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Abstract: The peptide P10 is a vaccine candidate for Paracoccidioidomycosis, a systemic mycosis
caused by fungal species of the genus Paracoccidioides spp. We have previously shown that peptide
P10 vaccination, in the presence of several different adjuvants, induced a protective cellular immune
response mediated by CD4+ Th1 lymphocytes that was associated with the increased production of
IFN-γ in mice challenged with a virulent isolate of Paracoccidoides brasiliensis. Cationic liposomes
formulated with dioctadecyldimethylammonium and trehalose dibehenate (DDA/TDB, termed also
CAF01–cationic adjuvant formulation) have been developed for safe administration in humans and
CAF01 liposomes are utilized as an adjuvant for modulating a robust Th1/Th17 cellular response.
We evaluated the efficacy of the adsorption of peptide P10 to CAF01 cationic liposomes and used
the generated liposomes to vaccinate C57Bl/6 mice infected with P. brasiliensis. Our results showed
that P10 was efficiently adsorbed onto CAF01 liposomes. The vaccination of infected mice with
cationic liposomes formulated with DDA/TDB 250/50 µg/mL and 20 µg of P10 induced an effective
cellular immune response with increased levels of Th17 cytokines, which correlated with significant
decreases in the fungal burdens in lungs and protective granulomatous tissue responses. Hence,
cationic liposomes of DDA/TDB 250/50 µg/mL with 20 µg of P10 are a promising therapeutic for safely
and effectively improving the treatment of paracoccidioidomycosis.

Keywords: paracoccidioidomycosis; P. brasiliensis; peptide vaccine; adjuvant; CAF01; DDA/TDB;
cationic liposome

1. Introduction

Paracoccidioidomycosis (PCM) is a systemic fungal disease that is due to infection by the
thermally-dimorphic fungi of the genus Paracoccidioides [1]. These pathogens are found in soil as
saprophyte mycelium [1]. Disturbances in the environment can aerosolize hyphal fragments or conidia,
which can be inhaled and subsequently deposited in the alveoli where they undergo morphogenic
transformation to a yeast phase [2]. Paracoccidioides brasiliensis was for many years considered as the
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only species in the genus [3] until Teixeira et al. (2014) described a second species, known as P. lutzii [4].
However, further detailed molecular studies identified that there are five phylogenetic species in the
genus Paracoccidioides: P. lutzii and four cryptic species of the P. brasiliensis: S1, PS2, PS3, and PS4 [5–8].
The formerly aggregated P. brasileinsis species are currently referred to as P. brasiliensis (S1), P. americana
(PS2), P. restrepensis (PS3), P. venezuelensis (PS4), and P. lutzii [3].

PCM principally occurs from the south of Mexico to the north of Argentina, and it is considered
one of the most important systemic fungal infections in the geographic region that corresponds to
Latin America [1]. Antifungal treatment is essential for achieving a cure and durations of therapy are
prolonged, frequently requiring 2 or more years of therapy [2,9]. Two clinical forms are well known.
The acute form (juvenile type) is the more aggressive, frequently systemic manifestation, which affects
children, adolescents, and young adults (30 to 40 years) and is homogenous between genders [2].
The chronic form (adult type) is significantly more common (74% to 96% of PCM cases) and affects
adults between 30 a 60 years of age with males being more commonly afflicted [2].

An efficient cellular immune response is crucial in host defense against fungal pathogens such as
Paracoccidioides spp. [10]. Therapeutic or prophylactic vaccines are important promising tools for the
prevention or treatment of patients with fungal infections [11]. The peptide P10 (QTLIAIHTLAIRYAN)
has been highlighted as a vaccine candidate against PCM [12]. Derived from a P. brasiliensis glycoprotein
of 43kDa (gp43) [13], P10 is considered the main diagnostic antigen [14,15]. Although the orthology of
a glycoprotein of 43kDa in P. lutzii (Plgp43) has only 80% of identity with gp43, both are structurally
related to fungal exo-glucanases [16]. Previous studies have shown that the administration of P10
vaccine with different adjuvants can reduce the fungal burden and elicit a mixed cellular immune
response characterized by a predominant Th1 response with production of IFN-γ, TNF-α and IL-12 in
murine infection models [11,17].

In general, peptides alone are poorly immunogenic and require adjuvants and delivery systems
to be effective [18]. The use of an adjuvant combined with a specific antigen produces a more robust
immune response in experimental PCM compared to the antigen alone [10]. Cationic liposomes
can potentiate subunit vaccines in addition to helping to decrease the vaccine dose required for
efficacy [19]. The amphiphilic synthetic lipid DODAB (dioctadecyldimethylammonium bromide) is a
surfactant-based in ammonium quaternary (DDA), which can function as a cationic liposome that can
be used as a carrier in a drug delivery system and as an adjuvant [20].

The level and quality of an immune response induced by DDA liposomes may be enhanced by the
incorporation of an immunostimulatory compound, such as trehalose dibehenate (TDB) [21], a synthetic
analogue of trehalose dimycolate (TDM), known as a cord factor. However, it is considered unacceptable
for clinical use because it is an important factor in the granulomatous response of mycobacteria [21–24].
Therefore, TDB was modified by replacing long branched mycolic acid (>70 carbons) [25] for two
long 22-carbon acyl chains (behenic acid) [21] resulting in a compound with lower toxicity that retains
its adjuvant activity [26,27]. The modified TBD acts on the Mincle receptor by activating Syk-Card9
signaling in antigen-presenting cells (APCs) [25,28–30].

The combination of DDA with TDB results in the adjuvant known as CAF01 (cationic adjuvant
formulation), which induces a potent immune response with production of high level with IFN-γ, IL-17,
and low levels of IL-5 [21,31]. CAF01 has been tested in phase I clinical trial in humans volunteers
against tuberculosis in combination with Ag85B and ESAT 6 (H1) antigen (H1:CAF01) [32].

In the current study, we have adsorbed the P. brasiliensis peptide P10 onto DDA/TDB adjuvant
(CAF01). Our data shows that P10 with DDA/TDB is a promising adjuvant-boosted vaccine as it
efficiently decreased fungal lung burden in C57Bl/6 mice infected with P. brasiliensis in a therapeutic
study. Additionally, the vaccine increased the levels of pro-inflammatory cytokines, such as IL-17,
in mice with PCM.



J. Fungi 2020, 6, 347 3 of 16

2. Materials and Methods

2.1. Animals

We obtained 6-to 8-week-old male C57BL/6, weighing between 25 to 30 g, from the Animal facility
at Faculdade de Medicina da Universidade de São Paulo under Specific-Pathogen-Free conditions and
transferred to the animal facility at Departamento de Microbiologia do Instituto de Ciências Biomédicas
da Universidade de São Paulo. All procedures were performed according to the guidelines of National
Council of Ethics with Animals (CONCEA) and the protocols were approved by the Ethical Committee
for Animal Use from Institute of Biomedical Sciences at University of Sao Paulo (CEUA ICB USP
certificates 101/2014, approved in 01/12/2014).

2.2. Peptide P10 Preparation

The peptide P10 (QTLIAIHTLAIRYAN) [12] was synthesized and purified by Aminotech
(São Paulo, SP, Brazil) with a purity grade of >94% as confirmed by mass spectrometry and HPLC.
The stock solution (1000 µg/mL) was prepared by adding 20% DMSO (Dimethyl sulfoxide) Sigma
(St. Louis, MO, USA) and 80% 1 mM Tris-buffer (Carlsbad, CA, USA). The stock was aliquoted and
stored in the freezer −20 ◦C until use. The peptide was thawed and just added to liposomes, described
below, with an interaction time of 1 h at 25 ◦C [33].

The Mincle agonist D-(+) trehalose 6,6′-dibehenate (TDB) was obtained as a powder from Avanti
Polar Lipids (Sigma, Alabaster, AL, USA) and stored at−20 ◦C according to manufacturer’s instructions.
The specified quantities were weighed at the time of preparation of liposomes and added to DDA.
The cationic lipid dioctadecyldimethylammonium bromide (DODAB) was purchased from Sigma
(St. Louis, MO, USA), at >98% purity as confirmed by TLC.

2.3. Preparation of Liposome

Unilamellar liposomes of DDA/TDB were prepared by the film hydration method [34,35].
The method consists of dilution of DDA/TDB (5:1) (1.25/0.5 mg/mL) in a mixed solution of
chloroform/methanol (9:1). The removal of organic solvent was achieved by a rotary evaporator and
the process was stopped when a film was observed on the bottom of the bottle. The liposomes were
hydrated with 10 mM tris-buffer for 20 min at a temperature 10 ◦C above transition phase (Tm = 47 ◦C)
until complete hydration occurred and then the liposomes were stored at 4 ◦C for up two weeks [35].

