UNIVERSIDADE FEDERAL DO RIO GRANDE DO SUL
CENTRO DE BIOTECNOLOGIA

PROGRAMA DE POS-GRADUACAO EM BIOLOGIA CELULAR E MOLECULAR

Estudo funcional do fator de transcricdo Pdr802 na biologia do patégeno
Cryptococcus neoformans

Tese de doutorado

Julia Catarina Vieira Reuwsaat

Porto Alegre, janeiro de 2021.



UNIVERSIDADE FEDERAL DO RIO GRANDE DO SUL
CENTRO DE BIOTECNOLOGIA

PROGRAMA DE POS-GRADUACAO EM BIOLOGIA CELULAR E MOLECULAR

Estudo funcional do fator de transcricdo Pdr802 na biologia do patdégeno
Cryptococcus neoformans

Julia Catarina Vieira Reuwsaat

Tese submetida ao Programa de Pés-Graduacao
em Biologia Celular e Molecular do Centro de
Biotecnologia da Universidade Federal do Rio
Grande do Sul como requisito parcial para
obtencéo do Grau de Doutora em Ciéncias.

Orientadora: Prof. Dra. Livia Kmetzsch Rosa e Silva
Co-orientadora: Prof. Dra. Marilene Henning Vainstein
Colaboradora: Prof. Dra. Tamara Doering

Porto Alegre, janeiro de 2021.



Este trabalho foi desenvolvido no Laboratério de
Biologia Molecular de Patégenos, coordenado pela
Professora Livia Kmetzsch, situado no Centro de
Biotecnologia da Universidade Federal do Rio Grande
do Sul, e no laboratério da Professora Tamara Doering,
da Washington University School of Medicine, St.
Louis, Estados Unidos da América. Este trabalho
contou com fomento do Conselho Nacional de
Desenvolvimento Cientifico e Tecnologico (CNPq,
Brasil), da Coordenacdo de Aperfeicoamento de
Pessoal de Nivel Superior (CAPES, Brasil), da
Fundagcdo de Amparo a Pesquisa do Estado do Rio
Grande do Sul (FAPERGS, Brasil) e do National
Institutes of Health (NIH, EUA).



AGRADECIMENTOS

Gostaria de agradecer a UFRGS, ao PPGBCM e a todos os professores e

funcionarios pela oportunidade e ensino de exceléncia;

Em especial & minha orientadora Livia Kmetzsch pelos ensinamentos, dedicacgéo,

paciéncia e apoio;

A minha coorientadora Marilene Vainstein pela confianca;

A professora Tamara Doering pela colaborac&o e oportunidade Gnica;
Ao professor Charley pela revisao da tese e também orientacao;

Ao professor Augusto pelas ideias e ensinamentos;

Aos professores Michael Brent, Marcio Rodrigues e Suzana Frases pela

colaboracéo;

Ao professor Itabajara Vaz, membro da comissao de acompanhamento e sempre
disposto a conversar, discutir e emprestar reagentes;

Aos meus pais e avos pelo amor incondicional e dedicacao, eu ndo chegaria até

agui sem Vvoces;
Ao meu irméo, minha inspiracdo e melhor amigo;

Ao Junior, meu amor e companheiro, obrigada principalmente pela paciéncia,

incentivo e amor incondicional;

Aos meus companheiros de pesquisa Heryk Motta e Eamim Squizani por toda
dedicacgéao, paciéncia e amizade;

Ao Daniel Agustinho pela amizade e companheirismo;

A todos os colegas (atuais e passados) dos laboratérios 222, 220, 219 e 217 do

Centro de Biotecnologia pelo companheirismo e convivéncia,

A todos os colegas dos laboratérios da professora Tamara Doering e do professor

Michael Brent;



A minha familia e a todos que contribuiram de alguma forma para a realizacio
desse trabalho;

Aos meus amigos de Porto Alegre e S&o Leopoldo pelo carinho e amor, mesmo
guando distantes a maioria do tempo;

As agéncias de fomento CAPES, CNPq, FAPERGS e NIH.



SUMARIO

Lista de abreviaturas, Simbolos e unidades ............cccccvviiiiiiiiiiiiiiiiii, 8
LiSta de tADEIAS .......viiiiiiiiiiiiiii e 11
LiSta de fIQUIAS ....coeeeeeiiiie et e e e e e et e e e e aaanes 12
RESUMIO . e e e e e e e e e e e e e eee 13
Y 011 =T SR 14
L TN OAUGED ... 15
1.1. INfeCGBES FUNQICAS .......eeveiiiiiiiee et a e e 15
1.2. Espécies patogénicas do género CryptOCOCCUS ........cceeeeeririiuirieeeeeeeeansannns 18
S T O o) (o o0 Yoo 151 = NP 21
= 1o To [T ] od T =T = PO 25
1.4.1. Desenvolvimento @ 37°C.....ccoviiiiiiiiiiieeeeeeeee 27
1.4.1.1. Homeostase de calcio e via de sinalizacdo da calcineurina............ 28

1.4.2. Determinantes de C. neoformans que causam danos ao hospedeiro..32

1.4.2.1. Capsula polisSacaridiCal ..........occuuvvieeiiiieeieeiiiiiieeee e 32
I Y = = 1] - PPN 38
e B U T L] = PP 40
O S 0 1S o] 1] = U 41
1.4.3. Resposta imune frente a CryptOCOCCUS SPP. wvvvevvreeeerrrreriiiiiieeeeeeeeeennnns 42
1.4.4. Resposta de Cryptococcus spp. frente ao hospedeiro......................... 44
1.4.4.1. Inibic80 da fagOCItOSE.........cccevuiiiiiee e 44
1.4.4.2. Sobrevivéncia e evasao intracelular.............cccccccevvvvviiiiiiiii e a7
1.5. Fatores de tranSCriGA0 ........coovviiiiiiiiiiiiieeeee e 49
2. O EIVOS e 52
2.1. ODJELIVO QETAI ..cceviiiiiiiiiiiiiieieeeeeeee e 52
2.2. ODbjetivos @SPECITICOS ....cviiiiiiiiiiiiiiiiiiiiiieieeeeeeeeeeeeeeeeeee e 52

3. Manuscrito publicado junto ao periodico mBio (The Transcription Factor
Pdr802 Regulates Titan Cell Formation and Pathogenicity of Cryptococcus

(aL=To) (o] 0 4 F= T ) PP 53
D T ES Yo U ST Lo PP 89
I 0] o o 11 FST0 1< 3PP 92
B. PEISPECTIVAS ..o 93



7. Anexo 1 - Manuscrito publicado junto ao periédico mSphere (A Predicted

Mannoprotein Participates in Cryptococcus gattii Capsular Structure).................. 94
8. RETEIBINCIAS .ottt e ettt e e e e e e e e e e e et e e e e e e e eeeenee 112
9. CUITICUIO rESUMIAO oo 135



LISTA DE ABREVIATURAS, SIMBOLOS E UNIDADES

5-FC
AFLP

AIDS

AMPc
APC

BHE
Ca2+
CD4+
CD8+
ChIP-Seq

DAG
DTO

FT

GPI
GXM
GXMGal
HIV

IFN-y
IL-2

IL-4
IL-10
IL-12
IL-13
IP3

kDa
L-DOPA

5-fluorocitosina/flucitosina

polimorfismo de tamanho de fragmento amplificado, do inglés
amplified fragment length polymorphism

sindrome da imunodeficiéncia adquirida, do inglés acquired
immunodeficiency syndrome

adenosina 3’-5’-monofosfato ciclico

célula apresentadora de antigeno, do inglés antigen presenting cell
barreira hematoencefalica

ion calcio

linfocito T helper

linfécito T citotoxico

imunoprecipitacdo de cromatina seguido de sequenciamento, do
inglés chromatin immunoprecipitation followed by sequencing

diacilglicerol

do inglés dual-threshold optimization
fator de transcricéao
glicosilfosfatidilinositol
glucuronoxilomanana
glucuranoxilomanogalactana

virus da imunodeficiéncia humana, do inglés human
immunodeficiency virus

interferon gama, do inglés interferon gamma
interleucina 2

interleucina 4

interleucina 10

interleucina 12

interleucina 13

inositol trifosfato

guilodalton

L-3,4-dihidroxifenilalanina



M1
M2
MAT
MATa
MATa
MET
MHC

MLST
MP
MP84
MP88
MP98
MP115
MRNA
PAMP

PCR
pH
PIP2
RE
RNA-Seq
SNC
SRI
Th
Thl
Th2
TNF-a
UDP
var
VG

macrofagos tipo 1

macrofagos tipo 2

do inglés mating type

do inglés mating type alpha

do inglés mating type a

microscopia eletrénica de transmissao

complexo principal de histocompatibilidade, do
histocompatibility complex

inglés major
do inglés multi-locus sequence type

manoproteina

manoproteina 84

manoproteina 88

manoproteina 98

manoproteina 115

RNA mensageiro, do inglés messenger RNA

padrées moleculares associados a patdégenos, do inglés pathogen-
associated molecular pattern

reacao em cadeia da polimerase, do inglés polymerase chain reaction
potencial hidrogeniénico

fosfatidilinositol 4,5-bifosfato

reticulo endoplasmatico

sequenciamento de RNA, do inglés RNA sequencing

sistema nervoso central

sindrome de reconstituicdo imunoldgica

T helper

T helper 1

T helper 2

fator de necrose tumoral alfa, do inglés tumor necrosis factor alpha
uridina difosfato

variedade

do inglés variety gattii



VN
WGA

do inglés variety neoformans

do inglés wheat germ agglutinin

10



LISTA DE TABELAS

Tabela 1. Principais doencas flungicas invasivas e impacto global anual............. 16
Tabela 2. Classificacao de C. neoformans € C. gattii...........cceevvvviiiiiiiiiiiieeieenennnn. 19
Tabela 3. Fatores de transcricdo de Cryptococcus e suas fungoes. .................... 50

11



LISTA DE FIGURAS

Figura 1. Ciclo sexual de espécies patogénicas de CryptoCOCCUS. ............c.ceeee.... 21
Figura 2. Diferentes tipos morfoloégicos contribuem para viruléncia de C.
NEOfOrMaNnS € C. Qatlil. .....covieieiiiiiiee e e e e e eeeee 23
Figura 3. Modelo de disseminacao de C. neoformans do ambiente para o cérebro
PIUMIGIN0. . 25
Figura 4. Curva de dano € reSPOSA. .......cccvvveiiriiiiiiieeeeeeeeeer e e e e e e e 27
Figura 5. Visao geral da maquinaria de sinalizacéo de calcio em fungos. ........... 30
Figura 6. Capsula e parede celular de C. neoformans. ..........cc.ccceeevvvvviiiiiineeeenn, 33
Figura 7. A parede celular de C. gattii revela a deposicdo compacta e uniforme de
PIgMENLOS A€ MEIANINGL ....ccoiiiiiiiii e e e e e e e eaanes 39
Figura 8. Células gigantes de C. neoformans isoladas de diferentes linhagens de
(o= 14111 T 0] o T o 150U a7
Figura 9. A patogénese efetiva requer uma regulacdo rigida dos fatores de
171 1011 o = TSR 91

12


file:///C:/Users/julia/Desktop/Tese/TESE%20Julia%200501.docx%23_Toc60843540
file:///C:/Users/julia/Desktop/Tese/TESE%20Julia%200501.docx%23_Toc60843541
file:///C:/Users/julia/Desktop/Tese/TESE%20Julia%200501.docx%23_Toc60843541
file:///C:/Users/julia/Desktop/Tese/TESE%20Julia%200501.docx%23_Toc60843542
file:///C:/Users/julia/Desktop/Tese/TESE%20Julia%200501.docx%23_Toc60843542
file:///C:/Users/julia/Desktop/Tese/TESE%20Julia%200501.docx%23_Toc60843543
file:///C:/Users/julia/Desktop/Tese/TESE%20Julia%200501.docx%23_Toc60843545
file:///C:/Users/julia/Desktop/Tese/TESE%20Julia%200501.docx%23_Toc60843546
file:///C:/Users/julia/Desktop/Tese/TESE%20Julia%200501.docx%23_Toc60843547
file:///C:/Users/julia/Desktop/Tese/TESE%20Julia%200501.docx%23_Toc60843547
file:///C:/Users/julia/Desktop/Tese/TESE%20Julia%200501.docx%23_Toc60843548
file:///C:/Users/julia/Desktop/Tese/TESE%20Julia%200501.docx%23_Toc60843548
file:///C:/Users/julia/Desktop/Tese/TESE%20Julia%200501.docx%23_Toc60843548
file:///C:/Users/julia/Desktop/Tese/TESE%20Julia%200501.docx%23_Toc60843548

RESUMO

Cryptococcus neoformans é o agente etiolégico da criptococose, enfermidade que
afeta principalmente pacientes imunocomprometidos e causa aproximadamente
180.000 6bitos no mundo anualmente. Uma vez em contato com o hospedeiro, este
patbgeno é exposto a uma variedade de processos adaptativos, 0s quais sdo
regulados por uma rede de fatores de transcri¢cao (FTs). Dentre eles, destaca-se o
FT Pdr802, ja previamente caracterizado como um importante regulador da
patogénese de C. neoformans. Na presente Tese, demonstramos que a expressao
do gene codificador de Pdr802 é altamente induzida em condi¢cdes que mimetizam
0 ambiente do hospedeiro in vitro, e que sua inativacao afeta a sobrevivéncia de C.
neoformans em um hospedeiro mamifero, no soro murino e em meio de cultura de
células. Dois importantes determinantes de viruléncia deste patdégeno sé&o
negativamente regulados por Pdr802: a producéo da cépsula polissacaridica e de
células gigantes (Titan cells). Ambos fenétipos elucidam a disseminacgéo limitada
do mutante nulo pdr802 para o Sistema Nervoso Central (SNC) e a consequente
reducdo da viruléncia dessa linhagem, uma vez que células hipercapsulares e
gigantes demonstram taxas de fagocitose por macrofagos reduzidas e ineficiéncia
em ultrapassar diretamente barreiras biolégicas. Utilizando ensaio de
imunoprecipitacdo de cromatina seguido de sequenciamento (ChlP-Seq),
associado ao sequenciamento de RNA (RNA-Seq), identificamos alvos diretos de
Pdr802, que incluem as proteinas relacionadas com quorum sensing Pgp1, Optl e
Liv3 e os fatores de transcricdo Stb4, Zfc3 e Bzp4, importantes para a infec¢ao do
cérebro e regulacdo do tamanho da cépsula polissacaridica de C. neoformans.
Alvos adicionais incluem as proteinas reguladas pela via da calcineurina, Hadl e
Crzl, importantes para o remodelamento da parede celular e viruléncia de C.
neoformans, e genes envolvidos na resisténcia a temperatura do hospedeiro, ao
estresse oxidativo e atividade de urease. O papel de Pdr802 como regulador
negativo da formacéo de células gigantes e da capsula polissacaridica, assim como
regulador positivo de quorum sensing, sdo criticos para a patogenicidade de C.

neoformans.
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ABSTRACT

Cryptococcus neoformans is the etiological agent of cryptococcosis, an infectious
disease that affects mainly immunocompromised patients and causes 180,000
deaths worldwide each year. Once inside the host, cryptococcal cells undergo a
variety of adaptative processes that are regulated by a network of transcription
factors (TFs). One of these is the TF Pdr802, which have been already shown as
an important regulator of C. neoformans pathogenicity. In this work, we
demonstrated that the Pdr802 coding gene expression is highly induced under host-
like conditions in vitro and its deletion impairs C. neoformans survival in a
mammalian host, mouse serum, and tissue culture media. Two important
cryptococcal virulence determinants are negatively regulated by Pdr802: the
polysaccharide capsule and Titan cells production. Both of these phenotypes
explain the limited dissemination of pdr802 null mutant cells to the central nervous
system and the consequently reduced virulence of this strain, as hypercapsular
strains and Titan cells are less phagocyted by macrophages and have diminished
ability to directly cross biological barriers. Using chromatin immunoprecipitation
followed by sequencing (ChIP-Seq), as well as RNA sequencing (RNA-Seq), we
identified directly targets of Pdr802, which include the quorum sensing related
proteins Pgpl, Optl, and Liv3 and the transcription factors Stb4, Zfc3 and Bzp4,
which regulate cryptococcal brain infectivity and capsule thickness. Additional
targets comprise the calcineurin-regulated proteins Hadl and Crz1, important for
cell wall remodeling and C. neoformans virulence; and genes related to resistance
to host temperature and oxidative stress, and to urease activity. The role of Pdr802
as a negative regulator of Titan cell formation and capsule thickness, as well as a

positive regulator of quorum sensing are thus critical for cryptococcal pathogenicity.
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1. INTRODUCAO

1.1.Infec¢Bes fungicas

O reino Fungi engloba inUmeras espécies capazes de rapida adaptacdo a
diferentes ambientes, principalmente a partir da transicdo entre morfotipos distintos,
e compreende muitos organismos degradadores de matéria organica (FISHER et
al., 2020). Varias enzimas produzidas para decomposicdo de matéria organica
também sao importantes para possiveis transicbes de ambientes, como por
exemplo, a producéo de proteases, fosfolipases e nucleases podem ser decisivas
durante uma possivel interacdo com hospedeiros (FISHER et al., 2020). Além
disso, os fungos produzem inumeros metabolitos secundarios, entre eles
importantes  compostos  antimicrobianos,  pesticidas, micotoxinas e
imunosupressores que influenciam diretamente na sua adaptacdo a diferentes
nichos (BILLS; GLOER, 2016; KESWANI et al., 2019).

Dados recentes evidenciam o destacado papel de fungos patogénicos na
extincdo de espécies, no distarbio de ecossistemas, na agricultura e na saude
publica (FISHER et al., 2012). Porém, o impacto das infec¢des flngicas na saude
humana continua sendo negligenciado, mesmo que estas sejam responsaveis por
um maior numero de Obitos em comparacdo a tuberculose ou a malaria
mundialmente, e que estimativas demonstrem que mais de 300 milhdes de pessoas
sofrem com infecc¢des flngicas severas a cada ano (RODRIGUES; NOSANCHUK,
2020). As doencas decorrentes de infec¢Bes fungicas em humanos diferem de
outras por inUmeros motivos, como a similaridade entre as células do hospedeiro
com o patégeno fungico, o que dificulta o desenvolvimento de compostos
antifangicos; a capacidade do patégeno de infectar diferentes células do
hospedeiro, podendo invadir distintos tecidos simultaneamente; e a ocorréncia de
potenciais alteracdes morfolégicas durante o periodo da infec¢do, impactando
diretamente o tratamento, uma vez que morfotipos podem responder distintamente
aos compostos administrados (RODRIGUES; NOSANCHUK, 2020).

As infec¢des fungicas humanas podem ser classificadas como invasivas

(sistémicas), de pele, mucosa, alérgicas e também cronicas, e causam grande
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impacto social e econémico (FUNGAL DISEASE FREQUENCY | GAFFI - GLOBAL
ACTION FUND FOR FUNGAL INFECTIONS). As infeccdes invasivas, mesmo
tendo uma incidéncia menor do que as superficiais, quando chegam ao estagio de
desenvolvimento da doenca, exibem uma alta taxa de mortalidade, levando mais
de um milh&o e meio de pessoas a 6bito anualmente (BROWN et al., 2012). Dentre
0s principais fungos causadores de infec¢des invasivas destacam-se espécies do
género Cryptococcus, Aspergillus, Candida e Pneumocystis (Tabela 1). A
incidéncia de cada uma dessas doencas varia de acordo com condigbes
socioeconbmicas, localizacdo geografica, habitos culturais e status do sistema
imune do hospedeiro (BROWN et al., 2012).

Tabela 1. Principais doencas flungicas invasivas e impacto global anual.

Doenca fangica Incidéncia Taxa de Fatalidade Mortes

estimadas

Meningite criptocécica 370.000 15-20% EUA; >50% paises | >125.000

subdesenvolvidos

Pneumonia pneumocistica >500.000 ~15% AIDS; ~50% n&o-AIDS >250.000

Aspergilose invasiva >250.000 ~50% se tratada >125.000

Candidiase invasiva >700.000 ~45% se tratada >350.000

Aspergilose pulmonar crénica ~3 milhdes ~15% terceiro mundo >450.000

Histoplasmose disseminada >100.000 >30% AIDS, diagnosticada >80.000

Asma severa por ~10 milhGes | >1% ~175.000

sensibilizagdo fangica

Total >14.900.000 >1.700.000

Adaptado de Gaffi (FUNGAL DISEASE FREQUENCY | GAFFI - GLOBAL ACTION FUND FOR
FUNGAL INFECTIONS).

As micoses sistémicas sao altamente letais se ndo diagnosticadas e tratadas
corretamente. A maioria dessas doencas atingem pacientes que possuem seu
sistema imune comprometido, principalmente por infec¢cdo pelo virus HIV
resultando na sindrome de imunodeficiéncia adquirida (AIDS), mas também por
cancer e outras condi¢cdes imunossupressoras (KOHLER et al., 2017). Uma das
principais doengas fungicas invasivas é a meningite criptococica, causada pelos
patdgenos Cryptococcus neoformans e Cryptococcus gattii (KWON-CHUNG et al.,
2014). Também conhecida como criptococose, essa doenca leva a oObito

aproximadamente 125 mil pacientes anualmente em todo o mundo (Tabela 1).
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As infeccbes causadas por C. neoformans sdo a vasta maioria dos casos
consequentes de criptococose (>95%). Até 1950, menos de 300 casos de
criptococose tinham sido contabilizados e esses numeros cresceram
significativamente a partir do aumento de quadros de Iimunossupresséo,
principalmente devido a AIDS (DUNCAN, 1957; RAJASINGHAM et al., 2017).
Nestes pacientes, ha uma perda gradual de linfocitos T helper (CD4+) (VIJAYAN et
al., 2017) e a principal resposta imune contra Cryptococcus € através da ativagédo
deste tipo celular (HUFFNAGLE et al., 1994). Algumas linhagens de C. gattii s&o
capazes de causar doenca em pacientes imunocompetentes, como a R265,
responsavel pelo surto de criptococose na ilha de Vancouver, Canada em 1999,
sendo considerada um patdégeno primario (DATTA; BARTLETT; MARR, 2009;
SPEED; DUNT, 1995). No entanto, um estudo de caso-controle evidenciou alguns
fatores que predispde a doenca causada por C. gattii, como idade avancada, uso
de corticoides, doencas pulmonares e fumo (MACDOUGALL et al., 2011). Ja C.
neoformans é considerado um patégeno oportunista ou secundario, mesmo ja
havendo notificacbes de casos da doenca em pacientes aparentemente
imunocompetentes (BEARDSLEY; SORRELL; CHEN, 2019; CASADEVALL,
PIROFSKI, 2001; CHEN et al., 2008). Dados epidemioldgicos demonstram que as
espécies patogénicas do género Cryptococcus sdo responsaveis por 60% dos
casos de meningite em pacientes HIV positivos mundialmente, levando 15% destes
a Obito (RAJASINGHAM et al., 2017).

Um estudo brasileiro demonstrou que C. neoformans é o principal causador de
micose sistémica em pacientes com AIDS, com taxa de mortalidade que pode
atingir 51% (PRADO et al., 2009). Em 17 de fevereiro de 2020, foi publicada no
Diario Oficial da Unido, portaria n° 264, a incluséo da criptococose como micose
sistémica de notificacdo compulsoéria, assim como a esporotricose humana e a
paracoccidioidomicose. A partir disso, o impacto da criptococose podera ser
avaliado a nivel nacional quanto as suas taxas de incidéncia e morte, como também

seus impactos socioecondémicos.
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1.2. Espécies patogénicas do género Cryptococcus

C. neoformans e C. gattii sdo leveduras encapsuladas do filo Basidiomycota.
Estas duas espécies divergiram de um ancestral comum e variam em sua
distribuicdo geografica, patologia e inUmeros aspectos moleculares (COGLIATI,
2013). A primeira classificacdo do complexo de espécies de Cryptococcus ocorreu
em 1950, no qual analises de aglutinacado da cdpsula polissacaridica as separou
em diferentes sorotipos: A, B e C e, posteriormente, os sorotipos D e o hibrido AD
também foram descritos (EVANS, 1951; WILSON; BENNETT; BAILEY, 1968). Até
entdo, C. neoformans e C. gattii eram consideradas linhagens diferentes da mesma
espécie quando, em 2002, andlises moleculares e epidemiolégicas as separaram
em duas espécies (KWON-CHUNG et al., 2002; KWON-CHUNG; VARMA, 2006).

A classificacdo mais utilizada atualmente define as espécies C. neoformans e
C. gattii de acordo com analises de PCR fingerprinting, polimorfismo de tamanho
de fragmento amplificado (AFLP) e multilocus sequence type (MLST) (MEYER et
al., 2009). C. neoformans é constituido de trés variedades: C. neoformans var.
grubii (Sorotipo A, tipos moleculares VNI, VNIl e VNB), C. neoformans var.
neoformans (Sorotipo D, tipo molecular VNIV) e hibrido (Sorotipo AD, tipo molecular
VNIII) (Tabela 2, classificagdo usual). J& C. gattii é classificado nos sorotipos B
(tipos moleculares VGI e VGII) e C (tipos moleculares VGIII e VGIV) (Tabela 2,
classificacdo usual) (LIN; HEITMAN, 2006; MEYER et al., 2009). Contudo, em
2015, uma nova classificagdo para cada sorotipo de Cryptococcus foi proposta,
separando C. neoformans em duas espécies (complexo de espécies C.
neoformans) e C. gattii em cinco (complexo de espécies C. gattii) (HAGEN et al.,
2015), além de 4 espécies hibridas (Tabela 2, classificacdo proposta). Essa nova
caracterizacao é baseada em analises filogenéticas de 11 I6cus génicos (CAP59,
GPD1, IGS, ITS, LAC1, PLB1, RPB1, RPB2, SOD1, TEF1 e URA5) de 115 isolados,
como também em caracteristicas como patogenicidade, prevaléncia de
desenvolvimento da doenga em cada grupo de pacientes e susceptibilidade a
antifangicos (HAGEN et al., 2015). Porém, o uso dessa homenclatura ainda nao é
consenso na literatura (HAGEN et al., 2017; KWON-CHUNG et al., 2017).
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Tabela 2. Classificacdo de C. neoformans e C. gattii.

Classificac8o usual | Sorotipo | Tipos moleculares Classificacdo proposta
C. neoformans
var. grubii A VNI/VNII/VNB C. neoformans

(AFLP1, AFLP1A,
AFLP1B, VNB)

var. neoformans D VNIV (AFLP2) C. deneoformans
Hibrido AD AD VNIII (AFLP3) Hibrido C. neoformans x C.
deneoformans
C. gattii BeC VGI (AFLP4) C. gattii
VGII (AFLP6) C. deuterogattii
VGIIl (AFLP5) C. bacillisporus
VGIV (AFLP7) C. tetragattii
VGIV/VGIllic (AFLP10) C. decagattii
Hibrido BD BD AFLP8 Hibrido C. deneoformans x C. gattii
Hibrido AB AB AFLP9 Hibrido C. neoformans x C. gattii
Hibrido AB AB AFLP11 Hibrido C. neoformans x C.
deuterogattii

Adaptado de (HAGEN et al., 2015, 2017; KWON-CHUNG et al., 2017).

