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Pentraxin 3 (PTX3), a long pentraxin and a humoral pattern recognition mole-
cule (PRM), has been demonstrated to be protective against Aspergillus fumi-
gatus, an airborne human fungal pathogen. We explored its mode of interaction
with A. fumigatus, and the resulting implications in the host immune response.
Here, we demonstrate that PTX3 interacts with A. fumigatus in a morphotype-
dependent manner: (a) it recognizes germinating conidia through galactosa-
minogalactan, a surface exposed cell wall polysaccharide of A. fumigatus, (b) in
dormant conidia, surface proteins serve as weak PTX3 ligands, and (c) surfac-
tant protein D (SP-D) and the complement proteins Clq and C3b, the other
humoral PRMs, enhance the interaction of PTX3 with dormant conidia. SP-D,
C3b or Clq opsonized conidia stimulated human primary immune cells to
release pro-inflammatory cytokines and chemokines. However, subsequent
binding of PTX3 to SP-D, Clq or C3b opsonized conidia significantly decreased
the production of pro-inflammatory cytokines/chemokines. PTX3 opsonized
germinating conidia also significantly lowered the production of pro-
inflammatory cytokines/chemokines while increasing IL-10 (an anti-
inflammatory cytokine) released by immune cells when compared to the
unopsonized counterpart. Overall, our study demonstrates that PTX3 recog-
nizes A. fumigatus either directly or by interplaying with other humoral PRMs,
thereby restraining detrimental inflammation. Moreover, PTX3 levels were sig-
nificantly higher in the serum of patients with invasive pulmonary aspergillosis
(IPA) and COVID-19-associated pulmonary aspergillosis (CAPA), supporting
previous observations in IPA patients, and suggesting that it could be a potential
panel-biomarker for these pathological conditions caused by A. fumigatus.

Humoral immune components are an integral part of the host
immune system. Animal studies and human genetic analyses have
provided evidence that several of the humoral immune compo-
nents play essential roles against invading fungal pathogens": (a)
deficiency of C3, a central component of the complement system of
hosts, significantly decreased survival of mice infected with

Candida albicans, Candida glabrata and Aspergillus fumigatus®*,
(b) mice genetically deficient in Clq, a key component of the clas-
sical complement pathway (CP), have increased susceptibility to A.
fumigatus infection*, (c) C1q knockout mice succumbed sooner to
Cryptococcus neoformans infection®, (d) polymorphisms in the
genes coding for mannose binding lectin (MBL) and MBL
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associated serine proteinase-2 (MASP-2), a PRM and a transducer,
respectively, of the lectin complement pathway (LP) are associated
with increased susceptibility of the host to Sporothrix infection®,
and (e) gene variation in serum amyloid-P component (SAP) affects
the risk of invasive pulmonary aspergillosis (IPA) in hematopoietic
stem cell transplant recipients’. Despite these studies, host
humoral immune components have been underexplored in the
context of fungal infections.

In line with those reports, pentraxin-3 (PTX3) knockout mice are
also highly susceptible to IPA*, and genetic variations in the human
PTX3 gene have been associated with increased risk for IPA in a number
of clinical settings at high-risk, including solid-organ transplantation
(particularly, lung), chronic obstructive pulmonary disease, reactiva-
tion of latent human cytomegalovirus in hematopoietic stem-cell
transplant patients, and hematological malignancies**™. PTX3 is a
member of the pentraxin superfamily with pleiotropic functional
properties in innate immunity, where it acts both as a soluble PRM and
a regulator of inflammation, and plays additional roles in tissue remo-
deling, female fertility, and cancer®. PTX3 is stored in neutrophil
granules and released in response to microbial recognition and/or
inflammatory stimulation® or, de novo synthesized and secreted by
both phagocytes and non-immune cells at sites of infection (and
inflammation)'. The locally made PTX3 promotes killing of A. fumiga-
tus conidia by immune cells via complement and Fc-y receptors, sug-
gesting that PTX3 acts at the crossroad between other soluble PRMs".

Based on competition experiments, galactomannan (GM), a
polysaccharide present in the cell wall of A. fumigatus, has been
proposed as a PTX3 ligand*. However, GM is concealed within the
rodlets and melanin pigment layers of dormant conidia, obscuring
the fungal ligands interacting with PTX3". Indirect recognition of
microbes by PTX3 has been reported: (i) PTX3 was described to
bind another soluble PRM, ficolin-1, activating the LP; however, the
ficolin-1/PTX3 complex could not form on A. fumigatus conidia®,
(ii) ficolin-2 and PTX3 recruit each other on conidial surfaces?**
amplifying the LP that, however, was appreciated only during Clq
and MBL deficiencies, the major recognition units of the CP and LP,
respectively, and (iii) although ficolin-3 is known to recognize
PTX3%, the functional consequence of this interaction in antifungal
immunity is unknown. PTX3 was shown to interact with MBL, and
the resulting complex promoted an LP-CP cross-activation on C.
albicans™; however, it remains unknown whether this is also the
case for A. fumigatus. Moreover, no evidence is available regarding
the potential interplay of this long pentraxin with other humoral
PRMs that are known to play fundamental roles in lung pathophy-
siology. On the other hand, defective recognition of A. fumigatus
conidia by antigen-presenting cells resulting in an altered type-2
immune response was the attributed reason for PTX3” mice sus-
ceptibility to IPA*. However, neither B cell deficiency nor passive
administration of specific antibodies in mice altered their sus-
ceptibility to aspergillosis®, suggesting an alternative protective
antifungal mechanism associated with PTX3.

Here, we aimed at the identification of A. fumigatus ligands of
PTX3. Moreover, we assessed if other soluble PRMs that are known to
interact with A. fumigatus and PTX3 could promote the recruitment of
PTX3 on conidia and the functional implications of these tri-partite
interactions. Finally, as a way to assess the clinical significance of our
observations, we measured serum levels of PTX3 in a range of human
fungal infections, including CAPA, candidemia and mucormycosis, in
addition to IPA.

Results

Pentraxin-3 (PTX3) directly binds to swollen and germinating
conidia of A. fumigatus

In previous studies, PTX3 was shown to bind to the dormant conidia of
A. fumigatus, with no binding to the hyphal morphotype of this

fungus*”. Moreover, it was observed that the PTX3 interaction with
conidia was abolished in the presence of galactomannan (GM), one of
the cell wall constituents of A. fumigatus, suggesting that GM is the
fungal ligand for PTX3. However, (i) in dormant conidia, GM is con-
cealed by surface rodlet/melanin layers'®, and (ii) the recombinant
PTX3 concentrations used in this study were 10-200 ug/mL
(0.24-23.5mM, based on the molecular weight of PTX3 protomer
subunit, that is ~42.5 kDa), whereby the median levels of PTX3 in the
bronchoalveolar lavage fluid (BALF) and plasma of the patients with
IPA are in the range of 2.50-6.97ng/mL and 5.00-7.10 ng/mL,
respectively'>>?°, Therefore, we re-visited these interaction studies by
incubating different morphotypes of A. fumigatus (2 x10° dormant,
swollen, or germinating conidia) with 50 ng of PTX3 [i.e., 1pg/mL,
which is a close-to-physiology (pathology) concentration of the pro-
tein and up to 200-times lower compared to that used in the previous
studies], followed by immunolabelling and microscopy. At this con-
centration of PTX3, immunolabelling of swollen and germinating
conidia was observed, with no labeling of the dormant conidial mor-
photype (Fig. 1), suggesting that the A. fumigatus ligand(s) for PTX3 is/
are exposed on the surfaces of swollen and germinating conidial
morphotypes, and are either absent or concealed within that of dor-
mant conidia.

Galactosaminogalactan (GAG), a germination-specific A. fumi-
gatus cell wall polysaccharide, is the PTX3 ligand exposed on
swollen and germinating conidial surfaces

Fungi are endowed with a cell wall that is the first structure to interact
with the host immune system. To identify components of the A.
fumigatus cell wall that are recognized by PTX3, different cell wall
fractions were extracted from dormant, swollen and germinating
conidial morphotypes and tested for their interaction with PTX3 by
indirect ELISA. The cell wall alkali-insoluble (Al) fractions from all
three morphotypes and the alkali-soluble (AS) fraction from dormant
conidia failed to interact with PTX3, while AS fractions from swollen
and germinating conidia were clearly bound to this protein (Fig. 2A).
Among purified cell wall components from all the three morphotypes
of A. fumigatus, PTX3 only bound to galactosaminogalactan (GAG;
Fig. 2B) in a concentration-dependent manner (Figs. 2C, D). Moreover,
swollen and germinating conidia of the A. fumigatus Agt4bc mutant
(that lacks GAG biosynthetic genes) gave no PTX3-specific signal in
immunolabelling experiments (Supplementary Fig. S1), suggesting
that GAG, a cell wall polysaccharide synthesized during the course of
germination?, is a ligand for PTX3 on swollen and germinating con-
idial morphotypes. Furthermore, PTX3 did not recognize the hydro-
phobin RodA and melanin pigments (Fig. 2B) that form superficial
rodlet and pigment layers on dormant conidial surface.

