These neutrophils 

organized into abscesses, causing immunopathology. Furthermore, C. albicans in kidney 

underwent morphogenic transformation to hyphae as early as 1 day after injection, a 

phenomenon unseen in other organs. This could be caused by a lack of early neutrophilic 

response in the kidney, as neutrophils are required for the suppression of C. albicans 

growth and hyphal conversion23. In fact, the ability to recruit neutrophils into the liver 
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and spleen within the first 24 hours after infection with C. albicans is thought to be 

critical in protecting the organs by limiting fungal proliferation and preventing 

conversion to hyphae9. However, there is a delayed neutrophil recruitment into kidney 

that is pathogenic and is associated with CCR1, whose expression increases on 

neutrophils around day 9 after injection19. The extensive formation of hyphae seen in the 

kidney can then further frustrate the phagocytic activity of neutrophils, leading to 

degranulation, extracellular release of reactive oxygen species (ROS), as well as the 

release of neutrophil extracellular traps (NETs), all of which contribute to the 

inflammatory damage to the kidney.  

 Immune response against C. albicans 

Host immune responses against C. albicans have been studied using human cells 

and animal systems, and these together point to a central role of innate immune responses 

headed by neutrophils in disseminated candidiasis, while the adaptive immune system 

plays a more prominent role in protecting the mucosal barriers.  

1.2.1 Innate immune recognition and defense 

1.2.1.1 Importance of neutrophils 

Innate immunity is the more important arm of the host defense system for the 

prevention and control of systemic candidiasis, and quantitative and qualitative 

neutrophil defects have been identified in many studies as a predisposition for 

disseminated candidiasis3,5,6,24-29. In a canine model of systemic candidiasis, the fungal 

load in spleen, kidney, heart, liver, and lung were compared between neutropenic animals 

with or without exogenous neutrophil transfusion. The dogs that received the neutrophil 

transfusion had reduced infection severity with less fungal load in all observed organs, 

revealing the importance of neutrophils in the host defense against systemic candidiasis30. 
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It has also been shown in murine models that mucosal damage and neutropenia are 

required for C. albicans dissemination10, and mice deficient in myeloperoxidase 

demonstrated severely impaired management of C. albicans31. Another study on the acute 

lung injury during candidemia in a mouse model has shown that neutropenic mice 

develop severe acidemia and have higher morbidity and mortality than mice with normal 

levels of neutrophils21. Together, these studies show that neutropenia not only increases 

the risks of getting systemic candidiasis but also results in worse outcomes.  

Neutrophils are critical for defense against invasive candidiasis because they are 

the only immune cells that can inhibit the growth of C. albicans and prevent its yeast-to-

hyphae morphologic conversion15. They also have an armamentarium of killing 

mechanisms against C. albicans, including cytotoxic granules and neutrophil 

extracellular traps, which are discussed below in detail. 

1.2.1.2 Pattern recognition receptors (PRRs), recognition, and C. albicans killing 

Various pattern recognition receptors (PRRs), mainly Toll-like receptors (TLR)-2, 

and -4, dectin-1, complement receptor 3 (CR3, also known as integrin Mac-1), and 

mannose receptor (MR), are involved with the recognition and phagocytosis of C. 

albicans, and subsequent induction of the respiratory burst and production of 

proinflammatory cytokines2,32,33. Each PRR is specialized in its recognition of a specific 

cell wall component of C. albicans: MR for N-linked mannan, TLR-4 for O-linked 

mannan, dectin-1 and TLR-2 for β-glucan, and CR3 for β-1,6-glucan17.   

Neutrophils from patients with genetic defects in CARD9, NADPH, and CR3 have 

led to the discovery of two distinct, independent killing mechanisms of C. albicans by 

neutrophils34. Neutrophils killed unopsonized C. albicans via CR3 and adapter protein 

CARD9 (caspase recruitment domain family member 9), and opsonized C. albicans via 
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Fcγ receptors (FcγR), protein kinase C (PKC), and reactive oxygen species (ROS) 

production downstream of NADPH oxidase.  

For unopsonized killing of C. albicans, the activation of dectin-1 and CR3 both 

lead to the activation of spleen-tyrosine kinase (Syk) and phosphatidylinositol-3-kinase 

(PI3K), which then activates CARD91,2,34. In fact, it has been shown that dectin-1 can 

activate CR3 through Vav proteins, and this process is important for the cytotoxic activity 

of neutrophils and protection from systemic candidiasis35. The activation of CARD9 

leads to NFκB nuclear translocation with subsequent cytokine production. It is thought 

that the unopsonized killing of C. albicans is dependent on neutrophil degranulation36.  

Neutrophils have three types of granules containing microbicidal and pro-

inflammatory molecules. Primary granules are characterized by the presence of 

myeloperoxidase (MPO), secondary granules by lactoferrin, and tertiary granules by 

matrix metalloproteinase37. These granules also contain other cytotoxic peptides, 

opsonins, and proteases36. These granules are used for intracellular pathogen killing as 

well as for release into the extracellular milieu in response to activation. Mice deficient in 

jagunal homolog 1, an endoplasmic reticulum-resident transmembrane protein that is 

involved in vesicle transport, have neutrophils that do not form functional granules and 

are impaired in the ability to release MPO, which results in defective killing of C. 

albicans and decreased survivability during systemic candidiasis38. 

Killing opsonized C. albicans occurs through FcγR signaling, which triggers 

reactive oxygen species (ROS) production via PKC, activated by Syk34. This ROS 

production requires NADPH oxidase. Hence, the current model of neutrophil-mediated 

C. albicans killing in human involves two different pathways: NADPH oxidase-
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independent unopsonized killing via dectin-1 and CR3; and NADPH oxidase-dependent 

opsonized killing via FcγR.   

In addition to phagocytic abilities and cytotoxic granules, neutrophils have a 

special antimicrobial tool called neutrophil extracellular traps (NETs) (Figure 1b). In 

response to microbial invasion, neutrophil chromosomes de-condense and are released 

into the extracellular milieu along with nuclear and cytoplasmic proteins in order to trap 

and kill microbes24,25,28,29,34. NET formation in response to both yeast and hyphal forms 

of C. albicans has been observed24,28, and it has been found that calprotectin, one of the 

many nuclear and cytoplasmic proteins that are released with the DNA, is critical for the 

antifungal activity of NETs29. Myeloperoxidase and elastase that are embedded in the 

NETs also participate in the antifungal activity9,28. 

Much of the insight into neutrophilic responses against C. albicans has been gained 

through research done in mice. However, there are notable differences between the 

immune response against C. albicans in mice and humans36. Whereas C-like lectin 

receptors (CLRs) dectin-1, -2, and mincle (macrophage inducible C-type lectin) have 

been found to have important roles in mouse host defense, it has not been the case for 

humans. Dectin-1 deficient mice suffer higher morbidity when challenged with a sub-

lethal dose of C. albicans, and the phagocytic ability of neutrophils against non-

opsonized C. albicans is much reduced in the dectin-1 or CARD9 knocked out 

mice26,33,39. In humans, however, although dectin-1 has been found to have an important 

role in the production of cytokines such as IL-17, tumor-necrosis factors (TNF), and IL-6, 

it was found to have no impact on the phagocytic and killing capacity of neutrophils40. 

Rather, CARD9 signaling, independent of dectin-1, seems to be critical for the protection 
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against systemic candidiasis in human. Patients with CARD9 mutations are more 

susceptible to systemic candidiasis, yet patients with p.Y238X DECTIN-1 mutation that 

specifically has defective dectin1-CARD9 signaling are not9. It seems likely that humans 

have developed mechanisms that are redundant to dectin1-mediated phagocytic killing of 

C. albicans. Hence, whether dectin-1 is critical for the control of disseminated 

candidiasis is still a matter of debate33,41,42.  

Furthermore, although mice deficient in TLR- 2 and 4, which recognize mannan, 

have no critical impairment in defense against invasive candidiasis, human 

polymorphisms in TLR-2 and 4 have been linked to predisposition to sepsis caused by C. 

albicans36. Also, CR3 (also known as integrin Mac-1) has been found to be critical for 

protection against systemic candidiasis in humans. People with leukocyte adhesion 

deficiency (LAD) I and II, which are defects in CR3 or CR3-activating protein, 

respectively, have impaired neutrophilic killing of C. albicans and are susceptible to 

invasive candidiasis36.  
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Figure 1. Neutrophil and complement vascular immunity against foreign pathogen 

(a) Foreign pathogen, such as CA, activates complement system and is opsonized with 

complement and pathogen-specific antibodies. (b) Neutrophil employs various cytotoxic 

and proinflammatory mechanisms to deal with the foreign pathogen. (c) Classic 

leukocyte recruitment cascade enables neutrophil adherence to the activated vasculature, 

which leads to neutrophil activation and release of proinflammatory molecules such as 

ROS and TNFα. (d) Complement has 3 main effector functions against foreign 

pathogens: opsonisation for facilitated phagocytosis, lysis via terminal membrane 

complex, and recruitment of other immune cells via anaphylatoxins.  
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1.2.1.3 The importance of complement in systemic candidiasis 

Complement, as a humoral component of innate immunity, is one of the very first 

things that pathogens face once crossing the physical barriers of the host. A study has 

shown that systemic candidiasis in C3-deficient mice leads to decreased survival and 

increased fungal burden43. Another study showed that mice deficient in C5 had decreased 

fitness and increased mortality during systemic candidiasis. They had higher fungal 

burden and higher levels of circulating cytokines such as IL-6, TNF-α, and MCP-144.  

C3 activation, which happens in all three complement pathways (classical, 

alternative, lectin), leads to the production of C3a and C5a. C3a functions as an opsonin, 

while C3b is used to form C5-convertase, which in turn activates C5 through its 

proteolytic activity. This results in the formation of C5a and C5b. C5b then triggers the 

downstream complement cascade and leads to the formation of terminal complement 

complex (TCC), which punctures and kills microbes (Figure 1d). However, TCC has no 

fungicidal activity on C. albicans45. Instead, it is thought that the anaphylatoxin C5a has a 

prominent role during systemic candidiasis. C5a is a very strong chemoattractant for 

neutrophils, as well as monocytes and macrophages, and it induces phagocytosis, ROS 

generation, and cytokine production in neutrophils32,34,45-49. It has thus been suggested 

that the lack of C5a in the C5-deficient mice could be the cause of the inflammatory 

dysregulation during systemic candidiasis45. 

