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X‑linked immunodeficient (XID) 
mice exhibit high susceptibility 
to Cryptococcus gattii infection
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Cryptococcosis is an opportunistic disease caused by the fungus Cryptococcus neoformans and 
Cryptococcus gattii. It starts as a pulmonary infection that can spread to other organs, such as the 
brain, leading to the most serious occurrence of the disease, meningoencephalitis. The humoral 
response has already been described in limiting the progression of cryptococcosis where the B‑1 cell 
seems to be responsible for producing natural IgM antibodies, crucial for combating fungal infections. 
The role of the B‑1 cell in C. neoformans infection has been initially described, however the role of the 
humoral response of B‑1 cells has not yet been evaluated during C. gattii infections. In the present 
study we tried to unravel this issue using XID mice, a murine model deficient in the Btk protein which 
compromises the development of B‑1 lymphocytes. We use the XID mice compared to BALB/c mice 
that are sufficient for the B‑1 population during C. gattii infection. Our model of chronic lung infection 
revealed that XID mice, unlike the sufficient group of B‑1, had early mortality with significant weight 
loss, in addition to reduced levels of IgM and IgG specific to GXM isolated from the capsule of C. 
neoformans. In addition to this, we observed an increased fungal load in the blood and in the brain. We 
described an increase in the capsular size of C. gattii and the predominant presence of cytokines with 
a Th2 profile was also observed in these animals. Thus, the present study strongly points to a higher 
susceptibility of the XID mouse to C. gattii, which suggests that the presence of B‑1 cells and anti‑GXM 
antibodies is fundamental during the control of infection by C. gattii.

Cryptococcosis is an infectious disease caused by the fungal species Cryptococcus neoformans and Cryptococcus 
gattii. Both are globally distributed, although C. gattii is generally seen as a tropical or subtropical  fungus1–3. 
Cryptococcosis affects mostly immunocompromised individuals causing severe lung disease and meningoen-
cephalitis, with C. gattii being able to infect immunocompetent  hosts4,5. During C. neoformans infection, it is 
possible to characterize the production of natural and specific IgM, induced by capsular components and by the 
presence of highly conserved microbial antigenic determinants, such as α- and β-glucans, which are present in 
its cell  wall6. Glucuronoxylomannan (GXM) is the major component of the Cryptococccus capsule, representing 
90% of the capsular  mass7,8. This polysaccharide is also one of the most studied virulence factors of the yeast, a lot 
due to its immunomodulatory effects during  infection9–14. Anti-GXM antibodies have been shown to be impor-
tant opsonins in fighting infection by Cryptococcus spp., increasing the function of macrophages and promoting 
the death of  yeasts15. In the context of humoral response, the production of antibodies limits the progression of 
cryptococcosis and helps the activation of the cellular response against the  fungus16. Therefore, during fungal 
infection some effects have already been observed. For instance, the number of  IgM+ B cells in the blood, which is 
lower in HIV-infected individuals who have developed C. neoformans infection than those who have not. In addi-
tion, HIV-infected individuals have lower levels of GXM-specific IgM, than non-HIV-infected  individuals17,18. 
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Furthermore, IgM deficiency in a murine model makes animals more susceptible to C. neoformans  infection19. 
Very little is known about the role of humoral immunity during the C. gattii infection.

B-1 cells are a population of cells with an activity similar to cells of the innate immunity and can be divide 
between B-1a  (CD5+) and B-1b  (CD5−)  subtypes20. They produce natural IgM without the need of antigen 
stimulation; therefore, they can be considered as a population inherently prepared to fight  infections21–23. It has 
been reported that B-1a and B-1b populations produce natural antibodies against the capsular components of 
Streptococcus pneumoniae mitigating this pathogen  infection24. In addition to humoral activity, B-1 lymphocytes 
are able to act innately by differentiating themselves into a mononuclear phagocyte population and fighting C. 
neoformans in a nitric oxide-dependent  manner25. However, it has been shown in Paracoccidioides brasiliensis 
infection that B-1 cells secretes IL-10 and induces T regulatory cells activation facilitating the progression of 
the  disease26,27. This contribution of IL-10 production by B-1 cells was also seen in Leishmania and Francisella 
 infections28–30. Therefore, B-1 cells appear to differently commit their effector function in distinct infections. 
Furthermore, in the aspect of the production of natural antibodies, the role of IgM produced by B-1 cells appears 
to be related to the control of infection of C. neoformans by preventing their spread from the lungs to the brain 
and restricting the size of  yeasts31. However, the role that B-1 cells play in controlling a C. gattii infection has 
not yet been evaluated.

