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ABSTRACT Cryptococcosis, caused by fungi of the genus Cryptococcus, manifests in a
broad range of clinical presentations, including severe pneumonia and disease of the
central nervous system (CNS) and other tissues (bone and skin). Immune deficiency
or development of overexuberant inflammatory responses can result in increased
susceptibility or host damage, respectively, during fungal encounters. Leukotrienes
help regulate inflammatory responses against fungal infections. Nevertheless, studies
showed that Cryptococcus exploits host 5-lipoxygenase (5-LO), an enzyme central
to the metabolism of arachidonic acid into leukotrienes, to facilitate transmigration
across the brain-blood barrier. To investigate the impact of host 5-LO on the devel-
opment of protective host immune responses and mortality during cryptococcosis,
wild-type (C57BL/6) and 5-lipoxygenase-deficient (5-LO™") mice were given experimental
pulmonary and systemic Cryptococcus sp., infections. Our results showed that 5-LO™~
mice exhibited reduced pathology and better disease outcomes (i.e., no mortality or
signs associated with cryptococcal meningoencephalitis) following pulmonary infection
with C. deneoformans, despite having detectable yeast in the brain tissues. In contrast,
C57BL/6 mice exhibited classical signs associated with cryptococcal meningoencepha-
litis. Additionally, brain tissues of 5-LO”" mice exhibited lower levels of cytokines
(CCL2 and CCL3) clinically associated with Cryptococcus-related immune reconstitution
inflammatory syndrome (C-IRIS). In a systemic mouse model of cryptococcosis, 5-LO™
~ mice and those treated with a Federal Drug Administration (FDA)-approved 5-LO
synthesis inhibitor, zileuton, displayed significantly reduced mortality compared to
C57BL/6 infected mice. These results suggest that therapeutics designed to inhibit host
5-LO signaling could reduce disease pathology and mortality associated with cryptococ-
cal meningoencephalitis.

IMPORTANCE Cryptococcosis is a mycosis with worldwide distribution and has a
broad range of clinical manifestations, including diseases of the CNS. Globally, there
is an estimated 179,000 cases of cryptococcal meningitis, resulting in approximately
112,000 fatalities per annum and 19% of AIDS-related deaths. Understanding how host
immune responses are modulated during cryptococcosis is central to mitigating the
morbidity and mortality associated with cryptococcosis. Leukotrienes (LTs) have been
shown to modulate inflammatory responses during infection. In this study, we show
that mice deficient in 5-lipoxygenase (5-LO), an enzyme central to the metabolism of
arachidonic acid into leukotrienes, exhibit reduced pathology, disease, and neurological
signs associated with cryptococcal meningitis. Additionally, mice given an experimental
cryptococcal infection and subsequently treated with an FDA-approved 5-LO synthe-
sis inhibitor exhibited significantly reduced mortality rates. These results suggest that
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therapeutics designed to inhibit host 5-LO activity could significantly reduce pathology
and mortality rates associated with cryptococcal meningitis.

KEYWORDS Cryptococcus, Cryptococcosis, 5-lipoxygenase, meningitis, meningoence-
phalitis, Cryptococcus neoformans, Cryptococcus deneoformans, medical mycology, fungal
immunology, immunity, host-pathogen interactions, microbial pathogenesis

P athogenic members of the Cryptococcus species, etiological agents of cryptococco-
sis, can cause severe pneumonia and diseases of the central nervous system (CNS)
and other tissues (bone and skin). Cryptococcus sp. has a worldwide distribution and
can cause diseases in immunocompetent individuals but is especially problematic in
immunocompromised populations, particularly AIDS patients and those undergoing
immunosuppressive therapies (reviewed in reference 1). Cryptococcal meningoencepha-
litis is the most commonly transmitted fungal disease in AIDS patients and is responsible
for 19% of AIDS-related deaths globally (2). Cryptococcosis also accounts for 7%-8% of
the invasive fungal diseases in solid organ transplant (SOT) recipients (3).

Leukotrienes (LTs) are part of a group of lipids formed by oxidizing polyunsatura-
ted fatty acids (4, 5). 5-lipoxygenase (5-LO) metabolizes arachidonic acid into leuko-
trienes that play an essential role in acute and chronic inflammation and allergic
disease (6). Leukotriene B4 (LTB4), one of the most common leukotrienes, is synthesized
by phagocytes during inflammation or the immune response to infection (6). LTB4
stimulates the migration of leukocytes to sites of inflammation; activation of macro-
phages, neutrophils, and eosinophils (7, 8); and enhances phagocytosis and phagocyte
antimicrobial activity (9, 10). Deficiency in the production of LTs is associated with
impaired phagocytosis and killing of microorganisms (11, 12).

Leukotrienes help regulate the inflammatory response to infection, including the
immune response to fungal infections. Blockage of leukotriene production with MK886,
an inhibitor of 5-LO, in mice given an experimental infection with Histoplasma capsula-
tum results in an increase in fungal burden and inflammatory cytokine levels (8, 13,
14). 5-LO-deficient (5-LO™") mice show increased susceptibility to experimental infection
with H. capsulatum or Paracoccidioides brasiliensis exhibited by increased pulmonary
fungal burden and decreased phagocytosis and antimicrobial killing by macrophages,
suggesting that LTs are necessary for the induction of innate immune responses and
control of fungal infections (14, 15). Leukotriene receptor LTB4R1-deficient mice exhibit
a decreased recruitment of neutrophils and eosinophils to Aspergillus fumigatus infection
and increased susceptibility to invasive pulmonary aspergillosis (16). Previous studies
show that blockage of host-derived 5-LO decreases the ability of Cryptococcus sp. to cross
the brain-blood barrier (BBB) (17).

In the present study, we sought to determine the impact of host-derived 5-LO during
the host immune response to cryptococcosis. Our data show that mice deficient in 5-LO
signaling do not develop the overexuberant inflammatory responses and classical signs
associated with cryptococcal meningoencephalitis, despite the presence of yeast in brain
tissues. Additionally, mice treated with an FDA-approved therapeutic agent, zileuton,
a 5-LO synthesis inhibitor, exhibited significantly reduced mortality rates compared to
control-treated mice. Altogether, our studies suggest that inhibition of 5-LO signaling
significantly reduces disease pathology and mortality rates associated with cryptococcal
meningitis.

RESULTS

Host 5-lipoxygenase is not necessary to control dissemination of Cryptococ-
cus yeast to the brain

Earlier studies employed intravenous and intratracheal mouse models of cryptococcosis
to show that Cryptococcus exploits host 5-LO for penetration across the brain-blood
barrier (BBB) (17). To investigate the role of host 5-LO on protective immune responses
following pulmonary cryptococcal infection, we sought to exploit a similar model using
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a Cryptococcus species that causes a long-term, chronic infection in C57BL/6 mice (18-
20). Mice were given an experimental pulmonary infection with C. deneoformans strain
52D, and pulmonary fungal burden was determined at days 7 and 14 post-infection,
and brain fungal burden was quantified at day 14 post-infection. We did not observe
a significant difference in pulmonary fungal burden at day 7 post-infection in 5-LO7"
mice compared to C57BL/6 mice (Fig. 1A). However, 5-LO™" mice showed significantly
less pulmonary fungal burden compared to C57BL/6 mice by day 14 post-infection
(P < 0.005) (Fig. 1B). We observed no overall significant difference in fungal burden
within brain tissues of 5-LO”~ mice compared to C57BL/6 infected mice. Nonetheless,
we observed that a greater number of 5-LO”" mice, 14 out of 16 (87.5%) mice, had
brain tissues with detectable yeast compared to seven out of 16 C57BL/6 mice (43.75%),
with yeast detected in their brains at day 14 post-infection (Fig. 1C). Overall, these data
suggest no dependence of host 5-LO by C. deneoformans for penetration into brain
tissues during the observation period in our study.

