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ABSTRACT Though a confined or a broad population is exposed respectively to 
endemic or pandemic infections, in the same environment, some individuals resist the 
development of infections. The attributed reason is the inheritance of a set of immune 
system genes that can efficiently deal with the pathogens. In this study, we show how 
outbred mice differentially respond to Cryptococcus neoformans, a fungal pathogen, 
and the mechanism through which the surviving mice mount a protective immune 
defense. We identified that those mice developing antibodies specifically against Pep1p, 
an aspartic protease secreted by C. neoformans, had significantly improved survival. 
Vaccination (either prophylactic or therapeutic) with a recombinant Pep1p significantly 
increased the survival of the mice by decreasing the fungal load and stimulating a 
protective immune response. Passive immunization of C. neoformans-infected mice with 
monoclonal antibodies developed against Pep1p also improves the survival of the 
mice by increasing phagocytosis of C. neoformans and decreasing the multiplication 
of this fungus. Together, these data demonstrate the prophylactic and therapeutic 
potentials of the C. neoformans antigenic protein Pep1p or Pep1p-specific antibodies 
against this fungal infection. Also, this study suggests that the immunological interaction 
and thereby the responses developed against a pathogen guide the hosts to behave 
differentially against microbial pathogenicity.

IMPORTANCE Vaccination and immunotherapies against fungal pathogens still remain 
a challenge. Here, we show using an in vivo model based on outbred mice that 
development of antibodies against Pep1p, an antigenic protein of the fungal patho­
gen Cryptococcus neoformans, confers resistance to this fungal infection. In support of 
this observation, prophylactic or therapeutic immunization of the mice with recombi­
nant Pep1p could improve their survival when infected with a lethal dose of C. neofor­
mans. Moreover, passive therapy with monoclonal anti-Pep1p antibodies also enhanced 
survival of the mice from C. neoformans infection. The associated antifungal mechanisms 
were mounting of a protective immune response and the development of fungal specific 
antibodies that decrease the fungal burden due to an increase in their phagocytosis 
and/or inhibit the fungal multiplication. Together, our study demonstrates (a) the mode 
of host–fungal interaction and the immune response developed thereby play a crucial 
role in developing resistance against C. neoformans; (b) Pep1p, an aspartic protease as 
well as an antigenic protein secreted by C. neoformans, can be exploited for vaccination 
(both prophylactic and therapeutic) or immunotherapy to improve the host defense 
during this fungal infection.

KEYWORDS Cryptococcus neoformans, aspartic protease Pep1p, vaccination, prophy­
laxis, passive therapy, monoclonal antibodies
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C ryptococcosis is associated with HIV infection and can occur in patients with other 
cellular immune defects, whether linked to a treatment such as prolonged steroid 

intake or diseases (malignant lymphoid diseases, organ transplantation, sarcoidosis, 
glucocorticoid treatment, chronic liver diseases, diabetes, etc.) or in patients with 
apparently no immunodeficiency (1, 2). Despite guidelines for the diagnosis and 
management of patients with cryptococcosis, this fungal infection still accounts for 
approximately 20% of deaths related to HIV infections (3, 4). Cryptococcus neoformans is 
now listed as a critically risky pathogen in the World Health Organization (WHO) fungal 
priority pathogens list with an advocacy to ending death from HIV-related cryptococcal 
meningitis by 2030 (https://www.who.int/publications/i/item/9789240060241).

The incidence of cryptococcosis and the outcome of the infection vary among 
susceptible hosts (HIV-infected or uninfected) and depend on geographical areas, 
underlying risk factors (5–7), central nervous system involvement, and timing of 
diagnosis and therapeutic management (2, 6–10). These studies lead to the query—
why only a part of immunocompromised or apparently immunocompetent population 
develop cryptococcosis or cryptococcal meningoencephalitis, though they have the 
same underlying disease, risk factor, or even are from the same geographical areas? 
One of the hypotheses for some individuals remaining healthier than others is attrib­
uted to their optimal immune resilience, a capacity to preserve and rapidly restore 
immune function that offers resistance to infections (8). Development of novel adjunct 
therapies that could increase the efficacy of antifungal drugs, especially in the context 
of suboptimal immunity, may warrant evaluation. Supporting this hypothesis, earlier, 
we associated the kinetics of the antibody response during murine cryptococcosis with 
infection outcomes (11). Here, we further demonstrate that mice that recognize and 
respond to an antigenic protein of C. neoformans, Pep1p, develop resistance to this 
fungal infection. Confirming it, we show that immunological intervention (prophylac­
tic or therapeutic immunization) with Pep1p as well as passive transfer of anti-Pep1p 
antibodies protect mice from a lethal challenge with C. neoformans.

RESULTS

Mice surviving longer after C. neoformans infection develop anti-aspartic 
protease antibodies

Outbred OF1 mice were infected with C. neoformans var. neoformans isolate NIH52D, 
with two doses – 103 (n = 28, in two independent experiments) and 5 × 103 yeasts per 
mouse (n = 14, in one independent experiment). We identified two behaviors following 
inoculation: early death within 30 days (non-survivor group; 50% survival for 103 yeasts 
per mouse and 22% survival for 5 × 103 yeasts per mouse) or prolonged survival over 100 
days (survivor group, between 50% for 103 yeasts per mouse and 22% for 5 × 103 yeasts 
per mouse). The non-survivor group showed body weight loss from 14 dpi onward, 
whereas the survivor group showed a weight gain over time (Fig. 1A; showing data for 
inoculum size 103 /mouse is presented). When probed against the cytosolic fraction of C. 
neoformans by Western blot, sera from mice of the non-survivor group showed multiple 
bands (Fig. 1B), and that from the survivor group mice resulted mainly in a single band at 
an apparent molecular mass of 40 kDa (Fig. 1C).

Following this, the cytosolic fraction of C. neoformans var. neoformans was subjected 
to 2D-PAGE, in duplicate. One gel was stained with Coomassie blue, and the other was 
subjected to immunoblotting using pooled serum of six mice from the survivor group 
(Fig. 1D and E, respectively). The spot corresponding to the positive immunoblot was 
excised from the Coomassie blue stained gel, processed, and subsequent analysis 
identified the protein as an aspartic protease, Pep1p (CAN_05650).
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Expression of recombinant Pep1p (rPep1p) is efficient in the Escherichia coli 
system

We then sorted to produce a recombinant Pep1p to explore its immunization potential, 
for which we tried different expression systems. Both Pichia pastoris and Saccharomyces 
cerevisiae expression systems failed to produce rPep1p. Therefore, we opted for the E. 
coli expression system with the vector pHAT10/11/12. rPep1p expressed on SDS-PAGE 
showed a major band at an apparent molecular mass of 40 kDa (Fig. 1F), but also showed 
several additional/degraded bands. However, Western blot using pooled serum from 
the survivor group showed a single positive band at 40 kDa (Fig. 1G), suggesting that 
additional and degraded bands resolved on SDS-PAGE could be due to auto-degradation 
and/or polymerization of Pep1p.

