Figure 2.20. Chitin synthase 3 plays the major role in chitin deposition following neutrophil
attack

(A-C) Streptavidin-Alexa 647 labeled C. albicans of the indicated strains were incubated with
neutrophils or alone. Neutrophils were not lysed and samples were stained with CFW. (A)
Representative images of the chitin synthase strain set. Images were analyzed by scoring cells
for increased chitin deposition. (B) Data is presented as the percent of total cells with the
phenotype and represents the mean + SEM from three independent experiments. The Chs3-YFP
strain was incubated with neutrophils in an imaging dish and timelapses were taken. (C) Panels
taken from a timelapse of the Chs3-YFP strain after neutrophil attack. * p-value of <0.05 and ***

p-value of <0.001. (Student’s Ttest). n.s. means non-significant. Scale bar represents 10 um.
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Figure 2.21. The requirement for Chs3 is not due to differences in viability or decreased
neutrophil attack

(A-C) Streptavidin-Alexa 647 labeled C. albicans of the indicated strains were incubated with
neutrophils or alone. Neutrophils were not lysed and samples were stained with CFW. (A) The
MFI at equal numbers of sites with and without chitin deposition were obtained for all images
from a representative chitin synthase experiment. Results are presented as the average MFI for
the pooled sites from that experiment (B) chs3A/A and chs2A/A chs8A/A chitin synthase strain
experiments had all cells scored for the indicated phenotype. Data is presented as the mean +
SEM for three experiments. *p-value <0.05 and ** p-value <0.01. ¥ p-value <£0.001 when
compared to the respective no neutrophil control. n.s. means non-significant (one way ANOVA

with Tukey’s post-test).
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Cell wall remodeling is also crucial for response to stress, but we know little about the
spatiotemporal dynamics of these responses, especially in the context of immune attack. We
therefore characterized the post-attack movement of cell wall remodeling and biogenesis
proteins, including Sur7p and Phrlp. Sur7p is deposited in new cell wall and marks eisosomes,
and Phrlp is a glucan remodeling enzyme crucial to cell wall integrity (173, 150). Both Phrlp and
Sur7p are recruited to sites of neutrophil attack. Sur7p was recruited early and coincident with
chitin deposition while Phrlp accumulated at later times (Figure 2.22, 2.6A-B Movie). Overall,
these results help elucidate important components of the fungal response to immune cell
attack, suggesting Hoglp is important for the initial signaling response which leads to chitin
deposition mainly through Chs3p localization and the later cell wall remodeling possibly

involving Phrlp and Sur7p.
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Figure 2.22. Sur7 and Phrl are recruited to localized areas of immune attack

The JC94-2 strain was incubated with neutrophils for the indicated time in an imaging dish
before being imaged. (F) Representative images from the 3 hour timepoint. The red dotted line
represents the outline of a neutrophil. (G) Images were analyzed by obtaining the mean
fluorescent intensity of GFP at sites with or without chitin deposition and the data is presented
as the mean MFI £ SEM at sites from three pooled experiments except the 1h timepoint, which
represents two pooled experiments. (H-1) The Sur7-GFP strain was incubated with neutrophils.
Following incubation, neutrophils were lysed and fungi were stained with sDectin-1-Fc and CFW.
Data represents the MFI of GFP or Cy3 staining at sites with or without chitin deposition or from
the no neutrophil control and is presented as the mean MFI + SEM from three pooled
experiments. * p-value of <0.05 and *** p-value of <0.001. For D, * p<0.05 comparing Sur7-GFP
at chitin deposition sites vs no chitin deposition or no PMN control. ¥ p< 0.01 comparing
sDectin-1-Fc at chitin deposition sites vs no chitin deposition sites or no PMN control. (Student’s
Ttest for C and one way ANOVA with Tukey’s post-test for D). n.s. means non-significant. Scale