5-Lipoxygenase deficiency does not alter pulmonary leukocyte infiltration
during C. deneoformans pulmonary infection

LTB4 potentiates leukocyte recruitment to inflammatory sites during infection (21).
Therefore, we determined the effect of host 5-LO deficiency on recruitment of leukocytes
during pulmonary cryptococcosis. Infiltration of leukocytes to the lungs of 5-LO™~ mice
and C57BL/6 mice was evaluated at days 7 and 14 post-infection with C. deneoformans
(Fig. S1). We observed no statistically significant differences in total CD45" leukocyte
infiltrates in the lungs of C57BL/6 and 5-LO™~ mice on days 7 or 14 post-infection (Fig.
2A). Additionally, we observed no significant differences in myeloid cells, including
alveolar macrophages (AM), interstitial macrophages (IM), dendritic cells, eosinophils,
and neutrophils at both days 7 and 14 post-infection (Fig. 2B through H). A similar trend
was observed in the adaptive immune response. We did not observe a significant
difference in T cell responses between C57BL/6 and 5-LO™~ mice at days 7 and 14 post-
infection (Fig. 2J through N), except that y6 T cells were significantly increased at day 7
post-infection in 5-LO™~ mice compared to C57BL/6 mice (Fig. 2M).

We then determined the potential impact of host 5-LO deficiency on the antifungal
activity of macrophages against C. deneoformans during infection, as previously repor-
ted. We observed no difference in the antifungal activity of macrophages extracted from
C57BL/6 and 5-LO™~ mice at days 7 and 14 post-infection immediately following isolation
and after 24 hours of culture (Fig. S1). Altogether, these data suggest that host 5-LO is not
required to recruit leukocytes to the lungs during pulmonary infection with C. deneofor-
mans.

Since leukotrienes are lipid mediators that can exhibit potent immunomodulatory
properties (21), we analyzed cytokine and chemokine levels in 5-LO™~ mice, compared to
C57BL/6 mice, during infection. We observed significant increases in proinflammatory
cytokines IL-6 and IL-1B in the lungs of 5-LO™~ mice, compared to levels in C57BL/6 mice,
at day 7 post-infection (Table 1). Similarly, we observed significant increases in IL-17, G-
CSF, CXCL1, CCL2, CCL3, CCL4, and CCL11 production in 5-LO”" mice, compared to
C57BL/6 mice, at day 7 post-infection (Table 1). However, no significant differences in
cytokine and chemokine levels were observed between 5-LO™~ and C57BL/6 mice at day
14 post-infection (Table 1).

5-Lipoxygenase-deficient mice demonstrate reduced mortality against C.
deneoformans

To determine the impact of host 5-LO on mortality during pulmonary cryptococcosis, 5-
LO-deficient and C57BL/6 mice were given an experimental pulmonary infection with C.
deneoformans strain 52D, and survival (morbidity) was monitored for up to 100 days
post-infection. 5-LO™" mice infected with C. deneoformans strain 52D remained healthy
upon termination of the experiment at day 100 post-inoculation. In contrast, C57BL/6
mice started showing classical signs of cryptococcal meningoencephalitis (enlarged
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TABLE 1 Cytokine profile during pulmonary infection by C. deneoformans in 5-LO-deficient mice®

Day 7 Day 14
Cytokine WT 5-LOKO WT 5-LO KO
IFN-y 41.38+18.83 47.02 £5.158 67.06 +7.312 60.07 + 8.071
IL-2 24.34 + 6.096 29.67 +4.426 30.86 + 2.876 24.18 +3.338
IL-12p40 211.3+52.02 386.8+71.43 158.4 £ 16.56 157.7 £12.81
IL-12p70 70.15 +40.38 87.02+11.80 174.6 £41.24 141.3 £ 3347
TNF-a 5542 +32.91 55.17 +13.80 132.5+23.59 94.86 + 22.82
IL-4 4.789 + 1.389 6.042 + 1.699 32.93+4.012 9.524 + 1.893****
IL-5 4.271 £ 1.560 6.597 +0.9932 10.15 £ 1.695 9.330+2.187
IL-10 12.89 £ 6.966 13.42+3.313 35.64 + 4.497 34.79 + 6.028
IL-13 199.2 £ 89.95 126.8 +32.73 232.8+44.79 194.5 + 58.69
IL-1a 75.89 + 8.871 108.6 + 20.50 48.82 £4.527 45.72 +£5.105
IL-1B 9.447 +2.524 18.56 + 1.995* 2441 +4.101 18.67 £2.713
IL-6 20.91 +4.700 5299 +11.31* 12.66 £ 1.620 9.197 £ 1.263
IL-17 3.684 + 0.5645 16.25 + 5.589* 6.527 +0.4774 8.503 + 1.230
G-CSF 62.30+17.95 357.0 £70.87%** 1237 £1.287 30.55+9.785
GM-CSF 2.875 +0.9885 3.793 +£1.347 4.026 £ 1.620 3.972+1.411
CXCL1 (KC) 51.83+15.03 176.7 + 38.52** 37.82+6.857 32,67 +5.335
CCL2 (MCP-1) 306.7 + 89.03 749.7 + 173.4* 139.6 £21.95 117.2+18.89
CCL3 (MIP-10) 97.85+27.11 303.3 £76.34* 101.8+£19.39 89.19+18.27
CCL4 (MIP-1PB) 40.50 £ 6.767 80.35+13.73* 44.88 +£4.509 51.53+10.25
CCL5 (RANTES) 897.7 +227.7 1,005 + 194.4 471.4 £80.08 584.6 + 74.87
CCL11 (eotaxin) 150.6 £21.08 274.1 £30.52** 286.4 +22.80 310.8+51.62

“Cytokines were measured on days 7 and 14 post-infection from lung supernatants of C57BL/6 and 5-LO~~ mice infected with 10* CFU of C. deneoformans 52D per mouse.
Data shown are expressed as mean + SEM and are cumulative of two experiments utilizing five mice per group (male and female mice). Bolded values indicate a significant
increase in 5-LO~~ mice compared to C57BL/6 mice. Italicized values indicate a significant decrease in 5-LO~~ mice compared to C57BL/6 mice. Significant differences were

defined as *P < 0.05, **P < 0.01, and ****P < 0.0001.

head, weight loss, and imbalance) beginning at day 50 post-infection (Fig. 3A; Fig. S2)
and demonstrated a 30% mortality rate by day 100 post-infection (P = 0.0548). 5-LO7~
and C57BL/6 mice exhibited relatively low fungal burden in spleen tissues at day 100
post-infection (Fig. 3B). Moreover, while yeasts were detected in lung and brain tissues of
C57BL/6 and 5-LO™" mice, no significant differences in fungal burden were observed in
lung and brain tissues of surviving C57BL/6 mice compared to 5-LO™~ mice at day 100
post-infection (Fig. 3B). Importantly, although equivalent levels of fungal burden were
detected in the brains of 5-LO" and C57BL/6 mice at day 100 post-infection, 5-LO™"
mice did not show any signs associated with meningoencephalitis (Fig. S2).

Reduced levels of cytokines associated with exacerbation of C-IRIS and less
leukocyte cellular infiltrates are observed in brain tissues of 5-lipoxygenase-
deficient mice infected with C. deneoformans

Although we did not observe any impact on the pulmonary leukocyte infiltration to lung
tissues in response to pulmonary cryptococcal infection in 5-LO™~ mice, we noted that 5-
LO™" mice exhibited a reduction in mortality and displayed no outward manifestations of
the disease during infection with C. deneoformans (Fig. 3A and B). Considering that
disease progression is delayed and signs of cryptococcal meningoencephalitis manifest
later in C57BL/6 mice following an experimental pulmonary infection with C. deneofor-
mans, we aimed to evaluate host responses in brain tissues on day 35 post-infection.
Although the pulmonary fungal burden in 5-LO”~ mice was significantly decreased
compared to C57BL/6 mice on day 14 post-infection (Fig. 1B), the data in our study
demonstrated no differences in pulmonary fungal burden at day 35 post-infection (Fig.
3C). Regarding the dissemination to the brain, or splenic tissues, we found a significant
decrease in the fungal burden of 5-LO”~ mice, compared to C57BL/6 mice, at day 35
post-infection (Fig. 3D and E). Nevertheless, 5-LO KO mice did not appear to show any
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FIG 1 5-LO is not essential for early control of fungal burden and anti-cryptococcal activity during chronic infection with C. deneoformans. (A-C) C57BL/6 and
5-LO™" mice were infected with 10° CFU of C. deneoformans strain 52D via intranasal inhalation. Pulmonary fungal burden was determined on days 7 (A) and
14 (B) post-infection. Brain fungal burden was determined at day 14 post-infection (C). Pulmonary fungal burden at day 14 (B) was significantly lower in 5-LO™"

mice than in C57BL/6 mice (n = 16 mice). Data are expressed as +SEM and are cumulative of three experiments utilizing five to six mice per group per timepoint.

