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ABSTRACT Invasive fungal diseases represent an unmet clinical need that could
benefit from novel immunotherapeutic approaches. Host pattern recognition recep-
tors (e.g., Toll-like receptors, C-type lectins, or scavenger receptors) that sense con-
served fungal cell wall constituents may provide suitable immunotherapeutic anti-
fungal agents. Thus, we explored the therapeutic potential of the lymphocyte class |
scavenger receptor CD5, a nonredundant component of the antifungal host immune
response that binds to fungal B-glucans. Antifungal properties of the soluble ect-
odomain of human CD5 (shCD5) were assessed in vivo in experimental models of
systemic fungal infection induced by pathogenic species (Candida albicans and Cryp-
tococcus neoformans). In vitro mechanistic studies were performed by means of
fungus-spleen cell cocultures. shCD5-induced survival of lethally infected mice was
dose and time dependent and concomitant with reduced fungal load and increased
leukocyte infiltration in the primary target organ. Additive effects were observed in
vivo after shCD5 was combined with suboptimal doses of fluconazole. Ex vivo addi-
tion of shCD5 to fungus-spleen cell cocultures increased the release of proinflamma-
tory cytokines involved in antifungal defense (tumor necrosis factor alpha and
gamma interferon) and reduced the number of viable C. albicans organisms. The re-
sults prompt further exploration of the adjunctive therapeutic potential of shCD5 in
severe invasive fungal diseases.

KEYWORDS scavenger receptors, CD5, immunotherapy, 8-glucan, fungal infection,
Candida albicans, Cryptococcus neoformans, fluconazole, antifungal therapy

he incidence and severity of invasive fungal diseases (IFDs) are especially high

among individuals undergoing congenital or acquired immune-debilitating condi-
tions (e.g., neutropenia, stem cell and solid-organ transplantation, corticotherapy, and
AIDS) and in the setting of complex multisystem diseases (e.g., diabetes and chronic
obstructive pulmonary disease) that are themselves associated with excess morbidity
and mortality (1). No significant reductions of the morbidity and mortality of IFDs have
been achieved, despite the available antifungals, as a result of inherent or acquired
drug resistance, drug interactions, and significant drug-associated toxicities (2). This
denotes the importance of developing new therapeutic strategies to improve the
clinical outcome of patients undergoing IFDs.

The recent understanding of the molecular and cellular basis of antifungal immunity
provides the groundwork for effective antifungal immunotherapies. Fungal recognition
by the immune system relies on a series of soluble or membrane-bound receptors (e.g.,
C-type lectins, scavengers receptors, or Toll-like receptors) expressed by host innate
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and/or adaptive immune cells that could have immunotherapeutic use (3). This kind of
receptor, collectively called pattern recognition receptors (PRRs), targets highly con-
served and broadly distributed constituents of fungal cell walls, such as B-glucans (4).
Previously reported PRRs for B-glucan include Dectin-1, CD23/FceRIl, complement
receptor 3 (CR3 or CD11¢/CD18b), ephrin type-A receptor 2 (EphA2), natural cytotox-
icity receptor 3 (NCR3/NKp30), and the scavenger receptors SCARF1, CD36, and CD5
(5-11).

Recent work with knockout mice shows that CD5 is a nonredundant B-glucan
receptor and an integral component of antifungal defense (12). CD5 is a 67-kDa
transmembrane glycoprotein from the class | of scavenger receptors and was found
expressed on all T cells, the small B1a cell subset, and certain macrophage (M¢) and
dendritic cell (DC) subpopulations (13, 14). CD5’s structure consists of an extracellular
region composed of three tandem scavenger receptor cysteine-rich (SRCR) domain
repeats and an intracytoplasmic region adapted for intracellular signal transduction
(14-16). This, together with its physical association with the clonotypic antigen-specific
receptor complex, allows CD5 to negatively modulate T and B1a cell differentiation and
activation processes (17, 18). To serve such a role, CD5 is presumed to interact with
endogenous ligands of controversial nature (14, 16). Recent works showed that CD5
also serves as a PRR for different microbial-associated molecular patterns (MAMPs) from
fungi, viruses, or parasites (11, 19, 20). It has been hypothesized that the dual immu-
nomodulatory and PRR function of CD5 would (i) prevent autoimmunity by dampening
the activation of low-affinity self-reactive clones and (ii) optimize anti-infectious re-
sponses by favoring the expansion of high-affinity non-self-reactive clones (21).

