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Fungal infections are an increasing threat to global public health. Worldwide, more than
one billion fungal infections are diagnosed each year and result in 1.5 million deaths annually.
This number is expected to rise as advances ingakedare for immunocompromised patients
continue to be made. Furthermore, limited antifungal treatment options, coupled with the
emergence of new and resistant fungal species, is anticipated to exacerbate this issue. For these
reasons, it is essential tonderstand the dynamic interactions between host and fungus that
contribute to fungal pathogenesis.

The following work examined the role of 427 on T cell regulation in the lungs during
infection with Aspergillus fumigatysand in the brain during infeot with Cryptococcus
neoformansin contrast to most infection settings demonstrating th&i71is antiinflammatory,
we report that this cytokine is proinflammatonpimththe lungand the braimluringinfection with

A. fumigatusand C. neoformansespectively Genetic ablation of 2 7 RU i n mice r es



higher fungal burdens in the lung durimgspergillus infection and in the brain during
Cryptococcusnfection. These were associated with reduceddFNpr oduct i oner as we
CD4' T cells in target organs. In the casé€Coneoformannfection, IL-27 signaling enhanced T
cell accumulation by promoting T cell proliferation early during infection, and inhibiting T cell
death at later time points. These suggest th&7llpronotes T cell responses required for fungal
clearance during infection with. fumigatusor C. neoformans

In addition, the work presented here also characterized lung resident macrophage responses
during infection withC. neoformansHere, we report that gptococcal infection induced the
accumulation of CD@8macrophages in the lungs of infected mice. Approximately 10% of these
cells were alveolar macrophages, while nearly 90% were interstitial macrophages. Both of these
populations were observed to intetravith fungi and upregulated their expression of arginase 1.
The absence of either macrophage in transgenic mice, or following pharmacological depletion,
significantly reduced fungal burdens in the lungs of mice, indicating that these cells enhance fungal

growth and may represent attractive targets aimed at limiting the pathoger@sreoformans
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Chapter 1fungal Pathogens

Over the last three decades, the prevalence of fungal infections has been steadily
increasing. This is thought to be due to the increased use of immunosuppressants in medical care,
as well as the increasedmbher of patients with HIV/AIDS11 3]. It is estimated that there are
more than 6 million fungal species worldwide, but only a handful (less than 600) are capable of
causing disease in humafs 4]. While the majority of thee fungal infections are superficial,
affecting the hair, skin or nails, some fungal species are capable of causitigekfiening
infections[3]. These includ€ryptococcus neoformammdAspergillus fumigatugs], which can
cause fatal meningoeephalitis and invasive aspergillosis, respectively. Together, these and other
fungal infections affect over one billion people each year, resulting in more than 1.5 million deaths
annually[6]. In the United States alone, fungal diseases are estimated to cost upwards of $7.2
billion each year, a trend that is expected to continue to rise as advances in medical care for
immunocompromised patients continue to be m@de As such, fungal infections impose a
considerable economic burdenlmalthcare systems worldwide and represent an increasing threat
to global public healtfi7].

The fact that only a small percentage of fungi are capable of causing infections in humans
is due in part, to the high basal temperatures of mammals. The vast majority of fungi reside in sail,
on trees, and in other places throughout the environment \ah@rent temperatures are much
cooler than the mammalian core temperature, and in fact are unable to grow at mammalian
temperatures (37°C). This creates a thermal restriction zone that prevents these fungi from
infecting humans. When the magnitude of th&fedénce between ambient environmental

temperatures and mammalian temperatures is reduced, this allows fungal infections to take hold



[8]. For exampleGeomyces destructarthe causative agent of white nose syndrome in bats, can
infect bats during the hibernation process during which time body temperatures drop to levels
closer to tlat of ambient temperatuf®, 10].

Similarly, as environmental temperatures rise due to climate change, the magnitude of the
difference between ambient environmental temperatures and mammalian temperatures is reduced.
Moreover, fungi are forced to adaptthese higher temperatures in order to survive. This would
select for traits that confer thermal tolerance, which could allow potentially pathogenic fungi to
acquire the ability to infect humans. Indeed, the sudden incre@nthdaauris cases, a fugal
species that rarely caused infection in humans prior to 2009, is thought to demonstj@&ta ®fis
and it is expected that with sustained climate change and rising global temperatures additional
pathogenic fungal species will continue to emerge.

This is especially problematic asreently available antifungal treatment options remain
limited. Furthermore, the efficacy of these is constantly threatened by the continual emergence of
resistant fungal straingll, 12] For these reasons, it is critical that we understand the host

pathogens interactions that contribute to the pathogenesis of various fungal diseases.

Cryptococcus neoformans

One of the major pathogenic fungi affecting humansCryptococcus The genus
Cryptococcusdescribes a group of globally distributed encapsulated yeast that are found
throughout the environment. This fungus is round to oval in st&pé pm in diameter and
displays narrowbased budding. Its thick polysaccharide capsule gives this fungus is characteristic

halo that can be seen in histological and Indiasta#ined specimeri3]. Of its 70species, two



(Cryptococcus neoformarasd Cryptococcugattii) are known to cause infection in humans and
animals[14].

The first clinical description of cryptococcosis is commonly credited to German physicians
Otto Busse and AbrahaBuschke, who in 1894 isolaté&typtococcugrom a necrotic lesion and
confirmed its pathogenicity [b5) Laterethansamseuwéagt i o n
Italian scientist Francesco Sanfelic isolated the yeast froem@nonmental source (peach juice)
and demonstrated its ability to also cause disease in aritddldn 1895, he named the yeast
Gacchar omyces an enoaf noer ntahnastd w o (Clyptococauhedformdné& ¢ h an
due to its lack of sugar fermentation and ascospore formfdépnin 1896, a second clinical case
of cryptococcosis, a tumdike infection of the hip, was reported and later determined to have been
caused by the other pathogenic fungus in this g&nyptococcugattii. In 1902,C. neoformans
was observed in the lungs of a horse; establishing this orgasssmpulmonary pathogen. At
around the same tim€ryptococcusvas reported to also invade the central nervous system (CNS)
and cause cryptococcal meningitia fact that would not be fully appreciated until the 1980s with
the onset of the AIDS pandenjits].

Since their discovery, these specieCofptococcushave since been divided into four
serotypes and additional varietig#fese include serotype £(neoformansar.grubii), serotypes
B and C C. gatti)) and serotype DQ. neoformansgar. neoformany[17i 20]. C. neoformanand
its varieties ar@listributed worldwide primarily in soil and pigeon droppings, whe@agattii is
more commonly associatedth plants and eucalyptus trees, and was originally thought to be
restricted to tropic and subtropic regiobsit has since emerged in temperate regiondasth
America[21]. C. neoformanss the most common etiologic agent of cryptococcosis, accounting

for 95% of infections, and typically affects immunocompromised patigt®F In fact, C.



neoformangs responsible for 75% of cases in immunocompromised individuals and more than
99% in HIV' patientd22]. C. gattiion the other hand, more commonly affects immunocompetent
persons and is responsible for appmetely 64% of cryptococcosis cases in these pat[@@is
24].

It is generally accepted th@&t neoformanss acquired followng the inhalation of spores
or desiccated yea$16]. This initial exposure event is thought to occur early in childhes
antibodies against. neoformangan be detected in most individuals by the age of 5 years old
[25]. In healthy, or immunocompetent individuals, these initial events are not associated with
clinical manifestation$26]. Instead, these organisms are either cleared or establistelomg
latent infections. Alternatively, in immunocompromised individuals, including HIV/AIDS
patients, organ transplant recipierasid patients treated with immunosuppressive therapies,
neoformanscan establish symptomatic pulmonary infections resulting in pneumonia, acute
respiratory distress syndrome, and disseminated difZds®eactivation of latent infections later
in life can also result in the development of symptomatic infections. To date, it is unclear whether
the majority of cryptococcosis cases arise from de novo acquisition eéoformansr from
reactivaton of latent pulmonary infectiof28].

Although, cryptococcal infectianstart in the lungs, the most devastating event occurs
when this organism escapes aligseminates to the brdia9, 30] Here,C. neoformanss able to
cross the bloodbrain barrier(BBB) and enter the brain parenchymahere it can rapidly
proliferate and cause fatal meningoencephd®ig. There are approximately 220,000 cases of
cryptococcal meningoencephalitis diagnosed globally each year, which result in an estimated

181,000 deaths annuall$2].



Cryptococcosis

Clinical manifestations

While C. neoformansan infect practically any organ, it most commonly affects the lungs,
skin and CNS. The lungs are typically considered the primary site of infecti@n n@®formans
is thought to be acquired through inhalat[@6]. Depending on the immune status of the host,
pulmonary cryptococcosis can range frommagiomatic infections to severe pneumonia or acute
respiratory failure[33, 34] Approximately, 3840% of immunocompromised patients with
pulmonary cryptococcosis are asymptomatic, and thoganpatwith symptoms often exhibit non
specific symptoms such as cough, dyspnea, chest pain, fever, weight loss and H88fache

An estimated 455% of immunocompromised patients, anell53%6 of immunocompetent
patients with pulmonary cryptococcosis also develop disseminated d38gs2ne manifestation
of disseminated cryptococcosis is cutaneous cryptococcosis, aduohnts for roughly-85% of
all cryptococcosis cas¢35]. While the majority of these skin infections are secondary, arising
from the hematogenous dissemination from primary sites of infection, these infections can also be
localized, and result from primary cryptococcal infections of the skin, usually as the result of a
traumatic injury[35]. Cutaneous cryptococcosis often affects the head and neck and can present
as a variety of lesions including papules, pustules, ulcers, nodules, blisters and plagekssas
abscesses, cellulitis, and even necrotizing fas{ds35]

Another manifestation of disseminated cryptoosts, and the most devastating form,
occurs wherC. neoformansgrosses the BBB and causes meningoencephalitis. Symptoms of this
devastating disease are highly unspecific and include headache, memory loss, muscle weakness,
disorientation, confusion, fevdoss of vision and seizures, which can progress to comdeatt
[34, 36] Left untreated, cryptococcal meningoencephalitis is fatal within two weeks of clinical
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presentation, and even with antifungals, up to 20% of patients die within three months of diagnosis
[37]. The global incidence of cryptococcal meningoencephalitis is estimated to be more than
220,000 cases annually, with associated 181,000 deaths each [gr
Diagnosis

Due to nomspecific symptoms, or a lack of symptoms altogether, cryptococcal infections
can be extremely difficult to diagnose and often require a combination of diagnostic features. Chest
radiographs can provide evidence of pulaky cryptococcosis, but these presentations are
nonspecific and often mistaken for other clinical conditi@d$. Microscopic confirmation and/or
positive culture from patient specimens (sputum, bronchoalveolar lavage (BAL) or pled)al
can be used to more definitively diagnose pulmonary infecfict]s

A negative culture from specimens does not necessarily indicate a lack of infection and
could instead be due to nonviable organisms in the saiy]eAs such, examination of lung
biopsies is the best diagnostic tool for pulmonary cryptococcosis. Histological staining of samples
with H&E, GMS, or PAS can be used to detect fungal cells. Mucicarmine can also be used to stain
the cryptococcalcapsule, and differentiat€ryptococcusfrom other pathogenic yea$i4].
Antigen tests can also be used to detect capsular polysaccharides in biological fluids including
serum, cerebrospinal fluid (CSF), BAL and urine, though blood and serum samples will rarely test
positive unless the infection has disseminated. Ircéise of a positive pulmonary cryptococcosis
diagnosis, a lumbar puncture and CSF examination for evidence of cryptococcal infection is
recommendegiL4].

If cutaneous cryptococcosis is suspected, histopathological examination of skin biopsy
specimens, along with direct microscopic evaluation and tissue culture can be used to detect the

presence of cryptococ{d4, 35] In the case of a positive cutaneous infection, it is essential to



determine whether the infection is localized or hgult of disseminated cryptococcosis. To do
this, cultures and antigen tests should be performed for blood, CSF and urine $§aBiples

For the diagnosis of cryptococcal meningitis, CT scan or MRI of the brain or a fundus
examination should be considered prior to performing a lumbar puri8&ireBlood and CSF
should be cultured and tested for cryptococcal antigen to confirm radiographic results, and
particular attention should be placed on the opening CSF pressure at the time of puncture, which
can hdicate cryptococcal infection and can be used to predict prog@8kis

Treatment and prevention

The choice of treatnmt for cryptococcosis depends on the severity of the infection, the
anatomical sites affected as well as the immune status of th¢38psiio date, treatment of
cryptococcal infections has bedmited to the use of three main antifungals including
amphotericin B (AmpB), fluconazole (FLC) and other azoles, aftglosocytosine (5FC), either
alone or in combination, and often as part of a tistep therapeutic strate¢§9]. The polyene
AmpB is the fastest acting drug agaifstneoformansand has long been considered the gold
standard in treatment of cryptococcal infections despite concerns over its toxicity and limited
availability [39, 40] AmpB works by binding and depleting the essential lipid ergosterol from
fungal cell membranes, resulting in pore formation and membrane leakage that eventually leads to
cell death. FIC and other azoles, also target ergosterol but ingtdatit its biosynthesis entirely,
resulting in compromised fungal cell membranes and leakage of cellular cont&@sorb the
other hand, is an antimetabolite that can disrupt DNA and protein sisithesusceptible fungal
cells[41]. Resistance to-BC is common though, and it must therefore be used in combination
with other antifungals such as AmpB or FI89, 42, 43] In addition, inherent and acquired

resistance to polyenes (AmpB), azoles (FLC), and the newer class of antifungal, echinocandins,



have also been reported 1Gr neoformansgreatly limiting treatment options for cryptococcosis
[44, 45]

The easiest and fastest approach to identifying novel antifungal compounds is to repurpose old
drugs found to have offibel activity against. neoformansThe anthelmintic fenbendazole, the
antiparasitic chloroquine, the antidepressant sertraline amdedtrogen receptor modulator
tamoxifen, to name a few, have all been identified as possessing anticryptococcal g@8ities
40]. In addition, alternative therapeutic strategies aimedg@etiag essential genes and virulence
factors ofC. neoformanshave also been proposed for the treatment for cryptococcosis. Some such
targets include melanin, capsule production, urease, metallopr@easell as the vesicular
transport pathwagrespongle for transporting these and other products out of the fung§BeeglI
Immunotherapies, including cytokine treatments and administration of monoclonal antibody
(mAb) against capsular comparts, have also shown some promise in the treatment of

cryptococcal infectioff46].

As for preventing cryptococcal infections, a number of vaccination strategies have been
explored, indiding immunization with cryptococcal antigens, He#déd fungus or chitosan
deficientC. neoforman$39]. A major obstacle these strategies need to overcome, is the fact that
initial infection withC. neoformanss thought to occur early in childho§2b], and infections later
in life are thought to be due to the reactivation of latent infections. An effective vaccine &gainst
neoformansvould either need to be administered at a very young age, or would need to be effective
in the setting of previously established infection. In addition, a successful vaccine would need to
elicit protection in immunocompromised individuals, who are at a higglefor infection withC.

neoformans Interestingly, mice immunized with @. neoformansstrain that was genetically

engineeredto producelFN ( H992) wer e pr ot e c ttypal. negioomansc hal |



even in the absence of CDRcells[47, 48] Despite these findings, there are currently no licensed
vaccines clinically available to treat or prevent cryptococcosis. In the meantime, synergistic
combination therapies should be explored as a strategy to extend the efficacy of presently available

drugs[39, 49, 50]

Host immune responses t&€. neoformans

Innate immunity

Complement
Some of the most important elements of the innate immune respo@senémformans,
include the compleent system as well as phagocytic cells such as neutrophils and macrophages.
The complement system is a cascade of serum proteins that generates opsonins, anaphylatoxins
and the membrane attack compld] and is considered the first line of defense against
intravascular pathogeriS2]. As C. neoformansirculates throughout the host, they can become
mechanically trapped in the microvasdute of organs with closed capillary networks, including
the brain[53]. Here, cryptococci activate the complement sys{BBi57]. There are three
complement activation pathways: the classical, the lectin and the altefpalivie the case of.
neoformansg activation of the clssical and lectin pathways is blocked by its capsule which
prevents access to cell wall components required for the initiation of these pafsdays, 58,
59]. Instead, capsular GXM directly activates complement via the alternative pd84ivag, 60]
Following complement activation, formation of the C3 convertase occurs, which cleaves
C3 intoC3a and C3b. C3b can be further degraded into iC3b, which is the dominant fragment
found onC. neoformansand serves as an opsonin to facilitate phagocyftesgjsin addition, C3b
can enable the formation of the C5 convertase and subsedg@vdage of C5 to C5a and C5b.

C5b initiates the formation of the membrane attack complex (C5b, C6, C7, C8, C9) which can
9



directly lyse intravascular pathogens, but is rendered useless agaorgptbeoccatapsulg51,
52, 57] C5a on the other hand is a potent chemoattractant and its release in resgonse to

neoformansnduces neutrophil migration to fungal ceBbd., 61]

Neutrophils

Neutrophils are the most abundant phagocytes in the bloodstream and are typically the first
immune cells to be recruited to sites of infectié?]. Neutrophils are recruited ©. neoformans
arrested in microvasculature in a @58aR dependent mann@3]. Once in proximity to
cryptococci, neutrophils recognize and bind iC3b ddpes on the surface of fungi through
complement receptor 3 (CR3), and &hC. neoformansxtracellularly or intracellularly through
oxidative or nonoxidative mechanismBxtracellular killing is dependent on sphingomyelin
synthase activity{64], while intracellular killing following phagocytosis, involvdsADPH
oxidase and the production of hypochlorous acid by myeloperoxidase (oxidative), or defensins,
calprotectin, lactoferrin and lysozyme (nonoxidatifg5, 66} To date, the role of neutrophils in
defense agains€. neoformansremains controversial. In vitro, neutrophils were found to
effectively kill cryptococci[64, 66 72], although it was also reported that neoformansan
negatively regulate the extracellular killing activity of these délBs 74] In vivo, augmentation
of neutrophil aavity enhanced anticryptococcal activify5i 77], while impaired neutrophil
activity significantly compromised survival during cryptococcal infecfg®) 78] These suggest
that neutrophils may be protective. By contrast, depletion of neutrophils markedly reduced
pulmonary fungal burdens following infection with neoforman§79], and in AIDS patients with
cryptococcosis, enhanced blood neutrophil counts are associdkethariality [80], indicating
instead that neutrophils may play a detrimental role during cryptococcal infection. Nevertheless,

neutrophils have been showm contribute to the intravascular clearance of disseminaling
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neoformans through the efficient phagocytosis and removal of fungal cells from the
microvasculature of organs as demonstrated by intravital imaging in both a mouse and zebrafish

model[81, 82]

Macrophages

In addition to neutrophils, macrophages are another essential innate immune cell required
for defense again§&l. neoforman§33, 84] These cells consist of both tissue resident populations
as well as monocytderived popudtions[85] . In the Iings, resident alveolar macrophages are
some of the first cells to interact with. neoformangollowing infection. The ability of these
professional phagocytes to internalize cryptococcal ¢glldependent on CR3 binding iC3b
deposited on the surface afrigal cells, but can also be mediated by TLR2, TLR4, CD14 and
CD18 binding the capsular component GX86i 88]. Following binding, fungi are internalized,
and phagosomes camingC. neoformansuse with lysosomes to form the phagolysos¢&.
In M1 macrophages primed with IFN, the subsequent producti on
oxygen species (ROS) and antimicrobial nitric oxide (NO) can kill cryptococcal[g6ell®91]
Conversely, M2 activation of macrophages bydllor IL-13 results in their upregulation of
arginase 1 (Argl) which competes with iN@Bdutilizes arginine via a nonfungicidal pathway
[92, 93] C. neoformansan survive within M2 macrophages and use them as a protective niche in
which to evade host immune respon$@®]. As such, macrophages are considered a major
determinant in the outcome of cryptococcal infectionthas activation state that dictates whether

fungal cells are cleared or persist.
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Adaptive immunity

T cells
In addition to innate immune respses, adaptive immunity, in particular T cells are

essential for mediating protection agair@dt neoformansin both the lungs and the brain.
Individuals with reduced T cell counts, such as patients with HIV/AIDS or those undergoing T

cell depletion theraps, are at a greater risk for developing cryptococcosis and disseminated
diseas494i 100]. Upon activationCryptococcusspecific T cells expand and differentiate prior to
migrating to sites of infectiordere, gtotoxic CD4 and CD8 T cells can form direct conjugates

with C. neoformansThese interactions promote the production of N whi ch i n an a
fashion, can stimulate these cells to release granulysin, resulting in the direct killing of cryptococci

[101, 102]

In addition CD4" T helper (Th) cells can also differentiate into Thl, Th2 or Th17 cells.
Protection andungal clearance are associated with the development of Thl responses, which are
characterized by the production of IEN andU, TNeFnd can pri 88 1081 macr
104]. IL-4-producing Th2 cells on the lwtr hand are considered detrimental, and drive the

development of M2 macrophagiés].

NK cells

Natural killer (NK) cells, have also been shown to contribute to early immune responses to
C. neoformansparticularly in the lund105]. These cells can recognize and bind cryptococci
through D1 i nt egfloenlD7] BngaemBnkK af 8h@se receptors activate signaling
cascades required for degranula{ibd7i 109]. Therelease of perforin, rather than granulysin, was
found to be the main mechanism by which NK cells directly exert anticryptococcal ackivitgs

More importantly though, NK cells have been found to enhance the fungicidal activity of
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macrophages through the production of #&fN whi ch i n tur n pmofongdl es M1

clearancg111i 113].

Major virulence factors

Capsule

C. neoformanss equipped with a number of virulence factors that enable it to subvert host
immune respnses and successfully infect humans. The most well studied of these is its
polysaccharide capsule. This complex structure is the main virulence faGtonedformansnd
is composed primarily of glucuronoxylomannan (GXM) and glucuronoxylomannogalactan
(GXMGal) [114]. In the environment, the capsule protects fungal cells against stressors such as
dehydration[114]. Within the host, the capsule promotes immune evasion and enhances fungal
survival[114]. The capsule is considered antiphagocytic as it conceals traditional fungal pathogen
associated molecular patterns (PAMPSs), which h€lpgeoformango avoid immune recognition,
and in turn prevents phagocytosis, antigen processing and presentatiomsanadil responses
[114i 116].

Inside of macrophageshd capsule can prevent the induction of nitric oxide synthase
(NOS) followingIFNo  pr i mi ng, whi ch pr onneefemanghl?]rimc el | ul
addition, C. neoformangan enlarge its capsule in response to certain growth conditions, such as
CQOz enrichment, iron limitation and mammalian ser[irhi4, 118] These enlarged capsules can
further prdect intracellularC. neoformansagainst oxidative bursts by scavenging reactive
oxidative intermediates and can act as a physical barrier to buffer fungal cells from fungicidal
moleculeq118].

Melanin and laccase
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Another important virulence factor f@. neoformangs the dark gment polymer melanin
[119]. Melanin is a component of the cryptococcdl wall that protects the fungdsom extreme
temperature, radiation (UV and gamma) and heavy mgtafs 120] Inside the host, melanin
interferes with phagocytosis, protectgamst ROS and defends against antimicrobial peptides
[119, 121 124] The amorphous structure of melarean also bind antifungal compounds,
preventing them from reaching their target, thereby reducing their efficacy agamestformans
[119].