GAG is a heteropolysaccharide composed of N-acetyl-galac-
tosamine, galactosamine and galactose, and can be extracted as
urea-soluble and insoluble fractions depending on the ratio of
hexoses and hexosamines”. Urea-insoluble GAG showed
concentration-dependent and batch-independent interaction with
PTX3, whereas urea-soluble GAG showed batch variations (Fig. 2D).
Further, native urea-insoluble GAG was completely acetylated or
deacetylated prior to interaction studies. Deacetylation increased
PTX3 binding, while acetylation almost completely abolished
recognition of GAG by PTX3 (Fig. 2E), suggesting that the degree of
acetylation plays an essential role in the interaction of GAG with
PTX3. Immunolabelling of germinating conidia for GAG and PTX3
indicated their co-localization (Fig. 2F). We then assessed the
minimal length of GAG that retains binding to PTX3 by means of an
inhibition assay. For that, oligosaccharides obtained from partial
hydrolysis of GAG were pre-incubated with PTX3 prior adding to
native GAG-coated ELISA plates and residual binding of the protein
was determined. In this competitive assay, the GAG oligosaccharide
mixture with 9-14 monosaccharide units could effectively inhibit
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Fig. 1| Upon immunolabelling and confocal microscopy, swollen and germi-
nating conidia of A. fumigatus, but not dormant conidia, show positive
immunolabelling for PTX3. Dormant, swollen and germinating conidia were
blocked for 1 h with PBS containing 1% BSA, incubated with PTX3 [1 pg/mL in HEPES
buffer (pH 7.4) supplemented with CaCl, and MgCl,] followed by sequential incu-
bations with primary anti-human PTX3 polyclonal antibodies (raised in rabbit, 1:500
dilution) and secondary Alexa Fluor-647 labeled anti-rabbit IgG (with PBS washing

Bright field

Fluorescent

Swollen conidia
Control

Test

Germinating conidia Test

between these two incubations) followed by confocal microscopy. Only swollen
and germinating conidia showed PTX3 binding, but not dormant conidia of A.
fumigatus (controls: treated like other samples, but without incubation with PTX3).
Immunolabelling was performed with three different cultures of A. fumigatus
(biological replicates), and every time at least five images were taken for each assay
condition.

the binding of PTX3 to GAG, whereas the oligosaccharide mixture
with 6-10 monosaccharide units did not show any inhibition. Also, a
mixture of the building blocks of GAG (N-acetyl-galactosamine,
galactosamine, galactose) failed to inhibit PTX3 interaction with
native GAG. This assay suggested that the oligosaccharides com-
posed of N-acetyl-galactosamine, galactosamine and galactose
constituting more than 10 monosaccharide units define the mini-
mal chain-length required for GAG to interact with PTX3 (Supple-
mentary Fig. S2).

PTX3 interacts with A. fumigatus dormant conidial surface-
associated proteins

In our microscopic analyses and ELISA, PTX3 showed negative
immunolabelling to dormant conidia and failed to interact with the
RodA protein (that forms surface rodlet layer on dormant
conidia®) and melanin pigments. However, several studies have
reported a direct interaction of PTX3 with dormant conidia of A.
fumigatus*”". We revisited these observations by flow cytometry;
nonetheless, the interaction between dormant conidia and PTX3
was weak. Only when a supra-physiological concentration of PTX3
(i.e., 50 uyg/mL) was applied, ~19.5% of dormant conidia showed
positive PTX3 labeling (Supplementary Fig. S3A). To account for
strain-dependent effects, dormant conidia from another clinical
isolate, Af293, and a laboratory parental strain of A. fumigatus,

Aku80 pyrG*, were assessed for PTX3 binding. Respectively, only
~19.7% of Af293 conidia and ~12.5% of Aku80 pyrG* conidia were
recognized by PTX3 at 1ug/mL. Also, the binding could not be
saturated by supra-physiological concentrations of PTX3 (45.9%
and 49.1% Af293 and 34.4% and 51.9% Aku80 pyrG" conidia were
positive for PTX3 labeling at 5 and 20 pg/mL, respectively) (Sup-
plementary Figs. S3B & C).

We then attempted to identify the weakly interacting dormant
conidial surface associated ligand(s) of PTX3. As PTX3 has been shown
to interact with bacterial outer membrane glycoproteins, vesicular
membrane glycoproteins, and assumed to bind to viral surface
glycoproteins®, we hypothesized that conidial surface proteins
could be the PTX3 ligands. To prove this, we extracted conidial surface
proteins and analyzed their interaction with PTX3 by ELISA. Indeed,
this extracted protein mixture showed interaction with PTX3 in a
concentration-dependent manner (Supplementary Fig. S4A). On the
other hand, genetic deletion of RodA (that forms a rodlet layer on
dormant conidial surface®) strengthened recognition of respective
mutant dormant conidia by PTX3, compared to dormant conidia from
the parental strain, Aku80 pyrG’, at PTX3 concentrations of 1ug/mL
(Supplementary Fig. S4B). Earlier, we showed that ArodA mutant dor-
mant conidia harbor ~4-fold more extractable surface proteins com-
pared to its parental strain Aku80 pyrG*2. This increase in the number
and amount of dormant conidial surface proteins in ArodA mutant
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Fig. 2| Galactosaminogalactan (GAG), a cell-wall polysaccharide synthesized by
A. fumigatus during germination, is the PTX3 ligand. ELISA was performed by
coating A. fumigatus cell wall components into ELISA plate wells, adding biotiny-
lated PTX3 (1 pg/mL) followed by horseradish peroxidase (HRP) conjugated to
streptavidin, and revealing by O-phenylenediamine method. A PTX3 interacts with
alkali-soluble (AS) fractions from swollen (SC) and germinating (GC) conidia, but
not dormant conidia (DC). B PTX3 binds to GC-AS fraction and GAG, but not other
cell wall components (10 pg/mL) or DC specific RodAp and melanin pigments.

C PTX3 binds to GC-AS fraction in a concentration dependent manner.

D Irrespective of the batches of preparations, PTX3 shows better affinity towards
insoluble galactosaminogalactan (GAG) (10 pg/mL). E PTX3 binds to native and
completely deacetylated GAGs, but not with acetylated GAG. F Germinating conidia
were incubated with PTX3, followed by immunolabelling for GAG with mouse
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monoclonal anti-GAG antibodies and anti-mouse IgG-TRITC and for PTX3 with
monoclonal anti-PTX3 antibodies raised in rat and Alexa Fluor 405 conjugated rat
IgG; merged image (in pink) suggests the colocalization of GAG and PTX3. AS and Al
fractions extracted from two independent batches of dormant, swollen and ger-
minating conidia were used in the assays, with technical replicates (2A, B, C). A
recombinant RodA-protein, melanin (the DC components), 3-1,3-glucan, chitin, a
-1,3-glucan, galactomannan (GM) and GAG extracted from two independent
mycelial cultures of A. fumigatus, two batches of native GAG, as well as acetylated
and deacetylated GAGs derivatized from native GAGs were used for the binding
assays (2B, D, E). Data are presented as mean values + SD. PTX3-GAG double
immunolabelling was performed with two independent cultures of A. fumigatus
(biological replicates); each time at least five images were captured for a condition
presented (2F). Source data (2A-E) are provided as a Source data file.

could explain the increased binding of PTX3, and also suggests that
conidial surface proteins are indeed potential but weak ligands of PTX3
on dormant conidia.

To identify potential conidial protein ligand(s) of PTX3, we sub-
jected the conidial surface extract to proteomic analysis. From three
biological replicates, a total number of 329 proteins were identified and
assigned to unique UniProt IDs. This initial list of candidates was
shortened based on negative selection of proteins with Gene Ontology
(GO) terms associated with intracellular localization (i.e., cytoplasm,
mitochondrion, nucleus, and endoplasmic reticulum), which led to a
panel of 74 putative membrane and cell wall proteins (Table S1). Of
them, probable glycosidase Crfl (Q8JOP4), catalase B (CatB; Q92405),
alkaline protease 1 (Alpl; P28296), exo-f3-1,3-glucanase (Q4WLJ9), endo-
1,3-B-glucanase (Q4WJZ7) and aspergillopepsin (Q4WAG2), available in
our recombinant A. fumigatus protein collection, were used in solid-
phase binding experiments. None of them was bound by PTX3, sug-
gesting that other and yet not tested membrane/cell wall proteins are
dormant conidial ligands of this long pentraxin or that these dormant
conidial surface-associated proteins (including those tested) must form
functionally active complexes to be recognized by PTX3.

The interaction of PTX3 with dormant conidia is facilitated by
complex formation with other humoral pattern recognition
molecules (PRMs)

A consolidated body of evidence indicates that PTX3 interacts with
several other soluble PRMs and modulate their functions® ™,

We therefore addressed this property in the context of recognition
of A. fumigatus dormant conidia. When conidia were opsonized with
normal human serum (NHS) or heat-inactivated NHS followed by
sequential incubation with primary anti-PTX3 antibodies (human)
and secondary human IgG conjugated with a fluorochrome, all con-
idia showed immunolabelling for PTX3 (Fig. 3A). This suggests that
heat-resistant factors in the serum might complex with PTX3, and
thereby facilitate its interaction with dormant conidia. Indeed, PTX3
has been demonstrated to engage in molecular complexes with
several serum humoral factors”****, We focused on those humoral
PRMs that have been reported to bind A. fumigatus dormant conidia
and assessed their interaction with PTX3. ELISA indicated that sur-
factant protein-D (SP-D) and, to a lesser extent, the complement
proteins Clq and C3b are the major binders of PTX3 (Fig. 3B). Of the
investigated PRMs, Clq and C3b are known interactomes of PTX3,
whereas, to our knowledge, this is the first report of a direct inter-
action between a pulmonary surfactant protein SP-D and PTX3. We
further confirmed the interaction between SP-D, Clq or C3b and
PTX3 by immunolabelling and followed by confocal microscopy
(Supplementary Fig. S5).