In the present study, mice with X-linked immunodeficiency (XID) were used, these animals have a mutation 
in the gene that encodes the protein tyrosine kinase of Bruton (Btk), leading to a blockade in the B cells develop-
ment, predominantly B-1  cells32. These cells reside mainly in the peritoneal and pleural cavities, secreting IgM 
and IgG2 in response to type 2 independent antigens (TI-2)33. Our model of chronic lung infection revealed 
that XID mice, compared to normal animals, had early mortality with significant weight loss, reduced serum 
GXM-specific IgM and IgG titer and increased blood and brain fungal load. In addition, there was a capsular 
size increase in C. gattii and the predominant presence of cytokines with the Th2 profile was observed in these 
animals. Thus, our data demonstrated that XID mice are more susceptible to infection by C. gattii, suggesting 
that the modulating effects mediated by B-1 cells with the production of anti-GXM antibodies and cytokines 
contribute to the protection against infection.

Results
Studies using B-1 cells of deficient mice (XID mice), suggested an important role for these cells during the 
immune responses against  infections29,30,34,35. This led us to investigate if the B-1 cells would be implyed in the 
response against C. gattii infection on this animal model. First, XID and BALB/c mice were infected with 1 ×  104 
yeasts of C. gattii intratracheally to assess survival and weight loss of the mice was also analyzed at days 0, 7 and 
19 after infection. Our results showed that BALB/c and XID mice are susceptible to infection by C. gattii, but 
XID mice had a lower percentage of survival (Fig. 1A). In addition, the most evident weight loss was found in 
the XID mice with significant percentage at 19 days after infection (Fig. 1B). These data suggest that XID mice 
are more susceptible to C. gattii than BALB/c mice.

Figure 1.  Evaluation of XID and BALB/c susceptibility to C. gattii infection. (A) Survival assay of XID (n = 10) 
and BALB/c (n = 10) mice infected with Cryptococcus gattii strain R265 belonging to serotype IIa. Time in 
days post-infection is shown on the x-axis. (B) The weight variation of the XID (n = 12) and BALB/c (n = 12), 
(infected or uninfected) mice was monitored during the infectious process, 0, 7 and 19 days of infection were 
the times stipulated for analysis. The graphs show the results of 2 independent experiments. (###p < 0.001) for 
comparative degree between strains. (*p < 0.05) for comparative degree between days 0 and 19 (0 d × 19 d).
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B-1 cells are considered a part of the innate immune system that have a carbohydrate-specific activity through 
a type 2 thymus-independent response, which then leads mainly in the natural  IgM36–39. Thereby, considering that 
the XID mice had the greatest susceptibility to infection, we decided to assess whether the antibody production 
against the C. neoformans capsular polysaccharide GXM was established, compared to the non-XID model. For 
this, we performed the analysis of the production of specific antibodies against purified GXM on days 0 and 19 
after infection. Our results showed that BALB/c mice produce specific IgM and IgG antibodies against GXM, 
while XID mice did not show significant antibody production (Fig. 2).

Cryptococcus can spread from the lungs by hematogenous route evading the local immune response. This 
allows the pathogen to cross the blood–brain barrier (BBB), causing the most aggressive form of the disease, the 
cryptococcal  meningoencephalitis40–42.

We evaluated the presence of C. gattii in the hematogenous pathway of XID and BALB/c mice, analyzed the 
content of whole blood plated on sabouraud agar and observed only colony growth in XID mice on days 15, 18 
and 21. BALB/c mice presented CFU count only 15 days after infection (Fig. 3). The amount of yeasts dissemi-
nated in the peripheral blood of BALB/c mice was lower than observed in XID mice, and these, despite the high 
parasitism evidenced, showed a reduction in the number of colonies over the days observed (Fig. 3).

In the next step we performed the CFU counts of the XID and BALB/c animals on days 7 and 19 of infection. 
We used the bronchoalveolar lavage, spleen and brain. Our results demonstrated that there was no difference 
in the growth of bronchoalveolar lavage colonies between XID and BALB/c mice on days 7 and 19 of infection 
(Fig. 4A). Remarkably, only the XID mice showed a high number of CFU in the brain on the 19th day of infec-
tion (Fig. 4B), while the spleen of BALB/c mice showed a higher number of CFU on the same time of infection 
(Fig. 4C). Similar results were not seen in the brain and spleen macerated on day 7 of infection (Fig. 4B,C). 
Previous results using in vitro models suggest that the initial site of cryptococcal entry into the brain is the 
 BBB43. It has also been shown that C. neoformans yeast cells interact and cross the BBB using brain microvas-
cular endothelial  cells41. In an experimental infection study involving intravenous injection of C. neoformans 