C. neoformans é uma levedura ambiental encontrada ubiquamente e esta
presente principalmente em excreta de pombos, solos e arvores (CHOWDHARY et
al., 2012; EMMONS, 1955; LITVINTSEVA et al., 2011). Ja C. gattii, que tinha sua
notificacao limitada as regides tropicais e subtropicais (KWON-CHUNG; BENNETT,
1984), passou a ser considera também ubiqua ap6s o surto de infeccdo em
Vancouver, admitindo-se também sua existéncia em regides temperadas (DATTA;
BARTLETT; MARR, 2009). Esse surto de infeccdo por C. gattii se expandiu pelo
Canada e regido noroeste dos Estados Unidos e ndo atingiu apenas humanos, mas
também animais domésticos, terrestres e marinhos (BIELSKA; MAY, 2015). A
maioria dos isolados de C. gattii sdo encontradas em vegetais, principalmente
arvores de eucaliptos (Eucalyptus calmadulensis), amendoeiras (Terminalia
catappa) e pinheiros (Pseudotsuga menziesii) e também em madeiras em
decomposicdo (BIELSKA; MAY, 2015; MA; MAY, 2009).

A reproducdo sexual (mating) das espécies patogénicas de Cryptococcus €é
bipolar, ou seja, € governado por apenas um lécus genémico conhecido como MAT,
que possui dois alelos alternativos, MATa ou MATa (SUN et al., 2019; WICKES,
2002). Muitos dos compostos presentes nos nichos de Cryptococcus spp. induzem

0 mating, como inositol (produzido pela maioria das plantas), o horménio vegetal
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acido indolacético e excreta de pombos (XUE, 2012; XUE et al., 2007). Existem
dois tipos de reproducdo descritas: unissexual, também conhecida como
frutificacdo monocariotica, e bissexual (SUN et al., 2019). A primeira envolve
apenas linhagens MATa e a segunda necessita o contato das linhagens MATa e
MATa (Figura 1). Em ambos os casos, ha fusdo de células haploides para a
producdo de filamentos dicariéticos que sofrem meiose, levando a producao de
basidiésporos e consequente dispersdo dos mesmos (WICKES, 2002). No caso da
frutificacdo monocaridtica, ha também a possibilidade de endoreplicagéo,

alternativamente a fuséo de duas células MATa (Figura 1).

A maioria dos isolados naturais e clinicos de Cryptococcus spp. sdo MATa,
enquanto as linhagens MATa estdo predominantemente presentes na Africa, onde
encontra-se a maior diversidade genética desse patdogeno [Normalmente: a >99%
e a< 1%; Africa: a >90% e a <10%)] (LITVINTSEVA et al., 2003; RANDHAWA et al.,
2008; SUN et al.,, 2019; WICKES, 2002). Em relacdo ao desenvolvimento da
criptococose em humanos, os isolados MATa sdo mais virulentos em comparacao
a isolados MATa (KWON-CHUNG; EDMAN; WICKES, 1992). A prevaléncia de
isolados MATa demonstra que a reproducédo unissexuada de Cryptococcus spp.
pode ocorrer com maior frequéncia do que primeiramente proposto, pois a mesma
consegue produzir uma grande quantidade de basididésporos, assim como nha
reproducao bissexuada (SUN et al., 2019). Essa caracteristica € essencial para a
sobrevivéncia de Cryptococcus spp. no ambiente, pois 0s basidiésporos sdo mais
resistentes a diversos fatores ambientais comparado a forma leveduriforme, e sédo
considerados a principal fonte de infeccdo (GILES et al., 2009; VELAGAPUDI et al.,
2009). Além disso, durante a reproducao, Cryptococcus spp. muda sua morfologia
de levedura para hifa, sendo a segunda essencial para a sua sobrevivéncia durante
a interacdo com predadores na natureza, como a ameba Acanthamoeba castellanii
(CASADEVALL, 2012; LIN; IDNURM; LIN, 2015; MAGDITCH et al., 2012;
STEENBERGEN; SHUMAN: CASADEVALL, 2001). E importante ressaltar que
ainda néo ha evidéncias de reproducéo sexuada no interior do hospedeiro humano,

apenas no meio ambiente.
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Figura 1. Ciclo sexual de espécies patogénicas de Cryptococcus. O ciclo
sexual de espécies patogénicas de Cryptococcus pode ser dividido em unissexual
(envolvendo apenas um Unico mating type) e bissexual (envolvendo dois mating
types opostos). (a) Apos o reconhecimento do mating type no ambiente apropriado,
células fuangicas MATa produzem o tubo de conjugacdo que cresce e
eventualmente se funde com células de mating type oposto. (b) Apés a fuséo célula-
célula, o filamento se projeta e continua a crescer, (c, d) eventualmente se
diferenciando em um basidio. (e, f) A meiose ocorre dentro do basidio e os produtos
meidticos passam por rodadas repetidas de mitose, brotando do basidio como
quatro cadeias de basididsporos. Se a fusdo nuclear ocorrer apés a fusao célula-
célula, o filamento subsequente €& monocaridtico com fibulas ndo fundidas
(reproducéo bissexuada, painel da direita). Se a fusdo nuclear ocorre dentro do
basidio, o filamento anterior é dicariético com fibulas fundidas (reproducédo
bissexual, painel da esquerda). Um mecanismo alternativo de reproducdo
unissexual de C. neoformans pode ocorrer dentro de uma célula Unica, na qual o
nucleo sofre endoreplicacdo; este caminho é representado na reproducdo
unissexual, painel da esquerda. Adaptado de (SUN et al., 2019).

1.3. Criptococose
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A criptococose sistémica inicia-se a partir da inalacédo de basididosporos ou da
levedura dessecada do ambiente, que se depositam no pulméo (Figura 2)
(MITCHELL; PERFECT, 1995; PERFECT et al., 2010). C. neoformans pode ficar
latente por indeterminado periodo de tempo, emergir e se disseminar em um
momento de imunossupressdo do hospedeiro, apresentando tropismo pelo SNC
(ALANIO, 2020; KWON-CHUNG et al., 2014). No tecido cerebral, C. neoformans
causa o quadro mais grave da doenca, a meningite criptocdcica, que € fatal se ndo
tratada adequadamente (JARVIS et al.,, 2014; PERFECT, 2012; SABIITI; MAY,
2012). Ja infeccBes causadas por C. gattii tem como caracteristica uma doenca
centralizada no pulmédo do hospedeiro, com formacdo de grandes massas de
infiltrado de células do sistema imune, conhecido como criptococomas, raramente
com disseminacédo para 0 SNC (NGAMSKULRUNGROJ et al., 2012).

O basidiosporo ja foi caracterizado como particula infecciosa tanto em modelo
murino quanto em modelo invertebrado de infec¢édo, e seu tamanho € ideal para
inalacdo e deposicao nos alvéolos pulmonares (Figura 2) (KRONSTAD et al., 2011).
Apos a deposicdo das células fungicas no pulméo, a resposta imune do hospedeiro
€ acionada, diferindo conforme a espécie do agente infeccioso. C. neoformans
induz uma resposta inflamatéria protetora, através da secre¢éo das citocinas TNF-
a e IFN-y, ao contrario de C. gattii, que retarda a ativacdo do sistema imune
(CHENG; SHAM; KRONSTAD, 2009). O primeiro contato das células fungicas com
o sistema imune € caracterizado pela interacdo principalmente com macréfagos
alveolares, pois estes representam a maior parte da populacdo de células bronco-
alveolares em condicfes de infec¢bes pulmonares (FU; DRUMMOND, 2020). As
acOes dessas células incluem fagocitose e eliminacdo do patdgeno, sequestro de
polissacarideos, producédo de citocinas e quimiocinas e apresentacéo de antigenos
(GARCIA-RODAS; ZARAGOZA, 2012). Quando fagocitada por macrofagos, trés
cenarios diferentes podem ser observados: (i) a levedura pode ser eliminada
através de mecanismos microbicidas produzidos pela célula do sistema imune ou
também pela apresentacao de antigenos as células T; (ii) entrar em um estado de
laténcia ou (iii) sobreviver e estabelecer a infec¢gdo pulmonar (FU; DRUMMOND,
2020; MCQUISTON; WILLIAMSON, 2012).
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E importante ressaltar que a maioria dos estudos, principalmente em modelo
murino de infeccdo, sdo realizados com células em sua morfologia leveduriforme,
e que aresposta imune frente a basididsporos e leveduras é diferente. Por exemplo,
0s basididsporos séo rapidamente fagocitados por células do sistema imune como
macrofagos, porém conseguem germinar e se replicar no interior dos mesmos.
Contudo, se o macréfago € ativado previamente a germinacdo do basidiosporo,
esse € rapidamente eliminado por ser muito sensivel as espécies reativas de
oxigénio (GILES et al., 2009). J& as células leveduriformes sao apenas fagocitadas
mediante sua opsonizacdo (interacdo com anticorpos ou moléculas do sistema
complemento, por exemplo), porém, quando internalizadas, também conseguem
sobreviver e replicar no interior dos macréfagos (ALVAREZ; CASADEVALL, 2006).

Levedura

Dessecacao
[, m——

: : 2-3pum
4 —-10pum

Basidiosporo

1-2um

Figura 2. Diferentes tipos morfolégicos contribuem para viruléncia de C.
neoformans e C. gattii. Os basidiésporos e leveduras dessecadas iniciam a
infeccdo apoOs a inalacdo pelo hospedeiro. Os basididosporos sado resultado de
reproducdo unissexuada ou bissexuada, enquanto as células da levedura podem
dessecar no ambiente e seu tamanho possibilita a inalacdo profunda no tecido
pulmonar. A germinacdo dos basidiésporos e o crescimento das células
leveduriformes nos pulmdes resultam na proliferacdo de Cryptococcus spp. e
possivel colonizacdo do tecido pulmonar. Adaptado de (KRONSTAD et al., 2011).

A capacidade de sobrevivéncia e replicacdo de C. neoformans no interior de
células do sistema imune é correlacionada com sua viruléncia (ALVAREZ et al.,
2009; MA et al.,, 2009; MANSOUR; LEVITZ, 2002). Ap6s a fagocitose por

macréfagos, por exemplo, C. neoformans é compartimentalizado nos
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fagolisossomos e, neste local, a levedura consegue sobreviver e se replicar mesmo
com a normal acidificacdo da organela (ALVAREZ; CASADEVALL, 2006;
ARTAVANIS-TSAKONAS et al., 2006; FELDMESSER; TUCKER; CASADEVALL,
2001; LEVITZ et al., 1999). Essa caracteristica impacta diretamente o
desenvolvimento de uma resposta imunologica protetora contra o patégeno e sua
disseminacao para o SNC, pois um dos mecanismos para a travessia da barreira
hematoencefélica (BHE) é conhecido como “Cavalo de Tréia”, em que células de
C. neoformans séo transportadas no interior de macrofagos (Figura 3) (SANTIAGO-
TIRADO et al., 2017). C. neoformans também consegue transpor a BHE pela via
transcelular, a partir da endocitose por células epiteliais cerebrais (CHANG et al.,
2004; HUANG et al., 2011; JONG et al., 2008; MARUVADA et al., 2012); ou por via
paracelular, no qual a levedura causa danos as juncdes aderentes das ceélulas
(Figura 3) (CHEN et al., 2003; OLSZEWSKI et al., 2004; SHI et al., 2010).

O tratamento recomendado para a meningite criptococica consiste em um
regime de trés fases chamadas de induc¢ao, consolidacdo e manutencao. A fase de
inducdo dura aproximadamente duas semanas e consiste da administracdo
intravenosa de anfotericina B (0,7 — 1 mg/kg/dia), anfotericina B lipossomal (3 — 4
mg/kg/dia) ou complexo lipidico de anfotericina B (5 mg/kg/dia) e 5-FC oral (100
mg/kg/dia) (PERFECT et al., 2010). No caso da falta de 5-FC, o que é comum nos
paises com 0s maiores numeros de casos de criptococose (PERFECT, 2016),
fluconazol pode ser administrado na concentracdo de 800 mg/dia, porém nao é
recomendando o uso de fluconazol como monoterapia devido a alta taxa de
mortalidade associada (GASKELL et al., 2014; PAPPAS et al., 2009). Ja as fases
de consolidacdo e manutencao se caracterizam pela administracao de fluconazol,
sendo a primeira com 800 mg/dia por 8 semanas e a segunda com 200 mg/dia por
6 a 12 meses em pacientes HIV-negativos e por no minimo um ano em pacientes
HIV-positivos (PAPPAS et al., 2009; PERFECT et al., 2010). E importante ressaltar
gue mesmo com esse tratamento atual, os indices de mortalidade por meningite
criptocdcica continuam altos (MOURAD; PERFECT, 2018). Em paises de baixa
renda, até 70% dos pacientes tratados vao a 6bito, enquanto em paises europeus
ou nos Estados Unidos, esse numero varia entre 20 e 30% (RAJASINGHAM et al.,
2017).
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Figura 3. Modelo de disseminacdo de C. neoformans do ambiente para o
cérebro humano. Através da inalagdo basidiésporos ou células dessecadas, C.
neoformans coloniza o espaco alveolar nos pulmfes. Em individuos
imunocompetentes, macréfagos alveolares ativados fagocitam e eliminam o
patdgeno ou o envolvem para formar granulomas. Células de C. neoformans nos
granulomas podem permanecer latentes ou serem reativadas para causar infecgéo,
frente a alteragbes no estado imunolégico do individuo. Nos individuos
imunocomprometidos, macréfagos alveolares infectados pelo patégeno agem
como Cavalos de Tréia dentro dos pulmdes, desencadeando a disseminacao para
circulagéo sistémica. Células de C. neoformans extracelulares podem permanecer
nos pulmdes ou disseminar transcelularmente na circulacdo sanguinea. Na
circulagdo sistémica, células fangicas se associam com mondcitos ou Ss&o
transportadas livremente para o capilar cerebral. No capilar cerebral, as células
leveduriformes podem penetrar na barreira hematoencefalica (BHE) por: (A)
travessia paracelular entre as células endoteliais, provavelmente permitida por
juncOes aderentes danificadas ou enfraquecidas; (B) transcitose - ligacdo e
internalizacao pelas células endoteliais microvasculares do cérebro; ou (C) dentro
mondcitos/macréfagos infectados (Cavalo de Tréia). Adaptado de (SABIITI; MAY,
2012).

1.4. Patogenicidade

A patogenicidade de microrganismos pode ser definida segundo a teoria de
resposta a dano, proposta recentemente em 1999 pelos cientistas Liise-anne
Pirofski e Arturo Casadevall (CASADEVALL; PIROFSKI, 1999), a qual prop6e que

a patogenicidade e viruléncia de um microrganismo sédo definidas pelas

25



contribuicbes tanto do patégeno quanto do hospedeiro. Essa descricdo €
fundamental para classificar os patégenos que sé causam doenca em pacientes
com resposta imune deficiente, os quais ndo sao considerados patdgenos em
hospedeiros sadios. Além disto, essa teoria opde-se as visdes centradas apenas
no microrganismo ou hospedeiro individualmente. A visdo centrada no
microrganismo define que a patogenicidade é uma funcdo da producéo de fatores
de viruléncia, ou seja, apenas 0sS microrganismos que 0s produzem s&o
considerados patogénicos. Nessa visdo ndo se encaixa o proprio C. neoformans, o
qual possui fatores de viruléncia definidos, mas ndo consegue causar doenca em
humanos com respostas imunes distintas. J4 a visdo centrada no hospedeiro define
que a patogenicidade é apenas consequéncia do fracasso do sistema imune ao
combater a infeccdo, o que leva a susceptibilidade a determinados microrganismos
(CASADEVALL; PIROFSKI, 2003). Essas duas visbes sdo muito importantes,
porém as interacfes patdégeno-hospedeiro sdo dinamicas, no qual ha mudanca da

resposta imune e do fitness do patégeno constantemente ao longo da interacgéo.

A teoria de resposta a dano define que: (i) a patogénese microbiana é resultado
da interacdo-patdégeno hospedeiro; (ii) o resultado dessa interacdo é determinado
pelo dano causado ao hospedeiro; e (iii) os danos podem ser causados pelo
microrganismo, pelo hospedeiro ou ambos (CASADEVALL; PIROFSKI, 2003). Um
microrganismo patogénico é definido entdo pela sua capacidade de causar danos
ao hospedeiro, principalmente através de seus fatores de viruléncia e a
patogenicidade € medida dentro do hospedeiro. Essa teoria € demonstrada a partir
de uma parabola de quantificacdo de dano, em que o dano é medido em relacéo a
resposta imune do hospedeiro (Figura 4). A curva sugerida para C. neoformans em
1999 néo incluia danos causados quando a resposta imune do hospedeiro era forte,
apenas em respostas imunes fracas ou normais (CASADEVALL; PIROFSKI, 1999).
Porém, essa visao ja foi alterada, principalmente apos a descricdo da Sindrome de
Reconstituicdo Imunoldgica (SRI) associada a criptococose em pacientes com
AIDS ap06s a terapia antirretroviral, mostrando que o0s danos causados em
pacientes com criptococose pode ser decorrente de uma resposta inflamatéria
exacerbada (BOULWARE et al., 2010; HADDOW et al., 2010). Além disso, um
estudo recente demonstrou que linfocitos T CD4+ apresentam um papel dicotdmico
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na criptococose, combatendo e eliminando o patégeno do SNC, mas também
induzindo uma resposta neuropatolégica devido a hiperinflamacao, podendo
resultar em morte (NEAL et al., 2017; PIROFSKI; CASADEVALL, 2017).
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Figura 4. Curva de dano e resposta. Todas as outras curvas especificas de cada
microrganismo sdo derivadas desta curva basica. A seta interna indica que a
posicdo da curva é varidvel e depende da interacdo particular hospedeiro-
microrganismo. O eixo y denota danos ao hospedeiro em funcéo de sua resposta
imune. Nesse esquema, o dano pode ocorrer durante qualquer resposta imune do
hospedeiro, mas € ampliado em ambos o0s extremos. A resposta do hospedeiro €
representada por um gradiente de ‘fraco’ a ‘forte'. 'Fraco' e 'forte’ séo termos que
podem abranger caracteristicas quantitativas e qualitativas da resposta do
hospedeiro e sdo usados como os melhores termos disponiveis para denotar o
espectro da resposta do hospedeiro, visto que termos mais precisos sao limitados.
Respostas fracas sédo aquelas que séo insuficientes, ruins ou inadequadas - ou
seja, ndo sao fortes o suficiente para beneficiar o hospedeiro. Respostas fortes séo
aquelas que sao excessivas, robustas ou inadequadas - ou seja, sdo muito fortes
e podem danificar o hospedeiro. Quando um limite de dano é atingido (aqui
demonstrado pela linha pontilhada vermelha), o hospedeiro pode tornar-se
sintomatico e, se o dano for grave, levar a morte. Verde, amarelo e roxo
representam saude, doenca e doenca grave, respectivamente. Adaptado de
(CASADEVALL; PIROFSKI, 2003).

1.4.1. Desenvolvimento a 37°C

Os fatores de viruléncia de C. neoformans que causam danos ao hospedeiro

humano serdo descritos a seguir, poréem antes € preciso destacar a principal
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caracteristica de patégenos humanos, sua capacidade de desenvolvimento a 37°C.
O crescimento na temperatura corporal do hospedeiro esta associado a transicéo
da forma filamentosa para leveduriformes de fungos dimérficos capazes de infectar
seres humanos como Histoplasma capsulatum, Paracoccidioides brasiliensis e
Blastomyces dermatidis (CANNON et al., 1994; MARESCA; KOBAYASHI, 2000).
Essa € uma caracteristica que diferencia C. neoformans e C. gattii de outras
espécies do género Cryptococcus que ndo conseguem estabelecer a infec¢do, mas
produzem outros fatores de viruléncia, como a capsula polissacaridica e producéo
de melanina (COELHO; BOCCA; CASADEVALL, 2014).

1.4.1.1. Homeostase de calcio e via de sinalizacdo da calcineurina

O desenvolvimento de C. neoformans a 37°C é dependente da atividade da
serina/treonina fosfatase calcineurina. Essa proteina é composta pela subunidade
catalitica A (Cnal) e uma subunidade reguladora B ligadora a célcio (Cnbl),
formando um heterodimero. A atividade de calcineurina € regulada pelo complexo
Ca?*/calmodulina (descrito a seguir), que interage com a subunidade reguladora do
heterodimero, alterando sua conformagio e o ativando (RAMOS; SYCHROVA;
KSCHISCHO, 2016). O mutante nulo para calcineurina em C. neoformans néo é
viavel a 37°C, mesmo ap6s uma variacao de 37°C para 24°C (CHEN et al., 2013).
Durante estresse térmico, a proteina calcineurina localiza-se em sitios de
processamento de RNA mensageiro (mMRNA), conhecidos como corpos de
processamento ou corpos-P, sugerindo que calcineurina regula a expressao génica
de alguns alvos apés a transcricdo dos mesmos (KOZUBOWSKI et al., 2011). Além
disso, recentemente foi descrito que a termotolerancia de C. neoformans é
dependente do decaimento de mMRNA de proteinas ribossomais e o bloqueio desse
processo evita a traducao principalmente de fatores de transcricdo essenciais para
esta adaptacdo (BLOOM et al, 2019). A via de sinalizacdo mediada por
calcineurina também controla a reproducdo sexuada de C. neoformans,
estabilidade de sua parede celular, resposta a estresses e viruléncia (CRUZ, 2001;
FOX et al., 2001; JUVVADI et al., 2017; KOZUBOWSKI; LEE; HEITMAN, 2009).
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A presenca de célcio (Ca?*) é fundamental para a ativacdo da via de
sinalizacéo da calcineurina. Ca?* é considerado o principal segundo mensageiro de
células eucaribticas, e em leveduras é capaz de regular diversos processos, como
adaptacdo a pH alcalino, estresse osmotico e salino, danos ao reticulo
endoplasmatico (RE) e resposta a presenca de feromonios para 0 processo de
mating (RAMOS; SYCHROVA; KSCHISCHO, 2016). A manutencdo de
concentracdes intracelulares ideais de Ca?* é regulada por transportadores de
membrana, bombas e canais e alteracbes em suas concentra¢cées podem causar
danos irreversiveis a célula, através da ativacdo constante de vias, possivel
producdo de proteases e ativacdo de apoptose (CARAFOLI et al.,, 2001,
CARAFOLI; KREBS, 2016; RAMOS; SYCHROVA; KSCHISCHO, 2016).

Em C. neoformans, ions calcio entram na célula a partir da atividade do canal
permeavel Cchl, respondendo principalmente ao estresse do reticulo
endoplasmatico ou deplecao do ion nessa organela (VU; BAUTOS; GELLI, 2015).
Cchl é essencial para viruléncia de C. neoformans, e € responsavel por captar o
ion em ambientes com baixas concentracdes de calcio (LIU et al.,, 2006). O
transportador de calcio do RE de C. neoformans € conhecido como Ecal, uma
bomba de Ca?*/ATPase, responsavel pela importacdo do ion do citoplasma para a
organela, a qual também ¢é importante para viruléncia de C. neoformans (FAN et
al., 2007). E importante ressaltar que a liberacéo de calcio de organelas é mediada
por inositol trifosfato (IP3), a partir da atividade da enzima fosfolipase C (PLC) na
hidrélise de fosfatidilinositol 4,5-bifosfato (PIP2) em IP3 e diacilglicerol (DAG) (ROY
et al., 2020) (Figura 5).

O vacuolo é principal organela responsavel pelo estoque intracelular de
calcio, o qual pode ser encontrado em sua forma livre ou complexado com fosfatos
e polifosfatos (RAMOS; SYCHROVA; KSCHISCHO, 2016). Em C. neoformans, dois
transportadores vacuolares de célcio responsaveis pela importacdo do ion, Vcx1
(H*/Ca?* exchanger) e Pmc1 (Ca?*/ATPase), ja foram caracterizados (KMETZSCH
et al., 2010, 2013; SQUIZANI et al., 2018). O mutante nulo para Vcxl em C.
neoformans tem viruléncia atenuada em modelo murino de infecgéo, e é sensivel a
acdo de macrofagos alveolares em ensaios de fagocitose in vitro. Ja o mutante nulo

para o transportador de calcio Pmc1 € avirulento em modelo sistémico de infec¢ao
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em camundongos (SQUIZANI et al., 2018) e é deficiente na disseminacao para o
SNC (KMETZSCH et al., 2013; SQUIZANI et al., 2018).
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Figura 5. Visdo geral da maquinaria de sinalizacdo de célcio em fungos. A
fosfolipase C (PLC) ligada a membrana hidrolisa o fosfatidilinositol-4, 5-bifosfato
(PIP2) para produzir duas moléculas importantes: inositol 1,4,5-trifosfatos (IP3) e
diacilglicerol (DAG). IP3 induz a liberacdo de Ca?* dos depésitos intracelulares,
incluindo mitoc6ndrias, Golgi, vacuolos e reticulo endoplasmatico. O DAG ativa a
proteina quinase C (PKC) que esta envolvida em varios processos de sinalizacao.
A concentracdo de Ca?* livre intracelular em repouso ([Ca?*]c) é de cerca de 100nM,
um aumento de [Ca?*]c é detectado por varias proteinas ligadoras de Ca?*, como
calmodulina e Ncs-1, que ativam cascatas de sinalizacdo especificas. O complexo
Ca?*/calmodulina ativa a serina/treonina fosfatase calcineurina que desfosforila o
fator de transcricdo Crz1, o qual se transloca para o nucleo e regula a expressao
de genes alvo em resposta a estimulos. O excesso de Ca?* é removido do citosol
por Ca?* exchangers (CE) e proteinas Ca?*/ATPases (CA), enquanto 0s canais
permedveis ao Ca?* (CPC) sdo necessarios para o influxo de Ca?* extracelular.
Esses processos sdo necessarios para manter a homeostase de Ca?* na célula.
Adaptado de (ROY et al., 2020).

