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Abstract

Rationale: Sarcoidosis is a multisystemic inflammatory disease
characterized by the formation of granulomas in response to
persistent stimuli. The long pentraxin PTX3 (pentraxin 3) has
emerged as a component of humoral innate immunity with
essential functions in the resolution of inflammation, but its role
during granuloma formation is unknown.

Objectives: To evaluate PTX3 as a modulator of pathogenic
signals involved in granuloma formation and inflammation in
sarcoidosis.

Methods: Peripheral blood mononuclear cells obtained from
patients with sarcoidosis harboring loss-of-function genetic
variants and gene-deleted mice were used to assess the role of
PTX3 in experimental models of granuloma formation in vitro
and in vivo. The identified mechanisms of granulomatous
inflammation were further evaluated in tissue and BAL samples
and correlated with the disease course.

Measurements and Main Results: We have identified a
molecular link between PTX3 deficiency and the pathogenic
amplification of complement activation to promote granuloma
formation. Mechanistically, PTX3 deficiency licensed the
complement component C5a-mediated activation of the metabolic
checkpoint kinase mMTORCI (mammalian target of rapamycin
complex 1) and the reprogramming of macrophages toward
increased glycolysis to foster their proliferation and aggregation.
This process sustained the further recruitment of granuloma-
promoting immune cells and the associated proinflammatory
microenvironment and influenced the clinical course of the disease.

Conclusions: Our results identify PTX3 as a pivotal molecule
that regulates complement-mediated signaling cues in
macrophages to restrain granulomatous inflammation and
highlight the therapeutic potential of this signaling axis in
targeting granuloma formation in sarcoidosis.
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At a Glance Commentary

Scientific Knowledge on the
Subject: Sarcoidosis is a
multisystemic inflammatory disease
characterized by the formation of
epithelioid granulomas in affected
organs, predominantly the lungs.
The granulomatous response
involves a stepwise program in
which a series of macrophage
transformations recruits additional
cells to produce structural
modifications. The relevance of
humoral innate immunity,
particularly complement activation,
in sarcoidosis has been recently
suggested. However, the mechanistic
bases linking the functional activity
of humoral mediators and the
pathogenesis of sarcoidosis

remain unknown.

What This Study Adds to the
Field: We report that the long
pentraxin PTX3 (pentraxin 3), a
fluid-phase pattern recognition
molecule that exerts essential roles in
innate immunity, is a major
regulator of granulomatous
inflammation. PTX3 acts as a
physiological break of granuloma
formation by restraining the
pathogenic activation of complement
and the downstream metabolic
reprogramming of macrophages
required to sustain their functional
activity and proliferation, leading to
further recruitment of granuloma-
promoting immune cells. This study
unveils the missing link in the
connection between humoral innate
immunity and the regulation of
granulomatous inflammation while
suggesting complement inhibition as
a therapeutic strategy in sarcoidosis.

Sarcoidosis is a multisystemic granulomatous
disease of unknown etiology that can lead to
chronic debilitating disease (1, 2). The
pathological hallmark of sarcoidosis is the
formation of epithelioid, nonnecrotizing
granulomas in involved organs,
predominantly the lungs, characterized by
activated monocytes/macrophages and
highly polarized Th1 (T helper 1) and Th17
cells consistent with persistent antigen
stimulation, and the production of
immunoregulatory cytokines (3). Despite
the clinical significance of granulomas, the
molecular and cellular events promoting
macrophage aggregation and transformation
into epithelioid cells that initiate and
maintain these structures remain elusive.

The humoral arm of innate immunity
includes several molecules, such as
complement components, collectins, ficolins,
and pentraxins (4). The long pentraxin PTX3
(pentraxin 3) is a fluid-phase pattern
recognition molecule with ancestral
antibody-like properties that exerts essential
roles in resistance to pathogens (5, 6),
tissue remodeling (7), and regulation of
inflammation (8, 9). In particular, PTX3 fine-
tunes inflammatory responses by interacting
with endothelial P-selectin to control
leukocyte recruitment (9) and by regulating
the activation of the complement cascade
by interacting with C1gq, the recognition
unit of the classical pathway (10), and
components of the lectin and alternative
pathways (11, 12).

