Pathology - Research and Practice 251 (2023) 154901

Contents lists available at ScienceDirect
Pathology - Research and Practice

journal homepage: www.elsevier.com/locate/prp

t.)

Check for

PTX3 shapes profibrotic immune cells and epithelial/fibroblast repair and &&=
regeneration in a murine model of pulmonary fibrosis

Antonio d’Amati >, Roberto Ronca ¢, Federica Maccarinelli ¢, Marta Turati ¢, Loredana Lorusso *,

Michelina De Giorgis “, Roberto Tamma “, Domenico Ribatti “, Tiziana Annese

a,d,*

& Department of Basic Medical Sciences, Neurosciences and Sensory Organs, University of Bari Medical School, Bari, Italy
b Section of Pathology, Department of Emergency and Organ Transplantation, University of Bari, 70124 Bari, Italy
¢ Department of Molecular and Translational Medicine, School of Medicine, University of Brescia, 25123 Brescia, Italy

4 Department of Medicine and Surgery, LUM University, Casamassima, 70010 Bari, Italy

ARTICLE INFO ABSTRACT

Keywords: The long pentraxin 3 (PTX3) is protective in different pathologies but was not analyzed in-depth in Idiopathic
CD44 Pulmonary Fibrosis (IPF). Here, we have explored the influence of PTX3 in the bleomycin (BLM)-induced murine
Immune cells model of IPF by looking at immune cells (macrophages, mast cells, T cells) and stemness/regenerative markers of

Long pentraxin-3 lung epithelium (SOX2) and fibro-blasts/myofibroblasts (CD44) at different time points that retrace the pro-

ngzﬂiges gression of the disease from onset at day 14, to full-blown disease at day 21, to incomplete regression at day 28.
Pulmonary fibrosis We took advantage of transgenic PTX3 overexpressing mice (Tie2-PTX3) and Ptx3 null ones (PTX3-KO) in which
Regeneration pulmonary fibrosis was induced. Our data have shown that PTX3 overexpression in Tie2-PTX3 compared to WT
T cells or PTX3-KO: reduced CD68" and CD163" macrophages and the Tryptase' mast cells during the whole experi-

SOX2 mental time; on the contrary, CD4 " T cells are consistently present on day 14 and dramatically decreased on day
21; CD8" T cells do not show significant differences on day 14, but are significantly reduced on day 21; SOX2 is
reduced on days 14 and 21; CD44 is reduced on day 21. Therefore, PTX3 could act on the proimmune and

fibrogenic microenvironment to prevent fibrosis in BLM-treated mice.

1. Introduction

Idiopathic Pulmonary Fibrosis (IPF) is a chronic interstitial lung
disease in which diffuse scar tissue progressively affects the lungs,
making breathing increasingly harder [1]. IPF usually presents around
70-75 years old, is rare in people under 50, the distribution is global, the
incidence is increasing, and poor is the long-term prognosis (>50% of
the patients die within 3 years after diagnosis) [1,2].

IPF etiology is unknown, but tobacco smoke [3,4], metal dust [5],
wood dust [6], pesticides [7], and gastroesophageal reflux [8] have been
identified as environmental and behavioral risk factors. IPF familial
cases were related to genetic risk factors such as mutations in the telo-
merase, surfactant and mucin genes [9,10]. The diagnosis can be made
by computed tomography (CT) scan and/or by lung biopsy, which will
respectively show a characteristic imaging or histological pattern of
"usual interstitial pneumonia" (UIP) [11-13]. There is currently no cure
for IPF, but several palliative treatments include self-care measures,
oxygen supplementation, antifibrotic drugs, and lung transplants for

severe diseases [14].

In IPF, at the microscopic examination, the pulmonary tissue pre-
sents scar tissue characterized by progressive fibrosis due to failed
alveolar reepithelialization and fibroblast/myofibroblast accumulation
(known as fibroblastic foci), hyperplasia of alveolar epithelial cells and
fibroblasts, deposition of extracellular matrix, and proliferation of in-
flammatory cells in the interstitial and alveolar spaces [15,16].

Inflammation is not a main histopathological finding in IPF [15,17].
However, immune cells infiltrate the fibrotic lung [18,19], and their
characterization could be helpful in investigating the etiopathogenesis
of IPF. Among the regulators, soluble regulators of innate immunity, the
long pentraxin 3 (PTX3) seems to exert a protective role in IPF, as
demonstrated in the bleomycin (BLM)-induced experimental model of
lung fibrosis [20].

PTX3 is a member of soluble pattern recognition receptors (sPRR)
rapidly produced by several cell types [21] in response to fungi [22],
bacteria [23,24] and viruses [25]. PTX3 is a humoral mediator of innate
immunity [26], and its concentration is low in tissue and serum under
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physiological conditions [27]. It acts as an opsonin during infections,
facilitates recognition and phagocytosis by macrophages [28], activates
the complement cascade [29,30], and orchestrates tissue repair playing
non-redundant roles [31,32]. In tissue damage models, the lack of PTX3
was associated with altered turnover of fibrin-rich deposits, followed by
increased collagen deposition [33]. However, it is important to note that
PTX3, as the other related pentraxins C-reactive protein (CRP) and
serum amyloid P (SAP), can also amplify tissue damage [34,35].

Several studies have shown a potential protective role of PTX3 in
different lung pathologies, such as in: mouse orthotopic lung trans-
plantation model in which increased lung fibrosis is present in PTX3-KO
mice [36]; cecal ligation and puncture-induced sepsis murine model
after ethanol/saline administration, in which PTX3 suppression
contribute to sepsis exacerbation [37]; mouse neonates Pseudomonas
aeruginosa infection in which orally administered PTX3 protected
against lung infection [38].

