Pre prints.org

Article Not peer-reviewed version

Polymorphonuclear Myeloid-Derived
Suppressor Cell Accumulation as a
Response to Cryptococcus neoformans
Infection

Joyce Cristina Guimardes-de-Oliveira, Israel Diniz-Lima , Idalia Maria Ferreira-dos-Santos,
Elias Barbosa da Silva-Junior , Matheus Freire de Lima, Leonardo Freire-de-Lima,
Leonardo Marques da Fonseca , Alexandre Morrot , Luciana Polaco Covre ,

Herbert Leonel de Matos Guedes , Jose Osvaldo Previato , Lucia Mendonca-Previato ,

Debora Decote-Ricardo , Celio Geraldo Freire-de-Lima i

Posted Date: 30 July 2024
doi: 10.20944/preprints202407.2355v1

Keywords: Cryptococcus neoformans; Glucuronoxylomannan (GXM); Glucuronoxylomannogalactan
(GXMGal); Myeloid-Derived Suppressor Cells (MDSC); Infection; Cellular Microbiology, Microbial Pathogens

Preprints.org is a free multidiscipline platform providing preprint service that
is dedicated to making early versions of research outputs permanently
available and citable. Preprints posted at Preprints.org appear in Web of
Science, Crossref, Google Scholar, Scilit, Europe PMC.

Copyright: This is an open access article distributed under the Creative Commons
Attribution License which permits unrestricted use, distribution, and reproduction in any
medium, provided the original work is properly cited.



https://sciprofiles.com/profile/2333546
https://sciprofiles.com/profile/2262976
https://sciprofiles.com/profile/3722797
https://sciprofiles.com/profile/3737803
https://sciprofiles.com/profile/47763
https://sciprofiles.com/profile/2229462
https://sciprofiles.com/profile/1784030
https://sciprofiles.com/profile/3734407
https://sciprofiles.com/profile/1885947
https://sciprofiles.com/profile/47751
https://sciprofiles.com/profile/37836
https://sciprofiles.com/profile/2016757
https://sciprofiles.com/profile/566425

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 30 July 2024 d0i:10.20944/preprints202407.2355.v1

Disclaimer/Publisher’'s Note: The statements, opinions, and data contained in all publications are solely those of the individual author(s) and

contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting
from any ideas, methods, instructions, or products referred to in the content.

Article

Polymorphonuclear Myeloid-Derived Suppressor
Cell Accumulation as a Response to Cryptococcus
neoformans Infection

Joyce Cristina Guimaraes-de-Oliveira !, Israel Diniz-Lima ', Idalia Maria Ferreira-dos-Santos ?,
Elias Barbosa da Silva-Junior !, Matheus Freire-de-Lima !, Leonardo Freire-de-Lima !, Leonardo
Marques da Fonseca 12, Alexandre Morrot 34, Luciana Polaco Covre 1, Herbert Leonel de Matos
Guedes 13, Jose Osvaldo Previato !, Lucia Mendonga-Previato 1, Debora Decote-Ricardo 5* and
Celio Geraldo Freire-de-Lima 1*

1 Instituto de Biofisica Carlos Chagas Filho, Universidade Federal do Rio de Janeiro, Rio de Janeiro 21944-
970, Brazil; joycristina4@biof.ufrj.br (J.C.G.-d.-O.), israel@biof.ufrj.br (I.D.-L.); idaliam ria@micro.ufrj.br
(LM.F-d-S); eliasbsjr@gmail.com (E.B.d.S.-].); leolima@biof.ufrj.br (L.F.-d.-L.); previato@biof.ufrj.br (J.O.P.);
luciamp@biof.ufrj.br (L.M.-P.); l.covre@biof.ufrj.br (L.P.C.)

2 Curso de Medicina, Universidade Castelo Branco (UCB), Rio de Janeiro 21710-255, Brazil

3 Instituto Oswaldo Cruz, FIOCRUZ, Rio de Janeiro 21045-900, Brazil; himguedes@gmail.com

4 Faculdade de Medicina, Universidade Federal do Rio de Janeiro, Rio de Janeiro 21941-900, Brazil;
alexandre.morrot@ioc.fiocruz.b

5 Instituto de Veterinaria, Universidade Federal Rural do Rio de Janeiro, Seropédica 23890-000, Brazil

* Correspondence: decotericardo@ufrrj.br (D.D.-R.); celio@biof.ufrj.br (C.G.F.-d.-L.)

