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ABSTRACT 

Following digestion by phagocytes, the fungal pathogen Cryptococcus neoformans 

(CN) has been observed to survive within the normally fatal phagosome and trigger 

nonlytic expulsion through a process called “vomocytosis”. This phenomenon is believed 

to play a key role in dissemination of the fungal pathogen, allowing CN to use immune 

cells as shuttles to travel throughout the body and to even cross the blood brain barrier 

through a “Trojan Horse” method. Very little is known about the underlying mechanisms 

of vomocytosis; however, prior studies have correlated its rate of occurrence with a small 

number of physicochemical, protein, and immunological cues. Understanding 

vomocytosis could open the doors for development of new therapies against Cryptococcal 

infection, as well as new drug delivery biomaterial vehicles that can escape phagosome-

mediated degradation. The primary goal of this dissertation is to uncover further 

understanding of vomocytosis. The work includes characterization of this phenomenon in 

a new cell type, development of a new fluorescent tool to measure expulsions, and 

transcriptomic analysis of CN-infected phagocytes. 

Vomocytosis has primarily been studied in macrophages (MΦs), the primary 

phagocyte that interacts with CN. However, recently neutrophils were also observed to 

perform vomocytosis, indicating that this phenomenon may be conserved among other 

phagocyte cell types. To further investigate, we characterized the first documented 

occurrence of vomocytosis in dendritic cells (DCs), a phagocyte and key immune cell 

player bridging the innate and adaptive immune system. The unique lymph node 

trafficking and antigen presentation properties of this cell type made DCs of high interest 

for studying this phenomenon. This work characterized the vomocytosis rates, timing, and 
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CN per phagosome of DCs under different ratios of infection, immune phenotypes, and 

drug-treated conditions. 

In studying vomocytosis, it was clear that the methods by which to measure the 

occurrence of expulsion via manual counting of time lapse microscopy videos were 

extremely difficult and inefficient.  Therefore, we devised a new reporter system staining 

scheme as a novel tool to measure vomocytosis events via flow cytometry with simple, 

high throughout, and accurate means. This new method, consisting of fluorescent 

streptavidin and antibody staining during infection, allowed for measurement of 

vomocytosis rates of both MΦs and DCs, and could measure differences in rates under 

drug treated conditions that affect phagosome properties and actin polymerization. 

Furthermore, through single cell Raman scattering analysis, vomocytosed CN were 

observed to have unique compositional phenotypes that likely affect their biological 

functions. Finally, the reporter system was translated to inert poly(lactic-co-glycolic acid) 

(PLGA) microparticles (MPs). This modified staining scheme was shown to successfully 

function to measure induced expulsion events for proof of concept of reporter-mediated 

particle vomocytosis measurements.  

Lastly, an RNA sequencing study was conducted on CN-infected MΦs and DCs to 

further understand the internal gene expression changes that occur in phagocytes during 

vomocytosis occurrence. Like most biological processes, vomocytosis is tied to protein 

expression and internal signaling pathways. As a precursor to proteins that is easily 

measured through sequencing, RNA acts as a valuable detection method for potential 

protein changes and pathway modulations within cells. The RNA expression of MΦs and 

DCs were measured over the course of 10 hours of CN infection to generate lists of 
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differentially expressed genes. These gene sets were filtered and analyzed to identify 

three key signaling pathways that may be involved in vomocytosis— PI3K/Akt, p53, and 

FoxO. Additionally, the 4 highest modulated genes in each pathway were identified as 

candidate target genes that might affect vomocytosis. 

Together, this work furthers the research of vomocytosis on multiple fronts. We 

have documented the discovery of vomocytosis occurrence in DCs, developed a superior 

fluorescence-based method to quantify expulsion occurrence, and screened for potential 

signaling pathways linked to this process using RNA sequencing. 
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CHAPTER 1: INTRODUCTION AND BACKGROUND 

1.1 Abstract 

Macrophages are well known for their phagocytic activity and their role in innate immune 

responses. Macrophages eat non-self particles, via a variety of mechanisms, and typically 

breakdown internalized cargo into small macromolecules. However, some pathogenic 

agents have the ability to evade this endosomal degradation through a non-lytic 

exocytosis process termed vomocytosis. This phenomenon has been most often studied 

in Cryptococcus neoformans, a yeast that causes roughly 180,000 deaths per year, 

primarily in immunocompromised (e.g. human immunodeficiency virus [HIV]) patients. 

Existing dogma purports that vomocytosis involves distinctive cellular pathways and 

intracellular physico-chemical cues in the host cell during phagosomal maturation. 

Moreover, it has been observed that the immunological state of the individual and 

macrophage phenotype affects vomocytosis outcomes. Herein, we compile the current 

knowledge on the factors (with respect to the phagocytic cell) that promote vomocytosis 

of C. neoformans from macrophages.  

 

1.2 Introduction: What goes in, must come out? 

Phagocytosis by innate immune cells is important for cell-to-cell communication, 

metabolism, homeostasis, and organism survival1–4. Macrophages are critical players in 

the innate immune host defense system that recognize, internalize and neutralize foreign 

bodies5.  These specialized cells use a variety of mechanisms, which are often concurrent 

and intertwined, to internalize particulate matter. Some of the most characterized uptake 

pathways in macrophages include: (1) clathrin-mediated endocytosis, (2) caveolae/raft-
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dependent endocytosis, (3) macropinocytosis, (4) micropinocytosis and (5) phagocytosis 

(Figure 1.1A). The specific entry process depends on both the physico-chemical and 

biological properties of the particulate6–9. Accordingly, the intracellular fate of internalized 

cargo is influenced by the type of internalization executed and nature of the internalized 

particulate6,8–10.  

In the case of a fungal infection, macrophages are among the early immune cell 

responders that typically internalize and clear fungal cells. This clearance involves the 

accumulation of these phagocytes at the site of infection, recognition of cell-surface, 

fungal-specific characteristics, internalization and degradation in an acerbic vacuole, 

called the phagolysosome6,11. However, some fungi, such as Cryptococcus neoformans, 

are capable of not only skirting innate immune actions, but escaping from the grasp of 

these phagocytic cells after capture.  

C. neoformans is a globally distributed and free-living basidiomycetous, mostly 

found residing within the decaying wood within tree trunk hollows and avian excreta12. 

Therefore, this species’ survival does not depend on infection of animal hosts. However, 

the ease of exposure to C. neoformans, presumably by inhalation of infectious particles, 

resulted in an estimated 220,000 cryptococcal meningitis cases in people living with 

HIV/AIDS in 201713. This organism has developed phagocyte escape capabilities that 

contribute to its virulence within immunocompromised hosts. Some theorize C. 

neoformans may have developed these defenses against phagocytes in response to 

pressure from environmental amoeba14. However, the amoeba Dictyostelium discoideum 

was shown to expel phagocytosed C. neoformans primarily via Wiskott-Aldrich syndrome 

protein and Scar homolog (WASH)-mediated constitutive exocytosis—an 80-minute-long 
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process involving actin restructuring and membrane recycling pathways, which is distinct 

from vomocytosis15. When WASH-mediated exocytosis is blocked, a secondary, 

vomocytosis-like route of escape appears, characterized as a stochastic, non-lytic 

exocytosis process that takes place over several hours. C. neoformans can evade 

amoeba using constitutive exocytosis alone, therefore the existence of vomocytosis as a 

secondary exit process seems evolutionarily redundant; the true evolutionary driver for 

this phenomenon has yet to be discovered. Vomocytosis (often referred to as non-lytic 

exocytosis) has also been observed in C. neoformans-infected macrophages. After 

expulsion from innate immune cells, C. neoformans is carried in the bloodstream and 

disseminated to the brain16.  

 

Figure 1.1. Foreign particulate entry and exit pathways into macrophages. 

Internalized cargo is typically directed to its degradation in a harsh, degradative 

environment driven by acidity and lysosomal enzyme activity. C. neoformans, however, 

has the ability to manipulate the progression of this process by exiting the cell via the non-

lytic exocytosis mechanism, vomocytosis, which leaves the host cell intact or by lytic 
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exocytosis, which results in the lysis of host cell. This figure depicts the types of 

internalization mechanism that have been observed in macrophages. Their relative 

frequency of occurrence is not represented in this figure nor discussed in this article. 

Figure created with BioRender. 

 

In this review, we highlight the biological, chemical and physical changes within 

the phagocytic cell that are connected to vomocytosis. As a postscript, we discuss the 

potential contributions of engineering to the study of this incredible behavior and the 

prospective exploitation of this phenomenon for advances in biotechnology and medicine. 

 

1.3 Escape from Alcatraz: Breakout from Macrophages 

Most mammalian cells are not only capable of internalizing materials, but also have 

built-in mechanisms to deliver intracellular contents externally. Vacuolar contents can exit 

the cell via exocytosis, a mechanism in which a vacuole fusses with the cell membrane 

releasing its contents outside the cell17. Exocytosis is particularly relevant in macrophages 

for a variety of intrinsic functions such as phagocytosis, inflammation and also play a role 

in diseased state18–21. For instance, exocytosis of intracellular compartments is required 

for phagosome formation in order to compensate for the membrane utilized in 

phagocytosis, a dynamin-dependent process called focal exocytosis22. The secretion of 

the cytokine tumor necrosis factor (TNF) via secretory carrier membrane protein 5 

(SCAMP5) is another example of exocytosis23. Moreover, lysosomal enzymes delivered 

via exocytosis are also reported in the initial degradation of dying or dead adipocytes in 

obesity and in tumorigenic cells clearance, processes called exophagy and 
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heterocytolysis, respectively19,20. Some internalized pathogens such as C. neoformans, 

Candida albicans, C. gatti, among others, have developed a mechanism to fuse their 

containment vacuoles with the cell membrane, evading lysosomal degradation24–26. 

C. neoformans has developed unique lytic and non-lytic exocytosis mechanisms 

to escape from phagolysosome degradation (Figure 1.1B). Several studies have 

identified virulence factors that promote escape such as capsule shedding, laccase and 

phospholipase B127–31. Noting that they mediate escape from the phagosome suggests 

that they may contribute in modifying host signaling events. Early studies on phagosomal 

escape demonstrated that C. neoformans and the phagosome can be co-localized with 

phagosomal maturation indicators such as major histocompatibility complex II (MHC II), 

CD6332,33, and LAMP-126,33, suggesting that the phagosome is at least partially matured. 

However, more recent studies have identified phagosome maturation disruption at the 

protein and physicochemical level34–36. Another mechanism of escape for C. neoformans 

is cell-to-cell transfer or dragocytosis. Altogether, these exit mechanisms, which are 

further discussed below, aid in C. neoformans survival and dissemination in human hosts.  

 

Lytic Exocytosis 

The lysis of host cells is an important route of escape from the intracellular 

environment for many pathogens12,37. However, pore-forming proteins, which are 

commonly used by other pathogens to lyse host cells, have not been identified in C. 

neoformans. Studies suggest C. neoformans mechanically disrupt host cells through 

proliferation within the phagosome and possibly via production of large amounts of 

polysaccharide capsule38,39. Macrophages can undergo apoptosis in response to 
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intracellular cryptococcal signaling via the alternative NF-kB pathway40. Further, 

macrophage lysis in response to intracellular C. neoformans has recently been linked to 

phagosome membrane permeabilization and apoptosis36. 

 

Vomocytosis 

Among the different exit mechanisms, vomocytosis (or non-lytic exocytosis) by C. 

neoformans has been the most studied. In vomocytosis, a live fungal cell is expelled from 

the phagosome whilst keeping the host cell intact26,41. Similar phagocytic escape has 

been described for Candida albicans25, Chlamydia spp.42, Orientia tsutsugamushi43, and 

Cryptococcus gatti44,45. However, each of these species have distinguishing features to 

their vomocytic mechanisms. In vomocytosis, the phagosome fuses with the plasma 

membrane releasing the cryptococcal cell46. In recent years, studies have demonstrated 

that this mechanism is highly regulated and driven by C. neoformans since the heat-killed 

pathogen is unable to promote vomocytosis26,47. 

 

Dragotcytosis / Cell-to-cell transfer 

Vomocytosis followed by phagocytosis by a nearby cell has been characterized as 

a new C. neoformans phagosomal escape process called dragotcytosis48. The distinct 

feature of this mechanism is that there is interaction between the donor and acceptor 

macrophage prior to and shortly after the pathogen transfer event. Further molecular 

studies are needed to elucidate the crosstalk between macrophages and the internalized 

C. neoformans during dragotcytosis. 
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Noteworthy, the escape of C. neoformans  from phagocytic cells via the two latter 

described processes, vomocytosis and dragotcytosis, potentially explain how C. 

neoformans may exploit phagocytes to penetrate the blood brain barrier (BBB) in a Trojan 

horse manner49,50. In previous studies, C. neoformans was detected inside phagocytes 

on the outer side of a meningeal capillary, which suggests that C. neoformans may have 

been transported within circulating phagocytes51,52. Moreover, Santiago-Tirado and co-

workers demonstrated the occurrence of this mechanism in vitro16. However, due to the 

difficulty of studying this mechanism in vivo, the extent at which C. neoformans may use 

the Trojan-horse dissemination model to traverse into the brain remains unknown.   

 

Transcytosis  

Transcytosis, possibly an indirect innate immune system evasion, is the most 

employed blood brain barrier (BBB) cells penetration mechanism by C. 

neoformans, which takes advantage of cellular endocytosis53,54. Transcytosis of the BBB 

has been widely reported in vitro by showing the ability of C. neoformans to adhere to 

one or more receptors on the endothelial cell barrier55,56. The process causes marked 

morphological changes in the host cell including membrane ruffling, irregular nuclear 

morphology and swelling of the mitochondria and the ER57. Studies suggest that 

transcytosis involves the migration of C. neoformans across the BBB in a glycoprotein 

cluster of differentiation (CD44)-dependent manner. C. neoformans activates EphrinA2 

(EphA2) pathway via CD44, creating a permeable barrier that promotes the migration 

of C. neoformans across the BBB58. More molecular events detailing the mechanisms 

underlying C. neoformans transcytosis remain to be fully resolved.  
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Collectively, these mechanisms of escape aid in the survival and dissemination of 

C. neoformans in the human body. However, the relationships between these processes 

is currently unknown. Converse to phagocytosis, many questions remain over 

vomocytosis, which was only identified in 200626. Below, we discuss the characterized 

features of macrophages that have been linked to vomocytosis of C. neoformans. 

 

1.4 Vomocytosis involves cytoskeletal remodeling 

The cytoskeleton has a prominent role in phagocytosis and therefore, its relevance 

in C. neoformans expulsion should not be surprising. Reports have shown in detail how 

changes in the cytoskeleton promote pathogen survival and innate immune 

evasion26,46,59. For instance, Johnston et al. found via three dimensional confocal time 

lapse imaging in vitro46 that there is a dynamic and repeated actin coat assembly around 

C. neoformans containing phagosomes. They also observed that vomocytosis occurred 

via the fusion of phagosomal compartments and plasma membrane in J774 cells (a 

macrophage-like cell line). This event was preceded by phagosomal permeabilization and 

followed by actin coat assembly. When modulating actin polymerization they found that 

“flash” (actin polymerization cycle) events are inversely related to non-lytic exocytosis, 

suggesting its role in temporarily inhibiting vomocytosis. 

 

1.5 Protein Networks involved in Vomocytosis 

RabGTPases protein family 

The Rab GTPase protein family are integral players in phagosomal maturation60,61. 

Rab 5 is an early phagosome marker that recruits for the progression of phagosomal 
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maturation. Another early phagosome marker is Rab 11, which is relevant for phagosome 

fusion and fission with other intracellular compartments by contributing to the dynein-

dependent transport of recycling endosomes. Whereas, Rab 9 and Rab 7 are proteins 

associated with late phagosomal stage. The former is a marker of endoplasmic reticulum-

derived membrane and the latter plays an essential role in the fusion of the late 

phagosome with a lysosome to form the phagolysosome61. Smith et al. demonstrated 

that live C. neoformans promote the rapid removal of the early phagosome markers Rab5 

and Rab11 in J774 cells (Figure 1.2)34. This removal did not occur when infecting 

macrophages with heat-killed pathogen or inert beads. Additionally, Rab9 levels were 

significantly higher on phagosomes containing live C. neoformans two hours after 

phagocytosis compared to phagosomes containing heat-killed pathogen and latex beads. 

This report demonstrated how C. neoformans affects phagosomal maturation at the 

protein level. 
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Figure 1.2. Recruitment of Rab GTPases onto the Cryptococcus-containing 

phagosome. Immunofluorescence analysis at 15 min and 2 h to detect Rab5 (A), Rab11 

(B), Rab9 (C) and Rab7 (D) recruitment to phagosomes containing live C. neoformans on 

J774 cells. Figure adapted and data described previously34. 

 

ERK5 signaling modulation 

Another host protein that has been identified to play a role in vomocytosis, as well 

as in phagocytosis is extracellular-signal-regulated kinase 5 (ERK5). At the cellular level, 

ERK5 pathway is required for colony-stimulating factor-1 (CSF-1)-induced proliferation 
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and is linked to cell metabolism in macrophages62–65. Gilbert et al. demonstrated its critical 

role at suppressing the frequency of vomocytic events64. Pharmacological inhibition and 

genetic manipulation of ERK5 activity both significantly raise vomocytosis rates in human 

macrophages, whereas stimulation of the ERK5 signaling pathway inhibits vomocytosis. 

Using a zebrafish model of cryptococcal disease, this study showed that reducing ERK5 

activity in vivo stimulates vomocytosis and results in reduced dissemination of infection, 

likely due to expulsion before macrophage migration (limiting the chance for Trojan horse 

transport). Interestingly,  modulation of ERK5 signaling pathway did not induce expulsion 

of heat-killed C. neoformans or inert beads, suggesting the active role of the pathogen 

and a more complex molecular mechanism. Notably, ERK5 inhibition suppressed M2 

macrophage polarization in J774 and human-monocyte derived macrophages (HMDM) 

cells64, suggesting an interesting dynamic between macrophage polarization and 

vomocytosis.  

 

Cathepsin Activity 

Cathepsins are hydrolytic enzymes that have optimal activity at acidic conditions. 

They are important players in phagosomal maturation and are also implicated in 

inflammasome activation. The NLRP3 inflammasome is a multimeric protein complex 

important for infection eradication via the activation of IL-1β and IL-18, which has a central 

role in host defense66. In a study by Lei et al., C. neoformans biofilm was found to 

stimulate NLRP3 inflammasome activation in human monocytic THP-1 cells. Moreover, 

an increased rate of death was observed in C. neoformans biofilm-infected mice if there 

was no activation of this protein complex67. Further, this group demonstrated that 
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inhibition of Cathepsin B resulted in IL-1β activation interruption in a dose-dependent 

manner on cells and subsequent host protection. While this report showed the importance 

of Cathepsin B in the activation of host protection against C. neoformans in vivo, Smith 

et al. showed that macrophage infection with C. neoformans results in lack of Cathepsin 

L activation, which is a phagosome maturation late-stage marker. In this latter study, heat-

killed C. neoformans had significant activation of Cathepsin L34. There is no clear link 

between vomocytosis and cathepsins. However, these studies demonstrate that this class 

of proteins may play a role in this special event as cathepsin activity is affected by C. 

neoformans infection. Moreover, these studies implicate the role of phagosomal pH and 

other physicochemical factors, which influence cathepsin activation, in vomocytosis. 

 

Annexin A2 Expression 

Annexin A2 is a membrane-bound protein involved in many processes including 

phagocytosis, endocytosis, and exocytosis. Gene expression for this protein is 

upregulated in brain endothelial cells during transmigration of C. neoformans55. As such, 

Stukes et al. investigated the role of annexin A2 in the interaction between macrophages 

and C. neoformans68. Murine bone marrow-derived cells (BMDMs) were harvested and 

grown from wild type mice and annexin A2 knockout mice. They found that, compared to 

wild-type macrophages, annexin A2-deficient macrophages exhibited lower rates of 

phagocytosis, reduced frequency of vomocytosis, and higher occurrences of lytic 

exocytosis. Other notable observations of infected annexin A2-deficient macrophages 

included an increase in C. neoformans capsule size, lower production of reactive oxygen 

species, and decreased levels of LC3 in phagosomes. These results align with previous 
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findings that free radicals can damage and reduce the C. neoformans capsule69. Stukes 

and co-workers also tested the significance of annexin A2 during infection, by infecting 

wild-type and annexin A2 knockout mice with C. neoformans. The A2 knockout mice had 

lower rates of survival, suggesting that this protein is important in controlling fungal 

infections, with vomocytosis potentially protecting macrophages from eventual lysis. 

These findings highlighted the role of annexin A2 in phagocytosis, anti-fungal defense 

mechanisms, and vomocytosis. While the exact underlying mechanisms of this protein’s 

involvement are unclear, the authors theorized that during vomocytosis annexin A2 

complexes with its known binding partner, fusogenic protein SNAP-23, promote fusion 

between the phagosome and plasma membrane70. Furthermore, the Ca2+ dependence of 

annexin A2 could be linked to the intracellular calcium changes observed during 

vomocytosis. 

 

1.6 Physicochemical Characteristics of Vomocytosis 

Phagosomal pH 

An important characteristic of phagosomal maturation is its acidification. Several 

studies have demonstrated the ability of C. neoformans to affect the pH of phagosomes 

as an indication of phagosomal maturation inhibition. The pH in the phagosomal 

environment is highly regulated and controlled by vacuolar membrane ATPase activity. 

