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Resumen

La infeccidn respiratoria con el hongo dimoérfico Histoplasma capsulatum resulta de la inhalacion de
propagulos infectivos de la fase micelial (morfotipo-M) presente en los suelos contaminados. Las
manifestaciones de la enfermedad son variables y dependen del estado inmune del huésped, el
numero de propagulos inhalados y la cepa fingica. Se dispone de pocos datos en relacion con la
respuesta inmune pulmonar del huésped después del primer contacto con el morfotipo-M de H.
capsulatum. Para abordar este planteamiento, se detecté en homogeneizados de pulmon el perfil de
10 citoquinas (IL-1B, TNF-a, IL-6, IL-17, IL-22, IL-23, IL-12, IFN-y, IL4 e IL-10) por el sistema
MagPix y se estudid la cinética de formacion de granulomas en cortes histoldgicos de pulmén de
ratones infectados por via intranasal con el morfotipo-M o el morfotipo-L (fase levaduriforme) de
dos cepas virulentas de H. capsulatum, EH-46 de México (del clado filogenético LAm A) y G-217B
de Estados Unidos de América (del clado filogenético NAm 2). Los datos de las citoquinas fueron
determinados desde el tiempo 0 hasta 28 dias post-infeccion, mientras que los granulomas fueron
estudiados primariamente en tiempos tardios post-infeccion, 14, 21 y 28 dias. Segun el morfotipo y
las cepas fungicas utilizadas, los niveles de citoquinas pro-inflamatorias en los homogeneizados
pulmonares de los ratones infectados mostraron que, en general, sus concentraciones mas elevadas
se asociaron con los ratones infectados con el morfotipo-M de la cepa EH-46, a excepcion de la IL-
22 que revel6 niveles elevados durante las primeras horas post-infeccion con el morfotipo-L de la
misma cepa. Mientras que las citoquinas anti-inflamatorias, como IL-4 e IL-10, mostraron niveles
similares independientemente del morfotipo pero distintos entre las dos cepas. En muchos casos, la
respuesta inflamatoria mostré un comportamiento similar al de las citoquinas en los tiempos
estudiados post-infeccion, resaltando nuevamente las diferencias marcadas por los morfotipos y
cepas flungicas en el desarrollo de la respuesta inflamatoria y, por ende, en la resolucién de la
infeccion. Los resultados destacan que la infeccidn inicial con el morfotipo-M gener6 una respuesta
inmune mas intensa que la infeccion inicial con el morfotipo-L, especialmente con la cepa mexicana
EH-46 (LAm A). Muchos de los trabajos (publicados y enviados) anexados a esta tesis junto con
datos adicionales no publicados reportados en el presente manuscrito apoyan fuertemente los
resultados antes mencionado. En conclusion, diferencias tanto en la respuesta inmune mediada por
citoquinas asi como por la respuesta inflamatoria (granulomas) en pulmén de ratones frente a la
infeccion por H. capsulatum dependen de la cepa fungica utilizada, asi como de la plasticidad
morfologica asociada al dimorfismo de H. capsulatum durante la primera etapa de la infeccion
fingica.



Abstract

Respiratory infection with the dimorphic fungus Histoplasma capsulatum results from inhalation of
infective mycelial phase (M-morphotype) propagules present in contaminated soils. The
manifestations of the disease are variable and depend on the immune status of the host, the number
of inhaled propagules, and the fungal strain. There are few data regarding to the pulmonary host
immune response after the first contact with the M-morphotype of H. capsulatum. To address this
issue, profiles of 10 cytokines (IL-13, TNF-a, IL-6, IL-17, IL-22, IL-23, IL-12, IFN-y, IL4, and IL-
10) were detected in lung homogenates by the MagPix system, and the kinetic of granulomas
development was studied in lung tissue sections from mice infected intra-nasally with the M-
morphotype or the Y-morphotype (yeast phase) of two H. capsulatum virulent strains, EH-46 from
Mexico (belonging to the phylogenetic clade LAm A) and G-217B from United States of America
(belonging to the phylogenetic clade NAm 2). Cytokine data were determined from time 0 until 28
days post-infection, whereas granulomas were studied primarily in delayed post-infection time, 14,
21, and 28 days. Depending on the fungal morphotype and the strain used, pro-inflammatory
cytokine levels in lung homogenates from infected mice showed that, in general, their highest
concentrations were associated to mice infected with the M-morphotype from EH-46 strain, with the
exception of IL-22, which revealed high levels during the first post-infection time with the Y-
morphotype of the same strain. Anti-inflammatory cytokines, such as IL-4 and IL-10, showed
similar levels irrespective of the morphotype but different levels between the two strains. In most
cases, the inflammatory response showed similar behavior of the cytokines in the post-infection
times studied, highlighting again particular differences of the fungal morphotypes and strains in the
development of the inflammatory response and in the resolution of the disease. Our results highlight
that the initial infection with M-morphotype generates a more intense immune response than the
initial infection with the Y-morphotype, especially with the EH-46 (LAm A) Mexican strain. Most
of the papers (published or submitted) attached to this thesis together with additional unpublished
also reported in the present thesis support strongly the afore-mentioned results. In conclusion,
differences in the immune response mediated by cytokines or by the inflammatory response
(granulomas) in the lung of H. capsulatum-infected mice depend on the fungal strain used, as well
as on the morphological plasticity associated to H. capsulatum dimorphism in the first step of the
fungal infection.






CAPITULO 1

Introduccion

La histoplasmosis, micosis sistémica de amplia distribucion en las Américas, puede ser considerada
como una de las infecciones pulmonares fingicas mas frecuente a nivel mundial. Es causada por el
hongo dimorfico Histoplasma capsulatum var. capsulatum (H. capsulatum). Es una enfermedad que
afecta principalmente el sistema fagocitico mononuclear y tanto su severidad como sus formas
clinicas dependen de las condiciones inmunologicas del huésped, del tamafio del indculo y de la
virulencia de la cepa fungica. En la mayoria de los pacientes la infeccion es autolimitada y s6lo deja
calcificaciones residuales en pulmon (forma benigna). La forma clinica grave es mas comun después
de la exposicion masiva y prolongada a los propagulos fungicos infectivos independientemente del
estado inmune del individuo. La infeccion se adquiere por inhalacion de las particulas infectivas
aerosolizadas, particularmente, microconidios y fragmentos de hifas producidas por la fase micelial
(morfotipo-M) del hongo, la cual se encuentra en suelos contaminados con excretas de murci¢lagos
y aves (fuentes de micro-nutrientes importantes para el desarrollo del morfotipo-M) (Tewari et al.
1998).

Tradicionalmente, se ha sugerido que en los macréfagos alveolares se presenta el cambio dimoérfico
del morfotipo-M a levadura (morfotipo-L, parasitario y virulento) (Gildea et al. 2001), condicidén
necesaria para el establecimiento y progresion de la infeccion. Asi el pulmon constituye el drgano
blanco primario donde las células fagociticas asociadas a la respuesta inmune innata, principalmente
los macrofagos y células dendriticas (CD) alveolares, son las responsables de captar los propagulos
infectivos e iniciar ademas la conexion con la respuesta inmune adaptativa (Newman 1999). Esta
ultima, es primordial para definir el destino final del parasito fiungico. Sin embargo, datos recientes
sugieren que la primer linea de defensa del huésped contra H. capsulatum involucra el sistema
inmune asociado a mucosas del tracto respiratorio superior € inferior, la cual es la via de entrada de
este patogeno, ya que el cambio dimérfico de H. capsulatum puede darse desde el contacto inicial
entre los propagulos infectivos del morfotipo-M y los componentes de la mucosa nasal a las 2 horas
post-infeccion intranasal de ratones machos BALB/c y murci¢lagos machos Artibeus hirsutus
(Sahaza et al. 2014a; Suarez-Alvarez 2010; Suarez-Alvarez et al. 2014).

El papel de la respuesta inmune innata en el proceso infeccioso por H. capsulatum no ha sido
suficientemente explorado (Medeiros et al. 2004; Patifio et al. 1987). Mientras que la activacion de
la respuesta inmune adaptativa protectora de tipo Thl, responsable del montaje de la inmunidad
mediada por células CD4+, ha sido preferencialmente estudiada con el morfotipo-L (Allen et al.
2006; Allendderfer et al. 1999; Deepe y Seder 1998; Medeiros et al. 2008; Wheat 1996). Tanto en la
histoplasmosis experimental y clinica, asi como en otras enfermedades fungicas, la respuesta Thl en
modelos murinos se caracteriza por la produccion de las citoquinas IL-12, IFN-y, TNF-a y GM-CSF
que son esenciales para la activaciéon de macréfagos que se encargan de eliminar las levaduras
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intracelulares (Allendoerfer y Deepe 1998; Allendoerfer et al. 1997; Cain y Deepe 1998; Clemons et
al. 2000; Gildea et al. 2001; Huffnagle y Deepe 2003; Newman 1999; Willians et al. 1978; Zhou et
al. 1995). TNF-a parece jugar un papel critico en la inmunidad protectora de ratones C57BL/6
contra la histoplasmosis inducida por el morfotipo-L, ya que es necesaria para la persistencia de la
respuesta de defensa (Deepe y Gibbons 20006).

La respuesta Th2 caracterizada por la produccion de IL-4, IL-5 y IL-13 se asocia con una
exacerbacion de la enfermedad y modula la severidad de la infeccion. En hongos patogenos de
humanos, la respuesta Th2 es importante en el desarrollo y/o mantenimiento de la inmunidad
mediada por Thl (Mencacci et al. 1998). Por lo tanto, en la histoplasmosis, para una buena
resolucion de la enfermedad es crucial el balance Th1/Th2 ya que la exacerbacion de Thl o la
tendencia favorable hacia Th2 puede intervenir en la etiopatogénesis de la enfermedad.

Recientemente, se ha dado importancia a un grupo especial de células T colaboradoras (Th17), las
cuales estan asociadas a la inmunidad adaptativa contra una gama de patdgenos, principalmente, por
la produccion e induccion de IL-17 e IL-23, respectivamente. Se ha demostrado que IL-17 posee
propiedades proinflamatorias y puede regular el equilibrio entre la respuesta Th1/Th2 (Matsuzaki et
al. 2007; Ouyang et al. 2008; Romani et al. 2008). En el caso de H. capsulatum, se detectd IL-17 en
granulomas hepaticos de ratones con histoplasmosis experimental (Heninger et al. 2006). Deepe y
Geebons (2009), reportaron que IL-17 podria ser necesaria para la eliminacion de H. capsulatum,
puesto que se detectd una sobrerregulacion de ésta en pulmoén, durante la infeccion aguda de ratones
C57BL/6 inoculados intranasalmente con el morfotipo-L. del hongo; ademas, anticuerpos
monoclonales anti IL-17 fueron capaces de alterar la respuesta inflamatoria, retardando la
eliminacion del hongo durante la infeccion primaria, pero no asi durante la infeccion secundaria.
Experimentos adicionales revelaron que IL-23 podria prolongar la supervivencia de ratones en la
ausencia de IL-12. Este efecto protector fue dependiente de IL-17. Por lo tanto, el eje IL-17/IL-23
favorece la inmunidad durante la infeccion con H. capsulatum (Deepe y Geebons 2009).

Por otro lado, la infeccion de los macréfagos por H. capsulatum induce la formacion de granulomas
en diferentes tejidos. Como ocurre en otras infecciones, los granulomas son necesarios para contener
el crecimiento del hongo, prevenir la diseminacion sistémica y proteger los 6rganos del dafio tisular
inflamatorio generalizado (Mukhopadhyay y Gal 2010). Se ha demostrado que existen diferencias
en la respuesta celular y la formacion del granuloma en relacion con el tejido afectado, cuando se
inoculan ratones con el morfotipo-L de H. capsulatum por via intramuscular o intravenosa (Berry
1969a; 1969b; 1969c; Heninger et al. 2006). La reaccion del tejido pulmonar en la infeccion por H.
capsulatum puede ser dividida en tres tipos principales: el primero es un infiltrado alveolar
mononuclear con pequefios focos inflamatorios y necrosis variable, descrito en la histoplasmosis
pulmonar aguda; el segundo es una reaccion tisular que se compone de capas de macréfagos, en el
intersticio pulmonar, repletos de numerosos organismos, como se ve en la histoplasmosis
diseminada; y el tercer tipo es la forma mas comun de la enfermedad pulmonar relacionada con H.
capsulatum, la cual se observa como una inflamacion granulomatosa necrotizante caracteristica de la
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enfermedad pulmonar crénica (Goodwin y Snell 1969; Heninger et al. 2006; Mukhopadhyay y Gal
2010).

La resolucion de la infeccion por H. capsulatum requiere de la participacion de células y moléculas
efectoras del huésped. Los macrofagos, las CD y los linfocitos T son los actores celulares esenciales
que actian en armonia con efectores generados por mecanismos de sefializaciones resultantes de las
interacciones de moléculas de superficie del patégeno (PAMPs, del inglés pathogen-associated
molecular patterns) con receptores de reconocimiento presentes en las células del huésped (PRRs,
del inglés pattern recognition receptors) (Deepe y Geebons 2009). Los productos de estos eventos
son, en general, mediadores quimicos de la respuesta inmune y células activadas.

En el modelo de H. capsulatum, a pesar de saber que su ruta de entrada primordial es la via
inhalatoria y que afecta principalmente los pulmones, se desconocen las consecuencias y aun
muchos de los mecanismos y moléculas que interactiian en el reconocimiento inicial del morfotipo-
M vy durante la transicion dimorfica en las primeras etapas de contacto del hongo con el huésped, asi
como la naturaleza del granuloma debido al morfotipo-L el cual se generd por la inhalacion inicial
de propagulos del morfotipo-M de H. capsulatum.

Planteamiento del problema

A la fecha, son pocos los trabajos que han utilizado la ruta inhalatoria y los propagulos infectivos
del morfotipo-M, que simulan la infeccion natural autolimitada de humanos, utilizando un modelo
animal de histoplasmosis. Asimismo, son escasos los estudios comparativos de la respuesta inmune
frente a un estimulo intranasal con el morfotipo-M o -L de H. capsulatum. Por lo tanto, los eventos
primarios de los mecanismos de defensa asociados a la respuesta inmune hacia propagulos de los
morfotipos -M o -L pueden diferir en tiempo y forma después de la infeccion por via natural, sobre
todo considerando que el morfotipo-M debe efectuar en los tiempos iniciales de la infeccion su
cambio dimorfico. Se supone que estos eventos de la respuesta de defensa deben suceder desde el
primer contacto del patogeno con el huésped y se pueden prolongar hasta dias y semanas después de
la infeccion. Con base en estas inferencias, consideramos prioritario diseflar un modelo experimental
con caracteristicas muy cercanas a la infeccion natural del humano que permita precisar aspectos
importantes de la interaccion huésped-parésito en la histoplasmosis, asociados a las moléculas de la
respuesta inmune y al proceso inflamatorio involucrados durante las diferentes etapas de la infeccion
inducida por uno u otro morfotipo de H. capsulatum.






CAPITULO 2

Hipotesis

El morfotipo fungico y la cepa de H. capsulatum utilizados para generar una infeccion intranasal de
ratones BALB/c influye sobre el curso e intensidad de la respuesta inmune en la histoplasmosis
experimental.

Objetivo general

Caracterizar en pulmoén el curso e intensidad de la respuesta inmune de la histoplasmosis
experimental en ratones BALB/c, durante y después de la inoculacion intranasal de propagulos
fingicos, microconidias y/o fragmentos de hifas (morfotipo-M) o bien de levaduras (morfotipo-L)
de distintas cepas de H. capsulatum.

Objetivos particulares
e Inducir en ratones BALB/c la histoplasmosis pulmonar utilizando los morfotipos M o L.
e Evaluar el curso de la infeccion experimental durante cuatro semanas.
e Evaluar el perfil de citoquinas en homogeneizados pulmonares de los ratones infectados.

e Identificar el curso de la respuesta inflamatoria, por medio del estudio histopatologico, en los
pulmones de los ratones infectados.
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1. Introduction which could interfere in the cutcome of experimental

Histoplasmosis, which iz caused by the dimorphic
fungus Hiscoplasma capsulatum, is considered a common
systemic mycosis worldwide with well-known endemic
geographic areas in many countries, predomtinantly in the
Americas. The disease primarily affects the host mono-
nuclear phagocyte system, and its severity and clinical
forms depend on the host's immunelogical conditions, the
infective inocolum size, and the vimlence of the involved
fungal isolate. In most patients, the infection s self-limited
and produces only residual calcifications in the lungs and,
sometimes, in the spleen | 1 2], The severe course of histo-
plasmosisis often associated with its epidemic form. Fungal
viralence and exposure to a high concentration of infective
propagules, which are primarily present in enclosed spaces
that contzin bzt and bird droppings that foster fungal
growth, contribute to the severe outcome of the disease in
either imminocompromised or immunecompetent hosts
[3-5]. The infection is acquired by the inhalation of airborne
infective propagules, mainly microconidia and hyphal frag-
ments, which are prodoced by the mycelial morphotype
{M-phase} of the fungus. The main target organ in the
infected host is the lung and, usually, cnce the infective
propagules reach the alveoli they are phagocytosed by
alveolar macrophages, Within macrophages, the infective
propagules begin their dimorphic transition to the yeast
morphotype (Y-phase}, which is the parasitic and virulent
H_capsulatum maorphotype [6,7],

Histoplasmosis has been reported in different wild and
captive mammals [B-15]; mereover, different mammalian
species hawe been tested in the [zboratory as models for
experimental histoplasmosiz [16-12]. Undoubtedly, mice
are the most frequently used animal model to stody either
histoplasmaosis characteristics, such as etiopathogenesis,
immunology, diagnosis, and therapy, or fungal characteris-
tics, such as phenotypic variations and genetic diversities,
The ability to control numerous characterstics of the ani-
mial madel allows researchers to mimic the human disease
status and bto monitor the course of the disease. How-
ever, any single experimental model cannot always answer
all questions regarding host-parasite interactions because
different animal species or distinct routes of infection can
produce unexpected resolts,

To follow the course of experimental histoplasmaosis
infection different animal species and methodological
procedures, involving lung exposure to H. copsulatum
yeasts, are used. These conditions have distinct strengths
and weaknesses concerning fungal infection modeling and
the host immune response, There is great variability in
animal's susceptibility to fungal infection, which depends
on the animal species [19-21]. Sometimees, suscepti-
bility change in the same animal species depends on
the animal strain used, as occurs in the murine model,

histoplasmosis [2223]. Host susceptbility also depends
on the route of infection (inhalatien, involuntary instl-
lation, intra-tracheal, intraperitoneal, and irtravenous),
the inoculume size, the pathogen's virulence, the discrim-
inated expre=sion of their surface molecales that act as
pathogen-associated molecular patterns (PAMPs), and the
methodologies that are involved in the selected search,

Human cell-lines, murine cell-lines, and in vitro differ-
entiated mammalian-cells have been extensively used as
models to study host-H, copsulatum interactions. Addition-
ally, in vivo miodels, such as invertebrates (the nematode -
Cacnar habdités elegons and the insect — Gallerio mellonella)
|24-26] and the protozoa — Acamthamoeba casgellanii [27],
have been employed to explore these interactions. How-
ever, the aforementioned models have a critical limitation
because they do not develop the complexity of the entire
mammalian immune defense,

In the absence of an ideal model it is more suit-
able to use mice due to their similarity to the human
immune system performance, Based on the aforemen-
tioned antecedents, the aims of the present review were:
to underline the immunclogical events that are most fre-
gquently detected in mice coursing with H. capsuletum
infection; and to contribute to a betterunderstanding of the
plastiaty of the host response in experimental conditions.

