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Abstract 31 

Streptococcus pneumoniae is a major pathogen in children, elderly subjects and 32 

immunodeficient patients. PTX3 is a fluid phase pattern recognition molecule (PRM) 33 

involved in resistance to selected microbial agents and in regulation of inflammation. The 34 

present study was designed to assess the role of PTX3 in invasive pneumococcal infection. In 35 

a murine model of invasive pneumococcal infection, PTX3 was strongly induced in non-36 

hematopoietic (particularly, endothelial) cells. The IL-1β/MyD88 axis played a major role in 37 

regulation of the Ptx3 gene expression. Ptx3
-/-

 mice were more susceptible to invasive 38 

pneumococcal infection. Although high concentrations of PTX3 had opsonic activity in vitro, 39 

no evidence of PTX3-enhanced phagocytosis was obtained in vivo. In contrast, Ptx3-deficient 40 

mice showed enhanced recruitment of neutrophils and inflammation. Using P-selectin 41 

deficient mice, we found that protection against pneumococcus was dependent upon PTX3-42 

mediated regulation of neutrophil inflammation. In humans, PTX3 genetic polymorphisms 43 

were associated with invasive pneumococcal infections. Thus, this fluid phase PRM plays an 44 

important role in tuning inflammation and resistance against invasive pneumococcal 45 

infection. 46 

  47 
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Introduction 48 

Streptococcus pneumoniae (or pneumococcus) is a major leading cause of bacterial 49 

pneumonia, meningitis and sepsis in children, elders and immunodeficient patients. This 50 

pathogen is estimated to be responsible for most of the lower respiratory infections, causing 51 

around 1.18 million deaths annually worldwide (Troeger et al., 2018). Despite the widespread 52 

use of pneumococcal conjugate vaccines and antibiotic treatments, the combination of high 53 

carriage rate, ability to become pathogenic to the host, and genetic adaptability, make 54 

pneumococcus a significant cause of community- and hospital-acquired infections (Weiser et 55 

al., 2018). Since 2017, S. pneumoniae is classified as one of the 12 priority pathogens by 56 

World Health Organization.  57 

S. pneumoniae is a Gram-positive extracellular opportunistic pathogen which 58 

colonizes the respiratory mucosa of the upper respiratory tract. Depending on the virulence 59 

factors expressed by the pathogen and host factors, the disease can evolve to pneumococcal 60 

invasive infection, where pneumococcus invades the lower respiratory tract and translocates 61 

through the blood stream into the systemic compartment (Weiser et al., 2018). The 62 

introduction over the years of pneumococcal vaccines able to protect against a variable and 63 

increasing number of different serotypes has been able to reduce the impact of the infection in 64 

susceptible populations (Tin Tin Htar et al., 2019; Troeger et al., 2018). However, for some 65 

serotypes available vaccines confer limited protection only. In particular, it has been reported 66 

that the 13-valent pneumococcal conjugate vaccine (Tin Tin Htar et al., 2019) fails to reduce 67 

the risk of infection by serotype 3, which associated with a complicated disease course and 68 

increased risk of death (Weinberger et al., 2010). 69 

As a first line of defense against respiratory pathogens, innate immune Pattern 70 

Recognition Molecules (PRMs) recognize microbial components and modulate immune 71 

response to control infections. Among conserved fluid phase PRMs, Pentraxin 3 (PTX3), is a 72 
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member of the pentraxin family characterized by multifunctional properties, including 73 

regulation of innate immunity during infections (Garlanda et al., 2018). PTX3 is expressed by 74 

various hematopoietic and non-hematopoietic cells in response to microbial moieties and 75 

inflammatory cytokines (i.e IL-1β and TNF), and has been associated with the control of 76 

various infections by promoting different anti-microbial mechanisms. Indeed, PTX3 77 

participates directly to the elimination of selected microorganisms by promoting 78 

phagocytosis, activating the complement cascade and as a component of Neutrophil 79 

Extracellular Traps (NET) (Daigo et al., 2012; Jaillon et al., 2014, 2007; Moalli et al., 2010; 80 

Porte et al., 2019). Furthermore PTX3 modulates tissue remodeling (Doni et al., 2015) and 81 

inflammation by tuning complement activation and P-selectin-dependent transmigration 82 

(Deban et al., 2010; Lech et al., 2013), both involved in neutrophil recruitment and in the 83 

evolution of respiratory tract infections (Quinton and Mizgerd, 2015).  84 

In humans, PTX3 plasma levels increase in the context of inflammation and selected 85 

infectious diseases, including pneumococcal pathologies (i.e community-acquired pneumonia, 86 

ventilator associated pneumonia, pneumococcal exacerbated chronic obstructive pulmonary 87 

disease), correlating with the severity of the disease and predicting the risk of mortality 88 

(Bilgin et al., 2018; Kao et al., 2013; Mauri et al., 2014; Porte et al., 2019; Saleh et al., 2019; 89 

Shi et al., 2020; Siljan et al., 2019; Thulborn et al., 2017). Single nucleotide polymorphisms 90 

(SNPs) in the PTX3 gene have been associated with patient susceptibility to respiratory 91 

infections (Brunel et al., 2018; Chiarini et al., 2010; Cunha et al., 2015, 2014; He et al., 2018; 92 

Olesen et al., 2007; Wójtowicz et al., 2015). 93 

The involvement of PTX3 in the control of selected respiratory pathogens and in the 94 

modulation of infection prompted us to investigate the role of this molecule in the control of 95 

pneumococcal infections. In a murine model of invasive pneumococcal infection, we 96 

observed that PTX3 genetic deficiency is associated with higher susceptibility to infection and 97 
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higher respiratory tract inflammation. We also observed that PTX3, mainly produced by 98 

stromal non-hematopoietic cells during pneumococcal infection, modulates neutrophil 99 

recruitment by dampening P-selectin dependent neutrophil migration. Hence, PTX3 plays a 100 

non-redundant role in the control of S. pneumoniae infection, modulating neutrophil 101 

associated respiratory tissue damage and pneumococcal systemic dissemination. 102 

 103 

Results 104 

PTX3 expression during Pneumococcal invasive infection  105 

In order to define the relevance of PTX3 in pneumococcal respiratory disease, we first 106 

investigated whether the protein is induced during infection. Thus, we used a murine model of 107 

pneumococcal invasive infection induced by S. pneumoniae serotype 3. Mice were challenged 108 

intranasally with 5x10
4
 CFU and sacrificed at different time points. As already described, 109 

S. pneumoniae serotype 3 causes bacterial colonization of the respiratory tract, then 110 

disseminates through the blood circulation and infects other organs like the spleen, resulting 111 

in death within 3 to 4 days (Figure S1A-B) (de Porto et al., 2019). As early as 6h post-112 

infection, we detected a local expression of PTX3 in the alveolar compartment near the 113 

pulmonary veins (Figure 1A-B). At 12h post-infection, we were able to detect the PTX3 114 

specific staining by the endothelial cells in the area where we can appreciate inflammatory 115 

cells infiltration. This association was confirmed 24h post-infection, when a strong PTX3 116 

staining was present near the recruitment site of inflammatory cells forming inflammatory 117 

foci (Figure 1A). The kinetic of PTX3 production was confirmed by the quantification of 118 

PTX3
+
 area (Figure 1B) and by analysis of mRNA in the lung (Figure S1C). Interestingly, 119 

local and systemic production of PTX3 was strongly induced by the infection during the 120 

disseminating phase (Figure 1C). During this invasive infection we observed that Ptx3 was 121 
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upregulated mainly in the lung, aorta and heart, while other organs like brain, kidneys and 122 

liver did not show higher Ptx3 expression compared to the uninfected mice (Figure S1D). 123 

 124 

Figure 1. Invasive pneumococcal infection induces PTX3 expression. 125 

WT mice were infected intranasally with 5x10
4
 CFU of S. pneumoniae serotype 3 and 126 

sacrificed at the indicated time points for tissue collection. (A-B) Immunohistochemical 127 

analysis and quantification of PTX3 expression in lung sections (magnification x10) from 128 

uninfected mice and mice sacrificed 6h, 12h and 24h post-infection (n=3-6). (A) One 129 
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representative images of at least three biological replicates for each condition is reported. 130 

