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Abstract

The encapsulated fungus Cryptococcus neoformans is the most common cause of fungal

meningitis, with the highest rate of disease in patients with AIDS or immunosuppression.

This microbe enters the human body via inhalation of infectious particles. C. neoformans

capsular polysaccharide, in which the major component is glucuronoxylomannan (GXM),

extensively accumulates in tissues and compromises host immune responses. C. neofor-

mans travels from the lungs to the bloodstream and crosses to the brain via transcytosis,

paracytosis, or inside of phagocytes using a “Trojan horse” mechanism. The fungus causes

life-threatening meningoencephalitis with high mortality rates. Hence, we investigated the

impact of intranasal exogenous GXM administration on C. neoformans infection in C57BL/6

mice. GXM enhances cryptococcal pulmonary infection and facilitates fungal systemic dis-

semination and brain invasion. Pre-challenge of GXM results in detection of the polysaccha-

ride in lungs, serum, and surprisingly brain, the latter likely reached through the nasal cavity.

GXM significantly alters endothelial cell tight junction protein expression in vivo, suggesting

significant implications for the C. neoformans mechanisms of brain invasion. Using a micro-

titer transwell system, we showed that GXM disrupts the trans-endothelial electrical resis-

tance, weakening human brain endothelial cell monolayers co-cultured with pericytes,

supportive cells of blood vessels/capillaries found in the blood-brain barrier (BBB) to pro-

mote C. neoformans BBB penetration. Our findings should be considered in the

PLOS PATHOGENS

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1010941 April 28, 2023 1 / 28

a1111111111

a1111111111

a1111111111

a1111111111

a1111111111

OPEN ACCESS

Citation: Lee HH, Carmichael DJ, Rı́beiro V, Parisi

DN, Munzen ME, Charles-Niño CL, et al. (2023)

Glucuronoxylomannan intranasal challenge prior to

Cryptococcus neoformans pulmonary infection

enhances cerebral cryptococcosis in rodents. PLoS

Pathog 19(4): e1010941. https://doi.org/10.1371/

journal.ppat.1010941

Editor: Maurizio Del Poeta, Stony Brook University,

UNITED STATES

Received: October 21, 2022

Accepted: April 17, 2023

Published: April 28, 2023

Copyright: © 2023 Lee et al. This is an open access

article distributed under the terms of the Creative

Commons Attribution License, which permits

unrestricted use, distribution, and reproduction in

any medium, provided the original author and

source are credited.

Data Availability Statement: All relevant data are

within the manuscript and its Supporting

Information files.

Funding: M.E.M., C.L.C.-N., M.F.H., M.R.D., and L.

R.M. were supported by the National Institute of

Allergy and Infectious Diseases (NIAID award #

R01AI145559) of the US National Institutes of

Health (NIH). E. A. E. was supported by the

National Institute of Mental Health (NIMH award #

MH096625 and MH128082) of the US NIH, the

https://orcid.org/0000-0001-6372-6501
https://doi.org/10.1371/journal.ppat.1010941
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.ppat.1010941&domain=pdf&date_stamp=2023-05-10
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.ppat.1010941&domain=pdf&date_stamp=2023-05-10
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.ppat.1010941&domain=pdf&date_stamp=2023-05-10
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.ppat.1010941&domain=pdf&date_stamp=2023-05-10
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.ppat.1010941&domain=pdf&date_stamp=2023-05-10
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.ppat.1010941&domain=pdf&date_stamp=2023-05-10
https://doi.org/10.1371/journal.ppat.1010941
https://doi.org/10.1371/journal.ppat.1010941
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/


development of therapeutics to combat the devastating complications of cryptococcosis that

results in an estimated ~200,000 deaths worldwide each year.

Author summary

Cryptococcus neoformans infection of the central nervous system (CNS) typically begins

by inhalation of fungal spores and results in devastating mortality rates worldwide. Over

200,000 deaths have been reported annually, with cryptococcal meningoencephalitis

being the most severe form of the disease. This study investigates the ability of the fungus

to invade, colonize, and cause damage to the host through properties of the fungal poly-

saccharide capsule, which allows the microbe a variety of both protective and offensive

abilities. This capsule, made primarily of the polysaccharide glucuronoxylomannan

(GXM), has been implicated in the progression and severity of cryptococcal infection in

the CNS. We determined that GXM increases the fungal burden in the lungs of mice and

enhances fungal migration to the brain. Interaction of GXM with the blood-brain barrier,

which is a protective structure that regulates movement of particles into the CNS, demon-

strated that GXM can disrupt the integrity of this barrier, compromising the delicate bal-

ances of fluids, immune cells, and other factors vital to the maintenance of the CNS. The

findings of this study reveal the substantial role of GXM in establishing C. neoformans
infection in the brain and necessitate future studies to further understand these

interactions.

Introduction

Cryptococcus neoformans is an encapsulated opportunistic yeast-like fungus responsible for

life-threatening meningoencephalitis in both immunocompromised and previously healthy

individuals. Cryptococcosis is responsible for an estimated 200,000 deaths per year globally

[1], especially in HIV infected patients. C. neoformans initially infects humans during early

childhood [2] through inhalation of small fungal particles in the form of desiccated or poorly

encapsulated yeast or basidiospores [3,4]. In most immunocompetent hosts, the fungus is con-

trolled by local host responses and remains dormant in the lungs. However, reactivation can

occur by immunosuppression, resulting in fungal replication in the lungs followed by dissemi-

nation via the bloodstream or lymphatic system to other organs, especially the brain. During

cryptococcosis, fungemia is detected in about 50% of HIV-infected patients [5]. The correla-

tion between fungemia and dissemination, including brain invasion, has been utilized for the

development of experimental models of cryptococcosis [6], and fungemia is identified as an

independent parameter of early mycological failure in humans [5]. C. neoformans crosses the

blood-brain barrier (BBB) [7] by transcytosis, paracytosis, or via a “Trojan horse” mechanism

by being transported within host inflammatory cells [8]. Once the fungus reaches the brain, it

can cause lethal meningoencephalitis, which is the most serious pathological manifestation of

cryptococcosis.

Microbial pathogenesis depends on the ability of the host to combat infection. Microbes

like C. neoformans have specific virulence factors, including melanin production, the ability to

grow at mammalian temperatures, and the polysaccharide capsule, that allow them to evade

multiple immune defenses and damage the host. The capsule of C. neoformans is the most dis-

tinctive physical structure of the cryptococcal cell, located outside the cell wall [9,10]. This
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structure may protect the fungus from changes in the environment such as desiccation or

against predation by soil amoeba [11]. The capsule is composed of at least three components:

glucuronoxylomannan (GXM), galactoxylomannan, and mannoprotein, with GXM being its

major constituent. Genetic and molecular biology strategies have shown that the capsule is a

major contributor to C. neoformans infection since non-encapsulated strains have reduced vir-

ulence [12]. Immunocompromised individuals with cryptococcosis typically have high levels

of C. neoformans capsular polysaccharide (CPS) in their serum and cerebrospinal fluid (CSF)

[13,14]. Furthermore, the extensive accumulation of GXM in tissue is believed to be a major

contributor to C. neoformans pathogenesis. This compound has been associated with a variety

of immunosuppressive effects [15], such as interference with phagocytosis, antigen presenta-

tion, leukocyte migration and proliferation, as well as impediment of specific antibody (Ab)

responses. GXM also enhances HIV replication [16]. However, there is lack of information on

the role of C. neoformans GXM on lung dissemination into the bloodstream and brain inva-

sion or pathogenesis.

Immunohistochemical analysis of post-mortem individuals’ brains with cryptococcosis

exhibited substantial levels of GXM released around large penetrating vessels [17] suggesting

an important role of this carbohydrate on central nervous system (CNS) invasion by this fun-

gus. In fact, C. neoformans sheds large amounts (range μg to mg/mL) of polysaccharide into

the CSF and infected tissues [14]. In this study, we challenged C57BL/6 mice with exogenous

purified GXM before pulmonary infection with cryptococci and compared these mice to ani-

mals that were not sensitized with the polysaccharide. We found that exogenous GXM reaches

the CNS, exacerbates fungal pulmonary disease, enhances C. neoformans dissemination from

the lungs to the CNS, and has detrimental effects on tight junction proteins (TJs), the mole-

cules that regulate endothelial cells in the BBB. These observations suggest that GXM intrana-

sal (i.n.) challenge prior to C. neoformans pulmonary infection enhances brain invasion and

colonization in rodents via disruption of the TJs on endothelial cells of the BBB.

To investigate the disruption of BBB integrity by GXM, we measured the activation of

RhoA, a member of the Ras-related small GTPase Rho family that signals to regulate the actin

cytoskeleton [18]. When bound to GTP, RhoA functions as a regulatory switch that confers

increased endothelial cell permeability [19] and BBB disruption [20]. We found that GXM-

induced RhoA signaling to myosin-light chain (MLC) is significant and time-dependent, and

demonstrated morphological changes in the actin cytoskeleton of cells treated with GXM. Our

observations suggest that remodeling of the actin cytoskeleton in endothelial cells may be a

mechanism of virulence for C. neoformans to cross the BBB and establish infection in the

brain. These findings complement our in vitro observations that GXM alters BBB permeability

and contributes to increased fungal transmigration into the brain.