2. Queries regarding the murine histoplasmosis
model

Several mouse strains have been assessed as exper-
imental models in histoplasmosis, particularly BALB/c,
C57BLG, AKR), All, and Swiss mice |7,22,2328-34], In
addition, some mouse strains have been classified as
susceptible or resistant to the disease, although this cat-
egorization is arbitrary and varies depending on the goal of
the study [22.23],

Generally, two atypical conditions have been favored
in the laboratory to establish murine systemic histo-
plasmosis: the vse of the parasitic and virulent ¥-phase
{non-infective] as the ipoculum and the handling of
intraperitoneal or intravenous infection routes [non-
natural routes) In contrast, the natural infection rowte
of histoplasmosis, which is through the inhalation of
aerosolized H. capsulafum M-phase infective propagules,
hazs been scarcely employed in experimental circumstances
|23]. Therefore, results of experimental infections must be
analyzed cautiously to avoid incorrect condusions,

3. Dimorphic transition is required for H.
capsulatum pathogenic mechanisms

The brst line of the host defense against H. capsula-
tum obvioushy involves the mucosa of the upper and lower
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Fig. L. Analomic sites wiere H. copselntum ditorphic transition and dissemination coald ooar.in infected mammalian hosts. The figare highlights the
probable cefls and tisso=s of the vpper and lower host respiratory tract associated o fungal dimorphic tansition, from iokective M-phaz== propagules
{hyphae fragments and comidia) oo parasitic Y- phase (yeasish The lkeby dizsemination pathways that are associated to celis and tissues of the host, where
yeasts sre transported, are also iflustrated. Green arrows show the possible B coprulotum dimor phic transibon sies ininfected hosts.

respiratory tract, including the nasal- and bronchiolar-
associated lymphoid tisswes, due to its localization along
the airway route of this pathogen. It is supposed that the
host triggers both innate and adaptive immune responses

to elirninate the pathosen and to control the infection,
The in vitre infection with H. capsulohim M-phase propag-
ules and their subsequent dimorphic transition have been
demonstrated in both human or mouse dendritic cells
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(DCs} and macrophage cultures [34], These findings sup-
port the role of these cells as crudal players in the
innate immune mechanism and in further fungal antigen
processing and presentation to T cells [34,35] These events
could occur in the lungs and most involve the upper respi-
ratory mucosa. The anatomic sites where fungal dimeorphic
transition and dissemination could occur in infected mam-
malian hosts are depicted in Fig 1.

4. Fungal cell wall components vs. the first step of
host recogniton

Dafferent host receptors can recognize their specific
fungal-ligand., which is exposed on the external layer
[cell wall} of this type of pathogen. Usually, cell wall
components are associated with fungal carbohydrate and
protein surface molecules, These molecules act as PAMPs
and change depending on the fungal strains and their
maorphotypes, since some PAMPs are morphotype-specific
and their expression is controlled by phase-specdific genes
[3637].

Carhohydrates are the major structural components of
the H. capsulatum cell wall, which is primarily composed of
chitin and glucans, In the cell wall of the M-phase of this
fungus, the presence of {1 3} glucan stands out as the
main PAMP. Medeiros et al [38] suggest that this glucan
promotes the recuitment of leukocytes and potentiates
the leukotriene-mediated inflammatory pathway in the
host, vig interactions with B-glucan receptors that are a
particular type of pattern recognition receptors (PRRY In
contrast, ansther PAMP, the a-{ 1,3 }-mlucan is mainly found
on the most external layer of the Y-phase cell wall of
some virolent H. capsulatum strains, overlapping the B-
(1,3)-glucan exposure and blocking B-glucan recognition
by Dectin-1 B-glucan receptor, resulting in the inhibition of
inflammatory mechanizsms as demonstrated in assays with
P3IBE01 murine macrophage-like cells [12.40],

In generzl, once fungus dimorphism occurs in the
infected host, the Y-phase displays several surface
maolecules that are cucial for H. copsulatum virulence,
which is considered multi-factonial in this pathogen [37],
Some of these molecules are involved in fungal entry and
survival within the host-cells, by promoting modificationin
the intracellular envircnment that fosters Y-phase growth,
In addition, the H, capsulatum Y-phase can drcumvent the
host defense by aveoiding maorophage activation through
several mechanisms [7.41].

A specific morphotype protein of H. copsuletum, named
yeast phase specific-3 (yps3), which is located on the
cell wall surface of the Y-phase, interacts with toll-like
receptor-2 {TLR2) of microglia cell cultures from wild-
type {57 BL'6 mice, whereas this interaction was absent
in TLR2 knockout mice [42]. For the first time, the inter-
action between H. copsulotum yps3 protein (ligand) and
its corresponding host TLR receptor (TLR2) has been
described. Thus, in agreement to TLR2 activation, sev-
eral transcription factors lead o the production of anti-
and pro-inflammatory cytokines and chemokines, which
potentiate the innate immune response and promote
mechanisms that are involved in the mterface with the
adaptive immune response (421

A lectin-like activity is associated with 3 surface
component of the H copsulotum Y-phase, This lectin
activity is specific to galactosylated residues, mainly B-
anomer. The H. copsulatum lectin recognizes a 68-kDa
maolecule {mast likely a galactosylated ghycoprotein) that
is exposed on murine macrophages [42,44]. Throogh this
lectin activity, H. copsulofum yeast-cells have the abil-
ity to attach and agzlutinate erythrocytes from humans
[45] and other mammals, such as mouse, rat, horse, and
rabbit (ML Taylor, personal communication), which cer-
tainly display galactose residues on their membranes. In
inhibition assays, yeast-cells that were previously incuo-
bated with chondroitin-sulfate A and C. which share
galactosyl residues and sialic acid, were unable to attach
in either mammalian erythrocytes or peritoneal murine
macrophages, suggesting that galactosylated and/or sia-
Iylated structures of host-celis are important im the
interaction with this fungal lectin |45 46|

On their surface, H. capsulatirm veast-cells also exhibit
a 50-kDa protein that is the ligand for the 67 -kDa murine
laminin receptor, suggesting the possible role of this pro-
tein in the mechanism of fungal dizsemination [47].

Histone HZB, a member of the histone protein amiky,
has been described on the yeast-cell wall of H. copsulo-
fum. This protein seems to play a role in the pathogenesis
of histoplasmasis; moreover, a protective function of IgM
mAb against H2B has been found in C57BLI6 mice thak were
infected with H. capsulmum yeast-cells 28]

At present, it haz been well-documented in human cul-
tured macrophages that a fungal heat shock protein 60
{Hzp&0], in the cell wall of the H, copsulatum Y-phase, is an
adhesin able to bind to the subunit (D18 of the B2 integrin
family receptors, CD11a'CD18 (LFA-1), CD11b/CD1E (CR3
or Mac-1), and CD11c/CD18 (p150, 95 ar CR4) present
on host-macrophages [42]. Moreover, a protein of 20-kDa
identified 25 cyclophilin A, which is distributed on the sur-
face of the H. copsulotum Y-phase, has been described as
the ligand for the a-5 integrin receptor CD4%e or very late
antigen-5{VLA-5], which is expressed on DCs derived from
human cultured monocytes |50, Despite the importance of
these findings, similar recognition mechanisms hawve not
yet been described in murine models.

5. Fate of H. capsulatum during the host—parasite
interaction

The intracellular fate of the fungus could be medulated
according to the immune cell type involved in its phagooy-
tosis, Macrophages and DCs play major roles in this affair
and participatein either the innate immune response or the
interplay with the adaptive immune response, connecting
different activation pathways |51

The process involved in M. copsulatum M- or Y—phase
internalization by phagocytes and the recognition mech-
anism wig H, copsulstum PAMPs and host PRRs couwld
modulate the outcome of the host-pathopen interaction,
A very interesting study, published by Dumont [52] many
years ago, refermed the presence of H, copsulatum veast-cells
in‘infected hamster macrophages within tight and loose
phagosomes. resembling the zipper-like or migger-like
internalization process described in bacteria and Condida
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[53.54], most likely promotes a distinct fate for the phago-
cytosed microorganism.

Thus, once the fungal dimorphic transition has been
completed in the infected host, the fate of the parasite could
vary depending on the following aspects: the parasite char-
acteristics, particulady its virolence and infection range;
and same mammalian host characteristics, such asage, sex,
genetic pattern, and the phagocyte phenotypes that could
be associated with a lesser or greater susceptibility to H.
copsulatum infection [22,55-58],

6. Cellular populations involved in the innate
immune response to murine histoplasmaosis

Innate effector mechanisms can destroy  fungal
pathogens and limit their infection, blocking the disease
development. The innate response to histoplasmosis can
be mediated principally by neutrophils, macrophages, DCs.
and natural killer {NK] cells [34,51,59-65],

Concerning the cellular players involved in the host
innate response, either murine or human neutrophils have
been particularly studied due to their ability to inhibit
H. capsulatum Y-phase growth, as determined by in vitro
assays |61-64]. This fungistatic effect was studied during
the fungal infection of human neutrophils, which produce
azurophil granules that contain defensins [63]. Interest-
ingly, through in vitro phagooytosis assays, H. capsulatum
yeast-cells were able to trigger the oxidative burst of
intraperitonezl neutrophils from male BALB/c mice; how-
ever, the fungistatic activity prevailed over the fungicidal
action under this experimental condition [62]. In addition,
Zhou et al. [64] showed that H. copsulatum yeast-infected
C57BL/6 mice that were depleted of neutrophils increased
the fungal burden and accelerated the animal mortality
in a short time post-infection. Recent data, described by
Medeiros et al, |66, have shown that female Swiss mice
that were infected intraperitoneally with H. capsulatum Y-
phasze exhibited less apoptosis of peritoneal neutrophils
than non-infected mice, which suggests that this apoptosis
inhibition event could be associated with the development
of a fungal mechanism to evade the host immune response,

Medeiros et al, [38| demonstrated that Swiss mice
intraperitonezlly infected with H. copsulotum yeasts
induced an increase in the number of neutrophils at4-24h
and recruitment of eosinophils between 24 and 48h at
the incculation site. Moreover, formalin-killed M-phase
induced greater recruitment of neutrophils and eosinophils
than formalin-killed H. capsulatum ¥-phase, The authors
have suggested that B-glucan of H. capsulotum, which
is primarily exposed in the M-phase, is involved in the
recruitment of leukocytes through leukotrienes induction.
These dissimilar inflammatory responses displayed by both
morphotypes of H. copselatum could be assodated with
differences in the exposed glecans on surfaces of M- and
¥-phases. In addition, administration of an inhibitor of
leukotriene synthesis favors the death of Swiss mice at day
15 post-infection with H. copsulatum ¥-phase, in contrast
to untreated infected mice [67 ],

Wall et al. |62] demonstrated that murine periton-
eal macrophages that were infected with heat-killed
H. copsulotum ¥-phase released less leukotriene C4

and prostaglandin E2 (PGEZ) than zymosan-treated
macrophages. Otherwise, P-glucan of H. capsulotwm Y-
phase cell wall induces lipid body (LB) formation in
leukocytes from infected CS7BUE mice that were CD1E,
Dectin-1, and TLEZ dependent, LB modulates the genera-
tion of lipid mediators, primarily leukotriene B4, and plays
a likely role in the innate immuenity to histoplasmaosis [31],
MNowadays, leukotrienes are considered to be reguired to
control chronic fungal infection by amplifying both innate
and adaptive immune responses during murine histoplas-
mosis [B7,62L

In additicn, other host-cells are also involved in innate
defense mechanisms, such as epithelial cells. For instance,
type 11 pneumocytes produce collectins (surfactant pro-
teins, such as SP-A and SP-D) that contribute to lung
defense by binding to H. copsebzfum yeasts, inducing
enhanced permeability of the ¥-phase cell wall that pro-
motes 2 decrease in its viability and growth: in contrast,
fast yeast internalization by macrophages avoids these col-
lectin effects [70-74],

7. Cellular populations involved in the adaptive
immune response to murine histoplasmosis

In H. capsulamum, the adaptive immune response is pri-
marily displayed against the ¥-phase because dimorphic
transition from infective M-phase to parasitic Y-phase,
generally, ocours in the first hours of the host—pathogen
interaction and the yeast morphotype predominates and
remains along the entire course of the adaptive immune
response,

The presence of functional T cells is often required for
the successful resolution of infections with intracellolar
pathogens; nevertheless, the mechanisms by which T cells
contribute to fungal pathogen elimination are only partially
understood,

The cellular immune response, which is mediated by
T cells and their subpopulations, activates the major host
defense mechanism in response to H. capsulotum Y-phase
[4175-77 |. T cells induce and produce cytokines that acti-
vate macrophages by enhancing their phagocytosis process
and fungicidal activity, allowing for the subsequent protec-
tive immunity |5 78]

In' athymic nude mice that were infected with H,
copsulatum ¥-phase, a high monality has been reported
associated with a decrease in [FN-v production due to the
lack of (D4+ T cells [75,79]. At the same time, experimental
findings in murine histoplasmosis have provided evidence
that CDE+ T cells are related to optimal parasite dearance
[75.80],

Lin and Wu-Hsieh [ 77| reported that the intra-tracheal
infection of C57 BL & mice with H. capsulatum Y-phase sim-
ilarly activated D4+ and CDB+ T cells. CD4+ T cells that
express the CD44M phenotype are responsible for more
than 90% of the IFN-y production required for the optimal
cellular immune response in C57BLIG infected mice. The
authors also chserved a correlation bebween [FN- produc-
tion and CO44" expression throughout the course of the
infection [T7],

Although the participaton of CD4+ and CD8+ T cells
is well-documented for the protective immunity against
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H. copsulaium, CD44 T cell subsets (mainly Th1 and Th1712
were found to have a role in promoting fungal dearance
and protective immuonity 75778 1-85].

In human pathogenic fungi, the Th2 response (another
CD4= T cell subset)is imporiant in the developmentandior
maintenance of Thi-mediated immunity. Th1/Th2 balance
is crucial for the successful outcome of the clinical course
of histoplasmaosis because exacerbation of Th1 or Th2 could
be involved in the etiopathogenesis of the disease [B6.ET |

Although, the fungal morphotype could affect the opti-
mal function of 3 particular type of host immune response,
this event has not been well-explored in histoplasmosis.
The association between fungal morphotypes and Th1/Th2
responses could be vital for generating a Thi-mediated
protective inflammatory response or for increasing fungal
infection susceptibility involving ThZ This finding hasbeen
well-documen ted by assays using Condida veasts {Y-phasel
that trigger a protective Thl response in experimental
conditions, whereas Condida hyphae [M-phase) induce an
injurious Th2 response [ 54 B8],

Concerning Th17 cells, some studies have demonstraced
that their cytokines (mainly IL-17A) are involved in the
resistance to primary murine fungal infection |89-91).
Th17 ceils induce protection by recruiting and activai-
ing neutrophils and macrophages in the alveolar spaces
[20,092). Thi7 cells have alsa been reported to be able to
interact with regulatory T cells { Treg) via signaling by CCRS,
which is the recepior for some chemokines of the CC fam-
ily, such as COL3 {MIP-1a ), COL4 {MIF-18), CCLS [ RANTES),
COL8 (MCP-2), and COL16 (HOC=4), In experimental histo-
plasmasis, Thi7 cells interaction with Treg is regulated
upon the activation of normal T cell by expressing and
secreting CCLS, which favors the host's ability to respond
effectively to the H copsulotum infection by increasing
Th17 cytokines and reducing the number of Treg. as
demeonstrated by fungal clearance in CCR5-dehcient mice
(a3}

Recently, a subpopulation of CO8+ T cytotoxc cells that
is able to produce IL-17 (Tc 17 cells) has been involved in the
munne protective response assocated with Blostomyces
dermatitidis and H. capsuletum infections [851

8. Host molecules involved in the interplay of
innate and adaptive immune responses to murine
histoplasmosis

Although the participation of cytokines and chemokines
in theinnate response to H. capsulotum infection is scarcely
known, high levels of the chemeokine CCLY in contrastwitha
low level of the chemokine CCL1 1 (eotaxin) were detected
until 48 b post-infection in female Swiss mice intraperi-
toneally inoculated with the fungus ¥-phase [92] Using
microarray and qRT-PCR analyses, new data have demon-
strated the induction of both type | interferon ([FN}-genes,
highlighting the production of beta type 1 IFN (IFN-B ) trans-
cripts in C57BU'E bone marrow-derived macrophages that
were infected with H. capsulofiim M-phase, but not with its
¥-phase [95]. Studies regarding the contnibution of these
innate response mediaters in the immunity to histoplas-
mosis must be encouraged among specalists to elucdate
their role in the immune response io fungal pathogens,

Regarding cytokines and chemokines participation in
the adaptive immune response, data are more copious, The
cytokines [L-12, [FN-v, TNF-oi, and GM-C5F, which are pro-
duced by mouse or human lymphocytes and phagocytes,
constitute the most crucial molecoles associated with
the adaptive host defense mechanism [6.54.81,82.96-101 ).
During the H. copsulotum Y-phase sub-lethal infection
of C57BLE mice, 1L-12, IFN-vy, and TMF-x are the major
cytokines released, which is in accordance with a Thi
response, In contrast, the absence of these cytokines in
these infected mice favors their deaths (81,96, 1021,

IL-12 is the most important inductor of the Thi
response, and its reguirement for the protective immunity
in naive C37BLUE or in 3CI0 mice has been demonstrated,
whereas [L-12 neutralization results in the death of these
amimals |596.97].

IFN=y is the major cytokine involved in mice immune
protection and, in accordance with this fact, sub-lethal
infections are fatal when this cytokine is neutrzlized or
when IFM-y knockowt mice are tested (64,85, 102], Some
reports have documented that mice deficient in [FN-v are
more susceptible to pulmeonary than to systemic infec-
tion [64.86,102], Interestingly, the neutralizaton of IL-4
protects mice from lethal infections and their survival cor-
relates with increased levels of IFN—y [2EL

TNF-au is critical for histoplasmosis control [&4.88].
In the C57BL/6 mice pulmonary meodel. the neutral-
ization of TNF-z abrogates protection and promotes
significant increases of Th2 cytokines, primarily IL-4 and
IL-10, and their newtralization re-establishes a protective
response, An unaseal event involves these two cytokines
and the apoptosis of lung T cell populations after the
intranasal infection of C37BL/E mice with H. capsulanm ¥-
phase, because 1L-4 and IL-10 increase when apoptosis is
inhibited. which contributes to the severe outcome of the
diseasze [ 103}

Mormally, Il can inhibit Th1 cytokine production and
activity, and [L-4 from the hing of H. copsulatum-infected
transgenic mice genetates higher fungal burden in their
lungs than the wild-type infected controls, The adverse
effects of L4 on H. copsulstum elimination were unde-
tectable during the early stage (days 1-3) of the fungal
infection, but were maximal at day 7 post-infection, before
the induction of cell-mediated immunity, However, the
detection of total or lung cytokine levels revealed that IFN-
~ and THF-a production were not inhibited in the presence
of excess IL-4 | 104], suggesting that the excess produc-
tion of endogencus IL4 modulates protective immunity
to H. copsulatum by delaying fungal dearance, and did not
prevent the generation of 2 Th response that, plimately,
controls the infection | 104].