bar represents 10 um.
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2.4.6 Neutrophil-mediated cell wall disruption results in enhanced immune responses
Neutrophil-triggered enhancement of Dectin-1 binding may result in an altered
secondary immune response to C. albicans or have no impact due to redundant recognition
modalities. To assay secondary immune responses, we challenged C. albicans hyphae with
neutrophils, then lysed the neutrophils. We treated the samples with DNasel to reduce
activation of macrophages by neutrophil debris before UV-inactivating the fungi and adding
them to murine macrophages. A mixture of unattacked fungi with neutrophil lysate served as a
control for activation by remaining neutrophil debris in the context of fungal stimulation (174). A
schematic diagram of the experiments can be seen below (Figure 2.23). ELISA assays revealed
that attacked fungi induced higher production of the proinflammatory cytokine IL-6 when
compared to any of several controls (Figure 2.24). Interestingly, this increased cytokine
production was not completely dampened by Dectin-1 inhibition suggesting other receptors
may also be involved in this response. These results indicate that neutrophil attack and the
resulting cell wall changes, including B-glucan unmasking, can lead to enhanced recognition and

responses by other immune cells.
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Figure 2.23. Schematic representation of RAW-Blue macrophage experiments

1.) Neutrophils are incubated with C. albicans overnight. 2.) During this incubation, neutrophils
attack C. albicans, initiating cell wall remodeling and resulting in B-glucan unmasking and chitin
deposition. 3.) Following incubation, neutrophils are lysed and samples are treated with DNase 1
to reduce activation by neutrophil debris. 4.) Samples are UV inactivated. 5.) Samples are then
incubated with macrophages. Macrophages recognize the exposed fungal epitopes and produce
cytokines in response. The attacked fungi with increased epitope unmasking elicit more IL-6 in

comparison to the controls.
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Figure 2.24. C. albicans induces an enhanced IL-6 response after neutrophil attack

RAW-blue cells were treated as indicated and incubated for 6 hours. (A-B) ELISA was conducted
on supernatants from RAW-Blue cells to detect (A) IL-6 or (B) TNF-a. A representative
experiment is shown for each cytokine. Comparisons were done by two way ANOVA with

Tukey’s post-test. ** p-value of <0.01 and *** p-value of <0.001.
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2.5 Discussion

Recognition of pathogens based on conserved molecular patterns is a cornerstone of
innate immunity but it is a dynamic battlefield between host and pathogen. The host’s task is
complicated because pathogens conceal essential molecular patterns from detection, thereby
denying the host the knowledge it needs to initiate a response. Here, we build on previous work
to show that although C. albicans masks B-glucan during infection, host immune cells can
damage the invader and trigger the disruption of cell wall architecture in a manner that could
enhance innate immune recognition, including the unmasking of B-glucan. Our findings echo
work in diverse animal and plant hosts that suggest pathogen recognition and responses are
dynamic and can impact immunity during infection (175, 138, 176, 50). Other types of
“unmasking” might take place in a number of infections, as masking of epitopes has been
demonstrated for bacteria, viruses, fungi, protozoans and helminths (117, 143, 128, 144, 29,
145, 146). While the microbial cell wall is an adaptable landscape that is capable of responding
to numerous stimuli, we still have a limited understanding of how cell wall architecture changes
in vivo and how host-pathogen interactions influence PAMP availability during infection.

We describe here how the host subverts a fungal evasion strategy, unmasking C.
albicans to reveal fungal-specific epitopes like B-glucan. Surprisingly, this is a two-step process
where NET-dependent neutrophil attack results in B-glucan unmasking via an active fungal
process. The fungal response to localized cell wall stress includes a cascade of events, with chitin
deposition mediated by Hoglp signaling and the major chitin synthase Chs3p. Remodeling of cell
wall architecture enhanced recognition and could enhance responses by the host, but is also
likely to protect the fungus, as is the case for plant cell walls that remodel upon fungal attack
(140, 96). These mechanisms of cell wall architecture control during fungal infection are likely

relevant for other fungi that hide immunogenic B-glucan from the host and thereby limit
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immune responses (128, 177, 144). Given the importance of Dectin-1 signaling in anti-fungal
defense, and the fact that NETs are deployed against other fungi, it seems likely that immune
mediated unmasking may take place during other fungal infections (178, 179, 180).