This protein is responsible for the acidification of the phagosomal compartment to a pH 

as low as 4.5. This H+ release is balanced by Cl- anions71,72. Smith and co-workers 

demonstrated that significant acidification of the phagosome, which is distinctive of 

phagolysosomal stage, only occurred on phagosomes containing heat-killed and UV-
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killed C. neoformans34, while acidification was hindered by the presence of live C. 

neoformans in phagosomes of J774 and HMDM cells. Moreover, inhibition of the 

microbiocidal environment resulted in intraphagosomal cryptococcal budding and 

vomocytic activity of the internalized C. neoformans. These observations validated an 

earlier study by Moraes-Nicola et al. that noted a relationship between the increased in 

phagosomal pH and the enhancement of vomocytosis events73. Succinctly, they reported 

an increase in non-lytic exocytosis events when supplementing C. neoformans-containing 

macrophages with the weak bases chloroquine and ammonium chloride.  

 Later, Fu et al. showed that production of urease was connected with increased 

phagolysosomal pH74. Urease is a major virulence factor of C. neoformans upon 

interaction with macrophages. This enzyme breaks down urea into ammonia, which in 

turn increases the phagosomal pH in infected macrophages75,76. In the study by Fu and 

coworkers, the alkalinization of phagosomes containing C. neoformans was clearly 

demonstrated and this increase in pH resulted in: (1) reduced proliferation of urease-

positive C. neoformans compared to urease-negative strain, (2) a decrease in 

phagolysosomal damage, and (3) an increase in vomocytic events. An interesting finding 

of this study was that even co-incubating J774 cells with heat-killed C. neoformans 

resulted in an increase in phagosomal pH, in comparison to latex beads containing 

phagosomes (Figure 1.3). The discrepancy between the latter report and what was 

observed in Smith et al. study could be due to the use of different techniques to measure 

pH. Fu et al. attributed the alkalinization of phagosomes containing heat-killed C. 

neoformans to heterogenicity in maturation of evaluated phagosomes and secretion of 

molecules that could affect the concentration of hydronium ions by heat-killed pathogen. 
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Noteworthy, they also observed that the addition of urea promoted an increase in non-

lytic exocytosis events in macrophages infected with C. neoformans. Interestingly, urea 

also promoted non-lytic exocytosis events in urease-negative C. neoformans-infected 

macrophages. Taken together, these observations emphasize that increased 

phagosomal pH facilitates but does not cause vomocytosis. Moreover, vomocytosis is 

affected by the presence of urea and urease. Additionally, this report noted an increase 

in intracellular replication of C. neoformans in acidic vesicles, corroborating previous 

findings of C. neoformans growth in acidic conditions77. In an in vivo infection model, 

urease-deficient C. neoformans were less virulent than wild type C. neoformans, which 

reiterates the importance of vomocytosis to C. neoformans dissemination and infection. 

More recently, De León and co-workers studied the role of the C. neoformans 

capsule in the pH microenvironment of the phagosome35. They hypothesized that 

glucuronic acid residues in the capsular polysaccharide had buffering capacity in the 

phagosome. They infected BMDM with non-encapsulated C. neoformans that were 

previously coated with different amounts of encapsulated C. neoformans conditioned 

media, which resulted in the attachment of soluble polysaccharide to their surface. More 

coating on non-encapsulated cells promoted an increase in phagosomal pH, compared 

to phagosomes infected with encapsulated C. neoformans. With these findings they 

suggested that the presence of glucuronic acid residues in the capsule of C. neoformans 

makes the polysaccharide a weak acid capable of modulating pH in the phagosome. The 

capsule’s acid-base properties promote fungal cell survival in the phagosome by the 

buffering capacity during microbicidal conditions. While interesting, the characterization 
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of encapsulated C. neoformans conditioned media is necessary to elucidate if there are 

other factors that would be capable of affecting phagosomal pH.    

 

 

 

 

Figure 1.3. The presence of urease increases the phagolysosomal pH. (A–C) 
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BMDMs were infected with Oregon green labelled (Top) H99, ure1Δ or ure1Δ::URE1, 

(Middle) heat-inactivated (HI) H99 (heat inactivated at 50 ˚C for 30 min), heat-killed (HK) 

H99 or ure1Δ (heat killed at 50 ˚C for 4 h), and (Bottom) IgG-coated polystyrene beads, 

and phagolysosomal pH was measured by using dual-excitation ratio fluorescence 

imaging at the indicated time points. Each dot represents pH of individual 

phagolysosomes. Violin plot displays the probability density of dataset with means 

(middle bar) and standard deviation. Figure adapted and described previously74. 

 

Phagosome Permeabilization 

Phagosome permeabilization has been observed in several studies with C. 

neoformans-infected macrophages36,51,78,79. Davis and coworkers studied lysosomal 

permeabilization in bone marrow derived macrophages infected by C. neoformans via 

flow cytometry51. They detected significant phagosome permeabilization up to 72 hours 

post C. neoformans infection. Conversely, no significant permeabilization was observed 

in macrophages infected with heat-killed C. neoformans. Since the majority of C. 

neoformans exocytosis occurs between 5-14 hours after macrophage uptake26,41, they 

proposed that if permeabilization is needed for C. neoformans to escape from lysosomal 

degradation, C. neoformans exocytosis and C. neoformans-mediated lysosomal damage 

are chronologically independent mechanisms51. 

Three years later, a study by De León-Rodríguez et al. sought to further unravel 

the relationship between phagosomal pH, phagosomal membrane permeabilization 

(PMP), lytic exocytosis and vomocytosis36. They found that most C. neoformans-infected 

J774.16 cells experiencing PMP were positive for apoptotic markers, demonstrating a 
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relationship between PMP and apoptosis. However, they still observed populations of live 

cells experiencing PMP on BMDM. Nevertheless, their observations demonstrated that 

macrophages undergoing apoptosis did not maintain an acidic phagolysosomal pH. They 

investigated the role of phospholipase B1, a virulence factor for both C. neoformans and 

C. gattii, in the C. neoformans induction of PMP. Macrophages infected with a C. 

neoformans Δplb1 mutant had a decrease in PMP compared to those infected with 

wildtype and phospholipase B1–complemented strains, suggesting a mechanism of 

action for this virulence factor. However, when evaluating if phospholipase B1 deficiency 

affected phagosomal pH, their data suggested pH was unchanged. Induction of PMP with 

ciprofloxacin, a membrane permeabilizing agent, enhanced macrophages to trigger lytic 

exocytosis in apoptotic BMDMs. On the other hand, vomocytic events were common in 

cell populations without PMP36. Vomocytosis occurs with a frequency of 10–30% in 

macrophages and can be modulated by increase in phagosomal pH with ammonium 

chloride and chloroquine73. Interestingly, these two compounds not only raise the 

phagolysosomal pH, but also build osmotic pressure across the phagolysosomal 

membrane through the proton sponge effect, thereby affecting its permeability80,81. De 

León and coworkers showed that chemical induction of PMP in C. neoformans–infected 

macrophages leads to a decrease of vomocytic events to mainly lytic exocytosis, 

signifying that vomocytosis occurs when there is no PMP. The basis of this inference is 

that the frequency of non-lytic exocytosis peaks before 4 h, when most macrophages still 

have intact phagolysosomal membranes. However, they fail to account for 

dragotcytosis82.  
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Calcium transport 

Calcium ions (Ca2+) are critical second messengers that regulate key signaling 

pathways in eukaryotic cells. In the context of phagocytosis, Ca2+ elevations are 

necessary for efficient ingestion of foreign particles by some phagocytic receptors and 

subsequent phagosomal maturation. Ca2+ is required for the solubilization of the actin 

meshwork that surrounds nascent phagosomes, for the fusion of phagosomes with 

granules containing lytic enzymes, for the assembly and activation of the superoxide-

generating NADPH oxidase complex, and for exocytosis83–89. Given the role of Ca2+ ions 

in these related phenomena, some studies have delved into its role in vomocytosis. For 

instance, Smith et al. investigated the effect of C. neoformans on phagosomal and 

cytosolic calcium levels after infection34. They observed reduced levels of Ca2+ in 

phagosomes containing C. neoformans compared to cytosolic levels up to 120 minutes 

after infection (Figure 1.4). Interestingly, they found that phagosomes that contained 

heat-killed C. neoformans had greater calcium concentrations when compared to 

cytosolic Ca2+ levels after infection34. Although they did not study the relationship between 

phagosomal Ca2+ levels and vomocytic events, this is a good indication of the relevance 

calcium may have in this process. 
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 Figure 1.4. Phagosomes containing live C. neoformans do not accumulate calcium 

compared to phagosomes containing heat-killed C. neoformans. Fluorescent 

intensity data from each cryptococcal-containing phagosome (live C. neoformans H99 or 

heat-killed H99 [HK H99]) were normalized to a randomly selected region of cytoplasm 

within the same cell pre-loaded with Oregon Green BAPTA-1 1 hour before infection. 

Data displayed are fluorescent intensity relative to cytoplasm, sampled every 15 min over 

the course of a time lapse experiment, mean ± SEM (n < 35 phagosomes) across three 

biological repeats. Data as described previously34. 

 

In a later report, Samantaray et al. investigated the relationship between 

phagosomal calcium levels and C. neoformans survival and proliferation via the use of 

the L-type calcium channel blocker, fendiline hydrochloride90. This drug is thought to 

trigger endoplasmic reticulum calcium stores release, thus, elevating cytosolic Ca2+ and 

its signaling pathways91,92. They found that C. neoformans-containing phagosomes 
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acidify when macrophages were exposed to the drug. This acidification promoted C. 

neoformans death and decreased their proliferation rate. Thus, enhancement of calcium 

intracellular signaling pathways promoted phagosomal maturation. They did not 

specifically determine phagosomal pH of experimental groups, which makes it difficult to 

relate these results with previous discussed studies that demonstrate increase in C. 

neoformans proliferation in acidic phagosomal conditions. Nevertheless, Samantaray et 

al. and Smith et al. studies make evident that Ca2+ influx-dependent signaling is affected 

by C. neoformans and the pathogen’s virulence potential can be modulated by 

manipulating Ca2+ concentrations. 

 

1.7 Effect of Immune State on Vomocytosis 

Viral Infection and Type-I Interferon 

Cryptococcus neoformans primarily infects immunocompromised hosts such as 

HIV patients. Seoane et al. investigated the effect of viral infection on vomocytosis93. They 

found that infection with HIV or measles viruses significantly boosts the frequency of 

vomocytosis in C. neoformans-containing human monocyte-derived macrophages, while 

leaving phagocytic uptake and intracellular fungal proliferation rates unaffected. 

Polyinosinic-polycytidilic acid (polyIC), a potent TLR3 agonist that induces antiviral 

responses in macrophages, alone was also shown to increase vomocytosis rates. These 

findings suggest that the macrophage response to viral infection, rather than active viral 

pathogenicity, is the factor that is modulating vomocytosis. Furthermore, since viral 

infections are known for inducing expression of type-I interferons (such as IFN-α and IFN-

β), these researchers tested how stimulation with IFN-α affects vomocytosis rates. 
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Addition of IFN-α to non-virally infected macrophages was shown to produce a 

comparable enhancement of vomocytosis frequency to that of the virally-infected group. 

Moreover, pharmacological inhibition of type-I interferon receptors blocked the increase 

of vomocytosis during viral infections, confirming the role of type-I interferon signaling in 

modulating this process. This study shows that vomocytosis likely occurs at a high rate in 

HIV patients and is likely linked to pathways involving type-I interferon receptors. 

 

Cytokines 

Many cytokines have been investigated for their effect on the interaction between 

macrophages and C. neoformans. Various studies on Th1 cytokines, IFN-γ94, IL-1295, and 

TNF-α96, demonstrated significantly increased fungal control in mouse models of C. 

neoformans infection. Additionally, Th17 cytokines IL-1797 and IL-2398 are linked to fungal 

protection in C. neoformans-infected mice. Conversely, Th2 cytokines IL-499 and IL-13100 

promote fungal disease progression in mice. However, none of these studies linked their 

observations to vomocytosis.  

Therefore, Voelz et al. tested the different T helper cell cytokines for their effect on 

infected murine J774 cells and primary monocyte-derived human macrophages49. 

Macrophages were stimulated to Th1 (IFN-γ and TNF-α), Th2 (IL-4 and IL-13), or Th17 

(IL-17) states. Interestingly, Th2 cytokines caused higher rates of intracellular C. 

neoformans proliferation and lower expulsion rates. Th1 and Th17 cytokines, on the other 

hand, reduced intracellular proliferation and caused comparably higher expulsion rates. 

Voelz et al. theorize that these distinct T helper cytokines modify the phagosome to result 

in different C. neoformans fates—intracellular proliferation (Th2) or expulsion (Th1 & 
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Th17). The Th2 cytokines IL-4 and IL-13 have been linked to increased iron availability in 

macrophages101; these metal ions could play a role in affecting the characteristics of C. 

neoformans in the phagosome. 

The latter observation of vomocytosis rate in macrophages treated with Th2 

cytokines for M2 polarization is in agreement with the aforementioned study by Gilbert et 

al., where higher vomocytosis rates were observed in ERK5-inhibited macrophages, 

along with reduction of their M2 polarization markers. ERK5 inhibition in macrophages 

lead to a modified inflammatory profile that prevented anti-inflammatory polarization 

without modifying their response to inflammatory stimuli. They also observed a decrease 

in the presence of actin filament ruffles on macrophages treated with ERK5 inhibitor. 

Concisely, Gilbert et al. suggested that vomocytosis enhancement by ERK5 inhibition 

was a result of reduced M2 macrophage polarization and decline in actin filament ruffle 

formation.  
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Figure 1.5. Vomocytosis occurrence is characterized by distinct intramolecular, 

physicochemical and extracellular factors. Rab GTPases recruitment to phagosomes, 

which affects phagosomal maturation and cathepsin activity is relevant for the occurrence 

of vomocytosis. Moreover, the manipulation of ERK5 signaling pathway, Annexin A2, 

phagosomal pH, and Ca2+ fluxes are capable of promoting vomocytosis occurrence. 

Finally, the immunological state of the individual and macrophage phenotype can affect 

vomocytosis. The arrows point out if the presence of each factor promotes or inhibits 

vomocytic events.   

 

1.8 Conclusions and Future Perspectives 

Vomocytosis is a fascinating mechanism that allows select pathogens to escape 

from phagocyte degradation while keeping the host cell alive. Specifically, the fungal 

pathogen C. neoformans has developed this mechanism that boosts its survival in the 

human body. As of today, researchers have identified distinct biological, immunological 

and physicochemical factors involved in this phagolysosomal escape event.  

In terms of biological factors, the protein composition of the phagosome is highly 

altered prior to and during the expulsion of C. neoformans (Figure 1.5). Early 

phagosomes containing live C. neoformans show lack of Rab5 and Rab11 endosomal 

markers and significantly more Rab9 marker at late phagosomal stages than their 

counterparts containing heat-killed cells or latex beads. Also lack of cathepsins activity is 

observed in C. neoformans containing-phagosomes. These findings implicate the strong 

inhibition of phagosome maturation in macrophages that are actively vomocytosing cells. 

Other host proteins involved in vomocytosis include the MAP kinase ERK5 and the 
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membrane phospholipid binding protein annexin A2, but their exact role in this process is 

unknown. Outside of biological factors within the cells, the immune state of this host has 

shown a strong effect on vomocytosis. This is unsurprising since vomocytosis has been 

observed in macrophages and the phagosome is a crucial component of the innate 

immune system. Specifically, viral infections, Th1/2/17 cytokine exposure, and 

macrophage M1/M2 polarization all affect vomocytic rates. Lastly, vomocytosis has been 

linked to alterations in the physicochemical factors in the phagosome. For instance, Ca2+ 

levels in C.  neoformans-containing phagosomes decline, relative to the cytosol, during 

vomocytosis. Also, the pH in the phagosome (due to urease activity and capsule acid-

base properties) or in the external media influences the frequency of vomocytosis. These 

physicochemical factors may also contribute to rates of PMP which are linked to 

decreased vomocytosis rates and increased probability for lytic exocytosis. 

While we have advanced our understanding of this phenomenon, revisiting its 

science using fresh technologies and an interdisciplinary approach could prove 

knowledge rich. For instance, the relationship between macrophage polarization and 

vomocytosis was explored 10 years ago49. However, current technological advances 

could allow us to understand, in more depth, the complexity of macrophage phenotypes 

and their role in disease prevention and progression. Newer, next generation sequencing 

technologies could provide new insights on the transcriptional and epigenetic profile of 

the infected host and fungal cells at different times after infection. This information could 

facilitate the identification of key signaling pathways in infection and vomocytosis (as well 

as lytic exocytosis). Moreover, the gene expression profile of pathogens during this 

phenomenon could inspire novel strategies to manipulate phagosomal escape for a 
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variety of purposes, including the design of drugs to combat the infection or mimic 

vomocytosis102. Some physico-chemical changes that occur during vomocytosis 

(intracellular Ca2+ concentration, direct phagosomal pH modulation, and PMP) have been 

characterized. However, there are still challenges in understanding their relationships to 

vomocytosis. Moreover, there are other key phagosomal physicochemical features that 

have yet to be investigated with respect to vomocytosis (e.g. Oxygen ions). New 

technology to accurately record and report this event could also be instrumental for new 

findings on vomocytosis. Most studies on vomocytosis use time-lapse microscopy as a 

quantitative and monitoring tool, which is quite labor intensive and inaccurate. 

Engineering new reporter systems to study vomocytosis will help to elucidate the interplay 

between biological, physical and chemical factors that influence this behavior. Similarly, 

accurate measurement of vomocytosis-influencing factors can draw links to the 

intracellular fate of phagocytosed C. neoformans in macrophages. This knowledge will 

potentially help in designing treatments that target this fungal pathogen. Excitingly, a 

comprehensive view of vomocytosis can also lead to the development of biomimetic 

drugs that evade the innate immune system for improved therapeutic outcomes in a 

plethora of diseases.  
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CHAPTER 2: VOMOCYTOSIS OF CRYPTOCOCCUS NEOFORMANS CELLS FROM 

MURINE, BONE MARROW-DERIVED DENDRITIC CELLS 

2.1 Abstract 

Cryptococcus neoformans (CN) cells survive within the acidic phagolysosome of 

macrophages for extended times, then escape without impacting the viability of the host 

cell via a phenomenon that has been coined ‘vomocytosis’. Through this mechanism, 

CN disseminate throughout the body, sometimes resulting in a potentially fatal condition 

- Cryptococcal Meningitis (CM). Justifiably, vomocytosis studies have focused primarily 

on macrophages, as alveolar macrophages within the lung act as first responders that 

ultimately expel this fungal pathogen. Herein, we hypothesize that dendritic cells (DCs), 

an innate immune cell with attributes that include phagocytosis and antigen 

presentation, can also act as ‘vomocytes’. Presciently, this report shows that 

vomocytosis of CN indeed occurs from DCs. Primarily through time-lapse microscopy 

imaging, we show that rates of vomocytosis events from DCs are comparable to those 

seen from macrophages and further, are independent of the presence of the CN 

capsule and infection ratios. Moreover, phagosome-altering drugs such as chloroquine 

and bafilomycin A, as well as the actin-modifying drug, cytochalasin B inhibit this 

phenomenon from DCs. Although DC immunophenotype does not affect the total 

number of vomocytic events, we observed differences in the numbers of CN per 

phagosome and expulsion times. Interestingly, these observations were similar in 

primary, murine macrophages. Understanding the vomocytic behavior of different 

phagocytes and their phenotypic subtypes is needed to help elucidate the full picture of 

the dynamic interplay between CN and the immune system. Critically, deeper insight 
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into vomocytosis could reveal novel approaches to treat CM, as well as other immune-

related conditions. 

 

2.2 Introduction 

Pathogens have evolved over time to develop means for persistence, 

dissemination, and infection within their mammalian hosts. The fungal species 

Cryptococcus neoformans (CN) is an opportunistic pathogen that causes an infectious 

disease called ‘Cryptococcosis’ that predominantly affects immunocompromised 

patients—primarily those afflicted with HIV/AIDS1–3. This infection can deteriorate into a 

condition called Cryptococcal Meningitis (CM), where CN establishes an infection in the 

central nervous system (CNS). Globally, there are estimated to be 223,100 CM cases 

and 181,000 deaths annually1.  

Cryptococcus neoformans spores typically enter the host through the lung via 

inhalation. Subsequently, the fungal pathogen disseminates from the lung into other 

tissues, including the CNS2,4. The three proposed mechanisms that facilitate CN entry 

into the CNS are paracytosis, transcytosis, and hitchhiking. In the latter, CN are 

suggested to cross the blood brain barrier (BBB) by ‘hitchhiking’ within host 

phagocytes5,6. This is known as the ‘Trojan Horse’ hypothesis. Kechichian et al. showed 

that depletion of alveolar macrophages in mice significantly reduces cryptococcal 

dissemination to the CNS7. Later, Charlier et al. showed that infecting naïve hosts with 

CN-infected monocytes significantly increases CN accumulation in the brain, compared 

to infecting with CNs directly8.  
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Further, Cryptococcal cells have been shown to escape from macrophages 

(MΦs) by inducing expulsion whilst leaving the phagocyte unharmed through a 

phenomenon called ‘vomocytosis’ (non-lytic exocytosis)3,9–11.  

Like most cell types, macrophages regularly perform exocytosis to recycle 

membrane components and excrete various factors12–14. However, vomocytosis is a 

unique form of exocytosis whereby these immune cells slowly (over 5 to 20 hours) expel 

large pathogenic particulates that they are otherwise programmed to be retained and 

digested. Studies have identified intracellular, physicochemical, and immunological cues 

in CN-infected MΦs that are linked to this mechanism. As MΦs perform vomocytosis, 

actin rapidly and transiently polymerizes in a cage-like structure around the phagosome, 

which then fuses with the plasma membrane15. These cages may be a post-phagosome 

permeabilization attempt by the MΦ to inhibit CNs’ escape, as inhibiting actin 

polymerization has been shown to increase vomocytosis occurrence. In addition, CN 

disrupts phagolysosomal maturation, as characterized by the rapid removal of the early 

phagosome markers Rab5 and Rab1116. Some reports have suggested that there is 

alkalinization of, and abnormal calcium ion levels in phagosomal compartments that 

contain the live pathogen16–20. Furthermore, the addition of weak bases to CN-infected 

macrophages has been shown to modulate vomocytosis occurrence from 

macrophages17,20. Moreover, Gilbert et al. showed that pharmacological inhibition of 

ERK5 increases vomocytosis occurrence21.  