We then set out to investigate potential complexes between PTX3
and SP-D, Clq or C3b in situ, i.e., on the surface of dormant conidia of
A. fumigatus. Opsonization of dormant conidia individually with SP-D,
Clq or C3b showed ~98% of labeling for each of them (Fig. 4A) and with
PTX3 was ~19.5% (Supplementary Fig. S3A). On the other hand, pre-
opsonization with SP-D, Clq or C3b enhanced the interaction of PTX3
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Fig. 3 | PTX3 binds to dormant A. fumigatus conidia in presence of serum
factors. A Upon opsonization with pooled normal human serum (NHS) or heat-
inactivated (HI) NHS followed by incubation with primary human anti-PTX3 poly-
clonal antibodies (rabbit, at 1:500 dilution) and FITC-conjugated anti-rabbit IgG,
dormant conidia showed positive labeling, suggesting that serum factor(s) mediate
PTX3-conidia interaction. Positive labeling with inactivated NHS suggested that the
mediating serum factor(s) are heat stable. B Humoral pattern-recognition mole-
cules (PRMs) reported to interact with A. fumigatus conidia were coated on 96-well
ELISA plate, followed by sequential incubations with biotinylated PTX3 (1 pg/mL),
streptavidin-horseradish peroxidase (HRP), and 3,3',5,5-tetramethylbenzidine
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(TMB; HRP substrate) followed by reading the optical densities at 450 nm (with a
reference at 530 nm). Among these humoral PRMs, surfactant protein D (SP-D), and
complement proteins Clq, C3b showed PTX3 interaction. Control has been sub-
tracted to plot the graph. SP-A: Surfactant protein-A, C4b: complement protein
C4b, MBL: mannose binding lectin, FCN: Ficolin. Immunolabelling was performed
two times with independent cultures of A. fumigatus (biological replicates); each
time, at least five images were captures for an assay condition (3 A). PTX3 and other
PRM interaction study (3B) was performed in triplicate (technical replicate); data
are presented as mean values + SD. Source data are provided as a Source data file.

with dormant conidia; flow cytometry indicated a mean increase (in
percentage) of dormant conidial labeling by PTX3 of 13.9+7.5,
32.0 £11.4 and 14.0 +7.4% upon pre-opsonization with SP-D, Clq or
C3b, respectively (p<0.05) compared to direct opsonization with
PTX3 (Fig. 4B). These findings indicate that SP-D, Clq or C3b form
complexes, thereby facilitate the interaction of PTX3, indirectly, with
dormant conidia of A. fumigatus.

Interaction of PTX3 with A. fumigatus, directly or interplaying

with other humoral PRMs, alters cytokine and chemokine pro-

duction by human primary innate immune cells

We then investigated the biological implications of the direct inter-
action of PTX3 with germlings and of the complexes between PTX3
and other humoral PRMs on dormant conidia of A. fumigatus. To this
end, we set up immunomodulation experiments where human
monocyte-derived macrophages (hMDMs) and neutrophils were used,
that are known to play key roles in clearing inhaled conidia of A.
fumigatus. PFA-fixed conidia and serum-deficient RPMI medium were
used here to avoid any off-target effects due to conidial germination
and other serum factors. SP-D, Clq, C3b, PTX3 alone, unopsonized
PFA-fixed conidia as well as fixed conidia that had been pre-incubated
with PTX3 failed to elicit immunostimulatory responses in hMDMs and
neutrophils. On the other hand, SP-D, Clq or C3b-opsonized conidia
stimulated the secretion of pro-inflammatory cytokines (TNF-a, IL-6,
IL-1B and IL-12p70) and IL-8 (chemokine) by hMDMSs and mainly IL-8 by
neutrophils (Fig. 5, and Supplementary Fig. S6A). This data suggests
that individually the humoral PRMs are not immunomodulators and
confirms our previous study that dormant conidial surface rodlet layer
masks their recognition by host immune cells®. Whereas the

opsonization with humoral PRMs (SP-D, Clq or C3b) facilitates the
recognition of A. fumigatus by immune cells, resulting in a defensive
host response.

Interestingly, addition of PTX3 to dormant conidia that had been
pre-opsonized with SP-D, Clq or C3b resulted into a significant
reduction in the levels of pro-inflammatory cytokines and chemokines
secreted by hMDMs and neutrophils. Also under these conditions, we
observed a significant increase in the concentration of the anti-
inflammatory cytokine IL-10 secreted by hMDMs stimulated with ger-
minating conidia opsonized with PTX3 compared to the unopsonized
counterparts (Fig. 5). No major changes were observed in secretion of
other cytokines by neutrophils stimulated with any of these fungal
samples (Supplementary Fig. S6B; representative data for TNF-a is
presented). Collectively, this study suggested that the direct opsoni-
zation of A. fumigatus germlings by PTX3 or indirect interaction of
PTX3 with dormant conidia through forming complexes with other
humoral PRMs (SP-D, Clq or C3b) contributes to modulate the
inflammatory responses of the host innate immune cells that
encounter the fungus. Further, we analyzed the expression of PD-L1 on
neutrophils upon stimulation with PRM-opsonized conidia, as PD-L1
suppresses the protective immune responses and negatively regulates
antifungal immunity**%, However, both unopsonized and PRM-
opsonized dormant conidia failed to stimulate PD-L1 expression on
neutrophils (Supplementary Fig. S7). Germinating conidia (unopso-
nized as well as PTX3 opsonized) also failed to stimulate PD-L1
expression on neutrophils, although opsonization with PTX3 sig-
nificantly increased the capacity of germinating conidia to stimulate
the release of IL-10 in hMDMs compared to unopsonized germinating
conidia (Fig. 5).
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Fig. 4 | Complexing with SP-D, Clq or C3b enhance the interaction of PTX3 with
dormant conidia of A. fummigatus. A Bar-graph representing the percentage of
conidia positive for SP-D, Clq or C3b binding, as determined by flow-cytometry.
B Bar-graph showing conidia positive for PTX3 binding alone or upon its com-
plexing with SP-D, C1q or C3b (flow-cytometry). PTX3 binding was detected by anti-
human PTX3-FITC. Median values are presented. Statistical analysis was performed
with two-sided paired t-test (*p < 0.05). C Histograms (flow-cytometry data)

Fluorescence intensity (log)

showing the conidial binding pattern of PTX3, directly or after complexing with SP-
D, Clq or C3b. Data acquired from one experiment is presented; therefore, the
control and PTX3 counts were the same in the SP-D + PTX3, Clq + PTX3 and

C3b + PTX3 panels, while the binding assay was repeated with two independent
batches of A. fumigatus (biological replicates), each time in duplicates (technical
replicates). Source data are provided as a Source data file.

We then analyzed killing capacity of hMDMs towards unopso-
nized and humoral PRMs opsonized metabolically active conidia. After
6 h of conidia-hMDMs co-incubation, killing of unopsonized conidia
and conidia incubated with PTX3 were significantly lower compared to
SP-D, Clq, C3b, SP-D-PTX3, C1q-PTX3 or C3b-PTX3 opsonized conidia
(Supplementary Fig. S8; p<0.0001). This was in agreement that
opsonization with PRMs (individually or through their interplay)
facilitates an increased conidial phagocytosis and killing compared to
PTX3 alone. Conidial opsonization by PTX3 (through surface-
associated proteins), though weaker, should facilitate conidial
uptake and killing. Indeed, killing of conidia incubated with PTX3 was
slightly higher compared to unopsonized conidial killing (p <0.05).
This study suggests that although interplay between SP-D, Clq or C3b
and PTX3 induces an anti-inflammatory response, this interplay does
not affect conidial phagocytosis through PTX3. In support, PTX3 is
demonstrated to be recognized by Fc-y (immunoglobulin) receptors”.

Human neutrophils and monocyte-derived macrophages sti-
mulated with metabolically active A. fumigatus conidia

release PTX3

Clq, C3, SP-D are present in the alveolar fluid of individuals under
healthy conditions*“°. C3, a central component of the complement
system, has been shown to be cleaved to C3b within an hour of
interaction with A. fumigatus conidia*. Also, these humoral immune
components are responsible for pro-inflammatory stimulation (e.g.,
via complement activation) and recruitment of neutrophils. PTX3 is an

acute phase protein that is locally induced at sites of infection (and
inflammation)*’. To effectively model the interplay of these humoral
PRMs (Clq, C3b, SP-D and PTX3) in a timely manner, we assessed the
release of PTX3 by neutrophils and hMDMs following conidial stimu-
lation. This was investigated by incubating neutrophils or hMDMs with
metabolically active A. fumigatus conidia and measuring the PTX3
levels at O, 4, 6, 8 and 24 h of incubation. PTX3 release was observed at
4 to 8 h from A. fumigatus conidial challenge, with a peak at 6 h (Fig. 6).
Interestingly, neutrophils released PTX3 when stimulated with conidia
in a culture medium without the supplementation of NHS, while PTX3
release by hMDMs stimulated with conidia required NHS. This data
suggests that under physiological conditions, the opsonization of
dormant conidia by SP-D, Clq or C3b can precede their interaction
with PTX3, and thereby shifting the immune response from pro-to-
anti-inflammation. This is likely instrumental in mitigating an excessive
or detrimental pro-inflammatory response when the immune system
of a healthy host encounters dormant conidia of A. fumigatus, possibly
acting as a negative feedback loop.