2.4. Determination of Diameter Size, Polydispersity and Zeta Potential of Liposomes

The diameters (Dz), polydispersity index (Pdi), and zeta potential (ζ) of the liposomes were
determined using a Zetasizer (Nano ZS Malvern Instruments, Worcestershire, UK). The samples were
dispersed with 1mM tris-buffer (pH: 7.4) with a dilution rate of 1:300. The refractive index of pure
water (1.0) was used as a baseline [35,36].

2.5. Adsorption Efficiency

The adsorption efficiency of liposomes and antigen was estimated by the following Equation (1) [37,38]:

EE(%) =
Total Antigen − Free Antigen

Total Antigen
× 100% (1)

Free antigen was separated from liposomes by ultracentrifugation and quantified by Qubit protein
assay (Invitrogen, Eugene, OR, USA). For separation, the samples (liposome plus peptide) were
centrifuged at 36,000 rpm (100,000× g, Ultracentrifuge Beckman Coulter Optima XL-100K, rotor type
70.1Ti) for 60 min, 4 ◦C, and then the supernatant with free antigen was collected. The measurements
were performed using 20 µL of samples in 180 µL of working solution (kit Qubit) incubated for 15 min
and read on a Qubit fluorometer.



J. Fungi 2020, 6, 347 4 of 16

2.6. Determination of Liposomes Morphology by Transmission Electronic Microscopy (TEM)

The morphological analysis of unilamellar DDA/TDB liposomes was performed using a Jeol 1200EX
transmission electron microscope with LaB6 filament operating at 80 kV voltage. For measurements,
liposomes samples were diluted in 1 mM tris-buffer (pH: 7.4), 10 µL were placed on a copper grid and
dried at room temperature (approximately 2 min), then the excess was removed with a paper filter
and 10 µL of Uranyl was added. The mixture remained at room temperature for approximately 5 min,
the excess was withdrawn with a paper filter [35].

2.7. Experimental Infection

The well-characterized, virulent isolate P. brasiliensis (Pb18) [39] was used to infect mice via
intratracheal injection. The isolate was maintained by weekly passages on Fava Netto solid medium at
37 ◦C. After 7 to 10 days of growth, yeast cells were transferred to Brain Heart Infusion medium (Becton
and Dickinson, Sparks, MD, USA) supplement with 4% fetal bovine serum (Gibco, Grand Island,
NY, USA) and gentamicin 50,000 mg (Gibco, Grand Island, NY, USA) (40 µg/mL) and then incubated
with rotary shaking at 37 ◦C for 7 days. Yeast cells were collected, washed with Phosphate Buffered
Saline (PBS), pH: 7.2, and passed through a 1 mL syringe attached to a 26-gauge hypodermic needle
to dissociate clustered cells. The cell concentration was determined by counting using a Neubauer’s
chamber. Viability was determined by Trypan blue (Sigma, St. Louis, MO, USA) staining and was
always higher than 90%. C57Bl/6 mice were intraperitoneally anesthetized with 300 µL of a solution of
Xylazine 2 g/100 mL and Ketamine 10 g/mL in PBS buffer (both from União Química Farmacêutica,
São Paulo, Brazil). Then, the mice had their tracheas exposed for injection with a 50 µL of a solution
containing 3 × 105 yeasts of Pb18. The incisions were sutured with 4-0 silk, and the animals were
rested until they recovered from the procedure.

2.8. Vaccination Protocols

Different concentrations of DDA/TDB liposome (250/50 µg/mL, 312.5/62.5 µg/mL and
500/100 µg/mL) were combined with 20 µg of peptide P10. The mixtures were kept for 20 min
at room temperature. Five groups of mice (each one with 6 animals) received the vaccine formulation
or control solutions (DDA/TDB alone). The animals received the first vaccination subcutaneously
with 100 µL of vaccine or controls solutions at the base of the tail 30 days after infection. In total,
mice received 3 doses at 2 weeks intervals between them. Two weeks after the last vaccination,
the animals were euthanized, and their lungs were excised and analyzed for fungal burden, histology,
and levels of cytokines.

2.9. Determination of Fungal Burden

After euthanasia of mice, the lungs were excised and weighed immediately. The tissues were then
manually homogenized in PBS buffer, adjusting to a volume of 2 mL. A portion of homogenate was
plated in solid BHI medium, supplemented with 5% culture filtrate of P. brasiliensis isolate 192, plus 4%
inactivated fetal bovine serum (Gibco, Grand Island, NY, USA), 1% streptomycin and penicillin (Sigma,
St. Louis, Mo, USA). The plates were maintained at 37 ◦C for a period of 7 to 15 days. The number of
Colony Forming Units (CFUs) was counted, and results were expressed per gram of tissue.

2.10. Quantification of Cytokines Levels of Homogenate Pulmonary for the ELISA Method

Cytokines were determined in the supernatants from lung homogenates by enzyme-linked
immunosorbent assay (ELISA) as described [40]. The levels interleukin-4 (IL-4), interleukin-12 (IL-12),
interferon-gamma (IFN-γ), interleukin-6 (IL-6), interleukin-10 (IL-10), and tumor necrosis factor-alpha
(TNF-α) were determined using ELISA kits (BD Biosciences, San Diego, CA, USA). Interleukin-17
(IL-17) was measured using Biolegend’s ELISA Max (San Diego, CA, USA).
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2.11. Histopathological Lungs Analysis

A fraction of lung tissue was collected and fixed in formalin 10% (Merck, Darmstadt, Germany).
The fragments were embedded in paraffin, and 4 to 5 µm sections were cut and stained with
hematoxylin-eosin (H.E.). The images were acquired with an inverted microscope (Zeiss, Primovert,
Gottingen, Germany) coupled to a digital camera system (Axiocam 105 color, Zeiss, Oberkochen,
Germany) and processed by the Zeiss Software (Zen core, Oberkochen, Germany) in the Laboratory of
the immunobiology of interaction Leishmania-macrophages of Instituto de Ciências Biomédicas da
Universidade de São Paulo.

2.12. Statistical Analysis

The results were analyzed using GraphPad Prism 5.0 Software GraphPad Inc. (San Diego,
CA, USA) and analysis of variance (ANOVA) was performed followed by the Bonferroni post-test.
The results were considered significant when p < 0.05.

3. Results

3.1. The Effect of Peptide P10 Adsorption on DDA/TDB Liposomes

The physicochemical characteristics of DDA/TDB and DDA/TDB/P10 liposomes prepared by the
film hydration method are demonstrated in Table 1. The liposomes alone (DDA/TDB) were dispersed in
1 mM Tris buffer and presented an average diameter size of 471.5± 2 nm. The stability of the suspension
was maintained by the positive surface charge of liposomes (44.3 ± 2 mV). The polydispersity index
(0.528) of the DDA/TBD liposomes is considered average and within pre-established parameters [41].
The adsorption of the peptide onto liposome was accomplished by the simple addition of peptide
P10 into the solution for approximately 20 min at room temperature (25 ◦C). The adsorption of the
peptide modified the diameter size of the liposome, increasing it to 667.9 ± 3 nm; furthermore, the Pdi
value decreased to 0.302, this value is considered the better dispersity for liposomes, indicating a
homogenous population of phospholipid liposomes [42–45] and the ζ potential of liposomes was
39 ± 3 mV. Interestingly, the changes in the concentrations of DDA/TDB in the formation of liposomes
only modestly changed the diameter size, Pdi, or ζ potential, as shown in Table 1.

Table 1. Characterization of liposomal liposomes.

Description Size (nm) Polydispersity Index Zeta Potential (mV)

DDA /TDB 250/50 µg 471.5 ± 2 0.528 44.3 ± 2
DDA/TDB 250/50 µg/P10 20 µg 667.9 ± 3 0.302 39 ± 3
DDA/TDB 312.5/62.5 µg/P10 20 µg 650.8 ± 5 0.369 44.7 ± 3
DDA/TDB 100/500 µg/P10 20 µg 639.2 ± 3 0.411 45.7 ± 4

Measurements of diameter size (Dz), polydispersity index (Pdi) and zeta potential (ζ). Results denote mean ± S.D.
from 3 different analysis.

3.2. Determination of Liposomes Morphology after P10 Adsorption by TEM

We used transmission electron microscopy (TEM) to investigate the structure of the liposome
and check for possible changes in the liposome after the adsorption of the peptide to it. As shown
in Figure 1, the liposomes formed by the film hydration method presented spherical with several
sizes, and without signs of aggregation. The adsorption of peptide onto liposomes did not markedly
modify its morphology, the liposomes plus peptide demonstrated spherical morphology resembling as
liposome alone.
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not significantly alter the fungal burden (Figure 2). 