Further, the immune state of infected MΦs has been suggested to also influence 

this phenomenon. A recent study by Seoane et al. discovered that viral exposure to 

either measles or human immunodeficiency virus (HIV) were both shown to significantly 
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boost expulsion rates of CN cells from MΦs22. Moreover, other factors known to elicit an 

antiviral response—the TLR3 agonist poly(I·C) and type I interferons, IFN-α and IFN-

β—all similarly increase MΦ vomocytosis events. Another study investigated how 

different T cell effector-induced phenotypes can impact the expulsion rates of infected 

J774 MΦs23. Prior to infection, these cells were treated with cytokines inducing T 

effector cell-induced phenotypes Th1 (IFN-γ and TNF-α), Th2 (IL-4 and IL-13), or Th17 

(IL-17). The Th1 and Th17 subtypes of J774 cells showed diminished intracellular CN 

proliferation and increased vomocytosis rates, whilst the Th2 group displayed increased 

intracellular CN proliferation and reduced vomocytosis occurrence. 

Taken altogether, studies have given some clarity on the influence of 

intracellular, physicochemical, and immune states on vomocytosis. However, they focus 

entirely on MΦs, which are only a single cell type in an army of immune cells. Moreover, 

Yang et al. recently discovered the occurrence of this phenomenon in neutrophils24. 

Like macrophages and neutrophils, dendritic cells (DCs) have the unique ability 

to phagocytose particulates, including pathogens. More importantly, DCs link the innate 

and adaptive arms of the immune system. These innate immune cells are key for 

maintaining a balance between the host defense against pathogens and protection of 

“self” antigens of host cells and tissues25–27. Dendritic cells detect invading pathogens 

due to their constituent sensors (e.g. Toll-like receptors [TLRs])28,29. They communicate 

the presence of pathogens to the adaptive immune system, thereby initiating long 

lasting, antigen-specific responses. Migration of DCs to T cell-rich regions is critical here 

and is mainly regulated by the chemokine receptor CCR730–32 and CCL2133–35. 

Following DC migration to secondary lymphoid organs, lymphocytes are subsequently 
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activated and induced to proliferate and become potent effector cells (e.g. helper T 

cells)25. Interestingly, other innate immune cell types can traffick via lymphatics32,36 and 

perform antigen presentation37–39. While these cell types have some promising 

capability in lymphatic migration and antigen presentation, their abilities are limited in 

comparison to DCs, which are recognized as the primary antigen presenting cell type 

whose dominant function is to traffick to the LNs to present foreign material to LN-

resident T cells.  

During cryptococcal infections, DCs are known interact with CN cells and have 

been demonstrated to phagocytose CN cells following opsonization with complement or 

antibody40. Hole et al. demonstrated the ability of DC lysosomal extract to cause 

morphological changes in CN and kill the pathogen in vitro via oxidative and non-

oxidative mechanisms41. Artavanis-Tsakonas et al. showed that CN-containing DC 

phagosomes have an impaired CD63 recruitment, indicative of a distinct phagosomal 

compartment composition that may affect the outcome of antigen processing and 

presentation42. However, to the best of our knowledge, the ability of DCs to expel CN 

from their phagosome via vomocytosis has not been investigated thus far.  

We hypothesized that DCs could perform vomocytosis, especially given that they 

share much of the same vacuolar machinery as their phagocytic relatives, MΦs and 

neutrophils. Herein, we endeavored to document vomocytosis from DCs— a key player 

in bridging the innate and adaptive immune response. Further, we investigated the 

effect of CN infection ratio, presence of CN capsule, drug manipulation of the 

phagosome conditions and actin polymerization on vomocytosis from DCs. The overall 

effect of the immune state on vomocytosis from both DCs and MΦs was also assessed. 
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Finally, we characterized vomocytosis based on multiple outcomes— rate of 

vomocytosis occurrence, timing of expulsion, and number of internalized CN prior to 

expulsion. We believe that further investigation of CN’s complex interactions with 

different phagocytic cell types will act as a step towards elucidating the complex story of 

cryptococcal infections and underlying mechanisms of vomocytosis. 

 

2.3 Materials and Methods 

Bone marrow-derived Dendritic Cell and Macrophage (MΦ) Culture  

Primary DCs and MΦs were obtained from the bone marrow of C57BL/6 mice as 

described in previous studies43–45. Growth media consisted of DMEM/F-12 1:1 with L-

glutamine (Cellgro, Herndon, VA), 10% fetal bovine serum, 1% sodium pyruvate (Lonza, 

Walkersville, MD), 1% nonessential amino acids (Lonza, Walkersville, MD), 1% 

penicillin/streptomycin (Cytiva, Marlborough, MA) and 20 ng/mL GM-CSF (R&D 

Systems, Minneapolis, MN) (DC media) or L929 conditioned media (MΦ media) and 

incubated at 37°C and 5% CO2. For conciseness, media containing all necessary 

growth factors and added reagents for the necessary cell type will be denoted as 

‘complete media’. Unless otherwise noted we used DC and MΦ on day 10 of their 

respective cultures. 

 

Cell Phenotype Validation via Flow Cytometry 

On day 6 of DC or MΦ culture, cells were characterized by measuring the 

presence of phenotype-specific surface markers, with antibodies against F4/80 [APC, 

BM8 Clone] (eBioscience, San Diego, CA) and CD11c [PE-Cy7, HL3 Clone] (BD 
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Pharmingen, San Diego, CA) via an Attune Nxt Flow Cytometer (Life Technologies, 

Carlsbad, CA). 

 

Cell Phenotype Validation via RNA Analysis 

 On day 10 or 11 of DC or MΦ culture, the contents of cells were extracted via 

application of TRIzol (Thermo Fisher Scientific, Waltham, MA). To isolate RNA from 

samples, a chloroform solvent extraction was performed according to manufacturer 

instructions. Next, RNA was purified using a kit, RNA Clean & Concentrator with DNAse 

(Zymo Research, Irvine, CA). The DNA Technologies Core at UC Davis assessed RNA 

quality (score>7.0), performed Batch 3’Tag-Seq library preparation, and sequenced 

using an Illumina NextSeq sequencer (Illumina, San Diego, CA). For analysis, reads 

were trimmed, aligned, and quantified for gene counts using OmicSoft software 

(Qiagen, Hilden, Germany). Dimensional reduction for principal component analysis 

(PCA) plots was also performed in the OmicSoft software. 

 

Dendritic Cell and MΦ Polarization Validation 

Dendritic cells and MΦs were seeded on 12 well plates (0.5 million cells/ well 

[DCs] and 0.25 million cells/ well [MΦs]) in complete media containing polarizing agents. 

The difference in seeding density was due to spreading ability, with MΦs being much 

more elongated than DCs and therefore taking up more surface area per cell. For 

inflammatory activation, cells were treated with LPS (100 ng/ml) from Escherichia coli 

O111:B4 (Sigma, St. Louis, MO). For anti-inflammatory polarization DCs were treated 

with 1uM of dexamethasone (DEX; Alfa Aesar, Tweksbury, MA) and MΦs with IL-4 
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(20ng/ml) and IL-13 (20ng/ml; denoted 'IL4/13’ for brevity; R&D Systems) in MΦ media. 

After a 48-hour  incubation period, the expressions of cell surface markers were 

determined via flow cytometry using antibodies against F4/80, CD38 [PerCP-eFluor 

710, 90 Clone] (eBioscience), Arginase 1 [PE, A1exF5 Clone] (eBioscience), and iNOS 

[PE-Cy7, CXNFT Clone] (eBioscience) for MΦs and antibodies against CD11c, MHCII 

[Alexa-Fluor 488, M5/114.15.2 Clone] (BD Pharmingen), CD80 [APC, 16-10A1 Clone] 

(BioLegend, San Diego, CA), and CD86 [PE, GL1 Clone] (BD Pharmingen) for DCs. 

Additionally, an LPS activation resistance test was performed by adding LPS (100 ng/ 

ml) to DCs and MΦs previously treated with tolerogenic polarization agents for an 

additional 48 hours. Subsequently, the expressions of the same cell surface markers 

were quantified using flow cytometry. 

 

Effect of infection rate on vomocytosis  

Dendritic cells and MΦs were seeded on 24 well plates (75,000 cells/ well [DCs] 

and 50,000 cells/ well [MΦs]) in complete media and incubated at 37°C and 5% CO2. 

Infections with CNs and subsequent time-lapse imaging studies were performed 

between day 11-15. Wildtype CN H99 and the acapsular mutant cap59 CN (both 

generously gifted by Dr. Angie Gelli, UC Davis, CA) were grown first on yeast extract 

peptone dextrose (YPD) agar (Thermo Fisher Scientific) followed by transferring a 

single colony to YPD broth (Thermo Fisher Scientific) shaking at 30°C overnight. The 

next day, CNs were washed with PBS (x3) via centrifugation. The heat-killed (HK) CN 

negative control group was prepared by incubating CNs at 70°C on a heat block for 1 

hour. Both live and HK CNs were opsonized with 10 ug/ml of the anti-capsular IgG1 
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monoclonal antibody 18B7 (supplied from both Sigma and the Casadevall Lab, Johns 

Hopkins University, MD) and 50% human AB serum (Sigma). Opsonized pathogen was 

co-incubated with phagocytes at a 1:1 or 5:1 CN:phagocyte ratio (c.p.r.) for 2 hours in 

media with 10% human AB serum. Next, infected culture wells were washed with 

complete media (x5) to ensure all extracellular CNs were removed. Lastly, complete 

media was added, and time-lapse imaging was performed on infected cells for 14 hours. 

 

Effect of Drugs on Vomocytosis  

For drug-treated experimental groups, DCs were infected with CN at a 5:1 c.p.r. 

using identical methods outlined previously. After the 2-hour phagocytosis and washing 

step, the wells were treated with DC media containing either 10uM of chloroquine [CQ] 

(Thermo Fisher Scientific), 100 nM of cytochalasin B from Drechslera dematioidea [CYT 

low] (Sigma), 4uM of cytochalasin B (CYT hi), or 100 nM of bafilomycin A1 [BFA] 

(Sigma). These parameters were selected based on the range of drug concentrations 

used in prior vomocytosis studies15,17,24,46. This step was followed by time-lapse imaging 

for 14 hours whilst in drug-containing media. 

 

Effect of Polarizing Agents on Vomocytosis  

For experiments studying the effect of phagocyte polarization on vomocytic 

frequency, DEX or LPS were added to DCs at 48 hours prior to CN infection. For MΦs, 

IL4/13 or LPS was added to the cells 48 hours prior CN infection. Polarizing agent-

containing media was replaced with fresh complete media prior to infection with CN. 

The infection then proceeded using identical methods as previously outlined.  
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Time-lapse Imaging 

Infected cells were kept at 37°C and 5% CO2 in the imaging chamber of the BZ-X 

Fluorescence Microscope (Keyence, Itasca, IL). Images were taken every 4 minutes for 

a period of 14 hours and compiled into a single movie file using BZ-X software. Movies 

were blinded by a third party before manual tracking of CNs and scoring for 

vomocytosis events by an independent technician. 

 

Confocal Time-Lapse and High-Resolution Imaging 

Before infection, DCs were stained with 1,1'-Dioctadecyl-3,3,3',3'-

Tetramethylindodicarbocyanine, 4-Chlorobenzenesulfonate Salt (DiD; 1µM; Thermo 

Fisher Scientific) and CN were stained with Calcofluor White (CFW; 1mg/ml; Sigma). 

After 2 hours of infection at a 1:1 c.p.r., the cells were washed 5 times with DC media. 

Next, 4 hours after washing, the sample was fixed with 2% paraformaldehyde and 

vomocytosing cells were imaged using the Olympus FV3000 confocal (Olympus 

Corporation, Westborough, MA) at 60x magnification. 

 

DC viability 

Dendritic cells were seeded on 24-well plates (75,000 cells/ well) in DC media 

and incubated at 37°C and 5% CO2. Cells were co-incubated with CNs opsonized using 

previously mentioned methods. Extracellular CNs were washed with DC media and 14 

hours later cell viability was measured using the CyQUANT lactate dehydrogenase 

(LDH) cytotoxicity assay (Thermo Fisher Scientific) according to manufacturer’s 
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instructions. Additional details on the viability assays are provided in the Supplementary 

Information. 

 

Data and Statistical Analysis  

In each experimental group replicate, 300 randomly selected CNs from multiple 

viewing regions were observed and vomocytosis manually quantified. All statistical 

analyses were performed using GraphPad Prism 9. Categorical data of vomocytosis 

frequency in the different conditions was assessed by one-way ANOVA corrected for 

multiple comparisons by false discovery rate (FDR) using a two-stage linear step-up 

procedure of Benjamini, Krieger and Yekutieli (GraphPad® Prism). This same statistical 

analysis procedure was used to evaluate flow cytometry marker expression data, 

number of CN cells per phagosome data, and timing of expulsion data. For F4/80 and 

CD11c expression comparison, an unpaired t-test was used as there were only two 

groups to compare. All data shown include at least three independent experiments. 

Original time-lapse movies, upon which manual scoring was performed, are freely 

available upon request. All column graphs, generated on GraphPad Prism 9, display the 

individual data points, mean, and standard error mean (SEM). All violin plots, generated 

on R, visualize the individual event data points, mean (red dot), and box plot containing 

median and interquartile range. All p-values for significant comparisons are listed in 

Table 2.S1. 
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2.4 Results 

DC and MΦ phenotype validation 

The phenotypes of the bone-marrow derived DCs and MΦs were characterized 

via flow cytometry to confirm that the cell cultures generated with these protocols were 

authentic. The protocols used were derived from robust techniques from prior literature 

for generation of murine, bone marrow derived DCs and MΦs using GM-CSF45 and M-

CSF44 respectively. These methods have been widely used in prior studies requiring 

MΦs for vomocytosis experiments17,20,21 and DCs for Cryptococcal infection 

experiments40,47–49, in which the resultant cultures are accepted to be relatively pure in 

the correct phagocyte phenotype. For our study, the cells grown were characterized for 

the DC marker - CD11c, and the MΦ marker - F4/80, via flow cytometry. (Figure 2.1A) 

The purity of MΦ and DC cultures based on presence or lack of F4/80 and CD11c 

markers are visualized via bar graphs. Dendritic cell cultures exhibit low F4/80 mean 

fluorescence intensity (MFI) and high CD11c MFI cell populations, while MΦ cultures 

display high F4/80 MFI and low CD11c MFI cell populations. (Figure 2.1B) 

Furthermore, RNA sequencing analysis of each cell type display notable clustering and 

separation by PCA plotting. (Figure 2.1C). These results confirm that the cultures 

grown are genuine bone marrow-derived DCs and MΦs in line with prior literature50,51. 
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Figure 2.1. Verification of DC and MΦ phenotypes via F4/80 (MΦ marker) and 

CD11c (DC marker) flow cytometric analysis and RNA expression analysis. (A) 

Schematic of flow cytometry experiment. Bone marrow progenitor cells were obtained 

from C57BL/6J mice and grown in either DC differentiation media (GM-CSF 

supplemented) or MΦ differentiation media (M-CSF supplemented via L929). On day 6, 

these cells were stained and analyzed via flow cytometry. (B) Flow cytometry data for 



 58 

F4/80 and CD11c identification markers. Representative histogram plots are shown for 

fluorescence intensity of F4/80 and CD11c markets. The flow populations were 

assessed by MFI for each marker. Column graphs of full flow cytometry data show the 

MFI for F4/80 and CD11c for DC-differentiated and MΦ-differentiated cultures (N=3, 

n=9, statistical analysis performed using an unpaired t-test). (C) PCA plot analysis 

displaying clustering and separation of DC and MΦ cultures by RNA expression data. 

(N=6, n=6, dimensional reduction performed on OmicSoft software). 

 

Vomocytosis from DCs is independent of CN capsule and infection rates, and is 

comparable to vomocytosis from MΦs 

We quantified vomocytic events using time-lapse microscopy and verified their 

non-lytic nature via cell viability assays. After 2-hour phagocytosis of CN, phagocytic 

cells were washed for the removal of extracellular CN, and time-lapse imaging 

experiments were performed during a period of 14 hours (Figure 2.2A). Vomocytosis 

events, defined as expulsions of CN from host cell while both remain intact, were 

observed at both CN:phagocyte ratios (c.p.r.) of 1:1 and 5:1, as shown in representative 

time lapse images (Figure 2.2B-C). Confocal time-lapse microscopy videos confirmed 

vomocytosis events by visually verifying instances of increased CN (green) fluorescent 

intensity upon uncoupling between DC and CN cells over the course of 8 hours (Figure 

2.S1). Overall, vomocytosis occurred at a rate of 17% for MΦs infected at a 1:1 c.p.r., 

18% for MΦs infected at a 5:1 c.p.r., 11% for DCs infected at a 1:1 c.p.r., 13% for DCs 

infected at a 5:1 c.p.r., and 13% for DCs infected with cap59 CN at a 5:1 c.p.r. (Figure 

2.2D-E). For the HK CN control groups, an expulsion rate of only 2% or less was 
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observed for both DC and MΦ groups infected at 1:1 and 5:1 c.p.r. To confirm that 

these events were indeed non-lytic, DC viability was tested via an LDH assay. We 

observed no increased toxicity due to CN infection (Figure 2.S2). Notably, the 

vomocytosis rates observed from DCs were not significantly different from those 

observed from MΦs at 1:1 and 5:1 c.p.r. (Figure 2.2F). For conclusive visual 

confirmation of vomocytosis, high resolution confocal microscopy was used to observe 

two fixed DC cells mid-vomocytosis at 6 hours after infection with CN (Figure 2.2G). 
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Figure 2.2. Time-lapse analysis of vomocytosis from DCs. (A) Schematic of time-

lapse experiment. CN was prepared for phagocytosis by opsonizing with 18B7 mAb and 

human serum. DCs or MΦs were infected with opsonized CN either at a 1:1 or 5:1 c.p.r. 

for 2 hours. Following infection, the phagocytes were washed 5x and time-lapse imaged 

for 14 hours. Representative time-lapse images of DCs performing vomocytosis at (B) 

1:1, or (C) 5:1 c.p.r. (scale bar = 10µm). (D-F) Graphs of vomocytosis rates of MΦs and 

DCs are shown at 1:1 and 5:1 c.p.r., compared to a HK CN control and acapsular cap59 

CN (N≥4 for each condition, statistical analysis performed using one-way ANOVA 

corrected for multiple comparisons by FDR using a two-stage linear step-up procedure 

of Benjamini, Krieger and Yekutieli). (G) Confocal images showing instances of DCs 

(DiD, red) expelling CN (CFW, green). 

   

Drugs that disrupt phagolysosomal maturation and actin polymerization inhibit 

vomocytosis 

Next, DCs were treated with drugs previously documented to affect 

phagolysosomal maturation, and vomocytosis from MΦs. Namely, CQ, CYT, and BFA 

were used for these experiments (Figure 2.3A). After assessing potential toxicity to 

DCs and CNs at the desired concentrations (Figure 2.S2), the individual drugs were 

added to wells containing CN-infected DCs at a 5:1 c.p.r., just prior time-lapse imaging. 

All drugs (at the selected concentrations) reduced vomocytosis rates (Figure 2.3B). For 

DCs, we observed vomocytosis rates of 4%, 5%, 6%, and 6% for CQ, CYT hi, CYT lo, 

and BFA respectively. We confirmed that these inhibited rates were not due to the 
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impact of the drugs on immune cell and CN cell viability (Figure 2.S3). Furthermore, in 

CN-infected DC cultures treated with these drugs, there were no observed increases in 

toxicity to extracellular or intracellular CNs (Figure 2.S4). 

 

 

Figure 2.3. Time-lapse analysis of DC vomocytosis rates under exposure to 

vomocytosis-modulating drugs. (A) Schematic of time-lapse experiment. CN cells 

were prepared for phagocytosis by opsonizing with 18B7 mAb and human serum. DCs 

were infected with opsonized CN at a 5:1 c.p.r. for 2 hours. Following infection, the wells 
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were washed 5x, replaced with drug-containing media, and time-lapse imaged for 14 

hours. (B) Vomocytosis rates of DCs, at a 5:1 infection ratio, are shown in untreated, 

HK CN, and drug-treated conditions—either BFA, CQ, CYT lo, or CYT hi (N≥4 for each 

condition, statistical analysis performed using one-way ANOVA corrected for multiple 

comparisons by FDR using a two-stage linear step-up procedure of Benjamini, Krieger 

and Yekutieli). 

 

Treatment of MΦs and DCs with polarization agents alters their immune phenotype 

Prior to testing the effect of immune state on vomocytosis, verification of the 

immunophenotype of MΦs and DCs was performed (Figure 2.4A). In these 

experiments, the immature MΦ (iMΦ; Control), activated (LPS), anti-inflammatory 

(IL4/13), and tolerized then challenged (IL4/13 + LPS) conditions were probed (Figure 

2.4B). The LPS-treated group displayed significantly higher inflammatory marker 

expression of CD38 and iNOS compared to the immature, untreated group. 

Interestingly, the tolerogenic marker Arg1 was also increased on the LPS-treated MΦs; 

this finding may be due to an inhibitory feedback loop following earlier inflammation in 

this group. On the other hand, the IL4/13-treated group showed no significant 

differences for CD38 and iNOS, compared to the immature group, whilst exhibiting 

higher Arg1 expression than the untreated and LPS groups. Additionally, the tolerogenic 

group challenged with LPS displayed similarly high levels of Arg1. Additionally, this 

group had similar expression of CD38 and iNOS markers to the LPS-treated cells.  