Endogenous GM-CSF was found to be significant for
mice protective immune response to the first challenge
with H. capsulofum Y-phase {primary histoplasmosis),
whereas GM-C5F neoatralization proeduces 2 deleterious
effect on the immunity to this histoplasmesis infection
model, which favors the death of the infected mice, as
reported by Deepe et al, |98 ], The newtralization of GM-CSF
abrogated the levels of Thl cytokines (IFN-v and TNF-a)
and of reactive nitrogen intermediates, but elevated the
levels of Th2 oytokines (IL-4 and IL-10), suggesting that
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GM-CSF could participate in the signaling events invelved
in the balance of Th1 and Th2 responses | U8,

The presence of IL-17 support the preduction of proin-
flammatory cytokines, such as TNF-a and IL-1[, as well
as of chemokines of the CXC family that is involved in
the recruitment and activation of macrophages and neu-
trophils in several types of fungal infections | 77, 105L L-17
has been detected in heparic granulomas asodated with
murine histoplasmosis [ 106] a5 well 23 in the lung dur-
ing the acute infection of mice intranasally inoculsted
with the H. epsulotem Y-phase. In addition, 1L-17 might
be necessary for the elimination of other fungus, becanse
manoclonal antibodies against IL-17 were able to disturh
the mice inflammatory response, delaying the elimination
of the fungal pathogen [B9],

Charnilos et al, [107] demonstrated that the concen-
tration of cytokines associated with a Thi17 response,
including IL-6, [L-23, and IL-17, increases gradually in the
first week of 3 murine pulmonary H. capsulatum infection
and declines thereafter. Moreover, they found that 1,23
prolongs the survival of infected mice in the absence of IL-
12. and this protective effect depends on IL- 17, Therefore. it
i% possible that the IL-17/IL-23-a20s promotes mice immm-
nity during infection with M copsudatum | 107] Recently,
galectin-3 that is known for its immunoregulatory fumc-
tions in tnfections and inflammatory diseases has been
found o regulate, negatively, 1L-17 responses through the
inhibition of the IL-17/1L-23-2xis cytokine production by
DCs | 108},

The magor role of chermokines in infectlons caused by
fungi remains to be explored |78, 100 |, Female Swiss mice,
intraperitoneally infected with M, eapsulatum Y-phase, pro-
mote COL3 production as early as 4h post-infection [93],
whereas in C57BU/6 H. capsulatum-infected mice, high con-
centrations of 003 and COL4 are detected in the lungs
at the 3rd day post-infection. In contrasi, OCLS #s not op-
regulaied until 1 week post-infiection, which suggests rhat
it is not required for the influx of innate celk to the lungs
[7 8] Whereas. migration of neutrophils, macrophages, DCs,
NK cells and CD8+ T cells to the lungs of C57BL/6 mice after
intranasal infection with F Y-phase could be
promoted by signaling through CCRS, however, CCRS is not
required for fungal resolution {871, In addition, the absence
of CCR2 induces a decreased recruitment of DCs to the lungs
of C57BUG mice that have been intranasally infected with
M. capsulotum Y-phase and this finding was associated with
the enhancement of L4 levels, which produces the life-

threstening M. copsarlanum infection |84,

9. Other components involved In the host-parasite
isteraction in murine histoplasmosks

In the imtricate interactions berween fungal pathogens
and their mammal hosts, metal homeostasis plays an
essential role in both virulence and host defense. Metals,
such as iron, zinc, and copper, have several hiological
functions and play a central role at the host-pathogen
interface [110,11 1] Among the metals that are invelved
in histoplasmosis, iron has been well characterized using
in vitre assays| 11 1-117), The models of murine pulmonary
histoplasmosis that used H. copsulatim ¥-phase revealed

that H capsulotum produces hydroxamate siderophores,
which are required for fungal intracellular survival in
macrophages [115 18],

An interesting report using metallomic analysis con-
tributed to understand the role of iron (Fe?* and Fe?* ) and
zine (Zn?* ) in the host defense mechanisms mediated by
macrophages. in vitro assays, performed with C57BLIG mice
macrophages and H. capsulatvm Y-phase, demonstrated
that iron and zinc deprivation in infected macrophages
previously treated with GM-CSF, inhibited yeasi-cell repli-
cation; however, this antifungal effect could be reversed in
the presence of IL-4 |1 19]

10. Conclusions

The resolution of M. copsulatum infection requires
the participation of host effector cells and molecules,
Macrophages, neutrophils, DCs, and T lymphocytes are the
essential eellular players that act in harmony with host
malecules, generated by these same cellular players, 1o
promote signaling mechanisms a5 2 consequence of the
interactions between fungal PAMPs and their PRRs present
on the host-cells. Generally, the Fates of these recognition
events are activated cells and chemical mediators of host
ceflular imrmumity, which is the major defense mechanism
that contributes to fungal death.

Mowadays, the most important challenge for the exper-
imenital models of histoplasmosis is to reproduce faithfully
the nmatural route of infection with M-phase, which is
the appropriate fungus infective-inoculum, At present, no
ideal pulmonary and systemic histoplasmosis experimen-
tal model, which accurately mimics the pathogenesis and
the clinical course of the corresponding human disease, has
been developed.

The hosi-parasite interactions duning N copmulstum
marine infection have allowed the predse elucidation of
ceriain events that eccur during histoplasmasis, particu-
larly those amociated with the disseminated form of the
disease and with the host adaptive immane response. Like-
wise, murine models have also been advantageouss for
understanding events that are inherent to the biology and
physiology of M. copsulatiom,
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Abstract

The present results describe. for the first time. the role of the nasal mmicosa (NM) and
cervical lvmph nodes (CLN) as initial sites for Histoplasma capswlatum dimorphic
transition and its subsequent dissemunation. Bats and mice were intranasally infected with
H capsulatim myveelial propagules and killed at 10, 20, 40 min and 1. 2. 3 h after infection.
The NM and CLN were monitored for the fungal presence. Yeasts compatible with H
capsulafum were detected within WA and CLN dendnific cells at 2-to-3-h posi-infection
using immunchistochenustry, A capsulafum was 1solated by culture at 28°C from the CILN
of bats and of one mouse after infection. These fungal 150lates were the same as the onginal
stram inoculum based on their RAPD-PCR patterns. Novel RT-PCR assavs were designed
to detect fungal dimorphism. using the expression of myvelial specific (M58) and yeast
specific (¥PS3) genes. This strategy supported the fast fungal dimorphism under in vive
conditions. which began in the NM at 1 h postanfection (a time pomt when M58 and FPS53
specific genes were expressed) and was completed in 3 h (a time point when only the YPS3
transcripts were detected). in both bats and mice.

Keywords

Dimorphesm. dissenunation. . capsulafum. miycelial propagules. respiratory tract response

Imtroduction

Histoplasma capsulatum 15 the etiologic agent of the respiratory and svstemic
granulomatous mycosis histoplasmosis. wheich has different climical presenfations that
depend on host susceptibility and the conditions prevailing m the mfection pmr:es.s_]

H capsulanmm 15 a dimorphic fungus widespread in the world In special
environments, it grows as a saprobe myeehial (M)-phase and produces mfective propagules.
mainly mucrocomdia and small hyphal fragments. Once aerosolized and 1nhaled by hosts,
these propagules can cause an infection assoctated with a mild-to-severe climcal course

mostlv in mmonosuppressed mdividuals or in susceptible persons who work in places with
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a high risk of infection.

It has been proposed that after inhalation the infective Ml-phase propagules
accutmilate 1 lung alveoli and convert to the A capsulafion veast (Y )-phase wifiun
alveolar macrophages. Usuallv, immmmocompetent hosts are able to resolve this twpe of
wnfection. Under some circnmistances, however, this parasite can multiply within the hostile
intracellular macrophage microenvironment, allowing the fimgus to persist within alveolar
macrophages. leading to macrophage destruction and the subsequent dissenunation of its Y-
phase **

H. capsularum develops in different host cells including macrophages. neutrophils.
dendritic cells (DCs). and epithelial cells.®” In general processing and presentation of H
capsulatum antigens to T-lymphocvtes 15 more effective in DCs than in macrophages. a
necessary step fo trigger the adaptive imnmne response. >%*

A resident DC subpopulation in the lungs with the phenotype CD117. F480°
CD11b™. Lv6C™. CD205" has been reported to be responsible for the phagocvtosis of H
capsulatiom veasts in C37BL'6 mice.” Recently. Newman et al' found that transition of
conidia (M-phace) to weasts (¥ -phaze) was restricted in human and nwmrine culmred lung
D(Cs.

Given that H capsulanmm infects the host through the mirways. the nasal nmicosa
(MAD). nazal asseciated Lmphotd tissue (NALT), and cervical Ivmph nodes (CLN) could
parficipate as the first step in funoal capture and dissenunation. which hikelv occurs through
their constimutive DCs that are located strategically in the NM and CLN.

The amms of this smudy were to determine the roles plaved by the NM. NATT. and
CIN dunng the earlv hours of H capsulafom intranazal infection of two different
mammalian hosts. as well as to advise other initial host’s anatomic sites for A capsulofum
M-to-Y morphotype transition and its subsequent dissemination. probably witlin DCs. For
this purpose, ploneening sirategies were implemented using bats (natwral wild host) and
mice (laboratory experimental host) as models, as well as the expression of two
morphotvpe protein specific genes for A capsulamum. M58 (mold-specific) exprezsed only
in the fimzal M-phase'!!* and ¥P53 (veast-phase specific) expressed only in the Y-phase
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Alaterials and methods

Histaplasina capsulaiim

The EH-53 strain. which was 1solated from a patient infected m a cave m the state of
Hidalgo. Mexico. was selected for the study. This stramn was characterized as LAm A

1.** and 1t is considered as reference of our laboratory

phylogenetic species by Kasuga et a
research team. It 15 deposited wm the H capsuiaium Culture Collection of the Fungal
Inmumology Laboratory of the Department of Microbiology and Parasitology. School of
Medicine, UNAM (www histoplas-mex unam mx). which is registered 1 the database of
the World Data Centre for Microorgamisms (WDCM) under number LIH-UNAM
WDCME17. The M-phase of the EH-33 stramn was cultured at 28°C i mycobiotic-agar

(Bioxon. Becton-Dickmson. Meéxico DF. MX). The Y-phase was maintained at 37°C

bram-heart mfusion broth (BHI) (Bioxon) supplemented with 0.1% L-cyvstemne and 1%

glucose.
Animal models

Bats were selected because of their possible evolutionary lustory with the pathogen H
capsulanon over the course of nullions of years 1 shared habitats 1 nature. whereas naive
mice used m laberatory assavs did not exhibit this smoular characteristic. Adult male
Tadarida brasiliensis bats were captured in the “El Salitre™ cave. Meztitlan municipality.
state of Hidalgo. Mexico. with a clhuropteran nust-net. This bat species was chosen based on
its lugh susceptibility to H capsulatm mfection and due to its behavior to form large
colonies.” Bats were transported alive from their shelter to the Fungal Immunology
Laboratory. UNAM. where thev were housed and mantained for a short penod wath
coleopteran larvae and acidified water, until required for different assavs. Eight-week-old
male BATB/c nuce were mamntamed at the ammal facilities of the School of Medicme.
TINAM  and provided with Porina chow (Punina de WMexico, Weéxien TOF W) and water ad
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libinim. Both ammal models were treated 1 accordance with the suggestions of the Ethics
Committes of the School of Medicine. UNAM. to project numbers: 112-200% (approved on
Jamwary 05, 2010) and 049-2011 (approved on June 14. 2011). and following the
recommendations of the Anumal Care and Use Comumttee of the UNAM and the MMexican
Official Guade (NOL 062-Z00-19997.

Fungal inoculum

Mycelium cultured tn miycobiotic-agar was transferred to non-supplemented BHI-agar
plates and mcubated at 28°C for 4 weeks. After mcubation. comidia and hyphae were
harvested by gently washing the fimgal culture surface with stenle saline-solution (55). The
fungal suspension was filtered through Whatman grade 40 filter paper (General Electric.
Healthcare Bio-Sciences Corp. Piscataway, NI, USA) to homogemze the moculum. and
then centrifuged at 800 g-15 nun After removing the supematant. the pellet was suspended
i 1 ml 55 and observed under light microscopy for the presence of microcomdia and small
hwphal frasments. The mveelial propagules viabihity was tested with trvpan blue (0.05%)
and. to confinn the viability, a sample was cultured 1 non-supplemented BHI-agar at 28°C.
The propagules suspension was carefully prepared in 55 and adjusted to 0.5 optical density
umits and the desired moculum was quantified with a hemocytometer. The fungal inoculum
(8 x 10" mycelial propagules/100 ul) was processed as most homogeneously as possible.
contaming 90% microcomdia and 10% small mveehal fragments, approximately. All

procedures were performed under strict biosafety and stenle conditions.
Intranasal infection

Fourteen animals of each species were mnfected with the above mentioned standardized
woculums (20 wul) dispensed i each anmmal’s nostril at mtervals of approxmmately 30 s
vniil completing 100 ul. Bats and muce were euthamzed appropniately. as recommended by
the Amimal Care and Use Commuttes of the UNANL at 10, 20, 40 nun and 1. 2. 3 h post-
mfection. NM (including the NALT) and CIN were harvested to monitor the fingal
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wnfection. Each tissue sample was washed three times in S5 pror to any assayv. The
wnfection assavs were processed m duplicate for each studied time. Non-infected ammals

were used as negative controls.

Fungal recovering from infecied animals

Saline-solution-washed fragments of WM and CLIN from bats and mice were mcubated on
mycobiotic-agar (Bioxon). for 34 weeks at 28°C. to facilitate fungal growth and
identification according to Tavlor et al'® Genomic DNA from each M-phase of the
recovered fungal isolates was evaluated by RAPD-PCR as described by Taylor et al.’” and
Canteros et al."* to confirm the polvmorphic DNA-pattemn of B capsulatnm.

Paraffin-embedded sections

Nasal mucosa and CLN samples. taken at the different postanfection times studied. were
fixed with 4% paraformaldehvde m 0.1 M Tns-HCl (pH 7.4) buffer for 8 l and then
washed in the same buffer, The nasal cavity and its bonv framework including the
nasopharyngeal duct were dissected after the removal of the soft tissue and bones of the
ammal’s head. The resulting bony block was decalcified by immersion in 10% EDTA
prepared mn 0.1 M phosphate-buffered saline (pH 7.2) for 2 weeks. All specimens were
paraffin-embedded to obtamn tissue sections. Senal frontal sections were used to localize the
NALT m the NM for each studied ammal All tissue sections were processed for penodic
arid Schuff (PAS), hematoxyhn-eosin (H&E). and immmmohistochemnmstry (THC).

Detection of H. capsulatim and DCs in NM and CLN sections by IHC wusing

immunoperoxidase sfaining

Tissue sections (3-pm) were mounted on positively-charged slides Superfrost plus®
(Shandon Inc. Pittsburgh PA. USA). dewaxed with xylene. rehvdrated with 0.1 M Tris-
HC1 (pH 7.2) buffer. and treated with 0.1 M citrate buffer (pH 6.0) for antigen retrieval.
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The sections were processed usimng a conventional immunoperoxidase methed to detect A
capsulatim as described by Espinosa-Avilés et al® and Pérez-Tomes et al™ with minor
modifications. A specific H. capsulatum rabbit yperimmune serum diluted 1:50 i Tris-
HC1 (pH 7.2) was used as the primary antibody. and a biotinvlated goat anti-rabbat IeG
(Zvmed Laboratories Inc.. San Francisco. CA TUSA) as the secondary antibodyv. Finallyv. a
streptavidin-biotin-horseradish  peroxidase complex an amumoethylcarbazole (Zymed)
chromogen solution. and hydrogen peroxide were added to reveal the reaction

Double staining was also performed to detect H capsulanan and DCs 1o the same
tissue section. After staimng for H capsilanan, peroxidase was blocked again as described
by Pérez-Torres et al™® Then a second immmmoperoxidase staining was performed to
identify the DEC-205 receptor on DCs. The rat anti-DEC-205 monoclonal NLDC-145
(Serotec Co.. Oxford. UK) diluted 1:40 in Trs-HCL (pH 7.2) was used as the primary
anttbody and a biotmnylared goar anti-rat 12G (Zvmed) was vsed as the secondary antibody.
Afterwards, the streptavidin-biotin-horseradish peroxidase complex was processed as above
mentioned. using 3.3'-dianunobenzidine (Zvmed) as chromogen.

All THC shides were counterstained with Maver's hematoxyvlin for 30 s and mounted
with hvdrosoluble resin (Biocare Medical Co.. Concord. CA. USA)

Sections of the peripancreatic Iymiph node from a dissenumated listoplasmosis
clinical caze contaiming a high munher of infracellnlar yeasts and sections of the thynns
contaming NLDC-145-positive corticomedullar mterdigitating DCs were used as positive
controls 1 every THC assay for the detection of H capsulanm and DCs. respectively.

MNegative controls for all tissue sections assaved were treated as above. using rabbat
normal serum as the prmary antibody.

Photomicrographs were taken with an awtomatic Olyvmpus SC 35 camera connected
to a BX 50 mucroscope (Olympus Amencan Inc., Miami. FL. USA)

Expression of H. capsulatum phase-specific genes by reverse transcription-polymerase

chain reaction (RT-PCR)

Total ENA from the NI and CIN of each infected amimal. at the different post-infection

30



times studied. were extracted using the TRIzol® Reagent (Imvitrogen Life Technologies.
San Diego. CA. USA). Brefly. 1 ml TRIzol was added to 10 mg of NM or CLN samples
and each suspension was incubated at room temperature for 20 min, vortexing every 5 min.
Then. 200 pl chloroform were gently nuxed at room temperature for 3 min Each sample
was centrifuged at 12.000 g-15 mun at 4°C and the water-soluble phase was recovered.
followed by the addition of 500 ul isopropancl. Samples were incubated at room
temperature for 10 mun and centnifuged at 12.000 g-10 nun at 4°C. The supematant was
removed and each pellet was suspended 1n 75% ethanol. Samples were again ceninfuged at
7.500 g-5 min at 4°C and each pellet was dned. dissolved i 13 pl of null-Q water, and
finally mcubated at 60°C for 10 nun The RNA from each sample was fluorometnically
quantified and immediately processed.