Proteome analysis of BAL-derived
exosomes from patients with sarcoidosis
revealed significant enrichment in
complement-activating factors, including
complement factors B, Clq, and C3 (13), and
increased alveolar concentrations of activated
C5a were detected in sarcoidosis, but not
other interstitial lung diseases (14). Genetic
variation in complement receptor 1 has also
been proposed as a susceptibility factor for
sarcoidosis (15), although these findings lack
replication. Nevertheless, monocytes from
patients display an increased expression of

complement receptors and an enhanced
phagocytic activity which could, at least
partly, explain the persistent antigenemia
in sarcoidosis (16).

Although the importance of humoral
innate immunity in sarcoidosis has been
suggested, no study to date has determined
the mechanistic bases linking the functional
activity of humoral mediators and disease
pathogenesis. Herein, we report that PTX3
is an essential regulator of granulomatous
inflammation that acts by inhibiting the
complement-mediated metabolic
reprogramming and proliferation of
macrophages to restrain granuloma
formation. These observations unveil the
missing link in the connection between
humoral innate immunity and the regulation
of granulomatous inflammation in
sarcoidosis.

Methods

The materials and methods used, including
the mouse model of lung granulomatous
inflammation and the in vitro human
granuloma model, patient sample collection
and analysis, immunohistochemistry and
immunofluorescence, cytokine and
metabolic measurements, flow cytometry,
gene expression and single-cell RNA
sequencing analysis, single-nucleotide
polymorphism (SNP) genotyping, and
statistical analysis, are reported in the online
supplement.

Results

PTX3 Deficiency Enhances Lung
Granulomatous Inflammation

We examined the susceptibility of Ptx3 ™/~
mice to experimental granuloma formation
using a peptide from the mycobacterial sodA
protein (17) (Figure 1A). Histological
analysis of lung sections revealed larger
epithelioid granulomas localized to the
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Figure 1. PTX3 (pentraxin 3) regulates lung granulomatous inflammation. (A) Experimental setup for lung granuloma formation in vivo using
sodA peptide-coated Sepharose beads. (B) Hematoxylin and eosin-stained lung granulomas from wild-type (WT) and Ptx3~'~ mice on Days 1,
2, and 4 after sodA bead embolization (representative of three independent experiments). Scale bars indicate 50 um. (C) Area of sodA-elicited

lung granulomas in WT and Ptx3~

mice on Days 1, 2, and 4 after bead embolization (n=6), and (D) on Day 4 after bead embolization and

treatment with rPTX3 (recombinant PTX3) or phosphate-buffered saline (PBS) using a prophylactic (from Day —1) or therapeutic (from Day 1)
scheme of administration (n=6). (E) Concentrations of PTX3 in supernatants from lung cell suspensions and BAL from WT mice on Days 1, 2,
and 4 after sodA bead embolization (n=5). *£<0.05, **P<0.01, and ***P<0.001. IV = intravenous; ns = not significant.

broncho-arterial bundle in Ptx3~'~ mice as
early as Day 2 and until Day 4 after
embolization (Figure 1B). On Day 4, the
mean area of granulomas in Ptx3~ /'~

and wild-type (WT) mice was 0.037 and
0.023 mm?’, respectively (Figure 1C). No
differences were found in the number of
granulomas per area of lung section

(Figure E1A in the online supplement), and
no granulomas were detected in other organs
(data not shown). The granuloma size also
did not differ after challenge with peptide-
naked beads (Figure E1B). Administration of
rPTX3 (recombinant PTX3) using either a
prophylactic or a therapeutic regimen
rescued the phenotype of Ptx3~'~ mice, with
the mean granuloma area decreasing from
0.035 to 0.013 mm® and from 0.033 to

0.019 mm?, respectively, whereas in both
cases, it did not affect the lesion size in WT
animals (Figures 1D and E1C).

The expression of PTX3 was
significantly and durably induced in the
lungs and BAL from sodA-elicited WT
animals (Figure 1E) relative to uncoated bead
control subjects (Figure E1D). Analysis of
PTX3 expression in the lung revealed its
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preferential localization to sites of sodA-
elicited granulomas, with positive staining
interspersed throughout the lesion and close
to the bead nidus (Figure E1E).