The ability of a host to recognize and respond to microbe-specific components is a key
determinant to mounting an effective defense. Neutrophil unmasking of hyphal B-glucan, which
is structurally distinct and elicits greater inflammatory cytokine responses than yeast 3-glucan,
could help the host discriminate between commensalism and opportunistic disease (181),
especially since C. albicans hyphae are typically associated with invasion and greater recognition
could enhance the “danger” response to invading hyphae (182). Unmasked epitopes could also
assist in “trained immunity” for other innate immune cells like monocytes, which has been
shown to depend on fungal B-glucan and Dectin-1 signaling for protection against C. albicans
(183). Our results demonstrate that cell wall changes following neutrophil attack do increase
recognition of B-glucan and also specifically elicit more IL-6, but not TNF-a, from macrophages
when compared to controls. Elevated IL-6 production, in particular, may be important as it
participates in the induction of Th17 responses which are important for antifungal immunity
(184, 185, 186). Interestingly, some of the increased macrophage response was not dependent
on Dectin-1, suggesting that other cell wall changes beyond B-glucan unmasking may play a role.
In addition to enhanced Dectin-1 recognition, it is likely that post-attack disruption of cell wall
architecture results in alterations to other fungal cell wall epitopes. Our preliminary data using
wheat germ agglutinin as a probe suggests there is also increased availability of chitin at attack
sites (data not shown). Because fungal chitin recognition can modulate inflammation, altered
chitin recognition may contribute to secondary immune response (187, 35).

The impact these epitope changes might have on the outcome of infection remains to

be explored. While elevated IL-6 could contribute to the development of protective Th17
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response after recognition of exposed fungal epitopes, hyperinflammation of the IL-17 axis and
excessive neutrophilic influx are also risk factors, and recent work suggests that myeloid-derived
suppressor cell-mediated immunomodulation is protective during this phase around 4-7 days
post-infection (188, 189, 86, 190, 191, 192). Whether for protection or pathogenesis, the
potential of immune attack to alter subsequent immune response suggests that immune
dynamics may play an important regulatory role.

Extracellular traps (ETs) function in pathogen containment and killing, and we find that
they can also influence pathogen epitope exposure. The specific requirements for neutrophils
and phagocyte oxidase to damage C. albicans and initiate unmasking in vivo fits with previous in
vitro findings that ETs made by macrophages don’t damage Candida (Liu et al 2014 #90) and our
own preliminary observations that macrophage attack doesn’t elicit the same changes to the C.
albicans cell wall (data not shown). NADPH oxidase and MPO are known players in NET
formation (84, 170), but NET formation has also been shown to occur in an ROS-independent
manner so it is still unknown if or how these components contribute to the fungal damage that
induces cell wall remodeling. While some NETs were still produced upon NADPH oxidase
inhibition (data not shown), our data demonstrates the requirement for functional NADPH
oxidase, MPO and extracellular DNA in NETs for inducing fungal cell wall changes following
immune attack. This suggests that the role of the NADPH oxidase and MPO is not primarily in
NET creation but instead may contribute to decorating NETs with damaging components which
provoke fungal integrity responses (with the role of the NETs themselves to hold these
components in close proximity to the fungal cell wall). Further experiments will be required to
fully understand the exact role NETs and their components are playing. The MPO requirement
suggests this is not strictly due to the neutrophil respiratory burst causing localized hypoxia,

which is an environmental condition previously associated with fungal cell wall changes (127).
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Surprisingly, our experiments suggest that neutrophil proteases are not required for NET-
dependent unmasking in our system, although they have been previously implicated in human
and mouse NET formation (83, 166, 167). We tested this by using neutrophils deficient in DPPI,
in which the three major neutrophil proteases couldn’t be processed properly (168).
Interestingly, it has also been seen that DPPI deficiency limits PMA and ROS-induced NET
production (85). As more research emerges, the requirement for different components in NET
production has been found to be highly context and stimulus dependent, even for elements like
the phagocyte NAPDH oxidase which were previously thought to be absolutely critical (170, 84).
It is therefore possible that we have identified a situation in which these proteases do not play a
critical role in NET formation or that the defects which result are not severe enough to
compromise their function in the unmasking process. Further work will be required to
determine if this lack of a requirement is because other proteases can fill in during this situation
or if no protease activity is required at all.