In C. neoformanshe conversion of {DOPA to melanin is catalyzed by the iron oxidase
laccase[125]. In addition to its role in melanin production, laccase further contributes to
cryptococcal virulence and can protect fungal cells frondatkre stress as well as promote
intracellular survival125i 127]. In particular, laccase oxidizes phagosomal iron to inert Fe(lll),
which in turn reduces the formation of hydroxyl radicals and inhibits oxidative HUuEEs127].

In addition, laccase also exerts immunomodulagdfgcts through the production of P&&nd
15-ketoPGE [128]. PGE has been shown to promote the development of Th2 respdi28gs
130] which can drive M2 macrophage polarizati@and 15keto-PGE: further promotes M2
macrophage polarization through the activation of host nuclear transcription factorod P2&R
133] both of which can enhance pulmonary growth and brain dissemiia84n

Phospholipase B

Phospholipase B1 (Plbl) is an additional faetsentiator the virulence o€. neoformans
[135]. PIbl possesses lysophospholipase hydrolase aopHgspholipase transacylase activities
that break down ester linkages in phospholipids found in host cell membranes and lung surfactant
[136]. Plbl is localized to the fungal cell wall and can be secreted extracel[d@irly138] Celk

associated PIb1 is thought to contribute to virulence by maintaining the integrity of theaitell
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while secreted Plbl is required for invasion of host tissues as well as extrapulmonary dissemination
and neuroinvasiof139, 140] In particular, Plb1l promotestracellular survival and proliferation,
possibly by metabolizing fatty acids as a source of carbon in the absence of {li3&ysE36,
141]. In addition, the phospholipid degradation activity of Plbl releases the fatty acid precursor
arachidonic acid, which facilities the production of the immunoregulatory prostaglandin PGE
which as previously mentioned, can module macrophage activity and enable intracellular survival
[136, 142, 143]
Urease

C. neoformanslso encodes the metalloenzyme, urease. Urease, or urea amidohydrolase,
catalyzes the hydrolysis of ureayield carbonic acid and two molecules of amm@hiel, 145]
Ammonia is a weak base and can act tddyuéxtracellular pH. This allows fungi to survive in
otherwise inhospitable acidic environments, such as bird droppings as well as within mature
phagolysosomes of host ce]lisi6, 147] Increased phagosomal pH, has been shown to prolong
the intracellular residence @. neoformansas well as promote ndgtic exocytosis of fungal
cells [147]. This is thought to contribute to extrapulmonary dissemination of fungi within
phagocytic cells, and allows. neoformanso stealthily escape phagocytes without inducing cell
deathassociated inflammation148]. Urease has also been implicated in facilitating
neuroinvan. Initial studies suggested that urease promoted cryptococcal sequestration within
brain microcapillarie§149], but later reports suggested a more active role for this enzyme in
cryptococcal pnetration of the BBB53]. While the mechanism remains unknown, it is possible
that urease@lerived ammonia may have toxic effects on endothelial cells which weakens the
integrity of the BBB and promotes opening of tight junctions leading to transmigratiGn of

neoformang53, 149 152].
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Asperqillus fumigatus

Another immrtant fungal pathogen affecting human&spergillus The genug\spergillus
describes a group of molds that produce spore chains radiating from central stfub®jréhis
genus comprises more than 250 species, a number of which are capable of causing infection in
humans. The most common of these Ardumigatus A. flavus, A. nigerA. terreus andA.
nidulans [153, 154] Amongst theseA. fumigatusis the most common etiologic agent of
aspergillosis and is responsible for 90% of all human dd&e&s.

The genu®spergilluswas createdni 1729, by Pier AntoniMicheli. As a priest, Micheli
associated the flasthape phialides of the fungus with that of an aspergillum, or holy water
sprinkler and thus ascribed the naAspergillus[153]. More than a century later, in 1868,
fumigatuswas first described byé physician Georg WEresenius, and its role in human disease
was later recognized in 1856 by Rudolf Virch@l%3]. In 1953, N.E. Rankin reported the first
case of disseminated aspergillosis in a patient with aplastic anemia, and in the yeafs since
fumigatushas become ahading cause of death among severely immunocompromised patients
[153,156]

A. fumigatusis a saprotrophic fungus found primarily in the air, soil and decaying
vegetation. Thigungus encodes an array of enzymes capable of degrading organic materials and
plays an important role in carbon and nitrogen recydild®, 157] A. fumigatugproduces smal
asexual spores known as conidia on fruiting bodies called conidiogi&&s Conidia readily
become airborne and are distributed ubiquitously throughout indoor and outdoor environments.
Humans are estimated to inhale hundreds or more of these spores a&8&y virtue of their
small size, conidia can avoid mechanical clearance mechanisms and penetrate deeglato alv

spaces. In otherwise healthy individuals these spores are rapidly cleared without incident, but in
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those patients with compromised immune systems, conidia can persist in the lungs and germinate

to cause invasive infectiofi$57].

Aspergillosis

Clinical manifestations

In immunocompetent individualg,. fumigatuscan lead to chronic, noninvasive forms of
infection known as chronic pulmonary aspergillosis (CPA). These include the formation of
aspergillomas as well as other chronic inflaatory and fibrotic diseas¢t56]. Aspergillomas
are masses of fungal growth, and mmmthmonly occur in prexisting pulmonary cavities, such
as those due to pulmonary tuberculg$B6]. While symptoms associated with aspergillomas are
mild, and include hemoptysishe presence of aspergillomas can complicate other cavitating
pulmonary diseases such as sarcoidd&i§]. The exact incidence of CPA remains unknown, but
it is estimated that more than 350,000 new CPA cases complicate treated pulmonary tuberculosis
each yeaf156].

In addition to chronic forms of infection, repeated exposufe famigatusan lead to the
development of allergic disease in otherwise healthy individuals; the most severe lofisvhic
allergic bronchopulmonary aspergillosis (ABPA). ABPA develops following sensitization to
Aspergillusallergens in certain atopic individuals such as those with cystic fibrosis (CF) or those
with severe chronic asthnia56]. Symptoms of ABPA include episodic wheezing, malaise; low
grade chraic fever, cough, brown sputum, and chest pE6). It is estimated that ABPA affects
1% to 3.5% of all asthmatics, and approximately 4,000,000 patients worlhsigle

In persons with compromised immune systeAsfumigatuscan result in more severe
invasive forms of infection. In these patients, conidia cannot be clearediiedomgs and instead

germinate to form hyphae. As these hyphae continue to grow, they can invade pulmonary arterioles
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and the lung parenchyma resulting in invasive pulmonary aspergillosis (IPA). This growth can
lead to ischemic necrosis as well as hematogs dissemination accompanied by thrombosis,
hemorrhagic infarction and invasion of distant orgd®$]. Symptoms of IPA may include low
grade fever, mild, nonproductive cough, chest pain and pneufd&aj In recent years, IPA has
become a leading cause of death in severely immunocompromised patients, surpassing even
invasive cadidiasis[156].
Diagnosis

While microbial culture is considered the gold standard for the diagnosis of cryptococcal
infections culture from respiratory specimens is not sensitive or specific enough to diagnose
aspergillosis. As such, diagnosis often requires a combination of clnaid@graphic, serological
and microbiological featurdd56]. Chest radiographs are particularly useful for the diagnosis of
CPA/aspergillomas as they can reveal the presence of fungal masses within the lung, but may not
be sensitive enough to detect early forms of [P26]. Patients with ABPA may also present with
abnormal chest ramgraphs, but clinical and/or pulmonary function deterioration, as well as
positive cutaneous reactions to fungal allergens, and elevated tétsphemillusspecific serum
IgE and IgG are superior diagnostic markers. The presence eAspdigillusigG can also be
used to confirm the diagnosis of CPA/aspergilloma. Patients with IPA on the other hand, do not
produce antiAspergillusantibodies as the result of underlying immunosuppression and instead
detection ofA. fumigatusantigens circulating in biotgical fluids is the only effective means to
diagnose invasive infectiof$56].

Treatment and prevention

Similar toC. neoformanghe current arsenal of antifungal compounds used for treatment

of aspergillosis is limited and consists of AmpB, azoles such as vorconizole, and echinocandins
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including caspofungin, micafungin, anidulafun§s6]. To date, no resistance has been reported

for echinocandins or AmpB in clinics, though resistant mutants can be induced iflL8®io
Resistance to azoles on the other hand has been reported with increasing frequency and is thought
to result from increased lortgrm use of antifunds in patients as well as extensive use of
fungicides in agriculturg159]. Mut ations i n the g-€lemethylasec odi n
Cyp51A, a key enzyme in thegosterol biosynthesis pathway, have been identified as the main
mechanism of. fumigatugesistance to azol¢$60].

In an attempt to extend the efficacy of currently available antifungals, combination
therapies utilizing two or more compounds with differenechanisms of actions have been
proposed in hopes of preventing resistajié&®]. In addition, various immunotherapies are also
being considered as alternative therapeutic strategies for the treatment of aspergillosis. These
include cytokine therapies, phagocyte transfusions, and the geneséAspergillusspecific T
cells to name a feyl56]. For select patients, resection of infected pulmotiasges may also
prove beneficia]156].

Attempts at developing vaccines agaiAstfumigatushave also been undertaken, and
typically involve the administration of eithé&spergillusantigens omAbs[156]. Unfortunately,
these projects have not produced significant results. Furthermore, antigen vaccination is not
applicable for inmunocompromised patientdl61], and those protective effects observed
following the administration of anfi-(1,3)glucan and arenolase monoclonal antibodies were
shortlived [162I 164]. In the meantime, prophylaxis and routine monitoring of biomarkers such
as galactomannan antigen should be considered for those patients at high risk for developing IPA

[156].
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Host immune responses té\. fumigatus

Innate Immunity

Epithelial cells

Protection againsf. fumigatusinvolves several components of the pulmonary innate
immune system. Following inhalation, conidia become trapped in mucus and the vast majority of
spores are eliminated via mucociliary clearafté5]. However, A. fumigdus can release
ciliostatic factors that slow the beating of cilia and enable conidia to persist within the lung. Here,
lung epithelia serve as an anatomical barrier against these inhaled patfif@®€n$66] In
addition, type Il pneumocytes secrete surfactant containing surfactant proteins A anéAD (SP
SRD) which have been shown to possedswnrobial activitieg165]. Both SPA and SPD bind
conidia in vitro and can serve as opsonins to enhance conidial killing by neutrophils and
macrophagefl67i 169]. In addition, SFD possesses direct fungistatic activitydecan suppress
the growth ofA. fumigatuyphae{170].

Lung epithelia have also been reported to have a more active role in the defenséagainst
fumigatusIn vitro, lung bronchial and alveolar epithelial cells have been shown to internalize and
kill conidia within matureacidified phagolysosomg&71i 174]. These interactionalso result in
increased production of various grdlammatory cytokines including ¥6, IL-8, TNFU and GM
CSF[175 179] Lung epithelial cell s al s-defessnamndet e an
cathepsins in response Ao fumigatusvhich have been shown to contribute to -akgpergillus

responsefl78, 180 183].

Alveolar macrophages

Alveolar macrophages (AMs) are some of the first immune cells to interactAwith

fumigatusin the lung and are essential fdefense against this pathodé&B4]. As professional
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phagocytes, these cells rapidly engulf conidia for clearance. AM recognitibnfomigatuss
mediated by PTX3, dectih and DGSIGN [184i 189]. Following phagocytosis, fungal spores are
killed within acidified phagolysosomes beginning 6 hours after internalization, and only following
conidial swelling 174, 190] This process requires NADPH oxidase, butmwic oxide synthase,

and is extremely effective with up to 90% of conidia being eliminated within 30 fld@Es191

193]. Of those conidia that survive, a portion can germinate and escape the phagosome to form

extracellular hyphae without lysif the host cel[174].

Neutrophils

Conidial swelling and germination induces neutrophil recruitment to sites of infEc®dn
195]. Neutrophils are another essential phagocyte required for protection ayafnstigatus
This is demonstrated by the increased prevalence of aspergillosis in patients with neutropenia and
is further highlighted by enhanced susceptibility of miceAtofumigatusinfection following
neutrophil depletiorf196i 198]. Once in proximity to fungal cells, neutrophils can phagocytose
conidia following complemearmediated recognition through CD11b/CD18 (CRB9 202]

Despite internalization, neutrophils are unable to kill resting cofiid@] as spores poorly induce
degranulation and are resistant to RO®, 203, 204]Instead, neutrophils are able to kill swollen
conidia, through both oxidative and nonoxidative irgtadar killing mechanism§02, 205]

Neutrophils can also able to damage and kill hyphae through extracellular, nonphagocytic
mechanisms. Neutrophils attach to and spread over the surfaces of hyphae and degranulate.
Recognition of gphae was reported to occur in the absence of exogenous op&fin207]
though | ater reports found antibody [202psoni za
Extracellular damage and killing of hyphae occur via oxidative mecharjddés 208]that

involve NADPH oxidase and the myeloperoxidase sy$g€8]. In addition, swollen conidia and
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germ tubes can also trigger the formation of neutrophil extracellular traps (NETs) which also
requires NADPH oxidasp09, 210] While NETs are unable to kill tHengus directly and are
instead fungistatic and prevent further groy&02, 209, 211]

Adaptive Immunity

While defense againgt fumigatusas mainly been attributed to innate immune responses
[212], recent reports have indicated that protection against aspergillosis is in part dependent on
CD4" T cells[2131 217]. Exposure td\. fumigatugesults in the development of various CO4
cell responses including THa18i 220], Th2[221, 222] and Th17 respons§&23, 224] A number
of factors dictate the type af cell response mounted in responsétdumigatus These include
the frequency of exposuf@25i 227], the antigen typf228i 234], the viability of the funguf222,
235, 236] the morphology of the fungyg26, 227, 232]and the PRR engagg2l?2, 224, 230,
237 239]to name a few.

Thl responses are associated with protection against asperf@liosi240, 241hnd are
indispensable for fungal clearan@i2, 213, 242, 243JAn insufficient Thl response can result
in the development of invasive aspergillosis in susceptible individuals. Th2 responsesitheth
hand promote fungal persistence and disease progrd24igi?14, 244] Overwhelming Th2
responses are also associated with allergic forms of aspergillosis such agZ2P243, 245,
246]. The role of Th17 cells iresponse té\. fumigatugemains controversig?43]. While Th17
responses are important for neutrophil recruitment and activation, thelsoairige detrimental
immunopathology247] . Furthermore, Th17 responses have also been reported to promote Th2

responses and the development of airway hyperresponss\j@i@s250].
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Major virulence factors

Hydrophobins

A number of factors have been identified as contributing to the virulensefoimigatus.
One such factor is the outermost layer of the conidial surface. This layer is composed of
hydrophobic rodlets known as hydrophobins, that are covalently bound ¢elthveall through
glycosylphosphatidylinositol (GRBnchors[251]. Hydrophobins are low molecular weight
proteins that are hydrophobic in nature and facilitate air dispersion, wiables conidia to reach
alveolar spaces within the host IU2$2, 253] A. fumigatusencodes seven hydrophobins, RedA
RodG, but only RodA is essential for hydrophobin producii®d2, 253] RodA itself is
immunologically inert and fails to induce immune responses in {2&d]. Moreover, this
hydrophobin layer masks cell wall PAMPs recagui by dectirl and dectif2 resulting in
impaired neutrophil recruitment and reduced fungal clearg@®eq. In addition, RodA has been
implicated in conidial resistance to ROSAagumigatusnutants lacking the rodlet layer are more
susceptible to killing by AM§253, 255 257].
Melanin

Below the conidial rodlet layer the hydrophobic polymer pigment melafii®6]. Similar
to C. neoformangnelanin is important for the virulence Af fumigatug258i 260]. A. fumigatus
produces atdast two types of melanin, the most prevalent of which is dihydroxynapthalene
(DHN)-melanin[261]. DHN-melanin is an important structural component of the conidial cell wall
and is responsible for the characteristic greegrsly color ofA. fumigatug262]. Within the host,
DHN-melanin suppresses the production of proinflammatory cytokines through masking fungal
PAMPs[263]. DHN-melanin also enables intracellular survival via ROS quendBb®] and the
prevention of phaggkosomal maturation and acidificatif264i 266]. In addition, DHNmelanin
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also inhibits the apoptosis of infected epithelial cells as well as macrophages which is thought to
promote fungapersistence and disseminati@67, 268]
Mycotoxins

A. fumigatugproduces a number of toxins which are thought to protect against predators in
the environmenf269, 270] These include fumagillin, helvolic acid, verruculogerd gliotoxin
to name a feVj269]. Of these, gliotoxin is the most potent toxin producedbfumigatug271].
Gliotoxin is a low molecular weight alkaloid with broad immunosuppressive actiyRi€s.
Gliotoxin praduction is enhanced in vivo and can be detected in the sera and infected organs of
mice and patients with aspergillo$%/3]. Strains 6 A. fumigatughat do not produce gliotoxin
appear to be less virulent than gliotexiroducing strains, especially in nonneutropenic hosts,
suggesting neutrophils are the major target of this tiidi 278]. Indeed, gliotoxin was shown
to suppress neutrophil recruitmd@¥9, 280]and phagocytosiR81, 282]as well as inhibit the
assembly of NADPH oxidad@83] and ROS generation in these c¢l82].

In addition to its effects on neutrophils, gliotoxin also has antiphagocytic effects on
macrophagef280, 284 287]and can induce apoptosis in these and other antigen presenting cells
[288, 289]resulting in suppressed T cell responses. Gliotoxin can also directly suppress T cell
activation as well as induce T cell def2B0, 291] These broad immunosuppressive activities are
thought to be, in part the result of gliotoximediated NFe b i n H293).i t i on

Gliotoxin also exhibits ciliostatic effects on pulmonapithelial cells and can cause
damage to the epithelium, suggesting that gliotoxin may contribute to airway colonj2&syn
294]. Furthermore, gliotoxin has also been shown to promote the internalizatorfuohigatus
into pulmonary epithelial cell§295, 296] and can disrupt the integrity of the BBR97],

implicating a role for this toxin in disseminatifiv8] .
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Chapter2: Mechanisms of fungal dissemination

Abstract

Fungal infections are an increasing threat to global public health. There are more than six
million fungal species worldwide, but less than 1% are known to infect humans. Most of these
fungal infections are superficial, affecting the hair, skin and railssome species are capable of
causing lifethreatening diseases. The most common of these in€lnge#ococcus neoformans
Aspergillus fumigatusand Candida albicans These fungi are typically innocuous and even
constitute a part of the human microbiofmet, if these pathogens disseminate throughout the body,
they can cause fatal infections which account for more than one million deaths worldwide each
year. Thus, systemic dissemination of fungi is a critical step in the development of these deadly
infections. In this review, we discuss our current understanding of how fungi disseminate from the
initial infection sites to the bloodstream, how immune cells eliminate fungi from circulation and
how fungi leave the blood and enter distant organs, highlightimg secent advances and offering

some perspectives on future directions.

Introduction

The prevalence of fungal infections has been steadily increasing over the last three
decades due to the increased use of immunosuppressants, as well as the increasexf numb
patients with HIV/AIDS[1i 3]. It is estimated that there are more than 6 million fungal species
worldwide, but onlya small fraction (less than 600) are capable of causing diseases in humans
[3, 4]. While the majority of these fungal infections are superficial, some fungal species are
capable of causglife-threatening infectionf3]. The most common of these include

Cryptococcus neoforman&spergillus fumigatuandCandida albican$5].
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C. neoformanandA. fumigatusare found throughout the environment and are inhaled
into the lungs, where they initially cause pulmonary infect[@n298] C. albicanson the other
hand is a humanoenmensal and commonly colonizes mucosal tissues but can also be acquired
in healthcare settindg, 3, 27] When these opportunistic pathogens disseminate from sites of
initial infection, they can cause serious diseases including meningoencephalitis, invasive
aspergillosis and invasive candidiasis, respectivelyetfay, these and other fungal infections
affect over one billion people each year and kill more than 1.5 million anj@hliy the USA
alone, fungal diseases are estimated to cost upwaf¥billion each year, a trend that is
expected to continue to rise as advances in medical care for immunocompromised patients
continue to be madé&]. As such, fungal infections impose a considerable economic burden on
healthcare systems worldwide and represent an increasing threat to glolzahealbh[7].
Furthermore, current antifgal treatment options remain limited and are threatened by the
continued emergence of resistant fungal strgiths12] For these reasons, it is critical that we
understand the pathogenesis of fungal diseases, specifically the ways by which mycopathogens
disseminate, in order to develop alternative antifungal therapies. In this review, we discuss how
C. neoformans, A. fumigatandC. albicansdisseminate from initial sites of infection to distant

organs.

Dissemination o€. neoformans

C. neoformansgs an encapsulated yeast fungus found globally in soil and avian excrement
[298]. Infectious propagules in the form of desiccated yeast or spoessnhaled into the
respiratory tract on a daily bag®99]. Due to their small size, these organisms are able to avoid
cough and mucociliary clearance gehetrate deep into alveolar spajdgsHere,C. neoformans

encounters lug resident immune cells. In healthy, or immunocompetent, individuals, these fungi
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are either successfully cleared or establish {emm, latent infection§l]. Alternatively, in the
case of immunocompromised individuals, including AIDS patients, organ transplant recipients and
patients treated with immunosuppressive theragies)eoformanscan establish symptomatic
pulmonary infections resulting in pneumonia, acute respiratory distress syndrome, and subsequent
extrapulmonary disseminati¢f2]. Disseminate. neoformannters the bloodstream and can
infect distant organs, but preferentially targets@NS [299]. If these fungal cells cross the BBB
and enter the brain parenchyma, they can cause meningoencef@1jlifitie global incidence of
cryptococcal meningoenchealitis is estimated to be more than 220,000 cases annually and results
in approximately 18,000 deaths each ye&@?2].
Extrapulmonary dissemination

There are a number of proposed routes by whicheoformanss thought to escape the
lungs. These include an intracellular route withim agocyt e s known as the
mechanism, transcellular crossing through epithelial cells, paracellular crossing between epithelial
cells and an extracellular route in which free fungi escape through damaged epithelial barriers

[299] (Fig. 2.1).
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Fig. 2.1 Mechanisms mediating extrapulmonary dissemination o€. neoformansa Trojan horse: following
phagocytosisC. neoformanggreen) is able to survive within alveolar macrophages (purple) and is transported across
the epithelium inside these migrating phagocytes where they can access the interstitium, lymph system and/or
bloodstreamC. neoformangan exit macrophages througbmrocytosis and disseminate throughout the host as free
fungi or be taken up by peripheral monocytes in the bloodstream and transported to the vasculature of various organs
including the brain.b Transcytosis:C. neoformansadheres to epithelial cells thmglu interactions between
glucuronoxylomannan (GXM) and CD14 as well as palmitic acid (PA) and surfactant gdo{8iRD) receptors.
Following adherence, epithelial cells endocytose yeast, transporting them across the epithBlaracellular
crossing andbss of barrier integrityC. neoformangduces the production of 483 (peach), which along with urease
(purple) disrupts tight junctions and allows fungal cells to pass between epitheliaCceknformanslso secretes

PIbl (green), urease (purplafd proteases (yellow) which damage epithelial barriers, allowing fungi to cross the
epithelium and access the bloodstream.
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Trojan horse

Following pulmonary infection, one of the first immune céllsneoformangncounters
are lung resident alveolar macrophages. These professional phagocytes rapidly ingest cryptococcal
cells for degradatiof300, 301] However,C. neoformanss a facultative intracellular pathogen
and is equipped to survive and replicate within these [3813]. This enables viable yeast to be
transported out of the lungs within migrating phagocytes, a process known as the Trojan horse
mechanism of dEemination[299]. Early studies provided indirect evidence supporting this
mechanism, by demonstrating that the inability to survive within macrophagetatssreith
decreased extrapulmonary disseminati@25, 139, 302] while adoptive transfer studies
confirmed that macrophages could indeed facilitate hematogenous dissemination to {i8%yain
303]. In addition, depletion of macrophages using clodronate liposomes significantly diminished
dissemination to the CNS, suggesting that these cells may contribute to the extrapulmonary spread
of C. neoformang303i 305]. It was later determined that CDI1lang resident cells, primarily
alveolar macrophages and to a lesser extent dendritic cells, are responsilikerriatiamg and
transporting cryptococci to the lymph system following intranasal instill§806]. This event
occurs early during infection, as fungal burdens werectidtan mediastinal lymph nodes in as
little as 24 h posinfection [306], and indicates that transport 6f neoformansnay be an
unintended consequence of the antigegsenting function of these phagocytes. Depletion of these
CD11c populations in transgenic mice resulted in a complete loss of dissemij@&further
supporting theole of these cells in Trojan horse transport.