Inflammatory cell infiltrates are indicated by arrows. (B) Sections were scanned and analyzed 131 

to determine the percentage of PTX3
+
 area at the indicated time points. (C) PTX3 protein 132 

levels determined by ELISA in serum and lung homogenates collected at the indicated time 133 

points (n=4-10). Results are reported as mean ± SEM. Statistical significance was determined 134 

using the Mann-Whitney test comparing results to uninfected mice (φ or *P<0.05 and 135 

**P<0.01).  136 

 137 

Induction of PTX3 by IL-1β during S. pneumoniae infection 138 

PTX3 has been described to be induced by primary inflammatory cytokines in 139 

particular IL-1β (Garlanda et al., 2018; Porte et al., 2019). In this pneumococcal invasive 140 

infection model we observed a rapid induction of IL-1 β (Figure 2A), and a strong correlation 141 

between the levels of IL-1β expressed in the respiratory tract with the levels of lung PTX3 142 

(Figure 2B). Moreover, Il1r
-/-

 mice infected by S. pneumoniae showed lower PTX3 levels, 143 

locally and systemically (i.e in the lung and the serum respectively) (Figure 2C-D). 144 

S. pneumoniae infected Myd88
-/- 

mice were not able to produce PTX3 in the lung and 145 

presented the same impairment of PTX3 production as Il1r
-/-

 mice (Figure 2C-D). These data 146 

suggest that IL-1β is a major driver of PTX3 during pneumococcal infection. 147 

 148 
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149 
Figure 2. Role of IL-1β in induction of PTX3 during S. pneumoniae infection.  150 

WT mice were infected intranasally with 5x10
4
 CFU of S. pneumoniae serotype 3 and 151 

sacrificed at the indicated time points for tissue collection. (A) IL-1β protein levels in lung 152 

homogenates collected at the indicated time points determined by ELISA (n=3-4). (B) 153 

Correlation between PTX3 and IL-1β protein levels in lung homogenates of all infected mice 154 

sacrificed from 2h to 48h post-infection (data pooled from 5 independent experiments, n=60). 155 

PTX3 protein levels determined by ELISA in lung homogenates (C) and serum (D) collected 156 

36h post-infection in WT, Il1r
-/-

 and Myd88
-/-

 mice (n=7-8). Results are reported as mean ± 157 
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SEM. Statistical significance was determined using the Mann-Whitney test comparing results 158 

to uninfected mice (A-B) or the non-parametric Krukal-Wallis test with post-hoc corrected 159 

Dunn’s test comparing means to WT infected mice (C-D) (*P<0.05, ***P<0.001 and 160 

****P<0.0001). 161 

 162 

Non-hematopoietic cells are a major source of PTX3 during pneumococcal infection  163 

It has been previously reported that neutrophils contain preformed PTX3, representing 164 

an important source of the protein, rapidly released in response to proinflammatory cytokines 165 

or microbial recognition (Jaillon et al., 2007). In agreement, we observed that human 166 

neutrophils can release PTX3 upon stimulation with S. pneumoniae (Figure S2A). To 167 

investigate the involvement of neutrophils in the production of PTX3 in our model, we used 168 

mice lacking granulocyte colony-stimulating factor receptor (Csf3r
-/-

). These mice are 169 

characterized by chronic neutropenia, granulocyte and macrophage progenitor cell deficiency 170 

and impaired neutrophil mobilization (Liu et al., 1996; Ponzetta et al., 2019). Following 171 

pneumococcal infection, Csf3r
-/-

 mice presented lower levels of myeloperoxidase (MPO), a 172 

marker of neutrophil recruitment, in lung homogenates at 36h post-infection (Figure S2B). By 173 

contrast, even though these mice presented a lower amount of neutrophils recruited in 174 

response to the infection, they expressed the same pulmonary levels of PTX3 as WT mice 175 

(Figure S2B). These results suggest that neutrophils are not the main source of PTX3 in our 176 

murine model of pneumococcal invasive infection.  177 

Since PTX3 can be produced by hematopoietic and non-hematopoietic cells, bone 178 

marrow chimeras were used to evaluate the cellular compartment responsible for PTX3 179 

production. During pneumococcal infection, we did not observe any difference in the levels of 180 

PTX3 in the respiratory tract and in the serum of WT mice receiving bone marrow from Ptx3
-181 

/- 
or WT animals, while no PTX3 was measured in Ptx3

-/-
 mice receiving WT or Ptx3

-/- 
 bone 182 
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marrow (Figure 3A-B). These results suggest that PTX3 is mainly produced by the non-183 

hematopoietic compartment after pneumococcal infection. Endothelial cells were described as 184 

an important source of PTX3 (Garlanda et al., 2018), thus we evaluated their contribution to 185 

PTX3 production during pneumococcal infection. To this aim we crossed conditional Ptx3 186 

deficient mice (Ptx3LoxP
+/+

) with Cdh5-Cre mice to generate animals with the deletion of 187 

PTX3 in endothelial cells. When Ptx3LoxP
+/+

/Cdh5Cre
+/+

 mice were infected with 188 

S. pneumoniae, they presented approximately 50% reduction of PTX3 levels compared to 189 

PTX3-competent mice (Figure 3C-D). In-vitro experiments confirmed the ability of both 190 

murine and human endothelial cells to produce PTX3 after stimulation with S. pneumoniae 191 

(Figure S2C). Thus, in our setting, non-hematopoietic cells, mainly endothelial cells, are a 192 

major source of PTX3. 193 
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 194 

Figure 3. Non-hematopoietic cells are a major source of PTX3 during pneumococcal 195 

infection. 196 

Mice were infected intranasally with 5x10
4
 CFU of S. pneumoniae serotype 3 and sacrificed 197 

at 36h post-infection for tissue collection. (A-B) PTX3 protein levels determined by ELISA in 198 

lung homogenates (n=12-14, A) and serum (n=6, B) from chimeric mice. The experiment was 199 
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repeated a second time with similar results. (C-D) PTX3 protein levels determined by ELISA 200 

in lung homogenates (C) and serum (D) collected from Ptx3LoxP
+/+

Cdh5-cre
-/-

, 201 

Ptx3LoxP
+/+

Cdh5-cre
+/+

 (n=10-13). Results are reported as mean ± SEM; PTX3 detection 202 

limit is 2 ng/ml in lung homogenates (A) and 0.25 ng/ml in serum (B) and is represented by a 203 

dotted line. Statistical significance was determined using the non-parametric Krukal-Wallis 204 

test with post-hoc corrected Dunn’s test comparing means to the WT recipient mice 205 

reconstituted with WT bone marrow (A-B) or the Mann-Whitney test (C-D) (*P<0.05, 206 

**P<0.01, ***P<0.001 and **** P<0.0001). 207 

 208 

Non-redundant role of PTX3 in resistance to pneumococcal infection. 209 

Next we evaluated the role of PTX3 in resistance against pneumococcus. When Ptx3
-/-

 210 

mice were infected with S. pneumoniae (5x10
4
 CFU), a significant increase of the bacterial 211 

load in the lung was observed during the invasive phase of infection (i.e. 36h post-infection), 212 

compared to WT mice (Figure 4A). Defective local control of bacterial growth was associated 213 

to an increase of bacterial load in the systemic compartment (Figure 4B). Interestingly there 214 

was no difference at earlier time points (i.e. 18h post-infection, Figure S3A), suggesting that 215 

PTX3 exerted a role in the control of pneumococcal infection mainly during the invasive 216 

phase. Using a bacterial dose (5x10
3
 CFU) inducing around 30% mortality in WT animals, 217 

Ptx3
-/-

 mice showed a significant higher mortality (83.3%; P<0.001) (Figure 4C). The 218 

phenotype described so far is not restricted to serotype 3 pneumococcus. In fact, when mice 219 

were infected with S. pneumoniae serotype 1, we observed a strong PTX3 production during 220 

the invasive phase of the infection (Figure S3B) and a correlation with IL-1β levels (Figure 221 

