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All hands on Dec: Treating
cryptococcosis with dectin decorated
liposomes loaded with antifungals

Tuyetnhu Pham,1,4 Ran Shi,2,4 Suresh Ambati,3,4 Richard Meagher,3,* and Xiaorong Lin1,2,5,*
SUMMARY

Systemic cryptococcosis is often fatal even with the current antifungal therapy and there is no vaccine
available. Induction therapy with amphotericin B (AmB) is essential for its treatment, which can be either
in the formofAmBdeoxycholate at 1mg/kg/day for 7 days or a single dose of liposomal AmB (AmB-LLs) at
10mg/kg, both in combinationwith flucytosine. AmB is highly toxic and it is imperative to further increase
its efficacy without increasing its toxicity. Previously, we developed a targeted antifungal drug delivery
system (DectiSome) that uses liposomes decorated with host-pathogen receptor dectins to target AmB
to fungal cells. Here, we showed that a single dose of Dectin-2 coated liposomal AmB, relative to AmB-
LLs, reduced fungal burden and prolonged animal survival in themurinemodel of systemic cryptococcosis.
Our results demonstrate that DectiSomes are a promising antifungal delivery system that could improve
cryptococcosis therapy in the future.

INTRODUCTION

Cryptococcalmeningitis is fatal without treatment. Themost commonperpetrator of this disease is the environmental fungus�Cryptococcus

neoformans. Exposure to this fungus through the inhalation of desiccated yeasts or spores is universal.1–6 In immunocompetent individuals,

this organism typically remains dormant in the lungs or gets cleared. However, individuals with chronic lung diseases or impaired pulmonary

histiocytes can develop primary pulmonary cryptococcosis.7–12 Primary pulmonary cryptococcosis is predominately found in the form of gran-

ulomas or masses, and can evolve into systemic cryptococcosis.7,9–11,13 Systemic cryptococcosis occurs most frequently in immunocompro-

mised individuals such as patients with AIDS or transplant recipients taking immunosuppressive drugs. Once this fungus disseminates from

the lungs, it invariably penetrates the central nervous system, causing the deadly cryptococcal meningoencephalitis.5,6,14–22 TheWorld Health

Organization (WHO) estimated approximately 112,000 cryptococcal-related deaths each year, with C. neoformans alone responsible for 19%

of AIDS-related deaths.23,24 By the time patients are diagnosed with cryptococcal meningitis, they often carry a high fungal load in the brain

with a median of 104-105 yeast cells/mL in their cerebrospinal fluid (CSF).23,25 The challenges of preventing and managing this fungal disease

prompted the WHO to list C. neoformans as a critical fungal pathogen that urgently needs to be controlled.

Themanagement of cryptococcosis relies on antifungal drug therapy. Patients diagnosedwith cryptococcal meningitis are recommended

to receive amphotericin B (AmB) deoxycholate intravenously infused for two to 6 h per day for 7 to 14 days. AmB binds to ergosterol and

disrupts the integrity of fungal cell membrane; however, it also has an affinity to the host cholesterol, leading to serious toxic effects such

as anaphylaxis, anemia, hypomagnesemia, hypokalaemia, and nephrotoxicity.26 Therefore, patients receiving AmB must be hospitalized

and monitored closely. Consequently, AmB is only used in induction therapy, and it is unsuitable for long-term use.27 Despite these limita-

tions, AmB remains the most effective and the only fungicidal drug to treat cryptococcosis since the 1950s. To lessen AmB nephrotoxicity, a

safer formulation, liposomal AmB (AmB-LLs, AmBisome), was developed.28 AmB-LLs have a longer plasma lifetime29,30 and are less toxic per

dose of AmB,29 but they require higher doses. In 2018, theWHO recommended induction therapy using 1 mg/kg of AmB deoxycholate or 3–

10 mg/kg of AmB-LLs intravenously infused for two to 6 h for 7 to 14 days. It is worth noting that patients with AIDS need to be treated for

cryptococcal meningitis first before the initialization of antiretroviral therapy to prevent cryptococcal immune reconstitution inflammatory syn-

drome (C-IRIS).23,27 The challenges associated with the antifungal treatment and the financial burden associated with a lengthy hospital stay

present amajor barrier tomanaging this fungal disease, particularly in resource-limited settings.23,27,31 The latter motivated the recent clinical

trials to shorten AmB therapy.25,32 These trials demonstrate that a single-dose AmB-LLs (10 mg/kg) with either flucytosine (100 mg/kg/day) or

fluconazole (800–1200 mg/day) showed significantly fewer adverse effects without compromising treatment efficacy compared to AmB of
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1 mg/kg/day coupled with flucytosine (100 mg/kg/day) for 7 days, followed by fluconazole (1,200 mg/day) for 7 days. These new results

prompted theWHO to update their treatment guideline in 2022, promoting the use of single-dose AmB-LLs.26 Despite these improvements,

the 10-week mortality rates of patients with cryptococcal meningitis receiving the recommended AmB-LLs treatment are still above 25%.25