Significant differences were defined as **P < 0.01.

signs associated with meningoencephalitis, resulting in significantly less morbidity and
prolonged survival.

Next, we compared cytokine levels in homogenates prepared from brain tissues
recovered from 5-LO™~ mice and C57BL/6 mice at day 35 post-infection. 5-LO™~ mice
showed a significant decrease in the production of CCL2 (P = 0.0141) and CCL3 (P =
0.0092) chemokines (Fig. 4A and B) compared to C57BL/6 mice. Both chemokines, CCL2
and CCL3, are associated with detrimental outcomes in patients with C-IRIS (22). No
differences in the production of TNF-q, IL-6, IFN-y, and IL-17, cytokines associated with a
positive outcome in IRIS patients (22, 23), were detected in brain homogenates of 5-LO™~
mice compared to C57BL/6 mice at day 35 post-infection (Fig. 4C through F).

To further evaluate the role of 5-LO in regulating inflammation, we evaluated cell
infiltrates within brain tissues of mice infected with C. deneoformans strain 52D. Histopa-
thology of brain tissues taken at day 35 post-infection showed that C57BL/6 mice
appeared to have more leukocyte infiltrates in the cortex and hippocampus (Fig. 5A and
B) compared to 5-LO™" mice (Fig. 5C and D). These results suggest that abrogation of
host 5-LO results in a reduction in inflammatory responses in brain tissues during C.
deneoformans infection.
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FIG 2 Lack of 5-LO does not impact leukocyte recruitment during early infection with C. deneoformans. Total leukocyte infiltration was evaluated at days 7 and
14 post-inoculation in C57BL/6 and 5-LO™" mice following infection with C. deneoformans strain 52D. Lung tissues of C57BL/6J and 5-LO™" mice were excised,
and tissues within each group were combined prior to isolation of leukocytes at each timepoint. Leukocytes were then labeled with anti-CD45 antibodies for
total leukocytes (A) or labeled with anti-CD45 and antibodies specific for each cell type (B-N) and were analyzed by flow cytometry. Data shown are the mean +
SEM of absolute cell numbers from three independent experiments performed using five mice per group per timepoint per experiment. A significant difference is

defined as *P < 0.05.
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FIG 3 Blockade of host 5-LO prolongs survival and reduces morbidity associated with meningoencephalitis during C. deneoformans infection. (A-E) C57BL/6

and 5-LO”" mice were infected via intranasal inhalation with C. deneoformans strain 52D at 10° CFU per mouse. Mice (n = 11; male and female) were observed

up to day 100 for survival, (A) and fungal burden (B) in lung, spleen, and brain tissues was determined upon termination of the survival experiment at day 100

post-infection. Fungal burden was determined at day 35 post-infection in the lung (C), spleen (D), and brain (E) (n = 10 male and female). Data shown are the

mean + SEM of colony-forming units (CFU/mL) from three independent experiments performed using three to four mice per group (C-E). Significant differences

were defined as *P < 0.05.

Inhibition of host 5-lipoxygenase results in a significant delay in signs
associated with disease and mortality associated with Cryptococcus menin-
goencephalitis

The observation of less cell infiltration to brain tissues of 5-LO™ mice in the histopathol-

ogy and decreased levels of CCL2 and CCL3 levels in brain homogenates of 5-LO,
compared to C57BL/6 mice during pulmonary infection with C. deneoformans, led us to
evaluate the impact of host-derived 5-LO using a systemic mouse model of cryptococco-
sis. 5-LO™" and C57BL/6 mice received an intravenous inoculation with C. deneoformans
and were monitored daily for mortality. Figure 6A shows that C57BL/6 mice succumbed
to disease significantly earlier than 5-LO™~ mice (median survival time of 16 and 24 days
in C57BL/6 and 5-LO™" mice, respectively). 5-LO" and C57BL/6 infected mice displayed
signs associated with meningoencephalitis at the time of sacrifice (enlarged head,
weight loss, and imbalance; Fig. S3); however, the delay in neurological deterioration
suggests that inhibition of 5-LO synthesis results in a delay in the development of the
inflammation and pathology associated with cryptococcal meningoencephalitis.

Based on the result of the systemic infection mouse model in the 5-LO™" mice, we
decided to evaluate the putative impact of 5-LO inhibitors as a potential therapy for
reducing brain inflammation and subsequent mortality associated with Cryptococcus
meningoencephalitis. To do this, C57BL/6 mice were given an experimental infection
with C. deneoformans via intravenous inoculation and, 24 hours later, animals were
treated with zileuton, an FDA-approved 5-LO inhibitor, at a dosage approved for clinical
use in humans or sterile PBS three times a day for the duration of the experiment. Figure
6B shows a significant increase in survival for the mice treated with zileuton compared to
mock-treated mice (median survival of 13 and 16.5 days in PBS and zileuton-treated
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FIG 4 Chemokines associated with high mortality in C-IRIS patients are reduced in 5-LO-deficient mice during C. deneoformans infection. Cytokines within brain
homogenates of C57BL/6 and 5-LO™" mice infected with C. deneoformans 52D were measured on day 35 post-infection. Data shown are expressed as mean +

SEM and are cumulative of three experiments utilizing three to four mice per group. CCL2 and CCL3 were significantly lower in brain homogenates of 5-LO™~

mice compared to C57BL/6 mice. Significant differences were defined as *P < 0.05.

mice, respectively). Taken together, the data suggest that therapies that inhibit host 5-LO
synthesis and/or signaling could aid in control of brain inflammation, resulting in
reduced mortality during pulmonary and systemic cryptococcosis.

DISCUSSION

The pathological outcome of the host-Cryptococcus interaction can result from damage
to the host caused by the microorganism and/or the host response to infection (24).
While most environmental exposures to Cryptococcus species result in no outward signs
of disease, it is clear that the immune status of the host can have a significant impact on
disease outcomes (25). Leukotrienes (LTs) are part of a group of lipids made by the
oxidation of polyunsaturated fatty acids (4, 5). 5-Lipoxygenase (5-LO) metabolizes
arachidonic acid into LTs, which play an essential role in acute and chronic inflammation
and allergic disease (6). One of the most common LTs, LTBy, is synthesized by phagocytes
during inflammation or infection and stimulates the migration of leukocytes to sites of
inflammation. LTB4 is also capable of enhancing phagocytosis and phagocyte antimicro-
bial activity (7-10). Previous studies aimed to elucidate mechanisms by which cysteinyl
leukotrienes contribute to C. neoformans penetration across the brain-blood barrier
(BBB). This study noted a significant reduction in C. neoformans penetration into the
brains of 5-LO”~ mice following intravenous inoculation (17). Additionally, Zhu and
colleagues identified that pharmacological inhibition of 5-LO using the selective 5-LO
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FIG 5 5-LO deficiency results in reduced myeloid cell infiltration into brain tissues during C. deneoformans infection. C57BL/6 and 5-LO™" mice were infected

with 10* CFU of C. deneoformans strain 52D via intranasal inhalation, and their brains were excised on day 35 post-infection. Sections of brain tissues taken from

C57BL/6 (A and B) and 5-LO™" (C and D) infected mice were stained with hematoxylin and eosin (H&E), and images were taken at 20x objective power. Images are

representative of images derived from two experiments using three mice per group.