S3C). Ptx3
-/-

 mice infected by serotype 1 presented a higher sensitivity to the infection 222 

compared to WT animals, with a higher number of bacteria at the local site of infection and 223 

also in the systemic compartment 24h post-infection (Figure S3D-E). Thus, in the applied 224 
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model of S. pneumoniae infection, the protection conferred by PTX3 is not limited to serotype 225 

3, and embraces other bacterial serotypes of clinical relevance, including serotype 1. 226 

Systemic administration of recombinant PTX3 to Ptx3
-/-

 mice rescues the phenotype. 227 

As reported in Figure 4D, PTX3 administration in Ptx3
-/-

 mice reduced lung colonization to 228 

the same level observed in WT mice. We then evaluated the antibacterial activity of PTX3 on 229 

S. pneumoniae serotype 3. WT animals were treated locally with 1µg of recombinant protein 230 

before infection or 12h post-infection. Under both conditions we observed a significant 231 

reduction (44% and 57% respectively; P<0.01) of the pulmonary bacterial load compared 232 

with the CFU found in mice treated with vehicle alone (Figure 4E). 233 

 234 
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Figure 4. Defective resistance of PTX3-deficient mice to invasive pneumococcal 235 

infection. 236 

Mice were infected intranasally with different doses of S. pneumoniae serotype 3 and 237 

sacrificed at the indicated time points for tissue collection. (A-B) WT and Ptx3
-/-

 mice were 238 

infected with 5x10
4
 CFU and bacterial load in lung (A) and spleen (B) was analyzed at 36h 239 

post-infection (data pooled from 2 independent experiments, n=16-21). (C) Survival of WT 240 

and Ptx3
-/-

 mice (data pooled from 2 independent experiments, n=18) was monitored every 6h 241 

after infection with 5x10
3
 CFU. (D) Bacterial load was analyzed in lungs collected 36h post-242 

infection from WT, Ptx3
-/-

 and Ptx3
-/-

 mice treated intraperitoneally with recombinant PTX3 243 

(10µg/100µl) before the infection and 24h post-infection (n=18-23). (E) Bacterial load in 244 

lungs collected 36h post-infection from WT mice treated intranasally before the infection 245 

(prophylaxis, data pooled from 2 independent experiments, n=22-26) or 12h post-infection 246 

(treatment, data pooled from 3 independent experiments, n=37-40) with 1µg/30µl of 247 

recombinant PTX3 or PBS. Results are reported as median. CFU detection limits in the spleen 248 

is 5 CFU represented by a dotted line. Statistical significance was determined using the 249 

Mann-Whitney test (A-B, E), the non-parametric Krukal-Wallis test with post-hoc corrected 250 

Dunn’s test comparing means to the WT mice (D) and Log-rank (Mantel-Cox) test for 251 

survival (*P<0.05, **P<0.01 and ***P<0.001). 252 

 253 

Lack of effective opsonic activity of PTX3  254 

In an effort to explore the mechanism responsible for PTX3-mediated resistance, we 255 

first assessed the effect of the recombinant protein on the in-vitro growth of S. pneumoniae. 256 

The incubation of S. pneumoniae with 25-250 µg/ml of recombinant PTX3 did not have any 257 

effect on the growth rate of the bacteria (Figure S4). 258 
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PTX3 has the capability to act as an opsonin binding selected pathogens and 259 

increasing their removal by phagocytosis (Garlanda et al., 2002; Jaillon et al., 2014; Moalli et 260 

al., 2010). To assess whether the control of the pneumococcal infection by PTX3 was due to 261 

opsonic activity, we first analyzed PTX3 binding to S. pneumoniae. By using a flow 262 

cytometry assay, we analyzed PTX3 binding to S. pneumoniae serotype 3 mimicking the 263 

bacteria/PTX3 ratio found in the infected lung (10
6
 CFU/100 ng PTX3). Under these 264 

conditions, we did not observe any interaction of PTX3 with bacteria and, even with an 265 

amount of PTX3 5- to 10-fold higher than the one produced in the entire lung, less than 1% of 266 

the bacteria were bound (Figure 5A). At 500 µg/ml of PTX3 (5000-fold higher than in the 267 

lung homogenates) we observed binding to only 36.4% of bacteria (Figure 5A).  268 

We then assessed phagocytosis in vitro and in vivo using GFP-expressing 269 

S. pneumoniae serotype 1 (S. pneumoniae-GFP). In a first set of experiments, human 270 

neutrophils were incubated with PTX3-opsonized S. pneumoniae-GFP. We confirmed that 271 

PTX3 exerts opsonic effects, increasing the phagocytosis of pneumococcus by neutrophils, 272 

but only at very high concentrations, i.e. higher than 100 µg/ml (Figure 5B). We then moved 273 

to an in vivo setting. Since the instillation of as low as 1µg of PTX3 was sufficient to induce 274 

an antibacterial effect when administrated locally just before the infection (Figure 4E), we 275 

incubated 5x10
4
 CFU of S. pneumoniae serotype 3 (i.e. the inoculum normally used for a 276 

lethal infection in our model) with 33.3 µg/ml of recombinant PTX3. Mice infected with 277 

PTX3-opsonized S. pneumoniae serotype 3 showed the same local bacterial burden at 6h to 278 

36h after infection as mice infected with pneumococcus incubated with PBS (Figure 5C). We 279 

then evaluated the phagocytic ability of neutrophils recruited in-vivo during the infection 280 

comparing WT and Ptx3 deficient mice. Interestingly, we did not observe any difference in 281 

the percentage of neutrophils phagocytizing S. pneumoniae-GFP in the BAL or in the lung 282 

(Figure 5D). Finally, we assessed the killing ability of neutrophils collected from WT and 283 
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Ptx3 deficient mice. We did not observe any difference in the percentage of S. pneumoniae 284 

serotype 3 killed by purified murine neutrophils neither after 1 hour of incubation 285 

(WT: 79.02 ± 2.87 and Ptx3
-/-

: 80.48 ± 2.87, P=0.15) or 3 hours of incubation when nearly all 286 

pneumococcus were efficiently killed (WT: 99.46 ± 0.30 and Ptx3
-/-

: 96.55 ± 5.40, P=0.31) 287 

(Figure 5E). These results suggest that the role of PTX3 in resistance to invasive 288 

pneumococcus infection is not accounted for by its opsonic activity. 289 

 290 

Figure 5. Role of phagocytosis in PTX3-mediated resistance to S. pneumoniae 291 

(A) Binding of recombinant PTX3-biot at the indicated concentration with 10
6 

CFU of 292 

S. pneumoniae serotype 3. PTX3 binding to S. pneumoniae was analyzed by flow cytometry 293 

after incubation with Streptavidin-Alexa Fluor 647. (B) S. pneumoniae serotype 1 expressing 294 

GFP (10
6 

CFU) was pre-opsonized with indicated concentration of recombinant PTX3 and 295 

incubated 30 min with 10
5
 purified human neutrophils from 6 independent donors. GFP 296 
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positive neutrophils were analyzed by flow cytometry. (C) Bacterial load in lung collected at 297 

indicated time points from WT mice infected intranasally with S. pneumoniae serotype 3 pre-298 

opsonized with 33µg/ml of recombinant PTX3 or non-opsonized. (data pooled from 2 299 

independent experiments, n=11-17). (D) Neutrophil phagocytosis of S. pneumoniae serotype 300 

1 expressing GFP was analyze by flow cytometry. BAL and lungs from WT and Ptx3
-/-

 mice 301 

were collected 24h after infection with a lethal inoculum of S. pneumoniae (data pooled from 302 

2 independent experiments, n=9-14). (E) alamarBlue based killing assay performed with 303 

Neutrophils purified from WT and Ptx3
-/-

 mice assessed after 1h and 3h incubation at a MOI 304 

S. pneumoniae/Neutrophils 2/1. Results are expressed as mean of 5 technical replicate for 305 

each time point and donor (B), median (C) and mean ± SD (D-E). Statistical significance was 306 

determined using a one-way ANOVA with Sidak’s multiple comparison test (B), the non-307 

parametric Krukal-Wallis test with post-hoc corrected Dunn’s test comparing means to the 308 