Ao ocorrer um influxo de célcio para o interior da célula, este mensageiro
secundario liga-se a proteina calmodulina (Caml), a qual ativa a fosfatase
calcineurina (KRAUS; NICHOLS; HEITMAN, 2005). Calmodulina é uma proteina
pequena que se liga a calcio via dominios EF-hand e contribui para regulacéo da

mitose, transcricdo génica, rearranjo de citoesqueleto e resposta a estresses
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(CHIN; MEANS, 2000). O principal alvo do complexo Ca?*/calmodulina é a fosfatase
calcineurina. A ativacdo da calcineurina ocorre através da interacdo do complexo
com a regido C-terminal da subunidade regulatoria Cnal, liberando sua auto
inibicdo (HEMENWAY; HEITMAN, 1999) (Figura 5). Calmodulina em C.
neoformans e em outros fungos também age além da ativacdo da fosfatase
calcineurina, porém sua interacdo com calcio é essencial para sua funcao
(JOSEPH; MEANS, 2002; KRAUS; NICHOLS; HEITMAN, 2005; TAKEDA,
YAMAMOTO, 1987). Recentemente, foi caracterizada funcionalmente outra
proteina ligadora de calcio em C. neoformans chamada Ncs-1. Essa proteina
também possui dominios de ligacdo EF-hand, é conservada entre os eucariotos e
possui papel importante na divisao celular e viruléncia dessa levedura (SQUIZANI
et al., 2020).

O influxo de caélcio ativa a expressao de genes necessarios para responder
a estimulos ambientais e manter a homeostase de célcio na célula. Na levedura
modelo Saccharomyces cerevisiae, Crz1 (calcineurin responsive zinc finger 1) foi
identificado como um fator de transcricdo ativado por calcineurina, o qual induz a
expressdo de genes de resposta a estresse (CYERT, 2003; THEWES, 2014).
Estudos recentes identificaram o ortélogo de Crz1 em C. neoformans e confirmaram
que este fator de transcricdo € alvo direto de calcineurina (LEV et al., 2012; PARK
etal., 2016). Esse FT é desfosforilado por calcineurina e se transloca do citoplasma
para o ndcleo e regula a expressdo génica de seus alvos (Figura 5). Analises
transcricionais revelaram que Crzl regula a expressao de mais de 100 genes em
C. neoformans, os quais participam de relevantes processos celulares como
sintese da parede celular (CHS6, que codifica para quitina sintase 6), transporte de
célcio (PMC1 e VCX1) e viruléncia (CHOW et al., 2017). E provavel que Crzl nédo
seja o Unico fator de transcri¢cao ativado por calcineurina. Esta consideracao baseia-
se na observacdo e comparacdo de fendtipos entre linhagens crz1l e cnal,
mutantes nulos para Crz1 e calcineurina, respectivamente, e também em analises
globais de sequenciamento de RNA do mutante nulo cnal que evidenciam a
regulacéo de outros potenciais fatores de transcrigcdo ainda ndo caracterizados em
C. neoformans (CHOW et al., 2017).
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1.4.2. Determinantes de C. neoformans que causam danos ao hospedeiro

1.4.2.1. Céapsula polissacaridica

A capsula polissacaridica é considerada o principal determinante de
viruléncia de Cryptococcus devido a sua alta capacidade de suprimir o sistema
imune do hospedeiro, atuando como uma barreira fisica que interfere diretamente
nesta interagéo (Figura 6) (BOSE et al., 2003; MONARI; BISTONI; VECCHIARELLI,
2006). Esta € uma estrutura muito dindmica e seus componentes podem ser
secretados para o meio extracelular, onde também influenciam interacbes com
células do sistema imune e podem auxiliar na detec¢cdo e monitoramento da
criptococose (ALSPAUGH, 2015). A capsula é essencial para a sobrevivéncia de
Cryptococcus no hospedeiro e também estd presente em isolados ambientais,
envolvendo a parede celular da levedura e agindo contra a desidratacédo (BOSE et
al., 2003).

A cépsula é composta por dois polissacarideos de grande massa molecular,
glucuronoxilomanana (GXM), compondo de 90 a 95% da massa capsular e
glucuranoxilomanogalactana (GXMGal), compondo de 5 a 10% da massa capsular.
Ha ainda uma fracdo minoritaria (inferior a 1%) constituida por manoproteinas
(MPs) (DOERING, 2009). GXM apresenta uma massa molecular que varia de 1700
a 7000 kDa, dependendo da linhagem, e € composto por monémeros de manose
a-1-3 ligadas a moléculas de acido glucurdnico e xilose. Ja foram descritas seis
estruturas diferentes, sendo que as modificacbes sempre sdo em relacao a adicdo
dos residuos de xilose ligadas as manoses e 0 ndcleo manose-f-1-2-acido
glucurénico mantem-se 0 mesmo entre todos 0s sorotipos. Esses mondémeros se
polimerizam e formam as fibras de GXM, que podem ser lineares ou ramificadas
(DOERING, 2009; ZARAGOZA et al., 2009). Inclusive, a ramificacdo do GXM de C.
neoformans ja foi correlacionada com aumento da resisténcia ao estresse oxidativo
e da sobrevivéncia em soro (CORDERO et al.,, 2011). Ja GXMGal possui uma
massa molecular de aproximadamente 100 kDa e é composto por mondmeros de

galactose a-1-6 ligadas com ligagbes com manose, xilose e &cido glucurénico
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(HEISS et al., 2009). Os residuos de manose nos dois polimeros também podem

estar O-acetilados (AGUSTINHO et al., 2018).

A

C

Figura 6. Capsula e parede celular de C. neoformans. (A) Micrografias
eletrénicas de C. neoformans. A esquerda, imagem de Quick-freeze deep-etch de
células cultivadas em condi¢cdes de inducdo de capsula; a direita, imagem de
transmissao eletrénica de células cultivadas em meio rico (YPD), que produz
apenas capsulas finas. C: capsula; W: parede celular; PM: membrana plasmaética;
M: mitocdndria; O: camada externa da parede celular; I: camada interna da parede
celular. (B) Microscopia fluorescente destacando a parede celular e a capsula. As
células criptocécicas foram induzidas a formar capsulas e coradas com fluoresceina
(verde) para marcar a parede celular e o anticorpo monoclonal 2H1 (azul) foi
utilizado para marcar a capsula. (C) Quick-freeze deep-etch destacando as duas
camadas da parede celular. Adaptado de (ESHER; ZARAGOZA; ALSPAUGH,

2018).

As manoproteinas sao glicoproteinas localizadas na parede celular que
correspondem a aproximadamente 1% da composi¢ao da capsula de Cryptococcus
(LEVITZ et al., 2001). Elas possuem uma regidao rica hos aminoacidos serina e

treonina, local no qual ocorre extensiva O-glicosilacdo, e também uma ancora de
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glicosilfosfatidilinositol (GPI) e um peptideo sinal (LEVITZ; SPECHT, 2006).
Inameros trabalhos exploram o potencial imunoterapéutico das manoproteinas de
C. neoformans, como MP115, MP88 e MP84, justamente pelo facil reconhecimento
das mesmas como PAMPs (Padrdes Moleculares Associados a Patdgenos) pelo
sistema imune do hospedeiro (BIONDO et al., 2005; HUANG et al., 2002). Além
dessa capacidade, ja foi demonstrado que a MP84 de C. neoformans media a
adesdo da célula fungica as células epiteliais do hospedeiro (TEIXEIRA et al.,
2014). Uma segunda manoproteina de C. neoformans cuja funcédo j& foi
caracterizada é a Cigl. Ela é secretada ao meio extracelular e tem sua expressao
aumentada em condicdes de privacdo de ferro. E atribuida como sua funcdo a
absorcdo de componentes hemes para o interior da célula. A delecdo do gene
CIG1, juntamente com o gene codificador da ferroxidase CFO1, atenuam a
viruléncia de C. neoformans em modelo murino de infeccdo (CADIEUX et al., 2013).
Ja a manoproteina MP98 (codificada pelo gene CDA2) de C. neoformans, € uma
das cinco enzimas responsaveis pela sintese de quitosana no fungo, sendo que o
mutante quintuplo para todos os cinco genes possui fenotipo de extremo defeito na
integridade da parede celular e também é avirulento em modelo experimental de
infeccdo (BAKER et al., 2007).

A sintese dos polissacarideos da cépsula ocorre através da atividade de
glicosiltransferases e acredita-se que mais de 12 dessas enzimas estejam
envolvidas apenas na producdo de GXM (DOERING, 2000), sendo que existem 70
genes codificadores de putativas glicosiltransferases no genoma de C. neoformans
(AGUSTINHO et al., 2018). Os acucares doadores necessarios para sintese de
GXM e GXMGal sdo: GDP-manose, UDP-galactose, UDP-acido glucurdnico, UDP-
xilose e UDP-galactofuranose. Mutagdes nos genes codificadores de enzimas
envolvidas na ativagdo desses acucares modificam a composi¢ao da capsula e sua
estrutura (DOERING, 2009). Por exemplo, a dele¢do do gene UGE1, que codifica
uma epimerase que gera UDP-galactose a partir de UDP-glucose, leva a sintese
de uma capsula maior e desestruturada, sem GXMGal. Esse mutante é avirulento
e também apresenta defeito na integridade da parede celular, provavelmente
devido a falta de modificagBes nas proteinas da parede (MOYRAND; FONTAINE;
JANBON, 2007).
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Uma unica glicosiltransferase, chamada Cxt1, foi implicada diretamente na
sintese da capsula até o momento. Essa (3-1,2-xilosiltransferase € necessaria para
adicdo de xilose tanto em GXM, quanto em GXMGal. Sua delecdo afeta
diretamente a sobrevivéncia de C. neoformans em camundongos (KLUTTS;
DOERING, 2008). Outros genes envolvidos na producdo da céapsula de
Cryptococcus sdo conhecidos como CAP e alguns deles também sé&o codificadores
de glicosiltransferases, como o gene CAP59. O mutante nulo para esse gene nao
produz cépsula e é avirulento em modelo murino de criptococose, sendo que o
produto génico de CAP59 tem homologia com a-1-3-manosiltransferase e sua
complementacao restaura a producédo de capsula e viruléncia da levedura (CHANG,;
KWON-CHUNG, 1994). Foram descritos outros genes envolvidos na producao da
capsula, como CAP64, CAP60 e CAP10. Os produtos génicos de CAP64 e CAP10
tém similaridade com a subunidade do proteassomo PRE1 e xilosiltransferase,
respectivamente, e CAP60 tem similaridade com um gene envolvido na capacidade
de crescimento da célula fungica na presenca de celulose. A delecao individual
desses trés genes produz leveduras acapsulares e sem a capacidade de causar
morte em camundongos em ensaios de criptococose experimentais (ZARAGOZA
et al., 2009).

A sintese de GXM ocorre intracelularmente, especificamente no complexo
de Golgi (YONEDA; DOERING, 2006). O transporte desse polissacarideo é
mediado por secrecdo de vesiculas que ultrapassam a parede celular e o liberam
no espago extracelular (RODRIGUES et al., 2007). Esse mecanismo de secrecao
de GXM via vesiculas esté relacionado com a biogénese da capsula, pois, em
condicbes que induzem a expressdo dessa estrutura, ha maior liberacdo de
vesiculas extracelulares contendo o polissacarideo (RODRIGUES et al., 2007).
Porém, mutantes acapsulares continuam secretando as vesiculas, mesmo n&o
produzindo GXM e, quando em contato com vesiculas de outras linhagens que
contém o polissacarideo, conseguem incorpora-lo em sua superficie (RODRIGUES
et al., 2008a).

~

Além de estarem associadas a secrecdo de GXM, essas vesiculas
extracelulares também s&o conhecidas como virulence bags, pois contém

importantes fatores de viruléncia de C. neoformans, como as enzimas fosfolipase,

35



lacase e urease que serdo descritas a seguir (RODRIGUES et al., 2008a). Também
ja foram identificados diversos lipideos, manoproteinas e microRNAs no interior de
vesiculas secretadas por C. neoformans (DA SILVA et al., 2015; WOLF et al., 2014)
que, quando em contato com o hospedeiro, conseguem modular a funcédo de
macrofagos (OLIVEIRA et al., 2010).

Pouco se sabe sobre a montagem dos polissacarideos ap0s a sua secrecéo,
mas a principal hipdtese é de que os mesmos se auto agregam na presenca de
cations divalentes (MCFADDEN; DE JESUS; CASADEVALL, 2006; NIMRICHTER
et al., 2007). O material capsular recém sintetizado pode se agregar na parte mais
externa da capsula, distante da parede celular, se intercalando com as estruturas
mais velhas (ZARAGOZA et al., 2006), ou na parte mais interna da capsula,
préximo a parede celular (CORDERO; BERGMAN; CASADEVALL, 2013; PIERINI;
DOERING, 2001). Além disso, a capsula de Cryptococcus é composta por duas
partes: a regido mais externa, mais permeavel e menos densa e a regido mais
interna, mais densa e que evita o contato de moléculas maiores com a superficie
celular criptocécica (FRASES et al.,, 2009; GATES; THORKILDSON; KOZEL,
2004).

A parede celular é o maior determinante para 0 ancoramento da capsula
polissacaridica das espécies de Cryptococcus. Ainda ndo se sabe se o
ancoramento ocorre diretamente com 0os componentes classicos da parede celular,
ou se ela promove uma estruturacao de proteinas que interagem diretamente com
os polissacarideos da capsula (O'MEARA; ALSPAUGH, 2012). A parede celular de
C. neoformans € composta por B-1-3 e B-1-6-glucanos, a-1-3-glucanos, quitina,
quitosana, melanina, glicoproteinas e glucosilceramidas derivados da membrana
plasmética (NIMRICHTER et al., 2005; RHOME et al., 2007). Como na capsula
polissacaridica, a parede celular de C. neoformans também possui duas camadas
(Figura 6). A mais interna é formada por fibras paralelas compostas de p-glucanas,
guitina e, quando presente, melanina. Esse pigmento confere a porosidade da
parede celular (JACOBSON; IKEDA, 2005). Ja a camada mais externa da parede
€ composta principalmente por a e [(-glucanas, formando uma rede mais
particulada (SAKAGUCHI et al., 1993). Diferentemente de outros fungos, C.

neoformans possui mais moléculas de p-1-6-glucanas em sua composi¢ao do que
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B-1-3-glucanas (O'MEARA; ALSPAUGH, 2012). Ja foi demonstrado que a
inativacdo da sintese de a-1-3-glucanas nao afeta a producédo da capsula, mas o
seu ancoramento a parede celular de C. neoformans, porém néo foi identificada
ainda uma ligacéo direta entre essas duas estruturas (REESE; DOERING, 2003).
Moléculas de quitosana, que sédo formadas a partir da O-acetilacdo de moléculas
de quitina, ja tiveram sua importancia demonstrada na arquitetura correta da
capsula de C. neoformans. Umas das enzimas responsaveis pela sintese de
quitosana € uma manoproteina conhecida como MP98 (BAKER et al., 2007). Além
disso, ja foi demonstrado através da marcacdo de oligbmeros de [(-1-4-N-
acetilglucosamina por wheat germ agglutinin (WGA), que essas moléculas formam

projecdes que ligam a cipsula a parede celular (RODRIGUES et al., 2008b).

Como dito anteriormente, a capsula polissacaridica confere resisténcia a
multiplos estresses, como desidratacdo, fagocitose por macréfagos e espécies
reativas de oxigénio produzidas pelo fagolisossomo (ESHER; ZARAGOZA,
ALSPAUGH, 2018). Sua estrutura, tamanho e composi¢éo varia de acordo com o
ambiente em que o fungo esta inserido. Por exemplo, o desenvolvimento da
levedura em meio rico (condicfes laboratoriais) ndo induz a producéo de cépsula,
enquanto a interagdo com hospedeiros, como camundongos, cultura de células
fagociticas, o modelo invertebrado Galleria mellonella e amebas induz a producéo
da mesma (ESHER; ZARAGOZA; ALSPAUGH, 2018). Estimulos especificos que
induzem a producdo de capsula em C. neoformans incluem a limitacdo de
nutrientes, principalmente ferro, presenca de soro mamifero e altas concentracdes
de CO2 (ZARAGOZA et al., 2009). Ha evidéncias de que o tamanho da estrutura
polissacaridica varia conforme o local da infec¢do, sendo que 0os maiores tamanhos
sdo encontrados em leveduras residentes no pulmao. Além disso, as propriedades
imunogénicas da capsula também variam, evidenciando a adaptagdo da a
diferentes condicbes (ZARAGOZA et al., 2009).

Durante a infec¢do, capsulas maiores evitam a fagocitose mediada pelo
sistema complemento e contribui para a sobrevivéncia intracelular através da
resisténcia a espécies reativas de oxigénio, peptideos antimicrobianos e
antifangicos (ESHER; ZARAGOZA; ALSPAUGH, 2018). Além disso, as células de

C. neoformans quando internalizadas por macréfagos liberam GXM, sendo possivel
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localizar vesiculas no citoplasma da célula do sistema imune contendo o
polissacarideo. Esse conteudo pode levar a célula do hospedeiro a lise, como
também afetar a secrecdo de citocinas e inativar componentes do sistema
complemento (BOSE et al., 2003; VECCHIARELLI et al., 1995). Ademais, tanto
GXM quanto GXMGal afetam a migracao de leucdcitos para o local da infeccéo e
induzem a apoptose de linfocitos T (PERICOLINI et al.,, 2006; YAUCH; LAM,;
LEVITZ, 2008).

1.4.2.2. Melanina

A producdo de melanina € importante para a viruléncia de Cryptococcus,
pois protege o fungo dos mecanismos de defesa do sistema imune do hospedeiro.
A melanina é um pigmento escuro, hidrofébico e com carga negativa, proveniente
da oxidagdo de compostos fenolicos, como L-DOPA (WHITE, 1958). Esse pigmento
€ depositado na parede celular de Cryptococcus spp. (Figura 7) e as enzimas
responsaveis pela sua sintese sdo denominadas lacases (CASADEVALL; ROSAS;
NOSANCHUK, 2000). C. neoformans possui dois genes codificadores dessas
proteinas, LAC1 e LAC2, e a inativacao de ambos reduz a taxa de sobrevivéncia
da levedura no hospedeiro (MISSALL et al., 2005).

O gene LACL1 codificada uma enzima glicoproteica de 75 kDa, sendo
responsavel pela sintese de melanina em praticamente sua totalidade
(WILLIAMSON, 1994; ZHU; WILLIAMSON, 2004). Sua sintese € iniciada no interior
de vesiculas citoplasmaticas (também conhecidas como melanossomos) que
contém a enzima Lacl, a qual catalisa a polimerizacdo do pigmento a partir de uma
série de reacBes de oxirreducdo. Essas vesiculas sdo posteriormente
transportadas atraves da parede celular até a parte interna da parede celular de C.
neoformans (CAMACHO et al., 2019; CORDERO; CAMACHO; CASADEVALL,
2020; EISENMAN et al., 2005, 2009). Mutantes com defeitos na integridade da
parede celular ndo conseguem manter o pigmento depositado em sua parede,
apresentando um fendtipo de leaky melanin que contribui para a atenuacéo da
viruléncia de C. neoformans (BAKER et al., 2007). Esse defeito esta relacionado

especificamente com a rigidez dos polimeros de quitina na parede celular de C.

38



neoformans e C. gattii (CHRISSIAN et al., 2020). Dados recentes demonstraram
gue a enzima Lacl também possui papel independente da producédo do pigmento
em C. neoformans e influencia a exocitose néo litica de células de macrofagos
(FRAZAO et al., 2020). O gene LAC2 possui um nivel basal de transcricdo menor
ao de LAC1, mas seu produto também é importante para sintese de melanina e
protecado no interior de macrofagos (MISSALL et al., 2005). A localizacdo da enzima

codificada por LAC2 ainda néo foi determinada.

Figura 7. A parede celular de C. gattii revela a deposi¢do compacta e uniforme
de pigmentos de melanina. Secao transversal representativa de Microscopia
Eletrénica de Transmissédo (MET) de uma célula de C. gattii melanizada. A imagem
ampliada a direita ilustra o arranjo do pigmento em camadas na parede celular da
levedura. Barra de escala, 500 nm. Adaptado de (CHRISSIAN et al., 2020).

No ambiente, a melanizacdo é importante como um mecanismo contra
predadores como, por exemplo, amebas, ou contra a radiacdo ultravioleta e
variacbes térmicas (CORDERO; CASADEVALL, 2017; NOSANCHUK;
CASADEVALL, 2003; STEENBERGEN; SHUMAN; CASADEVALL, 2001). Durante
a infeccdo, a sintese de melanina inibe a resposta imune do hospedeiro,
protegendo a levedura contra a fagocitose por macréfagos e modulando o perfil de
citocinas secretadas (HUFFNAGLE et al., 1995; ZHU; WILLIAMSON, 2004). Esse
composto € um dos principais produtos que confere tolerancia as espécies reativas
de oxigénio e nitrogénio, principalmente quando a levedura se encontra no interior
de células do sistema imune e também protege a levedura contra moléculas
antifangicas como anfotericina e caspofungina (CORDERO; CASADEVALL, 2017;
NOSANCHUK; CASADEVALL, 2006; TAJIMA et al., 2019; WANG; CASADEVALL,
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1994a). C. neoformans utiliza componentes exdégenos para sintese de melanina,
como catecolaminas presentes no sistema nervoso central, o que contribui para o
neurotropismo da levedura (WILLIAMSON; WAKAMATSU; ITO, 1998). A producéao
de melanina também é induzida durante a privagdo de nutrientes (LEE et al., 2019),
0 que pode influenciar diretamente a sobrevivéncia da levedura em determinados
ambientes, pois ja foi demonstrado que o processo de melanizacdo altera a
expressdo de genes envolvidos na respiracdo celular e crescimento
(SCHULTZHAUS et al., 2019). Além da melanina ser uma molécula antioxidante,
ela também é um importante componente da estrutura da parede celular de
Cryptococcus spp. e é reconhecida por anticorpos durante modelo murino de
infecgao experimental (ROSAS; NOSANCHUK; CASADEVALL, 2001).

1.4.2.3. Urease

Urease é um importante fator de viruléncia de C. neoformans e C. gattii (COX
et al., 2000; FEDER et al., 2015). Essa enzima catalisa a hidrolise de ureia em
bicarbonato e amonia, sendo que a amonia gerada por essa via pode ser utilizada
como fonte de nitrogénio (CALLAHAN; YUAN; WOLFENDEN, 2005). Como amonia
€ igualmente distribuida pelo corpo humano, é possivel que a mesma sirva como
fonte de energia para inUmeros patdégenos (RUTHERFORD, 2014). Foi descrito
recentemente que a urease de C. neoformans tem papel importante no
metabolismo da levedura, principalmente em condi¢des de privagdo de nutrientes
a 37°C, condicdo na qual o mutante nulo para o gene codificador de Urel tem
defeito de crescimento. Além disso, esse mutante acumula ureia intracelularmente
e tem outras vias metabdlicas afetadas, levando a uma desregulacdo na producéo
de prolina e espécies reativas de oxigénio. Ademais, esse mutante também tem
defeito na producdo de melanina a 37°C (TOPLIS et al., 2020) e é significativo para

a viruléncia em modelo murino de criptococose (COX et al., 2000).

Em C. neoformans, urease tem um papel importante na disseminagcao para
o SNC, principalmente pela via paracelular. O mecanismo ainda néo foi
completamente elucidado, mas é hipotetizado que a atividade de urease causa

lesé@o as juncdes adjacentes das células endoteliais cerebrais, facilitando a invasao
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do SNC pelo patégeno (SHI et al.,, 2010; SINGH et al., 2013). No entanto, a
atividade ureolitica ndo € necessaria para sobrevivéncia de C. neoformans no
tecido cerebral (OLSZEWSKI et al., 2004). Além disso, recentemente foi
demonstrado que Urel de C. neoformans promove um aumento do pH no
fagolisossomo de macrofagos. Essa caracteristica atrasa a replicacéo intracelular
do patégeno e reduz o dano a membrana do fagolisossomo, e simultaneamente
induz a exocitose ndo litica da célula do hospedeiro, eventos que podem facilitar a
disseminacgdo criptococica dentro de macrofagos (FU et al., 2018). Ademais, a
delecdo de Pmcl leva uma a diminuicdo da expressao do gene UREL e atividade
de urease (SQUIZANI et al., 2018), reforcando o papel de Pmcl no processo de

transmigracéo para o SNC.

1.4.2.4. Fosfolipase

Fosfolipases formam um grupo heterogéneo de enzimas capazes de
hidrolisar uma ou mais ligacdes éster em glicerofosfolipideos. A acédo dessas
enzimas resulta na desestabilizacdo de membranas, lise celular e liberacdo de
lipideos que sao reconhecidos como segundos mensageiros e induzem a producao
da cépsula polissacaridica em C. neoformans quando em contato com o hospedeiro
(CHRISMAN et al., 2011; SCHMIEL; MILLER, 1999).

Duas principais fosfolipases sédo encontradas em C. neoformans e tém papel
importante na patogenicidade: Plbl e Plcl. A primeira encontra-se ancorada a
parede celular via ancora de GPI (SIAFAKAS et al., 2006), porém exerce papel
importante na viruléncia da levedura quando secretada (SANTANGELO et al.,
2004). O mutante nulo para o gene codificador dessa proteina em C. neoformans
apresenta atenuacéo da sua viruléncia, pois possui dificuldade em estabelecer
infeccdo tanto em um modelo murino de infeccdo quanto em modelo de
meningoencefalite induzido em ratos, mostrando o fundamental papel de Plbl na

disseminacéao do fungo (COX et al., 2001).

No intuito de descrever como a proteina PIbl era liberada do ancoramento
a parede celular, foram caracterizados dois genes codificadores de fosfolipases C
(PLC1 e PLC2) em C. neoformans (CHAYAKULKEEREE et al., 2008). Ambas
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proteinas (Plcl e Plc2) possuem atividade de clivagem da ligacao fosfodiéster de
proteinas ancoradas a GPIl. Mutantes nulos para ambos os genes demonstraram
gue apenas a delecédo do gene PLC1 apresenta impacto significativo na secrecao
de PIbl, porém também ocasiona um fenétipo de deficiéncia na secrecdo de
melanina e capacidade de crescimento a 37°C, atenuando a viruléncia da levedura
(CHAYAKULKEEREE et al., 2008). Esse resultado evidencia a atividade de Plcl
ligada a outras proteinas componentes da parede celular de C. neoformans, néo
apenas atrelada a Plbl. A atividade de fosfolipase pode estar intimamente ligada a
capacidade de replicacdo no interior de macréfagos, através da permeabilizacao
das membranas dos fagolisossomos (DELEON-RODRIGUEZ; CASADEVALL,
2016; SMITH; DIXON; MAY, 2015).