inhibitor zileuton inhibits C. neoformans transversal in the in vitro BBB model (17). These
previous studies did not evaluate the efficacy of 5-LO inhibition on host responses during
infection or Cryptococcus penetration across the BBB in vivo post-day 7 of infection.
C57BL/6 mice infected with C. deneoformans strain 52D develop a chronic lung infection
(18-20), followed by dissemination to the brain, showing signs consistent with crypto-
coccal meningoencephalitis (enlarged head, weight loss, and imbalance). Consequently,
we postulated that employing this Cryptococcus strain in our studies would allow us to
evaluate the long-term impact of host 5-LO on host responses during cryptococcosis.
5-LO-deficient mice given an experimental pulmonary infection with C. deneoformans
strain 52D were observed to have significantly less pulmonary fungal burden compared
to WT mice on day 14 post-infection. However, we observed no significant differences
in pulmonary fungal burden between 5-LO”~ and C57BL/6 infected mice at day 35
onward, suggesting that any impact that 5-LO deficiency may have on host responses
to cryptococcosis in the lung may be short-lived. We also observed no significant
differences in the antimicrobial activity of macrophages extracted on days 7 and 14
from 5-LO~~ and C57BL/6 mice infected with C. deneoformans at the time of isolation
and following 24 hours of culture (Fig. S1). Additionally, while we observed significant
increases in several proinflammatory cytokines and chemokines in the lungs of 5-LO~~
mice, compared to levels in C57BL/6 mice, at day 7 post-infection, no differences were
observed at day 14 post-infection. LTB4 stimulates inflammatory pathways and increases
the production of proinflammatory cytokines and chemokines. LTB4, through BLT1 and
BLT2, enhances NF-kB DNA binding and the production of proinflammatory cytokines
and chemokines (IL-6, CCL2, and TNF-a). Blockage of LTB4 receptors inhibits NF-kB DNA
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FIG 6 5-LO deficiency results in reduced mortality following intravenous infection with C. deneoformans. C57BL/6 and 5-LO™ mice were infected intravenously

(iv) with 10* CFU of C. deneoformans strain 52D, and mortality was monitored daily for survival up to day 40 post-infection (n = 10 mice). (A) C57BL/6 mice

were infected iv with C. deneoformans strain 52D at 10* CFU per mouse and treated with zileuton (70mg/kg) or sterile PBS three times daily, and survival was

monitored daily (n = 19). (B) Significant differences were defined as *P < 0.05; **P < 0.01.

binding and inhibits mRNA expression of proinflammatory cytokines (26-28). During
cryptococcal infection, the lack of host 5-LO had the opposite effect on the production of
proinflammatory cytokines like IL-6, G-CSF, and CCL2, suggesting that Cryptococcus can
stimulate the production of these cytokines independently of the host LTB,.

Interestingly, although one of the main functions attributed to LTBy is the recruitment
of myeloid to sites of inflammation (10, 29), we observed no differences in the recruit-
ment of myeloid or T cells to lung tissues of 5-LO KO mice compared to C57BL/6 mice
post-day 7 post-infection or macrophage antimicrobial activity. Experimental murine
models of P. brasiliensis and H. capsulatum infection showed that 5-LO deficiency results
in decreased neutrophil recruitment (8, 15, 16). LTB4 was demonstrated to be required for
the recruitment of both neutrophils and eosinophils in mice with pulmonary aspergillo-
sis (16), and blockage of LTB4 results in decreased uptake in Klebsiella pneumoniae and
Leishmania infections (11, 30). Nonetheless, host 5-LO does not appear to be critical for
macrophage antimicrobial activity or required to recruit leukocytes to the lungs during
infection with C. deneoformans.

Cryptococcal meningoencephalitis (CM) is the most common disseminated fungal
disease in AIDS patients (2, 31). Studies suggest that the specific factors driving the
deleterious inflammatory responses leading to immune reconstitution inflammatory
syndrome (IRIS) in HIV-associated cryptococcal meningoencephalitis patients may be
associated with particular chemokine responses that promote myeloid cell infiltration
into the CNS (22, 23). Jarvis et al. demonstrated that increased baseline levels of
interleukin-6 (IL-6), gamma interferon (IFN-y), IL-8, IL-10, IL-17, RANTES/CLL5, and tumor
necrosis factor alpha (TNF-a) in the cerebrospinal fluid (CSF) of HIV* patients were
associated with increased macrophage activation, more rapid clearance of cryptococci
from CSF, and survival. In contrast, high baseline levels of chemokines CCL2, CCL3, and
granulocyte-macrophage colony-stimulating factor (GM-CSF), chemokines that promote
monocyte and neutrophil recruitment into the CNS, in the CSF are associated with early
mortality and development of IRIS. In the current study, we observed significantly less
levels of chemokines associated with detrimental outcomes in patients with IRIS (CCL2
and CCL3) and similar levels of cytokines associated with a positive outcome in IRIS
patients (TNF-q, IL-6, IFN-y, and IL-17) in brain tissues of 5-LO”~ mice compared to WT
mice. The results of these studies also align with previous findings by Chang et al., which
demonstrate that increased expression of CCL2 and CCL3 in the CSF is associated with
subsequent development of C-IRIS (32). Therefore, treatment with 5-LO inhibitors could
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help minimize inflammation in the CNS, which leads to detrimental outcomes resulting
from cryptococcal meningoencephalitis.

Host 5-LO appears to be pivotal in fungal infections caused by Paracoccidioides
brasiliensis, Histoplasma capsulatum, and Aspergillus fumigatus, where lack of host 5-LO
results in increased mortality (8, 13, 15, 16). Previous studies suggested that Cryptococcus
exploits host 5-LO for transmigration across the BBB (17). In this study, we observed
no difference in fungal burden within brain tissues of 5-LO”" and WT-infected mice
assayed at several timepoints (i.e., days 14, 35, and 100) during the study. While WT and
5-LO™" mice had similar levels of cryptococci within brain tissues upon termination of
the survival study, 5-LO™" mice given an experimental pulmonary cryptococcal infection
did not show any signs associated with cryptococcus meningoencephalitis. In contrast,
WT mice began showing classic signs of Cryptococcus meningoencephalitis beginning
at day 50 post-pulmonary infection and demonstrated a 70% survival rate by day 100
post-infection. The previous study evaluated the impact of host 5-LO on transversal
across the BBB using in vitro and in vivo models employing Cryptococcus serotype A, B,
and D strains and observed similar findings, suggesting that the difference between our
results and those in the previous study is not Cryptococcus strain-dependent. However,
the previous study evaluated the impact of host 5-LO on dissemination of Cryptococcus
to brain tissues 24 hours and 7 days post-intravenous and -intratracheal, respectively,
inoculation. In contrast, this study elected to make such determinations over a signifi-
cantly longer observation period (up to 100 days post-inoculation). Thus, the potential
roles of host 5-LO in the facilitation of Cryptococcus trafficking across the BBB and/or the
modulation of host immune responses during infection may have differing impacts on
disease outcomes as the disease progresses. These results suggest that 5-LO deficiency
does not have a significant role in the recruitment of leukocytes to pulmonary tissues
of mice infected with Cryptococcus, as we did not observe any difference in leukocyte
trafficking to the lungs in mice lacking 5-LO compared to WT mice. However, 5-LO
deficiency was associated with reduced brain inflammation. Thus, the overall benefit of
inhibiting host 5-LO signaling and leukotriene production and/or uptake (via leukotriene
receptor antagonists) in this disease context may be the inhibition of overexuberant
inflammatory responses that result in disease pathology associated with Cryptococcus
infection of the CNS. 5-LO is expressed in the CNS and is predominantly produced by
microglia (33). The highest amount of 5-LO in the brain is found in the cerebellum
compared to the cortex and hippocampus (34). Levels of cysteinyl leukotrienes (CysLTs),
LTCy4, LTDy4, and LTB4 increase in brain injuries (e.g., cerebral ischemia, brain trauma,
and tumors), and the CystLT1 receptor increases in neuron and glial cells after trauma
or tumor (35). HIV* patients have elevated amounts of LTB4 in the CSF (36). Moreover,
HIV* patients with Toxoplasma encephalitis have low levels of LTB4 and LTC,4 in the CSF
compared to those with encephalitis (37), suggesting that release of LTs is suppressed
in the CSF during T. gondii infection. These findings suggest that LTs may play an
important role in the inflammatory response in the CNS. Pharmacological inhibitors
of 5-LO synthesis or leukotriene receptor antagonists appear to not interfere with the
activity of amphotericin B or fluconazole, two antifungal agents typically used to treat
cryptococcosis patients (17). Thus, a combination therapy that includes 5-LO inhibitors
and antifungal drugs may reduce overexuberant inflammatory responses and reduce the
uncontrolled propagation and dissemination of Cryptococcus to the CNS.