Perhaps because it is such a strong immune activator, C5a is quickly deactivated in 

the bloodstream via carboxypeptidase N50. As such, it has been suggested by some 

investigators that complement activates long-range chemotaxis via stimulating the 

production and amplification of a lipid mediator, leukotriene B4 (LTB4). One group 

showed that the neutrophil migration to peritoneal cavity following recombinant C5a 



22 

stimulation required LTB4 signaling via its receptor BLT-151. Another group 

demonstrated in an arthritis model that the C5a-mediated LTB4 production in neutrophils 

is essential for early neutrophil recruitment to the joint52. As C5a signaling is indeed able 

to directly stimulate LTB4 production in neutrophils52,53, it seems plausible that the rapid, 

short-lived, and potent C5a signaling leads to the production of a lipid mediator, which is 

able to function over a longer distance and time. 

1.2.2 Adaptive immune response 

Defective adaptive immunity, such as T cell defects, has been linked to increased 

susceptibility to the mucocutaneous form of candidiasis but not to invasive 

candidiasis45,54. PAMP recognition by PRRs on monocytes, neutrophils, and dendritic 

cells result in the production of cytokines including Th1-promoting IL-12, and Th17-

promoting TGF-β, IL-6, IL-1β, and IL-23. This leads to Th-1 and Th-17 differentiation, 

which then further stimulates innate cell recruitment and phagocytic activities to combat 

C. albicans55,56. In chronic mucocutaneous candidiasis (CMC) it has been seen that 

induction of IL-17 production by IL-1β and the subsequent neutrophil recruitment is 

crucial for the mucosal defense against C. albicans. 

 Marginated pool of pulmonary neutrophils 

 Fascinatingly, the lung is home to a significant population of neutrophils (three 

times the amount found in circulation) that are present even in healthy conditions37,57-70, 

in contrast to other organs such as brain, muscle, and liver that have limited interaction 

between neutrophils and the endothelium in unstimulated conditions71,72.  

Normally, neutrophils are recruited to an organ during inflammation following a 

recruitment cascade which includes rolling, adhesion, crawling, and transmigration, all 

dependent on several adhesion molecules, including selectins and integrins37 (Figure 1). 
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This process begins with the activation of endothelium and its subsequent upregulation of 

adhesion molecules including P- and E-selectins37. In the lung, however, neither of these 

selectins is expressed on pulmonary endothelium. Instead, characteristically low blood 

flow, and the nature of convoluted and narrow pulmonary capillaries seems to cause long 

transit times for neutrophils73. This marginated pool of neutrophils displays a patrolling 

behaviour and are quick to respond to invasive signals in the pulmonary vasculature58,74.  

As neutrophils are important mediators of control and prevention of C. albicans 

dissemination, it is of great interest to investigate the potential linkage between 

pulmonary neutrophils and the clearance of C. albicans in the lung. Although some have 

proposed that the lungs play a central role in providing innate resistance to disseminated 

candidiasis due to its superior competence in clearing both yeast- and hyphal-form of C. 

albicans compared to other reticuloendothelial organs20, how this occurs and to what 

extent the marginated neutrophils are involved in this phenomenon is yet to be discussed. 

 Neutrophil clustering behaviour 

Neutrophils have a tendency to aggregate in response to immunological stimuli, 

and this behaviour has been well characterized both in vivo and in vitro in response to a 

variety of different stimuli including sterile injury, formyl peptides, leukotriene B4 

(LTB4) and arachidonic acid75-85. Studies have shown that for the neutrophils to form an 

aggregate, it is important to have a point of inflammatory stimuli, a chemical gradient to 

direct the migration of neutrophils, and adhesion molecules to hold them 

together77,78,83,85. Intravital microscopy of mouse dermis revealed that neutrophils form a 

large aggregate around a site of sterile injury in a LTB4- and integrin-dependent 

manner76. Formation of neutrophil aggregate is often thought to be a mechanism to 
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isolate and limit the area affected by infection of inflammation and to maximize 

neutrophilic function. 

Leukotriene B4 (LTB4), which is critical for neutrophil chemotaxis to neutrophil 

swarms or clusters, is a lipid mediator that is considered to be a secondary 

chemoattractant released mainly by leukocytes in response to primary signals such as 

formyl peptides and complement86. It acts through its G protein-coupled receptor LTB4 

receptor (also known as BLT-1). While neutrophils are the main target for LTB4, they are 

also the main producers of LTB4, amplifying the signal even as it is recruited to the 

source of signal86-88. Indeed, given the potential for self amplification through paracrine 

signaling, the LTB4 axis can lead to rapid and extensive neutrophil recruitment and 

inflammatory pathology52,88,89.  

 Summary 

C. albicans is a polymorphic fungus that lives as a commensal on human skin, 

vagina, gut, and oral cavity surfaces, and it can cause opportunistic infections in the form 

of mucocutaneous or invasive candidiasis. Invasive candidiasis is the most common 

fungal bloodstream infection in North American with a high mortality rate. Few studies 

have focused on the role of the lung in systemic candidiasis, despite the frequent recovery 

of C. albicans in the lung during autopsy of candidemic patients. Interestingly, the lung 

has a population of neutrophils present in unstimulated states that patrol the vasculature 

and respond rapidly upon stimulation. Since host defense against C. albicans depends 

largely on neutrophils, the most potent killers of C. albicans, there may be a yet 

underappreciated role of the lung in the clearance of C. albicans in disseminated 

candidiasis.  
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 Hypothesis and objectives 

We hypothesized that the pulmonary vasculature, with its characteristic low blood 

pressure, complex capillary structure, and marginated pool of neutrophils, is a site of 

unique host defense mechanism against systemic C. albicans infection.  

Four specific objectives identified to address the hypothesis were: 

1. To determine if bloodstream C. albicans sequesters within the lung capillary 

circulation, thereby procuring the opportunity to initiate an innate immune 

response from the marginated pulmonary neutrophils. 

2. To explore the rapid neutrophilic response to sequestered C. albicans and the 

involvement of complement components. 

3. To characterize the unique behavior of pulmonary neutrophils to form motile 

clusters during systemic candidiasis. 

4. To investigate the mechanism and the consequence of vascular neutrophil 

clustering during invasive candidiasis. 
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 Materials and Methods 

 Mice 

C57Bl/6 and LTB4R knock-out (B6.129S4-Ltb4r1tm1Adl/J) mice were obtained 

from Jackson Laboratories. C3-/-, CD11b-/-, CD11a-/-, LysM-GFP mice were kindly gifted 

by Dr. Paul Kubes (University of Calgary, Canada). All animal protocols were approved 

by the University of Calgary Animal Care Committee. 

 Antibodies and reagents 

SYTO®  9 Green Fluorescent Nucleic Acid Stain (Thermo Fisher Scientific) was 

used to stain C. albicans for all intravital imaging and flow-cytometry experiments. 

Fluorochrome-conjugated antibodies against Ly6G (clone 1A8, BioLegend), CD31 

(clone MEC13.3, BioLegend), CD45 (clone 30-F11, BioLegend), CD49b (clone HMα2, 

BD Bioscience) were used for intravital imaging and/or flow cytometry. SYTOX®  

Orange Nucleic Acid Stain (Thermo Fisher Scientific) was used to label extracellular 

DNA and dead cells during intravital imaging. 

LEAF™ Purified anti-mouse C5aR (CD88, clone 20/70, BioLegend) antibody was 

used to block C5a receptor (200μg, IV) 30 minutes before CA injection. Purified anti-

mouse CD18 antibody (500μg, IV, GAME46, BD Bioscience), purified anti-mouse 

dectin-1 antibody (100μge, IV, R1-8g7, InvivoGen), purified anti-mouse CD54 (100μg, 

IV, ICAM-1, clone YN1/1.7.4, eBioscience) were used to block CD18, dectin-1, and 

ICAM-1 respectively 30 minutes before CA injection. Purified anti-mouse Ly6G (500μg, 

IP, clone 1A8, BioXCell) was used to deplete neutrophils 24 hours before candidemia 

induction89. Rat IgG2a (clone 2A3, BioXCell) and IgG2b (clone LTF-2, BioXCell) were 

used for isotype controls. 
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 C. albicans culture and staining 

Heat-killed C. albicans (HKCA, strain ATCC10231, InvivoGen) were resuspended 

in PBS into 108 cells/ml for staining. C. albicans (CA, strain ATCC58716) was kindly 

gifted by Dr. Chris Mody (University of Calgary, Canada). CA was grown in Difco™ 

Yeast Mold Broth (BD Bioscience) with shaking, overnight, at 32°C. Cells were 

collected, counted using a hemocytometer, washed and resuspended in PBS at a 

concentration of 107 - 108 cells/ml for injection into mice. 106-107 CA was injected in 

100μl for the induction of candidemia in the experiments as stated.  

Both HKCA and live CA were stained using SYTO®  9 Green Fluorescent Nucleic 

Acid Stain (Thermo Fisher Scientific). Cells were incubated in the fluorescence stain at 

1:200 dilutions for 10 minutes, washed, then resuspended in PBS for injection. 

 Pulmonary intravital imaging 

For the purpose of imaging, mice were anesthetized by intraperitoneal injection of 

ketamine (100mg/kg) and xylazine (10mg/kg). Anesthetized mice were cannulated at the 

internal jugular veins to allow for intravenous injection of antibodies, reagents, and 

additional anesthetics before and during imaging.  

To ensure the survival and breathing of the mice, they were put on mechanical 

ventilation via a tracheal catheter. Then, the left thorax of the mice was exposed, and two 

or three ribs were cut to create a rectangular window into the thoracic cavity, exposing 

the left superior lobe of the lung. A cauterizer was used to stop bleeding wherever 

needed.  

A vacuum-chamber with a glass slide fitted on top was used to gently trap and 

stabilize a portion of the lung for imaging67,74. This vacuum-chamber allows for effective, 

stable imaging while allowing for circulation and respiration.  
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Anti-Ly6G (clone 1A8, BioLegend) and anti-CD31 (clone MEC13.3, BioLegend) 

antibodies conjugated with either Alexa Fluor®  647 or 594 fluorochromes were injected 

intravenously (7μl per mouse) to visualize neutrophils and the vasculature, respectively. 

C. albicans was stained with intracellular fluorescent dye called SYTO®  9 as described 

above.  

A resonant scanner confocal microscope (Leica SP8) was used for all imaging. A 

25x/0.95 water objective lens was used for imaging for all videos and still images except 

for specified images, for which 10x/0.40 air objective lens was used. White light laser 

was used at three excitation frequencies, 485nm, 594nm, 647nm, to excite SYTO®  9, 

Alexa Fluor®  594 and 647 fluorochromes, respectively. For all videos, images were 

taken every 15 seconds for a total duration of 10 minutes, unless otherwise noted. 

Mice were imaged for a maximum of 2 hours after CA injection, at which time they 

were euthanized by ketamine overdose.  

 Enzyme-Linked Immunosorbent Assay 

Enzyme-Linked Immunosorbent Assay (ELISA) was used to measure the level of 

LTB4 and C5a in the lung homogenate and/or pulmonary neutrophil isolate cultures. 

