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Abstract: Invasive fungal disease accounts for about 3.8 million deaths annually, an unacceptable rate that urgently
prompts the discovery of new knowledge-driven treatments. We report the use of camelid single-domain nanobodies
(Nbs) against fungal B-1,3-glucanosyltransferases (Gel) involved in B-1,3-glucan transglycosylation. Crystal structures of
two Nbs with Gel4 from Aspergillus fumigatus revealed binding to a dissimilar CBM43 domain and a highly conserved
catalytic domain across fungal species, respectively. Anti-Gel4 active site Nb3 showed significant antifungal efficacy in
vitro and in vivo prophylactically and therapeutically against different A. fumigatus and Cryptococcus neoformans
isolates, reducing the fungal burden and disease severity, thus significantly improving immunocompromised animal
survival. Notably, C. deneoformans (serotype D) strains were more susceptible to Nb3 and genetic Gel deletion than C.
neoformans (serotype A) strains, indicating a key role for p-1,3-glucan remodelling in C. deneoformans survival. These
findings add new insight about the role of B-1,3-glucan in fungal biology and demonstrate the potential of nanobodies in
targeting fungal enzymes to combat invasive fungal diseases. )
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Introduction

reaching more deaths per year than HIV, tuberculosis, or
malaria.”? Some of these diseases, such as chronic pulmo-
nary/invasive aspergillosis and meningoencephalitis, caused
by Aspergillus fumigatus and Cryptococcus neoformans,

Over 300 million people suffer fungal infections each year,
and up to about 3.8 million people, primarily immunocom-
promised patients, die annually of invasive fungal diseases!"
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respectively, account for up to about 2.2 million deaths
annually,[" further highlighting the significant clinical impact
of fungi. Treatments for invasive fungi are mainly limited to
polyenes, azoles, and echinocandins.®’! However, the emerg-
ing and frequent resistance to current agents,”” and their
toxicity prompts the development of new therapies to
combat these infections. This is exemplified by the recent
clinical impact and concern caused by Candida auris, which
has long-term viability outside the human body, and
resistance to commonly used antifungals.”!

Echinocandins, with caspofungin (CSF) as the prototype,
bind the fungal B-1,3-glucan synthase (B-1,3-GS) catalytic
subunit inhibiting the biosynthesis of B-1,3-glucan.! p-1,3-
glucan is further modified by cell wall GPI-anchored B-1,3-
glucanosyltransferases with elongating and branching
activities.! These enzymes are known to be involved in the
crosslinking of cell wall polysaccharides,”” which is necessary
to ensure cell wall remodeling.”! They are classified within
the GH72! family because they share the GH72 catalytic
domain, followed by a linker region, but exhibit variations in
their C-terminal regions.!"”

Fungi possess a set of B-1,3-glucanosyltransferases, but
even with enzymatic redundancy, the elimination of the
GEL4 gene (7 different genes in total) results in non-viable
A. fumigatus."" Additionally, the loss of either PHRI or
PHR2 genes (5 in total) diminishes C. albicans
virulence."™!! Thus, these critical enzymes constitute prom-
ising drug targets for fungal infections.

The use of monoclonal antibodies (mAbs) targeting
components of the cell wall has been proposed as potential
antifungal therapies against candidiasis, aspergillosis and
cryptococcosis.' Recently, a combination of one of these
antibodies against B-1,3-glucan and fluconazole (FCZ) has
also been suggested as an antifungal therapy.'”! However,
other types of antibodies, namely camelid-derived antigen-
binding variable domains (VHHSs or nanobodies, Nbs), have
not been explored as antifungal drugs, despite being
valuable therapeutics for other diseases."¥ Nbs have
emerged as a distinct Ab class due to their low production
cost, high solubility, low immunogenicity, and small size,
allowing them to reach tissues like the brain, which are more
restricted for common antibodies, and especially their ability
to recognise dynamic and hidden epitopes.I'”) We present a
family of Nbs that target Gel4, characterise the binding and
inhibition mechanism of these Nbs, and demonstrate the
protective effect of one of these Nbs in two animal models
of invasive fungal infections.

Results and Discussion
Isolation of A. fumigatus Gel4-Directed Nbs

Nbs were obtained after immunizing a llama with A.
fumigatus deglycosylated Gel4 (dGel4). The deglycosylation
of Gel4 was achieved using Endoglycosidase H (EndoH), as
detailed in the Supporting Information. dGel4 crossreactive
Nbs were isolated using phage display, rendering 8 Nbs
grouped in 3 families based on the nature of their H3-
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sequence (see Methods and Figure S1). Nb2/4/5/6/17/32,
Nb3, and Nb22 belonged to families 1, 2, and 3, respectively.
All Nbs were expressed in E. coli and purified by nickel-
immobilised metal affinity chromatography (Figure S2A).
The glycosylated Gel4 (gGeld) was expressed in P. pastoris
and both gGel4 and dGel4 behaved as a monomer under gel
filtration chromatography (Figure S2B). The binding affin-
ities of these 8 Nbs against gGel4 and dGel4 were evaluated
by isothermal titration calorimetry (ITC; Figure 1A and
Figure S3). We also used a control Nb, NbSseK1, which
binds to the Arg-glycosyltransferase SseK1 of Salmonella
enterica.™ As expected we did not observe any binding of
NbSseK1 to dGel4 (Figure S3). All our 8 Nbs exhibited
approximately 1:1 binding to either gGel4 or dGel4, with
affinity constants in the low and medium nM range (Fig-
ure S4 and Table S1). Detailed analysis of the thermody-
namic parameters of the interaction showed that the binding
of Nb3 to either enzymatic form and Nb6 to gGel4 were
largely entropy-driven (—TAS). At the same time, the other
Nbs were favored by a gain in enthalpy (AH), suggesting
distinct interaction behaviours (see the structural analysis
below for a detailed discussion).