One approach to further increase AmB efficacy is targeted delivery of the drug to the fungus itself and away from the host. For that pur-

pose, we developed dectin-decorated liposomal AmB (DectiSomes). Dectins are C-type lectin receptor proteins (CLRs) expressed primarily

by dendritic cells and other lymphoid cell types.33 These host receptors recognize oligoglycans embellished on the fungal cell surface or

extracellular matrix and initiate an immune response.34–37 For instance, Dectin 1 recognizes b-glucans, while Dectin 2 and Dectin 3 recognize

a-mannans, both of which are highly abundant in the majority of pathogenic fungi.38–40 Previously, we demonstrated that relative to control

liposomal amphotericin B (AmB-LLs), Dec2-AmB-LLs is effective in reducing the fungal burden and prolonging animal survival in pulmonary

aspergillosis, systemic candidiasis, and pulmonary mucormycosis murine models.33,37,41–44 We have yet to test the effectiveness of

DectiSomes in treating cryptococcosis as this disease presents unique challenges: 1. Cryptococcus is naturally resistant to the newer echino-

candin class of antifungals. Therefore, AmB is essential for the treatment of cryptococcosis. 2. Becausemeningitis is themost common clinical

manifestation of cryptococcosis, the antifungal drug needs to penetrate the brain in addition to other body sites. 3. Failure of the eradication

of the fungus results in high relapse frequency, and approximately 90% of relapse cases are caused by the original isolates.45 Because man-

nans presented in the capsule are more accessible than b-glucans in the cell wall, we opted to assess if DectiSomes, specifically Dec2-AmB-

LLs and Dec3-AmB-LLs, can outperform AmB-LLs in animal models of pulmonary cryptococcosis and systemic cryptococcosis.
RESULTS

DectiSomes bind to cryptococcus cells efficiently in vitro

We postulate that for DectiSomes to be more effective than the control AmB-LLs against Cryptococcus, they must be able to recognize the

fungus more efficiently. To that end, we measured liposomal binding affinity to cryptococcal colonies grown in vitro on the surface of agar

using DectiSomes and the control AmB-LLs that carry a red fluorescent dye rhodamine (Figure 1A). Based on fluorescent images, both

Dec2-AmB-LLs and Dec3-AmB-LLs bound strongly to cryptococcal colonies relative to AmB-LLs (Figure 1A), and the latter gave little if

any detectable rhodamine signal. The uneven distribution of fluorescence is not unexpected given our previous findings that these

DectiSomes more often bind to patches of extracellular matrix polysaccharides than to the cell wall. Further, the liposomes we use are

too big (�100 nm) to easily penetrate the fungal cell wall.42,43 Quantifying the area of fluorescent liposome binding from multiple images

revealed that Dec2-AmB-LLs and Dec3-AmB-LLs bound 6,500-fold (p= 8.13 10�6) and 8,300-fold (p= 2.53 10�6) larger area than the control

AmB-LLs, respectively (Figure 1B).
DectiSomes without amphotericin B have no significant antifungal activity

Since dectins have the capacity to trigger an immune response, we asked if DectiSomes without the antifungal drug AmB promote the host’s

antifungal activity. To answer this question, we first infectedmice intravenously with cryptococcal cells at 13 104 cells per mouse. On day four

post-infection (DPI 4), we administered plain liposomes lacking a targeting protein (Ls), Dec2-Ls, and Dec3-Ls intravenously to the infected

mice. At DPI 8, we terminated the experiment, dissected the brains, lungs, and kidneys, and measured the fungal burden in these tissues

(Figure 1C). In the brains, the fungal burdens for the control Ls, Dec2-Ls, and Dec3-Ls were indistinguishable (median 5.0 3 106 CFU,