Figure 2.  Dosage capsular anti-GXM antibodies from serum samples. (A) Immunoenzymatic assay (ELISA) 
with the serum of animals before infection (0 d) and infected (19 d), for the determination of IgM antibodies 
reactive against the glucuronoxylomannan polysaccharide (GXM) present in the capsule. (B) The same serum 
was subjected to analysis, by ELISA, for quantification of anti-GXM IgG antibodies. The graphs show the results 
of 2 independent experiments (n = 5). (**p < 0.01; *p < 0.05) for comparative degree between days 0 and 19 (0 d × 
19 d), (#p < 0.05; ###p < 0.001) comparative degree between strains.

Figure 3.  Investigation of the passage of C. gattii by the hematogenous route of XID and BALB/c mice. 
Counting of Colony Forming Units (CFU) of the peripheral blood of XID and BALB/c mice on days 15, 18, and 
21 of the infectious course. Colony growth was not observed on days 3, 6, 9 and 12 (data not shown). The graphs 
show the results of 2 independent experiments (n = 5) (###p < 0.001).
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in mice, it was demonstrated the first morphological evidence that C. neoformans enters the brain through BBB 
endothelial cells by a transcellular  mechanism41.

Depending on the host environment, Cryptococcus can undergo considerable morphological changes that 
will be essential to establish the  infection31. Briefly, Cryptococcus changes shape and produces enlarged cells 
called giant cells or “titan cells”44–47. This phenomenon has been observed in different infection  models46,48–51. 
The titan cells enlarge the cell body, ranging from 10 to 100 μm in  diameter52. Some research groups described 
that these cells have a large and single vacuole and that, in addition to having a thick cell wall, they also have a 
dense polysaccharide capsule. The titan cells are highly resistant to oxidative stress and  phagocytosis53,54. The 
presence of these giant cells increases the spread of the fungus, amplifying the cryptococcal  virulence55. Therefore, 
to relate possible modifications in capsular dimensions with the spread of C. gattii in the XID mice, we measure 
the size changes of the yeasts. Our results showed that the yeasts of C. gattii obtained from the bronchoalveolar 
lavage (BAL) of XID mice on the 19th day of infection, showed an increase in thickness (Fig. 5A) and capsular 
volume (Fig. 5B). On the other hand, yeasts obtained from BAL from BALB/c mice, presented smaller dimen-
sions. (Fig. 5A–C).

It has been reported that C. gattii dampens some immune cell functions through its polysaccharides content, 
mainly due the regulation of their cytokine  profile56–58. Previous results indicate that infection by C. gattii induces 
the production of cytokines related to the Th1 profile more than other species of Cryptococcus, such as IL-1β, 
TNF-α and IL-6. It is also related to the induction of the Th17 profile with the production of the cytokines IL-17 
and IL-2259. Another important fact that shows the regulation mediated by cytokines was the observation that 
a change to the profile of Th2 cytokines is associated with the worsening of C. neoformans  infection60. Thus, in 
our model, we accessed the bronchoalveolar lavage levels of cytokines associated with different cellular profiles, 
IL-4 and IL-13 (Th2), INF-γ (Th1) and IL-17 (Th17) of XID and BALB/c mice before infection (day 0) and 7 
and 9 days after infected with C. gattii. Our results showed an increase in cytokines IL-4 and IL-13 in the BAL 
of XID mice on the 7th and 19th day of infection (Fig. 6A). In contrast, the predominant cytokines in the BAL 
of BALB/c mice were IFN-γ and IL-17 (Fig. 6B), with a slight increase to IL-13 (Fig. 6A).

Figure 4.  Analysis of fungal load in different target organs involved in cryptococcosis. (A) Analysis of the 
fungal load on days 7 and 19 of the bronchoalveolar lavage (BAL) of XID (n = 5) and BALB/c (n = 5) mice 
infected with C. gattii. (B) The brain of infected XID (n = 7) and BALB/c (n = 7) mice were also subjected to the 
counting of colony-forming units (CFU) at the same time. (C) Colony Forming Units (CFU) of the spleen were 
quantified under the same aspects (n = 11). Each symbol represents a value for an individual mouse, with the 
average indicated by the black line. The graphs show the results of 3 independent experiments. (*p < 0.05) for 
comparative degree between days 7 and 19 (7 d × 19 d), (##p < 0.01; #p < 0.05) for comparative degree between 
strains.