Results

GXM concentrations in murine tissues 24 h post-administration

To explore the impact of exogenous GXM on C. neoformans H99 strain infection, we first

determined whether GXM disseminated systemically from the airways and could be detected

in serum and brain tissue (Table 1). Therefore, C57BL/6 mice (n = 5) were challenged i.n. with

a single GXM dose of 125 μg/mL, and the CPS levels were quantified by enzyme-linked immu-

nosorbent assay (ELISA) 24 h later. We selected this GXM concentration (125 μg/mL) to sensi-

tize the mice because the capsular material disseminates throughout the mouse body (e.g.,

lungs, serum, and brain) at final allowable physiological organ/serum concentrations compa-

rable to previous studies [14] and because a similar dose induces immunological unresponsive-

ness [21]. Lung tissue GXM levels were 2.17 ± 0.09 μg/g. We also examined whether i.n.
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exogenous GXM administration in C57BL/6 mice resulted in pulmonary inflammation after

24 h to understand its impact in C. neoformans infection (S1 Fig). Mice i.n. administered with

phosphate-buffered saline (PBS; untreated) displayed lungs with a normal interstitial tissue

and clear alveolar throughout the pulmonary lobe (S1 Fig). Lower magnification (10-20X)

images of untreated pulmonary tissue exhibited low to moderate activated alveolar macro-

phages. Higher magnification images (40-100X) demonstrated alveoli with slightly thickened

septa (red arrow) and activated alveolar macrophages with abundant large eosinophilic cyto-

plasm (blue arrowhead). In contrast, lungs removed from GXM-treated mice exhibited slight

inflammation with diffuse thickening of the interalveolar tissue and active hyperemia in the

pulmonary lobule (S1 Fig). Lower magnification (10-20X) images showed emphysematous

alveoli with atelectasis (green arrow; complete or partial collapse of an lung area) and thicken-

ing of the interalveolar septa. A closer look (40-100X) to the pulmonary tissue revealed thick-

ening and hyalinization of interalveolar septa, and considerably congested blood capillaries

with reactive endothelial lining (yellow arrowhead). GXM concentrations in serum and brain

tissue were 0.34 ± 0.05 μg/mL and 0.21 ± 0.13 μg/g, respectively. As a control experiment, we

measured the GXM levels in lungs, serum, and brain collected from mice only infected with

the fungus intratracheally (i.t.; no GXM challenge) 3- and 7-days post-infection (dpi; S2 Fig).

The levels of GXM in pulmonary tissue 3- and 7-dpi were the highest with 13.6 (range: 10 to

18 μg/g) and 17.9 (range: 13 to 22 μg/g) μg/g, respectively. Brain tissue evinced GXM concen-

trations of 4.4 (range: 2 to 7 μg/g, 3-dpi) and 12.8 (range: 9 to 19 μg/g, 7-dpi) μg/g. Addition-

ally, circulating GXM in serum was 4.75 (range: 2 to 7 μg/mL, 3-dpi) and 10.25 (range: 7 to

14 μg/mL, 7-dpi) μg/mL. Therefore, this control experiment shows that GXM accumulation in

tissues and serum during a typical i.t. infection is comparable to previous reports in the field of

cryptococcosis. These measurements validated that GXM delivered into the nasal cavity can be

detected in tissues other than the lungs, causes inflammation of the pulmonary tissue, and its

concentrations reach sub-physiological levels in tissue and serum.

Pre-conditioning with GXM exacerbates murine cryptococcosis and

mortality

We investigated the impact of GXM prior to C57BL/6 infection with C. neoformans H99 strain

cells (Fig 1). Mice were sensitized i.n. with 125 μg/mL of GXM 24 h pre-inoculation with 105

C. neoformans yeast cells (Fig 1A). Cryptococcosis progression was compared between these

mice and rodents infected with the fungus only (untreated). i.n. administration of GXM signif-

icantly accelerated the death of C. neoformans-infected mice relative to control mice (n = 10

mice per group; P< 0.001; Fig 1B). On day 16 post-infection, 100% of GXM-treated mice had

died compared to 20% of untreated mice. On average, GXM-treated mice died 12-dpi, whereas

untreated mice died 22-dpi (Fig 1B). These findings indicate that i.n. GXM sensitization

enhances mortality in mice upon pulmonary infection.

Table 1. GXM levels in tissues of C57BL/6 mice (n = 5) 24 h post-intranasal administration.

Tissue GXM concentration*
Brain 0.21 ± 0.13 μg/g

Lung 2.17 ± 0.09 μg/g

Serum 0.34 ± 0.05 μg/mL

*The background levels of the ELISA readings for the excised organs and withdrawn sera from the negative control

mice (no GXM administration) were on average 0.06. GXM was undetected in these samples.

https://doi.org/10.1371/journal.ppat.1010941.t001
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We quantified C. neoformans pulmonary burden in untreated and GXM-treated mice 3-

and 7-dpi. Although we did not observe cryptococcal load differences between untreated [4.1 x

104 colony forming units (CFU)] and GXM (4.59 x 104 CFU)-challenged rodents 3-dpi (Fig

1C), we demonstrated that the difference in pulmonary fungal burden was evident 7-dpi, with

GXM-treated animals (4.66 x 104 CFU) having a significantly higher burden than untreated

mice (2.35 x 102 CFU; P<0.0001; Fig 1C). Interestingly, untreated mice infected with crypto-

cocci showed a considerable reduction in fungal load 7-dpi (4.1 x 104 CFU) relative to 3-dpi

(2.35 x 102 CFU). Hematoxylin and eosin (H&E) staining of pulmonary tissue removed from

Fig 1. Exogenous glucuronoxylomannan (GXM) administration and Cryptococcus neoformans H99 strain

pulmonary infection reduces survival in C57BL/6 mice. (A) Experimental timeline for the intranasal (i.n.) GXM

challenge and fungal intratracheal (i.t.) infection model. Mice were sensitized with 125 μg/mL of GXM 24 h pre-

inoculation with 105 C. neoformans cells. Then, survival studies and colony forming units (CFU) determinations,

histopathology, and microscopy were performed 3- and 7-days post-infection (dpi). The C57BL/6 mouse cartoon in

the timeline is a creative commons clip art inserted using Microsoft Office Power Point 2019. This diagram was drawn

by Luis R. Martinez. (B) Survival differences of untreated (e.g., sterile phosphate-buffered saline (PBS)-sensitization)

and GXM-treated C57BL/6 mice infected with 105 fungi (n = 10 per group). P-value significance (* P< 0.05) was

calculated by log rank (Mantel-Cox) analysis. Fungal burden in (C) lungs (numbers of CFU/gram (g) of tissue) and

(D) blood (numbers of CFU/0.1 mL of blood) collected from untreated and GXM-treated mice i.t. infected with 105

cryptococci (n = 8 per group) 3- and 7-dpi. For panels C and D, bars and error bars denote the means and standard

deviations (SDs), respectively. Asterisks indicate P-value significance (** P< 0.01 and **** P< 0.0001) calculated

using multiple student’s t-test analyses. ns represents not statistically significant comparisons. For panels A-D, these

experiments were performed twice, similar results were obtained each time, and all the results combined are presented.

(E) Histological analysis of lungs removed 7-dpi from untreated (left panels) and GXM-treated (right panels) C57BL/6

mice infected with 105 C. neoformans H99 strain cells. Representative hematoxylin and eosin (H&E, host tissue

morphology; upper panels; Scale bar: 100 μm)- and mucin carmine (fungi; red staining; lower panels)-stained sections

of the lungs sequentially examined are shown. Lower panel images are magnifications of the smaller boxes in the H&E-

stained sections to better show the cryptococcal cells stained with mucin carmine (indicated with arrows; Scale bar:

20 μm).

https://doi.org/10.1371/journal.ppat.1010941.g001
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untreated mice 7-dpi evinced localized inflammation and dense cellular infiltration around

aggregates or individual cryptococci (Fig 1E; left upper panel; 20X). Mucine carmine staining

of magnified lung tissue from untreated rodents showed C. neoformans cells (black arrows) of

diverse sizes surrounded by inflammatory cells (red arrowheads) with limited or contained

CPS production particularly around individual aggregates or individual cryptococci (Fig 1E;

left lower panel; 40X). In contrast, lungs excised from GXM-treated mice exhibited high fungal

burden characterized by large numbers of cryptococci embedded in abundant amounts of CPS

with little inflammation (Fig 1E; right upper [20X] and lower [40X] panels). In addition, cryp-

tococci was more extensively found in the blood and brain of GXM-treated mice when com-

pared to the untreated group (Fig 1D). These results suggest that GXM dysregulates host

homeostasis and enhances disease by increasing pulmonary fungal burden, inhibiting host

inflammation, facilitating the access of cryptococci to the bloodstream, and enhancing fungal

dissemination to the CNS.