2.5.1 LTB4 ELISA 

LTB4 Parameter Assay Kit (R&D Systems) was used according to the 

manufacturer’s instructions to analyze the level of LTB4 production in the lung 

homogenate and pulmonary neutrophils.   

2.5.1.1 LTB4 level in lung homogenate 

All lobes of the mice lungs were collected after flushing the mice with 10ml of 

saline through the right ventricle. The lungs were cut up using surgical scissors then 

mechanically disrupted using gentleMACS C-tubes on gentleMACS dissociator with a 
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pre-set cycle called “m_lung_02.01”(Miltenyl Biotec). The dissociated samples were 

then pressed through a 100μm cell-strainer, spun down, and the supernatant collected for 

ELISA. Collected samples were stored at -80°C until analysis using the ELISA kit. 

2.5.1.2 LTB4 production by pulmonary neutrophils 

Neutrophils were isolated from the lung homogenate using EasySep™ Mouse 

Biotin Positive Selection Kit (STEMCELL Technologies) coupled with Biotin Anti-

Mouse Ly6G Antibody (Clone 1A8, BioLegend), according to the manufacturer's 

instructions (STEMCELL Technologies). The isolated neutrophils were then incubated 

1x106 cells per well in RPMI media, 37°C, 5% CO2 for 1 hour with or without the 

addition of recombinant mouse C5a (100 or 1000ng/ml, R&D Systems). Pulmonary 

neutrophils were also isolated 1 hour after intravenous injection with CA and cultured 

using the same method for 1 hour. Supernatant was collected then stored at -80°C until 

analysis. 

2.5.2 C5a ELISA 

C5a levels in the lung homogenate was measured using Mouse Complement 

Component C5a DuoSet ELISA kit (R&D Systems) 5 and 60 minutes after intravenous 

CA injection. CA or saline was injected into mice through a jugular catheter. 5 or 60 

minutes after injection, mice were killed by overdosing with ketamine. Lung homogenate 

was prepared as discussed above and the supernatant was collected for ELISA. Collected 

supernatant was stored at -80°C until analysis. 

 Video/Image analysis 

All videos and images were acquired and processed using Leica software (Leica 

Microsystems). Volocity software (PerkinElmer) was used to quantify the growth of 

neutrophil cluster and to track neutrophils. 
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2.6.1 Quantifying neutrophil clusters 

Because of the complexity of pulmonary vasculature, visualization of cluster 

formation in a 2-dimentional image is complicated. The cross-sectional view of the 

neutrophil clusters likely represents a small fraction of the real cluster. However, 

assuming random, unbiased representation of the lung vasculature by a field of view, 

several different approaches were taken to best quantify the vascular neutrophil 

aggregates. To analyze the size of the neutrophil clusters, the mean neutrophil cluster 

area and max skeletal length of neutrophil cluster were calculated. Also, to represent the 

increase in the quantity of the clusters and to complement the automated calculation, 

blinded cluster counting was done. 

2.6.1.1 Mean cluster area 

Using the Volocity (PerkinElmer) software’s “Find Objects” measurement tool, the 

Ly6G+ signal was automatically identified. Then, a “neutrophil cluster” filter was set to 

only include continuous signals bigger than 500μm2. Since neutrophils are around 12-

17μm in their diameter, it would make their cross-sectional surface area to be 

approximately 113-227μm2. A 500μm2 filter would exclude any signal smaller than 

approximately 2-4 neutrophils in size.  

Using this data of what the software automatically determined as “neutrophil 

cluster”, the mean surface area calculated by the software was recorded for comparison. 

2.6.1.2 Max skeletal length 

Neutrophil clusters detected by the Volocity software’s “Find Objects” 

measurement tool was “skeletonized” to find the maximum length of the object. Unlike 

the longest axis length that measures the distances from one end of the object to the other 

end of the object without taking into account the shape of the object, skeletal length better 
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accounts for the shape and apparent length of the object by applying an erosive filter to 

the object that results in voxel-wide skeleton along the length of the object. Several such 

potential skeletons are calculated and the longest of these are chosen as the skeletal 

length of the object90. To compare the neutrophil aggregate growth potential between 

mice of different treatments, the longest skeletal length, which would represent the 

largest cluster in a field of view, was recorded and compared.  

2.6.1.3 Blinded counting of cluster 

Still pictures of 10x objective imaging showing neutrophils were arranged in 

random orders, printed off, and presented to two testers who counted what they perceived 

as a cluster according to a given definition of cluster (Figure 2). The counts were used to 

analyze the increasing number of clusters over 1 hour as recognized and counted by 

unbiased eyes.  
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Figure 2. Instructions for blinded counting of neutrophil clusters 

Instruction and example provided to unbiased counters for manual counting of neutrophil 

clusters. Pictures of neutrophil signals observed using a 10x objective lens was provided. 

A distinct, continuous area of larger than 45 microns (scale included on the left bottom of 

each picture) was asked to be identified and counted.  
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2.6.2 Manual cell tracking 

Neutrophils were tracked using manual tracking function in the Volocity software 

(Tools>>Track Objects Manually). Depending on the purpose of tracking, neutrophils 

were specifically selected and tracked over a set period of time. 

2.6.2.1 Tracking initial neutrophil recognition of CA 

Neutrophils that localize to CA 10 minutes after intravenous CA challenge were 

back-tracked. Twenty such neutrophils were tracked from each field of view. The 

displacement of these neutrophil tracks were compared between C57Bl/6 wildtype, C3 

KO, and anti-C5aR Ab treated mice, with at least 3 mice per category.  

2.6.2.2 Tracking clustering and non-clustering neutrophils 

All neutrophils that were observed to join a neutrophil aggregate over the span of 

10 minutes were back-tracked. The head of the neutrophil aggregate movement was also 

tracked to show the motility of the neutrophil cluster. 

Twenty random neutrophils that do not join any neutrophil clusters for 10 minutes 

were tracked. The length and displacement of the tracks of the clustering and non-

clustering neutrophils were compared. The length of the track measures the distance of 

the crawl, while the displacement of the track measures the positional difference between 

the start and end point.  

 Colony-forming unit (CFU) measurement 

To measure the organ-specific clearance of CA in candidemic mice, the fungal 

loads in the lung, kidney, liver, and spleen were assessed by plating on agar. Mice were 

killed and perfused with 10ml of PBS injected through the right ventricle. All lobes of the 

lung and liver, both left and right kidneys, and the spleen were harvested and weighed. 

The organs were cut up using surgical scissors and mechanically disrupted using 
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gentleMACS dissociator (Miltenyl Biotec). The dissociated samples were passed through 

a 100μm cell-strainer and spun down. Cells were resuspended in 1ml of PBS. The 

samples were serially diluted 1:10 and 1:100 then plated on Difco™ Yeast Mold Agar 

(BD Biosciences). Plates were incubated at 37°C with 5% CO2 overnight, and then the 

CFU was counted and recorded. Calculated CFU numbers were adjusted to the weight of 

the organs, and the resulting CFU per gram of organ was compared between mice.  

 Clinical assessment of candidemia 

To assess the well-being of animals after the induction of candidemia, a previously 

reported sepsis severity scoring system91 was used in addition to body temperature 

recording, which has been used as a surrogate marker for animal survival92. 

Candidemia-induced mice were assessed 24 hours after tail-vein injection with 

1x106 CA. Animals were scored between 0 to 5 in each category of i) fur piloerection, ii) 

consciousness (as measured by amount of movement), iii) activity (eating, drinking, 

fighting, investigative movements, etc), iv) response to stimulus, v) appearance of eye 

(eyes fully/partially open, with or without secretion), vi) respiration rate, and vii) 

respiration quality (laboured breathing, gasps), as outlined in the article by Shrum et al, 

with a score of 0 being normal and 5 being severely abnormal. As was done by Shrum et 

al., the score of 21 was defined to be the endpoint, and mice that reached a score of 21 

were euthanized. 

To measure the body temperature before and 24 hours after induction of 

candidemia, mice were anesthetized through the inhalation of oxygen and 5% isoflurane 

in a chamber. The vaporized isoflurane was delivered at a flow rate of 1L/min. The body 

temperature was then measured using a rectal probe. The percent decrease of temperature 

24 hours after candidemia induction was calculated for analysis.   
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 Statistical analysis 

All statistical and graph analysis was done on GraphPad Prism (Version 6.07, 

GraphPad Software). Specific statistical tests used are listed with each figure.  

For all data that were continuous, Student’s t-test was used wherever k=2 groups 

were compared and ANOVA was used to analyze k>2 groups of comparison. For post 

hoc analysis, Tukey’s multiple comparisons was used to compare between multiple 

groups, and Dunnett’s multiple comparisons was used to compare to a particular control 

group. When there were two independent variables, two-way ANOVA was used for 

analysis, with Sidak’s multiple comparisons as the post hoc analysis.  

For data that were categorical or discrete (e.g. clinical scores) equivalent 

nonparametric tests were used: Mann-Whitney’s test for k=2 groups, Kruskal-Wallis test 

for k>2 groups. For post hoc analysis of Kruskal-Wallis test, Dunn’s test was used to 

compare between a test group and a control group.  

For the analysis of CA uptake by neutrophils over time, linear regression was 

performed for each sample, i.e. mouse strain. The slope from the linear regression was 

then compared between these samples automatically by the Prism software using one-

way ANOVA to show that each lines were different. To supplement this analysis, 

multiple t-tests were done across the axis to compare to the control samples. The test was 

corrected for multiple comparisons using the Holm-Sidak method.   
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 Candidemia and the Lung  

 Organ burden of C. albicans during candidemia in mice 

Mice were injected with 1x106 CFU of live C. albicans (CA) as detailed in the 

methods section. Mice were alive and with minor signs of distress (see Materials and 

Methods for details on clinical scoring) 1 hour and 24 hours after injection. Mice were 

sacrificed 1 hour or 24 hours after injection to collect and measure fungal load in four 

organs: kidney, liver, spleen, and lung.  

Kidney was investigated because studies of candidemia and invasive candidiasis 

have focused much on the kidney as a measurement of pathology and morbidity18-20,22,93-

100. Liver and spleen were collected because they are reticuloendothelial organs known 

for their function in filtering the blood. Finally, lung was investigated as it has been 

reported to have significant amounts of CA sequestration20,21,27,101,102 and acute-lung 

injury have been linked with candidemic septic patients as cause of morbidity and 

mortality103,104.  

After collection, these four organs were homogenized by mechanical disruption 

then plated on yeast-specific agar plates. A comparison of the fungal load collected in 

each organ 1 hour and 24 hours after the induction of candidemia shows that the lung 

receives a significant amount of CA early after the induction of candidemia and is 

capable of clearing a large burden of fungal load within 24 hours (Figure 3). The 

clearance of CA in the liver also shows statistical significance. However, the kidney is 

not able to clear the CA load at all within the initial 24 hours, which agrees with the 

finding of others that showed continuous accumulation of CA and associated pathology 

observed in the kidney18,20,22,95. 
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Figure 3. Lung sequesters and clears intravenously injected C. albicans over 24 

hours.  