Recombinant Pep1p is antigenic

Recombinant Pep1p was used to immunize rabbit or mouse to generate polyclonal 
and monoclonal antibodies, respectively. Of note, none of the pre-immunized sera 
reacted with recombinant Pep1p when examined by Western blot. Rabbits immunized 
with recombinant Pep1p showed the presence of anti-Pep1p antibodies in their sera 
when examined by Western blotting against rPep1p. Like SDS-PAGE (Fig. 1F), the 

FIG 1 Development of anti-Pep1p antibodies is associated with prolonged survival in mice inoculated with C. neoformans. (A) Body weight evolution in mice 

(n = 28, two independent experiments) inoculated intravenously with C. neoformans NIH52D (103 yeasts/mouse) that died within 30 days (non-survivor group) 

or survived >100 days (survivor group). Sera from two representative mice, (B) from the non-survivor group showed multiple bands on Western blot against 

the cytosolic fraction of C. neoformans, (C) while there was a single band with sera from two representative mice of the survivor group followed >100 days, 

(D) 2D-PAGE of the C. neoformans cytosolic fraction stained with Coomassie blue, (E) Western blot of the 32–47 kDa band cut from this 2D-PAGE with pooled 

survivor group sera, (F) SDS-PAGE profile of recombinant Pep1p (Coomassie silver staining), and (G) Western blot of rPep1p with pooled survivor group sera.
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polyclonal rabbit antisera recognized multiple bands of rPep1p (Fig. 2A). On the other 
hand, three clones of mouse monoclonal antibodies (mAbs) were generated by the 
hybridoma technique: B4-1, J1-26, and J17-14. All these three mAbs were identified to 
be IgG1. By enzyme-linked immunosorbent assay (ELISA) and using non-overlapping 
as well as overlapping 15-mer peptide sequences, we could identify Pep1p epitopes 
recognized by these mAbs (Fig. 2B), which were all outside its enzymatic active site. 
Interestingly, mAbs J1-26 and B4-1 recognized two epitopes of Pep1p. We checked that 
these epitopes were conserved on the aspartyl protease of C. neoformans var. gru­
bii (CNAG_00581) (https://www.ncbi.nlm.nih.gov/protein/OWZ59865.1). Moreover, these 
mAbs, unlike rabbit polyclonal sera, recognized only rPep1p of an apparent molecular 
weight of 40 kDa.

Cryptococcal Pep1 expression occurs in vivo in the infected mice

Quantitative PCR was performed to determine C. neoformans PEP1 expression during 
experimental infection of mice in comparison with constitutive expression during the 
growth in vitro (stationary phase). Preliminary experiments indicated the threshold of 
detection to be 106 colony-forming units (CFU)/g of the organ. PEP1 was significantly 
more expressed in the brains of mice infected with the C. neoformans isolate NIH52D 
(106 yeasts/mouse) compared to those infected with the H99 isolate (C. neoformans var. 
grubii, 106 yeasts/mouse; P < 0.001), while fungal load was lower for the NIH52D isolate 
(log CFU/g brain = 6.4 ± .7 for NIH52D vs 7.4 ± 0.6 for H99) (Fig. 3A). The expression of 
PEP1 showed the same trends in the other organs tested. Immunohistochemistry showed 
that Pep1p was secreted through the capsule during infection and was detected in the 
tissues surrounding the yeasts during both H99 and NIH52 infections (Fig. 3B).

Immunization with rPep1p prior to C. neoformans inoculation improves 
survival of mice

Figure 4A represents the experimental setup. First, we analyzed the effect of the C. 
neoformans isolate (H99 vs NIH52D; 105 yeasts/mouse) on the survival of BALB/c (inbred) 
and OF1 (outbred) mice. Regardless of the mouse strain, the H99 strain was more lethal 
than NIH52D (Fig. 4B). Next, we aimed at identifying the most efficient adjuvant for 

FIG 2 Characterization of polyclonal antibodies raised in rabbits and the monoclonal antibodies (mAbs) generated from mouse. (A) Sera from two rabbits 

immunized with rPep1p (500 µg rPep1p/rabbit; subcutaneously along with Freund’s adjuvant, thrice with 15-day intervals between immunization) were 

subjected to Western blot against rPep1p at different serum dilutions, and similar to the SDS-PAGE migration pattern of rPep1p (Fig. 1F), there were several 

positive bands indicating the polyclonal nature of the antibodies raised in rabbit against rPep1p. (B) Pep1p sequence and the epitopes recognized by the three 

clones of mouse monoclonal antibodies (mAbs) generated; in green, epitopes recognized by mAb J1-26; in blue, epitope recognized by mAbs J17-14 and B4-1; 

in brown, epitope recognized by B4-1. Underlined are the active site residues of Pep1p. These epitopes were conserved in the homolog aspartyl protease of C. 

neoformans var. grubii. (C) Western blot profiles showing that the mouse mAbs recognize rPep1p at different dilutions. Blots for B4-1 and J17-14 are presented; 

unlike Western blot profiles with rabbit polyclonal antibodies, only a band at an apparent molecular weight of 40 kDa was recognized by these mouse mAbs.
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immunization with rPep1p. For this study, we exploited BALB/c mice and H99 as this 
strain was more virulent compared to NIH52D and thereby minimized the experimental 
duration. Immunization (subcutaneous route) was performed 60, 44, and 22 days before 
the inoculation with 105 yeasts/mouse. The best regimen was the immunization with 
rPep1p along with alum and CpG, which significantly increased the survival of mice 
inoculated with H99 (Fig. 4C). Immunization with rPep1p and Freund’s complete and 

FIG 3 Expression of PEP1 during murine infection. (A) PEP1 expression in organs from mice intravenously infected with C. neoformans yeasts (H99 or NIH52D; 106 

per mouse) at 14 days post-infection (dpi); data are expressed as the copy numbers of PEP1 relative to the fungal load in the indicated organ. Mean ± SD from 

a total of five mice for each fungal strain is presented. (B) Evidence for the secretion of Pep1 by C. neoformans (both H99 and NIH52D strains) during infection 

in the mouse brain and lung (paraffin section of the infected brain). The Cryptococcus neoformans capsule is immuno-stained with FITC-labeled E1 (anti-capsular 

polysaccharide antibody; green) and Pep1 (red) with polyclonal anti-rPep1 antibodies and TRITC-conjugated goat anti-rabbit IgG.

FIG 4 Prophylactic immunization with Pep1p increases survival of mice inoculated with C. neoformans. (A) Immunization with rPep1p, experimental design; 

rPep1p was administered subcutaneously, and C. neoformans yeasts (105 /mouse; H99 or NIH52D) were inoculated intravenously. (B) Comparative outcome in 

BALB/c (total, n = 7 per group) and OF1 mice (n = 5 per group) infected with C. neoformans H99 or NIH52D strains (105 yeasts/mouse) (one representative 

experiment). (C) Effect of adjuvants on the immunization efficacy of rPep1p; BALB/c mice infected with the H99 isolate. Control and immunization with rPep1p 

along with alum/CpG (12 mice/group, two independent experiments). Immunization with rPep1p and Freund’s complete and incomplete adjuvant (5 mice, 

one experiment). Survival data for immunization with rPep1P + alum or rPep1P + CpG are not presented; all the mice in these groups died before 20 days 

post-infection, like the control group. (D) Effect of rPep1p immunization on infection with NIH52D; seven BALB/c mice per group (one experiment). Statistical 

significance was determined by Kaplan–Meier survival analysis with the Mantel–Cox test.