Inhibition of Gel4 Enzymatic Activity by the Nbs

To evaluate the inhibitory capacity of the Nbs, the trans-
glycosylase activity of gGel4 was measured in a time-course
fluorescent assay in the presence of the Nbs using laminarin
(B-1,3-glucan) as the glucanosyl donor and sulphorhod-
amine-labeled laminarihexaose as the acceptor substrate.['”!
A 5-fold molar ratio of Nbs over gGel4 (5:1 ratio) showed
that all Nbs inhibited gGel4 activity (Figure 1B-left panel,
and Figure S5A). At a lower molar ratio (2:1), Nb2, Nb3,
Nb4, and Nb6 were the most potent ones, followed to a
lesser extent by Nb22 and Nb17 (Figure 1B-right panel and
Figure 1C). The control NbSseK1 did not show any inhib-
ition on Gel4. Since Nb2, Nb4, and Nb6 all belonged to the
same family 1 (Figure S1), Nb4 was selected for further
enzymatic studies. To assess the impact of protein glycosyla-
tion on Gel4 inhibition, we compared the ICs, values for
Nb3 and Nb4 against both gGel4 and dGel4 proteins, finding
no significant differences in the inhibition of gGel4 or dGel4
by either Nb3 or Nb4 (Figure S5B). We also assessed the
activity of other GH72" subfamily members, specifically
Phrl and Phr2 from C. albicans, as well as Gasl and Gas2
from S. cerevisiae, in the presence of Nb3 and Nb4. A.
fumigatus Gell and Gel2, classified within the GH72~
subfamily, were excluded from the experiment due to their
distinct dissimilarity to Gel4, chiefly characterised by the
absence of the CBM43 domain. In comparison to Nb3's
potent inhibition of Gel4 activity reaching up to about
100 % inhibition at a 5:1 ratio, Nb3 moderately inhibited
Gas2 at the same ratio (5:1), and inhibited poorly Phr1/Phr2
(200:1 ratio was required to see a significant inhibition). In
contrast, Nb4 only inhibited Phr2 at a high concentration
(200:1; Figure SSC,D). These results suggest that Nb3 and
Nb4 are fairly selective inhibitors of Gel4, although Nb3 can
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Figure 1. Biophysical characterization of Nbs. A) ITC data for the binding of Nb3 and Nb4 to dGel4. Top: raw thermogram (thermal power versus
time). Bottom: binding isotherm (normalised heats versus molar ratio). B) Inhibition of B-(1,3)-glucanosyltransglycosylase enzymatic activity of
gGel4 by the Nbs at 5-fold (left panel) and 2-fold (right panel) molar excess. The inhibitory effect of Nbs is expressed as a percentage of gGel4
enzymatic activity in the presence of the Nbs after reaction for 30 min relative to the control (absence of Nb). C) Inhibition time-course of gGel4
enzymatic activity by the indicated Nbs at 2-fold molar excess. NbSseK1 against the Salmornella enterica SseK1 protein unrelated to Gel4 was used
as a negative control.”! Data are shown as mean = standard deviation (SD) from at least three independent experiments.

Angew. Chem. Int. Ed. 2024, 63, €202405823 (3 of 15) © 2024 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH

85U8017 SUOWIWIOD a1 8|aedljdde ay) Aq peuienob ale seoilie O ‘8sN Jo SajnJ Joj AkeiqiauliuQ /8|1 UO (SUONIPUOD-pUe-SWL)L0D A1 Aelgjeul|uo//sdny) SuonipuoD pue swe | 8yl aes *[20z/0T/TT] uo Akiqiiauliuo Ao|iMm ‘(-ouleAnde1) sgnopesy Aq £2850120Z @1Ue/Z00T 0T/I0p/wWod"Ae|Im Alelq 1 uljuo//Sdny Wo.j pepeoumod ‘vE ‘¥20g ‘ELLETZST



GDCh
=

inhibit other Gel4 orthologs more broadly at higher
concentrations.