1.4.3. Resposta imune frente a Cryptococcus spp.

Mondcitos séo células do sistema imune inato com papel fundamental no
combate a infeccbes que correspondem a 10% dos leucécitos circulantes e
fornecem vigilancia em todos os 6rgdos do corpo humano (FU; DRUMMOND,
2020). Durante uma infec¢do, os monacitos infiltram nos tecidos, se diferenciam em
macréfagos e células dendriticas e sdo capazes de fagocitar patégenos, produzir
citocinas, e apresentar antigenos. A funcdo dos mondcitos € essencial para o
controle de infeccbes causadas pelos fungos Candida albicans, Aspergillus
fumigatus e H. capsulatum, porém para outros, como no caso de C. neoformans,
apresentam um papel dicotbmico, pois sdo importantes para o combate e também
patogénese da levedura (FU; DRUMMOND, 2020).

Em infec¢cdes causadas por C. neoformans, mondcitos sdo responsaveis por
mediar o contato com outras células do sistema imune inato e também com o
sistema imune adaptativo, através da apresentacdo de antigenos para linfocitos T
e producdo de citocinas. Porém, eles também servem como nicho para replicacao
e sobrevivéncia de C. neoformans, propiciando sua proliferacdo e disseminacao
para 0 SNC (CHARLIER et al., 2009; HEUNG; HOHL, 2019; RETINI et al., 1999;
VECCHIARELLI et al.,, 2000). Os mondcitos podem ser diferenciados em (i)

classicos, (ii) intermediarios e (iii) ndo classicos. Os mondcitos classicos sao 0s
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mais abundantes, chegando a quase 90% dos mondcitos circulantes e sao
recrutados rapidamente para locais com infec¢do ou danos. Eles sao responsaveis
pelo controle da infeccédo, regulacéo da inflamacéo e reparo de tecidos. Podem se
diferenciar em células dendriticas ou macréfagos M1 e M2. As células dendriticas
fazem parte do sistema imune inato e sao classicas apresentadoras de antigenos
para células do sistema imune adaptativo. Os mondcitos sdo diferenciados em
macréfagos M1 a partir do contato com IFN-y e sao responsaveis pela alta
producdo de Oxido nitrico e secrecdo de citocinas pro-inflamatorias. Esses estédo
associados a uma resposta de linfocitos T helper 1 (Thl). Ja& macréfagos M2 sao
definidos pela producéo de arginase-1, reparacao de tecidos, secrecao de citocinas
anti-inflamatoérias e estdo associados a uma resposta adaptativa de linfécitos T
helper 2 (Th2). Os mondcitos ndo classicos sdo responsaveis basicamente pela
reparacdo de tecidos e remocdo de células mortas, enquanto os mondcitos
intermediarios apresentam caracteristicas classicas e ndo classicas, como a
secrecao de citocinas pro-inflamatorias e expressao de receptores exclusivos de
monacitos ndo classicos (FU; DRUMMOND, 2020).

A resposta mediada por células T inicia-se nos 6rgéos linfoides secundarios,
havendo o reconhecimento do complexo peptideo-MHC exposto nas células
apresentadoras de antigenos (APCs) por células T virgens, pois os linfocitos T ndo
sdo capazes de reconhecer antigenos na forma nativa. ApGs a ativacéo das células
T, por reconhecimento de MHC do tipo | ou Il, as mesmas se proliferam através da
resposta autocrina a interleucina-2 (IL-2) e podem ativar resposta de linfocitos T
helper ou citotéxico. A principal resposta imune contra células de C. neoformans é
através da ativacao de linfécitos T helper (CD4+) pela apresentacdo de antigenos
via MHC do tipo Il, porém a ativacéo de linfécitos T citotoxicos (CD8+) ndo pode
ser descartada (HUFFNAGLE et al., 1994).

A resposta Thl é caracterizada pela secrecdo de IFN-y, TNF-a e IL-12, ativacéo
de macréfagos M1 e inducéo de linfocitos B para opsonizagédo do patdgeno, sendo
descrita como uma resposta protetora contra a criptococose. Neste caso, C.
neoformans é eliminado pela ativacdo classica de macrofagos (HERRING et al.,
2002; HOAG et al., 1997; KAWAKAMI et al., 1995; WORMLEY et al., 2007). A
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resposta Th2 é caracterizada pela secrecdo de IL-4, IL-10 e IL-13, ativacdo de
linfécitos B para producdo de anticorpos e ativacdo de macrofagos M2, sendo
considera uma resposta prejudicial ao hospedeiro no caso da criptococose (HOAG
et al.,, 1997; KOGUCHI; KAWAKAMI, 2002; WOZNIAK et al., 2012). Ja foi
demonstrado que a troca de resposta de Thl para Th2 induz a expressao de fatores
de viruléncia em C. neoformans (OSTERHOLZER et al., 2009), porém, apenas a
resposta Thl forte ndo foi capaz de proteger camundongos contra a infeccao e
disseminagédo de C. neoformans (linhagem H99) para o sistema nervoso central
(ZHANG et al., 2009). Ja uma possivel explicacéo para a efetividade de C. gattii em
causar doenca em pacientes imunocompetentes esta associada a forte inducéo de
uma resposta imune Th2, a qual favorece a proliferagéo do fungo intracelularmente,
e também diminui a maturacdo de células dendriticas. Essas células, como
apresentadoras de antigenos, sdo eficazes em internalizar e eliminar células
fungicas de C. gattii, porém as células dendriticas infectadas falham ao entrar no
processo de maturacdo, ndo havendo aumento de expressao de MHC do tipo I, 0
que leva a uma resposta de células T diminuida (ANGKASEKWINAI et al., 2014;
HUSTON et al., 2013).

1.4.4. Resposta de Cryptococcus spp. frente ao hospedeiro

1.4.4.1. Inibicdo da fagocitose

Apoés a entrada e deposicdo nos pulmdes, as células de C. neoformans
residem nos alvéolos até serem internalizadas por fagécitos. A fagocitose é uma
etapa critica da patogénese criptocdcica, pois o resultado dessa interacdo pode
variar desde a morte celular do fungo até a disseminacdo do mesmo. Como dito
anteriormente, a capsula criptocdcica é o principal determinante de viruléncia da
levedura e atua mascarando a parede celular, a qual é composta por inUmeros
carboidratos altamente imunogénicos, como B-glucanos, a-manose e quitina
(GAYLORD; CHOY; DOERING, 2020). A capsula também inibe fisicamente a
fagocitose, devido ao aumento do tamanho celular do patégeno. Apds a entrada de

C. neoformans no ambiente hospedeiro, a espessura da capsula aumenta

44



drasticamente; conforme o tamanho da capsula aumenta, a eficacia da fagocitose
diminui (SRIKANTA et al., 2011). Além de evitar a fagocitose, o polissacarideo
GXM, quando secretado, induz a producédo de IL-10, a qual inibe a expresséo de
IL-12 em células do sistema imune, o que reprime a secrecdo de citocinas pro-
inflamatorias e afeta diretamente a atividade fungicida de macrofagos (RETINI et
al., 2001). A capsula criptocécica também é importante para a resisténcia a
espécies reativas de oxigénio e radicais livres encontrados no interior de
macréfagos (ZARAGOZA et al., 2008).

Algumas proteinas expressas por C. neoformans sdo importantes para
evasdo da fagocitose independente da cépsula polissacaridica. Uma dessas é a
Appl (Antiphagocytic protein 1), localizada na parede celular de C. neoformans. A
delecdo do gene codificador de Appl ndo afeta a producdo da capsula de C.
neoformans, mas as células da levedura sdo mais fagocitadas por macrofagos
alveolares (LUBERTO et al., 2003). Isso ocorre devido a ligacdo de Appl ao
receptor 3 do sistema complemento (CR3: complemente receptor 3) presente na
superficie de mondcitos, macrofagos e células dendriticas. Essa associacao
impede a ligacdo de células da levedura opsonizadas pelo sistema complemento
ao receptor CR3, impedindo a fagocitose e internalizacdo desse patégeno (STANO
et al., 2009). Outra proteina envolvida em mecanismos anti-fagociticos dependente
e independente da capsula polissacaridica € o fator de transcricdo Gat201. A
delecdo do gene GAT201 diminui a producao da cipsula, aumentando o indice de
fagocitose dessa linhagem mutante (LIU et al.,, 2008). Porém, Gat201 também
regula a expressao dos genes GAT204 e BLP1, cujos produtos estdo envolvidos
em mecanismos anti-fagociticos ainda nédo elucidados, porém independente da
capsula polissacaridica (CHUN; BROWN; MADHANI, 2011).

O tamanho celular € outra propriedade de C. neoformans que influencia a
taxa de fagocitose. Dentro de 24 horas ap6s a infeccdo pulmonar, as células
criptocécicas normais podem formar células de gigantes de até 100 um de largura
(GAYLORD; CHOY; DOERING, 2020). As células gigantes, também conhecidas
como Titan cells, sdo consideradas um morfotipo e um novo determinante de
viruléncia de C. neoformans (Figura 8). Elas apresentam um diametro celular entre

10 - 15 um ou um tamanho total (incluindo a cdpsula polissacaridica) maior de 30
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um (GARCIA-RODAS et al., 2018; ZARAGOZA; NIELSEN, 2013). A formac&o de
Titan cells € induzida durante a interacdo com o hospedeiro e depende do tipo de
resposta imune imprimida contra a levedura como também do tempo de infecgéo.
Quando o hospedeiro induz uma resposta imune do tipo Th2, e quanto maior o
tempo de sobrevivéncia de células de C. neoformans, maior sera o niumero de
células gigantes produzidas (GARCIA-BARBAZAN et al., 2016; ZARAGOZA et al.,
2010). A baixa densidade celular, privacao de nutrientes, baixo pH e hipdxia séo os
principais indutores da producéo de Titan cells em C. neoformans descritos até o
momento (DAMBUZA et al., 2018, HOMMEL et al., 2018; TREVIJANO-
CONTADOR et al., 2018). Um mecanismo inibidor da producéo de células gigantes
€ 0 quorum sensing. Essa sinalizacdo é mediada pelo peptideo Qspl, o qual é
modificado pela protease Pgp1l e internalizado pelo transportador Optl (HOMER et
al., 2016). A producédo de Qspl, sua secrecdo e internalizacdo é importante para
viruléncia e mating de C. neoformans (HOMER et al., 2016; SUMMERS et al., 2020;
TIAN et al., 2018) e a delecdo dos genes codificadores de Qspl, Pgpl e Optl
induzem a formagdo de Titan cells (HOMMEL et al.,, 2018; TREVIJANO-
CONTADOR et al., 2018).

A producédo desse morfotipo celular afeta diretamente o curso da infecgao
de C. neoformans, ja que sdo menos fagocitadas por macréfagos e mais resistentes
ao estresse oxidativo quando comparado a células de tamanho padréo, mesmo que
disseminem menos para o cérebro (GERSTEIN et al., 2015; OKAGAKI et al., 2010).
As células gigantes também conferem protecéo contra fagocitose de sua progénie
de tamanho normal, por meio de um mecanismo ainda ndo compreendido
(OKAGAKI; NIELSEN, 2012). A importancia das células gigantes para proliferacao
de C. neoformans nos pulm&es do hospedeiro pode ser explicada pela producdo
de uma parede celular espessa e de uma capsula polissacaridica compacta. In vivo,
essas células apresentam uma parede celular com maior quantidade de
glucosamina, manose e xilose em comparacao as células de tamanho normal. Ja
em relacdo a capsula polissacaridica, as Titan cells apresentam menor quantidade
de glicose e galactose e maior conteldo de manose do que células de tamanho
normal (MUKAREMERA et al., 2018). Essas alteracbes podem mudar
constantemente a disponibilidade de PAMPs ao longo da infecgdo (MUKAREMERA
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et al., 2018). Além disso, Titan cells apresentam uma grande plasticidade
gendmica, pois sdo poliploides e conseguem gerar células filhas (GERSTEIN et al.,
2015; OKAGAKI et al., 2010; ZARAGOZA et al., 2010).

Figura 8. Células gigantes de C. neoformans isoladas de diferentes linhagens
de camundongos. As células fungicas foram isoladas do pulmé&o de camundongos
apos 14 dias de infeccdo. (A) Células de tamanho normal de C. neoformans H99.
(B) Célula gigante (Titan cell) isolada de um camundongo C57BL/6J (resposta
imune Th2). (C) Célula gigante isolada de um camundongo CD1 (resposta imune
Thl). As células foram coradas com Calcofluor White (azul) para marcacdo da
parede celular e com os anticorpos anti-GXM IgG1 18B7 (verde) e anti-GXM IgM
2D10 (vermelho). Adaptado de (GARCIA-BARBAZAN et al., 2016).

1.4.4.2. Sobrevivéncia e evasao intracelular

Logo ap6s a fagocitose por macréfagos, o fagossomo contendo C.
neoformans passa pelo processo de maturacdo, acidificagcdo e fusdo com o
lisossomo (ARTAVANIS-TSAKONAS et al., 2006; FELDMESSER et al., 2000;
LEVITZ et al., 1999). No entanto, C. neoformans € capaz de sobreviver e persistir
dentro do fagolisossomo (GARCIA-HERMOSO; JANBON; DROMER, 1999). Essa
levedura é capaz de manipular a maturacao do fagossomo através da inducéo de
danos na membrana, da prevencao de sua completa acidificacdo e neutralizacao
de atividades antimicrobianas do hospedeiro. Porém, C. neoformans ndo impede a
fusdo do lisossomo ao fagossomo e sim afeta a correta acidificagcdo do
fagolisossomo que consequentemente propicia sua sobrevivéncia e replicacao
(ALVAREZ; CASADEVALL, 2006; DAVIS et al., 2015; DE LEON-RODRIGUEZ et
al., 2018; JOHNSTON; MAY, 2010; TUCKER; CASADEVALL, 2002). A deplecéo
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de macrofagos é associada com uma maior taxa de sobrevivéncia de camundongos
infectados com o patdégeno, suportando a hipétese de que os macrofagos servem
como um nicho de sobrevivéncia, persisténcia e disseminagao de C. neoformans
(KECHICHIAN; SHEA; DEL POETA, 2007). Em ratos, a laténcia de C. neoformans
também esta associada a residéncia em macréfagos (GOLDMAN et al., 2000). A
infeccdo pode ser reativada em condicbes de imunossupressédo, levando a
replicacdo intracelular criptococica e possivel disseminacdo (ALVAREZ;
CASADEVALL, 2006; MA et al., 2006). Consequentemente, a capacidade de C.
neoformans de se replicar no interior de células do sistema imune contribui para
diferentes estagios da patogénese criptococica (CHARLIER et al., 2009; GILBERT
et al., 2017; POETA, 2004).

Os danos induzidos na membrana do fagolisossomo por C. neoformans
podem ser enzimaticos, a partir da secrecdo de enzimas, ou mecanicos, pelo
proprio crescimento da capsula polissacaridica (GAYLORD; CHOY; DOERING,
2020). Dois fatores de viruléncia ja discutidos anteriormente, a fosfolipase B1 e a
urease, sdo importantes para sobrevivéncia no interior de macrofagos. A delecao
do gene codificador da fosfolipase diminui o desenvolvimento de C. neoformans no
interior de macréfagos (COX et al., 2001; DE LEON-RODRIGUEZ et al., 2018),
enguanto a urease controla a permeabilizacdo da membrana do fagolisossomo (FU
et al., 2018). Além disso, a capsula polissacaridica e o transportador ABC Afrl séo
importantes para a diminuicdo da acidificacdo do fagolisossomo (LEON-
RODRIGUEZ et al., 2018; ORSI et al., 2009).

A evasao de C. neoformans do interior de macrofagos pode ocorrer de trés
maneiras: exocitose litica, nao-litica e transferéncia célula-célula (GAYLORD;
CHOY; DOERING, 2020). A exocitose litica ocorre através da degradacédo da célula
do hospedeiro, potencialmente a partir da secrecao de polissacarideos capsulares
ou manoproteinas e também pela rapida proliferagdo intracelular do patégeno
(JOHNSTON; MAY, 2013; O'MEARA et al., 2015). J4 a exocitose ndao-litica,
também conhecida como vomocitose, ocorre a partir da fusdo do fagolisossomo
contendo C. neoformans com a membrana plasmatica da célula do sistema imune.
Esse mecanismo de evasdo € dependente da viabilidade de C. neoformans e da

producdo de alguns de seus determinantes de viruléncia, como a cépsula
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polissacaridica, o pigmento melanina e a fosfolipase Plb1 discutidos anteriormente
(GAYLORD; CHOY; DOERING, 2020). Por dultimo, a transferéncia de C.
neoformans de uma célula para outra célula do sistema imune compreende menos
de 2% da evasdo dessa levedura. Esse mecanismo também é dependente da
viabilidade de C. neoformans e acontece a partir da projecdo de estruturas
citoplasmaticas dependentes de actina da célula do sistema imune contendo o
patbgeno em direcdo a célula aceptora (ALVAREZ; CASADEVALL, 2007,
DRAGOTAKES; FU; CASADEVALL, 2019; MA et al., 2007).

1.5.Fatores de transcricao

A regulacéo da producao de determinantes de viruléncia de C. neoformans, bem
como a deteccdao e resposta a diferentes condi¢cées do hospedeiro é regulada por
uma rede de fatores de transcricdo (JUNG et al., 2015; MAIER et al., 2015). Essa
rede é altamente interligada e essencial para adaptacéo criptocicica ao ambiente
pulmonar, inibicdo da fagocitose por células do sistema imune, resposta ao
estresse oxidativo e nutricional e estabilidade da membrana e parede celular.
Exemplos de fatores de transcricdo de Cryptococcus e suas func¢des estao listados
na Tabela 3.

49



Tabela 3. Fatores de transcri¢cdo de Cryptococcus e suas funcdes.

Fatores de transcricdo Funcao

Referéncias

Adaptacdo ao ambiente pulmonar

Rim101 Importante para o crescimento de C.
neoformans em altas concentracdes salinas,
pH alcalino e limitacdo de ferro. Além disso, é
essencial para a formacdo de células gigantes
e 0 ancoramento da cépsula polissacaridica a
parede celular.

Producéo e secrecédo da capsula

Usv101 Regulador da espessura da capsula e da
liberagdo de polissacarideos por regular outros
trés FTs: Crzl, Gat201 e Rim101, bem como
algumas enzimas relacionadas a sintese de
carboidratos.

Nrgl E regulado pela via de sinalizagido do AMPc e
modula a enzima UDP-glicose desidrogenase,
necessaria para a biossintese da capsula.

Cirl Regulador positivo da formacao da capsula.

Inibic&o da fagocitose

Gat201 Regula a proteina anti-fagocitica Blple outros
fatores de transcricdo relacionados com a
viruléncia de C. neoformans, como Gat204,
Cirl e Liv3.

Resposta a hipdxia e estresse oxidativo

Srel Controla a sintese de ergosterol.
Yapl Regula a resisténcia ao estresse oxidativo e a
azois.

Producédo de melanina

Usv101, Bzp4, Hob1, Usv101, Bzp4 e Mbsl contribuem de forma

Mbs1 independente para a melanizacdo, enquanto
Hob1 regula positivamente Bzp4 sob privagéo
de nutrientes e a expressao basal de Usv101l e
Mbs1.

Cirl Regula negativamente a melanizagéo.

Estabilidade da membrana e parede celular

Crzl Regula a estabilidade da membrana e parede
celular de forma dependente e independente
da via da calcineurina.

Cirl, Ngrl, Rim101 Regulam a estabilidade da parede celular.

(HOMMEL et al.,
2018; O'MEARA et
al., 2010; WANG;
AISEN;
CASADEVALL,
1995)

(GISH et al., 2016)

(CRAMER et al.,
2006; HAYNES et
al., 2011)
(HAYNES et al.,
2011; JUNG et al.,
2006)

(CHUN; BROWN,;
MADHANI, 2011,
LIU et al., 2008)

(CHANG et al.,
2007)
(SO et al., 2019)

(GISH et al., 2016;
LEE et al., 2019)

(JUNG et al., 2006)

(CHOW et al.,
2017; LEV et al.,
2012; MORANOVA
etal., 2014; PARK
et al., 2016)
(CRAMER et al.,
2006; HAYNES et
al., 2011; HOMMEL
et al., 2018; JUNG
et al., 2006;
O’'MEARA et al.,
2010; WANG;
AISEN;
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CASADEVALL,

1995)

Aquisicao de nutrientes

Zapl Regula a homeostase de zinco. (SCHNEIDER et
al., 2012)

Cufl Regula a homeostase de cobre. (GARCIA-
SANTAMARINA et
al., 2018)

Pho4 Regula a homeostase de fosfato. (LEV et al., 2017)

Cirl Regula a homeostase de ferro. (JUNG et al., 2006)

Além dos fatores de transcri¢éo listados acima, o Pdr802 é outro FT importante
para a viruléncia de C. neoformans. Seu papel na patogénese desse fungo foi
demonstrado por diferentes grupos de pesquisa: (i) a delecao parcial de seu gene
codificador (PDR802) afetou a viruléncia de C. neoformans em um ensaio de
competicdo em camundongos (LIU et al., 2008); (ii) a delecdo completa de PDR802
também afetou a viruléncia desse patdbgeno em um ensaio de curta duragdo em
camundongos e a producado da capsula polissacaridica (MAIER et al., 2015); (iii) a
atividade de Pdr802 foi importante para a sobrevivéncia do fungo em outro ensaio
de competicdo em modelos murino e invertebrado de infec¢do (JUNG et al., 2015).
Mais recentemente, Pdr802 foi caracterizado como importante para a infec¢ao do
SNC (LEE et al., 2020). Entretanto, os alvos deste fator de transcri¢cdo, assim como

0s potenciais mecanismos de acao ainda nao foram elucidados.
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2. OBJETIVOS

2.1.Objetivo geral

Elucidar os eventos moleculares associados a participacdo do fator de

transcricdo Pdr802 na viruléncia de C. neoformans.

2.2.0bjetivos especificos

2.2.1. Avaliacdo da viruléncia das linhagens selvagem, nula e
complementada para o gene PDR802 em modelo de infecgao

experimental murino de curta e longa duracao;

2.2.2. Ensaios de sobrevivéncia das linhagens de C. neoformans em
condicbes estressoras in vitro e gque mimetizam o ambiente do

hospedeiro;

2.2.3. Analise dos principais determinantes de viruléncia de C. neoformans
(producdo da capsula polissacaridica, células gigantes, melanina e
urease) pelas linhagens selvagem, nula e complementada para o gene
PDR802;

2.2.4. Identificacdo de alvos diretos de Pdr802 através de ensaios de
imunoprecipitacdo de cromatina seguida de sequenciamento (ChiIP-

Seq) e de expressao génica (RNA-Seq).
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ABSTRACT Cryptococcus neoformans is a ubiquitous, opportunistic fungal pathogen
that kills almost 200,000 people worldwide each year. It is acquired when mamma-
lian hosts inhale the infectious propagules; these are deposited in the lung and, in
the context of immunocompromise, may disseminate to the brain and cause lethal
meningoencephalitis. Once inside the host, C. neoformans undergoes a variety of
adaptive processes, including secretion of virulence factors, expansion of a polysac-
charide capsule that impedes phagocytosis, and the production of giant (Titan) cells.
The transcription factor Pdr802 is one regulator of these responses to the host envi-
ronment. Expression of the corresponding gene is highly induced under host-like
conditions in vitro and is critical for C. neoformans dissemination and virulence in a
mouse model of infection. Direct targets of Pdr802 include the quorum sensing pro-
teins Pgp1, Opt1, and Liv3; the transcription factors Stb4, Zfc3, and Bzp4, which reg-
ulate cryptococcal brain infectivity and capsule thickness; the calcineurin targets
Had1 and Crz1, important for cell wall remodeling and C. neoformans virulence; and
additional genes related to resistance to host temperature and oxidative stress, and
to urease activity. Notably, cryptococci engineered to lack Pdr802 showed a dramatic
increase in Titan cells, which are not phagocytosed and have diminished ability to
directly cross biological barriers. This explains the limited dissemination of pdr802
mutant cells to the central nervous system and the consequently reduced virulence
of this strain. The role of Pdr802 as a negative regulator of Titan cell formation is
thus critical for cryptococcal pathogenicity.

IMPORTANCE The pathogenic yeast Cryptococcus neoformans presents a worldwide
threat to human health, especially in the context of immunocompromise, and cur-
rent antifungal therapy is hindered by cost, limited availability, and inadequate effi-
cacy. After the infectious particle is inhaled, C. neoformans initiates a complex tran-
scriptional program that integrates cellular responses and enables adaptation to the
host lung environment. Here, we describe the role of the transcription factor Pdr802
in the response to host conditions and its impact on C. neoformans virulence. We
identified direct targets of Pdr802 and also discovered that it regulates cellular fea-
tures that influence movement of this pathogen from the lung to the brain, where it
causes fatal disease. These findings significantly advance our understanding of a seri-
ous disease.

KEYWORDS Cryptococcus neoformans, Pdr802, Titan cells, capsule, fungal pathogens,
pathogenesis, pathogenic yeast, quorum sensing, transcription factors
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ryptococcosis is a fungal infection caused by Cryptococcus neoformans and

Cryptococcus gattii. C. neoformans is a ubiquitous opportunistic pathogen that
infects mainly immunocompromised patients, while C. gattii is capable of infecting
immunocompetent individuals (1). Cryptococcosis causes 180,000 deaths worldwide
each year, including roughly 15% of all AIDS-related deaths (2), and is initiated by the
inhalation of spores or desiccated yeast cells. In immunocompetent individuals, this
typically causes an asymptomatic pulmonary infection that is controlled by the host
immune response, although a population of C. neoformans may remain latent for
extended periods of time (3-5).

Under conditions of immunocompromise, cryptococci disseminate from the lung to
the brain. Mechanisms that have been suggested to mediate fungal crossing of the
blood-brain barrier (BBB) include transcellular migration, in which the yeast cells enter
and exit vascular endothelial cells (6-9); paracellular movement, in which they cross
the BBB at junctions between endothelial cells (10-12); and “Trojan horse” crossing,
whereby macrophages harboring C. neoformans enter the brain (13). Cryptococcal
meningoencephalitis is difficult to treat and frequently lethal, for reasons that include
the availability and cost of therapy (14, 15).

The ability of C. neoformans to survive and proliferate in the lung, and subsequently
disseminate to the brain, depends on viability at mammalian body temperature and
the expression of multiple virulence traits; these include secreted factors (16, 17), a
polysaccharide capsule that surrounds the cell wall (18), and the production of giant
(Titan) cells (19, 20). One secreted molecule, the pigment melanin, associates with the
cell wall, where its antioxidant properties protect fungal cells from reactive oxygen
species produced as a host immune defense (21-25). Urease, a secreted metalloen-
zyme that converts urea to ammonia and CO,, may affect the course of infection by
modulating environmental pH and damaging host tissue structure (11, 12, 26).

The capsule, composed primarily of large polysaccharides (27-29), is a key crypto-
coccal virulence factor that impairs phagocytosis by immune cells (30-35). This
dynamic entity changes its size and structure during interactions with the host or
external environment (36-39), contributing to fungal adaptation (40, 41). Capsule poly-
saccharides that are shed from the cell enable diagnosis of cryptococcal infection and
also impede host responses (35, 42).