GXM facilitates C. neoformans dissemination from the lungs to the CNS

We investigated the impact of exogenous GXM administration on C. neoformans dissemi-

nation to the brain (Fig 2). We demonstrated that brain fungal load in GXM-treated animals

(3-dpi, 2.45 x 102 CFU; 7-dpi, 5.03 x 105 CFU) were significantly higher than in untreated

(3-dpi, 1.67 x 101 CFU; 7-dpi, 1.94 x 101 CFU) mice (3-dpi, P < 0.05; 7-dpi, P < 0.0001; Fig

2A). Immunofluorescence (IF) staining and confocal microscopy of C. neoformans-infected

brain tissue 7-dpi showed cryptococci of different size (yellow arrowheads) embedded in

neuronal tissue (Fig 2B). A 7-dpi tissue section of the dentate gyrus in the hippocampus of a

GXM-challenged mouse exhibited a large cryptococcoma (red arrows) filled with yeasts

cells (yellow arrowhead) and substantial amounts of capsular GXM released (white arrow-

heads) (Fig 2C). Extensive accumulation of GXM (white arrowheads) was also observed in

cortical tissue (Fig 2D) and a large blood vessel (Fig 2E) in the brain parenchyma of GXM-

treated and C. neoformans-infected mice 7-dpi. In addition, 7-dpi IF staining showed a sig-

nificantly higher number of lesions in the brains of GXM-treated mice (average,

7.86 ± 0.91) than those of untreated animals (2.43 ± 0.43) (P < 0.001) (Fig 2F–2H). The

average areas of brain lesions of GXM-treated infected mice reached 241 μm2 ± 27.79,

whereas lesions of control mice averaged 166 μm2 ± 75 (P < 0.05) (Fig 2I). These studies

demonstrate that exogenous GXM administration increases the permeability of the CNS to

C. neoformans invasion and colonization.

GXM reduces the expression of TJ proteins in mouse brain tissue

To confirm that GXM reached the CNS of challenged uninfected mice (7.8 to 125 μg/mL; PBS-

instilled animals were used as controls, untreated) 24 h after i.n. administration, IF staining

using GXM-specific monoclonal Ab (mAb) 18B7 demonstrated fungal polysaccharide (green)

distribution (white arrowheads) throughout the brain parenchyma 24 h after administration

(Fig 3A). During pathologic conditions, TJ disruptions promote enhanced leukocyte adhesion

to, and transmigration across, CNS vessels [22], resulting in BBB permeability and parenchy-

mal leukocyte accumulation [23,24]. Presently, studies dealing with the effects of GXM on the

expression of TJs in the mouse brain are scarce. TJ proteins provide essential structural sup-

port to the BBB playing an important role in maintaining a safe neural microenvironment in

the brain. Using Western blot (WB) analysis (Fig 3B), we found that GXM administration

prior to C. neoformans pulmonary infection alters specific TJ expression in the mouse brain.

GXM doses� 62.5 μg/mL decrease the expression of claudin-5 (Fig 3C), ZO-1 (Fig 3D), and

JAM-A (Fig 3F; P< 0.05) in brain tissue. Interestingly, occludin downregulation was observed
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in rodent brains challenged with GXM doses� 15.6 μg/mL (Fig 3E). Our data suggest that

GXM-induced TJ protein reduction may be a major cause of profound brain alterations

including an increase in susceptibility of the CNS to cryptococcal infection.

Fig 2. Exogenous GXM challenge enhances C. neoformans migration into the central nervous system (CNS) of

C57BL/6 mice. (A) Fungal burden (numbers of CFU/gram of tissue) in brain collected from untreated and GXM-

treated mice i.t. infected with 105 cryptococci (n = 8 per group) 3- and 7-dpi. (B) Confocal microscopy of cryptococcal

cells (yellow arrowheads) in the brain parenchyma of GXM-treated mice 7-dpi. Scale bar: 20 μm. (C)

Immunofluorescent (IF) image of a 7-dpi hippocampal tissue section displaying a large cryptococcoma (red arrows)

filled with yeasts cells (yellow arrowhead) and abundant amounts of capsular polysaccharide released (white

arrowheads). Scale bar: 150 μm. (D) GXM accumulation (white arrowheads) in the cortex and (E) blood vessel of

GXM-treated and C. neoformans infected mice 7-dpi. Scale bar: 200 μm. IF staining of brain lesions (cryptococcomas;

white arrows) caused by C. neoformans 7-dpi in (F) untreated or (G) GXM-treated animals. Scale bar: 150 μm. For B

to G, FITC-labeled (green) GXM-specific monoclonal antibody (mAb) 18B7 was used to label cryptococci. MAP-2

(red) and DAPI (blue) staining were used to label the cell bodies and nuclei of neurons, respectively. Each tissue

section was sequentially examined using multiple slides. (H) Brain lesions per mouse (n = 7 per group) and (I) lesion

area (n = 10 per group) analyses in tissue sections of untreated and GXM-treated mice infected with C. neoformans.
The areas of 10 brain lesions per condition were measured using NIH ImageJ software. Each symbol represents a single

lesion. For A, H and I, bars and error bars denote the mean value and SDs, respectively. Asterisks denote P-value

significance (* P< 0.05, *** P< 0.001, and **** P< 0.0001) calculated using single or multiple student’s t-test

analyses.

https://doi.org/10.1371/journal.ppat.1010941.g002

Fig 3. GXM challenge alters tight junction protein (TJ) expressions in vivo. (A) Confocal microscopy of

cryptococcal GXM [FITC-labeled (green; arrowheads) GXM-specific mAb 18B7] distribution in the brain parenchyma

(blue; nuclei of neurons) of GXM (125 μg/mL)-treated mice 24 h after i.n. administration. Scale bar: 20 μm. (B)

Western blot (WB) analyses of brain tissue from untreated (e.g., sterile PBS-sensitization) or GXM (7.8, 15.6, 31.25,

62.5, and 125 μg/mL)-challenged C57BL/6 mice were performed to compare the expression of the TJ proteins claudin-

5 (23 kDa), ZO-1 (200 kDa), and occludin (59 kDa) and the adhesion protein JAM-A (32 kDa). Actin (42 kDa) was

used as a housekeeping protein control. Quantitative measurements of individual band intensity in WB analyses

described in panel B for (C) claudin-5, (D) ZO-1, (E) occludin, and (F) JAM-A, using NIH ImageJ software. Actin was

used as a control to determine the relative intensity ratio (A.U. denotes arbitrary units). Bars represent the means of 5

independent gel results (black circles) and error bars indicate SDs. Asterisks denote P-value significance calculated

using one-way analysis of variance (ANOVA) and adjusted using the Tukey’s post-hoc analysis. *P< 0.05, for the

reduction in the intensity of the band of TJ and adhesion molecules as compared to actin.

https://doi.org/10.1371/journal.ppat.1010941.g003
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GXM alters the distribution/intensity of TJs on human brain endothelial

cells (HBECs)

To validate the results obtained in the murine model and to determine the impact of GXM on

TJs, we analyzed the distribution of TJs (claudin-5 and occludin) in HBECs after exposure to

the capsular component for 4 h using IF microscopy (Fig 4). The distribution of claudin and

occludin on HBECs is considerably reduced after incubation with 10 μg/mL of GXM (Fig 4A).

We chose this GXM concentration (10 μg/mL) for most of our in vitro experiments because it

matches the mouse serum levels described by others [25,26] and was confirmed in these stud-

ies 7-dpi (S2 Fig). Ethylenediaminetetraacetic acid (EDTA; 10 μg/mL) was used as a positive

control [27] and, similarly to GXM, substantially decreased the distribution of TJs on the sur-

face of HBECs. Quantification of claudin-5 intensity on HBECs using the NIH ImageJ soft-

ware demonstrated that GXM (P< 0.01) and EDTA (P< 0.0001) significantly reduced this TJ

intensity relative to untreated control HBECs (Fig 4B). There were no differences in the distri-

bution of claudin-5 in HBECs incubated with EDTA or GXM. Occludin intensity was also sig-

nificantly decreased in HBECs cultured with GXM (P< 0.05) or EDTA (P< 0.0001)

compared to untreated cells (Fig 4C). Similarly, EDTA-treated HBECs evinced lower occludin

intensity on their surfaces than GXM-treated cells (P< 0.01). These experiments indicate that

the distribution/intensity of TJs on HBECs is reduced after incubation with GXM.

GXM increases the expression of RhoA cytoskeletal regulator in a time-

dependent manner

A previous study demonstrated that C. neoformans activates Rho GTPases to promote transmi-

gration across a HBEC monolayer in vitro, which is the critical step for cryptococcal brain

Fig 4. GXM alters the distribution of TJs on human brain endothelial cells (HBECs). (A) IF images of claudin-5

and occludin distribution on the surface of HBECs after incubation in absence (untreated) and presence of 10 μg/mL

of ethylenediaminetetraacetic acid (EDTA; positive control) or GXM for 4 h at 37˚C and 5% CO2. After co-incubation

with EDTA or GXM, the cells were washed and incubated with claudin-5-FITC (green) and occludin-rhodamine

(red)-specific antibodies. DAPI (blue) was used to stain the cell nuclei. Scale bar, 100 μm. (B) Quantification of (B)

claudin-5 and (C) occludin intensity on the surface of HBECs was performed using NIH ImageJ software. Bars and

error bars denote the means and SDs, respectively. Each symbol denotes a single cell measurement (n = 10 cells per

group). Asterisks indicate P-value significance (* P< 0.05, ** P< 0.01 and **** P< 0.0001) calculated using one-way

ANOVA and adjusted using the Tukey’s post-hoc analysis. ns represents not statistically significant comparisons.

https://doi.org/10.1371/journal.ppat.1010941.g004
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infection and development of cryptococcal meningoencephalitis (CME) [28]. To confirm that

RhoA is activated during GXM-mediated disruption of TJ integrity, levels of both RhoA (pan)

and RhoA-GTP (activated form) were measured in lysates of HBECs by WB analysis (Fig 5).