Simple Summary: Cryptococcosis is a disease that, in immunosuppressed patients, most often leads to death.
This occurs mainly due to the immunosuppressive capacity of the polysaccharide components of its capsule.
In this work, we observed that this immunosuppressive activity may not only be related to the capsule, but
also to the host’s immune response. We demonstrate the presence of suppressor cells of myeloid origin whose
main activity is to suppress the immune response, leading to a loss of control of the infection. We suggest that
this activity may be related to the PD-L1 programmed death ligand pathway.

Abstract: Cryptococcosis is a disease that originates in the lungs and is prevalent among immunosuppressed
individuals. In severe cases, it can lead to meningoencephalitis and even death. Biochemical studies have
revealed that the capsule of this fungus is primarily composed of glucuronoxylomannan (GXM), which
constitutes the majority of the capsule, while glucuronoxylomannogalactan (GXMGal) is present in smaller
amounts. Previous studies have demonstrated that polysaccharide components exhibit different
immunomodulatory activities. While GXM primarily exerts an anti-inflammatory effect, GXMGal conversely
demonstrates greater pro-inflammatory activity. Myeloid-derived suppressor cells (MDSCs) encompass a
heterogeneous population of immature myeloid cells, comprising myeloid progenitor cells and precursors of
macrophages, granulocytes, and dendritic cells at various stages. It has been observed that MDSC populations
contribute to negatively regulating the immune system in numerous pathologies, such as bacterial and fungal
infections, through mechanisms such as the inhibition of T lymphocyte proliferation. Here, we demonstrate
that infection with either B3501 or CAP67 strains induced the accumulation of granulocytic precursors of
myeloid-derived suppressor cells (MDSCs) in peritoneal and bronchoalveolar cavities. While the MDSCs
recruited by the B3501 strain exhibit suppressive action on T lymphocytes, those recruited by the CAP67 strain
could not suppress T lymphocyte proliferation. Additionally, we observed the presence of the programmed
death ligand PD-L1 in recruited MDSCs, indicating that this may represent a form of immunosuppression in
this infection. These findings uncover a mechanism by which capsule polysaccharides from C. neoformans might

compromise host immune responses.

Keywords: Cryptococcus neoformans; Glucuronoxylomannan (GXM); Glucuronoxylomannogalactan
(GXMGal); Myeloid-Derived Suppressor Cells (MDSC); Infection; Cellular Microbiology; Microbial
Pathogens
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1. Introduction

Cryptococcus neoformans is an opportunistic fungus that, during infection, grows in the form of
yeast and exhibits tropism for the nervous system [1,2]. Cryptococcosis affects both animals and
humans, predominantly immunosuppressed individuals, although there are reports of certain
genotypes of C. neoformans infecting immunocompetent patients [3,4]. In humans, C. neoformans is
known to cause CNS infections, resulting in meningoencephalitis, a severe complication of the
disease [1,5]. The worldwide incidence of cryptococcal meningitis was recently estimated at
approximately 220,000 cases annually, with the majority occurring in immunosuppressed individuals
[6].

The primary virulence factor among fungi is the polysaccharide capsule, primarily composed of
glucuronoxylomannan (approximately 88%), glucuronoxylomannogalactan (around 10%), and
mannoproteins (about 2%) [7-9]. Once within the host organism, the fungus continually releases the
capsule and its constituents, significantly influencing the host's defense mechanisms. Research
indicates that the capsule influences leukocyte migration, fungal phagocytosis by macrophages, and
neutrophil chemotaxis [7,10,11], consequently compromising the maturation of dendritic cells and
activation of T lymphocytes [10,12]. The effects of isolated C. neoformans capsular polysaccharides
GXM and GXMGal fractions on the immune system are multifaceted. GXM generally exhibits anti-
inflammatory properties, inducing the production of IL-10 [13-15], reducing the expression of cell
activation molecules such as MHC-II and CD80 in macrophages [9], and inhibiting neutrophil
extracellular traps (NET) release [16]. Conversely, GXMGal predominantly exerts pro-inflammatory
effects, including increased expression of TNF-a and iNOS [15,17], as well as heightened expression
of MHC-II and CD80 molecules, alongside the production of IL-17 and IL-23 [17,18].