The most characterized animal model of IPF available and relevant
for the preclinical test is the intratracheal BLM-induced murine model
[39,40]. In this murine model, PTX3 has been demonstrated to protect
mice from BLM-induced pulmonary fibrosis because PTX3 is expressed
at fibroblastic foci, and its distribution was related to collagen deposi-
tion, reduced fibroblast activation, and decreased immune infiltrate [ 20,
41,42].

In the present study, we started with the animal employed and data
obtained in the work of Maccarinelli et al. [20] to investigate the impact
of PTX3 in the BLM-induced murine model of IPF. We have examined, at
different time points, the pulmonary microenvironment by looking at
immune cell infiltrate (macrophages, mast cells, T cells) and stem-
ness/regenerative markers of lung epithelium (SOX2) and fibro-
blasts/myofibroblasts (CD44). We used transgenic PTX3 overexpressing
mice (Tie2-PTX3) and Ptx3 null ones (PTX3-KO), in which pulmonary
fibrosis was induced by intratracheal bleomycin instillation. Our data
show that: throughout the whole experimental period, the CD68" and
CD163" macrophages and the Tryptase® mast cells are reduced in the
Tie2-PTX3 pulmonary microenvironment compared to wild-type (WT)
or PTX3-KO; on the contrary, CD4" T cells are consistently present on
day 14 and dramatically decreased on day 21 in Tie2-PTX3 compared to
WT or PTX3-KO; CD8™ T cells do not show significant differences on day
14, but are amply reduced on day 21 in Tie2-PTX3 compared to WT or
PTX3-KO; SOX2 is reduced on days 14 and 21 in Tie2-PTX3 compared to
WT or PTX3-KO; CD44 is reduced on day 21 in Tie2-PTX3 compared to
WT or PTX3-KO. Moreover, statistical correlation has shown a positive
and very strong correlation between CD44 and CD8 expression, while
moderate was the correlation between CD44 and Tryptase and between
SOX2 and CD8. This scenario confirmed the effects of PTX3 on the
progression of IPF. However, it provided new insight into PTX3’s role
during disease progression on mast cells, T cells, lung epithelium and
fibroblasts/myofibroblasts, demonstrating a pivotal role of PTX3, which
reduces the amount of these cells that could act as profibrotic cells
during pulmonary fibrosis.

2. Materials and methods
2.1. Biological samples

The lungs for histopathological analysis from wild-type (WT) C57BL/
6 mice (n = 6), transgenic mice overexpressing PTX3 in endothelial cells
and stroma (Tie2-PTX3) (n = 6) and knockout mice lacking the Ptx3
gene in homozygosis (PTX3-KO) (n = 4) [43,44], were obtained from 8
weeks old male mice appropriately treated to induce pulmonary fibrosis
by a single slow intratracheal injection of 4.0 mg/kg bleomycin (B2434
Sigma-Aldrich) dissolved in 30 pl of phosphate-buffered saline (PBS).
Afterward, mice were sacrificed at 14, 21, and 28 days after injection,
and the pulmonary fibrosis areas were evaluated by Masson’s trichrome
staining quantification of fibrotic/collagen positive areas and by hy-
droxyproline quantification as a marker for the presence of collagen in
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the ECM, as in-depth described elsewhere [20].

Pulmonary fibrosis was found in WT mice from day 14 (onset) to day
21 (the peak), with an incomplete regression at day 28 (see Fig. 2 in
[20]). In the same study with the same mice, it was observed that PTX3
expression increased in WT BLM-treated mice at fibrotic lesions on day
14 and decreased to day O levels on day 28 (see Fig. 1 in [20]). On the
contrary, in Tie2-PTX3 mice, no significant variations in amount were
found among the different time points (see figure S2 in [20]).

2.2. Immunohistochemistry

Four-micrometer-thick, 10% formalin-fixed and paraffin-embedded
histological sections were deparaffinized and rehydrated in a xylene-
graded alcohol scale, rinsed in Tris-buffered saline solution (TBS), and
treated with blocker for endogenous peroxidase and phosphatase en-
zymes (52003, Agilent Dako).

Immunostaining was performed upon thermostatic water bath
epitope retrieval (30 min, 98 °C) in sodium citrate pH 6.0 buffer (51699,
Agilent Dako) for all the primary antibodies.

For CD4, CD8, CD68, CD163, SOX2 and CD44 immunolabelling, the
following primary antibodies, diluted in antibody diluent (ab64211,
Abcam), were employed: rabbit polyclonal anti-CD44 (ab189524,
Abcam; diluted 1:4000), rabbit polyclonal anti-CD8 (ab203035, Abcam;
diluted 1:400), rabbit polyclonal anti-CD68 (ab125047, Abcam; diluted
1:100), rabbit polyclonal anti-CD163 (ab182422, Abcam; diluted
1:500); rabbit polyclonal anti-SOX2 (ab92494, Abcam; diluted 1:80),
and rabbit polyclonal anti-CD44 (ab189524, Abcam; diluted 1:4000).
After primary antibody exposition step for 1 h at room temperature, the
sections were incubated with biotinylated polymer, the streptavidin-
alkaline phosphatase for 15 min each and the red chromogen for
20 min (all from K5005, Agilent Dako) for signal detection.

For Tryptase immunolabeling [45], the sections were primarily
incubated with a rodent block (ab127055, Abcam) for 30 min at room
temperature, exposed to mouse monoclonal-Tryptase (ab2378, Abcam;
diluted 1:250) for 1 h at room temperature, incubated with the mouse
on mouse polymer for IHC (ab127055, Abcam) for 15 min, and the
immunodetection was performed with DAB substrate kit (SK-4100,
Vector Laboratories) for peroxidase signal detection.