For DCs, the inflammatory markers MHCII, CD80, and CD86 were analyzed via 

flow cytometry on CD11c+ gated cells. The immature DC (iDC; Control), activated 
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(LPS), and tolerized (DEX) conditions were analyzed. Additionally, an added DEX-

treated DC group was challenged with LPS (DEX + LPS) for an additional 48 hours to 

test resistance to inflammatory activation. The LPS-treated group displayed significantly 

higher MHCII, CD80, and CD86 expression compared to the immature untreated group 

(Figure 2.4C). Meanwhile, the DEX group displayed no significant difference to the 

immature group on the basis of these inflammatory markers. Furthermore, when tested 

with LPS after DEX treatment, these tolerogenic DCs displayed significantly lower 

activation of MHCII and CD86 expressions compared to the LPS-treated group, 

indicating resistance toward maturation.  

  

Immune polarization of MΦs and DCs does not affect vomocytosis rate 

Next, the vomocytosis rates of polarized MΦs and DCs were tested (Figure 

2.4D). For MΦs, the anti-inflammatory (IL4/13) and pro-inflammatory (LPS) conditions 

showed significantly higher vomocytosis rates than the heat killed control. However, 

there were no significant differences in rates between the untreated (18%), anti-

inflammatory (13%), or pro-inflammatory (20%) MΦs (Figure 2.4E, left). Similarly, DCs 

polarized to tolerogenic (DEX) and inflammatory (LPS) phenotypes displayed a higher 

vomocytosis rate than that of the HK CN group. However, the DC vomocytosis rates of 

the tolerogenic (12%) and inflammatory (19%) groups were not significantly different to 

each other or the untreated group (13%) (Figure 2.4E, right). 
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Figure 2.4. DC and MΦ vomocytosis rates following immune polarization. (A) 

Schematic of flow cytometry experiment. Dendritic cells and MΦs were incubated with 

polarization agents for 48 hours. Dendritic cells were polarized using dexamethasone, 

or LPS for tolerized or inflammatory phenotypes, respectively. Macrophages were 

polarized using agents LPS or IL4/13 for inflammatory (M1) or tolerogenic (M2) 

phenotypes, respectively. Also, an additional experimental group of tolerized DC and 

MΦ were challenged with LPS for another 48 hours. These groups were stained for DC 

immunophenotype markers (MHCII, CD80, and CD86) or MΦ immunophenotype 

markers (CD38, iNOS, and Arg1) and analyzed via flow cytometry. (B) Confirmation of 

DC immunophenotype characterization by flow cytometry readout of maturation markers 

MHCII, CD80, and CD86. (C) Confirmation of MΦ immune phenotype characterization 

by flow cytometry readout of inflammatory activation markers CD38 and iNOS, as well 

as the M2 marker Arg1. (D) Schematic of time-lapse experimental design. Briefly, prior 

to infection, DCs and MΦs were incubated with polarization agents for 48 hours. Then, 

CN was prepared for phagocytosis by opsonizing with 18B7 mAb and human serum. 

Polarized DCs and MΦ were infected with opsonized CN at a 5:1 c.p.r. for 2 hours. 

Following infection, the phagocytes were washed 5 times and time-lapse imaged for 14 

hours. (E) Vomocytosis rates of DCs and MΦs at a 5:1 infection ratio are shown for 

immature (untreated), HK CN, tolerized, and inflammatory states. (N≥4, n≥11 for each 

condition, statistical analysis performed using one-way ANOVA corrected for multiple 

comparisons by FDR using a two-stage linear step-up procedure of Benjamini, Krieger 

and Yekutieli). 
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Infection Ratio, Drug treatments, and Immune Polarization affect Vomocytosis Kinetics 

We used time-lapse videos to measure of exact time of expulsion for each 

vomocytic event. There was no difference in vomocytosis timing for DCs infected with 

CN at a 1:1 and 5:1 c.p.r., and no difference compared to DCs infected with the cap59 

CN (Figure 2.5A). For MΦs, the 5:1 c.p.r. condition displayed significantly lower 

average time to expulsion compared to the 1:1 c.p.r. group (Figure 2.5B). Comparing 

DCs and MΦs, the MΦ 1:1 c.p.r. condition showed a higher time to expulsion than both 

the DC 1:1 and DC 5:1 c.p.r. conditions (Figure 2.5C). For the drug-treated DC groups, 

both the CQ and CYT hi treatments performed vomocytosis faster than the DC 5:1 

untreated control (Figure 2.5D). Further, both immune-polarized DCs showed 

significantly lower time of expulsion than the unpolarized control, with the LPS-treated 

group having faster expulsion times than the DEX-treated group (Figure 2.5E). In MΦs, 

both polarized conditions displayed differences in timing that were not significantly 

different compared to the control. However, the LPS-treated condition had a significantly 

faster time of expulsion than the IL4/13-treated group (Figure 2.5F). 
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Figure 2.5. Vomocytosis event timing analysis. Results are displayed in violin box 

plots with individual dots representing each timing event. The red circle in each plot 

represents the mean timing occurrence and the black line in the box plot represents the 

median. (A) Violin plot displaying timing of DC vomocytosis events compared between 

1:1 and 5:1 c.p.r., as well as 5:1 c.p.r. with cap59 CN. (B) Violin plot of MΦ vomocytosis 

timing between 1:1 and 5:1 c.p.r. (C) violin plot comparing vomocytosis timing between 

DC and MΦ at different CN infection ratios. D) Violin plot of DC vomocytosis expulsion 

timing under a 5:1 infection ratio of CN under different drug treated conditions (BFA, 

CQ, CYT lo, or CYT hi) compared to an untreated control. (E) Violin plot of DC 

vomocytosis timing under a 5:1 CN infection as an immature phenotype (untreated), 

tolerogenic phenotype (DEX treated), and inflammatory phenotype (LPS treated). (F) 

Graph of MΦ vomocytosis timing under a 5:1 CN infection as an immature M0 

phenotype (untreated), tolerogenic M2 phenotype (IL4/13), and inflammatory M1 

phenotype (LPS treated) (N≥4, n≥51 for each condition, statistical analyses were 
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performed using one-way ANOVA corrected for multiple comparisons by FDR using a 

two-stage linear step-up procedure of Benjamini, Krieger and Yekutieli). 

  

Different treatments affect number of CN per vomosome 

In addition to characterizing the vomocytosis rates and timing of different 

conditions, the number of CN located in the phagosome before a vomocytosis event, or 

‘vomosome’, was also documented and analyzed. Under different infection ratios, the 

5:1 condition had a significantly higher average number of CN per vomosome compared 

to the 1:1 infection ratio for DCs. Additionally, the 5:1 c.p.r. cap59 CN mutant condition 

displayed a higher number of CN per vomosome than both the 5:1 and DC 1:1 c.p.r. for 

DCs. (Figure 2.6A) However, in MΦs there was no significant difference in CN per 

vomosome between the 1:1 and 5:1 infection ratios (Figure 2.6B). Notably, both the 1:1 

and 5:1 c.p.r. MΦ groups showed higher number of CN located in their vomosomes 

than both DC 1:1 and DC 5:1 c.p.r. groups (Figure 2.6C). When analyzing drug-treated 

conditions, the DC 5:1 c.p.r. groups treated with CQ, CYT hi, or CYT lo had a 

significantly higher number of CN per vomosome than the control. The BFA-treated DC 

group showed no significant difference in CN per vomosome compared to the untreated 

control (Figure 2.6D). Finally, immune polarized groups were analyzed for differences 

in number of CN per vomosome. Both DEX-treated and LPS-treated DCs were 

observed to have a higher number of CN located in the phagosome prior to a 

vomocytosis event compared to the unpolarized control. Additionally, the LPS-treated 

DC group had a higher CN per vomosome count than the DEX-treated group (Figure 

2.6E). For polarized MΦs, IL4/13-treated cells displayed a lower CN per vomosome 
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count to the control. Conversely, the LPS-treated group had a higher CN per vomosome 

average than the control, as well as IL4/13-treated groups. (Figure 2.6F). 

 

 

Figure 2.6. Number of CN per vomosome. Results are displayed in violin box plots 

with individual dots representing # CN per vomosome for each event. The red circle in 

each plot represents the mean timing occurrence and the black line in the box plot 

represents the median. (A) Violin plot displaying # CN per DC vomosome compared 

between 1:1 and 5:1 CN infection ratios, as well as 5:1 infection with a cap59 CN. (B) 

Violin plot of # CN per MΦ vomosome compared between 1:1 and 5:1 CN infection 

ratios. (C) Violin plot comparing # CN per vomosome between DC and MΦ at different 

CN infection ratios. (D) Violin plot of # CN per vomosome for DCs with a 5:1 CN 

infection ratio under different drug treated conditions (BFA, CQ, CYT lo, or CYT hi) 

compared to an untreated control. (E) Violin plot of # CN per vomosome for DCs with a 
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5:1 CN infection as an immature phenotype (untreated), tolerogenic phenotype (DEX 

treated), and inflammatory phenotype (LPS treated). (F) Graph of # CN per vomosome 

for MΦs with a 5:1 CN infection as an immature M0 phenotype (untreated), tolerogenic 

M2 phenotype (IL4/13-treated), and inflammatory M1 phenotype (LPS treated) (N≥4, 

n≥51 for each condition, statistical analyses were performed using one-way ANOVA 

corrected for multiple comparisons by FDR using a two-stage linear step-up procedure 

of Benjamini, Krieger and Yekutieli). 

 

2.5 Discussion and Conclusion 

Our novel results show that live CN can perform vomocytosis from DCs, to a 

similar extent exhibited by both MΦs and neutrophils. Here, the occurrence of this 

phenomenon from DCs was rigorously verified by time-lapse microscopy, confocal 

imaging, and viability assays. Additionally, the average rate and timing of vomocytosis 

events from DCs were the same as those from MΦs. On the basis of CD11c MFI, F4/80 

MFI, and RNA PCA analysis, the results confidently support the phenotype and purity of 

DC cultures in comparison to MΦ cultures; this is further confirmed by other literature 

that describe use of non-adherent progenitors treated GM-CSF for differentiation and 

CD11c to assess purity52,53. As mentioned previously, prior CN-related studies have 

assumed the bone marrow progenitor differentiation methods used to be considered 

pure for both DCs and MΦs17,20,21,40,47–49. Flow cytometry gating techniques show the 

DC cell culture’s CD11c purity is over 75% (data not shown). Notably, even if the DC 

cultures are not fully pure, the rates seen in this study are high enough to still confirm 

the occurrence of vomocytosis in the DC population. Given our results on DC 
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vomocytosis and those published on MΦs and neutrophils, it is likely that some 

components of this mechanism may be conserved across these cell types derived from 

common myeloid progenitor cells. 

Vomocytosis rates from DCs were observed to have no significant correlation to 

infection rate or presence of CN capsule. However, DCs infected with cap59 CN 

contained a significantly higher number of CN per vomosome compared to DCs infected 

with the wildtype strain (H99). This is not surprising, as the CN capsule is known to be a 

potent anti-phagocytic agent that plays a role in reducing uptake by MΦs54–56 and 

DCs57. Additionally, DCs infected at a 5:1 ratio showed higher amount of CN per 

vomosome than DCs 1:1 infected, which may be attributed to the larger number of CN 

that the DCs encountered during the experiment. 

When treated with drugs to modify the phagosome (CQ, BFA) or actin 

polymerization (CYT lo, CYT hi), DCs displayed substantially lower rates of vomocytosis 

compared to the untreated control. Chloroquine is a weak base that passively diffuses 

into acidic organelles in the cytoplasm, becomes protonated and prevents maturation 

and fusion of endosomes and lysosomes58,59. Cytochalasin B is an actin polymerization 

inhibitor that has been demonstrated to induce a release of lysosomal enzymes, 

modulating lysosomal fusion with phagosomes60,61. Lastly, BFA is involved in the 

inhibition of the vacuolar ATPase in lysosomes62. With respect to CQ, our findings 

conflict with previous studies that have successfully demonstrated this drug to increase 

vomocytosis from J774 MΦ cell lines10,17. However, Yang et al showed that CQ 

decreases vomocytosis rates from primary murine neutrophils24. These discrepancies 

could be attributed to differences in cell type, as well as source (cell line vs. primary 
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murine cells). Interestingly, the decreased BFA-treated vomocytosis rates we observed 

from DCs align with observations by Nicola et al (from J774 macrophage cells), that this 

drug treatment reduces vomocytosis rates17. On the other hand, neutrophils were 

shown to have no change in vomocytosis rates after BFA treatment24. Again, these 

differences could be due to cell type, as well as cell source. Overall, our findings 

indicate that vomocytosis from DCs is indeed inhibited by phagosomal alkalinization— 

by either the weak base CQ or the ATPase inhibitor BFA. Pertaining to CYT treatment, 

again there is some disagreement within literature on the effect of this drug on 

vomocytosis. Dragotakes et al observed a decrease in vomocytosis rates of J774 MΦs 

following treatment with either cytochalasin B or D46. Conversely, Alvarez et al. saw 

increased rates of expulsion in the same cell type following cytochalasin D treatment9. 

In neutrophils, cytochalasin D was also seen to increase vomocytosis rates in a study 

by Yang et al24. Our observations for DCs align with those published by Dragotakes et 

al., but are in conflict with the other two studies. It is possible that cytochalasin B may 

cause lysosomal fusion in the infected DCs and cripple the CN’s ability to thrive in the 

phagosome, although our viability data suggests that intracellular CN are still intact 

during this treatment. The role of CYT in inhibiting actin polymerization may play a more 

significant role in limiting the phagocyte’s machinery and preventing CN from inducing 

an expulsion. In investigating average timing of vomocytosis, the CQ-treated and CYT 

hi-treated vomocytosis events displayed a statistically shorter length of time before 

expulsion compared to the untreated group. Chloroquine and CYT both reduce 

expulsion rates, but the CN are released relatively quicker compared to untreated cells. 

These events may be due to alternate mechanisms such as endosome recycling 



 74 

pathways63. Interestingly, within the drug treated groups, the average number of CNs 

per vomosome were all significantly higher than the untreated group with the exception 

of the BFA-treated group. It is possible that BFA alkalinization of the phagosome 

reduces CN dividing ability, as CN has been observed to replicate faster in acidic 

environments18,64.  

Treatment of MΦs and DCs with polarization agents did not affect the 

vomocytosis rates compared to the unpolarized control. This result is contrary to some 

documented literature for MΦs, as Gilbert et al. found that inflammatory-polarized MΦs 

(via ERK5 inhibition) displayed a higher rate of expulsion than untreated MΦs, shown in 

both primary human MΦs and J774 cells21. Other conflicts exist where Voelz et al. 

showed that anti-inflammatory IL-4 or IL-13 treated MΦs perform a lower rate of 

vomocytosis compared to an untreated control, also in both primary human MΦs and 

J774 cells23. However, the same study showed that the pro-inflammatory IFN-γ, TNF-α, 

or IL-17 treated human and J774 MΦs did not have a significantly different vomocytosis 

rate than unpolarized MΦs, which aligns with our observations. Interestingly, a recent 

study by Zhang et al. found that primary murine MΦs treated with inflammatory 

extracellular vesicles displayed lower vomocytosis rates65— this result contradicts both 

this study and previous studies. Overall, investigation of the effect of immune phenotype 

on vomocytosis has been inconclusive. This may be attributed to differences in cell 

types, polarization procedures, phenotype validation and vomocytosis observation 

methods. Our results suggest that immune polarization is not a significant influence on 

vomocytosis rates from MΦs or DCs. However, there was a significant difference in the 

average time for vomocytosis occurrence for these groups. Cryptococcal cells 
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performed vomocytosis in a significantly shorter time from LPS-treated DCs compared 

to DEX-treated DCs. Similarly, the average non-lytic exocytosis time of CNs in LPS-

treated MΦs was significantly longer in time length compared to that of IL4/13-treated 

MΦs. This observation is likely due to the differences in molecular and physicochemical 

characteristics involved in phagolysosomal maturation between activated and 

tolerogenic phenotypes. For instance, M2 macrophages have been shown to undergo 

rapid and profound phagosomal acidification relative to M1 macrophages66. Moreover, 

the same study demonstrates that reactive oxygen species (ROS) production is much 

greater and more sustained in M1 than in M2 phagosomes. Perhaps the mature, ROS 

and cathepsin-rich phagosome of LPS-treated phagocytes creates an inhospitable 

environment for CNs, prompting them to escape at a faster rate than in the less harsh 

anti-inflammatory polarized phagosomes. Additionally, for both DCs and MΦs, the LPS-

treated groups displayed higher numbers of CN per vomosome compared to the 

tolerogenic group. The higher number of CN per vomosome and faster ejection from 

LPS-treated DCs compared to DEX-treated DCs could suggest a direct correlation 

between number of CN and ejection time— this same trend was observed from DCs 

treated with CQ and CYT hi. 

In summary, this study documents the first recorded observation of DCs 

performing vomocytosis of CN. Moreover, multiple parameters were tested for their 

effects on vomocytosis including the infection ratio, presence of CN capsule, treatment 

with drugs, and polarization of phagocyte immune state. Vomocytosis from DCs is 

independent of infection ratio, CN capsule, or immune polarization phenotype. However, 

application of drugs that disrupt phagolysosome and actin processes significantly inhibit 
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the DC vomocytosis. Interestingly, infection ratio, drug treatments, and immune 

polarization influence the timing of vomocytosis, as well as the number of CN present in 

the DC vomosome prior to expulsion. Overall, the capability of DCs to expel CNs 

following ingestion appears similar to that of MΦs based on occurrence rate, timing, and 

number of CN per vomosome. This finding could help to further elucidate infection 

dissemination mechanisms in immunocompromised patients, as this phenomenon is 

clearly conserved between multiple types of phagocytes, including DCs. Finally, more 

studies are needed to understand the mechanisms involved in vomocytosis from DCs, 

and moreover determine if there is commonality of processes across all the phagocytic 

cells that are implicated to perform this behavior. Further, CN is not the only pathogen 

that has been shown to induce vomocytosis. Therefore, questions on the cohesion of 

mechanisms across pathogens and phagocytes should be addressed in future 

investigations.  
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2.7 Supplementary Methods 

Confocal Time-Lapse 

Prior to the experiment, DCs were stained with DiD (1µM) and CN cells were 

stained with FITC-NHS (1mg/ml). Three hours after infection, cells were placed in the 

imaging chamber of Olympus FV3000 confocal at 37°C and 5% CO2. Images were 

taken every 10 minutes for the period of 5 hours at 20x magnification and analyzed for 

vomocytosis events. 

 

Effect of drugs on CN viability 

To assess the toxicity of drugs, CFW-stained CN cells (250,000 cells/mL in DC 

media) were incubated with CQ, CYT hi, CYT lo, or BFA for 14 hours. Next, they were 

washed (x3) with DC media, stained with Propidium Iodide (PI; Sigma) at 2µg/ml in 

0.1% BSA in PBS solution for 15 minutes and assessed via flow cytometry. 

 

Effect of drugs on DC viability 

Dendritic cells were seeded on 96-well plates (15,000 cells/ well) in DC media 

and incubated at 37°C and 5% CO2. The next day, cells were treated with CQ, CYT hi, 

CYT lo, or BFA for 14 hours, and washed (x3) with DC media. Subsequently, an LDH 

assay was performed to assess viability. 
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Effect of infection with drug treatments on extracellular and intracellular CN viability 

Dendritic cells and MΦs were seeded on 24 well plates (75,000 cells/ well [DCs] 

and 50,000 cells/ well [MΦs], respectively) in complete media and incubated at 37°C 

and 5% CO2. On day 11, phagocytes were infected at a 5:1 ratio with opsonized, CFW-

stained CN. Following 2 hours of phagocytosis, wells were washed with complete media 

(x5) to remove external CN. After14 hours, external CN were isolated by removing the 

supernatant and washing (x5). Then, intracellular CN were isolated by lysing the 

washed phagocytes with ice cold sterile water for 60 minutes. All samples were 

subsequently washed with PBS and stained with PI for 15 minutes. Finally, the viability 

was evaluated via flow cytometry. 

 

2.8 Supplemental Figures 
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Table S1. All significant p-values and statistical methods used for comparisons made in 

Figures S.1-6. 

 

Figure 2.S1. (A) Confocal time-lapse microscopy was used to image an instance of a 

DC (DiD, red) expelling multiple CN (FITC-NHS, green) via vomocytosis. The 

representative images are shown 30 minutes apart, starting 3.5 hours after infection, 

with the exocytosis event occurring at 5.5 hours. (B) The amount of green fluorescence 

(not overlapped with red) over time calculated using ImageJ shows a sharp increase at 

5.5 hours when the vomocytosis event occurs. 
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Figure 2.S2. Viability of CN-infected DCs after 14-hour co-incubation with CNs. 

Dendritic cells and opsonized CNs were co-incubated and extracellular CNs were 

removed via warm DC media washes after 2 hours. An LDH assay was performed after 

14 hours co-incubation (N=3, n=12, statistical analyses were performed using one-way 

ANOVA corrected for multiple comparisons by FDR using a two-stage linear step-up 

procedure of Benjamini, Krieger and Yekutieli). 
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Figure 2.S3. Toxicity evaluation of lysosomal maturation and actin polymerization 

disruptor drugs on CN and DCs. (A) Opsonized and CFW stained C. neoformans cells 

were exposed to drugs for 14 hours in DC media. Viability of CN was measured via PI 

staining on a flow cytometer. (B) Dendritic cells were exposed to drugs for 14 hours in 

DC media. Cytotoxic evaluation was performed via LDH assay 14 hours after co-

incubation with drugs (N=3, n=12, statistical analyses were performed using one-way 

ANOVA corrected for multiple comparisons by FDR using a two-stage linear step-up 

procedure of Benjamini, Krieger and Yekutieli). 
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Figure 2.S4. Viability of CN during infection with MΦs or DCs treated with drugs. 