Titan cells are a cryptococcal morphotype that has been variously characterized as
having a cell body diameter (excluding the capsule) greater than 10 or 15 um or total
cell diameter (including the capsule) that exceeds 30 um (20, 43, 44). These cells are
polyploid and produce normal-size cells during infection (19, 45, 46). Titan cell forma-
tion is triggered by exposure to the host environment, including nutrient starvation,
reduced pH, and hypoxia (47-49), although the extent of induction depends on the
host immune response and the duration of infection (45, 50). Titan cell production
appears to benefit the development of pulmonary C. neoformans infection, since these
large cells are less susceptible to internalization by host phagocytes and more resistant
to oxidative stress than normal-size cells (19, 46). Some of these effects may be
explained by the highly cross-linked capsule and thickened cell wall of Titan cells (51).
In contrast to their success in the lungs, Titan cells show impaired dissemination to the
brain (19, 46).

C. neoformans experiences a dramatic change in conditions upon entering a host,
including altered nutrient levels and pH. To adapt to the new environment, cryptococci
activate a network of transcription factors (TFs) (39, 52). For example, imbalances in ion
homeostasis trigger transcriptional changes mediated by the TFs Zap1 (53), Cuf1 (54),
Pho4 (55), Cir1 (56), and Crz1 (57). Alkaline pH stimulates expression of the TF Rim101,
which enables growth under basic conditions and other stresses, such as high salt and
iron limitation; it also promotes the association of capsule polysaccharide with the cell
and the formation of Titan cells (47, 58).

Overlapping TF circuits regulate cryptococcal virulence determinants, including
polysaccharide capsule production and melanin synthesis. For example, Usv101, an
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important regulator of capsule thickness and polysaccharide shedding, also regulates
three other TFs (Gat201, Crz1, and Rim101) and multiple polysaccharide-related
enzymes (59). Gat201 further regulates additional virulence-related transcription
factors and the anti-phagocytic protein Blp1 (60), while Crz1 plays a central role in
the maintenance of plasma membrane and cell wall stability (57, 61, 62). Crz1
expression is also modulated by the calcineurin signaling pathway, which is
required for normal yeast growth at 37°C, virulence, and sexual reproduction (63). A
group of TFs, including Usv101, Bzp4, Hob1, and Mbs1 (59, 64), act together to reg-
ulate melanin production; deletion of Bzp4 also alters capsule production (52).

In this study, we investigated the TF Pdr802. The corresponding gene has a high
rate of nonsynonymous mutations, which suggests that it is evolving rapidly (65).
Pdr802 has previously been implicated in C. neoformans virulence (39, 52, 66), but its
specific role and targets are not known. We discovered that Pdr802 is induced under
host-like conditions, is a negative regulator of Titan cell formation, and influences cap-
sule thickness and phagocytosis by macrophages. It also regulates genes whose prod-
ucts act in cell wall remodeling, virulence factor production, resistance to host temper-
ature and oxidative stress, and quorum sensing. These functions make Pdr802 critical
for cryptococcal survival in the lung and dissemination to the brain.

RESULTS

Role of Pdr802 in C. neoformans virulence. The importance of Pdr802 in C. neofor-
mans virulence has been demonstrated in multiple experimental models. Liu and col-
laborators first reported in 2008 that partial deletion of PDR802 reduced C. neoformans
infectivity in a competition assay of pooled C. neoformans strains (66). In 2015, Maier et
al. showed that a pdr802 deletion mutant had reduced virulence when tested individu-
ally in a short-term mouse model of infection (39). Later that year, Jung and colleagues
reported that Pdr802 was required for full virulence in both wax moth larva and short-
term mouse infection using pooled strains (52). Most recently, Lee and collaborators
showed that Pdr802 was required for brain infection (67).

To further investigate the role of Pdr802 in pathogenesis, we complemented a com-
plete deletion strain in the KN99« background that we had previously generated
(pdr802) (39) with the intact gene at its native locus (PDR802). To examine targets of
Pdr802, we also constructed a strain that expresses the protein fused to mCherry at its
N terminus (see Fig. S1A in the supplemental material). All of these strains lacked or
expressed RNA encoding PDR802 or its modified forms as expected (Fig. S1B), and
PDR802 was expressed at wild-type levels in the complemented and modified strains
(Fig. S1Q).

We next assessed the long-term survival of C57BL/6 mice infected with the parental
wild-type (WT) strain (KN99«), the deletion mutant (pdr802), or the complemented mu-
tant (PDR802). In this model, mice infected with the parent or complemented strains
survived for roughly 3 weeks, while those infected with the deletion mutant showed a
striking increase in survival: all animals survived for at least 65 days, and over half sur-
vived to the end of the study (100 days) (Fig. 1A). The lung burden measured at the
time of death for pdr802-infected mice in this study was approximately 100-fold lower
than that of wild-type infections (Fig. S2A), demonstrating the importance of this TF in
C. neoformans virulence. Mean brain burden at the time of death was more similar
between mutant and wild-type infections (Fig. S2A), although we did note some heter-
ogeneity in this measure for pdr802-infected mice; animals sacrificed at around 2
months of infection (red symbols) showed brain burdens similar to WT levels, while
brain burdens in mice sacrificed at day 100 (blue symbols) ranged between zero fungal
cells and the WT level.

We next examined the time course of fungal proliferation in the lungs. As expected,
the burdens of WT and the complemented mutant strains increased steadily over an
18-day interval (Fig. 1B), eventually reaching roughly 10° times the original inoculum.
Towards the end of this period, these cells were also detected in the blood and brain
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FIG 1 The transcription factor Pdr802 influences C. neoformans virulence. (A) Survival of C57BL/6 mice over
time after intranasal inoculation with 5 x 10* cryptococci, with sacrifice triggered by weight below 80% of
peak. (B) Means and standard deviations (SD) of total colony-forming units (CFU) in lung tissue at various times
post-infection. Numbers of CFU inoculated for each strain were 41,400 (KN99a), 42,800 (pdr802 strain) and
26,600 (PDR802 strain). P < 0.05 for the pdr802 strain compared to the other strains at all time points.

(Fig. S2B). In contrast, the lung burden of pdr802 remained close to the inoculum
throughout this period, with no mutant cells detected in the blood or brain. At a late
time point of pdr802 infection (75 days), we again noted some heterogeneity of fungal
burden: one mouse had high lung burden with no dissemination, another had high
lung burden with moderate brain burden, and the third had extremely low lung bur-
den with no dissemination (Fig. S2C). No CFU were detected in the blood of pdr802-
infected mice at any point during infection. These results suggest that even though
the pdr802 mutant is generally hypovirulent and remains at low levels in the lung, it
can occasionally reach the brain and, given enough time, accumulate there (see
Discussion).

Given the dramatic effects of Pdr802 on fungal virulence, we wondered about the
specific biological processes in which this transcription factor is involved. We first
examined the behavior of the pdr802 strain in vitro, including stress conditions that
might be encountered in the host. We saw no differences in growth of the mutant
compared to WT cells under conditions that challenge cell or cell wall integrity, includ-
ing the presence of sorbitol, high salt, cell wall dyes, caffeine, sodium dodecyl sulfate
(SDS), or ethanol (Fig. S3A to C). The mutant also showed no altered susceptibility to
elements of the host response, such as nitrosative or oxidative stresses, or in melanin
production. All of these results held when cells were grown on rich medium, whether
plates were incubated at 30°C, 37°C, or 37°C in the presence of 5% CO,, which was
recently described as an independent stress for C. neoformans (68) (Fig. S3A to Q).
Finally, the mutant showed no difference from wild-type cells in secretion of urease
(Fig. S3D).

Pdr802 is regulated by “host-like” conditions. We next tested the growth of the
pdr802 mutant under conditions more like those encountered inside the mammalian
host, using tissue culture medium (Dulbecco’s modified Eagle medium [DMEM]) at 37°C in
the presence of 5% CO,. We found that although the pdr802 mutant grew like WT in rich
medium (yeast extract-peptone-dextrose [YPD]), it grew poorly in DMEM (Fig. S4A and B).
To test whether the mutant cells were dead or just static after growth in DMEM, we plated
aliquots on solid medium to measure CFU over time (Fig. 2A). The pdr802 culture showed
a dramatic decrease in viability compared to WT and the complemented strain, which was
greatest in the first 24 h. This is the same time frame in which expression of the PDR802
gene shows a striking increase, as measured by transcriptome sequencing (RNA-Seq)
(Fig. 2B).

Another important feature that is induced by growth in DMEM at 37°C and 5% CO,
is the polysaccharide capsule, which we previously reported to be regulated by
Pdr802, based on negative staining with India ink (39). Fluorescence microscopy con-
firmed increased capsule thickness of the mutant, which reverted to WT in the
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FIG 2 PDR802 expression is required for cell viability and induced during growth under host-like conditions. (A)
Cells grown in DMEM at 37°C and 5% CO, were sampled at the times indicated and plated on YPD to assess
viability (measured as number of CFU and plotted as fold change from time zero). (B) PDR802 expression in
KN99a cells grown in DMEM at 37°C and 5% CO, was assessed by RNA-Seq as in reference 117. FPKM,
fragments per kilobase per million. Mean and standard deviation (SD) are shown on both plots.

complemented strain (Fig. 3A). To quantify this change, we took advantage of a semi-
automated assay that we have developed (Fig. S5), which measures capsules on a pop-
ulation scale (Fig. 3B) and is therefore very sensitive. This analysis showed that the cap-
sule thickness of pdr802 cells resembles that of the well-studied hypercapsular mutant
pkr1 (39, 69, 70) and is completely restored to WT by complementation at the native
locus (Fig. 3C). Previous studies suggest that capsule thickness upon induction reflects
the size of the dominant capsule polymer (glucuronoxylomannan [GXM]) (71, 72),
which can be analyzed by agarose gel migration and blotting with anticapsule anti-
bodies (71). Consistent with the difference we observed in capsule thickness by imag-
ing, this method showed decreased mobility of GXM from pdr802 as capsule induction

progressed (Fig. S4C).
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FIG 3 The pdr802 mutant is hypercapsular. (A) Representative immunofluorescence micrographs of the
indicated strains after growth in DMEM (37°C, 5% CO,) for 24 h. The capsule was stained with anti-GXM
monoclonal antibody 302 conjugated with Alexa Fluor 488 (green) and the cell wall with calcofluor white
(blue). All images are to the same scale; bar, 5um. (B) Capsule thickness distribution for the indicated
strains. (C) Mean and SD of capsule size, quantified as detailed in Materials and Methods and Fig. S5, with

the pkr1 (39) and ada2 (105) strains shown as hypercapsular and hypocapsular controls, respectively. ,
P <0.0001, compared to KN99« by one-way ANOVA with a post hoc Dunnett test.
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FIG 4 Growth in mouse serum elicits increased capsule thickness and cell body diameter in the pdr802 mutant.
(A) Light micrographs of the indicated strains after growth in mouse serum (at 37°C, 5% CO,) for 24 h and

negative staining with India ink to visualize the capsule. All images are to the same scale; bar, 5um.

(B) Mean

and SD of capsule thickness, assessed by measuring at least 50 cells per strain with ImageJ. (C) Cells grown as
described for panel A were plated on YPD to assess CFU. Mean and SD of the fold change compared to 0 h

are shown. (D) Mean and SD of cell body diameter, measured as for panel B. ***, P<0.001,
P <0.0001, compared to KN99« by one-way ANOVA with a post hoc Dunnett test.

To validate the observations that we had made under standard host-like conditions
based on synthetic tissue culture medium, we conducted similar studies in mouse se-
rum at 37°C and 5% CO,. These conditions induced an even more pronounced hyper-
capsular phenotype of the pdr802 mutant (Fig. 4A and B), as well as reduced cell viabil-
ity (Fig. 4C) and increased cell body diameter (Fig. 4D).

We were intrigued by the enlarged cell body and capsule of the pdr802 mutant cells
under host-like conditions in vitro and decided to examine these phenotypes in vivo.
For these studies, we isolated fungal cells from the lungs of mice at various times after
infection and assessed their morphology by negative staining (Fig. 5A). At each time
point, the mean mutant cell body diameter was larger than that of the controls.
Additionally, while this parameter was stable for WT and complemented strains
throughout the infection period, it trended larger at the end of the infection period for
the deletion mutant (Fig. 5B). In contrast, mutant capsule thickness, although initially
greater than that of control cells, changed little throughout the period, while capsule
thickness of control cells increased to that level or beyond (Fig. 5C). Furthermore,
although the total diameter of pdr802 cells consistently exceeded that of WT and com-
plemented cells, their sizes became more comparable late in infection (Fig. S6A). Over
time, therefore, the ratio of total cell diameter to cell body diameter for WT and
PDR802 cells steadily increased, while it remained roughly constant for the mutant
(Fig. S6B).

Pdr802 negatively regulates Titan cell formation. We were particularly interested
in the cell size phenotype of pdr802 because Titan cells have been strongly implicated
in cryptococcal pathogenesis (19). By any definition of this morphotype (cell body di-
ameter greater than 10 or 15 um or total cell diameter greater than 30 um), our mutant
cell populations were dramatically enriched in Titan cells at every time of infection that
we assessed (Fig. S6C).

To specifically test Titan cell formation by the pdr802 strain, we subjected mutant
cells to in vitro conditions that induce this process (49) (Fig. 6A) and analyzed the
resulting population by flow cytometry. Consistent with our in vivo observations, Titan
cells constituted a much larger fraction of the population in the mutant culture (8.46%)

March/April 2021 Volume 12 Issue2 e03457-20

and ****:

mBio’

mbio.asm.org 6

1sanb Aq T20zZ ‘Gz AeN uo /Bio wse oiguy//:dny wody papeojumoq


https://mbio.asm.org
http://mbio.asm.org/

Role of Pdr802 in Cryptococcus neoformans Virulence

A KN99a pdr802 PDR802 B

20+ r— —

KKk *kkk

10

Cell body diameter (um)

3 7 14 18
Days post-infection

(@)

- - N N
o [$)] o [$)]
1 1 1 1

Capsule thickness (um)
T

o
1

3 7 14 18
Days post-infection

FIG 5 Absence of PDR802 yields enlarged cells and loss of capsule induction in the context of animal infection.
(A) India ink staining of fungi isolated from the lungs of mice infected with the indicated strains. Numbers at
left are days post-infection. All images are to the same scale; bar, 10 um. (B and C) Means and SD of cell body
diameter (B) and capsule thickness (C), assessed by measuring at least 50 cells per strain with Image
P < 0.0001, and ***, P<0.001, compared to KN99«a by one-way ANOVA with a post hoc Dunnett test for each

day post-infection.

than in the WT and complemented cultures (1.38% and 1.13%, respectively) (Fig. 6B).
As expected for Titan cells, these cells are also polyploid (Fig. 6C).

Titan cells are poorly engulfed by host phagocytes (19, 45, 73), which may reflect
their increased size as well as alterations in capsule and cell wall (51). We observed this
reduced uptake for all strains after growth in conditions that favor Titan cell formation
(Fig. 7, Titan versus YPD). Also, all strains showed a reduction in phagocytosis after cap-
sule induction in DMEM (Fig. 7, DMEM versus YPD), which is not surprising, because
the capsule is antiphagocytic (31, 73). Notably, the reduction in uptake was greatest
for the pdr802 mutant under both of these conditions, even though it showed normal
engulfment when all strains were grown under control conditions (YPD). This is likely
because the mutant culture is both hypercapsular and enriched in Titan cells.

Identification of direct, functional targets of Pdr802. To identify direct targets of
Pdr802, we next performed chromatin immunoprecipitation followed by sequencing
(ChIP-Seq). We compared DNA sequences immunoprecipitated by anti-mCherry mono-
clonal antibody (MAb) from cells expressing mCherry-Pdr802, which grow similarly to
the WT (Fig. S7A), and untagged cells. Both strains were grown for 24 h in DMEM at 37°C
and 5% CO,, as these conditions induce PDR802 expression dramatically compared to
standard YPD growth conditions (Fig. 2).

Using 2-fold-enrichment over control as a cutoff value for peaks with adjusted P val-
ues of <0.05, we identified 656 binding sites for mCherry-Pdr802 in genomic DNA. Of
these, 540 occurred within 1,000 bp upstream of transcription start sites (Data Set S1,
sheets 1 and 2), which we used as an approximation of regulatory regions. Notably,
ChlIP-Seq data for the region upstream of the PDR802 transcription start site suggested
self-regulation, as has been reported for other cryptococcal TFs (74, 75) (Fig. S7B). We
further applied discriminative regular expression motif elicitation (DREME) (76) to the
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FIG 6 Pdr802 is a negative regulator of Titan cell formation. (A) The indicated strains were subjected to in vitro conditions that induce Titan cell formation
and imaged with India Ink. All images are to the same scale; bar, 10 um. Images were selected so that each shows multiple examples of Titan cells, not to
reflect abundance of this morphotype. (B) The percentage of Titan cells in each culture was quantified using flow cytometry, gated as indicated by the red
square. FSC-A, forward scatter; SSC-A, side scatter. (C) DNA content of cells after staining with propidium iodide (PI) and analysis by flow cytometry. (Top)
1C and 2C gates determined using control cultures of KN99a grown in YNB without or with benomyl, which traps cells at 2C. (Middle) Profiles of the
indicated strains after growth under Titan cell-inducing conditions, showing an increased polyploid tail in mutant cultures relative to wild-type cells.
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(Bottom) DNA content profiles for only the Titan cells (gated as for panel B, red box) for each strain, showing their polyploid nature.

set of 540 upstream regions to identify putative Pdr802 binding motifs; these were

highly enriched in GA (TC) (Fig. S7C).

To complement our ChlIP studies, we determined the set of genes regulated by
Pdr802 under host-like conditions by performing RNA-Seq of WT and pdr802 cells after
growth for 24 h in DMEM at 37°C and 5% CO, (Data Set S1, sheet 3). We then used
dual-threshold optimization (DTO) to analyze the RNA-Seq and ChIP-Seq data sets to-
gether. This statistical method allowed us to combine the evidence from binding and
expression studies to converge on a set of direct and functional TF targets (77);
because it uses two independent lines of evidence to suggest regulatory relationships, it
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FIG 7 Deletion of PDR802 affects phagocytosis after growth under conditions that induce capsule
and Titan cell formation. C. neoformans strains were grown in YPD (18 h), DMEM (24 h), or Titan cell
induction medium (72 h) and then incubated for 2 h with J774.16 mouse macrophages; host cells
were then washed and lysed to assess fungal burden by CFU. Data shown are normalized to the CFU
of the initial inoculum. *, P<0.05, and **, P<0.01, compared to KN99« by one-way ANOVA with a
post hoc Dunnett test.

increases confidence in highly significant small effects. The Pdr802 target genes yielded by
this analysis include key players in multiple processes implicated in cryptococcal virulence,
including quorum sensing, Titan cell formation, and stress resistance (Data Set S1, sheets 4
and 5).

Pdr802 regulates the expression of quorum sensing proteins that control Titan
cell formation. The most striking phenotype we observed in cells lacking PDR802 is
the marked increase in Titan cell formation. We therefore examined our DTO target list
for genes known to influence this phenotype, such as those involved in quorum sens-
ing. Recent studies have shown that the quorum sensing peptide Qsp1 is a negative
regulator of Titan cell formation (47, 48); Titan cell formation increases upon deletion
of the gene encoding this peptide (QSP7) or proteins that mediate its maturation
and import (PQP1 and OPTI, respectively). We found that Pdr802 positively regu-
lates PQP1 and OPT1 gene expression (Table 1), consistent with its repression of
Titan cell formation.

A study of C. neoformans cells exposed to Titan cell-inducing conditions in vitro
reported that 562 genes were upregulated under this condition, while 421 genes were
downregulated (48). The overlap of these genes with our DTO set of Pdr802-regulated
genes included the TF genes LIV3, STB4, and ZF(C3 (48) (Data Set S2, sheets 1 and 2).
The first two are repressed during Titan cell induction, while ZFC3 (also known as
CQS2) is induced. Our analysis showed that Pdr802 positively regulates expression of
LIV3 and STB4, while it negatively regulates ZFC3 (Table 1), in concordance with our
phenotypic observations of Titan cell formation. Notably, Liv3 and Zfc3 are responsive
to the peptide Qsp1 (74, 75) and are important for C. neoformans virulence, while Stb4
influences cryptococcal brain infection (67).

Pdr802 coordinates cryptococcal response to the host environment. C. neofor-
mans deploys a variety of proteins to resist the many challenges it experiences upon
host entry, which include oxidative and temperature stress. Multiple genes that are
central to these responses were identified as direct, functional targets of Pdr802 by our
DTO analysis (Table 2). For example, Pdr802 induces the expression of genes whose
products detoxify reactive oxygen species (ROS), such as CAT1, CAT2, and SOD1 (78,
79), or participate in resistance to these compounds, such as FZC34, MIG1, and CCKT
(52, 80, 81) (Table 2). Both the kinase Cck1 (also known as Yck2) and the TF Fzc34 have
been implicated in cryptococcal virulence (80, 82).

As noted above, the pigment melanin has important antioxidant properties that
promote cryptococcal survival inside the host (16). Under host-like conditions, Pdr802
regulates genes required for melanization, even though it melanizes normally in vitro.
These genes include CACT, PKC1, CUF1, and SNF5 (Table 2). Cacl is an adenylyl cyclase
responsible for cyclic AMP (cAMP) production in C. neoformans, which plays a central
role in melanin synthesis as well as proper capsule production, mating, and virulence
(83). The kinase Pkc1 induces production of the laccase (Lac1) that forms melanin and
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TABLE 1 Pdr802 target genes involved in quorum sensing and Titan cell formation

Change determined by:

Biological process CNAG ID? Gene name ChIP-Seq® RNA-Seq Description
Quorum sensing 00150 PQP1 1.38 —0.78 Peptidase

03013 OPT1 1.25 —0.55 OPT small oligopeptide transporter
Titan cell formation 05835 LIV3 1.52 —0.84 Transcription factor

05785 STB4 333 —1.71 Transcription factor

05940 ZFC3/CQS2 2.23 0.68 Transcription factor

9CNAG, Cryptococcus neoformans serotype A genome project gene identifier (118).
bFold change for mCherry-Pdr802 compared to WT.
‘Log, fold change for pdr802 compared to WT.

plays a key role in resistance to oxidative and nitrosative stress (84, 85), the TF Cuf1
regulates LACT expression and is important for cryptococcal virulence (86, 87), and
SNF5 is required for full melanization (88). Melanin occurs in the fungal cell wall, which
is another key component in fungal stress resistance. Pdr802 is also a direct, functional
regulator of several genes whose products influence cell wall glycan content: two chi-
tin deacetylases (Cda3 and Mp98) and the mannoprotein MP88 (Table 2). This is also
consistent with the increases in mannose and chitin that occur in Titan cell walls (51).
Pdr802 positively regulates the expression of several proteins required for yeast sur-
vival at 37°C, including the kinases Kic1 and Ire1 (Table 2). Ire1 is a regulator of the
cryptococcal unfolded-protein response (UPR) pathway and lack of Ire1 or Kic1 impact
C. neoformans virulence (80, 89). Pdr802 also modulates cryptococcal urease activity,
which is required for dissemination to the central nervous system (CNS) (11, 12), by
regulating the urea transporter Dur3 and other proteins that influence urease activity

TABLE 2 Genes regulated by Pdr802 involved in adaptation to the host environment

Change determined by:

Biological process CNAG ID? Gene name ChIP-Seq® RNA-Seq* Description
Oxidative stress resistance 04981 CAT1 1.47 —1.60 Catalase 1
05256 CAT2 1.41 —0.42 Catalase 2
01019 SOD1 2.59 —0.53 Superoxide dismutase (Cu-Zn)
00896 FZC34 222 —0.82 Transcription factor
06327 MIG1 1.72 —0.78 DNA-binding protein CreA
00556 CCK1 1.78 —0.48 Casein kinase |
Melanin and cell wall formation 03202 CAC1 1.60 —0.61 Adenylate cyclase
01845 PKC1 2.00 —0.48 AGC/PKC protein kinase
07724 CUF1 1.27 -0.67 Metal-binding regulatory protein
00740 SNF5 1.28 —0.70 Swi/Snf chromatin-remodeling subunit
01239 CDA3 2.63 1.08 Chitin deacetylase 3
01230 MP98 2.74 0.96 Chitin deacetylase 2
00776 MP88 1.86 1.23 Immunoreactive mannoprotein
Growth at 37°C 00405 KIC1 1.88 —0.97 Ste/Ste20/Ysk protein kinase
03670 IRET 1.66 —1.14 IRE protein kinase
Urease activity 07448 DUR3 213 —3.05 Urea transporter
01209 FAB1 2.29 —0.49 1-Phosphatidylinositol-3-P 5-kinase
01938 KIN1 1.61 —0.34 CAMK/CAMKL/KINT protein kinase
01155 GUT1 2.96 0.62 Glycerol kinase
00791 HLH1 1.71 —1.09 Transcription factor
Capsule thickness 02802 ARG2 1.56 —0.59 Inositol/phosphatidylinositol kinase
06809 IKS1 2.28 —0.44 IKS protein kinase
01905 KSP1 2.02 —0.64 Serine/threonine protein kinase
02877 FZC51 1.75 —0.69 Transcription factor
07470 PDE2 2.42 —1.80 High-affinity phosphodiesterase
03346 BZP4 3.52 1.30 Transcription factor
Calcineurin signaling 00156 CRZ1 1.44 —0.49 Transcription factor
01744 HAD1 2.26 0.47 Phosphatase

aCNAG, Cryptococcus neoformans serotype A genome project gene identifier (118).
bFold change for mCherry-Pdr802 compared to WT.
‘Log, fold change for pdr802 compared to WT.
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FIG 8 Pdr802 participates in calcineurin signaling. (A and B) Interactions of Pdr802 with upstream
regions of the indicated genes. The ratios (log,) of reads from immunoprecipitated (IP) DNA to input
DNA were calculated for 1,000bp upstream of the first coding nucleotide (+1); shown is the
difference in these values between tagged and untagged strains. Black triangles, complete Pdr802
DNA-binding motifs (Fig. S7C); gray triangles, partial motifs. (C) Intracellular calcium measurement by
flow cytometry using Fluo-4AM. Each column shows the mean and standard deviation of three
biological replicates. ***, P<<0.001, and ****, P<0.0001, compared to KN99« by one-way ANOVA with
a post hoc Dunnett test.

(e.g., the kinases Fab1, Kin1, and Gut1 and the TF HIh1) (Table 2). Deletion of FABI,
KIN1, or HLHT impaired urease activity in C. neoformans, while GUTT disruption induced
it (52, 80).