All the sections were counterstained with Gill’s hematoxylin (51275,
Sigma-Aldrich) and mounted in glycergel (C0563, Agilent Dako).
Negative controls were provided by specific preimmune serums that
replaced the primary antibodies.

2.3. Morphometric analysis

Immunolabeled slides were digitalized using the whole-slide scan-
ning platform Aperio ScanScope CS (Leica Biosystems) at 40x magnifi-
cation, stored by the management system Aperio eSlide Manager (Leica
Biosystems), and analyzed using the Aperio Positive Pixel Count algo-
rithm of the ImageScope analysis software (Leica Biosystems). The al-
gorithm measured the intensity of each marker (red-pink/brown signal),
and the percentage of weak and strong positive pixels was calculated
relative to the total number of pixels in the section. Morphometric
analysis was conducted on three consecutively cut lung sections from
WT (n = 6 at 14, 21 and 28 days), Tie2PTX3 (n = 6 at 14, 21 and 28
days) and PTX3-KO (n = 4 at 14, 21 days; n = 0 at 28 days). Two in-
dependent observers (Ad’A and TA) randomly selected three layers per
section per biopsy per mouse (1 mouse x 3 sections x 3 layers) at 40x
magnification using the rectangle tools to determine the region of in-
terest. All the layers were selected in the fibrotic lesions (results related
to fibrosis were presented in the previous study [20]).

2.4. Statistical analysis

Six is the number of mice per experimental group except for PTX3-
KO, which is four, because the homozygous absence of Ptx3 in BLM-
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Fig. 1. PTX3 overexpression hampers CD68" and anti-inflammatory CD163" macrophage infiltration in BLM-induced lung fibrosis. CD68* and CD163" macro-
phages in the lungs of WT, Tie2-PTX3 and PTX3-KO mice, treated with BLM and sacrificed at different time points, were evaluated by immunohistochemistry and
were estimated as a percentage on digital quantification within ROIs using the positive pixel count algorithm. Micrograph and immunostaining quantification show
significantly fewer CD68" and CD163" macrophage infiltrate in mice overexpressing PTX3 (Tie2-PTX3; E, H, K for CD68 and; Q, T, W for CD163) compared with WT
(D, G, J fro CD68; P, S, V for CD163) and PTX3-KO (F, I fro CD68; R, U for CD163) at different time points. No significant variations (L) were found in the same Tie2-
PTX3 group (E, H, K) for CD68 at the different time points (Tie2-PTX3 at Day 14 (E) vs. Day 21 (H) vs. Day 28 (K)). For CD163, no significant variations (X) were
found in Tie2-PTX3 on Day 14 (Q) vs. Day 21 (T), while it is on Day 21 (T) vs. Day 28 (W) (p < 0.0001). Data are reported as means + SD, and the Tukey post-test
was used to compare all groups after Two-way ANOVA. N = 6 mice for WT and Tie2PTX3 at 14, 21 and 28 days; N = 4 for PTX3-KO at 14 and 21 days; 6 or 4 mice x 3
sections each x 3 microscope layers each underwent morphometric analysis; Scale bar = 25 um; *p < 0.05; * ** *p < 0.0001.
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Fig. 2. PTX3 overexpression hampers Tryptase' mast cell infiltration in BLM-induced lung fibrosis. Tryptase" mast cells in the lungs of WT, Tie2-PTX3 and PTX3-KO
mice, treated with BLM and sacrificed at different time points, were evaluated by immunohistochemistry and were estimated as a percentage on digital quantification
within ROIs using the positive pixel count algorithm. Micrograph and immunostaining quantification show significantly fewer Tryptase” mast cell infiltrate in mice
overexpressing PTX3 (Tie2-PTX3; E, H) compared with WT (D, G) and PTX3-KO (F, I) at the onset, Day 14 (D-F), and at the peak of fibrosis, Day 21 (G-I). Significant
variations (L) were found in the same Tie2-PTX3 group on Day 14 (E) vs. Day 21 (H) (p = 0.0048), and on Day 21 (H) vs. Day 28 (K) (p = 0.0323). Data are reported
as means + SD, and the Tukey post-test was used to compare all groups after Two-way ANOVA. N = 6 mice for WT and Tie2PTX3 at 14, 21 and 28 days; N = 4 for
PTX3-KO at 14 and 21 days; 6 or 4 mice x 3 sections each x 3 microscope layers each underwent morphometric analysis; Scale bar = 25 um; * ** *p < 0.0001.

treated mice proved incompatible with life, and the PTX3-KO mice’s
mortality at day 28 was 100%.

Data graphs are presented as means + SD (standard deviation). The
distribution of datasets was assessed using a D’Agostino and Pearson
omnibus normality test. Two-way ANOVA with post hoc Tukey’s mul-
tiple comparisons test and Spearman nonparametric correlation ana-
lyses were performed using the GraphPad Prism software. P values less
than 0.05 were considered significant and were summarized in
Figure panels as * p<0.05; ** p<0.01; *** p<0.001; **** p<0.0001.

3. Results

In the present study, the immunostaining for the CD68 (Fig. 1), as a
pan-macrophage marker, and CD163 (Fig. 1), as an M2-like macrophage
marker, have shown a vast CD68™ or CD163™ cells in WT and PTX3-KO
at all the time points investigated. In contrast, these macrophage pop-
ulations were significantly less abundant in Tie2-PTX3 (Fig. 1) at all the
time points analyzed, with no significant differences except that CD163
at day 21 vs. day 28 (Table 1).