The fungal load in the lung, liver, spleen, and kidney 1 hour and 24 hours after the 

induction of candidemia. Each data point represents an experimental mouse; n=4; error 

bars represent SEM; two-way ANOVA; Sidak’s multiple comparisons test; 

****P<0.0001. 
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 Early neutrophilic response to candidemia in the lung 

The important role of neutrophils in the host defense against C. albicans have long 

been studied10,14,19,20,22,24-26,29,31,34,47,49,98,105. To confirm the importance of neutrophils and 

observe the direct role of neutrophils in the organ-dependent CA sequestration and 

clearance, mice were depleted of neutrophils by injecting 500μg of anti-Ly6G (clone 

1A8, rat IgG2a) antibodies or isotype controls (clone 2A3, rat IgG2a) 24 hours before 

inducing candidemia89. Clinical severity scores used for sepsis (Figure 4A) and the 

degree of hypothermia (Figure 4B), both reliable surrogates for mouse mortality, 

confirms that the neutrophil-depleted mice do much worse 24 hours after candidemia 

induction22,106.  
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Figure 4. Neutrophil depletion leads to worse clinical outcome during systemic 

candidiasis 

 (A) Clinical severity scoring 24hr post candida injection. The dotted line represents a 

score of 21, the endpoint for clinical severity scoring. (B) Hypothermia is represented as 

percent decrease in the body temperature of neutrophil-depleted and isotype control mice 

24 hours after intravenous injection with CA. Each data point represents one 

experimental mouse; n=5; error bars represent SEM; (A) Mann-Whitney Test; (B) 

student’s t-test; **P<0.01.  
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In addition, we compared the fungal load in the organs of the neutrophil-depleted to 

those of the isotype control mice. We observed that in the neutrophil-depleted mice, the 

lung does not clear the CA as efficiently in 24 hours (Figure 5) and the kidney 

accumulates even more CA in comparison to isotype controls (Figure 6). The clinical 

severity scores and the fungal load data together suggest that neutrophils are important in 

controlling CA load in the lung and limiting its accumulation in the kidney, contributing 

to the survival of the host. 
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Figure 5. Impaired clearance of C. albicans in the lung of neutrophil-depleted mice 

CA load in the lung of isotype and PMN depleted mice (A) 1 hour and (B) 24 hours after 

the induction of candidemia. Five experiments were conducted per group; n=5; error bars 

represent SEM; student’s t-test; *P<0.05, ns=no significance.  
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Figure 6. Increased accumulation of C. albicans in the kidney of neutrophil-depleted 

mice 

CA accumulation in the kidney in isotype control and neutrophil-depleted mice (A) 1 

hour and (B) 24 hours after injection with 1x106 CA. Five experiments were conducted 

per group; n=5; error bars represent SEM; student’s t-test; *P<0.05, ns=no significance. 
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To explore the interaction between neutrophils and CA in the lung rapidly after 

infection, we performed flow cytometry analysis on lung homogenate 5 minutes after 

injection with fluorescently labelled CA. Figure 7A shows a sample gating strategy used 

to identify CA-associated neutrophils, defined as CD45+Ly6G+Syto9+ cells. We 

discovered that the number of neutrophils associated with CA is highest in lung (Figure 

7B), suggesting that the early neutrophilic response to candidemia occurs largely in the 

lung.  
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Figure 7. Rapid neutrophil association with C. albicans in organs 

(A) The gating strategy used to identify neutrophils that are double-positive for Ly6G and 

CA signal 5 minutes after IV injection with CA. Red contour plot represents neutrophils 

of CA-injected mice, and the blue contour plots represent neutrophils of control mice. (B) 

The number of neutrophils associated with CA in the lung, liver, spleen and kidney. 

Three individual experiments were conducted; n=3; error bars represent SEM; one-way 

ANOVA; Tukey’s multiple comparisons test; ***P<0.001. 
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 Imaging C. albicans sequestration to pulmonary vasculature 

Pulmonary intravital imaging was used to visualize the sequestration of CA to the 

pulmonary vasculature and to investigate the neutrophilic response against the 

sequestered CA. 1x107 fluorescent CA was injected into mice, and its sequestration to the 

pulmonary vasculature was imaged in real-time. We observed that by 3 minutes after 

injection, most CA in any field of view was adherent and stationary, sequestering mostly 

to the capillaries or at the bifurcation of larger vessels (Figure 8).  
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Figure 8. Blood-borne C. albicans sequester to the lung vasculature 

(A) Representative pulmonary intravital image of five experiments (n=5) showing 

administered fluorescent CA within the lung vasculature. CA is labelled with Syto-9 

(green) while the vascular endothelium is stained with fluorescence-conjugated anti-

CD31 antibody (red). Scale bar, 70μm. (B) Bar graph quantify the percentage of CA that 

adhere to or flow through the lung vasculature out of the total CA in a field of view. 

Adherence was defined as no positional difference for a span of 1 minute or longer, and 

all non-adherent CA were defined to be tethering.  
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 Summary 

Neutrophils are crucial for the defense against candidemia, as neutrophil-depletion 

leads to accelerated morbidity. Comparing the fungal load 1 hour and 24 hours after 

induction of candidemia in the lung, liver, spleen, and kidney suggests lung to be an 

important site of rapid neutrophil-mediated CA clearance. Live CA is rapidly sequestered 

to the lung endothelium and flow cytometry analysis of lung homogenate suggests an 

early neutrophilic response against CA in the lung, unseen in other reticuloendothelial 

organs.  
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 Rapid pulmonary neutrophil response to candidemia 

 Neutrophil recruitment to sequestered C. albicans 

Previously, we demonstrated that live candida rapidly sequesters within the lung 

and that they become associated with neutrophils. To explore the relationship between 

sequestered candida and vascular neutrophils, we employed lung intravital microscopy 

with the candidemia model. Intravital imaging of the pulmonary vasculature of 

candidemia shows rapid association of neutrophils with the sequestered CA. Neutrophils 

near the location of CA sequestration crawl to, and take up, the CA (Figure 9). This rapid 

neutrophil interaction with CA is seen as early as 1 minute after the injection of the 

fungus, and by 10 minutes, the vast majority of sequestered CA are taken up by 

neutrophils (Figure 10).  
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Figure 9. Pulmonary neutrophils rapidly chemotax to sequestered C. albicans 

Representative images, of five individual experiments (n=5), demonstrate neutrophil 

chemotaxis to a sequestered CA. All neutrophils recruited to the CA in the upper-right 

corner were tracked for 20 minutes after injection (middle). Tracks (white, middle panel) 

demonstrate the entire chemotactic path taken by four individual neutrophils towards a 

single pathogen. After 20min (right side) the four neutrophils have surrounded the CA. 

Scale bar, 33μm. Blue, neutrophils (Ly6G); green, C. albicans (Syto9). 
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Figure 10. The uptake of sequestered C. albicans by pulmonary neutrophils occurs 

within the first ten minutes of injection 

Percentage of CA captured by neutrophils within the initial 10 minutes after CA 

injection. Data represents the mean of three individual experiments; n=3; error bars 

represent SEM.  
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 Role of complement in the rapid neutrophil association with C. albicans 

Complement is one of the most rapid host defense mechanisms present in the 

bloodstream. It contributes to the host defense by facilitating pathogen uptake via 

opsonisation and stimulating inflammation via attracting and activating other immune 

cells. Specifically, complement component 5a (C5a) is an anaphylatoxin that has been 

linked to the defense against candidemia by activating neutrophils34,45-49.  

To investigate the role of complement in the neutrophilic response against CA 

sequestered in the lung, we measured C5a levels in the non-perfused lung homogenate 

before and after CA challenge using Enzyme-linked Immunosorbent Assay (ELISA). The 

C5a levels increased rapidly 5 minutes after CA injection and returned to basal levels by 

60 minutes after injection (Figure 11). This suggests that C5a signaling is rapidly induced 

and short-lived in the bloodstream, and it has a role in the very early stage of host-

response against candidemia.  
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Figure 11. Lung complement 5a levels following intravenous C. albicans infection 

C5a level in the lung homogenate measured using ELISA without, 5 minutes, and 60 

minutes after injection with CA. Data represents the mean of three individual 

experiments; n=3; error bars represent SEM; one-way ANOVA; Dunett’s multiple 

comparisons test; *P<0.05. 
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To investigate whether C5a is required for the early recognition of CA by 

pulmonary neutrophils, CA uptake was imaged in C3-/- mice and C5a receptor (C5aR) 

blocking antibody-treated mice. C3, an upstream component necessary to generate C5a 

from C5, is the converging point for classical, lectin, and alternative pathways of 

complement activation, making it a very important therapeutic target107-109. Hence, by 

using C3-/- mice, we assessed the global effect of complement deficiency. Furthermore, 

using specific C5aR-blocking antibodies, we investigated the specific role of C5a in the 

neutrophil mediated responses to vascular CA.  

Intravital imaging of mice with impaired complement components revealed that 

pulmonary neutrophils were incapable of recognition and chemotaxis to the lung-

sequestered CA compared to wildtype or isotype antibody treated mice. By comparing 

the percentage of CA uptake by neutrophils, we observed a significant defect in the 

ability of the neutrophils to recognize CA in the complement-deficient mice (Figure 12). 

Whereas over 80% of CA was recognized in the wildtype mice by 10 minutes after 

injection, less than 40% was recognized in both types of complement-deficient mice. 