Structural Basis of Nbs Interactions with Gel4

To elucidate the molecular basis of Gel4 inhibition by the
most potent Nbs, we determined the crystal structures of
dGel4 complexed to Nb3 and Nb4 at 2.05-A and 1.90-A
resolution, respectively (Figure 2A,B and Table S2). The
structure of dGel4, as described before for Gas2 crystal
structures,'® shows a compact structure with the typical (p/
a)g catalytic core and the cysteine-rich CBM43 domain
located at the N- and C-terminal regions, respectively. While
Nb4 binds to the CBM43 domain burying a Gel4 surface
area (SA) of 3,870 A%, Nb3 binds to a shallow active site
located in the catalytic domain, burying a larger SA of
4,860 A2. Particularly, Nb3 occupies the —6 to —1 and +1 to
+5 sugar-binding subsites, impeding binding to p-1,3-glucan
and in turn transglycosylation (Figure 2A,C). These data
suggest that our Nbs might adopt at least two different
binding modes inhibiting Gel4. Note also that the Gel4
catalytic domain residues interacting with Nb3 are more
conserved across orthologs than the CBM43 domain
residues interacting with Nb4 (Figure 2A,B; further dis-
cussed below), which might explain why Nb3 can also inhibit
other Gel4 orthologs (see above).

When comparing the Gas2-laminaripentaose (G5)!"*! and
dGel4-Nb3 structures, it is clear evident that they share
most secondary structure elements and align well (RMSD
1.39 A on 403 equivalent Co atoms; Figure 2D and Fig-
ure S6). However, RMSDs slightly increase when comparing
Gas2-G5 and dGel4-Nb3 complexes with Gel4-Nb4 complex
(RMSDs 1.76 A and 1.56 A on 398 and 408 Ca atoms), due
to conformational changes caused by Nb4 binding to Gel4 in
the CBM43 a10/a12/p14 and loops (Figure 2D).

In the dGel4-Nb3/4 interfaces, the H1, H2, and H3 loops
play a pivotal role in dGel4 recognition (Figures S7 and S8).
Nb3 primarily interacts with conserved residues in the
catalytic domain (9/16 residues are completely conserved
with Gel4 orthologs; Figure 2E, Figure S9 and Table S3),
including critical ones like N158/E159/E261 and Y230/Y293/
Y302.'"%"! Conversely, Nb4 interacts with specific residues
in the Gel4 CBM43 domain, with fewer conserved residues
between Gel4 orthologs (Figure 2E, Figure S10, and Ta-
ble S3). Most of these interactions involve hydrogen bonds
and salt bridges mainly through side chains (Table S3).
However, hydrophobic interactions were also present,
though these were in the minority in the dGel4-Nb3
complex. Nb3's residues interacting with dGel4 differ from
other Nbs, while Nb4 shares mostly conserved residues with
family 1 Nbs (Nbs2/5/6/17/32), suggesting similar binding
modes. Nb22, which belongs to another family, may adopt a
unique binding mode. The distinct thermodynamic profile of
Nb3 likely results from the release of many water molecules
from Gel4's active site upon Nb3 binding, which could favor
desolvation entropy. However, this hypothesis will require
further experimental validation. The crystal structure of
Gas2 E176Q, unlike that of dGel4-Nb4 complex, offers
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clearer evidence because dGel4's active site is obstructed by
another dGel4 from a neighboring asymmetric unit (Fig-
ure S11). In Gas2 E176Q structure, numerous water mole-
cules occupy the catalytic binding site, contrasting with
Nb4's CBM43 binding site.

A CBM43 Phe Residue Interacting with Nb4 Modulates
Transglycosylation

A prior study suggested that fungal Gas2’s CBM43 may bind
to p-1,3-glucan, yet this remained unconfirmed
experimentally."” In contrast, plant-derived CBM43 do-
mains were shown to bind p-1,3-glucan.”” Additionally, the
structures of CBM43 domains from Ole e 9?" and Gas2!"
exhibited significant differences and did not provide molec-
ular-level insights into the interaction of CBM43s with B-1,3-
glucan. Nb4 binding to CBM43 and its inhibitory effect
suggest CBM43 interacts with f-1,3-glucan and plays a
crucial role in transglycosylation. To investigate further, we
examined specific aromatic residues, F394%* and Y396%",
that interact with Nb4 (Figure 2E). We also investigated
F415% the equivalent residue to F394%" (Figure S6). We
created Ala mutants for F394%# Y396%* F415°*2 and the
F415R%*? mutant. Results indicated that Y396°** was not
essential for transglycosylation, while F394%? and F415%*2
played important roles. F394A%" reduced activity by about
50 %, and F415A°*? and F415R%*? led to approximately
80% and 97 % activity reductions, respectively (see Fig-
ure S12). This suggests CBM43 modulates transglycosylation
by interacting with B-1,3-glucan, potentially leading to
competition among Nbs in family 1 (Nbs2/4/5/6/17/32) for
CBM43 domain association with B-1,3-glucan sugar units.