Figure 5.  Analysis of C. gattii size in the BAL of XID and BALB/c mice. (A) Capsule thickness, (B) capsule 
volume and (C) C. gattii cell body volume in the bronchoalveolar lavage (BAL) of animals XID and BALB/c 
with 19 days of infection. Samples fixed with 4% formaldehyde, stained with India ink and analyzed under 
a microscope at 400 × magnification. The graphs show the results of 2 independent experiments (n = 5). 
(###p < 0.001; #p < 0.05).
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Discussion
Cryptococcosis in its clinical aspect is characterized by causing severe damage to the lungs, and due to the tro-
pism of yeast by the brain, infection can trigger meningoencephalitis in the most severe  cases61. Nevertheless, in 
the context of the disease agents, there is a limitation in the availability of studies dealing with the pathology of C. 
gattii infection, with most studies focusing on C. neoformans  species4. Furthermore, an important aspect of the 
response against the disease is the establishment of a humoral response against the fungus, and this can occur 
by the recognition of the major component of the Cryptococcus capsule, the polysaccharide GXM by the B cells, 
who ends up eliciting a strong antibody production  response62. These antibodies are responsible for blocking 
the release of polysaccharide antigens and in assisting the disease  resolution12,63. Incidentally, most of the IgM 
antibodies produced primarily in the early stages of an infection come from the population of B-1 cells, which not 
only contribute to humoral immunity by producing natural antibodies, but also have innate-like  activity21–23,25.

Due to this scenario, the present study had intent to contribuit to the understanding of the immunopathol-
ogy of the C. gattii infection, focusing mainly on the influence that the B-1 cell population has on the infection. 
Previously, a study using the XID mice model, deficient of B-1 cells  population32, had already shown that this 
population of cells are involved in dealing C. neoformans  infection31. In agreement, our results using C. gattii 
demonstrate that XID mice are more susceptible to C. gattii infection, revealed by the lower survival rate and 
lower weight score during the infection. Furthermore, the worsening of cryptococcosis is related to a weakened 
immunity by pre-existing conditions or co-infections. Showing that the malfunction of determinants of the 
immune system corroborate for a higher mortality and susceptibility to  cryptococcosis64. Therefore, the absence 
of the B-1 cell component in the XID mice characterizes the loss of cells that are very important for infection 
 resolution24,25,38,65, which justify the worsening of the clinical score that has been observed previously using C. 
neoforomans66, and now with C. gattii. We also found that the XID animals still had an extremely deficient serum 
level of IgM and IgG anti-GXM antibodies, suggesting that antibodies play an important role in infection and 
act by limiting the spread of yeast. The phenotype of the infected XID mice in this study had similar aspects to 
that previously reported with knockout for IgM, who describes the occurrence of an enhanced susceptibility to 
C. neoformans infection when limiting the production of  IgM19. Moreover, our data also highlight an impor-
tant role of the B-1 cells during chronic infection, as seen by the higher IgM antibody titer compared with the 
antigen-specific IgG antibody titer between the XID and BALB/c mouse. B-1 cells are involved in fighting C. 
neoformans infection, also due to their production of natural IgM antibodies against the yeast capsular content, 
while B-2 cells could act in the production of antigen-specific IgG  antibodies22,67, so B-1 cells ends up being 

Figure 6.  Cytokine dosage of bronchoalveolar lavage in XID and BALB/c mice. (A) Immunoenzymatic assay 
(ELISA) of the bronchoalveolar lavage (BAL) of XID and BALB/c animals before infection (0 d) and infected 
(7 d and 19d), for the measurement of cytokines IL-4 and IL-13 (B) and, IFN-γ and IL-17. The graphs show the 
results of 2 independent experiments (n = 5). (***p < 0.001; **p < 0.01; *p < 0.05) for comparative degree between 
days 0 and 7 (0 d × 7 d) or 0 and 19 (0 d × 19 d). (###p < 0.001; ##p < 0.01) for comparative degree between strains.
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responsible for a large part of IgM in the early stages of C. gattii, and therefore, as we reveled, this amount was 
compromised in the XID mice.