Figure 1. TEM of cationic liposomes. The liposomes were prepared by the film hydration method
and fixed with Uranyl for morphological analyses. The micrographs show unilamellar liposomes of
DDA/TDB alone (A); DDA/TDB plus P10 (B).

3.3. Adsorption of Peptide to Adjuvant Liposome

After the formation of the liposomes, the antigen was added to the structure and then the efficiency
of P10 adsorption was evaluated by separating the free antigen by ultracentrifugation. As seen in
Table 2, the peptide was efficiently adsorbed onto the liposome at a rate of 80%. The efficiency is
consistent with the increase in the liposome/peptide diameter (667.9 nm) compared to the liposome
alone (471.5 nm), indicating the accumulation of peptide.

Table 2. Adsorption efficiency of peptide P10 onto liposome of DDA/TDB.

Description Adsorption Efficiency %

DDA/TDB 250/50 µg/P10 20 µg 84.5% (*)

*: The data represent three independent measurements. Protein (peptide) concentration refers to the concentration
of peptide initially added to the liposome before the ultra-centrifugation process, and the final concentration refers
to the amount of free peptide in the supernatant. These results represent the calculations performed according to
the instructions of the Qubit kit manufacturer.

3.4. DDA/TDB/P10 Vaccination Controls Pulmonary Fungal Burden

The immunogenic effect of the different concentrations of DDA/TDB/P10 liposomes was evaluated
two weeks after the last of third vaccination. The CFU from the lungs of infected mice is shown in
Figure 2. The vaccination with DDA/TDB/P10 in the concentration of 250/50 µg/mL plus 20 µg of P10
showed the best effect with a significant reduction of fungal burden in the lungs (p < 0.001), which is a
decrease of about 15,000 CFU/g of tissue. This reduction was less pronounced in the formulation of
312.5/62.5 µg/mL with P10 (p < 0.05), and DDA/TDB 500/100 µg/mL with P10 did not significantly alter
the fungal burden (Figure 2).
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liposome, and with lower concentrations (250/50 and 312.5/62.5 µg/mL) of the liposome, led to 
decreased levels of IL-4 (p < 0.01); a cytokine associated with a Th2-biased response. The induction of 
the Th17 response in therapeutic vaccination with liposome associated P10 was also assessed in the 
pulmonary homogenate (Figure 3). The Th17 signature cytokine, IL-17A, had higher levels only 
following vaccination performed with the formulation of the peptide P10 adsorbed to the liposome 
in low concentration (250/50 µg/mL) (p < 0.01). Notably, the levels of cytokine IL-6, associated with 
Th17 polarization, increased only in mice treated with liposome alone (p < 0.05). 

Figure 2. Vaccination with DDA/TDB/P10 decreases the fungal load. The fungal burden was measured
in the lungs of mice infected with P. brasiliensis via Colony Forming Units (CFU) assay and the results
were expressed as CFU/g of lung tissue. Infected animals either received PBS (1), DDA/TDB alone (2),
or different formulations of DDA/TBD with P10 (3, 4, and 5). The data represent the mean and SD of
results from 3 experiments using 6 mice per group. An asterisk (*) represents a statistically significant
difference, *** p < 0.001 and * p < 0.05.

3.5. The Therapeutic Effect of DDA/TDB/P10 Vaccination Correlates with an IL-4/IL-17 Balance in the
Lung Parenchyma

We evaluated whether the adsorption of the peptide onto the liposome altered the profile of
cytokines in infected and immunized animals. For this, the cytokine levels corresponding to the
Th1, Th2, and Th17 immune responses of the pulmonary homogenate were evaluated by the ELISA
method and the results are shown in Figure 3. As seen in the graphs, the therapeutic vaccination
with DDA/TDB (250/50 µg/mL) plus P10 (20 µg) or liposome alone (250/50 µg/mL) in the P. brasiliensis
infected mice, did not induce alterations of levels of cytokine associated with the Th1 immune response.
On the other hand, vaccination with the liposome alone, or peptide plus liposome, and with lower
concentrations (250/50 and 312.5/62.5 µg/mL) of the liposome, led to decreased levels of IL-4 (p < 0.01);
a cytokine associated with a Th2-biased response. The induction of the Th17 response in therapeutic
vaccination with liposome associated P10 was also assessed in the pulmonary homogenate (Figure 3).
The Th17 signature cytokine, IL-17A, had higher levels only following vaccination performed with the
formulation of the peptide P10 adsorbed to the liposome in low concentration (250/50 µg/mL) (p < 0.01).
Notably, the levels of cytokine IL-6, associated with Th17 polarization, increased only in mice treated
with liposome alone (p < 0.05).

3.6. Lung Histology

We performed a histological analysis of lung tissue of all animals included in our protocol
using hematoxylin-eosin staining to assess for the presence of granulomas and yeast cells (Figure 4).
Lungs from mice infected, but untreated, showed a large number of yeast cells that were diffusely
distributed and there was an absence of an organized cellular response (Figure 4B). Animals infected
that received DDA/TDB developed well-delimited granulomas containing yeast cells (Figure 4C).
Mice infected with Paracoccidioides and vaccinated with DDA/TDB 250/50 µg/P10-20 µg showed more
compact granuloma with yeast cells inside and the granulomas were surrounded by a dense mass
formed by inflammatory cells. Notably, the parenchyma adjacent to the granulomas appeared normal
and there were no disseminated yeasts (Figure 4D). The two other DDA/TDB and P10 formulations
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also induced granuloma formation; however, there was an increased number of yeast cells inside the
granulomas and a less dense adjacent infiltration of immune cells (Figure 4E,F).J. Fungi 2020, 6, x FOR PEER REVIEW 8 of 16 
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Figure 3. Evaluation of immune responses induced by P10 peptide adsorbed on DDA/TDB liposomes.
Th1, Th2, and Th17-associated cytokines were measured in pulmonary homogenates 75 days after
infection by capture enzyme-linked immunosorbent assay (ELISA). Infected mice with P. brasiliensis
received three doses of either PBS as a control (1), DDA/TDB alone (2), or different concentrations of
DDA/TDB with P10 (3–5). The data are shown are the mean and SD of results from three independent
experiments using 6 mice per group. The asterisk represents a statistically significant difference
* p < 0.05 and ** p < 0.01.
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infection. The lung sections were stained with Hematoxylin and Eosin to analyze the presence of
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from mice that received PBS only (B), treated with DDA/TDB alone (C), or vaccinated with DDA:
DDA/TDB 250/50 µg/P10 20 µg (D) DDA/TDB 312.5/62.5 µg/P10 20 µg (E) or DDA/TDB 500/100 µg/P10
20 µg (F). (10×magnification).

4. Discussion

In this study, we evaluated the immunomodulatory response of the P10 peptide adsorbed
onto unilamellar liposome formed by the DDA/TDB adjuvant (CAF01) in an experimental PCM
model using C57BL/6 mice infected with P. brasiliensis (Pb18). We previously published that other
adjuvants, such as CFA (complete Freund’s Adjuvant), associated with peptide P10 significantly
reduced the fungal burden of mice infected with P. brasiliensis [46]. We also previously showed that
dioctadecyldimethylammonium bromide (DODAB) associated with peptide P10 efficiently reduced
lung fungal burden of mice infected with P. brasiliensis [17]. However, we have continued to seek an
effective adjuvant that is deemed safe in humans.

The Cationic Adjuvant Formulation (CAF01 comprised by DDA/TDB) was developed as a
safe adjuvant for humans and animals and its mechanism of action is through the triggering of
Th1 responses [31]. CAF adjuvant has been tested in either human or animals infections with
Chikungunya vírus [47], Influenza [48], Chlamydia trachomatis [49], Mycobacterium tuberculosis [50,51],
Plasmodium falciparum [52], and Streptococcus pyogenes [53].

PCM requires prolonged antifungal treatment, with durations frequently extending past 2 years.
This protracted therapy often leads to discontinuation of medications by the patient. Yet, even after
prolonged treatment, relapses may occur [54]. Strategies that combine the use of antifungal drugs
and therapeutic vaccines may help reduce treatment time, effective recovery of the immune system,
and prevent sequelae, including relapses [54]. The ability of antifungal drugs combined with peptide
P10 to improve outcomes in experimental PCM has been effectively demonstrated [54]. Hence, there is
a solid scientific basis and an important clinical need for a therapeutic PCM vaccine based on P10.