7.0 3 106 CFU, and 4.2 3 106 CFU respectively with no statistically significant difference). Likewise, the fungal burdens in the kidneys were

comparable among the control Ls, Dec2-Ls, and Dec3-Ls (median 6.2 3 103 CFU, 6.2 3 103 CFU, and 5.7 3 103 CFU respectively). We

observed much lower and more varied fungal burdens in the lungs in this systemic infection model (median for the control Ls, Dec2-Ls,

and Dec3-Ls being 1.84 3 103 CFU, 4.2 3 103 CFU, and 0.72 3 103 CFU, respectively) (Figure 1D). This result suggests that empty Dectin-

coated-liposomes themselves do not induce any significant antifungal activity in the host.
Untargeted liposomal amphotericin B effectively treated pulmonary cryptococcosis at 2.5 mg/kg amphotericin B

The natural route of Cryptococcus infection is through inhalation, and the lungs are the initial site of infection. However, pulmonary crypto-

coccosis is often underdiagnosed, which can turn deadly when the fungus disseminates. A study shows that 66.7% of immunocompetent in-

dividuals with pulmonary cryptococcosis had an infection disseminated to the central nervous system at the time of diagnosis.46 To study the

efficacy of DectiSomes in treating Cryptococcus pneumonia, we infected mice intranasally with cryptococcal cells at 13 105 CFU per animal.

Given the muchmore rapid metabolism of mice relative to humans,47 we decided to treat the infected mice twice intranasally� once at DPI 2

and another time at DPI 3 with Ls, AmB-LLs, Dec2-AmB-LLs, or Dec3-AmB-LLs. Because the typical dose of liposomal AmB used in murine

models ranges from 3 to 20 mg/kg/day,48 we decided to use a slightly lower AmB dose: 2.5 mg/kg. We terminated the experiment at DPI 4

andmeasured the lung fungal burden (Figure 1E). As expected, the control group receiving Ls showed a high fungal burden in the lungs, with

amedian fungal burden of 5.453 105 CFU (Figure 1F). In comparison, groups receiving AmB-LLs, Dec2-AmB-LLs, andDec3-AmB-LLs showed

over 100-fold reduction in the fungal load, with the median fungal burden 3.053 103 CFU, 3.353 103 CFU, and 8.353 103 CFU, respectively

(Figure 1F). Larger variations were observed in these AmB-LL treatment groups where fungal burdens were relatively low. There were no sta-

tistically significant differences among the groups, suggesting that DectiSomes with AmB have at least comparable antifungal activity as

AmB-LLs in this pulmonary cryptococcosis model. As we wondered if a single dose treatment was sufficient in this model, we included a small

sample of one or two mice per group that were treated only once at DPI 2. We did not see much difference in fungal burden between mice
2 iScience 27, 110349, July 19, 2024
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Figure 1. DectiSomes display a higher affinity to Cryptococcus neoformans and are effective against pulmonary cryptococcosis

(A) All liposomes carried the fluorescent dye rhodamine (red). Cryptococcal cells in colonies grown on the surface of agar were stained with calcofluor white (blue).

DectiSomes (Dec2-AmB-LLs and Dec3-AmB-LLs) bound to a larger area of the fungal colonies in comparison to AmB-LLs. Scale bar: 20 mm.

(B) Quantification of rhodamine fluorescent signals of images like panel A indicating more efficient binding of DectiSomes in comparison to undecorated

liposomes (N = 10 images). Student’s t test (**** p-value:<0.0001).

(C) Diagram of the intravenous infection and intravenous treatment regimen with empty liposomes for panel D.

(D) Fungal burden of the lungs, brain, and kidney for the 5 mice treated with either empty Ls, empty Dec2-LLs, or empty Dec3-LLs (i.e., lacking AmB).

(E) Diagram of the intranasal infection and two rounds of the intranasal treatment regimen for panel F.

(F) Lung fungal burdens for the 5mice treatedwith either Ls, AmB-LLs, Dec2-AmB-LLs, or Dec3-AmB-LLs. There were significant differences between the negative

control Ls and the AmB-containing groups, but no significant difference between AmB-containing groups.

(G) Diagram of the intranasal infection and intranasal treatment regimen for panel H.

(H) Lung fungal burdens for the 5 mice treated with either Ls, AmB-LLs, Dec2-AmB-LLs, or Dec3-AmB-LLs. There were significant differences between the

negative control and the AmB-containing groups. D, F, and H: Mann-Whitney-Wilcoxon test (***p=<0.001; **p=<0.01; *p=<0.05; ns: not significant).
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treated with one dose and those treated with two doses (Figure S1). This suggests that one dose of DectiSomes or AmB-LLs is sufficient in

reducing the fungal burden at this magnitude in mice. However, we could not distinguish AmB-LLs from DectiSomes using this dose and

regimen.