Research Article mBio

November 2024  Volume 15  Issue 11 10.1128/mbio.02733-24 5

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/m

bi
o 

on
 1

4 
N

ov
em

be
r 

20
24

 b
y 

15
7.

99
.1

2.
16

3.

https://doi.org/10.1128/mbio.02733-24


incomplete adjuvant formulation also prolonged the survival (Fig. 4C), while that with 
alum or CpG alone showed mortality similar to that of the group of mice injected only 
with the adjuvants (control group) (data not shown). Therefore, further immunization 
studies were performed with rPep1p along with alum and CpG in combination. With this 
formulation, we examined the immunization potential of rPep1p against the C. neofor­
mans NIH52D isolate in BALB/c mice. As expected, given the difference in virulence 
between the two isolates (Fig. 4B), the improvement in survival following immunization 
was greater in mice infected with 105 NIH52D (Fig. 4D). Altogether, these results sugges­
ted that the extent of virulence associated with different C. neoformans isolates plays an 
essential role in the efficacy of active immunization with Pep1p.

We then quantified the fungal burden in the different organs (brain, lungs, and 
spleen) of mice infected with C. neoformans (Fig. 5A and B for H99 and NIH52D isolates, 
respectively) and in groups of mice immunized with rPep1p along with alum and CpG in 
combination prior to inoculation (Fig. 5C and D). Immunized (vaccinated) mice showed a 
significantly lower fungal burden in their brain compared to unimmunized mice or mice 
injected with the adjuvant, and this was observed for both H99- and NIH52D-infected 
mice. Compared to both controls, mice vaccinated with rPep1p also had a statistically 
significant reduction in the fungal burden in their lungs when infected with NIH52D, 
whereas the reduction did not reach significance for mice infected with H99 nor in 

FIG 5 Immunization with Pep1p prior to inoculation with C. neoformans decreases the fungal burden in BALB/c mice. Recombinant Pep1p was administered 

subcutaneously along with alum/CpG; C. neoformans yeasts (105 /mouse) were inoculated intravenously. (A and B) Colony-forming unit (CFU) per gram in the 

indicated mouse organs at 14 dpi; seven mice/group in two independent experiments; (A) H99 and (B) NIH52D. (C and D) CFU/g on day 14 in the indicated 

organs in mice immunized with rPep1p (+ alum/CpG) or injected with the adjuvant alone compared to control mice; four mice/group (one experiment), (C) H99 

and (D) NIH52D (ns: nonsignificant, *P < 0.05).
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the spleens after inoculation of both H99 and NIH52D. This study suggests that the 
magnitude of fungal burden reduction upon immunization may depend on the infecting 
strain and the organ.

Furthermore, we quantified cytokines and chemokines in the serum and brain 
homogenates of the three groups of mice (unimmunized, adjuvant injected, and rPep1p 
immunized) infected with C. neoformans (NIH52D isolate) at 14 and 21 days dpi. 
Immunization significantly decreased the levels of circulating cytokines and chemokines 
compared to unimmunized and adjuvant-injected groups of mice at 14 dpi (Fig. 6A) 
and only by a trend at 21 dpi (Fig. 6B). On the other hand, in the brain homogenates, 
immunized mice showed significantly lower levels of specific cytokines and chemokines 
at 21 dpi compared to unimmunized and adjuvant-injected groups (Fig. 6C). Together, 
these data suggest that immunization with recombinant Pep1p possibly reduces the 
hyperinflammation due to C. neoformans infection.

Therapeutic immunization with rPep1p improves the outcome of C. neofor­
mans infection

We then studied the potential therapeutic benefits of rPep1p injection on an already 
established C. neoformans infection in mice (Fig. 7; the experimental setup is presented 
in Fig. 7A). Injection with rPep1p of infected mice at 7 dpi significantly increased their 
survival compared to the group of mice injected only with the adjuvant, regardless of 
the C. neoformans strain used (Fig. 7B and D). Therapeutic immunization also significantly 

FIG 6 Prophylactic immunization with Pep1p modulates immune responses in mice. (A and B) Cytokine and chemokines in sera of rPep1p-vaccinated 

(subcutaneously) mice infected with C. neoformans (NIH52D; 105 yeasts/mouse via intravenous route, two mice in control and four mice each in the adjuvant 

and immunization groups, in one experiment), compared to control mice and mice injected with adjuvants at 14 and 21 dpi, respectively. (C) Cytokines and 

chemokines in the brains in the same groups of mice; four mice in each group at 21 dpi. Statistical analysis was performed by one-way ANOVA with Dunnett’s 

multiple comparison test; ns: nonsignificant, *P < 0.05, **P < 0.005, and ***P < 0.0005.
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decreased the fungal burden in the brain and lungs of the infected mice euthanized 
14 days after immunization compared to the group of mice injected only with the 
adjuvant (Fig. 7C and E). Moreover, immunization significantly reduced circulating 
(serum) cytokine and chemokine levels in the mice compared to adjuvant-injected mice 
(Fig. 7F; presented here is the data from mice infected with the C. neoformans H99 strain, 
immunized 7 dpi and subjected to cytokine and chemokine quantification 14 days after 
the immunization). Of note, of the seven mice infected with lethal dose of C. neoformans, 
four that survived had sterile brains. Together, therapeutic immunization with rPep1p 
increases the survival of mice infected with C. neoformans and reduced fungal burden 
and proinflammatory cytokine and chemokine levels compared to the group of mice 
injected with the adjuvant, suggesting that even therapeutic vaccination with recombi­
nant Pep1p has beneficial protective effects against C. neoformans infection.