PTX3 Regulates Immune Cell
Dynamics During Granulomatous
Inflammation

We next evaluated the influx of
inflammatory cells in the BAL (Figure E2A).
The number of total CD45™ leukocytes was
higher in Ptx3~/" than in WT mice on

Day 4 after embolization (Figure 2A). The
increased leukocyte infiltration resulted
primarily from an accumulation of alveolar
macrophages, inflammatory monocytes, and
CD4" T cells, whereas the number of
neutrophils and CD8™ T cells did not differ
between backgrounds (Figure 2B). These
findings were recapitulated in the lung, in
which an expanded number of macrophages
and CD4™ T cells, but also neutrophils, was
detected (Figure E2B). Immunostaining of
granulomas confirmed that macrophages
were the predominant immune cell type at
the innermost layers of granulomas from
Ptx3~'~ mice, whereas neutrophils and

T cells were less abundant and preferentially
localized to the outer regions (Figure 2C).
Alveolar cells were located primarily outside
of the granulomatous core and were present
at similar frequencies in both genetic
backgrounds (Figure 2D). Moreover,
macrophages were confirmed as the
relevant cell source of PTX3 since the
adoptive transfer of WT, but not Ptx3 '™,
macrophages decreased the areas of forming
granulomas in Ptx3 ~/~ _recipient mice to
values similar to those in WT animals
(Figure 2E). Phenotypic analysis of lung
leukocytes revealed that alveolar
macrophages from Ptx3 ™'~ mice exhibited
a higher rate of hypertrophy than WT cells
(Figure 2F). Although interstitial
macrophages from Ptx3~'~ mice also
displayed increased granularity and cell size,
their relative percentage was lower than

that of resident cells (Figure E2C). Treatment
with rPTX3 reduced the numbers of
alveolar macrophages in the BAL of Ptx3™'~
mice, abolishing the differences between
genotypes (Figure 2G). The expanded
number of CD4 " T cells was also decreased
after administration of rPTX3 (Figure E2D).
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Figure 2. PTX3 (pentraxin 3) restrains leukocyte infiltration during granuloma formation. (A) The number of CD45™ leukocytes and (B) alveolar
macrophages, inflammatory monocytes, neutrophils, CD4* T cells, and CD8" T cells in the BAL of wild-type (WT) and Ptx3~'~ mice on Day 4
after sodA bead embolization (n=6). (C) Immunofluorescence for macrophages (Mac-2), neutrophils (Gr-1), and T cells (CD3), and (D) type |
(Pdpn1) and type Il (Sftpc) alveolar cells in granulomas from WT and Ptx3~'~ mice on Day 4 after sodA bead embolization (representative of
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The first steps toward granuloma
formation are orchestrated by a complex
network of chemokines and cytokines (18).
Accordingly, we observed increased
concentrations of the chemokines CCL2,
CCL4, CXCL9, and CXCL10 (which are
produced by and act on myeloid cells) in the
lungs of Ptx3~'~ mice on Day 4
after embolization (Figure 2H). The
concentrations of cytokines, including TNF
(Figure 2I), and T-cell-derived cytokines
such as IFN-y and IL-17, were also higher in
Ptx3”'" mice (Figure 2J).

PTX3 Restrains Complement-mediated
Inflammation During Granuloma
Formation

PTX3 fine-tunes inflammatory responses

by modulating P-selectin—dependent
leukocyte recruitment and complement
activation (8, 9). We first evaluated
granuloma formation after treatment with
recombinant anti-P-selectin (CD62P) or the
corresponding isotype. In these conditions,
PTX3 deficiency promoted the formation of
larger granulomas regardless of P-selectin
activity (Figures 3A and E3A), therefore
discarding a major role for this adhesion
molecule in this model.

We next evaluated complement
activation during granuloma formation.
Immunostaining of granulomas revealed
enhanced deposition of C3 in granulomas
from Ptx3~/~ mice relative to WT control
subjects (Figure 3B). Treatment with rPTX3
reduced the immunoreactivity for C3 in
Ptx3~'" mice to values similar to those in
WT animals (Figure 3B). The concentrations
of activated C5a were also higher in lung
supernatants from Ptx3 ™/~ mice than in
control subjects (Figure 3C), although the
mRNA expression of C3a and C5a receptors
was not affected (Figure E3B). Because PTX3
interacts with FH (factor H) and C4BP (C4-
binding protein) to amplify their regulatory
activity over complement activation (11, 19),
we analyzed the immunoreactivity of these
molecules. Immunostaining for FH was
significantly lower in granulomas from

Ptx3”'~ mice, whereas the deposition of
C4BP did not differ between genotypes
(Figure 3D).