WT mice of each time point (C, E) and the Mann-Whitney test (D) (**P<0.01). 309 

 310 

Regulation of inflammation by PTX3 311 

In pneumococcal invasive disease induced by S. pneumoniae serotype 3, infection was 312 

characterized by a multifocal neutrophilic bronchopneumonia (Figure S5A). The main 313 

inflammatory cell recruitment was observed during the invasive phase of the infection 314 

(starting from 24h after infection), when the pulmonary MPO was dramatically increased, 315 

(Figure S5B). We analyzed more accurately neutrophil recruitment in the lung and in the 316 

BAL of infected mice and we observed two phases of neutrophil recruitment. An initial 317 

recruitment, characterized by an increased (i.e. 3-fold compared to uninfected lung) number 318 

of neutrophils both in the BAL and in the lung parenchyma, was observed during the first 6h 319 

of infection. In the next 12h to 24h of infection we observed an important recruitment of 320 

neutrophils in the lung (i.e. 4-fold compared to uninfected lung) that translocated into the 321 
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alveolar space (up to 50-fold compared to uninfected BAL) (Figure S5C-D). These two steps 322 

of recruitment have been described to exert opposite roles (Bou Ghanem et al., 2015). Indeed, 323 

the first phase is important for the early control of the infection, reducing the number of 324 

colonizing bacteria. In contrast the second phase has been associated with the development of 325 

the inflammatory environment, leading to tissue damage that could promote growth and 326 

invasion of the bacteria (Bou Ghanem et al., 2015). Given the mild expression of PTX3 327 

during the first hours (Figure 1A), we investigated the second phase of neutrophil recruitment, 328 

comparing Ptx3 deficient and WT mice 18h after infection. At this time point Ptx3 deficiency 329 

was not associated with a higher respiratory bacterial load (Figure S3A). Interestingly, the 330 

inflammatory profile was significantly increased in Ptx3
-/-

 mice, as shown by an increased 331 

development of foci in the lung induced by a higher inflammatory cell recruitment (Figure 332 

6A-C). Moreover, looking at the time course of the development of pneumococcal-induced 333 

respiratory inflammation, we observed that Ptx3
-/-

 mice had a quicker and more severe 334 

formation of inflammatory foci compared to the WT (Figure 6B-C). Furthermore, these mice 335 

presented also an increased vascular damage score based on higher perivascular edema and 336 

hemorrhages (Figure S5E). Flow cytometry analysis revealed that the higher inflammation in 337 

Ptx3 deficient mice was due to a significant increase of neutrophil recruitment in the BAL and 338 

the lung (Figure 6D). Moreover, we did not observe any change in the recruitment of other 339 

myeloid cells, i.e. macrophages, eosinophils and monocytes. This phenotype was also 340 

observed with the serotype 1 model of invasive pneumococcal infection (Figure S5F).  341 

Finally, we observed that intranasal treatment with recombinant PTX3 was also 342 

associated with a decrease in the neutrophil number in BAL and lungs, demonstrating that 343 

PTX3 has a direct role in the control of neutrophil migration in the respiratory tract (Figure 344 

6E). 345 
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 346 

Figure 6. PTX3 regulates inflammation during pneumococcus infection. 347 

Mice were infected intranasally with 5x10
4
 CFU of S. pneumoniae serotype 3 and sacrificed 348 

at the indicated time points for tissue collection. (A) Hematoxylin and Eosin (H&E) staining 349 

.CC-BY 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted April 15, 2022. ; https://doi.org/10.1101/2022.04.14.488329doi: bioRxiv preprint 

https://doi.org/10.1101/2022.04.14.488329
http://creativecommons.org/licenses/by/4.0/


 21 

of formalin-fixed histological sections from the lungs of WT and Ptx3
-/-

 mice at 4x 350 

magnification. One representative image from at least six biological replicates of WT and 351 

Ptx3
-/- 

mice. Inflammatory cell foci are indicated by arrows. (B) Area of inflammatory cells 352 

foci measured in lungs collected 18h and 36h post-infection from WT and Ptx3
-/- 

mice. Areas 353 

were measured on three H&E stained lung sections per mice at different depth separated by at 354 

least 100µm each (n=6-10). (C) Inflammatory histological score measured in lungs collected 355 

18h and 36h post-infection from WT and Ptx3
-/- 

mice. Scores (detailed in the Material and 356 

Methods section) were determined on three H&E stained lung sections per mice at different 357 

depth separated by at least 100µm each (n=6-10). (D) Neutrophil number determined by flow 358 

cytometry in BAL and lungs collected 18h post-infection from WT and Ptx3
-/-

 mice (data 359 

pooled from 2 independent experiments, n=11-18). (E) Neutrophil number determined by 360 

flow cytometry in the BAL and lung collected 18h post-infection from WT mice treated 361 

intranasally 12h post-infection with recombinant PTX3 or PBS (data pooled from 2 362 

independent experiments, n=11-18). Results represent the mean ± SEM. Statistical 363 

significance was determined using the Mann-Whitney test comparing results to uninfected 364 

mice (*P<0.05, and ***P<0.001).  365 

 366 

Regulation of neutrophil recruitment by PTX3 during pneumococcal invasive infection. 367 

It has been shown that neutrophil depletion during the invasive phase resulted in 368 

protection against pneumococcal infection (Bou Ghanem et al., 2015). Accordingly, 369 

neutrophil depletion by anti-Ly6G was used to assess the role of these cells in PTX3-mediated 370 

protection against pneumococcal infection. In WT mice infected intranasally with S. 371 

pneumoniae, treatment with anti-Ly6G significantly reduced neutrophils infiltration in the 372 

lungs (Figure S6A). In addition, treatment with anti-Ly6G completely abolished the increased 373 

accumulation of neutrophils observed in Ptx3
-/-

 mice (Figure S6A-B). The reduction of 374 
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neutrophil recruitment in both WT and Ptx3
-/-

 mice treated with anti-Ly6G resulted in a 375 

significant reduction of the local and systemic bacterial load, compared to mice treated with 376 

the isotype control (Figure 7A-B). In addition, Ptx3
-/-

 mice treated with neutrophil depleting 377 

antibody were not more infected than the WT mice (Figure 7A-B). These results suggest that 378 

taming of pneumococcus-promoting neutrophil recruitment underlies the role of PTX3 in 379 

resistance against this bacterial pathogen. 380 

To dissect the mechanism by which PTX3 orchestrates the modulation of 381 

inflammation during pneumococcal infection, we first evaluated the level of neutrophil 382 

chemoattractants. At 18h post-infection, even though there was a higher amount of 383 

neutrophils in the airways of Ptx3
-/-

 mice, we did not detect any differences in the levels of 384 

CXCL1 and CXCL2 between Ptx3 deficient and WT mice (Figure S6C). Since PTX3 is a 385 

well-known regulator of complement activation (Haapasalo and Meri, 2019), we investigated 386 

the levels of the two anaphylatoxins C3a and C5a in the lung homogenates of infected mice. 387 

No difference in the levels of the potent chemoattractants C3a and C5a, was observed (Figure 388 

S6C). The levels of C3d, a C3 degradation product deposited on the surface of cells and a 389 

marker of complement activation in lung homogenates was similar in Ptx3 deficient and WT 390 

mice (Figure S6D). 391 

PTX3 has been described to directly regulate inflammation by binding P-selectin and 392 

reducing neutrophil recruitment, dampening rolling on endothelium (Deban et al., 2010; Lech 393 

et al., 2013). We first excluded the presence of any difference in P-selectin levels both in WT 394 

and Ptx3 deficient mice, uninfected or infected with pneumococcus (Figure S6E). Therefore, 395 

we investigated whether interaction with P-selectin could be relevant in the regulation of 396 

neutrophil recruitment into the lung. We investigated the ability of PTX3 to dampen 397 

neutrophil transmigration through endothelial cell layer in vitro, using S. pneumoniae as the 398 

attractive signal. We observed that PTX3 could block 40% of the neutrophil migration 399 
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induced by S. pneumoniae (Figure 7C). Moreover, treatment of endothelial cells with anti-400 