Passive immunization with anti-Pep1p antibodies after C. neoformans 
inoculation improves the outcome of infection

We analyzed the passive immunization potential of mouse monoclonal antibodies 
(mAbs) raised against rPep1p (clones B4-1, J1-26, and J17-14). The experimental setup 
is presented in Fig. 8A; an irrelevant IgG1 (chikungunya IgG1; CHIKV D3.62) was used 
as the negative control. Passive immunization with anti-Pep1p antibodies significantly 
increased the survival of the mice infected with either of the strains of C. neoformans 

FIG 7 Therapeutic vaccination of mice with Pep1p improves the outcome of C. neoformans inoculation. (A) Experimental setup. (B, D) Survival of mice (n 

= seven mice/group, one experiment) intravenously infected with C. neoformans H99 (103 /mouse) or NIH52D (105 /mouse), respectively, and immunized 

(subcutaneously) with rPep1p at 7 dpi. (C, E) Log CFU/g in indicated organs of C. neoformans (H99 and NIH52D, respectively)-infected mice, injected with 

adjuvant or vaccinated on day 7 and sacrificed on day 21 (C – 3 mice/group, one experiment; E – 7 mice/group, two independent experiments). (F) Cytokine 

and chemokine levels in the serum of mice (4 mice/group, at 21 dpi, one experiment) injected with the adjuvant or vaccinated at 7 dpi. Statistical analysis was 

performed by one-way ANOVA with Dunnett’s multiple comparison test. ns: nonsignificant, *P < 0.05; **P < 0.005.
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(H99 or NIH52D), compared to control mice or mice injected with irrelevant IgG1. 
Although two doses (20 and 100 µg per mouse) of mAbs were tested for passive 
immunization, there was no significant difference in their levels of protection. Therefore, 
for further studies, the lowest dose (20 µg per mouse) of mAbs was used. The clones B4-1 
and J1-26 resulted in comparable survival profiles regardless of the C. neoformans strain 
used for infection, whereas J17-14 resulted in strain-dependent improved survival of the 
mice (Fig. 8B and C). Mice injected with B4-1 or J17-14 showed a significant decrease 
in the fungal loads in the brain and spleen. J1-26 injection in mice resulted in reduced 
fungal load only in their spleens (Fig. 8D), while none of these anti-Pep1p antibodies 
affected fungal load in the mouse lungs.

We further dissected the possible mechanisms associated with these anti-Pep1p 
antibodies (B4-1, J1-26, and J17-14) in protecting mice from C. neoformans infection. In 
vitro, the multiplication of C. neoformans was significantly reduced in the presence of 
these anti-Pep1p antibodies (Fig. 8E). On the other hand, mAbs-opsonized C. neofor­
mans yeasts were phagocytosed significantly better by the human monocyte-derived 
macrophages compared to unopsonized yeasts, even though less compared with anti-C. 
neoformans capsular (anti-GXM) antibody-opsonized yeasts (Fig. 8F). These data indicate 

FIG 8 Administration of monoclonal anti-Pep1p antibodies following C. neoformans inoculation improves survival in the mice. (A) Experimental setup; 

monoclonal antibodies (mAbs) and C. neoformans were administered intraperitoneally and intravenously, respectively. (B and C) Survival of the mice infected 

with C. neoformans isolates H99 and NIH52D, respectively, and treated on 7 dpi with anti-Pep1p mAb (seven mice/group) (one experiment). (D) Log CFU/g in 

indicated organs of C. neoformans-infected mice (NIH52D) treated with anti-Pep1p mAb (five mice/group) (one experiment). (E) Growth of C. neoformans in the 

absence or presence of anti-Pep1p antibodies. (F) Phagocytosis of unopsonized or opsonized C. neoformans by hMDMs (n = 4); anti-GXM (E1) and anti-Pep1p 

(B4-1, J1-26, and J17-14) mAbs were used for opsonization. Statistical analysis was performed by one-way ANOVA with Tukey’s multiple comparison test; ns: 

nonsignificant, *P < 0.05, **P < 0.005, and ***P < 0.0005.
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that (i) anti-Pep1p antibodies inhibit the multiplication of C. neoformans yeasts and (ii) 
that opsonization by anti-Pep1p antibodies facilitates phagocytosis of C. neoformans.

DISCUSSION

In this study, we observed that outbred mice showed a contrasted interaction with C. 
neoformans after intravenous inoculation. Mice that produced antibodies to a specific 
antigenic protein of C. neoformans, a secreted aspartic protease Pep1p, developed 
resistance to this fungal infection, whereas mice that show an antibody response to 
multiple antigens of C. neoformans developed an acute infection and died earlier after 
inoculation. On the other hand, BALB/c mice always died after inoculation, their survival 
being only a function of the inoculum size (the smaller the inoculum, the longer the 
survival) and the strain (longer survival with NIH52D than with H99 for the same 
inoculum size). Furthermore, we show that either active immunization with Pep1p, a 
recombinant aspartic protease, or passive immunization using anti-Pep1p antibodies 
significantly improves the outcome of C. neoformans infection in BALB/c mice. Active 
immunization (prophylactic as well as therapeutic) with Pep1p resulted in a decreased 
fungal burden in the murine organs (even complete eradication of the fungus in some 
mice) and a decreased inflammatory response. Passive immunization with monoclonal 
anti-Pep1p antibodies also conferred partial increase in the survival by reducing this 
fungal growth and facilitating the phagocytosis of C. neoformans via opsonization.

Cryptococcus neoformans is a biotrophic basidiomycetous yeast that is found 
ubiquitously in the environment. Most of us have been in contact with the fungus, as 
assessed by the presence of anti-cryptococcal antibodies in healthy individuals; evidence 
shows that when diagnosed, cryptococcosis followed reactivation of a latent infection 
(12, 13). This fungal pathogen can cause infection both in immunocompromised and 
immunocompetent hosts. However, not all vulnerable hosts will develop an infection 
(5–7, 9, 11, 14, 15), which is comparable to what we observed with outbred mice infected 
with C. neoformans. This could be attributed to two facts: (a) In an immunocompetent 
population, the genetic variations have been attributed to individual responsiveness to 
an invading microbe. An immune gene variant either confers resilience to fight against 
a pathogen or makes the host more susceptible to infection (8). (b) In immunocom­
promised patients, the extent of immune compromise could differ in each individual. 
Indeed, the attributed reason for cryptococcal meningoencephalitis in HIV patients is 
their low CD4 +T cell count (16). Individuals with acute-phase HIV infection and a 
proportion of HIV patients with clinical latency retain high levels of CD4 +T cell counts, 
which may be the cause for helping them combat C. neoformans infection (17).

Cryptococcosis still accounts for 19% of AIDS-related deaths in some countries 
despite awareness, available antigen testing, and antifungal treatment regimen based 
on amphotericin B, fluconazole, and 5-flucytosine (3, 18). However, even diagnosed and 
treated, cryptococcosis mortality remains high (19, 20). There have been several studies 
to develop vaccines against fungal infections, but none reached human application (10, 
21, 22). The attributed reason is that fungal infection occurs mostly in immunocompro­
mised hosts with low CD4 +T cell count (16), while studies rarely looked for vaccine 
development under immunodeficient conditions. We considered two different modes of 
immunization with recombinant Pep1p, prophylactic and therapeutic vaccination, and 
both protected immunocompetent mice from C. neoformans infection. It is understanda­
ble that prophylactic vaccination offers preparedness to those individuals who will be 
undergoing immunosuppressive interventions or therapies. Vaccination against a rare, 
even if life-threatening, non-transmissible infection may not be acceptable in terms 
of risk for the patient, but therapeutic vaccination in conjunction with appropriate 
antifungal therapy could be. Vaccination following an infection under immunosuppres­
sive condition has been questioned for its efficacy and safety (23). However, although 
immunosuppressants modulate immune function through a control over CD4 +T cells, 
they only reduce the activation or efficacy but do not abolish immune system function 
(24). Therefore, recent studies suggest that the efficacy of antigens could be improved 
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under immunosuppressive conditions either by customizing vaccine formulation with 
a robust adjuvant and efficient delivery system, increasing the dosage of vaccines, or 
through timed revaccination (25, 26).