The adsorption of P10 onto liposomes of DDA/TDB modified the physicochemical characteristics
of adjuvant. The surface charge remained positive and higher than 30mV, which is essential for the
repulsion between liposomes to minimize the likelihood of aggregation [18]. Notably, the adsorption
of P10 onto the liposomes changed the diameter size of liposomes from 471.5 nm to 667.9 nm. The size
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of a liposome may affect the development of specific immune responses, driving the cytokine profile
towards a Th1 or Th2 response [26,55,56].

In our experiments, we observed that the concentration of DDA/TDB was critical for the efficiency
of the vaccine preparation in modifying the pathobiology of experimental PCM. We tested three
different formulations of DDA/TDB with 20 µg of peptide P10, which was the amount of peptide
previously standardized by our group as an effective protective dose of P10 [12,46]. The preparations
of liposomes with DDA/TDB 250/50 µg/mL and 312.5/62.5 µg/mL, but not 500/100 µg/mL, were able to
significantly reduce pulmonary fungal burdens when the vaccine was administered to infected mice.
However, DDA/TDB 250/50 µg/mL with P10-20 µg was significantly more efficient compared to the
DDA/TDB 312.5/62.5 µg/mL and 500/100 µg/mL formulations.

The choice of these concentrations was based on the work of Van Dissel 2014 [32], which utilized
different concentrations of DDA/TDB in a human trial evaluating the efficiency of prophylactic
vaccination against tuberculosis with H1 protein. In their study, Van Dissel and collaborators showed
that intermediate and higher concentrations of liposomes induced T cell memory, and this profile
was responsive until 150 weeks after vaccination [32]. In our work, low concentrations of DDA/TDB
significantly modulated protective immune response with P10, resulting in a significant decrease of
burden fungal, an increase of cytokines Th17-associated, and the formation of compact granulomas.
Curiously, the intermediate and higher concentrations of liposomes did not modulate the immune
response against fungal infection.

Our first hypothesis focused on the physical-chemical characteristics of liposomes,
with intermediate and higher concentrations, whether these characteristics could increase
responsiveness of the cells of the immune system. However, the analysis of diameter size and
Pdi are associated with efficacy of liposomes and delivery systems. For better uptake of liposomes by
antigen-presenting cells (APCs), the size of the liposome can vary between 500 to 1000 nm [57], in our
study all the liposomes were approximately 650 nm (Table 1). The Pdi of liposomes indicated values
within of parameters between 0.3 and 0.4. For a population to be considered homogeneous, Pdi values
of 0.3 or less are required [41,43–45].

Then, we formulated the hypothesis that the amount of peptide in these formulations might not
be enough to prime the dendritic cells and modulate the immune response. The rate of phagocytosis
is dependent on the concentration of the liposome [58]. A study carried out by Allen 1991 [59] with
mouse bone marrow-derived macrophages demonstrated that the uptake of liposomes by macrophages
is greater with higher concentrations of the liposome [58,59]. These data were corroborated by Bose
2015 [60], who studied the influence of cationic lipid concentration (DOTAP) on the formation of
nanospheres, and their uptake in vitro by HeLa cells, the increase in DOTAP concentration (from 6% to
24%) revealed a higher uptake rate cells (>85%). We hypothesize these concentrations of liposomes,
intermediate and higher, of DDA/TDB, could require higher amounts of antigen to modulate immune
response similar to the low concentration of liposome. As mentioned above, the amount of peptide
used in this work was based on other works of our group [12,46] and indicated that 20 µg of the
peptide was sufficient to elicit a protective immune response against PCM in those conditions. So,
we hypothesize that lower concentrations of cationic liposome such as 62.5/25 µg/mL with 20 µg of
P10, or less, could also modulate a protective immune response.

Once the liposomes of higher concentrations of DDA/TDB did not helped in the modulation of
immune response, we prioritize the DDA/TDB 250/50 µg/mL formulation to investigate the effect of the
adsorption of peptide to liposome by adsorption efficiency. The P10 peptide was efficiently adsorbed
onto DDA/TDB 250/50 µg/mL liposome with a rate higher than 80%. It is important to remember that
the degree of adsorption depends on electrostatic forces between components (antigen and liposome).
Antigens with an isoelectric point (pI) below 7.4 have a higher rate of adsorption when compared
with protein antigens with pI above 7.4 [61–63]. The cationic characteristic of P10 peptide (pI = 9.95)
(isoelectric.org) could lead to difficulties with adsorption onto liposomes. However, the process of
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adsorption can be influenced by other features besides pI, like distribution of charge and flexibility of
antigen, pH, ionic forces e composition of buffer [61].

Interestingly, the association of the P10 to the DDA/TDB induced an increase in the levels of IL-17A
cytokine, while the levels of IL-6 cytokine did not change. However, the level of IL-6 cytokine was
significantly increased in the mice group vaccinated with liposome alone. The cytokine IL-17A has the
function of inducing granulopoiesis, inflammatory response, recruiting neutrophils, inducing fungicidal
activity, inducing microbial peptides such as S100A7, S100A8 [64–67], and promotion of resistance
to infection [68–70]. The Th17 response induced by vaccination has been pointed out as particularly
positively impactful in several studies with vaccine candidates against fungal infection. The importance
of the Th17 response has been demonstrated in a study of vaccination against three species of dimorphic
fungi (Coccidioides posadasii, Histoplasma capsulatum, and Blastomyces dermatitidis) [71]. The Th17

response was evaluated by neutralization of IL-17A with monoclonal antibodies, blocking of IL-17A
with adenovirus overexpressing IL-17R: soluble Fc, and vaccination of knockout mice for the receptor
by IL-17A (IL-17AR). In all experiments, the animals failed to generate resistance against infection by
dimorphic fungi [71], underscoring the importance of the Th17 response. In our study, the protective
antifungal response induced by IL-17A led to a decrease in the fungal load of mice vaccinated with P10
plus liposome, probably due to the increased inflammatory cells demonstrated by lung histology.

Many cell types can produce IL-6 [72,73], and the association of IL-6 plus TGF-β cytokines is
important for the induction of transcription factor RORγ-t, which induces the differentiation of Th17

cells [72,74,75]. Indeed, DDA/TDB induces potent CD4 Th1 and Th17 responses [31]. In this work,
the rise of levels of cytokine IL-17 occurred without the concomitant rise of IL-6. One hypothesis is
that the production of IL-6 cytokine may have occurred at earlier events or may have been consumed
during Th17 differentiation.

The reduction in the fungal load in the lungs of animals infected with P. brasiliensis and vaccinated
with DDA/TDB/P10 was consistent with the increase in the level of IL-17A cytokine and decrease
in IL-4 level. In tuberculosis and PCM, an effective CD4 T cell response was essential to control
the diseases [76,77]. A prophylactic vaccine (started after 30 days of mice infection) with P10
in the presence of Complete Freund’s Adjuvant in combination with simultaneous treated with
Trimethoprim-Sulfamethoxazole enhanced the efficacy of vaccination [46]. Also, the discontinuation
of drug treatment in the group of vaccinated mice demonstrated that the immunological state of
the mice was effective in preventing relapses [46]. In our current work, we show that DDA/TDB
250/50 µg/P10-20 µg generates an immunological response that leads to a significant reduction in the
pulmonary fungal load, which did not occur in animals that received DDA/TDB only.

Granulomatous lesions are important structures in host defense against fungi [78]. This immune
reaction functions to restrict the spread of the pathogen and this protective innate immune response is
impaired in several forms of immune deficiencies such as HIV or due to drugs like prednisone [79].
Overall, our data are in agreement with studies carried out with knockout animals for IL-6 and
IL-17 cytokines in an experimental PCM model, where it was demonstrated that the absence of these
cytokines led to the formation of loose and poorly structured granulomas [78]. Moreover, the number
of viable fungal cells in granulomas increased with increasing liposome concentrations, highlighting
the failure to generate a protective immune response in these groups.

In our study, infected and untreated mice did not effectively form granuloma, whereas mice
vaccinated with DDA/TDB alone or DDA/TDB 250/50 µg/mL with P10-20 µg developed well-delimited
granuloma containing yeast cells. In particular, vaccination with DDA/TDB/P10 led to the formation
of well structured, compact granuloma with the presence of cell infiltrates, showing that treatment
was effective in producing a satisfactory response, and recruitment of cells of immune system to
infection site.
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5. Conclusions

Overall, our data suggest that the use of P10 peptide adsorbed onto the cationic liposome
DDA/TDB (CAF01) maintains the immunomodulatory properties of DDA/TDB and the DDA/TDB
250/50 µg/P10-20 µg therapeutic vaccine markedly enhances the antifungal potency of the host response
against P. brasiliensis. These data support ongoing efforts to translate a P10 vaccine from the bench to
the bedside.