In order to utilize phagocytes as vehicles for dissemination,neoformansmust
successfully survive within and exit from these cells following internalization. This requires that

C. neoformanslefends against acidic, oxidative and nitrosative stresses commonly encountered
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within macrophagef299]. Unlike A. fumigatusand C. albicans which inhibit phagolysosomal
maturation and must escape to the cytoplasm in order to establish an intracellulatCniche,
neoformangan survive and replicate within phagosonf#€¥, 308] The ability to grow in those
acidic pHs found within mature phagolysosomes is dégenonC. neoformangxpression of
inositol phosphosphingolipigghospholipase C 1 (Isc1302, 309] Protection against oxidative
and nitrosative stresses on the othand is conferred by the cryptococcal capsule (a complex
polysaccharide structure composed primarily of glucuronoxylomannan (GXM) and
glucuronoxylomannogalactan (GXMGalj14, 118, 310314], the iron oxidase laccag&26,

127] and the antixidant melanif122, 123, 12b6127]. In addition, phospholipase B1 (Plbl) is
thought to alter macrophage activation through the productionrofima regulatory eicosanoids

in order to further promote intracellular survival and replicafic®, 142, 143]

Once phagocytosedC. neoformanscan exit macrophages following intracellular
replication Cryptococcal replication within phagocytes is accompanied by the formation of a leaky
phagosome and the accumulation of polysaccharidecontaining vesicles in the cytoplasm and
eventually culminates in the lysis of host c¢845]. This event triggers local inflammation and
leaves extracellula€C. neoformansexposed to host immune respon$@s6]. Conversely,C.
neoformanscan exit macrophaged@a nonlytic exocytosis, or vomocytosis. Vomocytosis is
mediated by phagosomal extrusion: a process in which mature phagosomes containing
cryptococcal cells fuse with the plasma membrane and release fungi into the extracellular milieu
[3161 319]. The cellular and molecular mechanisms governing vomocytosis remain poorly
understood, but are reported to involve both host and pathogen &it®r820, 321] After the
expulsion event, both phagocytes and fungi remain viable, allo@ingoformango stealthily

exit macrophages without triggering cell deaisociated inflammatiof816]. C. neoformans
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promotes vomocytosis through its expression of urglasg. Urease catalyzes the hydrolysis of
urea to yield the weak base ammafiid4, 145] which acts as a buffer and raises the pH within
phagosomegl47]. For other pathogens, this activity can inhibit aciduced damage; however,

in the case o€. neoformanghis increase in pH results in yeast entering into a quiescent state, in
which intracellular replication is delay¢ti47, 307] This prolongs intracellular residence ©f
neoformansand increases the likelihood that fungalls will be transported outside of the lung

prior to the norytic expulsion of dormant yeast.

Transcytosis

In addition to intracellular means of escaeneoformansan exit the lungs as free fungi
via a number of extracellular routes. One such payhiw transcellular crossing, also known as
transcytosis. This mechanism involves exploitation of host cell endocytic pathways to facilitate
fungal traversal of epithelial barriers and gra@tsneoformansccess to the lung interstitium,
vasculature or Imph systenj299].

Transcytosis is preceded by fungal cell adherence to the epithelium. To date, a limited
number of adhesins have been identified as mediatyptococcdlepithelial interactions. Initial
findings demonstrated that both encapsulated and acapsular str@éinsedformansadhere to
A549 lung epithelial cells in vitr{822, 323] In the case of encapsulatédneoformanghe major
capsule component GXM is responsible for mediating adherence by binding to CD14 on epithelial
cells[324, 325] As for acapsular strainthe mannoprotein MP84 was detened to bind A549
cells through interactions with a yet identified host cell recdB&8]. In addition, a temperature
sensitive adhesin was reported to facilitate adherence independently of GXM and was determined
to be cryptococcal PIbB22, 324, 327]Plb1l possesses multiple enzymatic activities that allow it

to break down phospholipids found in host cell membranes and lung surfd8&nB828, 329]
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Degradation of dipalmitoylphosphatidylcholine (DPPC), the main component of lung surfactant,
results in the releas#f palmitic acid (PA) which is thought to mediate adherence by binding to
surfactant protein D (SB) receptors on A549 cel[d43, 327] This is supported by the dese
dependent increase in adherence that occurs when PA is addecuttuoes of A549 cells and a
Plbl-deficient strain ofC. neoforman§323, 327]

Adherence to @thelial cells results in the internalization 6f neoformansas well as
eventual epithelial cell lysiB822, 324] While little is known about the mechanisms involved in
this process, it is likely actidependent, similar to those facilitating. neoformansnvasion of

brain endothelial cell330, 331]

Paracellular crossing and loss of barrier integrity

In addition to traveling through epithelial cel3, neoformansan pass between epithelial
cells as the result of mechanical or biochemical disruption of tight junctions, a process known as
paracellular crossing or paracyto99]. During pulmonary infectiorC. neoformansduces the
production of 11-33 by alveolar type 2 epithelial ce]&32]. IL-33 promotes type 2 innate immune
responses and suppresses the expression of the tight junction progeihegin vinich may allow
fungal cells to pass through weakened tight junctions. Similarly, urease activity is thought to
disrupt the integrity of the pulmonary epithelium. While the effects of cryptococcal urease on
epithelial tissues have yet to be fully examiniésl activity has been extensively studied in the
context of the bacterial pathogEelicobacter pylorand was reported to increase phosphorylation
of myosin regulatory light chains (MLCs) in epithelial cells, which can in turn disrupt tight
junctions andesult in a loss of barrier functidB33]. In this way,C. neoformansnay disrupt

tight junctions allowing for free fungi to pass between epithelial cells.
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ExtracellularC. neoformansan also pass freely through weakened or damaged epithelial
barriers[299]. This model is supported by the observation that prolonged incobati€.
neoformansvith A549 cells results in significant amounts of host cell dg#t] and the fact that
C. neoformangroduces a number of enzymes capable of disrupting host t{884¢sOf these,
urease, phospholipases and proteases have been implicated in contributing to fungal dissemination
[335]. In addition to disrupting epithelial tight junctions, urease activity was found to be toxic to
host cellg144, 145] Ammonia derived froniH. pylori urease was reported to cause local tissue
damagend induce host cell dedthd4, 145] Urease has also been implicated in causing immune
mediated injury to host tissues, as it can act as a chemotactic factor and cause local inflammation
as well as result ithe production of IN@ which may also have cytotoxic effe¢isi4, 145] It is
possible that cryptococcal urease may function similarly during pulmonary infection and could
damage the epithelium, thereby promgtfungal dispersal and subsequent disseming88§,

336]. PIbl activity is also thoughb contribute to the disruption of epithelial barriers. O@ce
neoformanss in proximity to the epithelium, secreted or cell wadkociated Plb1 can access and
degrade epithelial cell membran@87, 320] Disruption of these membranes can result in the
lysis of host cells and lead to a weakened barrier through which extracellular yeast ¢aB3ass
335].

Finally, C. neoformangroduces one or more unnamed serine prote@8. These
enzymes are capable of degrading extracellular matrix (ECM) and basement membrane elements
[337]. Together, these proteolytic activities can as€istneoformas in tissue invasion and
dissemination by degrading structural components of the epithEiBifj Supporting their role

in the breakdown of host barrier tissues is the report that cryptococcal serine proteases mediate
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disruption of the BBB338]. It is possible that within the lungs, these proteases could act similarly
to disrupt epithelial barriers.
Intravascular clearance

Once outside of the lungs, cryptococcdlscean enter into the bloodstream resulting in
blood infections known as fungemj&25, 139] Early studieshave demonstrated that brain
infections occur following fungemia and that there is a direct correlation between the severity of
the infection and the magnitude of fungerf889i 341]. As such, intravascular recogoiti and
clearance o€. neoformansepresent an important step in preventing dissemination to the central

nervous system (Fi@.2).
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Fig. 2.2 Clearance of intravascaulaiC. neoformansa Neutrophils (dark purple) are recruited to intravasc@ar
neoformans(green) in a C5adependent manner. Fungal cells are phagocytosed by neutrophils MEREBC3b
interactions and are killed through oxidative and nonoxidative mechartshiger-resident Kipffer cells (light
purple) recognize and bind C3b/iC3b on circulathgeoformanshrough CRIg receptors. Following phagocytosis,
Kupffer cells can inhibit cryptococcal growth and limit fungal dissemination to target organs

Neutrophils

Neutrophils are the most abundant phagocytes in the bloodstream and are typically the first
immune cells to be recruited to sites of infectj68]. To date, their role in defense agai@st
neoformangemains controversial. In vitro, neutrophils were fouo effectively kill cryptococci
[64, 66 72], although it was also reported th@t neoformanscan negatively regulate the
extracellular killing activity of these cel[§3, 74] In vivo, augmentation of neutrophil activity
enhanced anticryptococcal activify5i 77], while impaired neutrophilactivity significantly
compromised survival during cryptococcal infectj6B, 78] These suggest that neutrophils may
be protective. By contrast, depletion of neutrophils markedly reduced pulmonary fungal burdens
following infection withC. neoformang79], and in AIDS patients whtcryptococcosis, enhanced
blood neutrophil counts are associated with mortgsi®y, indicating instead that neutrophils may
play a detrimental role durmgncryptococcal infection. Nevertheless, neutrophils have been shown
to contribute to the intravascular clearance of dissemin&tingeoformanshrough the efficient
phagocytosis and removal of fungal cells from the microvasculature of organs as deswhbgtrat
intravital imaging in both a mouse and zebrafish m{gie| 82]

As C. neoformangirculates throughat the host, they can become mechanically trapped
in the microvasculaturef organs with closed capillary networks, including the bfa8j. Here,
cryptococci activate the complement systf8i 57] which induces neutrophil migration to
arrested fungal cell842i 344]. Neutrophils then bind and ingest opsonigzcheoforman$gi,
342]and, in turn, can secrete leukotriene B4 (LTB4), whiclaetsradditional neutrophils to sites

of fungal infection[345, 346] Following phagocytosis, neutrophils can kill yeast through
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oxidative[67, 69 72] and nonoxidative mechanisif6]. In this way, neutrophils help to limit
dissemination by directly killing and/or removing fungal cells from the endoth¢8an82, 342,
344),

This ability for neutrophils to clear intravascular cryptococci is less efficient in the brain
as compared to other organs such as the |{8%%. This is likely due to the fact that brain
vasculature structure is different and lacks complement, which may explain the lower rates of
neutrophil recruitment to the brain and the increased susceptibility of the CNS to infectons by
neoformang60, 343] Indeed, enhancing the recruitment of neutrophils to the brain vasculature
significantly improves intravascular clearance @f neoformandn the brain[344], further

supporting the role of neutrophils in the clea@of disseminating. neoforman the blood.

Kupffer cells

In addition to neutrophils, liveresident macrophages, known as Kupffer cells (KCs), have
been shown to play a role in clearing intravascGlaneoformansThe liver is the largest internal
organ, receiving 30% of the total volume of blood in the body each minute, and contains
approximately 90% of the total tissue macrophages in the[Bddy 348] Here, KCs scan passing
blood and remove potentially harmful substari@dsi 352] and have been identified as playing
an important role in maintaining blood sterility through the capture and removal of intravascular
bacteria and parasit¢350i 353]. Although the liver is not the target organ ©f neoformans
evidence suggests that liver disease is a risk factor for cryptocof2e4i857]. In this context,
recent results revealethat the liver plays a prominent role in filtering disseminat{Dg
neoformanandC. albicansout of circulation through KC858, 359]

Intravital imaging showed that disseminati@y neoformands captured in the liver

sinusoidg359]. This capture is mediated by KCs through the recognition of complement C3 on
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fungal cells by complement receptor CRIg (complement receptor of the immunoglobulin
superfamily). As such, depletion of KCs significantly reduces the fungal burden in the liver,
leading to enhanced fungemia in the blood and increased deposition of fungi in othef3&gjans
Following capture, KCs phagocyto€e neoformans&nd can inhith fungal growth in a manner
independent of IFMd R s i d359. Thismemonstrates an important role for KCs in reducing
fungal dissemination to other orgamg directly removing organisms from circulatif@b9] and
likely explains the association between liver disease and increased susceptibility to fungal
infections[355i 357].
Brain invasion

If C. neoformansavoids intravascular clearance, circulating fungal cells are preferentially
deposited in the brain vasculature and eventually invade the[B8irOnce inside the brailg.
neoformans begins to proliferateand causes fatal meningoencephalitis. Thus, although
cryptococcal infection starts in the lungs, the most devastating event occurs when the fungus
crosses the BBB and migrates to the brain parenchg®a30] The mechanism by whicB.
neoformangnvades the brain remains to be completely understood. To date, there are a number
of competing hypothesdhat have been proposed for brain invasio@ liyeoformanand include
the Trojan horse mechanism, transcytosis, paracellular crossing and free entry through damaged

endothelial barrierR21, 30](Fig. 2.3).
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Fig. 2.3 Mechanisms mediating brain invasion bf. neoformans Trojan horse: peripheral monocytes (dark pink)
ingest intravascula€. neoformanggreen) and transport them to the brain vasculature. Monocytes can carry yeast
across the BBB through transendothelial pores (transcellular transmigration), or can pargcélarsmigrate
between endothelial cells. In addition, monocytes can tra@sfeeoformansirectly to endothelial cells (red) (lateral
transfer), facilitating transmigration of cryptococci across the BBBranscytosis: hyaluronic acid (HAFD44
interactions along with Mprl promot€. neoformansadherence to brain endothelial cells. Engagement of CD44
activates EphA2, while cryptococcal Plb1l activates
pathways induces endocytosis@fneoformans Following internalizationC. neoformangngages host AnxA2 via
Mprl which facilitates exit of endothelial cells and successful crossing of the 8B&acellular crossing and loss

of barrier integrity:C. neoformanslisrupts the BBB through ¢hutilization of host plasmin (pink) and secretion of
urease (purple) and other proteases (yellow) and migrates across the endothelium into the brain parenchyma
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Trojan horse

It has been well reported that phagocytes can transmigrate from the bloed iaitn
parenchyma across the BB&], and as describe@, neoformansan survive within phagocytes
[300]. This raised the possibility that, following phagocytosis of fungal cells, phagocytes can
escortC. neoformanso the brain parenchyma through thecsdledTrojan horse mechanism.

To directly visualize the dynamics of brain invasiontyneoformansising Tropn horse
crossing, live cell imaging was performed in vitro using human endothelial cel[36@s361]

The results confirmed that bo@ neoformansindC. gattiican use the Trojan horse mechanism
to cross endothelial cell layef860]. Phagocytes derived from human monocytic cell lines
containingC. neoformansvere also seen to cross endothelial cell layers in real [G&E&)].
Interestingly, transcellular transmigration (through endothelial cells) of monocytes harGoring
neoformansis the major pathway for Trojahorse crossing361]. In contrast, paracellular
transmigration (between endothelial cells) likely represents a small percentage of Drsgn h
crossing as transendothelial electrical resistance (TEER) values remained stable during in vitro
assays, indicating little to no disruption of endothelial tight junct[864]. In vivo, monocytes
containing C. neoformansvere observed in the perivascular space of cortical-qgastlary
venules in the brains of infected mif&10, 362] This is thought to be the major site of Trojan
horse entry[362]. Once hereC.neoformansan escape the phagocyte and access the brain
parenchyma and cerebrospinal fluid (C3893], further confirming a role for these cells in
dissemination to the CNS.

In addition to carrying yeast across the BBB, it has been proposed that phagocytes transport
C. neoformanso the brain vasculature where they instead pass them directly to endothelial cells

[364]. This celtto-cell spread, known as lateral transfer or dragotcytosis, is ardegandent
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process that requires donor and acceptor cells to be in physical J864@&66]. Originally,
lateral transfer was observed between two macropliagés365] but was later reported to occur
between monocytes and endothelial cells in viB61]. Alternatively, phagocytes may carry
fungal cells to the brain, where they then escape and cross the BBB alone through an extracellular
mechanisnj361].

Blood-derived monocytes have been implicated in the transp@t aeoformanscross
the BBB. In humans, these monocytes exist in two major populations: "CIDI4' and
CD14°¥CD18" monocyteg367]. The corresponding populations in mice are CCZRAC" and
CX3CRT'Ly6C° monocytes, respectivel\[368]. During intravenous infection withC.
neoformansCX3CRILy6C°" monocytes are recruited to the brain vasculaturdirsgeat 12 h
postinfection[369]. Through the use of intréal microscopy, these cells were observed to engulf
C. neoformansn brain vasculature and carry the yeast as they crawled on and adhered to the
luminal wall of brain vasculature and migrated to the brain parenchy6®, suggesting the
involvement of these monocytes in cryptococcal crossing of the BBB. T@&2" monocytes
on the other hand were observed to accumulate in the brain starting 14 days after intravenous
infection, indicating that these cells are not involved in the early transportnafoformanso the
CNS [370]. Instead, CCR2.y6C" monocytes promote brain inflammation, leading to lethal

immune pathology in the brain in mice as well as in hurfagnk, 372]

Transcytosis

In addition to Trojan horse crossing, extracellu@r neoformanscells can directly
transmigrate across the BBB and invade the brain via transcytosis. Indirect evidence supporting
this comes from a mouse model@fneoformangnfection, in which yeasts were detected in the

cytoplasm of endothelial cells of small capillaries, suggesting tlktieelial cells internaliz€.
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neoformansn vivo [340]. Direct evidence on the other hand is derived from in vitro studies using
human brain microvascular endothelial cells (HBME{330, 373, 374]In this model, freeC.
neoformanscells were observed to have crossed endothelial monolayers via a transcellular
pathway that did not affect monolayer integiy 3].

Similar to the lungs, transcytosis in the brain involves exploitation of host cell endocytic
pathways in order to traverse the BER] and is dependenthocryptococcal adherence to and
internalization by brain endothelial ce[373, 375]. Adherence ofC. neoformanso endothelial
cells occurs independently of capsule expression and is mediated by hyaluronic ad@7@iA)

379] HA is the product of an HA synthase encoded by the Gé&$land binds primarily to CD44
receptors on brain endothelial cells, although the RHAMM receptor has also been reported to play
a minor role in binding HA380]. Interestingly, in response to the high levels of inositol found in
mammalian brainsC. neoformansipregulates its expression 6PS1 leading to an increased
production of HA and an enhanced association of cryptococcal cells and HEBE(s

Upon binding,C. neoformanss internalized by endothelial cells in an aafependent
manner[330, 331, 382, 383]Cryptococcal Plbl activates host cell Racl (Rdated C3
botulinum toxin substrate 1) which in turn activates the actin reorganizing protein, protein kinase
Cc-U ( P KL@oU379, 384]The mechanism by which this occurs is netlwnderstood, though
it has been suggested that PIbl activity might generate lipid mediators required to facilitate Racl
activation[140, 385] In addition, engagement of CD44 By neoformansictivates ephrin type
A receptor 2 (EphA2). This receptor is involved in various signaling pathways that regulate
cytoskeleton remodeling386] and has been reported to be utilized by a number obgetts in

order to invade host cells suggesting tBatneoformansould also use this pathway to enter

endothelial cell$386].
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Lipid rafts also play a role in the internalimm of C. neoformansy endothelial cells.
Supporting this is the report that the HA receptor CD4ocalizes with the lipid raft marker
ganglioside GM1 on the plasma membrane of endothelial cells and.thabformanadheres to
host cells in areas veine GML1 is enrichefB383]. CD44 was also found to docalize with and
activate the caveolae membrane marker cavdo(i@avl) upon engagement with neoformans
[387]. These demonstrate that transcytosiS.afeoformanacross the BBB occurs through a lipid
raft/caveolaedependent endocytotic procg¢383, 387]

C. neoformangan further promote internalization by endothelial cells, through secretion
of C. neoformanslerived extracellular microvesicles (CnMVs). These vesicular compartments,
referred to saso ficvoinrtualienn cpeo lbyasgacchari des, I I pic
fuse with host cells independently of CO®88, 389] This interaction increases lipid raft activity
and promotes CD44 migration to membrane {@&88]. In this way, CnMVs may enhance fungal
adherence and endocytosis. Transcytosis was also found to occur independently o£CD44.
neoformansfurther promotes its adherence to etmlial cells through expression of the
metalloprotease, Mpr{390, 391] Orce bound, Mprl engages host annexin A2 (AnxA2), an
important signaling protein involved in endocytosis that was found to be essential for the
transmigration of cryptococcal cells across the endothe]@8f, 392] While the absence of
AnxA2 in HBMECs had no effect on adherence or internalization of cryptococci, yeast cells were
unable to exit endothelial cells and enter into the parenchyma following endocytosis, indicating

that AnxA2Mprl-mediated interactions promote successful crossing of the[B&B.

Paracellular crossing and loss of barrielintegrity

Additional mechanisms of brain invasion by extracell@aneoformansre paracellular

crossing between brain endothelial cells as well as migration across damaged endothelial barriers
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[21]. These pathways involve the entry of free yeast through a damaged or weakened BBB and are
supported by reports that accumulatiorCoineoforman#n the brain results in severe damage to
endothelial cells as wieds tight junction alteratiori830, 361, 376]In this contextC. neoformans
produces several degradative enzyeegsable of disrupting the BBB.

Cryptococcal urease has been identified as a major virulence factor during brain infection
[150]. Initial studies reported that urease promotes cryptococcal sequestration within brain
microcapillaries[149]. Later reports suggest a more active role for urease in cryptococcal
penetration of the BBE53]. While the mechanism remains unknown, it is possible that urease
derived ammonia may have toxic effects on endothelial cells which weakens the integrity of the
BBB and promtes opening of tight junctions leading to transmigratiorfCoheoformangs3,
149 151] This is supported by the fact that urepssitive cryptococcal strains cause a reduction
in levels of theight junction protein ZO1 in HBMECSs, while ureadeficient strains have no
effect on monolayer integrifyd 51].