Above, we document the role of Pdr802 in capsule synthesis, which is dramatically
upregulated in the host environment in general and is further increased in cells lacking
this TF. We found that Pdr802 is a positive regulator of multiple genes that have been
implicated in reducing cryptococcal capsule thickness. These include the kinases Arg2,
Iks1, and Ksp1; the TF Fzc51; and the phosphodiesterase Pde2 (Table 2). Notably, null
mutants for those genes are hypercapsular, similar to pdr802 cells (52, 80, 90). Pdr802
is a negative regulator of the TF Bzp4, which, as mentioned above, positively regulates
capsule (Table 2) (52).

Pdr802 regulates calcineurin target genes. The calcineurin signaling pathway is
activated by calcium and governs stress response and virulence in C. neoformans
(91-93). One major mediator of calcineurin signaling is the transcription factor Crz1
mentioned above, which is highly responsive to temperature and influences cryptococ-
cal virulence (57, 62). Upon intracellular calcium influx, calcineurin dephosphorylates
Crz1, which then translocates to the nucleus and regulates gene expression (57, 63).
We found that Pdr802 binds the CRZT gene promoter and positively regulates its
expression (Fig. 8A, Table 2, and Data Set S2, sheet 3). Pdr802 also binds and regulates
five other genes whose products are dephosphorylated by calcineurin; these include
the phosphatase Had1, which is important for cryptococcal cell wall remodeling and
virulence (Fig. 8B, Table 2, and Data Set S2, sheet 3) (63, 94).

Because Crz1 helps maintain normal cryptococcal Ca?* concentrations through the
regulation of calcium transporters (57), we wondered about the intracellular calcium
levels in pdr802 cells. We found that indeed, after 24 h of growth in DMEM, the level of
cytosolic calcium in the mutant significantly exceeded that of WT or complemented
strains (Fig. 8C). It was still, however, below that of a crz7-null mutant, supporting the
idea that Pdr802 is not the sole regulator of CRZ1 expression. Notably, PDR802 deletion
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had no effect in rich medium (YPD), which reinforces our hypothesis that Pdr802 acts
primarily under host-like conditions. To further explore the relationship of Pdr802 and
calcineurin, we compared published gene expression profiles of a calcineurin mutant
(57) to our DTO data set. Of the 393 genes that are differently expressed in the calci-
neurin mutant under thermal stress, 26 are regulated by Pdr802 (Data Set S2, sheet 4).

DISCUSSION

We have shown that Pdr802 is a potent regulator of cryptococcal responses to the
host environment. In this context, it influences the formation of capsule and Titan cells
as well as cellular responses to temperature and oxidative stress, acts as a downstream
effector of calcineurin, and modulates calcium availability. The last function is likely
achieved through its positive regulation of the transcription factor Crz1, which in turn
modulates the calcium transporters Pmc1 and Vcx1 (57). Since calcium ion is a major
second messenger in eukaryotic cells, its accumulation in pdr802 cells affects multiple
processes central to host interactions, including stress responses, cell wall integrity,
and capsule size (61, 62, 92, 95, 96).

C. neoformans dissemination to the brain is the main driver of patient mortality (2).
We found that dissemination of pdr802 cells is significantly impaired, although they do
occasionally reach the brain. These observations can be explained by a combination of
factors. First, the limited accumulation of the pdr802 mutant in the lungs, due to factors
summarized above, may directly affect dissemination (97). Second, this strain survives
poorly in mouse serum, as demonstrated directly by our culture experiments and indi-
rectly by our inability to detect it in the blood of infected mice, even 75days after
infection. The latter might occur because the cells do not reach the blood or because
they are rapidly eliminated, consistent with previous observations (98). Third, the thick
capsules of the pdr802 mutant reduce its ability to reach the brain. This is true whether
fungal entry occurs directly, by the movement of free fungi across the BBB, or indi-
rectly, via a Trojan horse mechanism that requires macrophage uptake (99); such
uptake is impeded by enlarged capsules, independent of cell size (31). Fourth, calcium
imbalance directly affects cryptococcal transmigration (100). Finally, pdr802 cells show
reduced expression of genes required for urease activity, which promotes C. neofor-
mans dissemination to the CNS (11, 12, 100). Interestingly, despite all of these obstacles
to dissemination, mutant cells that do reach the brain are able to proliferate to wild-
type levels.

Titan cells are a robust and persistent morphotype of C. neoformans that contribute
to yeast virulence (45). We showed that cells lacking Pdr802 demonstrate increased for-
mation of Titan cells in vivo and in vitro, suggesting that this TF is a novel repressor of
this process. Although Titan cells enhance aspects of cryptococcal pathogenesis (19,
101), their overproduction negatively impacts dissemination to the brain due to their
resistance to phagocytosis by macrophages (19, 45) and decreased penetration of bio-
logical barriers (19).

Our combined analysis of DNA binding and gene expression data allows us to under-
stand the increase in Titan cell formation that occurs upon deletion of PDR802. Under
host-like conditions, Pdr802 positively regulates Pgp1, Opt1, and Liv3, all key proteins in
the cryptococcal quorum sensing pathway, which represses Titan cell formation (47, 48). In
the absence of this TF, quorum sensing is impaired, a situation known to increase Titan
cell formation. Pdr802 may also indirectly regulate Titan cell formation by regulating other
TFs that impact this process, such as Zfc3 (Cgs2) and Stb4.

We know that capsule, a key virulence factor, is typically highly induced in the host
or under host-like conditions (102). Our studies in vitro, ex vivo, and in vivo show that
Pdr802 normally reins in this process. This likely occurs via a combination of Pdr802’s
repression of the TF Bzp4, which positively regulates capsule size, and the induction of
other factors (e.g., the TF Fzc1, the phosphodiesterase Pde2, and the kinases Ksp1,
Arg2, and lks1) that negatively regulate capsule size (52, 80, 90).

Overall, we found that Pdr802 influences key cryptococcal phenotypes that
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influence virulence, including quorum sensing, stress responses, Titan cell formation,
and capsule production (Fig. 9). We have further identified multiple genes that are cen-
tral in these processes and are directly regulated by Pdr802. Some of these targets are
also regulated by calcineurin (e.g., Had1 and Crz1) or by another important TF, Gat201
(e.g., Opt1, Liv3, and Zfc3) (60, 74, 75). Finally, the expression of PDR802 itself is requ-
lated by the TFs Gat201 and Hob1 (67, 75). The cross talk between all of these regula-
tory mechanisms remains to be dissected. Nonetheless, it is evident that Pdr802 is criti-
cal for both survival in the lung and dissemination to the brain, thus explaining its role
in cryptococcal virulence.

MATERIALS AND METHODS

Strain construction and cell growth. We previously reported the PDR802 deletion mutant (pdr802)
in the KN99« strain background (103) that was used in this work (39). Complementation of this mutant
with the wild-type gene at the native locus (PDR802) and construction of a strain that expresses Pdrg802
with N-terminal mCherry (mCherry-Pdr802) are detailed in the supplemental methods. For all studies, C.
neoformans strains were inoculated from single colonies into YPD medium (2% [wt/vol] dextrose, 2%
[wt/vol] Bacto peptone, and 1% [wt/vol] yeast extract in double-distilled water [ddH,0]) and grown over-
night at 30°C with shaking at 230 rpm before further handling as detailed below. To assess viability dur-
ing growth in tissue culture medium, overnight cultures were washed with phosphate-buffered saline
(PBS), diluted to 10° cells/ml in DMEM (Sigma; D6429), plated (1 ml/well) in triplicate in 24-well plates,
and incubated at 37°C and 5% CO,. At the indicated times, cells were mixed thoroughly, diluted in PBS,
and plated on YPD agar (YPD medium, 2% agar [wt/vol]) for assessment of CFU. To assess viability dur-
ing growth in mouse serum, mouse blood was collected as described below in “Animal experiments”;
YPD-grown cryptococcal cells were incubated in 100 ul of serum in 96-well plates for 24 h at 37°C and
5% CO,, and CFU were counted as described above.

Animal experiments. All animal protocols were approved by the Washington University Institutional
Animal Care and Use Committee (reference 20170131) or Comissao de Etica no Uso de Animais (CEUA) (refer-
ence 30936), and care was taken to minimize handling and discomfort. For survival studies, groups of five 4-
to 6-week-old female C57BL/6 mice (The Jackson Laboratory) were anesthetized by subcutaneous injection of
1.20 mg ketamine and 0.24 mg xylazine in 120 | sterile water and intranasally infected with 5 x 10* crypto-
coccal cells. The mice were monitored and humanely sacrificed when their weight decreased to below 80%
of initial weight or if they showed signs of disease, at which point organ burden was assessed. The lungs and
brains were harvested, homogenized, diluted, and plated on YPD agar. The resulting CFU were enumerated,
and survival differences were assessed by Kaplan-Meier analysis.

For timed organ burden studies, C. neoformans overnight cultures were centrifuged (1,000 x g for
3 min), washed with sterile PBS, and resuspended in PBS to 1 x 10° cells/ml. Groups of three 4- to 6-
week-old female C57BL/6 mice (Centro Multidisciplinar para Investigacdo Bioldgica na Area da Ciéncia
em Animais de Laboratério [CEMIB]) were anesthetized as described above, intranasally infected with
5x 10* cryptococcal cells, and monitored as described above. At set time points post-infection (see
above), mice were sacrificed and fungal burden was assessed from organs (as described above) or blood
(obtained by cardiac puncture). Organ burden was analyzed by Kruskal-Wallis test with Dunn’s multiple
comparison post hoc test for each day post-infection.

To assess cryptococcal viability in mouse serum, 6 BALB/c mice were anesthetized with isoflurane
and blood was collected from the retro-orbital space using a sterile capillary tube. Collected blood was
incubated at 37°C for 30 min, and serum was isolated by centrifugation at 1,000 x g for 15 min and then
heat inactivated at 56°C for 30 min.

Capsule analysis. To qualitatively assess capsule thickness, strains were grown on YPD medium for
16 h and washed with PBS, and 10° cells were incubated in mouse serum for 24 h at 37°C and 5% CO,.
After incubation, cells were fixed in 4% paraformaldehyde and washed three times with PBS. C. neofor-
mans cells were placed on glass slides and mixed with similar volumes of India ink, and the capsule was
measured as previously described (104).

For population-level capsule measurement, C. neoformans strains were grown overnight in YPD,
washed with PBS, and diluted to 10° cells/ml in DMEM. Aliquots (150 ul) were then plated in quadrupli-
cate in the middle 32 wells of a poly-L-lysine-coated 96-well plate (Fisher; 655936) and incubated at 37°C
and 5% CO,. After 24 h, the cells were washed with PBS and incubated with 150 | of a staining mixture
(100 g/ml calcofluor white to stain cell walls, 50 wg/ml of the anticapsular monoclonal antibody 302
conjugated to Alexa Fluor 488 [Molecular Probes], and 1.5% goat serum in PBS) for 30 min at room tem-
perature in the dark. The cells were washed again with PBS, fixed with 4% formaldehyde for 10 min at
room temperature, and washed with PBS, and each well was refilled with 150 ul PBS. The cells were
imaged using a BioTek Cytation 3 imager, which automatically collected 100 images per well in a grid
pattern at the well center. Image files were prepared for analysis with GE Healthcare IN Cell Translator
and assembled into .xdce image stacks for analysis with GE Healthcare IN Cell Developer Toolbox 1.9.
Cell wall and capsule images were first filtered to remove background noise and border objects, and
then cells were identified using shape-based object segmentation (3-pixel kernel, 50% sensitivity) fol-
lowed by watershed clump breaking to prevent apparent connectivity caused by incomplete segmenta-
tion. Target linking was performed to assign each cell wall object to one capsule object based on known
1:1 pairing and location, generating a target set. Capsule and cell wall object diameters were calculated
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FIG 9 Pdr802 mode of action. (Left) When wild-type C. neoformans enters a host, PDR802 expression is induced and Pdr802 positively
regulates elements of the quorum sensing pathway (described in the text) as well as expression of TFs implicated in this pathway (L/V3),
Titan cell production (ZFC3), and brain infectivity (STB4). At the same time, Pdr802 regulates two calcineurin targets (CRZ1 and HADT) and a
variety of other genes (see the text). Shown are a few examples of genes involved in the response to oxidative stress (SODT7), growth at 37°C
(KICT), urease activity (GUTT), capsule production (BZP4), and cell wall remodeling (MP98). (Right) In the absence of these regulatory changes,
pdr802 cells are poorly equipped to survive the stress of the host environment and are subject to increased intracellular calcium levels,
dysregulation of capsule production, and impaired stress resistance. As a result, the cryptococcal population in the lung is smaller and is
enriched in Titan cells and hypercapsular cells of normal size, both of which demonstrate reduced phagocytosis by host cells and impaired
ability to cross biological barriers; these defects reduce dissemination to the central nervous system.
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for each target set (hundreds to thousands per well), and the difference between measurements in each
pair was defined as the capsule thickness. Data were normalized by the difference in capsule thickness
between uninduced and induced WT cells, which were included in each experiment, and compared to
data for hypercapsular (pkr1) (39) and hypocapsular (ada2) (105) control strains in each experiment.
Capsule sizes were compared by one-way analysis of variance (ANOVA) with Dunnett’s multiple compar-
ison post hoc test.

To measure capsule thickness of cryptococcal cells grown in the lungs of infected mice, lung homog-
enates were filtered through a cell strainer with 40-um pores using a syringe plunger, fixed in 3.7%
formaldehyde, and used for India ink staining and measurement as described above. For the visualiza-
tion of KN99« and PDR802 cells from mouse lungs after 18 days of infection, the tissue was treated with
50 ng/ml DNase | for 30 min at 37°C.

GXM immunoblotting was conducted as previously described (71). Briefly, 10° cells/m| were grown
in DMEM for 24 and 48 h. Culture supernatant fractions were then resolved by gel electrophoresis on
0.6% agarose, transferred onto nylon membranes, and probed with 1 wg/ml anti-GXM antibody 302.

Phenotypic assays. For stress plates, cryptococcal cells were grown overnight in YPD, washed with
PBS, and diluted to 107 cells/ml in PBS. Aliquots (3 ul) of 10-fold serial dilutions were spotted on YPD or
YNB agar supplemented with various stressors (sorbitol, NaCl, CaCl,, LiCl, Congo red, calcofluor white,
caffeine, SDS, NaNO,, H,0,, and ethanol) at the concentrations indicated in the figures. Melanization was
tested on plates made by mixing 10 ml of 2x minimal medium (2 g/liter L-asparagine, 1 g/liter MgSO, s°
7H,0, 6 g/liter KH,PO,, 2 g/liter thiamine, 2mM L-3,4-dihydroxyphenylalanine [L-DOPA]; 0.1% dextrose
was added for melanization induction, and 0.5% was added for melanization inhibition) with 10 ml of
2% agar-water per plate. A control strain lacking the ability to melanize was used as a control (lac7) (88).
For the solid urease assay, 10 ul of a 107 cells/ml suspension in water was plated on Christensen’s urea
solid medium (1 g/liter peptone, 1 g/liter dextrose, 5 g/liter NaCl, 0.8 g/liter KH,PO,, 1.2 g/liter Na,HPO,,
0.012 g/liter phenol red and 15 g/liter agar; pH 6.8). Plates were incubated at 30°C or 37°C.

Titan cells. Titan cell induction was performed in 1x PBS supplemented with 10% heat-inactivated
fetal calf serum (FCS) for 72h at 37°C and 5% CO, as recently described (49) and quantified by flow
cytometry as previously reported (47, 48). For analysis of DNA content, cells were treated as previously
described (47) with a few modifications. Briefly, cultures were fixed with 70% ethanol for 1 h at 24°C and
then overnight at 4°C, washed twice with PBS, and then treated with propidium iodide (50 uwg/ml) and
RNase A (0.5mg/ml) in PBS for 2h at 30°C with agitation. Quantification was performed using a FACS
ARIA IIl (BD) cytometer with analysis on the Cytobank platform. A total of 20,000 events were recorded,
and doublets were filtered out using comparisons of forward-scatter width (FSC-W) versus forward-scat-
ter height (FSC-H) to exclude events with high FSC-W and FSC-H. To define the 1C and 2C gates, cells
were grown in yeast nitrogen base (YNB) (24 h, 30°C, 150 rpm) without or with 80 ng/ml benomyl, which
traps cells in 2C, as recently reported (106).

Phagocytosis. J774.16 cells were prepared for uptake experiments by seeding (10° cells/well) in a
96-well plate and incubating in DMEM supplemented with 10% fetal bovine serum (FBS) at 37°C and 5%
CO, for 24 h. C. neoformans cells were prepared for uptake experiments by inoculating an overnight cul-
ture in YPD into either DMEM or Titan cell induction medium (49) and growing at 37°C and 5% CO, for
24 or 72 h, respectively. To initiate the study, cryptococcal cells were washed with PBS and opsonized
with anti-capsular antibody 18B7 (1 ug/ml) for 1 h at 37°C, while macrophages were activated with
50nM phorbol myristate acetate (PMA) for 1 h at 37°C and 5% CO,; 10° cryptococcal cells were then
incubated with the macrophages for 2 h at 37°C and 5% CO,. The wells were then washed three times
with warm PBS, and the macrophages were lysed with 0.1% Triton in PBS and plated for CFU enumera-
tion as described above. Fold change in numbers of CFU was assessed by comparison to the CFU of
opsonized cells. One-way ANOVA with Dunnett’s multiple-comparison post hoc test was used to com-
pare phagocytosis of pdr802 and PDR802 strains with that of KN99.

Chromatin immunoprecipitation. ChIP studies were performed as previously described (39, 105).
Briefly, wild type and N-terminal-mCherry-Pdr802 strains were cultivated in DMEM for 24 h at 37°C and
5% CO,. The cells were then fixed with formaldehyde and lysed by mechanical bead-beating, and the
cell debris was removed by centrifugation. The supernatant fraction was sheared by sonication and cen-
trifuged, and an aliquot was reserved as “input.” The remaining material was incubated with rabbit IgG
anti-mCherry antibody (Abcam; ab213511) tethered to protein A Sepharose (IP) or Sepharose alone over-
night at 4°C. The beads were then washed, incubated at 65°C to reverse DNA-DNA and DNA-protein
cross-links, and the DNA was recovered by phenol-chloroform-isoamyl alcohol (25:24:1) extraction, etha-
nol precipitation, and resuspension in nuclease-free water.

Samples were submitted to the Washington University Genome Technology Access Center for library
preparation, and DNA samples were sequenced using the lllumina NextSeq platform. The first replicate
was sequenced using paired-end 2 x 75-bp reads, and replicates 2 and 3 were sequenced using single-
end 75-bp reads; the minimum coverage obtained was ~16x. The quality of the reads was evaluated by
FastQC (107). Fastq files were aligned to the KN99 genome (108) using NextGenMap 0.5.3 (109). SAM
files were converted to bam, reads were sorted and indexed, and read duplicates were removed from
the final bam files using SAMtools (110). SAMtools was also used to filter out reads with a mapping qual-
ity of less than 20 phreds to guarantee single alignment of the reads. Peaks were called using MACS2
(2.1.1.20160309) (111), filtered by size (maximum threshold of 5kb and no minimum), and annotated
using Homer 4.8 (112). The significant peaks were chosen using the cutoff of fold enrichment above 2
and an adjusted P value of <0.05, and read coverage of each peak was obtained using SAMtools (110).
Pdr802 binding motifs were identified using DREME (76); partial motifs were defined as at least 5 consec-
utive base pairs of the motif.
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RNA-Seq and DTO. RNA from wild-type and pdr802 cells grown for 24 h in DMEM (37°C, 5% CO,)
was isolated and sequenced as previously described (39). Briefly, cDNA samples were sequenced using
the lllumina NextSeq platform for paired-end 2 x 75 bp reads and read quality was evaluated by FastQC
(107). Fastq files were aligned to the KN99 genome (108) using NovoAlign (113), SAM files were con-
verted to bam, reads were sorted and indexed, and read duplicates were removed from the final bam
files using SAMtools (110). The number of reads mapped per gene was calculated using HTSeq (114),
and differential gene expression was analyzed with DESeq2 (115), using the independent hypothesis
weighting (IHW) package to calculate the adjusted P values (116). Dual-threshold optimization (DTO)
analysis was performed as recently described (77). This is a method for simultaneously finding the best
thresholds for significance in a TF binding location data set (e.g., ChIP) and a TF perturbation response
data set (e.g., RNA-Seq of a TF mutant). It works by trying out all pairs of thresholds for the two data
sets, picking the pair that minimizes the probability of the overlap between the bound and responsive
gene sets occurring by chance under a null model, and testing the significance of the overlap by com-
parison to randomly permuted data. Our application of DTO to our ChIP and RNA-Seq data yielded
1,455 bound genes, 5,186 responsive genes, and 1,167 genes that were both bound and responsive.
Based on DTO, Pdr802 has an acceptable convergence from binding and perturbation, with a P value of
<0.01 from the random permutation test and minimum expected false discovery rate (FDR) less than or
equal to 20% at 80% sensitivity. In addition to requiring a statistically significant overlap between the
ChIP-Seq and RNA-Seq gene sets, we filtered out any genes for which traditional differential expression
analysis yielded an adjusted P value of =0.15 or absolute fold change of =0.3, leaving 380 bound
targets.

Intracellular calcium measurement. To measure intracellular free Ca?*, yeast cells were cultured
overnight in YPD at 30°C with shaking, washed three times with deionized water, diluted to 10° cells/ml
in DMEM (Sigma; D6429), plated (1 ml/well) in triplicate in 24-well plates, and incubated at 37°C and 5%
CO, for 24 h. At the indicated times, cells were mixed thoroughly, diluted in PBS containing 2 uM Fluo4-
AM (Thermo Fisher), incubated at 30°C for 30 min, and analyzed using flow cytometry. The overnight cul-
ture was used as a control and treated as above.

Data availability. ChIP-Seq and RNA-Seq data files are available at the NCBI Gene Expression
Omnibus under accession numbers GSE153134 and GSE162851, respectively.
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SUPPLEMENTARY FIGURES
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Figure S1. Mutant strain construction and confirmation. A. Scheme for generating C.
neoformans strains in the KN99a background (middle) that either lack PDR802 (pdr802,
top) or encode a tagged copy of the protein (mCherry-PDR802). B. Qualitative analysis of
gene expression in Panel A strains and the complemented pdr802 mutant (PDR802).
Cryptococcal mRNA isolated from cells grown in DMEM (37°C, 5% CO2, 24 hours) was
used to generate cDNA; from this, segments of the genes indicated at the left were
amplified using the primers listed in Data Set S2, Sheet 5, and the products were analyzed
by agarose gel electrophoresis. Fragment sizes (in bp) are indicated at right and the ladder

bands shown are 400, 500, 650, 850 and 1000 bp for the top panel; 200, 300, 400, 500,
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and 650 bp for the middle panel; and 100, 200, and 300 bp for the bottom panel. C.
Quantitative analysis of PDR802 expression. Samples of RNA isolated as in B were
analyzed for PDR802 expression by qRT-PCR. All results were normalized to ACT1
expression. Each symbol represents a biological replicate, with the mean and standard
deviation also shown. ***, p<0.001 compared to KN99a by one-way ANOVA with posthoc

Dunnett test.
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Figure S2. Organ burdens. A. Mean +/- SD values of total colony-forming units (CFU) in

the indicated tissue of mice from the Figure 1 survival curve are shown. Each point is the

average value for a single animal at the time of death. For pdr802 infections, red circles
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represent mice sacrificed at days 65 and 69, while blue circles represent mice sacrificed at
the end of the study (day 100). B. Mean +/- SD of total colony-forming units (CFU) in the
blood and brain at the indicated times post-infection. C. Mean +/- SD of total colony-forming
units (CFU) in the lung, blood and brain 75 days after infection with pdr802. Each color

represents one mouse.
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FIGURE S3
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Figure S3. Characterization of pdr802 cells. Panels A-C.10-fold serial dilutions of WT,
pdr802, and PDR802 cells were plated on the media shown and incubated at 30°C (A),
37°C (B), or 37°C in the presence of 5% CO:2 (C). Nitrosative (NaNO3z) and oxidative (H202)
stress plates were prepared with YNB medium and melanization plates containing L-DOPA
were prepared as in the Methods; all other plates were prepared with YPD medium. lacl,
a control strain lacking the ability to melanize (88). D. Urease activity of the indicated strains
was evaluated using Christensen’s urea solid medium (see Methods) at the indicated

temperatures. urel, a control strain that does not produce urease (17).
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FIGURE S4
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Figure S4. Growth curves and capsule shedding. Panels A-B. Growth of the strains
indicated in YPD at 30°C (A) or DMEM at 37°C and 5% CO:2 (B) was assessed by ODsoonm
at the times shown. C. Conditioned medium from the indicated strains was probed for the
presence of GXM after growth in DMEM for 24 or 48 hours. Equal volumes of culture
supernatant were analyzed without normalization to cell density. Immunoblotting was

performed using the anti-GXM monoclonal antibody 302.

80



FIGURE S5
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Figure S5. Semi-automated assay for cryptococcal capsule imaging. A. Schematic of
applying this method to cryptococcal cells induced to form capsule by growth in DMEM
(37°C, 5% COg2) for 24 h, followed by cell wall and capsule staining. Thousands of cells
may be imaged per well and analyzed automatically with software that annotates and
measures the capsule (annotated on the micrograph in blue) and cell wall (annotated in
bright green). See Methods for details. B. Capsule size distribution of WT cells after
induction. Capsule thickness for each cell is the difference between the paired diameters
of the cell wall and capsule, which is plotted here with reference to the mean value. C and
D. Mean and SD (C) and cumulative percentage (D) analysis of WT compared to hyper
and hypocapsular control strains (here pkrl and ada2, respectively). Capsule thickness is

in arbitrary units, related to the pixels measured. E. The time required to analyze the
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capsule thickness of 1,000 cells by this method compared to manual assessment of India

ink images.
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FIGURE S6
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Figure S6. PDR802 deletion induces Titan cell formation. Mean +/- SD of (A) total cell
diameter and (B) the ratio of total cell to cell body diameters (diameter ratio), assessed by
measuring at least 50 cells per strain with ImageJ. **, p<0.01 and **** p<0.0001 for
comparison of pdr802 to KN99a or PDR802 by one-way ANOVA with posthoc Dunnett test
for each day post-infection. C. Percent of Titan cells in the indicated strain, evaluated using
various published parameters: cell body diameter above 10 or 15 um (20) or total cell
diameter above 30 um (43).
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FIGURE S7
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Figure S7. Pdr802 strain viability, putative DNA-binding motifs, and self-regulation.