The lower survival of XID in relation to the control group BALB/c may reflect the differences in IgM found 
between these two groups. Our results indicate a greater magnitude of serum IgM indexes during the establish-
ment of infection in the BALB/c group. It is possible that such differences may influence the onset of C. gattii 
colonization, considering that our findings demonstrate higher CFU indices in XID in the different tissues ana-
lyzed. The low levels of IgM induced at the onset of infection characteristic of the XID animals may be correlated 
with the increased susceptibility of these animals in relation to the controls. However, the immune responses 
induced by IgM are decisive during the control phase of the colonization of the pathogen in the host, and are 
therefore not critical in the development of protection, a fact that would explain a delay in the infection of wild 
animals, and a consequent increase in the survival curve.

Although the different levels of IgG antibodies between the XID and BALB/c mice were lower, we did not 
deny a possible contribution of conventional B-2 cells in our model. In support of this idea, antibodies derived 
from both B-1 and B-2 cells are important against cryptococcal and other  infections68–71. However, regardless of 
the exact source of B cells, our data suggest that antibody deficiency impairs containment of C. gattii in the lungs.

The role of B-1 lymphocytes in antibody production has been characterized. However, these cells also 
have other characteristics that can play important mechanisms in protecting against different pathogens, and 
one of these mechanisms is their ability to differentiate into phagocytes called B-1 cell-derived phagocytes 
(B-1CDP)30,34,72–74. It was also shown that B-1 cells migrate to the inflammatory/infectious focus and differentiate 
into macrophage-like  cells75. Ghosn and  colleagues25 demonstrated that B-1CDP cells are able to internalize C. 
neoformans and this process is mediated by the complement receptor  325. It was also characterized by the same 
group that B-1CDP phagocytes had fungicidal activity mediated by the production of nitric oxide (NO) and the 
antigens processed by these cells were presented through the expression of molecules of the major histocompat-
ibility complex type II (MHC II), resulting in considerable production of inflammatory  mediators25. Based on 
this information, it is possible to relate the deficiency in the production of B-1 lymphocytes and the consequent 
decrease in the differentiation of B-1CDP cells in XID mice thus compromising the link between innate and 
adaptive immunity in experimental infection by C. gattii.

Despite the problems observed in the absence of Btk-mediated signaling in the functional activities of B 
lymphocytes, the absence of this signaling can also affect the activity of myeloid cells. Deficiency in Btk-mediated 
signaling is related to failures in the production of microbicidal factors in neutrophils and  macrophages35,76–78. 
The COVID-19 pandemic has driven the scientific community to search for drugs that could reduce the viral load 
or negatively modulate the cytokine storm seen in the severe conditions of COVID-19. Thus, it was described 
that the use of inhibitors of Btk-mediated activation could be evaluated in these  patients79. On the other hand, 
Honda and colleagues described contradictory results in which it was shown that neutrophils from XID mice 
were able to produce ROS in response to activation of the Toll-like receptor (TLR)80. According to this informa-
tion, a trend towards increased transcription of inducible nitric oxide synthase in the lungs of C. neoformans-
infected XID mice has been  evidenced31. Therefore, the importance of Btk-mediated signaling in myeloid lineage 
cells remains unclear.

We consistently found a higher fungal burden in the lungs on the later days of infection in both XID and 
BALB/c groups, but surprisingly when we evaluated the fungal load in the brain, only the XID group had shown 
higher values of CFU. Moreover, this profile of fungal load had already been seen on the literature using C. neo-
formans31. This indicates that possibly, C. gattii yeasts where preferably migrating to the CNS in the mice group 
absent of B-1 cells, whereas in the BALB/c group, the higher fungal load was only found on spleen. Although 
there have been no studies on the interference of B-1 cells in brain infection by C. gattii, B cell-dependent protec-
tion of brain infection by C. neoformans has been described, and most interestingly, it is that this protection was 
evaluated in a  Rag−/− model, showing that this effect seems to be independent of T  cells81,82, and in consensus 
with our data, a possible parallel could be made in the C. gattii infection model, although further studies in this 
regard need to be done.

Thus, this consistently leads us to discuss whether the lack of humoral response by B-1 cells could contribute 
in any way to a greater escape of yeast from the lungs to other tissues and, therefore, to the bloodstream. Although 
we have not shown whether C. gattii cells were inside monocytes in the bloodstream, the Trojan horse mechanism 
is the main hypothesis believed for the yeast to reach the CNS within  phagocytes42,43. For instance, a study using 
a murine model revealed that 1.7% to 2% of yeast cells deposited in the bloodstream, through injection into the 
tail vein, remained after 30 min of  infection41, showing that these yeasts survive in circulating blood, despite 
the host defense system efficiently cleared part of the organisms from the bloodstream. With the analysis of C. 
gattii CFU from XID mice’s peripheral blood, our data demonstrated an increased fungal load in hematogenous 
pathway during infection period, in comparison to BALB/c mice.