Neutrophils have been shown to release PTX3 stored in granules
in response to the recognition of microbes or inflammatory
stimulation®. On the other hand, phagocytes synthesize de novo and
secrete PTX3 at the site of infection (and inflammation). This neo-
synthesis has been demonstrated to be strongly induced by TNF-a,
IL-1B, and by TLR agonists*. To analyze this in our study setting, we
quantified TNF-a level in the culture supernatants of hMDMs stimu-
lated with metabolically active conidia in presence of NHS, at 0, 4, 6, 8
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Fig. 5 | Cytokines and chemokine released by human monocyte-derived mac-
rophages (hMDMs) and neutrophils when stimulated with (i) unopsonized
dormant conidia, (ii) dormant conidia opsonized with SP-D, Cl1q, C3b, or PTX3,
(iii) dormant conidia opsonized with SP-D, Clq or C3b, and then incubated with
PTX3, and (iii) unopsonized or PTX3 opsonized germinating conidia. PFA-fixed
dormant/germinating conidia were used; hMDMs and neutrophils were interacted
with these fungal samples for 24 h and 20 h, respectively, ina CO, incubator at 37°C.
hMDMs or neutrophils cultured only with medium served as the control, stimulated
with lipopolysaccharide (LPS) served as a positive control. Individual humoral

PRMs alone were also added to hMDMs/neutrophils that served as another set of
controls. Supernatants of these cultures were collected after indicated times of
interaction and analyzed for cytokines/chemokine; (A) hMDMs (number of donors,
n=28) and (B) neutrophils (n=10). Median values are presented for each assay
condition. Statistical analysis was performed by one-way ANOVA with Tukey’s
multiple comparison test (ns-nonsignificant). At a time, Neutrophils or hMDMs
isolated/obtained from two donors were subjected to conidial interaction assays;
accordingly, 4-5 independent cultures of A. fumigatus conidia (biological repli-
cates) were used for this entire study. Source data are provided as a Source data file.
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Fig. 6 | PTX3, TNF-« and IL-10 released/produced by neutrophils isolated from
human whole blood samples and human monocyte-derived macrophages
(hMDMs) stimulated with A. fumigatus conidia. Neutrophils and hMDMs were
incubated with metabolically active (live) A. fumigatus conidia in a medium without
or supplemented with normal human serum (NHS) at 37°C in a CO, incubator. The
culture supernatants were collected at intervals of 0, 4, 6, 8, and 24 h post-
stimulation. In the collected culture supernatants, PTX3 (both neutrophils and

hMDMs), TNF-a (for hMDMs) and IL-10 (for hMDMs) levels were quantified by
ELISA, using respective detection kits. A, B PTX3 released by neutrophils stimulated
with conidia in medium without or with NHS; C, D PTX3 produced by hMDMs
stimulated with conidia in medium without or with NHS; E, F TNF-« and IL-10
secreted by hMDMs stimulated with conidia in medium supplemented with NHS;
(number of donors = 4). Data are presented as mean values + SEM. Source data are
provided as a Source data file.
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and 24 h of intervals. IL-10 was also quantified, in parallel, in these
culture supernatants (Fig. 6). TNF-a level followed the secretion pat-
tern of PTX3 by hMDMs, whereas IL-10 secretion was increased during
the course of their interaction with conidia.

PTX3 is increased in the serum of patients with invasive pul-
monary aspergillosis (IPA) and COVID-19-associated pulmonary
aspergillosis (CAPA)

In a recent comparative proteomic analysis, we observed that PTX3
was present in higher amount in the pooled bronchoalveolar lavage
fluids of patients colonized (n=4) and infected with A. fumigatus [3
patients each with IPA and chronic pulmonary aspergillosis (CPA)]*.
Studies have been made to exploit serum/plasma or bronchoalveolar
lavage fluid PTX3 level as the diagnostic marker of IPA or to distinguish
IPA from CPA****"*", We compared PTX3 levels in the sera of patients
with COVID-19-associated pulmonary aspergillosis (CAPA), candide-
mia, mucormycosis along with IPA and CPA. The median (interquartile
range; IQR) serum PTX3 levels in invasive pulmonary aspergillosis (IPA)
[1.93 (0.86 - 3.36) ng/mL] and CAPA [0.83 (0.58 - 2.01) ng/mL] were
significantly higher than in the controls [0.18 (0.09 - 0.59) ng/mL]
(p<0.001; p<0.01) (Fig. 7A). The median (IQR) serum PTX3 was
similar in CPA (0.12 (0.08-0.17) ng/mL) and the control group
(p=0.20).In candidemia, the median (IQR) PTX3 level was significantly
higher [3.07 (0.67 - 11.3) ng/mL] than in healthy controls (p < 0.01) and
not statistically different from patients with IPA (p=0.63). In
mucormycosis, the median (IQR) serum PTX3 level [0.29 (< 0.17 -12.2)
ng/mL] was not significantly different from controls. Of note, for IPA, 3
patients received antifungal treatment 24-48 h before serum was
collected (that was used to measure PTX3 levels); PTX3 levels were not
statistically different between treated and untreated groups [1.79
(1.49 - 1.95) ng/mL and 1.99 (0.72 - 3.28) ng/mL respectively; p = 0.55].
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Fig. 7 | Exploring PTX3 as a diganostic marker of A. fumigatus infection. A PTX3
and B IL-10 levels were higher in the serum from patients with invasive pulmonary
aspergillosis (IPA) and COVID-19-associated pulmonary aspergillosis (CAPA; only
PTX3 level). Serum samples were retrospectively collected from the patients

with IPA (n=19), chronic pulmonary aspergillosis (CPA; n=12), CAPA (n=6),

For CPA, 3 out of 12 patients were prescribed antifungal treatment
respectively 4, 7 and 211 days before collection of their sera. In these
treated and untreated CPA groups also the PTX3 levels were not
statistically different [0.14 (0.11-0.18) ng/mL and 0.11 (0.059 - 0.17)
ng/mL respectively; p = 0.59]. For candidemia, 2 out of 5 patients were
prescribed antifungal treatment 2-days before collection of their sera;
nonetheless, PTX3 levels were not statistically different between
treated and untreated groups [2.07 (1.08-3.07) ng/mL and 4.87
(0.26 -17.75) ng/mL, respectively; p=0.80]. All CAPA (n=6) and
mucormycosis (n=6) patients were treated after the date of the
sampling.

We determined serum IL-10 levels in these groups of control and
patients. IPA and CAPA groups showed significantly higher IL-10 levels
compared to control group, but not CPA group (Fig. 7B) [median (IQR)
levels: control, 5.82 (5.31 - 6.47) pg/mL; IPA, 12.52 (11.14 - 18.11) pg/mL;
CAPA, 12.29 (10.88-15.24) pg/mL; CPA, 6.97 (5.69-9.0) pg/mL].
Patients with candidemia and mucormycosis also showed higher
serum IL-10 levels [respectively, 21.14 (18.63 — 30.38) pg/mL and 11.30
(10.03 -16.24) pg/mL]. In the candidemia group, serum IL-10 level was
significantly higher compared to IPA patients; but elevated IL-10 levels
were not statistically different between IPA and mucormycosis groups.

Discussion

In this study, we demonstrate that PTX3 interacts with swollen conidia
and germlings of A. fumigatus by recognizing its cell wall poly-
saccharide galactosaminogalactan (GAG) as the ligand. On the other
hand, the binding of PTX3 to the dormant morphotype of A. fumigatus
is mediated by conidial surface-associated proteins instead and occurs
through low affinity interaction. While formation of complexes with
other humoral pattern recognition molecules (PRMs; mainly SP-D, Clq
or C3b) enhanced the binding of PTX3 to dormant conidia.
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candidemia (n = 5), mucormycosis (n = 6) and healthy controls (n =11). Median
values are presented. Statistical analysis was performed by two-tailed Mann Whit-
ney test for comparison of control with infected patient groups and by unpaired
t-test between two infected patient groups. Source data are provided as a Source
data file.
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Importantly, morphotype-specific opsonization of A. fumigatus by
PTX3, either directly or through PRM complexes, results in the mod-
ulation of immune responses to this fungal pathogen. In fact, recruit-
ment of PTX3 onto the conidial surface led to decreased synthesis and
release of pro-inflammatory cytokines and chemokines, and increased
production of anti-inflammatory cytokines by hMDMs and neutrophils
challenged with A. fumigatus. Moreover, we observed that the con-
centration of PTX3 in the serum of patients with IPA and CAPA is
significantly higher than that in the serum of healthy controls or
patients with CPA or mucormycosis.