Proteolytic cleavage following lymphocyte activation yields a soluble form of human
CD5 (shCD5), which is detected at low levels (picomolar range) in sera from healthy
individuals and from patients undergoing inflammation-based disorders (22-25). Based
on the immunomodulatory effects of transgenic shCD5 expression in experimental
disease models, we speculated that shCD5 contributes to immunomodulation by acting
as a decoy with CD5's natural ligands (26, 27). We have presently explored the
immunomodulatory effects of shCD5 infusion in mouse models of fungal infection after
our observations that (i) shCD5 binds to and aggregates pathogenic and saprophytic
fungal cells through recognition of B-1,3-glucans with an affinity (K,) in the same range
as that of Dectin-1 and (ii) prophylactic infusion of shCD5 protects mice from septic
shock-like syndrome induced by zymosan, a non-infective B-glucan-rich particle (11).
Our results show the modulatory effect of shCD5 infusion in fungal infections induced
by pathogenic species (Candida albicans and Cryptococcus neoformans) and reveal the
potential of CD5-based adjunctive immunotherapeutic strategies in IFDs.

RESULTS

Therapeutic effect of shCD5 administration in systemic C. albicans infection.
The prophylactic benefits of shCD5 administration in the zymosan-induced generalized
inflammation (ZIGI) model led us to explore its therapeutic potential in systemic fungal
infection (11). To this end, CD1 mice were intravenously (i.v.) infected with a lethal
inoculum of C. albicans (3 X 103 CFU/g) according to previous reports and our own
lethality assays (see Fig. STA in the supplemental material) (28). As illustrated by Fig. 1A,
time course experiments showed significant mouse survival following therapeutic
infusion of single-dose shCD5 (1.25 mg/kg of body weight, i.v.) at 18 h postinfection.
Parallel dose-response experiments also showed increased survival when single 0.625-
or 1.25-mg/kg shCD5 doses were administered (i.v.) at 18 h postinfection (Fig. 1B). The
benefit of single shCD5 administration (1.25 mg/kg) was maintained when a higher C.
albicans inoculum (3 X 10% CFU/g) was used, although optimal survival was observed
at an earlier time point (i.e,, 9 h postchallenge) (Fig. S1B).

To correlate shCD5-induced survival to reduced fungal loads, the numbers of CFU in
spleen and kidneys were assessed at 48 and 72 h after C. albicans infection. As shown
in Fig. 1C, shCD5 infusion (1.25 mg/kg; at +18 h) of Candida-infected CD1 mice (3 X 103
CFU/qg) significantly reduced CFU counts in both spleen and kidney at 72 h postinfec-
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FIG 1 Time- and dose-dependent effects of shCD5 infusion in C. albicans-infected CD1 mice. (A) Survival
percentage over time of CD1 mice infected with C. albicans (3 X 103 CFU/g, i.v.) and treated (i.v.) with a
single 1.25-mg/kg dose of HSA (+18 h, n = 29) or shCD5 (+9 h,n =15; +18 h,n = 29; +48 h,n = 7) at
the indicated time points (hours) postinfection. (B) Survival percentage of CD1 mice infected with C.
albicans (3 X 10® CFU/g, i.v.) and treated (i.v.) with single-dose HSA (1.25mg/kg, n = 18) or shCD5
(0.625 mg/kg, n =11; 1.25mg/kg, n =6; 2.5mg/kg, n=6) 18 h later. (C) Spleen and kidney fungal
burden (CFU/g) at 48 h and 72 h postinfection of CD1 mice with C. albicans (3 X 103 CFU/g, i.v.) and
treated (i.v.) with a single 1.25-mg/kg dose of HSA (n=7) or shCD5 (n=7) 18 h later. Statistical
differences between groups were analyzed by log rank (Mantel-Cox) test (A and B) and Mann-Whitney
test (C).*, P = 0.05; **, P = 0.01; ****, P < 0.0001.