CD62P (P-selectin) antibody induced the same blocking effect. We did not observe any 401 

additional blocking effect of PTX3 in association with anti-CD62P, suggesting that PTX3 402 

exerts its blocking effect through P-selectin. To confirm that PTX3 protects infected mice by 403 

blocking P-selectin, we used P-selectin deficient mice (Selp
-/-

). In Selp
-/-

 mice PTX3 treatment 404 

did not reduce the bacterial load (Figure 7D). Moreover, we treated WT and Ptx3 deficient 405 

mice with anti-CD62P, to block P-selectin-dependent neutrophil transmigration during the 406 

invasive phase of infection. Anti-CD62P treatment completely abolished the higher 407 

neutrophils recruitment in Ptx3 deficient mice (Figure S6F-G). This result suggests that the 408 

higher neutrophil infiltration observed during pneumococcal pneumonia in the absence of 409 

PTX3 is dependent on P-selectin. Importantly, the reduction of neutrophil recruitment in Ptx3 410 

deficient mice treated with anti-CD62P is associated with a significant reduction of the local 411 

and systemic bacterial load reaching the same level observed in WT mice treated with anti-412 

CD62P (Figure 7E-F). 413 

Finally, to assess the role of the P-selectin pathway in PTX3-mediated resistance 414 

against invasive pneumococcus infection, we took advantage of Ptx3
-/-

Selp
-/-

 double deficient 415 

mice. As shown in Figure 7G-H, genetic deficiency in P-selectin and PTX3 completely 416 

rescued the phenotype observed in Ptx3
-/- 

mice. Thus, the defective control of invasive 417 

pneumococcal infection observed in Ptx3
-/- 

mice is due to unleashing P-selectin-dependent 418 

recruitment of pneumococcus-promoting neutrophils. 419 

 420 
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421 
Figure 7. PTX3-mediated regulation of neutrophil recruitment. 422 

Mice were infected intranasally with 5x10
4
 CFU of S. pneumoniae serotype 3 and sacrificed 423 

at the indicated time points for tissue collection. (A-B) Bacterial load in lung (A) and spleen 424 

(B) collected 36h post-infection from WT and Ptx3
-/-

 mice treated intraperitoneally 12h post-425 

infection with 200µg/100µl of anti-Ly6G or isotype control antibodies (data pooled from 3 426 

independent experiments, n=26-37). (C) Transmigration of human purified neutrophils 427 

towards S. pneumoniae (data pooled from 2 independent experiments, n=11). Results are 428 

reported as percentage of transmigrated neutrophils considering as 100% the number of 429 
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transmigrated neutrophils in the control condition (i.e S. pneumoniae in the lower chamber 430 

and no treatment in the upper chamber). (D) Bacterial load in lungs collected 36h post-431 

infection from WT and Selp
-/-

 mice treated intranasally 12h post-infection with 1µg/30µl of 432 

recombinant PTX3 or PBS (data pooled from 2 independent experiments, n=10-11). (E-433 

F) Bacterial load in lungs (E) and spleens (F) collected 36h post-infection from WT and Ptx3
-434 

/-
 mice treated intravenously 12h post-infection with 50µg/100µl of anti-CD62P or isotype 435 

control antibodies (data pooled from 2 independent experiments, n=12-13). (G-H) Bacterial 436 

load in lungs (G) and spleens (H) collected 36h post-infection from WT, Ptx3
-/-

, Selp
-/-

 and 437 

Ptx3
-/-

Selp
-/-

 mice (data pooled from 2 independent experiments, n=8-12). Results are reported 438 

as median (A-B, D-H) and mean ± SEM. CFU detection limits in the spleen is 5 CFU 439 

represented by a dotted line. Statistical significance was determined using the non-parametric 440 

Krukal-Wallis test with post-hoc corrected Dunn’s test comparing every means (A-H) 441 

(*P<0.05, **P<0.01, ***P<0.001 and **** P<0.0001). 442 

 443 

PTX3 polymorphisms  444 

To explore the significance of these results in human, we analyzed the association of 445 

human PTX3 gene polymorphisms with IPD in a cohort of 57 patients and 521 age- and sex-446 

matched healthy controls. We focused in particular on two intronic SNPs (rs2305619 and 447 

rs1840680) and a third polymorphism (rs3816527) in the coding region of the protein 448 

determining an amino-acid substitution at position 48 (+734A/C). These SNPs are associated 449 

with increased susceptibility to infection to selected microorganisms (Chiarini et al., 2010; 450 

Cunha et al., 2014; He et al., 2018; Olesen et al., 2007). In addition, the +734A allele was 451 

associated in various studies with decreased PTX3 circulating levels (Barbati et al., 2012; 452 

Bonacina et al., 2019; Cunha et al., 2014).  453 
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Similar frequencies were observed for the +734A allele in patients and controls 454 

(67.54% and 61.58%, respectively, P=0.213, Table 1). However, when the haplotypes 455 

determined by the three SNPs (rs2305619, rs3816527, rs1840680) were examined, we found 456 

that the AAA haplotype was twice as frequent in IPD patients as in healthy controls (9.67% 457 

and 4.26% respectively, P=0.0102, Table 2). This association was even stronger when 458 

considering two SNPs only (+281A and +734A), including the one associated with lower 459 

levels of the protein (11.4% and 4.94% respectively, P=0.0044, Table 2). These observations 460 

suggest that also in humans PTX3 could play a role in the control of S. pneumoniae infection. 461 

 462 

Table 1. Frequency distribution of PTX3 gene single nucleotide polymorphisms (SNPs) in IPD patients 

and controls. 

SNP Alleles 

Amino 

acid 

change 

Associated 

allele 

Frequency (%) 

χ2 OR (95%) P-value 

IPD patient 

(n=57) 

Control 

(n=521) 

rs2305619 
+281 

A/G 

 A 43.86 43.44 
0.007 

1.02 

(0.69-1.50) 
0.931 

 G 56.14 56.56 

rs3816527 
+734 

C/A 
AlaAsp 

C 32.46 38.42 
1.552 

0.77 

(0.51-1.16) 
0.213 

A 67.54 61.58 

rs1840680 
+1149 

A/G 

 A 42.11 42.49 
0.006 

0.98 

(0.67-1.46) 
0.938 

 G 57.89 57.51 

 463 

Table 2. Haplotype analysis for PTX3 gene in IPD patients and controls. 

rs2305619 rs3816527 rs1840680 

Frequency (%) 

χ2 P-value 

IPD patients 

(n=57) 

Controls 

(n=521) 

G A G 56.15 56.51 0.005 0.9409 

G A  56.14 56.59 0.008 0.9269 

 A G 57.89 57.41 0.010 0.9202 

A C A 32.44 38.28 1.488 0.2226 

A C  32.46 38.47 1.577 0.2091 

 C A 32.46 38.33 1.51 0.2191 

A A A 9.67 4.26 6.604 0.0102 

A A  11.4 4.94 8.129 0.0044 

 A A 9.65 4.26 6.533 0.0106 

A A G 1.73 0.95 0.610 0.4348 

 464 

To assess whether the +734A/C polymorphism in the coding region of the human 465 

PTX3 gene affects the protein’s interaction with P-selectin, two recombinant PTX3 constructs 466 

were made that carry either D (Asp) or A (Ala) at position 48 of the preprotein sequence 467 

(corresponding to the A and C alleles of the + 734A/C polymorphism, respectively) (Cunha et 468 
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al., 2014). These two proteins had almost identical electrophoretic mobilities when run on 469 

denaturing gels both in reducing and non-reducing conditions (Figure 8A), where they 470 

showed a pattern of bands consistent with previous studies (Inforzato et al., 2008). Also, 471 

similar chromatograms were recorded when the D48 and A48 variants were resolved on a 472 