Opsonized and CFW stained CN cells were co-incubated with MΦs and DCs at a 5:1 

CN:phagocyte ratio for 2 hours, washed, then DC groups were exposed to drug 

treatments for 14 hours. After incubation, extracellular CN were isolated via collection of 

supernatant and washes, while intracellular CN were collected via sterile H2O lysis. 

Additionally, heat-killed and live CN groups were used as controls. (A) Column graph of 
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extracellular CN viability measured by PI staining via flow cytometry. (B) Gating process 

to select cells, singlets, CFW-stained CN, and dead CN is shown as well as 

representative plots for each condition. (C) Column graph of intracellular CN viability 

measured by PI staining via flow cytometry. (D) Gating process to select cells, singlets, 

CFW-stained CN, and dead CN is shown as well as representative plots for each 

condition (N=1, n=4, statistical analyses were performed using one-way ANOVA 

corrected for multiple comparisons by FDR using a two-stage linear step-up procedure 

of Benjamini, Krieger and Yekutieli). 
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CHAPTER 3: A MULTI-FLUOROPHORE STAINING SCHEME FOR IDENTIFICATION 

AND QUANTIFICATION OF VOMOCYTOSIS 

3.1 Abstract:  

Vomocytosis is a process by which fungal pathogens, primarily Cryptococcus 

neoformans, escape from the digestive phagosome compartment of phagocytic immune 

cells after ingestion. Interestingly, this expulsion leaves both the pathogen and 

phagocyte unharmed and is believed to be an important mechanism by which CNs 

disseminate throughout infected hosts. This phenomenon was relatively recently 

discovered in 2006, and research to date has relied almost entirely on quantification via 

manual counting of vomocytosis events in time-lapse microscopy videos. This archaic 

method has the significant disadvantages of requiring excessive labor in manual 

analysis, limited through-put capabilities, and low accuracy due to subjectivity. Here, we 

present a superior alternative method to measure vomocytosis rates using a novel, 

multi-fluorophore reporter system comprised of two in-tube staining steps during 

infection and a flow cytometry readout. This approach overcomes the limitations of 

conventional time lapse microscopy methods, with key advantages of high throughput 

capability, simple procedural steps, and accurate objective readouts. This study 

rigorously characterizes this vomocytosis reporter system in CN-infected MΦ and DC 

cultures, and further translates the staining scheme to measure potential expulsion of 

biomaterial particles. Ultimately, the fluorescent reporter system presented here 

provides a universal tool for vomocytosis rate measurement of phagocytosed material. 

This facile approach opens the door to new types of vomocytosis-related studies such 
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as high throughput treatment mechanistic screening and downstream characterization 

of expelled material. 

 

3.2 Introduction 

 Pathogens have evolved over time to evade the host immune system in various 

ways. The fungal species, Cryptococcus neoformans (CN), is equipped with numerous 

mechanisms to resist and avoid the innate immune system. One primary example is 

CN’s ability to persist within the acidic phagolysosome following engulfment by 

phagocytes, and escape through a process called vomocytosis, or nonlytic exocytosis, 

while leaving the host and pathogen cells unharmed1–4. This unique attribute is highly 

relevant to mechanisms of fungal dissemination within infected hosts. After entering a 

host via inhalation, these fungal cells first encounter alveolar macrophages (MΦ) within 

the lung that ingest the invading CN. However, rather than digesting and killing the 

pathogens, these immune cells instead are modulated to act as a shuttle to transport 

infection throughout the body. This is possible due to the ability of CN to survive within 

the digestive phagosome and trigger vomocytic escape after several hours5. Through 

this ‘Trojan Horse’ mechanism of dissemination, infection can even cross the highly 

guarded blood brain barrier into the central nervous system of the host in a condition 

called cryptococcal meningitis (CM). Primarily affecting immunocompromised 

individuals, including an estimated 220,000 HIV/AIDS patients, CM causes ~181,000 

deaths/ year worldwide6. Crucially, greater understanding of vomocytosis could lead to 

the development of new CM treatments for patients. 
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 Due to the relevance of MΦs in CM infections, vomocytosis studies thus far have 

primarily focused on the occurrence of this event in this one cell type. However, other 

phagocytic cell types— neutrophils7 and dendritic cells (DCs)8— have recently been 

documented to perform vomocytosis of CN during infection. However, the underlying 

mechanisms of this phenomenon are mostly unknown, with only a small handful of 

phagosomal properties, proteins, and immunological phenotypes known to affect 

expulsion rates3,4.  

To efficiently study vomocytosis, a robust method for quantifying phagocytosis 

and expulsion rates is needed. However, there is currently a deficiency in availability of 

effective techniques for measuring the occurrence of these expulsion events. Present 

studies rely primarily on manual counting of vomocytic events via time lapse microscopy 

of unstained or fluorescently stained phagocyte infections with CN. While 

straightforward, time lapse microscopy quantification of vomocytosis is a highly time 

consuming and labor-intensive option, as hundreds of hours of cell culture footage must 

be stored and analyzed manually for just a limited number of data replicates. Another 

limitation of this technique is the necessity for access to or ownership of expensive time 

lapse microscopy and in-stage cell incubation equipment. Lastly, a crucial drawback of 

time lapse microscopy is that video analysis is highly subjective; even when analyzed in 

a blinded manner, the accuracy of such measurements is highly unreliable, especially 

when attempting to distinguish marginal differences in vomocytosis rates between 

treatment groups. Other than time lapse microcopy, there is another method developed 

by Nicola et al. that uses a fluorescence-activated cell sorting (FACS) centered 

approach for detecting expulsion of CN from phagocytes9. The process involves using 
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staining and FACS to isolate live phagocytes with internalized CNs, then incubating this 

subpopulation for a given period and analyzing via flow cytometry at the end point to 

determine which intact phagocytes no longer contain CN. The approach has 

advantages over time lapse microscopy in allowing for objective quantification of 

expulsion in a systematic manner, and has been used in multiple studies to measure 

vomocytosis rates7,9–11. However, this method also displays significant limitations. In a 

similar drawback to time lapse microscopy, the Nicola et al. protocol requires use of 

expensive FACS equipment which may not be available or accessible to most labs. 

Importantly, another key limitation of this staining protocol is its narrow use-case, only 

being compatible with capsular fungal cells such as CN. The technique does not have 

the capability to measure expulsion rates of other microbes or non-biological 

particulates due to its required use of the fungal extracellular stain, Uvitex 2B, which is 

only applicable for fungal cells. In its current state, the field of vomocytosis research is 

in need for new methodologies of quantifying expulsions that can overcome the long-

standing limitations of conventional approaches. 
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Figure 3.1. Schematic illustrating the design of the vomocytosis reporter system. (A) 

The experimental steps of the reporter system consist of (1) conjugating biotin to CN via 

NHS chemistry, opsonizing with 18B7 Ab, and labeling with CFW fungal stain; (2) infect 

CN with phagocytes at a 2:1 CN:phagocyte ratio; (3) incubate for 2 hours to allow for 

phagocytosis of CN; (4) apply AF594-Strep to culture to stain only extracellular CN at 

this timepoint and confirm internalization; (5) incubate for 22 more hours to allow for 

vomocytosis events to occur; (6) apply AF488-Ab to culture to stain only extracellular 

CN at this timepoint and confirm expulsion; (7) lyse open phagocytes using sterile water 

to release any internalized CN; (8) apply NIR LiveDead stain on CN to identify and 

remove non-live fungal cells, and run flow cytometry analysis of CN fluorescence. (B) 

Based primarily on the two key reporter fluorescent stains of AF594-Strep and AF488-
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Ab, there are 4 different scenarios for CN outcome of incubation with phagocytes. Either 

double negative (phagocytosed prior to AF594-Strep stain, and remains internalized: 

“late-stage internalization”), single positive AF594-Strep (phagocytosed after AF594-

Strep stain, and remains internalized: “early-stage internalization”), single positive 

AF488-Ab (vomocytosed), and double positive (no interaction with phagocytes during 

experiment). 

 

This study outlines a novel, multi-fluorescent reporter system staining scheme 

that enables precise monitoring of phagocytic entry and vomocytic expulsion of CN from 

phagocytes during infection. This system is composed of a pre-labeling step of CN 

followed by two extracellular stains during infection, and finally flow cytometry analysis 

of stained CN (Figure 3.1A). Prior to infection, the CN are coated with biotin using NHS 

chemistry. Additionally, the CN are pre-labeled with a fungal tracking dye Calcofluor 

White (CFW) and opsonized with an anti-capsule 18B7 antibody (18B7 Ab). Following a 

2-hour phagosomal ingestion incubation period, a fluorescent AlexaFluor (AF) 594-

conjugate of streptavidin (AF594-Strep) is applied to targeting biotin on the surface of 

external CN located outside of the phagosome. This step is used to distinguish 

phagocytosed from non-phagocytosed CN at this time point. Next, at an ending time 

point of 24 hours after initial infection, any external CNs are stained using a fluorescent 

AF488 secondary antibody (AF488-Ab) targeting the 18B7 Ab present on the surface of 

external CN. This second stain is used to determine which CNs have been exocytosed; 

while some CN may enter and exit during this period, those cases are minimized by 

removing the opsonizing 18B7 Ab following the phagocytosis period to reduce further 
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internalization. These selective extracellular stains are achievable due to the bulky 

nature of AF594-Strep and AF488-Ab. Finally, phagocytes are lysed via sterile water to 

free any internalized CN, and a Near-IR Dead Cell Stain Kit (NIR LiveDead) is applied 

to identify between live and killed fungal cells. Through assessing each fungal cell via 

flow cytometry, the fluorescence of these two key reporter stains (AF594-Strep and 

AF488-Ab) are able to distinguish between the 4 outcome scenarios of CN following 

incubation with phagocytes— (i) phagocytosis prior to AF594-Strep labeling: “late-stage 

internalization”, (ii) phagocytosis after AF594-Strep labeling: “early-stage 

internalization”, (iii) phagocytosis prior to AF594-Strep labeling, then expulsion and 

labeling with AF488-Ab: “vomocytosis”, and (iv) remaining extracellular for both AF594-

Strep and AF488-Ab labeling: “no interaction” (Figure 3.1B). In this study, the 

functionalities of the reporter system components are demonstrated through 

fluorescence microscopy, flow cytometry, and confocal microscopy. Then, the full 

reporter staining protocol is used to detect real vomocytosis rates of CN following 

incubation with either MΦ or DC phagocyte types. The reporter system is shown to also 

distinguish differences in vomocytosis occurrence of CN-infected cultures treated with 

drugs that modify the phagosomal physicochemical environment and actin 

polymerization. Additionally, single cell Raman scattering of FACS-sorted reporter-

stained CN cells is used to confirm that these fungal populations indeed have distinct 

biochemical compositions depending on outcome of phagocyte interaction for either 

infection of MΦ or DC. Finally, the reporter system protocol is adapted to detect 

expulsion rates of poly(lactic-co-glycolic) (PLGA) microparticles (MPs) phagocyted by 
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MΦs or DCs to demonstrate the flexibility of this universal system to objectively quantify 

phagocytic expulsion of both pathogenic fungi and biomaterial particles. 

 

3.3 Materials & Methods 

Bone marrow-derived MΦ and DC Culture  

 Phagocytes were grown via differentiating bone marrow progenitor cells from 8 to 

12 week old C57BL/6 mice as described in previous studies12. Cell media used was 

DMEM/F-12 1:1 with L-glutamine (Cellgro, Herndon, VA) and contained 10% fetal 

bovine serum (R&D Systems, Minneapolis, MN), 1% nonessential amino acids (Lonza, 

Walkersville, MD), 1% sodium pyruvate (Lonza), 1% penicillin/streptomycin (Cytiva, 

Marlborough, MA), and a differentiation factor. For MΦ media, the differentiation factor 

was M-CSF supplied by 20% L929-treated media. The differentiation factor for DC 

media was 20ng/mL GM-CSF (R&D Systems). Cells were plated on day 6 of culture 

and used for experiments between day 8-12. 

 

Cryptococcus Neoformans Culture 

 A Cdc24 mutant strain of CN (generously gifted by Dr. Angie Gelli, UC Davis, 

CA) was used for the entirety of this study due to its phenotype of not being able to 

replicate at 37°C13. We avoided using wildtype CN that has the natural ability to divide 

at 37°C within hosts14 during infections which may reduce the accuracy of the reporter 

system. Prior to infection, CN were grown first by streaking a frozen culture on yeast 

peptone dextrose (YPD) agar (Thermo Fisher Scientific, Waltham, MA) at 30°C. Once 
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visible colonies formed, a single colony of CN was transferred to YPD broth (Thermo 

Fisher Scientific) and left shaking overnight at 30°C. 

 

Pre-Labeling of CN For Reporter Staining 

 Before infection or reporter staining, CN were first labeled with biotin. Biotin was 

conjugated to the surface of the fungal cells using N-Hydroxysuccinimide (NHS) 

chemistry; 10 million CN per ml were incubated with 2mg/ml NHS-dPEG®12-biotin 

(Sigma, St. Louis, MO) for 45 minutes. Following this labeling, excess reagents were 

washed 3x with PBS via centrifugation. Next, CN were stained with a fluorescently 

active fungal dye CFW (Sigma) at a concentration of 1mg/ml for 15 minutes, then 

washed 3x using 1% w/v of bovine serum albumin (BSA, Sigma) in PBS (hereby 

referred to as ‘protein buffer’) via centrifugation. Finally, the fungal cells were coated 

with 10µg/ml of anti-capsular 18B7 Ab (supplied from both Sigma and the Casadevall 

Lab, Johns Hopkins University, MD) for 30 minutes. For brevity, CN labeled with biotin, 

CFW, and 18B7 Ab are simply referred to as ‘pre-labeled CN’. 

 

Fluorescence Microscopy of Reporter-Stained CN Infections 

 Fluorescence microscopy was utilized for visual assessment of CN reporter 

staining. Macrophages were seeded onto a 12 well culture plate at a density of 100k 

cells per well. Next, the phagocytes were infected with pre-labeled CN at a 2:1 

CN:phagocyte ratio for 2 hours, then rinsed 3 times with warm PBS. Reporter stains of 

either 5µg/ml AF594-Strep (Biolegend, San Diego, CA) or 10µg/ml AF488-Ab 

(polyclonal goat anti-mouse IgG, Thermo Fisher Scientific) were applied to the adherent 
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infected culture for 30 minutes in protein buffer. Cells were then gently rinsed with warm 

PBS 3x and imaged using a BZ-X Fluorescence Microscope (Keyence, Itasca, IL) for 

CFW fluorescence (DAPI filter cube, Keyence) AF594-Strep signal (TxRed filter cube, 

Keyence), and AF488-Ab signal (GFP filter cube, Keyence).  

  

Confocal Fluorescence Microscopy of Reporter-Stained CN Infections 

Reporter staining was also assessed via confocal microscopy for z-stack 

resolution of CN localization. Prior to infection, MΦs were stained with 1µM of 1,1'-

Dioctadecyl-3,3,3',3'-Tetramethylindodicarbocyanine, 4-Chlorobenzenesulfonate Salt 

(DiD, Thermo Fisher Scientific) as a lipophilic dye tracer and seeded onto a glass 

chamber slide. Phagocytes were infected 2:1 phagocyte:CN with pre-labeled CN. After 

a 2-hour incubation to allow for phagocytosis, the culture was rinsed 3x with PBS and 

stained with either 5µg/ml AF594-Strep or 10µg/ml AF488-Ab in protein buffer. After 3 

additional washes, cells were fixed with 2% paraformaldehyde diluted with PBS and 

imaged using the Olympus FV3000 confocal (Olympus Corporation, Westborough, MA) 

at 60x magnification. 

 

Reporter System Measurement of CN Vomocytosis Events Via Flow Cytometry 

 To test the performance of the reporter system, CN-infected phagocyte cultures 

were assessed for vomocytosis occurrence. First, adherent phagocytes (MΦ or DC) that 

were grown on a 6 well culture plate at ~1 million cells per well were lifted into 

suspension via incubation with warm PBS with 2.5mM ethylenediaminetetraacetic acid 

(EDTA) and 2.5mM dextrose, then scraped after 10 minutes. Macrophages or DCs in 



 104 

media were infected with pre-labeled CN at a 2:1 CN:phagocyte ratio while in 

suspension; these cultures were kept within individual tubes and incubated at 37°C with 

lids open while loosely covered with aluminum foil to allow air exchange. Following 2 

hours to allow for phagocytosis, the cultures were rinsed once with protein buffer via 

centrifugation. The cultures were then stained with AF594-Strep at a 5µg/ml 

concentration for 30 minutes, rinsed with protein buffer, and resuspended in warm fresh 

media. After 22 hours, or 24 hours after phagocytosis, 10µg/ml fluorescent AF488-Ab 

was applied to the infected cultures for 30 minutes and subsequently rinsed with protein 

buffer. Next, the phagocytes within the tubes were lysed via incubation in cold sterile 

water for 30 minutes. To assess the viability of the CN, a Near-IR Dead Cell Stain Kit 

(NIR LiveDead, Thermo Fisher Scientific) was applied according to the manufacturer’s 

instructions. The LiveDead selectively labels dead cells by staining the intracellular 

proteins of those cells with compromised membranes. Finally, the stained CN were 

fluorescently analyzed via flow cytometry on an Attune NxT Flow Cytometer (Thermo 

Fisher Scientific). Refrigerated controls were treated identically to Live CN-infected 

groups, except after AF594-Strep staining the cultures were kept in 4°C for the 

remainder of the experiment. For heat-killed (HK) CN controls, the CN were placed in a 

heat block at 70°C for 1 hour prior to labeling and infection; the methods are otherwise 

identical to that of live CN. For flow cytometry analysis, vomocytosis events were 

categorized as CFW positive, AF594-Strep negative, and AF488-Ab positive, with dead 

cell events removed from the final statistic (NIR LiveDead positive cells removed). 

Vomocytosis percentage was calculated by dividing the vomocytosis events by the 

phagocytosed population (CFW positive and AF594-Strep negative events). 



 105 

 

Flow Cytometry Evaluation of Phagocyte Viability Following CN Infection 

To assess the viability of phagocytes during infection conditions, DCs or MΦs 

were first stained with 1µM DiD as a tracking label. Then, the phagocytes were either 

left uninfected or were infected with live or HK CN at a 2:1 CN:phagocyte ratio (200k 

CN, 100k phagocyte) for 24 hours in suspension. The cells were then stained with 

Propidium Iodide (PI, Sigma) at a concentration of 2µg/ml in 0.1% BSA in PBS buffer for 

30 minutes. Via flow cytometry, phagocyte viability was assessed by first gating on DiD 

positive cells, then assessing the percent positive gated for PI (dead) signal. 

 

Measurement of Vomocytosis Rates Using Reporter System for Drug-Treated 

Phagocyte Cultures Infected With CN 

 The reporter staining procedure for drug-treated experimental groups was 

identical to non-drug treated groups as outlined previously. For drug-treated groups, the 

phagocytes were first infected with CN in drug-free media. However, following AF594-

Strep staining, these groups were then incubated with the relevant drug-containing 

media for the remainder of infection. Cells were treated with 100nM of bafilomycin A1 

(BFA, Sigma), 4µM cytochalasin B (CYT hi, Sigma), 100nM cytochalasin B (CYT lo), or 

10µM chloroquine (CQ, Thermo Fisher Scientific). These drugs and their concentrations 

were selected based on relevant reference experiments from vomocytosis studies7–

9,15,16. 

 

Reporter-Stained CN FACS Sorting and Post-Sort Purity Analysis 
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 Prior to FACS sorting, phagocytes (MΦ or DC) were infected with live pre-labeled 

CN in suspension as previously outlined. Throughout the 24-hour infection, the culture 

was stained with the reporter components, lysed to liberate intracellular CN, and NIR 

LiveDead stained using identical methods outlined for prior reporter experiments. The 

resulting stained CN were kept on ice and sorted using an Astrios EQ (Beckman 

Coulter, Brea, CA) by the UC Davis Flow Core. Events were first gated for positive CFW 

and negative NIR LiveDead signal, then sorted by AF594-Strep and AF488-Ab signal 

into 4 separate tubes with a minimum of 1000 events each for both MΦ and DC (8 

sorted tubes total). Small allocations of each sorted sample were then run on the Attune 

NxT Flow Cytometer to assess post sort purity, again gated on positive CFW and 

negative LiveDead. 

Single cell laser trap Raman scattering (LTRS) analysis of reported-sorted CN during 

infection 

The LTRS spectra were acquired using a custom-built inverted Raman scanning 

confocal microscope with an excitation wavelength of 785 nm and a 60×, 1.2 NA water 

immersion objective on an inverted IX73 Olympus microscope. Raman spectra were 

recorded via an Andor Kymera-3281-C spectrophotometer and Newton DU920P-BR-DD 

CCD camera. Preliminary in situ data processing was performed using Solis 

v4.31.30005.0 software. The physical background of LTRS is based on using a tightly 

focused laser beam to form an optical trap17–19. The same beam is also used to excite 

Raman scattering from the irradiated samples of interest. This approach enables highly 

sensitive chemical manipulation and characterization single optically trapped particles 

such as CN in aqueous environment. The laser exposure time was set to 60 s per scan 
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(i.e. one single trapped cell was irradiated for 60 s), with a laser power of ∼65 mW, and 

pinhole aperture set to 1 mm. At least 10 individual spectra were collected per each 

sample type (total 8 sample types). The post-collection spectra analysis was performed 

using custom scripts written in MATLAB v2021b (MathWorks, MA, USA). Spectral post-

collection included cosmic ray removal, penalized least-squares (PLS) background 

correction, smoothing, and normalization. Since in biological samples the spectral 

fingerprint region ~800-1800 cm-1 is pertinent to downstream analyses, the spectra were 

cropped to contain this region. Subsequently, the processed spectral sets were 

subjected to principal component analysis (PCA) and hierarchical clustering analysis 

based on the corresponding MATLAB built-in functions20,21. The custom MATLAB 

scripts and the associated in-house spectra processing software can be provided on 

request. 