In vitro Inhibitory Effect of Nb3 on the Growth of Different
Fungal Species

Having established the mechanism of Nb3-mediated inhib-
ition of Gel4, we next questioned whether Nb3 could be
effective in inhibiting the growth of C. albicans, A. fumigatus
and C. neoformans species complex (serotypes A and D)
including azole-resistant strains. Although there are no
studies of these enzymes in Cryptococcus spp., we per-
formed a BLAST search using the Gel4 catalytic domain
against the C. neoformans genome, and found only one
member in this fungus, which we named hereafter as CnGel
(ca. 41% identity with Gel4; Figures S9 and S10). Nb3
inhibited C. albicans growth very poorly at 37°C (Fig-
ure S13) in agreement with the low inhibitory properties of
Nb3 on Phr isoenzymes (Figure S5C). In contrast, Nb3
inhibited A. fumigatus growth at 37°C fairly well in different
strains, including the azole-resistant 678715, and strongly
inhibited cell growth of C. deneoformans strains at 30°C
(former C. neoformans serotype D), albeit inhibited poorly
growth of C. neoformans (serotype A) strains (Figure 3A,C
and Table S4). Using NbSseK1 control, no antifungal
activity was observed, further confirming that the inhibitory
effect of Nb3 was not due to the relatively high doses used.
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Figure 2. Overall structures of dGel4 complexed to Nb3 and Nb4. A,B) Left: Ribbon structures of dGel4 complexed to Nb3 (top, A) and Nb4
(bottom, B). The catalytic and CBM43 domains and the Nbs are colored grey, aquamarine, and green, respectively; N-linked glycans (3 in total) and
O-linked glycans (7 in total; man stands for mannose) are shown as orange carbon atoms; disulfide bridges are indicated as yellow sulfur atoms.
Right: Surface representation of dGel4-Nb3 and dGel4-Nb4 complexes, color-coded by degree of sequence conservation in the interacting regions
between Gel4 and Nb3/Nb4. G5 coordinates were obtained from Gas2 complexed to G5 (PDB entry 2W62['¥) and are displayed to indicate the
sugar-binding subsites in Gel4. Sugar units are colored as pink carbon atoms. C) Close-up view of the dGel4-Nb3 with G5 to evidence the
competitive inhibition mechanism of Nb3. D) Superposition of dGel4™* (grey) and dGel4"** (red) structures (left panel), and dGel4"*® and Gas2
(red) structures (right panel). E) Close-up view of the interfaces of dGel4-Nb3 and dGel4-Nb4 complexes. The residues of dGel4 catalytic and
CBM43 domain, and Nb3/4, engaged in hydrogen bond and hydrophobic interactions, are depicted as grey, aquamarine, and green carbon atoms,
respectively. Hydrogen bonds are shown as dotted black lines.
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Figure 3. Sensitivity of C. deneoformans, C. neoformans and A. fumigatus to Nb3. The antifungal activity of different concentrations of Nb3, Nb2,
Nb4, or NbSseK1 against C. deneoformans 1229817 (A), C. neoformans H99 (B), and A. fumigatus B5233 (C) was measured with XTT reduction
assay as described in the Supporting Information. Results are presented as the growth percentage compared to untreated controls. The
experiments with A. fumigatus and C. neoformans species complex were performed at 37°C and 30°C, respectively. Data represent the mean and

standard deviation of at least three independent experiments.

Angew. Chem. Int. Ed. 2024, 63, €202405823 (6 of 15) © 2024 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH

85UB0| 7 SUOLLLOD BAIERID 3|ded|dde 8y} Aq peusenob 8e el VO ‘8SN JO Sa|nJ oy A%eiq1T8UlUO /8|1 UO (SUORIPUOD-PUe-SWB) L0 3| 1M Afe.q 1 BuUO//STRY) SUORIPUOD PUe SWLB L 8U3 89S *[7202/0T/TT] uo AreigiTauiuo A|IMm ‘(ouleAnde ) eqnopesy Aq £28507202 @I1Ue/Z00T OT/I0p/w0d" A3 | im Azeiq 1 jpul|uoj/Sdiy Wwoiy papeojumod ‘v ‘¥20Z ‘ELLETEST



GDCh
=

Furthermore, despite the ability of Nb2 and Nb4 to inhibit
Gel4 activity in vitro, they did not exhibit any antifungal
activity (further discussed below; Figure 3A,C and Fig-
ure S10). To further explain the difference in growth under
the presence of Nb3 between C. neoformans and C.
deneoformans strains, we generated a CnGel knockout in C.
neoformans H99 strain (H99 CnGel—), which remained
viable and did not present any growth delay, indicating that
this enzyme is dispensable for survival in this strain
(Supporting Information). Additionally, as expected, none
of the Nbs affected H99 CnGel— growth (Figure S14). In
contrast, using the same disruption strategy, we were not
able to obtain CnGel mutants in C. deneoformans JEC21
strain, suggesting that this enzyme is important for C.
deneoformans survival, thus supporting the inhibitory
growth effect of Nb3 in these strains. To check if differences
in growth were caused by differences in CnGel inhibition
depending on the strain, we expressed and purified CnGel
from both strains using P. pastoris (Figure S2). When tested,
both enzymes were inhibited by Nb3, though at a lower
substrate concentration and higher Nb3/CnGel ratio than
the one used for Nb3/Gel4 (Figure S15A). Furthermore, the
Kps indicated that Nb3 bound worse to the enzymes
CnGel™ (Uniprot ID: J9VZ45) and CnGel™“*' (Uniprot
ID: Q5K6U3) than to Gel4 (ca. 21-fold and ca. 270-fold
lower binding than that of Nb3 on gGel4, respectively;
Figure S15B). This may explain why Nb3 had a weaker
inhibitory effect on both CnGel enzymes than Gel4.