A. The indicated strains were grown in DMEM at 37°C and 5% CO: for the times shown
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and samples were tested for their ability to form colonies on YPD medium. Plotted is the
fold-change in CFU relative to the initial culture. B. Putative Pdr802-binding motifs
determined using DREME (74). Primary and secondary hits are shown for analysis of 1,000
bp upstream of the initiating ATG. C. Pdr802 self-regulation. The ratios (logz) of reads from
immunoprecipitated (IP) DNA to reads from input DNA were calculated for 1,000 bp
upstream of the first coding nucleotide (+1) of PDR802; shown is the difference in these
values between tagged and untagged strains. Red triangles, complete Pdr802 DNA-

binding motifs (Figure S7B); blue triangles, partial motifs.
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SUPPLEMENTARY METHODS

Strain construction

To complement the pdr802 deletion mutant at its native locus, we used a split
marker strategy (1) to replace the nourseothricin marker with the original PDR802
sequence (including its native promoter and terminator) followed by a geneticin (G418)
resistance marker. To do this we PCR amplified the PDR802 sequence (4131 bp) with
primers JR01/02 and the G418 resistance marker (1627 bp) with primers JR03/04 (see
the Data Set S2, Sheet 5 for primer sequences); both amplicons were then gel purified
and cloned in tandem into Ndel-digested pUC19, using Gibson Assembly Master Mix (2),
to form pUC19+PDR802+G418. This plasmid was digested with Ndel and BssHII to
release a 5492-bp fragment containing PDR802 and a 5’ portion of the G418 marker. The
3’ portion of the G418 resistance marker (750 bp) was amplified using primers JR05/06
and fused by PCR to a region 3’ of PDR802 (1017 bp; amplified with JR07/08) to yield a
1767 bp product. These fragments were used in biolistic transformation of pdr802 cells as

in ref (3).

To tag Pdr802 with mCherry at the N-terminus, we first fused approximately 1.2 kb
upstream of the start codon of PDR802, a sequence encoding mCherry, the PDR802
coding sequence with 500 bp of downstream sequence, and a NAT resistance marker
sequence. To generate these segments the PDR802 promoter (1286 bp) was amplified
with primers JR09/10; the mCherry sequence (714 bp) with JR11/12; the PDR802 coding
sequence (2957 bp) with JR13/14; and the NAT marker cassette (1721 bp) with primers
JR15/16. All fragments were gel purified and cloned as above into pUC19 digested with

Sacl and Ndel, to form pUC19+mCherry+Pdr+NAT. This was digested with Ndel and
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BssHII to release a 5559 bp fragment. The 3’ portion of the NAT resistance marker (832
bp) was amplified with primers JR17/18 and fused by PCR to a region 3’ of PDR802
amplified with JR19/20 (1064 bp) to form a 1896-bp product. These fragments were used
in biolistic transformation of KN99a cells as above. All strains were confirmed by PCR
and sequencing, and further analyzed by RT-PCR and gRT-PCR (see Supplemental

Figure 1).

gRT-PCR

RNA from cryptococcal cells grown in DMEM at 37°C with 5% CO: for 24 hours
was extracted with TriZol® reagent (Invitrogen, MA, USA) according to the
manufacturer’s instructions. RNA integrity was assessed by electrophoresis on 1%
agarose and quantification was performed by absorbance analysis using a NanoDrop™
2000 spectrophotometer (Thermo Fisher Scientific). cDNAs were prepared from DNase
(Promega, WI, USA)-treated total RNA samples (290 ng) using ImProm-Il reverse
transcriptase (Promega) and oligo-dT. Quantitative real-time PCR (qRT-PCR) was
performed on a Fast 7500 real-time PCR system (Applied Biosystems, MA, USA) with the
following thermal cycling conditions: 95°C for 10 min followed by 40 cycles of 95°C for 15
s, 55°C for 15 s, and 60°C for 60 s. Platinum® SYBR® green gPCR Supermix
(Invitrogen) was used as the reaction mix and supplemented with 5 pmol of each primer
(see Data Set S2, Sheet 5, for sequences) and 8 ng of cDNA template for a final volume
of 10 ul. All experiments were performed in biological triplicate and each sample was
analyzed in triplicate for each primer pair. Melting curve analysis was performed at the

end of the reaction to confirm the presence of a single PCR product. Data were
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normalized to levels of ACT1, which was included in each set of PCR experiments.

Relative expression was determined using the 2~ ““' method.
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4. Discussao

A regulacdo da producao de fatores de viruléncia é crucial para a patogénese
de agentes infecciosos e para o estabelecimento de infec¢cdes microbianas. Se
esses processos nao forem coordenados adequadamente, o patdgeno tera menor
probabilidade de sobreviver a resposta imunoldgica e de causar danos ao
hospedeiro. Um fator de viruléncia chave do patdgeno C. neoformans € a producao
de uma capsula polissacaridica que envolve a parede celular; esta estrutura ajuda
as células fungicas a resistirem ao engulfamento e eliminacdo pelos fagocitos do
hospedeiro. Outro fator de viruléncia criptocécico importante € a producdo de
células gigantes que aumenta a resisténcia dos fungos a fagocitose, estresse
oxidativo e tratamento antifingico. Neste trabalho, identificamos o fator de
transcricdo Pdr802 como essencial para a adaptacdo e sobrevivéncia de C.
neoformans em condicdes do hospedeiro in vitro e in vivo. Células de C.
neoformans sem Pdr802 exibem capsulas aumentadas e maior producéo de células
de células gigantes e, consequentemente, viruléncia drasticamente reduzida em
um modelo murino de infeccdo. Esses resultados demonstram que mais nao é
necessariamente melhor quando se trata de fatores de viruléncia. Em vez disso, a
regulacdo precisa dessas caracteristicas, para evitar subexpressdo ou
superexpressao, € critica para o sucesso desse patdégeno frente aos desafios

impostos pelo ambiente hospedeiro.

Ao buscar o mecanismo desses fenotipos variados, descobrimos que Pdr802
regula varios genes cujos produtos atuam no remodelamento da parede celular, na
resposta ao estresse oxidativo, na resisténcia a temperatura do hospedeiro e na
producédo de fatores de viruléncia. Por exemplo, Pdr802 regula diretamente varios
genes que influenciam a espessura da capsula, de modo que a perda desse fator
de transcricdo resulta na producdo de fibras capsulares alongadas e
consequentemente capsulas aumentadas. Notavelmente, apesar deste fenétipo de
hipercapsularidade, o mutante pdr802 é significativamente menos virulento do que
a linhagem controle. Embora parte dessa mudanca na patogenicidade seja
provavelmente devido a fatores além da capsula, como a dificuldade de

sobrevivéncia desse mutante em condicbes que mimetizem o ambiente do
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hospedeiro, ela também pode ser influenciada por caracteristicas da capsula do
mutante que, de alguma forma, podem favorecer uma resposta imune do
hospedeiro forte e eficiente. Dentre eles podemos destacar possiveis mudancas
estruturais das fibras polissacaridicas, também como sua distribuicdo ao longo da

parede celular e composicao.

Como a cépsula, as células gigantes sdo conhecidas por contribuirem para a
viruléncia criptococica, mas sédo paradoxalmente mais produzidas pelo mutante
hipovirulento pdr802. A principal hipétese € que isso deve-se em grande parte a
incapacidade das células do mutante pdr802 de se comunicarem adequadamente
por meio de quorum sensing, que normalmente inibe a formacdo de células
gigantes, entre outras fun¢des. Na linhagem selvagem de C. neoformans, o fator
de transcricdo Pdr802 regula positivamente a expressao de genes que codificam a
protease Pgpl, o transportador Optl e o fator de transcricdo Liv3, que
respectivamente processam, importam e respondem ao peptideo de quorum
sensing Qspl. Como resultado, as células sem Pdr802 sdo incapazes de detectar
umas as outras normalmente; isso pode prejudicar sua adaptacdo ao ambiente do
hospedeiro, incluindo a modulacdo da formacdo de células de gigantes. Essa
desregulacédo, combinada com a expressdo perturbada de outros genes que
influenciam a formacéao das células de Titas, desencadeia uma producédo dramatica

desse morfotipo.

Os exemplos de formacao de capsula e células gigantes destacam o potencial
perigo representado para o patégeno pela producdo ndo modulada de até mesmo
fatores de viruléncia valiosos. Embora a inibicdo ou diminuicdo da producédo de um
fator de viruléncia importante geralmente favoreca a resposta imune e o controle
de patégenos pelo hospedeiro in vivo, nesses casos, uma resposta fungica
aberrante ao ambiente desafiador do hospedeiro leva ao fracasso da infeccao
criptocécica. Claramente, a regulacdo equilibrada dos determinantes de viruléncia
€ essencial para C. neoformans superar os desafios continuos que encontra no

ambiente de um hospedeiro infectado (Figura 9).
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Selvagem: virulento pdr802: avirulento

Figura 9. A patogénese efetiva requer uma regulacéo rigida dos fatores de
viruléncia. Niveis 6timos de producdo de capsula polissacaridica e células
gigantes sdo chave para o sucesso da infeccdo pela linhagem selvagem
(esquerda); perturbacdo no balanco entre essas caracteristicas reduz
drasticamente a patogenicidade do mutante nulo pdr802 (direita).
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5. Conclusdes

5.1.0 fator de transcricdo Pdr802 € indispensavel para a viruléncia de C.
neoformans e sua inativagcdo altera o curso da infecdo em modelo
experimental murino;

5.2.Pdr802 é importante para a sobrevivéncia da levedura em condi¢cbes que
mimetizam o ambiente do hospedeiro in vitro, como em meio DMEM e soro
de camundongo;

5.3.Pdr802 regula negativamente a manutencdo do tamanho da capsula
polissacaridica e a producédo de células gigantes de C. neoformans;

5.4.Pdr802 regula positivamente genes envolvidos no quorum sensing de C.
neoformans, como PQP1, OPT1 e LIVS;

5.5.Pdr802 regula alvos envolvidos na sinalizacdo da fosfatase calcineurina,
como Hadl e Crzl e na resisténcia ao estresse oxidativo, producao de
melanina, integridade da parede celular, crescimento a 37°C e atividade de
urease.
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6. Perspectivas

6.1. Determinar sinais especificos que induzam a expressao do gene PDR802
empregando ensaios de RT-gPCR da linhagem selvagem em meios de
cultura de células distintos, em temperaturas diferentes e com e sem adicao
de componentes especificos, ainda a serem determinados;

6.2.Quantificar a viabilidade da linhagem pdr802 em DMEM com diferentes
concentracdes celulares iniciais para avaliacdo da concentracdo de Qspl
na sobrevivéncia da linhagem;

6.3.Avaliar a relagdo entre a homeostase de célcio e a formagéo de células
gigantes em C. neoformans a partir da regulacao de Pdr802:

6.3.1. Avaliar a expressao génica global na linhagem selvagem de C.
neoformans e no mutante nulo pdr802 em condi¢cbes de inducdo de
células gigantes in vitro;

6.3.2. Avaliar a producdo de células gigantes, viabilidade celular e
concentracdo de calcio citoplasmatico em mutantes envolvidos na
homeostase de calcio (pmc1l, vex1, pmclvexl, cchl, crzl, cnal, cnbl)
expostos a condi¢cfes de inducéo in vitro;

6.3.3. Construir mutantes duplos e/ou de expressao induzida para descricéo

do mecanismo da interacdo da via da calcineurina e do fator de
transcricdo Pdr802 na formacéao de células gigantes em C. neoformans.
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7. Anexo 1 - Manuscrito publicado junto ao periédico mSphere
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ABSTRACT The yeast-like pathogen Cryptococcus gattii is an etiological agent of
cryptococcosis. The major cryptococcal virulence factor is the polysaccharide cap-
sule, which is composed of glucuronoxylomannan (GXM), galactoxylomannan
(GalXM), and mannoproteins (MPs). The GXM and GalXM polysaccharides have been
extensively characterized; however, there is little information about the role of man-
noproteins in capsule assembly and their participation in yeast pathogenicity. The
present study characterized the function of a predicted mannoprotein from C. gattii,
designated Krp1. Loss-of-function and gain-of-function mutants were generated, and
phenotypes associated with the capsular architecture were evaluated. The null mu-
tant cells were more sensitive to a cell wall stressor that disrupts beta-glucan syn-
thesis. Also, these cells displayed increased GXM release to the culture supernatant
than the wild-type strain did. The loss of Krp1 influenced cell-associated cryptococ-
cal polysaccharide thickness and phagocytosis by J774.A1 macrophages in the early
hours of interaction, but no difference in virulence in a murine model of cryptococ-
cosis was observed. In addition, recombinant Krp1 was antigenic and differentially
recognized by serum from an individual with cryptococcosis, but not with serum
from an individual with candidiasis. Taken together, these results indicate that
C. gattii Krp1 is important for the cell wall structure, thereby influencing capsule as-
sembly, but is not essential for virulence in vivo.

IMPORTANCE Cryptococcus gattii has the ability to escape from the host’s immune
system through poorly understood mechanisms and can lead to the death of
healthy individuals. The role of mannoproteins in C. gattii pathogenicity is not com-
pletely understood. The present work characterized a protein, Kpr1, that is essential
for the maintenance of C. gattii main virulence factor, the polysaccharide capsule.
Our data contribute to the understanding of the role of Kpr1 in capsule structuring,
mainly by modulating the distribution of glucans in C. gattii cell wall.

KEYWORDS Cryptococcus gattii, capsular polysaccharide, mannoprotein
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Reuwsaat et al.

he sibling species Cryptococcus gattii and Cryptococcus neoformans are the main

cause of cryptococcosis in animals and humans (1), a life-threatening disease with
an annual incidence of nearly 280,000 cases (2). Globally, cryptococcal meningitis
accounts for 15% of AIDS-related deaths and, if not properly threated, can cause up to
70% of the deaths of cryptococcosis patients (2). While C. gattii is mostly responsible
for the infections of immunocompetent patients, C. neoformans has higher infection
incidence in immunocompromised hosts (3). C. gattii infections were assumed to be
restricted to tropical and subtropical areas, but the outbreak in 1999 on Vancouver
Island, Canada, altered this view, confirming the presence of this species in temperate
regions (4, 5). C. gattii is widespread in trees and soil, initiating human infection by the
inhalation of spores or dried yeasts, which when they reach the lungs can spread
through the bloodstream to the brain, causing meningitis (6).

During the host-pathogen interaction, Cryptococcus species use a repertoire of
virulence strategies to survive and proliferate, including the production of melanin,
secretion of enzymes such as phospholipase B and urease, as well as the production of
a polysaccharide capsule that interacts with the cell wall (7). The capsule is considered
the major cryptococcal virulence factor due to its immunosuppressive properties
(8-12). It is composed of the polysaccharides glucuronoxylomannan (GXM) (90 to 95%)
and galactoxylomannan (GalXM) (5 to 10%), with less than 1% of mannoproteins (MPs)
(13, 14). Chitooligomers (15) and glucans (16), as well as some cytoplasmic proteins
(heat shock proteins) (17), have also been identified as transitory components of the
capsule, revealing the dynamics of this structure. C. neoformans GXM is the most
characterized capsule component (18), and its functional characteristics are usually
similar to those of C. gattii GXM (19). However, different GXM fractions produced by
C. gattii and C. neoformans could develop distinct innate immune responses in host
cells (20, 21), suggesting that C. gattii GXM is different from C. neoformans to some
extent. It is also known that C. neoformans strains with mutations in gene products
involved in galactose metabolism do not secret GalXM and are easily eradicated from
the host, revealing the importance of this polysaccharide in the yeast pathogenicity
(22).

The roles of mannoproteins in capsule structure and assembly are still not clear.
However, their influence in the induction of T cell responses in the host is well
established (23-25), indicating their potential as targets to immunotherapy. Manno-
proteins are found in a large variety of fungi (26, 27), and their functions are closely
related to cell wall structure (28, 29). Studies have demonstrated the function of
mannoproteins in cryptococcal physiology or virulence. C. neoformans Cig1 is a man-
noprotein that functions as a cell surface hemophore, and cells lacking CIGT displayed
impaired growth in iron-limiting medium and a small capsule phenotype (30, 31).
Moreover, the MP98 protein from C. neoformans was characterized as a chitin deacety-
lase that contributes to the maintenance of cell wall integrity (32). Despite their low
abundance in the capsule, the role of mannoproteins in capsular architecture has never
been established. This study determined that a C. gattii mannoprotein (Krp1) affects
capsule assembly in the cell wall but does not influence yeast pathogenicity in vivo.

RESULTS

The predicted mannoprotein repertoire of C. gattii. In order to characterize the
set of predicted mannoproteins encoded by C. gattii R265, an in silico approach was
used to identify proteins with mannoprotein signatures, specifically, the presence of a
signal peptide, a glycosylphosphatidylinositol (GPI) anchor, and serine-threonine-rich
sites that would comprise the glycosylation site (33). Employing a combination of
SignalP (34), PredGPI (35), and GlycoEP (36) analyses, the presence of 34 mannoprotein-
coding genes in C. gattii R265 genome was predicted (see Table S1 in the supplemental
material). Profile assignments employing InterProScan (37) led to the identification of
diverse conserved domains in 20 of these predicted proteins, most of them related to
enzymes acting on carbohydrates (Table S1). Among such mannoprotein-coding genes,
CNBG_4278 is the only one with a Kelch structural domain signature, as revealed by the
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FIG 1 Recombinant Krp1 is antigenic. (A) Western blot. Purified recombinant truncated Krp1 (rKrp1t)
expressed in E. coli was serially diluted (1:2) and probed with pooled sera from cryptococcal patients (top
panel). SDS-PAGE mirror gel (bottom panel). (B) ELISA. One microgram of purified rKrp1t was probed with
sera from patients with cryptococcosis and candidiasis. Results were analyzed by unpaired t tests. OD
readings to determine IgG and IgM are shown. Values that are significantly different (P < 0.001) by t test
are indicated by three asterisks.

superfamily database module of InterProScan. This domain is present in glyoxal and
galactose oxidases, enzymes that interact with and modify carbohydrates (38). The
CNBG_4278 ortholog in C. neoformans (CNAG_05595) was found in extracellular vesi-
cles (EVs) known as “virulence bags” (39, 40), as well as in the cryptococcal secretome
(41). Moreover, this gene was found to be differentially expressed in mutants for kinases
that govern cell wall integrity (42). Hence, CNBG_4278 was characterized, hereafter
described as Kelch repeat-containing protein 1 (Krp1). Despite the presence of a
structural domain characteristic of Kelch domain-containing proteins, C. gattii Krp1
does not share similarity with these enzymes, not even with Saccharomyces cerevisiae
and Candida albicans Kelch domain-containing protein (Kel1p) (Fig. S1).

Krp1 is antigenic but not essential for C. gattii virulence in vivo. Considering that
the Krp1 ortholog from C. neoformans was found in the secretome, it was hypothesized
that such a protein could elicit an immune response in the host. The recombinant Krp1
was produced in Escherichia coli to evaluate the antigenicity of the predicted manno-
protein Krp1. As the expression of recombinant full-length fungal mannoproteins
generally displayed a low yield when expressed in prokaryotic systems (43), a truncated
form (rKrp1t) was generated that lacked the signal peptide (first 20 amino acids) and
the predicted GPI anchoring signal (last 30 amino acids). Due to the presence of a Hisg
tag in the carboxy terminus, the recombinant protein was purified by cobalt affinity
chromatography. The purified rKrp1t was serially diluted and submitted to Western
blotting using pooled sera from patients with cryptococcosis. A strong recognition
signal could be detected with all dilutions of rKrp1t, confirming the Krp1 antigenicity
(Fig. 1A). Also, an enzyme-linked immunosorbent assay (ELISA) was performed to
confirm the recognition specificity of the recombinant Krp1 using sera from patients
infected by other fungal pathogens. Optical density (OD) readings using sera from
cryptococcosis patients were at least five times higher (IgG) or three times higher (IgM)
than those obtained with sera from patients with candidiasis (Fig. 1B). These results
suggest that the predicted mannoprotein is produced during infection and can be
recognized by the host.
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FIG 2 Deletion of the KRP1 gene alters the yeast phagocytosis rate but is not necessary for the full virulence of C. gattii. (A)
Phagocytosis index was assessed by flow cytometry after 2 h of interaction of FITC-labeled WT, krp1A, and krp1A:KRP1 strains of
cryptococcal cells with J774.A1 macrophages. (B) After 2 h of interaction of WT C. gattii, krp1A, and krp1A:KRP1 cells with J774.A1 cells,
murine cells were lysed, and the numbers of CFU per milliliter were determined. Data are shown as the means plus standard deviations
(SD) for three biological replicates. One-way analysis of variance (ANOVA) followed by posthoc Dunnett test was performed. Values
that are significantly different (P < 0.01) from the value for the wild-type strain (R265) are indicated by two asterisks. (C) Virulence assay
in an intranasal inhalation infection model using BALB/c mice. (D) Fungal load in mouse lungs collected 24 or 48 h postinfection with
C. gattii WT and krp1A cells.

To understand the role of Krp1 in C. gattii virulence, krpTA null mutant and
krp1A::KRP1 complemented mutant strains were constructed (Fig. S2). As macrophages
are the host’s first line of defense against cryptococcal cells, the outcome of wild-type
(WT), mutant, and complemented strains from in vitro interactions with phorbol my-
ristate acetate (PMA)-activated J774.A1 macrophages were evaluated. The phagocytosis
index of krpT1A cells was lower than those of the WT and complemented strains as seen
after 2 h of coincubation either by flow cytometry and by cryptococcal CFU determi-
nation analyses (Fig. 2A and B), suggesting that the absence of Krp1 altered the
association of cryptococcal cells with macrophages, at least at the early stages of
interaction. This was also confirmed by a Giemsa assay (Fig. S3). In order to evaluate
whether the lower phagocytosis index of krp1A cells would reflect an altered virulence,
BALB/c mice were intranasally infected with the WT, mutant, and complemented
strains. No significant differences in the survival of the mice infected with the different
C. gattii strains were observed (Fig. 2C), suggesting that Krp1 is not fundamental for
cryptococcal virulence. In order to evaluate whether the reduced phagocytosis index
determined in vitro would be observed in vivo, histopathological analysis was con-
ducted using lungs of mice infected with WT and mutant strains. We did not detect
a statistically significant difference in the lung fungal burdens from mice infected with
the WT or krpTA strains, either at 24 or 48 h postinfection (Fig. 2D). In addition,
histopathological analyses were conducted using lungs collected from mice infected
with the WT or krpT1A strain. After 24 h of infection, lungs presented mild neutrophilic
and lymphohistiocytic inflammatory infiltrate, independent of the strain used to infect
the mice (Fig. S4). These results confirm that the absence of Krp1 did not altered the
pathological properties of cryptococcal cells.
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FIG 3 The absence of Krp1 led to defects in the cell wall but does not influence C. gattii cell wall-related virulence factors. (A and B)
Growth test was performed by plating 3 ul of 10-fold serially diluted suspension of WT, krp1A, and krp1A:KRP1 strains onto YPD agar
supplemented with cell wall stressors (Congo red, SDS, and Calcofluor white) (A) or high-osmolarity stressors (CaCl, and NaCl) (B) as
indicated. (C and D) In addition, these dilutions were also spotted onto minimal medium agar supplemented with L-DOPA to evaluate
melanization (C) and agar containing egg yolk emulsion to evaluate phospholipase activity (D).

Krp1 absence affects the C. gattii cell wall architecture. To further investigate the
lower phagocytosis index of krp1A mutant cells in the early stages of the interaction
with macrophages, cell wall alterations that would influence cryptococcal recognition
by the host were analyzed. krp1A cells displayed impaired growth in the presence of
high doses of Congo red (Fig. 3A), a dye that may interact with nascent glucan chains
and disrupts the balanced cell wall polymerization and crystallization (44). However, all
strains grew similarly in the presence of the membrane stressor sodium dodecyl sulfate
(SDS) and Calcofluor white (Fig. 3A), which interacts with nascent chitin chains (44, 45).
Also, no growth differences were observed under high-osmolarity conditions (Fig. 3B).
We also investigated whether the melanization process could be influenced by Krp1
knockout, as cell wall defects influence the deposition of melanin (32). No differences
in melanin synthesis and/or deposition could be observed in WT, mutant, and com-
plemented strains cultured in the presence of L-3,4-dihydroxyphenylalanine (.-DOPA)
(Fig. 3C). Moreover, the levels of phospholipase B1 activity, an essential virulence factor
from Cryptococcus, associated with the cell wall-promoting fungal membrane biogen-
esis and remodeling (46), were also similar in the strains tested (Fig. 3D).

The misdistribution of some cell wall components, including chitooligomers, was
shown to be involved in the alteration of the phagocytosis index of C. neoformans cells
(47). The distribution of some cell wall components was evaluated in the WT, krpT1A, and
krp1A:KRP1 strains cultured under capsule-inducing conditions. As observed by India
ink counterstaining, all strains produced similar capsules with regard to morphology
and size (Fig. 4A). Using fluorescence-labeled versions of wheat germ agglutinin (WGA)
and concanavalin A (ConA) lectins, the distribution of chitooligomers and a-p-mannosyl
groups, respectively, was evaluated. There were no significant differences in the cell
wall WGA or ConA staining pattern among the tested strains (Fig. 4B and C). In addition,
probing such mutants with the anti-GXM monoclonal antibody (MAb) 18B7 also
revealed a similar staining pattern (Fig. 4B and C). Together, these results indicate that
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FIG 4 The absence of Krp1 does not alter capsule production nor chitooligomers and mannose
distribution in cryptococcal cell surface. (A) India ink staining of C. gattii cells grown under
capsule-induced conditions. Bars, 10 um. (B and C) C. gattii cells were grown under capsule-induced
conditions supplemented with Congo red (625 ng/ml) and labeled with the anti-GXM monoclonal
antibody 18B7 to detect capsule (red) and with WGA (green) (B) to detect chitooligomeric structures.
Alternatively, such cells were also labeled with the lectin ConA (green) (C) to detect mannosyl
residues. Images were captured by a fluorescence confocal microscope. Micrographs were taken at
a magnification of X630.

Krp1 is important for glucan structuration in the C. gattii cell wall but does not influence
the distribution of important cell wall components and capsule size.

KRP1 disruption influences interactions of capsular polysaccharides. As no differ-
ences in the distribution of cell wall components were observed that could explain the
low levels of krp1A phagocytosis by macrophages, the biophysical and serological
proprieties of the antiphagocytic capsule components were determined. As previously
demonstrated, capsule size did not differ among the strains analyzed (Fig. 5A). How-
ever, deletion of the KRP1 gene altered the amount of extracellular GXM, as higher
levels of the polysaccharide were detected in krp1A culture supernatants (Fig. 5B). To
further investigate possible alterations in GXM recovered from the different strains that
could explain the higher levels of GXM not attached to the cell wall, the serological
reactivity of cell-associated and extracellular polysaccharide fractions was evaluated
using MAbs that recognize distinct epitopes in the GXM molecule. No significant
differences in immunoreactivity to distinct antibodies (MAbs 18B7, 2D10, and 13F1)
were found between cell-associated and released GXM recovered from the strains
analyzed (Fig. 5C to H).