HBECs (n = 3) were plated in 24-well plates and grown to confluency prior to stimulation with

10 μg/mL of GXM over time (0, 15, 30, 60, 120, and 180 min; Fig 5A). RhoA activation was

induced immediately upon stimulation by GXM, reaching a peak 6-fold increase after 30 min

(Fig 5B). Interestingly, RhoA activation dropped to near-basal levels after 60 min before

decreasing below basal levels at 180 min. RhoA activation is associated with increased cell per-

meability and actin cytoskeletal fiber formation [19], and its involvement in modulating TJ

integrity is of interest during CME. RhoA signals through Rho-associated protein kinase

(ROCK) to inhibit myosin-light chain (MLC) phosphatase [29] which in turn leads to stable

phosphorylation and activation of MLC. Activated MLC mediates actin stress fiber formation

Fig 5. GXM augments the expression of activated RhoA and modulates the cytoskeleton in HBECs in a time-

dependent manner. (A) WB analyses of HBEC lysates stimulated with 10 μg/mL of GXM were performed to assess the

expression of activated RhoA protein (GTP-bound) and phosphorylated myosin light chain (pMLC) over the course of

180 min. Quantitative measurements of individual band intensity in WB analyses described in panel A for (B)

activated RhoA and (C) phosphor-MLC using LiCOR Image Studio software. Bars represent the means of 3

independent gel results (black circles) and error bars indicate SDs. P-value significance (* P< 0.05, ** P< 0.01 and ***
P< 0.001) was calculated using one-way ANOVA and adjusted using the Tukey’s post-hoc analysis. (D) IF images of

actin remodeling in HBECs after incubation in the absence (0 min) and the presence of 10 μg/mL GXM for the

indicated times (15–180 min). Cells were stained with Phalloidin-594 (red) and DAPI (blue). Arrows indicate actin

stress fiber formation; asterisks represent perinuclear relocation of actin. Scale bar, 20 μM.

https://doi.org/10.1371/journal.ppat.1010941.g005

PLOS PATHOGENS Exogenous GXM administration facilitates cerebral cryptococcosis

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1010941 April 28, 2023 10 / 28

https://doi.org/10.1371/journal.ppat.1010941.g005
https://doi.org/10.1371/journal.ppat.1010941


during endothelial barrier permeability [30]. We observed a 10-fold increase in MLC phos-

phorylation after 15 min of GXM stimulation, concurrent with activation of RhoA (Fig 5A and

5C). Interestingly, phosphorylation of MLC remained elevated after 120 min (Fig 5A and 5C),

suggesting that actin remodeling is prolonged after initial RhoA stimulation. To assess the

extent of actin remodeling in HBECs treated with GXM, we performed fluorescence confocal

microscopy on cells stained with the fluorescent actin dye phalloidin and treated with GXM

over time (0, 15, 30, 60, 120 and 180 min, Fig 5D). Although the levels of actin expression did

not significantly change in response to GXM treatment (S3 Fig), we observed considerable

change in the actin cytoskeleton following GXM stimulation. In untreated confluent HBEC

monolayers (0 min), actin is localized to the periphery of cells (Fig 5D). Actin stress fibers

(arrows) begin to form after 15 min of GXM stimulation and continue to develop over time.

In addition, actin remodels away from the cell periphery to adopt a perinuclear localization

(asterisks) after 60 min which persists throughout the rest of the experiment (Fig 5D). Disrup-

tion of the endothelial monolayer can be observed as early as 15 min, but is most prominent at

60, 120 and 180 min (Fig 5D). These results are consistent with the time course for MLC phos-

phorylation in response to GXM. Our data suggest that GXM-induced RhoA activation and

RhoA-mediated actin cytoskeleton remodeling, may be mechanistically important for the

paracellular crossing of C. neoformans as free yeast cells or inside of macrophages through the

BBB during pathologic conditions.

GXM disrupts the trans-endothelial electrical resistance (TEER) of HBECs

in a BBB model and enhances its permeability

The TEER is a widely accepted quantitative technique to measure the integrity of TJ dynamics

in cell culture models of endothelial monolayers. Since GXM reduces the expression (in vivo)

and distribution/intensity (in vitro) of TJs, we investigated the impact of the CPS on TEER of

an in vitro BBB model that consisted of HBECs and pericytes (Fig 6A and 6B). Pericytes are

cells present at intervals along the walls of blood vessels. In the CNS, they are important for

blood vessel formation, maintenance of the BBB, regulation of immune cell entry to the CNS,

and control of brain blood flow [31]. Currently, there is no data available on the role of peri-

cytes in cerebral cryptococcosis. Hence, we investigated the advantage of having a single

(HBECs) versus dual (HBECs + pericytes) in vitro BBB model (S4 Fig). The BBB model con-

sisting of HBECs + pericytes demonstrated a significantly higher TEER (2-fold) than the sys-

tem with only HBECs (P< 0.01), which suggest that pericytes substantially strengthen the

interactions between HBECs. Using this model, all the BBBs treated with GXM or EDTA dem-

onstrated a significant drop in TEER (~ 60% or more) 1 h post-exposure relative to the

untreated and mock extract-treated BBBs (P< 0.05; Fig 6B). Mock extracts were prepared

from acapsular cap59 strain cells grown in cultures similarly to wild-type H99 to assure that

GXM and not the traces from the reagents used in the procedure affect the permeability of the

HBECs in the BBB model. EDTA-treated BBBs demonstrated a lower TEER percentage than

BBBs incubated with 50 (P< 0.05) and 100 (P< 0.01) μg/mL of GXM. Also, BBBs cultured

with 100 μg/mL of GXM exhibited lower TEER percentage than BBBs exposed to 10 μg/mL of

the fungal polysaccharide (P< 0.01). BBBs treated with 10 μg/mL of GXM maintained ~ 60%

TEER percentage reduction after 1 h compared to the control BBBs. Notably, all the other con-

ditions demonstrated a 100% TEER or TJ integrity reduction in BBBs after 1 h. To better

understand the minimal GXM concentration required for compromising the integrity of our

in vitro BBB model, we performed a dose response curve exposing cells to 0.001 to 100 μg/mL

of GXM. (S5 Fig). We calculated that the inhibitory concentration (IC50) needed to make the

system 50% permeable was 9.95 μg/mL of GXM. The mock extract treatment had no effect on
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Fig 6. GXM decreases the trans-endothelial electrical resistance (TEER) and transmigration of C. neoformans through HBECs in a blood brain barrier

(BBB) model. Graphic representation of the HBECs and pericytes BBB model used for the (A) TEER measurements, (C) HBEC barrier permeability assay, and

HBEC model used for the (E) fungal transmigration assay. For A and C, HBECs and pericytes were grown separately (HBECs, 0.4 μm pore insert; pericytes,

bottom of a well) and co-incubated using a microtiter transwell system that permits chemotactic exchange through the supernatant. (B) Relative TEER of

HBECs incubated with GXM (10, 50, or 100 μg/mL) for 5 h at 37˚C and 5% CO2. HBECs incubated alone (negative), with EDTA (10 μg/mL; positive), or with

mock extract from acapsular strain cap59 (negative) were used as controls. Time points are the averages of the results for three different TEER measurements,

and error bars denote SDs. Symbols (*, #, ϕ, and x) indicate P value significance (P< 0.05) calculated using one-way ANOVA and adjusted using the Tukey’s

post-hoc analysis. *, #, ϕ, and x indicate significantly higher TEER than in the 10 μg/mL of EDTA-, 10 μg/mL of GXM-, 50 μg/mL of GXM-, and 100 μg/mL of

GXM-treated groups, respectively. (D) Relative HBEC barrier permeability to streptavidin-horseradish peroxidase (HRP) after incubation with GXM (10, 50,

or 100 μg/mL) for 30 min at 37˚C and 5% CO2. HBECs incubated alone (negative), with EDTA (10 μg/mL; positive), or with mock extract (negative) were used

as controls. (E) HBECs were cultured for 2 h with 10 μg/mL of GXM in a microtiter transwell system (5 μm pore insert). Then, 105 cryptococci were added to

the well and fungal transmigration through the HBECs was determined for 4 h using CFU. (F) CFU determinations after fungal transmigration are shown.

HBECs incubated alone or with EDTA (10 μg/mL) were used as negative and positive controls, respectively. For B, D, and F, bars and error bars denote the

means and SDs, respectively. Each symbol denotes a single well measurement (n = 3 wells per group for B and D) or CFU determinations from a single well

(n = 5 wells per group for F). Asterisks indicate P-value significance (* P< 0.05, ** P< 0.01, *** P< 0.001 and **** P< 0.0001) calculated using one-way

ANOVA and adjusted using the Tukey’s post-hoc analysis. These experiments were performed thrice, similar results were obtained each time, and all the

results combined are presented.

https://doi.org/10.1371/journal.ppat.1010941.g006
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the integrity of the in vitro BBB (S5 Fig). Then, we assessed the BBB permeability to streptavi-

din-horseradish peroxidase (HRP) after 1 h treatment with GXM or EDTA (Fig 6C and 6D).