Effect of the Combination of Nb3 with Antifungal Drugs

Next, we conducted experiments to measure growth inhib-
ition when Nb3 was combined with Nb4, voriconazole
(VCZ) or amphotericin B (AMB) for A. fumigatus B5233,
and Nb3 with Nb4, FCZ or AMB for both C. neoformans
H99 and C. deneoformans 1229817. We first determined the
MIC;, values for AMB, FCZ, and VCZ against these
pathogens, which revealed, as expected, that VCZ was a
potent drug against A. fumigatus B5233, AMB was also very
potent against all tested organisms, and FCZ was a modest
inhibitor on both Cryptococcus strains (Table S5). Addition-
ally, we included CSF in our experiments, revealing that this
drug showed modest inhibitory properties on A. fumigatus
B5233 and C. deneoformans 1229817 and its efficacy was
reduced against C. neoformans H99 (Table S5). Combined
with our results using Nb3, this suggests that the inhibition
of B-1,3-glucan synthesis or remodeling is not essential for C.
neoformans H99 growth, which further stresses the remark-
able differences between Cryptococcus strains. In fact, C.
deneoformans B3501 and JEC21 strains showed several cell
wall integrity phenotypes, including hypersensitivity to SDS
and Congo Red, whereas C. neoformans H99 and KN99
strains did not (Figure S16).”?! Next, we analysed potential
synergies between Nb3 and antifungal drugs, revealing that
only the combination of Nb3 with AMB or, intriguingly,
Nb4 in A. fumigatus B5233 cultures showed synergy (FICI=
0.378 and 0.063, respectively). Interestingly, additive effects
were also observed for Nb3 combined with AMB in C.
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neoformans H99 and C. deneoformans 1229817 cultures.
Furthermore, the combination of Nb3 with azole drugs
showed additive effects in almost all cases (Table S6).

Characterization of Nb3-Mediated Modification of Sugar
Composition in C. neoformans and C. deneoformans Strains

In order to analyse if Nb3 is able to cross the Cryptococcus
capsule and reach its target, whether it is on the plasma
membrane via its GPI anchor (as shown for Geld!"™ or
Phr1®!) or within the cell wall (as found for Phr1®! and
Gasl/Gas3/Gas5®), we performed immunofluorescence
confocal microscopy experiments in susceptible and resistant
C. neoformans and C. deneoformans strains. Nb3 crossed
the polysaccharide capsule (FITC) in all C. neoformans and
C. deneoformans strains, mainly localizing in the cell wall
(calcofluor white) or the outer layer plasma membrane
(Figure 4). Therefore, the different susceptibility was un-
likely due to an inability to cross the cell capsule and reach
its target; this was further supported by similar binding of
Nb3 in capsular and acapsular strains derived from B3501
and H99. Furthermore, a fusion protein comprising Nb3-Fc
(human IgG1l Fc) displayed very low antifungal activity
against the susceptible C. deneoformans 1229817 strain,
which suggests that the small size of Nb is essential for its
antifungal activity against C. deneoformans strains in vitro
(Figure S17). Note also that no staining was observed when
using the H99 CnGel-mutant, confirming the specificity of
Nb3 binding to CnGel (Figure 4). A similar result was found
when the localization of Nb3 was analysed in A. fumigatus
hyphae (Figure 4H), showing that Nb3—Cy5 colocalises with
calcofluor white staining. This confirms the presence of Nb3
in the Aspergillus fumigatus cell wall where Gel4 is located,
and, together with C. neoformans stainings, supports its
specificity for this enzyme.

HPLC analysis of cell wall and capsule extracts indicated
that Nb3 significantly decreased the glucose content of C.
neoformans H99 and C. deneoformans 1229817 and B3501
(p<0.05) and increased the mannose content compared to
untreated cells (Figure 5A). As expected, no significant
changes in the carbohydrate composition were observed
between untreated and treated H99 CnGel- strains further
confirming the specificity of Nb3 for Gel4. In order to
confirm these results performed using acid digestions of cell
wall, we analysed changes in cell wall composition by
analyzing and quantifying calcofluor white fluorescence in
fungal cells before and after Nb3 treatment. As shown in
Figure 5B-D, it can be observed a clear and significant
reduction in the fluorescence intensity after Nb3 treatment
indicating a lower binding of calcofluor white to the cell wall
glucan, which suggests a reduction of glucan complexity in
cell wall as calcofluor white binding positively correlates
with glucan amount/complexity as recently shown.™ While
calcofluor white is also known to bind to chitin,”” the fact
that chitin is barely present in C. neoformans serotypes*’!
suggests that the observed reduction in fluorescence inten-
sity is primarily due to decreased glucan complexity.
Altogether the results show that Nb3 affects C. deneofor-
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cwW 18B7-FITC Nb3-Cy5 Merged