Fabrication and Preparation of PLGA MPs for Reporter System Experiments 

 Phagocytosable PLGA MPs were created using an oil-in-water emulsion using a 

Tissuemiser homogenizer (OMNI, Kennesaw, GA) as described in previous studies12. A 

1:1 blend of acid-terminated PLGA (PURASORB PDLG 5004A from Corbion, 

Amsterdam, Netherlands) and 8-arm PLGA-Azide (Nanosoft Polymers, Winston-Salem, 

NC) were used, both with 50:50 lactic-to-glycolic acid ratio and 20kDa molecular weight 

parameters. 

 To functionalize the PLGA MPs for reporter experiments, the particles were first 

conjugated with biotin using click chemistry via incubation with 100µM Biotin-dPEG®12-

DBCO (Sigma) for 30 minutes. The MPs were then washed with PBS and stained with 

FITC again utilizing click chemistry via incubation with 100µM DBCO-PEG2000-
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fluorescein (Nanocs, New York City, NY) for 30 minutes. Finally, the functionalized 

PLGA MPs were rinsed with protein buffer via centrifugation to remove remaining 

reagents. For conciseness, these PLGA MPs with conjugated biotin and FITC are 

hereby referred to as ‘pre-labeled PLGA MPs’. 

 

Fluorescence Microscopy Visualization of Reporter-Stained PLGA MP Following 

Phagocytosis by MΦs 

For fluorescence microscopy experiments, MΦs were seeded onto a 12 well 

plate at a density of 100k cells per well. Then, pre-labeled PLGA MPs were incubated 

with the MΦs at a 10:1 MP:phagocyte ratio. After a 1-hour phagocytosis period, excess 

MPs were washed off via rinsing with PBS three times. Cultures were either left 

unstained, stained with 5µg/ml AF594-Strep, or stained with 20µg/ml allophycocyanin 

(APC) conjugate of anti-FITC antibody (APC-Ab, FIT-22 Mouse Clone, Biolegend) in 

protein buffer for 30 minutes. Excess dye was rinsed off using protein buffer and the in 

vitro cultures were imaged using a BZ-X Fluorescence Microscope for FITC 

fluorescence (GFP filter cube) AF594-Strep signal (TxRed filter cube), and APC-Ab 

signal (Cy5 filter cube, Keyence). 

 

Reporter Staining and Flow Cytometry Measurement of PLGA MP Pseudo Vomocytosis 

Rates After Incubation with Phagocytes 

 Pre-labeled PLGA MPs were incubated with MΦs or DCs at a 5:1 MP:phagocyte 

ratio for 1 hour in suspension to allow for phagocytosis. The resulting cultures were then 

stained with 5µg/ml AF594-Strep for 30 minutes. Then, one group was split into two 
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tubes, one of which was treated with sterile water for lysis, and the other left unlysed; 

then the two tubes were recombined and together this was called the ‘partial lysis’ 

condition. Next, the culture was stained with 20µg/ml APC-Ab for 30 minutes as an 

extracellular stain for the FITC tracker on the surface of the PLGA MPs. For the unlysed 

control, the culture was stained with APC-Ab without prior lysis. Following this stain, the 

groups were then fully lysed by sterile water and rinsed with protein buffer and analyzed 

via flow cytometry. Vomocytosis events were categorized as FITC positive, AF594-

Strep negative, and APC-Ab positive. Vomocytosis percentage was calculated by 

dividing the vomocytosis events by the phagocytosed population (events positive for 

FITC and negative for AF594-Strep). 

 

Data and Statistical Analysis  

Statistical analyses were performed using GraphPad Prism 9. Comparison 

between reporter-measured vomocytosis rates were evaluated via one-way ANOVA 

corrected for multiple comparisons by false discovery rate (FDR) using a two-stage 

linear step-up procedure of Benjamini, Krieger and Yekutieli via GraphPad Prism 9. This 

same method was also used to statistically compare the viability of phagocytes under 

different infection conditions. For experiments comparing reporter measurements of 

PLGA MP expulsion from phagocytes, an unpaired t-test was used as there were only 

two groups (unlysed and partial lysis) to compare. All data shown include at least three 

independent experiments with phagocytes sourced from the bone marrow of separate 

mice. All column graphs, generated on GraphPad Prism 9, display the individual data 

points, mean, and standard deviation (SD).
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3.4 Results 

AF594-Strep and AF488-Ab Reporter Components Selectively Stain Extracellular CN 

During In Vitro Phagocyte Infection 

 For the reporter system to function properly, the AF594-Strep and AF488-Ab 

stains must selectively stain only extracellular CN during infection. To investigate the 

performance of the reporter stains, MΦs were infected with pre-labeled CN and stained 

with AF594-Strep or AF488-Ab following phagocytosis, then analyzed via fluorescence 

microscopy and flow cytometry (Figure 3.2A). Through fluorescence imaging, AF488-

Ab (green) and AF594-Strep (red) labeling of CN (blue) show the selectivity of each 

stain for extracellular CN only, while phagocytosed CN remain unstained (Figure 3.2B). 

Additionally, following lysis of reporter-stained cultures, flow cytometry analysis of 

AF594-Strep and AF488-Ab signal can be used to create gates for internalized or 

externalized CN (Figure 3.2C). Additionally, through confocal imaging of fixed cultures 

following reporter staining, the selectivity of each stain for external CN can be clearly 

visualized for both AF594-Strep and AF488-Ab signal (Figure 3.2D-E). These results 

indicate that the reporter system components perform as expected with high enough 

signal resolution to be distinguishable via microscopy and flow cytometry. 
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Figure 3.2. AF594-Strep and AF488-Ab extracellular staining ability confirmed via 

fluorescent microscopy, flow cytometry, and confocal microscopy. (A) Schematic of 

experimental design. Prior to infection, CN were labeled with biotin, CFW, and 18B7 Ab. 

Then, MΦs were infected with labeled CN and incubated for 2 hours. Cultures were 

then stained with AF594-Strep, AF488-Ab, or no stain and analyzed via microscopy or 

flow cytometry. (B) Fluorescence microscopy confirmation of extracellular staining. Pre-

stain of CFW in blue is shown for all CN in the images. When AF488-Ab stain was 

applied, any extracellular CN were stained with green AF488 fluorescence. If incubated 
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with the AF594-Strep stain, cultures displayed red AF594 fluorescence signal only on 

extracellular CN. Both stains leave internalized CN unstained. (C) Flow cytometry 

confirmation of extracellular staining. Following either AF594-Strep or AF488-Ab 

staining, both lysed cultures displayed distinct gate-able flow cytometry populations by 

the respective fluorescence signal. (D) Confocal confirmation of AF594-Strep 

extracellular staining via a combined Z stack (left) and 3D volume render (right). In the 

images, stains are shown for MΦ (DiD, yellow), CN (CFW, blue), and AF594-Strep 

(AF594, red). As visualized in the images, only the extracellular CN was stained by 

AF594-Strep. (E) Confocal confirmation of AF488-Strep extracellular staining via a 

combined Z stack (left) and 3D volume render (right). Stains are shown for MΦ (DiD, 

yellow), CN (CFW, blue), and AF488-Ab (AF488, green).  

 

Reporter System Quantifies Vomocytosis Rates of CN Following Phagocyte Infection 

 Next, the ability of the reporter system to measure vomocytosis events was 

assessed. Cultures of MΦs or DCs were infected with pre-labeled CN at a 2:1 

CN:phagocyte ratio and stained with AF594-Strep after 2 hours and AF488-Ab after 24 

hours. Then, the phagocytes were lysed using sterile water, a NIR LiveDead stain was 

applied, and the fluorescence of each CN was evaluated using flow cytometry (Figure 

3.3A). The gating strategy involved first selecting CFW-positive (CN signal), then 

AF594-Strep negative (internalized at t=2h), then AF488-Ab positive events 

(exocytosed). Finally, the dead CN were removed from the final vomocytosis statistic 

based on NIR LiveDead signal gating. (Figure 3.3B) This gating strategy displayed a 

clear vomocytosed population of CN indicating that the reporter system could indeed 
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measure vomocytosis rates. This reporter staining was performed on CN-infected MΦ 

and DC cultures and compared to HK CN infected and refrigerated (after phagocytosis) 

negative controls (Figure 3.3C-D). For both MΦ and DC infections, the live CN groups 

displayed significantly higher vomocytosis occurrence than the refrigerated control, 

which was also significantly higher than the HK-infected control. To test if the 

vomocytosis events were due to phagocyte lysis during the experiment, the viability of 

MΦs and DCs during infection was assessed by PI staining and flow cytometry analysis. 

For both phagocyte types, the un-infected, live-infected, and HK-infected groups 

displayed minimal toxicity throughout a 24-hour period compared to the dead control 

(Figure 3.3E-F). Overall, these data indicate that the reporter system can be reliably 

used to measure vomocytosis events of CN-infected MΦs and DCs. 
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Figure 3.3. Reporter system capability to measure vomocytosis rates of MΦs and DCs. 

(A) Schematic of experimental design for reporter system staining. First, CN are coated 

with biotin, CFW, and 18B7 Ab. The fungal cells are next incubated with phagocytes 

(MΦ or DC) at a 2:1 CN:phagocyte for 2 hours to allow for phagocytosis. During the 

infection, the culture is stained with AF594-Strep at t=2h and AF488-Ab at t=24h. Then, 

the cultures are lysed using sterile water and analyzed for fluorescence via flow 

cytometry. (B) Gating process for analysis of flow cytometry data. First, only CFW 

positive events are gated to select CN from debris. Next, negative AF594-Strep signal 

events are gated to select only CN that were internalized at t=2h. From this population, 

positive AF488-Ab signal events are gating to measure the percentage of internalized 

CN that were expelled. Finally, NIR LiveDead signal is used to assess the viability of the 
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exocytosed CN to remove unviable cells from the final vomocytosis rate calculation. (C) 

Bar graph of reporter-measured CN vomocytosis rates during MΦ infection. 

Macrophages were infected with live CN or HK CN. Additionally, a refrigerated control 

was used to slow vomocytosis rates at 4°C during the incubation following AF594-Strep 

staining. (N=4, n=12) (D) Bar graph of reporter-measured CN vomocytosis rates during 

DC infection. Live CN vomocytosis rates were compared to HK CN and refrigerated 

controls. (N=4, n=12) (E) Bar graph of MΦ viability following CN infection. The viability 

of un-infected, live-infected, and HK-infected MΦs were assessed via PI staining and 

compared to a MΦ heat-treated control. (N=3, n=9) (F) Bar graph of DC viability 

following CN infection. The viability of un-infected, live-infected, and HK-infected MΦs 

were assessed via PI staining and compared to a MΦ heat-treated control. (N=3, n=9) 

All statistical analyses were one-way ANOVAs corrected for multiple comparisons by 

false discovery rate (FDR) using a two-stage linear step-up procedure of Benjamini, 

Krieger and Yekutieli via GraphPad Prism 9. 
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Figure 3.4. Reporter system used to measure differences in vomocytosis rates of 

phagocytes treated with phagosome or actin modifying drugs. (A) Schematic outlining 

the experimental design for drug-treated reporter system vomocytosis quantification. 

Briefly, like prior experiments CN were pre-labeled with biotin, CFW, and primary Ab, 

then incubated with phagocytes (MΦ or DC) for 2 hours. The AF594-Strep stain was 

then performed, followed by drug treatment. At the end time point of 24 hours, AF488-

Ab staining was performed. Subsequently, phagocytes were lysed, and CN were 

analyzed via flow cytometry for vomocytosis rate assessment. (B) Bar graph of 

vomocytosis rates of CN during drug-treated MΦ infections. Macrophages infected with 

live CN were treated with CQ, BFA, CYT hi, or CYT lo drug incubations following 

phagocytosis and the vomocytosis rates of CN were measured using the reporter 

system. (N=4, n=12) (C) Bar graph of vomocytosis rates of CN during drug-treated DC 

infections. Dendritic cells were infected with live CN, then treated with CQ, BFA, CYT hi, 

or CYT lo drug incubations following phagocytosis. Vomocytosis rates of CN were 
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subsequently measured via reporter system. (N=4, n=12) All statistical analyses were 

one-way ANOVAs corrected for multiple comparisons by false discovery rate (FDR) 

using a two-stage linear step-up procedure of Benjamini, Krieger and Yekutieli via 

GraphPad Prism 9. 

 

Reporter System Detects Differences in Vomocytosis Occurrence During Drug-Treated 

Conditions 

 Vomocytosis is known to involve modulation of the phagosomal environment 

including pH9,22–24 and disruption of actin structure within the host phagocyte15. To 

further characterize the reporter system’s ability to detect differences in vomocytosis 

rates, MΦs or DCs infected with CN were treated with phagosome and actin modifying 

drugs (Figure 3.4A). The drugs used were CQ (a weak base known to increase 

phagosomal pH25,26), BFA (an ATPase inhibitor that prevents acidification and lysosome 

fusion in phagosomes27,28), or CYT (an inhibitor of actin polymerization and modulator of 

lysosomal fusion29,30) (Figure 3.4A). Cytochalasin B was used at two different 

concentrations of CYT hi (4 µM) or CYT lo (100 nM) due to the variability in literature. In 

MΦ cultures, the CQ treated group displayed a significantly reduced vomocytosis rate 

while the BFA and CYT hi treated groups had higher expulsion occurrences (Figure 

3.4B). For DC infected with CN, the BFA and CYT hi groups also recorded higher 

incidences of vomocytosis measured by the reporter system (Figure 3.4C). 

Interestingly, the finding that CQ reduces MΦ vomocytosis rates conflicts with prior 

studies investigating J774 MΦ cell lines by Ma et al. and Nicola et al. but is in 

agreement with other observations in neutrophils and DCs2,7–9. The significant increase 
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in vomocytosis rates in BFA-treated MΦ and DC infections differs from observations by 

Nicola et al (in J774 MΦ) and Pacifici et al (in primary DCs) that BFA-treatment 

decreases expulsion rates8,9. All these findings differ from Yang et al’s results showing 

that neutrophil vomocytosis rates are unaffected by BFA treatment7. Lastly, the 

observed increase in vomocytosis rates for CYT hi-treated MΦ and DC groups is in line 

with previous studies investigating J774 MΦs by Alvarez et al and neutrophils by Yang 

et al7,9. However, again there exists disagreement within literature, with decreases in 

CYT-modulated vomocytosis rates seen in J774 MΦs by Dragotakes et al. and DCs by 

Pacifici et al8,16. This inconsistency in prior studies may be due to the variety of cell 

types, cell sources, and vomocytosis measurement methodologies. Despite some 

differences compared to already conflicting literature, these findings indicate that the 

reporter system can measure differences in vomocytosis rates of drug-treated groups 

with high resolution and repeatability in our experimental settings. 

 

Reporter System Detects Differences in Pre-Filtered Exocytosis Occurrence and the 

Viability of Exocytosed CN 

 In measuring the vomocytosis rates using the reporter system, the dead CN were 

filtered out of the final calculation due to vomocytosis being defined as both the host 

and pathogen remaining alive. However, we still presented the total exocytosed CN 

(dead included) data in Figure 3.S1A,C to gain further resolution on what is occurring 

during the infection with MΦs and DCs. When analyzing the unfiltered expulsion events, 

the HK CN and refrigerated groups still displayed lower rates than the live CN group for 

both MΦ and DC infections, although the HK CN group showed a non-zero number of 
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expulsions, unlike the vomocytosis statistics. For both CN-infected MΦs and DCs, still 

the BFA and CYT hi groups displayed higher unfiltered expulsions than the live control. 

However, infected DCs interestingly showed higher CN expulsions in the CQ-treated 

group. Unlike the vomocytosis statistic, the CN-infected MΦ group treated with CQ did 

not see any significant difference from the control group. (Figure 3.S1A,C) In 

investigating the viability of exocytosed CN, the percentage of killed CN was observed 

to be significantly higher in the CQ-treated group for both MΦ and DC infections. 

(Figure 3.S1B,D) This is in line with reports that CQ has some anti-fungal activity in 

phagocytes31–33. Interestingly the CN-infected DC refrigerated group displayed 

significantly higher % killed expelled CN compared to the control group, which indicates 

that potentially the CN are sensitive to temperature combined with intraphagosomal 

conditions. 
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Figure 3.5. Single cell laser trap Raman scattering (LTRS) analysis of reporter system-

sorted CN following infection with MΦs or DCs. (A) Schematic outlining experimental 

design for Raman analysis of reporter-sorted CN. Like prior experiments, MΦs or DCs 

were infected with pre-labeled CN and stained with AF594-Strep and AF488-Ab during 

infection. Following phagocyte lysis and NIR LiveDead staining, CN were sorted into 4 

groups based on reporter fluorescent signals via FACS: double negative, single positive 

AF594-Strep, single positive AF488-Ab, and double positive groups. Multiple CN (n ≥ 
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10) were evaluated from each of the four populations via single cell LTRS for both MΦ 

infection and DC infection cultures. (B) Principal component analysis of reporter-sorted 

CN from DC infection. PCA plot displays clustering and separation of the 4 reporter-

sorted CN groups (double negative, red circle, late-stage internalization; single positive 

AF594-Strep, blue square, early-stage internalization; single positive AF488-Ab, green 

diamond, vomocytosis; double positive, purple triangle, no interaction). (C) Individual 

Raman fingerprints of reporter-sorted CN groups from DC infection. (D) Principal 

component analysis of reporter-sorted CN from MΦ infection. PCA plot displays 

clustering and separation of the 4 reporter-sorted CN groups. (E) Individual Raman 

fingerprints of reporter-sorted CN groups from MΦ infection. 

 

Reporter-Stained FACS-Sorted CN Groups Display Distinct Compositional Differences 

Measured by Single Cell Laser Trap Raman Scattering Analysis 

The reporter system staining scheme can not only be used to measure 

vomocytosis rates via analytical flow cytometry but can also be used to sort reporter-

stained populations via FACS for downstream analysis purposes. We aimed to 

characterize the biochemical composition of each reporter-stained CN population 

scenario for both infected DC and MΦ cultures using single cell laser trap Raman 

scattering (LTRS) analysis. To achieve this, reporter-stained CN-infected MΦ and DC 

cultures were FACS sorted by AF594-Strep and AF488-Ab signal resulting in 4 sorted 

CN populations for each phagocyte type. Following FACS sorting, each population was 

assessed via flow cytometry showing high post-sort purity of 78% or higher (Figure 

3.S2). Raman spectroscopy has proven an ideal tool for biochemical characterization of 
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a broad range of various samples types ranging through metabolites and other small 

molecules to extracellular vesicles and whole cell analyses20,34–36. In Raman scattering, 

as monochromatic photons from a laser light source are utilized to irradiate the sample 

of interest, a small proportion of these photons are inelastically scattered. These 

photons are detected with sensitive spectrometers, typically charge-coupled devices 

(CCD), and they report on various vibrating molecular structures within the sample. 

Thus, an acquired Raman spectrum can be considered as a chemical fingerprint of the 

sample, wherein every spectral peak and band correspond to certain chemical feature, 

for example nucleic acid or protein. In this study, the sorted CN populations were 

analyzed via single cell LTRS17–19 to produce a unique fingerprint to be used for 

comparison of the chemical composition of each group (Figure 3.5A). To the best of our 

knowledge, this is the first report of LTRS analysis of CN. For DCs and MΦs, each 

reporter-sorted population of CN displayed unique Raman properties. These differences 

are visualized via cluster separation within principal component analysis (PCA) plots 

and group average spectra for double negative, single positive AF594, single positive 

AF488, and double positive CN. PCA is a widely-used multivariate analysis technique37 

to reduce the dimensionality of e.g. spectral data whereby the pertinent spectral 

features contributing the most to differences between the sample groups are difficult to 

discern by visual inspection but can be mapped out and visualized by the PCA. 

Important graphs include the PCA scores plot that displays each measured spectrum as 

a single marker in the plot. Whereas the PC loading spectra show the spectral peaks 

and bands the correspond to the majority of the variation within the given data set. For 

clarity, the global average spectra of CNs used to infect DCs and MΦs are shown in 
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Figure 3.5. as well. Lastly, the average Raman spectra of each measured group is 

shown in Figure 3.5 panels C and E. (Figure 3.5B-E). As represented in Figure 3.5B, 

there is a distinct separation between the different groups. The principal component 

(PC) 1 and 2 correspond to 51.8% and 15.5 % of total variation within the data set. 

Essentially, by scrutinizing the PC scores plot and the associated PC1 loading 

spectrum, the double negative (red circles), AF488 single positive (green diamonds), 

and double positive (purple triangles) CNs express more carbohydrate, protein, and 

phospholipid related vibrations than the AF594 single positive CNs (Table 3.1). Also, by 

analyzing the PC2 loading spectrum, the double positive CNs exhibit more carbohydrate 

and protein associated spectral features than the three other CN groups. Although 

currently beyond the scope of this study, we cautiously hypothesize that especially the 

surface structures of CNs undergo chemical changes during the 

phagocytosis/vomocytosis processes while the double negative CNs (i.e. no interaction 

with the phagocytes) remain more unchanged. Intriguingly, the CNs that have interacted 

with MΦs (Figure 3.5D), show slightly different trend. Thereby, by first inspecting the 

PC scores plot with the PC1 loading spectrum, the double negative and AF488 single 

positive CNs express more carbohydrate, protein, and phospholipid associated spectral 

features than the AF594 single negative and double positive CNs. Moving forward to the 

interpretation of PC2 loading spectrum, especially the AF594 single positive group has 

more of these chemical features from the rest. However, since the PC1 corresponds to 

44.2% and PC2 to 10.9% of total variation within this data set, the PC1 direction gives 

the predominant interpretation of the spectral data of CNs that have interacted with MΦs 

. Again, in order to avoid overinterpretation of this Raman spectral data, we hypothesize 
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that these clear differences – not only within the sample groups – but also between the 

CNs that had interacted with DCs and MΦs highly likely report on the chemical 

modification the CNs undergo during the phagocytosis/vomocytosis cycles. 