All the GXM (10 μg/mL, P< 0.05; 50 μg/mL, P< 0.01; 100 μg/mL, P< 0.001)- or EDTA

(P< 0.001)-treated HBECs exhibited significantly more permeability than the untreated and

mock extract-treated cells (Fig 6D). HBECs cultured with concentrations� 50 μg/mL of GXM

or 10 μg/mL of EDTA displayed similar increased in barrier permeability to streptavidin-HRP.

HBECs incubated with 10 μg/mL of GXM demonstrated considerably lower barrier perme-

ability than EDTA-treated (P< 0.05) cells, respectively. Our experiments demonstrated that

GXM disturbs the TEER and integrity of HBEC-closed interactions in a BBB in vitro model.

Given that GXM inhibits the expression of TJs and alters the TEER in HBECs, we investi-

gated the permeability of HBECs to C. neoformans strain H99 cell transmigration after pre-

incubation with 10 μg/mL of GXM or EDTA for 1 h (Fig 6E). GXM- (P< 0.01) and EDTA-

(P< 0.0001) treated HBECs demonstrated significant passage of cryptococci compared to

untreated cells (Fig 6F). EDTA had the highest cryptococcal BBB transmigration, followed by

GXM and untreated HBECs, respectively. Our studies indicate that GXM promotes HBEC dis-

ruption and C. neoformans penetration.

GXM stimulates vasodilation of blood vessels via endothelium-dependent

mechanisms

To understand the influence of C. neoformans GXM on endothelial cells of blood vessels,

mouse superior mesenteric arteries (SMA) were isolated, cultured in absence or presence of

25 μg/mL of GXM ex vivo for 40 min, and evaluated for vascular reactivity using a wire myo-

graph in presence of acetylcholine (ACh; to test for endothelium-dependent vasodilation) and

phenylephrine (PE; to test for vasoconstriction) (Fig 7). Despite the selected concentration of

25 μg/mL of GXM for this ex vivo assay could be in the high physiological end of the infection

spectrum in serum, animal-to-animal variations, although rare, has been reported with a

mouse reaching the hundreds of μg/mL [25]. SMA incubated with the CPS were less respon-

sive to PE and decreased their contraction relative to untreated arteries (n = 5 per group;

Fig 7. GXM causes vasodilation of mouse blood vessels after ex vivo treatment. (A) Murine superior mesenteric

arteries (SMA) incubated in absence (untreated) or presence of 25 μg/mL GXM were evaluated in response to

phenylephrine (PE; test for vasoconstriction) or acetylcholine (ACh; test for endothelium-dependent vasodilation).

Cumulative concentration-response curves are shown. Each point represents the average of 5 individual SMA

measurements. The concentration–response curve was log-transformed, normalized to percent maximal response, and

fitted using a nonlinear regression. P values of<0.05 were considered significant. (B) pD2 for ACh curve. Each symbol

(n = 5, untreated; n = 3, GXM-treated SMA rings) represents a single SMA ring. Bars and error bars denote the mean

value and SDs, respectively. Asterisk denotes P-value significance (* P< 0.05) calculated using student’s t-test analysis.

https://doi.org/10.1371/journal.ppat.1010941.g007
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Fig 7A). However, arteries incubated with 25 μg/mL of GXM were substantially more sensitive

to ACh and significantly increased their vasodilation compared to untreated blood vessels (Fig

7A). We corroborated that GXM-treated SMA (n = 3) were significantly more sensitive to

ACh than untreated arteries (n = 5; P< 0.05; Fig 7B). We concluded that GXM promotes

blood vessel relaxation by endothelium-dependent mechanisms, providing proof of principle

evidence that the cryptococcal CPS alters the integrity of the vasculature, enabling systemic

dissemination from the respiratory system to the CNS.

Discussion

C. neoformans capsular GXM is released into tissues during infection where it accumulates

and causes a range of adverse immunological effects [17]. Individuals with CME frequently

suffer from the detrimental effects associated with increased intracranial pressure such as

edema, hydrocephalus, and subarachnoid space hemorrhage, which may be related in part to

GXM-mediated effects [32]. The concentration of GXM in CSF can reach 1 mg/mL [33] and

post-mortem pathological examinations of brains from patients with CME indicate that this

polysaccharide is extensively deposited in tissue [17]. We evaluated the role of exogenous

GXM on the development of C. neoformans pulmonary infection by i.n. challenging C57BL/6

mice. However, we first determined the extent of exogenous GXM dissemination post-inocu-

lation using ELISA. GXM was detected in lung and serum in comparable concentrations to

other similar studies in rodents [14,34]. Exogenous GXM i.n. challenge of mice prior infection

results in lung inflammation, although whether the response exacerbates pulmonary crypto-

coccal colonization and/or dissemination to the CNS via single cell escape or using the Trojan

horse mechanism require further investigation. For example, it is conceivable that GXM

impairs the intercellular junctions in the epithelial cells of the lungs allowing the escape of indi-

vidual cryptococci and/or inside of macrophages. While C. neoformans capsular GXM is

cleared from the bloodstream within days, it can be retained in organ tissues for weeks, espe-

cially those of the liver and spleen [35]. Surprisingly, we also detected low levels of GXM in

brain tissue, validating that this delivery was appropriate to study the impact of the CPS on the

development of cryptococcosis. It is also important to point out that the concentrations of

GXM used in our studies are not out of context or in the high-end of the spectrum. CPS con-

centrations ranging from 50–800 μg/mL have been extensively used in the field of cryptococ-

cosis to understand the role of this fungal antigen on the host immune or specifically Ab

responses [14,21,25,34]. In our study, we are using similar tools (e.g., exogenous GXM admin-

istration, mouse model, Abs, etc.) as previously described and adding innovative in vitro and

ex vivo techniques to understand how C. neoformans crosses the BBB. To provide a typical i.t.

infection baseline, we measured the GXM levels of the lungs, serum, and brain after pulmo-

nary infection with C. neoformans strain H99 without GXM pre-conditioning. GXM accumu-

lation in tissues and serum during a typical i.t. infection is comparable to previous reports in

the field of cryptococcosis [14,25,26].

We investigated the impact of exogenous GXM on the development of C. neoformans infec-

tion and demonstrated that CPS accelerates cryptococcosis in C57BL/6 mice. Pulmonary cryp-

tococcal infection of GXM-challenged rodents was characterized by substantial colonization of

the epithelial tissue, extensive CPS accumulation surrounding cryptococci in a biofilm-like

arrangement, and minimal inflammation. It is possible that prior priming of the respiratory

tissue with GXM to cryptococcal infection enhances the ability of the fungus to adhere and col-

onize the airway epithelium. Although cap67, a strain with defective capsular production, has

shown higher adhesion to human epithelial-like cells than clinical encapsulated strains [36],

phospholipase B [37], mannoprotein MP84 [38], and heat-shock protein 70 [39] have been
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shown to influence the attachment of C. neoformans to pulmonary-like cells. i.n. challenge of

mice with GXM may even create a competitive advantage over other possible ligands involved

in the association of the carbohydrate with surface receptors on epithelial cells [39]. Moreover,

active production and release of CPS by C. neoformans are required for biofilm formation

[40], which involves a robust attachment to the surface substrate. Substantial accumulation of

CPS around cryptococci in GXM-sensitized animals demonstrates a biofilm-like structure in

lung tissue that prevents antifungal immune responses such as cellular migration, phagocyto-

sis, and clearance, providing evidence for the involvement of GXM in the progression of C.

neoformans invasion.

Given that C. neoformans infection was more difficult to control in the lungs of GXM-chal-

lenged mice, these animals also evinced higher hematogenous fungal load than the untreated

rodents. It is conceivable that the slight immune response mediated the collapse of the lung tis-

sue and vasodilation of the blood vessels, allowing substantial cryptococcal cell proliferation

and extensive production/release of the CPS [41]. In this regard, portions (M2 motif) of the C.

neoformans capsular GXM have been shown to elicit non-protective Abs, which may affect

phagocytic cell responses in the lungs and result in the inability of the host to control the infec-

tion [42]. Mice lacking claudin-18, a TJ protein highly expressed in airway tissues, exhibited

increased susceptibility to C. deneoformans infection through massive multiplication of yeast

cells with poor granulomatous responses, reduced production of interferon-γ, and acidifica-

tion of the alveolar space despite increased presence of immune cells such as CD4+ T cells [43].

In addition, GXM has detrimental effects on endothelial cells associated with blood vessels

including alterations of adhesion molecules important for the migration of leukocytes to fight

off the infection [44,45] and vascular vasodilation [46] following cryptococcal infection, which

increases vessel tension and promotes fungal dissemination [46]. Untreated mice i.t.-infected

with C. neoformans H99 demonstrated similar blood load to those reported by others [47–49].

However, it is unclear why these mice evinced a reduction in the lung fungal burden as the

infection progressed from 3- to 7-dpi. A plausible explanation may be dissemination of crypto-

cocci to other organs (e.g., liver, spleen, kidneys, etc.) not necessarily accounted for or analyzed

in these studies. This possibility is conceivable since higher cryptococcal burden was detected

7-dpi in blood and the fact that not all the untreated mice die in the survival experiment

30-dpi.