The early initiation of NET-dependent C. albicans cell wall remodeling suggests a rapid
deployment of NETs, which occurs in a subset of neutrophils in response to certain stimuli (166).
Intriguingly, rapid NET deployment leaves neutrophils intact, consistent with our preliminary
observations of early NETs and “live” NET production (82). A better understanding of neutrophil
and NET function during infection could have clinical benefits, as defects in either result in
increased susceptibility to many infections, including those caused by Candida (193, 71).

The mechanism whereby neutrophil attack reveals fungal epitopes is unexpected, as
cell wall changes are not a direct result of immune attack but rather are initiated by signaling in
the fungus. The importance of the Hoglp MAPK in response to neutrophil attack is consistent
with its established roles in interactions with phagocytes and host immunity both in vitro and in

vivo (26, 22). Further, our data suggest that hog1A/A hypersensitivity to neutrophil-mediated
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killing may be due to a failure to deposit chitin and reinforce their cell wall, a process that
rescues C. albicans from other stresses (172). The requirement for Hoglp, but not Caplp, in
sensing and responding to NET attack suggests that the neutrophil attack response is not simply
a reaction to oxidative stress, and implies that Hoglp responds to immune attack in addition to
its previously described roles in osmotic and oxidative stress (20).

The localized cell wall stress caused by neutrophil attack provides an advantageous
situation to dynamically model how C. albicans hyphae mobilize their cell wall machinery in
response to neutrophil attack in vivo. Genetic deletion mutants show that Chs3 is responsible
for the majority of this localized lateral cell wall chitin deposition, while Chs2 and Chs8 are not
required. Time-lapse microscopy also demonstrated accumulation of Chs3-YFP at attack sites
with chitin deposition. These observations suggest a new role of Chs3 in stress response, in
addition to its responsibility for producing the majority of chitin in C. albicans (194). The
requirement of individual synthases may be context dependent, as recent reports show Chs2
and Chs8 are involved in maintaining cellular integrity during some forms of stress in vitro (195).
This data, combined with that showing the importance of Hoglp signaling in responding with
chitin deposition, supports previous observations that Hoglp can regulate and activate chitin
synthesis (196). The recruitment of cell wall regulatory and remodeling enzymes Sur7p and
Phrlp suggests a multistep process of remodeling post-attack. While Phrlp is known to be
recruited to apical growth sites and septa and to respond to other stresses, this is the first time
it has been found enriched in a localized section of lateral cell wall (197, 150). Sur7p is important
in regulating cell wall organization and integrity (173). Early Sur7p enrichment at sites of chitin
deposition and B-glucan unmasking suggests it plays an early role in cell wall reorganization at
sites of neutrophil attack, in contrast with the later role for Phrlp. Beyond providing detailed

insight into how C. albicans responds to neutrophil attack, this model of localized cell wall stress
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offers a powerful new method to image the multistep dynamics of stress-stimulated cell wall
remodeling.

B-glucan recognition is relevant beyond mammalian immunity, as it has been
demonstrated that both invertebrates and plants sense and respond to B-glucan, with important
implications for antifungal immunity (41, 198). Indeed, dynamic host-pathogen interactions
revolving around fungal B-glucan masking and host recognition also occur during infections in
plants, suggesting parallels with important agricultural fungal infections (138, 139, 140).