tion. Under the same experimental conditions, no differences were observed between
control and shCD5-treated groups in serum levels of proinflammatory (gamma inter-
feron [IFN-v], tumor necrosis factor alpha [TNF-q], interleukin-6 [IL-6], and IL-183) and
anti-inflammatory (IL-10) cytokines (Fig. S2A) as well as numbers of spleen lymphoid (T,
B, and NK) and myeloid (granulocyte [Gr], conventional dendritic cell [cDC], and Md)
cell subpopulations (Fig. S2B). When similar cytokine analyses were performed in
kidney, a primary target organ for C. albicans, again no difference was observed
between treatment groups (Fig. 2A). However, kidney cytokine mRNA analyses showed
increased IFN-y expression in shCD5-treated mice compared with that of the controls
(Fig. 2B). Moreover, the analysis of kidney leukocyte infiltrates revealed that shCD5-
treated mice presented significantly increased total leukocyte cell counts compared to
those of controls (Fig. 2C). A more detailed assessment revealed that the increased
infiltration involved most of the lymphoid (B and NK) and myeloid (Gr, cDC, and Md)
cell types analyzed (Fig. 2C).

Therapeutic effect of shCD5 administration in C. neoformans infection. The
ability of CD5 to bind to B-1,3-glucan, a broadly distributed fungal MAMP, led us to
investigate the possible benefit of shCD5 administration in systemic infections caused
by other fungal species (11). To this end, a mouse model of cryptococcosis was used,
where CD1 mice are intranasally (i.n.) instilled with C. neoformans (3 X 10% CFU/qg) (29,
30). As illustrated by Fig. 3A, time course experiments showed that i.v. infusion of a
single 1.25-mg/kg shCD5 dose increased survival rates at all times tested, reaching
statistical significance at days 3 and 6 postinfection. Parallel dose-response assays
performed at day 3 postinfection showed maximal survival with a single 1.25-mg/kg
shCD5 dose (Fig. 3B). Under the optimal therapeutic conditions found (1.25 mg/kg
shCD5 at day 3 postinfection), significant reductions in CFU counts were observed at
days 11 and 14 postinfection in lung and brain, the main two organs targeted by C.
neoformans (Fig. 3C).
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FIG 2 Effect of shCD5 treatment on kidney cytokine and leukocyte infiltration levels of C. albicans-infected CD1
mice. (A) Kidney cytokine levels at 72 h postinfection of CD1 mice infected with C. albicans (3 X 10® CFU/g, i.v.) and
treated (i.v.) with a single 1.25-mg/kg dose of HSA (n = 14) or shCD5 (n = 14) 18 h later. Represented are fold
inductions with regard to noninfected controls (basal, n = 4). (B) Kidney relative cytokine mRNA expression at 48
h postinfection of CD1 mice infected with C. albicans (3 X 103 CFU/g, i.v.) and treated (i.v.) with a single 1.25-mg/kg
dose of HSA (n = 9) or shCD5 (n = 7) 18 h later. Represented is the relative expression with regard to noninfected
controls (basal, n = 4). (C) Total leukocyte (CD45"), B (B220* CD3~), T (CD3*+ B220~), natural killer (NK; NK1.1+*
CD37), granulocyte (Gr; Gr-1+ SSCh), conventional dendritic (cDC; CD11c* B220-), and macrophage (M¢; CD11c—
Gr-1'ow SSClow) cell numbers assessed by flow cytometry from the same mice as those depicted in panel A.
Statistical differences between groups were analyzed by Mann-Whitney test or Kruskal-Wallis and Dunn’s test. *,

P =0.05; **, P=0.01.

Ex vivo analysis of shCD5-mediated antifungal effects. To further understand the
shCD5-mediated effects in fungal infection, ex vivo mechanistic studies were performed
next with CD1 splenocytes (5 X 10¢ cells/ml) cocultured for 24 h with heat-killed C.
albicans (0.5 X 106 CFU/ml) and shCD5 (1 or 10 ug/ml). As illustrated by Fig. 4A, the
assessment of proinflammatory (IFN-y, TNF-e, and IL-18) and anti-inflammatory (IL-10)
cytokine levels in coculture supernatants showed shCD5-induced dose-dependent
increases in IFN-y and TNF-a production.