To further assess the pathogenic role of
complement activation, we evaluated
granuloma formation after treatment with
the C5aR1 (C5a receptor 1) antagonist
PMX53. In these conditions, the size of
granulomas in Ptx3~'~ mice decreased from
0.032 to 0.019 mm” without affecting their
formation in WT animals (Figures 3E and
E3C). This effect was accompanied by a
decrease in the number of alveolar
macrophages in Ptx3 ™'~ mice (Figure 3F).
Consistent with a role for complement
activation in promoting chemokine
production (20), the concentrations of
CXCL9 and CXCL10 (Figure 3G), but not
CCL2 or CCL4 (Figure E3D), in Ptx3 ™'~
mice were also decreased after PMX53
treatment. Likewise, the augmented
production of TNF, IL-6, IFN-v, and IL-17
was also rescued on the C5aR1 blockade
(Figure E3E).

PTX3 Regulates the Metabolic Activity of
Macrophages to Control Aggregation
and Proliferation

To decipher the molecular mechanisms
whereby PTX3 might regulate macrophage
activity during granuloma formation, we
assessed the functional phenotypes of
macrophages. The analysis of lungs from
Ptx3™'" mice revealed an increased
expression of Argl, Chil3, Lgals3, Mrcl,

and Igf1, but reduced expression of I112b,
compared with WT control subjects

(Figure 4A), indicating the polarization of
macrophages toward an alternative (M2-like)
phenotype.

Because the mTORC1-dependent
proliferation of macrophages is required for
granuloma formation (21), we assessed the
phosphorylation of the p70S6 kinase (S6K1),
a downstream target of mMTORCI. The
concentrations of p-S6K1 were higher in
granulomas from Ptx3~'~ mice than in WT
control subjects and displayed robust
colocalization with the macrophage Mac-2

marker (Figures 4B and E4A). Treatment
with PMX53 restrained mTORC1 activation
in Ptx3~'~ mice and the number of
macrophages infiltrating the granulomas.
Inhibition of mMTORCI1 with everolimus
abrogated the enhanced granuloma
formation observed in Ptx3~'~ mice
(Figures 4C and E4B). Moreover, the
percentage of proliferating macrophages in
Ptx3~'" mice was also higher than in WT
animals, and their number decreased after
treatment with PMX53 (Figure 4D). In
support of enhanced proliferation under
PTX3 deficiency, there were no differences in
the viability of lung macrophages between
backgrounds (Figure E4C).

Metabolic adaptations support cellular
proliferation during granuloma formation
(21). Analysis of lung homogenates
demonstrated that the expression of genes
involved in glycolysis, such as the glucose
transporter Slc2al (Glutl), Hk2 (hexokinase
2), and Pfkfb3 (6-phosphofructose-2-kinase/
fructose-2,6-bisphosphatase 3) was higher in
Ptx3~'~ than WT mice (Figure E4D). The
induction of glycolysis was confirmed by the
lower concentrations of glucose and the
higher concentrations of lactate detected in
the lungs of Ptx3~'~ mice (Figure 4E). In
support of a relevant role for C5aR1 signaling
in macrophage metabolism, treatment with
PMXG53 restored the concentrations of both
lactate and glucose detected in Ptx3~'~ mice
to values similar to those in WT animals
(Figure 4E).

Genetic Variation in Human PTX3
Regulates Granuloma Formation

SNPs in PTX3 were reported to impair PTX3
expression in infectious diseases (5, 6, 22)
and inflammatory conditions (23, 24). We
examined an in vitro model of granuloma
formation using peripheral blood
mononuclear cells (PBMCs) from patients
with sarcoidosis (25). Patients were grouped
according to the presence of homozygous
genotypes for the major or minor alleles in
rs2305619 and rs3816527 SNPs, known to
underlie distinct profiles of PTX3 expression

Figure 2. (Continued). three independent experiments). Nuclei were stained with DAPI. Scale bars indicate 50 um. The arrows indicate
examples of cells of interest. (E) Area of sodA-elicited granulomas in Ptx3~/~-recipient mice on Day 4 after bead embolization after the

intratracheal adoptive transfer of WT or Ptx3~

/—

macrophages (n=6). (F) Flow cytometry scatterplot and percentage of hypertrophic cells within

total alveolar macrophages on Day 4 after sodA bead embolization (n=4, representative of two independent experiments). (G) Number of
alveolar macrophages in the BAL of WT and Ptx3~/~ mice on Day 4 after sodA bead embolization and treatment with rPTX3 (recombinant PTX3)
or PBS (n=38). (H) Concentrations of CCL2, CCL4, CXCL9, and CXCL10 (n=5), (/) TNF and IL-6 (n=5), and (J) IFN-y and IL-17 (n=5) in lung
supernatants from WT and Ptx3~'~ mice on Day 4 after sodA bead embolization. *P< 0.05, **P< 0.01, and ***P < 0.001; FSC-H = forward

scatter height; ns = not significant; PBS = phosphate-buffered saline; SSC-H = side scatter height.
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embolization and treatment with PMX53 or PBS. *P<0.05, **P<0.01, and **P < 0.001; MFI =mean fluorescence intensity; ns =not significant;