Initial works showed that PTX3 could interact with viable as well as
heat-inactivated dormant conidia of A. fumigatus, and this interaction
was abolished in the presence of galactomannan®, suggesting that this
polysaccharide, a constituent of the A. fumigatus cell wall, is the ligand
of PTX3 in dormant conidia. In our study, however, by immunolabel-
ling and microscopic analysis we did not observe any interaction
between PTX3 and dormant conidia, at close-to physiological con-
centrations of PTX3. However, flow cytometry indicated a weak bind-
ing of PTX3 to this morphotype, and direct ELISA did not show any
interaction between galactomannan purified from the A. fumigatus cell
wall and PTX3. This discrepancy could be due to: (a) the PTX3 con-
centration applied in previous binding studies was up to 200 pg/mL,
which is about 20,000-fold higher than the physiological concentra-
tion of PTX3 in the serum and bronchoalveolar lavage fluid***’; here,
we used near physiological or pathological concentration of PTX3, and
(b) in previous studies, for the inhibition assay a commercially avail-
able galactomannan from a plant source was used, which has a very
different structure compared to galactomannan present in the A.
fumigatus cell wall. Indeed, A. fumigatus galactomannan has a linear
backbone made of a-mannan with a -6Manal-2Manal-2Manal-
2Manal- repeating unit and sidechains composed of B-1,5-linked
galactofuranose residues*. While galactomannan from plant sources
has a mannan backbone in which mannose residues are connected by
B-1,4-glycosidic bonds and galactose sidechains are linked to this
backbone by a-1,6-linkages*. Also, in a pioneer study on A. fumigatus
and PTX3% no interaction between the hyphal morphotype of A.
fumigatus and this protein was observed. This is likely due to that flow
cytometry was used in this study to assess the binding, which is not a
suitable technique for the hyphal morphotype of A. fumigatus.

In our study, we demonstrate that the prior opsonization with
other humoral PRMs enhances the interaction of PTX3 with dormant
conidia of A. fumigatus. PTX3 has been shown to interact with a
number of complement proteins, including Clq, mannose-binding
lectin (MBL) and ficolin, thereby modulating activation and effector
functions of this system™®. We are also reporting a direct interaction of
PTX3 with SP-D, a major component of the lung surfactant that exerts
key roles in pulmonary homeostasis and antimicrobial immunity*°.
Here we observe that pre-opsonization of A. fumigatus dormant con-
idia with SP-D (which we demonstrated earlier to recognize dormant
conidial surface exposed melanin pigments®™) promotes recruitment
of PTX3, and this results into control of the inflammatory reaction
induced by A. fumigatus in human hMDMs and neutrophils. To our
knowledge, this is the first evidence of a direct interaction between
PTX3 and SP-D with functional implications in antifungal immunity.
PTX3 has been shown to promote the deposition of ficolin-2 and MBL
on the pathogen surface; here we show the inverse pattern of
enhanced recruitment of PTX3 through SP-D, Clq or C3b. A previous
study has demonstrated that ficolin-2 interacts with PTX3 and the
binding of ficolin-2 to A. fumigatus conidia is enhanced by PTX3, and
vice versa”. Nonetheless, in our experimental setting, we only
observed a weak binding between ficolin-2/MBL and PTX3. This could
be explained by the fact that we did not supplement ficolin-2/MBL and
PTX3 interacting medium with Ca as this divalent ion has been
demonstrated to be instrumental in their interaction’>”, Moreover, in
the previous study, for synergistic interaction between ficolin-2 and

PTX3 with A. fumigatus conidia, the binding medium was supple-
mented with heat-inactivated fetal calf serum that does not rule out the
involvement of other humoral PRMs during this interaction. We have
reported that PTX3 recognizes C3b and acts as a molecular scaffold for
assembly of a ternary complex with factor H (major soluble inhibitor of
the alternative complement pathway) that tames complement
activation®’. Here, we observe that conidia bound C3b enhances
recruitment of PTX3 to the dormant conidia of A. fumigatus even in the
absence of additional serum (and complement) factors, including
factor H, and this results into immunomodulatory outcomes. This
finding is of major relevance, given that the alternative pathway of
complement activation has been reported to be necessary to support
the opsonophagocytic properties of PTX3 towards A. fumigatus" .

Flow cytometry-based investigation indicated that the complex-
ing of PTX3 with SP-D and C3b results in conidia showing two peaks,
PTX3-high and PTX3-low conidia, while complexing with Clq showed
one peak. Conidial cell wall is composed of different polysaccharides
[B-1,3-glucan, chitin, galactomannan (GM) and galactosaminogalactan
(GAG, which is synthesized during germination)]. In dormant conidia,
these polysaccharides are concealed by hydrophobic RodA protein
that forms rodlet layer and melanin pigment layer. However, we
showed that GM is weakly exposed on dormant conidial surface®. On
the other hand, we demonstrated that (i) SP-D recognizes melanin
pigments, GM, GAG™, (ii) C3b can bind to RodA, -1, 3-glucan, GM*,
and (iii) we identified that Clq interact with RodA, -1, 3-glucan, and
GAG with different affinities. This suggests that these humoral PRMs
can recognize multiple ligands of A. fumigatus. Together, on dormant
conidial morphotype, (a) SP-D can interact with melanin pigments and
GM, (b) C3b can bind to RodAp and GM, and (c) C1q can recognize only
RodA protein. Therefore, the capacity of SP-D and C3b to be able to
interact with two fungal ligands with different intensities explains the
two peaks (PTX3-high/PTX3-low) observed for SP-D-PTX3 and C3b-
PTX3 deposition on dormant conidia by flow cytometry.

Indirect binding of PTX3 to conidia through SP-D, C1q or C3b and
its direct binding to germinating conidia both reduced the secretion of
pro-inflammatory cytokines and chemokine but increased the release
of anti-inflammatory cytokine (for germinating morphotype) by
hMDMs/neutrophils in vitro. PTX3 may have an opposite impact on
modulating the immune response. It was shown to amplify a pro-
inflammatory effect of recognized microbial moieties through activa-
tion of the complement cascade®. On the other hand, PTX3 can also
interact with factor H and C4-binding protein, a regulator of the
complement system, inhibiting the alternative pathway of comple-
ment activation®®. However, our experimental setting was devoid of
serum and thereby complement factors, and thus the complement
cascade could neither be activated nor be inhibited. PTX3 has also
been observed to have a regulatory role on inflammation by acting as a
feedback mechanism of inhibition of leukocyte recruitment®. It is thus
conceivable that binding of PTX3 to serum factors could decrease
recognition by macrophages or partially mask microbe-associated
molecular patterns (MAMPs) on hyphae, thereby resulting in a
decreased pro-inflammatory immune response as observed.

Given the timely opsonization contingent on the presence of Clq,
SP-D, and the rapid conversion of C3 to C3b at the A. fumigatus surface
coupled with the subsequent release of PTX3 by recruited neutrophils,
it is plausible to hypothesize that PTX3 plays a pivotal role in a feed-
back mechanism crucial for attenuating the detrimental excess of
inflammation, which is responsible for tissue damage. RNA-sequencing
analysis of a murine model of systemic aspergillosis revealed that the
expression of PTX3 and complement (Clq and C3) is high between 5-
and 8-days post-infection reinforcing the hypothesis of a retro-control
mechanism®® via the reduction of IL-1B, IL-6, TNF-a pro-inflammatory
cytokine production and the secretion of the anti-inflammatory cyto-
kine IL-10. Of note, the excess of IL-10 has been reported to impair the
anti-fungal immunity®. In this regard, it has been reported that, upon
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binding to MD-2, PTX3 activates the TLR4/Toll/IL-IR domain-
containing adapter inducing IFN-B (TRIF)-dependent signaling path-
way that leads to induction of indolamine-2,3-dioxygenase (IDO) and
IL-10, thus contributing to limit immunopathology in A. fumigatus
infections®. Alternatively, PTX3 could trigger intracellular cascades
leading to transcriptional changes responsible for immune modulation
in macrophages. To support this hypothesis, it was shown that PTX3
acts as a physiological break of granuloma formation by restraining the
pathogenic activation of complement and the downstream metabolic
reprogramming of macrophages to sustain their functional activity as
well as proliferation®. Chronic granulomatous disease (CGD) is an
immunodeficiency caused by the lack of the superoxide-producing
phagocyte NADPH oxidase with increased susceptibility to IPA. In a
mice model of CGD, PTX3 limited Th17-driven inflammation, enhanced
antifungal protective Thl response and anti-inflammatory Tregs®’.

The collection of bronchoalveolar lavage fluid is an invasive pro-
tocol. Therefore, the preferred body fluid to detect biomarkers of
invasive fungal infection is serum. Of note, in a recent comparative
proteomic analysis of the bronchoalveolar lavages from control and A.
fumigatus colonized/infected patients, we observed that PTX3 was
significantly higher in the bronchoalveolar lavage fluids of A. fumigatus
infected patients compared to that in controls*. Therefore, we opted
to quantify PTX3 in the sera, and found that PTX3 levels were increased
compared to healthy controls in IPA, CAPA but not in CPA patients.
Few studies have measured the concentration of PTX3 in bronch-
oalveolar lavage fluid and serum of patients with aspergillosis or other
fungal infections®®**, In healthy human serum, PTX3 concentration
was reported to be <2 ng/mL. A significant increase in the serum PTX3
was reported in children with hematological malignancies and IPA
compared to a control pediatric cohort; however, as the ranges of
concentrations overlapped, no potential cut-off was proposed®. In
another study, although median PTX3 concentration was significantly
much lower in CPA (n=42; 2.84 ng/mL) than IPA (12.11ng/mL), CPA
patients had significantly higher serum PTX3 concentration than
healthy controls (1.10 ng/mL), and the authors proposed a cut-off value
of 2.3 ng/mL in serum?. Using this cut-off, we found a sensitivity and
specificity (when compared only to the healthy controls) in our IPA
cohort of 42.1% [confidence interval (CI)95% 23.1-63.7%] and 100%
(CI195% 74.1-100%), respectively.