The game of pathogen camouflage and host-mediated unmasking has been played out over
generations throughout the animal, fungal and plant kingdoms. The localized fungal cell wall
remodeling we observe upon immune-mediated stress represents a novel model to probe basic
mechanisms of cell wall dynamics and may identify novel therapeutic targets or strategies

especially relevant to the in vivo infection environment.
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CHAPTER 3

PHOSPHATIDYLSERINE PLAYS A CRITICAL ROLE IN B-GLUCAN MASKING

3.1 Introduction

The maintenance of the fungal cell wall, including masking of B-glucan from the host,
requires a complex network of genes and pathways (29) in C. albicans. The role of the plasma
membrane in this process is not well understood. Phospholipids like phosphatidylethanolamine
(PE) and phosphatidylserine (PS) are found in the plasma membrane and are known to be
required for virulence in a systemic mouse model, though their importance to the cell wall and
mechanisms of action are unknown (199). PS synthesis begins with Cholp, the PS synthase and
mutants deficient in Cholp also lack virulence in a systemic infection model, suggesting a critical
role for PS in the survival of the fungi in the host. PS also serves as the substrate for the de novo
synthesis of PE and can be acted upon by Psd1p or Psd2p, which are phosphatidylserine
decarboxylases, to convert PS to PE. This pathway also plays an important role in fungal survival
in the host, as double mutants deficient in Psd1p and Psd2p have highly attenuated virulence
(199). PS and PE are also involved in fungal extracellular vesicle formation and function as the
chol A/A and the psd1 A/A psd2 A/A mutants showed altered vesicle cargo with decreased
secreted protease and phospholipase activity. The chol A/A mutant vesicles also didn’t activate
NF-kB in macrophages like wild type vesicles (200). Work we have published in collaboration
with others (30) aimed to further elucidate the functions of these phospholipids and examined
what role they might play in maintaining fungal cell wall architecture.
3.2 Materials and Methods

C. albicans strains were streaked onto YPD agar plates and left at 37°C overnight. A
single colony per strain was picked and transferred into 5 ml YPD liquid, which was put into a

rotator wheel and left overnight at 37°C. A sample of culture was centrifuged and washed three
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times with PBS. Samples were blocked in PBS plus 2% bovine serum albumin for 1 h at room
temperature. After blocking, samples were stained with sDectin-1-Fc at 16.5 pug/ml for 1.5 h on
ice. Samples were washed with PBS five times and then stained with donkey anti-human IgG
DyLight 488 antibody (Jackson ImmunoResearch) at 0.83 pg/ml for 20 min on ice. Samples were
washed five times with PBS and then resuspended in 500 pl PBS for flow cytometry. Flow
cytometry data were obtained for 10,000 gated events per strain, and statistics were calculated
with the paired Student t test. For imaging, Candida cells were prepared as outlined above but
were resuspended in 50 pl PBS and visualized with a Zeiss AxioVision Vivotome microscope (Carl
Zeiss Microscopy, LLC). This experiment was repeated twice.
3.3 Results and Discussion

To investigate the role PS and PE may play in B-glucan masking, we took a wild type
strain, chol A/A or psd1 A/A psd2 A/A mutants, and their reintegrants, grew them in YPD to
examine their yeast form and stained with sDectin-1-Fc. Fungal cells were then examined by
both flow cytometry and fluorescent microscopy, revealing that the cho1 A/A mutant had
significantly increased B-glucan unmasking when compared with the wild type strain, its
reintegrant and all other strains examined (Figure 3.1). Further work done by Davis et al
demonstrated that the cholA/A mutant also displayed this phenotype in the hyphal form and
therefore that unmasking was not restricted to a particular fungal morphotype. Importantly, it
was demonstrated that the unmasking on the chol A/A mutant resulted in increased Dectin-1
mediated recognition by macrophages and increased TNF-a production (30). These results
illustrate the importance of chol and presumably PS to the masking of B-glucan in the fungal cell
wall, adding another pathway to the complex network involved in maintaining proper fungal cell
wall architecture. As chol is necessary for virulence during systemic infection (199), plays a role

in the function of extracellular vesicles carrying potential virulence factors like proteases and
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phospholipases (200, 201), is required for efficient B-glucan masking (30) and does not have a
mammalian homologue (202), it represents an attractive target for the development of novel

therapeutics for candidiasis.
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Figure 3.1. Chol plays an important role in B-glucan masking