PBS = phosphate-buffered saline.

and hereafter referred to as h1/h1 or h2/h2,
respectively (6). The frequency of the h1/h1,
h1/h2, and h2/h2 haplotypes was 16%, 50%,
and 34%, and 22%, 47%, and 31%, in
patients with sarcoidosis and healthy
subjects, respectively, and was not different
between groups.

Gongales, Bastos, Duarte-Oliveira, et al.:

In response to sodA-coated polystyrene
beads, h2/h2 PBMC:s elicited the formation
of larger granuloma-like structures as early
as Day 4 and until Day 7 of culture,
whereas only minimal cell aggregation was
apparent in h1/h1 PBMCs (Figure 5A). No
differences were observed in the number of

PTX3 and Granuloma Formation

aggregates formed (Figure E5A), and the
size of the granulomas elicited by naked
beads was negligible (Figure E5B). On Day
7 of culture, the median granuloma area
elicited by h2/h2 and h1/h1 PBMCs was
10.0 (8.3-12.8) um” and 5.9 (4.7-6.4) um?,
respectively. The enhanced granuloma
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Chil3, Lgals3, Mrc1, Igf1, and Fizz1in lung tissue from wild-type (WT) and Ptx3~/~ mice on Day 4 after sodA bead embolization (n=5).

(B) Immunofluorescence for p-S6K1 and Mac-2 in granulomas from WT and Ptx3~'~ mice on Day 4 after sodA bead embolization and treatment
with PMX53 or PBS (representative of three independent experiments). Nuclei were stained with DAPI. Scale bars indicate 50 pm. The arrows
indicate macrophages with active S6K1 (cells that are positive for both Mac-2 and p-S6K1). (C) Area of sodA-elicited granulomas in WT and

Ptx3~'~

Ki67™ cells; n=5) of alveolar macrophages from WT and Ptx3~/~
vehicle. (E) Concentrations of glucose and lactate in lung supernatants from WT and Ptx3~/~
treatment with PMX53 or PBS (n=6). *P<0.05, **P<0.01, and ***P<0.001. ns = not significant.

formation by h2/h2 PBMCs was associated
with lower secretion of PTX3 (Figure 5B),
and treatment with rPTX3 decreased the
size of the forming structures from 10.1
(7.9-12.0) pm” to 4.1 (2.4-6.7) um?,
whereas it did not affect h1/h1 control
subjects (Figures 5C and E5C).

On Day 7, increased concentrations of
C5a were detected in supernatants from
h2/h2 PBMC:s relative to h1/h1 control
subjects (Figure 5D). The granulomas
elicited by h2/h2 PBMCs displayed stronger
S6K1 phosphorylation, particularly among
CD11b-positive cells (Figure 5E), and the
concentrations of secreted lactate and
glucose uptake were also higher in h2/h2
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PBMC:s (Figure 5F). In support of the
relevance of these functional features to
granuloma formation, blocking complement
activation (PMX53), mTOR signaling
(rapamycin), or glycolysis (2-DG) restrained
the larger size of the h2/h2 aggregates
(Figure 5G). None of the treatments
significantly affected the aggregation of h1/
h1 PBMC:s. In line with the complement-
dependent production of chemokines, the
concentrations of CXCL9 and CXCL10 were
higher in granulomas elicited by h2/h2
PBMC:s (Figure 5H). Likewise, the
concentrations of TNF and IFN-v, but not
IL-6 and IL-17A (Figure 5I), were increased
in supernatants from h2/h2 PBMCs.

mice on Day 4 after bead embolization and treatment with everolimus or PBS (n=6). (D) Proliferation (expressed as the percentage of
mice on Day 4 after sodA bead embolization and treatment with PMX53 or
mice on Day 4 after sodA bead embolization and