SEC column in native conditions (Figure 8B). Given that protein glycosylation is a major 473 

determinant of the interaction of PTX3 with P-selectin (Deban et al., 2010), it is worth 474 

pointing out that the +734A/C polymorphism does not affect structure and composition of the 475 

PTX3 oligosaccharides, with major regard to their terminal residues of sialic acid (Bally et al., 476 

2019). Therefore, the allelic variants of the PTX3 protein were virtually identical in terms of 477 

quaternary structure and glycosidic moiety, which makes them suitable to comparative 478 

functional studies. In this regard, when assayed in solid phase binding experiments, these two 479 

proteins equally bound plastic-immobilized P-selectin (Figure 8C), and C1q (Figure 8D, here 480 

used as a control), indicating that the +734A/C polymorphism (i.e., the D/A amino acid 481 

substitution at position 48 of the PTX3 preprotein) does not affect the interaction of this PRM 482 

with P-selectin. It is therefore conceivable that the +734A/C SNP (and the others investigated 483 

in our association study) determines reduced expression rather than function of the PTX3 484 

protein in vivo, as observed in other opportunistic infections (Cunha et al., 2014). 485 
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 486 

Figure 8. Biochemical characterization of the D48 and A48 allelic variants of PTX3 and 487 

their binding to P-selectin.  488 

(A) 500 ng/lane of purified recombinant PTX3 (A48 and D48 from HEK293 cells) were run 489 

under denaturing conditions on Tris-Acetate 3–8% (w/v) and Bis-Tris 10% (w/v) protein gels, 490 

in the absence (-) and presence (+), respectively, of dithiothreitol (DTT). Gels are shown with 491 

molecular weight markers on the left, and position of the PTX3 monomers, dimers, tetramers, 492 

and octamers (1-, 2-, 4-, and 8-mers, respectively) on the right. (B) 200 µg aliquots of either 493 

one of the two allelic variants were separated on a Superose 6 10/300 GL size exclusion 494 

chromatography (SEC) column in non-denaturing conditions, with elution monitoring by UV 495 

absorbance at 280 nm. An overlay of individual chromatograms is presented. (C and D) The 496 

effect of the +734A/C polymorphism on the interaction of PTX3 with P-selectin was 497 

investigated by a solid phase binding assay using microtiter plates coated with the indicated 498 

amounts of P-selectin or C1q (here, used as a control) that were incubated with either of the 499 

A48 and D48 variants (both at 3 nM). Bound proteins were revealed with an anti-human 500 
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PTX3 polyclonal antibody, and results are expressed as optical density at 450 nm (OD 450 501 

nm), following background subtraction (n=3, mean ±SD). Data shown in panels A to D are 502 

representative of three independent experiments with similar results. 503 

 504 

Discussion 505 

S. pneumoniae is the most common cause of a range of infections, including community-506 

acquired pneumonia, a pathological condition that affects mainly adults aged 65 years or older 507 

and infants under one year of age. It is well known that inflammation plays a crucial role 508 

during lung infections and dictates the resolution of pneumonia, but at the same time, 509 

exaggerated inflammation can be detrimental (Sohail et al., 2018). Therefore, a strict control 510 

of the inflammatory response is essential. 511 

The present study was aimed at assessing the role of PTX3 in invasive pneumococcal 512 

infection. PTX3 is a member of the pentraxin family highly conserved in evolution and 513 

locally produced by different cell types in response to pro-inflammatory stimuli and microbial 514 

components. The protein has multifunctional properties, including in particular a regulatory 515 

role on inflammation (Garlanda et al., 2018). In a well-characterized murine model of 516 

invasive pneumococcal infection, PTX3 expression was rapidly upregulated in the alveolar 517 

and bronchiolar compartments of the lungs. The systemic dissemination of pneumococcus 518 

was associated with an increase of PTX3 serum levels. As expected, PTX3 levels were at 519 

least in part induced by IL-1β, massively produced in response to pneumococcus.  520 

Both myeloid and endothelial cells can produce PTX3 in response to inflammatory 521 

cytokines. Polymorphonuclear leukocytes were able to release PTX3 after stimulation with 522 

S. pneumoniae, however levels of the protein were similar in WT and in neutropenic Csfr3
-/-

 523 

animals infected with S. pneumoniae. Bone marrow chimeras and conditional mice definitely 524 

demonstrated that stromal cells, and in particular endothelial cells, were a major source of 525 
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PTX3 in this model of pneumococcal infection. Production of PTX3 by non-hematopoietic 526 

cells has been previously reported in other experimental settings. In a murine model of arterial 527 

thrombosis induced by FeCl3, PTX3 was only expressed by vascular cells (Bonacina et al., 528 

2016). Similarly, in a murine model of skin wound-healing, non-hematopoietic cells were the 529 

major producers of PTX3 whereas neutrophils showed a minor contribution (Doni et al., 530 

2015).  531 

Ptx3 genetic deficiency was associated with a higher susceptibility to S. pneumoniae. A 532 

defective control of bacterial load, associated with a higher mortality rate, was observed 533 

during the invasive phase of the infection, and PTX3 administration rescued the phenotype. In 534 

humans, PTX3 gene polymorphisms were already described to have an impact on the 535 

susceptibility to selected infections, in particular Mycobacterium tuberculosis, Pseudomonas 536 

aeruginosa and urinary tract infections (Chiarini et al., 2010; Jaillon et al., 2014; Olesen et al., 537 

2007). In addition, PTX3 genetic variants are associated with the risk to develop invasive 538 

aspergillosis or Cytomegalovirus reactivation in patients undergoing allogeneic stem cell 539 

transplant (Campos et al., 2019; Cunha et al., 2014). In the present study, in a cohort of 57 540 

patients with IPD and 521 healthy controls haplotypes determined by PTX3 gene 541 

polymorphisms were associated with S. pneumoniae infection. Thus, genetic deficiency in 542 

mice and genetic polymorphisms in humans suggest that PTX3 plays an important role in the 543 

control of invasive pneumococcal infection.   544 

Various mechanisms are potentially involved in the protective role of PTX3 against 545 

infectious agents. In most cases PTX3-mediated protection has been related to the pro-546 

phagocytic activity of the protein (Garlanda et al., 2002; Jaillon et al., 2014; Moalli et al., 547 

2011, 2010). PTX3 binds selected fungal, bacterial and viral pathogens, including Aspergillus 548 

fumigatus, Pseudomonas aeruginosa, Shigella flexneri, uropathogenic Escherichia coli, 549 

Influenza virus, murine cytomegalovirus as well as SARS-CoV-2 nucleocaspid (Porte et al., 550 
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2019; Stravalaci et al., 2022), acting in most cases as an opsonin and amplifying phagocytosis 551 

(Garlanda et al., 2002; Jaillon et al., 2014; Moalli et al., 2010). These microorganisms are 552 

naturally susceptible to phagocytosis (Hasenberg et al., 2011; Lovewell et al., 2014; Schwab 553 

et al., 2017) whereas virulent S. pneumoniae developed various mechanisms preventing 554 

phagocytosis (Andre et al., 2017; Weiser et al., 2018). In this study, we observed that PTX3 555 

could bind S. pneumoniae, promoting its phagocytosis in vitro by human neutrophils, only at 556 

very high concentrations. Ptx3 deficiency did not affect the local phagocytosis by recruiting 557 

neutrophils and, given the low efficiency of the binding to pneumococcus, pre-opsonisation of 558 

the inoculum did not modify the kinetic of infection. Thus PTX3-mediated contribution to 559 

resistance to S. pneumoniae is independent of enhanced phagocytosis. 560 

The short pentraxin CRP, distantly related to PTX3, acts as an opsonin for various 561 

microorganisms, including pneumococcus (Bottazzi et al., 2010; Szalai, 2002). However, this 562 

effect is dependent on the serotype, specifically on the expression of phosphatidylcholine in 563 

the capsule. PTX3 does not interact with phosphatidylcholine (Bottazzi et al., 1997). In 564 

addition, serotypes 1 and 3 gave similar results in terms of kinetic of PTX3 production after 565 

infection and bacterial load in Ptx3
-/-

 mice. These results suggest that the short pentraxin CRP 566 

and the long pentraxin PTX3 have distinct spectra of microbial recognition and role in 567 

antimicrobial resistance. 568 

PTX3 exerts regulatory roles on complement activation by interacting with components of 569 

all the three pathways, i.e. the classical, alternative and lectin pathways. In all cases, PTX3 570 

leads to a reduced activation of the complement cascade, thereby reducing the tissue damage 571 

associated with an activation out of control (Haapasalo and Meri, 2019). The higher 572 

susceptibility to pneumococcus infection observed in Ptx3-deficient mice was not related to 573 

failed regulation of complement activity. In fact, similar levels of complement fragments, in 574 
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particular of the two anaphylatoxins C3a and C5a, were found in lung homogenates of wild 575 

type and Ptx3
-/- 

infected mice.  576 

In invasive pneumococcal infection neutrophils represent a double edged sword. Several 577 

lines of evidence, including depletion using anti-Ly6G antibody, suggest that in early phases 578 

of infection neutrophils are an essential component of resistance to S. pneumoniae as expected 579 