Fungal cell killing is an established mechanism for pathogen clearance following
recognition by PRRs (3). Thus, it was further investigated whether shCD5 exerted any
effect (either direct or indirect) in fungal viability. As shown in Fig. 4B, the addition of
shCD5 to cocultures of live C. albicans conidia (0.5 X 10 CFU/ml) with CD1 splenocytes
(109 cells/ml) increased fungal killing in a dose-dependent manner. Next, direct effects
of shCD5 on fungal viability were assessed by culturing live C. albicans conidia
(0.5 X 10° CFU/ml) for 2 h in the presence of increasing amounts of shCD5. As
illustrated by Fig. 4C, a dose-dependent reduction of C. albicans viability was directly
induced by shCD5.

The assessment of whether direct effects of shCD5 on C. albicans viability observed
ex vivo were solely responsible for the beneficial effects observed in in vivo models of
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FIG 3 Time- and dose-dependent effects of shCD5 infusion in C. neoformans-infected CD1 mice. (A) Survival
percentage over time of CD1 mice infected with C. neoformans (3 X 10* CFU/g, i.n.) and treated (i.v.) with a single
1.25-mg/kg dose of HSA (+6 days, n = 22) or shCD5 (+1 days, n = 7; +3 days, n = 19; +6 days, n = 8) at different
time points (days) postinfection. (B) Survival percentage over time of CD1 mice infected with C. neoformans
(3 X 10* CFU/g, i.n.) and treated (i.v.) with single-dose HSA (1.25 mg/kg, n = 4) or shCD5 (0.625 mg/kg, n = 6;
1.25mg/kg, n =6; 2.5mg/kg, n=5) 3days later. (C) Lung and brain fungal burdens at days 7, 11, and 14
postinfection of CD1 mice with C. neoformans (3 X 10* CFU/g, i.n.) and treated (i.v.) with a single 1.25-mg/kg dose
of HSA (n = 5) or shCD5 (n = 5) 3 days later. Statistical differences between groups were analyzed by log-rank
(Mantel-Cox) test (A and B) or Mann-Whitney test (C). *, P = 0.05; **, P = 0.01; ****, P < 0.0001.

C. albicans was further analyzed using immunodeficient NSG (NOD-scid IL-2Rg™"") mice,
which lack mature T, B, and NK cells, together with defective function of DC (defective
IFN-y production when cocultured with Listeria monocytogenes antigen) and Md¢p
(impaired lipopolysaccharide-induced IL-1 production) (31). To that end, C. albicans
inoculum (3 X 102 CFU/g) was adjusted to achieve lethality similar to that induced in
immunocompetent CD1 mice (100% lethality at 8 to 12 days postinfection) (Fig. S3).
Under these experimental conditions, shCD5 treatment (1.25 mg/kg at 18 h postinfec-
tion) did not induce a significant increase in NSG mouse survival (Fig. 5).

Additive therapeutic effects of shCD5 plus fluconazole in C. albicans-induced
infection. Azoles, together with echinocandins and polyenes, are current first-line
options for the therapeutic management of systemic fungal infections. Azoles, such as
fluconazole (FLC), are cytochrome demethylase system inhibitors, which ultimately
inhibit fungal growth without interfering with B-glucan biosynthesis (32). Thus, we
tested whether C. albicans-infected mice could benefit from combined FLC plus shCD5
therapy. Based on previous reports (33) and our own FLC dose-response assays (Fig. S4),
CD1 mice lethally challenged with C. albicans (3 X 103 CFU/g, i.v.) were treated daily for
1 week (starting at 48 h postinfection) with a suboptimal FLC dose (1 mg/kg, intraper-
itoneal [i.p.]) alone or in combination with a single shCD5 dose (1.25 mg/kg, i.v.) given
at 18 h postinfection. As shown in Fig. 6, the combination of FLC and shCD5 therapies
was additive, and survival improved from 40% (FLC) to 80% (FLC plus shCD5).