Although vaccination started with live attenuated pathogens, the risk of reversion of 
attenuation led to explore potent antigenic components of these pathogenic microbes. 
While the nature of two well-explored antigenic molecules are proteins and polysacchar­
ides (27), protein-based antigens have advantages over polysaccharide antigens; they 
are soluble, can be produced in recombinant forms, and they induce both cellular and 
humoral immunity (27). Moreover, unlike polysaccharide antigens that require their 
conjugation with carrier proteins to facilitate their transport across the target cell 
membrane, protein antigens can cross the cell membrane without carrier proteins. In 
addition, the protein-based antigens initiate T-cell-dependent B cell activation, a process 
that results in robust immune response; affinity maturation, leading to the production 
of immunoglobulins that will be pathogen-specific; and immunological memory (28). 
Aspartic proteases are identified as potential targets for antifungal therapies (29). A 
recombinant aspartyl protease has even been proven effective as a vaccine for murine 
coccidioidomycosis (30). Recent studies demonstrated that among the six proteins of 
C. neoformans (Cda1, Cda2, Cda3, Fpd1, MP88, and Sod1), expressed in recombinant 
forms, loaded into glucan particles and used to vaccinate mice, four could protect mice 
from lethal dose infection with C. neoformans (31), as did synthetic peptides derived 
from Cda2 (32). Development of the pulmonary inflammatory response and sterilizing 
immunity were the mechanisms upon vaccination that protected mice from infection. 
Interestingly, in this study (31), two strains of mice were used for vaccination, and 
they differed in their T helper cell epitopes upon vaccination. This suggests that the 
genetic background of the host plays a role in the immune response, which agrees with 
the observation of our study using outbred mice for recombinant Pep1p vaccination. 
However, in contrast with this study (31), we observed decreased cytokine/chemokine 
production, both in circulation and organs of the mice vaccinated with Pep1p. This could 
be due to the route of infection, orotracheal versus intravenous. Indeed, it is known that 
a dysregulated inflammatory response often worsens the fungal infection by limiting the 
protective antifungal immunity (33).

Adjuvants are indispensable during vaccination; they can function as immunopo­
tentiators or delivery systems (34). Immunopotentiators lead to the activation and 
maturation of antigen presenting cells (APCs) and promotes the production of co-stim­
ulatory molecules, thus enhancing the adaptive immunity, whereas delivery systems 
target antigens to APCs and increase the bioavailability of the antigen. In our study, 
we explored the adjuvant efficacy of the immunopotentiators (CpG, Freund’s adjuvant) 
as well as the delivery systems (Freund’s adjuvant, alum) for immunizing mice with 
recombinant Pep1p. We observed a significant increase in the survival of the mice 
against C. neoformans infection when they were immunized with Pep1p along with 
CpG in combination with alum, followed by Freund’s adjuvant. This suggests that the 
combination of CpG and alum increases the robustness of their properties in enhanc­
ing the antigenic potential of Pep1p. Indeed, alum-based adjuvants are approved for 
human application (35). On the other hand, though alum-based adjuvants induce a 
strong humoral response, they have been reported not to elicit a good cellular immune 
response and are associated with adverse effects at the site of administration (36, 37). In 
our study, we observed tissue necrosis and induration at the site of immunization when 
Pep1p was combined with Freund’s adjuvant.

When treatment options are either minimum, ineffective, or toxic, passive immu­
nization (intravenous infusion of antibodies) is an alternative to prevent or treat a 
disease or infection. As fungal infections occur mostly in immunocompromised hosts 
with reduced cellular immune function, supplementation of specific antibodies with 
or without concomitant application of antifungal drugs is gaining attention as an 
efficient treatment strategy against fungal pathogens (38). The advantages associated 
with passive immunotherapy are (a) specific (monoclonal) antibodies (mAbs) can be 
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raised against a wide range of fungal virulent factors (39); (b) mAbs provide immediate 
protection against systemic mycosis (40); (c) mAb-treatment avoids the emergence of 
antifungal resistance (40, 41); (d) synergism between mAbs and antifungal drugs will 
enhance the antifungal activity, thereby reducing the duration of antifungal treatment 
and their toxicity (40–42); and (e) mAbs will not alter the host microbiota (42). On the 
other hand, the disadvantages of passive immunotherapy are the cost to produce mAbs, 
their specificities demanding precise identification of the causative fungal pathogen 
before treatment, and their loss of efficacy during the progress of infection, which 
requires repeated infusion of mAbs at regular intervals (39–43).

We and others developed mAb against glucuronoxylomannan (GXM; a capsular 
polysaccharide and important virulence factor) of C. neoformans and demonstrated 
that injecting mice with anti-capsular mAb modifies the course of this fungal infec­
tion in a murine model (44, 45). The murine mAb, 18B7, was evaluated for its safety 
in HIV-infected patients treated for cryptococcal meningoencephalitis (46). 2G8 was 
another mAb developed against laminarin (a branched β−1,3-glucan oligosaccharide). 
The passive administration of 2G8 reduced the fungal load in the organs of mice infected 
a day before with C. neoformans (47); of note, β−1,3-glucan is a pan-fungal cell wall 
polysaccharide present even in C. neoformans. Two mAbs have been developed against 
melanin, an insoluble pigment that is produced by the DOPA (3,4-dihydroxyphenyla­
lanine) pathway, present in the C. neoformans cell wall (48). Administration of these 
anti-melanin mAbs prior to inoculation with C. neoformans prolonged the survival of the 
mice. Put together, although mAbs have been successfully demonstrated to be effective 
against cryptococcosis, their production costs and the lack of funding arrested further 
development. Another issue is that these mAb treatments were performed prior to the 
inoculation, which makes their administration timing questionable in a real-life situation. 
Here, we showed that passive immunization was even efficient to reduce fungal burden 
and increase survival when the mAbs were administered in a host with an already 
established and otherwise lethal infection.

MAbs can exert antifungal activity by several mechanisms: by facilitating the 
phagocytosis of fungal pathogens via opsonizing them and/or by stimulating the release 
of cytokines that further modulate cellular immunity (42, 49). In immunosuppressed 
conditions with reduced cellular immune function, mAbs have been reported to exert 
direct antimicrobial activity as well as to modify the release of virulence factors from 
fungi (50–52). These studies suggest that mAbs can be effective against an infection 
both in immunocompetent and immunocompromised conditions. In agreement, in our 
study, we show that the anti-Pep1p antibodies can reduce the growth as well as increase 
the phagocytosis of C. neoformans by opsonizing their yeasts. On the other hand, 
secreted proteases of C. neoformans play a crucial role in virulence, and manipulation 
of their expression/activity has been considered to be a strategy to prevent infection. 
In this direction, neutralizing activity of secreted Pep1p could be an additional mecha­
nism exerted by mAbs against C. neoformans infection but needs validation (53). The 
hybridoma technology available to date has eased the production of chimeric, human­
ized, and/or completely human mAbs (54, 55). Also, studies have advanced in converting 
non-fungicidal mAbs into fungicidal upon attaching a radiation emitter to them (40, 56). 
Moreover, the production of therapeutic mAbs will be lower than that of prophylactic 
mAbs, as in the latter condition, the etiological fungal agent causing infection has been 
already identified and one can produce the mAbs against well-known virulence factors of 
this pathogen (42).