Author Contributions: Conceptualization, M.V.d.A., C.P.T.; formal analysis, M.V.d.A., funding acquisition, C.P.T.;
investigation, M.V.d.A. and S.R.D.S.J.; methodology, M.V.d.A. and S.R.D.S.J.; supervision, C.P.T.; writing–original
draft, M.V.d.A.; writing–review and editing, M.V.d.A., C.P.T. and J.D.N. All authors have read and agreed to the
published version of the manuscript.

Funding: This research was funded by Fundação de Amparo à Pesquisa do Estado de São Paulo (FAPESP
2016/08730-6), Conselho Nacional de Desenvolvimento Científico e Tecnológico (CNPq 420480/2018-8 and
134424/2016-6) and Coordenação de Aperfeiçoamento de Pessoal de Nível Superior–Brasil (CAPES).

Conflicts of Interest: There are no conflict of interest to declare.

References

1. Souza, A.C.O.; Taborda, C.P. Epidemiology of Dimorphic Fungi. In Reference Module in Life Sciences; Elsevier
BV: Amsterdam, The Netherlands, 2020.

2. Shikanai-Yasuda, M.A.; Mendes, P.R.; Colombo, A.L.; De Queiroz-Telles, F.; Kono, A.S.G.; Paniago, A.M.M.;
Nathan, A.; Valle, A.C.F.D.; Bagagli, E.; Benard, G.; et al. Brazilian guidelines for the clinical management of
paracoccidioidomycosis. Rev. Soc. Bras. Med. Trop. 2017, 50, 715–740. [CrossRef] [PubMed]

3. Turissini, D.A.; Gomez, O.M.; Teixeira, M.M.; McEwen, J.G.; Matute, D.R. Species boundaries in the human
pathogen Paracoccidioides. Fungal Genet. Biol. 2017, 106, 9–25. [CrossRef] [PubMed]

4. Teixeira, M.D.M.; Theodoro, R.C.; De Oliveira, F.F.M.; Machado, G.C.; Hahn, R.C.; Bagagli, E.; San-Blas, G.;
Felipe, M.S. Paracoccidioides lutziisp. nov.: Biological and clinical implications. Med. Mycol. 2013, 52, 1–10.
[CrossRef] [PubMed]

5. Matute, D.R.; McEwen, J.G.; Puccia, R.; Montes, B.A.; San-Blas, G.; Bagagli, E.; Rauscher, J.T.; Restrepo, A.;
Morais, F.; Nino-Vega, G.; et al. Cryptic Speciation and Recombination in the Fungus Paracoccidioides
brasiliensis as Revealed by Gene Genealogies. Mol. Biol. Evol. 2006, 23, 65–73. [CrossRef]

6. Teixeira, M.D.M.; Theodoro, R.C.; De Carvalho, M.J.; Fernandes, L.; Paes, H.C.; Hahn, R.C.; Mendoza, L.;
Bagagli, E.; San-Blas, G.; Felipe, M.S.S. Phylogenetic analysis reveals a high level of speciation in the
Paracoccidioides genus. Mol. Phylogenet. Evol. 2009, 52, 273–283. [CrossRef]

7. Teixeira, M.D.M.; Theodoro, R.C.; Derengowski, L.D.S.; Nicola, A.M.; Bagagli, E.; Felipe, M.S. Molecular
and Morphological Data Support the Existence of a Sexual Cycle in Species of the Genus Paracoccidioides.
Eukaryot. Cell 2013, 12, 380–389. [CrossRef]

8. Theodoro, R.C.; Teixeira, M.D.M.; Felipe, M.S.S.; Paduan, K.D.S.; Ribolla, P.M.; San-Blas, G.; Bagagli, E. Genus
Paracoccidioides: Species Recognition and Biogeographic Aspects. PLoS ONE 2012, 7, e37694. [CrossRef]

9. Tobon, A.M.; Agudelo, C.A.; Osorio, M.L.; Alvarez, D.L.; Arango, M.; Cano, L.E.; Restrepo, A. Residual
Pulmonary Abnormalities in Adult Patients with Chronic Paracoccidioidomycosis: Prolonged Follow-Up
after Itraconazole Therapy. Clin. Infect. Dis. 2003, 37, 898–904. [CrossRef]

10. Travassos, L.R.; Taborda, C.P. Linear Epitopes of Paracoccidioides brasiliensis and Other Fungal Agents of
Human Systemic Mycoses as Vaccine Candidates. Front. Immunol. 2017, 8, 224. [CrossRef]

11. Rossi, S.A.; De Araujo, M.V.; Taira, C.L.; Travassos, L.R.; Taborda, C.P. Vaccine Development to Systemic
Mycoses by Thermally Dimorphic Fungi. Curr. Trop. Med. Rep. 2019, 6, 64–75. [CrossRef]

12. Taborda, C.P.; Juliano, M.A.; Puccia, R.; Franco, M.; Travassos, L.R. Mapping of the T-Cell Epitope in the
Major 43-Kilodalton Glycoprotein of Paracoccidioides brasiliensisWhich Induces a Th-1 Response Protective
against Fungal Infection in BALB/c Mice. Infect. Immun. 1998, 66, 786–793. [CrossRef] [PubMed]

13. Puccia, R.; Travassos, L.R. The 43-kDa glycoprotein from the human pathogen Paracoccidioides brasiliensis
and its deglycosylated form: Excretion and susceptibility to proteolysis. Arch. Biochem. Biophys. 1991,
289, 298–302. [CrossRef]

http://dx.doi.org/10.1590/0037-8682-0230-2017
http://www.ncbi.nlm.nih.gov/pubmed/28746570
http://dx.doi.org/10.1016/j.fgb.2017.05.007
http://www.ncbi.nlm.nih.gov/pubmed/28602831
http://dx.doi.org/10.3109/13693786.2013.794311
http://www.ncbi.nlm.nih.gov/pubmed/23768243
http://dx.doi.org/10.1093/molbev/msj008
http://dx.doi.org/10.1016/j.ympev.2009.04.005
http://dx.doi.org/10.1128/EC.05052-11
http://dx.doi.org/10.1371/journal.pone.0037694
http://dx.doi.org/10.1086/377538
http://dx.doi.org/10.3389/fimmu.2017.00224
http://dx.doi.org/10.1007/s40475-019-00179-w
http://dx.doi.org/10.1128/IAI.66.2.786-793.1998
http://www.ncbi.nlm.nih.gov/pubmed/9453642
http://dx.doi.org/10.1016/0003-9861(91)90475-X


J. Fungi 2020, 6, 347 13 of 16

14. Da Silva, S.H.M.; Colombo, A.L.; Blotta, M.H.S.L.; Lopes, J.D.; Queiroz-Telles, F.; De Camargo, Z.P. Detection
of Circulating gp43 Antigen in Serum, Cerebrospinal Fluid, and Bronchoalveolar Lavage Fluid of Patients
with Paracoccidioidomycosis. J. Clin. Microbiol. 2003, 41, 3675–3680. [CrossRef]

15. De Camargo, Z.; Unterkircher, C.; Campoy, S.P.; Travassos, L.R. Production of Paracoccidioides brasiliensis
exoantigens for immunodiffusion tests. J. Clin. Microbiol. 1988, 26, 2147–2151. [CrossRef] [PubMed]

16. Jr, N.P.L.; Vallejo, M.C.; Conceição, P.M.; Camargo, Z.P.; Hahn, R.; Puccia, R. Paracoccidioides lutzii Plp43 Is
an Active Glucanase with Partial Antigenic Identity with P. brasiliensis gp43. PLoS Negl. Trop. Dis. 2014,
8, e3111. [CrossRef]

17. Emayorga, O.; Muñoz, J.E.; Lincopan, N.; Teixeira, A.F.; Ferreira, L.C.D.S.; Travassos, L.R.; Taborda, C.P.
The role of adjuvants in therapeutic protection against paracoccidioidomycosis after immunization with the
P10 peptide. Front. Microbiol. 2012, 3, 154. [CrossRef]

18. Li, W.; Joshi, M.D.; Singhania, S.; Ramsey, K.H.; Murthy, A.K. Peptide Vaccine: Progress and Challenges.
Vaccines 2014, 2, 515–536. [CrossRef]