Altogether, our results show that 5-LO” mice exhibit a significant reduction in
neurological signs associated with cryptococcus meningoencephalitis. 5-LO™~ mice
given an experimental pulmonary infection with Cryptococcus showed 100% survival
and no signs associated with cryptococcus meningoencephalitis upon conclusion of the
study compared to 70% survival of WT-infected mice that displayed clinical signs of
cryptococcus meningoencephalitis. 5-LO™" infected mice exhibited significantly lower
levels of chemokines associated with detrimental outcomes of cryptococcus meningoen-
cephalitis in brain tissues and less brain inflammation despite having similar levels of
fungal burden in brain tissues compared to WT mice. Our results support the therapeutic
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potential of host 5-LO inhibition to prevent or mitigate the overexuberant inflammatory
responses that result in significant morbidity and mortality associated with Cryptococcus
meningoencephalitis.

MATERIALS AND METHODS
Mice

Male and female 5-lipoxygenase-deficient mice (Alox5™'™"/J) and wild-type C57BL/6 J
mice between 5 and 7 weeks of age were acquired from Jackson Laboratories and
housed at The University of Texas at San Antonio Small Animal Laboratory Vivarium or
the vivarium at The University of North Texas Health Science Center at Fort Worth. All
animal experiments were conducted following NIH guidelines for housing and care of
laboratory animals and following all relevant protocols and ethical regulations for animal
testing and research approved by the IACUC of the University of Texas at San Antonio
and Texas Christian University.

Strains and media

Cryptococcus deneoformans strain 52D (serotype D, mating type a) was recovered from
15% glycerol stocks stored at —80°C and maintained on yeast peptone dextrose (YPD)
media agar plates (Becton Dickinson, Sparks, MD). Yeast cells were grown for 16-18 hours
at 30°C with shaking in liquid YPD broth, collected by centrifugation, washed three times
with sterile phosphate-buffered saline (PBS), and viable yeasts were quantified using
trypan blue dye exclusion on a hemocytometer.

Pulmonary cryptococcal infections and fungal burden

Mice were anesthetized with 2% isoflurane utilizing a rodent anesthesia device (Eagle
Eye Anesthesia, Jacksonville, FL) and subsequently infected via the intranasal route with
1 x 10* colony-forming units (CFU) of C. deneoformans strain 52D in 30 uL of sterile
PBS. The inocula used for the nasal inhalation were verified by quantitative culture on
YPD agar. Mice were euthanized on predetermined days by CO, inhalation, followed by
cervical dislocation, and tissues were excised. The left lobes of the lung, spleen, and brain
were removed and homogenized in 1 mL of sterile PBS, as previously described (38),
followed by culture of tenfold dilutions of each homogenate on YPD agar supplemented
with chloramphenicol. CFU were enumerated following incubation at 30°C for 48 hours.
For survival studies, mice were inoculated as stated above, monitored twice daily, and
humanely euthanized if moribund.

Pulmonary leukocyte isolation

Lungs of C57BL/6J and 5-LO™~ mice (n = 5 mice/group) were excised on days 7 and 14
post-inoculation, as previously described (38). Lungs were then enzymatically digested
at 37°C for 30 minutes in 10 mL of digestion buffer (RPMI 1640 and 1 mg/mL collage-
nase type IV [Sigma-Aldrich, St. Louis, MO]) with intermittent (every 10 min) stomacher
homogenizations. The digested tissues were then successively filtered through sterile 70-
and 40-um nylon filters (BD Biosciences, San Diego, CA) to enrich for leukocytes. The cells
were washed with sterile Hanks' balanced salt solution (HBSS). Erythrocytes were lysed
by incubation in NH4Cl buffer (0.859% NH4Cl, 0.1% KHCO3, 0.0372% NayEDTA [pH 7.4];
Sigma-Aldrich) for 3 minutes on ice, followed by addition of twofold excess of sterile PBS.
The cells were then washed in PBS, resuspended in T mL PBS, and counted for use in flow
cytometry experiments.

Pulmonary macrophage anti-cryptococcal killing assay

Pulmonary F4/80* macrophages were enriched from mice on days 7 and 14 post-inocula-
tion, as described above, and the viability of phagocytic cells was assessed using trypan
blue exclusion by using a hemocytometer. Macrophages were cultured at a density of 5 x
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10° cells per well, in triplicate, in a 96-well tissue culture plate in R10 media, as previously
described in (38). The initial fungal burden was analyzed by lysing phagocytes using
sterile deionized water, followed by serial dilution and plating on YPD agar supplemen-
ted with chloramphenicol (Mediatech, Manassas, VA) for 48 ours at 30°C. After 24-h
incubation at 37°C, macrophages were lysed with water and also serial dilutions plated
on YPD agar to enumerate CFU, as described (39).

Flow cytometry

The standard methodology was employed for the direct immunofluorescence of
pulmonary leukocytes. Briefly, in 96-well U-bottom plates, 100 uL containing 1 x 10° cells
in PBS were incubated with yellow Zombie viability dye (1:1,000 dilution, Cat. No. 423104,
Biolegend, San Diego, CA) for 15 minutes at room temperature followed by washing in
FACS buffer. Cells were then incubated with Fc block (1:500 dilution, Cat. No. 553142,
clone 2.4G2, BD Biosciences) diluted in FACS buffer for 5 minutes to block nonspe-
cific binding of antibodies to cellular Fc receptors. Cells (1 x 10° cells) were incuba-
ted with fluorochrome-conjugated antibodies (Table 2 ) in various combinations to
allow for multi-staining, as follows: leukocytes (CD45%), CD4 T cells (CD4*/CD3*/CD11b"/
CD45%), CD8 T cells (CD8'/CD3*/CD11b7/CD45"), B cells (CD19*/CD45"), polymor-
phonuclear leukocytes (PMNs; CD11b*/Ly6G'/CD45"), alveolar macrophages (AM;
F4/80%/CD64/CD247/CD11b~/CD45), interstitial macrophages (IM; F4/807/CD64*/CD247/
CD11b*/CD45"), CD11b* DCs (CD11c*/CD24*/CD11b*/CD45") CD11b~ DCs (CD11c*/
CD24%/CD11b*/CD45), eosinophils (SiglecF*/CD11b™/CD24*/CD45"), plasmacytoid DCs
(pDCs; B220%,CD11c*/pADC 14+/CD45%), NK cells (NKp46*/CD45%), and NK T cells (CD3*/
NKp46*/CD45%). The cells were then incubated for 30 min at 4 °C. Cells were washed
three times with FACS buffer and fixed in 200 pL of 2% ultrapure formaldehyde
(Polysciences, Warrington, PA) diluted in FACS buffer (fixation buffer). Fluorescence minus
one (FMO) control or cells incubated with either FACS buffer alone or single fluoro-
chrome-conjugated Abs were used to determine positive staining and spillover/com-
pensation calculations, and background fluorescence was determined with FlowJo v.10
Software (FlowJo, LLC, Ashland, OR). Raw data were collected with a Cell Analyzer LSRII
(BD Biosciences) using BD FACSDiva v8.0 software at the Cell Analysis Core of the UTSA
or the Flow Cytometry Core at UNTHSC, and compensation and data analyses were
performed using FlowJo v.10 Software. Cells were first gated for lymphocytes (SSC-A
vs FSC-A) and singlets (FSC-H vs FSC-A). The singlet gate was further analyzed for
the uptake of live/dead yellow stain to determine live vs dead cells. Live cells were
gated on CD45" cell expression (Fig. S4). For data analyses, 100,000 events (cells) were
evaluated from a predominantly leukocyte population identified by back gating from
CD45" stained cells. The absolute number of each cell population was determined by
multiplying the percentage of each gated population by the total number of CD45" cells.