In order to evaluate possible defects of krp1A-produced polysaccharides in cell wall
attachment, the morphological aspects of GXM incorporation by acapsular C. neofor-
mans cap67 cells were evaluated by fluorescence microscopy (Fig. 6A). Extracellular
polysaccharides were purified from WT, krp1A, and krp1A:KRP1 strains cultured under
capsule-inducing conditions and fed to C. neoformans cap67 cells. Fluorescence mi-
croscopy employing the anti-GXM MAb 18B7 did not reveal significant differences in
the incorporation of GXM produced by the mutant strain and the WT (Fig. 6A). These
results are in agreement with no significant differences among the elemental compo-
sition of capsular GXM produced by krp1A and WT cells (Fig. 6B). As cells lacking Krp1
displayed altered GXM concentration in secreted polysaccharides, it was hypothesized
that Krp1 could also influence the physical characteristics of polysaccharide fibers.
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FIG 5 KRP1 disruption does not affect capsule size or GXM serological proprieties but causes secretion into the extracellular space. (A) Capsule
size was measured as the ratio of capsule size to cell diameter from at least 50 cells. (B) Secreted polysaccharides were quantified by ELISA with
anti-GXM 18B7. Data are shown as the means plus standard deviations (SD) (error bars) for three biological replicates. One-way ANOVA followed
by posthoc Dunnett test was performed. Values that are significantly different (P < 0.001) from the value for the wild-type strain (R265) are
indicated by three asterisks. (C to H) Serological tests with MAbs 18B7, 2D10, and 13F1 of cell-associated and secreted polysaccharides (PS) from
WT and krp1 null or complemented mutants. Data are shown as the means = SD for three biological replicates.

Dynamic light scattering (DLS) measurements were used to determine the size distri-
bution of polysaccharide fibers recovered from WT, krp1A, and krp1A:KRP1 strains.
While WT cell-associated polysaccharides present a clear bimodal distribution size,
ranging from 700 to 820 nm (Fig. 6C), the absence of KRP1 disorganized the capsule
polysaccharide size distribution, leading to a scattered pattern (Fig. 6D). It is noteworthy
that such a phenotype was not completely restored by complementation of the WT
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FIG 6 Morphological and structural proprieties of cell-associated and secreted polysaccharides from C. gattii strains. (A) Capsule transfer assay. C. neoformans
cap67 cells were grown in YPD medium and incubated with secreted polysaccharides from WT and mutant C. gattii strains. For confocal microscopy,
C. neoformans cells were labeled with Calcofluor white (blue) and MAb 18B7 (green). Bars, 20 um. (B) Cell-associated polysaccharides were isolated from WT
and krp1A cells, and their elemental composition was determined by GC-MS. (C to E) Cell-associated polysaccharide molecular dimension determination of WT,
krp1A, and krp1A:KRP1 strains using DLS analysis. The cells were cultured in minimal medium for 72 h, and the cell-associated polysaccharides were extracted
using DMSO. Each graph displays the range of polysaccharide fiber sizes representative of three independent analyses.

gene (Fig. 6E), possibly due to defects in the proper expression of the complementation
KRP1 cassette, which is integrated in an ectopic locus.

To further explore such differences, field emission gun scanning electron micros-
copy (FEG-SEM) analysis of WT, krp1A, and krp1A:KRP1 strains was performed. A dense
array of capsular fibers could be observed in all strains analyzed (Fig. 7A). However, the
fibers in the krp1A cell surface tended to be thicker than those produced by the WT
strain (P << 0.0001; Fig. 7B). This phenotype was partially reconstituted in the comple-
mented strain (P < 0.01; Fig. 7B).

In order to gain insights from the physical-chemical interactions that would be
altered in the cells lacking KRP1, we performed zeta potential determinations using
polysaccharide (PS) isolated from cells, as well from the supernatant. We observed an
increased zeta potential in both PS fractions recovered from cells lacking Krp1, sug-
gesting that this mannoprotein is involved in the proper maintenance of capsular
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FIG 7 Morphological analysis of WT and Krp1 mutants. (A) FEG-SEM analysis of representative cells
belonging to the different genotypes. The right panels represent magnified views of the capsular
structures outlined by red broken lines in the left panels. (B) Fiber thickness measured from 20 to 30 cells
of WT, krp1A, and krp1A:KRPT strains. One-way ANOVA followed by posthoc Dunnett test was performed.
Values that are significantly different from the value for the wild type (R265) are indicated by asterisks
as follows: ****, P < 0.0001; **, P < 0.01.

charge (Fig. 8). Altogether, these results suggest that Krp1 may prompt interaction of
polysaccharides of the C. gattii capsule.

DISCUSSION
Mannoproteins are important structural constituents of fungal cell walls (48) and
components of the cryptococcal polysaccharide capsule (14). Despite some evidence of
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FIG 8 The absence of Krp1 led to altered net charge in capsular polysaccharides. Cells were cultured in
minimal medium for 72 h. The cell-associated and secreted polysaccharides were isolated, and their net
charge was determined using a zeta potential analyzer. Student’s t test was performed to evaluate
statistical differences (**, P < 0.01; ***, P < 0.001).

the immunogenicity of these proteins (33, 49), little is known about their role in
capsule structuring. Bioinformatic analysis of the predicted proteomes of two clinically
important Cryptococcus species identified 43 predicted mannoproteins encoded by
C. neoformans H99 genes. This is in accordance with a previous report that found 53
serine-threonine-rich proteins containing a GPl anchor and signal peptide in the
C. neoformans var. neoformans JEC21 predicted proteome (33). For C. gattii, a total of 36
mannoproteins were predicted. Most of the predicted mannoproteins in both species
are annotated as hypothetical proteins, with a small proportion of them spanning
conserved domains in their sequences. Only two predicted C. gattii mannoproteins did
not display the C. neoformans ortholog, because of the loss of the GPI anchor (see
Table S1 in the supplemental material). Similarly, four predicted C. neoformans man-
noproteins did not have the C. gattii ortholog identified as a mannoprotein due to the
loss of the signal peptide or GPI anchor (Table S2), including MP88 and CDA1. Also,
C. neoformans genes encode five mannoproteins that do not have an ortholog in
C. gattii (Table S2). As expected, more than 40% of the predicted mannoproteins do not
possess conserved domains, and the majority of the mannoproteins with conserved
domains have evidence of carbohydrate modifications (Tables S1 and S2).

The predicted mannoprotein characterized in this study (Krp1) presents a predicted
folding found in Kelch repeats, a domain usually associated with galactose or glyoxal
oxidases (50, 51) and related to altered cell fusion and morphology in S. cerevisiae and
C. albicans (52). However, our analysis did not reveal conservation among cryptococcal
Krp1 and other Kelch repeat-containing proteins from diverse fungal species (Fig. S1).
It is noteworthy that the Krp1 ortholog in C. neoformans (CNAG_05595) was detected
in the secretome and extracellular vesicles (40, 41, 53). As proteins associated with
capsule structure were detected in the extracellular space (54), it is possible that Krp1
could also be involved in this process.

Mannoproteins have a potential importance in immunity-based strategies to control
cryptococcosis due to their role in T cells and the humoral induction response in the
host (55). This study showed that the recombinant Krp1 expressed in E. coli, even
without glycosylation, was recognized by sera from cryptococcosis patients. The pres-
ence of epitopes in the protein sequence irrespective of posttranslational modifications
(PTMs) revealed by Western blot analysis is evidence that Krp1 could elicit an immune
response. However, at this moment, it is not possible to evaluate whether the native
Krp1 would elicit a more intense immune response. It is important to note that such
characteristics could also be observed for other C. neoformans mannoproteins (56),
suggesting the existence of an epitope set that would work without any PTMs. The
recombinant Krp1 (rKrp1) was not fully recognized by sera from patients with candi-
diasis, an important feature for specific cryptococcal antigens that could serve for
diagnosis. However, a more in-depth analysis must be performed with sera from
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patients infected with different pathogens to confirm the specificity of rKrp1 recogni-
tion as a cryptococcal antigen. Importantly, the serological reactivity of rKrp1 with
patient sera suggests its production during infection.

Cells lacking the KRP1 gene displayed impaired phagocytosis by macrophages,
at least in the initial stages of coincubation. Cryptococcal uptake by phagocytes is
dependent on the recognition of pathogen-associated molecular patterns (PAMPs)
present in the yeast cell surface by pattern recognition receptors (PRRs) on host cells
(57). Cryptococcal PAMPs include capsule- and cell wall-derived constituents as well as
melanin (57). However, one of the several capsule functions is the capability to mask
the PAMPs, reducing the recognition of fungal cells by macrophages (58). The first
hypothesis for impaired phagocytosis of krp1A cells was a possible cell wall defect that
could have modified the structuration of PAMPs. In line with these assumptions, null
mutant cells were found to display higher sensitivity to the cell wall stressor Congo
red, a dye that interacts with beta-glucan nascent chains and impairs the activity of
assembly enzymes that connect chitin to it (45). As krp1A cells do not present variations
in the distribution of surface components directly associated with host defense, the
second hypothesis for its decreased rate of phagocytosis by macrophages was related
to its capsule structure and assembly. Even without capsule length differences as
measured by the penetration of India ink molecules, krpT1A cells present much more
GXM secreted in the culture supernatant. GXM is a known immunoregulatory molecule
(58), and the reduced phagocytosis rate of krpT1A cells could be associated with the
higher GXM present in the supernatant, which in turn would modulate the activity of
macrophages. We do not associate the lower phagocytosis of krp1A cells to PAMPs as
mannose or chitooligomeric structures, as no differences could be observed in cells
lacking the KRP1 gene compared to WT cells. Taken together, these results suggest that
higher GXM release modulates macrophage activity, at least during the initial interac-
tion of cryptococci with host cells. Longer incubation periods would buffer this differ-
ence by the possible compensatory activity of other proteins. However, this hypothesis
needs to be experimentally validated. It is important to note that Krp1 is possibly
associated with the onset of infection, demonstrating that alterations in the surfaces of
krp1A cells interfere with the steady activation of macrophages. Nonetheless, Krp1 is
not important for C. gattii virulence in a murine model of cryptococcosis, which adds
a layer of complexity to the function of mannoproteins.

The mechanisms by which capsular components associate with the cryptococcal cell
wall in order to build the capsule are still under investigation, but the clear participation
of glucans and chitosan has been described (59-62). The Cryptococcus cell wall is
composed of B-1-3- and B-1-6-glucans, a-1,3-glucans, chitin, chitosan, melanin, glyco-
proteins and plasma membrane-derived glucosylceramides (63, 64). The innermost part
is formed by parallel fibers composed of B-glucans, chitin, and when present, melanin.
The outermost layer of the wall is mainly composed of a- and B-glucans, forming a
more particulate network (65). Unlike other fungi, C. neoformans is composed of more
molecules of B-1-6-glucans than B-1-3-glucans (18). Even without proving the direct
contact of Krp1 with the cryptococcal capsule, there is evidence to suggest that Krp1
is involved in GXM fiber structuration to the cell wall. (i) Cells lacking Krp1 were
hypersensitive to the B-glucan stressor Congo red. (i) The GXM content of culture
supernatants was altered due to the absence of Krp1. (iii) C. neoformans cap67 cells,
which have a Krp1 ortholog, were capable of binding extracellular polysaccharides
released by C. gattii krpT1A cells. (iv) Cell-associated cryptococcal polysaccharide diam-
eter and thickness are influenced by the presence of Krp1. Polysaccharide thickness
has recently been linked with capsular architecture and pathogenesis (66). Increased
fiber thickness is indicative of higher levels of GXM self-aggregation, but other possi-
bilities cannot be ruled out. For instance, altered carbohydrate composition (67) and or
branching (68) can affect the thickness of cryptococcal polysaccharide fibers. On the
basis of the relatively subtle differences between WT and mutant fibers, as well as of the
partial reconstitution of the phenotype in complemented cells, it is still impossible to
establish the reasons behind the altered fiber thickness. However, we believe that it is
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appropriate to propose that this parameter be included in the analysis of the multiple
factors connecting capsular structure with pathogenesis in Cryptococcus.

The Cryptococcus cell wall matrix is structured by the activity of extracellular
cross-linking enzymes that covalently bind carbohydrate polymers and glycoproteins
(48) that prepare the structure for capsule attachment. The Cryptococcus capsule grows
by enlargement of secreted polysaccharide molecules (67), usually secreted by extra-
cellular vesicles, and aggregate in the presence of divalent cations (69). Also, the
C. neoformans Krp1 ortholog was previously detected in the secretome and extracel-
lular vesicles (39-41). Here, we report the role of Kpr1 in C. gattii capsule structuring,
mainly by modulating the distribution of glucans in the yeast cell wall.

MATERIALS AND METHODS

Fungal strains, plasmids, and media. The Cryptococcus gattii R265 strain used in this study was
kindly provided by Wieland Meyer (The University of Sydney, Australia). Plasmid pDNORNAT, which
contains the nourseothricin marker cassette, was previously constructed by our group (70). Plasmid
pJAF15, which contains the hygromycin resistance marker cassette was a generous gift of Joseph
Heitman (Duke University, Durham, NC, USA). The strains were maintained on YPD agar (2% dextrose, 2%
peptone, 1% yeast extract, and 1.5% agar). YPD plates containing nourseothricin (100 wg/ml) were used
to select C. gattii mannoprotein deletion transformants (krp14), and YPD plates containing hygromycin
(200 pg/ml) were used to select C. gattii mannoprotein reconstituted transformants (krp1A:KRP1).

Bioinformatic analysis. The predicted proteomes of C. gattii R265 and C. neoformans H99 were
retrieved from the Broad Institute (71-73) and now available at the FungiDB database (http://fungidb
.org/fungidb/). SignalP was used for signal peptide prediction (34), PredGPI was used for glycosylphos-
phatidylinositol (GPI) anchor prediction (35), and GlycoEP standard was used for O-glycosylation analy-
sis (36). The search for conserved domains was performed using InterProScan (https://www.ebi.ac.uk/
interpro/search/sequence-search). For phylogenetic inference, KRPT sequence (CNBG_4278) and its
orthologs (CGBL_3040C, CNAG_05595, CNH_02380, and CNBL_2400) obtained from FungiDB (http://
fungidb.org/fungidb/), were added to sequences of galactose oxidases and glyoxal oxidases described by
Yin and colleagues (38). The sequence alignment was performed in MAFFT v7 server with default
parameters. The evolutionary model for amino acid substitutions was determined by ProtTest v3.4.2. The
tree was constructed with MEGA 6.0 and maximum likelihood method with a bootstrap of 1,000
replicates.

Recombinant expression of Krp1. For expression in E. coli, the modified coding sequence of the
KRP1 gene (without signal peptide and GPI anchor site, which refers to amino acids 21 to 381 of the
primary sequence) was cloned into pET-23D(+) between the sites of BamHI and Hindlll (Invitrogen Corp.,
Carlsbad, CA, USA). Cloning was confirmed by cleavage and DNA sequencing. For the expression of the
recombinant mannoprotein, the E. coli BL21(DE3) strain was transformed with the pLYSs plasmid, and
protein expression was induced with lactose (20 g/liter) for 3 h. Purification was conducted under
denaturing conditions with HiTrap immobilized metal affinity chromatography (IMAC) (GE Healthcare Life
Sciences) charged with 100 mM CoCl,. Buffers with increasing concentrations of imidazole (50 mM
Na,HPO,, 300 mM NaCl, 8 M urea, and 10 to 500 mM imidazole) were used for elution of the recombinant
protein from the IMAC column.

Western blotting and ELISA with patient sera. The serological properties of recombinant Krp1
were evaluated by Western blotting and ELISA using sera from individuals diagnosed with cryptococ-
cosis. For Western blotting, the purified truncated recombinant Krp1 (rKrp1t) fraction was separated by
SDS-PAGE, transferred to a polyvinylidene fluoride membrane, and probed with pooled sera from
patients with cryptococcosis at a dilution of 1:10. Detection was performed using a Pierce ECL Western
blotting substrate (Thermo Fisher Scientific) according to the manufacturer’s instructions using anti-
human 1gG conjugated to peroxidase. For ELISA, a total of 1 ug of purified rKrp1t was used to sensitize
ELISA microplates (BD Falcon 3912) and probed with sera from patients with cryptococcosis and
candidiasis for cross-reactivity evaluation at a dilution of 1:200. The IgG and IgM conjugates were
quantified using ZyMax goat anti-human IgG H+L and horseradish peroxidase (HRP)-conjugated goat
anti-human IgM secondary antibodies according to the manufacturer’s instructions.

Disruption and complementation of KRP1. Disruption of the KRP1 gene was achieved by the
Delsgate methodology (74). The 5’ and 3" KRP1 flanks (781 bp and 771 bp, respectively) were PCR
amplified and purified from agarose gels (PureLink quick gel extraction kit; Invitrogen, Germany).
Double-joint PCR with 1 ng of each fragment was carried out, resulting in a fragment of 1,552 bp.
Approximately 200 ng of pDONRNAT and 100 ng of each PCR product were submitted to BP clonase
reaction, according to the manufacturer’s instructions (Invitrogen, Carlsbad, CA). The product of this
reaction was transformed into E. coli TG-2. After confirmation of the correct deletion construct, the
plasmid was linearized with I-Scel prior to C. gattii biolistic transformation (75). The transformants were
screened by colony PCR, and the deletion was confirmed by Southern blot and semiquantitative reverse
transcription-PCR (RT-PCR) analysis. For complementation, a nearly 3.4-kb genomic PCR fragment
containing the wild-type KRP1 gene was cloned into the EcoRV site of pJAF15. The resulting plasmid was
used for krp1A strain transformation. Genomic insertion of the complemented gene was confirmed by
Southern blotting and semiquantitative RT-PCR analysis. The primers used in constructing these plasmids
are listed in Table S3 in the supplemental material.
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Macrophage assays. Phagocytosis assays were conducted to evaluate the susceptibility of the
mutant strains to macrophage antifungal activity. One day before the phagocytosis test, an aliquot
of 100,000 J774.A1 cells in DMEM (Dulbecco’s modified Eagle medium) supplemented with 10% fetal
bovine serum (FBS) was seeded into 96-well culture plates and cultivated for 24 h at 37°C and 5%
CO,. The C. gattii strains were inoculated into YPD and allowed to grow at 18 h at 30°C. Then, C. gattii
cells were washed three times with phosphate-buffered saline (PBS) and counted. A total of 107 cells
of each strain were opsonized with antiglucuronoxylomannan (anti-GXM) monoclonal antibody
(MAb) 18B7 (final concentration of 1 wg/ml) and incubated for 1 h at 37°C. At the same time,
macrophage cells were washed once with warm PBS and incubated in FBS-free DMEM with 5 nM
phorbol myristate acetate (PMA) for activation for 2 h. Then, macrophages were exposed to yeast
cells at a ratio of 1:10 and incubated for 2 h at 37°C and 5% CO,. At the end of incubation, the wells
were washed three times with warm PBS, the macrophage cells were lysed with sterile ice-cold
water, and subsequently plated on YPD plates for CFU determination. For the Giemsa assay, at the
end of interaction, macrophage cells were fixed with methanol and stained with Griess for 15 min
at room temperature. Cells were visualized using a Zeiss Axiovert 200 inverted fluorescence
microscope equipped with an AxioCam MRc camera (Carl Zeiss, Jena, Germany). The images were
acquired using AxioVision Rel 4.8 software. For flow cytometry analysis, after opsonization, yeast
cells were labeled with fluorescein isothiocyanate (FITC) (Sigma). Murine macrophage cells were
cultured in a 12-well culture plate. After 2-h incubation, the wells were washed with warm PBS, and
trypan blue was added to each well to quench the fluorescence of labeled yeast attached to the
outer membranes of the macrophages. Macrophages were detached from the plate using a cell
scraper and analyzed by flow cytometry (Millipore Guava software). The phagocytosis index was
determined as the ratio of internalized cryptococcal cells to the number of macrophage cells.

Virulence assays. Virulence studies were conducted according to a previously described intra-
nasal inhalation infection model (76, 77) using 10 female BALB/c mice (approximately 4 weeks old)
for each strain. Mice were infected with 10° yeast cells suspended in 50 ul of PBS and monitored
daily. Kaplan-Meier analysis of survival was performed to evaluate survival differences. For deter-
mination of the lung fungal burden, mice (n = 6) were infected with 107 yeast cells. After 24 and 48
postinfection, the animals were euthanized, and the lungs were aseptically excised. The tissues were
homogenized in PBS. After removal of host cell debris, the resulting suspensions were plated on YPD
for CFU determination.

Histopathology. The lungs of mice infected with wild-type (WT) and krp1A cells were aseptically
collected 24 h postinfection and fixed in 10% neutral buffered formalin. All lungs were then embedded
in paraffin, cut into 5-um-thick slices, and stained with hematoxylin and eosin. All analyses were by Axys
Andlises Diagndsticos Veterinario (Porto Alegre, Brazil). All slides were examined by light microscopy.

Phenotypic characterization assays. For phenotypic characterization, WT, null, and complemented
strains were grown on YPD medium for 16 h, washed with PBS, and adjusted to a cell density of
107 cells/ml. The cell suspensions were serially diluted 10-fold, and 3 ul of each dilution was spotted onto
YPD agar supplemented with the cell wall stressor Congo red (400 wg/ml and 5 mg/ml), Calcofluor white
(300 wg/ml), or SDS (0.005%) (45) and with the salts NaCl (1.5 M) and CaCl, (1.5 M) (78). The plates were
incubated for 2 days at 30°C and photographed. The solid melanization test was performed as described
above, mixing 10 ml of 2X minimal medium (2 g/liter L-asparagine, 1 g/liter MgSO,, - 7H,0, 6 g/liter
KH,PO,, 2 g/liter thiamine, and 2 mM L-3,4-dihydroxyphenylalanine [L-DOPA]) with 10 ml of 2%
agar-water per plate. For the phospholipase test, cells of all strains were spotted in agar containing egg
yolk emulsion at a concentration of 8%. After 96 h of incubation at 30°C, the phospholipase activity (pz)
was measured as the ratio of the colony diameter by the precipitation zone generated.

Microscopy. Cell surface morphology was analyzed after incubation of yeast cells with Calcofluor
white, the monoclonal antibody 18B7 (79), wheat germ agglutinin (WGA), and concanavalin A (ConA).
These probes were used to visualize cell wall chitin (Calcofluor white), GXM (MAb 18B7), chitooligomers
(WGA), and a-p-mannosyl groups (ConA) by confocal microscopy following a previously described
protocol (62). Briefly, 106 cells were grown in DMEM for 72 h at 37°C and 5% CO.,. After incubation, cells
were fixed in 4% paraformaldehyde and washed three times with PBS. The concentrations of the probes
used in this study were 5 ug/ml WGA, 5 ug/ml Calcofluor white, 10 ug/ml MAb 18B7, and 10 pg/ml
ConA. The incubations were performed individually for 30 min at 37°C. After each incubation, cells were
washed three times with PBS and analyzed with a confocal microscope FV1000, in the Electron
Microscopy Center (CME) of the Universidade Federal do Rio Grande do Sul (UFRGS). For scanning
electron microscopy, 106 cells were grown in minimal medium for 72 h at 30°C and 200 rpm. Sample
preparation was conducted as described previously (80), and the capsular structures were visualized with
an Auriga field emission gun scanning electron microscopy (FEG-SEM) microscope (Zeiss, Germany). The
thickness of WT and KRP1 mutant fibers was measured in 20 to 30 cells with the ImageJ software as
previously described (66).

GXM purification and capsular transfer assay. GXM was isolated from culture supernatant by
ultrafiltration as previously described (69). Cellular polysaccharides were extracted with dimethyl sulfox-
ide (DMSO0), following protocols that were established for efficient removal of GXM from C. neoformans
cells (81). For capsular transfer assay, the C. neoformans acapsular cap67 strain was used as the capsule
acceptor. Briefly, 5 X 10° cells/ml were incubated with purified GXM (10 wg/ml in PBS) for 1 h at room
temperature followed by extensive washing (59). Cells were stained with MAb 18B7 and Calcofluor white
as described above.

Capsule size, GXM quantification, and serological analysis of polysaccharide fractions. For
capsule size measurement, WT, null, and complemented strains were grown on YPD medium for 16 h
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and washed with PBS, and 106 cells were incubated in DMEM for 72 h at 37°C and 5% CO,. After
incubation, cells were fixed in 4% paraformaldehyde and washed three times with PBS. C. gattii cells
were placed on glass slides and mixed with similar volumes of India ink. Capsule sizes, defined as
the distances between the cell wall and the outer border of the capsule in India ink-stained yeast
cells, were determined using ImageJ software (version 1.33), elaborated and provided by National
Institutes of Health (NIH) (http://rsb.info.nih.gov/ij/). Cell diameters were determined using the same
software. The final measurements were presented as ratios of capsule size to cell diameter. Secreted
polysaccharides were quantified by ELISA for specific GXM detection (82), and cellular polysaccharides
were quantified by the phenol-sulfuric acid method for total carbohydrate determination (83). The
serological analysis of polysaccharide fractions from WT and mutant cells was determined by ELISA with
different mouse monoclonal antibodies to GXM (MAbs 2D10 and 13F1 [IgM] and 18B7 [IgG]) as previously
described (69, 82).

Capsule composition and dynamic light scattering analysis. Glycosyl composition analysis was
performed by combined gas chromatography-mass spectrometry (GC-MS) of the per-O-trimethylsilyl
(TMS) derivatives of the monosaccharide methyl glycosides produced from the sample by acidic
methanolysis as described previously (84). The dimensions of polysaccharides were determined by
dynamic light scattering (DLS) as described by Frases and colleagues (67).

Zeta potential determination. The zeta potential, particle mobility, and shift frequency of cell-
associated and secreted PS samples were calculated in a zeta potential analyzer (ZetaPlus; Brookhaven
Instruments Corp., Holtsville, NY), as previously described (9).

Ethics statement. The use of animals in this work was performed with approval of the Universidade
Federal do Rio Grande do Sul Ethics Committee for Use of Animals (CEUA 30936). Mice were housed in
groups of four and kept in filtered top ventilated cages with food and water ad libitum. The animals were
cared for according to the Brazilian National Council for Animal Experimentation Control (CONCEA)
guidelines. All efforts to minimize animal suffering were made. Before infection assays, mice were
intraperitoneally anesthetized with ketamine (100 mg/kg of body weight) and xylazine (16 mg/kg). Mice
were monitored twice daily for any signs of suffering, defined by weight loss, weakness, or inability to
obtain food or water. At the first signs of suffering, mice were euthanized with an overdose of thiopental
(140 mg/kg) and lidocaine (10 mg/kg). The utilization of patients’ sera was approved by UFRGS Ethics
Committee (CEP 19812). Informed consent was obtained from all participants.
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