Furthermore, the number of neutrophils that associate with each CA (Figure 13B) and the 

lengths of their tracks (Figure 14B) are drastically reduced in the complement-deficient 

mice. 
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Figure 12. Complement is required for rapid neutrophil association with C. albicans 

Neutrophil association with CA in the first ten minutes after injection was compared 

between wildtype, C3 knock-out, and C5aR-blocked mice. Each group represents three 

individual experiments; n=3 each; error bars represent SEM; linear regression, then one-

way ANOVA of derived slopes show significant difference between the three mice with 

P<0.0001. Multiple t-tests at each time point show significance where indicated with * 

for C57 vs C3 KO, # for C57 vs C5aR Ab; corrected for multiple comparisons using the 

Holm-Sidak method. 
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Figure 13. Impairing complement results in impaired neutrophil association with C. 

albicans 

(A) Representative images form three individual experiments (n=3 per treatment) of 

neutrophil association with CA 10 minutes after injection. Scale bar, 30μm. Arrows, CA 

unrecognized by neutrophils. Blue, neutrophils (Ly6G); green, C. albicans (Syto9). (B) 

The number of neutrophils that associate with each CA particles sequestered in the lung 

vasculature. Kruskal-Wallis test; Dunn’s multiple comparisons test; error bars represent 

SEM; **P<0.01, ***P<0.001. 
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Figure 14. Complement is required for neutrophils chemotaxis to C. albicans  

(A) Representative tracks of neutrophils from three individual experiments (n=3 per 

treatment) that crawl to CA during the initial 10 minutes after injection. Blue, neutrophils 

(Ly6G); green, C. albicans (Syto9). (B) The displacement of the neutrophil tracks 

compared between C57, C3 KO, and C5aR-blocked mice. One-way ANOVA; Dunnett’s 

multiple comparisons test; ns=no significance; **P<0.01. 
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 The importance of C5a in the recognition of C. albicans by neutrophils 

Although the CA uptake percentage data shows similar results between C3 KO and 

C5aR-blocked mice (Figure 12), closer characterization of neutrophil response by 

analyzing their crawling behaviours shows less pronounced effect in the C3 KO mice 

(Figure 13B and 14B). It seems paradoxical that blocking a downstream factor has a 

stronger phenotype than blocking its upstream component. However, host proteins in the 

plasma such as thrombin and plasmin have been identified to be able to cleave and 

activate C5 in the absence of C3110-113, and they may be playing a role in producing C5a 

in the C3 KO mice, leading to the observed intermediate phenotype.  

To investigate whether C5a is indeed induced during candidemia even in the 

absence of C3, C5a level in the C3 KO mice was measured using ELISA. There is a 

presence of basal level of C5a in the C3 KO, but it amounts to less than 40% of the level 

in the wildtype mice (Wildtype: 2.44ng; C3 KO: 0.94ng; Figure 11 and 15). Also, 

whereas the C5a level peaks early after infection with CA, there is no increase in the C5a 

levels in the C3 KO mice after CA injection. This suggests that although C3 KO mice 

possesses alternative mechanisms of C5 activation, these C3-independent mechanisms 

are not sufficient to surmount a rapid C5a response to systemic candidiasis. 
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Figure 15. C3 KO mice have a basal level of C5a, which does not increase in 

response to C. albicans injection 

C5a levels of the lung homogenate in the C3 KO mice without, 5 minutes, and 60 

minutes after CA injection. Data represents three individual experiments per group N=3; 

One-way ANOVA; Dunnett’s multiple comparisons test; ns=no significance. 
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 Summary 

As investigated and reported in chapter 3, blood-borne C. albicans sequesters to the 

lung. Using intravital imaging of the lung during induced candidemia, we observed that 

the pulmonary neutrophils chemotax to these sequestered CA very rapidly. These 

neutrophils require active C5a generation to effectively chemotax to and contain CA. C3 

KO mice possess minor mechanisms of C5a production, which seems to account for its 

phenotypic difference from the C5aR-blocked mice.  
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 Neutrophil vascular clustering in response to candidemia 

 Neutrophil aggregate formation during candidemia 

Observing the pulmonary vasculature of candidemic mice using intravital imaging 

revealed an interesting phenomenon: the formation of large vascular clusters of 

neutrophils and fungal particles (Figure 16). There has been reports of interstitial 

neutrophil cluster formation in the lung in response to infection with Aspergillus 

fumigatus114 and in ischemia-reperfusion injury115, but the formation of neutrophil 

clustering within the pulmonary vasculature had yet been described. We observed that 

unlike what has been hypothesized for the formation of tissue neutrophil clusters in 

response to widespread pathogen infection116,117, these clusters are not transient, 

persisting for at least the two-hour duration of intravital imaging.  
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Figure 16. Neutrophils and C. albicans aggregate to form a motile vascular cluster 

Representative time sequence images of five individual experiments of motile cluster 

formation over a 45-minute period (n=5). Both neutrophils with and without a 

phagocytosed CA particle join the cluster. Scale bar, 13μm. Blue, neutrophils (Ly6G); 

green, C. albicans (syto9). 
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The vascular neutrophil clusters in response to intravenous CA infection were 

formed by the recruitment of neutrophils, some of which had phagocytosed CA. Using a 

10x objective lens, a wider view of the lung was imaged to observe more instances of 

such clustering. Images of the lung 1 hour after injection with 1x107 CA show diffuse 

regions of dense neutrophil clusters (Figure 17A). Blinded counting of the neutrophil 

clusters, defined as a continuous region of neutrophils larger than 45μm in diameter 

(approximately 3 to 4 neutrophils laid side to side), showed an increase in the cluster 

count over 50 minutes with the count plateauing after 30 minutes (Figure 17B).  
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Figure 17. Neutrophil clusters rapidly increase in number within an hour of C. 

albicans injection 

(A) Neutrophil clusters as viewed using a 10x objective lens before (left) and 1 hour after 

(right) injection with CA. Images are representative of three individual experiments. 

White, neutrophils (Ly6G). Scale bar, 200μm. (B) Counts of neutrophil clusters in each 

field of view. N=3; Kruskal-Wallis; Dunn’s multiple comparisons test; ****P<0.0001.  

 

  



64 

 Measuring the growth and motility of vascular neutrophil clusters 

Vascular neutrophil clusters that form in response to blood-borne CA grow in size 

over time, as could be seen in Figure 16A. This increase in cluster size was quantified 

using two different methods as described in detail in Chapter 2. Analysis using both 

methods of measurement demonstrated that the size of neutrophil clusters are very large 

60 minutes after injection with CA (Figure 18). Small neutrophil clusters (around 

1000μm2 in surface area, and 250μm in max skeletal length; Figure 18) that are present 

before CA injection most likely represent short-lived, random interaction between 

neutrophils at basal level.  
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Figure 18. Cluster size increases within an hour of C. albicans injection 

(A) Mean area and (B) max skeletal length of neutrophil clusters just before and 60 

minutes after CA injection. Data represents three individual experiments; n=3 mice; 

Student’s t-test; **P<0.01, ****P<0.0001.  
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The vascular neutrophil clusters grow with the continuous addition of neutrophils, 

including those that have taken up a live pathogen (Figure 14). The addition of 

neutrophils to a cluster was tracked for 10-20 minutes (Figure 19). Neutrophils join the 

cluster from all sides, seemingly independent of the direction of circulation. As 

neutrophils join the group, the growing cluster moves forward in the larger vessels. 
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Figure 19. Neutrophil recruitment to vascular neutrophil clusters 

(A and B) Two representative images from five individual experiments of neutrophil 

cluster growth (n=5). (Left, images) White, tracks of neutrophils that join the cluster; red, 

track of the overall movement of the cluster. (Right, schematic) Red, displacement 

vectors of neutrophil tracks; black, displacement track of the neutrophil cluster 

progression. All neutrophils that were observed to join the growing cluster were tracked 

over (A) 10 minutes, and (B) 20 minutes. Blue, neutrophils (Ly6G); green, C. albicans 

(syto9). Scale bar, 13μm. 
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 Cluster-specific neutrophil crawling 

To understand the phenotypic difference between neutrophils that joined the 

growing cluster and those that did not, the two groups of neutrophils were tracked over 

time. By comparing the tracks of clustering and non-clustering neutrophils over 10 

minutes, we observed a significant difference between the two groups in their track 

length and displacement (Figure 20). Whereas non-clustering neutrophils crawl a shorter 

distance and displacement, clustering neutrophils crawl a longer distance and 

displacement. This indicates that the neutrophils that join the clusters not only crawl more 

(distance), but crawl with clear direction (displacement). This suggests that the clusters 

are a source of a chemoattractant signal that stimulates the migration of the clustering 

neutrophils.  
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Figure 20. Cluster-forming neutrophils have longer directional track lengths 

(A) Neutrophil tracks shown are representative of three individual experiments over 10 

minutes for clustering (left, in white) and non-clustering (right, in red). Scale bar, 35μm. 

(B and C) Comparison of the track (B) lengths and (C) displacements between clustering 

and non-clustering neutrophils. N=3 mice; Student’s t-test; ***P<0.001, ****P<0.0001. 
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 Summary 

A rapid vascular clustering of neutrophils is seen in the lung in response to 

candidemia. These dense neutrophil clusters form diffusely in the pulmonary vasculature 

and increases in size over time. Clusters form at a site of neutrophil phagocytosis of CA, 

which then recruits other neutrophils. There is a significant difference in the crawling 

behavior of the clustering and non-clustering neutrophils, suggesting that the formation of 

clusters is not due to random cellular migration but to specific intercellular chemotactic 

signaling. 
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 Mechanism and consequence of neutrophil vascular clustering  

 C5a and vascular neutrophil clustering 

To explore whether complement-mediated rapid neutrophilic responses against 

sequestered CA in the pulmonary vasculature is required for the formation of the 

neutrophil clusters, C3 KO and C5aR-blocked mice were observed for cluster formation 

using 10x objective lens.  

The neutrophil clusters that form in these mice were significantly smaller than 

those in the wildtype mice, showing decreased mean cluster size and maximum skeletal 

length in comparison to wildtype mice (Figure 21). However, just as it did with 

neutrophil chemotaxis to sequestered CA (Figures 13 and 14), C3 KO mice showed an 

intermediate phenotype between wildtype and C5aR-blocked mice, most likely due to the 

presence of C3-independent C5 activation in the C3 KO mice that still allows for 

signaling via C5a110,111. 
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Figure 21. Neutrophil clustering in complement impaired mice 

(A) Neutrophil clusters shown are representative of three individual experiments of C3 

KO and C5aR-blocked mice 1 hour after injection with CA. White, neutrophils (Ly6G). 

Scale bar, 200μm. (B) Mean area and (C) max skeletal length of neutrophil clusters 1 

hour after CA injection compared between wildtype, C3 KO, and C5aR-blocked mice. 

N=3 mice; one-way ANOVA; Dunnett’s multiple comparisons test; *P<0.05, 

***P<0.001, ****P<0.0001. 
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 Importance of Leukotriene B4 in neutrophil clustering 

Because C5a is a potent anaphylatoxin, it is rapidly degraded in the bloodstream50. 

However, C5a can mediate long distance neutrophil recruitment over extensive period by 

inducing the production of secondary factors such as LTB451,52,118. Since previous studies 

on the clustering of neutrophils in the extravascular tissue have shown that it is dependent 

on the lipid mediator LTB4 for the recruitment of neutrophils to the site of 

clustering76,117, we decided to explore the potential role of LTB4 in the neutrophil cluster 

formation during systemic candidiasis. 