When studying other invasive fungal infections to appraise the
specificity of increased PTX3 levels for aspergillosis, Li et al. included
patient with pulmonary cryptococcosis (n = 26), which did not have an
increased PTX3 level (0.64 ng/mL) in serum nor in bronchoalveolar
lavage fluids (BALF)*. However, we found that PTX3 level is increased
in patients with candidemia stressing the lack of specificity of PTX3 as a
potential immune biomarker. Different species of Mucorales are
responsible for mucormycosis. A previous study reported a median
PTX3 concentration of 4326 pg/mL in the BALF sample*® where all four
samples were collected from patients infected with Rhizopus. Although
not statistically significant, in our study, two patients with mucormy-
cosis had higher levels of PTX3 in their sera compared to the remaining
four; these patients were infected with different Mucorales species
(see “Methods” section). This observation leads to hypothesize that
the species responsible for mucormycosis may have an impact on
PTX3 level in the body fluids. However, the scarcity of clinical data on
this small retrospective cohort does not allow any further conclusion.
It was shown that PTX3 levels can also be increased in lung cancer,
tuberculosis, small-vessel vasculitis, and septic shock?. Although PTX3
levels were increased in CAPA patients, we lack a control group of
COVID-19 patients. However, a study suggested the prognostic value of
PTX3 level in severe COVID-19 conditions, with higher PTX3 level
associated to a poorer outcome of the patients®’. Overall, the diagnosis
of IPA remains a challenge, while PTX3 is a promising additional bio-
marker, but to be used in combination with existing biomarkers. Also,
evaluation is required to identify adequate cut-offs and to calculate

useful negative predictive value. Nonetheless, quantification of PTX3
could be of particular interest to monitor a response to antifungal
treatment™®.

Parallel to serum PTX3 level, we also quantified serum IL-10 levels
in the control and patient groups, which were significantly higher in
patients with IPA, CAPA, candidemia and mucormycosis, but not in
CPA patients, compared to control group. These quantifications were
in agreement with the earlier studies comparing control group with
IPA, CAPA, CPA or candidemia®®*, Interestingly, serum PTX3 levels
were significantly lower in mucormycosis patients compared to IPA
group, whereas there was no difference between these two patient
groups for IL-10. Both being filamentous fungal pathogens, possibly
serum PTX3 and IL-10 could discriminate mucormycosis from asper-
gillosis, but this needs to be validated with additional samples from
these two groups of patients.

Single nucleotide polymorphisms (SNPs) in the PTX3 have been
described to contribute to the susceptibility to IPA*1%%, A genetic
variant of PTX3 (GG genotype at rs2305619) has been described to
impair its expression and influence the levels of IL-6 and IL-8 in the
lungs of the patients with IPA®®, Restoring PTX3 levels has been shown
to revert functional defects of neutrophils in vitro and increase anti-
fungal drug efficacy in animal models of IPA®**’°, suggesting that
PTX3-based immunotherapy could be sought to treat/prevent IPA in
at-risk patients. IPA patients harboring a SNP in PTX3 (rs1840680 AA
genotype) showed decreased plasma PTX3 levels, but those IPA
patients without this SNP showed increased plasma PTX3 level”
Moreover, patients with chronic obstructive pulmonary disease
(COPD) harboring this PTX3-SNP (rs1840680 AA genotype) showed
high susceptibility to IPA'>. On the other hand, SNPs in SFPTD (SP-D
gene) affecting the systemic level of SP-D is a risk factor for COPD
patients, while IPA is common in these patients”, suggesting a possible
association between PTX3, SP-D (that interplay for A. fumigatus bind-
ing) and COPD.

Our data allowed us to propose a scheme for the A. fumigatus
interaction dependent release of, and the immunomodulatory
function executed by PTX3 (Fig. 8). We observed an anti-
inflammatory effect of PTX3 against A. fumigatus, suggesting that
in healthy condition this humoral PRM maintains immune home-
ostasis. Increased susceptibility of PTX37 mice to IPA could be due to
lack of immune homeostasis resulting in hyperinflammation leading
to tissue damage. Indeed, excess inflammation is the hallmark of
allergic broncho-pulmonary aspergillosis (ABPA), which leads to a
progressive and irreversible destruction of lung tissues. In CGD
patients, excessive inflammation is the result of unresolved infection
and intrinsic defect in the control of inflammation. Nonetheless, in
both of these patient groups, the levels of PTX3 in body fluids has
never been quantified. If found to decrease, PTX3 could be a pro-
mising candidate for adjuvant immunotherapy in these disease
conditions.

On the other hand, in patients with IPA, we and others observed a
significant increase of PTX3 levels in the bronchoalveolar lavage fluid,
and we observed a concomitant decrease in the levels of SP-D and
Clq*. Possible explanations for increased PTX3 levels and con-
sequences in IPA patients are: (a) inhaled conidia fail to mount a pro-
tective immune response due to a reduction in the SP-D/Clq
dependent conidial recognition and phagocytosis; (b) conidia escap-
ing from immune defenses invade alveolar epithelial cells; (c)
mechanical stretch induces the production of PTX3 by alveolar epi-
thelial cells’’; fungal invasion should induce mechanical stretch,
increasing PTX3 production by epithelial cells; (d) elevated PTX3 levels
is associated with endothelial dysfunction in humans”; this might
explain the invasion of endothelium by A. fumigatus during IPA. Based
on these, our study suggests that supplementing SP-D and/or Clq
could be a therapeutic strategy for IPA. We showed that SP-D directly
inhibits the growth of A. fumigatus’®; thus, supplementing SP-D might
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Fig. 8 | Schematic model for the release of and the immunomodulatory func-
tion exerted by PTX3. Inhaled conidia opsonized with SP-D, Clq or C3b will be
phagocytosed by alveolar macrophages, which stimulate macrophages to release
pro-inflammatory cytokines TNF-q,, IL-1B, chemokine IL-8 as well as other cytokines.
IL-8 recruits neutrophils, TNF-a, IL-1f stimulate macrophages to synthesize-secrete
PTX3 and neutrophils to release PTX3. As conidial inhalation is a constant process,
additional conidia entering lung alveoli encounter immune environment with
existing pro-inflammatory cytokines and chemokine. While these conidia will be

24 h Time

phagocytosed through PTX3 that complexes with SP-D, Clq or C3b but without
stimulating additional cytokine/chemokine secretions. Conidia that occasionally
escape from phagocytes and germinating in the alveoli will be opsonized by PTX3
and killed by phagocytes. PTX3 mediated phagocytosis prevents additional/undue
immune activation, maintaining immune homeostasis [Image created with BioR-
ender.com released under a Creative Commons Attribution-NonCommercial-
NoDerivs (CC-BY-NC-ND) 4.0 International license].

reduce the mechanical stretching of alveolar epithelial cells to over-
produce PTX3, thereby preventing its undue activity.

In essence, antifungal immunotherapy continues to be an attrac-
tive adjunct to the existing antifungal drug treatment, as, albeit
effective, these drugs have limitations and despite treatment, the
morbidity and mortality associated with invasive fungal diseases
remain high. Here, we provide a mechanistic insight into the antifungal
activities of humoral PRMs, which suggests that they have the potential
as selective immunotherapeutic molecules against specific infection
caused by A. fumigatus.

Methods

Ethics statement

Blood samples from healthy human donors were obtained from the
Etablissement Francais du Sang Trinité (Paris, France) with written
informed consent as per Institutional (Institut Pasteur) Ethics Com-
mittee guidelines (convention 12/EFS/023). Serum samples used in our
study, which were collected from the groups of controls and infected
patients. This study complies with the ethical and legal requirements
of the French law (15" April 2019) and the Declaration of Helsinki. This
is a non-interventional retrospective study without any change in the
usual diagnostic and care procedures. The analysis relied on existing
leftover samples acquired through routine clinical work according to
physicians’ prescriptions. Identifiable information of the patients had
been anonymized prior to the analysis. According to the French Health
Public Law (CSP Art L1121-1.1), such protocols do not require approval
by an ethics committee and patient’s consent (CSP Art L1122-1.1).

Fungal strains and culture conditions

A. fumigatus clinical isolate CBS144-89 was used as the wild-type
strain” and Agt4bc was used as the surrogate strain lacking
galactosaminogalactan’®. The reference strain Af293, the parental
strain Aku80 pyrG" and the ArodA as well as ApksP generated in this
parental strain are the other mutants used in this study”*>”°. All the
strains were cultured on malt agar slants (2%) at ambient temperature.
Conidia were harvested from the slants of 12-15-days old cultures

using 0.05% aqueous Tween-80, and then filtered through 40 um
Falcon™ cell strainer (ThermoFisher Scientific) to remove any mycelia,
washed, resuspended in 0.05% aqueous Tween-80. Unless stated
otherwise, the clinical isolate CBS144-89 is the major strain used in this
study. Swollen and germinating conidial morphotypes were prepared
by culturing dormant conidia in Sabouraud liquid medium at 37 °C for
5h and 7h respectively. These conidial morphotypes (dormant,
swollen and germinating) were then fixed with p-formaldehyde [PFA;
2.5% in phosphate buffered saline (PBS; pH 7.4; Gibco), for overnight at
4 °C], quenched with 0.1 M NH,CI (3 times), washed, and resuspended
in PBS as described earlier”” for further applications.