C. neoformansglso secretes a number of proteases dhictuiserine proteases, which were
found to degrade key components of ECM and the basement merjits2ng34, 337, 338, 393]
This activity was reported to increase BBB permeability during infection@uitteoformansoth
in vitro and in vivo[337, 338] In addition to its own proteaseS, neoformanss capable of
utilizing host proteases. Cryptococcal cells can bind and activate host plasminogen, a plasma
protein and central component of the fibrinolytic system. This interaction promotes the conversion
of plasminogen to the serine protease plasmith@airokinasdype plasminogen activator (UPA)
[3941396]. Plasmin digests components of the BBB, as well as activates matrix

metallopoteinases, which are capable of damaging tight juncoomponent$394].
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In addition to those factors expressedtyneoformanst is possible that host behaviors
can also lead to the disruption of endothelial barriers and promote cryptococcal neuroinvasion. For
exampe, abuse of methamphetamines was reported to enhance dissemin@tioeafbrmanso
the CNS[397] and alter BBB integrity through the modified expression of tight junction and
adhesion molecules[398]. This pharmacological disruption to the endothelium promotes
transmigration of yeast into the brain parenchyma, demaimgj that external factors can also aid
in dissemination o€. neoforman$o the brai{398]. Regardless of entry mechanism, once inside
the brain, C. neoformanscan rapidly proliferate and cause f{ifereatening cases of

meningoencephalitis.

Dissemination oA. fumigatus

A. fumigatudgs a ubiquitously distributed saprophytic fungus that produces small spores
known as conidia. On average, individuals inhale upwards of 200 conidia p58ay65] By
virtue of their size, conidia are able to avoid cough and mucociliary clearancatandlesper
into the lungs. In healthy individuals, these conidia are rapidly cleared, but in the case of
immunocompromised patients, conidia can germinate and develop filamentous [iy32@
This fungal growth can result in invasive aspergillosis: a severe and aggressive fungal disease
characterized by tissue damage, necrosis and hy@xi&6, 255] Although the target organ of
A. fumigatusis the lungsAspergillusis known to be angiotropic and has an affirfiby host
vasculature. As growing hyphae penetrate pulmonary tissues, they can invade the endothelial
lining of nearby blood vessels and break off into circulation, causing sepsis and dissemination
accompanied by thrombosis, hemorrhagic infarction and iowad distant organfs, 156, 255]
It is estimated tat there are approximately 250,000 cases of invasive aspergillosis worldwide each

year, with an associated mortality rate ranging from 30 to [B)%
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The primary route by whicA. fumigatuss thought to traverse the pulmonary epithelium
is transcytosis. As witlE. neoformans, A. fumigatasliheres to and invades epithelial cglig2,
255, 400, 401]A. fumigatusadherence to the epithelium is mediated by several fungal factors,
including sialic acid (SA)-13gpeah bhirdihgpotec@entii nogal a
[171, 402, 403]Following adherencd). fumigatuss endocytosed in an actdepenént manner
[173, 296, 408406]. The fungal invasin calcineurin A (calA) promotes this internalization through
interactions wi th [407]tIreagditionngliotbsif 4 mapmmydotoxéntdf c el | s
fumigatus as wel | as t he -1@glicdn, aatimates actm ocyigskeletenn t b
rearranging proteins in host epithelial cells, including cofiliand phospholipasD (PLD)[295,
296, 404, 408]further promoting internalizatiomnside these cells, a portion of engulfed conidia
are killed, while approximately 3% remain vialhler3, 405]. Of those, on¢hird of surviving
conidia germinate and form extracellular hyphae without lysing host[t&Bs 401, 405] These
organisms can continue to grow and invade pulanp tissues and nearby blood vesséls.
fumigatusalso encodes an array of degradative enzymes which may facilitate migration across the
epithelium [409i 411]. Serine and cysteine proteases, including the serine proteasé FAF
disrupt host epith@l tissued409 411]. The enzyme elastase is required for the development of
invasive disease suggesting a role in dissemindf6b, 412, 413]In addition, a number of
secondary metattites, including gliotoxin, fumagillin, helvolic acid, and verruculogen, have been
implicated in modifying the epitheliuf255, 293, 44]. This combination of proteolytic activity
may contribute to the disruption of host tissues and eralilanigatuto penetrate the epithelium

and enter the bloodstream directly.
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As for the Trojan horse mechanism, there is evidence suggestiyg thatigatusmay be
able to utilize host phagocytes in order to escape the lung. Fisflymigatusan survive within
phagocyte$154, 415] Secondly, there are reports that monodgaved CD11blung dendritic
cells internalize and transpoft. fumigatusto mediastinal lymph node€868]. This event is
reminiscent of the transport 6f neoformanso the lymph system by alveolar macrophages. Once
inside of thelymph node Aspergilluscould escape from dendritic cells and disseminate via the
bloodstream. AsA. fumigatuscirculates throughout the host, it can become stopped in host
microvasculature and can invade various organs including the liver, kidneys) aplédrain
[156]. To date, the mechamnmsby whichA. fumigatugpenetrates the BBB is not well understood,
though studies have shown that gliotoxin (GTX) is able to damage the endothelium which may

facilitate transmigratiof297].

Dissemination o€. albicans

C. albicandgs a polymorpit fungus that can transition from a yeast phase to a hyphal phase
and is commonly found as a commensal in the human body, asymptomatically colonizing the
gastrointestinal, respiratory and reproductive tracts, as well as skin of approxima&dyaof
pele[1, 3, 27] While a considerable proportion Gf albicars infections arise from indwelling
medical devicef416], studies have identified the intestinal populatio€oalbicansas the main
source of endogenous infection, especially following immunosupprdddiéh These organisms
can cause lethal bloodstream infections (candidemia) and lead to invasivee didean they
manage to cross the intestinal epithelijél7]. Approximately 700,000 cases of invasive
candidiasis are diagnosed worldwide each year, with mortality rates of up % 40%8]

As with other fungi, invasion of epithelial barriers By albicansis preceded first by

adherence to the intestinal epitheli albicansexpresses multiple surface moieties that mediate
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this adherence. These adhesins exhibit differential expression in yeast and hyphal forms and
promote binding by different mechanisms. In the case of yeast, adherence is due to passive forces
such as hydrophmc and/or electrostatic interactions as well as agglutikihsequence (Als) 5
[2,419]11 n addi t iglacan is ase rednizefl by the nonclassical pattern recognition
receptor EphA2419]. These epithelidleast interactions stimulate germination, exposing several
hyphalassociated adhesins that further promote adherence. These include a number of proteins
from the Als family, particularly Als3, as well as hyphal wall prote{itvpl)[2, 419 422]

Following adherence;. albicansinvades the epithelium through induced endocytosis or
active penetration. Induced endocytosis involves interactions between fungal invasins and host cell
proteins.C. albicangnvasins include Als3 and the heat shock protein $&H, 423, 424]These
invasins bind epithelial cell -Eadherin and initiate endocytosis through an ad#éipendent
mechanism that requires clathr[d23, 425429]. Once internalizedC. albicans prevents
endolysosomal maturation and continues to grow. Intracellular hyphal extension is dependent on
the expression dEED1 (epithelial escape and disseminationf430], and continued growth of
hyphae results in the piercing of epithelial cells and subsequent dissemination.

Active penetration on the other hand is a separate mechanism that occurs at later time points
than endocytosis. It requires viabfungi and results from hyphal extension and invasion in
between or through epithelial cells. To date, the process of active penetration remains poorly
understood, and it is unclear which fungal components are involved, although secreted aspartic
proteirases (Saps) (especially Sap3), lipases and phospholipases are thought to play a role through
degradation of the epithelial tight junction proteit&dherin2, 422, 423, 431]

In addition to Saps;. albicanssecretes a number of othaofeases and phospholipases

which may contribute to fungéhduced epithelial damage and enable passage across the intestinal
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epithelium [422]. Similar to cryptococcal PlblCandidd Plbl promotes penetration of the
epithelium by breaking down host celembraneft32]. The cytolytic peptide toxi€@andiddysin
was also found to be essential for albicansto damage host enterocytgdl 7]. In addition, a
recent report indicates that albicansis also able to utilize phagocgt@nd the Trojan horse
mechanism to disseminate throughout the 23]

Once the intestinal epithelium has been breadGed|bicanscan invade local tissues and
nearby blood vessels and disseminate throughout the host. The primary target organs of
disseminatedC. albicansare the kidneys and brajd34i 437]. Approximately 50% of patients
with disseminated candidiasis have CNS fungal invasion, which can cause meningoencephalitis
and has an assated mortality rate of up to 90437]. Kidneys on lhe other hand are the most
heavily colonized organ followinGandidainfection [434, 438] These fungal burdens correlate
with mortality, suggesting that the kidney is the critical target organ during candidiaSis
Inside the kidney<Candidd infection can result in tissue damage and eventual organ fRii0g

Invasion into these distant organs requires fungal cells first adhere to endothelial cells prior
to migrating into tissuelgl41]. C. albicansbinding to the endothelium is not well understood, but
similar to binding of the epithelium, endothelial binding involves adhesins and invasins that are
differentially expressed during yeast and hyphal phases. Some such molecules include integrin
like proteins, members of the Als family and fungal cell wall componddtt]. For example,
invasins Als3 and Ssal bind to the heat shock protein gp96 and an unknown endothelial receptor
respectively, and induce endocytosis intaib endothelial cellpt35, 442] Additionally, Als3 has
also been reported to promote fungal cell internalization into endothelial cells by binding N

cadherin425, 441, 443, 444]

48



Alternative methods of transmigration across the endothelium include Trojan horse
transport and paracellular crossing between adjacent endotheligddl]sLastly, fungal cell
migration across damaged endothelial barriers also occurs and is facilitated by the host protease
plasmin. Similar taC. neoformas, C. albicandinds and activates host plasminogen to plasmin
via a number of cell wall proteins, including enold445, 446] Surfacebound plasmin can
degrade components of the endothelium and enhance the abflityatificansto invade tissues

[446].

Conclusion

The most medically important fungal diseases are cryptococcosis, aspergillosis and
candidiasisFungal infections are usually limited to initial sites of infection in immunocompetent
individuals. However, if fungi disseminate from initial infection sites to the bloodstream, they can
invade virtually any organ and cause fatal infections which acdoumhore than one million
deaths worldwide each year. Thus, fungal dissemination is a critical step in the development of
invasive fungal diseases. Although the mechanism(s) involved in fungal dissemination remains
incompletely understood, increasing eande suggests that fungi can hijack phagocytes from
initial sites of infection to enter the bloodstream, a process called Trojan horse crossing.
Alternatively, free fungal cells can also directly enter into circulation through transcytosis,
paracellular asssing or across damaged barrier tissues. During fungal dissemination, neutrophils
and Kupffer cells have been shown to play a role in filtering circulating fungi out of the
vasculature. Interestingly, fungi in the blood can also use similar stratedlessethey use to
escape from the site of initial infection to invade distant organs. The mechanism(s) involved in

fungal dissemination reflects complicated interactions between the host and the pathogen, and an
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understanding of this mechanism(s) is fundatal for the development of therapeutic strategies

(Table2.1).

Fungal species C. neoformans  A. fumigarus  C. albicans

Initial site of infection Lungs Lungs Mucosal tissues.
indwelling
devices

Hematogenous dissemination Yes Yes Yes

Target organ Brain/CNS§ Lungs Kidneys, brain

Trojan horse escape Yes Yes Yes

Transcytosis escape Yes Yes Yes

Paracellular crossing/loss of barrier integrity escape  Yes Yes Yes

Intravascular clearance by neutrophils Yes ? 7

Liver capture Yes ? Yes

Trojan horse entry Yes ? Yes

Transcytosis entry Yes Yes Yes

Paracellular crossing/loss of barrier integrity entry Yes Yes Yes

Table 2.1 Summary of dissemination mechanisms of three fungal pathogens

Future Directions

In vitro studies utilizing HBMECs monolayers as a BBB model have been extensively used
to study the migration o€. neoformansnd other pathogens across the BBB. These studies have
made great contributions to our understanding of those mechanisms gguemimanscytosis
[140, 373, 378, 381, 390, 44&ihd Trojan hose pathwayg360, 361] However, these BBB models
cannot recapitulate some important in vivo features in the brain microvasculature, such as shear
stress, cellECM interactions and cylindrical geometry characteristics. In addition, the BBB is
composed of not onlyrelothelial cells, but also pericytes and astrocytes. Therefore, what occurs
in vivo in terms of fungal dissemination could be different to what we have observed in those in
vitro models[448]. To overcome this weakness and to achieve physiological barrier function,

threedimensional setbrganized microvascular models of the BBB containing endothelial cells,
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pericytes and astrocytes have been recently deve[dg8452]. It is expected that these three
dimensional models of the BBB would provide us a better platform to study fungal disseminat
in a way more closely related to what happens in vivo.

In vivo models of mouse infection with. neoformansave also been used to study fungal
dissemination. In line with in vitro findings, histological studies support both the Trojan horse
mechanisn{340, 362]and transcytosis crossiig40, 373] However, fungal dissemination is a
dynamic process, and histological studies are not an optimal approach to address dynamic events.
In this regard, intravital micgzopy has been recently used to study fungal dissemination through
the imaging of dynamic interactions between fungal cells and endothelial cells as well as
phagocyteg53, 81, 82, 301, 359, 369, 453 owever, the limitation of intravital microscopy is
that only a small area can be visualized and that a limited number of fungal cells can be analyzed
[454]. As such, it is unknown whether the obseoiad reflect most of the fungal cells. To
complement histology and intravital microscopy, cokbogming unit (CFU) determination has
been used to study fungal dissemination in Y40, 379, 381, 390However, CFU analysis fails
to distinguish between fungal cells residing within the vasculature bed and those in the brain
parenchyma after crossing the BBB. More recently, flow cytometry has been wetgrtmine
the invasion of brain endothelial cells by the protozoan parasieplasma gondi455]. This
technique is likely a powerful tool that can be used for future studies on fungal dissemination by
guantifying the frequency of endothelial cells containing fungal cells.

Lastly, fungal cells can disseminate using numerousrdiffenechanisms, namely Trojan
horse crossing, transcytosis, paracellular crossing and passage through damagedigjsues
Although there is evidence tsupport all of these mechanisms, an important aspect of fungal

dissemination left unanswered is the relative frequency of each mechanism during infection.
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Determining the major pathway of fungal dissemination is fundamental for developing therapeutic
strategies for invasive fungal diseases. It is a challenge to determine which pathway is the
predominant route for fungal dissemination. To address this issue, an in vivo animal model of
fungal infection is likely required, and when one mechanism is analyeedher two mechanisms

must be properly blocked simultaneously. With the emergence of new technologies and scientific
approaches, we believe that we will have a better understanding of fungal dissemination in the

future.
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Chapter 3iL-27 signaling promotes Th1l responses and is required to
inhibit fungal growth in the lung during repeated exposuvsieergillus
fumigatus

Abstract

Aspergillus fumigatugs an opportunistic fungal pathogen that causes a wide spectrum of
diseases in huma, including lifethreatening invasive infections as well as several
hypersensitivity respiratory disorders. Disea:
A. fumigatusrom the lung while also limiting inflammation and preventing allergsponses. i
27 is an important immunoregulatory cytokine, but its role dulinfumigatusnfection remains
poorly understood. In contrast to most infection settings demonstrating ##t ik anti
inflammatory, in this study we report that this dyitee plays a proinflammatory role in mice
repeatedly infected wittA. fumigatus We found that mice exposed #. fumigatushad
significantly enhanced secretion of-87 in their lungs. Genetic ablation of-7 RU i n  mi c €
resulted in significantly higheuhgal burdens in the lung during infection. The increased fungal
growth in IL-2 7 R thice was associated with reduced secretion efALTNFU, ana, | FN
diminished Fbet expression, as well as a reduction in CD4dells and their activation in the Ign
demonstrating that H27 signaling promotes Th1l immune responses during repeated exposure to
A. fumigatus In addition, infected 2 7 R hice displayed reduced accumulation of dendritic
cells and exudate macrophages in their lungs, and these ckfiddvaer expression of MHC class
ll. Collectively, this study suggests that-27 drives type 1 immunity and is indispensable for
inhibiting fungal growth in the lungs of mice repeatedly exposeil tomigatus highlighting a

protective role for this cgkine during fungal infection.
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Introduction

Aspergillus fumigatuss a ubiquitously distributed saprophytic fungus and the most
common of its genus to cause disease worldwide. It produces small spores, known as conidia, that
readily become airborne and sksninate throughout indoor and outdoor environmiddi8, 156
158, 255] It is estimated that humans inhale a few hundred to a couple of thousand conidia each
day[157, 225] Due to their small size {2 um), conidia can circumvent pulmonary clearance
mechanisms and enter deep into alveolar sda&&s 158, 257]In most immunocompetent hosts,
these conidia are rapidly eliminated without incident. Occasionally though, noninvasive
colonization or the formation of aspergillomas can occur. In addition, otherwise yhealth
individuals can also develop hypersensitivity
allergic bronchopulmonary aspergillosis. In the case of immunocompromised or
immunosuppressed patients, the inability to elimikateumigatusan resulin the development
of aggressive and often fatal invasive infections such as invasive pulmonary aspef@#idsis
457),

Although protection against. fumigatushas mainly been attributed to innate immune
responses, recent reports have indicated adaptive immune responses, in particular T cells, as
contributing to host defense. In fact, practically all T cell subsets hareidentified as playing
a role duringA. fumigatusinfection [243]. To illustrate, Thl responses are protective and
indispensable for fungalearance, whereas Th2 responses promote fungal persistence and disease
progressiof212i 214]. The role of Th17 responses, alternatively, remains controversial. Although
Th17 responses are important for tleeruitment and activation of protective neutrophils, they
have also been reported to suppress Thl responses, as well as drive Th2 responses and the

development of airway hyperresponsiven@gk3, 247 250]. If any of these T cell responses are
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too weak or too strong, then disease can also dd&di. For example, a weak Thl or Thl7
response would be insufficient to remove fungi, whsrancontrolled inflammation can cause

tissue damage and impair fungal cleard@d8, 458] Conversely, an overwhelming Th2 response
suppresses protective T cells and enables fungi to pg$#t Th2 responses have also been
associated with the development of allergic dise§®49, 457, 459] For these reasons, the
intensity and duration of each of immune response must be tightly regaatkd,fine balance
between the protective and detrimental responses must also be established to ensure that fungi are
successfully eliminated while also minimizing immunopathology and preventing the development

of allergic disease.

Interestingly, repeatedxposure toA. fumigatus such as what occurs on a daily basis,
results in the codevelopment of Thl, Th2, and Th17 responses in thRR&)gThe inherent
resistance t@\. fumigatusin immunocompetent hosts, despite recurring exposure, suggests that
there are regulatory mechanisms in place that balance these responses so that disease does not
develop. Regulatory T cells (Tregs) have been identified as contributing to inlmomestasis
during Aspergillusinfection and were found to be induced by repeated exposureftmigatus
[225, 460] Similar to helper T cells, though, these cells must also be carefully regwdated,
excessive Treg activity can lead to immunosuppression and too little can enable immunopathology
[461]. This indicates th possible existence of yet another immunomodulatory pathway in the lungs
of healthy individuals. In fact, a neh cell regulatory mechanism was indeed reported to be
involved in dampening immune responses during repeated expoguriitnigatug225].

IL-27 is an important regulatory cytokine that is best known for its pleiotropic effects on T
lymphocytes. It is composed of-27p28 and EBMnduced gene 3 (EBI3) subunignd it signals

through a receptor consisting of-.7 R U a n H62igi¢4]l IB-B7 was initially described as
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proinflammatory because it upregulatedhdt expression in CD4T cells and promoted Th1 cell
differentiation[465 467]. Later, IL.-27 was reported to be amtiflammatory and could instead
suppress Thl, Th2, and Th17 responses as well as dendritic cell develpBRed68 474]. In

terms of Th2 and Th17 cells,427 can directly inhibit their development through downregulation

of GATA3 and retinoicacidt el at ed or phan r ec e p/466, 473,3115]IL¢ RORo t )
27 also possesses broader suppressive activities and can antagonize the productoanaf IL
stimulate T cell production of H10 [462, 476, 477]1L-27 also interferes with the development
and function of Tregs via the suppression of Fop¥Bi 480]. This ability to dampen immune
responses has been reported to be esseatigréventing the development of T erlediated
pathologieq468, 470, 481, 482Furthermore, 1L27 can influence T cell proliferation, prevent
activationrinduced T celbdeath, and regulate T cell recruitment through enhancing the expression
of various chemokines, chemokine receptors, and adhesive molg&882488].

To date, not mucks known about the role of {27 during fungal infections. Some fungi
such asA. fumigatusand selecCandidaspecies, including. parapsilosisC. glabratg andC.
tropicalis, but notC. albicans can induce host expression of2lZ [489, 490] During systemic
infection with C. parapsilosis IL-27 suppressed inflammatory responses and, in its absence,
infected mice had improved fungal clearance and increased production-of IFAl nl& [489]L
Likewise, during acute aspergillosis,-B7 negatively regulated the production of BN  wh i ¢ h
compromised fungal clearance in wilghe (WT) mice[474]. In contrast, IE27 expression by
IFN-b-conditioned dendritic cells was shown to result in increased-nfédiated IFNo
production in vitrg[490, 491] In addition, IL.-27 has also been implicated in the maintenance of
immune homeostasis during aAspergillusresponses through the development of type 1 Tregs

(Trls)[490].
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Despite these findings, the role ofH7 during repeated exposureAofumigatushas yet
to be invetigated. In this study, we found that during repeated exposéeiimigatusiL-2 7 R U
" mice displayed enhanced growth of the fungus in their lungs associated with reduced numbers
and activation of CD4T cells, lower expression of-Bet, and diminishegroduction of 11-:12,
IFN-2 andl TNFthe Ilung, as compared with infect
proinflammatory role for 1L27, rather than an aAtflammatory role, during repeated exposure

to A. fumigatus

Materials and methods

Ethics approval

All animal studies were conducted in accordance with the guidelines of the Institutional

Animal Care and Use Committee at the University of Maryland, College Park.

Animals

Six- to 8wk-old WT C57BL/6 mice were purchased from the National Cancer Institute
(Frederick, MD). Il-:2 7 R (WSX-17") mice in theC57BL/6 background (stock no. 018078) were
purchased from The Jackson Laboratory (Bar Halé&), and bred in the animal facilities at the
University of Maryland, College Park. Mice were maintained in $jgguathogerfree conditions
in individually ventilated cages with a standardHLBght/12h dark cycle. For all experiments,
age and sexmatched 6to 8wk-old WT and knockout mice were used and cohoused during the

experiments.

57



Fungal strain and culture

A. fumigatusstrain 293 (Af293) is a clinical isolate and was provided by Dr. Stuart M.
Levitz (University of Massachusetts Medical School) and grown as previously dedd@2¢d
Briefly, fungi were cultured from frozen stocks on Sabouraudrdsgtagar (Difco) slants for2
d at 37°C. Conidia were harvested by vortexing slants with sterile PBS containing 0.01% Tween
20 (Amresco). Fungal suspensions were filtered throughandénesh cell strainer and washed
three times with and then resuspeshdie 0.01% Tween 2@BS. Conidia were counted using a
hemocytometer, and the concentration was adjusted to 8 88sdi@lia/ml in 0.01% Tween 20

PBS.