GXM sensitization prior to infection increased C. neoformans load in the CNS. There was

approximately a 3-fold CFU count difference between brains excised from untreated and

GXM-challenged mice 7-dpi. Since the exogenous GXM was administered to the animals i.n.,

this capsular component deposited mostly in the lungs and reached serum in low levels as sim-

ilarly described in [14]. Even though GXM injection into the bloodstream does not reach to

the CNS due to the unidirectional movement of the CPS across the BBB from the CSF to

serum [34,50], the ELISA and IF data produced in this investigation demonstrated that i.n.

delivery of GXM reaches the CNS likely through the nasal cavity. A recent study showed that i.

n. C. neoformans infection was found in the upper respiratory tract and fungal brain invasion

occurred quickly in� 3 h [51]. GXM-treated mice showed higher number of cryptococcomas

and larger cryptococcal brain lesions than those found in untreated brains. Likewise, GXM

localized in blood vessels in brain parenchyma, and its deposition may have serious implica-

tions in the maintenance of the host BBB integrity. Vascular GXM accumulation and fungal

occlusion have been described by others [52,53] and validated by us [32] as responsible of

infarction and hemorrhagic dissemination in CME patients and animal models [46], respec-

tively. Notably, the cortex and hippocampus of GXM-challenged mice were the most affected

regions of the brain, suggesting that these animals may also show behavioral and cognitive

impairment. In fact, altered mental status in HIV+ patients with CME is associated with high
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mortality rates [54,55]. It is possible that GXM acts as a chelator and binds to metal ions (e.g.,

Ca2+) contributing to its detrimental effects in the BBB and/or cells of the brain. Although

these provocative thoughts are outside of the scope of this study, future investigations are

needed to understand the impact of cryptococcal infection and GXM on behavior and

cognition.

We found that i.n. GXM instillation (concentrations: 15.6–125 μg/mL) alone disrupted TJ

and adhesion proteins in rodents, validating the importance of this polysaccharide in destabi-

lizing the BBB and promoting traversal passage of C. neoformans into the CNS. TJ and adhe-

sion proteins are important in the molecular architecture of the cell and C. neoformans
interactions with BBB endothelial cells mediate alterations in the cytoskeleton of the mamma-

lian cells [56]. GXM has been shown to have a profound impact on HBEC TJs. Claudin-5, ZO-

1, and JAM-A were downregulated at concentrations� 62.5 μg/mL, whereas occludin seemed

to be more susceptible to GXM and was reduced at concentrations� 15.6 μg/mL. WB analyses

in murine brain extracts 24 h after GXM sensitization and IF in HBECs cultured with the CPS

for 4 h demonstrated a significant reduction in the expression/distribution of claudin-5 and

occludin. These integral proteins are located in the apical region of the cell and act as gatekeep-

ers for BBB paracellular passage. Our results are consistent with Chen and colleagues, who

demonstrated that occludin dysregulation is associated with weakened endothelial cell interac-

tions in the BBB [56]. Moreover, the in vivo GXM sensitization studies showed that the expres-

sion of actin, a housekeeping protein that form microfilaments in the cytoskeleton and have

intimate interactions with cellular membranes, is affected. We suspect that GXM binds to

actin altering its expression and causing very important structural modification to the cyto-

skeleton in endothelial cells, therefore, having a critical impact in C. neoformans BBB penetra-

tion. It is possible that these GXM-driven modifications to the cytoskeleton may explain the

susceptibility of endothelial cells in the BBB interface to allow both cryptococcal transcellular

and/or paracellular passage of single cells or cells inside of phagocytes to the brain paren-

chyma. However, further studies need to be performed and other virulence factors need to be

considered. To rule out the possibility that GXM instillation may damage BBB’s endothelial

cells in mice due to high concentration overload, we have tested GXM instillation in mice up

to 500 μg/mL and TJ expression increases at that concentration suggesting TJ expression can

be recovered. The same pattern is observed in the actin bands. Interestingly, we have observed

a similar pattern associated with normal cryptococcosis (no GXM instillation) progression,

which indicates that the inhibition of intercellular junctions and actin is transient and can be

reverted especially upon cryptococci invades and colonize the CNS.

It is also significant to mention that TJs impact structural changes in the cell that can be

important in the transcellular passage of free cells, as well as those being transported inside of

macrophages. Our findings of GXM-induced RhoA activation substantiates the impact of this

CPS on the BBB structural integrity during C. neoformans invasion. Although the involvement

of RhoGTPases in the translocation of C. neoformans from the blood capillaries to the brain

parenchyma has been previously suggested [28], we demonstrated that GXM may regulate

fungal transmigration by causing rapid structural changes in the BBB including weakening of

TJ and disruption of HBEC interactions (Fig 8). GXM stimulates activation of RhoA, which

activates ROCK [56]. ROCK inhibits the myosin-light chain (MLC) phosphatase, leading to

actin stress fiber formation through enhancement of MLC phosphorylation [57]. Actin stress

fibers contribute to the internalization and lysosomal degradation of claudin and occludin, dis-

rupting TJs between brain microvascular endothelial cells [58]. These observations are signifi-

cant because further studies can focus on strengthening TJ interactions between neighboring

HBECs in individuals with pulmonary cryptococcosis and help the development of novel strat-

egies to prevent CME and its associated morbidity. Furthermore, investigating the role of
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GXM as a modulator of TJ and BBB integrity may be of interest for future studies. For

instance, the receptor on the surface of HBECs that recognizes GXM and triggers the RhoA

signaling pathway still needs to be identified.

Due to the difficult nature of investigating the interaction of C. neoformans with the neuro-

vascular unit in vivo, the use of microtiter transwell systems to mimic the BBB has proliferated

in the past two decades [8,56,59–63]. Since we demonstrated that GXM alters the distribution

of TJs on HBECs, we assessed the impact of GXM on the TEER of HBEC monolayers grown

in transwells and co-incubated with pericytes separated by a membrane that allows the

exchange of secreted factors by the cells in co-culture. GXM quickly reduced the TEER across

the HBEC monolayer in presence of pericytes, suggesting disruptions in TJs and the integrity

of the HBEC neighboring interactions. Little is known on the role of pericytes on C. neofor-
mans BBB transmigration in vivo. However, a deficiency of pericytes in the CNS can cause

increased BBB permeability due to their ability to cover endothelial cells that line the capillaries

[64]. Our findings demonstrated that the BBB model consisting of HBECs and pericytes had a

2-fold TEER measurement compared to the system with only HBECs, suggesting that pericytes

markedly reinforce the BBB integrity. This important observation warrants future studies on

the importance of pericytes in C. neoformans and BBB interactions. Also, our studies highlight

Fig 8. Model of GXM-mediated disruption of the BBB during cryptococcal infection. GXM stimulates activation of

RhoA, which activates Rho-associated protein kinase (ROCK). ROCK inhibits the myosin light chain phosphatase

(MLCP), leading to actin stress fiber formation through enhancement of MLC phosphorylation. Actin stress fibers

contribute to the internalization and lysosomal degradation of claudin and occludin, disrupting TJs between brain

microvascular endothelial cells (BMVECs).

https://doi.org/10.1371/journal.ppat.1010941.g008
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the importance of having critical consideration in the design of in vitro models that mimic the

BBB, particularly to investigate microbial CNS invasion. Studies to elucidate the basic func-

tions of pericytes in C. neoformans transmigration require such pericyte-endothelial cell com-

munication for a more comprehensive understanding of cerebral cryptococcosis.

We demonstrated GXM-treated HBECs grown in transwells displayed higher permeability

and passage to cryptococci relative to the untreated and EDTA-treated HBEC conditions. It is

plausible that both transmigration processes, trans- and para-cytosis, occurred in this in vitro
system. GXM exposure to HBECs resulted in a significant reduction of TJ distribution on their

surface and decreased TEER, indicating that fungal crossing between endothelial cells was tak-

ing place. We did not examine HBEC transcellular passage, but this mechanism of BBB pene-

tration and CNS invasion has been extensively described in free cryptococci [8,56] and

cryptococci trolleying inside phagocytic cells [60]. Though the specific mechanism of C. neo-
formans brain invasion involved in this process is not yet confirmed, it may be sensible to

embrace the idea that all the transmigration processes described, including the Trojan horse,

simultaneously and dynamically occur during infection.

Surprisingly, GXM addition to the in vitro BBB model caused a dramatic reduction in the

BBB integrity and TEER, which can be explained by our finding of 9.95 μg/mL of GXM as the

minimal concentration required for compromising the barrier integrity. In contrast, there was

no defect when adding cryptococci, which also produce and shed GXM in the medium. It is

necessary to distinguish that BBB permeability is not synonymous of fungal transmigration

which may explain the differences observed between the dramatic reduction of TEER and the

marginal although still statistically significant variations observed between the different condi-

tions (e.g., untreated, EDTA, and GXM) in the C. neoformans transmigration assay. It also

must be considered how difficult is for microbes to cross the BBB, which in addition to battling

with immune cells and their mediators in the bloodstream, need to deal with the steric hin-

drance of the barrier to penetrate the brain parenchyma. Although cryptococci certainly cross

the BBB in vitro, the low efficiency of the phenomenon [65] is also a challenge for interpreta-

tion of the findings and their translation into in vivo or clinical situation.

In conclusion, we demonstrated that exogenous GXM administration exacerbates lung colo-

nization, systemic dissemination, and CNS invasion. GXM has detrimental defects on TJs facili-

tating its translocation from the lungs to the CNS suggesting the importance of developing

therapeutics to strengthen cell-to-cell interactions, particularly in the early stages of the disease.