In addition, lung fibrosis is sustained by mast cell protease Tryptase,
which stimulates the proliferation of fibroblasts resident in the lung and
induces collagen and fibronectin synthesis [46,47]. In our study,
throughout the whole experimental period, the Tryptase™ mast cells
were detected in WT and PTX3-KO, while they were significantly less
abundant in Tie2-PTX3 (Fig. 2) at all the time points investigated. A
fluctuating trend was shown in Tie2-PTX3 with a down-expression on
day 21 followed by an up-expression on day 28 at a level comparable to
WT (Table 1).

T cells can have a profibrotic or antifibrotic role and distinct mech-
anisms to regulate fibrosis [48]. Looking at CD4" and CD8" T cells, we

have found that their expression increases on day 14 compared with day
0 in all the experimental groups, but only for CD4" T cells in Tie2-PTX3
vs. WT and PTX3-KO there was a statistical significance (Fig. 3). On day
21, the PTX3 overexpression induced a reduction of both T cell sub-
populations compared to WT and PTX3-KO (Fig. 3 H). On the contrary,
in Tie2-PTX3, CD4 " and CD8™ infiltrates reincrease on day 28 (Fig. 3 K),
while they appear reduced in WT (Fig. 3 J). This trend shows
PTX3-mediated recruitment of T cells at the onset of fibrosis (day 14)
and during partial regression (day 28) (Table 1). Therefore, PTX3
overexpression at the peak of fibrosis (day 21) strongly reduces T cell
infiltrate (Fig. 3 H).

Because lung epithelial cells and fibroblasts play a crucial role in
lung repair and regeneration, we have also evaluated the expression of
the sex-determining region Y-box 2 (SOX2), a marker of conducting
airways basal cells [49-51], and CD44, a marker of profibrogenic
mesenchymal progenitor cells [52]. Our immunostaining for SOX2
(Fig. 4) showed significantly augmented SOX2" cells in WT and
PTX3-KO on days 14 and 21 compared with days 0 and 28. In contrast,
this staining was significantly reduced in Tie2-PTX3 (Fig. 4 E, H) at the
same time points, with significant enhancement on day 21 vs. day 14
(Table 1).

For CD44, the micrographs and the morphological evaluation dis-
played slightly increased CD44 ™" cells in Tie2-PTX3 (Fig. 5 E) compared
to PTX3-KO on day 14, and an evident reduction in Tie2-PTX3 compared
with WT (Fig. 5 G) and PTX3-KO (Fig. 5 I) at day 21 (Table 1).

Overall, our results demonstrated that PTX3 overexpression in the
BLM-induced murine model of IPF carries out a protective role in:
reducing CD68" and CD163" macrophage and the Tryptase™ mast cell
infiltrate in all phases of the disease; recruiting T cells at disease onset
and during partial regression, while diminishing T cells infiltrate at
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Table 1
Summary of the morphometric analysis performed following experimental groups.
Analysis Days EXPERIMENTAL GROUPS
WT Vs. Tie2-PTX3 VS. PTX3-KO

CD68 immunolabeling positivity 0 0.132777 + 0.0227588 0.1117087 + 0.0177514 0.1120454 + 0.0250986
14 0.5519618 + 0.0163222 0.0574406 + 0.0359285 0.5201463 + 0.0302643
21 0.4753507 + 0.0148447 ok 0.094429 + 0.025476 0.30039 + 0.0299993
28 0.2059916 + 0.0323563 ek 0.1017171 + 0.05361

CD163 immunolabeling positivity 0 0.1464194 + 0.0284938 ns 0.1294621 + 0.0217523 ns 0.1138886 + 0.0230739
14 0.6786044 + 0.0473531 ok 0.1300892 + 0.0404032 kil 0.7619488 + 0.0412854
21 0.4420173 + 0.038768 ek 0.1719378 + 0.0726428 e 0.3634561 + 0.0332614
28 0.400166 + 0.094758 * 0.3313563 + 0.0252598

Tryptase immunolabeling positivity 0 0.033081 + 0.017083 ns 0.0325731 + 0.0094755 ns 0.0373217 + 0.0123902
14 0.0858034 + 0.0141139 ok 0.0429984 + 0.0129094 i 0.0906 + 0.007418
21 0.078706 + 0.017762 ek 0.0150047 + 0.0078529 e 0.1058497 + 0.0036192
28 0.04275669 + 0.0200214 ns 0.0374736 + 0.017502

CD4 immunolabeling positivity 0 0.1063883 + 0.08252259 ns 0.09359024 + 0.03459115 ns 0.09561096 + 0.02513327
14 0.217349 + 0.05736352 0.594515 + 0.07186317 0.1442403 + 0.0853022
21 0.8434191 + 0.1476787 0.1015866 + 0.08344486 0.7012089 =+ 0.2002902
28 0.5504159 + 0.07375775 ns 0.6765916 + 0.07931086

CD8 immunolabeling positivity 0 0.2359972 + 0.0376369 ns 0.2757872 + 0.0641826 ns 0.2019811 + 0.0322504
14 0.4285995 + 0.0355274 ns 0.501625 + 0.0365747 ns 0.4191636 + 0.062666
21 0.8675922 + 0.1167428 xRk 0.0988997 + 0.0571437 HoRR 0.8268912 + 0.0670832
28 0.26617229 + 0.0363403 ns 0.2960518 + 0.0374027