Overall, our study uncovers two major aspects associated with C. neoformans 
infection: (a) immune susceptibility or resilience plays a crucial role in making the 
host vulnerable or resistant, respectively, to this fungal infection; (b) targeted interac­
tion with C. neoformans and the development of a specific immune response against 
the fungal antigen Pep1p makes hosts resilient to this fungal infection. Unlike polysac­
charide antigens (GXM/β−1,3-glucan oligosaccharide) or melanin, the protein antigen 
Pep1p should confer better/improved control over cryptococcosis. Also, in this study, 
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we demonstrate that immunization with Pep1p (as either prophylactic vaccine or for 
therapeutic intervention once infection is already established) or injection of mono­
clonal anti-Pep1p antibodies improves the control of C. neoformans in infected mice, 
thereby making them potentially useful at various stages of this fungal infection process. 
Moreover, our hypothesis is that the pattern of specific antibodies combined with 
cytokine/chemokine detection in patients with cryptococcosis could help define the 
severity of infection. Selected patients could then benefit from specific therapeutic 
interventions with rPep1 or anti-Pep1p antibodies, in addition to conventional antifungal 
treatment.

MATERIALS AND METHODS

Fungal strains

Cryptococcus neoformans var. grubii (serotype A, MATα, H99) and var. neoformans 
(serotype D, MATα, NIH52D) were used in this study. Strains were stored at −80°C in 40% 
glycerol (stock). The yeasts were cultured from the stock on Sabouraud agar, sub-cul­
tured in yeast extract–peptone–glucose liquid medium (YPD, Difco Laboratories, Detroit, 
MI, USA) for 22 hours at 30°C in a shaking incubator (150 rpm), collected by centrifuga­
tion, washed with phosphate-buffered saline (PBS), counted under a microscope using a 
hemacytometer, and suspended at desired counts in appropriate buffer/medium.

Reagents

Unless otherwise specified, the reagents were purchased from Sigma-Aldrich. The 
alum (Alhydrogel 2%, an aluminum hydroxide wet gel suspension) was purchased 
from InvivoGen (San Diego, CA, USA). CpG-ODN1826 was purchased from VacciGrade 
(Cayla, Toulouse, France), a Class B oligonucleotide (5’-tccatgacgttcctgacgtt-3’) targeting 
Toll-like receptor-9 (TLR9) in mice. Conjugated antibodies were purchased from Bio-Rad 
Laboratories (Marnes-La-Coquette, France).

Animals

Experiments were carried out in accordance with European Directive 2010/63/EU. The 
protocols were approved by the Hygiene and Safety Committee for Working Conditions 
(Protocol No: 14.135) and the Institutional Ethics Committee in Animal Experimentation 
(No: 2013.0135). The mice in the experiments were monitored daily and were subject to 
the rules and controls of the Animal Welfare Structure established within the institute. 
Six-week-old outbred OF1 (Charles River, l’Arbresle, France) and BALB/cJRj (Janvier, Le 
Genest-St.-Isle, France) male mice were housed at a maximum of seven/cage in animal 
facilities; they received food and water ad libitum. To avoid selection bias related to 
their clinical condition, the mice euthanized on a given day were selected based on 
their tag previously assigned by a collaborator not involved in the project. Female New 
Zealand White rabbits, 12 weeks old, obtained from Charles River Laboratory were used 
to produce polyclonal antibodies.

In vivo infection experiments

Mice were identified individually and infected with C. neoformans NIH52D or H99 strains 
(inoculum size specified in the Results section) intravenously. Viability of the yeasts was 
assessed by plating them on Sabouraud agar and counting the colony-forming unit 
(CFU). After inoculation, mice were either monitored daily (with weekly body weight 
recording and antibody response determination by collecting the blood sample from 
the lateral tail vein) or euthanized by CO2 inhalation at predetermined timepoints [with 
collection of blood for antibody detection by Western blot, cytokine/chemokine level 
determination by Luminex technology (Bio-Plex Pro Assay, Mouse Cytokine/Chemokine 
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and Growth Factors, 23-Plex, Group I (BIO-RAD) and their organs for CFU determination, 
histopathology, and cytokine/chemokine level quantification.

Identification of proteins triggering antibody responses in mice surviving a 
lethal challenge with C. neoformans

The cytosolic fraction of C. neoformans strain NIH52D was prepared as described before 
(11). Aliquots of the cytosolic fraction were subjected to 12% sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE), followed by Western blot using pooled 
sera from mice from the non-survivor group or the survivor group. The Cryptococcus 
neoformans cytosolic fraction was also subjected to two-dimensional (2D) PAGE, with 
a first step of isoelectric focusing and a second dimension run in a 12% gel. Two 
identical gels were run at a time: one was used for immunoblotting and the other 
stained with Coomassie blue. Immunoblotting was performed using pooled sera from 
the survivors’ group. Proteins from the gel were transferred to Immobilon-P membranes 
(Millipore, France) for 30 minutes at 15V using a semi-dry electrophoretic transfer 
cell (Bio-Rad, Marnes-La-Coquette France). The membranes were subsequently blocked 
using TBS (50 mM Tris pH 8.0, 0.15M NaCl, 0.1% Tween-20) containing 5% non-fat milk 
(TBSTR) overnight at 4°C. Immunoblotting was performed with a multi-screen apparatus, 
using pooled mice serum (1:100 dilution in TBSTR) for 1 hour at room temperature, 
followed by the addition of horseradish-conjugated anti-mouse IgG (Bio-Rad, Marnes-
La-Coquette, France) and a chemiluminescent substrate (Pierce ECL detection reagent, 
Thermo Scientific, Rockford, USA) for revealing. Spots of interest were excised from the 
2D-stained gels, and in-gel tryptic digestion was performed as described previously with 
minor modifications using a DigestPro MSi robot (Intavis Bioanalytical Instruments AG, 
Germany). Briefly, after several washing steps of gel slices, proteins were reduced and 
alkylated. Enzymatic digestion was performed overnight with trypsin (Sequencing Grade, 
Promega, Madison, WI, USA). Digestion was stopped by adding formic acid. Peptides 
were further extracted, dried down, and resuspended in 12 µL solvent A (H2O: acetoni­
trile: FA; 98:2:0.1) prior to mass spectrometry (MS) analysis.