Punified ENA samples (1 pg) from the MM or CIN. taken at each infection tume.
were used for cDNA synthesis and amplification of each H capsulanimn phase-specafic
gene with the SuperScopt I One-Step RT-PCR System (Invitrogen). Based on previous
reports for MS5" and ¥PS3 genes. we designed two sets of specific primers (10 pmol for
each primer), with each set corresponding to a particular fungal morphotype. The MM-phase
specific (MS8) primers. MSS-FWD (5-GGGTTCTTCGAACTTCCTIG-3") and MSS-
REV (5-TGAAGATATGCGGTACAACA-3) generated a 153-bp fragment of the 3458
gene. which encodes a predicted 21-kDa structural protein necessary for hyphal cell wall
formation® The Y-phase specific (YPS3) prmers. YPS-FWD (5-
TCTGCGGCACCTGCAACCCTAT-3) and YPS-REV {5°-
CGGCTTICGTGTITATCGTCGC-37) generated a 230-bp fragment of the TPS3 gene. which
encodes a 20-kDa protein localized in the yeast cell wall

The following thermocychng conditions were used for ¢DNA svnthesis and
amplification: one cvele at 50°C for 30 mm and one cvele at 94°C for 2 nun. followed by
35 cveles at 94°C for 15 5. 55°C for 30 s. 72°C for 1 nun. and a final extension cycle at
722C for 7 min.

ET-PCR of B-actin from the MM and CLN samples of each ammal were processed
as positive controls of the assay with tissue samples and the following primers {10 pmol

each) were used: FWD (5 -CCAACTGGGACGACATGG-3") and REV (5-
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GGTGGTACCACCAGACAGC-3), which generated a 648-bp fragment. RNA extracted
from each M- or Y-phase of H capsilanmm EH-53 strain suitable culiures was processed
only as a control to standardize the optimal conditions to detect the expression of the M- or
Y-phase specific genes for each morphotype. m mdividual cultures. Wilh-Q water and/or
ENA from the NIV or CLN of non-infected animals processed by the One-Step RT-PCE
System were used as negatrve controls.

The amplification products were electrophoresed on 1.5% agarose in 1X TAE buffer
at 100 V for 50 mun. A 123-bp DNA ladder (Gibco. Life Technologies. Carlsbad. CAL

USA) was used as a molecular size marker. The bands were visualized as described above,

Results

Fungal recovering from infected animals

Three H. capsulanm myvcehial cultures grown on mycobiotic-agar were 1solated from the
CIN of two bats lalled at 2 and 3 h and of one mouse lalled at 3 h post-nfection. H.
capsilanim was 1dentified by 1ts typical macro- and mucromorphology and each recovered
1solare was confirmed to be the same as the original moculum (EH-33 stram). as evidenced

by comparison of their RAPD-PCR polymorphic patierns (data not shown).

Histological findings

The NALT from the bars and muce were identified using transversal decalcified
nasophannx sections stawned by PAS and H&E. and fungal cells companble with A
capsulanmm veasts were observed m the ciliated pseudosiratified colummar epithelim
associated with the NALT. i bars ar 2 h and in mice ar 3 h postinfection (Figure, 1A, B).
H capsulaium veast-like cells were observed by THC 1in NM. non-associated to
NALT. in either bats at 2 and 3 h (Figure 2A) or nuce at 3 h (Figure 2B) post-infection. T

general, fewer mumbers of yeast-like cells were observed in the NM epithelial cells of bats
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than in these of mice. In most cases, veast-like cells were observed wtracellularly. although
they were occasionally found extracellularly. Likewise. mtracellular and'or extracellular
veast-like cells were observed by THC m the CLN sections of bats at 2 and 3 h and m mice
at 3 h post-infection (Figure 2C). Several yeast-like cells were found 1 the cvtoplasm of
phagocytes located m the paracortical zone of CIN. which most likely correspond to
mterchgitating DCs (Figure 2D). Double THC stmmng for H capswlarum and DCs.
provided support for veast phagocytosis by DCs (Figure 2D).

MNumerous intracellular and extracellular veasts were observed in penpancreatic
bph node sections from a clinical case of a fatal lustoplasmosis that was used as positive
control for A capsulatm infection. Bestdes. THC of thymus sechons confirmed the
usefulness of the assay to detect DCs 1n tissues.

In all THC assays. controls with nomal serum were always negative,

Detection af H. capsulammm phase-specific genes by RT-PCR

First. the expression of each morphotvpe-specific gene was standardized vsing FENA of
each H capsulatun: morphotype cultures. Overall. concentration of the total EINA was 194
ug'ml for the M-phase culture and 228 pg'ml for the Y-phase culture. RT-PCR was
performed on the total ENA extracted from each of the morphotvpes to generate the cDNA
for phase-specific genes. After resolving the cDNA products on agarose gel
electrophoresis. the morphotypes of H capsulatim were confirmed by the observation of
the corresponding cDNA bands of the two phase-specific genes: M85 a 153-bp product
specific to the M-morphotype; and TPS3. a 230-bp product specific to the Y-morphotype
(data not shown).

Afterwards. RT-PCE. assays were conducted with tissues from infected bats and
mice. In bats NAL the cDNA band matching the M55 gene (M-phase) was detectable from
40 min to 1 h after the infection (Figure 3A). whereas the band corresponding to the P53
gene (V-phase) was only detectable after 1 h post-mfection and remamed detectable for up
to 3 h post-infection (Figure 3B), In nuce NM, the band matching the 355 cDINA was not

detectable during the matial stage of infection (Figure 4A). but was revealed rom L to 2 h
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post-infection (Figure 4B). whereas the band comresponding to the YPS53 ¢cDNA was also
found after 1 h post-infection and remamed detectable dunng the assaved post-infection
times (Figure 4B).

Fegarding the phase-specific transcript expressions i the CIN of both bats and
mice. the 153-bp band corresponding to the 158 cDINA was never detectable in anv of the
amimals when analvzed at different post-infection times (Figure 3C. D. and Figure 4C). In
contrast, the 230-bp band corresponding to the ¥PS53 cDNA was detectable at 2 and 3 h
post-infection 1 both bats (Figure 3C. D) and mice (Figure 4C).

The 648-bp band corresponding to the f-actin cDNA (positive control) was revealed
m all assays. The RT-PCE assay performed with mulh-Q water and RNA from the tissues

of non-infected amimals systematically vielded negative results.

Discussion

Host response to M-morphotype of H capsulanion has been scarcely analvzed. despate the
fact that Inglis et al.™ reported that tvpe I interferon responsive genes were induced during
mfection of nmirine alveolar macrophages with comidia but not with yeasts. which suggests
that different host innate immmne responses could be associated with each of the H
capsilanim morphotypes. However. the mteraction between H. capsulansn morphotvpes
and the host response associated with the upper respiratory tract has not been explored.

The WM represents the first site of host defense aganst entry of airborne pathogens
mto the upper and lower respiratory tracts. Most of the NM displays cvhindncal-
pseudostratified and cihated epithelivm with caliciforma cells. In the lamina propna.
macrophages. neutrophils. and DCs are present. The mteraction between diverse
microorganisms and these phagocytes. in combination with the overall immunological state
of the host. can define the clinical course of the mfection. The upper atrways. particularly
the highly vascular NML have an important protective function that includes hunudification
and heating of inspired air to 37°C."° The NM may also present optimal conditions that

facilitate the M-to-Y morphotype transition of certain dimorphic fungal pathogens. such as
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H. capsulation. This transition 15 a crucial event for the vinulence and the survival of the
fungus 1 hostile mtra- and extracellular host environments. In this smdv, molecular
methods were addressed at evaluating the dimorplic transition and subsequent
dissenunation of H capsulatm after intranasal infection with a myeelial moculum 1n either
bats or mice. expecting to determine. i both ammal models. the Toles plaved by the NM.
NATT, and CIN in response to the challenge with a pathogen directly associated to the
respiratory tract.

In mice. the NALT is well-known.*™~® whereas in bats. the NALT was described for
the first time by Sudrez-Alvarez et al.™ It has an appearance similar to a paired lymphoid
tissue distributed on both sides of the nasal septum. witlun the angle formed between the
palate-bone and the lower-comet.

Double THC demonstrated that H. capsilanim veast-like cells were present within
the subepithelial DCs of NM and the paracortical DCs of the CLN. in both bats and nuce.
Unfortunately. there are few studies of histoplasmosis conducted i bats model: whereas
the mice model has been more explored *® It is important to highlight that this is the only
study that has employed bats as an expenmental model for H. capsulanon dimorphism and
dissenunation. The findings herem descnbed. suggest differences between the two animal
models regarding the tme required for the dimorphic transition and subsequent
dissenunation of the fungus. as well as the amount of fungal cells present m the NN
NALT. and CLN host environments. which could mduce shight discrepancies in their
immune response to histoplasmosis mfection. These discrepancies could be associated with
a special bat and fungus relationship 1 nature, which has favored the mterplay berween this
kind of wild host and the pathogen H. capsuanmm.** Under this assumption. bats have been
able to resobve the A capsulanan wmnfection through a more effective response at the first
contact with the fungus that could differ from the nuce defense mechanisms. To support
this statement, low inflammatory responses have been reported in the lungs of mfected bats
that show lustological findings and culmre evidences of H capsulanon imnfection. as
reported by Taylor et al.'¢

The recovery of H capsulatum. on myvcobiotic-agar. from the CLN of bats and

mice. killed at 2-to-2 h and 3 h post mfection. respectively. demonstrated the success of the

35



infectious process and confirmed the viabality of the inocula. as well as the occurrence of
fungal dissenunation in these two amimal models. Although the H capsulatom M-to-Y
transition and further dissemination is assumed to occur within alveolar macrophages *® the
present study shows that particular sites of the upper respiratory tract may also be mvolved
in both processes. The dimorpluc transition of H. capsulanan has been widely studied i
viro using special culture media** however. the findings of the cusent research
contribute with new data on the 77 v7vo dimorplism and subsequent veasts dissenunation of
thiz pathogen 1n mnfected hosts. Besdes, the time requared for in vive dumorphic transition
was shorter than in another study performed under expenmental conditions using H
capsulatm and cultured alveolar or peritoneal macrophages ™

The wnegquivocal expression by RT-PCR assays of morphotype-specific M58 and
¥P53 genes. in M- or Y-phase H capsulanm cultures. demonstrated that both markers
were undoubtedly specific for their respective morphotyvpes. supporting the finding that
fungal cultures did not contan a nuxture of both H capsulanom morphotypes. since a
umique and specific cDNA band was revealed for each morphotype culture.

RT-PCR analyses also demonstrated that the morphotype-specific M55 and TP53
genes were expressed mn infected bats and nuce. albeat with some differences m their time-
pots. Thus, 1 bats the M55 transcript was detectable from 40 man untal 1 b post-infection
i the WM. suggesting that the mycelial propagules of the fungus persisted durmg this
period of time. Iaversely. the ¥P53 transcript was detectable oaly at 1 h after the infection,
suggesting that the fungal yeast-like cells appeared at this time and persisted subsequently.
In comtrast. the expression of the MSS tanscripts 1 the WM was delaved 1 muce and
disappeared altogether at 2 h post-mfection. whereas the expression of the FP53 gene was
sumilar to that observed 1n bats. In consequence. our findings suggest that the dunorphic
transition of A capsulatum occurs earlier m bats than 1n muce and. furthermore, the first 2 h
after infection could be proposed as a necessary time for the fungal morphotype-transition
process. which was completed at 3 h post-infection. under the 77 vivo conditions used.

Interestingly. the A58 gene was no longer expressed m the N from either bats or
mice dunng the latest infection ttme analyvzed. suggesting that all the myveelial propagules

that were able to cross the NM were converted to thetr Y-morphotvpe prior to thetr arrival



to the CIN. The identification of only the Y-phase m CLN suggests thar phagocytes
associated with the NM and NALT. usually the DCs. transport the fungus through the bloed
and lvmphatic vessels that dramn these tissues towards the CLN. Thus. some extra- or
mtracellular veast cells that were not processed 1 the CLN could continue to be transported
by hematic and/or Iymphatic routes. thus facilitatmg the spread of the Y-momphotype to
other host tissues.

The role of DCs m the recognition. transport. processing. and fate of H capsulation
has been studied. and the interaction of thas fungus with the DCs is achieved mamly by the
very late antigen-5 molecule of the integrin famly.® which recognizes a 20-kDa protein
identified as cvelophilin A on the H capsulatum veast surface.® The interaction of the DC
toll-like receptor-2 (TLR-2) with this fungus was first documented by Aravalli et al * who
determined that the Yps3 protein induces signaling through TLR-2. Sorgi et al *® also found
an interaction of TLR-2 with A capsulanam.

The presented findings suggest that DCs are the 1deal candidates to be mvolved 1
the mobilization of the fungus from the NM of infected ammals to therr CIN, The
wdentification of mtracellular yeast-like cells within the subepithelial and wterstitial DCs of
the NM as well as within the interdigitating DCs of the CLIV in both amimal models
provides additional support for this statement. Although other mechanisms are involved in

739 3 DC-based mechanism appears 1o be the easiest

the dissenunation of H capsulanon.
route for this pathogen to armve at the CIN. where 1t can mnitiate its dissenunation to
several other organs.

Given the mvolvement of the WM and NAILT observed m thes study. it would be
wteresting to show that etther NIV or NALT are nch in lvmphoid tissue and could generate
an effective defense response. because they have all the necessary elements required to
mount a conperent local imnune response. The effectiveness of thus defense would depend
on diverse factors. including the fungal inoculum: the virulence of the H. capsulanm stram.
the anmimal model the route of infection, and the whole imwmological state of the host.

The current findings do not exclude the classic route wnvolved 1 H capsulatum

infection. in which asrosolized mfective M-phase propagules have a direct arrival route into
the lungs. where the dimorphic transition and intiation of dissemination has been suggested
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to occur > However. fungal dimorphism and dissemination m infected animals may also
occur i the NM without necessanly requiting that the fungal propagules armve to the
lungs.

In addition we would like to underline that our indigenous EH-33 H. capsulatum
strain. classified previously as LAm A phylogenetic species. was able to mduce the TPS3
transcript erther m fungal culture or 1n infected tissue. as detected by RT-PCR assays m the
present study. Besides. the punified Yps3 protein from EH-53 strain has been detected by
Westemn-blot. revealed with anti—H, capsulanon human antibodies (Curiel-Quesada E and
Tavlor ML. pers. comnt ). These findings are relevant because netther the P53 transcript
nor its protein has been previously identified in A capsulanon LAm A phylogenetic
species.

In conclusion. our results of morphological. immunchistochemical. and molecular
assays. performed on the tissues of infected bats and mice. suggest the following: first. in
the infected host. H capsilatum has altemnative sites for mitiating 1ts dimorphic transition
and dissenunanon. ncluding the WM and CIN: second. fungal dimorplusm and
dissenunation to wtemnal organs mutiates earlier than previously reported m the literature:
and finally. the time required for A capsulatum dimorphic transition under our in vive
infection conditions, wlich mumies the natural route of pulmonary lustoplasmosis. was
shorter than those reported by most other studies performed under non-natural conditions.
such as using non-appropnated hosts, non-infective A capswlanon propagules. and

waccurate route of fungal infection.
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H. capsulatum yeast-like cells in the NALT of bats and mice after infection with mycelial propaqules. (A) In
bat NALT at 2 h, PAS staining; (B) in mouse NALT at 3 h, H&E staining. Arrows indicate yeast-like cells. Bars
= 10 pm.
199xB0mm (300 x 300 DPI)

H. capsulatum yeast-like cells in the NM and CLM of bats and mice at 3 h post-infection with mycelial
propagules. (A) In bat NM; (B) in mouse NM; (C) within bat CLN phagocytes; (D) within mouse CLN
paracertical DC, All tissue sections were IHC stained: the yeast-like cells were observed in red color using
aminoethylcarbazole as chremogen; whereas DCs were observed in brown color using 3,3'-diaminobenzidine
as chromogen. The IHC sections were counterstained with Mayer's hematoxylin. The selected MM sections
did not enciose NALT tissue. Arrows indicate yeast-like cells. Bars = 20 pm.
236X239mm {300 x 300 DPI)
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CAPITULO 5

Articulo original enviado
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ABSTRACT

Few data are available concerning the host pulmonary response to the dimorphic fungus
Histoplasma capsulatum after the earliest contact with infective mycelial propagules (M-phase). To
address this problem, we report the profile of cytokines detected by the MagPix system in lung
homogenates from mice that were intra-nasally infected with the M-phase of two virulent H.
capsulatum strains EH-46 from Mexico and G-217B from the USA. Cytokines that are primarily
involved in the innate response, such as IL-13 and TNF-a, show increase in their concentrations of
up to 16- and 26-fold compared with the control group at 14 days and 6 hours post-infection with
the EH-46 and G-217B strains, respectively. Among the cytokines associated to the innate-adaptive
interface, the highest levels of IL-6 and IL-17 were found on the 14" day in lung homogenates of
EH-46 infected mice. The levels of IL-22 were variable in lung homogenates at all assayed post-
infection times for both strains studied, while an early increase in IL-23 levels detected between 12
and 24 hours, was only found in EH-46 infected mice. Regarding IL-12, IFN-y, IL-4, and IL-10
cytokines which are primarily involved in the adaptive response, the greatest increases were
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associated with EH-46 infected mice. Histological panoramic view of mice lungs revealed, only in
the EH-46 infected mice, evidence of incipient granulomas at the 14™ day and numerous well
developed granulomas distributed in several lung-lobes at the 21* day after infection. Thus, mice
lung defense against H. capsulatum mediated by cytokine and inflammatory responses depends on
the fungal strain used and its morphological plasticity during the first step of the infection with M-
phase.

Keywords: Cytokines; H. capsulatum,; mycelial propagules; intra-nasal infection

1. Introduction

Histoplasma capsulatum causes the most important systemic mycosis in the world. Both the
severity of the disease and its clinical spectrum depend on the immunological status of the host, the
inoculum size, and the virulence of the fungal isolate. In most patients, the infection is self-limiting.
In natural conditions, aerosolized infective propagules of the mycelial morphotype (M-phase) from
this dimorphic fungus can produce a respiratory infection when inhaled by humans and other
mammals. In the host environment, H. capsulatum changes to its parasitic and virulent yeast
morphotype (Y-phase), which is found preferentially within host phagocytes [1,2].

H. capsulatum has evolved to primarily attack the lungs. There are few studies that have used
the inhalation route and M-phase propagules to simulate a natural infection for the development of
experimental histoplasmosis. The major events of the inflammatory mechanisms associated to the
immune response against M-phase propagules are unknown, especially during the initiation of the
fungal dimorphic transition in the infected host; instead, host interaction with the Y-phase has been
more thoroughly studied.

The innate response to histoplasmosis can be mediated by cellular players, such as
neutrophils, macrophages, dendritic cells and natural killer cells [3-9]. In contrast, the host
molecules of the innate response are less studied in histoplasmosis. Innate mechanisms can destroy
H. capsulatum or limit its infection blocking disease development [10-12]. The host immune
response is primarily displayed against the Y-phase, because the dimorphic transition from the
infective M-phase to the parasitic Y-phase takes place in the first hours of the host-pathogen
interaction. This transition could occur in the mucosa of the upper and lower respiratory tract,
including the nasal- and bronchiolar-associated lymphoid tissues as has been suggested by Sahaza et
al. [13]. The cellular immune response, mediated by T cells and their subsets, activates the major
host defense mechanisms in response to the Y-phase, which remains throughout the entire course of
the adaptive immune response [5,14].