Proteins

Human PTX3 was expressed and purified as described previously®’.
Recombinant PTX3 (ab85335) and SP-D (ab152069) were also pur-
chased from Abcam; another recombinant SP-D was also purchased
from R&D Systems (1920-SP). Clq (204876), C3 (204885), C3b
(204860) and C4b (204897) were purchased from Calbiochem.
Ficolin-1 (4209-FC; FCN1), Ficolin-2 (2428-FC; FCN2), Ficolin-3 (2367-
FC; FCN3) and mannose binding lectin (9086-CF; MBL) were pur-
chased from R&D Systems. Bovine serum albumin (BSA; A3059) and
other reagents were from Sigma-Aldrich. Anti-human PTX3 antibodies
were either rabbit polyclonal or mouse monoclonal (Clone 5B7) pur-
chased from Abnova. A. fumigatus recombinant proteins Crfl, catalase
B (CatB), alkaline protease 1 (Alpl), aspergillopepsin, exo-/endo-1,3-3-
glucanase were expressed and purified as described elsewhere®..

Immunolabelling

(A) Imaging: PFA-fixed wild-type conidial morphotypes or swollen/
germinating morphotypes of Agr4bc (2x10°) were incubated with
recombinant PTX3 (1 pg/mL) or normal human serum (NHS; Zen-Bio)
for 1h at 37°C in HEPES buffer (20 mM) supplemented with 5mM
CaCl, and MgCl,. Thereafter, they were incubated with anti-human
PTX3 antibodies (rabbit polyclonal; 1:500 dilution) and secondary anti-
rabbit IgG conjugated with Alexa Fluor®647 (Abcam, ab150079; dilu-
tion 1:100) or FITC (Sigma-Aldrich; FO382; dilution 1:100). To study the
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interplay between SP-D, Clq or C3b and PTX3, conidia were sequen-
tially incubated with these proteins at 1 ug/mL for 1h at 37 °C. Further,
SP-D was labeled by purified mouse monoclonal IgG2B clone #292201
raised against human SP-D (R&D System; dilution 1:200) and second-
ary anti-mouse IgG-FITC (Sigma-Aldrich; F0257; 1:200 dilution). Clq
was labeled with FITC conjugated anti-Clq antibodies (Abcam; ab4223,
dilution 1:200). C3b was labeled with FITC conjugated anti-C3 anti-
bodies (clone 2D8, mouse monoclonal, Invitrogen™ ThermoFisher
Scientific; HYB 005-01-02; dilution 1:200). PTX3 was labeled with pri-
mary anti-human PTX3 antibodies (rabbit polyclonal) and secondary
anti-rabbit IgG-FITC (Sigma-Aldrich; FO382; dilution 1:100). Three
washes with PBS were performed between each step. Immunolabelled
conidia were observed under an inverted Zeiss LSM 700 Laser Scan-
ning confocal microscope; images were processed with Zeiss software.
To visualize the colocalization of PTX3 and galactosaminogalactan
(GAG; the germination specific cell wall polysaccharides), (i) GAG was
immunolabelled with mouse monoclonal anti-GAG antibodies
(5pg/mL)” and mouse IgG conjugated with TRITC (Sigma-Aldrich;
T5393; dilution 1:200), and (ii) PTX3 was labeled with rat monoclonal
anti-PTX3 antibodies (MNB4; Hycult Biotech; HM2242; 5 pg/mL) and
anti-rat IgG conjugated with Alexa Fluor®405 (CliniSciences; NB-22-
39129-1; 1:100 dilution), followed by confocal microscopy. (B) Flow
cytometry: Fixed conidia (2 x10°) were incubated with PBS supple-
mented with 1% BSA for 30 minutes. Then conidia were opsonized with
50 ug/mL of SP-D, C3, Clq in PBS or buffer (PBS) only for 1h at 37 °C
followed by 50 ug/mL PTX3 in 100puL (25, 50 or 100 pug/mL for
concentration-dependent direct binding study) and anti-human PTX3
monoclonal antibody-FITC (Hycult Biotech; HM2242F; 1:100 dilution)
for 1h at 37 °C. Conidia were washed thrice with PBS between each
step. Samples were then acquired by using LSR Il (BD Biosciences) and
the data was analyzed by FlowJo. The data presented as percentage of
conidia positive for indicated markers or median fluorescence inten-
sities of their binding.

Extraction of fungal cell wall components

Different cell wall components of A. fumigatus were extracted or pur-
ified as described earlier”?***%%3, De-N-acetylation and acetylation of
GAG were performed as described earlier®. Briefly, for de-N-acetylation,
GAG was sonicated in 10 mM HCI, 18.8 M NaOH was added at a 1:1 ratio
and incubated at 100 °C for 5h. The reaction was stopped on ice and
neutralized with 12M HCI. De-N-acetylated GAG (dGAG) was dialyzed
against water. Acetylated GAG (aGAG) was obtained by solving dry
dGAG in 400 mM acetic acid and CH;OH at a 1:4 ratio. Acetylation was
initiated by adding acetic anhydride for 1h. Solvents were evaporated
and samples were desalted by repeated dissolution in water. Oligo-
saccharides of GAG were produced as described earlier®. Concisely,
dGAG was hydrolyzed by 2 M HCI at 100 °C for 1.5, 3 and 4.5 h. HCI was
evaporated under vacuum and soluble oligosaccharides were dissolved
in 150 mM ammonium acetate and subjected to size exclusion chro-
matography. Nine fractions were obtained with various oligosaccharide
chain lengths labeled I to IX. To extract proteins from the conidial sur-
face, conidia were incubated for 2h in 0.2M NaCl solution at room
temperature at a ratio of 10 conidia/mL. NaCl supernatant was recov-
ered after centrifugation and concentrated using Speed-Vac Con-
centrator (Savant SPD1010, ThermoFisher Scientific).

Proteomics of conidial surface proteins

Surface proteins were extracted by incubating conidia (2 x10%) in 0.2M
NaCl (200 uL) at ambient temperature for 2 h in a rotospin (tube rotor).
Conidia were separated by centrifugation and the supernatant was
subjected to proteomic analysis. In solution digestion: Proteins in the
supernatant were precipitated with 20% trichloroacetic acid for 30 min
on ice. After centrifugation (20 min, 20000 g, 1°C) the precipitate was
washed with 90% chilled (=20 °C) acetone and centrifuged again. The
precipitate was resolubilized in 50ul of 50 mM triethylammonium

bicarbonate (TEAB) in 50/50 2,2,2-trifluoroethanol (TFE)/H,0. Cysteine
thiols were reduced and alkylated in a thermomixer (500 rpm) with
10mM  TCEP  (tris(2-carboxyethyl)-phosphine) and 12.5mM
2-chloroacetamide at 70 °C for 30 min. The proteins were evaporated to
dryness in a vacuum concentrator and subsequently resolubilized in
50 ul 100 mM TEAB in 5% TFE. Proteolytic digestion was performed with
Trypsin/LysC protease mix (Promega) at a protease:protein ratio of 1:25
for 18 h at 37°C. Tryptic peptides were evaporated with a vacuum
concentrator to dryness, resolubilized in 30 ul aqueous 0.05% TFA and
2% ACN and filtered through 10 kDa cut-off spin filters (15 min, 16000 g,
and at 8 °C). The filtrate was transferred to HPLC vials and injected into
the LC-MS/MS instrument.
LC-MS/MS analysis: Each sample was measured in triplicate (3 analytical
replicates). LC-MS/MS analysis was performed on an Ultimate 3000
nano RSLC system connected to an Orbitrap Exploris 480 mass spec-
trometer (both ThermoFisher Scientific, Waltham, MA, USA) with
FAIMS. Peptide trapping for 5 min on an Acclaim Pep Map 100 column
(2cm x 75um, 3 um) at 5 ul/min was followed by separation on an ana-
lytical Acclaim Pep Map RSLC nano column (50 cm % 75um, 2 um).
Gradient elution (eluent A: 0.1% formic acid in water; eluent B: 0.1%
formic acid in 90/10 acetonitrile/water) was performed: O min at
4% B, 20 min at 6% B, 45 min at 10% B, 75 min at 16% B, 105 min at 25% B,
135 min at 45% B, 150 min at 65%, B 160-165 min at 96% B, 165.1-180 min
at 4% B. Positively charged ions were generated at spray voltage of
2.2 kV using a stainless steel emitter attached to the Nanospray Flex lon
Source (ThermoFisher Scientific). The quadrupole/orbitrap instrument
was operated in Full MS/data dependent MS2 mode. Precursor ions
were monitored at m/z 300-1200 at a resolution of 120,000 FWHM (full
width at half maximum) using a maximum injection time (ITmax) of
100 ms and 300% normalized AGC (automatic gain control) target.
Precursor ions with a charge state of z=2-5 were filtered at an isolation
width of m/z 4.0 amu for further fragmentation at 28% HCD collision
energy. MS2 ions were scanned at 15000 FWHM (ITmax=100 ms,
AGC =200%). Three compensation voltages were applied (-48 V, -63 V,
-78 V). Protein database search: Tandem mass spectra were searched
against the UniProt database of the Neosartorya fumigata pan proteome
(https://ftp.uniprot.org/pub/databases/uniprot/current_release/
knowledgebase/pan_proteomes/UP000002530.fasta.gz) using Pro-
teome Discoverer (PD) 3.0 (Thermo) and the database search algo-
rithms (threshold search enginge scores in parenthesis) Chimerys (>2),
Mascot 2.8 (>30), Comet (>3), MS Amanda 2.0 (>300), Sequest HT
(> 3) with and without INFERYS Rescoring. Two missed cleavages were
allowed for the tryptic digestion. The precursor mass tolerance and the
fragment mass tolerance were set to 10 ppm and 0.02 Da, respectively.
Modifications were defined as dynamic Met oxidation, phosphorylation
of Ser, Thr, and Tyr, protein N-term acetylation with or without Met-loss
and static Cys carbamidomethylation. A strict false discovery rate <1%
(peptide and protein level) was required for positive protein hits. Per-
colator node of PD3.0 and a reverse decoy database was used for
g-value validation of spectral matches. Only rank-1 peptides of the top
scored proteins were counted. The mass spectrometry proteomics data
have been deposited to the ProteomeXchange Consortium via the
PRIDE® partner repository (dataset identifier PXD043546).