DISCUSSION

The phylogenetic relatedness of mammalian and fungal cells poses restrictions on
new antifungal drug developments. This stresses the importance of exploring the host’s
own immune response components that may help fight IFDs, resembling immunother-
apy strategies in cancer. Research focused on understanding the molecular and cellular
basis of antifungal immunity has expanded in recent decades and provides the
groundwork for effective antifungal immunotherapies (3, 34, 35). A potential source of
such therapies is PRRs involved in sensing fungus-associated molecular patterns (e.g.,
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FIG 4 Ex vivo analysis of shCD5-mediated antifungal effects. (A) Cytokine levels in 24-h culture supernatants from
CD1 splenocytes (5 X 10° cells/ml) left alone or cocultured with heat-killed C. albicans (0.5 X 106 CFU/ml) in the
presence of vehicle or shCD5 (1 or 10 ug/ml). Results are the means = SEM from n = 5 mice. (B) Percentage of killed
C. albicans following 2 h of cocultivation of total splenocytes (106 cells/ml) from CD1 mice with live C. albicans
conidia (0.5 X 106 CFU/ml) in the presence of vehicle or shCD5 (1 or 10 wg/ml). Results are the means = SEM from
n =5 mice. (C) Percentage of viable fungal cells following exposure of live C. albicans conidia (0.5 X 10% CFU/ml)
to vehicle or shCD5 (1 or 10 ug/ml) for 2 h. Results are the means = standard deviations of CFU triplicates.
Statistical differences between groups were analyzed by Kruskal-Wallis and Dunn’s test. *, P < 0.05.

Toll-like receptors, C-type lectins, and scavenger receptors) and further activation of
innate and adaptive immune responses (3). We provide proof-of-concept data on the
therapeutic potential of a soluble form of the human class | lymphocytic scavenger
receptor CD5 in experimental models of systemic fungal infections by C. albicans and
C. neoformans, two of the main species causing IFDs.

Previous work from our group on knockout mice supports CD5 as a nonredundant
component of antifungal immune responses, largely due to the ability of its extracel-
lular region to interact with 8-1,3-glucans with affinity (K,) similar to that of Dectin-1,
one of the main mammalian B-glucan receptors (11, 12). In vivo benefits of targeting
CD5 in IFDs were first evidenced by the prophylactic effects of shCD5 in mice under-
going zymosan-induced generalized inflammation (ZIGI), an experimental model for
fungus-induced multiple-organ dysfunction syndrome (MODS) (11, 36). This aseptic
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FIG 5 Efficacy of shCD5 infusion in C. albicans-infected immunodeficient NSG mice. Shown is the survival
percentage over time of NSG mice infected with a lethal inoculum of C. albicans (3 X 102 CFU/g, i.v.) and
treated (i.v.) with vehicle (n = 8) or shCD5 (1.25 mg/kg; n = 8) 18 h later. Statistical differences between
groups were analyzed by log rank (Mantel-Cox) test.
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FIG 6 Effect of combined fluconazole plus shCD5 therapy in C. albicans-infected CD1 mice. Shown is the
survival percentage over time of CD1 mice infected with C. albicans (3 X 103 CFU/g, i.v.) and either left
untreated (vehicle; n = 8) or treated with daily FLC doses (1 mg/kg, i.p.; n = 10) for 1 week (starting at 48
h postinfection), with single-dose shCD5 (1.25 mg/kg, i.v.; n = 8) given at 18 h postinfection, or with a
combination of the latter two (shCD5 + FLC; n = 10). Statistical differences between treated and control
groups were analyzed by log rank (Mantel-Cox) test. *, P < 0.05; ****, P < 0.0001.

inflammation model features only part of the pathophysiology of systemic fungal
infections. Our data on C. albicans and C. neoformans-infected CD1 mice reveal the
potential of shCD5 in the treatment of life-threatening invasive mycoses. The wide
distribution of B-glucans among the fungal phyla, together with the therapeutic effects
observed for two different pathogenic fungal species, supports a broad antifungal
spectrum for shCD5 and warrants further investigations on other clinically relevant
fungal pathogens (e.g., Aspergillus fumigatus).

As for other antifungal agents, the therapeutic effects of shCD5 in lethally infected
mice were time and dose dependent (2). Lower mortality of shCD5-treated mice
correlated with lower fungal loads, increased IFN-y mRNA levels, and increased infil-
tration of leukocytes and target organs (i.e., kidney for C. albicans). The leukocyte
infiltrate was increased at the expense of some lymphoid subsets (NK and B, but not T,
cells), mainly in involved myeloid cells (cDC, M¢, and Gr) with phagocytic activity and
deeply involved in the surveillance and elimination of fungal pathogens (37).