Lowering the dose of amphotericin B revealed better efficacy of DectiSomes compared to liposomal amphotericin B in

treating pulmonary cryptococcosis

Based on our previous experience in candidiasis or aspergillosis models, it was challenging to determine the superiority of DectiSomes to

AmB-LLs when AmB dosage was high.41,44 Therefore, we repeated the pulmonary cryptococcosis experiment with doses of AmB lower
iScience 27, 110349, July 19, 2024 3
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than 2.5 mg/kg. Here, we administered Ls, AmB-LLs, Dec2-AmB-LLs, or Dec3-AmB-LLs intranasally into the cryptococcal infectedmice at DPI

2 with AmB at 1.5 mg/kg or 0.25 mg/kg. We terminated the experiment at DPI 4 andmeasured the fungal burden (Figure 1G). In the negative

control group that received Ls, the median fungal load of the lungs was 7.953 105 CFU, similar to the previous experiment (Figure 1H). The

groups of mice receiving AmB-LLs, Dec2-AmB-LLs, and Dec3-AmB-LLs with the exceptionally low dose of AmB (0.25 mg/kg) showed a sta-

tistically significant 10-fold reduction in fungal burden compared tomice treated Ls, withmedian values of 6.693 104 CFU, 8.23 104 CFU, and

3.1 3 104 CFU, respectively (Figure 1H).

For the groups of mice that received AmB at 1.5 mg/kg, themedian fungal load of the lungs for AmB-LLs, Dec2-AmB-LLs, and Dec3-AmB-

LLs were 273 103 CFU, 0.743 103 CFU, and 0.113 103 CFU respectively (Figure 1H). Remarkably, the groups receiving DectiSomes contain-

ing AmB at 1.5 mg/kg showed a 300 to 500-fold or more reduction in fungal burden compared to the negative control liposomal group and a

modest reduction in fungal burden compared to the AmB-LLs treatment group (Figure 1H). As DectiSomes can significantly reduce the fungal

load in mice with pulmonary cryptococcosis, we then tested the efficacy of DectiSomes against systemic cryptococcosis.
Dec2-liposomal amphotericin B are more effective than liposomal amphotericin B in lowering fungal burden in all organs

examined in the systemic cryptococcosis model

For individuals who are immunocompromised due to HIV infection or immune-suppressing therapies because of organ transplant or cancer,

this fungus often disseminates extrapulmonarily through the bloodstream. C. neoformans can infect almost any organ, with a predisposition

to the brain. As systemic cryptococcosis or cryptococcal meningitis has themost devastating impact on public health, we decided to examine

whether DectiSomes will be effective in a systemic cryptococcal infection model. To do so, we infected mice with cryptococcal cells intrave-

nously at the inoculum of 13 106 CFU/animal. At 24 h post-infection, we treated themice with Ls, AmB-LLs, Dec2-AmB-LLs, or Dec3-AmB-LLs

at the dose of 5 mg/kg of AmB intravenously. We chose 5 mg/kg because this is one of the lower doses used in previous liposomal AmB

studies in mice with systemic cryptococcosis.29 The infected mice were monitored until DPI 8 (Figure 2A). As expected, mice receiving Ls

became moribund prior to DPI 8, with a median survival of only 6 days (Figure 2H and data not shown). Mice in the other treatment groups

survived and were terminated at DPI 8. Because different organs could accumulate different levels of AmB after AmB-LLs treatment,49 we

measured the fungal burden in five organs: brains, lungs, livers, spleens, and kidneys. As expected, the negative control mice receiving Ls

showed the highest fungal burden in the brains (293 3 105 CFU), followed by the liver (4.23 3 105), kidneys (2.15 3 105 CFU), lungs

(0.8753 105 CFU), and spleen (0.5243 105) at the time of euthanization (Figures 2B–2F). Treatment with AmB-LLs provided a 10-fold reduction

in fungal burden in all organs examined at DPI 8. Dec3-AmB-LLs performed similarly to AmB-LLs. Remarkably, mice treated with Dec2-AmB-