19. Barnier-Quer, C.; Elsharkawy, A.; Romeijn, S.; Kros, A.; Jiskoot, W. Adjuvant Effect of Cationic Liposomes for
Subunit Influenza Vaccine: Influence of Antigen Loading Method, Cholesterol and Immune Modulators.
Pharmaceutics 2013, 5, 392–410. [CrossRef]

20. Souza, A.C.O.; Amaral, A.C. Antifungal Therapy for Systemic Mycosis and the Nanobiotechnology Era:
Improving Efficacy, Biodistribution and Toxicity. Front. Microbiol. 2017, 8, 336. [CrossRef]

21. Christensen, D.; Korsholm, K.S.; Andersen, P.; Agger, E.M. Cationic liposomes as vaccine adjuvants.
Expert Rev. Vaccines 2011, 10, 513–521. [CrossRef]

22. Hunter, R.; Olsen, M.; Jagannath, C.; Actor, J.K. Trehalose 6,6′-Dimycolate and Lipid in the Pathogenesis of
Caseating Granulomas of Tuberculosis in Mice. Am. J. Pathol. 2006, 168, 1249–1261. [CrossRef] [PubMed]

23. Hunter, R.L.; Olsen, M.R.; Jagannath, C.; Actor, J.K. Multiple roles of cord factor in the pathogenesis of
primary, secondary, and cavitary tuberculosis, including a revised description of the pathology of secondary
disease. Ann. Clin. Lab. Sci. 2006, 36, 371–386. [PubMed]

24. Hunter, R.L.; Venkataprasad, N.; Olsen, M.R. The role of trehalose dimycolate (cord factor) on morphology
of virulent M. tuberculosis in vitro. Tuberculosis 2006, 86, 349–356. [CrossRef] [PubMed]

25. Christensen, D. Development and Evaluation of CAF01. In Immunopotentiators in Modern Vaccines; Elsevier BV:
Amsterdam, The Netherlands, 2017; pp. 333–345.

26. Henriksen-Lacey, M.; Devitt, A.; Perrie, Y. The vesicle size of DDA:TDB liposomal adjuvants plays a role in
the cell-mediated immune response but has no significant effect on antibody production. J. Control. Release
2011, 154, 131–137. [CrossRef]

27. Sakurai, T.; Saiki, I.; Ishida, H.; Takeda, K.; Azuma, I. Lethal toxicity and adjuvant activities of synthetic
TDM and its related compounds in mice. Vaccine 1989, 7, 269–274. [CrossRef]

28. Desel, C.; Werninghaus, K.; Ritter, M.; Jozefowski, K.; Wenzel, J.; Russkamp, N.; Schleicher, U.; Christensen, D.;
Wirtz, S.; Kirschning, C.; et al. The Mincle-Activating Adjuvant TDB Induces MyD88-Dependent Th1 and
Th17 Responses through IL-1R Signaling. PLoS ONE 2013, 8, e53531. [CrossRef]

29. Nordly, P.; Rose, F.; Christensen, D.; Nielsen, H.M.; Andersen, P.; Agger, E.M.; Foged, C. Immunity by
formulation design: Induction of high CD8+ T-cell responses by poly(I:C) incorporated into the CAF01
adjuvant via a double emulsion method. J. Control. Release 2011, 150, 307–317. [CrossRef] [PubMed]

30. Werninghaus, K.; Babiak, A.; Groß, O.; Hölscher, C.; Dietrich, H.; Agger, E.M. Adjuvanticity of a synthetic cord
factor analogue for subunit Mycobacterium tuberculosis vaccination requires FcRγ–Syk–Card9–dependent
innate immune activation. J. Exp. Med. 2009, 206, 89–97. [CrossRef] [PubMed]

31. Pedersen, G.K.; Andersen, P.; Christensen, D. Immunocorrelates of CAF family adjuvants. Semin. Immunol.
2018, 39, 4–13. [CrossRef] [PubMed]

32. Van Dissel, J.T.; Joosten, S.A.; Hoff, S.T.; Soonawala, D.; Prins, C.; Hokey, D.A.; O’Dee, D.M.; Graves, A.J.;
Thierry-Carstensen, B.; Andreasen, L.V.; et al. A novel liposomal adjuvant system, CAF01, promotes
long-lived Mycobacterium tuberculosis-specific T-cell responses in human. Vaccine 2014, 32, 7098–7107.
[CrossRef]

33. Lincopan, N.; Espíndola, N.M.; Vaz, A.J.; Da Costa, M.H.B.; Faquim-Mauro, E.L.; Carmona-Ribeiro, A.M.
Novel immunoadjuvants based on cationic lipid: Preparation, characterization and activity in vivo. Vaccine
2009, 27, 5760–5771. [CrossRef] [PubMed]

http://dx.doi.org/10.1128/JCM.41.8.3675-3680.2003
http://dx.doi.org/10.1128/JCM.26.10.2147-2151.1988
http://www.ncbi.nlm.nih.gov/pubmed/3141460
http://dx.doi.org/10.1371/journal.pntd.0003111
http://dx.doi.org/10.3389/fmicb.2012.00154
http://dx.doi.org/10.3390/vaccines2030515
http://dx.doi.org/10.3390/pharmaceutics5030392
http://dx.doi.org/10.3389/fmicb.2017.00336
http://dx.doi.org/10.1586/erv.11.17
http://dx.doi.org/10.2353/ajpath.2006.050848
http://www.ncbi.nlm.nih.gov/pubmed/16565499
http://www.ncbi.nlm.nih.gov/pubmed/17127724
http://dx.doi.org/10.1016/j.tube.2005.08.017
http://www.ncbi.nlm.nih.gov/pubmed/16343989
http://dx.doi.org/10.1016/j.jconrel.2011.05.019
http://dx.doi.org/10.1016/0264-410X(89)90242-9
http://dx.doi.org/10.1371/journal.pone.0053531
http://dx.doi.org/10.1016/j.jconrel.2010.11.021
http://www.ncbi.nlm.nih.gov/pubmed/21111765
http://dx.doi.org/10.1084/jem.20081445
http://www.ncbi.nlm.nih.gov/pubmed/19139169
http://dx.doi.org/10.1016/j.smim.2018.10.003
http://www.ncbi.nlm.nih.gov/pubmed/30396811
http://dx.doi.org/10.1016/j.vaccine.2014.10.036
http://dx.doi.org/10.1016/j.vaccine.2009.07.066
http://www.ncbi.nlm.nih.gov/pubmed/19664738


J. Fungi 2020, 6, 347 14 of 16

34. Feitosa, E.; Barreleiro, P.; Olofsson, G. Phase transition in dioctadecyldimethylammonium bromide and
chloride vesicles prepared by different methods. Chem. Phys. Lipids 2000, 105, 201–213. [CrossRef]

35. Davidsen, J.; Rosenkrands, I.; Christensen, D.; Vangala, A.; Kirby, D.; Perrie, Y.; Agger, E.M.; Andersen, P.
Characterization of cationic liposomes based on dimethyldioctadecylammonium and synthetic cord factor
from M. tuberculosis (trehalose 6,6′-dibehenate)—A novel adjuvant inducing both strong CMI and antibody
responses. Biochim. Biophys. Acta Biomembr. 2005, 1718, 22–31. [CrossRef] [PubMed]

36. Hussain, M.J.; Wilkinson, A.; Bramwell, V.W.; Christensen, D.; Perrie, Y. Th1 immune responses can be
modulated by varying dimethyldioctadecylammonium and distearoyl-sn-glycero-3-phosphocholine content
in liposomal adjuvants. J. Pharm. Pharmacol. 2014, 66, 358–366. [CrossRef]

37. Wang, N.; Chen, M.; Wang, T. Liposomes used as a vaccine adjuvant-delivery system: From basics to clinical
immunization. J. Control. Release 2019, 303, 130–150. [CrossRef]

38. Qu, W.; Li, N.; Yu, R.; Zuo, W.; Fu, T.; Fei, W.; Hou, Y.; Liu, Y.; Yang, J. Cationic DDA/TDB liposome
as a mucosal vaccine adjuvant for uptake by dendritic cells in vitro induces potent humoural immunity.
Artif. Cells Nanomed. Biotechnol. 2018, 46, 852–860. [CrossRef]

39. Singer-Vermes, L.M.; Burger, E.; Franco, M.F.; Di-Bacchi, M.M.; Mendes-Giannini, M.J.; Calich, V.L. Evaluation
of the pathogenicity and immunogenicity of seven Paracoccidioides brasiliensis isolates in susceptible inbred
mice. J. Med. Veter. Mycol. 1989, 27, 71–82. [CrossRef]

40. Muñoz, J.E.; Luft, V.D.; Amorim, J.; Magalhães, A.; Thomaz, L.; Nosanchuk, J.D.; Travassos, L.R.; Taborda, C.P.
Immunization with P10 Peptide Increases Specific Immunity and Protects Immunosuppressed BALB/c Mice
Infected with Virulent Yeasts of Paracoccidioides brasiliensis. Mycopathologia 2014, 178, 177–188. [CrossRef]

41. Danaei, M.; Dehghankhold, M.; Ataei, S.; Davarani, F.H.; Javanmard, R.; Dokhani, A.; Khorasani, S.;
Mozafari, M. Impact of Particle Size and Polydispersity Index on the Clinical Applications of Lipidic
Nanocarrier Systems. Pharmaceutics 2018, 10, 57. [CrossRef]

42. Clayton, K.N.; Salameh, J.W.; Wereley, S.T.; Kinzer-Ursem, T.L. Physical characterization of nanoparticle size
and surface modification using particle scattering diffusometry. Biomicrofluidics 2016, 10, 054107. [CrossRef]

43. Badran, M. Formulation and in vitro evaluation of flufenamic acid loaded deformable liposomes for improved
skin delivery. Dig. J. Nanomater. Biostructures 2014, 9, 83–91.