Our findings have significant implications in understanding the different mechanisms used by

the fungus to cross the BBB and colonize the brain resulting in its main manifestation, CME,

which has high mortality. Additional investigations are necessary to establish the molecular

mechanisms by which GXM impairs TJ function and impacts cryptococcal systemic disease.

Materials and methods

Ethics statement

All animal studies were conducted according to the experimental practices and standards

approved by the Institutional Animal Care and Use Committees at the New York Institute of

Technology College of Osteopathic Medicine (Protocol #: 2016-LRM-01). This study was car-

ried out in compliance with the Animals in Research: Reporting In vivo Experiments guide-

lines [66].

C. neoformans
C. neoformans strain H99 (serotype A) was isolated and kindly provided by John Perfect at

Duke University. cap59 is an acapsular mutant strain derived from H99 by Joseph Heitman at
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Duke University and this gene functions in GXM export [67]. Yeast cells were grown in

Sabouraud dextrose broth (pH 5.6; BD Difco) for 24 h at 30˚C in an orbital shaker (Thermo

Fisher; TF) set at 150 rpm (to early stationary phase).

GXM isolation

GXM was isolated from C. neoformans strain H99 using the hexadecyltrimethyl ammonium

bromide (CTAB) method as previously described [68] with a few modifications. C. neoformans
strain cap59 was used to perform a mock extraction. Briefly, fungal cells (109) were inoculated

into 1,000-mL Erlenmeyer flasks containing 400 mL of minimal medium composed of glucose

(15 mM), MgSO4 (10 mM), KH2PO4 (29.4 mM), glycine (13 mM), and thiamine-HCl (3 μM),

pH 5.5. Fungal cells were cultivated for 3 days at 30˚C with shaking and separated from culture

supernatants by centrifugation at 4,000 x g (15 min, 4˚C). The supernatant fluids were col-

lected and centrifuged again at 15,000 x g (15 min, 4˚C) to remove smaller debris. The pellets

were discarded, and the resulting supernatant was concentrated approximately 20-fold using

an Amicon (Millipore) ultrafiltration cell (with a cutoff of 100 kDa and a total capacity of 200

mL) with stirring and Biomax polyethersulfone ultrafiltration discs (63.5 mm). A nitrogen

(N2) stream was used as the pressure gas. After the supernatant was concentrated, a thick,

translucent film was observed in close association with the ultrafiltration disc and was covered

by a concentrated fluid phase. The fluid phase was discarded, and the viscous layer was col-

lected with a cell scraper for storage at room temperature (RT). Fractions that were passed

through the 100-kDa filtration discs were filtered through 10-kDa membranes, resulting again

in film formation. We heat inactivated (100˚C for 15 min) proteases in our GXM preparation.

Additionally, each preparation was treated with protease inhibitor cocktail (37˚C for 2 h).

Each preparation was also tested for contamination with bacterial lipopolysaccharide (LPS)

using the Limulus amoebocyte lysate (LAL) assay (Lonza). LPS was undetected in the LAL

assay. We performed CFU determinations in our preparations and did not observe any cultur-

able microbial growth. For polysaccharide quantification, a capture ELISA [69], the carbazole

reaction for hexuronic acid [70], and the method for hexose detection described by Dubois

et al. [71] were used.

In vivo GXM sensitization and pulmonary model of C. neoformans
infection

Male and female C57BL/6 mice (10–12 weeks old; Charles Rivers) were anesthetized using the

ketamine (100 mg/kg)-xylazine (10 mg/kg) cocktail (Covetrus) and i.n. challenged with a

50 μL solution of PBS (untreated) or GXM (125 μg/mL) in PBS 24 h prior to cryptococcal pul-

monary infection. Then, animals were anesthetized using the ketamine-xylazine cocktail and a

vertical 5-mm incision was made in the skin of the ventral neck just right of midline. The tra-

chea was identified and injected with a 100 μL suspension containing 105 C. neoformans strain

H99 yeast cells using a 26-gauge syringe. The anterior neck site was closed with surgical glue

and 1% topical chlorhexidine solution was applied over the closed incision. A group of mice

was monitored for survival studies. A separate group of GXM challenged/infected mice were

bled from the facial vein (0.1 mL blood collected), euthanized in a chamber with 30–70% CO2

flow, and brain/lungs excised for CFU count determinations and histological processing.

Determination of GXM levels

C. neoformans capsular GXM in organs and serum were measured by capture ELISA as

described [72] and modified accordingly for this study. Organ tissue (0.2 g) was placed in 2

mL of PBS, homogenized, and the supernatant stored at -20˚C until quantified. Briefly,
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microtiter polystyrene plates were coated with goat anti-mouse (GAM) IgM (1 μg/mL) and

blocked with 1% bovine serum albumin (BSA) in PBS. Next, the IgM GXM binding mAb

2D10 (2 μg/mL) was added as a capture Ab [73], and the plate was incubated for 1 h. Culture

supernatants were serially diluted on the plate and incubated for 1 h. The ELISA was com-

pleted by adding, in successive steps, mAb 18B7 (2 μg/mL) in buffer (PBS with 1% BSA), 1 μg

of alkaline phosphatase-labeled GAM IgG1/mL in buffer, and 50 μl of p-nitrophenyl phosphate

(5 mg/mL) in substrate buffer (0.001 M MgCl2 and 0.05 M Na2CO3, in 1 L [pH 9.8]). Between

each step, the wells were washed with 0.05% Tween 20 in tris-buffered saline (TBST). All incu-

bations were done at 37˚C for 1 h or 4˚C overnight.

CFU determinations

Lung and brain tissues were excised from euthanized mice 3- and 7-dpi. The right lobe of lung

and the right hemisphere of the brain were homogenized in 5 mL of sterile PBS, serially

diluted, a 100 μL suspension was plated on Sabouraud dextrose agar (BD Difco) and incubated

at 30˚C for 48 h. Quantification of viable yeast cells from untreated and GXM-challenged ani-

mals were determined by CFU counting.

Histological examinations

a. Lungs. Lung tissue was excised from euthanized mice 7-dpi and fixed in 10% formalin

for 24 h, processed, and embedded in paraffin. Four-micrometer vertical sections were cut and

then fixed to glass slides and subjected either to H&E stain or to mucin carmine stain, to exam-

ine host tissue and fungal morphology, respectively. Microscopic examinations of tissues were

performed sequentially by light microscopy with a Leica DMi8 inverted microscope (20 and

40X objectives), and photographed with a Leica DFC7000 T digital camera using the Leica

software platform LAS X. Multiple slides were visualized and examined to understand host tis-

sue inflammation and fungal distribution.

b. Brain. C. neoformans cells and CPS released in tissue were stained using GXM-specific

mAb 18B7. Slides were blocked, and mAb 18B7 (2 μg/ml) was added for 1 h at 37˚C. After the

slides were washed, fluorescein isothiocyanate (FITC)-conjugated GAM Ab [dilution, 1:250;

1% BSA] was applied for 1 h at RT. Neurons in tissue sections were stained with DAPI

(40,6-diamidino-2-phenylindole) and microtubule-associated protein-2 (MAP-2) as described

previously [74]. Microscopic examinations of brain sections were performed with a fully

motorized Carl Zeiss Axio Observer Z1 confocal microscope. Confocal images of blue, green,

and red fluorescence were conceived simultaneously using a multichannel mode. Z-stack

images and measurements were corrected utilizing Zen software in deconvolution mode.

WB analysis of mouse brain cells

WB analysis was conducted using cytoplasmic extracts from mouse brain cells made with a

NE-PER nuclear and cytoplasmic extraction kit (TF). The mixture was centrifuged at 10,000 ×
g for 10 min at 4˚C, and the resulting protein content of the supernatant was determined using

the Bradford method, employing a Pierce BCA protein assay kit (TF). Lysates were preserved

in a protease inhibitor cocktail (TF) and stored at − 20˚C until use. Extracts were diluted with

2 × Laemmli sample buffer (Bio-Rad) and β-mercaptoethanol (Sigma). The mixture was

heated to 90˚C for 5 min. Twenty-three μg of protein were applied to each lane of a gradient

gel (7.5%; Bio-Rad). Proteins were separated by electrophoresis at a constant 130 V/gel for 90

min and transferred to a nitrocellulose membrane on the Trans-Blot Turbo Transfer System

(Bio-Rad) at 25 V for 7 min. The membranes were blocked with 5% BSA in TBST (0.1%

Tween 20) for 2 h at RT. A primary claudin-5-, ZO-1-, occludin-, or JAM-A-specific mAb
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(dilutions, 1:1000; Santa Cruz Biotechnology) was incubated overnight at 4˚C with TBST (5%

BSA). After washing the membranes 3X with TBST for 10 min, a GAM IgG (H + L) conjugated

to HRP was used as a secondary Ab (dilution, 1:1000; Southern Biotech) and incubated with

TBST (5% BSA) for 1 h at RT. The membranes were washed as described above. Protein bands

were measured using the UVP ChemStudio imaging system (Analytik Jena) after staining each

membrane with chemiluminescence detection reagents (TF). Quantitative measurements of

individual band intensities in WB analyses for claudin-5, ZO-1, occludin, or JAM-A were per-

formed using the NIH ImageJ software. Actin (dilution, 1:1,000; BD Biosciences), a cytoskele-

ton housekeeping protein, was used as loading controls to determine the relative intensity

ratio. This WB protocol was previously described in [75] and modified accordingly for this

study.