A C. deneoformans 1229817

B C. deneoformans JEC-21

C C. deneoformans B3501

C. deneoformans B3501 cap67-

C. neoformans H99

F C. neoformans H99 cap60-

G C. neoformans H99 CnGel-

H A. fumigatus B5233

Figure 4. Location of Nb3 in C. neoformans, C. deneoformans and A.
fumigatus. Different C. neoformans strains were incubated at room
temperature for 15 min with calcofluor white (CW), 18B7-FITC antibody
and Nb3-Cy5. The strains employed were C. deneoformans 1229817 (A),
C. deneoformans |EC21 (B), C. deneoformans B3501 (C), C. deneoformans
B3501 cap67— (D), C. neoformans H99 (E), C. neoformans H99 cap60—
(F), C. neoformans H99 CnGel— (G) and A. fumigatus B5233 (H). The
left panels show calcofluor white staining (cyan), which binds to chitin
and B-glucans that form the fungal cell wall. Central panels display the
locations of the capsule and CnGel/Gel4 resulting from the recognition
of glucuronoxylomannan, a major component of the Cryptococcus
capsule, and CnGel/Gel4 by the 18B7-FITC antibody (green) and
Nb3—Cy5 (red), respectively. Finally, right panels show merged
channels. Images were acquired with a Zeiss LSM 880 (Zeiss, Jena,
Germany) confocal microscope.
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mans survival by altering cell wall composition, specifically
by interacting with CnGel, and that C. neoformans strains
can adjust to these changes without compromising growth.

Prophylactic and Therapeutic Treatment of Invasive
Aspergillosis and Cryptococcosis with Nb3 shows high in vivo
Efficacy in Two Different Animal Models

To assess in vivo protection, we evaluated the efficacy of
oral administration of Nb3 on C. elegans previously infected
with A. fumigatus and C. deneoformans. Most untreated
animals died after 48 h of infection, while Nb3 treatment
showed a dose-dependent effect (Figure S18). Then, we
selected a dose of 1 mg/mL of Nb3, which resulted in
approximately 60 % survival of infected C. elegans by both
fungi, and compared its effect with other antifungal drugs in
a concentration that had been previously found to affect
fungal growth without showing toxicity signs in worms
(Gehan-Breslow-Wilcoxon  test  p-value <0.0001;  Fig-
ure 6A,B). Nb3 led to similar survival rates to those found
for the antifungal drugs. The high Nb3 concentration was
required to account for the possibility of Nb3 being partly
degraded by the C. elegans digestive system. Despite this
high concentration, Nb3 was safe in C. elegans (Figure S19).
Longer incubation times are impossible in this model, as
control worms began to die after 72h due to nutrient
restriction, as previously shown.!

Next, we evaluated the efficacy of Nb3 as a prophylactic
treatment on immunocompromised BALB/c mice infected
intranasally (IN) with A, fumigaus®™ and C.
deneoformans.” We observed approximately 80 % survival
after intraperitoneal (IP) inoculation at doses of 20 and
80 mg/Kg against C. deneoformans and A. fumigatus in-
fection, respectively (Figure 7A,B). This was further sup-
ported by a significant reduction in CFU for Cryptococcus
infection (Figure 7C). On the contrary, a dose of 40 mg/Kg
against A. fumigatus infection showed no significant differ-
ence compared to the untreated infected mice (Figure 7B).
A lower dose of Nb3 (20 mg/Kg) administered IN was
sufficient to protect 100 % of mice from death by invasive
aspergillosis (Figure 7B). Although Nb2 and Nb4 did not
show any antifungal activity in vitro, we analysed the
potential antifungal activity of Nb2 in the mouse model to
find out whether Nb binding activates host factors that
might enhance its activity and contribute to fungal control.
However, as expected from in vitro cell cultures, Nb2 did
not present any antifungal activity (Fig S20). Given these
results and the similarity between Nb2 and Nb4, we did not
further test Nb4 in vivo in order to reduce the number of
mice used following the guidelines of the ethics committee.

Then we evaluated the Nb3 as a therapeutic treatment.
IP administration of Nb3 at 20 mg/Kg significantly improved
survival compared to vehicle (PBS)-treated mice in those
infected with C. deneoformans, rendering more than 60 %
mouse survival, while all control mice died after five weeks
of infection (Figure 8A). Intranasal administration of Nb3 at
20 mg/Kg led to 80 % of mouse survival (Figure 8B). This
efficacy of Nb3 was further supported by the significant
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1229817Nb3

H99 Nb3

Figure 5. Single sugar profile of Cryptococcus cell wall and capsule extracts. A) Single sugar profiles (glucose and mannose) from acid-digested cell
wall polysaccharides from 24 h cultures of C. deneoformans (1229817 and B3501) and C. neoformans (H99) were analysed by HPLC as described in
the Supporting Information. Results were analysed by two-way ANOVA with Bonferroni post-test. Data represent the mean and standard deviation
of at least three independent experiments. p value <0.05 (*) for 1229817 control vs. Nb3, B3501 control vs. Nb3 and H99 control vs. Nb3. B)
Confocal microscopy images of C. deneoformans and C. neoformans cells, as well as A. fumigatus hyphae, cultured in RPMI 1640 with Nb3 or
without Nb3 for 24 h and stained with calcofluor white. The images were captured using a Zeiss LSM 880 confocal microscope (Zeiss, Jena,
Germany). C,D) Fluorescence intensity per cell of C. neoformans and C. deneoformans (C) or per ym? of hyphae of A. fumigatus (D) previously
cultured with Nb3 and stained with calcofluor white. Results were analysed by unpaired t-test. p <0.05 (*) for C. deneoformans 1229817 and C.