SOX2 immunolabeling positivity 0 0.2913101 + 0.0423557 ns 0.3419417 + 0.0250514 ns 0.259676 + 0.0408797
14 0.6601425 + 0.0697052 xRk 0.4093736 + 0.070055 * 0.7522773 + 0.0543475
21 0.9258334 + 0.0949652 ek % 0.7688214 + 0.0415037 e x 0.961877 + 0.0997067
28 0.3685167 + 0.0501708 ns 0.4060492 + 0.024526

CD44 immunolabeling positivity 0 0.4685167 + 0.065273 ns 0.5227158 + 0.0738974 ns 0.4830887 + 0.064035
14 0.6034759 + 0.0675317 ns 0.5985847 + 0.0290075 0.5043649 + 0.0445696
21 0.6551668 + 0.0507363 ek 0.460311 + 0.058906 e x 0.686877 + 0.074675
28 0.3079768 + 0.0437652 0.1579998 + 0.0472571

The morphometric values are expressed as mean + SD (n = 6 for WT AND Tie2-PTX3; n = 4 for PTX3-KO) and have been utilized for the graphs in Fig. 1-7. Tukey’s

post-test was used to compare all groups after Two-way ANOVA and Spearman for correlation (ns, not significative; * p < 0.05;

disease peak; reducing SOX2 expression at disease onset and progres-
sion; reducing CD44" cells at disease peak (Table 2). Moreover, the
statistical correlation has shown a positive and moderate correlation
between CD44 and Tryptase and between SOX2 and CD8 expression
(Fig. 6) by profibrogenic mesenchymal progenitor cells, mast cells,
airway basal cells and T cells, respectively. At the same time, very strong
and positive was the correlation between CD44 and CD8 expression by
profibrogenic mesenchymal progenitor cells and T cells, respectively
(Fig. 6).

4. Discussion

The novelty of this study was to investigate, in the BLM-induced
murine model of IPF, the different effectors of immunity and tissue
repair/regeneration events under the influence of PTX3 overexpression
and deficiency in endothelial cells and stroma. We decided to select
PTX3 overexpression in endothelial cells and stroma only, instead of the
entire organism, in order to further investigate the role of endothelial
cells in inflammatory processes. It is suggested that PTX3 produced by
ECs and inflammatory cells may be affected by autocrine and paracrine
ways, immune, lung epithelium and fibroblasts/myofibroblasts cells.
For instance, PTX3 can bind various fibroblast growth factors (FGFs),
inhibiting FGF-dependent angiogenesis [53] or FGF2-dependent smooth
muscle cell proliferation, suppressing the mitogenic and chemotactic
activity exerted on these cells [54].

Here, we have made a picture of the lung microenvironment of the
BLM-induced pulmonary fibrosis mouse model by looking at macro-
phages, mast cells, and T cells during different stages of the disease.
Moreover, we have looked at the transcription factor SOX2 and the
adhesion-molecule promoting cell migration CD44, because they are
involved in lung fibrosis after epithelial cell injury [49]. We took
advantage of two transgenic mouse models, Tie2-PTX3 and PTX3-KO
mice, to indirectly correlate the PTX3 expression effect to microenvi-
ronment cell composition.

p < 0.0001).

In agreement with our data, in BLM-induced lung fibrosis mice,
CD163" macrophages (M2-like) are reported to increase progressively,
along with collagen deposition, until the maximum level on day 14 [55,
56]. Based on the literature and our data, PTX3 constitutive over-
expression could reduce macrophage recruitment/activation/repolari-
zation in the Tie2-PTX3 experimental model. The reduced number of
macrophages at fibroblastic foci and during all the disease progression
under PTX3 overexpression could reduce the accumulation/release of
profibrotic mediators, which stimulate fibroblast proliferation and
collagen synthesis/deposition, by CD163" cells [57,58] in order to
accelerate the resolution of inflammation. Future in-depth analyses are
required to clarify whether PTX3 mediates these effects by blocking the
recruitment, promoting apoptosis, or inhibiting the polarization of M2
macrophages or by a combination of these mechanisms. However, some
studies demonstrated that PTX3 is involved in regulating macrophage
activity. In fact, Shiraki et al. showed that PTX3 exposure significantly
reduced macrophage IL-1p, TNF-a and MCP-1 levels, on the other hand
increasing TGF— f levels. Moreover, PTX3 induced Akt phosphorylation
and reduced nuclear factor-kappa B (NF-kB) activation in macrophages
[59]. This evidence may explain the protective role exerted by PTX3
overexpression by reducing the levels of proinflammatory cytokines
through specific intracellular pathways.

PTX3 overexpression shapes also mast cell infiltrate in the lung
microenvironment. Based on our observations, we may assert that in the
Tie2-PTX3 experimental model, PTX3 constitutive overexpression re-
duces Tryptase™ mast cell recruitment/activation, which in turn reduces
the activation/recruitment of CD44" myofibroblasts at fibroblastic foci
as annotated by a pathologist [60]. Increased numbers of mast cells in
pulmonary fibrosis [61] and clinical correlations between mast cells and
fibrosis have been reported [62]. As demonstrated in prostate carci-
noma, PTX3 may act by sequestering FGF2 and thereby blocking the
capacity of mast cells to respond chemotattically to FGF2 [53].