PTX3 Influences the Clinical Features
and Outcome of Sarcoidosis

PTX3 expression is increased across several
pulmonary diseases, including aspergillosis,
chronic obstructive pulmonary disease, and
asthma (6, 24, 26). To assess the relevance of
PTX3 to the phenotype and clinical course of
sarcoidosis, we performed an i silico
analysis of single-cell transcriptome data of
BAL from patients with granulomatous
diseases (27). The results revealed that PTX3
expression was restricted to macrophages
(Figure 6A) and that cells from patients with
sarcoidosis displayed higher concentrations
of PTX3 relative to chronic beryllium disease
(Figure 6B). These findings were confirmed
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Table 1. Demographic and Clinical Features of Patients with Sarcoidosis

Clinical Features N=188
Age, mean + SD 35.3+94
Female, n (%) 110 (58.5)
White, n (%) 181 (96.3)
Smoking status, n (%)*
Smoker 24 (13.3)
Ex-smoker 18 (9.9)
Nonsmoker 139 (76.8)
Scadding stage®
Stage 0 2(1.1)
Stage 1 75 (40.8)
Stage 2 83 (45.1)
Stage 3 15 (8.2)
Stage 4 9 (4.9)
Multiorgan involvement* 74 (41.3)
Pulmonary function tests®
FVC, % predicted 955+17.3
FEV,, % predicted 91.1+18.8
FEV,/FVC, % 81.7+8.3
TLC, % predicted 94.0 +16.5
RV, % predicted 97.0 £30.7
DLCO, % predicted 81.4+17.3
KCO, % predicted 85.5+17.3
BAL cellular markers
Total cell count, x10%ml 2.29 +1.63
Lymphocytes, % 43.0x17.2
CD4*/CD8™" T-cell ratio 5.92 + 4.68
Macrophages, % 54.3+16.9
Neutrophils, % 26+35
Eosinophils, % 1.3+2.3
Elevated SACE (>70 IU/L), %" 83 (51.9)
Outcome
Acute (spontaneous remission) 64 (39.5)
Acute (resolving with treatment) 18 (11.1)
Chronic treatment 80 (49.4)

Definition of abbreviations: DLCO = diffusion capacity for carbon monoxide; KCO = carbon
monoxide transfer coefficient; RV =residual volume; SACE = serum angiotensin-converting
enzyme; TLC =total lung capacity.

Missing values: *7, T4, %9, 533, ll67, and 728.

in a peripheral blood cell dataset, in which
PTX3 expression was limited to CD14™ and
CD16" monocytes and higher in patients
with sarcoidosis relative to healthy control
subjects (Figure 6C).

To confirm the transcriptional data, we
examined the concentrations of PTX3 in
plasma samples from patients with
sarcoidosis (Table 1). In line with a response
to detrimental inflammation, patients at the

initial diagnosis of sarcoidosis exhibited
higher concentrations of circulating PTX3
than healthy donors (1.59 = 0.08 vs.
0.69 = 0.11 ng/ml) (Figure 6D). Although
systemic PTX3 was not influenced by genetic
variation (Figure E6A), analysis of PTX3
expression in granulomatous lung lesions
revealed that h2/h2 patients presented lower
concentrations of PTX3 and, in contrast,
higher expression of Ki67, indicating
enhanced proliferation (Figure 6E). The
analysis of each tissue sample revealed that
PTX3 and Ki67 were inversely correlated
(Pearson r = —0.47; P=10.028) (Figure E6B).
Moreover, the reduced expression of PTX3
within h2/h2 granulomas was associated with
increased infiltration of Mac-2-expressing
hypertrophic cells that displayed pronounced
mTORC1 activation, as revealed by the
enhanced S6K1 phosphorylation (Figure 6F).
We next evaluated whether genetic
variation in PTX3 regulated the influx of
inflammatory cells in the BAL. Our analysis
revealed a general effect on leukocyte
infiltration that was genotype-dependent,
with h2/h2 patients displaying increased
numbers of macrophages, and CD4" and
CD8" T cells (Figure 6G), but also
neutrophils, eosinophils, and mast cells
(Figure E6C) compared with h1/h1 patients.
The BAL CD4":CD8" lymphocyte ratio
was not affected by PTX3 genotypes
(Figure E6D), although it was inversely
correlated with plasma PTX3 (Pearson
r=—0.38; P=0.013) (Figure 6H). The
number of circulating CD4" and CD8" T
cells was instead diminished in h1/h2 and
h2/h2 compared with h1/h1 patients
(Figure E6E). To substantiate these findings,
we analyzed patients from the ACCESS
(A Case Control Etiologic Study of Sarcoidosis)
study with available immunophenotyping
data at the time of diagnosis (28) and