Our data demonstrated that C. gattii CFU counts in the peripheral blood of XID mice, during the period of 
infection, presented an increased fungal load in the hematogenous pathway when compared to BALB/c mice. An 
interesting data we obtained was that when analyzing the amount of CFU in the bloodstream of XID mice over 
the 15th, 18th and 21st days after infection, there was a gradual reduction in the fungal load that can be explained 
by the displacement of the yeasts to other organs, such as the brain tissue. Moreover, it has already been shown 
that the loss of an immune function, as in immunosuppressed patients, can contribute to a greater blood fungal 
load during C. neoformans  infection83, therefore the loss of B-1 activity in XID model is comparatively similar 
during C. gattii infection in our study.

An important feature that contributes to the infectious process of cryptococcosis is the increase in the yeast’s 
polysaccharide capsule. This process is believed to provide an important advantage for the pathogen, since the 
capsule promotes resistance to phagocytosis and oxidative  stress53. We here observed that the size of C. gattii 
yeasts in the bronchoalveolar lavage of XID mice consisted of yeasts with larger cell bodies and capsules sizes 
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compared to BALB/c mice. This profile of capsular and body enlargement had already been seen on a previous 
work with C. neoformans31. Still, there are reports in the literature of formation of giant cells in the lung of mice 
with cryptococcosis. These giant cells have cell body volume above 10 μm and are normally called titan  cells84.

Titan cells are described as yeasts that are abnormal in size and have a strong immunomodulatory  role44,55. 
Thus, it is believed that they are cells present in different tissues where the damage caused by cryptococcal 
infection is  intense47. The size protects the fungus from capture by alveolar phagocytes, as proposed for C. 
neoformans25. Phagocytosis by alveolar macrophages is the most important response to Cryptococcus spp. in the 
lungs and the titan cells have been show to be vital for the establishment of early lung  infection54. In addition, 
titan cells are resistant to free radicals of oxygen and nitrogen from the host’s immune cells and have a thicker 
polysaccharide capsule and cell wall that can act as defensive  barriers55. Recently, our group was the first to 
demonstrate the presence of titan cells in the lung of mice infected with C. gatti85.

So far, the titan cells formation seems to be a unique feature to Cryptococcus species complex that allows 
protection from  phagocytosis52,54. This process of capsule enlargement and titan cells formation reshapes the 
cell wall and capsule composition during infection and enhances the virulence of Cryptococcus spp.55,86. The 
formation of titan cells can be attributed to several factors during infection, such as iron limitation, in which has 
already been described as a limiting condition for the spread of C. gattii. Therefore, the yeast has the potential 
to modify its metabolism in these conditions to produce titan cells and evade the immune  response87,88. In this 
regard, it has already been shown, that the formation of titan cells in C. neoformans depends, not only on microbe 
factors, but also on the host environment conditions when considering different mice  model89, as in the XID 
model. Titan cells formation is also related with the induction of a Th2 cytokine profile and a greater presence 
of specific IgM for the C. neoformans capsular  polysaccharides89. We observed in XID mice a prevalence of Th2 
profile cytokines production, like IL-4 and a lower production of GXM-specific IgM, since only BALB/c mice, 
that have B-1 cells, they presented the largest amount of IgM production. Indeed, XID mice had lower cytokines 
levels associated with the Th1 and Th17 profile during C. gattii infection, similar to that previously described 
by our group with a  TLR9−/− mice model, where the most interesting thing aspect found was that this cytokine 
profile was associated with a greater formation of titan cells and a greater brain fungal  load85. In this regard, it 
had already been described that IgM production inhibits titan cell formation of C. neoformans67, therefore, B-1 
cell humoral response to C. gattii cryptococcosis appears to be essential to prevent yeast cell enlargement and 
by that, possibly assuring the limitation of yeast dissemination to the brain.

In summary, the XID mice showed significantly marked infection in the brain with reduced survival. This 
scenario may be the result of the drastic reduction in the production of specific antibodies against C. gattii and 
production of cytokines of the Th1 and Th17  profile. Our results together point to the crucial role of B-1 cells in 
preventing a marked spread of C. gattii from the lungs to the brain in a model of chronic lung infection.