First, to confirm that LTB4 is generated in the lung following infection with fungal 

pathogen, we tested LTB4 levels in lung homogenate using ELISA. The lung LTB4 level 

indeed significantly increases 60 minutes after intravenous challenge with CA (Figure 

22A). LTB4 is predominantly produced by neutrophils, but to directly test that lung 

neutrophils are a source of this lipid mediator, we isolated pulmonary neutrophils from 

CA-infected mice and measured LTB4 in cell culture (Figure 22B), Compared to 

neutrophils of uninfected mice, neutrophils of CA-infected mice produced significantly 

more LTB4.  
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Figure 22. LTB4 is produced in the lung and in isolated pulmonary neutrophil 

culture of candidemic mice  

(A) LTB4 level measured in lung homogenate with and without CA infection. (B) LTB4 

level measured in the cell culture of isolated pulmonary neutrophils with and without CA 

infection. Lung samples were collected 60 minutes after CA challenge. Mean of three 

individual experiments shown; n=3; Student’s t-test; *P<0.05, **P<0.01.  
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The effect of LTB4 on the formation of vasculature neutrophil clusters was 

explored by imaging LTB4 receptor knocked out mice. The comparison of 10x objective 

images of the wildtype and LTB4R KO mice showed clear reduction in neutrophil 

clustering with the inhibition of LTB4 signaling (Figure 23A). Both mean cluster size and 

max skeletal length 1 hour after infection was significantly reduced in the LTB4R KO 

mice in comparison to the wildtype mice (Figure 23B and C). 
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Figure 23. Impaired LTB4 signaling inhibits cluster growth 

(A) Neutrophil clusters shown are representative of three individual experiments in 

wildtype and LTB4R KO mice 1 hour after injection with CA. White, neutrophils 

(Ly6G). Scale bar, 200μm. (B) Mean cluster area and (C) max skeletal length of 

neutrophil clusters 1 hour after CA injection compared between wildtype and LTB4R KO 

mice. N=3 mice; Student’s t-test; **P<0.01, ***P<0.001. 
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To investigate whether this defect in clustering behaviour is due to the inability of 

the neutrophils to recognize CA or a problem with the recruitment of neutrophils, CA 

uptake in the LTB4R KO mice was analyzed. The rate of CA recognition by neutrophils 

in the first 10 minutes following CA injection showed no difference between the LTB4R 

KO and wildtype mice (Figure 24), suggesting that the neutrophils do not require LTB4 

for chemotaxis to the pathogen and phagocytose it. The number of neutrophils 

responding to each CA and the displacement of their tracks also showed no difference 

between the two mice (Figure 25). This demonstrates that LTB4 signaling is not critical 

for the neutrophils to detect and take up CA in the pulmonary vasculature. 
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Figure 24. Impairment in LTB4 signaling does not affect neutrophil association with 

C. albicans 

Neutrophil association with CA was observed for 10 minutes after intravenous CA 

injection in the wildtype (C57) and LTB4R KO mice. N=3 mice per treatment; there is no 

statistical significance between the two mice as analyzed by multiple t-tests and linear 

regression. 
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Figure 25.  Neutrophils of LTB4 signaling impaired mice have no defect in the 

ability to chemotax to and associate with C. albicans sequestered in the lung 

(A) The number of neutrophils that come to associate each CA particles sequestered in 

the lung vasculature and (B) the displacement of their crawl compared between wildtype 

and LTB4R KO. Data shown is pooled from three individual experiments with each 

symbol representing an individual neutrophil; n=3 mice per treatment. 
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LTB4 is a lipid mediator and a very potent neutrophil chemoattractant119. To see 

the impact of LTB4 signaling impairment on the neutrophil kinetics, clustering and non-

clustering neutrophils were tracked. By comparing the track length and displacement, we 

saw that although there were differences in the track displacement between the clustering 

and non-clustering neutrophils, there was no difference in the length of their tracks 

(Figure 26B and C). This contrasts with the wildtype mice, which had clear differences in 

both the neutrophil track length and displacement between the clustering and non-

clustering neutrophils (Figure 20B).  

The fact that there still is a difference between clustering and non-clustering 

neutrophils of LTB4R mice in their track displacement suggest that there are other short-

range chemotactic signals attracting neutrophils to the cluster. However, the track length 

is no longer differentiable between the two groups of neutrophils in the LTB4R KO mice. 

In fact, the mean length of clustering neutrophils is 36.63μm in the LTB4R KO mice 

compared to 52.10μm in the wildtype mice (Figure 26D). This suggests that LTB4 

signaling is necessary for persistent chemotaxis of neutrophils through complex pathway. 
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Figure 26. Inhibiting the LTB4 pathway affects neutrophil trafficking to clusters 

(A) Neutrophil tracks shown are representative of three individual experiments over 10 

minutes for cluster-forming (left, in white) and non-cluster-forming neutrophils (right, in 

red). Scale bar, 35μm. (B and C) Comparison of the track (B) length and (C) 

displacement between clustering and non-clustering neutrophils of LTB4R KO mice. 

N=3 mice; Student’s t-test; ***P<0.001. 

(D and E) Comparison of the track (D) length and (D) displacement of cluster-forming 

neutrophils in C57 control and LTB4R KO mice. N=3 mice; F-test; ns=no significance, 

*P<0.05. Axes made to be comparable to parallel data in wildtype mice (Figure 20B).  
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 Complement-mediated LTB4 production 

It has been reported that LTB4 production in neutrophils can be activated through 

C5aR signaling52,53. We wanted to explore whether the C5a-mediated detection and 

chemotaxis to CA was directly linked to the production of LTB4 and thus the formation 

of neutrophil clusters. To this effect, we isolated neutrophils from the bone marrow and 

lung and incubated them with recombinant C5a. We observed that both cultures produced 

significant amounts of LTB4 when stimulated with recombinant C5a (Figure 27).  
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Figure 27. LTB4 production by neutrophils induced with recombinant C5a 

(A and B) LTB4 measured in the cell culture supernatant of neutrophils isolated from (A) 

bone marrow, and (B) lung, with or without recombinant C5a. The mean of three 

individual experiments are shown; n=3; (A) one-way ANOVA, Dunnett’s multiple 

comparisons test; (B) Student’s t-test. **P<0.01, ****P<0.0001. 
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Next, in order to address whether the LTB4 production in response to candidemia 

was a downstream effect of C5a, lung LTB4 levels in response to CA infection were 

measured in C3 KO and C5aR-blocked mice. The lung LTB4 response to CA was 

abrogated in the complement deficient mice (Figure 28), which would explain the 

impaired cluster formation observed in the complement-deficient mice (Figure 21). This 

demonstrates that neutrophil vascular clustering is dependent first on C5a-mediated rapid 

chemotaxis and uptake of CA by neutrophils, then on C5a-induced LTB4 production by 

the neutrophils.  
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Figure 28. LTB4 production is reduced in the complement impaired mice 

(A) LTB4 levels in the lung homogenate of wildtype and C3 KO mice without or 1 hour 

after CA infection. (B) LTB4 levels in the lung homogenate without or after one-hour CA 

infection in C5aR-blocked mice. The mean of three individual experiments shown per 

group; n=3 mice; two-way ANOVA; Sidak’s multiple comparisons test; **P<0.01. 
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 Beta-2 integrins, platelets, and neutrophil extracellular traps play minor roles in 

neutrophil clustering 

Others have reported that β2-integrins and platelets are important for intravascular 

neutrophil clustering in liver in response to sterile injury87,120. The β2-integrins have also 

been found to have a role in the restructuring of extracellular matrix and subsequent 

consolidation of extravascular neutrophil clusters76. To investigate the role of β2-

integrins on the neutrophil clustering in the pulmonary vasculature, CD11b-/- (integrin αM 

of Mac-1) and CD11a-/- (integrin αL of LFA-1) mice were imaged after inducing 

candidemia to observe the formation of clusters in these mice. The mean cluster area and 

max skeletal length in the β2 integrin-deficient mice were not significantly different from 

those of the control mice (Figure 29). Blocking CD18 (integrin β2 of Mac-1 and LFA-1) 

with an inhibitory antibody also did not affect the neutrophil clustering in the mice 

(Figure 29). Together, the genetic knock-out and the antibody-treated mice show that 

vascular neutrophil clustering in response to CA does not depend on β2-integrins. 
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Figure 29. β2 integrin-deficiency does not impact cluster formation in response to 

candidemia 

Mean cluster area compared between wildtype and Mac-1 KO (CD11b-/-), LFA-1 KO 

(CD11a-/-), and anti-CD18 antibody-treated mouse. N=3 mice per treatment; no statistical 

significance; one-way ANOVA.  

 



89 

To also investigate the potential role of platelets in the formation of the neutrophil 

clusters, antibodies against CD49b was used to stain for platelets in the vasculature. 

However, images of vascular neutrophil clusters show minor presence of platelets in and 

around the clusters (Figure 30). This suggests that platelets are not a critical component 

in the formation of the neutrophilic response against CA.  
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Figure 30. Minor presence of platelets on neutrophil aggregates 

Representative image (n=3 mice) of cluster formation in wildtype mice with anti-CD49b 

antibodies used to stain platelets. Blue, neutrophils (Ly6G); red, platelets (CD49b); 

green, C. albicans (Syto9). Scale bar, 36μm. 
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Tissue neutrophil clustering in response to intratracheal infection with Aspergillus 

fumigatus has been reported to be associated with neutrophil extracellular trap (NET) 

formation by neutrophils114. We thus hypothesized that NETs could be used by 

pulmonary neutrophils to facilitate the capture of vascular fungus, help provide a track 

for neutrophil recruitment, and/or consolidate the clusters within the vasculature. To 

explore whether NETs were employed for the recruitment and/or consolidation of the 

neutrophil clusters, candidemic mice were treated intravenously with DNase to dissociate 

any extracellular DNA in the vasculature. However, neutrophil clusters continued to 

grow over time and did not dissociate in response to DNase treatment (Figure 31). In 

addition, extracellular DNA staining with SYTOX®  Orange Nucleic Acid Stain showed 

no presence of external DNA indicative of NET formation, although there were a few 

cells that were stained positively using the stain, which would indicate cell death (Figure 

32). Together, these data suggest that NETs have a limited role in vascular neutrophil 

clustering during candidemia. 
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Figure 31. DNase does not interfere with the growth of neutrophil aggregate 

Representative images (n=2 mice) of neutrophil cluster seen in the pulmonary vasculature 

60 minutes after infection with CA before and 10 minutes after DNase treatment. N=2. 