neoformans H99 control vs. Nb3, p <0.01 (**) for C. deneoformans B3501 control vs. Nb3 and p <0.001(*

Nb3.

reduction of C. deneoformans colonization in lungs and
brain (Figure 8C-F) as well as by a reduction in the
pathology observed in lungs from treated animals in
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for A. fumigatus B5233 control vs

)

comparison with non-treated controls (Figures 8G and S21).
Importantly, tissue homogenates from treated animals
showed that Nb3 was able to reach lungs and brain of C.
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Figure 6. Efficacy of Nb3, VCZ, FCZ, AMB and CSF in a C. elegans model of A. fumigatus and C. deneoformans infection. Survival of L4 larvae of C.
elegans after infection with A. fumigatus B5233 (A; n=412) or C. deneoformans 1229817 (B; n=443) in the absence or presence of 1 mg/mL Nb3,
4 pg/mLVCZ, 32 pg/mL FCZ, 0.25 pg/mL AMB and 32 pug/mL CSF. Experiments were performed in triplicate and the results were analysed using
the mantel-Cox test. p value <0.0001 for the comparison between the treated groups and infected groups in both experiments.

deneoformans infected mice (Figure 8H,I), thereby confirm-
ing the efficacy of treating both pulmonary and brain
infection, which correlates with the increase in mouse
survival.

Next, we determined the efficacy of Nb3 administered
IN (Figure 9A) or IP (Figure 9B) 24 h after infection in an
aspergillosis mouse model. We used a dosage of Nb3
(80 mg/Kg) because the lower doses of 40 mg/Kg used in the
prophylactic experiment showed no positive effect on mouse
survival (Figure 7B). This dose (80 mg/Kg) improved mouse
survival, reaching a statistically significant approximately
80 % (Figure 9B). In contrast, only about 20 % of control
mice treated IP with vehicle (PBS) survived (Figure 9B).
Additionally, the IN therapeutic administration of a lower
dose of our Nb3 at 20mg/Kg led to a 50% survival
compared to control mice, which all died within the first
week of infection (Figure 9A), indicating that this mode of
administration may be more beneficial than IP, as it requires
lower doses of the drug. These experiments were further
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validated by a significant decrease in A. fumigatus coloniza-
tion in the lung, as determined by measuring fungal burden
in tissue using real-time qPCR (Figure 9C). In addition, the
comparison of the histopathologic scores of Nb3-treated and
non-treated individuals (Figures 9D and S21) showed a
significant improvement in the lungs of Nb3-treated mice.

As shown in vitro, no effect was observed with NbSseK1
in any of the mouse models, although it similarly reached
the lungs and brain, confirming the selective antifungal
activity of Nb3 (Figure 8A-F). Overall, these results demon-
strate the efficacy of Nb3 in both prophylactic and
therapeutic treatments of invasive aspergillosis and crypto-
COCCOSIS.

Discussion and Conclusions

New strategies to tackle invasive fungal infections are
critical due to rising mortality and drug resistance. Triazoles,
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Figure 7. Prophylactic efficacy of Nb3 in mouse models of C. deneoformans and A. fumigatus infection. Survival of BALB/c female mice infected
intranasally (IN) with 2.5x10” CFU of C. deneoformans (A; n=24) or 10° CFU of A. fumigatus (B; n=64) in 20 pL of PBS and treated prophylactically
with PBS (vehicle) or Nb3 administered IP (intraperitoneally; A and B) or IN (B) as indicated. Results were analysed by mantel-Cox test: **p <0.01
and ***p <0.001. C) CFU counts of mouse lung and brain homogenates infected with C. deneoformans and treated prophylactically IP were
determined 14 days after infection. Results were analysed by unpaired t-test comparing CFU counts of lungs (**p <0.01) and brains (*p <0.05) of

mice treated IP with PBS or Nb3.

the only effective oral treatment for diseases like invasive
aspergillosis, are facing resistance.’!! Targeting cell wall
proteins as drug targets has barely been exploited, yet they
constitute a niche for developing new drugs to combat
human fungal diseases. Here, B-1,3-glucanosyltransferases
have been successfully validated as promising drug targets
against fungal infections. It has also been demonstrated that
the connection between enzymes involved in synthesis (e.g.,
B-1,3-GS) and B-1,3-glucan remodeling can be leveraged for
combinatorial antifungal treatments. Additionally, we have
highlighted the potential of Nbs, particularly Nb3, as
valuable drugs for the frontline treatment of invasive fungal
diseases. Furthermore, our research offers mechanistic and
structural insights that enhance our understanding of how
Nb3 and Nb4 inhibit B-1,3-glucanosyltransferases. Nb3
competes with -1,3-glucan for binding to the Gel4 catalytic
domain, while Nb4 likely competes with this polysaccharide
for binding to the Gel4 CBM43 domain.