44. Chen, M.; Liu, X.; Fahr, A. Skin penetration and deposition of carboxyfluorescein and temoporfin from
different lipid vesicular systems: In vitro study with finite and infinite dosage application. Int. J. Pharm.
2011, 408, 223–234. [CrossRef] [PubMed]

45. Putri, D.C.A.; Dwiastuti, R.; Marchaban, M.; Nugroho, A.K. Optimization of mixing temperature and
sonication duration in liposome preparation. J. Pharm. Sci. Commun. 2017, 14, 79–85. [CrossRef]

46. Marques, A.F.; Da Silva, M.B.; Juliano, M.A.P.; Travassos, L.R.; Taborda, C.P. Peptide Immunization as an
Adjuvant to Chemotherapy in Mice Challenged Intratracheally with Virulent Yeast Cells of Paracoccidioides
brasiliensis. Antimicrob. Agents Chemother. 2006, 50, 2814–2819. [CrossRef] [PubMed]

47. Abeyratne, E.; Tharmarajah, K.; Freitas, J.R.; Mostafavi, H.; Mahalingam, S.; Zaid, A.; Zaman, M.; Taylor, A.
Liposomal Delivery of the RNA Genome of a Live-Attenuated Chikungunya Virus Vaccine Candidate
Provides Local, but Not Systemic Protection After One Dose. Front. Immunol. 2020, 11. [CrossRef]

48. Rosenkrands, I.; Vingsbo-Lundberg, C.; Bundgaard, T.J.; Lindenstrøm, T.; Enouf, V.; Van Der Werf, S.;
Andersen, P.; Agger, E.M. Enhanced humoral and cell-mediated immune responses after immunization with
trivalent influenza vaccine adjuvanted with cationic liposomes. Vaccine 2011, 29, 6283–6291. [CrossRef]

49. Nguyen, N.D.N.T.; Olsen, A.W.; Lorenzen, E.; Andersen, P.; Hvid, M.; Follmann, F.; Dietrich, J. Parenteral
vaccination protects against transcervical infection with Chlamydia trachomatis and generate tissue-resident
T cells post-challenge. NPJ Vaccines 2020, 5, 7–12. [CrossRef] [PubMed]

50. Riccomi, A.; Piccaro, G.; Christensen, D.; Palma, C.; Andersen, P.; Vendetti, S. Parenteral Vaccination with
a Tuberculosis Subunit Vaccine in Presence of Retinoic Acid Provides Early but Transient Protection to M.
Tuberculosis Infection. Front. Immunol. 2019, 10. [CrossRef]

51. Woodworth, J.S.; Christensen, D.; Cassidy, J.P.; Agger, E.M.; Mortensen, R.; Andersen, P. Mucosal boosting
of H56:CAF01 immunization promotes lung-localized T cells and an accelerated pulmonary response
to Mycobacterium tuberculosis infection without enhancing vaccine protection. Mucosal Immunol. 2019,
12, 816–826. [CrossRef]

http://dx.doi.org/10.1016/S0009-3084(00)00127-4
http://dx.doi.org/10.1016/j.bbamem.2005.10.011
http://www.ncbi.nlm.nih.gov/pubmed/16321607
http://dx.doi.org/10.1111/jphp.12173
http://dx.doi.org/10.1016/j.jconrel.2019.04.025
http://dx.doi.org/10.1080/21691401.2018.1438450
http://dx.doi.org/10.1080/02681218980000111
http://dx.doi.org/10.1007/s11046-014-9801-1
http://dx.doi.org/10.3390/pharmaceutics10020057
http://dx.doi.org/10.1063/1.4962992
http://dx.doi.org/10.1016/j.ijpharm.2011.02.006
http://www.ncbi.nlm.nih.gov/pubmed/21316430
http://dx.doi.org/10.24071/jpsc.142728
http://dx.doi.org/10.1128/AAC.00220-06
http://www.ncbi.nlm.nih.gov/pubmed/16870776
http://dx.doi.org/10.3389/fimmu.2020.00304
http://dx.doi.org/10.1016/j.vaccine.2011.06.040
http://dx.doi.org/10.1038/s41541-020-0157-x
http://www.ncbi.nlm.nih.gov/pubmed/31993218
http://dx.doi.org/10.3389/fimmu.2019.00934
http://dx.doi.org/10.1038/s41385-019-0145-5


J. Fungi 2020, 6, 347 15 of 16

52. Dejon-Agobe, J.C.; Ateba-Ngoa, U.; Lalremruata, A.; Homoet, A.; Engelhorn, J.; Nouatin, O.P.; Edoa, J.R.;
Fernandes, J.F.; Esen, M.; Mouwenda, Y.D.; et al. Controlled Human Malaria Infection of Healthy Adults
with Lifelong Malaria Exposure to Assess Safety, Immunogenicity, and Efficacy of the Asexual Blood Stage
Malaria Vaccine Candidate GMZ2. Clin. Infect. Dis. 2019, 69, 1377–1384. [CrossRef]

53. Mortensen, R.; Christensen, D.; Hansen, L.B.; Christensen, J.P.; Andersen, P.; Dietrich, J. Local Th17/IgA
immunity correlate with protection against intranasal infection with Streptococcus pyogenes. PLoS ONE
2017, 12, e0175707. [CrossRef]

54. Travassos, L.R.; Taborda, C.P.; Colombo, A.L. Treatment options for paracoccidioidomycosis and new
strategies investigated. Expert Rev. Anti-Infect. Ther. 2008, 6, 251–262. [CrossRef]

55. Brewer, J.M.; Tetley, L.; Richmond, J.; Liew, F.Y.; Alexander, J. Lipid vesicle size determines the Th1 or Th2
response to entrapped antigen. J. Immunol. 1998, 161, 4000–4007. [PubMed]

56. Mann, J.F.S.; Shakir, E.; Carter, K.C.; Mullen, A.B.; Alexander, J.; Ferro, V.A. Lipid vesicle size of an oral
influenza vaccine delivery vehicle influences the Th1/Th2 bias in the immune response and protection against
infection. Vaccine 2009, 27, 3643–3649. [CrossRef]

57. Bachmann, M.F.; Jennings, G.T. Vaccine delivery: A matter of size, geometry, kinetics and molecular patterns.
Nat. Rev. Immunol. 2010, 10, 787–796. [CrossRef] [PubMed]

58. Ahsan, F. Targeting to macrophages: Role of physicochemical properties of particulate carriers—liposomes
and microspheres—on the phagocytosis by macrophages. J. Control. Release 2002, 79, 29–40. [CrossRef]

59. Allen, T.; Austin, G.; Chonn, A.; Lin, L.; Lee, K. Uptake of liposomes by cultured mouse bone marrow
macrophages: Influence of liposome composition and size. Biochim. Biophys. Acta Biomembr. 1991, 1061, 56–64.
[CrossRef]

60. Park, H.; Lee, S.-H.; Ahn, J.C.; Rajendiran, J.C.B.; Arai, Y. Influence of cationic lipid concentration on
properties of lipid–polymer hybrid nanospheres for gene delivery. Int. J. Nanomed. 2015, 10, 5367. [CrossRef]

61. Hamborg, M.; Jorgensen, L.; Bojsen, A.R.; Christensen, D.; Foged, C. Protein Antigen Adsorption to the
DDA/TDB Liposomal Adjuvant: Effect on Protein Structure, Stability, and Liposome Physicochemical
Characteristics. Pharm. Res. 2013, 30, 140–155. [CrossRef]