Infection models

For acutéA. fumigatusnfection, ageand sexmatched 6to 8wk-old C57BL/6 mice were
anesthetized using a mix of ketamine (200 mg/kg) and xylazine (10 mg/kg) and infected
intranasally with a single dose of 2610° Af293 in 30 |l of 0.01% Tween 2PBS and were
sacrificed at 1, 3, and 5 d pgasfection for pulmonary CFU quantification. For repeated
fumigatusexposure, ageand sexmatched 6to 8-wk-old C57BL/6 WT and IL2 7 K bhice were
anesthetized using a mix of ketamineD@2mg/kg) and xylazine (10 mg/kg) and infected
intranasally with 2.5¢ 10’ Af293 in 30 |l of 0.01% Tween 2®BS every other day for 28 d and

were sacrificed 1 d following the final instillation to examine immune responses in the lung.

Histology and quantification

Lungs from repeatedly infected WT and-2L7 R bhice were harvested 1 d following the
final instillation of fungi and fixed in 10% neutral buffered formalin. Samples were sent to

American HistoLabs (Gaithersburg, MD) for processing and stainimgg sections were stained

58



with Grocott.Gomoiis methenamine silver stain (GMS) to visualfzefumigatusor with H&E
stain to visualize cellular infiltrates. Fungi were contained to the airways in all mice, and cell
infiltration was closely associated wigirways containing fungi. Images were taken to include as
much of the airway and surrounding areas as possible, and for airways too large to fit in a single
frame, additional images were taken to image the entire area. Slides were imaged at a
magnification of x10 and x63 on a Zeiss Axio Lab.Al microscope. For subsequent analyses, five
to eight images were analyzed for each mouse.

The amount oA\. fumigatusn the lungs was calculated as the % GM&a. To calculate
% GMS areas, images were opened in lma{National Institutes of Health) and colors were split
into red, green, and blue channels (Image > Color > Split Channels). The green channel was then
selected for subsequent analyses, as it had the most contrast betweear@\NE/S areas. A
thresholdof 35 was set and used for each GMS image analyzed (Image > Adjust > Threshold) to
ensure that only GMSungi were highlighted. To measure the highlighted Glsi®as, Area was
selected (Analyze > Set Measurements) and measured (Analyze > Measure) fonageh
Individual values for each image were entered into GraphPad Prism 5 for analysis (GraphPad
Software, San Diego, CA). The amount of cell infiltration in the lungs was calculated as the %
H&E™ area. % H&E areas were calculated similar to % GM®Bea for H&E-stained images,
with a threshold value of 70.

To calculate the depth &f fumigatugrowth in the lungs, an image containing a scale bar
with a known length was opened in ImageJ. Using the strlightool, a line with the same length
as thescale bar was drawn and its known distance and unit of length of 20 um was set (Analyze >
Set Scale) and applied globally (check Global box). Fungal cell lengths were then measured for

GMS images by drawing a straight line from one end of the cell tottler and calculated
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(Analyze > Measure). Between 5 and 10 measurements were made for each image, and fungal
cells measured were randomly spaced out around the airways to avoid bias. Measurements from

images of the same magnification were entered into GaglPrism 5 for analysis.

Lung leukocyte isolation

One day following the final instillation of Af293, lungs from repeatedly infected
C57BL/6WT and I-:2 7 R bhice were harvested into 1 ml of sterile RPMI 1640 medium ina 24
well plate and minced with suigl scissors. One hundred microliters of each lung sawgle
reserved on ice for RNA extraction for use in gene expression studies. The remaining tissues were
digested with collagenase IV (Worthington Biochemical) at a final concentration of 1l @xgdm
incubated for 45 min at 37°C with gentle shaking. Samples were then manually homogenized on
ice through a 7qum cell strainer and centrifuged at 50 for 5 min at 4°C, and the supernatants
were collected and stored-&0°C for use in cytokine anaes. Pelleted cells were resuspended
in 37% Percoll (GE Healthcare Biosciences) and subjected to gradient centrifugation atgl200
for 15 min at room temperature with the brake off. The supernatants were decanted, and cell pellets
were resuspended anmttubated in ACK (ammoniurohloride-potassium) lysing buffer (Lonza
BioWhittaker) for 510 min at room temperature to lyse RBCs. Cells were then washed once with
sterile PBS and resuspended in flow cytometry staining buffer (1% BSA in PBS with 0.05%
sodiumazide). A 10ul portion of the isolated cells were diluted and stained with trypan blue

(SigmaAldrich), and live cells were enumerated using a hemocytometer.

Flow cytometry
Following isolation, 1x 1P isolated lung leukocytes were resuspended in 1@ flow

cytometry staining buffer. Fc receptors were blocked usingGid1i6/32 mAb (93) for 20 min at

60



4°C. Cells were then stained with fluorophanjugated Abs including arGD45 (30F11), anti

CD11c (N418), antMHC class Il (M5/114.15.2), antiy6G (1A8), antiLy6C (HK1.4), anti

CD11b (M1/70), antF4/80 (BM8), antiSiglecF (E562440), antCD3e (17A2), antCD4

(GK1.5), antiCD8 (536.7), antiCD44 (IM7), antiCD62L (MEL-14), anttCD80 (1610A1), and
anttCD86 (GL-1). Stained cells were detected wighFACSCanto Il flow cytometer (BD
Biosciences), and data were analyzed using FlowJo v7.6 (Tree Star). Gating strategies are shown
in Supplemental Figs. 1 and 2. All Abs used for flow cytometry were purchased from BioLegend,

unless otherwise stated.

Quantification of fungal burdens

The lungs of acutely infected mice were collected into 2 ml of sterile PBSnn fibes
on ice and were homogenized with a hiuet tissue homogenizer (Omni International). Serial
dilutions were performed using stenkater and were plated on Sabouraud dextrose agar. Plates
were then incubated overnight at 37°C and CFU were counted and the total fungal burden was

calculated.

Gene expression

Total RNA was extracted from 140 portions of lung tissues collected duringkecyte
isolation using TRIzol reagent (Invitrogen) according to the manufaéurestructions. cDNA
was transcribed using the SuperScript IV fggand synthesis system (Invitrogen). Quantitative
reattime PCR (gRTPCR) was performed with approprigiemers on a BicRad CFX96 real
time system using SYBR Green PCR master mix (Applied Biosystems). The gene expressions for

each sample were normalized against the housekeeping gene GAPDH and fold change was

calcul ated using the dapltedimEabl®ilod. The pri mers
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Table 1:
Gene Forward Primer Reverse Primer
Gapdh 5-ATGGGAAGCTGGTCATCAAC-3’ 5 -TGTGAGGGAGATGCTCAGTG-3’
1127p28 5-CTGGTACAAGCTGGTTCCTG-3’ 5’-CTCCAGGGAGTGAAGGAGCT-3’
Ebi3 5-CAGAGTGCAATGCCATGCTTCTC-3’ 5 -CTGTGAGGTCCTGAGCTGAC-3’
Tbx21 5-GGACGATCATCTGGGTCACATTGT-3’ 5-GCCAGGGAACCGCTTATATG-3’
Gata3 5-CTACCGGGTTCGGATGTAAGTCG-3’ 5-GGTCACACACTCCCTGCCTTCT-3’
Rorc 5-ACAACAGCAGCAAGTGATGG-3’ 5-CCTGGATTTATCCCTGCTGA-3’
Foxp3 5’-CCCAGGAAAGACAGC-3’ 5’-TTCTCACAACCAGGCCACTTG-3’
Nos2 5-CAGCTGGGCTGTACAAACCTTC-3’ 5’-CATTGGAAGTGAAGCGTTTCG-3’
Ifng 5-TGAACGCTACACACTGCATCTTGG-3’ | 5'-CGACTCCTTTTCCGCTTCCTGAG-3’
Tnf 5-CATCTTCTCAAAATTCGAGTGACAA-3’ | 5'-TGGGAGTAGACAAGGTACAACCC-3’
I11b 5-CCTGCAGCTGGAGAGTGTGGAT-3’ 5 -TGTGCTCTGCTTGTGAGGTGCT-3’
Argl 5'-CAGAAGAATGGAAGAGTCAG-3’ 5'-CAGATATGCAGGCAGGGAGTCACC-3’
Chil3 5-CAGGTCTGGCAATTCTTCTGAA-3’ 5 -GTCTTGCTCATGTGTGTAAGTGA-3’
Rentla 5’-CCAATCCAGCTAACTATCCCTCC-3’ 5’-ACCCAGTAGCAGTCATCCCA-3’
Mrcl 5’-TCAGCTATTGGACGCGAGGCA-3’ 5-TCCGGGTTGCAAGTTGCCGT-3’

Table 3.1The sequences of primers used for gene expression.

Cytokine quantification

The supernatants from lung homogenates collected during leukocyte isolation were stored
at -80°C prior to use. Samples were then thawed centrifuged to pellet any debris. The

remaining suspensions were used to measure cytokine concentrations. BD OpEIA-8, IL-

10, IL-12p40,andIFN ELI SA ki ts were purchas@d-1tblt-omLBD

17A, and I-27 ELISA kits wee purchased from Thermo Fisher Scientific, and all were used

according to the manufacturers. protocols. ELISA plates were read using a BioTek Synergy HTX

plate reader.
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Statistical analysis

All data were expressed as meaSEM. Statistical tests were pemfioed using GraphPad
Prism 5 (GraphPad Software, San Diego, CA). For datasets containing two groups, the unpaired
Student test was used to determine significance. For comparisons of more than two groups, one
way ANOVA was performed followed by a Tukey pb®c test. Ap value <0.05 was considered

to be significant.
Results

IL -27 is upregulated in the lung duringA. fumigatusinfection

To determine whether 127 is involved in the immune responseftofumigatuswe first
examined the expression of this cytokine and its receptor in the lungs of mice following infection.
WT C57BL/6 mice were infected intranasally with X3.0° Af293 andsacrificed at 14 d post
infection. The expression of the-R7 cytokine subunits EBI3 and{27p28, as well as the 127-
specific receptor subuniti2 7 RU, wer e t h e4#PCRnEha expressiod of both EGIR T
andI-2 7 RU wer e i ncAspegituginfectiory Whereas theexpression ofaZp28
was unexpectedly decreased (FAd.A). To confirm that the upregulation of EBI3 correlated to
an increased production of 27, we next measured the cytokine concentrations in the
supernatants of lunigomogenates and found dd@d increase in 1E27 levels following infection
(Fig. 3.1B). These data provide evidence thall_may be involved in immune response#\to

fumigatus
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Fig 3.1 Enhanced IL-:27 expression in the lung following infection withA. fumigatusand establishment of an
infection model for repeated exposure té\. fumigatus (A andB) Six- to 8wk-old C57BL/6 wildtype (WT) mice

were infected intranasally with 2.5 ©71Af293 for 14 d. A) Gene expression of the-R7 cytokine subunits EBI3

and 1L-27p28 as well as the 127 specific receptor subunit2 7 RU f or naive WT (n=3) and
mice. B) Protein levels of 127 in the supernatant of lung homogenditem naive (n=3) and infected WT (n=5)
mice. Data are expressed as me&SEM. ***p < 0.001. C) Age- and sexmatched 6to 8wk-old WT and I-:2 7 R U

" mice were infected intranasally with 2.5 x’#G293. The pulmonary CFU of WT and{2 7 Rrdice (n=35) on

days 1, 3, and 5 post infection. Data are expressed as t8&M and are representative of two independent
experiments. *p < 0.05, ****p < 0.0001D{) Graphic representation of the experimental model of repeated infections.
Age- and sexmatched 6to 8-wk-old WT and Il-2 7 Rrbice were infected intranasally (i.n.) with 2.5 X’ 26293

every other day for 28 d and were sacrificed 1 d following the final instillation of fungi (29 d after initial infection) to
assess immune responses.
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Establishing an infection model for repeated exposure tA. fumigatus

To examine the immune responses that protect immunocompetent hosts from developing
disease during repeated exposurA.ttumigatuswe sought to create an infection model in which
a rolust adaptive immune response was elicited. To this end, we modified a previously described
model of repeateAspergillusexposure to ensure that fungi were consistently present in the lungs,
as it is rapidly cleared in immunocompetent h¢2&5]. For this, we determined the frequency
with which fungi needed to be instilled. WT and2L7 R thice were infected intranasally with
2.5 x 10 Af293 and fungal burdens in the lungsre assessed at days 1, 3, and 5 post infection.
One day following infection, less than half of the original inoculum was detected as CFU in the
lungs of both WT and H2 7 R bhice. By 3 d post infection the CFU had decreased an additional
5-fold, and ly 5 d there were no detectable CFU in either strain of mouse3(E@). With this in
mind, we developed a model in which mice were infected intranasally with 2.54{208 every
other day during the course of 28 d, for a total of 15 instillations.aMeted this duration for our
model because T helper responses were previously reported to peak at 4 wk during repeated
Aspergillusexposurg225]. Mice were then sacrificetl d following the final administration of

fungus to examine immune responses in the lung 8AQ).

IL -27 signaling is required to suppres#. fumigatusgrowth in the lung

To assess fungal growth, lung sections from repeatedly infected WIL ghd R thice
were stained with GMS to visualize fumigatusThe overall amount of fungi was determined as
the % GMS area. We selected this method to quantify fungal loads, as traditional culture methods
are often unreliable foh. fumigatusespecidy at later time points when fungi have germinated
into hyphae and form aggregates within tissues that are often difficult to disperse (52, 53). In

addition, these methods fail to take into account how much fungi have grown, which is especially
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important b consider for a filamentous fungus suckapergillus In general, fungi were confined

to the airway epithelium in both strains of mice, buRIl7 R biice had twice the amount of GMS

A. fumigatusn their lungs compared with WT mice (F§2A). In adlition, fungi in IL-2 7 B U
mice had grown longer, which correlated to a significantly higher average fungal length (Fig.
3.2B). These data demonstrate thalll signaling is required to suppréssfumigatugrowth in

the lung.

6- *%

LR 2

% GMS" area

WT  IL27Ro"

Fungal length (um)

WT  IL-27Ro"

Fig 3.2 IL-27 is required to suppresd. fumigatusgrowth in the lung. Age- and sexmatched 6to 8 wkold WT

and IL-2 7 R tice were infected intranasally with 2.5 x” G293 every other day for 28 d and were sacrificed 1 d
following the final instillaton of fungi. A) Representative images of GM&ined lung sections from infected WT
(n=3) and Il-:2 7 R (#=3) mice and quantification of % GM8&reasA. fumigatusan be visualized as black (original
magnification, x10).B) Representative images Afpergillus growth in the lungs of repeatedly infected WT (n=3)
and IL-2 7 R (0=3) mice and the quantification of fungal cell lengths (original magnification, x63). Each data point
represents an individual measurement. Data are expressed as §t#lsln **p < 0.01, ****p< 0.0001.

IL -27 promotes Th1l immune responses in the lung during repeated exposureftofumigatus
IL-27 is best known for its effects on T cell polarization. For exampl@7ltan promote
the development of Th1l cells, as well as inhibit Th1, Th2, and Th17 cells and4883d 0 gain

insight into how I:27 might influence T cellesponses duringspergillusinfection, we measured
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the concentrations of various cytokines associated with these responses in the lungs of repeatedly
infected mice. Of note, infected42. 7 R bhice had significantly lower concentrations of the Th1
cytokines 1L-12, IFN-0 , antd TNMmpared with infected WT mi
responses was not due to enhanced Th2 or Treg responses, as WTF2afd/ilhice had
comparable levels of W4, IL-5, and I-:10. Likewise, Th1l7 responses were also minimally
affected by the absence of-R7 signaling, as I17A concentrations were similar in these mice

(Fig. 3.3A). Based on these results-27 promotes Thl cytokine responses during repeated

fumigatusnfection.
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Fig 3.3 IL-27 signaling promotes Thl responses in the lung during repeated exposureAo fumigatus (A)
Concentrations of various cytokines in the lungs of repeatedly infected WT (n=15)-8nd B (h=12) mice were
measured 1 d following the final iftdtion of fungi. B) Gene expression of T cell subset inducing transcription
factors in repeatedly infected WT (n=7) anddL7 R (h=7) mice 1 d following the final instillation of fungi. Data
are expressed as meaSEM and are pooled from two indegemt experiments. *p<0.05, **p<0.01, ***p<0.001

One way in which 1E27 regulates the development of T cell subsets is through regulating
the expression of transcription factors. For instancelpromotes Thl cell development via
inducing the expressiaf T-bet, and it suppresses Th2, Th17, and Treg development by inhibiting
expression of GATA3, ROMB2477,47&hoddetérminewidetheriie s p e ct
27 signaling affects the expression of these transcription factors during repeated expAsure t
fumigatus we next measured their expression in the lung using@R. Compared to WT mice,
IL-2 7 R lhice had significantly reduced expression of Tbx21b€T), whereas there were no
di fferences between their expr e83B)odhssupports Gat a:
the notion that IL27 drives Th1 polarization by enhancingb&t expressian

To determine whether {27 affects T cell numbers duridgpergillusinfection, CD4 and

CD8" T cell populations in the lungs of repeatedly infected mice were analyzed using flow

cytometry Fig. 3.9.
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Fig 3.4T cell gating strategy The flow cytomety gating strategy used to identify CDénd CD8 populations, as
well as activated (CD4€D62L) CD4" and CD8 T cells in the lungs of repeatedly infected WT anell7 R U
mice.

IL-2 7 R hice had significantly fewer CD4T cells compared with WT micéut they
had similar numbers of CDE cells (Fig.3.5A). Importantly, these CD4and CD8 T cells in the
lungs of I-2 7 R bhice were less activated than those in WT mice @=&8). These data indicate
that IL-27 signaling leads to increasecdll, especially CD4T cell, numbers and activation in
the lungs durindispergillusinfection. Overall, these data suggest thaPTLsignaling drives Thl

immune responses in the lung during repeated expos.gumigatus
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Fig 3.5 IL-27 enhances T ell numbers and activation in the lung of mice repeatedly infected witA. fumigatus
(A) Representative flow cytometry dot plots and quantification of ‘Gibdl CD8 T cell populations in the lung of
repeatedly infected WT (n=7) and-BL 7 R (#=7) mice Id following the final instillation of fungi.§) Representative
flow cytometry dot plots and quantification of activated (COzI262L) CD4" and CD8 T cells in the lung of
repeatedly infected WT (n=7) and-BL.7 R (#=7) mice. The gating strategy is shown in Big. Data are expressed
as mearr SEM and are representative of two independent experiments. *p < 0.05, **p<0.01

IL -27 signaling promotes éndritic cell and macrophage accumulation and activation in the

lungs of micerepeatedly infected withA. fumigatus

An important function of Th1l cells is to recruit and activate effector §€93]. Two of
the most important effector cells agaiAstfumigatusare macrophages and neutropfis6, 255,

494]. To determine whethereriitment of these and other myeloid cells was altered in the absence
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of IL-27 signaling, we examined their populations in the lungs of repeatedly infected mice using

flow cytometry Fig. 3.9.
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Fig 3.6Myeloid cell gating strategy The flow cytometry gting strategy used to identify myeloid cell populations
in the lungs of repeatedly infected WT and2L7 R bhice.

Overall, infected WT and H2 7 R lthice had comparable numbers of total leukocytes,
neutrophils, eosinophils, inflammatory monocytes, rgdihg monocytes, and alveolar
macrophages (Fig3.7A). Interestingly, though, infected 12 7 R lthice had less than half the
number of dendritic cells as well as exudate (monedgtérzed) macrophages as did infected WT

mice (Fig.3.7A).
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Fig 3.7 IL-27 promotes dendritic cell and macrophage accumulation in the lung during repeateil fumigatus

infection. (A) The cell numbers of leukocytes, neutrophils, eosinophils, inflammatory monocytes, patrolling
monocytes, alveolar macrophages, dendritic cells, and exudate macrophages in the lung of repeatedly infected WT
(n=7) and 1l:2 7 R (h=7) mice 1 d fdbwing the final instillation of fungi. The gating strategy is shown in
Supplemental Fig. 2. Data are expressed as m&EM and are representative of two independent experiments. *p

< 0.05, **p < 0.01. B) Representative images of H&fained lung sectits of repeatedly infected WT (n=3) and IL

2 7 R (h=3) mice and quantification of % H&Ereas. Cell infiltrates can be visualized as dark purple. Each data
point represents an individual measurement. Data are expressed as $tan****p <0.0001

Furthermore, dendritic cells and exudate macrophages of infect€d7IE Unice
exhibited lower expression of MHC class Il compared with those of infected WT mice, although
the expression levels of costimulatory molecules CD80 and CD80 were not affgctbd b

deficiency of I.2 7 RU 38Fi g .
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Fig 3.8 Reduced expression of MHC class Il in lung dendritic cells and macrophages in the absence of2lL
signaling during repeated A. fumigatus infection. The expression of MHC class Il, determined as the media
fluorescence intensity, was measured in dendritic cells (DCs) and exudate macrophages (ExMs) in the lung of
repeatedly infected H2 7 R (h=7) mice and WT (n=7) mice 1 d following the final instillation of fungi. Data are
expressed as meanSEM and a@ representative of two independent experiments. ***p < 0.001, ****p < 0.0001

The reduced accumulation of macrophages and dendritic cells, along with the drop in CD4
T cells, was reflected in H&IStained lung sections where cell infiltration, determiasdhe %
H&E* area, was significantly lower in infected-BL7 R lthice, with only 4% of the total areas
imaged being positive, as compared with 12% in infected WT mice3Hg).

Because macrophages are considered one of the main defenses Agpérstius
infection, the reduction of macrophage numbers in the lungs of infect@d7II® thice may
explain the inability for L2 7 R bhice to control fungal growth. The fungicidal activity of these
cells is typically associated witti1 polarization[495, 496] To assess whether-R7 influences

macrophage polarization during infection wikhfumigatuswe examined the gene expression of
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various M1 and M2 macrophage markers and found th&t LR thice had adndency toward
lower M1 marker expression, including lower Nos2, Ifng, and Tnf expression, although the
difference of these molecules did not reach statistically significant levels3(BygCollectively,

these data demonstrate thataL signaling promi@s accumulation and activation of dendritic

cells and macrophages in the lung during repeated exposAiréumigatus
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Fig 3.9 Characterization of M1 macrophage polarization in WT and 1L-:2 7 R bhice during repeatedA.
fumigatusinfection. Geneexpression of M1 and M2 macrophage markers in the lung of repeatedly infected WT

(n=7) and 1l-:2 7 R ({#=7) mice 1 d following the final instillation of fungi as determined by FOR. Data are
expressed as meaSEM.