Cytokine analysis

Cytokine levels within the lung and brain tissue homogenates were analyzed using
the Bio-Plex protein array system (Luminex-based technology, Bio-Rad Laboratories,
Hercules, CA). Lung and brain tissues were excised and homogenized in ice-cold sterile
PBS (1 mL). An aliquot (50 yL) was taken to quantify the pulmonary fungal burden, and
an anti-protease buffer solution (1 mL) containing PBS, protease inhibitors, and 0.05%
Triton X-100 was added to the homogenate. Samples were then clarified by centrifuga-
tion (2,465 x g) for 10 minutes. Supernatants were assayed for the presence of IL-1q,
IL-1B, IL-2, IL-4, IL-5, IL-6, IL-10, IL-12(p40), IL-12(p70), IL-13, IL-17a, CXCL1, CCL2, CCL3,
CCL4, CCL5, CCL11, IFN-y, tumor necrosis factor a (TNF-a), granulocyte macrophage-
colony stimulating factor (GM-CSF), and monocyte colony-stimulating factor (G-CSF)
according to the manufacturer’s instructions.
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TABLE 2 List of antibodies used in this study for flow cytometry

Antibody Fluorochrome Clone Source Cat # Dilutions
Rat anti-mouse CD45 FITC 30-F11 eBio (Invitrogen) 11-0451-81 1:200
Rat anti-mouse CD45 APC 30-F11 eBio (Invitrogen) 17-0451-82 1:200
Rat anti-mouse CD45 BV421 30-F11 BD 563890 1:200
Hamster anti-mouse CD3e Pe-Cy7 145-2C11 eBio (Invitrogen) 25-0031-81 1:200
Rat anti-mouse CD4 FITC GK1.5 Biolegend 100406 1:100
Rat anti-mouse CD8a APC 53-6.7 eBio (Invitrogen) 17-0081-82 1:100
Rat Anti-mouse F4/80 PE BM8 eBio (Invitrogen) 12-4801-82 1:100
Rat anti-mouse CD24 FITC M1/69 Biolegend 101806 1:200
Rat anti-mouse CD19 PerCP-Cy5.5 6D5 Biolegend 115533 1:100
Hamster anti-mouse CD11c PerCP-Cy5.5 N418 Invitrogen 45-0114-82 1:100
Rat anti-mouse/human CD11b BV421 M1/70 Biolegend 101251 1:200
Rat anti-mouse CD11b PE M1/70 BD 557397 1:200
Rat anti-mouse Ly6G PE 1A8 BD 551461 1:100
Anti-mouse CD64 (FcyRI) Pe-Cy7 X54-5/7.1 Biolegend 1393913 1:100
Rat anti-mouse Siglec-F BV421 E50-2440 BD 565934 1:100
Rat anti-mpuse pDCA-1 (CD317) APC eBio927 Invitrogen 17-3172-80 1:50
Rat anti-mouse CD45R/B220 Pe-Cy7 RA3-6B2 BD 561881 1:100
Rat anti-mouse NKp46 (CD335) APC 29A1.4 eBio (Invitrogen) 50-3351-80 1:100
Hamster anti-mouse TCR gamma/delta PE GL3 eBio (Invitrogen) 12-5711-81 1:100
Zombie yellow Fixable Viability Kit Biolegend 423104 1:500
Rat anti-mouse CD16/CD32 Fc block 24G2 BD 553142 1:500
Histology

Mice were sacrificed according to the approved protocol. Mice were placed under deep
anesthesia with 5% isoflurane in an induction chamber and transcardially perfused with
cold saline buffer (1x PBS). Dissected brains were post-fixed overnight in 2% PFA and
embedded in parafilm sections. After paraffin embedding, 5-mm sections were cut and
stained using hematoxylin and eosin (H&E). Staining was performed by personnel at
The University of Texas Health Science Center at San Antonio Histology and Immuno-
histochemistry Laboratory. Sections were analyzed with light microscopy using a Leica
microscope DMI600 B (Leica Microsystems, Wetzlar, Germany).

Statistical analysis.

Survival data were analyzed using the log-rank test to detect statistically significant
differences using GraphPad Prism Version 10.1.1 for Macintosh (GraphPad Software, San
Diego, CA). The unpaired Student t-test was used to analyze fungal burden, cytokine
and chemokine levels, pulmonary cell populations by flow cytometry, and anti-crypto-
coccal activity of macrophages by Prism (GraphPad Software). Significant differences
were defined as P < 0.05 (¥), P < 0.01 (**), P < 0.001 (**¥), or P < 0.0001 (****), unless
otherwise noted.

AUTHOR AFFILIATIONS

'Department of Biology, Texas Christian University, Fort Worth, Texas, USA

*South Texas Center for Emerging Infectious Diseases, The University of Texas at San
Antonio, San Antonio, Texas, USA

*Department of Molecular Microbiology and Immunology, The University of Texas at San
Antonio, San Antonio, Texas, USA

“Department of Pharmacology, University of North Texas Health Science Center, Fort
Worth, Texas, USA

September 2024 Volume 15 Issue 9 10.1128/mbio.01483-24 14


https://doi.org/10.1128/mbio.01483-24

Research Article mBio

AUTHOR ORCIDs

Althea Campuzano @ http://orcid.org/0000-0003-3159-7113
Floyd L. Wormley Jr. & http://orcid.org/0000-0001-9290-3925

FUNDING
Funder Grant(s) Author(s)
HHS | NIH | National Institute of Allergy and R21AI158260 Floyd L. Wormley Jr.

Infectious Diseases (NIAID)

AUTHOR CONTRIBUTIONS

Natalia Castro-Lopez, Conceptualization, Data curation, Formal analysis, Investigation,
Methodology, Validation, Visualization, Writing — original draft, Writing - review and
editing | Althea Campuzano, Formal analysis, Investigation, Methodology, Writing -
review and editing | Elysa Mdalel, Investigation | Difernando Vanegas, Investigation |
Phung Nguyen, Investigation | Mark Pulse, Investigation | Astrid E. Cardona, Formal
analysis, Investigation, Methodology, Writing - review and editing | Floyd L. Wormley
Jr, Conceptualization, Data curation, Formal analysis, Funding acquisition, Investigation,
Methodology, Project administration, Supervision, Validation, Visualization, Writing —
original draft, Writing - review and editing.

DIRECT CONTRIBUTION

This article is a direct contribution from Floyd L. Wormley, Jr., a Fellow of the American
Academy of Microbiology, who arranged for and secured reviews by Chad Steele, Tulane
University, and Stuart Levitz, University of Massachusetts Chan Medical School.

ETHICS APPROVAL

All animal experiments were conducted following NIH guidelines for housing and care
of laboratory animals and in accordance with protocols approved by the Institutional
Animal Care and Use Committees (IACUC) of the University of Texas at San Antonio
(protocol number MU021) and Texas Christian University (protocol number 2023-8). A
scoring system for the assessment of animal distress was established before infection
experiments were started. Based on these guidelines, general condition and behavior
of the animals were controlled by well-educated and trained staff. Depending on the
progress of the disease, animals were monitored twice daily during the “day phase” (7:00
a.m. to 7:00 p.m.). To avoid disturbing the circadian rhythm of the animals, there was no
monitoring after 7:00 p.m. Humane endpoint by CO, asphyxiation followed by cervical
dislocation was conducted if death of the animals during the following hours was to be
expected.

ADDITIONAL FILES

The following material is available online.

Supplemental Material

Figure S1 (mBio01483-24-S0001.tiff). Deficiency in host 5-LO has no impact on
macrophage antifungal activity against Cryptococcus.

Figure S2 (mBio01483-24-50002.jpg). Signs of meningoencephalitis in C57BL/6 mice
following intranasal infection with C. deneoformans 52D.

Figure S3 (mBio01483-24-S0003.jpg). Signs of meningoencephalitis in C57BL/6 and
5-LO mice following intravenous infection with C. deneoformans 52D.

Figure S4 (mBio01483-24-S0004.tiff). Gating strategy for flow cytometry analysis of
pulmonary leukocytes.

Legends (mBio01483-24-S0005.docx). Supplemental figure legends.