WB analysis of HBEC signaling assay

Whole cell lysate was collected from Human Brain Endothelial Cells-5i (HBECs, American

Type Culture Collection [ATCC]) grown in 24-well tissue culture dishes in 2x Laemmli Sam-

ple Buffer. Samples were incubated for 5 min at 95˚C to denature proteins and then loaded

onto 4%-20% gradient SDS-PAGE gels (BioRad). Proteins were transferred to nitrocellulose

blotted with RhoA-GTP (New East Biosciences), RhoA (Pan) ROCK, phosphor-MLC, and

MLC (Cell Signaling Technologies) mAbs diluted (1:1000) in 1x TBST (1% BSA). WBs were

then incubated with GAM 680 and GA-rabbit 800 (LiCOR Biosciences) secondary Abs. Revert

520 Total protein stain (LiCOR) was used for WB normalization. Blot images were collected

using an Odyssey FC imager (LiCOR) and protein levels were quantified using LiCOR Image

Studio software.

IF confocal microscopy

HBECs were seeded at 0.75 x 105 cells/glass coverslips in 24-well tissue culture plates and cul-

tured for 24 h at 37˚C and 5% CO2. Then, monolayers of cells were incubated without or with

10 μg/mL of GXM for 4 h at 37˚C and 5% CO2. EDTA (10 μg/mL; Sigma) was used as a posi-

tive control. After each incubation, the solution with either GXM or EDTA was removed, and

each coverslip fixed in a 4% paraformaldehyde solution for 10 min. Then, HBECs were rinsed

3X with PBS and blocked with PBS supplemented with 1% BSA followed by the addition of

claudin-5-conjugated FITC and occludin-conjugated rhodamine binding mAbs (dilutions,

1:1000) in 1% BSA. Actin was stained with alexa-fluor phalloidin-594 (dilution, 1:500; Thermo

Scientific). The plate was then incubated for 1 h at 37˚C. DAPI was diluted in PBS and used to

stain HBEC nuclei for 1 h at RT. Slides were examined by confocal microscopy as described

above and analyzed using NIH ImageJ software. Individual cells in each IF image were traced,

the intensity of each protein determined, and the mean intensity per condition reported.

BBB model

HBECs were seeded at 0.75 x 105 cells/well in 0.4 μM pore transwells (Greiner Bio-ONE) and

grown at 37˚C. Concurrently, human primary pericytes (Sciencell) were seeded at 1.5 x 105

cells/well in 24-well tissue culture plates. After 24 h, transwells containing HBECs were trans-

ferred to wells containing pericytes and grown for 48 h.

a. Trans-Endothelial Electrical Resistance. Relative TEER of HBECs incubated with

GXM (10, 50, or 100 μg/mL) for 5 h at 37˚C and 5% CO2 was recorded. HBECs incubated

alone (negative), with EDTA (10 μg/mL; positive), or with mock extract (negative) were used

as controls. TEER was performed for 5 h using a CellZScope-E (nanoAnalytics). Fig 6A illus-

trates the HBECs and pericytes BBB model used for the TEER measurements.
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b. Streptavidin-HRP HBEC Barrier Permeability. Cells were stimulated with GXM for 1

h. Permeability of barriers was assayed by adding streptavidin-HRP (BD Biosciences) to the

upper chamber and collecting samples from the bottom chamber after 30 min incubation at

37˚C and 5% CO2. Samples were treated with 3,3’,5,5’ tetramethylbenzidine (Sigma) and

quenched with 2 M H2PO4 in a 96-well plate. Absorbance was measured at 450 nm, as

described previously [76]. Fig 6C depicts the BBB model used for the endothelial cell barrier

permeability assays.

Fungal transmigration studies

The in vitro BBB model consists of primary HBECs seeded at a density of 105 in 5 μm pore

transwells and grown for 24 h at 37˚C, 5% CO2. Then, we analyzed the passage of C. neofor-
mans (105 cryptococci) through the BBB in vitro for 4 h to determine the impact of GXM

(10 μg/mL) on the integrity of the barrier. Untreated or EDTA (10 μg/mL)–treated tissue con-

structs were used as controls. CFU determinations after fungal transmigration were per-

formed. Fig 6E shows the HBECs BBB model used for the cryptococcal transmigration

determination.

Vascular reactivity to GXM

Isolated superior mesenteric arteries (SMA) were incubated in oxygenated Krebs buffer (130

mM NaCl, 14.9 mM NaHCO3, 4.7 mM KCl, 1.18 mM KH2PO4, 1.17 mM MgSO4-7H2O, 1.56

mM CaCl2-2H2O, 0.026 mM EDTA, 5.5 mM glucose, pH 7.4), with the perivascular fat care-

fully removed. SMA were cut into rings (2 mm in length) and cultured in vascular medium

(ATCC) in an incubator at 37˚C supplied by 5% CO2. SMA were treated ex vivo with 25 μg/

mL of GXM for 40 min. The concentration of GXM was chosen based on results from TEER

and HBEC barrier permeability experiments. A stock solution of GXM was made by dissolving

the polysaccharide in distilled water and further diluted in Krebs solution. A vehicle consisting

of distilled water was used as a control (untreated). After treatment, SMA rings were mounted

in a Multi-Wire Myograph System 620M (Danish Myo Technology) for isometric tension

recordings using a PowerLab 8/35 data acquisition system (ADInstruments Pty Ltd.). SMA

rings were equilibrated in Krebs buffer for 30 min, and in chambers perfused with 5% CO2 in

95% O2 at 37˚C, as described elsewhere [77]. In all experiments, SMA ring integrity was

assessed by stimulation with 120 mM KCl (74.7 mM NaCl, 14.9 mM NaHCO3, 60 mM KCl,

1.18 mM, KH2PO4, 1.17 mM MgSO4-7H2O, 1.6 mM CaCl2-2H2O, 0.026 mM EDTA, 5.5 mM

glucose). To test for the presence of endothelium, segments were contracted with 1 μM phely-

nephrine (PE) (Sigma); once the vessels reached a stable maximum tension, the vessels were

stimulated with 10 μM acetylcholine (ACh) (Sigma), and relaxation was confirmed. For the

stock solution, PE and ACh were dissolved in distilled water. SMA that achieved relaxation to

ACh were considered to have a preserved endothelium. Cumulative concentration–response

curves to ACh (1 nM to 10 μM) and PE (1 nM to 10 μM) were performed on intact SMA rings

in the absence or presence of 25 μg/mL of GXM. Endothelium-dependent relaxation was

recorded for ACh after maximal precontraction with 1 μM PE.

Statistical analysis

All data were subjected to statistical analysis using Prism 9.4 (GraphPad). Differences in sur-

vival rates were analyzed by the log-rank test (Mantel-Cox). P values for multiple comparisons

were calculated by one-way analysis of variance (ANOVA) and were adjusted by use of the

Tukey’s post-hoc analysis. P values for individual comparisons were calculated using student’s

or multiple t-test analyses. The concentration-response curve for vascular reactivity was log-
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transformed, normalized to percent maximal response, and fitted using a nonlinear regression.

P values of<0.05 were considered significant.

Supporting information

S1 Fig. Exogenous GXM administration 24 h prior to cryptococcal infection causes inflam-

mation of the pulmonary tissue. Representative lung sections (scale bar in 10-100X magnifi-

cations: 50 μm) excised from untreated (upper panels) and GXM (125 μg/mL; lower panels)-

treated mice, stained with H&E, and sequentially examined under light microscopy are shown.

Rectangles in the lobe, 10, 20, and 40X images indicate the lung region magnified in the follow-

ing picture (on the right).

(TIF)

S2 Fig. C. neoformans GXM released in organs and serum of C57BL/6 mice i.t. infected 3-

and 7-dpi. Bars and error bars denote the mean value and SDs, respectively. Each symbol rep-

resents the value for 1 mouse (n = 8 per group).

(TIF)

S3 Fig. Quantitative measurements of individual band intensity in WB analysis shown in

Fig 5A for (B) actin protein levels using LiCOR Image Studio software. Bars represent the

means of 3 independent gel results (black circles) and error bars indicate SDs. P-value signifi-

cance (P< 0.05) was calculated using one-way ANOVA and adjusted using the Tukey’s post-

hoc analysis. No statistical difference was found.

(TIF)

S4 Fig. Pericytes increase TEER and strengthen the in vitro BBB model. HBECs grown in

0.4 μm pore transwell inserts were placed into wells containing media alone (HBECs) or wells

containing human primary pericytes (HBECs + pericytes). Bars and error bars denote the

means and SDs, respectively. Each symbol denotes a single well measurement (n = 3 wells per

group). Asterisks indicate P-value significance (** P< 0.01) calculated using student’s t-test

analysis.

(TIF)

S5 Fig. Minimal GXM concentration required for compromising the BBB integrity. Dose-

response curve: Relative TEER of HBECs incubated with purified GXM (0.001, 0.01, 1, 10, 50,

or 100 μg/mL) for 2 h at 37˚C and 5% CO2 was performed. HBECs were treated with a mock

extract from acapsular strain cap59 and used as a negative control. Data points are averages of

three different TEER measurements (n = 3 wells per group per experiment) and error bars

denote SDs.

(TIF)
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