Infections caused by other pathogenic fungi such as Aspergillus fumigatus and Candida albicans
similarly manipulate the immune cell profile during infection. For instance, signaling through Dectin-
1/CARD9 leads to T lymphocyte regulation by a cell population known as myeloid-derived
suppressor cells (MDSCs) [19]. Furthermore, it has been described that A. fumigatus inhibits the
cytotoxic effect of natural killer (NK) cells through MDSCs [20].

MDSCs represent a group of cells of medullary origin capable of suppressing the immune
response, first described in a lung carcinoma model in the 1980s and extensively studied in several
cancer models [21-25]. These cells are generated due to the strong stimulus of myelopoiesis, and
hematopoiesis given by factors secreted by tumor cells or infectious agents, such as growth factors
(VEGF, M-CSF, GM-CSF, G-CSF), cytokines (IFN-y, IL-1@, IL-10), and lipopolysaccharide (LPS)
[26,27]. In this environment of chronic inflammation, cells constantly produced and recruited from
the bone marrow exhibit immature morphology, high production of anti-inflammatory cytokines,
and reactive oxygen species (ROS) [28].

MDSCs consist of a heterogeneous cell population found in both mice and humans [27]. Until
the late 1990s, there were no typical cell markers for MDSCs, but today it is known that, in murine
models, they are represented by CD11b+Ly6C+Ly6G- cells (MDSCs of monocytic origin, M-MDSC)
and CD11b+Ly6C+Ly6G+ (MDSCs of granulocytic origin, PMN-MDSC) [29,30]. The most important
feature of MDSCs is immunosuppression, which is exerted through the inhibition of the immune
response and its cellular components. Several studies have demonstrated their ability to inhibit T
lymphocytes [31-33], alter the homeostasis of regulatory T lymphocytes [34,35], and influence the
regulation of NK cells, dendritic cells, and B lymphocytes [27,36,37]. These processes occur through
the production of ROS, the up-regulation of inducible nitric oxide synthase (iNOS) the metabolism
of L-arginine by arginase, and the production of cytokines that negatively modulate the immune
system [38—40].

Beyond their role in cancer, MDSCs have emerged as key players in autoimmune diseases [41-
43] and infections of viral, parasitic, and fungal origin [19,44,45]. Their precise immunosuppressive
mechanisms remain elusive but appear to be intricately linked to infection establishment [46]. MDSCs
accumulate in tissues during chronic infections [47] and contribute to local immunosuppression, for
instance, by producing IL-10 and TGF-f3, aiding in M2 macrophage differentiation [48]. Furthermore,
these cells are recognized as inducers of immunosuppressive response and local tissue remodeling
during cryptococcosis [49].

Additionally, during cryptococcosis, the migration profile of MDSCs to the infection site can be
modulated in different ways. For instance, PMN-MDSCs accumulate at the infection site via binding
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of the fungus to Lectin type C receptors through the Dectin-1 and CARD9 pathways [19]. However,
it is also described that (3-glucans purified from fungi such as Aspergillus sp. bind to Dectin-1 and
restrict the expansion of MDSCs [50]. Therefore, the molecular mechanisms by which pathogenic
fungi promote the recruitment of MDSCs still need further characterization.

In this context, the spotlight is on opportunistic diseases like cryptococcosis, where the causative
agent C. neoformans can exacerbate clinical conditions of immunosuppression stemming from medical
debilitation or pre-existing diseases such as neoplasms, immunodeficiencies, and infections [51-53].
Furthermore, it is described that the GXM polysaccharide of C. neoformans tends to reduce the
expression of iNOS, an important enzyme in oxidative stress [17]. Cellular oxidative stress reduction
by iNOS inactivation exacerbates the clinical manifestations of Cryptococcus infections [49,54]. This
oxidative environment is known to counter act the immunosuppressive effect of MDSCs [55], thus,
the loss of performance of these cells can indicates possible relationship with the decreased severity
of damage in the disease. However, the role of MDSCs is diverse and poorly elucidated during
infections, so this work aimed to investigate the participation of myeloid suppressor MDSCs cells
during infection caused by the opportunistic fungus C. neoformans.

2. Material and Methods

2.1. Cryptococcus Strains

Cryptoccocus neoformans wild-type (B3501 serotype D) [56] and the GXM deficient (Cap67
serotype D) [57] strains were provided by Dr. Tamara Doering (Department of Molecular
Microbiology, Washington University School of Medicine, St Louis, MO, USA) and Dr. Robert
Cherniak (Georgia State University, Atlanta, GA, USA), respectively. The cells were cultured in a
liquid defined medium (Sabouraud’s medium) at 30 °C with continuous shaking (100 rpm) for 4 days,
followed by an additional of 5 days in minimal medium.