Discussion

On average, humans inhale somewhere between a few hundred and a couple of thousand
A. fumigatusspores each dd225, 255] Repeated exposure to this fungal pathogen results in the

codevelopment of Thl, Th2, and Thl7 responses in the [R2f]. The way in which these
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responses influence the outcomeAsipergillusinfection varies greatly. For example, Thl and
Th17 responses confer protection, whereas Th2oreses are detrimental. Moreover, if one of
these responses is too strong or too weak, then disease can occur. The fact that most
immunocompetent individuals do not develgpergillusassociated diseases suggests that these
responses are effectively regtdd so that fungi are successfully cleared while minimizing
immunopathology and preventing the development of allergic disease. Although Tregs have been
identified as playing an important role in suppressing excessive immune responsesAduring
fumigatusinfection, these cells must also be carefully regulated to prevent the development of
diseas4460, 461] IL-27 is a cytokine that can regulate immune responses through promoting the
development of the various T cell subsets. For this reason, we hypothesized-2@amky
contribute to immunity during repeatéd fumigatusxposure.

Supporting this hypothesis, 427 production in the lungs of WT mice was significantly
increased followincA. fumigatusnfection. This went hand in hand with increased expression of
the IL-27 subunitEBI3. In contrast, IE27p28 expression was unexpectedly decreased. The fact
that these subunits can be secreted independently of one another and possess unique biological
functions outside of 127 cytokine formation may account for this discrepaft97]. For
example, I-:27p28 can act as a gpl30 receptor antagonist, and its decreased expression likely
represents a downregulation of this function rather tfdh-27 production, especially as-27
protein levels did not reflect this decre§462, 483]

The increased fungal growth in -2 7 R Umice was associated with reduced
concentrations of K12, TNF-U, andg, | &INI of which have been s
protection againsA. fumigatusand were accompanied by lower expression of theifdhicing

transcription factor Iet[212, 213, 498501). These data support the notion that2L drives F
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bet expression in CD4T cells and promotes theedelopment of Thl cells in midd65]. In
addition, we showed that infected-BL7 R bhice diplayed reduced CD4T cell numbers in the
lung, which is consistent with previous studies showing th&7lpromoted the proliferation of
CD4" T cells as well as prevented their activatinduced cell deatf@83i 487, 502]

On top of fewer CD4T cells, IL-2 7 R hice also had less T cell activation compared
with WT mice, which could further explain the lower Thl cytokine production. Due to its
pleiotropic effects on T cells, it is conceivable that2lL directly influences T cell activation.
However, we could naxclude the possibility that {27 also acts on APCs, which would in turn
affect T cell activation. For instance,-R7 has been shown to upregulate MHC class Il expression
on APCs, which is not only required to prime and activate T =& 506], but is also required
for APC survival[507]. In this regard, we found that MHC class Il expression on dendritic cells
and exudate macrophages was indeed dramatically lowerdn7ILR bhiceand that infected L
2 7 R bhice hal fewer of these cells, suggesting this as a potential cause for their reduced T cell
activation.

The lower numbers of dendritic cells and exudate macrophages observed in infected IL
2 7 R bhice are likely the direct cause of impaired fungal clearantieee mice, because these
are weltknown effector cells that can directly kil fumigatughrough the production of reactive
oxygen specie$l56, 508] It is well established that Thl immune responses andolEN t h e
signature Thl cytokine, are essential for clearand&spergillusinfections[212i 214, 498501,

509]. It is also knowrthat IFNo as wedJl pa®s mOINE monocyte differ .
cells and macrophag@$64, 510513]. Thus, it is condeable that disruption of 127 signaling
reduces Thl polarization and IFN s ecr et i on, hence negatively

exudate macrophage development, which leads to impageergillusclearance.
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Taken together, our data suggest a ptotecole for IL-27 during repeated exposure to A
fumigatus Interestingly, 1127 does not appear to be aimflammatory, but instead promotes
inflammatory responses in the lung that are essential to clear fungi. This is in conflict with a recent
study showing that H27 was detrimental during an acute model w¥asive pulmonary
aspergillosis, as it negatively regulated the production ofdEN whi ch was requi r
clearance and improved surviJydlZ4j.

In this study, acutely infected WT mice succumbed within 8 d, where@s7LF lthice
survived significantly longg@74]. This contrasts with our repeated exposure model where neither
strain of mice died. These differences in survival could stem from the different dosafyes of
fumigatusused to infect mice in each model. Imetacute model, mice were infected once
intratracheally with 5 x 170Af293 [474]. For repeated exposure, mice warkected every other
day intranasally with 2.5 x I\f293. It is possible that the higher dosagefofumigatusused
for acute infection could cause death in WT mice, which would be in line with a previous report
that found that mortality was positivetprrelated with the fungal dose used to infect nfibde}].

This difference in susceptibility is alsdlexted as differences in the fungal burdens between both
studies. In the acute model of aspergillosis2IZ F bhice had lower pulmonary CFU compared
with WT mice, whereas H2 7 K lhice repeatedly exposed £ fumigatushad more fungi in
their lungs.

The decreased fungal burdens in the lungs of acutely infect2d7ILE bhice were likely
the result of increased IFDl  at day s infectien@dd]. This giffers fromrepeatedly
infected I.-2 7 R bhice, whose productionof IFNl was signi ficantly | ower
at 29 d after initial infection. Although the source of IBN dur i ng asisuwagnotas per g

identified, it is likely that it is produced by a subset of innate immune cells such as NK cells rather
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than T cells. This is reasonable, as NK cells were identified as the major sourcef IRNu r i n g
early Aspergillusinfection in neutropenienice [509]. Furthermore, IE27 was also reported to
influencelFNo  pr odu ct i o[462).iAnlater dtages ék. fumeatusrdection, the major

source of IFN0o  wa s i d e n'tTicdlls, wehith isirs agrédinént with our results that show
that IL-2 7 R bhice with dramatically fewer CD4T cells had significantly lower levels of IFN

[509].

Based on these results, it is possible theTlsuppresses the early productibtFiN-0 b y
innate immune cells/NK cells, which prevents fungal clearance during acute aspergillosis, but at
later time points mediates protective responses through the promotion -ofdielducing Thl
cells, which are required to suppresspergillusgrowth following repeated exposure. Whether
IL-27 is antinflammatory or proinflammatory during. fumigatuanfection may be dependent
on the cell types in question, the infection stages, and/or the infection models. Future studies are
needed to better undéaad what factors dictate {27 activity, and how 127 differentially shapes
immune responses in the lung at different time&.dtimigatusnfection.

In summary, 27 signaling plays a protective role during repeated exposure to
fumigatusthrough pomotion of type 1 immune responses. This finding is surprising, because the
function of IL-27 is currently considered to be mostly immunosuppressive in infectious diseases,

although I1-27 was initially identified as a proinflammatory cytokine.
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Chapter 4Cell-intrinsic role for 1L.-27 signaling on T cell proliferation
and survival as well as fungal clearance during brain infection with
Cryptococcus neoformans

Abstract

Cryptococcus neoformans an opportunistic pathogen responsible for fatal fungal
meningoencephalitis. Protection agai@sineoformang the brain requires T cells which induce
fungal clearance. However, it remains incompletely understood as to how T cell responses are
regulaed in the central nervous system, particularly in the infected brai2?7 has been shown
to regulate T cells in a variety of settings, but its role during brain infectionGvitteoformans
has yet to be investigated. Here, we report that the expreskitii27 and its receptor was
dramatically upregulated in the brain during cryptococcal infection. Genetic ablatior2af IL
receptor alpha in mice resulted in significantly higher fungal burdens in the brain following
infection. This correlated with sigi@antly fewer T cells, in particular IFs-secreting CD%and
CD8' T cells, in the brain, suggesting a role fordL in promoting T lymphocyte accumulation.
IL-27 signaling enhanced T cell numbers through aie&lhsic mechanism that did not involve
chemokine receptor or ICAM expression. Instead, 427 directly signaled on T cells, driving T
cell proliferation early during cryptococcal infection, and inhibiting death of activated T cells at
later time points by suppressing the expression of FaslDd @nd CD8 T cells in the brain.
Thus, IL-27 promotes T cell responses in the brain required for fungal cleachnogy
cryptococcalinfection, suggesting a therapeutic potential for cryptococcosis by targetiag IL

signaling.
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Introduction

Cryptococcusneoformansis an encapsulated fungus found globally throughout the
environment primarily in soil and pigeon gug@88]. It is generally acceptatiatC. neoformans
is acquired following the inhalation of desiccated yeast or spores into the respiratory tract, where
it initially causes pulmonary infectiorfS15]. In immunocompetent individuals, these organisms
are cleared or contained within the lungs with little to no incident. In immunocomprgpeisenhs
though,C. neoformansan escape the lungs and disseminate to the central nervous system (CNS).
If this organism crosses the blebdain barrier (BBB) and enters the brain parenchyma it can
rapidly proliferate, causing the fatal brain infection meningoencephalitis. Approxyn22@J000
cases of cryptococcal meningoencephalitis are diagnosed each year, resulting in an estimated
181,000 deaths annually2].

T cells are essential for mediating protection agansteoforman# both the lungs and
the brain, and individuals with reduced T cell counts, sschatients with HIV/AIDS or those
undergoing T cell depletion therapies, are at a greater risk for developing cryptococcosis and
disseminated disea$@4i 100]. Specifically,protection and fungal clearance are associated with
the development of Thl responses, characterized by the produdiicai@and IFNo [103, 104]
Despite the importance of cetlediated immunity against cryptococcal infections, there is
increasing evidence suggesting that strong inflammatory respanay contribute to pathology in
the CNS[516, 517] This is especially true in HVpatients with cryptococcosis who develop
immune reconstitution inflamnbary syndrome (IRIS) following antiretroviral therapy (ART).
IRIS is a phenomenon in which the rapid recovery of the immune system results in exaggerated
inflammatory responses to pexisting antigenic stimuli, and the worsening of sympt¢sisSi

521]. In particular, 1FNo pr odu ¢ iTrcgls wei@ 4ound to be pathogenic; driving
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inflammation, clinical deterioration and death in both murine models of cryptococcal
meningoencephalitis ar@dryptococcusasso@ted IRIS (CIRIS), demonstrating the importance
of regulating T cell responses in the CNS during cryptococcal infe&idn 523]. To date, there
is limited information regarding how T cell responses are regulated @ryimococcusnfected
brain.

IL-27 is an immunoredatory cytokine best known for its pleiotropic effects on T
lymphocytes. Depending on the setting;AL can be either pr@r anttinflammatory[462, 464
473]. During acute fungal infections, such as vidtndidaparapsilosisor Aspergillus fumigatus
IL-27 was reported to suppress inflammatory responses required for fungal cl¢ardnd&9]
Interestingly, in a model of repeatéd fumigatusexposure, IE27 was instead found to promote
Th1l responses and suppress fungal growth in the [&243 In addition, polymorphisms in the
IL-27 gene have been linked with enhanced susceptibility to HIV infection as well as with disease
progression}525]. However, the role of K27 during cryptococcal meningoencephalitis remains
unknown

In this study, we found that deficiency of-#7 signaling led to impaired fungal clearance
in the brains of infected mice. This was accompanied by reduced accumulation of leukocytes,
particularly IFNo  p r o d u tandhGip8 TCcBll$ in the brain durgpC. neoformannfection.
Of note, 1L-27 signaling drove T cell proliferation in the spleen and brain during cryptococcal
infection as well as prevented T cell death in the brain, particularly at later stages of infection.
Importantly, the promotion of €ell proliferation and survival mediated by-B7 signaling was
cell-intrinsic. Together, these suggest thaPILis required for driving T cell responses necessary

for mediating fungal clearance in the CNS.
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Materials and methods

Animals

IL-2 7 R bhice in the C57BL/6 background (Stock #018078) were purchased from The Jackson
Laboratory (Bar Harbor, ME, USA), and bred in the animal facilities at the University of Maryland,
College Park. C57BL/6 wildype mice were purchased from the National Carnstitute
(Frederick, MD) and ctoused with 12 7 R prior to experiments. For adoptive transfer studies,
Ly5.1 (CD45.1) (Strain code: 494) and Thyl.1 (CD90.1) (Stock #000406) mice both in the
C57BL/6 background were purchased from Charles River Ladrggat(\Wilmington, MA, USA)

and The Jackson Laboratory respectively. Mice were maintained in sqmtificgerree
conditions in individually ventilated cages with a standard 12 h light/dark cycle. For all
experiments, 6to 8weekold mice were used. Alnimal studies were conducted in accordance
with the guidelines of the Institutional Animal Care and Use Committee (IACUC) at the University

of Maryland, College Park.

Fungal strain and culture.

Cryptococcus neoformanserotype D strain 52D (52D) was rphased from ATCC
(Manassas, VA) and cryopreserved in 25% glycerd@@C. To culture fungiSabouraud dextrose
agar (Difco) plates were streaked from frozen glycerol stocks and incubated for 48 hours at 30°C.
A single colony was isolated from streakdat@s and inoculated into 15 mL of Sabouraud dextrose
(Difco) broth, and incubated overnight38PC with shaking at 200 rpm. Fungi were washed twice
with sterile PBS and resuspended in sterile PBS.

Infection model and adoptive transfer.
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For infections,we adapted a previously described murine model of cryptococcal
meningoencephaliti§s22]. Briefly, age and sexmatched C57BL/6 and 2 7 R lhice were
infected intravenously with 1x2@. neoforman&2D in 100 uL of sterile PB&nd were sacrificed
at various time points to examine immune responses in the brain, blood and spleen.

For adoptive transfer studies, congenic WT Ly5.1 (CD45.1, CD90.2) mice were used as
recipient mice. Recipient mice were iofed intravenously with 1x£@C. neoforman&2D. One
day following infection, CDAT cells were isolated from the spleens of naive congenic WT Thy1.1
(CD45.2, CD90.1) and H2 7 B (yCD45.2, CD90.2) mice using CD4 (L3T4) MicroBeads
(Miltenyi Biotec)accord ng t o t he manufacturerdés protocol
and resuspended in sterile PBS. Cells from Thy1.1 afl TLR thice were counted and mixed
in a 1:1 ratio, and a minimum of 2>8itdtal CD4 T cells were transferred intravenouslyinfected
recipient mice via the tail vein. Tissues were collected from recipient mice 2 weeks post infection

for analysis of donor T cell populations.

Leukocyte isolation.

To isolate leukocytes from the brain, org&msn infected mice were harvestedo 1 mL
of sterile RPMI 1640 medium in a 24 well plate, and minced with surgical scissors. Tissues were
digested with Collagenase IV (Worthington Biochemical Corporation) at a final concentration of
1 mg/mL and incubated for 45 mins at 37°C with gesttigking. Samples were homogenized into
6 well pl ates on ice through a 70 em cel/l str
500 x g for 5 mins at 4°C. Supernatants were collected for cytokine analysis and pelleted cells
were resuspendedin6®0L o f 100 % Per c oisdiencesh Gteritt®BSwasaddadr e B i
to samples to a final volume of 2 mL in order to obtain a final Percoll concentration of 30%.

Samples were gently layered onto 2 mL of 70% Percoll and were subjected to gradient
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centrfugation at 1500 x g for 20 mins at room temperature with the brake off. Following
centrifugation, leukocytes in the interphase layer were collected into a new 15 mL tube, washed
with PBS and resuspended in flow cytometry staining buffer (1% BSA in PB®Wi5% sodium
azide).

For spleen leukocytes, samples were collected into 1 mL of sterile RPMI 1640 medium in
a 24 well plate, minced with surgical scissors and immediately homogenized into 6 well plates on
ice through a 70 & mcdlectedintoslb mlaubesand cent®fagedmti580s we |
x g for 5 mins at 4°C. Supernatants were decanted and cell pellets were resuspended and incubated
in 5 mL of ACK lysing buffer (Lonza BioWhittaker) for-50 mins at room temperature in order
to lyse red blod cells. Samples were washed in PBS and resuspentled icytometry staining
buffer. For circulating leukocyted, mL of blood was collected via heart cardiopuncture in a
syringe containing 50 pL of 100 U heparin. 100 pL portions of the blood were lysed with ACK
buffer, washed with PBS and resuspended irflow cytometry staining buffer. To count
leukocytes, 10 pL fasolated cells were diluted and stained with Trypan blue (Sigldach) and

enumerated using a hemocytometer.

Flow cytometry and intracellular staining.

For cell surface staining, 1x4&olated leukocytes were resuspended in 100 pL of flow
cytometry gaining buffer, andFc receptors were blocked with a@iD16/32 mAb (93) for 20 mins
at 4°C. Cells were then incubated with fluorophoo@jugated antibodies for 40 mins at 4°C to
stain surface markers. Samples were washed and fixed with 2% paraformal@@Bpd prior to
a final wash and resuspension in 3000f staining buffer. To stain intracellular markers, cells
were washed following surface staining, fixed for 30 mins at room temperature then permeabilized

using the Foxp3/Transcription Factor StaqiBuffer Set (ThermoFischer) according to the
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manufacturerdéds protocol s. S a mp-toajegated antiodies h e n i
for 40 mins at 4°C then washed and resuspended inB@d staining buffer. For, intracellular
cytokine staining ofFN-o ,  %isolatéd leukocytes were cultured ex vivo in 1 mL of complete
RPMI medium in the presence of Cell Stimulation Cocktail plus protein transport inhibitors
(eBioscience) overnight at 37°C in €@cubator prior to cell surface staining. After fawwe
markers were stained, samples were washed, then fixed and permeabilized as before, and samples
were then incubated with fluorophecenjugated antiFN-o  ( XMG1. 2) f or 40 min
washed and resuspended in 3Q0of staining buffer. To assesgpoptosis and cell death, cells
were washed following surface staining and were resuspended in 100 pL of Annexin V binding
buffer (BioLegend) and 5 pL of-AAD and 5 pL of Annexin V were added to stained samples
without fixation, 15 mins prior to detection

Stained cells were detected with a FACSCanto Il flow cytometer (BD Biosciences) and
data were analyzed using FlowJo v.7.6 (TreeStar). Unless otherwise stated, all antibodies used in
this study were purchased from BioLegend, and includeGDd5 (30F11), antiCD3 U (17 A2) ,
ant-CD4 (GK1.5), antCD8 (536.7), antiCD44 (IM7), antiCD62L (MEL-14), antCD11c
(N418), aniMHC class Il (M5/114.15.2), antiy6G (1A8), antiLy6C (HK1.4), antiCD11b
(M1/70), antiF4/80 (BM8), antiCD80 (1610A1) and antCD86 (GL-1), antiCD45.1 (A20),
ant-CD45.2 (104), antCD90.1 (0%7), antiCD90.2 (36H12), antiKi-67 (17A8), antiBcl-2
(BCL/10C4), antiFasL (MFL3), antiCTLA-4 (UC164B9), antiPD-1 (29F.1A12), antCD28
(37.51), antiCCR1 (S15040E), an€CR2 (SA203G11)ant-rCCR5 (HM-CCR5), antiCCR6
(29-2L17), antiCXCR3 (CXCR3173), aniCXCR4 (L276F12), antCXCR6 (SA051D1) and

antFCX3CR1 (SA011F11).
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ELISA.

Supernatants from brain homogenates were collected during leukocyte isolation and stored
at-80°C. Prior to usesamples were thawed and centrifuged to pellet any debris. The remaining
suspensions were used to measuredFNc oncentrations usiblgl $A ek iBtD:
according to the manufacturerds protocol. ELI

plate reader.

Quantification of fungal burdens.

The brains and spleens of infected mice were collecteinth of sterile PBS in 15 mL
tubes on ice, and were homogenized with a Heeld tissue homogenizer (Omni international).
10 uL aliguots of orgamomogenates were subjected to serial dilutions in sterile DI water and
were plated on Sabouraud dextrose agar. Plates were incubated overnight at 30°C and colony

forming units (CFUs) were counted and the total fungal burden per organ calculated.

Gene expression.

Total RNA was extracted from 100 pL portions of brain tissue using Trizol Reagent
(I'nvitrogen) according to the manufacturero6s
SuperScript IV FirsStrand Synthesis System (Invitrogen) and ¢ROR was pdormed with
designated primers on a BRad CFX96 Realime System using SYBR Green PCR Master Mix
(Applied Biosystems). The gene expressions for each sample were normalized against the house
keeping gene GAPDH and fold change values were calculated thsirdeltadelta Ct (P®§!

method. The primers used are listed in Tahle
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Table 1:

Gene Forward Primer Reverse Primer
Gapdh 5’-ATGGGAAGCTGGTCATCAAC-3’ 5’-TGTGAGGGAGATGCTCAGTG-3’
1127p28 5’-CTGGTACAAGCTGGTTCCTG-3’ 5’-CTCCAGGGAGTGAAGGAGCT-3’

Ebi3 5’-CAGAGTGCAATGCCATGCTTCTC-3’ 5-CTGTGAGGTCCTGAGCTGAC-3’

1127Ra 5’- CAAGAAGAGGTCCCGTGCTG -3’ 5’- TTGAGCCCAGTCCACCACAT -3

Table 4.1. Primer Sequenced he sequences of forward and reverse primers used to measireytokine subunit
andI-k2 7 RU expression in napve and infected mice.

Statistical analysis.

All data were expressed as mean = SEM. Statistical tests were performed using GraphPad
Prism 9 (San Diego, CA) . For data setdsswaxont ai
used to determine significance. For comparisons@fe than two groups, owmay analysis of
variance (ANOVA) was per f docrestdAp Valod of <OW®vwhs by Tu

considered to be significant.

Results

IL-27 signaling is required to suppress fungal growth in the brain duringC.
neoformans infection

To determine whether 127 plays a role during cryptococcal meningoencephalitis, we first
examined if the expression of this cytokine or its receptor was increased in the brain folowing
neoformangnfection. For this, we infected witype (WT) C57BL/6 mice intravenously with
1x1( C. neoforman$2D and measured the expression of th& TLsubunitEbi3 and1127p28

as well as the H27 specific receptdi27ra via qRT-PCR. Following infection, mice upregulated
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their expression oEbi3, 1127p28andll27ra in the brain with the highest levels of expression
occurring at 2and 3weeks PI (Fig4.1A). In order to assess how-R7 signaling affects disease
progression we next infected WT and2L7 K bhice withC. neoformansUnlike WT mice, IL-

2 7 K hice were unable to resolve the infection and had significantly higher fungal burdens in
the brain at 3 weeks PI (Fig.1B). In contrast, there was no difference in the fungal burdens in
the spleen between infected WT and2L7 R Unice (Fig. 4.1C). These suggest that-87

signaling is required for antiryptococcal responses in the brain.
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Fig 4.1 Deficiency of IL-27 signaling leads to impaired fungal clearance in the brain during. neoformans
infection. Six- to 8wk-old C57BL/6 wid-type (WT) mice were infected intravenously with 1XT0 neoformans

52D. (A) The expression of genes encoding theM.cytokine subunits EBI3 and 427p28 as well as the 1271
specific receptor subunit {27RUJ for naive (n=5) and WT (n=8) mice infectd for 1, 2 and 3 weeks. Data are
expressed as mean + SEM and are representative of one independent exp&jrangd| burdens in the brains of
infected WT (n=914) and I1-27RJ" (n=9-16) mice. Data are expressed as mean + SEM and are pooled from three
independent experiment<C) Fungal burdens in the spleen of infected WT (@68 and I1-:27RJ"- (n=8-12) mice.

Data are expressed as mean = SEM and are pooled from two independent experiments. *p < 0.05
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IL -27 signaling leads to the accumulation of IFd pr oducing T <cell s
during C. neoformangnfection

T cells, in particular Thl cells, are important for fungal clearance, thus we next examined

T lymphocyte populations in the brains of infectede using flow cytometry (Figl.2).
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Fig 4.2Flow cytometry gating strategy for the examination of T cellsThe flow cytometry gating strategy used to
examinetotal CD4 (CD45'CD3'CD4") and CD8 (CD45'CD3'CD8") T cells as well as activated (CD€D62L)
in the brains, spleens and blood of infected mice.