LLs provided a further reduction in fungal burden in all organs examined, with another 100-fold reduction in the brains even compared tomice

receiving AmB-LLs (Figures 2B–2F). This result indicates that Dec2-AmB-LLs is the most effective therapy for treating systemic cryptococcosis

infections.
Dec2-liposomal amphotericin B prolonged animal survival

To determine if the dramatic effect of Dec2-AmB-LLs on fungal burden reduction translates into improved animal survival, we performed a

survival experiment comparing the efficacy of Dec2-AmB-LLs to AmB-LLs. Here, we infected mice intravenously with C. neoformans at the

inoculum of 5 3 106 CFU/animal. At 24 h post-infection, we treated the mice intravenously with Ls, AmB-LLs, or Dec2-AmB-LLs at the

dose of 5 mg/kg of AmB. The infected mice were monitored for 25 days (Figure 2G). Consistent with our earlier data, the negative control

mice had a median survival of 6 days (Figure 2H). The AmB-LLs group had a median survival of 14 days. Mice treated with Dec2-AmB-LLs

had a prolonged median survival of 18.5 days (Figure 2H). Additionally, more mice survived at DPI 25 when treated with Dec2-AmB-LLs in

comparison to AmB-LLs (Figure 2H).

Previously we had observed that relative to untargeted AmB-LLs, more DectiSomes accumulated in association withAspergillus fumigatus

colonies in the lung sections44 and Candida albicans colonies in the kidneys.41 When we examined fresh sections of brains of C. neoformans

infected mice at 24 h post treatment with either AmB-LLs or Dec2-AmB-LLs, we observed more red fluorescent Dec2-AmB-LLs accumulating

in association with cryptococcal cells than the AmB-LLs (Figure 2I).

Collectively, our data indicate that Dec2-AmB-LLs are more effective than AmB-LLs in both pulmonary and systemic cryptococcosis in an-

imal models. We hope that this promising drug delivery platform of using Dec2-AmB-LLs can translate to shortened hospital stays, improved

fungal clearance, and reduced mortality rates in patients with cryptococcal meningitis in the future.
DISCUSSION

Cryptococcosis is a deadly disease without treatment, therefore it is pertinent to find a successful antifungal therapy with limited side effects.

Currently, the first line of treatment against this deadly disease is with the use of amphotericin B. AmB is effective, but is also highly toxic as it

targets cholesterol to a lesser extent. To minimize the host toxicity of AmB, liposomal amphotericin B (AmB-LLs, AmBisome) was developed.

However, even with AmB-LLs, the efficacy of the drug is still unsatisfactory. Therefore, our group has developed a targeted drug delivery plat-

form using host dectin-coated liposomes loadedwith amphotericin B, known asDectiSomes. To test the efficacy of this targeteddrug delivery

against cryptococcal infection, we turnedour attention to the pulmonary and systemic cryptococcosismurinemodels. Unlike aspergillosis and

candidiasis, cryptococcosis is difficult to treat with AmB in mouse models.
4 iScience 27, 110349, July 19, 2024
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Figure 2. Dec2-AmB-LLs lower fungal burden and extend the life expectancy in mice with systemic cryptococcosis compared to AmB-LLs

(A) Diagram of the intravenous infection and intravenous treatment regimen for panels B-F.

(B–F) Fungal burden of the lungs, brain, kidney, liver, and spleen for the 11 mice treated with Ls or AmB-LLs, and the 5 mice treated with Dec2-AmB-LLs or Dec3-

AmB-LLs. Fungal burdens for the 11 mice in the negative control group were obtained at the time of euthanization when infected mice became moribund. The

data for all the other groups were obtained from surviving mice at DPI 8.

(G) Diagram of the intravenous infection and intravenous treatment regimen for animal survival experiment in panel H.

(H) Survival curve for mice with systemic cryptococcosis when treated with Ls, AmB-LLs, Dec2-AmB-LLs, and Dec3-AmB-LLs intravenously (10 mice per group).

(I) Coronal sections of the brain revealed red fluorescent Dec2-AmB-LLs concentrated in the vicinity of calcofluor white stained fungal cells, while AmB-LLs were

only rarely observed near fungal cells. A scale bar (50 microns) indicates the degree of magnification. (B–F) Mann-Whitney-Wilcoxon test (***p=<0.001;

**p=<0.01; *p=<0.05; ns: not significant). (H) Log-rank test (***p=<0.001; **p=<0.01; *p=<0.05; ns: not significant).
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Previously, we have shown that DectiSomes most often bind to extracellular matrix materials than to the cell wall in this and other fungal

species. In Figure 1A, the agar plugs were 8mm in diameter and containedmany colonies, each of�100 mm, and the various DectiSomes bind

to the somewhat randomly distributed exopolysaccharide matrix as we expected. Nevertheless, our in vitro and in vivo data showed that