2.2. Animals

Female or male Balb/C mice aged between 8 and 10 weeks, weighing between 25g and 30g were
used in this study. The Balb/C mice were provided by the Instituto de Veterinaria, UFRR], R], Brasil.
The mice were maintained in sterile, grouped cages under standardized conditions of temperature
(22-23 °C) and a 12h light/dark cycle, with ad libitium access to commercial feed and water. The use
of the animals in this study was approved by the Ethics Committee on the Use of Animals (CEUA)
at UFR] (Approval No.: 092/21). The mice were sacrificed according to CEUA- approved criteria. All
animal procedures were performed in accordance with Animal Research: Reporting of In Vivo
Experiments (ARRIVE) guidelines and regulations.

2.3. Anesthesia

A regimen of Ketamine (100 mg/Kg) combined with Xylazine (10 mg/Kg) was used to induce
sedation in mice prior to infection. A total of 100 uL of the anesthetic combination was administered
to each mouse via peritoneal injection.

2.4. Infection

Lung infection was induced through a small skin incision over the trachea using a 30G insulin
syringe, injecting 5x10¢ fungal cells. Peritoneal infection was induced by injecting 5x10° fungal cells
with a 29G syringe. The entire procedure was performed aseptically, and after injection, the skin cut
was sutured with a surgical thread.

2.5. Cell Washes

Bronchoalveolar lavage (BAL) was performed by instilling 1 mL of phosphate-buffered saline
through an intratracheal catheter. The skin and tissue over the trachea were removed, and a small
incision was realized for catheter insertion. The volume was injected and removed with a gentle chest
massage five times before complete removal. Peritoneal lavage was performed by injecting 5 ml of

doi:10.20944/preprints202407.2355.v1
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DMEM medium (Sigma, Saint Louis, USA) without Fetal Bovine Serum (FBS) into the peritoneum
through an abdominal incision. Both lavage fluids were kept on ice until further use.

2.6. Morphological Analysis

Approximately 100 — 200 puL of BAL cells were centrifuged at 800 rpm for 4 minutes using a
cytocentrifuge. The slides were then stained using the Panoptic method (Laborcli, Rio de Janeiro,
Brazil) for further morphological analysis under optical microscopy.

2.7. Flow Cytometry

Peritoneal lavage and/or BAL samples were washed once with FACS buffer (1x PBS, 0.02%
Azide, and 3% FBS). The supernatant was discarded, and the cells resuspended in 300 pl of blocking
solution with Fc Block (BD Pharmingen, New Jersey, USA), then incubated on ice for 20 minutes.
After centrifugation, the cells were incubated on ice for 30 minutes with anti-Siglec F, anti-CD11c,
anti-CD11b, anti-Ly6G, anti-Ly6C and anti-CD274 antibodies. After washing, the cells were analyzed
in a flow cytometer (BD LSRFortessa).

2.8. Cell Sorting

Peritoneal lavage from infected animals was performed with DMEM medium supplemented
with 0.5% FBS and 1 pg/ml of Amphotericin B. Cells were treated to block nonspecific epitopes and
labeled with anti-Ly6G antibody as described in the flow cytometry methodology (Section 2.7). After
three steps of washes, cells were resuspended in DMEM medium supplemented with 0.5% FBS and
1 ug/ml of Amphotericin B. The sorting of Ly6G+ cells was realized in a MoFlo High Performance
Cell Sorter flow cytometer (Dako Cytomation) obtaining cells with more than 95% purity. Sorted cells
were collected in tubes containing DMEM medium supplemented with 10% FBS and kept on ice
until further use.

2.9. Cell Proliferation Assay

Ly6G+ cells obtained after cell separation and co-cultured with total T lymphocytes enriched in
a nylon wool column. A flat-bottom 96-well polystyrene plate was coated overnight with 1 ug/ml of
anti-CD3, followed by plating of T lymphocytes (2x10%) and then Ly6G+ cells in different ratios. In
some conditions, L-NIL (50 uM), DPI (2 uM) or NAC (100 uM) inhibitors were added to the culture.
The cells were cultured at 37°C for 72 hours after adding all components in their respective ratios and
conditions. At 48 hours, 5 pCi of 3 H-methyl-thymidine was added to the cell culture. Cell
proliferation was monitored by quantifying the radioactivity incorporated into the cellular DNA,
measured in a scintillator counter and expressed as counts per minute (cpm).