At all time-points examined, H2 7 R thice had significantly fewer CD4nd CD8 T
cells (total and activated) compared to WT mice (BigA, B). Though the number of activated
T cellsdiffered between the mice, the proportion of Ca#ad CD8 T cells that were activated

was similar amongst WT and {2 7 R bhice, especially at later time points (Fig3A, B). At 3
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weeks PI, significantly fewer T cells in42 7 R bhice were producingFN-o c ompar ed t o
WT counterparts, with only 24% of CDZ cells and 32% of CDS8T cells being IFNo* in IL-

2 7 R bhice, compared to approximately 44% of CO4cells and 50% of CDST cells in WT

mice (Fig.4.3C, D). Furthermore, the amount of IFN, as determined by mec
intensity (MFI), was also reduced in CDehd CD8 T cells of IL-2 7 R bhice (Fig.4.3D), which

correlated with significantly reduced concentrationsof-=kNi n br ai n homogenat e
(Fig. 4.3E). Togetherthese indicate that 7 signaling promotes the accumulation of 16N

producing T cells in the brain.
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Fig 4.3 IL-27 signaling promotes T cell accumulation in the brain during infection withC. neoformans Six- to

8-wk-old C57BL/6 wildtype (WT) mice and K27RJ’ mice were infected intravenously with 1£XD. neoformans

52D and T cell populations were examined in the brain. The complete gating strategy is showf i (FigindB)

The quantification of total and activated CI¥A) and CD8 (B) T cells in infected WT (n=5) and 427RJ" (n=4-5)

mice at weeks 1, 2 and Bl. Data are expressed as mean + SEM and are representative of three independent
experiments. ) Representative flow cytometry contour plots of IENCD4* and CD8 T cells in the brains of
infected mice at 3 weeks PD) The quantification of IFNd* CD4* and CD8 T cells in the brains of infected WT

(n=3) and 11:27RJ" (n=4) mice at 3 weeks PI. Data are expressed as mean + SEM and are representative of one
independent experimenE) IFN-o concentrations in brain supernatants of infected WT (n=5) la&7 R} (n=5)

mice at 3 weeks Pl measured via ELISA. Data are expressed as mean + SEM and are representative of three
independent experiments. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001

Characterization of the expression of chemokine receptorsnd ICAM -1 in the

presence and absence of 27 signaling

Chemokines and adhesion molecules are known to be involved in T cell recruitment and
accumulation in tissues. Previous studies have shown ##t tdan promote T cell accumulation
through a numbeof different mechanisms, including inducing the upregulation of chemokine
receptors on these ceJ83, 488] The absence of 27 signaling though, was not found to affect
the expression of CCR1, CCR2, CCR5, CCR6, CXCR3, CXCR4, CXCR6, or RX8@ splenic

T cells at any time examined (Fig}4A-D).
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Fig 4.4 Effects of IL-27 signaling on the expression of chemokine receptors on T cells duri@y neoformans
infection. Six- to 8wk-old C57BL/6 wildtype (WT) mice and F27RJ’-mice were infected intravenously with 1£10
C. neoforman$2D. (A andB) The proportion of CD4(A) and CD8 (B) T cells expressing chemokine receptors in
the spleens of infected WT (n=5) and-2ZRJ" (n=4-5) mice at weeks 1, 2 and 3 PC @nd D) The median
fluorescence intensity (MFI) of chemokine receptor expression on splenit(Clpand CD8 (D) T cells. Data are
expressed as mean + SEM and are representative of one independent experiment. *p < 0.05

IL-27 has also been shown to induce theesgion of the adhesion molecule ICAMoN
T cells[526]. While there were no differences in ICAMexpression on splenic Tltsebetween
the mice at week 3 PI, there was a slight, but significant reduction in {C&kpression on CD4
T cells in the brains of H2 7 R lhice (Fig.4.5A, B). However, there is no difference in the
frequencies of ICAML expressing CDZand CD8 T cells in the spleen and brain between infected
WT and I-2 7 K Unice (Fig. 45A, B). Overall, 1L-27 signaling had minor effects on the

expression of the chemokine receptors and adhesion molecule examined here.
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Fig 4.5 Effects of IL-27 signaling on the gpression ICAM-1 on T cells duringC. neoformansnfection. Six- to
8-wk-old C57BL/6 wildtype (WT) mice and K27RJ mice were infected intravenously with 1%XD. neoformans

52D. (A andB) ICAM-1 expression on total and activated CD4ells and CD8T cells in the spleeng\} and brains

(B) of WT (n=4) and I27RJ" (n=3) mice. Data are expressed as mean + SEM and are representative of one
independent experiment. *p < 0.05

IL -27 signaling is required for T cell proliferation and actvation in the spleen during

C. neoformansgnfection

We hypothesize that the reduced accumulation of T cells in the brains of infe@ed R U

" mice is attributed to impaired T cell proliferation and activation in the spleen. To test this
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hypothesis, weexamined T cell numbers and activation in the spleen using flow cytometry. In

naive mice, there were no significant differences in the percentage or number of splehar CD4

CD8' T cells between WT and 2 7 R bhice (Fig.4.6).
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Fig 4.6 Ablation of IL-2 7 Ribesnot affect T cell populations in the spleens of mic&he percent and total number
of CD4" and CD8 T cells in the spleens of naive WT (n=3) ane2lRU" (n=3) mice. Data are expressed as mean *

SEM and are representatigétwo independent experiments.

However,CD4" and CD8 T cell numbers and activation were significantly reduced in the spleens

of infected 1l-2 7 R bhice, compared to infected WT mice (Fig7A).
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Fig 4.7 IL -27 signaling is required for T cell proliferation and activation in the spleen duringC. neoformans
infection. Six- to 8wk-old C57BL/6 wildtype (WT) mice and F27RJ’mice were infected intravenously with 1£10

C. neoforman®2D. (A) Thequantification of total and activated CDdnd CD8 T cells in the spleens of infected

WT (n=4-5) and I-27RJ" (n=4-5) mice. Data are expressed as mean + SEM and are representative of three
independent experiment8 @ndC) Quantification of percentaged Ki-67" total and activated CD4and CD8 T

cells in the spleerB) and brains) of infected WT (n=5) and H27RJ" (n=4-5) mice atl, 2 and 3weeks PI. Data

are expressed as mean + SEM and are representative of two independent expeipreed@5, **p <0.01, ***p <

0.001, ****p < 0.0001
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Accordingly, a reduced proportion of CDdnd CD8 T cells was also detected in the blood of
infected IL-2 7 R bhice (Fig.4.8). Similar to the brain but in contrast to the spleen, the percentages
of activated CD4andCD8" T cells in the blood are comparable between infected WT and IL

2 7 R bhice (Fig.4.8). To examine the proliferation of T cells, we next assessed their expression
Ki-67. Overall, 12 7 K bhice exhibited reduced frequencies ofad CD4* and CD8 T cells

in the spleen (Fig4.7B). Consistent with these results, we also detected a significantly lower
percentage of K67-expressing CD4and CD8 T cells in the brain at weeks 1 and 2 PI, though
this difference was resolved by week 3 (HgC). Collectively, these data highlight the essential
role of IL-27 signaling on T cell proliferation in the spleen, which arguably contributes to the

accumuléon of T cells in the infected brain.
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Fig 4.8 IL-27 signaling leads to a higher proportion of CD%and CD8" T cells in the blood duringC. neoformans

infection. Six- to 8wk-old C57BL/6 wildtype (WT) mice and 27R0 mice were infected intravenousijth 1x1¢°

C. neoforman$2D and the percentage of CDehd CD8 T cells in the blood of WT (n=5) and 427RU" (n=4-5)

mice at weeks 1, 2 and 3 PI. Data are expressed as the mean + SEM and are representative of three independent
experiments. *p < 0.057p < 0.01, ***p < 0.001, ***p < 0.0001
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IL -27 signaling inhibits Fasl-mediated T cell death in the brain during brain

infection with C. neoformans

Having shown that {27 signaling drives T cell proliferation and activation in the spleen,
we next sought to determine whether this signaling is also required to inhibit T cell death in the
brain during infection witlC. neoformansas this could also pentially contribute to the reduction
of T cells in the brains of 2 7 R khice. We examined live, dead and apoptotic T cell populations

in the brains and spleens of infected mice ustAgAD and Annexin V staining (Figd.9A).
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Fig 4.9 IL-27 signalinginhibits FasL-mediated T cell death in the brain duringC. neoformansnfection. Six- to

8-wk-old C57BL/6 wildtype (WT) mice and K27RJ mice were infected intravenously with 1£XD. neoformans

52D. (A) Representative flow cytometry contour plots ®El(7~AAD", Annexin V), apoptotic (fAAD", Annexin

V*) and dead (AAD*, Annexin \*) CD4* and CD8 T cells in the brains of infected WT and-B7RJ" mice at 3

weeks Pl. B) Quantification of the percent of live, apoptotic, and dead*GIpd CD8 T cells in the brains of WT

(n=35) and IL-:27RJ" (n=3-5) mice. Data are expressed as mean = SEM and are representative of two independent
experiments. €) Representative flow cytometry contour plots of Fa€lD4* and CD8 T cells in the brains of
infected mice at 3 weeks PDJ The percentage of Fastotal and activated CD4nd CD8 T cell populations in the

brains of infected WT (n=5) and 4{27RJ"" (n=5) mice at 3 weeks pi. Data are expressed as mean + SEM and are
representative of two independerperiments. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001

IL-2 7 R fice had significantly fewer live CD4ind CD8 T cells in the brain at 3 weeks
P1, which went handh-hand with significantly more apoptotic and dead T cells (#i@3; Fig.
4.10A, B). Interestingly, this observation was specific to the brain, as T cells in the spleen did not
demonstrate enhanced apoptosis or cell death at any time during infection.16@. ). We
further revealed that H27 signaling did not alter the expressof PD1 on T cells in the brain,
nor did it regulate cell death via B2lexpression (Fig..40E-G). Instead, IE27 suppressed T cell
expression of the prapoptotic molecule FasL (Fig.9C, D). Together, these data suggest that
IL-27 regulates Fasimediated T cell death in the brain, particularly at later stages of cryptococcal

infection, which likely contributes to T cell accumulation in the CNS.
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Fig 4.10 Comparison of the expression of RID and Bcl2 on T cells in the presence and absence of-R7

signaling during C. neoformansnfection. Six- to 8wk-old C57BL/6 wildtype (WT) mice and 27RJ’ mice were

infected intravenously with 1x2GC. neobrmans52D. (@A andB) Quantification of the percent of live (XAD",

Annexin V), apoptotic (fAAD", Annexin V) and dead (AAD*, Annexin V) activated CD4(A) and CD8 (B) T

cells in the brains of WT (n=8) and IL-27RJ" (n=3-5) mice at weeks 1, 2 dr8 PI. Data are expressed as mean *

SEM and are representative of two independent experiméhtand G) Quantification of the percent of live,
apoptotic, and dead total and activated C(@) and CD8 (D) T cells in the spleens of infected WT (R5BandIL -

27RJ" (n=3-5) mice at 1, 2- and 3weeks PI. Data are expressed as mean + SEM and are representative of two
independent experimentE&)(The expression of R in CD4" and CD8 T cells in the brains of infected WT (n=3)

and 1L-27RJ" (n=4) mice at 3 weeks pi. Data are expressed as mean + SEM and are representative of one independent
experiment. £ andG) The expression of B& in CD4 (F) and CD8 (G) T cells in the brains ahfected WT (n=8)

and IL-27RU" (n=9) mice at 3 weeks PI. Data are expressed as mean + SEM and are pooled from two independent
experiment. *p < 0.05, ***p < 0.001

Defects in T cell proliferation and survival in infected IL-2 7 R Unice are celt
intrinsic

To gain insights into how H27 signaling affects T cell proliferation and survival during
C. neoformansnfection, we first examined the interactions between antigen presenting cells
(MHCII*CD11¢ macrophages and dendritic cells; DCs) and T cells ispleen. In contrast to
previous reports that 27 altered the expression of the-stonulatory molecule CD28 or the
inhibitory molecule CTLA4 of T cellg[527, 528] we found that I1L27 signaling did not affét¢he

expression of these molecules in the spleen &idA, B).
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Fig 4.11 IL-27 signaling does not affect the expression of-stimulatory molecule CD28 and inhibitory molecule
CTLA -4 on T cells duringC. neoformangnfection. CD4" and CD8 T cell expression off) CD28 and B) CTLA-

4 in the spleens of infected WT (n=a)d IL-27RJ" (n=4) mice at 3 weeks pi. Data are expressed as the mean = SEM
and are representative of one independent experiment.

Interestingly, I1-2 7 R lthice had significantly fewer antigen presegtcells than WT mice at
weeks 2 and 3 PI (Fig.12A). Furthermore, these cells exhibited reduced MHC class Il expression
at week 2 Pl and lower expression of CD80 and CD86 at week 3 PU(E#). This is in line

with previous studies that have remgattthat 11-27 can promote the accumulation and activation
of antigen presenting cellS03, 505, 524]However, it remains unknown whether2lZ signaling
directly on antigen presenting cells is responsible for these observationi, -@7ifsignaling on

T cells consequently affected antigen presenting cell accumulation and activation.
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Fig 4.12 1L-27 promotes T cell proliferation and survival in a cellintrinsic manner during C. neoformans

infection. Six- to 8-wk-old C57BL/6 wildtype (WT) mice and 1£27R0’- mice were infected intravenously with 1£10

C. neoforman$2D. (A) The number of CD4BIHCII*CD11c¢ splenic APCs (dendritic cells and macrophages) in

WT (n=5) and 1l-27R0J" (n=5) mice at weeks 1, 2 and 3 PI. Data are expressed as mean + SEM and are representative
of three independent experimenB) Quantification of the median fluorescence inten@it¥1) of CD80, CD86 at 2

weeks Pl and MHC class Il at 3 weeks PI on splenic APCs in WT (n=3) a2itRll" (n=4) mice. Data are expressed

as mean + SEM and are representative of two independent experir@@r@aphic representation of the adoptive
trander studies in which CDAT cells isolated from the spleens of naive congenic WT Thy1.1 mice (CD45.2, CD90.1)
and IL-27RJ" (CD45.2, CD90.2) mice were mixed in a 1:1 ratio and adoptively transferred via the tail vein to infected
congenic WT Ly5.1 mice lay post intravenous infection with 1¥10. neoforman$2D. Quantification of recipient

and donor CDAT cells in the spleen®] and brainsK) of recipient mice 2 weeks PE)Ki-67" donor CD4 T cell
populations in the brains of recipient mice (n=5pateeks Pl.G) The percent of live, apoptotic and dead donor

CD4" T cells in the brains of recipient (n=5) 2 weeks PI. Data are expressed as mean + SEM and are representative of
two independent experiments. *p < 0.05, **p < 0.01, ***p < 0.001, ****p @1
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To determine whether {27 signals directly on T cells durii@y neoformangfection, we
isolated CD4 T cells from the spleens of naive congenic WT Thy1.1 (CD45.2, CD90.1) mice and
IL-2 7 R (CD45.2, CD90.2) mice and transferred them via the &l in a 1:1 ratio to infected
congenic WT Ly5.1 (CD45.1, CD90.2) recipient mice 1 day PI. CDekell populations were then
assessed in the brains and spleens of recipient mice 2 weeks latet.1B®). T cells from
recipient mice were identified as CB4"'CD45.2 while donor T cells were CD45@D45.2.
Donor cells from Thy1.1 mice could further be distinguished as CDOD40.2 and those from
IL-2 7 R hice were CD90.CD90.2. Despite activation being restored to WT levels i2Ilz R U
- CD4" T cells, there were significantly fewer of these cells than Thy1.1 (WT) C4lls in the
spleens and brains of recipient mice (FAd.2D, E). This demonstrates that the absence &L
signaling directly on CD4T cells was responsible for fewer Tmiphocytes in 12 7 K thice
during C. neoformansnfection. Moreover, significantly fewer {2 7 R 8D4" T cells in the
brains of recipient mice expressed@d compared to Thyl1l.1 (WT) donor cells, with only 20% of
IL-2 7 BT cells proliferating compad to nearly 60% of Thyl.1 (WT) cells (Fig.12F),
indicative of the essential role for direct#7 signaling on T cells during proliferation. Following
adoptive transfer, CD4T cells from I.-2 7 R tdonor mice also had higher amounts of apoptosis
and ell death compared to CDZ cells from Thyl.1 (WT) donor mice (Fig.12G), indicating
that IL-27 intrinsically regulates cell death in these cells. Collectively, these results demonstrate
that IL-27 signaling drives T cell proliferation and prevents IT @eath in a celintrinsic manner

during brain infection wittfC. neoformansthus contributing to fungal clearance in the brain.
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Effects of IL-27 signaling on myeloid cell accumulation and activation in the brain

during C. neoformangnfection

It has ben previously shown that myeloid cells, particularly monocgsved
macrophages, play a prominent role in eliminatthhgheoformangrom the lung[84]. Thus, we
investigated how I£27 signaling affected myeloid cell accumulation and activation in the brain
during infection withC. neoformansOur results demonstrated that infected2Il7 R Wnice
displayed significantly lower nuneib of macrophages and microglial cells but higher neutrophils
in the brain at the later stage of infection (Fid.3A). Interestingly, microglia were less activated
in infected 1-:2 7 R bhice, expressing significantly lower levels of MHC class I, CDTIR40
and CD86 (Fig4.13B, C). Since T cells, in particular Thl cells, are important for the recruitment
and activation of effector macrophagBg9], this could explain why #2 7 R bhice, which had
significantly fewer IFNo pr o d u €T cellg in @®RFain following infection, had reduced

macrophage accumulation and activation.
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Fig 4.13 Effects of IL-27 signaling on the accumulation and activation of myeloid cells in the brain during.
neoformansinfection. (A) The percent and tdtaumber of neutrophils (CD4MHCII'CD11cCD11bLy6G"),
Ly6C" monocytes (CD4MHCII'CD11cCD11bLy6Cm),
microglia (CD43'CD11b) in the brains of infected WT (n=8) and I.-27RJ"" (n=4-5) mice at weeks 1, 2 a’dP!.

macrophages (CD4BIHCII*CD11¢F4/80) and

Data are expressed as mean = SEM and are representative of three independent exp&)rRamesentative
histograms of microglial expression of activation markers MHC class Il, CD11c, CD40, CD80 and CD86 in infected
WT (black line) and IE27R0’ (red line) mice at 3 weeks PC) Quantification of the median fluorescence intensity
(MFI) of activation markers in the microglia of infected WT (n=3) an@MRJ" (n=4) mice at 3 weeks PI. Data are
expressed as mean + SEM andragesentative of three independent experiments. *p < 0.05, ***p < 0.001, ****p

< 0.0001
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Discussion

C. neoformanss an environmental fungus and opportunistic human pathogen, acquired
following inhalation of infectious propagules into the lungs. The most devastating outcome of
cryptococcal infection occurs when this organism disseminates to the brain and causes fatal
meningoencephalitis. Those with compromised immune systems, in particular T cell deficits, such
as HIV/AIDS patients, are at higher risk of developing cryptococcosis and disseminated disease.
T cellmediated responses . neoformansand the production ofFN-0 ar e essenti
protection and fungal clearance in the C]9% 100, 530, 531]Despite this, HIV patients with
cryptococcosis can developIRBIS following ART and the restoration of the immune system. C
IRIS pathogenesis is associated with excessive inflammation arnd IFd r o d u tTicelly CD4
[5191523]. In order to help gevent the development of-IRIS and CNS pathology but ensure
proper fungal clearance, it is essential that we understand the mechanisms in place that regulate
cellular immune responses in the brain.

Here, we demonstrate that-B7 signaling is requiredf anticryptococcal responses in
the CNS. I:2 7 R khice had significantly higher fungal loads in the brain at 3 weeks PI. In line
with this, IL-2 7 R bhice had dramatically decreased numbers ot9FRED4" and CD8 T cells
in the brain following cryptooccal infection. Obviously, the reduced fungal burdens in the brains
of IL-2 7 R bhice is attributed to impaired accumulation of T cells and their diminished secretion
ofIFN-0, si nc €and GO8H celslagwellasIFd have previously bee
required for fungal clearance in the lung during pulmonary infection@vitireoforman§4, 532]

It is noteworthy that infected H2 7 R lthice displayed significantly lower macrophages and
microglial cels, compared to infected WT mice. Monocylerived macrophages have been

previously shown to kilC. neoformansluring pulmonary infection witkC. neoforman$84]. In
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addition, microglia have been also shown to mediate protection aGaimsoformang the CNS
[533i 535]. However, as dacultative intracellular fungus;. neoformangan also grow within
macrophagef300, 536]and microglig537]. Whether the reduced accumulation of macrophages
and microglia in the brain compromiséghgal clearance in infected 42 7 K lhice deserves
further investigation.

One of the important findings of this study is that infectee? IZ R hice displayed
significantly lower numbers of CD4nd CD8 T cells in the spleen, which was associatedh wit
reduced T cell activation and proliferation. This result suggests tHat Hignaling is required for
the activation and proliferation of T cells in the spleen du@ingeoformansfection. Indeed, IL
27 has been previously shown to mediate T cellfpration in noninfectious model§484, 485]
Reduced T cell proliferation likely leads to a reduction in the total number of activated T cells in
the spleen of IL2 7 R bhice, which in turn explains why there were fewer {5secretingl cells
in the brain of infected H2 7 K bhice. In support of this, a reduction of activated T cells was also
observed in the blood of infected-B. 7 K bhice, compared to infected WT mice.