(Bou Ghanem et al., 2015). In contrast, during the invasive phase neutrophils depletion was 580 

protective, limiting tissue damage and associated bacterial invasion. In the present study, Ptx3 581 

genetic deficiency was associated with uncontrolled inflammation and bacterial invasion 582 

sustained by enhanced neutrophils accumulation and vascular damages, that could lead to an 583 

access for pneumococcus to nutrients in the alveolar space allowing pneumococcal outgrowth 584 

and dissemination, as already described (Sender et al., 2020). Other studies have shown a 585 

protective effect against pneumococcus respiratory infection by controlling lung damage, 586 

reducing the neutrophil accumulation and inflammation (Madouri et al., 2018; Porte et al., 587 

2015; Tavares et al., 2016). These results are consistent with a yin/yang role of neutrophils in 588 

invasive pneumococcus infection (Nathan, 2006). In contrast with our results, a recent paper 589 

reported a proinflammatory role of PTX3 in the context of serotype 2 S. pneumoniae infection 590 

(Koh et al., 2017). However, when we used D39 serotype 2 pneumococcus in our setting and 591 

with our mice, we were not able to find any difference between WT and Ptx3
-/-

 pneumococcal 592 

induced inflammatory responses, suggesting that other factors, including housing conditions, 593 

could have impact on the phenotype.  594 

Neutrophil infiltration at sites of bacterial invasion and inflammation is driven by 595 

chemoattractants and adhesion molecules (Maas et al., 2018). Neutrophil attracting 596 

chemokines and complement C5a and C3a were no different in Ptx3
-/- 

and WT mice. PTX3 597 

has been shown to serve as a negative regulator of neutrophil recruitment by interacting with 598 

P-selectin (Deban et al., 2010; Lech et al., 2013). In-vitro studies and in-vivo experiments 599 

.CC-BY 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted April 15, 2022. ; https://doi.org/10.1101/2022.04.14.488329doi: bioRxiv preprint 

https://doi.org/10.1101/2022.04.14.488329
http://creativecommons.org/licenses/by/4.0/


 33 

which took advantage of P-selectin-deficient Selp
-/-

 mice and Ptx3
-/-

Selp
-/-

 double deficient 600 

mice were designed to assess the relevance of this pathway. The obtained results indicated 601 

that the defective control of invasive pneumococcal infection observed in Ptx3
-/-

 mice is due 602 

to unleashing of P-selectin-dependent recruitment of neutrophils which promote bacterial 603 

invasion. Thus, by taming uncontrolled P-selectin dependent recruitment of neutrophils, the 604 

fluid phase pattern recognition molecule PTX3 plays an essential role in tuning inflammation 605 

and resistance against invasive pneumococcus infection. 606 

 607 

Materials and Methods 608 

Mice 609 

All mice used in this study were on a C57BL/6J genetic background. PTX3-deficient mice 610 

were generated as described in (Garlanda et al., 2002). Ptx3
-/-

 and P-selectin (Selp
-/-

) double 611 

deficient mice were generated as described in (Doni et al., 2015). Csf3r
-/-

 mice were generated 612 

as described in (Ponzetta et al., 2019). Wild-type (WT) mice were obtained from Charles 613 

River Laboratories (Calco, Italy) or were cohoused littermates of the gene-deficient mice used 614 

in the study. Ptx3
-/-

, Csfr3
-/-

, Ptx3loxP
+/+

Cdh5cre
+/+

, Ptx3loxP
+/+

Cdh5cre
-/-

, Selp
-/-

, Ptx3
-/-615 

Selp
-/-

 and WT mice were bred and housed in individually ventilated cages in the SPF animal 616 

facility of Humanitas Clinical and Research Center or purchased from Charles River (Milan) 617 

and acclimated in the local animal facility for at least one weeks prior to infection. All 618 

animals were handled in a vertical laminar flow cabinet. Procedures involving animals 619 

handling and care were conformed to protocols approved by the Humanitas Clinical and 620 

Research Center (Rozzano, Milan, Italy) in compliance with national (4D.L. N.116, G.U., 621 

suppl. 40, 18-2-1992 and N. 26, G.U. march 4, 2014) and international law and policies 622 

(European Economic Community Council Directive 2010/63/EU, OJ L 276/33, 22.09.2010; 623 

National Institutes of Health Guide for the Care and Use of Laboratory Animals, U.S. 624 
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National Research Council, 2011). All efforts were made to minimize the number of animals 625 

used and their suffering. The study was approved by the Italian Ministry of Health (742/2016-626 

PR). Experiments were performed using sex- and age-matched mice. 627 

 628 

Bacterial preparation 629 

Each S. pneumoniae strain (serotype 1 ST304 and serotype 3 ATCC6303) was cultured and 630 

stored as previously described (Porte et al., 2015). Briefly, Todd-Hewitt yeast broth (THYB) 631 

(Sigma-Aldrich) was inoculated with fresh colonies grown in blood agar plates and incubated 632 

at 37°C until an optical density at 600 nm (OD600) of 0.7 to 0.9 units was reached. Cultures 633 

were stored at -80°C in THYB with 12% glycerol for up to 3 months. GFP-expressing 634 

serotype 1 was constructed as described previously (Kjos et al., 2015). Clinical isolate E1586 635 

serotype 1 S. pneumoniae was grown at 37°C in THYE until an OD600 of 0.1, then 100 ng/ml 636 

of synthetic competence-stimulating peptide 1 (CSP-1; Eurogentec) was added for 12min at 637 

37°C to activate transformation machinery. PhlpA-hlpA-gfp_Cam
r
 DNA fragment provided by 638 

Jan-Willem Veening’s group (Kjos et al., 2015) was added to the activated cells and 639 

incubated 20min at 30°C. Growth medium was diluted 10 times with fresh THYB medium 640 

and incubated 1.5h at 37°C. Transformants were selected by plating 5% sheep blood Tryptic 641 

Soy Agar plates (TSA; BD Biosciences) containing 4.5 µg/ml of chloramphenicol, then 642 

cultured and stored as described above. 643 

 644 

Mouse model of infection 645 

S. pneumoniae serotype 3 and serotype 1 were used to induce pneumococcal invasive 646 

infection as described previously (de Porto et al., 2019; Porte et al., 2015). For induction of 647 

pneumonia, each mouse was anesthetized by intraperitoneal injection of 100 mg/kg of 648 

ketamine plus 10 mg/kg of xylazine in 200µl of PBS. Then 5x10
4
 or 10

6
 colony-forming units 649 
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(CFU) in 30 µL were inoculated intranasally to induce lethal infection by serotype 3 and 650 

serotype 1 respectively. Mouse survival was recorded every 12h. To rescue Ptx3 deficient 651 

mice, they were treated intraperitoneally with 10 µg/200 µl of recombinant PTX3 prior and 652 

24h after infection. Prophylaxis or treatment have been done by intranasal instillation of 653 