Peptides were analyzed on an LTQ-Orbitrap Velos instrument (Thermo Fisher 
Scientific, Bremen) equipped with a nano-HPLC Ultimate 3000 system (Dionex, 
Amsterdam, The Netherlands). Six microliters of each sample was loaded on a C18 trap 
column (300 µM inner diameter ×5 mm; Dionex), and peptides were further separated 
on an in-house packed 15-cm nano-HPLC column (75 µm inner diameter) with C18 resin 
(3 µM particles, 100 Å pore size, Reprosil-Pur Basic C18-HD resin, Dr. Maisch GmbH, 
Ammerbuch-Entringen, Germany). Sample loading was performed with a flow rate of 
30 µL/minutes during 5 minutes, and then a flow rate of 300 nL/minute was used for 
peptide separation on the analytical column. A 40-minute gradient was used with the 
following conditions: 5 minutes 4% solvent B (H2O: acetonitrile: FA; 20:80:0.08), 4%–40% 
solvent B within 15 minutes, 40%–95% solvent B within 0.1 minutes, 95% solvent B 
for 5 minutes, 15 minutes 4% solvent B. The instrument method for the LTQ-Orbitrap 
Velos was set up in the data-dependent acquisition mode. After a survey scan in the 
Orbitrap (resolution 60,000), the 20 most intense precursor ions were selected for CID 
(collision-induced dissociation) fragmentation in the ion trap. The normalized collision 
energy was set up to 35 eV during 10 ms. The minimum signal threshold for triggering 
an MS/MS event was set to 5,000 counts. For internal mass calibration, the 455,120025 
ion was used as lock mass. Charge state screening was enabled, and precursors with 
unknown charge state or a charge state of 1 were excluded. Dynamic exclusion was 
enabled for 90 seconds. Raw files were processed with Mascot v.2.4.1 as the search 
engine on Proteome Discoverer version 1.4.0.288 (Thermo Fisher Scientific) against 
a JEC21 genome database (Broad Institute) concatenated with known contaminants 
and reversed sequences of all entries. Trypsin was chosen as a specific enzyme with a 
maximum number of two missed cleavages. Possible modifications included carbamido­
methylation (Cys, fixed) and oxidation (Met, variable). Mass tolerance for MS was set 
to 10 ppm, and 0.5 Da was used for MS/MS. Probability assignment and validation 
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were performed using Scaffold software (version Scaffold_ 3.5.1, Proteome Software 
Inc., Portland, OR). A false discovery rate of 1% was used for both peptide and protein 
identification.

Production of the recombinant protein Pep1p

C. neoformans var. neoformans were harvested after growing them to 5 × 107 yeasts/mL 
in YPD. RNA was extracted with TRIzol reagent (Invitrogen, Carlsbad, CA) following 
the manufacturer’s instructions. Full-length cDNAs were obtained using the SMART 
5’RACE cDNA amplification kit (Clontech) following the manufacturer’s instructions. The 
primers specific for the aspartyl protease (Pep1p) coding gene of C. neoformans var. 
neoformans were used to PCR amplify Pep1 cDNA. The PCR product was cloned using the 
TOPO vector following the manufacturer’s instructions. The construct (10 ng) was then 
transformed into BL21 Star(DE3) One Shot cells. Recombinant protein was expressed in 
their mature extracellular form (without signal peptide). The presence of poly-histidine 
(6xHis) tag in the pET TOPO allowed purification of the recombinant fusion protein 
(rPep1p) with a metal-chelating resin after solubilization of the inclusion bodies using 
8 M urea. The purity of rPep1p was determined by running this recombinant protein 
on 12% SDS-PAGE, excising the protein bands, and then subjecting them to proteomic 
(mass and sequence) analysis.

Anti-rPep1p antibody detection and production

Anti-rPep1p antibodies (Abs) were analyzed by ELISA. Briefly, rPep1p was coated 
overnight at 4°C (1 µg/mL in carbonate buffer) on a 96-well plate (MaxiSorp, Nunc, 
Roskilde, Denmark). Following this, wells were blocked with 1% gelatin in PBS for 
1 hour at 37°C and washed with 0.1% Tween-20 in PBS (PBST). Samples diluted in 
PBST containing 0.25% gelatin (PBSTG) (100 µL/well) were incubated for 2 hours at 37°C 
(or overnight at 4°C). Specific antibodies were detected after incubation with the HRP 
conjugate (Bio-Rad) mouse IgG, followed by the addition of o-phenylenediamine as 
the substrate (SIGMAFAST). The optical densities (OD) were measured at 492 nm in a 
microplate reader (LabSystems Multiskan RC; ThermoFisher Scientific).

Polyclonal anti-Pep1p serum was produced by subcutaneously immunizing female 
New Zealand rabbits with rPep1p (500 µg) emulsified in Freund’s complete adjuvant 
(once, vol/vol) and Freund’s incomplete adjuvant (twice at 2-week intervals). Monoclo­
nal antibodies (mAbs) were produced after fusion of spleen cells from BALB/c mouse 
immunized with rPep1p (10 µg/mouse, subcutaneously with alum, immunized thrice 
at 15-day intervals) and murine myeloma cells (P3 × 63-Ag8653) at a 1:4 ratio in 45% 
polyethylene glycol 1000. Three clones (B4-1, J1-26, and J17-14) were selected, and 
the mAbs were purified from ascites by ammonium sulfate precipitation. In all cases, 
production of anti-Pep1p Abs was tested by ELISA and Western blot.

Non-overlapping and overlapping peptides (15-mer) were synthetized (>90% purity, 
ProteoGenix, Schiltigheim, France) to analyze the epitopes recognized by the three mAbs 
produced. Peptides were suspended in PBS (5 mg/mL), and aliquots were stored at −20°C 
until further use. Peptides at various concentrations (1,250, 750, 250, 50, or 25 µM) were 
incubated for 1 hour at 37°C with the mAbs (5 ng/mL in PBSTG) and then processed for 
ELISA as described for the detection of anti-rPep1 Ab. Controls consisted of bovine serum 
albumin (25 µg/mL) in buffer (negative controls) and rPep1p (50 µg/mL, positive control). 
Results were expressed as percent inhibition upon incubation with peptides.

Quantitative real-time PCR

Quantitative real-time PCR (qPCR) was performed to determine the expression of various 
genes of interest during experimental infection or in vitro growth. For the in vivo 
evaluation, whole organs from infected and non-infected mice were ground in 1 mL 
cold UltraPure DNase/RNase-free distilled water (UPW, Invitrogen, Carlsbad, CA), and 
500 µL of the homogenate was washed in UPW +0,05% SDS (Sigma-Aldrich) at 4°C before 
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sequential treatments with TURBO DNase, RNase Cocktail, and SUPERase-In (Ambion, 
Austin, Tx) to eliminate tissue debris. For the in vitro assessment, suspensions of yeasts 
recovered from cultures were standardized to 107 per condition and pelleted. All pellets 
were immediately frozen in liquid nitrogen. After addition of β-mercaptoethanol (1:100 
in 600 µL RTL lysis buffer, Qiagen), samples were homogenized (30 s at 7,000 rpm) 
twice with the Magna Lyser apparatus (Roche Applied Science). RNA extraction (RNeasy 
minikit, Qiagen) was followed by cDNA synthesis from 100 ng of DNase-treated RNA 
using the Transcriptor First-Strand cDNA Synthesis Kit and random hexamers (Roche 
Applied Science). All RNAs were processed simultaneously and in duplicate.