Methods
Cryptococcus strain. Cryptococcus gattii, serotype B, strains R265, hypervirulent, molecular type VGIIa, 
with mating type α. Kindly provided by Prof. Leonardo Nimrichter, head of the microbial biochemistry labora-
tory at the Paulo Góes Institute of Microbiology at the Federal University of Rio de Janeiro (UFRJ). The yeasts 
were kept in an incubator at 28 °C, 5%  CO2, in minimal medium, containing: 2.7 g ×  L−1 glucose  (C6H12O6); 
2.5 g ×  L−1 of magnesium sulfate hephidrated  (MgSO4 ×  7H2O); 4.0 g ×  L−1 of monobasic potassium phosphate 
 (KH2PO4); 10 g ×  L−1 glycine  (C2H5NO2); 0.001 g ×  L−1 thiamine  (C12H17N4OS).

Inoculum preparation. After raising the fungus 48 h before use, the sample was led to centrifugation at 
4985 G for 3 min (Micro High Speed Refrigerated Centrifuge VS-15000 CFN II CE), and then it was resus-
pended in 1 mL of sterile PBS (phosphate buffered saline) and centrifugated again in the same conditions (for 
2 ×). Then the precipitated was resuspended in 1 mL of sterile PBS (phosphate buffered saline), diluted at 1:1000 
ratio in sterile PBS (phosphate buffered saline) and it was counted the viable yeasts for the Neubauer chamber 
experiment (Microscope Nikon Eclipse E2000). Inoculum was containing 1 ×  104 fungal cells per animal.

Mice. Isogenic female mice of BALB/c-XID lineage and BALB/c controls, female, aged 8 to 12 weeks, weigh-
ing an average of 20.5 and 24.5 g, respectively were used in this study. The XID mice were kindly donated by the 
Laboratório de Imunomodulação, Centro de Ciências da Saúde, Instituto de Biofísica Carlos Chagas Filho, Uni-
versidade Federal do Rio de Janeiro, RJ, Brazil, and the BALB/c lineage was kindly donated by the Instituto de 
Veterinária, Departamento de Microbiologia e Imunologia Veterinária, Universidade Federal Rural do Rio de 
Janeiro, RJ, Brazil. The animals were maintained in sterile (grouped) cages, under standardized conditions of 
temperature (22–23 °C) and light (cycles of 12 h of light and 12 h of dark), commercial feed and drinking water 
provided ad libitum85. The use of the animals in this study was approved by the Ethics Committee on the Use of 
Animals (CEUA) at UFRJ (Nº: 078/19). The mice were sacrificed according to the criteria approved by CEUA 
at the time of the study (2019/2020). All animal work was performed in accordance with Animal Research: 
Reporting of In Vivo Experiments (ARRIVE) guidelines and regulations and all methods were carried out in 
accordance with relevant guidelines and regulations.

Anesthesia and analgesia. Before the surgical procedure, anesthesia and analgesia of the animals 
were performed intraperitoneally with xylazine 0.2  mg ×  mL−1 (10  mg ×  kg−1) and ketamine 20  mg ×  mL−1 
(100 mg ×  kg−1) in each animal.
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Inoculum and intratracheal infection. An intratracheal injection of 1 ×  104 fungal cells per animal with 
30 μL per mouse inoculum was performed in tested animals, whereas in control animals the same procedure was 
performed by injecting 30 μL of sterile PBS per mouse.

Serum aquisition. Blood samples were collected from uninfected XID and BALB/c mice (NI), infected for 
7 days with C. gattii (7d) or infected for 19 days with C. gattii (19d). Mice were anesthetized and blood collected 
by retro-orbital puncture. Serum samples were obtained after allowing blood samples to clot for 30 min and be 
centrifuged at 915 G for 6 min (Micro High Speed Refrigerated Centrifuge VS-15000 CFN II CE). Collected 
serum samples were stored at − 80 °C until further analysis.

Bronchoalveolar lavage aquisition (BAL). The bronchoalveolar lavage procedure was performed with 
syringes containing 1000 μL of sterile PBS (phosphate buffered saline), in infected or non-infected mice, and the 
samples were kept on ice until further analysis.

Animal survival and weighing variation. After an intratracheal injection of 1 ×  104 yeasts per animal 
(n = 10), mice were observed during all the days of infection and the deaths were recorded for survival analysis. 
The animals (n = 12) were weighed before infection (day 0) and during infection (days 7 and 19), with the respec-
tive averages obtained.