Interestingly, there is some overlap between double negative CN (late-stage 

internalization) and single AF488-Ab positive (vomocytosis) groups on the PCA plot for 

MΦs (Figure 3.5D). This result makes sense as late-stage internalization is the step 

prior to vomocytosis and CN can in this case experience biochemical modification that 

results in similar expression of these molecular markers. Lastly, a similar pattern can 

also be seen in the LTRS results of CNs that have interacted with DC (Figure 3.5B). 

Although not clearly overlapping, the double negative and AF488 single positive groups 

are close to each other therein as well. Taken together, this investigation demonstrates 

that (1) the reporter system can be used to successfully analyze vomocytosed 

populations for downstream processes and (2) different reporter-stained CN populations 

have distinct molecular signatures that can be measured by Raman spectroscopy. 
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Peak/band Chemical assignment 

788-800 Nucleic acid vibrations19 

870 Carbohydrate-related vibrations19 

885 Carbohydrate-related vibrations19 

895 Carbohydrate-related vibrations19 

1060-1090 Majorly lipid vibrations19,20 

1080 Majorly lipid vibrations19,20 

1110-1120 C-C vibrations in e.g. lipids; C-N amide vibrations 

in proteins19 

1295 Protein (amide III)/phospholipid vibrations38 

1300 Protein (amide III)/ phospholipid vibrations38 

1305-1360 Protein (amide III)/ phospholipid vibrations38 

1445 CH2 and CH3 deformations in proteins and lipids18 

1610 Protein vibrations39  

1650 Amide I vibrations is proteins or C=C stretching in 

lipids19 

Table 1. Raman spectra peak/band assignments. 

 

Modified Reporter System Measures Pseudo Vomocytosis Rates of PLGA MPs 

 Currently, there exist no methods to accurately measure exocytosis of 

biomaterial particulates. To test the application potential of the reporter system, and to 

fulfill the need for a method to measure expulsion of particles, we translated the reporter 
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staining scheme to PLGA MPs. Polymeric PLGA MPs were chose due to their wide 

usage as a biodegradable biomaterial drug delivery platform with tunable size, 

chemistry, and release kinetics properties40. The key changes to the reporter system for 

PLGA MPs included replacing the CFW tracker dye with FITC, conjugated via click 

chemistry. Additionally, the biotin was conjugated to the surface of the PLGA MPs via 

click chemistry instead of NHS methods used for CN. The fluorescent antibody used for 

this system was an allophycocyanin (APC) conjugate of an anti-FITC antibody (APC-

Ab) targeting the conjugated tracker FITC dye. (Figure 3.6A) These alterations were 

necessary to account for the differences in surface properties of fungal cells and PLGA 

MPs. To confirm that each reporter component functioned properly, pre-labeled PLGA 

MPs were incubated with MΦs to allow for phagocytosis and subsequently stained with 

reporter components. Fluorescence microscopy was used to visualize FITC tracker 

(blue), AF594-Strep (red), and APC-Ab (green) signal. The pre-labeled FITC tracker 

displayed clear signal on all PLGA MPs; on the other hand, the AF594-Strep and APC-

Ab signals distinctly labeled only extracellular MPs, clearly displaying successful 

selective staining (Figure 3.6B). Additionally, flow cytometry of lysed cultures displayed 

clear gate-able populations based on AF594-Strep or APC-Ab signal to determine the 

location of the particle (Figure 3.6C). These results indicate that the modified reporter 

system components act as expected with high resolution and selective staining. Next, 

this system was tested for its ability to detect expulsion events of PLGA MPs. 

Biomaterial particles do not inherently perform vomocytosis. Therefore, water was used 

to lyse open phagocytes to imitate expulsion in order to test the reporter system in 

PLGA MPs. (Figure 3.6D). Compared to an unlysed control, the partially lysed PLGA 
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MP treatment group displayed a significantly higher expulsion rate readout using this 

reporter system for both MΦ and DC phagocyte types (Figure 3.6E-F). Taken together, 

these data strongly support the potential of this reporter system to measure 

vomocytosis rates of PLGA MPs from phagocytes and suggest that the system can 

likely be universally implemented for numerous different pathogens and particles. 
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Figure 3.6. Translation of reporter system to biomaterial PLGA MPs and measurement 

of pseudo-vomocytosis rates. (A) Comparison of reporter system staining scheme for 

PLGA MPs compared to CN. The primary modifications were changing tracking label 

from CFW to FITC and switching the AF488-Ab to an APC-Ab that targets FITC. 

Otherwise, the two designs have the same overall fundamental mechanism with a 
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tracker dye and two extracellular stains during infection. (B) Fluorescence microscopy 

confirmation of extracellular staining ability of AF594-Strep and APC-Ab. The particle 

tracker FITC, shown in blue, is labeled on all PLGA MPs. When AF594-Strep staining 

(shown in red) is applied, only extracellular particles display signal. If APC-Ab staining 

(shown in green) is performed, again only extracellular particles display signal. (C) Flow 

cytometry confirmation of extracellular staining. Following either AF594-Strep or APC-

Ab staining, both lysed cultures displayed distinct gate-able flow cytometry populations 

by the respective fluorescence signal. (D) Experimental design schematic for measuring 

pseudo-vomocytosis rates of PLGA MPs. Following PLGA MPs labeling with biotin and 

FITC, particles were incubated with MΦs or DCs for 1 hour to allow for phagocytosis. 

Subsequently, a AF594-Strep stain was performed on the culture. To simulate 

vomocytosis, the tube was then split, and sterile water lysis was performed on half of 

the culture. Finally, the APC-Ab stain was performed, cultures were fully lysed using 

water, and PLGA MPs were analyzed via flow cytometry. (E) Bar graph showing 

pseudo-vomocytosis rates of PLGA MPs when co-incubated with MΦ cultures. Rates 

are shown for both unlysed and partially lysed conditions. (N=3, n=8) (F) Bar graph 

showing pseudo-vomocytosis rates of PLGA MPs when co-incubated with DC cultures. 

Rates are shown for both unlysed and partially lysed conditions. (N=3, n=8) All 

statistical analyses were unpaired t-tests performed via GraphPad Prism 9. 

 

3.5 Discussion and Conclusion 

This study characterizes a novel reporter staining scheme primarily consisting of 

two extracellular staining steps during phagocyte infection, followed by flow cytometry 
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analysis. The AF594-Strep and AF488-Ab stains were verified to selectively stain CN 

located outside of the phagosome through fluorescence microscopy, flow cytometry, 

and confocal microscopy. Further, this system was verified to successfully detect real 

vomocytosis events of CN from both MΦ and DC infections. This approach has the 

ability to resolve significant differences in expulsion rates of drug treatments affecting 

phagosomal and actin machinery. Through FACS-sorting and single cell laser trap 

Raman scattering analysis, different reporter-stained CN populations exhibited unique 

chemical compositions, indicating differences in biological expression of CN under 

different phagocyte interaction outcomes. Finally, this reporter methodology was 

adapted to properly function on biologically inert PLGA MPs to measure pseudo 

vomocytosis events from partially lysed phagocyte cultures incubated with these 

particles. 

In conclusion, the reporter system we developed is proven to be a simple, high-

throughput method to measure vomocytosis with minimal labor and maximal accuracy, 

whilst only requiring easily accessible resources and equipment. Furthermore, unlike 

any preexisting methods, this reporter system can be used to detect expulsion events in 

biomaterial PLGA MPs. A limitation of our technique is that is does require lysis of 

phagocytes, rendering them unable to be used for downstream analysis or 

quantification. Additionally, replication of CN may affect reporter gating percentages, 

especially since the number of expelled CN is counted rather than the number of 

phagocytes expulsing. However, the impact of fungal replication is minimized by usage 

a Cdc24 mutant strain that inhibits replication at 37°C during the infection and CFW 

gating that prioritizes parent CN during analysis.  
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Our improved methodology for studying vomocytosis opens the door for high 

throughput screening of drug treatments and knockout libraries. Additionally, there is 

high potential for improved resolution for downstream analyses including proteomics 

and single-cell RNAseq of CN following reporter staining and sorting. By contributing 

this powerful tool to the arsenal of vomocytosis research, we hope that it will assist in 

boosting the amount of new high impact discoveries in this promising field of study, 

helping to reveal more about the underlying mechanisms of this fascinating 

phenomenon. 
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3.7 Supplemental Figures 

 

 

Figure 3.S1. Expulsion rates and viability percentages used to calculate vomocytosis 

rates. Vomocytosis percentages in the main text represent CN that have been expelled 

and remain viable, therefore exclude any dead CN that have been exocytosed. Here, 

bar graphs display (A) exocytosed CN from MΦs and (B) the percentage of that CN 

expelled population that are dead. Additionally, for infected DCs, the graphs display (C) 

exposed CN and (D) the viability of these CN populations. (Sample size N=4 biological 

replicates, n=12 technical replicates) All statistical analyses were one-way ANOVAs 

corrected for multiple comparisons by false discovery rate (FDR) using a two-stage 

linear step-up procedure of Benjamini, Krieger and Yekutieli via GraphPad Prism 9. 
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Figure 3.S2. Presort and postsort purity of reporter-stained CN. For (A) MΦ infections 

and (B) DC infections, the reporter-stained CN were analyzed via flow cytometry prior to 

sorting by FACS. Following sorting, the populations were assessed for their purity in the 

4 scenarios based on AF594-Strep and AF488-Ab: double positive, double negative, 

single positive AF594-Strep, and single positive AF488-Ab with a purity of 78% or 

higher. 
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CHAPTER 4: TRANSCRIPTOMIC ANALYSIS OF MACROPHAGES AND DENDRITIC 

CELLS DURING VOMOCYTOSIS 

4.1 Abstract 

 Cryptococcus neoformans (CN) is an opportunistic pathogen that utilizes a unique 

phagosome escape mechanism, called vomocytosis, to disseminate infection throughout 

hosts. Vomocytosis is a pathogen-induced expulsion in phagocytes that occurs over the 

course of several hours that leaves both the host and pathogen cells intact. This process 

is known to regulated by select physicochemical, protein, and immunological cues; 

additionally, this expulsion behavior has been observed in infected macrophages and, 

recently, dendritic cells. In this study, to understand more about potential underlying 

mechanisms of vomocytosis, RNA from CN-infected macrophages (MΦs) and dendritic 

cells (DCs) was analyzed at multiple expulsion-relevant time points and compared to 

uninfected and heat-killed CN-infected phagocytes. Differentially expressed genes were 

filtered through fold change and significance thresholding, as well as comparisons 

between controls and cell types. KEGG and GO enrichment analysis of the filtered 

significant gene sets was performed to identify potential pathways involved in infection 

and vomocytosis. The results of this analysis revealed three candidate regulating 

pathways of PI3K/Akt, p53, and FoxO signaling, and the 4 top genes with altered 

expression from each pathway were identified. Together, the results of this study 

characterize the transcriptome of CN-infected MΦs and DCs, as well as identify key 

pathways that are actively modulated by live CN over the course of infection in both cell 

types. The identified genes and signaling pathways potentially modulate vomocytosis or 

other virulence mechanisms.  
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4.2 Introduction 

 As an opportunistic pathogen, Cryptococcus neoformans (CN) primarily affects 

immunocompromised patients and causes 181,000 deaths per year globally1. 

Persistence and dissemination of infection hinges on Cryptococcal evasion and tolerance 

the host immune system in numerous ways2. One chief virulence characteristic is CN’s 

ability to enter and hijack phagocytic immune cells—primarily macrophages (MΦs)—to 

survive within the normally inhabitable digestive phagosome. Crucially, following several 

hours of residence within the phagosome vacuole, these Cryptococcal cells are observed 

to escape intact, without harming the host immune cell, through a mechanism known as 

vomocytosis, or nonlytic exocytosis3–6. This escape mechanism is a key route of 

dissemination, with an observed significant increase in infection survival outcome when 

vomocytosis is inhibited7. This fascinating expulsion ability has been observed in multiple 

phagocyte cell types during CN infection including MΦs4,7, dendritic cells (DCs)8, and 

neutrophils9. The underlying mechanisms of this process remain to be fully understood. 

However, since heat-killed (HK) CN cannot perform vomocytosis, this process is likely 

mediated through active modulation of phagocyte machinery by live CN. Supporting this 

theory is the observation that vomocytosis is linked to several host cell characteristics5,6. 

For example, vomocytosis has been noted to occur exclusively in non-acidified 

phagosomes10, with MΦ expulsion rates are boosted in the presence of weak bases 

chloroquine and ammonium chloride11, indicating that this process is likely linked to 

physicochemical conditions in the phagosome. Additionally, in MΦs the vomocytosis 

rates have been observed to be enhanced by inflammatory factors (IFN-γ, TNF-α, IL-17, 
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Poly I•C, IFN-α, and IFN-β) and decreased by tolerogenic cytokines (IL-4 and IL-13), 

suggesting that immune polarization is a potential regulator of expulsion12,13. Lastly, host 

intracellular proteins have been implicated in this process, with ERK5 

pharmacological/genetic inhibition and Annexin A2 knockout causing lower frequency of 

cryptococcal vomocytosis7,14. Still, much remains to be understood about this unique 

expulsion process. However, like most cellular processes, vomocytosis is likely mediated 

by protein signaling pathways which are preceded by RNA expression. 

 In this study, we aimed to use RNA sequencing identify potential pathways and 

genes involved in regulation of vomocytosis. The gene expression profiles of murine, 

bone marrow derived MΦs and DCs were evaluated at multiple vomocytosis-relevant time 

points of 2 hours, 4 hours, and 10 hours during live CN infection. (Figure 4.1) For each 

cell type, a HK-infected control was used to remove overlapped genes to avoid RNA data 

related to non-pathogen mediated processes such as phagocytosis, inflammation, and 

antigen processing. Through filtering the gene sets and performing KEGG & GO 

enrichment analysis, the top three actively regulated signaling pathways in MΦs and DCs 

were discovered— PI3K/Akt, p53, and FoxO. Further analysis of these pathways and the 

underlying modulated genes could lead to better understanding of how CN modulates 

host cells during infection and potentially reveal more of the underlying mechanisms of 

vomocytic expulsion from phagocytes. 
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Figure 4.1. Experimental Design. (A) Schematic of experimental procedures. Bone 

marrow progenitor cells were harvested from C57/BL6J mice and differentiated into 

either MΦs or DCs. On day 10 or 11 of culture, the phagocytes were incubated with 

either live or heat-killed CN. During infection, RNA was harvested from the phagocytic 

cells at 0h, 2h, 4h, and 10h time points while washing away any extracellular CN every 

2 hours. Harvested RNA was then purified and sequenced. (B) Overview of RNA 

procedures and analysis pipeline. Following RNA extraction, the samples were purified 

and assessed for quality at the UCD DNA Core. The highest quality samples were sent 

to the UCD DNA core for library prep and sequencing to generate FastQ files which 

were assessed by RawQC analysis. The reads were then aligned to the mouse 

genome, and post alignment QC analysis was performed. Finally, DESeq analysis was 

performed for downstream analysis including gene set filtering, volcano plot generation, 

KEGG/GO analysis, and heatmap generation. 
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4.3 Materials & Methods 

Bone Marrow-Derived MΦ and DC Culture  

 Bone marrow progenitor cells were harvested from 8-12 weeks old C57/BL6J mice 

sourced from The Jackson Laboratory and differentiated to MΦs or DCs as previously 

described15. Progenitor cells were differentiated into MΦs using L929-sourced M-CSF or 

into DCs using GM-CSF. Aside from differentiating factors, media consisted of DMEM/F-

12 1:1 with L- glutamine (Cellgro, Herndon, VA) with 1% sodium pyruvate (Lonza, 

Walkersville, MD), 1% nonessential amino acids (Lonza, Walkersville, MD), 1% 

penicillin/streptomycin (Cytiva, Marlborough, MA), and 10% fetal bovine serum. Floating 

cells were grown and differentiated for 6 days, then adhered to 6 well tissue culture plates 

(0.5 million MΦs per well or 1 million DCs per well) until usage on day 10 or 11. Cells 

were grown at 5% CO2 and 37°C conditions. 

 

Cryptococcus Neoformans Culture 

 A H99 wild-type strain of CN (generously provided by Dr. Angie Gelli, UC Davis, 

CA) was used for all infections. The fungal cells were grown by first streaking a frozen 

culture on peptone dextrose (YPD) agar (Thermo Fisher Scientific, Waltham, MA) and 

incubating at 30°C until colonies were formed. The day prior to experiments, a colony of 

CN was transferred to YPD broth (Thermo Fisher Scientific) and left shaking at 30°C 

overnight. 
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Infection of Phagocytes with Live or HK CN 

 For infection of phagocytes, CN were first washed 3x with PBS via centrifugation. 

To prepare HK CN, fungal cells were incubated on a 70°C heat block for 1 hour. Next, 

live and HK CN cells were opsonized with 10 ug/ml of the anti-capsular IgG1 monoclonal 

antibody 18B7 (supplied from both Sigma and the Casadevall Lab, Johns Hopkins 

University, MD) and 50% human AB serum (Sigma, St. Louis, MO) for 30 minutes. Next, 

opsonized live or HK CN were incubated with MΦs or DCs at a 5:1 CN:phagocyte (0.5 

million MΦs with 2.5 million CN; 1 million DCs with 5 million CN) in media containing 10% 

human serum. Following a 2-hour phagocytosis period, the infected cultures were washed 

5x with PBS to remove extracellular CN then replenished with fresh media. Through the 

10-hour infection, cultures were washed every 2 hours to remove any new expelled 

extracellular CN. 

 

RNA Extraction, Purification, Quality Assessment, and Sequencing 

 From the HK-infected and live-infected MΦ and DC groups, RNA was extracted at 

2hr, 4hr, and 10hr time points. Additionally, a 0hr uninfected control group was used for 

both phagocyte types. Each phagocyte timepoint group consisted of 6 biological 

replicates from separate mice with 3 technical replicates each. Each well of cells were 

dissolved using 1 mL of TRIzol Reagent (Thermo Fisher Scientific) to extract RNA. Next, 

according to manufacturer instructions, 200uL of chloroform was added to each tube for 

a phase separation procedure. Following centrifugation, the aqueous phase was mixed 

1:1 with ethanol to allow for precipitation of RNA. The RNA samples were then transferred 

to an RNA Clean & Concentrator kit with DNAse treatment (Zymo Research, Irvine, CA) 
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to further purify the samples according to manufacturer’s instructions. In the UC Davis 

DNA Core, each sample was assessed for RNA concentration & purity using NanoDrop 

and measured for quality scores using a LabChip GX Nucleic Acid Analyzer. Based on 

the highest quality scored samples (minimum score of 7), one technical replicate per 

biological replicate was sent to the DNA Core for 3’-Tag-Seq (QuantSeq) library 

preparation and sequencing by NextSeq sequencer (Illumina, San Diego, CA) to generate 

FastQ files containing raw unaligned reads. 

 

Alignment to Mouse Genome and Gene Expression Analysis 

 Prior to alignment, RawQC analysis was performed for FastQ files of samples 

using Omicsoft. The generated FastQ files were trimmed and aligned to reference Mouse 

B39 genome & Ensembl.R105 gene model within Omicsoft to generate aligned BAM files. 

These files were subsequently assessed for AlignedQC metrics. Next, the gene counts 

were quantified and compared between groups using the DESeq2OneWayTest module 

of Omicsoft. The Log2FC and adjusted p-value data for each comparison was exported 

for further analysis off Omicsoft. 

 

Filtering of Gene Sets 

 Initial filtering of gene sets was performed by using a threshold of |LogFC|>1 and 

adjusted p-value<0.05. Next, the gene sets were compared for each time point of each 

phagocyte type for live-infected vs. control, HK-infected vs. control, and live-infected vs. 

HK-infected. Comparative analysis was performed using an online Venn diagram tool 

(https://bioinformatics.psb.ugent.be/webtools/Venn/). From this comparison, the gene 
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sets for each phagocyte time point were further filtered for only the genes that were not 

present in the HK-infected vs. control gene set. Each filtered set was named for MΦ time 

points (M2, M4, and M10) and DC time points (D2, D4, and D10). 

 

KEGG/GO Analysis and Selection of Candidate Genes 

 For pathway and enrichment analysis, filtered gene sets were analyzed for KEGG, 

GO biological process, GO cellular component, and GO molecular function terms on the 

online Enrichr tool (https://maayanlab.cloud/Enrichr/). The gene sets analyzed included 

M2, M4, M10, D2, D4, and D10 groups, as well as the cumulative M vs. D (M2, M4, & 

M10 vs. D2, D4, & D10) overlapped gene set, called MD_Overlap. Terms from KEGG/GO 

analysis were ranked by p-value for each group with a p-value<0.05 threshold of 

significance. For selected targetable pathways, candidate genes were selected by 

ranking the pathway-related genes in the M vs. D overlapped gene set by average 

magnitude LogFC; then, the top 3 genes were selected and plotted for expression at each 

time point for MΦs and DCs. 