DectiSomes bind more efficiently to regions where fungal cells are than naked liposomal AmB. We found infected mice treated with empty

liposomes or with empty DectiSomes succumbed to cryptococcosis similarly as infected mice without any treatment based on our previous

work,50 with similar fungal burdens in the lungs, brains, and kidneys. Thus, it is reasonable to conclude that empty liposomes or empty dectin-

coated liposomes do not provide any significant antifungal activity.Whenmicewith pulmonary cryptococcosis were treatedwith DectiSomes,

we saw at least a 100-fold reduction in the fungal burden compared to untreatedmice, and a higher reduction compared to AmB-LLs treated

mice. Interestingly, when treated mice with two doses within a close interval, we did not observe an obvious increase in antifungal efficacy

compared to the one dose regimen. This was surprising to us at that time but it is not unexpected in retrospect. In the clinical setting, it

has been shown that one week of liposomal AmB treatment is not inferior to two weeks of liposomal AmB treatment.49 That result led to

the revised treatment guidelines to shorten the duration of AmB treatment. Now one high dose of liposomal AmB used in the clinical trial
iScience 27, 110349, July 19, 2024 5
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has been promoted as the preferred treatment with benefits of reduced host toxicity, reduced hospital stay, and increased treatment feasi-

bility for many patients. It is possible that DectiSomes could further improve the treatment outcome in the future.

Delivering drugs across BBB has always been a challenge. Although liposomes aremore flexible than other types of nanoparticles because

they could deform and potentially squeeze through the intercellular space, liposomal delivery of AmB to the brain is at one or two orders of

magnitude lower levels than other organs such as liver, kidney, or lung.29,51–55 Consequently, AmB at 5 mg/kg or higher (10 or 20 mg/kg) are

typically used in mouse models to treat systemic cryptococcosis.29,49 Here, we used AmB at 5 mg/kg. We found that mice treated with Dec2-

AmB-LLs at this dose had a significantly lower fungal burden (10–100-fold) compared to those treated with AmB-LLs. It is particularly exciting

that DectiSomes are more effective in reducing fungal burden in the brain. Moreover, mice treated with Dec2-AmB-LLs had longer survival.

Collectively, our findings indicate that DectiSomes are not inferior to AmB-LLs in the pulmonary cryptococcosis model and they are superior

to AmB-LLs against systemic cryptococcosis. Given that meningitis is the fatal clinical manifestation of systemic cryptococcosis, DectiSomes

can be a promising method of targeted drug delivery against cryptococcal meningitis to improve the outcome of antifungal therapy.

Limitations of the study

(1) In this study, 10 or fewer mice were used each group for survival experiments and five mice in general were used for fungal burden

experiments. Given the variations that we observed among individual mice, increasing the number of mice per group would improve

our power in decerning the differences between treatment groups. This will demand a scale up of our production of DectiSomes and

AmB-LLs, a goal of our future endeavors.

(2) The liposomes used here and in previous studies are approximately 100 mm in diameter, which may not be ideal to deliver AmB across

the blood-brain barrier. Several studies have shown that after the intravenous administration of liposomal AmB, the AmB concentra-

tions in the brain are 100-fold lower compared to other organs. In some cases, the brain AmB levels are even below detection.29 In

future studies, we would like to examine if decreasing the size of liposomes/DectiSomes would enable more efficient BBB crossing

and further improve treatment outcome.

(3) Due to the limited materials, we only tested few concentrations of AmB in the pulmonary cryptococcosis model and only one dose of

AmB in the systemic cryptococcosis model. We would like to test a range of AmB concentrations to find the lowest drug concentration

of DectiSomes that provide the best therapeutic outcome.
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Biological samples

Female CD-1 mice Charles Rivers Laboratory N/A

Cryptococcus neoformans (H99) Duke University N/A
RESOURCE AVAILABILITY

Lead contact

Further information and requests should be directed to the lead contact, Xiaorong Lin (Xiaorong.Lin@uga.edu).

Materials availability

All reagents are commercially available. Procedures are described in the methods.

Data and code availability

� All of the data supporting this study are presented herein.

� No code was generated for this study.
� Any additional information required is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Fungal strain and growth conditions

The highly virulent clinicalCryptococcus neoformans isolate, H99, was used in all experiments in this study. The fungal strain was stored in 15%

glycerol at �80�C. It was streaked out and cultured on yeast peptone D-glucose (YPD) medium at 30�C prior to use. For the in vitro binding

experiment, cells were plated onto RPMI + MOPS plates or grown in liquid YPD medium shaking at 200 rpm and incubated at 30�C.