September 2024 Volume 15 Issue 9 10.1128/mbio.01483-2415


https://doi.org/10.1128/mbio.01483-24
https://doi.org/10.1128/mbio.01483-24

Research Article

REFERENCES

1.

September 2024 Volume 15

Caballero Van Dyke MC, Wormley FL. 2018. A call to arms: quest for a
cryptococcal vaccine. Trends Microbiol 26:436-446. https://doi.org/10.
1016/j.tim.2017.10.002

Rajasingham R, Govender NP, Jordan A, Loyse A, Shroufi A, Denning DW,
Meya DB, Chiller TM, Boulware DR. 2022. The global burden of HIV-
associated cryptococcal infection in adults in 2020: a modelling analysis.
Lancet Infect Dis 22:1748-1755. https://doi.org/10.1016/51473-
3099(22)00499-6

Shoham S, Marr KA. 2012. Invasive fungal infections in solid organ
transplant recipients. Future Microbiol 7:639-655. https://doi.org/10.
2217/fmb.12.28

Norris PC, Dennis EA. 2014. A lipidomic perspective on inflammatory
macrophage eicosanoid signaling. Adv Biol Regul 54:99-110. https://doi.
0rg/10.1016/j.jbior.2013.09.009

Dennis EA, Norris PC. 2015. Eicosanoid storm in infection and
inflammation. Nat Rev Immunol 15:511-523. https://doi.org/10.1038/
nri3859

Hedi H, Norbert G. 2004. 5-lipoxygenase pathway, dendritic cells, and
adaptive immunity. J Biomed Biotechnol 2004:99-105. https://doi.org/
10.1155/51110724304310041

Miyahara N, Ohnishi H, Miyahara S, Takeda K, Matsubara S, Matsuda H,
Okamoto M, Loader JE, Joetham A, Tanimoto M, Dakhama A, Gelfand
EW. 2009. Leukotriene B4 release from mast cells in IgE-mediated airway
hyperresponsiveness and inflammation. Am J Respir Cell Mol Biol
40:672-682. https://doi.org/10.1165/rcmb.2008-00950C

Medeiros Al, Silva CL, Malheiro A, Maffei CM, Faccioli LH. 1999.
Leukotrienes are involved in leukocyte recruitment induced by live
Histoplasma capsulatum or by the beta-glucan present in their cell wall.
Br J Pharmacol 128:1529-1537. https://doi.org/10.1038/sj.bjp.0702912
Zhang Y, Olson RM, Brown CR. 2017. Macrophage LTB4 drives efficient
phagocytosis of Borrelia burgdorferi via BLT1 or BLT2. J Lipid Res 58:494-
503. https://doi.org/10.1194/jIr.M068882

Brandt SL, Serezani CH. 2017. Too much of a good thing: how modulat-
ing LTB4 actions restore host defense in homeostasis or disease. Semin
Immunol 33:37-43. https://doi.org/10.1016/j.smim.2017.08.006
Mancuso P, Nana-Sinkam P, Peters-Golden M. 2001. Leukotriene B4
augments neutrophil phagocytosis of Klebsiella pneumoniae. Infect
Immun 69:2011-2016. https://doi.org/10.1128/1A1.69.4.2011-2016.2001
Mancuso P, Standiford TJ, Marshall T, Peters-Golden M. 1998. 5-
lipoxygenase reaction products modulate alveolar macrophage
phagocytosis of Klebsiella pneumoniae. Infect Immun 66:5140-5146.
https://doi.org/10.1128/IA1.66.11.5140-5146.1998

Medeiros Al, Sa-Nunes A, Soares EG, Peres CM, Silva CL, Faccioli LH. 2004.
Blockade of endogenous leukotrienes exacerbates pulmonary
histoplasmosis. Infect Immun 72:1637-1644. https://doi.org/10.1128/IAl.
72.3.1637-1644.2004

Secatto A, Rodrigues LC, Serezani CH, Ramos SG, Dias-Baruffi M, Faccioli
LH, Medeiros Al. 2012. 5-lipoxygenase deficiency impairs innate and
adaptive immune responses during fungal infection. PLoS One
7:€31701. https://doi.org/10.1371/journal.pone.0031701

Santos PC, Santos DA, Ribeiro LS, Fagundes CT, de Paula TP, Avila TV,
Baltazar L de M, Madeira MM, Cruz R de C, Dias ACF, Machado FS,
Teixeira MM, Cisalpino PS, Souza DG. 2013. The pivotal role of 5-
lipoxygenase-derived LTB4 in controlling pulmonary paracoccidioido-
mycosis. PLoS Negl Trop Dis 7:2390.
https://doi.org/10.1371/journal.pntd.0002390

Caffrey-Carr AK, Hilmer KM, Kowalski CH, Shepardson KM, Temple RM,
Cramer RA, Obar JJ. 2017. Host-derived leukotriene B(4) is critical for
resistance against invasive pulmonary aspergillosis. Front Immunol
8:1984. https://doi.org/10.3389/fimmu.2017.01984

Zhu L, Maruvada R, Sapirstein A, Peters-Golden M, Kim KS. 2017.
Cysteinyl leukotrienes as novel host factors facilitating Cryptococcus
neoformans penetration into the brain. Cell Microbiol 19. https://doi.org/
10.1111/cmi.12661

Chen G-H, Olszewski MA, McDonald RA, Wells JC, Paine R, Huffnagle GB,
Toews GB. 2007. Role of granulocyte macrophage colony-stimulating
factor in host defense against pulmonary Cryptococcus neoformans
infection during murine allergic bronchopulmonary mycosis. Am J
Pathol 170:1028-1040. https://doi.org/10.2353/ajpath.2007.060595

Issue 9

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

mBio

Huffnagle GB, Yates JL, Lipscomb MF. 1991. T cell-mediated immunity in
the lung: a Cryptococcus neoformans pulmonary infection model using
SCID and athymic nude mice. Infect Immun 59:1423-1433. https://doi.
org/10.1128/iai.59.4.1423-1433.1991

Huffnagle GB, Boyd MB, Street NE, Lipscomb MF. 1998. IL-5 is required
for eosinophil recruitment, crystal deposition, and mononuclear cell
recruitment during a pulmonary Cryptococcus neoformans infection in
genetically susceptible mice (C57BI/6). J Immunol 160:2393-2400.

Di Gennaro A, Haeggstrom JZ. 2012. The leukotrienes: immune-
modulating lipid mediators of disease. Adv Immunol 116:51-92. https://
doi.org/10.1016/B978-0-12-394300-2.00002-8

Williamson PR, Jarvis JN, Panackal AA, Fisher MC, Molloy SF, Loyse A,
Harrison TS. 2017. Cryptococcal meningitis: epidemiology, immunology,
diagnosis and therapy. Nat Rev Neurol 13:13-24. https://doi.org/10.
1038/nrneurol.2016.167

Jarvis JN, Meintjes G, Bicanic T, Buffa V, Hogan L, Mo S, Tomlinson G,
Kropf P, Noursadeghi M, Harrison TS. 2015. Cerebrospinal fluid cytokine
profiles predict risk of early mortality and immune reconstitution
inflammatory syndrome in HIV-associated cryptococcal meningitis. PLoS
Pathog 11:e1004754. https://doi.org/10.1371/journal.ppat.1004754
Pirofski L, Casadevall A. 2008. The damage-response framework of
microbial pathogenesis and infectious diseases. Adv Exp Med Biol
635:135-146. https://doi.org/10.1007/978-0-387-09550-9_11

Maziarz EK, Perfect JR. 2016. Cryptococcosis. Infect Dis Clin North Am
30:179-206. https://doi.org/10.1016/j.idc.2015.10.006

Sanchez-Galan E, Gémez-Hernandez A, Vidal C, Martin-Ventura JL,
Blanco-Colio LM, Mufoz-Garcia B, Ortega L, Egido J, Tundn J. 2009.
Leukotriene B4 enhances the activity of nuclear factor-kappaB pathway
through BLT1 and BLT2 receptors in atherosclerosis. Cardiovasc Res
81:216-225. https://doi.org/10.1093/cvr/cvn277