Interestingly, while Nb2 and Nb4 can inhibit Gel4 in
vitro, they do not inhibit A. fumigatus growth, likely due to
the inaccessible location of the CBM43 domain next to the
GPI membrane anchor. In contrast, Nb3 seems to interact
with the catalytic domain without accessibility issues and can
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disrupt cell wall integrity by affecting the enzyme activity.
Our studies confirm that Nb3 antifungal effect is specific,
not a result of nonspecific binding or altering other path-
ways. This specificity and in vitro efficacy offer insights into
the mechanisms of B-1,3-glucanosyltransferases, informing
the development of new antifungal drugs.

We have shown that Nb3 displays potent antifungal
effects in both preventative and treatment contexts, working
effectively through various delivery methods, including
intranasal application. Nb3 targets Gel4/CnGel specifically,
showing strong antifungal activity against A. fumigatus and
superior activity against C. deneoformans compared to C.
neoformans, due likely to differences in the importance of -
1,3-glucan remodeling and composition of the cell wall
structure between serotypes. Actually, cell walls of C.
neoformans are thicker and more resistant to enzymatic and
physical disruption than those of C. deneoformans.®™

VCZ, FCZ, and their analogs are current top choices for
treating invasive aspergillosis and cryptococcosis, while
AMB is a primary treatment for the initial weeks of
cryptococcosis and a gold standard for invasive
aspergillosis.” However, our data indicate that combining
VCZ, FCZ, or AMB with Nb3 does not result in synergistic
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Figure 8. Therapeutic efficacy of Nb3 in mouse models of C. deneoformansinfection. A,B) Survival of BALB/c mice infected with C. deneoformans
treated therapeutically IP (A; n=18) or IN (B; n=18) with PBS (vehicle), Nb3, or NbSseK1, 24 h after infection, three times per week throughout
the experiment. Results were analysed by mantel-Cox test:*p < 0.05. C,D) CFU counts of mouse lung and brain homogenates infected with C.
deneoformans (n=18) and therapeutically treated with intraperitoneal vehicle, Nb3 or NbSseK1 were determined after 14 days of infection. Results
were analysed by unpaired t-test: *p < 0.05. E,F) CFU counts of mouse lung and brain homogenates infected with C. deneoformans (n=18) and
therapeutically treated with intranasal vehicle, Nb3 or NbSseK1 were determined after 14 days of infection. Results were analysed by unpaired t-
test: *p < 0.05. G) Histopathologic score obtained from hematoxylin-eosin (HE) staining of lung sections after 14 days of infection with C.
deneoformans in mice (n=12) IP treated with PBS or Nb3 (20 mg/kg). Results were analysed by 2-way ANNOVA with Bonferroni post-test:

*p <0.05. H,I) His-tag ELISA analysis of the presence of Nbs after IP administration in the lungs and brains of mice (n=17) infected with C.
deneoformans. Results were analysed by unpaired t-test: *p <0.05.
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Figure 9. Therapeutic efficacy of Nb3 in a mouse model of A. fumigatus infection. A,B) Survival of BALB/c mice infected IN with A. fumigatus and
treated therapeutically IN (A; n=12) or IP (B; n=12) with PBS (vehicle) or Nb3 daily 24 h after the infection during a week. Results were analysed
by Mantel-Cox test: *p <0.05. C) Lung homogenates were prepared from A. fumigatus infected mice (n=12) treated therapeutically IN with PBS or
Nb3 and fungal burden was determined by real-time PCR. Results were analysed by unpaired t-test: *p < 0.05. D) Histopathologic score obtained
from HE staining of lung sections after 3 days of infection with A. fumigatus in mice (n=12) IP treated with PBS or Nb3. Results were analysed by

unpaired t-test: **p <0.01.

effects, except for the AMB—Nb3 combination and, interest-
ingly Nb3-Nb4 combinations in A. fumigatus. Although
experimental evidence is lacking to explain this synergy, it
can be speculated that Nb3 binding to Geld4/CnGel may
induce a conformational change, potentially exposing the
CBM domain that might be hidden due to its proximity to
the plasma membrane, thus enabling Nb4 interaction.
Regarding AMB, disruption of cell wall integrity by Nb3
might increase its permeability to AMB, reaching higher
concentrations on the fungal cell membrane where AMB
binds to sterols as previously suggested for the combination
of AMB and echinocandins.® Either way, our finding
suggests that Nb3 could help reduce the drug associated
toxicity in treating invasive aspergillosis and cryptococcosis.

In summary, our findings demonstrate Nb3 effectiveness
in combating A. fumigatus and C. deneoformans infections

Angew. Chem. Int. Ed. 2024, 63, €202405823 (13 of 15)

and provide insights into its mechanism of action. Overall,
our findings are important as they present a novel
immunotherapy for invasive fungal diseases, paving the way
for developing new Nbs targeting vital fungal components
and innovative treatments for these life-threatening dis-
eases.
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