The infective propagules of the M-phase (conidia and hyphal fragments) of H. capsulatum
has been rarely employed in either in vivo or in vitro assays to study the first step of the host defense
mechanisms against this pathogen [15,16]. Due to the few data available on this subject, our
laboratory has developed a model of pulmonary disease in BALB/c mice using M-phase propagules
and the natural route of fungal infection (intra-nasal), which mimics the course of pulmonary
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histoplasmosis in humans, to characterize the major host events associated to the curse of the
immune response to the initial inoculum with M-phase that is able to induce a self-limiting
infection.

The major aim of the present study was to assess, over four weeks, the profiles of cytokines
production and granuloma development in the lung of mice after intra-nasal fungal challenge with
H. capsulatum infective M-phase propagules.

2. Materials and methods
2.1. Histoplasma capsulatum inocula

Two virulent fungal strains were used: EH-46 (Mexico) from the H. capsulatum Culture
Collection of the Fungal Immunology Laboratory of the Department of Microbiology and
Parasitology, School of Medicine-UNAM (www.histoplas-mex.unam.mx), which is registered in the
database of the World Data Centre for Microorganisms under the number LIH-UNAM WDCMS817,
and G-217B (USA) from the American Type Culture Collection (ATCC-26032). EH-46 and G-
217B strains were previously phylogenetically classified as LAm A and NAm 2, respectively, as
reported by Kasuga et al. [17].

The strains were cultured for 3-4 weeks at 28 °C in potato-dextrose-agar (PDA, Bioxodn,
Becton Dickinson, Mexico City, MX). The M-phase of each strain was harvested in saline solution
(SS) and centrifuged at 800 x g-10 min at 4 °C to remove large mycelium fragments and
macroconidia. Microconidia and small hyphal fragments were suspended in SS and counted in a
hemocytometer, and the inoculum of each strain was adjusted to 3 x 10° infective propagules/mL.
The inoculum viability was tested with trypan blue (0.05%) and cultured in PDA at 28 °C. Biosafety
standards regarding the secure manipulation of H. capsulatum, which require a Level 3 Biosecurity
Laboratory, were in place in the Mycology Unit, Department of Microbiology-Parasitology, School
of Medicine, UNAM.

2.2. Animal infection

Isogenic male BALB/c mice (6 weeks-old) were kept under optimal environmental
conditions and fed ad libitum with mouse chow (Purina de México, Mexico City, MX) and acidified
distilled water.

The mice were intra-nasally inoculated with SS-suspended H. capsulatum inoculum (3 x
10%/40 pL), after intramuscular injection with a mix of ketamine-xylazine (v/v) to facilitate the intra-
nasal fungal infection process. The anesthetized animals were held in the supine position, and 40 pL
of the fungal inoculum was placed on the nares to encourage animal instillation. Six mice, per each
H. capsulatum strain, were processed at 0, 1, 3, 6, 12, 24, and 48 hours as well as at 5, 7, 14, 21, and
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28 days per time point post-infection. Non-infected control mice were inoculated similarly with 40
uL of SS for each time point tested. A total of 216 animals, including infected and control mice,
were processed at each time point post-infection, and they were euthanized according to protocols
approved by the Ethics Committee of the School of Medicine, UNAM (project number 049-2011).
The recommendations of the Animal Care and Use Committee of the UNAM and the Mexican
Official Guide (NOM 062-Z0O0-1999), in agreement with the international rules of the Guide for the
Care and Use of Laboratory Animal National Research Council, were strictly followed. Lungs from
each animal tested, at different time points post-infection, were aseptically removed. Moreover, the
lungs of each group of infected animals and non-infected animals (controls) were destined to
different procedures, cytokine determinations and histological studies. For histopathological
procedures, mouse lungs were processed after intra-cardiac and intra-tracheal perfusion with 10%
buffered formalin.

2.3. Cytokine determination

For this procedure, lungs were homogenized in 1 mL SS using an Ultra-Turrax T8
(IKA®Works, Inc., Wilmington, NC, USA). Each homogenate was centrifuged at 14 000 x g-15
min at 4 °C and, the supernatant, was harvested. Then, 0.2 mL of protease inhibitor cocktail
(cOmplete mini protease inhibitor tablets, Roche Applied Science, Mannheim, DE) was added. The
proteins were normalized and, subsequently, each homogenate was frozen at -196 °C until required.

Cytokines in lung homogenate supernatants were quantified using a MagPix magnetic beads
platform (Luminex xMAP, Austin, TX, USA). Panels containing magnetic beads covered with
fluorescent dyed conjugated to a monoclonal antibody specific for each target cytokine were used to
quantify IL-1B, IL-4, IL-6, IL-10, IL-12p40, IL-12p70, IL-17, IL-22, IL-23, TNF-a, and IFN-y
cytokines according to the manufacturer’s instructions (Milliplex MAG, Millipore, Billerica, MA,
USA).

2.4. Histological procedure

Formalin-perfused lungs, of infected and non-infected mice, were paraffin-embedded, and
tissue sections (3 um) were processed for histological observations using periodic acid Schiff (PAS)
staining. Transverse sections, which provided an overview of several lobes of the mice lung, were
semi-microscopically photographed using a Canon EOS T5i adapted to a Stand-Multiphot with a
macro-lens HL-1X.

2.4. Statistics

All data were statistically analyzed wusing STATISTICA version 6.1 (StatSoft,
www.statsoft.com). Analyses were performed using the Kruskal-Wallis test with multiple
comparisons of mean ranks for all mice groups studied. Differences in cytokines production
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between infected and non-infected animals (controls) were used for the statistical comparisons and,
P values <0.05 were considered significant.

3. Results

Overall, cytokine measurements in lung homogenate supernatants revealed substantial
differences between EH-46 and G-217B H. capsulatum strains used for the infection assays. The
lowest detection limits of cytokines were 32 pg/mL for IL-23 and 3.2 pg/mL for the others cytokines
tested by the MagPix magnetic beads system.

3.1. Cytokine determination in mice lung homogenate supernatants at different time points post-
infection with M-phase fungal propagules

3.1.1 IL-1p and TNF-a profiles

IL-1B production, at the studied time points after intra-nasal infection of mice with the EH-
46 strain showed a progressive increase, with high levels from 6 hours up to 21 days. The highest
concentration of IL-1B (16-fold greater than the control group) was reached at the 140 day post-
infection (P <0.01), while the G-217B strain did not show significant concentrations at any time
point post-infection (Fig. 1A).

The TNF-a levels were lower in mice infected with the EH-46 strain compared with those
infected with the G-217B strain until 12 hours post-infection. After this time, from 24 hours to 14
days post-infection, TNF-a levels induced by the EH-46 strain were continuously higher than those
detected in mice infected with the G-217B strain. In contrast, for the G-217B infected mice, the
production of TNF-o was high, with significant increases of 18- and 26-fold at 3 hours (P <0.05)
and 6 hours (P <0.01) post-infection, respectively, when compared with the control group. After 24
hours post-infection, TNF-a levels did not show significant differences. Both strains caused the
decrease of TNF-a in mice after 21 days post-infection (Fig. 1B).

3.1.2. IL-6, IL-17, IL-22, and IL-23 profiles

An increase in the levels of IL-6, to 40- and 49-fold greater than the control group was
detected in mice infected with the EH-46 strain at 3 hours (P <0.01) and 14 days (P <0.01) post-
infection, respectively. Whereas, in mice infected with the G-217B strain, IL-6 showed an increase
of 35-fold compared with the control group at only 6 hours post-infection (P <0.01) (Fig. 2A).

Regarding the IL-17 levels (Fig. 2B), only mice infected with the EH-46 strain increased the
production of this cytokine, slightly between 12 hours to 7 days post-infection, and considerably at
14" days post-infection (42-fold greater than the control group).
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In mice infected with the EH-46 strain, the production of IL-22 was variable throughout the
post-infection period assayed. However, significant differences (P <0.01) in IL-22 levels were found
from 6 to 12 hours and from 48 hours to 28 days post-infection times. In general, the increase in the
levels of this cytokine was not more than 5-fold greater than the levels obtained for the control
group (Fig. 2C). Mice infected with the G-217B strain produced also a variable level of this
cytokine during the assayed post-infection time; however, the production of this cytokine in mice
infected with the G-217B strain was always lower than that detected in mice infected with the EH-
46 strain. At 28 days post-infection the levels of IL-22 production remained detectable, for both
strains used, and were significant for mice infected with the EH-46 strain (P <0.01) (Fig. 2C).

A significant increase of IL-23 between 12 and 24 hours (P <0.05) post-infection was detected
only in mice infected with the EH-46 strain, corresponding to 154- and 109-fold increases compared
with the control group, respectively (Fig. 2D).

3.1.3. IL-12 and IFN-y profiles

IL-12, represented by the production of the peptides IL-12p40 and IL-12p70, showed a
sustained increase throughout the post-infection time points in mice infected with the EH-46 strain.
High levels IL-12 peptides were noted from 6 hours up to 21 days post-infection, with significant P
values at several points in their profiles (Fig. 3A,B). The maximum production of IL-12 peptides
occurred at 24 hours and 7 days post-infection; at these time points, both IL12-p40 and IL-12p70
were approximately 15-fold increased compared with the control group. In contrast, very low levels
of both IL-12 peptides were detected in mice infected with the G-217B strain, with IL-12 p40 and II-
12p70 increasing only 5- and 2-fold compared with the control group, respectively (Fig. 3A,B).
Decreases of IL12-p40 level, after 14 and 21 days post-infection, were detected in mice infected
with G-217B and EH-46 strains, respectively.

Regarding IFN-y production, only mice infected with the EH-46 strain showed a significant
level (P <0.01) of IFN-y with a concentration 200-fold greater than that of the control group at the
14™ day post-infection. The mice infected with the G-217B strain never showed significant levels of
IFN-y, which was always lesser than 2-fold with respect to the control group, at all time points post-
infection assayed (Fig. 3C).

3.1.4. IL-4 and IL-10 profiles

IL-4 levels detected in mice infected with the EH-46 strain (Fig. 4a), showed significant
differences at 24 hours, 5 and 7 days post-infection (P values <0.01). Besides, significant increase in
levels of IL-10 were only detected in mice infected with the EH-46 strain (Fig. 4B), from 6 to 24
hours post-infection, with 9- to 11-fold more than in the control group (P values <0.01), and at 5, 7
and 21 days post-infection, with 16-, 20-, and 15-fold more than the control group (P values <0.01),
respectively. Whereas, in mice infected with the G-217B strain neither IL-4 nor IL-10 reached
significant levels at any post-infection time assayed.
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3.2. Histopathological observations

Panoramic overviews of lung sections of infected mice showed incipient granulomas at the 140 day
after EH-46 infection (Fig. 5A) and numerous well-developed granulomas distributed in several
lung-lobes at the 21% day after infection (Fig. 5B), while granulomas decreased in number at 28"
day (Fig. 5C). In contrast, G-217B infected mice showed a diffuse peribronchiolar and alveolar
inflammatory infiltration at the 14™, 21%, and 28™ days post-infection (Fig. 5D,E,F). As expected, no
tissue responses were observed in non-infected control mice (Fig. 5G,H.I).

4. Discussion

In the present study, in a model of male BALB/c inmunocompetent mice, we mimic a natural
pulmonary histoplasmosis infection using the intra-nasal route and infective M-phase propagules of
two different virulent strains of H. capsulatum: EH-46 (LAm A) and G-217B (NAm 2). Fungal
infective propagules are able to cross several host barriers and can endure different types of stresses
that are involved in H. capsulatum dimorphism and dissemination before the arrival of infective
propagules to the host lungs [13]. We evaluated cytokine productions in lung homogenates of the
host at different time points post-infection, such that both innate and adaptive immune defense
mechanisms are engaged throughout the assayed period.

Our results emphasize that the LAm A EH-46 strain from Mexico induces a higher cytokines
response than the NAm 2 G-217B strain from the USA with regard to their production, appearance
and persistence in the lung tissue. Differences in the pathogenicity process and animal mortality
associated with H. capsulatum strains from North America (USA) and Latin America (Brazil), have
been documented by Durkin et al. [18]. Recently, Schoffelen et al. [19] reported distinct cytokine
patterns in human cultured peripheral blood mononuclear cells infected with different heat-killed
cryptococcal species, emphasizing that Cryptococcus gattii induces a marked inflammatory cytokine
response. Both of the above-mentioned reports support our findings with regard to the differences
detected in the cytokines response using either the LAm A or the NAm 2 H. capsulatum strains.

Another interesting aspect of our findings is the role of the infective fungal morphotype
associated with cytokine profiles in the early host lung response to the infection. It is likely that,
when the host response is first induced by the infective M-morphotype, the outcome of the H.
capsulatum infection varies over time and depends on the host cells involved, the cytokine profiles,
the type of fungal strain, and the changes in the fungal surface components associated with the in
vivo fungal dimorphism. Obviously, under natural conditions, the first line of the host defense
against H. capsulatum involves the production of cytokines that are initially stimulated by the
pathogen-associated molecular patterns (PAMPs) of the infective M-morphotype, which remains as
soon as the fungal transition to the Y-morphotype occurs. The time and course of the infection
depend on how long the pathogen takes to complete the morphotype transition [13].
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Due to their pleiotropic activities during the host immune response, we categorized the
studied cytokines according to their closest association with the innate (IL-1B and TNF-a), innate-
adaptive (IL-6, IL-17, IL-22, and IL-23), and adaptive (IL-12, IFN-y, IL-4 and IL-10) responses.

Regarding the IL-1p and TNF-a profiles, and in compliance with their possible involvement
with the innate immune response and with the innate-adaptive interface response, our data revealed
that both cytokines were produced continuously from 24 hours to 21 days, primarily in mice
infected with the EH-46 strain. Both cytokines produced during this time interval, might be involved
in the development of lung granulomas as we observed in our histopathological findings and in
accordance with prior reports, suggesting a role for TNF-a in the formation and maintenance of
granulomas in H. capsulatum infected mice [20-22].

Although the IL-6, IL-17, and IL-23 cytokines are considered to be primarily engaged in the
innate-adaptive interface response to different pathogens, they have rarely been studied in H.
capsulatum experimental infection [23-25]. Overall, these cytokines play an important role in
controlling the progression of the clinical course of histoplasmosis [23-25]. Our results with respect
to the profiles of these cytokines along the experimental course of mice infected with M-phase
propagules of EH-46 H. capsulatum strain emphasize that IL-6 and IL-17 are at their highest levels
at the 14™ day post-infection, while high levels of IL-23 are observed from the beginning of
infection. Interestingly, IL-23 was one of the assayed cytokines that reached the highest level of
production compared with the control group. The implication of this finding, in the histoplasmosis
infection course needs to be further explored. With respect to the 1L-23/IL-17-axis over the course
of our experiments, the increase in IL-23 prior to the enhancement of IL-17 is a new event that must
be considered in further studies examining the course of histoplasmosis infection with M-phase
propagules and cytokines production.

IL-17 levels were increased, considerably, at the 140 day post-infection only in mice infected
with the EH-46 strain, which is in agreement with the Mycobacterium infection process, in which
IL-17 is necessary for infection control and granuloma formation in the lungs [26,27]. However, an
early response of IL-17 during the first week of the mice infection with H. capsulatum yeast cells
has been reported by Deepe and Gibbons [23].

Although Th17 cells are the major CD4+ T cell population responsible for IL-17 production,
this cytokine is considered one of the most important cytokines engaged in the interface of the
innate-adaptive response, because it is produced by different cell populations of the innate and
adaptive immune systems [27,28].

IL-22 has been reported to be important to protect mucosa epithelia and to repair lung
epithelia damaged by pathogens [28,29]. IL-22 can be produced by several types of cells [28], and
its participation via the IL-23/IL-22-axis is important for inhibition of fungal growth in infected
hosts [30]. Although, in histoplasmosis infection the IL-22 was never previously considered, the
present results indicate, for the first time, that this cytokine is present in mice lung homogenates at
all post-infection time tested. In our point of view, the persistence of this cytokine throughout the H.
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capsulatum infection process using two different strains may be associated to any type of event
triggered by the host response, either in the defense or tissue repair processes.

Among Thl pro-inflammatory cytokines, IL-12 is necessary to generate a protective
immunity against H. capsulatum infection due to its role in the synthesis of IFN-y by CD4+ T and
NK cells [31]. As for other cytokines, their increase during the infection process could depend on
the type of fungal strain used, because the levels of IL-12 production varied in the lung homogenates
of EH-46 and G-217B infected mice, however, in contrast to other cytokines its level remains
detectable up to 28 days post-infection times.

IFN-y was the cytokine that presented the highest levels, showing up to a 200-fold increase
on the 14™ day, revealing its importance in controlling H. capsulatum infection. Obviously, this is in
accordance with its role in murine histoplasmosis, because IFN-y is the most potent activator of
phagocytes at the site of infection and it can inhibit intracellular growth of H. capsulatum [7,21,22].

Concerning the Th2 anti-inflammatory cytokines evaluated in the present study, I[L-4 and IL-
10 are most likely involved in the regulation of the pro-inflammatory response according the type of
H. capsulatum strain used. It is feasible that modulation of the Th1/Th2 balance could be associated
with the more intense inflammatory response developed by the EH-46 strain.

With respect to the development of granulomas under the experimental conditions in the
current study, it was found that both H. capsulatum strains also differ in the number, size and
distribution of pulmonary granulomas. Granulomas in processing were primarily observed in the
lungs of EH-46 infected mice from the 14™ to 21 day post-infection, and at 28" day the semi-
microscopic photography showed a decrease in the number of granulomas, suggesting the beginning
of the infection self-limiting process. Interestingly, these data correlate with the highest levels of IL-
1B, IL-6, IL-17, and IFN-y detected on the 14™ day post-infection using the EH-46 strain. This
finding is in agreement with reports described in experimental tuberculosis studies, which have
determined that IL-17 and IFN-y are necessary during the granulomas organization [27].