IgM and IgG anti‑GXM antibodies dosage. The serum of 5 infected mice (day 19) and 5 not infected 
mice (day 0), was submitted to the measurement of antigen-specific antibodies. For that, serum antibodies 
were determined by an immunoenzymatic assay (ELISA). 96-well plates were coated with 10 μg ×  mL−1 of puri-
fied GXM from C. neoformans. Isolation and purification procedures were adapted from protocols mentioned 
 before9–13. The mice serum was diluted in 1:3 ratio within a container with PBS and 1% of bovine serum albumin 
(1% BSA-PBS). Afterwards, rabbit anti-IgM or anti-IgG antibodies were added. Marking was made with anti-
IgM or anti-IgG and alkaline phosphatase at a 1:2500 ratio following the protocol of Szymczak and collaborators 
(2013). The analysis was made by an ELISA reader (VERSAmax Tunable microplate reader—T4.0A) at 450 nm.

Fungal load. Brain (7 animals per group) and spleen (11 animals per group) were collected on days 7 and 19 
of infection, 50% of their volume was macerated and diluted in 1 mL of sterile PBS (phosphate buffered saline) in 
a petri dish, the after, it was poured 10 μL in a new petri dish containing sabouraud agar (1:100 ratio) (20 g ×  L−1 
glucose  (C6H12O6); 10 g ×  L−1 peptone; 40 g ×  L−1 sabouroud agar—Sigma, USA). With bronchoalveolar lavage 
and peripheral blood from infected mice (5 animals per group), it was poured 10 μL of the content into a new 
petri dishe containing sabouraud agar (1:100 ratio for BAL and blood without dilution). Then, it was left in an 
oven at 37 °C, 5%  CO2. Plaque analysis was performed after 72 h by counting colony-forming units (CFU). Pho-
tographs were taken as representative of the data.

C. gattii capsule size and cellular body measurement. For measuring yeast diameter, suspensions 
were prepared from bronchoalveolar lavage from infected XID and BALB/c mice for 19 days (5 animals per 
group). The samples were initially centrifuged at 4985 G for 6 min at 4 °C (Micro High Speed Refrigerated Cen-
trifuge VS-15000 CFN II CE), the supernatant was discarded, and the precipitate resuspended with 500 μL of 
4% formaldehyde. After 30 min, it was again centrifuged at 4985 G for 6 min (Micro High Speed Refrigerated 
Centrifuge VS-15000 CFN II CE), supernatant was discarded, and precipitate resuspended in 500 μL of PBS 
(phosphate buffered saline). The visualization occurred after gently mixing, to avoid the formation of foam, 10 
μL of the suspension of cells with 5 μL of Indian ink and examined under a microscope (Observer Z.1—Zeiss), 
with a magnification of 400 ×. India ink particles are repulsed by the C. gattii capsule, which is easily observed 
 microscopically90. Whole cell (Wc) and cell body (Cb) measurements were taken for a minimum of 100 cells per 
experimental group. After the measurements, the data were processed to obtain the values of capsule thickness, 
capsule volume and cell body volume. To obtain capsule thickness values, the following calculation was used: 
Capsule thickness = (Wc-Cb)/2 and Cell body volume = 4 × (π ×  r3)/3. To calculate the capsule volume, the total 
cell volume was calculated, and the volume of the cell body was subtracted from it.

Cytokine dosage. Bronchoalveolar lavage (BAL) was obtained on days 7 and 19 of infection (n = 5). The 
samples were centrifuged at 260 G for 6 min (Micro High Speed Refrigerated Centrifuge VS-15000 CFN II CE) 
and the supernatant was centrifuged again at 4985 G for 6 min. The samples were kept at -80 °C until dosing. 
Serum cytokines were measured by the capture method, following the company’s protocol (R&D Systems, Min-
neapolis, MN). The 96-well plate was sensitized with standard antibodies to IL-13, IL-4, IL-17 and INF-γ for 
24 h, followed by blocking the wells in favor of preventing unwanted reactions, then after, 25 μL of the samples 
from the BAL with recombinant antibodies were incubated. After washing, detection antibodies were added and 
the reaction was developed with streptavidin–phycoerythrin. The analysis was made by an ELISA reader (VER-
SAmax Tunable microplate reader—T4.0A) at 450 nm.

Statistical analysis. Statistical analysis was performed using the GraphPad Prism 6.0 program, using the 
Student T test for comparison between two groups and Log-rank test for comparison between two groups for 
the survival curve. For Fig. 3 was performed the Wilcoxon Rank Sum Test (Mann–Whitney U) obtaining the 
StandartDeviation (SD) values for each statistical analysis. Values of p < 0.05 indicate statistical significance, with 
***p < 0.001; **p < 0.01; *p < 0.05 (or ###p < 0.001; ##p < 0.01; #p < 0.05).
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