Another important finding of this study is that-B7 signalng is required for the survival
of activated T cells in the brain infected w&&h neoformansThis is arguably another reason why
there are fewer IFN* T cells in the brains of infected 42 7 R thice compared to infected WT
mice. Interestingly, I[E27 dd not affect the expression of PDor B¢ck2 on T cells, but did suppress
their expression of the pr@poptotic molecule FasL. This is in agreement with a previous report
which observed that T cells from-2. 7 F bhice could not induce colitis in R4gnice, as these
cells were unable to survive lotgrm[487]. Kim et al determined that H27 signaling inhibited
Fasmediated activatioinduced T cell death, via the STAT3 signaling pathway. More

specifically, I1L-27 enhanced T cell numbers through decreased activation of caspases 3 and 8,
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downregulation of FasL and induction of the aapbptotic protein cFLIP487]. It is likely that
IL-27 functions similarly during cryptococcal meningoencephalitis, and future studies should be
underaken to better understand the detailed mechanisms by whighdégulates T cell death in
the brain infected witlC. neoformans

In summary, |27 signaling contributes to fungal clearance in the brain duting
neoformansgnfection. Mechanistically, I£27 directly signals on T cells and promotes, in a cell
intrinsic manner, the proliferation and survival of HsMecreting T cells, which are well known
to be required for fungal clearance during cryptococcosis. In lineowittanimal studies, recent
clinical data showed that {27 gene polymorphisms were associated with susceptibility to HIV
infection and disease progress[685] and that 11-27 plasma levels were reduced following HIV
infection [538]. Thus, tageting 1L-27 signaling may be considered as a therapeutic strategy for

HIV/cryptococcosis patients.
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Chapter 5:Lungresident CD68 macrophageproliferate in situ and are
alternatively activated and promote fungal growth during infection with
Cryptococus neoformans

Abstract

Cryptococcus neoformans an opportunistic fungal pathogen, responsible for causing
fatal meningoencephalitis primarily in immunocompromised individuals. The infection starts in
the lung, but if immune responses fail to contain the fungus here, the organism can disseminate to
the brain. As such, interactions between immune cellsCanteoforman#n the lung are critical
in determining the progression of disease. Lung resident macrophages are the first line of defense
against invading pathogens, however, their responge. toeeobrmansremains incompletely
understood. Here, we report that infection withneoformansnduces the substantial expansion
of CD68" macrophages in the lung. Approximately 10% of these cells are Sigibofolar
macrophages, while nearly 90% are CX3CRudterstitial macrophages. Interestingly, both
resident populations proliferate in situ and deficiency of CCR2 or Nrd4al, or depletion of
circulating monocytes does not affect the expansion of these macrophages in the infected lung.
Both subsets of residemhacrophages are observed to ing€stneoformansand become
alternatively activated following infection. Mice depleted of alveolar and/or interstitial
macrophages displayed significantly lower pulmonary fungal burdens during infection.
Collectively, thesedata suggest that lung resident macrophages proliferate in situ and are
alternatively activated, facilitating fungal growth in the lung during infection @itheoformans
Thus, lung resident macrophages may represent attractive targets aimed at ltheting

pathogenesis &. neoformans
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Introduction

Cryptococcus neoformans an encapsulated yeast found globally throughout the
environment primarily in soil, avian excrement, and decaying mat@®d]. It is generally
accepted thaC. neoformanss acquired following the inhalation of spores or desiccated yeast
[515]. Although the infection starts in the lung, the most devastating manifestati@ of
neoformansnfection occurs when this organisacapes the lungs and disseminates to the central
nervous system (CN$26]. If C. neoformansrosses the bloelrain barrier and enters the brain
parenchyma, it can proliferate rapidly causing meningoenceph@lilif Left untreated,
cryptococcal meningoencephalitis is fatal, and even with antifungal treatment, up to 20% of
patients succumb within months of diagno§s¥]. The global incidence of cryptococcal
meningoencephalitis is estimated to be more than 220,000 casedlyanwith an associated
180,000 deaths each yef82]. Thus, containing the fungus in the lung and preventing
extrapulmonary dissemination is essential for limitthxgheoformanpathogenesis.

While there are a number of proposed mechanisms by whicleoformanss thought to
escapehe lungs, none have been definitively confirmed in vivo, making targeting such pathways
virtually impossible[148]. Instead, a recent report demonstrated that higher fungal loads in the
lungs, following both intranasal and intratracheal infection, correlated with a more rapid onset of
brain infection[539]. This indicates tha€. neoformanglissemination to the CNS is strongly
influenced by pulmonary fungal burdens and suggests that inhibiting fungal growth in the lungs
can help prevent the development of fatal brain infections. However, the mechamisivsdrin

fungal clearance and growth in the lung remains incompletely understood.
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Tissue resident macrophages are among the first immune cells to encounter invading pathogens in
the lungs. Two distinct types of resident macrophages exist in the lungnanis and mice:
alveolar macrophages (AMs) and interstitial macrophages ([p%), 541] The most well
characterized of these is AMs. AMs reside within alveolarepand are known as the first line
of defense against inhaled pathogf2]. In contrast, IMs are present in nonalveolar spaces
including the lung parenchyma and bronchial interstijiad8i 545]. Due to thdact that IMs are
difficult to isolate, and are often mistaken for monoay¢eived macrophagd543], these cells
remain understudied and only until recently have studies begun to identify different subsets of IMs
and their function$545i 548]. IMs produce high levels of HLO and are believed to primarily
function as immunoregulatory cel[49, 550] Due to their phagocytic capacity and their
expression of MHC class II, IMsai also possess antigen presenting capabilities, and thus play a
role in host defensp43, 550, 551]Furthermore, studies are beginning to demonstrate that IMs
differ to AMs in their response to pathogg¢b40, 552, 553]

Regarding C. neoformansinfection, AMs have been reported to phagocytdse
neoformangbut their abity to kill cryptococci was host specieand fungal straktdlependen(72,
83, 304, 554] In addition, AMs have also been implicated in facilitating the extrapulmonary
dissemination o€. neoforman§305, 306] Similar to AMs, it has been recently reported that IMs
harbored intracellular cryptococci following intratracheal instillation, suggesting these cells may
contribute to host responses@oneoformangas well[540]. Nevertheless, it still remains largely
unknown as to how lung tissue resident macrophages, particularly IMsndegiC. neoformans

infection and how they contribute to fungal clearance and growth in the infected lung.
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In the current study, we found that cryptococcal infection induces the accumulation of
CD68" macrophages in the lungs of mice. Of these 10% whfte, while nearly 90% were IMs.
The expansion of lung resident macrophages was independent of monocyte recruitment and
attributed instead to in situ proliferation. Both populations were able to interact with fungal cells
and became alternatively activatdaring infection. Mice depleted of AMs and/or IMs displayed
significantly lower fungal burdens in the lung during infection. Our data suggest that lung resident
macrophages expand in situ and are alternatively activated, contributing to fungal groveth in th

lung duringC. neoforman#fection.

Materials and methods

Animals

C57BL/6 mice were purchased from the National Cancer Institute (Frederick, MD) for use
as wildtype mice and were housed in the animal facilities at the University of Maryland, College
Pak prior to use in experiments. CCRhice (Strain #: 004999), Nr4&mice(Strain #: 006187,
GM-CSF" mice (Stock #026812), all in the C57BL/6 background were purchased from The
Jackson Laboratory (Bar Harbor, ME, USA), and bretidnse. All mice wee maintained in
specificpathogerfree conditions in individually ventilated cages with a standard 12 h light/dark
cycle. For experiments, agend sexmatched, 6to 8weekold mice were used. All animal studies
were conducted in accordance with the glirces of the Institutional Animal Care and Use

Committee (IACUC) at the University of Maryland, College Park.

Fungal strains and culture

The highly virulent Cryptococcus neoformanserotype A strain H99 (208821) was

purchased from ATCC (Manassas, Virginia) and used for all experiments. Thexpr3singC.
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neoformandH99 strain (H99GFP)was a gift from Dr. Robin May (University of Birmingham,
United Kingdom).Fungi were culturedrébm frozen stocks on Sabouraud dextrose agar (Difco)
plates for 2 days at 30°C, prior to inoculation into Sabouraud dextrose broth (Difco). Cultures were
grown to log phase with shaking at 200 rpm at 30°C for 16 hours. Fungi were washed twice, and

resuspeded in sterile PBS.

Infection models and treatments

Infections were performed by intranasal inoculation of #fafgal cells suspended in 30
ML of sterile PBS. Animals were anesthetized by intraperitoneal injection of a moxtot@ning
ketamine (D0 mg/kg) and xylazine (10 mg/kg). Mice were maintained in an upright position for
5 mins to allow for the complete inhalation of the fungal suspension into the lungs. For monocyte
depletion, 200 pL of clodronate liposome (CLL) (Encapsula NanoScience)imvested
intravenously on day 1 and day 4 PI. To assess macrophage proliferation via the incorporation of
bromodeoxyuridingBrdU), mice were provided drinking water supplemented with BrdU at a
concentration of 0.8 mg/mL one day prior to infection. Immedljafollowing intranasal
instillation of fungi, mice were injected intraperitoneally with 2 mg of BrdU. Mice continued
receiving freshly prepared Brd&upplemented water daily for the duration of the infection. To
deplete AMs, mice were anesthetized aedted intranasally with 80 pL of control liposome or
clodronate liposome prior to infection with. neoformangEncapsula Nanosciences). For IM

depletion, mice were fed a diet (Research Diets Inc.; New Brunswick,
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New Jersey) containing 1200 mg/kg of B8R 1R inhibitor PLX5622 (Plexxikon; San
Francisco, California) for 7 days prior to infection. To block CSFRs, 100 ug ofC&RILR
(AFS98), antiCSF2R (MP122E9) (Bio X Cell) or PBS was injected into the peritoneal cavity of

mice at the time of infectiomnd was readministered every 2 to 3 days until sample collection.

Immunofluorescence staining

To stain whole lung sections, miaere anesthetized using a mix of ketamine (100 mg/kg)
and xylazine (10 mg/kg) and were perfused with 10 mL of 4% paraformaldgPFA). Lungs
were inflated with 1 mL of 50% optimal cutting temperature (OCT) compound (Fischer) in PBS
and were removed and embedded and frozen in 100% OCT. Frozen tissues were cut into 7 um
thick slices. Prior to staining, slides were fixed in iokdcacetone at 4°C for 10 mins, and were
blocked with 5% goat serum in PBS for 30 mins at room temperature in a humidity chamber.
Afterward, samples were incubated with fluorophooajugated antibodies including a@D68,
antrCD206, and aCD11c at a.:200 dilution overnight at 4°C. Samples were then washed, and
either nuclei were stained using DAPI or fungi were stained with Uvitex 2B. For weak markers,
signal was amplified by incubating samples with fluoropkmrejugated secondary antibodies
(1:100Q prior to staining with DAPI/Uvitex 2B.

To stain AMs, mice infected intranasally with 181899-GFP, were anesthetized and
bronchoalveolar lavage (BAL) was performed at various time points. BAL fluid was centrifuged,
and the pellet washed and resuspendetDO L of flow cytometry staining buffer. AMs were
stained with fluorophoreonjugated antbiglecF for 20 mins and washed and resuspended in 10
pL of buffer. All samples were visualized under a Zeiss Axio Examiner.Z1 fluorescence

microscope at a madiaation of 20x.
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Flow cytometry

Lung leukocytes were isolated as previously descii2d]. 1x1® lung leukocytes were
resuspended in 100 pL @ibw cytometry staining buffer (1% BSA in PBS with 0.05% sodium
azide)and incubated witlanttCD16/32 mAb (93) for 20 mins at 4°C to block Fc receptors. Cell
surface markers were then staineith fluorophoreconjugated antibodies including aD45
(30-F11), antiCD206 (C068C2), artCD11c (N418), antMerTK (2B10C42), antCD64 (X54
5/7.1), antiSiglecF (S17007L), anttD11lb (M1/70), aniLy6C (HK1.4), antiCX3CR1
(SA011F11), antF4/80 (BMB), antiMHC class Il (M5/114.15.2), ar€D169 (3D6.112), anti
Lyvel (ALY7; eBioscience). Cells were washed, fixed and permeabilized using the
Foxp3/Transcription Factor Staining Buffer See Bi osci ence) according
protocols, and Intracellular proteins stained with fluoroptuangugated antibodies including anti
CD68 (FA11), antiBrdU (3D4), antiKi-67 (16A8), antiNOS (W16030C) and anfrgl
(AlexF5; ThermoFischer).dlls were then washed and resuspended in 300 pL of staining buffer.
Samples were detected with a FACSCanto Il flow cytometer (BD Biosciences) and data analyzed
using FlowJo v.7.6 (TreeStar). All antibodies used for flow cytometry were purchased from

BioLegend, unless otherwise stated.

ELISA

Supernatants from lung homogenates were collected during leukocyte isolation and stored
at-80°C. Prior to use, samples were thawed and centrifuged to pellet any debris. The remaining
suspensions were used to measure-CER&D Systems), CSR (R&D Systems), It4 (BD) and
IL-13 (eBioscience) concentrations according

read using a BioTek Synergy HTX plate reader.
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Quantification of fungal burdens

10 pL portions of lung homamnates were collected and reserved following
homogenization during leukocyte isolation. Samples were subjected to serial dilutions using sterile
water and 10 pL replicates were plated on Sabouraud dextrose agar. Plates were incubated
overnight at 30°C andolony forming units (CFUs) were counted and the total fungal burden per

organ calculated.

Statistical analysis

All data were expressed as mean = SEM. Statistical tests were performed using GraphPad
Prism (San Diego, CA). For data sets containingtwog®y t he un p-destwasdsedSt uder
to determine significance. For comparisons of more than two groupsyawanalysis of variance
( ANOVA) was perf or med -hbcadstloomukiple t tesgs ware geroym@ds p 0 S
For survival, logrank ests were used for comparisonsp #alue of p<0.05 was considered to be

statistically significant.
Results

C. neoformansnfection induces the accumulation of CD68macrophages in the lungs
of mice

To begin investigating the role of pulmonary macropbkadaring infection withC.
neoformansyve first examined the distribution of these cells in the lungs of C57BL/6typlel

(WT) mice using immunohistochemistry. Macrophages in the naive lung could be recognized by

their expression of F4/80 and CD68 (Fadl).
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F4/80 DAPI Merge

CD68 DAPI Merge

Fig. 5.1 Macrophage populations in the lungs of naive mic®epresentative immunohistochemistry images of
F4/80" and CD68 macrophage populations in the lungs of naive n8eetions were imaged @20 and yellow scale
bars are equivalent to 100 pum.

Following infection, the detection of F4/80 became more difficult, and macrophages were
most easily identified by CD68 (Fi§.2A, B). With this in mind we examined the distribution of
CD68' cells in thelungs before and after infection (Fig2A) as well as in relation to Uvitex2B
stainedC. neoformand week P)] and observed that the majority of cells in close proximity to
fungi were CD68 (Fig. 5.1B). To confirm that these cells were bona fide macagpk, we
assessed the expression of other known macrophage markers orc€l36asing flow cytometry
(Fig. 5.2C). We observed two CD6®opulations in the lungs of infected mice: a CMHé#d a

CD68° population. Based on their expression of MerTK, CD64 and F4/80 we determined that the

120



CD68° population consisted of monocytes (CI988rTK°CD64°F4/80°) and the CD63
population was composed of macrophages (CIDBSTK" CD64"F4/80") (Fig.5.2C). This was

further confirmed by the size and granularity of these cells, determined by forward and side scatter
respectively, where CD&3monocytes were smaller and less granular and CD&crophages

larger and more complex (Fi§g2C).
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Fig 5.2 C. neoformansinfection induces the accumulation of CD68 macrophages in the lungs of mice(A)
Representative immunohistochemistry images of C@#l) cell distribution in the lungs of naive CD57BL/6 mice,
and mice infected intranasally with 1¥10. neoforman$199 at weeks 1 and 2 PI. Nuclei were stained with DAPI
(blue). Sections were imaged at either x10 or x20 and yellow scale bars are eofutedl00 pM and 500 pM
respectively (B) Representative immunohistochemistry images of C¥GR1) cell distribution in proximity tdC.
neoformangblue) in infected mice at 1 week Flections were imaged at x10 and yellow scale bars are equivalent to
100 pM. (C) Representative flow cytometry plots characterizing CD&S8I expression of macrophage markers
MerTK, CD64, F4/80as well adorward and side scatteD) Representative flow cytometry plot of CD¥6&ells in
naive mice and infected mice at 1 week P). The quantification of CD88percentages and cell numbers in naive
WT mice (n=38), and mice infected wit@. neoformanat weeks 1, 2 and 3 FData are expressed as mean + SEM
and are representagivof three independent experiments.

Having established a strategy to identify macrophages, we next quantified the number of
these cells in the lungs of mice before and after cryptococcal infection, and determined tiat CD68
cells were present in the mailung, and rapidly expanded in respons€.taeoformanfection
(Fig. 5.2D, E). The number of CD88macrophages increased-sd within the span of a week
following infection, and reached their peak at 3 weeks Pl §&F); a time that coincides with
the highest fungal burdens in the lung prior to mortality (data not shown). This suggests that

macrofages may play an important role in the lungs during cryptococcal infection.

CD68" macrophages in the lungs ofCryptococcusnfected mice consist of resident

AMs and IMs

To identify which macrophage subset(s) contributed to the CD&fulation, we
immurophenotyped these cells 1 week Pl using flow cytometry &R&A, B). Upon closer
inspection, we determined that a portion of these cells expressed high levels of SiglecF. This, along
with their high expression of CD11c and lack of CD11b expressionaitedithat these cells were
AMs (Fig. 5.3A, B). The remainder of the CDB&ells were SiglecED115Ly6C"CX3CRT
(Fig. 5.3A). These cells also expressed a number of canonical macrophage markers including

MerTK, CD64 and F4/80 (Fid.3B), suggesting thahese cells were IM&50].
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Fig 5.3 CD68&' macrophages in the lungs o€. neoformansinfected mice consist of resident AMs and IMs(A)

Flow cytometry gating strategy to identify CD@D68"SiglecFCD11b alveolar macrophages (AMs),
CD45'CD68"SiglecFCD11IiLy6CMCX3CRT"  interstitial  macrophages (IMs), = CD45CD68°SiglecF
CD11bLy6C" monocytes (Ly6€) and CD45CD68°SiglecFCD11biLy6C° monocytes (Ly6€). (B)
Representative histogram overlays of AM (red line), IM (blue line), 'BBnocyte (orange line), Ly6Clo monocyte
(green line) expressiarf various macrophages markeiS) Representative immunohistochemistry images of CD68
(red), CD206" (blue) and CD11t(green)cellsin the lungs of infected mice at 2 weeks PI. Nuclei are stained with
DAPI (blue).In the top row, sctions were imaged at x2hd images in thbottom rowarezoomed in on the areas
within the yellow boxesyY ellow scale bars are equivalent to 100 um (&g 50 um (bottom).

Recent literature has identified several subsets of IMs, including IM1/IM2s
(CD11&®MHCII*) and IM3s (CD11EMHCIIM), Lyvel"™HCII"™® and LyveMHCI" |Ms,
CD206" and CD206IMs, and CD169and CD169IMs [545i 548]. Growing evidence suggests
that these subsets differ in their response to pathogenic sf58g]i For this reason, we sought
to determine which IM subsets were present in the lungs of mice during cryptococcal infection.
Flow cytometric analyses revealed a singledominant IM population in the lung 1 week
following infection. These cells were CDI1and MHCII", but expressed both markers at lower
levels than AMs. In addition, when compared to CO189Is [546], IMs appeared to be CD1'89
(Fig. 5.3B). IMs al® expressed similar levels of Lyvel as AMs which have been reported to be
Lyvel1© [545], indicating IMs were also Lyv&l(Fig. 5.38). Taking these into account, we
determined that IMs in the lung during infection withneoformangost closely resembled IM3s.

The fact that these cells are also CD2B®ugh, is in conflict with previously published literature
that identifies IM3s as CD20@Fig. 5.38, C). It is possible that during cryptococcal infection
CD206 reflects the activation status of these [5465].

Using the aforementioned markers, we attempted to immunostain IM subsets in lung
sections of naive and infected mice. In the naive lung, we could €206 and CD206
CX3CRT cells, as well as MHCiland MHCII CX3CRT cells and CD169and CD169
CX3CRT cells(Fig. 5.4).Following infection though, a number of these markers became more

difficult to detect. We determined that CD206 and CD11c werd neaslily detected, and that
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CD68 cells coexpressed both markers, thus confirming the results from our flow cytometry
analyses and demonstrating tBanheoformansfection induces the accumulation of C[Y¢8Ms

and IMs in the lungéFig. 5.3C)

CX3CR1 CD169 DAPI Merge

CX3CR1 CD206 DAPI Merge

CX3CR1 MHC I DAPI Merge

Figure 5.4 IM subsets in the lungs of naive miceRepresentative immunohistochemistry images of CD169
CD206" and MHCII*- (red) CX3CR1 (green) IMs in the lungs of naive mice. Nuclei are stained with DAPI (blue).
Sections were imaged at x20 and ywllecale bars are equivalent to 100 pm.

The expansion of lung resident macrophages involves cell proliferation and occurs in
a manner independent of recruited monocytes durin@. neoformansanfection

Prior to infection withC. neoformansapproximately 80%f the CD68' cells were AMs

and less than 20% were IMs (FagbA). This is in agreement with reports that AMs are more
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abundant in the naive lung than their IM counterp&4$, 555] However, following infection
IMs constituted more than 80% of this population, while Aivele up less than 10% (F3cpA).
These alterations in the composition of the CPHg8pulation were due to changes in AM and IM
numbers following infection. At 1 week PI, there was approximately-tol@0increase in the
number of AMs, and an 8i#ld increase in the number of IMs in the lungs of infected mice (Fig.
5.5B). IMs continued to expand an additional 23 times, for a total of nearly af@@Ddcrease

by 3 weeks PI (Figh.5B).
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Fig 5.5 Resident AMs and IMs accumulate in the lungs independently of recruited monocytes during infection
with C. neoformans(A) Quantification of the proportion of CDB&Ms and IMs in the lungs of naive WT mice
(n=3), and infected mice (n=8) atl-, 2- and 3weeksPI. Data are expressed as mean + SEM and are representative
of two independent experimen{®) The quantification of the percentage and cell number of AMs and IMs in the
lungs of naive (n=3) and infected mice (P83 Data are expressed aman + SEM and are representative of two
independent experimen{€) Representative immunohistochemistry images of Cp@Ri) cells andC. neoformans
(blue) in the lungs of infected Wiltype (WT) C57BL/6 mice, CCR2mice, Nr4a® mice and WT mice taed
intravenously with clodronate liposomes (Clard representative immunohistochemistry images of the accumulation
of CD68 (red) cells in the lungs of infected WTCR2" mice, Nr4a¥ mice and WT mice treated intravenously with
clodronate liposomes (CLL) at 1 week PI. Nuclei were stained with DAPI (Bleefjons were imaged at x20 and
yellow scale bars are equivalent to 100.(D) Quantification of the number of CD88nacrophages, y6C°
monocytes, Ly6& monocytes, AMs and IMs in the lungs of infected mice at 1 weeR#&h are expressed as mean

+ SEM and are representative of two independent experiments. **p < 0.01, ***p < 0.001, ****p < 0.0001
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To determine whether recruited nomytes contributed to the expansion of these cells we
examined the accumulation of CD¥&acrophages, as well as AMs and IMs in the lungs of
infected CCRZ and Nr4al mice, which have deficits in LyBCand Ly6C° monocytes
respectivel\j84, 557] Compared to WT mice, bo@CR2"and Nr4al mice had similar numbers
of CD68" macrophages, AMs and IMs (Fi§.5C, D). To exclude the possibility that LyBC
monocytes were compensating for the absence of Py@hocytes or vice versa, we depleted
both monocyte populations fro circulation in WT mice via intravenous administration of
clodronate liposomes (CLL) prior to infection, and assessed macrophage accumulation in the lungs
afterward. Similar to mice lacking one monocyte population, mice lacking both had comparable
numbersof pulmonary macrophages as WT mice treated with control liposome$ (B1g.D).

These suggested that the expansion of both AMs and IMs occurred independently of
recruited monocytes. Instead, resident macrophages upregulated their expression of the
proliferative marker Ki67 following infection (Fig.5.6A). In addition, a greater proportion of
AMs and IMs were Ki67" in infected mice compared to naive mice (F@A). These cells also
incorporated significantly more bromodeoxyuridifrdU) following infection (Fig. 5.6B),
demonstrating that resident AMs and IM populations proliferate in respor@erteoformans

infection

129



130

























