Mice

Female CD-1 mice of 19–21 g in body weight and approximately 2 months old in age were purchased from the Charles River laboratories.

Mice were acclimated to the UGA central animal facility prior to infection. This study was performed according to the guidelines of NIH

and the University of Georgia Institutional Animal Care and Use Committee (IACUC). The animal models and procedures used have been

approved by the IACUC (AUP protocol numbers: A2020 06–015 and A2023 03–033).

METHODS DETAILS

Construction of DectiSomes

Sterile pegylated 100-nm diameter liposomes were obtained from FormuMax Sci. Inc. (DSPC–CHOL–mPEG2000-DSPE, 53:47:5 mol ratio,

FormuMax F10203A). Amphotericin B was remotely loaded into liposomes (AmB-LLs) with 11 mol percent AmB intercalated into the outer

membrane relative to moles of membrane lipid. Loading was quantified by the substrative method, making use of the strong absorption

peak of AmB at A407 and standard AmB solutions as we described in detail previously.43 The compositions of AmB-LLs are similar to the

commercial formulation of AmBisome except that AmB-LLs contain pegylated lipids. Pegylation stabilizes liposomes (a.k.a., stealth lipo-

somes) and extends their half-life.56 Relative tomoles of lipid, 1mol percent of the CRD (carbohydrate recognition domain) domains ofmouse

Dectin-2 or Dectin-3 proteins were coupled to the lipid carrier DSPE-PEG-3400-NHS (Nanosoft Polymers, 1544–3400) and integrated into

AmB-LLs via their DSPE moiety42 to make Dec2-AmB-LLs and Dec3-AmB-LLs.41,44 DectiSomes and AmB-LLs for fluorescence quantification

contain 2 mol percent rhodamine tethered to a lipid carrier integrated into the liposomal membrane.42,43 The remote loading of the dectins

and rhodamine is quantitative, approaching 100%. Liposomes were dialyzed and stored in TAS2 buffer (pH 7.5, 20 mM Tris base, 8 mM acetic

acid, 1 mM b-mercaptoethanol, and 9%w/v sucrose) at 4�C. b-mercaptoethanol is replenished at 0.5 mMeverymonth. DectiSomes are stable

and fully active in binding their ligands after 6 months of storage at 4�C.

In vitro liposome binding assay

Agar plugs (8mmdiameter) withC. neoformans colonies were removed from the RPMImediumplates with a cork borer, washed in PBS, fixed

with 4% formalin, and washed three more times with PBS prior to staining. DectiSomes tagged with rhodamine B were diluted in liposome

dilution buffer (20 mM HEPES, 10 mM triethanolamine, 150 mM NaCl, 10 mM CaCl2, 1 mM b-mercaptoethanol, pH 8.0) to reach the final
iScience 27, 110349, July 19, 2024 9
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concentration of dectin proteins at 1:200 w/v. DectiSomes and control AmB-LLs (at the same relative dilution) were incubated with the agar

plugs for 1 h at 22�C with mild agitation. Agar plugs were washed four times with PBS. Cells were co-stained with calcofluor white to reveal

chitin in the fungal cell wall.
Brain tissue liposome binding assay

Brain tissue liposome binding assay: At 24 h post-infection (DPI 1), mice were treated intravenously with Dec2-AmB-LLs or control AmB-LLs,

andwere euthanized at day 2 post-infection (DPI 2). Brains were dissected, hand sectioned in the coronal planewith a razor blade, stainedwith

calcofluor white (20 mM) for 10 min, and viewed top down under a glass coverslip. We examined coronal sections of the frontal cortex and

round cryptococcal cells were identified by their blue fluorescence visualized through the DAPI channel while Dec2-AmB-LLs or control

AmB-LLs were visualized in the Texas Red channel using a 103 NA 0.35 lens.
Microscopy

The agar plugs (8 mm in diameter) containing cryptococcal colonies were transferred to a 24-well microtiter plate, treated with rhodamine B

tagged DectiSome (1:200 w:v, protein:buffer) or control an equivalent amount of AmB-LLs, stained with calcofluor white (20 mM), and exam-

ined under a REVOLVE R4 (Upright & Inverted) epifluorescence microscope with a 203 NA 0.8 objective lens. Images were acquired using

DAPI (Ex380/Em450) filters for the calcofluor white stained chitin and Texas RED (Ex560/Em630) filters for rhodamine-tagged liposomes.