Red, neutrophils (Ly6G); green, C. albicans (Syto9). Scale bar, 36μm. 
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Figure 32. Minor presence of extracellular DNA and dead cells in the neutrophil 

aggregate 

Representative images (N=2 mice) of neutrophil clusters stained for extracellular DNA 

and dead cells using cell impermeable dye SYTOX®  orange. Blue, neutrophils (Ly6G); 

white, SYTOX orange; green, C. albicans (Syto 9). Scale bars, 36μm.  
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 Consequences of impairing the rapid neutrophilic response against C. albicans 

The rapid uptake of CA by the pulmonary neutrophils and the subsequent 

formation of clusters is dependent on C5a. To investigate the clinical importance of this 

rapid neutrophilic response against disseminated CA, C5a receptors (C5aR) were blocked 

using inhibitory antibodies before injection with 1x106 live CA intravenously. 24 hours 

after the induction of candidemia, the mice were clinically scored, and their organs were 

plated to assess the fungal load in the lung and kidney. Blocking C5aR resulted in the 

death of all mice at 24 hours, unlike the healthy isotype controls (Figure 33).  
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Figure 33. Clinical severity scores in complement impaired mice following 

candidemia 

Clinical scores of isotype (Rat IgG2b) and anti-C5aR antibody treated mice 24 hours 

after injection with 1x106 CA. N=3. +All the mice treated with anti-C5aR antibody were 

found dead at 24 hours. As a score of 21 is the clinical endpoint that would have led to 

the euthanization of mice, a score of 21 was used to denote their death. 
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The fungal load in the lung and kidney in the C5aR blocked mice show similarities 

with the neutrophil-depleted mice (Figure 34 vs Figure 5 and 6). Lung CA is not 

efficiently cleared from the lung unlike in the isotype control, and there is an accentuated 

accumulation in the kidney. Together with the clinical scoring data, this highlights the 

importance of complement-mediated rapid neutrophilic response against candidemia for 

the efficient clearance of the fungus from the lung and the survival of the host. Although 

C5a response to candidemia is rapid and short-lived (Figure 11), it seems to provide an 

essential response against CA in the lung by mediating capture and triggering 

downstream inflammatory response.  
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Figure 34. Blocking C5a signaling inhibits C. albicans clearance in the lung and 

promotes its build up in the kidney 

(A and B) CA load in the (A) lung and (B) kidney 24 hours after injection with 1x106 CA 

in mice injected with isotype antibodies (Rat IgG2b) and anti-C5a receptor antibodies. 

The mean of three individual experiments per group shown; n=3 mice; error bars 

represent SEM; student’s t-test; *P<0.05. 
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 Consequences of inhibiting vascular neutrophil clustering during systemic 

candidiasis 

Lastly, we wanted to explore whether the leukotriene-mediated vascular neutrophil 

clustering in response to systemic candidiasis is critical for the clearance of CA from the 

lung or is pathologic for the lung. To this effect, we first measured the fungal load in the 

organs of C57 and LTB4R KO mice 24 hours after IV injection with 1x106 CA. We 

found that the LTB4R KO mice had no difference from wildtype mice in their ability to 

clear the fungus from the lung (Figure 35). This fits in well with our data showing that 

LTB4R-deficiency did not inhibit the ability of the neutrophils to take up sequestered 

CA. (Figures 24 and 25). Together these data demonstrate that LTB4-mediated clustering 

is not necessary for the clearance of CA from the lung.   
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Figure 35. LTB4-mediated vascular clustering does not affect fungal clearance in 

the lung or kidney 

(A and B) CA load in the (A) lung and (B) kidney 24 hours after injection with 1x106 CA 

in wildtype and LTB4R KO mice. Data is the mean of four individual experiments per 

group; n=4 mice, error bars represent SEM; student’s t-test; ns=no significance. 
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Next, in order to see if the cluster forming had an impact on the well-being of the 

host during the disease, we induced systemic candidiasis in C57 and LTB4R KO again 

then clinically scored them at 24 hours and 48 hours after injection. LTB4R KO mice 

showed less symptoms of distress and had less pronounced decrease in body temperature 

than the C57 wildtype mice (Figure 36). This suggests that the vascular neutrophil 

clustering in response to systemic candidiasis is pathologic for the host and that it may 

contribute to the morbidity and mortality of the disease.  
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Figure 36. Inhibiting vascular neutrophil clustering during systemic candidiasis 

leads to better clinical outcome 

(A) Clinical scoring and (B) percent decrease in the body temperature of C57 wildtype 

and LTB4R KO mice 24 hours and 48 hours after intravenous injection with CA. N=3 

mice per treatment; error bars represent SEM. Multiple t-tests, corrected for using Holm-

Sidak method. *P<0.05.  
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 Summary 

Unlike neutrophil clustering observed in the extravascular environment or other 

vascular organs, β2-integrins, platelets, and NETs have not been found to be critical for 

the formation of vascular neutrophil clusters in the lung. Instead, the C5a-mediated rapid 

neutrophil take up of CA is required for the formation of the vascular clusters via LTB4 

signaling. C5a-mediated uptake of CA by neutrophils is critical for the clearance of CA 

from the lung, the prevention of its accumulation in the kidney, and the survival of the 

mice. However, subsequent formation of neutrophil clusters via LTB4 amplification is 

not involved in the clearance of the fungus from the lung but with the immunopathology.  
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 Discussion 

 Summary of findings 

Systemic candidiasis, caused by the invasion of C. albicans into host bloodstream, 

is a serious infection causing fatal sepsis in patients. Quantitative and qualitative defects 

in neutrophils in the host is a well-known risk factor for systemic candidiasis. In wildtype 

mice, although the large load of C. albicans that sequesters to the lung is quickly cleared, 

it continues to grow in the kidney over the course of a few days, where it has been 

reported to transform into hyphae and cause immunopathology. Depleting neutrophils in 

mice results in worse clinical outcome, with reduced clearance of fungus from the lung 

and increased accumulation in the kidney. We explored the early neutrophilic response 

against systemic candidiasis mounted by the marginated pool of neutrophils in the 

pulmonary vasculature using intravital microscopy. 

Overall, we discovered that blood-borne C. albicans sequesters to the pulmonary 

vasculature, and once sequestered, it is quickly taken up by the marginated neutrophils in 

a C5a-dependent manner. The neutrophils that have taken up the fungus forms growing 

clusters in the vasculature, and the growth of the clusters by the recruitment of 

neutrophils is dependent on LTB4, but not on β2-integrins, NETosis, or platelets (Figure 

38).  

Comparing the clinical outcomes of mice demonstrate that while the complement-

mediated detection, chemotaxis, and capture of the fungus by neutrophils is critical for 

the survival of the hosts, the formation of dense neutrophil cluster in the vasculature is 

harmful for their health. These findings highlight the complexity and dynamic time 

course of neutrophilic immune response in the pulmonary vasculature.
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Figure 37. Effect of treatments on the neutrophilic response against lung-

sequestered C. albicans, fungal burden, and clinical severity 

A summary of the effects of the main three treatments used in the study on neutrophil 

chemotaxis, association with CA, growth of neutrophil clusters, fungal burden in the lung 

and kidney, and the clinical severity of the mice. *No statistical difference.  
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Figure 38. Immune response of marginated pulmonary neutrophils in systemic 

candidiasis  

(1) C. albicans that is sequestered to the lung causes C5 activation and C5a production. 

(2) C5a mediates neutrophil chemotaxis to the fungus. (3, 4) Neutrophil association with 

CA induces the production of lipid mediator LTB4, which activates and recruits more 

neutrophils. (5) The activated neutrophils amplify the LTB4 signaling, and as a result, 

dense clusters of neutrophils form in the vasculature. 
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 Early role of lung during systemic candidiasis 

Although large loads of CA have been observed in the lung of candidemic 

hosts13,20, the exact role of the lung in the host defense against disseminated candidiasis 

has not yet been reported. Here we report that, although the lung receives a significant 

load of C. albicans upon induction of candidemia, it effectively deals with it in a 

neutrophil-dependent fashion, decreasing the load almost 100-fold within the first 24 

hours.  

 The neutrophil-mediated efficient clearance of C. albicans in the lung could be 

attributed to the presence of marginated neutrophils. These neutrophils that patrol the 

vasculature in the absence of stimulation mobilize quickly in response to infectious 

stimuli, which can lead to quick demargination and migration of the neutrophils to the 

sight of infection58,62,66,67,74. This characteristic presence of neutrophils in the lung seems 

to allow for a very rapid recognition of the sequestered fungus in the lung. Recognition of 

C. albicans by neutrophils can occur as rapidly as within 1 minute after infection, and 

more than 80 percent of C. albicans sequestered in the pulmonary vasculature is taken up 

by neutrophils within the first 10 minutes. This reveals an important functional and 

developmental advantage of the marginated neutrophils in the lung. 

On the other hand, the kidney lacks this presence of neutrophils in unstimulated 

conditions, and we have observed a low number of C. albicans-associated neutrophils in 

the kidney shortly after infection. Although there is a chemokine-mediated, delayed 

recruitment of neutrophils to the kidney, this lag leaves it vulnerable to the exponential 

fungal expansion and hyphal conversion which begins 24 hours after infection, leading to 

persistent inflammation and tissue damage18,19,95,98,121. Interestingly, similar 
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immunopathology with enhanced hyphal formation and inflammatory damage is seen in 

the candidemic lung when the neutrophils are depleted21, suggesting the crucial role of 

early response by the marginated neutrophils in effective control of C. albicans in the 

lung.  

When we looked at the fungal load in different organs 1 hour and 24 hours after 

induction of systemic candidiasis, we observed that the liver is able to significantly 

reduce the fungal load in 24 hours. However, we also detected a low number of 

neutrophils that were associated with C. albicans in the liver, which suggests that the 

fungal clearance in the liver is most likely a macrophage-mediated response, rather than 

neutrophil-mediated. Although liver does not have an early neutrophilic response to 

disseminated C. albicans, it has a rapid inflammatory response to it. In comparison to the 

kidney, liver is able to upregulate proinflammatory genes early on in the infection 

(8~24hr post infection), which is thought to be related to C. albicans phagocytosis in the 

liver121.  

Using intravital imaging, we directly observed in real-time the behaviour of 

pulmonary neutrophils during systemic candidiasis. Our study provides novel insight into 

understanding how the presence of the marginated pool is beneficial to the host by 

protecting against disseminated blood-borne infection, such as systemic candidiasis.  

 Rapid neutrophilic response against C. albicans 

7.3.1 Complement-mediated early response  

C. albicans can activate all three complement pathways: the classical, alternative, 

and lectin pathways122-124. The generation of opsonins (C3b) and anaphylatoxins (C3a, 
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C5a) in response to this activation is thought to facilitate phagocytosis and induce 

inflammatory response46. 

As a defensive mechanism, C. albicans can hijack the host’s complement 

regulatory mechanisms to evade the complement system. One such example is the αvβ3 

integrin-like protein on the surface of C. albicans, which binds vitronectin that is 

abundantly found in serum and extracellular matrix. Vitronectin protects C. albicans by 

preventing terminal complement complex (TCC) formation on its surface and enhancing 

adhesion onto host45,125.  