2.10. Statistical Analysis

Data were analyzed using the analysis of variance (ANOVA) for unpaired samples and by
Dunnett's post-test for individual comparisons with the control group. The t-test was applied for
paired samples between different groups. All analysis were performed using GraphPad Prism 8.4
software.

3. Results

3.1. Observation of Precursor Cells in Peritoneal and Bronchoalveolar Lavage after Infections with C.
neoformans

In experimental settings, cryptococcal infection often initiates primarily within the lungs.
However, systemic dissemination can be easily achieved by inoculating the pathogen
intraperitoneally in the test animals. This method allows for a swifter and more controlled spread of
the infection throughout the organism, facilitating the investigation of systemic effects and the
assessment of cell migration profiles. To evaluate the morphological characteristics of cell


https://doi.org/10.20944/preprints202407.2355.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 30 July 2024 d0i:10.20944/preprints202407.2355.v1

populations, present in these sites, we performed cytospin and staining with eosin and hematoxylin.
Under an optical microscope, we observed that cells from the peritoneal and bronchoalveolar lavage
of uninfected mice, treated with phosphate buffer solution (PBS) to mimic the infection, consisted
mostly of monocytes (Figure 1). In contrast, cells obtained from infected animals exhibited
heterogeneous appearances, varying in maturation stages. Particularly, we observed neutrophils
with immature characteristics, characterized by poorly condensed chromatin, circular ring-shaped
nuclei, and poorly granulated cytoplasm (Figure 1).
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Figure 1. Morphology of peritoneal and bronchoalveolar lavage cells after infection with C.
neoformans. Animals were infected with the strain of C. neoformans B3501, CAP67 (5x106) or received
only PBS. After a period of (A) 4h or (B) 8h, the animals were euthanized, and the peritoneal lavage
was collected. (C) Bronchoalveolar lavage was collected after a period of 48h. Both washes were
centrifuged using a cytocentrifuge and later stained by the Panoptic method. The morphology of the
washed cells was observed under an optical microscope at 400x magnification. Representative results
from three independent experiments.

The cellular infiltration observed in both sites can be modulated by either the infection or by the
capsular polysaccharides present in the pathogen. However, there are inconsistent descriptions of
the immunomodulatory properties of these polysaccharides during experimental in vivo treatment.
Therefore, to investigate whether infection with the acapsulated mutant strain CAP67, primarily
consisting of GXMGal and mannoproteins, induces a similar recruitment of immature cell profile as
the wild-type strain, we infected mice via both the peritoneal and tracheal routes and performed the
morphological analyses. We observed that, similar to the wild-type strain, the mutant CAP67 strain
induced the recruitment of cells morphologically similar to those recruited by the wild-type strain of
C. neoformans (Figure 1).

3.2. Characterization of Granulocytic MDSCs after Infection with C. neoformans

The predominance of immature cells with morphology resembling granulocytes raised the
possibility of granulocytic lineage MDSCs cells participating in C. neoformans infection. Therefore, to
assess the phenotype of the recruited neutrophil population, we analyzed the cells present at infection
sites by flow cytometry, considering that MDSCs have the primary CD11b+GR1+ phenotype [60]. We
observed that cells recruited by both the B3501 and CAP67 strains were positive for the
CD11b+Ly6G+Ly6C+ phenotype in both bronchoalveolar lavage and peritoneal lavage (Figure 2)
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Figure 2. Frequency of immature neutrophils in bronchoalveolar and peritoneal lavage. Percentage
of neu-trophils in the bronchoalveolar lavage sample after 48 hours (A) or 21 days (B) of sublethal
infec-tion of 5 x 105fungal B3501 or CAP67 cells in the lung. Percentage of neutrophils in the peritoneal
lavage sample after 4 hours (C) or 8 hours (D) of sublethal infection of 5 x 105 fungal B3501 or CAP67
cells in the peritoneum. Results for each group are represented as mean + standard error. The results
presented are representative of two experiments performed separately. (*) p>0.1, (***) p>0.001, (****)
p>0.0001.