Huang L, Zhao A, Wong F, Ayala JM, Struthers M, Ujjainwalla F, Wright
SD, Springer MS, Evans J, Cui J. 2004. Leukotriene B4 strongly increases
monocyte chemoattractant protein-1in human monocytes. Arterioscler
Thromb Vasc Biol 24:1783-1788. https://doi.org/10.1161/01.ATV.
0000140063.06341.09

Peters-Golden M, Canetti C, Mancuso P, Coffey MJ. 2005. Leukotrienes:
underappreciated mediators of innate immune responses. J Immunol
174:589-594. https://doi.org/10.4049/jimmunol.174.2.589

Kim ND, Chou RC, Seung E, Tager AM, Luster AD. 2006. A unique
requirement for the leukotriene B4 receptor BLT1 for neutrophil
recruitment in inflammatory arthritis. J Exp Med 203:829-835. https://
doi.org/10.1084/jem.20052349

Tavares NM, Araujo-Santos T, Afonso L, Nogueira PM, Lopes UG, Soares
RP, Bozza PT, Bandeira-Melo C, Borges VM, Brodskyn C. 2014. Under-
standing the mechanisms controlling Leishmania amazonensis infection
in vitro: the role of LTB4 derived from human neutrophils. J Infect Dis
210:656-666. https://doi.org/10.1093/infdis/jiu158

Rajasingham R, Smith RM, Park BJ, Jarvis JN, Govender NP, Chiller TM,
Denning DW, Loyse A, Boulware DR. 2017. Global burden of disease of
HIV-associated cryptococcal meningitis: an updated analysis. Lancet
Infect Dis 17:873-881. https://doi.org/10.1016/5S1473-3099(17)30243-8
Chang CC, Omarjee S, Lim A, Spelman T, Gosnell Bl, Carr WH, Elliott JH,
Moosa M-YS, Ndung'u T, French MA, Lewin SR. 2013. Chemokine levels
and chemokine receptor expression in the blood and the cerebrospinal
fluid of HIV-infected patients with cryptococcal meningitis and
Cryptococcosis-associated ~ immune  reconstitution  inflammatory
syndrome. J Infect Dis 208:1604-1612. https://doi.org/10.1093/infdis/
jit388

Matsuo M, Hamasaki Y, Fujiyama F, Miyazaki S. 1995. Eicosanoids are
produced by microglia, not by astrocytes, in rat glial cell cultures. Brain
Res 685:201-204. https://doi.org/10.1016/0006-8993(95)00490-h
Chinnici CM, Yao Y, Pratico D. 2007. The 5-lipoxygenase enzymatic
pathway in the mouse brain: young versus old. Neurobiol Aging
28:1457-1462. https://doi.org/10.1016/j.neurobiolaging.2006.06.007
Zhang W-P, Hu H, Zhang L, Ding W, Yao H-T, Chen K-D, Sheng W-W, Chen
Z, Wei E-Q. 2004. Expression of cysteinyl leukotriene receptor 1in human
traumatic brain injury and brain tumors. Neurosci Lett 363:247-251.
https://doi.org/10.1016/j.neulet.2004.03.088

10.1128/mbi0.01483-24 16


https://doi.org/10.1016/j.tim.2017.10.002
https://doi.org/10.1016/S1473-3099(22)00499-6
https://doi.org/10.2217/fmb.12.28
https://doi.org/10.1016/j.jbior.2013.09.009
https://doi.org/10.1038/nri3859
https://doi.org/10.1155/S1110724304310041
https://doi.org/10.1165/rcmb.2008-0095OC
https://doi.org/10.1038/sj.bjp.0702912
https://doi.org/10.1194/jlr.M068882
https://doi.org/10.1016/j.smim.2017.08.006
https://doi.org/10.1128/IAI.69.4.2011-2016.2001
https://doi.org/10.1128/IAI.66.11.5140-5146.1998
https://doi.org/10.1128/IAI.72.3.1637-1644.2004
https://doi.org/10.1371/journal.pone.0031701
https://doi.org/10.1371/journal.pntd.0002390
https://doi.org/10.3389/fimmu.2017.01984
https://doi.org/10.1111/cmi.12661
https://doi.org/10.2353/ajpath.2007.060595
https://doi.org/10.1128/iai.59.4.1423-1433.1991
https://doi.org/10.1016/B978-0-12-394300-2.00002-8
https://doi.org/10.1038/nrneurol.2016.167
https://doi.org/10.1371/journal.ppat.1004754
https://doi.org/10.1007/978-0-387-09550-9_11
https://doi.org/10.1016/j.idc.2015.10.006
https://doi.org/10.1093/cvr/cvn277
https://doi.org/10.1161/01.ATV.0000140063.06341.09
https://doi.org/10.4049/jimmunol.174.2.589
https://doi.org/10.1084/jem.20052349
https://doi.org/10.1093/infdis/jiu158
https://doi.org/10.1016/S1473-3099(17)30243-8
https://doi.org/10.1093/infdis/jit388
https://doi.org/10.1016/0006-8993(95)00490-h
https://doi.org/10.1016/j.neurobiolaging.2006.06.007
https://doi.org/10.1016/j.neulet.2004.03.088
https://doi.org/10.1128/mbio.01483-24

Research Article

36.

37.

September 2024 Volume 15

Froldi M, Castagna A, Parma M, Piona A, Tedeschi A, Miadonna A, Lorini
M, Orazio EN, Lazzarin A. 1992. Mediator release in cerebrospinal fluid of
human immunodeficiency virus-positive patients with central nervous
system involvement. J Neuroimmunol 38:155-161. https://doi.org/10.
1016/0165-5728(92)90100-y

Mayatepek E, Flock B, Zelezny R, Kreutzer K, von Giesen HJ. 1999. LTB4
and LTC4 are absent in the cerebrospinal fluid of human immunodefi-
ciency virus type 1-seropositive persons with toxoplasmic encephalitis:
evidence for inhibition of 5-lipoxygenase by Toxoplasma gondii. J Infect
Dis 179:714-716. https://doi.org/10.1086/314619

Issue 9

38.

39.

mBio

Leopold Wager CM, Hole CR, Wozniak KL, Olszewski MA, Mueller M,
Wormley FL. 2015. STAT1 signaling within macrophages is required for
antifungal activity against Cryptococcus neoformans. Infect Immun
83:4513-4527. https://doi.org/10.1128/IA1.00935-15

Leopold Wager CM, Hole CR, Campuzano A, Castro-Lopez N, Cai H,
Caballero Van Dyke MC, Wozniak KL, Wang Y, Wormley FL. 2018. IFN-y
immune priming of macrophages in vivo induces prolonged STAT1
binding and protection against Cryptococcus neoformans. PLoS Pathog
14:21007358. https://doi.org/10.1371/journal.ppat.1007358

10.1128/mbio.01483-2417


https://doi.org/10.1016/0165-5728(92)90100-y
https://doi.org/10.1086/314619
https://doi.org/10.1128/IAI.00935-15
https://doi.org/10.1371/journal.ppat.1007358
https://doi.org/10.1128/mbio.01483-24

	Inhibition of host 5-lipoxygenase reduces overexuberant inflammatory responses and mortality associated with Cryptococcus meningoencephalitis
	RESULTS
	Host 5-lipoxygenase is not necessary to control dissemination of Cryptococcus yeast to the brain
	5-Lipoxygenase deficiency does not alter pulmonary leukocyte infiltration during C. deneoformans pulmonary infection
	5-Lipoxygenase-deficient mice demonstrate reduced mortality against C. deneoformans
	Reduced levels of cytokines associated with exacerbation of C-IRIS and less leukocyte cellular infiltrates are observed in brain tissues of 5-lipoxygenase-deficient mice infected with C. deneoformans
	Inhibition of host 5-lipoxygenase results in a significant delay in signs associated with disease and mortality associated with Cryptococcus meningoencephalitis

	DISCUSSION
	MATERIALS AND METHODS
	Mice
	Strains and media
	Pulmonary cryptococcal infections and fungal burden
	Pulmonary leukocyte isolation
	Pulmonary macrophage anti-cryptococcal killing assay
	Flow cytometry
	Cytokine analysis
	Histology
	Statistical analysis.