Although C. albicans has many mechanisms of inhibiting the complement cascade, 

most notably at C3 activation, the convergent point of the three complement cascades, 

anaphylatoxins are still produced in the midst of the tug-of-war between the fungus and 

host complement system. C. albicans surface proteins Gpm1, Pra1, and Gpd2 bind 

plasminogen45, and this host protein and its activated form plasmin have been found to 

cleave both C3 and C5126,127. In addition, C. albicans produces secreted aspartyl proteases 

(Saps) which degrade C3b, C4b, and C5, and thus inhibit complement opsonisation and 

TCC formation45,127 However, these processes still leads to the production of biologically 

active anaphylatoxins C3a and C5a, which strongly attract neutrophils126.  

In the pulmonary vasculature, the complement-mediated early neutrophilic 

response against C. albicans is dependent on C5a, and C5a could be produced by any of 

the above mechanisms of complement cascade activation or fungal interference. 

The importance of complement in the phagocytosis and killing of C. albicans has 

been studied by others. It has been reported that the phagocytosis and intracellular killing 

of C. albicans by human peripheral blood mononuclear cells (PBMC) is not dependent on 
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C5a-signaling46. However, we observed that the recognition and phagocytosis of 

sequestered fungus by pulmonary neutrophils are largely dependent on C5a-signaling. In 

mice that had inhibited C5a receptors, there was a decrease not only in the number of 

neutrophils trafficking to each C. albicans, but also in the length of their track 

displacements. This demonstrates that, although there may be an abundant presence of 

neutrophils in the pulmonary vasculature, the recognition of C. albicans is not a random 

process, but a directed one via complement signaling. 

Throughout the study, we have observed a discrepancy in the data obtained from 

the C3 knocked out and C5aR-inhibited mice. The C3 KO mice displayed less 

pronounced phenotype than C5aR-inhibited mice in their ability to rapidly take up C. 

albicans and form neutrophil clusters. This disparity in C3 and C5 deficient mice has also 

been reported in the inflammatory response to C. albicans, where C5-deficiency led to 

increased pro-inflammatory cytokine production unseen in C3-deficiency45. It was 

suggested that the C3-independent cleavage and activation of C5 via thrombin, neutrophil 

elastase, macrophage serine proteases, etc, could be playing a role43,45,111. 

In our case, we observed that although C3 deficient mice had a basal level of C5a 

in the lung, the ability to rapidly increase the C5a levels in response to C. albicans was 

largely suppressed in C3 KO mice. Together with the intermediate phenotypes that the 

C3-deficient mice presented, we saw that the C3-independent C5 activation is present in 

mice but is not as effective in initiating a full, rapid response against systemic 

candidiasis.  

It remains possible that there are distinct roles of activated components of C3 and 

C5a in the neutrophilic immune response against disseminated CA, most specifically in 
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the context of complement-opsonized uptake of the fungus as C3b is an opsonin. 

Whereas C5a is critical for neutrophil chemotaxis to sequestered fungus, C3b may be 

important facilitator for phagocytosis of CA by neutrophils. We have seen that having 

impaired C5a signaling but intact C3 activation did not improve CA recognition 

compared to C3 knocked out (Figure 12). Although our data suggests that there be no 

distinction between C3 and C5 components in terms of CA association by neutrophils, 

analyzing phagocytosis at a cellular level may provide better insight into specific roles of 

the complement components. 

7.3.2 Consequences of rapid neutrophilic response 

Inhibiting C5a-mediated rapid response by neutrophils causes the same morbidity 

as in neutrophil-depleted mice: high clinical severity score, larger drop in body 

temperature, persistent fungal load in the lung, and accumulation in the kidney. This 

suggests that the neutrophil-mediated host defense in the lung depends on the 

complement-dependent phagocytosis of C. albicans. 

Impairing the complement cascade also impedes neutrophil cluster formation. We 

observed that by inhibiting C5a-signaling, LTB4 production and neutrophil clustering 

was suppressed. Just as the production of proinflammatory cytokines such as IL-1β and 

IL-6 in response to C. albicans requires C5a-signaling in human PBMCs46, LTB4 

production in response to C. albicans by neutrophils is dependent on C5a. 

7.3.3 Complement-mediated LTB4 production 

Similar to the C5a-C5aR signaling-dependent LTB4 production reported in 

peritonitis and arthritis models51,52, we observed that the production of large levels of 

LTB4 in the lung in response to C. albicans is dependent on C5a. We have observed both 
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pulmonary neutrophils and bone marrow-derived neutrophils produced large amounts of 

LTB4 in the presence of recombinant C5a, suggesting that there likely is a paracrine 

feed-forward mechanism of LTB4 production among neutrophils that is initiated with 

C5a signaling.   

 Vascular neutrophil clustering 

Although neutrophil clustering or swarming behaviour in response to infectious 

signals have been observed extensively in extravascular tissues and in certain vascular 

organs, such as the liver and lymph nodes37,76,87,116,117,120,128,129, it had not been reported in 

the lung of a live mouse. Here, we directly imaged the formation of vascular neutrophil 

clusters in the lung during systemic candidiasis, demonstrating that neutrophil clusters do 

form in the flowing conditions of the vasculature. The diffuse formation of the dense 

clusters grew with the recruitment of more neutrophils and demonstrated collective 

motility. The recruitment of neutrophils was dependent on leukotriene signaling and there 

was a phenotypic difference between neutrophils that were recruited to the clusters and 

those that were not. Clustering neutrophils exhibited a directed migratory phenotype with 

longer displacement and distance in their crawls. Without LTB4 signaling, both 

displacement and distance of their crawls decreased, and there was no longer a difference 

in the length of the tracks between the clustering and the non-clustering neutrophils. This 

suggests that for LTB4 signaling is required for efficient neutrophil trafficking through 

the complex pulmonary vasculature.   

As hypothesized by others116, there seemed to be a sort of competition between 

neighboring clusters for the recruitment of neutrophils. There were also merging of 

smaller clusters as recruited neutrophils closed the gap between two smaller clusters 
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within the capillary beds (data not shown). However, no merging of neutrophil clusters in 

the bigger vasculature was observed. Instead, it grew with the continuous intake of 

neutrophils, including those that have phagocytosed C. albicans. 

Others have hypothesized that the formation of vascular neutrophil clusters in 

response to widespread pathogen infection would be transient. It was thought that the 

generation of any gradient of chemoattractant or the stable consolidation of cellular mass 

would be too difficult in the flowing conditions within the blood vessel116,117. However, 

the pulmonary vasculature provides a unique environment because of its characteristic 

low flow and pressure, which optimizes gas exchange. In addition, there is a marginated 

pool of neutrophils that takes residence in the lung. We found that these neutrophils are 

capable of quickly finding each other to form dense aggregates upon injection with C. 

albicans. What adhesion molecules these neutrophils use to find each other and maintain 

the aggregate still remains unclear. However, whereas the consolidation of the neutrophil 

clusters in extravascular matrix was found to be dependent on β2-integrins76, the 

formation and persistence of neutrophil clusters in the pulmonary vasculature is 

independent of β2-integrins.  

7.4.1 Analysis of neutrophil clusters 

The intravital imaging of the lung has several limitations in its ability to represent 

the complex 3-dimensional network of blood vessels in the lung. Using suction-

immobilized thoracic window and resonance scanning confocal microscopy enables 

imaging of the subpleural vasculature, presenting a limited area and depth of imaging. 

The limitation in the size of the window forced us to use a high infectious dosage of C. 

albicans to be able to easily visualize the fungus. We have also found it difficult to inject 
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the mice in advance with the high infectious dose of C. albicans, because the invasive 

nature of the surgical preparation compromised the survival of the mice already infected 

and sick. Injecting with less C. albicans permitted for longer imaging, but it became very 

difficult to locate the fungal particles. These factors limited our imaging to 1-2 hours post 

injection and impeded our efforts to track the fate of clusters over a longer time frame. 

As the intravital images of the pulmonary vasculature only portrays a 2-

dimensional slice of a complex 3-dimensional structure, it is difficult to estimate the full 

extent and motility of the neutrophil clusters. Nonetheless, we have endeavoured to 

quantify the growth of the clusters by employing a few different approaches of analysis. 

As neutrophil clusters grow, it becomes impossible to distinguish individual neutrophils 

making up the cluster. Therefore, as surrogate markers, we measured the surface area of 

Ly6G+ signal and the skeletal length of the formed clusters. Also, by using two different 

objective lenses, we strived to investigate both the neutrophil cellular kinetics and global 

clustering pattern.   

7.4.2 Consequences of vascular neutrophil clustering during systemic candidiasis 

Blocking C5a-dependent neutrophil uptake of C. albicans inhibited LTB4 

production and neutrophil cluster formation, leading to worse clinical outcome in 

comparison to wildtype mice. Blocking cluster formation by inhibiting LTB4 signaling, 

while keeping the complement-mediated uptake of C. albicans better examined the role 

of clustering in the disease progress. These mice with the abrogated ability to form 

clusters did better with lower clinical severity score and less decrease in body 

temperature in comparison to wildtype mice.  
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Interestingly, however, there was no difference between the two mice in the extent 

of fungal clearance from the lung. This informed us that the LTB4-mediated neutrophil 

clustering affects the health of the host independent of fungal clearance. Vascular 

obstruction, interstitial hemorrhage, and acidemia had been observed in candidemic mice 

before21, and it seems plausible that the observed neutrophil aggregates in the lung blood 

vessels hinder lung function by inhibiting gas exchange and obstructing blood flow. On 

the other hand, the clearance of C. albicans by neutrophils does not require their 

cooperative clustering behaviour. As such, targeting the C5a-dependent LTB4 production 

could be an effective treatment to prevent acute lung injury due to candidemic sepsis, 

while ensuring proper fungal clearance from the lung.  

 Significance of the study and future directions 

Using pulmonary intravital microscopy, we have observed the dynamic process of 

rapid neutrophilic immune response in the lung, providing novel insight to the temporal 

and spatial response of the neutrophils to the disseminated fungal infection. This study 

illuminates the double role of neutrophils in the host defense: whereas the rapid uptake of 

fungus is critical for the survival of the host by contributing to fungal clearance, the over-

amplification of lipid mediator signalling and the formation of dense neutrophil clusters 

is detrimental to the host survival. By dissecting this process to find that the first is 

complement-mediated and the second is LTB4-mediated, we open the discussion for the 

importance of targeting specific spatial and temporal processes for the successful 

treatment of systemic candidiasis. Targeting LTB4-signaling, either by blocking its 

production or its receptor, may help with the survival of the host by limiting lung 

pathology caused by overwhelming recruitment and clustering of neutrophils.  
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Also, we have found that β2-integrins do not play a role in the neutrophil 

clustering, yet finding an adhesion molecule that is required for the consolidation and 

persistence of the neutrophil clusters may help discover a potential therapeutic target.  
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