5. Conclusions

Host recognition mechanisms mediated by the immune response against H. capsulatum
depend on different PAMPs exposed on the surface of the fungus, firstly on the infective M-phase
and, subsequently, on the parasitic Y-phase derived from the dimorphic process that must be
triggered during the early time points of infection. Thus, the production of cytokines necessary to
control Histoplasma infection in susceptible hosts must be modulated by the high morphological
plasticity of this dimorphic fungal pathogen.
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Fig. 1. IL-1p and TNF-a profiles. Cytokine levels (pg/mL) were detected using a MagPix system in lung
homogenates from mice intra-nasally infected with M-phase propagules of EH-46 or G-217B H. capsulatum
strains. Each cytokine level represented in the figure was previously subtracted from the basal level given by
MagPix readings of lung homogenates from non-infected mice (control). (A) IL-1B and (B) TNF-a detection
was performed at different time points post-infection (h= hour; d= day). Significant P values are presented in
the figure (details are provided in the Materials and methods section).
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Fig. 2. IL-6, IL-17, IL-22, and IL-23 profiles. Cytokine levels (pg/mL) were detected using a MagPix system in lung homogenates from mice intra-
nasally infected with M-phase propagules of EH-46 or G-217B H. capsulatum strains. Each cytokine level represented in the figure was previously
subtracted from the basal level given by MagPix readings of lung homogenates from non-infected mice (control). (A) IL-6, (B) IL-17, (C) IL-22, and
(D) IL-23 detection was performed at different time points post-infection (h= hour; d= day). Significant P values are presented in the figure (details
are provided in the Materials and methods section).
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Fig. 3. IL-12p40, IL-12p70, and IFN-y profiles. Cytokine levels (pg/mL) were detected using a MagPix
system in lung homogenates from mice intra-nasally infected with M-phase propagules of EH-46 or G-217B
H. capsulatum strains. Each cytokine level represented in the figure was previously subtracted from the basal
level given by MagPix readings of lung homogenates from non-infected mice (control). (A) IL-12p40, (B)
IL-12p70, and (C) IFN-y detection was performed at different time points post-infection (h= hour; d= day).
Significant P values are presented in the figure (details are provided in the Materials and methods section).



peml

120.0

100.0

80.0

60.0

pgmL

40.0

20.0

0.0

62

IL4

P<a.0l

P<0.01

~--EH-46
-O=(G-2178

Oh 1h 3h 6h 12h 24h 48h 5d Td

Time

IL-10

-o-EH 46
“O=G-217B

Fig. 4. IL-4, IL-10 profiles. Cytokine levels (pg/mL) were detected using a MagPix system in lung
homogenates from mice intra-nasally infected with M-phase propagules of EH-46 or G-217B H. capsulatum
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was performed at different time points post-infection (h= hour; d= day). Significant P values are presented in
the figure (details are provided in the Materials and methods section).
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Fig. 5. Panoramic overview of mice lung sections at 14, 21 and 28 days after H. capsulatum infection. (A, B,
C) EH-46 strain; (D, E, F) G-217B strain; (G, H, I) non-infected mice (control). Arrows show: (A) incipient
granulomas at the 14™ day post-infection, (B) well-developed granulomas distributed in all lung-lobes at the
21* day, and (C) granulomas in remission at 28" day after infection. PAS staining, Bars = 0.5 mm, (d= day).
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CAPITULO 6

Otros resultados obtenidos aun no publicados

Siguiendo el mismo protocolo descrito por Sahaza et al. (2014b), se utilizé el morfotipo—L de las
cepas, EH-46 y G-217B, para realizar un analisis similar y comparar los resultados de ambos
morfotipos. De modo similar a la utilizacion del morfotipo-M, las mediciones de citoquinas en los
sobrenadantes de homogeneizado de pulmoén infectados con el morfotipo-L revelaron diferencias
sustanciales entre las cepas de H. capsulatum utilizadas. Igualmente se compard la respuesta
inflamatoria (desarrollo de granulomas).

Determinacion de citoquinas en sobrenadantes de homogeneizados de pulmén de ratones
BALB/c obtenidos a diferentes tiempos después de la infeccion intranasal con propagulos
fungicos del morfotipo-L

Perfiles de IL-13 y TNF-a

En los tiempos estudiados post- infeccion intranasal de ratones con la cepa EH-46, la produccion de
IL-1B mostré variaciones. Se detectaron niveles altos de IL-13 desde 1 h hasta 7 d. La mayor
concentracion de IL-1P (14 veces mas que el grupo testigo) se alcanzod en el séptimo dia después de
la infeccion (P <0.01), mientras que la cepa G-217B no generd en los ratones concentraciones
significativas de IL-1f en cualquier tiempo posterior a la infeccion (Fig. 1A).

Los niveles de TNF-o para los ratones infectados con la cepa EH-46 presentaron valores bajos a
excepcion de las 6 h donde se detectd un incremento de hasta 25 veces mas (P <0.01) que el testigo
de esta citoquina, mientras que en los ratones infectados con la cepa G-217B los niveles de TNF-a
fueron bajos durante todos los tiempos post-infeccion (Fig. 1B).

Perfiles de 1L-6, IL-17, 1L-22 e IL-23

Un aumento significativo en los niveles de 1L-6, 28 veces mas que el grupo testigo (P <0.01), fue
detectado en ratones infectados con la cepa EH-46 a las 3 h post-infeccion. Por el contrario, en los
ratones infectados con la cepa G-217B, la IL-6 no revelo6 valores significativos en comparacion con
el grupo testigo (Fig. 2A).

Los niveles de IL-17 mostraron una cinética similar para ambas cepas estudiadas, sin embargo llama
la atencion los niveles iniciales, tiempo 0 y 1 h, para los animales infectados con la cepa EH-46, los
cuales fueron 8 y 6 veces mas altos que el grupo testigo, respectivamente. En general, los niveles de
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IL-17 para la cepa EH-46 fueron considerablemente mas altos a los encontrados para los ratones
infectados con la cepa G-217B (Fig. 2B).

En los ratones infectados con la cepa EH-46, la produccion de 1L-22 vari6 a lo largo de los tiempos
post-infeccion. Sin embargo, destacan el incremento de 16 y 11 veces en relacion con el grupo
testigo a las 3 h y 5 d post-infeccion, respectivamente (P <0.01). No se encontraron diferencias
significativas en niveles de IL-22 en los ratones infectados con la cepa G-217B (Fig. 2C).

IL-23 present6 principalmente un aumento importante en sus niveles en el dia 21 post-infeccion (23
veces mas que el grupo testigo) en los animales inoculados con la cepa EH-46. Sin embargo, esta
citoquina fue una de las pocas que desarroll6 niveles altos en los animales infectados con la cepa G-
217B, detectandose a las 24 h y 21 d post-infeccion valores de 34 y 21 veces mas altos que el grupo
testigo, respectivamente (Fig. 2D).

Perfiles de IL-12 e IFN-y

IL-12 esta representada por la cuantificacion de los péptidos IL-12p40 e IL-12p70. En ratones
infectados con la cepa EH-46, IL-12p40 mostr6 un rapido aumento en sus niveles durante la primera
hora después de la infeccion (29 veces mas que el grupo testigo) que decayo luego de 24 h post-
infeccion, volviendo a incrementarse significativamente entre los 5 y 7 d post-infeccion (15 veces
mas que el grupo testigo, P <0.01). Con la cepa G-217B no se detectaron concentraciones
significativas en los homogeneizados de pulmon en cualquier tiempo posterior a la infeccion de los
ratones (Fig. 3A). Con relacion a IL-12p70, en los animales infectados con la cepa EH-46, su
produccion méaxima fue a las 24 h y 5 d post-infeccion, siendo sus niveles de 14 y 10 veces mas que
el grupo testigo (P <0.01), respectivamente. En contraste, niveles bajos de IL-12p70 fueron
detectados en ratones infectados con la cepa G-217B, s6lo aumentando 7 y 8 veces mas que el grupo
testigo a las 6 y 12 h post-infeccion (P <0.01), respectivamente (Fig. 3B).

La produccion de IFN-y solo fue detectada en los ratones infectados con la cepa EH-46 que
mostraron niveles significativos (P <0.01) de IFN-y con incremento de sus valores 6 y 11 veces mas
que el grupo testigo a las 48 h y 7 d post-infeccion. Los ratones infectados con la cepa G-217B

nunca mostraron niveles significativos de IFN-y en todos los tiempos post-infeccion ensayados (Fig.
30).

Perfiles de 1L-4 e IL-10

IL-4 present6 niveles detectables solo en ratones infectados con la cepa EH-46, que mostraron
diferencias significativas en los tiempos 0 y 1 h asi como en el dia 5 (3 veces mas que el grupo
testigo) post-infeccion (Fig. 4A).
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Aumentos significativos en los niveles de IL-10 se detectd en ratones infectados con la cepa EH-46
a las 24 h (24 veces mas que el grupo testigo) y a los 5 d después de la infeccion (10 veces mas que
el grupo testigo) (Fig. 4B).

En ratones infectados con la cepa G-217B ni IL-4 ni IL-10 alcanzaron niveles significativos en
cualquier tiempo post-infeccion (Fig. 4A y 4B).

Resultados de la evaluacion del curso de la respuesta inflamatoria en pulm6én de ratones
BALB/c obtenidos a diferentes tiempos después de la infeccion intranasal con propagulos
fungicos del morfotipo-L

La observacion microscopica a bajo aumento de cortes de pulmén de ratones infectados con el
morfotipo-L de H. capsulatum a los 14, 21 y 28 d, revel6 al utilizar la cepa EH-46: 1) un infiltrado
celular difuso en el dia 14 post-infeccion (Fig. 5A); 2) numerosos reacciones inflamatorias
sugiriendo granulomas incipientes distribuidos en varios l6bulos pulmonares a los 21 d después de
la infeccion (Fig. 5B); 3) escasos cumulos de infiltrado celular (Fig. 5C) en el dia 28 post-infeccion.
En contraste, los cortes de pulmén de ratones infectados con el morfotipo-L de la cepa G-217B
mostraron una respuesta inflamatoria peribronquiolar en el 14 d, mientras que en el 21 y 28 d post-
infeccion no se observaron reacciones inflamatorias (Fig. 5D, E, F). En los ratones testigos no
infectados (Fig. 5G, H, I), no se observaron ningln tipo de respuesta inflamatoria.
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Fig. 1. Perfiles de IL-13 y TNF-a en homogeneizado de pulmon de ratones infectados por via intranasal con
propagulos del morfotipo-L. Se utilizaron las cepas de H. capsulatum EH-46 o G-217B. Los niveles de
citoquinas (pg/ml) fueron detectados por el sistema MagPix. Cada valor de citoquina graficado fue corregido
con sus respectivos valores basales determinados por el sistema MagPix en homogeneizados de pulmon de
ratones no infectados (testigo). (A) IL-1B y (B) TNF-a. Las lecturas de citoquinas se realizaron a diferentes

tiempos después de la infeccion. (h = horas, d = dias).
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Fig. 2. Perfiles de IL-6, IL-17, IL-22 e IL-23 en homogeneizado de pulmoén de ratones infectados por via intranasal con propagulos del morfotipo-L.
Se utilizaron las cepas de H. capsulatum EH-46 o G-217B. Los niveles de citoquinas (pg/ml) fueron detectados por el sistema MagPix. Cada valor de
citoquina graficado fue corregido con sus respectivos valores basales determinados por el sistema MagPix en homogeneizados de pulmon de ratones
no infectados (testigo). (A) IL-6, (B) IL-17, (C) IL-22 y (D) IL-23. Las lecturas de citoquinas se realizaron a diferentes tiempos después de la
infeccion. (h = horas, d = dias).
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Fig. 3. Perfiles de IL-12p40, IL-12p70 e IFN-y en homogeneizado de pulmén de ratones infectados por
via intranasal con propagulos del morfotipo-L. Se utilizaron las cepas de H. capsulatum EH-46 o G-217B.
Los niveles de citoquinas (pg/ml) fueron detectados por el sistema MagPix. Cada valor de citoquina
graficado fue corregido con sus respectivos valores basales determinados por el sistema MagPix en
homogeneizados de pulmoén de ratones no infectados (testigo). (A) IL-12p40, (B) IL-12p70 y (C) IFN-y.
Las lecturas de citoquinas se realizaron a diferentes tiempos después de la infeccion. (h = horas, d = dias).
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Fig. 4. Perfiles de IL-4 e IL-10 en homogeneizado de pulmoén de ratones infectados por via intranasal con
propagulos del morfotipo-L. Se utilizaron las cepas de H. capsulatum EH-46 o G-217B. Los niveles de
citoquinas (pg/ml) fueron detectados por el sistema MagPix. Cada valor de citoquina graficado fue
corregido con sus respectivos valores basales determinados por el sistema MagPix en homogeneizados de
pulmon de ratones no infectados (testigo). (A) IL-4 y (B) IL-10. Las lecturas de citoquinas se realizaron a
diferentes tiempos después de la infeccion. (h = horas, d = dias).
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Fig. 5. Observacion microscopica de secciones de pulmon de ratones infectados con el morfotipo-L de H.
capsulatum a los 14, 21 y 28 dias. Cepa EH-46 (A, B, C); cepa G-217B (D, E, F); ratones testigo no
infectados (G, H, I). Las fotografias fueron tomadas a 40 X. Las flechas muestran: (A) infiltrado celular
difuso en el 14 d; (B) granulomas incipientes distribuidos en todos los 16bulos pulmonares en el 21 d; (C)
escasos cumulos de infiltrado celular en el 28 d post-infeccion con la cepa EH-46; y (D) granulomas
incipientes en algunas zonas pulmonares en el 14 d post-infeccion con la cepa G-217B. Tincion PAS,
barras = 80 um, (d = dia).
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CAPITULO 7

Discusion

En el presente estudio, en un modelo de ratones macho BALB/c inmunocompetentes, se indujo el
desarrollo de histoplasmosis pulmonar, simulando una infecciéon natural por la ruta intranasal
utilizando propagulos fingicos infecciosos del morfotipo-M de dos diferentes cepas virulentas de
H. capsulatum: EH-46 (LAm A) y G-217B (NAm 2). Igualmente, se realizo la infeccion con
propagalos del morfotipo-L, dado que este morfotipo es comunmente utilizado para realizar
investigaciones con este patdogeno. Sin embargo, este morfotipo aunque es la forma parasitaria y
virulenta de H. capsulatum, no es la particula responsable de infectar huéspedes mamiferos en la
naturaleza. Por lo tanto, la transicion dimoérfica en el huésped infectado debe ocurrir en las
primeras etapas de la infeccion para permitir que el morfotipo-L parasitario virulento pueda
establecerse y favorecer el progreso de la infeccion. La respuesta inmune fundamental del
huésped se da para el morfotipo-L, sin embargo el tiempo y la diversidad de moléculas fungicas
expuestas durante el transito dimoérfico de M a L son cruciales en los inicios del reconocimiento y
el montaje de la defensa del huésped. Es importante destacar que el morfotipo-L, naturalmente no
infectivo, es el mas utilizado en la mayoria de los trabajos de investigacion experimental y, por lo
tanto, éstos incurren en sesgos interpretativos de los andlisis de la primera etapa de la infeccion,
la cual ha sido poco cuestionada y estudiada. Los propagulos infectivos del morfotipo-M de H.
capsulatum deben ser capaces de atravesar varias barreras del huésped y pueden soportar
diferentes tipos de estrés durante su ruta por vias respiratorias y que pueden estar involucrados
con el dimorfismo y la diseminacion del patdgeno antes de la llegada de los propagulos infectivos
a los pulmones. Por tal motivo, en el presente trabajo evaluamos el perfil de citoquinas en
homogeneizados pulmonares y la respuesta inflamatoria a través del desarrollo de granulomas en
cortes histologicos de pulmoén de ratones infectados intranasalmente con el morfotipo-M o el
morfotipo-L de H. capsulatum, de modo que la respuesta inmune pudiera ser valorada en tiempos
cortos y largos post-infeccion. Esta estrategia fue disefiada para rastrear y analizar en el pulmon
del huésped, el efecto del morfotipo-M en los tiempos iniciales de la infeccion fungica y el curso
de la respuesta inmune asociada a la aparicion y establecimiento del morfotipo-L en los tiempos
largos.

El analisis de las citoquinas pro-inflamatorias IL-13 y TNF-a, sugiere que ambas citoquinas
participan tanto en la respuesta inicial del huésped (tiempos cortos de post-infeccion) como
durante el curso del proceso infeccioso, particularmente con ambos morfotipos fingicos de la
cepa EH-46, sobresaliendo la respuesta del huésped inducida con el morfotipo-M (Sahaza et al.
2014b).

En la infeccion experimental por H. capsulatum las citoquinas 1L-6, IL-17 e IL-23, han sido
menos estudiadas, sin embargo, se postula que estas citoquinas tienen un papel importante en el
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control de la progresion clinica de la enfermedad (Deepe y Gibbons 2009; Kroentz y Deepe 2010;
Wu et al. 2013). Estas citoquinas tienen la particularidad de presentarse tanto en la fase muy
temprana como en la fase de consolidacion de la infeccion, lo que las compromete posiblemente
como reguladoras en la interface de la respuesta inmune innata y adaptativa. Los resultados con
respecto a los perfiles de estas citoquinas, a lo largo del curso experimental de ratones infectados
con el morfotipo-M o —L, revelaron que IL-6 tiene un curso similar con la inoculaciéon de uno u
otro morfotipo, sin embargo sus valores fueron mas pronunciados al inducir la infeccion, de
manera mas cercana a la natural, utilizando un inoculo intranasal con el morfotipo infectivo
(morfotipo-M) (Sahaza et al. 2014b), particularmente con la cepa EH-46. IL-17 e IL-23
presentaron un comportamiento interesante para los animales infectados con el morfotipo-M de la
cepa EH-46) (Sahaza et al. 2014b), ya que la produccion de ambas citoquinas fue desfasada en el
tiempo post-infeccion, donde la elevacion de IL-23 precede a la elevacion de IL-17 en tiempos
mas tardios. Este comportamiento particular no se discrimina cuando se utilizd como inéculo el
morfotipo-L parasitario, virulento y no infectivo, siendo la produccion de estas citoquinas
discontintia desde los tiempos tempranos de la infeccion. Una respuesta temprana de IL-17
durante la primera semana de la infeccion de ratones C57BL/6 infectados con el morfotipo-L de
H. capsulatum ha sido reportada por Deepe y Gibbons (2009).

IL-22 nunca ha sido considerada anteriormente en la infeccion experimental con H. capsulatum.
Los resultados alcanzados con esta citoquina, detectada por primera vez, demuestran su presencia
en los homogeneizados de pulmon de ratones en la mayoria de los tiempos tempranos y tardios
post-infeccion probados. La presencia de esta citoquina durante todo el proceso de la infeccion
por H. capsulatum podria estar asociada a los procesos de defensa y al mismo tiempo de
reparacion tisular de los ratones infectados, dado que IL-22 ha sido reportada como una citoquina
muy importante en los procesos de proteccion del epitelio de la mucosa y reparacion de los
epitelios pulmonares dafiados por patogenos (Zelante et al. 2011; Posiask et al. 2013).

En relacién con IL-12, se sabe que é€sta es necesaria para generar una inmunidad protectora
contra la infeccion por H. capsulatum debido a su papel en la sintesis de IFN-y por linfocitos T
CD4 + y células NK (Marth y Kelsall 1997). En los resultados presentados, los niveles de
produccion de IL-12 en los homogeneizados de pulmon de ratones infectados con el morfotipo-M
de la cepa EH-46 siempre fueron maés altos y sostenidos en los tiempos post-infeccion, mientras
que, en los animales infectados con el morfotipo-L se encontr6 un comportamiento variable,
destacando los valores elevados previo al aumento de IFN-y, del cual se sabe que es la citoquina
activadora mas potente de los macrofagos en el sitio de la infeccidbn y puede inhibir el
crecimiento intracelular de H. capsulatum (Zhou et al. 1995; Allendoerfer y Deepe 1998;
Heninger et al. 2006). De acuerdo con lo anterior, los resultados realizados con IFN-y presentaron
aumentos significativos so6lo en aquellos animales inoculados con la cepa EH-46,
independientemente del morfotipo, previo a la resolucion de la enfermedad. Sin embargo, es
interesante enfatizar que la cinética de produccion de IFN- y presentd un desfase en su aparicion
en relacion al morfotipo fungico utilizado, apareciendo més temprano en los animales infectados
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con el morfotipo-L, lo anterior sugiere que el cambio dimorfico in vivo influye en el tiempo de la
progresion de la infeccion.