It is now evident the role of T cells in fibrotic progression [63-69]. In
lung biopsies of IPF patients, CD8" T cells are distributed more diffusely
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Fig. 3. PTX3 overexpression supports CD4" T cell infiltration in BLM-induced lung fibrosis at the onset and hampers CD8" T cell infiltration in BLM-induced lung
fibrosis at the peak of fibrosis. CD4" and CD8" T cells in the lungs of WT, Tie2-PTX3 and PTX3-KO mice, treated with BLM and sacrificed at different time points,
were evaluated by immunohistochemistry and were estimated as a percentage on digital quantification within ROIs using the positive pixel count algorithm.
Micrograph and immunostaining quantification show a significantly higher CD4" T cells infiltrate in mice overexpressing PTX3 (Tie2-PTX3; E) compared with WT
(D) and PTX3-KO (F) at Day 14, while it decreases at the peak of fibrosis, Day 21 (H), to reincreases later at partial fibrosis regression, Day 28 (K). For CD4, significant
variations (L) were found in the same Tie2-PTX3 on Day 14 (E) vs. Day 21 (H) vs. Day 28 (K) (p < 0.0001). Micrograph and immunostaining quantification show
significantly lower CD8™ T cells infiltrate in mice overexpressing PTX3 (Tie2-PTX3; T) compared with WT (S) and PTX3-KO (U) at the peak of fibrosis, Day 21, while
no significant differences are among all the experimental groups at Day 14 (P-R) and Day 28 (V, W).Data are reported as means + SD, and the Tukey post-test was
used to compare all groups after Two-way ANOVA. N = 6 mice for WT and Tie2PTX3 at 14, 21 and 28 days; N = 4 for PTX3-KO at 14 and 21 days; 6 or 4 mice x 3
sections each x 3 microscope layers each underwent morphometric analysis; Scale bar = 25 um; * ** *p < 0.0001.
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Fig. 4. PTX3 overexpression hampers the self-renewal associated transcription factor SOX2 expression in BLM-induced lung fibrosis. SOX2" stem cells in the lungs of
WT, Tie2-PTX3 and PTX3-KO mice, treated with BLM and sacrificed at different time points, were evaluated by immunohistochemistry and were estimated as a
percentage on digital quantification within ROIs using the positive pixel count algorithm. Micrograph and immunostaining quantification show significantly lower
SOX2" stem cell extent in mice overexpressing PTX3 (Tie2-PTX3; E, H) compared with WT (D, G) and PTX3-KO (F, I) at the onset, Day 14 (D-F), and at the peak of
fibrosis, Day 21 (G-I). Significant variations (L) were found in the same Tie2-PTX3 group on Day 14 (E) vs. Day 21 (H) (p < 0.0001), and on Day 21 (H) vs. Day 28 (K)
(p < 0.0001). Data are reported as means + SD, and the Tukey post-test was used to compare all groups after Two-way ANOVA. N = 6 mice for WT and Tie2PTX3 at
14, 21 and 28 days; N = 4 for PTX3-KO at 14 and 21 days; 6 or 4 mice x 3 sections each x 3 microscope layers each underwent morphometric analysis; Scale bar

= 25 pum; * ** *p < 0.0001.

throughout the lung parenchyma and alveolar walls, associated with
dyspnoea degree and functional parameters of disease severity [70]. In
the BLM-induced pulmonary fibrosis model, CD8" T cells differentiate
into profibrotic IL-13-producing Tc2 cells [70,71]. Furthermore, CD8' T
cells in the fibrotic tissues of IPF can differentiate into cells that release
IFN-y but not IL-4, favorable for fibrosis reduction, and cells that pro-
duce IL-4 but not IFN-y, stimulating fibrosis [72]. PTX3 inhibits the
cross-presentation of apoptotic-cell-derived antigens to CD8" T cells
[73], while its lack promotes autoimmune lung disease in a murine
model of systemic lupus erythematosus [74]. In cutaneous Leishmani-
asis, using a loss-of-function approach and in vitro experiments, it was
demonstrated that PTX3 is a negative regulator of Th17, but does not
affect Thl polarization [75]. According to this crucial but controversial
involvement of T cells in fibrotic progression and of PTX3 in regulating T
cell, our results in Tie2-PTX3 experimental model demonstrated that
PTX3 constitutive overexpression shapes CD4" and CD8" T cells
recruitment/activation from disease onset to the regression phase but
with a fluctuating trend probably due to a different activation of the
different subtypes of T cell or to the release of different cytokines based
on disease stage, lung parenchyma localization (epithelial cell or
fibroblast/myofibroblast), or microenvironment (inflammatory or
immunosuppressive) [76]. Further in-depth analyses concerning cyto-
kines and generating polarized antigen-specific T cell effector pop-
ulations will be necessary.

IPF has always been considered a fibroblast-driven disease. Howev-
er, recent evidence demonstrated that it would be better to describe
pathogenetically as an epithelium-driven disease in which dysfunc-
tional, aging or microinjuried lung epithelial cells cannot sustain lung
regeneration. The shift from regeneration to fibrosis results from the

imbalance between profibrotic and antifibrotic pathways, which leads to
chronic fibroblastic proliferation and collagen deposition [77]. In this
more complex and better understood pathogenetic context, IPF may be a
disease resulting from exhaustion of epithelial stem cells pool, conse-
quently failing proper repair and instead leading to fibrotic scarring as
pathological wound healing. Therefore, we studied the expression of
SOX2, a marker of conducting airways basal cells [49-51], and CD44, a
marker of pro-fibrogenic mesenchymal progenitor cells [52].