Our data show that cells recruited by both wild-type and mutant strains of C. neoformans exhibit
morphological and phenotypic characteristics with MDSCs [40]. However, the definitive evidence for
classifying myeloid-derived suppressor cells lies in their ability to suppress the immune system [61].
Thus, to evaluate the effect of granulocytes recruited during infection on regulating T lymphocytes
responses, we performed a proliferation assay using total T lymphocytes isolated from the spleen of
naive mice stimulated with anti-CD3 antibody. Granulocytes recruited following peritoneal infection
with both strains were purified and co-cultured with T lymphocytes in different ratios. The
proliferative rate was quantified after 72 hours of culture, using radioactive thymidine incorporated
into the cellular DNA. We observed that immature cells recruited by infection with the wild-type
B3501 strain exhibited a potent suppressive action on T lymphocytes (Figure 3A), even at low ratios
such as 1:40. In contrast, cells recruited by infection with the mutant CAP67 strain were not able to
suppress the proliferation of T lymphocytes (Figure 3B). We can, therefore, infer that infection with
wild-type C. neoformans was able to recruit MDSCs, while on the other hand, infection by
unencapsulated mutant C. neoformans was able to recruit cells like MDSCs.
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Figure 3. Functional characterization of recruited neutrophils. Nylon wool column-enriched T
lymphocytes were cultured with neutrophils purified from the peritoneal lavage of animals infected
with strain B3501 and strain CAP67 at 4-6 hours of infection. The ratio between neutrophils and
lymphocytes in culture was 1 neutrophil to 5 lymphocytes (1IN:5T), 1 neutrophil to 10 lymphocytes
(IN:10T), 1 neutrophil to 20 lymphocytes (IN:20T), 1 neutrophil to 40 lymphocytes (1IN :40T) and 1
neutro-phil for 80 lymphocytes (IN:80T). The control column refers to lymphocytes stimulated with
a-CD3 in the absence of neutrophils. (A) neutrophils recruited by strain B3501 show a potent sup-
pressive action on T lymphocytes. (B) granulocytes recruited by strain CAP67 do not suppress T
lymphocytes. The results presented are representative of two experiments performed separately (**)
p>0.01, (***) p>0.001.

3.3. The Suppressive Effect Is Not Dependent on the Production of Reactive Oxygen Species

The morphological features of the recruited cell population include a ring-shaped or segmented
nucleus. Additionally, the suppressive effect induced by the B3501 strain suggests that C. neoformans
is capable of inducing PMN-MDSCs. This subtype of myeloid suppressor cells depresses the immune
system preferentially through the production of reactive oxygen species, while the monocytic
subtype acts via the nitric oxide pathway [40]. Although our data suggest the predominance of the
granulocytic subtype of MDSCs, given the heterogeneous nature of this suppressor population, we
used inhibitors targeting both the ROS pathway and the NO pathway in the lymphocyte proliferation
assay. The presence of the NADPH oxidase inhibitor Diphenyleneiodonium chloride (DPI) (Figure
4B) and the antioxidant N-acetyl-cysteine (NAC) (Figure 4C), and inducible nitric oxide synthase
(iNOS) inhibitor N6-(1-iminoethyl)-L-lysine dihydrochloride (L-NIL) (Figure 4D), did not reverse the
suppression of T lymphocytes caused by the recruited myeloid cells. This suggests that the
suppression mechanism exerted by PMN-MDSCs is independent of the oxidative burst.
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Figure 4. a-CD3 stimulated T lymphocyte proliferation assay. Nylon wool column-enriched T
lymphocytes were cultured with neutrophils purified from the peritoneal lavage of animals infected
with the B3501 strain (A,B,C,D). The ratio between neutrophils and lymphocytes in culture was 1
neutro-phil to 5 lymphocytes (N1:5T), 1 neutrophil to 10 lymphocytes (N1:10T), 1 neutrophil to 20
lym-phocytes (N1:20T) and 1 neutrophil to 40 lymphocytes (N1 :40T). The control column refers to
lymphocytes stimulated with a-CD3 in the absence of neutrophils. The DPI Control, NAC Control
and LNIL Control columns refer to lymphocytes stimulated with a-CD3, treated with DPI, NAC and
LNIL respectively, in the absence of neutrophils. After 48 hours, tritium-labeled thymidine was added
to the culture (5uCi). After another 24 hours of culture, monitoring of cell proliferation was carried
out by quantifying the radioactivity incorporated into the cellular DNA, expressed in counts per
minute (cpm). The results presented are representative of two experiments performed separately.
Data were compared relative to control. (***) p<0.0001.