Ex vivo analyses showed that the addition of shCD5 to unfractionated CD1 spleno-
cytes cocultured with heat-killed C. albicans increased the production of IFN-y and
TNF-q, two proinflammatory cytokines involved in the activation of antifungal function
of macrophages and neutrophils (38). Moreover, shCD5 addition also increased the
fungal killing competence of CD1 splenocytes cocultured with viable C. albicans
conidia. Such increased fungal killing results, at least in part, from direct effects of
shCD5 on C. albicans viability by a mechanism(s) still to be disclosed. However, the lack
of shCD5 efficacy in the C. albicans-infected immunodeficient NSG mice supports the
notion that an intact immune system is necessary for optimal survival following shCD5
infusion. It is worth mentioning that shCD5 could neither increase the killing capacity
of CD1 splenocytes against C. neoformans nor reduce the viability of C. neoformans
conidia in vitro (see Fig. S5 in the supplemental material). This may relate to surface
composition differences between C. albicans and C. neoformans, where the latter
exhibits relatively lower abundance of B-1,3-glucans at the cell wall and a thick
exopolysaccharide capsule of glucuronoxylomannan and galactoxylomannan, which
masks the inner B-glucan layer (39). Nevertheless, shCD5 efficacy in the mouse model
of cryptococcosis suggests other shCD5-mediated mechanisms operating in vivo. We
speculate that shCD5 binds to other fungal components, according to the multiligand
properties of scavenger receptors in general, including CD5 (19, 20).

The antifungal therapeutic effects we report for shCD5 resemble those of other
soluble PRRs, such as galectin 3 (Gal-3) or pentraxin 3 (PTX3). Gal-3 is a soluble lectin
known to bind to galactomannans and «- and B-mannans and is active in the immune
response against C. albicans and C. neoformans (40, 41). Exogenous Gal-3 increases the
in vitro phagocytic activity of neutrophils against C. albicans and C. parapsilosis and
exerts a direct lytic effect on C. neoformans extracellular vesicles, while endogenous
Gal-3 expression is necessary for TNF-a production by macrophages exposed to C.
albicans (40-43). Likewise, the long pentraxin PTX3 binds to galactomannan and is
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involved in the immune response against A. fumigatus and Paracoccidioides brasiliensis
(44). Accordingly, exogenous PTX3 reduces mortality and fungal burden in experimen-
tal aspergillosis and increases the phagocytic activity of macrophages against P.
brasiliensis (45-47).

Mechanistically, the shCD5-mediated antifungal effects in vivo may result from a
combination of its different properties. shCD5 binds to and agglutinates fungal cells
(11). Agglutination is a simple innate defensive mechanism used by soluble PRRs to
prevent free microbial spread and/or to facilitate phagocytosis. The relevance of
particle size in phagocytosis is well recognized. Studies with polystyrene microspheres
report maximal phagocytosis by mouse/rat macrophages for an intermediate particle
size (2 to 3 um) (48). Individual conidia are usually within such a size range. On this
basis, it is unlikely that shCD5-induced agglutination could improve phagocytosis. The
direct effects of shCD5 on fungal viability we report for C. albicans (but not C
neoformans) (Fig. 4C and Fig. S3) also may play a role. Whether the binding of shCD5
to fungal cells would also facilitate interactions with phagocytic/cytotoxic cells and/or
production of proinflammatory cytokines (TNF-a and IFN-y) by immune cells in a CD5
ligand-driven manner is also unknown. The elusive identification of a bona fide
endogenous cell-bound CD5 ligand(s) (14, 16) may be indicative of the low affinity of
such CD5-ligand interaction(s), contradicting a significant contribution. On the other
hand, it is known that membrane-bound CD5 acts as a negative modulator of T and Bla
cell differentiation and activation responses (17, 18). Thus, shCD5 binding to fungal
MAMPs (namely, B-1,3-glucans) could prevent putative inhibitory effects of T and/or
Bla cell-mediated antifungal responses resulting from fungal MAMP ligation of
membrane-bound CD5 (decoy effect). Moreover, previous studies from our group
demonstrate that shCD5 (either transgenically expressed or exogenously infused)
potentiates antitumor and autoimmune responses by reducing the frequency of reg-
ulatory T and B cells, and this could also be helpful in early phases of fungal infection
(26, 27).