In agreement with the recent literature [50,78,79], that demon-
strates a loss of normal regional proximal-peripheral cellular identity,
leading to a loss of the normal proximal-peripheral differentiation of
pulmonary epithelial cells and, as a consequence, to the disruption of
alveolar structure, we observed a reduced amount of SOX2™ epithelial
cells and fibroblast-associated stem cells under PTX3 overexpression
highlighting the protective role exerted by PTX3 and suggesting a
possible beneficial effect in preventing cellular identity loss, alveolar
structure disruption and fibrosis deposition. Moreover, in our study, the
effects of PTX3 on reducing SOX2 expression seemed to be long-term. In
fact, in Tie2-PTX3, we observed that SOX2 expression increases on day
21 compared to day 14, then decreases again. These data possibly sug-
gest that chronic exposure to high levels of PTX3 may also overcome
other pathways responsible for the alternative expression of SOX2 in
lung epithelial cells, durably counteracting abnormal lung epithelial cell
remodeling and alveolar disruption, also preventing
fibroblast-associated stem cell acquisition and collagen synthesis in the
lung.

The hyaluronic acid receptor CD44 is expressed by fibroblasts and
epithelial cells in the lungs and is upregulated in radiation- and
bleomycin-induced pulmonary fibrosis [57,80]. A recent study revealed
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Fig. 5. PTX3 overexpression hampers the stem cell CD44 marker expression in BLM-induced lung fibrosis. CD44" stem cells in the lungs of WT, Tie2-PTX3 and PTX3-
KO mice, treated with BLM and sacrificed at different time points, were evaluated by immunohistochemistry and were estimated as a percentage on digital
quantification within ROIs using the positive pixel count algorithm. Micrograph and immunostaining quantification show a significantly lower CD44" stem cell
extent in mice overexpressing PTX3 (Tie2-PTX3; E, H, K) compared with WT (G, J) and PTX3-KO (F, I) at the onset, Day 14 (E, F), and at the peak of fibrosis, Day 21
(G-D). Significant variations (L) were found in the same Tie2-PTX3 group on Day 14 (E) vs. Day 21 (H) (p = 0.0004), and on Day 21 (H) vs. Day 28 (K) (p < 0.0001).
Data are reported as means + SD, and the Tukey post-test was used to compare all groups after Two-way ANOVA. N = 6 mice for WT and Tie2PTX3 at 14, 21 and 28
days; N = 4 for PTX3-KO at 14 and 21 days; 6 or 4 mice x 3 sections each x 3 microscope layers each underwent morphometric analysis; Scale bar = 25 um;

*p <0.05 *; * ** *p < 0.0001.

that some mesenchymal progenitor cells (MPCs) show an increased
CD44 expression and are the drivers of progressive fibrosis in IPF.
CD44-high MPCs are present at the periphery of the IPF fibroblastic foci,
inregions of active fibrogenesis, and have been demonstrated to be more
fibrogenic than CD44-low IPF MPCs. Moreover, CD44 may accumulate
within the nucleus as part of a nuclear protein complex that targets the
SOX2 gene, promoting its upregulation [52]. CD44 is a PTX3
direct-binding receptor [81] and PTX3/CD44 pathway contributes to
myofibroblast differentiation and lung fibrosis via PI3K-AKT1, NF-kB,
and JNK intracellular signaling [82]. Therefore, based on the literature
and our results, we may assert that PTX3 overexpression can reduce
CD44 expression in MPCs during disease progression and not at disease
onset, counteracting their differentiation into fibrogenic IPF MPCs and
preventing uncontrolled and irreversible collagen deposition, which is
responsible for the propagation of fibrosis and clinical progression of
IPF. In fact, during the first phases of the disease, the main pathogenetic
processes are epithelial injury and inflammatory infiltration, while
fibrosis intervenes later and is a consequence of ineffective epithelial
regeneration and repair.

5. Limitations of the study and its methodology

In this study, we build on a previous study to characterize the effects
of PTX3 genetic overexpression and genetic depletion on the phenotypes
of immune cells infiltrating the lung in the bleomycin injury model. The
results demonstrated that PTX3 shapes profibrotic immune cells and
epithelial/fibroblast repair and regeneration in a murine model of pul-
monary fibrosis.

The main body of the presented data was derived using the

immunohistochemical approach for characteristic markers of T cells,
macrophages, mast cells, lung epithelium and fibroblasts/myofibro-
blasts. The whole-slide scanning Aperio platform was used at 40x
magnification, and analyses were performed using the robust digital
quantification Aperio Positive Pixel Count algorithm of the ImageScope
analysis software [83,84]. The dataset presented in this study is volu-
minous, and the presentation of the findings is sufficiently systematic.
The major strengths are the parallel use of wild-type, PTX-over-
expressing and PTX3-deficient mice and the evaluation of the immu-
nohistochemistry reactions by an expert pathologist. Despite the
considerable amount of qualitative and quantitative data presented, the
comparison across these three groups of animals allows for mechanistic
conclusions and presents some limitations.

While robust digital quantification exists, this relies solely on a single
biomarker to determine cell types and, therefore, can lead to inaccura-
cies. Single-cell sequencing, flow cytometry, additional cell-specific
markers, or other detailed quantitative experimental approaches could
have more robustly confirmed the results. However, several studies use
immunohistochemical evaluation as a sufficient rationale (e.g. for CD4
and CD8 are employed to conclude about T cell numbers [85,86]), and
this histopathological approach gives information about the type of cells
present and further information regarding the localization of these cells
and the relationship with other surrounding cells.