62. Hamborg, M.; Rose, F.; Jorgensen, L.; Bjorklund, K.; Pedersen, H.B.; Christensen, D.; Foged, C. Elucidating
the mechanisms of protein antigen adsorption to the CAF/NAF liposomal vaccine adjuvant systems: Effect of
charge, fluidity and antigen-to-lipid ratio. Biochim. Biophys. Acta Biomembr. 2014, 1838, 2001–2010. [CrossRef]

63. Schmidt, S.T.; Foged, C.; Korsholm, K.S.; Rades, T.; Christensen, D. Liposome-Based Adjuvants for Subunit
Vaccines: Formulation Strategies for Subunit Antigens and Immunostimulators. Pharmaceutics 2016, 8, 7.
[CrossRef] [PubMed]

64. Chan, Y.R.; Liu, J.S.; Pociask, D.A.; Zheng, M.; Mietzner, T.A.; Berger, T.; Mak, T.W.; Clifton, M.C.; Strong, R.K.;
Ray, P.; et al. Lipocalin 2 Is Required for Pulmonary Host Defense against Klebsiella Infection. J. Immunol.
2009, 182, 4947–4956. [CrossRef]

65. Ferreira, M.C.; Whibley, N.; Mamo, A.J.; Siebenlist, U.; Chan, Y.R.; Gaffen, S.L. Interleukin-17-Induced Protein
Lipocalin 2 Is Dispensable for Immunity to Oral Candidiasis. Infect. Immun. 2013, 82, 1030–1035. [CrossRef]
[PubMed]

66. Liang, S.C.; Tan, X.-Y.; Luxenberg, D.P.; Karim, R.; Dunussi-Joannopoulos, K.; Collins, M.; Fouser, L.A.
Interleukin (IL)-22 and IL-17 are coexpressed by Th17 cells and cooperatively enhance expression of
antimicrobial peptides. J. Exp. Med. 2006, 203, 2271–2279. [CrossRef] [PubMed]

67. Jiang, S. Immunity against Fungal Infections. Immunol. Immunogenet. Insights 2016, 8, S38707. [CrossRef]
68. Romani, L. Immunity to fungal infections. Nat. Rev. Immunol. 2011, 11, 275–288. [CrossRef]
69. Hernández-Santos, N.; Gaffen, S.L. Th17 Cells in Immunity to Candida albicans. Cell Host Microbe 2012,

11, 425–435. [CrossRef]
70. Perez-Nazario, N.; Rangel-Moreno, J.; O’Reilly, M.A.; Pasparakis, M.; Gigliotti, F.; Wright, T.W. Selective

Ablation of Lung Epithelial IKK2 Impairs Pulmonary Th17 Responses and Delays the Clearance
ofPneumocystis. J. Immunol. 2013, 191, 4720–4730. [CrossRef]

71. Wüthrich, M.; Gern, B.; Hung, C.Y.; Ersland, K.; Rocco, N.; Pick-Jacobs, J. Vaccine-induced protection against
3 systemic mycoses endemic to North America requires Th17 cells in mice. J. Clin. Investig. 2011, 121, 554–568.
[CrossRef]

72. Kim, J.S.; Jordan, M.S. Diversity of IL-17-producing T lymphocytes. Cell. Mol. Life Sci. 2012, 70, 2271–2290.
[CrossRef]

http://dx.doi.org/10.1093/cid/ciy1087
http://dx.doi.org/10.1371/journal.pone.0175707
http://dx.doi.org/10.1586/14787210.6.2.251
http://www.ncbi.nlm.nih.gov/pubmed/9780169
http://dx.doi.org/10.1016/j.vaccine.2009.03.040
http://dx.doi.org/10.1038/nri2868
http://www.ncbi.nlm.nih.gov/pubmed/20948547
http://dx.doi.org/10.1016/S0168-3659(01)00549-1
http://dx.doi.org/10.1016/0005-2736(91)90268-D
http://dx.doi.org/10.2147/IJN.S87120
http://dx.doi.org/10.1007/s11095-012-0856-8
http://dx.doi.org/10.1016/j.bbamem.2014.04.013
http://dx.doi.org/10.3390/pharmaceutics8010007
http://www.ncbi.nlm.nih.gov/pubmed/26978390
http://dx.doi.org/10.4049/jimmunol.0803282
http://dx.doi.org/10.1128/IAI.01389-13
http://www.ncbi.nlm.nih.gov/pubmed/24343647
http://dx.doi.org/10.1084/jem.20061308
http://www.ncbi.nlm.nih.gov/pubmed/16982811
http://dx.doi.org/10.4137/III.S38707
http://dx.doi.org/10.1038/nri2939
http://dx.doi.org/10.1016/j.chom.2012.04.008
http://dx.doi.org/10.4049/jimmunol.1301679
http://dx.doi.org/10.1172/JCI43984
http://dx.doi.org/10.1007/s00018-012-1163-6


J. Fungi 2020, 6, 347 16 of 16

73. Taga, T.; Kishimoto, T. Gp 130 and the interleukin-6 family of cytokines. Annu. Rev. Immunol. 1997,
15, 797–819. [CrossRef]

74. Yang, X.O.; Pappu, B.P.; Nurieva, R.; Akimzhanov, A.; Kang, H.S.; Chung, Y.; Ma, L.; Shah, B.;
Panopoulos, A.D.; Schluns, K.S.; et al. T Helper 17 Lineage Differentiation Is Programmed by Orphan
Nuclear Receptors RORα and ROR & gamma. Immunity 2008, 28, 29–39. [CrossRef]

75. Yang, X.O.; Panopoulos, A.D.; Nurieva, R.; Chang, S.H.; Wang, D.; Watowich, S.S.; Dong, C. STAT3 Regulates
Cytokine-mediated Generation of Inflammatory Helper T Cells. J. Biol. Chem. 2007, 282, 9358–9363.
[CrossRef] [PubMed]

76. Taborda, C.P.; Travassos, L.R. Peptide Vaccine Against Paracoccidioidomycosis. In Methods in Molecular
Biology; Springer Science, Business Media, LLC: Berlin/Heidelberg, Germany, 2017; Volume 1625, pp. 113–128.

77. Woodworth, J.S.; Aagaard, C.S.; Hansen, P.R.; Cassidy, J.P.; Agger, E.M.; Andersen, P. Protective CD4 T Cells
Targeting Cryptic Epitopes of Mycobacterium tuberculosis Resist Infection-Driven Terminal Differentiation.
J. Immunol. 2014, 192, 3247–3258. [CrossRef]

78. Tristão, F.S.M.; Rocha, F.A.; Carlos, D.; Ketelut-Carneiro, N.; Souza, C.O.S.; Milanezi, C.M.; Silva, J.S.
Th17-Inducing Cytokines IL-6 and IL-23 Are Crucial for Granuloma Formation during Experimental
Paracoccidioidomycosis. Front. Immunol. 2017, 8, 949. [CrossRef]

79. Petersen, H.J.; Smith, A.M. The Role of the Innate Immune System in Granulomatous Disorders.
Front. Immunol. 2013, 4, 120. [CrossRef]

Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional
affiliations.

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1146/annurev.immunol.15.1.797
http://dx.doi.org/10.1016/j.immuni.2007.11.016
http://dx.doi.org/10.1074/jbc.C600321200
http://www.ncbi.nlm.nih.gov/pubmed/17277312
http://dx.doi.org/10.4049/jimmunol.1300283
http://dx.doi.org/10.3389/fimmu.2017.00949
http://dx.doi.org/10.3389/fimmu.2013.00120
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Animals 
	Peptide P10 Preparation 
	Preparation of Liposome 
	Determination of Diameter Size, Polydispersity and Zeta Potential of Liposomes 
	Adsorption Efficiency 
	Determination of Liposomes Morphology by Transmission Electronic Microscopy (TEM) 
	Experimental Infection 
	Vaccination Protocols 
	Determination of Fungal Burden 
	Quantification of Cytokines Levels of Homogenate Pulmonary for the ELISA Method 
	Histopathological Lungs Analysis 
	Statistical Analysis 

	Results 
	The Effect of Peptide P10 Adsorption on DDA/TDB Liposomes 
	Determination of Liposomes Morphology after P10 Adsorption by TEM 
	Adsorption of Peptide to Adjuvant Liposome 
	DDA/TDB/P10 Vaccination Controls Pulmonary Fungal Burden 
	The Therapeutic Effect of DDA/TDB/P10 Vaccination Correlates with an IL-4/IL-17 Balance in the Lung Parenchyma 
	Lung Histology 

	Discussion 
	Conclusions 
	References