3.4. Recruited MDSCs Show PD-L1 Expression in Bronchoalveolar and Peritoneal Infection

Studies have shown that MDSCs can induce suppression through PD-L1 expression, which
serves as a distinguishing marker for this cell population [62]. Therefore, we investigated the presence
of PD-L1 on these cells using flow cytometry. Our data show an increased presence of the PD-L1 in
cells recruited following intratracheal infection with the B3501 strain. Furthermore, infection with the
CAP67 strain also demonstrated PD-L1 expression, suggesting that despite not inhibiting T
lymphocytes proliferation, the capsular polysaccharide GXMGal may still exert suppressive effects.
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Overall, our findings suggest that the suppression pathway utilized by MDSCs recruited during
Cryptococcus neoformans infection may involve PD-L1 action (Figure 5).
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Figure 5. Frequency of CD11b+ Ly6G+Ly6C-PD-L1+ cells in bronchoalveolar and peritoneal lavage.
Per-centage of MDSCs PD-L1+ in the bronchoalveolar lavage sample after 48 hours (A) or 21 days (B)
of sublethal infection of 5 x 105 fungal B3501 or CAP67 cells in the lung. Results for each group are
represented as mean + standard error. The results presented are representative of two experiments
performed separately (*) p> 0.1, (**) p>0.01.

4. Discussion

Cryptococcus neoformans is an opportunistic fungus and one of the causes of cryptococcosis, a
disease characterized as an initial pneumonia that can progress to fatal meningoencephalitis. In
recent years, it has become the most commonly diagnosed symptomatic fungal infection and the
leading cause of death among immunocompromised patients [12,63]. C. neoformans possesses
virulence factors that protect it from hostile environment in its natural habitat and facilitate the
establishment of infection.

Among these factors, the capsule is the most extensively studied due to its properties and the
significant influence it exerts on the host's immune system [16,17]. The capsule of C. neoformans is a
polysaccharide with a heterogeneous structure, primarily composed of glucuronoxylomannan
(GXM) and glucuronoxylomannogalactan (GXMGal) as its main components. Polysaccharides form
layers around the cell wall, providing increased fluidity and permeability to the outer layers of the
capsule, while the inner layers shield the fungal cell from antibodies and components of the immune
system [64]. Fungal infections trigger various mechanisms of both innate and adaptive immune
responses. It has been observed that the polysaccharide components of the cryptococcal capsule
possess a diverse mechanism aimed at modulating the host's immune response. The data indicate
that GXM can inhibit phagocytosis, likely due to its polyanionic nature, which results in electrostatic
repulsion with other cells. Additionally, GXM can induce the production and secretion of anti-
inflammatory cytokines such as IL-10 and TGF-$ in macrophages. Monari and colleagues
demonstrated that capsular GXM can induce macrophage apoptosis through Fas and Fas-L. Another
capsular component, GXMGal, has also been shown to possess immunomodulatory functions,
including the ability to induce the production of pro-inflammatory cytokines such as IL-6 and TNF-
a, wich in turn leads to the expression of iNOS and subsequent production of NO. These results
suggest that GXMGal may have more immunoprotective actions [9,13,65,66]. Although initially
studied in cancer, the immunosuppressive functions performed by MDSCs suggest that this cell
population may have similar roles in diseases caused by pathogens. While this phenomenon has been
observed in bacterial and viral diseases; there are few cases described in fungal diseases [46].
Nevertheless, it has been demonstrated that in diseases caused by the fungus C. albicans, for example,
the presence of these cells has a protective effect [19]. Similarly, in other pathological conditions such
as autoimmune diseases, MDSCs have shown a beneficial effect, preventing damage caused by an
exaggerated immune response [67].
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In this study, we observed the recruitment of myeloid-origin suppressor cells during
experimental infection with C. neoformans. Cells displaying features such as poorly condensed
chromatin, a circular ring-shaped nucleus, and poorly granular cytoplasm were observed in the
bronchoalveolar and peritoneal lavage samples from mice infected with both the wild-type strain
(B3501) and the hypovirulent strain (CAP67). These cells were later identified by flow cytometry to
exhibit a phenotype corresponding to the granulocytic lineage of MDSCs, a population previously
observed in infections caused by Aspergillus fumigatus, Candida albicans [19], and Pneumocystis jirovecii
[53]. This recruitment occurs rapidly after infection, indicating that the suppressive effects of this cell
population may contribute to infection’s progression. This suggests that, like other fungal infections,
C. neoformans can recruit these cells to infection sites, where they potentially influence the infection
outcome. Since their discovery MDSCs are recognized for their immunosuppressive activities in
cancer, infections, and autoimmune diseases, primarily targeting T cells.