Finally, we explored the use of shCD5 as an adjunctive antifungal immunotherapy
to currently available antimycotic drugs, such as FLC, at suboptimal doses (10-fold
lower than the optimal 10 mg/kg/day for a period of 7 days) (33). FLC, a first-line
treatment for several fungal infections (including invasive candidiasis), does not inter-
fere with B-glucan biosynthesis (32). Under these conditions, survival rates of C.
albicans-infected CD1 mice treated with FLC increased from 40% to 80% when com-
bined with shCD5. These results support the use of shCD5 as adjunctive immunother-
apy to reduce the adverse effects associated with current antimycotic drugs without
compromising their efficacy and, at the same time, expand their antifungal spectrum.

MATERIALS AND METHODS

Recombinant proteins. The production and purification of recombinant shCD5 was carried out as
previously described (49). Briefly, protein-free culture supernatants from SURECHO-M cell transfectants
stably expressing shCD5 were generated by Selexis (Geneva, Switzerland) and further subjected to size
exclusion chromatography protocols, available from PX'Therapeutics (Grenoble, France). Purified shCD5
protein (>90% purity) was stored at —80°C in phosphate-buffered saline (PBS) plus 10% glycerol, pH 7.4,
until used. Human serum albumin (HSA) was purchased from Sigma-Aldrich (St. Louis, MO, USA).

Mouse models of fungal sepsis. Male, 8- to 10-week-old CD1 (ICR) and NOD-scid IL-2Rg"!" (NSG)
mice were purchased from Charles River Laboratories (France). All of the procedures were approved by
the Animal Experimentation Ethical Committee of the University of Barcelona (CEEA 82/16 and 315/16).
C. albicans (SC5314; ATCC MYA-2876) infection was performed by intravenous (i.v.) injection of 3 X 102
to 3 X 10* CFU/g. Fungal infection induced by C. neoformans H99 was performed by intranasal (i.n.)
instillation of 3 X 10* CFU/g into mice anesthetized with ketamine (100 mg/kg; Ketamidor) plus xylazine
(10 mg/kg; Rompun) (50). When indicated, single-dose HSA (1.25 mg/kg, i.v.) or shCD5 (0.625 to 2.5 mg/
kg, i.v.) and daily fluconazole (0.1 to 10 mg/kg, i.p.; B/Braun) were administered at different time points.
Mouse survival and body weight loss were monitored daily.

Fungal load assessment. At the desired time point postinfection, organs were aseptically removed,
weighed, and homogenized in PBS using 40-um cell strainers (Biologix). Serial dilutions of the homog-
enates were plated on Sabouraud’s dextrose agar (SDA; Conda), and the number of CFU per gram of
organ was counted after 48 h of incubation at 30°C.

Serum and tissue cytokine measurements. Blood samples obtained by cardiac puncture were kept
on ice until centrifugation (2,000 rpm) for 10 min at 4°C for serum recovery and storage at —80°C until
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used. Kidney samples were homogenized with a tissue disrupter (Ultra-Turrax T20; IKA) in PBS with
cOmplete protease inhibitor cocktail (Roche). After centrifugation at 12,000 X g for 10 min at 4°C, the
supernatant was recovered and stored at —80°C until used. Mouse IL-6, IFN-vy, TNF-q, IL-183, and IL-10
cytokine levels were determined by using commercially available enzyme-linked immunosorbent assay
(ELISA) kits (BD OptEIA; BD Biosciences Pharmingen) by following the manufacturer’s instructions.
qRT-PCR analyses. Total kidney RNA samples (0.5 ng) isolated by using the PureLink RNA minikit
(Ambion, Life Technologies) were retrotranscribed into cDNA by using the high-capacity cDNA kit (Life
Technologies). Cytokine mRNA levels were assessed by quantitative real-time PCR (qRT-PCR) with
TagMan fast universal PCR master mix (Life Technologies) using a 7900HT fast real-time PCR system
(Applied Biosystems) and the following TagMan probes (Thermo Fisher): IFN-y (Mm00801778_m1), TNF-«
(MmO00443260_m1), IL-18 (Mm00434228 _m1), IL-10 (MmO00439614_m1), and glyceraldehyde-3-
phosphate dehydrogenase (GAPDH; Mm99999915_g1). Cytokine mRNA expression was adjusted by
GAPDH expression as 244¢7, where AAC; = (C.