Primers were designed with the LightCycler Primer Probe Design Software 2.0 (Roche 
Applied Science) according to intron spanning and GC% (listed in Table 1). Standard 
curves for each target gene consisted in serial DNA dilutions (107 to 1 copies). The 
LightCycler 480 II (Roche Applied Science) and the LightCycler 480 SYBR Green I Master 
kit were used. Reactions were carried out in duplicates (20 µL final volume, 0.5 µM 
primer, 2 µL DNA) with the following parameters (95°C for 10 minutes, followed by 
45 cycles −95°C for 5 seconds, 60°C for 5 seconds with an extension time at 72°C 
depending on the size of the amplicon (1 s/25 bp). Absolute quantification of each target 
was done using the comparative cycle threshold (CT) method. The relative expression 
was calculated as the ratio of the gene target to the reference gene (glyceraldehyde 
3-phosphate dehydrogenase, GAPDH) mRNA copy number (relative expression in vivo). 
Data are presented as the ratio of the relative expression in vivo to the relative expression 
in vitro measured (expressed as fold-increase in vivo/in vitro = (relative expression in 
vivo/in vitro) x 100). A further normalization was done to take into account the corre­
sponding fungal load in target organs according to the following formula: fold-increase 
in vivo/in vitro divided by log CFU/g) x 100. Controls included non-infected mice for 
which PCR was negative.

Efficacy of recombinant Pep1p immunization prior to or after challenge with 
C. neoformans

Preliminary experiments were performed to determine the best adjuvant for rPep1p 
immunization in four groups of five BALB/c mice receiving subcutaneously a mixture 
of rPep1p (10 µg) and one of the following: (i) Freund’s complete/incomplete adjuvant, 
(ii) Alum (2%), (iii) CpG (10 µg/mouse), and (iv) a mixture of 5 µg CpG and alum with 
boosts 14 and 28 days later. Controls were injected with saline mixed with the adjuvant. 
Following this, mice were infected with C. neoformans on Day 60 (105 yeasts/mouse) and 
their survival monitored. Experiments were also performed to test the efficacy of rPep1p 
as a therapeutic vaccine by injecting C. neoformans-infected mice at 7 dpi with 10 µg 
rPep1p along with 5 µg CpG and alum (test group) or saline containing 5 µg CpG and 
alum (control). Details (strain, inoculum size, day of sacrifice, and number of animals) are 

TABLE 1 List of primers used for the study of the gene expression in C. neoformans

Primers (ID) GenBank access Sequence 5’−3’ Amplicon size (pb) Tm (°C)

FVP/ACT-F1
FVP/ACT-R1

U_10867 CCA GAT CAT GTT CGA GAG TTT CA
TCG ATA CGG AGG ATA GCG TG

177 85.5

FVP/ACT-F2
FVP/ACT-R2

XM_566845 AGA TCA TGT TCG AGA CTT TCA AT
TCG ATA CGG AGG ATA GCG T

177 78

FVP/ACT-F3
FVP/ACT-R3

XM_566845 CCA CAC TGT CCC CAT TTA CGA
CAG CAA GAT CGA TAC GGA GGA T

65 80.8

FVP/Pep1-F1
FVP/Pep1-F2
FVP/Pep1-R1

CNAG_00581 GGT TCG TCT AAT CTT TGG GT
ATC CTG AGA GAT AAA GCC CT
ATC CTG AGA GAT AAA GCC CT

162
159

84
83.5

GAPDH-F2231
GAPDH-R2427

XM_012195397 TGA GAA GGA CCC TGC CAA CA
ACT CCG GCT TGT AGG CAT CAA

197 86.4

GAPDH/52D-F
GAPDH/52D-R

XM_769908 CGA GAA AGA CCC TGC CAA CA
ACT CCG GTT TGT AGG CAT CGA

197 86.6
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specified in the relevant section of the Results. All injections were performed at the same 
time when endpoints included assessment of survival and fungal burden at selected 
time points.

Anti-Pep1p mAbs in passive immunotherapy after challenging with C. 
neoformans

The effect of passive serotherapy with anti-rPep1p mAbs was first assessed with mAb 
B4.1 at 20 or 100 µg in PBS, injected intraperitoneally (ip) at 7 dpi with C. neoformans 
(105 yeasts/mouse). Subsequent experiments compared the efficacy of B4-1, J1-26, and 
J17-14 (20 µg/mouse, ip) injected 7 dpi after C. neoformans infection (intravenous). The 
control group consisted of infected mice injected only with PBS. Both control and test 
groups of mice were monitored for their survival and fungal load.

Efficacy of anti-Pep1p mAbs, in vitro assays

(a) Fungal growth

C. neoformans yeasts (104/well) suspended in YPD broth with or without monoclonal 
antibodies (10 µg/well) were cultured, and their growth at time intervals was monitored 
by measuring the optical density at 600 nm (Bioscreen C MBR, ThermoFisher Scientific). 
The assay was performed in two independent experiments (biological replicates).

(b) Phagocytosis

Blood samples were collected from healthy donors from Etablissement Français du 
Sang Trinité (Paris, France) with written and informed consent, as per institutional 
ethics committee guidelines, Institut Pasteur (convention 12/EFS/023). Peripheral blood 
mononuclear cells (PBMCs) from blood samples (number of donors = 4) were isola­
ted by a density gradient separation of Ficoll 400 (Eurobio, France). Isolated PBMCs 
were suspended in RPMI medium and seeded into 96-well culture plates (100 µL/well, 
containing 4 × 106 cells/mL) and differentiated into macrophages (57). These monocyte-
derived macrophages (hMDMs) were added with opsonized C. neoformans (1 × 106 

yeasts/well, opsonized with 5 µg of each mAb) and incubated at 37°C in a CO2 chamber 
for 1 hour. Following this, the culture supernatants were discarded, wells were washed 
with RPMI, and incubated further for 1 hour. The culture supernatants were discarded, 
hMDMs were lysed with cold water (500 µL/well), lysis was ensured by microscopic 
examination, and the lysates were collected. Each well was then washed twice with 
water (250 µL per well, each time), and the washings were added to the lysates. After 
appropriate dilutions of the collected lysates, aliquots were spread on Sabouraud agar 
plates, incubated at 37°C for 48 hours, and the C. neoformans colonies were counted. 
Unopsonized C. neoformans incubated with hMDMs were also processed like opsonized 
C. neoformans, while yeasts (1 × 106) alone diluted like C. neoformans interacted with 
hMDMs and spread on Sabouraud agar plates served as the control. The positive control 
was the yeasts opsonized with anti-capsular monoclonal antibody E1 (44). The ratio 
between the colony-forming units for each condition compared to initial yeast count was 
presented as the percent of C. neoformans yeasts phagocytosed by hMDMs.

Statistical analysis

Performed using GraphPad Prism software Version 10, and a P-value of <0.05 was 
considered statistically significant.
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