En cuanto a las citoquinas anti-inflamatorias evaluadas en el presente estudio, IL-4 e IL-10, muy
probablemente estén involucradas en la regulacion de la respuesta pro-inflamatoria de acuerdo
con el tipo de cepa de H. capsulatum utilizado. Es factible que la modulacion del balance
Th1/Th2 pueda estar asociado con la mas intensa respuesta inflamatoria desarrollada por la cepa
EH-46.

Con respecto al desarrollo de granulomas, se encontrdé que ambas cepas de H. capsulatum pueden
inducir una respuesta inflamatoria con tendencia a la formacion de granulomas. Sin embargo,
destaca la rapida resolucion de la respuesta inflamatoria menos extensas de los aminales
infectados con la cepa G-217B, a los 21 d comparado con los animales inoculados con la cepa
EH-46, a los 28 d. Los granulomas se observaron principalmente en los pulmones de ratones
infectados con la cepa EH-46 cuando la respuesta inmune adaptativa es particularmente efectiva
(21 d post-infeccion). Los hallazgos histologicos sugieren que a partir del dia 28 hubo una
disminucion en el numero y extension de granulomas, lo que podria indicar el principio de la
resolucion de la infeccion. Igualmente, como se observd en las citoquinas, comparando la
infeccion del morfotipo-M con el morfotipo-L, se presenté una disminucion en el tiempo y en la
intensidad de la respuesta inflamatoria expresada en la formacién de granulomas que
probablemente favorecio la resolucion de la enfermedad en los animales infectados.

Es importante senalar que el tipo de cepas de raton utilizado puede influir en los resultados del
perfil inmunoldgico de la histoplasmosis experimental. Por otro lado, tanto la edad como el sexo
de los ratones son variables primordiales para definir datos repetitivos del comportamiento de la
respuesta inmune al patogeno. En la histoplasmosis es comun encontrar trabajos asociados a
ratones A/J, BALB/c o C57BL/6, siendo este Ultimo maés utilizado por algunos grupos de
investigacion que manejan animales predominantemente resistentes a la infeccion (Sahaza et al.
2014a). Para este estudio se ha utilizado un modelo animal susceptible a la infeccion con H.
capsulatum, ratones machos BALB/c, el cual ha sido estandarizado en el laboratorio desde hace
varios afos y satisface las condiciones de seguimiento de una infeccion autolimitada.

Los resultados de la presente investigacion utilizando dos cepas del hongo, EH-46 de México y
G-217B de los Estados Unidos de América, de especies filogenéticas distintas, LAm A y NAm 2,
respectivamente, revelaron diferencias significativas en el curso de la produccion de las
citoquinas y en el desarrollo de granulomas, lo que sugiere la relevancia de los PAMPs de cada
cepa y sus respectivos morfotipos en el montaje, en tiempo y forma, de los mecanismos de
defensa del huésped. Tanto es asi que los resultados alcanzados con los dos morfotipos de la cepa
EH-46 indujeron una mayor respuesta inflamatoria, reflejada tanto en una mayor produccion de
citoquinas como en un mayor desarrollo de granulomas. Sin embargo, la respuesta inducida
primariamente por el morfotipo-M revel6 marcadas diferencias en la intensidad y tiempo de
resolucion de la infeccidon, en comparacion con la infeccion inicial con el morfotipo-L. Es posible



71

que, en condiciones naturales, una de las primeras lineas de la defensa del huésped contra H.
capsulatum puede implicar la produccion de citoquinas que son estimuladas inicialmente por los
PAMPs del morfotipo-M infectivo. Cambios en la virulencia asociada a la mortalidad de
animales, utilizando diferentes tipos de cepas de H. capsulatum procedentes de Norteamérica y
América Latina han sido documentadas (Durkin et al. 2004).

Conclusiones

El morfotipo-M de la cepa EH-46 de H. capsulatum, procedente de México, inoculado via
intranasal en ratones machos BALB/c, permitid6 reproducir la histoplasmosis pulmonar
autolimitada de modo similar como ocurre en la naturaleza, por lo que se logrd evaluar el curso
de la infeccion experimental a través de la identificacion y cuantificacion de citoquinas en
homogeneizados pulmonares y de la respuesta inflamatoria en cortes de pulmon de ratones
infectados.

La progresion de la histoplasmosis representa una relacion multifactorial entre el estado inmune
del huésped, la concentracion de indculo fungico inicial, la virulencia del hongo, la diversidad y
expresion de PAMPs segin el morfotipo y la cepa fungica utilizada (diferentes especies
filogenéticas). Asimismo, influye en el curso de la infeccion la via de entrada del patogeno y el
modelo animal utilizado. Los resultados del presente trabajo sugieren que el morfotipo y la cepa
de H. capsulatum intervienen no so6lo sobre el establecimiento y el tiempo requerido para la
autolimitacion de la infeccidon, sino también sobre los tiempos de aparicion de los signos y
sintomas propios que definen la enfermedad y la recuperacion de la misma.
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tadas en el GenBank, janto con 125 obtenidas por TESt0s gTupas de investigacin (depositadas en 3
Fungal Barcoding of Life Database ), s anatizaron con ef métado de maxima probabikidad (ML por sus

E-metl miresses foriell pfenam. ma, choredona pra@esmesLeom (C TosseBal
* These aghars panicipaied in the destgn and coordination of the Mesicn The-
matic Net for Fengi Barcode of Life {MEXBOL) o the Comsejo Nadomal de Cenclay
Tecnologia {CDNACYT-MEQD and have equally contribusted to this review

113140615 - see froni matzer & 2003 Bevista lberoamericana de Miologia. Published by Flaevier Expana 51 Al rights resreed.
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siglas em inglés). EL andlises ML o 12s seroencias de las regiones [TS discrimind aislamientos de arigenes
grogrificos distantes ¥ de hufspedes salvajes particulanes, de acuerdo can 12 especie fngica analirada
Esbe arficulo forma parte de una sevic de estudios presentados enel oV international Workshop: Moleczlar
enetic appmaches to the study of himman pathogens: fongk (Do, Méxioo, 20121

©21013 Revista Iberoamericana de Micolpgia. Pubiicado por Elsevier Espafia, S1 Todos los detechas

reservadas.

Reliable identification of pathogenic fungal species is funda-
mental o epidemiclogy in torms of hiodiversity, geographical
vanation, and eavironmental changes, Species idennfication in
fungi is particularly challenging because of their transient nature.
Limitations to the studies of diversity in mammalian pathogenic
fungi exist due to a lack of taxonomic specialists, and scarce and
incomplete data for many taxonomic characters, which has been
suggested by Suwannasai et al.'” and Tantic hareon.'®

Pheno- and genotyping of fungal strains have been used as
important tools for identifving environmental sources of outbreaks
as well as confirming the existence of pathogens in natural habi-
tats. These different typing methods kave wsed both conventional
and molecular technigues:

Although phenotyping has continuoushy been used to study
fung, sensitive and specific genotyping methods are being devel-
oped to characterize fungal species, but different criteria must
be met to be accepted by specialists. In many cases, genotyp-
ing methods compare DNA polymorphisms and classify fungal
organisms according to the pranciples of molecular systematic. For
Histoplesme copsulehem {etiokogical agept of the systemic myco-
sis histoplasmosis) and Sparotimix schenckii (etiological agent of
the subcutaneous mycosis sporsrichosis) typing and classiAcation,
different molecular technigques have been applied, among them,
vanious PCR methods using genomic sequences,” =

There is-a wide array of molecolar markers for microorganism
dentification and genatyping or mokecular classification. Amomsg
them, the Intemal Transcribed Spacer (115} regions stand oot for
the study of closely related taxa, due to genetic diversity associated
with the high rate of evolutionary changes characteristic of these
regions. 2 ITS consist of bwo variable non-coding regions (1151 and
M52 }inserted between the highly conserved small subunit 185, the
5.85, and the large subunit 285 of the rDMA gene chuster, ™

[T5as a molecular @rget for fungal identtfication are supporied
by several unigue characterstics: (i} The cormplete TS region hasa
length between 600 and 800 bp and can be easily amplified, using
universal pamers that are complementary to rfdMA seguences:
[ii} The multicopy nature of the repeat regions of the rDMNA allows.
for the amplification of the [T5 regions from small, diluted or
degraded DMA samples. {iii) Several studies have demonstrated
that the [T5 regions are highly varable among morphologically
distinct fungal species.’”

The usefulness of IT5 markers has been documenied in several
studies of phylogeny and genotyping of H. cepsulohem' ~5' and

5. schencii.* 4+

The Mexican Barcode of Life project for the H. copsuf atum
and §. schenckil species complexes

The Mexican Barcode of Life {MEXBOL) resulted from the work:
of Mexican investigators as pant of the international DNA barcoding
[BOL) project. MEXBOL is now part of a netwark with funding
from the Consejo Macional de Ciencia ¥ Tecnologia {COMACYT)
and the Comisidon Macional para el Conocimiento y Uso de la
Biodiversidad (CONABID). The Matural Sciences and Engineering
Research Council of Canada (NSERC} developed a Barcode of Life
[hatabase (BOLD) based on a specific informatics infrastructure,
The cytochrome - oxidase subunit 1 (C0f), ribolose-bisphosphate

carboxyiase [thel), maturase K (miatk), and ITS regions are among
the Barcode sequences used. In addition to the assembly of barcode
information and maintenance of these records by the BOLD system,
a copy of all sequence and key specimen daa is archived at the
National Center for Biotechnology Information [ NCEI) or its sister
genomic repositories, the DNA Data Bank of japan (DDE]) and the
European Molecular Biology Laboratory (EMEBL]L when results are
ready for public release,'?

The identification of H. copsulatum and 5 schenchdi Eolates from
different sources and ongins by the sequences of the [T5 regions
started in 2010 as a praject for the MEXBOL network for fungi. To
date there are 19 [T51-5.85-1T52 sequences of H. capsulofum from
the Laboratoric de Inmunologla de Hongos and 10 sequences of
Sporothrie spp. from the Laboratoro de Micologia Bisica, Depar-
tamento de Microbiologia y Parasitologia, Facultad de Medicina,
UMAR, deposited in the BOLD System, Sequences were obtained
from isolates that were previously pheno- and genotypically well
identified, 114,05

Data regarding the natural hosts, sources, and samples of the
19 H. copsubatum and 10 Sporeifrie spp, isadates are shown in
Tabie 1. Fungal specimens are deposited in the Colbare Collection
of H. capswlatum from the Laboratorio de Inmunologia de Hongos
and the Culture Collection of Fungal Pathogens of the Laboratono
de Micologia Bisica, from the Departamento de Microbiologia y
Parasitologia, Facultad de Medicina, UNAM. In addition, they are
registered in the database of the World Federation for Cultwre Col-
lection, with code number LIH-UNAM WOCKM3E 1 T for H, copsulzium
[ http: wwwowicc info/confo) index:phpfcollection/Ty 3di 8 1'7)
and code nomber BAMFM-LMNAN WDOMEIL for Spororhrie spp.
{ hittp | wwanwicc info/condo/index phplcollection/ by 3di 834,

Anatysis of the genetic diversity of H. copsulafimm and
5 schenchil species complexes based on ITS sequences
from MEXBOL project

Current data from our laboratory beams, using evolutionary and
genetic distance analyses by maximum likelihood {ML} of IT51-
5.B5-TT52 sequences of H. capsulatum or Sporothrix spp. fiom the
BOLD System and GenBank datasets, produced robust resulis to
aid in pnderstanding the similzrities and diversities among isalates
eitherof H. copsuilatum or Sporotiorie spp. from different sources and
geographic origins.

Seguences were generated by PCR assays with [T5/1T54
primers” for H. copsufotum and [TS1F T34 primers® for Sporotirix
=pp. Fig | shows the predicted products, 607 bp for H. copsulztum
and 57 5 bp for Sporothrix spp, amplified by their respective primers.
The ML trees generated are showmn in Fig. 2.

ConcerningH. capswlatum, Fig - 24 highlights the sequences of all
isolates from different geographic origins and phylogenatic species
that clustered together in a majer group sustained by 99% of booi -
strap values {ET). This finding confirms the high similarity of the
isolates anahywed, separates 3 reference strain of & jellomyces der-
matitdis { nearby sister), and underlines the genetic distance fom 3
heterclogous pathogenic fungus; Porecoccidioides brosifiensis, used
as an outgroup in the ML analyses. The ML tree topology of H. cap-
swlatum sequences in Fig 24 dearly confirms that inter-specific
diversity among fungal pathogens that cause respiratory dissases
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Fiz. . Maoomam likelihood (ML) trees of TT51-585-T52 regiocs amplified {or Wcoplosss (A5 and Sparofero (1] samgples. PCR produrts. using primess: alorementionsd
im Fig 1 for each fimgal species were sequenced and aligned by MUSCLE program iMEGA version 51 The best mndel of evolutson to generaie the ML phylogenetic trees
wias sdiained by Tamora and Nei gamms distribotion ™ A bootsts, was achieved on the datasst for 10K replicates; and valuss =708 were necorded for
each tree node. BOLD Sysiem sequence acression mambers are referenced in fable L GenBank sequences for both fungal speciss were mchnded as refersmwe strains oras
mutgroups in the ML Actession mmmnbers are @5 follows: for B coparksean H. oopredetiom var, forciminesum (Hof) HB0{AFYZ2387.1 L H. apsbrium var, copsulahom
[Hce HRE (AFTXZEES.1) HP 1 (AFIZEEIRA. || HGE (AFIEZITO.1) H2 (AFEXIT7 1) S (AFIZ2I7R. 1), H70 (AFIZZIRA.Y), HEE (AFEZ2IRL |1 H, capsulstum var, dubois {Hed)
FEER (AFIXIIRE); Tor 5 schmoke (55 ATCC 14284 [AFIRI0G1 1) ATCC 26330 (FISA52T2.10 CNM-CMEATT (ELVIAG05.T) CNM-CMIA5T [EUT 2604 111 CNM-CM34E]
[ELNZ2E54T 1, CIM-OMIAST (EUL 3421 ), ONM-OME45D (B 2684001 ) Phake 3751 (ABDRY 138 1L The GenBank sequence of A dermarindes (Ad) ATCC 0915 (AFEITIRA: 1)

was 15ed a5 reference strain, ard P brastiteests (9] FRY 41630 [AETD4423.1) 2= the potgroup for H.
clades ar lineagss as Kasuga = al.” Abbreviations: Sg=5 glnbosa; TE= Belgiom: BR= Brasl: (0= Colombia:

owtgroup for Sporolferic spp. Parentbesis indicae H.

2O fumenmm (GF) CHW2GE TR (FIMDS 1415, ) was used as

Eli= Bgpyp: (T= Guatemala; [P= lapam: M)= Mexico: PA= Panama: 158 = Unned States of Amenica: TM=Zambia.

H. copsielstom var. forcomimoswm, H. copsulatum var_ cepsulotum, and
H. orpsulotum var. duboini

The tree generated for Sporothriz (Fig. 28] shows three groups
in relation with the outgroup, Ophiostoma fimewm. The first gromp
was formed by two isolates from the United States of America,
eight 5 =chencki from Mexico, and one isolate of & schenchri ard
one of Sporotfriy globosa from Guatermala, with a BT of 935 The
second grosp was formed by five isolates of 5. schenckii. all from
Brazil, which was sustained by a BT of 1005 Finally, the third group
included only one isclate of 5. schenchsi from Japan (Fig. 2B There-
fore, the ITS1-5.85-1T52 region sequence is a3 mokecular marker that
could discriminate Sparothrx species from different geographic
regions; however, this marker coold not discriminate between
Sporothrix species.

Conclusions

M51-5.85-IT52 region sequences deposited n different
databases could be otilired as a broad molecular marker for
inter- and intraspecific genetic diversity of the H. copsulonem and
5 shenckii species complexes. The intraspecific diversity of ths
genztic region could discriminate H. oopsuletum or Spomtfine
isolibes according to their geographic distribution and assocation
with environmental sources, Howewer, [T5 regions were unable
o distinguish neither H. copsufatum species nor Sporothriv spp.
amang their respective phylogenetic, biclogical andfor Faxonomc
species complexes.
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Abstract

The yeast phase of 22 Histoplasma capsulatum clinical strains from Mexico, Argentina,
Colombia, and Guatemala and three reference strains (one from Panama and two from the United
States) were screened for thermosensitivity at 40°C and doubling time at 37 and 40°C
phenotypes. Growth kinetics at 0, 3, 6, 12, 24, and 30 h of incubation at both temperatures were
performed for all strains studied. The percentage of yeast growth inhibition at 40°C was
estimated. Doubling time at 37 and 40°C was determined from the growth curve data for each
strain. Highlight differences in the growth kinetics of H. capsulatum strains at 37 and 40°C. The
Downs strain from the United States was the only one of the strains to exhibit thermosensitivity
at 40°C. Growth inhibition below 33.8% supported the predominance of thermotolerant
phenotype at 40°C in most studied strains. The doubling time means found for different strains
were 5:18 h+ 1:19 h at 37°C and 5:48h + 1:54 h at 40°C. This is the first report that underscores
the predominance of thermotolerant and delayed doubling time phenotypes in H. capsulatum
clinical strains from different regions of the Americas.

Keywords: H. capsulatum, Y-phase, thermotolerance, thermosensitivity, doubling time
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1. Introduction

The saprobe-geophilic multicellular morphotype (mycelium, M-phase) of the dimorphic fungus
Histoplasma capsulatum develops at 25-28°C, its optimal environmental temperature.
Aerosolized infective propagules of the M-phase, mainly microconidia and small hyphal
fragments, can produce a respiratory infection when inhaled by humans and other mammals.
Depending on the immunocompetence of the host, the inoculum size, and/or the virulence of the
H. capsulatum strain, the infection can lead to severe illness [1, 2]. The unicellular morphotype
(yeast, Y-phase) of this pathogen is related to intracellular parasitism in susceptible
(immunocompromised) hosts, and it can grow at 37°C in special culture media [1].

The dimorphic transition of H. capsulatum is of particular interest because it is necessary
for the manifestation of fungal virulence [3]. Under laboratory conditions, the M- to Y-transition
can be reversibly induced by temperature switches from 25-28°C (M-phase) to 35-37°C (Y-
phase) [4].

Most of the phenotypic studies of H. capsulatum have focused on its morphology,
physiology, and biochemical properties [5-11]. Based on thermosensitivity at 40°C and
avirulence for mice of the Y-phase of the Downs strain, an atypical strain described by Gass &
Kobayashi [12] that was isolated from an elderly patient with disseminated histoplasmosis
coursing with vaginal lesions, Spitzer et al. [13] reported that fungal isolates from patients with
AIDS-associated histoplasmosis from St. Louis, Missouri, United States, shared these two
phenotypic characteristics, like the Downs strain. This association was confirmed by molecular
methods, which revealed that the St. Louis isolates had a polymorphic mtDNA profile similar to
that of the Downs strain. Consequently, the St. Louis isolates were included in Class 1 together
with the Downs strain, according to the classification proposed by Vincent et al. [14].