Tgene of interest sample CTGAPDH sample) - (CTgene of interest basal —

CTGAPDH basal)'
Analysis of tissue leukocyte infiltrates. Whole spleen and kidneys were digested for 20 min at 37°C

in PBS containing collagenase D (0.5 mg/ml for kidneys and 1 mg/ml for spleens; Roche) and DNase |
(0.1 mg/ml; Roche). Following disaggregation through 40-um cell strainers, cell suspensions were
washed twice with PBS plus 2% fetal bovine serum (FBS; BioWest), and erythrocytes were lysed with 4 ml
of red blood cell lysis solution buffer (RBC; eBioscience) for 4 min at room temperature. After a second
wash, cells were counted and adjusted to 107 cells/ml in PBS plus 2% FBS. Samples (106 cells) then were
incubated for 15 min at room temperature in blocking solution (PBS plus 2% FBS and anti-mouse CD16/CD32)
prior to staining with the following monoclonal antibodies (MAbs): phycoerythrin (PE)-labeled anti-NK1.1
(PK136; BD Biosciences) and anti-CD11b (M1/70; TONBO), allophycocyanin (APC)-labeled anti-Gr-1 (RB6-
8C5; TONBO) and anti-CD3 (145-2C11; TONBO), fluorescein isothiocyanate (FITC)-labeled anti-CD45
(30-F11; BioLegend), peridinin chlorophyll protein-Cy5.5-labeled anti-CD11c (N418; TONBO), and violet-
Fluor 450-labeled anti-B220 (RA3-6B2; TONBO). A LIVE/DEAD fixable near-IR dead cell stain kit (Invitrogen)
was used to exclude dead cells. Stained cells were analyzed in a FACS Canto Il flow cytometer (Becton,
Dickinson, USA) and the data processed with Flow Jo software (Tree Star, USA).

Ex vivo C. albicans and spleen cell cocultures. CD1 splenocytes (5 X 10° cells/ml) were suspended
in RPMI 1640 medium with L-glutamine plus 10% FBS and 50 uM 2-mercaptoethanol (2-ME) and then
cocultured for 24 h at 37°C and 5% CO, with heat-killed C. albicans (0.5 X 106 CFU/ml) in 96-well plates
in the presence of shCD5 (1 or 10 pg/ml) or vehicle (PBS plus 10% glycerol). Heat-killed C. albicans was
prepared by incubation for 30 min at 100°C. Mouse IFN-vy, TNF-a, IL-183, and IL-10 cytokine levels in
culture supernatants were measured using commercially available ELISA kits (BD OptEIA; BD Biosciences
Pharmingen).

For fungal cell killing assays, CD1 splenocytes (10° cells/ml) were suspended in RPMI 1640 medium
with L-glutamine plus 10% FBS and 50 uM 2-ME and cocultured for 2 h at 37°C and 5% CO, in 96-well
plates with live C. albicans (0.5 X 10¢ cells/ml) in the presence of shCD5 (1 or 10 ng/ml) or vehicle. The
cells then were lysed with water, and the number of viable CFU was assessed by seeding and subsequent
incubation for 48 h at 30°C on SDA plates. Killing activity was calculated as the percentage of nonviable
CFU in the presence of splenocytes with regard to nonviable CFU in the absence of cells.

Fungal viability assays. C. albicans (0.5 X 105/ml) cells were suspended in RPMI 1640 medium with
L-glutamine plus 10% FBS and 50 uM 2-ME and cultured for 2 h at 37°C in 96-well plates in the presence
of shCD5 (1 or 10 png/ml) or vehicle. Fungal serial dilutions then were seeded on SDA plates and
incubated for 48 h at 30°C for CFU assessment. Viability was calculated as the percentage of CFU in the
presence of shCD5 with regard to viable CFU in the absence of the protein.

Statistical analyses. GraphPad Prism 6 software was used for statistical comparisons (GraphPad
Software Inc., San Diego, CA). Statistical parameters, including the exact value of n, precision measures
(means *+ standard errors of the means [SEM]), and statistical test and significance are reported in the
figure legends. Data are judged to be statistically significant when P values are =0.05.

SUPPLEMENTAL MATERIAL
Supplemental material is available online only.
SUPPLEMENTAL FILE 1, PDF file, 0.5 MB.
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