The main factors associated with immunosuppression include iNOS, TGF-p, IL-10, among
others. However, in recent years, it has been observed that the mechanisms vary according to the
subpopulation of MDSCs [68]. Monocytic MDSCs have their function associated via nitric oxide (NO)
and cytokines, thereby inhibiting T cell response. On the other hand, granulocytic MDSCs have their
function via reactive oxygen species (ROS) and Arginase-1 (Arg-1) and these suppressive activities
involve the induction of tolerance to specific antigens of T lymphocytes [69]. In models of C. albicans
infection, for example, it has been observed that recruited MDSCs have influence the maturation of
NK cells and induction of Th17 responses, leading to host protection. [19]. Conversely, in infection
with the opportunistic fungus Prneumocystis jirovecii, T cell inhibition has been observed [53]. Our data
demonstrate that MDSCs recruited by peritoneal infection with the B3501 strain can inhibit the
proliferation of T cells purified from mice and activated with anti-CD3. However, the addition of
NADPH inhibitors (DPI), antioxidant N-acetyl-cysteine (NAC) and iNOS inhibitor (L-NIL), did not
reverse this proliferation inhibition, indicating a mechanism independent of ROS. On the other hand,
when the infection occurs with the acapsulated strain CAP67, inhibition of T lymphocytes is not
observed, suggesting that the capsular component GalXM alone is not able to induce the recruitment
of this cell population. It was also observed that, although both strains and capsular components can
induce the recruitment of MDSCs with a granulocytic phenotype to the infection site, only the
presence of GXM is able of activate the immunosuppressive functions of this cell. Therefore, it is
necessary to investigate other mechanisms that induce immunosuppression in this model of
infection.

Studies have indicated that during experimental infection with P. jirovecii, alveolar macrophages
start expressing the programmed death receptor PD-1, while MDSCs express its ligand, PD-L1. This
recently identified suppression mechanism contributes to the diminished immune response and
facilitates the progression of the disease caused by this fungus [62]. Additionally, we observed the
presence of the PD-L1 ligand in cells recruited during infection with both the B3501 and CAP67
strains, suggesting that this may be the suppression mechanism utilized in this instance.

It is important to mention the small discrepancies found in the error bars of the results presented.
However, this is easily explained by the fact that we are evaluating the results in animal models,
where variation between results can occur.

Our data suggest that the presence of MDSCs may be a critical factor in inhibiting the immune
response, resulting in inadequate disease control and the subsequent spread of fungal cells
throughout the body.

In the context of cancer immunotherapy, several treatments are currently being studied and
applied to patients, including those based on type I interferon [70]. Evidence indicates that activation
of this pathway can induce changes in the tumor microenvironment, reducing immunosuppression
and enhancing the efficacy of anti-cancer drugs. Studies in both human and murine models have
demonstrated that treatment with anti-colony-stimulating factor-1 receptor (anti-CSF-1R) can deplete
tumor-associated macrophages, thereby preventing the accumulation of MDSCs [71]. Therefore, it is
plausible that targeting these cells during infection could serve as an effective therapeutic strategy
for cryptococcosis.

5. Conclusions
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In this study, we observed that C. neoformans can induce the recruitment and accumulation of
immature cells known as MDSCs. These cells, when recruited by virulent strains containing the
capsular polysaccharide GXM, exhibit immunosuppressive activities on T lymphocytes activation.
The success of infection by this fungus depends not only on the immunomodulatory and
immunosuppressive properties of its polysaccharide capsule but also on the suppressive capacity of
the individual's cellular components.

PD-L1 @ _| .

MDSC T cell proliferation

Lung or
peritoneal l Disease Control
infection

Cryptococcus
neoformans
infection

Figure 6. Cryptococcus neoformans infection induces the recruitment of MDSCs, leading to T cell
inhibition that compromises the protective host immune response, thereby facilitating systemic
spread of the disease. These recruited cells exhibit high levels of PD-L1, contributing to immune
responses suppression.

Supplementary Materials: The following supporting information can be downloaded at the website of this
paper posted on Preprints.org, Figure S1: Gate strategy used for MDSCs cells in intratracheal infection. Figure
S2: Gate strategy used for MDSCs cells in peritoneal infection.
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