Most phenotypic studies of H. capsulatum have been conducted with a limited number of
strains, highlighting the reference strains: Downs (low virulence) [12] and G-217B (high
virulence) [6, 8] from the United States and the G-186B (high virulence) [15] from Panama. The
reported spectrum of phenotype characteristics must be revised accurately in a broad number of
strains to ensure their corroboration. Given that H. capsulatum is distributed between 54°N [16]
and 38°S [17] latitudes, its phenotypes could be used to discriminate among several strains from
different geographic distributions, which will contribute to the understanding of the diversity of

this pathogen.
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The aim of the present study was to phenotype strains of H. capsulatum isolated from
patients from different regions of the Americas, regarding the Y-phase characteristics of

thermosensitivity at 40°C and doubling time (Dt) at 37 and 40°C.

2. Materials and Methods

2.1 Histoplasma capsulatum. Clinical strains, 11 from Mexico, five from Argentina, five from
Colombia, one from Guatemala, the reference strain G-186B from Panama (ATCC-26030), and
two reference strains from the United States, G-217B (ATCC-26032) and Downs (ATCC-38904)
were studied. The details for these 25 strains are shown in Table 1.

All strains studied were previously well-characterized and they are deposited in the H.
capsulatum Culture Collection of the Fungal Immunology Laboratory of the Department of

Microbiology and Parasitology, School of Medicine, UNAM (LIH-UNAM) (www.histoplas-

mex.unam.mx. H. capsulatum specimens of the collection have been well-preserved in sterile
distilled water and on Sabouraud-agar with mineral oil, since their first isolation. This collection
is registered in the World Data Centre on Microorganisms (WDCM) database of the World
Federation for Culture Collections as WDCM817 LIH-UNAM.

2.2 H. capsulatum Y-phase transition. The M-phase of each H. capsulatum strain studied was
initially cultured at 25-28°C on mycobiotic-agar (Bioxon, Becton-Dickinson, Mexico City).
Afterwards, each strain was grown in a synthetic medium [18] and incubated at 37°C in an orbital
shaker at 200 rpm. The culture medium was replaced every 72 h, until Y-phase was achieved
within one or two weeks. Once the dimorphic transition was complete, the Y-phase culture was
incubated at 37°C for 24-48 h in brain-heart infusion (BHI)-broth (Bioxon) supplemented with
0.1% L-cysteine and 1% glucose. Yeasts were harvested by centrifuging at 800 g for 15 min,
washed twice with fresh BHI-broth, and preserved at —80°C in the presence of fetal calf serum

(GIBCO, Grand Island Biological Co. NY) and dimethyl sulfoxide at a 9:1 ratio, until required.

2.3 Thermosensitivity and growth inhibition percentage (GI1%) assays. After gradual defrosting,
the Y-phase of each strain was grown in supplemented BHI-broth. The culture was incubated at

37°C for 24-48 h, the estimated time required to enter the logarithmic growth phase (log-phase).
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Log-phase cultures of each strain were transferred to fresh supplemented BHI-broth and
incubated at 37°C for 24 h. Yeasts were centrifuged at 800 x g for 15 min and the pellet was used
for each assay. To reach the desired optical density (OD), yeasts were suspended in 10 mL of
supplemented BHI-broth. Each suspension was initially diluted 1:10 and, subsequently, serially
diluted until 1:2048, in 200 pL per well of a 96-wells microplate (Nunc, Roskilde, Denmark).
Each well in the first microplate column was filled with 200 uL of supplemented BHI-broth
(blank), and serial dilutions were made from the second to the last columns. The microplate wells
were read using a Labsystems Multiskan MS reader (Labsystems, Helsinki, Finland) at 405 nm,
and each OD value was automatically adjusted with the blank. For each strain, a 0.2 OD yeast
dilution was used to fill eight wells per microplate column with 200 pL of the yeast suspension.
Each growth curve assay (growth kinetics) was set up in triplicate either at 37 or 40°C. Optical
density readings were taken at 0, 3, 6, 12, 24, and 30 h of incubation at both temperatures, and
OD values were averaged using n = 12 per each OD strain value, for each time tested. The results
were plotted as OD versus incubation times at both temperatures tested.

The percentage of yeast growth inhibition at 40°C was estimated based on the equation:
GI% =1 - (0D ty — OD ty at 40°C/OD t, — OD ty at 37°C) x 100, where t, is the OD value at each

time tested and t, represents the zero time.

2.4 Doubling time (Dt) assay. Dt at both 37 and 40°C was determined from the growth curve data
for each strain. The Dt value for each strain was calculated according to the following equation:
Dt = OD ty/p, where p = the slope of the growth curve [19].

The overall mean Dt value for all 25 strains studied was estimated to establish the lowest and

highest Dt values + SD.
2.5 Statistics. All thermosensitivity and Dt data were statistically analyzed using the Student's t

test (Microsoft Excel 2010 for Windows). For all assays, means + standard deviation (SD) were

determined. A significant difference for P values (P <0.01) was considered when o = 0.001.

3. Results

Out of 25 H. capsulatum strains studied, 20 were isolated from patients with the disseminated
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clinical form of histoplasmosis (eight of them came from patients with mucosal lesions), three
strains were isolated from patients with localized pulmonary histoplasmosis, and two strains (the
GeM strain from Colombia and the G-217B reference strain from the United States) were not
associated with any data of clinical and immune conditions of the respective patients.

In addition, 15 strains (ten from Mexico, three from Argentina, and two from Colombia)
were from patients with human immunodeficiency virus (HIV+), one strain from a systemic
lupus erythematosus Colombian patient and the Downs reference strain from the United States
was originally isolated from an 86-years-old patient with rheumatoid arthritis, and finally, eight
strains (one from Mexico, two from Argentina, two from Colombia, one from Guatemala, and
two reference strains, G-217-B from United States and G-186B from Panama) were associated

with patients that had no report of HIV+ or other immunosuppressive states (Table 1).

3.1 Thermosensitivity and GI1% assays. For the growth kinetic assays (Figures 1(a-d) and 2(a-d)),
all OD data at 0 h of incubation (t0) were recorded in the range of 0.164 + 0.002 and 0.286 =+
0.001 at 37°C and of 0.129 £ 0.006 and 0.288 + 0.001 at 40°C (data not shown). This allowed to
ensure that the initial yeast-population at t0 of all H. capsulatum strains studied were as
homogeneous as possible. The SD confirmed the minimal variation of readings within the same
population.

Differences in the lag (latency), log (exponential), stationary, and decline H. capsulatum
growth phases were detected at 37 and 40°C, for the incubation time points assayed as can be
seen in Figures 1(a-d) and 2(a-d), respectively.

Most of the strains exhibited similar growth kinetics at both 37 (Figures 1(a-d)) and 40°C
(Figure 2(a-d)). Several strains did not exhibit a lag-phase at 37°C (Figure 1(a-d)), reaching the
log-phase before 3 h and the stationary-phase between 6 and 24 h, depending on the strain
studied. In contrast, the lag-phase was well defined in the DMic993444 strain from Argentina,
four strains from Mexico (EH-317, EH-324, EH-328, and EH-356), and the Downs strain from
the United States (Figure 1(a), (c), and (d)). Most strains reached stationary-phase at 30 h of
culture, without evidence of a decline in the yeast population. One strain from Argentina
(DMic993444) and the Downs strain reached the log-phase after a 12 h lag-phase (Figure 1(a)
and (d)).

The Downs strain was the only one that did not grow at 40°C as shown in Figure 2(d),
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confirming its thermosensitive phenotype at this temperature. Overall, out of 25 strains studied,
12 strains (three from Mexico, five from Argentina, three from Colombia, and one from
Guatemala) developed GI values from 15.6 to 33.8% at 30 h of incubation at 40°C (Table 2).

The differences in growth kinetics between the reference strains G-217B (thermotolerant
prototype at 40°C) and Downs (thermosensitive prototype at 40°C) were significant (P <0.01) at
the t6, t12, t24, and t30 incubation time points at 37°C, whereas differences in growth kinetics of
both strains at 40°C were not applicable due to the lack of growth of the Downs strain at this
temperature as aforementioned.

Based on growth kinetics at 37 and 40°C (Figures 1(a-d) and 2(a-d)), most of the studied
strains were defined as thermotolerant, irrespective of the clinical form and the immune condition
of the patient from whom they were isolated. However, the kinetic of strain DMic993444
(isolated from an Argentinean patient coursing a disseminated clinical form with mucosal
lesions) at 37°C is noteworthy since it showed significant differences (P <0.01) from strain G-
217B at 6-30 h of incubation times and from the Downs reference strain at the t24 and t30
incubation time points (Figure 1(a) and (d)). Because strain DMic993444 also exhibited growth
at 40°C at 24 and 30 h of incubation times in contrast to the Downs strain, it could be considered
to have a thermotolerant phenotype. However, this strain presented significant differences (P
<0.01) in OD values from t3 to t30 incubation time points at 40°C when compared with the
thermotolerant G-217B strain (Figure 2(a) and (d)).

The determinations of GI% at 40°C allowed verifying the thermosensitive phenotype of
all strains studied (Table 2). With the exception of the Downs strain, the remaining strains

exhibited thermotolerant phenotype, because all developed low GI (below 33.8%) (Table 2).

3.2 Dt assays. Dt was calculated at both 37 and 40°C for each strain (Table 3). The Dt interval
obtained for the different H. capsulatum strains varied from 1:36 h (EH-319, Mexican strain) to
8:30 h (MZ 2, Colombian strain) with a mean of 5:18 h £ 1:19 h at 37°C; and varied from 1:54 h
(EH-319, Mexican strain) to 9:42 h (DMic01739, Argentinean strain) with a mean of 5:48 h +
1:54 h at 40°C (Table 3).

Two strains (EH-319 and EH-326) from Mexican patients with AIDS-associated
disseminated histoplasmosis presented the fastest Dt, with values lower than the averages of all

Dt values at 37 and 40°C. Whereas, four strains with mucosal lesions (EH-359 from Mexico,
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DMic993446 and DMic01739 from Argentina, and MZ 2 from Colombia) and one strain with the
pulmonary clinical form (H.1.02.W from Guatemala) were considered to present the most
delayed Dt, showing Dt mean values higher than those found at 37 and 40°C (Table 3).
Interestingly, strain DMic993444 (Argentina) presented Dt values close to the means obtained for
H. capsulatum at both temperatures (Table 3), despite its very long lag-phase (Figures 1(a) and
2(a)). The Dt value calculated for the Downs strain at 37°C was one of the longest revealed in
this study (Table 3). This characteristic was not applicable at 40°C for the Downs strain due to its
thermosensitivity.

Out of 25 strains of H. capsulatum studied, 17 showed an increase in Dt from 37 to 40°C;
six exhibited decreased Dt; one strain maintained the same Dt value at both temperatures;

whereas the Downs strain did not grow at 40°C, as mentioned above (see details in Table 3).

4. Discussion

The data shown in Table 1 indicate that most of the studied H. capsulatum strains were obtained
from 1991 to 2001. They were selected for this study due to the limited number of sub-cultures in
suitable media after their first isolation. Certainly, they did not develop critical phenotypic
changes by the fact that they were taken from their original cultures, as explained in the
requirements of the LIH-UNAM H. capsulatum collection (see Materials and Methods). In
contrast, reference strains G-186B, G-217B, and Downs were isolated many years ago, in the
1960s- and 1970s, and have been sub-cultured successively.

Some phenotypic characteristics (e.g., serotypes, chemotypes, isozymes, and fatty acid
profiles) of the two H. capsulatum morphotypes have been explored to group and/or classify
fungal strains [5, 7, 11, 20, 21]. However, in some cases, these data were analyzed partially,
overlooking important associations with critical aspects of the interaction between the fungus and
its environment. In the last decades, studies of H. capsulatum related to the search
thermosensitivity phenotypes associated with fungal virulence were conducted by Keath et al.
[22], Medoff et al. [9], and Spitzer et al. [13]. However, their H. capsulatum isolates came from
circumscribed geographic areas that are not representative of the genetic and phenotypic fungal
changes that could be occurring in other regions in the Americas.

The present work focused on searching for the relation between scarcely explored
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phenotypic characteristics of H. capsulatum Y-phase (thermosensitivity and doubling time),
which represents an innovative report since most of the studied H. capsulatum strains are closely
related to their original cultures, and their phenotypic behavior could be considered as naive. The
data obtained for the 25 studied strains are reliable because they incorporated the results of
multiple measurements, such as growth kinetics at 37 and 40°C, the GI% at 40°C, and the
original Dt estimation at both temperatures. The results showed that all studied strains were
thermotolerant at 40°C, with the exception of the Downs reference strain. Interestingly, the
Downs strain is also associated with avirulence in a murine model, and according to Spitzer et al.
[13], a potential association between virulence and thermotolerance in the H. capsulatum Y-
phase could be inferred. However, no associations between H. capsulatum temperature sensitivity
with clinical forms of histoplasmosis and immune status of the patients were found.

It is noteworthy that, in the present study, we found delayed Dts for most of the studied
samples at 40°C, indicating that exposure to this temperature delays the growth of thermotolerant
yeasts, but did not kill them. This finding, under in vivo infection conditions, suggests that host
defense mechanisms might include the restriction of fungal dissemination via febrile
inflammatory processes.

One novel finding was that the strain DMic993444, which was isolated from an
Argentinean histoplasmosis patient who coursed with a disseminated form with mucosal lesions,
presented a long lag-phase at both 37 and 40°C, suggesting a probable delay in adaptation to the
experimental condition.

The Dt values at 37°C found for most studied strains are compatible for pathogens with
low rate of growth and consistent with the previous description of the optimal culture conditions
of H. capsulatum [8, 15].

Despite the involuntary biases that must be considered in the gathering and handing of
patient’s records and the number of samples supporting our data, the present findings provide
relevant information on the phenotypic behavior of H. capsulatum strains irrespective of their
association with clinical forms of the disease and their different geographic origins in the
Americas. An appropriate number of fungal strains were tested, and, undoubtedly, this type of
study will advance the knowledge on the possible manifestations of the pathogen in susceptible

hosts.
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TABLE 1: Data from all H. capsulatum clinical strains studied

Strain Year of Geographic Clinical Patient

isolation origin form of immuno-

the disease compromise

EH-316 1993 MX D HIV+
EH-317 1992 MX D HIV +
EH-319 1991 MX D HIV +
EH-323 1993 MX D HIV +
EH-324 1994 MX D HIV +
EH-325 1996 MX D HIV +
EH-326 1996 MX D HIV +
EH-328 1991 MX D HIV +
EH-355 1996 MX D HIV +
EH-356 1996 MX D HIV +
EH-359 1995 MX DML ND
DMic993444 1999 AR DML ND
DMic993445 1999 AR DML ND
DMic993446 1999 AR DML HIV +
DMic993267 1999 AR DML HIV +
DMic01739 2001 AR DML HIV +
LA 1996 CcO D HIV +
AP ND CO D ND
WE 1996 CcO P HIV +
MZ 2 1995 CO DML SLE
GeM 2001 CcO ND ND
H.1.02.W 1995 GT P ND
G-186B" 1967 PA P ND
G-217B' 1973 US ND ND
Downs* 1969 US DML RA

AR, Argentina; CO, Colombia; GT, Guatemala; MX, Mexico; PA, Panama; US, United States;
D, disseminated; DML, disseminated with mucosal lesions; P, pulmonary; HIV, human
immunodeficiency virus; SLE, systemic lupus erythematosus; RA, rheumatoid arthritis; ND, not
determined. References: Berliner [15]; "Berliner [6]; *Gass & Kobayashi [12].
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TABLE 2: Growth inhibition percentage (G1%) of H. capsulatum yeasts at 40°C

Strain GI%*

3h 6 h 12h 24 h 30h
EH-316 2.5 0.7 12.7 5.7 15.6
EH-317 0.0 0.0 1.4 5.0 6.2
EH-319 2.8 17.1 11.4 15.7 33.8
EH-323 0.0 0.0 0.0 2.7 0.7
EH-324 0.0 0.0 0.0 59 4.3
EH-325 0.0 0.0 0.0 2.8 0.0
EH-326 0.0 0.0 0.0 6.4 5.6
EH-328 0.0 0.0 0.0 4.7 0.9
EH-355 0.0 0.0 0.3 4.8 0.0
EH-356 0.0 0.0 0.0 0.0 0.0
EH-359 0.0 0.7 14.1 31.9 28.7
DMic993444 NA NA NA 16.5 28.6
DMic993445 5.0 0.0 25.7 15.2 24.2
DMic993446 0.0 18.5 28.3 28.8 26.6
DMic993267 3.1 12.3 16.5 19.0 15.9
DMic01739 0.0 0.4 18.0 25.3 21.2
LA 0.0 0.0 10.8 12.5 23.2
AP 0.0 0.0 0.0 6.7 2.2
WE 0.0 0.0 0.0 2.5 1.8
MZ?2 0.0 0.0 17.7 25.1 27.9
GeM 0.0 5.1 16.9 18.6 17.7
H.1.02.W 0.0 0.0 6.7 12.4 17.5
G-186B 0.0 0.0 5.7 5.2 1.9
G-217B 0.0 0.0 0.0 8.2 53
Downs NAT NA NA NA NA

*The GI% was estimated according to the equation given under Materials and Methods. TNA
(not applicable), due to the lack of yeast growth at 40°C.



105

TABLE 3: Doubling times (Dt) of H. capsulatum yeasts at 37 and 40°C

Dt (h:min)T Dt
Strain 37°C 40°C changes™
EH-316 4:36 5:00 1
EH-317 5:12 6:00 1
EH-319 1:36 1:54 i
EH-323 4:06 5:18 1
EH-324 4:30 4:36 1
EH-325 5:00 6:24 1
EH-326 3:18 3:18 -
EH-328 4:42 4:48 1
EH-355 4:24 5:36 i
EH-356 5:12 4:48 !
EH-359 6:54 8:54 1
DMic993444 6:06 6:42 1
DMic993445 5:18 4:54 !
DMic993446 6:36 7:24 1
DMic993267 5:36 7:36 1
DMic01739 6:42 9:42 1
LA 5:18 4:42 l
AP 4:24 3:18 !
WE 5:42 4:24 !
MZ?2 8:30 7:42 l
GeM 5:00 7:06 1
H.1.02.W 7:24 8:00 1
G-186B 5:42 5:48 1
G-217B 3:30 4:24 1
Downs 7:36 NAT NA
Means] 5:18+1:19 5:48 £ 1:54

*The Dt estimation was performed according to the equation described under Materials and
Methods. TNA (Not applicable). fIncreasing Dt at 40°C; |Decreasing Dt at 40°C; «<>Same Dt
values at both temperatures. fData at 37 and 40°C are presented as mean of H. capsulatum yeast
Dt values = SD, on the basis of three independent assays, using n = 12 per each OD value.
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Figure legends

FIGURE 1: Growth kinetics of H. capsulatum yeasts at 37°C. The OD readings for each time
tested were measured in a Multiskan reader at 405 nm; the yeast growth conditions and growth
curve construction are described under Materials and Methods. (a) Strains from Argentina; (b)
strains from Colombia; (c) strains from Mexico and Guatemala; and (d) reference strains. On the
basis of three independent assays (n = 12 per each OD value), significant differences in growth

kinetics were recorded for P <0.01 along the incubation time points tested.

FIGURE 2: Growth kinetics of H. capsulatum yeasts at 40°C. The OD readings for each time
tested were measured in a Multiskan reader at 405 nm; the yeast growth conditions and growth
curve construction are described under Materials and Methods. Strains, assays, and analyses are

the same as those for Figure 1.
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