The cholA/A mutant has increased binding to the Dectinl receptor. (A) C. albicans strains grown
overnight in YPD were stained with sDectin-1-Fc and a fluorescently labeled secondary
antibody, showing that the cho14/A mutant exhibits greater staining than all of the other
strains. (B) Flow cytometry reveals that the cho14/A mutant (solid red line) has greater binding
to the Dectin-1 receptor than the other strains. (C) A graph of the relative mean staining
intensity of each sample reveals that the cho1A/A mutant exhibits significantly greater staining

with sDectin-1-Fc than the other strains. * P < 0.05 (adapted from 30).
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CHAPTER 4

FUNGAL CELL WALL COMPOSITION INFLUENCES THE REQUIREMENT FOR SPECIFIC HOST

IMMUNE RECEPTORS

4.1 Introduction

The host receptor Dectin-1 is well known to be the major B-glucan recognition receptor
and is capable of inducing immune responses to many fungi. The importance of Dectin-1 for
host defense against C. albicans has been the subject of debate however, as one group showed
it was critical for survival in a mouse model of disseminated infection while another group
showed that it was dispensable for protection (48, 49). These research groups used different
mouse backgrounds and fungal strains, either of which could have contributed to these
differences in requirement for Dectin-1. In published work that we contributed to, the cause for
these conflicting results was investigated (50).

4.2 Materials and Methods

4.2.1 Strain Creation

SC5314-GFP and ATCC18804-GFP strains were created by transformation with the
PENO1-yEGFP3-NAT plasmid and verified by PCR as described previously (136).
4.2.2 Ex vivo Staining

C57BL/6J mice were injected in the tail vein with 5.2 x 10* cfu of either SC5314-GFP or
ATCC18804-GFP. After nine days, mice were sacrificed and the kidneys were harvested,
homogenized, and processed as described (136). Homogenates were stained with anti-B-glucan
antibody (Biosupplies, Inc., Australia) at a concentration of 1.7 pg/ml, then stained with goat
anti-mouse Cy3 antibody (Jackson Immunoresearch) at a concentration of 3.8 pug/ml. For soluble

Dectin-1-Fc staining, homogenates were instead stained with Alexa647-labeled Dectin-1-Fc
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(163) at a concentration of 17 pg/ml and then with donkey anti-human 1gG Cy3 antibody
(Jackson Immunoresearch) at a concentration of 0.8 pg/ml. Cells were visualized by optical
sectioning fluorescence microscopy using a Ziess Axiovision Vivotome microscope (Carl Zeiss
Microscopy, LLC). Live cells were identified based on characteristic EGFP fluorescence.

Maximum projection images were quantified using Cellprofiler (www.cellprofiler.org) as

described (136). Briefly, EGFP fluorescence was used to manually define individual cell segments
and average fluorescence intensity of B-glucan or Dectin-1-CRD fluorescence was measured for
the whole cell segment. Cells labeled without primary antibody or Dectin-1-CRD were used as

negative controls.

4.3 Results and Discussion

It was discovered that the altered requirement of Dectin-1 for host protection from
disseminated candidiasis was not related to different mouse genetic backgrounds, instead it was
entirely dependent on fungal strain (50). In pursuit of the mechanism behind this, we
investigated if it was due to differences between strains in f-glucan unmasking in vivo during
infection. When examined, both displayed staining with anti-B-glucan antibodies and with
Dectin-1-Fc at 9 days post infection. There was no significant differences in staining between
strains seen with the antibody, but a significant difference was seen with Dectin-1-Fc. The
Dectin-1-Fc probe is smaller than the antibody, which could allow it access to areas of the cell
wall that the antibody is too large to access and suggests that these probes have different levels
of sensitivity, something that should be considered in future studies looking to assay B-glucan
availability. Surprisingly, the strain for which Dectin-1 was not required for protection
(ATCC18804) showed significantly higher levels of soluble Dectin-1-Fc staining than the strain for
which host defense depended on Dectin-1 (SC5314) suggesting that factors beyond just B-glucan
availability are influencing the importance of Dectin-1 for host survival (Figure 4.1). In line with
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