 

PCA, Volcano, and Heatmap Plot Generation 

 Multi-dimensional scaling analysis and generation of PCA plots were performed 

on Omicsoft. Venn diagrams for comparisons between live-infected, HK-infected, and live 

vs. HK-infected were created using an online tool 

(https://bioinformatics.psb.ugent.be/webtools/Venn/). For visualization of gene 

expression, volcano plots were generated for comparisons using the R EnhancedVolcano 

package with a threshold of |LogFC|>1 and adjusted p-value<0.05. Heatmaps for each 
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pathway were generated first by filtering the top 50 genes by average |LogFC| among 

live-infected comparison groups, then running the resulting gene lists with LogFC values 

on pheatmap R package. 

 

4.4 Results 

RNA samples show sufficient quality pre-sequencing, pre-alignment, and post-alignment 

 Prior to performing analysis, RNA samples were assessed for LabChip GX RNA 

quality score. Most samples displayed scores above 7.0 and the highest quality technical 

replicates were chosen for subsequent analysis (Figure 4.S1A-B). Following library 

preparation and sequencing, unaligned files were assessed for RawQC metrics including 

GC% (Figure 4.S1C). Base distribution, duplication level, Kmer analysis, per sequence 

quality & GC, sequence length, overrepresented sequences, and overall quality were 

assessed as well to be sufficient for further analysis (data not shown). After alignment to 

Mouse genome, alignedQC was performed with uniquely mapped read percentage of 

~70% for all samples (Figure 4.S1D). 
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Figure 4.2. Multi-dimensional analysis of sample separation. Principal component 

analysis charts are shown in 3D plots for separation and clustering between (A) cell 

types, (B) MΦ live-infected time points, (C) MΦ HK-infected time points, (D) DC live-

infected time points, and (E) DC HK-infected time points. N≥5 for each treatment group. 

Analysis was performed on Omicsoft. 

 

Multidimensional Scaling Analysis of RNA Sequencing Data Shows High Separation 

Between Treatment Timepoint Groups 

 Aligned data files were next assessed for separation and clustering between 

different groups based on selected factors of analysis. Principal component analysis 

(PCA) plots display high separation between MΦ and DC cell type samples (Figure 4.2A). 

Additionally, both live and HK infections for both MΦs and DCs showed high separation 

between time points of infection (Figure 4.2B-E). When assessing differences between 

mouse replicates and gender of mice, no visual differences were seen based on these 

variables in both MΦs and DCs (Figure 4.S2A-D). 
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Figure 4.3. Differential gene expression of live-infected MΦ and DC groups. Volcano 

plots are shown for live-infected phagocytes for MΦs (A) 2hr vs. 0hr, (B) 4hr vs. 0hr, 

and (C) 10hr vs. 0hr; and DCs (D) 2hr vs. 0hr, (E) 4hr vs. 0hr, and (F) 10hr vs. 0hr. The 
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threshold used for this analysis was |Log2FC|>1 and adjusted p-value < 0.05. Volcano 

plots were generated using the EnhancedVolcano package on R. 

 

Differential Gene Expression Analysis Reveals Significant Genes for Different 

Comparison Groups 

 To find relevant vomocytosis-related genes, a differential gene expression analysis 

was first performed. Expression analysis quantified comparisons between both live and 

HK-infections for both MΦ and DC groups across time points. The two key metrics for 

determining significantly expressed genes were Log2FC levels and adjusted p-values; 

thresholds used for significance were |LogFC|>1 and adjusted p-value<0.05. 

Comparisons were performed between 2-hour, 4-hour, and 10-hour time points compared 

to the 0-hour control point for both live-infected phagocyte groups (Figure 4.3A-F) and 

HK-infected phagocyte groups (Figure 4.S3A-F), visualized by volcano plots to display 

numerous significantly differentially expressed genes. Furthermore, the same analysis 

was performed for live-infected vs. HK-infected phagocytes at the 2-hour, 4-hour, and 10-

hour time points (Figure 4.S4A-F), but with much fewer numbers of significantly 

expressed genes using this analysis method. Based on the thresholds of |LogFC|>1 and 

adjusted p-value<0.05, each comparison was reduced to a list of genes. At this stage of 

filtering, live-infected MΦs showed 1167 significant genes for 2hr vs. 0hr (“M_L_2h”), 

1825 significant genes for 4hr vs. 0hr (“M_L_4h”), and 1882 significant genes for 10hr vs. 

0hr (“M_L_10h”). For HK-infected MΦs there were 1238 significant genes for 2hr vs. 0hr 

(“M_HK_2h”), 1454 significant genes for 4hr vs. 0hr (“M_HK_4h”), and 1590 significant 

genes for 10hr vs. 0hr (“M_HK_10h”). For comparisons between live-infected and HK-
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infected MΦs, there were 19 significant genes for the 2hr time point (“M_LvHK_2h”), 25 

significant genes for the 4hr time point (“M_LvHK_4h”), and 5 significant genes for the 

10hr time point (“M_LvHK_10h”). For live-infected DCs, the 2hr vs. 0hr (“D_L_2h”), 4hr 

vs. 0hr (“D_L_4h”), and 10hr vs. 0hr (“D_L_10h”) displayed 842, 1711, and 1858 

differentially expressed genes, respectively. Under HK-infected conditions, DCs 

displayed 712 significant genes for 2hr vs. 0hr (“D_HK_2h”), 1037 significant genes for 

4hr vs. 0hr (“D_HK_4h”), and 1258 significant genes for 10hr vs. 0hr (“D_HK_10h”). When 

comparing between live-infected and HK-infected DC groups, there were 0 significant 

genes for the 2-hour comparison (“D_LvHK_2h”), 9 significant genes for the 4-hour 

comparison (“D_LvHK_4h”), and 38 significant genes for the 2-hour comparison 

(“D_LvHK_10h”). 

 

 

Figure 4.4. Gene filtering via comparisons. Prior to comparison, statistically significant 

genes (|LogFC|>1, adjusted p-value<0.05) were listed for HK-infected vs. control, live-

infected vs. control, and HK-infected vs. live-infected for each cell type and time point of 

infection. (A) Venn diagram comparisons are shown for MΦ 2h, MΦ 4h, MΦ 10hr, DC 
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2h, DC 4h, and DC 10h groups. Only the genes that were not present in the HK control 

groups were used for further analysis and for simplicity of naming were labeled as “M2”, 

“M4”, “M10”, “D2”, D4”, and “D10”. Venn diagrams are shown for comparisons of genes 

overlapped between filtered MΦ sets and DC sets. (B) Lastly, all filtered MΦ (M2 + M4 

+ M10) and DC (D2 + D4 + D10) sets were pooled and compared, with the overlapped 

region labeled as “MD_Overlap”. 

 

Further Significant Gene Lists Were Generated by Filtering Against HK-Infected Groups 

and Overlapped MΦ and DC Genes 

 The generated gene lists from differential gene expression analysis of multiple 

treatment and control groups were next compared to each other to detect any gene 

overlaps. For each phagocyte type at each time point, the genes for HK-infected vs. 

control, live-infected vs. control, and live-infected vs. HK-infected lists were compared 

and visualized by Venn diagrams (Figure 4.4A). For filtering, the genes that were present 

in the live-infected vs. control and live-infected vs. HK-infected lists, but not present in the 

HK-infected vs. control lists were created into a new list. For MΦ infection time points, 

these filtered lists were named M2, M4, and M10. Filtered lists of infected DC time points 

were named D2, D4, and D10. Additionally, the pooled gene sets from all filtered MΦ lists 

(M2, M4, M10) and DC lists (D2, D4, D10) were compared (Figure 4.4B). The pooled DC 

and pooled MΦ overlapped gene list (“MD_Overlap”) displayed 329 genes that are 

present in both phagocyte types across the time points, while not being significantly 

present in the HK-infected control groups. 
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Table 1. Enrichment analysis of KEGG pathways, GO molecular functions, GO cellular 

component, and GO biological process. Gene sets used for the analysis were filtered 
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against the negative HK-infected control. Cells in the table are highlighted if the term is 

statistically significant (p<0.05) for the given gene set. 

 

Enrichment Analysis Reveals Potential Key KEGG and GO Terms Relevant to 

Vomocytosis 

 To understand the potential mechanisms of differentially expressed genes, KEGG 

and GO analyses were performed on the filtered gene sets of M2, M4, M10, D2, D4, and 

D10. Using a threshold of p-value<0.05, the KEGG, GO Molecular Function, GO Cellular 

Component, and GO Biological Process terms were ranked by the number of filtered gene 

sets that displayed threshold significance for each term (Table 1). Numerous targetable 

KEGG Pathway terms were identified including of p53 signaling pathway, FoxO signaling 

pathway, AGE-RAGE signaling pathway, Relaxin signaling pathway, and others. 

Significant GO terms were also identified including protein serine/threonine kinase 

inhibitor activity, 1-phosphatidylinositol-3-kinase regulator activity, ubiquitin binding, 

sphingosine-1-phosphate receptor activity, and others. 

 Next, KEGG and GO terms were identified for the MD_Overlap group containing 

329 overlapped genes from pooled, filtered MΦ and pooled, filtered DC groups. The 

significant (p-value<0.05) terms were outlined for this group for KEGG pathways (Figure 

4.5A), GO cellular components (Figure 4.5B), GO molecular functions (Figure 4.5C), 

and GO biological processes (Figure 4.5D). This analysis reveals potential key pathways 

and terms that are significantly affected during both MΦ and DC infections with CN. 
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Figure 4.5. Enrichment analysis for gene sets filtered against HK-infected controls and 

present in both MΦ and DC across all time points. Bar graphs are shown for significant 

terms (p<0.05) from analysis of (A) KEGG pathways, (B) GO cellular components, (C) 
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GO molecular functions, and (D) GO biological processes. Analysis was performed via 

Enrichr.  

 

Candidate Pathways and Genes Were Selected by KEGG Pathway Analysis 

 The KEGG and GO analyses produced numerous potential key pathways and 

terms that could be involved in vomocytosis regulation. To narrow down the number of 

candidates, only KEGG pathways from the MD_Overlap gene set analysis were 

investigated. This group is the most relevant to potential key pathways due to overlapped 

genes between both phagocyte types and prior filtering against HK-infected control 

groups. The top 3 targetable KEGG pathways for the MD_Overlap gene set by p-value 

were FoxO, p53, and PI3K/Akt pathways. The top 50 genes in each pathway (ranked by 

average |LogFC| across M_L_2h, M_L_4h, M_L_10h, D_L_2h, D_L_4h, and D_L_10h) 

were displayed in heatmaps, showing high visible correlation across time points and 

phagocyte types (Figure 4.6A-C). Additionally, the top 4 genes found in MD_Overlap set 

from each pathway, ranked by average |LogFC| across treatment groups were identified. 

The top 4 genes for PI3K/Akt (Sgk1, Osm, N24a1, and Areg), p53 (Gadd45a, Cdkn1a, 

Gtse1, and Cdk2), and FoxO (Plk2, Sgk1, Il6, and Gadd45a) expression fold changes are 

shown plotted for all time points for both phagocyte types (Figure 4.6D-F). 
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Figure 4.6. Candidate vomocytosis-regulating pathways and potential key genes. From 

KEGG analysis, the top three targetable pathways were chosen by p-value to be 
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PI3K/Akt, p53, and FoxO. Heatmaps display the top 50 genes by average magnitude of 

LogFC for live-infected MΦs and DCs across t2, t4, and t10 timepoints for (A) PI3K/Akt, 

(B) p53, and (C) FoxO pathways. Line graphs display the expression in live-infected 

MΦs and DCs over time for the top 4 candidate genes of (D) PI3K/Akt, (E) p53, and (F) 

FoxO pathways. These genes were selected from the top average magnitude LogFC 

ranking of overlapped MΦ and DC filtered gene sets from each pathway. Heatmaps 

were generated using pheatmap package in R. 

 

4.5 Discussion and Conclusion 

 This study set out to characterize the RNA expression of MΦs and DCs during CN 

infection with the primary purpose of discovering pathways that could be related to 

vomocytosis. To achieve this aim, bone marrow derived MΦs and DCs were infected with 

live or HK CN, and RNA was collected at time points of 0hrs, 2hrs, 4hrs, and 10hrs. 

Distinct separation and clustering via PCA plots was confirmed for gene expression 

characteristics between different treatment groups and cell types under incubation with 

either live or HK CN. Significant gene lists were generated through LogFC and adjusted 

p-value thresholding, then filtering against the HK-infected control, and finally isolating 

genes that overlapped between MΦ and DC groups. Interestingly, while there were 

numerous differentially expressed genes during infection for each comparison, it is worth 

noting that there were high levels of overlap between the live-infected and HK-infected 

gene groups. This similarity in gene expression may be due to generic processes for 

internalizing microbial particulate material, such as phagocytosis machinery and TLR 

binding pathways. By filtering against the HK-infected control, the analysis pipeline 
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removes most of these genes that are not actively modulated by live CN. Filtering out 

genes from the HK-infected groups made logical sense for the purpose of discovering 

genes related to vomocytosis, a process that does not occur in HK CN infections. 

Additionally, by further filtering for only genes shared between MΦ and DC groups, the 

expression data is further relevant due to both cell types being able to perform 

vomocytosis. 

 By analyzing the filtered gene sets via KEGG/GO analysis, three pathways—

PI3K/Akt, p53, and FoxO—were identified to be actively modulated in both phagocyte 

types during Cryptococcal infection. Due to prior filtering against HK-infected groups and 

for overlapped genes both MΦ and DC groups, this analysis isolates pathways that are 

more likely related to vomocytosis. Additionally, all three pathways have been implicated 

to affect phagocytosis processes in immune cells16–20. Since phagocytosis and 

vomocytosis likely use similar machinery, this correlation strongly supports the validity of 

these candidate pathways. PI3K/Akt signaling is a highly studied pathway known to be 

involved in cancer21 and inflammation22. One of the downstream pathways of PI3K/Akt is 

the mTOR pathway which has been investigated to be actively modulation in MΦ in the 

presence of CN23,24, and the PI3K/Akt/mTOR cascade has been characterized to affect 

MΦ polarization to M1 and M2 phenotypes25. The p53 signaling pathway is a cellular 

stress response network with hundreds of genes and biological processes implicated26,27. 

The primary study of p53 is its role in cancer, with p53 mutation being the most common 

genetic change associated with human tumor growth27,28. This pathway is also involved 

in immune activation, being potentially connected to the common inflammatory pathways 

of NF-κB and JAK/STAT. In line with the our findings, other studies have indeed seen p53 
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activation by RNA sequencing of CN-infected MΦs23,29. Lastly, FoxO signaling has been 

implicated in affecting cell metabolism and tumor suppression30,31. This pathway also may 

be connected to PI3K/Akt signaling32 and immune regulation33. Intriguingly, the FoxO 

signaling pathway has been observed to be a significantly affected pathway in CN-

infected brain tissue via investigation of differentially expressed acetylated protein 

analysis34. Overall, all three candidate pathways (PI3K/Akt, p53, and FoxO) are 

implicated in various cellular mechanisms with an emphasis on cancer and immune-

related processes. 

 Vomocytosis is a fascinating phenomenon with underlying mechanisms that are 

mostly unknown. As with most cellular processes, this expulsion event is very likely to be 

connected to gene expression and signaling pathways of phagocytes during Cryptococcal 

infection. Through RNA sequencing during various conditions of CN infection, the results 

of our study reveal potential key pathways and genes that may affect vomocytosis for 

phagocyte types of MΦs and DCs. The identified genes and pathways establish a 

foundation for future studies to verify protein expression and screen for their effects in 

modulating vomocytosis, hopefully unraveling more of the underlying mechanisms of this 

expulsion process. 
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4.7 Supplemental Figures 

 

 

Figure 4.S1. Quality analyses. (A) Bar graph is shown displaying the LabChip GX-

generated RNA quality scores for all purified samples including technical and biological 

replicates. The top scoring technical replicates were chosen for sequencing. (B) Bar 

graph shows the LabChip GX-generated RNA quality scores for selected samples to be 
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sequenced. (C) Bar graph is shown for GC base pair percentage as a rawQC analysis 

metric pre-alignment for all sequenced samples. (D) Bar graph displays percentage of 

uniquely mapped reads as a QC metric post-alignment for all sequenced samples. RNA 

quality scores were generated by LabChip GX and sequenced quality metrics were 

generated via Omicsoft. 

 

 

Figure 4.S2. Further multi-dimensional analysis of samples. Principal component 

analysis charts are shown in 3D plots for (A) biological replicate mice used to source 

MΦs, (B) gender of mice used to source MΦs, (C) biological replicate mice used to 

source DCs, (D) gender of mice used to source DCs. Analysis was performed on 

Omicsoft. 
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Figure 4.S3. Differential gene expression of HK-infected MΦ and DC groups. Volcano 

plots are shown for HK-infected MΦs (A) 2hr vs. 0hr, (B) 4hr vs. 0hr, and (C) 10hr vs. 

0hr; and HK-infected DCs (D) 2hr vs. 0hr, (E) 4hr vs. 0hr, and (F) 10hr vs. 0hr. The 
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threshold used for this analysis was |Log2FC|>1 and adjusted p-value < 0.05. Volcano 

plots were generated using the EnhancedVolcano package on R. 
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Figure 4.S4. Differential gene expression of live-infected vs. HK-infected MΦ and DC 

groups. Volcano plots are shown for live-infected vs. HK-infected MΦs at time points of 

(A) 2hr, (B) 4hr, and (C) 10hr; and live-infected vs. HK-infected DCs at time points of 

(D) 2hr, (E) 4hr, and (F) 10hr. The threshold used for this analysis was |Log2FC|>1 and 

adjusted p-value < 0.05. Volcano plots were generated using the EnhancedVolcano 

package on R. 
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CHAPTER 5: CONCLUSIONS AND FUTURE DIRECTIONS 

 The overarching goal of this dissertation was to further the understanding of 

vomocytosis. Together, the work outlined provides evidence for successful completion of 

this goal on multiple fronts. 

First, the discovery of vomocytosis in dendritic cells (DCs) was documented and 

characterized. Prior to this study, only macrophages (MΦs) and neutrophils were known 

to display this expulsion ability during Cryptococcus neoformans (CN) infection. Dendritic 

cells are an important innate immune cell type with antigen presentation abilities and 

unique lymph node trafficking abilities. The outlined work in this dissertation characterized 

the vomocytosis rates, timing, and CN per phagosome of DCs under different infection 

ratios, immune phenotypes, and drug treatments. Overall, this finding of vomocytosis 

occurrence in DCs could be a crucial puzzle piece for understanding how CN infection 

progression occurs, as this cell type may traffic fungal cells to guarded organs in a similar 

“Trojan Horse” manner to MΦs. Furthermore, this work, combined with prior discovery of 

vomocytic ability MΦs and neutrophils, confirms this shared expulsion behavior of three 

total phagocyte types derived from the myeloid progenitor cell lineage. The conserved 

process between these cells suggests that there is likely shared machinery used in 

vomocytic expulsion that is found in multiple phagocyte cell types. 

Next, this dissertation aimed to develop a new, improved fluorescent tool for 

measuring vomocytosis events. Prior to developing this new tool, the field of vomocytosis 

study was lacking in facile methods to measure expulsions. The standard in literature is 

manual counting of events via analysis of time lapse videos. Unfortunately, this approach 

has several limitations including expensive equipment requirements, low accuracy levels, 
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and high labor needs. To address this deficiency, we developed a new fluorescent 

staining scheme that assists in quantifying vomocytosis events in a simple, high 

throughput manner. This reporter system consists mainly of a fungal pre-labeling step 

followed by two fluorescent extracellular stains—streptavidin and antibody—during CN 

infection of phagocytes. This approach was proven to be effective in measuring 

vomocytosis rates for MΦs and DCs via flow cytometry; significant rate changes in drug 

treated conditions were able to be distinguished. Furthermore, molecular compositional 

differences were observed between reporter-sorted CN using single cell laser trap Raman 

scattering. This confirms reporter staining-based phenotypic identities of CN and 

suggests that these biochemical changes likely are involved in inducing vomocytic 

expulsion. Finally, the reporter stain was adapted for use in measuring vomocytosis rates 

of inert poly(lactic-co-glycolic acid) (PLGA) microparticles (MPs). This modified protocol 

was successful in measuring lysis-induced expulsion events of particles from phagocytes, 

showing that the reporter scheme has potential to be used as a universal system for 

measuring expulsions. 

The final section of this dissertation was a transcriptomic analysis of phagocytes 

during CN infection, with the goal of identifying potential key pathways and genes involved 

in vomocytosis. RNA was collected and sequenced from MΦs and DCs infected with live 

CN and heat-killed (HK) CN. This sequencing data was used for differential gene 

expression analysis at multiple time points during infection up to 10 hours, compared to 

an uninfected or HK-infected control. The analysis yielded gene lists that were filtered for 

fold change expression and adjusted p-value, then further filtered by omitting any 

significant genes from HK-infected comparisons to isolate only genes that were actively 
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induced by live CN. Next, KEGG & GO analysis was conducted on genes overlapped 

between MΦ and DC sets to identify PI3K/Akt, p53, and FoxO as targetable candidate 

signaling pathways involved in vomocytosis. The top 4 genes of each pathway were 

identified for PI3K/Akt (Sgk1, Osm, N24a1, and Areg), p53 (Gadd45a, Cdkn1a, Gtse1, 

and Cdk2), and FoxO (Plk2, Sgk1, Il6, and Gadd45a). 

The significant findings of the work outlined in this dissertation provide a foundation 

for further studies. The developed reporter system can be used to screen libraries of drugs 

and knock out strains for assessment of vomocytosis ability. Furthermore, the RNA 

pathway analysis results will be confirmed for protein expression confirmation via western 

blot and flow cytometry staining. Then, pathway modulation via pharmacological or RNA 

silencing treatments could be screened using the reporter system to measure the 

downstream effect on vomocytosis rates. We hope the outlined discoveries of new 

methods, cell types, pathways, and genes will guide future vomocytosis studies for 

improved mechanistic understanding of this phenomenon, stemming new innovative 

discoveries in Cryptococcal therapies and biomaterial drug delivery designs. 