Figure 6. (Continued). Data were obtained from GEO under the identifier GSE132338. The inset shows the results for CD14" and CD16™
monocytes. (D) Concentrations of PTX3 in plasma from patients with active sarcoidosis (n=48) and age- and sex-matched healthy control
subjects (n=28). This subgroup of patients was selected based on the availability of plasma samples at diagnosis. (E) Immunohistochemistry of
PTX3 and Ki67 in lung granulomatous lesions from h1/h1 (n=8) and h2/h2 (n= 14) patients (representative images are shown). Scale bars
indicate 50 um. Concentrations of PTX3 and Ki67 were estimated as arbitrary units. (F) Immunofluorescence for p-S6K1 and Mac-2 in
granulomatous lesions from h1/h1 (n=8) and h2/h2 (n= 14) patients (representative images are shown). The arrows indicate macrophages with
positive p-S6K1 staining. Scale bars indicate 50 um. (G) Number of macrophages and CD4" T cells and CD8" T cells in the BAL from h1/h1
(n=17 and 14, respectively), h1/h2 (n=40 and 44, respectively), and h2/h2 (n=27 and 35, respectively) patients with sarcoidosis. Numbers
were normalized against total cell counts in the BAL. (H) Correlation analysis of the CD4*:CD8™ T-cell ratio in the BAL and the concentrations of
PTX3 in the plasma (n=42). (/) Percentage of h1/h1, h1/h2, and h2/h2 patients diagnosed with spontaneous remission, remission after
treatment, or chronic disease after a 2-year follow-up period. (J) Predictive modeling of remission according to the concentrations of PTX3 in the
plasma at baseline (n=39). The plot shows the probability of remitting the disease within 2 years after diagnosis. Dotted lines indicate the 95%
confidence interval. *P<0.05, **P<0.01, and **P<0.001. GEO = gene expression omnibus; ns = not significant; OR = odds ratio; RNA-

seq =RNA sequencing.
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confirmed that h2/h2 patients displayed an
increased percentage of BAL macrophages
and CD3™ T cells compared with h1/h1
control subjects (Figure E6F).

To determine whether PTX3
expression at diagnosis could influence
disease outcome, we performed predictive
modeling analyses. Out of the patients
included, 162 reached a 2-year follow-up at
the time of analysis, with 82 remitting and
80 developing chronic disease (Table 1).
Although the disease course was not
influenced by genetic variation in PTX3
(Figure 6I), the probability of remitting
disease 2 years after diagnosis, either
spontaneously or after treatment, was
instead 3.4-fold higher when the
concentrations of circulating PTX3 at
diagnosis were also elevated (Figure 6]).

Discussion

PTX3 exerts a critical role in pulmonary
homeostasis by mediating immunity
against respiratory infections, including
fungal, and also allergy, and tissue damage.
The finding that T cells are specifically
primed by an airborne mold-derived
peptide in acute sarcoidosis (29) suggests
the involvement of PTX3 in sarcoidosis.
We now show that PTX3 acts as a
physiological break of granuloma formation
by restraining the pathogenic activation of
complement and the downstream
metabolic reprogramming of macrophages
required to sustain their functional activity
and proliferation. Activated macrophages
produce chemokines that further recruit
granuloma-promoting immune cells to
support the formation of sarcoid
granulomas. Chemokines, notably CXCL9
and CXCL10, recruit both lymphocytes
and cells of the monocytic lineage in
sarcoidosis and have been associated with
systemic organ involvement and the
severity of pulmonary disease (30).

Besides PTX3, innate immunity
components such as SAA (serum amyloid
A) have also been implicated in granuloma
formation (31). Because SAA orchestrates
alveolar macrophage differentiation via
CSF-1 (colony-stimulating factor 1)
receptor-dependent signals (32) and
regulates PTX3 secretion by endothelial
cells (33), PTX3 and SAA likely act in
concert to coordinate the functional activity
of macrophages. Exposure of macrophages
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to SAA activated the NLRP3 (NLR family
pyrin domain containing 3) inflammasome
and promoted IL-1p production (34), and
these pathways are upregulated in
sarcoidosis and involved in granuloma
formation (35). Therefore, PTX3 may
represent the missing link between
humoral innate immunity to an unknown
signal and the activation of pathogenic
signatures that converge to drive
granuloma formation.