Concerning the mouse model, histologically, the changes in the lungs
in the bleomycin model are quite different from the lungs of patients
with IPF [87], as is the entire course of the disease. This model is still
informative and valuable, but the conclusions should not be expanded to
human disease without direct experimental confirmation.
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Table 2
Summary of the morphometric analysis performed following experimental time.
Analysis Experimental EXPERIMENTAL TIME
group
Day 0 vs. Day 14 Vs Day 21 vs. Day 28
CD68 immunolabeling WT 0.132777 ek x 0.5519618 o 0.4753507 e 0.2059916
positivity + 0.0227588 + 0.0163222 + 0.0148447 + 0.0323563
Tie2-PTX3 0.111708 * 0.0574406 ns 0.094429 ns 0.1017171
+ 0.0177514 + 0.0359285 + 0.025476 + 0.05361
PTX3-KO 0.112045 xR 0.5201463 ket 0.30039 e
+ 0.0250986 + 0.0302643 + 0.0299993
CD163 immunolabeling WT 0.1464194 ek 0.6786044 i 0.4420173 ns 0.400166
positivity + 0.0284938 + 0.0473531 + 0.038768 + 0.094758
Tie2-PTX3 0.1294621 ns 0.1300892 ns 0.1719378 e 0.3313563
+ 0.0217523 + 0.0404032 + 0.0726428 + 0.0252598
PTX3-KO 0.1138886 ek 0.7619488 e 0.3634561 *
+ 0.0230739 + 0.0412854 + 0.0332614
Tryptase immunolabeling WT 0.033081 *xkx o 0.0858034 ns 0.078706 el 0.04275669
positivity + 0.017083 + 0.0141139 + 0.017762 + 0.0200214
Tie2-PTX3 0.0325731 ns 0.0429984 * 0.0150047 0.0374736
+ 0.0094755 + 0.0129094 + 0.0078529 + 0.017502
PTX3-KO 0.0373217 i 0.0906 + 0.007418 ns 0.1058497 k%
+ 0.0123902 + 0.0036192
CD4immunolabeling WT 0.1063883 ns 0.217349 x ok 0.8434191 xR 0.5504159
positivity + 0.08252259 + 0.05736352 + 0.1476787 + 0.07375775
Tie2-PTX3 0.09359024 ek 0.594515 ok 0.1015866 ek 0.6765916
+ 0.03459115 + 0.07186317 + 0.08344486 + 0.07931086
PTX3-KO 0.09561096 ns 0.1442403 ek x 0.7012089 k%
+ 0.02513327 + 0.0853022 + 0.2002902
CD8 immunolabeling WT 0.2359972 ek x 0.4285995 ok 0.8675922 ok 0.26617229
positivity + 0.0376369 + 0.0355274 +0.1167428 + 0.0363403
Tie2-PTX3 0.2757872 ok 0.501625 x ek 0.0988997 ok 0.2960518
+ 0.0641826 + 0.0365747 + 0.0571437 + 0.0374027
PTX3-KO 0.2019811 xRk 0.4191636 x ok 0.8268912 x ok
+ 0.0322504 + 0.062666 + 0.0670832
SOX2 immunolabeling WT 0.2913101 ek x 0.6601425 ok 0.9258334 ok 0.3685167
positivity + 0.0423557 + 0.0697052 + 0.0949652 + 0.0501708
Tie2-PTX3 0.3419417 ns 0.4093736 x ok 0.7688214 x ok 0.4060492
+ 0.0250514 + 0.070055 + 0.0415037 + 0.024526
PTX3-KO 0.259676 xR 0.7522773 e 0.961877 xR
+ 0.0408797 + 0.0543475 + 0.0997067
CD44 immunolabeling WT 0.4685167 il 0.6034759 ns 0.6551668 ek 0.3079768
positivity + 0.065273 + 0.0675317 + 0.0507363 + 0.0437652
Tie2-PTX3 0.5227158 ns 0.5985847 x o 0.460311 ok 0.1579998
+ 0.0738974 + 0.0290075 + 0.058906 + 0.0472571
PTX3-KO 0.4830887 ns 0.5043649 e 0.686877 ek
+ 0.064035 + 0.0445696 + 0.074675

The morphometric values are expressed as mean + SD (n = 6 for WT AND Tie2-PTX3; n = 4 for PTX3-KO) and have been utilized for the graphs in Fig. 1-7. Tukey’s
post-test was used to compare all groups after Two-way ANOVA and Spearman for correlation (ns, not significative; * p < 0.05; **p < 0.01; ***p < 0.001; ***=

p < 0.0001).

6. Conclusions

Clinical management of IPF remains a major challenge in the absence
of validated diagnostic tools and disease progression/activity criteria
[88]. Furthermore, IPF has few therapeutic options, and lung trans-
plantation represents the only curative option currently available, with
an elevated risk of recurrence. Treatments that can stop or reverse the
lungs’ scarring are surely needed to prevent disrupted epithelial
regeneration and consequent progressive and irreversible collagen
deposition. Therefore, a better understanding of IPF pathogenic mech-
anisms, particularly of the complex microenvironment of the lung, is
essential to identify new therapeutic targets and surrogate markers that
could serve diagnostic purposes. Our observational results of the effect
of PTX3 overexpression and deficiency on the pulmonary microenvi-
ronment at 14 (disease onset), 21 (disease peak) and 28 (disease
regression) days of disease corroborate the protective role of PTX3 and
lays the foundations for the deepening of the mechanisms of action of
PTX3 on cellular and non-cellular components of the pulmonary
microenvironment in BLM-treated mice. The role of PTX3 on profibrotic
immune cells and epithelial/fibroblast repair and regeneration actors in
a murine model of pulmonary fibrosis might represent a model to un-
derstand better the pro-immune and -fibrogenic microenvironment

involved in the coordination of the cross-talks among MPCs, fibroblasts,
macrophages, mast cells and T cells in order to prevent fibrosis in
BLM-treated mice. Further studies will be necessary to translate these
results into humans and better understand how PTX3 acts on microen-
vironment cells during lung fibrosis (for example, which cell signaling
mechanisms are activated or suppressed?).
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