Quantification of area of red fluorescence (pixels) frombatches ofmicroscopic images in the Texas RED channel was standardized and carried

out using our recently developed Cell Profiler program, AreaPipe.57
Murine models of cryptococcosis

Infection

The clinicalCryptococcus neoformansH99 strainwas cultured in 3mLof liquid YPDmediumat an initial inoculumof�106 cells permL, shaking

at 220 rpm at 30�C for 15 h. Cells were washed three times with sterile saline and adjusted to the appropriate concentrations. For the pulmo-

nary cryptococcosis model, mice were sedated with Ketamine and Xylazine via intraperitoneal injection.50,58–61 Sedated mice hung on a cot-

ton line by their incisors were inoculated slowly with 50 mL of fungal cell suspension to one of their nares.50,58–61 For the systemic cryptococ-

cosis model, mice were sedatedwith isoflurane in an inhalation chamber and the sedatedmice were immediately inoculated intravenously via

the retro-orbital route with 100 mL of fungal cell suspension.50,59,60 Mice were monitored and euthanized at the pre-designed time point for

fungal burden experiments. For the survival experiment, mice were monitored and terminated when they reached clinical endpoints as

defined in our animal protocols.

Treatment

Ls, AmB-LLs, Dec2-AmB-LLs, and Dec3-AmB-LLs were prepared to the final concentration required.33,41–44 For inhalation treatments in the

pulmonary infection model, mice were sedated with Ketamine and Xylazine via intraperitoneal injection.6,58–60 Sedated mice were then

administered intranasally with 50 mL of the different treatments as indicated in the texts. For intravenous administration of the antifungals

in the systemic infection model, mice were sedated with isoflurane via an inhalation chamber and the infected mice were inoculated imme-

diately via retro-orbital with 100 mL of the drugs.
Fungal burden analysis

At the indicated time of euthanization, specific organs were obtained based on the experimental design. The organs (lungs, kidneys, spleens,

livers, or brains) were dissected from euthanized mice and homogenized in 2 mL of cold PBS using an IKA-T18 homogenizer with the same

setting for each type of organ.21,50,58–61 The homogenized tissue suspensions were serially diluted (10x), plated onto yeast nitrogen base

(YNB) agar medium, and incubated at 30�C for 2 days such that the colonies became visible to count colony forming units (CFUs).
QUANTIFICATION AND STATISTICAL ANALYSIS

The fluorescent image data were initially processed in Microsoft Excel (version 16.76) and moved into GraphPad Prism version 9.0 for graphic

presentation. Statistical data for DectiSome and AmB-LLs fluorescence binding assay were analyzed using Student’s t test. Statistical data for

fungal burdens measured in colonies forming units were analyzed using Mann-Whitney nonparametric t-test and Student’s t test. The signif-

icance of survival data between each treatment was measured using the log rank Mantel-Cox test. Any p-values lower than 0.05 were consid-

ered statistically significant. All statistical analyses were performed in GraphPad Prism.
10 iScience 27, 110349, July 19, 2024


	ISCI110349_proof_v27i7.pdf
	All hands on Dec: Treating cryptococcosis with dectin decorated liposomes loaded with antifungals
	Introduction
	Results
	DectiSomes bind to cryptococcus cells efficiently in vitro
	DectiSomes without amphotericin B have no significant antifungal activity
	Untargeted liposomal amphotericin B effectively treated pulmonary cryptococcosis at 2.5 mg/kg amphotericin B
	Lowering the dose of amphotericin B revealed better efficacy of DectiSomes compared to liposomal amphotericin B in treating ...
	Dec2-liposomal amphotericin B are more effective than liposomal amphotericin B in lowering fungal burden in all organs exam ...
	Dec2-liposomal amphotericin B prolonged animal survival

	Discussion
	Limitations of the study

	Supplemental information
	Acknowledgments
	Author contributions
	Declaration of interests
	References
	STAR★Methods
	Key resources table
	Resource availability
	Lead contact
	Materials availability
	Data and code availability

	Experimental model and study participant details
	Fungal strain and growth conditions
	Mice

	Methods details
	Construction of DectiSomes
	In vitro liposome binding assay
	Brain tissue liposome binding assay
	Microscopy
	Murine models of cryptococcosis
	Infection
	Treatment

	Fungal burden analysis

	Quantification and statistical analysis