The macrophages in tuberculous
granulomas undergo a
mesenchymal-epithelial reprogramming
and express canonical epithelial
determinants, such as E-cadherin (36).
Because PTX3 inhibits
mesenchymal-epithelial transitions in
melanoma cells (37), this finding suggests
its protective role during granuloma
formation. In addition, transitions between
quiescent and activated states require the
rewiring of cellular metabolism to promote
granulomatous inflammation. The chronic
mTORCI activation was found to redirect
metabolism toward glycolysis and sustain
the differentiation and proliferation of
hypertrophic macrophages and the
formation of epithelioid granulomas (21).
Whether mTORCI activity directly induces
the expression of E-cadherin or other
genes involved in the epithelioid
transformation of macrophages remains
unknown. However, mutations in mTOR-
related genes have been detected in familial
sarcoidosis (38), and phagosome-regulated
mTORC1 signaling is required for
granuloma formation in vitro (39), even if
the exacerbated signaling in granulomatous
lesions failed to predict disease course (40).
Our results position PTX3 as a critical
upstream regulator that inhibits the
detrimental activation of mTORCI and the
associated granuloma-promoting cues in
macrophages.

Complement activation regulates
key metabolic pathways and impacts
fundamental cellular processes, such as
proliferation and survival (41). Although
the impact of C5aR1 in macrophages is
unclear, its ablation was found to limit the
alkalinization and activation of glucose
metabolism in neutrophils (42) and
alleviate the severity of graft-versus-host-
disease in stem cell transplantation by
impairing the glycolytic activity and Thl
differentiation of donor T cells (43). In

contrast, C5aR1 stimulation promoted an
aberrant NLRP3 activation and the
secretion of IL-1B8 by T cells which, in
turn, acted as an autocrine signal for the
production of IFN-y and Thl
differentiation (44).

Genetic variation plays a significant
role in the etiology of sarcoidosis (45, 46),
despite not all the contributing factors
having been elucidated. We now implicate
genetic variation in PTX3 in the regulation
of macrophage activity and granuloma
formation in human disease. Whether
PTX3 variants are involved in the actual
onset of sarcoidosis requires the
investigation of larger and carefully
controlled cohorts of patients. Nevertheless,
these findings support the rational
discovery of therapeutic approaches based
on the functional properties of PTX3 but
also highlight the integration of
immunogenetic markers into clinical
stratification processes of disease
progression. Our data suggest, however,
that PTX3 may display therapeutic benefits
only in the context of functional defects
that drive the pathogenic amplification of
complement activation. Because this
pathway is already highly regulated by
PTX3 in competent individuals, it is likely
that further inhibition is not achieved. In
support of this, rPTX3 failed to improve
disease phenotypes in WT mice subjected
to other experimental models in which
complement-related inflammation is also
detrimental, most notably cancer (8). This
is in line with the dominant phenotype of
the heterozygous carriage of PTX3 variants
because it is likely that the concentrations
of PTX3 in these patients are not sufficient
to restrain exacerbated complement
activation.

A few case reports have suggested a
clinical benefit for rapamycin in the
treatment of sarcoidosis (47). Complement-
inhibitory strategies might also be relevant
in balancing physiological mechanisms
required for the metabolic activity and
proliferation of granuloma-promoting
macrophages. Although complement
inhibitors (e.g., eculizumab and
pegcetacoplan) are available (48), clinical
trials assessing their safety and efficacy in
sarcoidosis are lacking. Likewise, no
PTX3-based formulations are currently
available, and its therapeutic potential has
been evaluated only in preclinical models.
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A recombinant human pentraxin 2 (PRM-
151) formulation displayed beneficial effects
on lung function in idiopathic pulmonary
fibrosis over a 76-week open-label
extension study of the phase 2 PRM-
151-202 trial (49). Notably, PRM-151
prevents the differentiation of profibrotic
M2 macrophages while it fosters the
development of regulatory macrophages
that promote epithelial healing and

resolution of inflammation (50). Therefore,
immunotherapeutic approaches to target
detrimental macrophage functions to
granuloma formation might also have
clinical value in sarcoidosis.

Ultimately, understanding how
metabolic networks regulate immune cell
function may lead to innovative host-
directed therapeutic interventions based on
the metabolic repurposing of host cells

toward immune protection against
granuloma formation.
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