Binding assays

A. fumigatus cell wall components dissolved or suspended in sodium
carbonate buffer (0.1M, pH9.6; 510 pg/mL for polysaccharides,
10 ug/mL for melanin pigment, and 250 ng/well for protein; 100 uL/well)
were coated on 96-well Microtiter plates, overnight. Wells were blocked
with PBS containing 1% BSA for 1 h and sequentially interacted with PTX3
in PBS-BSA (1ug/mL; 100 ulL/well) for 2 h, anti-human PTX3 (Abnova
5806; mouse monoclonal IgG; dilution 1:100) for 1h, and peroxidase
conjugated anti-mouse IgG (Sigma-Aldrich; A4416; dilution 1:1000) for
1h. Between each step, wells were washed four times with PBS-Tween
(0.05%). To quantify PTX3 binding to different cell wall components,
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peroxidase substrate 3,3',5,5-tetramethylbenzidine (TMB; Tebu-bio
laboratories) was added, the reaction was arrested with 4% H,SO4 and
the optical density (OD) was measured at 450 nm.

Immunomodulatory assays

Monocyte isolation and differentiation into macrophages: Periph-
eral blood mononuclear cells (PBMCs) were isolated from blood
samples by a density-gradient separation method using ficoll (Eurobio,
France). Isolated PBMCs were suspended in RPMI 1640 medium +
GlutaMAX™ (Gibco, The Netherlands) at a cell count of 8 x 10° PBMCs/
mL, from which 500 uL/well were distributed in a 48-well cell culture
plates (TPP). Following overnight incubation, non-adhering cells were
washed twice with PBS and adhering monocytes were differentiated
into macrophages by adding RPMI supplemented with 10% pooled
normal human serum (Zen-Bio) and granulocyte macrophage colony
stimulating factor (GM-CSF; 10 ng/mL; R&D systems). After 6 days
(with medium change once after 3 days), the medium was discarded
and differentiated monocyte-derived macrophages (hMDM) were
washed with PBS. Neutrophils: Isolated using EasySep™ Direct Human
Neutrophil isolation kit (STEMCELL Technologies) according to the
manufacturer protocol; per well, 1x10° neutrophils suspended in
100 pL RPMI were distributed into 48-well cell culture plates. Conidia
opsonization: PFA-fixed dormant conidia were incubated with SP-D,
Clq, C3b or PTX3 (1 ug/10’ conidia in 50 pL) for 1 h at 37 °C; for double
labeling, SP-D, C1q or C3b opsonized conidia were added with PTX3 in
PBS (1pg/10” conidia in 100 L) and incubated for 1 h at 37 °C. After
opsonization with each humoral factor, conidia were washed twice
with PBS and finally resuspended in RPMI medium without serum.
HMDM stimulation: 2.5 x 10° conidia per well in a volume of 500 pL
RPMI were added to hMDM and incubated for 24 h at 37 °C in a CO,
incubator. Neutrophils stimulation: 2.5x10° conidia suspended in
300 uL of RPMI were added per well containing 1x 10° neutrophils (in
100 L of RPMI) and incubated for 20 h at 37 °C in a CO, incubator.
Unopsonized conidia and different humoral PRMs opsonized conidia
were used for the stimulation of hMDMs/neutrophils. In stimulation
studies, lipopolysaccharide was used as a positive control (10 ng/well)
and medium alone was the negative control. Cells (hMDMs and
neutrophils) were also stimulated with individual humoral PRMs
(0.25 pg/well). Supernatants were collected and stored at —20 °C until
further analysis. Cytokines in the supernatants were quantified by
DuoSet ELISA kits (R&D Systems).

Programmed death ligand 1 (PD-L1) expression on neutrophils
Neutrophils isolated from whole blood samples of healthy donors were
stimulated with PFA-fixed unopsonized conidia and different humoral
PRMs opsonized conidia (as detailed above) for 20 h at 37 °C in a CO,
incubator. Then the neutrophils were recovered by repeated washing
of the cell culture plate wells with incomplete RPMI. Collected neu-
trophils were labeled for CD11b (PE rat anti-CD11b antibodies; clone M1/
70, Cat No. 557397, BD Biosciences) and PD-L1 (FITC-conjugated mouse
anti-human CD274; clone MIH1, Cat No. 558065, BD Biosciences) for
30 minutes in the dark at 4°C. An FITC-conjugated mouse IgGl isotype
control (Cat No. 555748, BD Biosciences) was used as a control. Dead
cells were excluded with the fixable viability dye eFluor 506 staining-kit
(Life Technologies). The samples were acquired using LSR Il (BD Bios-
ciences), and the data were analyzed by BD FACS DIVA (BD Biosciences)
and FlowJo. The performance anti-PD-L1 antibodies was checked on
human PBMCs stimulated with lipopolysaccharide (100 ng/mL). Data
presented as neutrophils (percent) positive for indicated markers or
median fluorescence intensities (MFI) of their binding.

Conidial killing by macrophages
Metabolically active unopsonized or humoral PRMs opsonized con-
idia (1 x 10%/well in 100 pL RPMI) was added to hMDM s (1 x 10%/well in

100 uL RPMI; n=4) in 96 well cell-culture plate and incubated at
37°C in a CO; incubator for 6 h. Following, the culture medium was
removed, hMDMs were added with 200 pL of cold water and incu-
bated at 4°C for 15 min to lyse hMDMs; lysis was ensured by obser-
ving under microscope. Lysate was pooled with collected culture
medium. Wells were washed thrice with water (each time with
200 pL) and the washings were also pooled with culture medium and
lysate mixture. After appropriate dilution, aliquot of pooled sample
(volume corresponding to 250 conidia) was spread on Sabouraud
agar plate and incubated at 37°C for 24 h. Following, fungal colony
forming units (CFUs) formed were counted. Positive control was
conidia (1x10%well) added to the well without any hMDMs and
processed like unopsonized or PRMs opsonized conidia interacting
with hMDMs. The difference between the CFUs for control versus
hMDM:-treated conidia was then presented as the percentage of kil-
led conidia.

Stimulation and quantification of PTX3 released by neutrophils
and macrophages

To quantify PTX3 released/produced, respectively, neutrophils
(1x10°% or hMDMs (5 x 10°) were stimulated with metabolically active
conidia [multiplicity of infection, 1:1] in RPMI medium with/without
serum, the culture supernatants were collected at 0, 4, 6, 8 and 24 h
intervals. PTX3 in the culture supernatants was quantified using
LEGEND MAX™ Human PTX3 ELISA kit (BioLegend, USA).

Quantification of PTX3 in the serum of patients

Serum samples were collected from patients with probable invasive
(n=19), chronic (n=12) and probable coronavirus disease-2019
(COVID-19)-associated (n=6) pulmonary aspergillosis diagnosed
according to EORTC/MSGERC guidelines, ERS guidelines and ISHAM
definitions, respectively® %, Control populations were the healthy
individuals who consulted for serology test for suspected sexually
transmitted diseases or before pregnancy (n=11) but with a negative
viral serology. Serum samples from patients diagnosed with candide-
mia (n=6) or mucormycosis (n = 6; one each with Rhizopus, Lichthei-
mia, Rhizomucor, and three with un-distinguishable Mucor or Rhizopus
infections) were collected as other sets of controls, to compare with
that of the patients with A. fumigatus infection. Serum samples were
collected within the first 7-days of diagnosis. Male/female ratio was 1.6
with the median age of 63-years (interquartile range: 47-72). The
quantification of PTX3 in these serum samples was performed using
LEGEND MAX™ Human PTX3 ELISA kit (BioLegend, USA; sensitivity
17.1pg/mL).

Statistical analysis
Performed using GraphPad Prism software version 10.3.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The mass spectrometry proteomics data have been deposited to the
ProteomeXchange Consortium via the PRIDE® partner repository
(dataset identifier PXD043546; https://doi.org/10.1038/S41467-024-
51047-9). All data needed to evaluate the conclusions of this study
are presented in the manuscript and/or in the Supplementary
Information. Source data are provided with this paper. Recombinant
Pentraxin-3 (PTX3) is available with Antonio Inforzato (Anto-
nio.inforzato@hunimed.eu). Galactosaminogalactan (GAG) and its
oligosaccharidic fractions are available with Thierry Fontaine
(Thierry.fontaine@pasteur.fr). Source data are provided with
this paper.
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