1 µg/30 µl recombinant PTX3 prior and 12h after infection respectively. Neutrophil 654 

recruitment modulation has been performed by treating intraperitoneally with 200 µg/200 µl 655 

of anti-Ly6G depleting antibody (InVivoPlus 1A8; BioXcell) or control isotype (InVivoPlus 656 

rat IgG2a; BioXcell). Blocking of P-selectin was realized by treating intraperitoneally with 657 

50 µg/100 µl of anti-CD62P depleting antibody (rat RB40.34 NA/LE; BD Biosciences) or 658 

control isotype (rat IgG1 λ; BD Biosciences). 659 

At indicated time, mice were sacrificed with CO2, bronchoalveolar lavage fluid (BAL), 660 

serum, lungs, and spleen were harvested and homogenated in PBS for CFU counting or in 661 

isotonic buffer (Tris HCl 50 nM, EDTA 2 mM, PMSF 1 mM [Roche Diagnostics GmbH], 662 

Triton X-100 1% [Merck Life Science], cOmplete EDTA-free protease inhibitor cocktail 663 

[Roche Diagnostics GmbH]) for protein measurement on the supernatant. Bacterial loads per 664 

organ were counted by serial dilution plated on 5% sheep blood TSA plates after 12h 37°C 665 

5% CO2. Lung CFU were representative of the local infection while splenic CFU were 666 

considered as indicator of systemic dissemination of pneumococcus through the bloodstream 667 

(Hommes et al., 2014; Porte et al., 2015; Schouten et al., 2014).  For histological analysis, the 668 

entire lung was collected in organ cassette and fixed overnight in 4% paraformaldehyde 669 

(PFA) (immunostaining) or in 10% neutral buffered formalin (hematoxylin eosin staining).  670 

 671 

Recombinant PTX3.  672 

Recombinant human PTX3 was purified from culture supernatant of stably transfected 673 

Chinese hamster ovary (CHO) cells by immunoaffinity as previously described (Bottazzi et 674 
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al., 1997). Purity of the recombinant protein was assessed by SDS-PAGE followed by silver 675 

staining. Biotinylated PTX3 (bPTX3) was obtained following standard protocols. 676 

Recombinant PTX3 contained <0.125 endotoxin units/ml as checked by the Limulus 677 

amebocyte lysate assay (BioWhittaker, Inc.). For in vivo experiments recombinant PTX3 was 678 

diluted in PBS. 679 

To assess the effect on the interaction with P-selectin of the rs3816527 (+734A/C) 680 

polymorphism in the human PTX3 gene (that results into a D to A amino acid substitution at 681 

position 48 of the preprotein), two constructs were generated by overlapping PCR site-682 

directed mutagenesis, and the corresponding recombinant proteins were expressed in and 683 

purified from a HEK293 cell line as previously described (Cunha et al. N Engl J Med. 2014). 684 

Aliquots of the purified A48 or D48 PTX3 proteins were run under denaturing conditions on 685 

Tris-Acetate 3–8% (w/v) and Bis-Tris 10% (w/v) protein gels (GE Healthcare Life Sciences), 686 

in the absence and presence, respectively, of dithiothreitol as reducing agent. Following 687 

separation, protein bands were stained with silver nitrate (ProteoSilver Silver Stain Kit, 688 

Sigma-Aldrich). The two recombinant proteins were analyzed in non-denaturing conditions 689 

on a Superose 6 10/300 GL size exclusion chromatography (SEC) column, equilibrated and 690 

eluted with PBS at a flow rate of 0.5 ml/min, using an ÄKTA Purifier FPLC system (GE 691 

Healthcare Life Sciences). Protein separation and elution was monitored and recorded by UV 692 

absorbance at 280 nm. 693 

 694 

Cell culture and stimulation 695 

Human and murine endothelial cell lines were cultivated to have a confluent monolayer in 12-696 

well culture plates (about 10
5
 cells/well). Human Umbilical Vein Endothelial Cells (HUVEC) 697 

were grown in 1% gelatin coated wells in M199 medium (Sigma-Aldrich) containing 20% 698 

fetal bovine serum (FBS), 100 µg/ml of Endothelial Cell Growth Supplement (ECGS, Sigma-699 
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Aldrich), 100 µg/ml of heparin (Veracer; Medic Italia) and 1% penicillin and streptomycin 700 

(Pen/Strep). Murine lung capillary endothelial cell line (1G11) was grown in 1% gelatin 701 

coated wells in DMEM with 20% FBS, 100 µg/ml of ECGS, 100 µg/ml of heparin and 1% 702 

Pen/Strep.  703 

Human neutrophils were purified from freshly collected peripheral blood in Lithium Heparin 704 

Vacutainer (BD Bioscience) and separated by a two-steps gradient separation as previously 705 

described by Kremaserova and Nauseef (Quinn and DeLeo, 2020). Briefly leukocytes and 706 

erythrocytes were separated by a 3% Dextran from Leuconostoc spp. (Sigma-Aldrich) 707 

sedimentation for 40min, then leukocytes in the supernatant were separated with Lympholyte-708 

H Cell Separation Media (Cerdalane) and cells from the lower liquid interphase were rinsed 709 

with RPMI. 710 

 711 

Generation of bone marrow chimeras.  712 

C57BL/6J wild-type or Ptx3-deficient mice were lethally irradiated with a total dose of 900 713 

cGy. Then, 2h later, mice were injected in the retro-orbital plexus with 4x10
6
 nucleated bone 714 

marrow cells obtained by flushing of the cavity of a freshly dissected femur from wild-type or 715 

Ptx3-deficient donors. Recipient mice received gentamycin (0.8 mg/ml in drinking water) 716 

starting 10 days before irradiation and maintained for 2 weeks. At 8 weeks after bone marrow 717 

transplantation, animals were infected. 718 

 719 

Lung histology and immunostaining 720 

Immunostaining was performed on 8 µm sections from 4% PFA-fixed, dehydrate in sucrose 721 

solution and mounted in OCT embedding compound and stored at -80°C. PTX3 staining was 722 

performed as described previously (Jaillon et al., 2014). Briefly, sections were stained with 723 

5 µg/ml of rabbit polyclonal antibody anti-human PTX3 as a primary antibody and with 724 
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MACH 1 universal polymer (Biocare Medical) as a secondary antibody. Staining was 725 

revealed with 3,3'Diaminobenzidine (DAB; Biocare Medical) and counterstained with 726 

hematoxylin and eosin. Slides were scanned and analyzed with Image-pro (Media 727 

Cybernetics) to evaluate the percentage of stained area normalized by analyzing the same area 728 

for all animals corresponding to about 25% of the section. 729 

Lung histological analysis was performed on formalin-fixed lungs included in paraffin and 730 

3 µm sections were stained with hematoxylin and eosin. A blind analysis was done on 3 731 

sections per animal distant at least of 150 µm and inflammatory foci were measured 732 

determining the area of foci and scores. Scores were determined separating small foci (<0.5 733 

mm) and large foci (>0.5 mm) and then calculating as “Histological score = small foci 734 

+ large foci x 3”. Vascular damage was scored according to a 5-category scale for 735 

perivascular edema and hemorrhage, in which 0 is absent and 1 to 4 correspond to minimal 736 

(or focal), mild (or multifocal, <10% of blood vessels), moderate (or multifocal, 10-50% of 737 

blood vessels) and marked (or multifocal, >50% of blood vessels), respectively. 738 

 739 

Binding assay 740 

The binding of PTX3 on S. pneumoniae was assessed as described previously (Bottazzi et al., 741 

2015). Briefly, 10
6
 CFU S. pneumoniae were washed in PBS

+/+
 and suspend with 10 µg/ml, 742 

50 µg/ml or 500 µg/ml of biotinylated recombinant PTX3 for 40min at room temperature. 743 

Bacteria were washed with PBS
+/+

 and stained with streptavidin-Alexa Fluor 647 (4 µg/ml, 744 

Invitrogen) for 30min at 4°C. Washed bacteria were then fixed with 4% formalin for 15min at 745 

4°C. Bacteria were then read by flow cytometry using FACSCanto II (BD Bioscience). 746 

Unstained S. pneumoniae were used as negative control.  747 

Binding to P-selectin of the A48 and D48 variants of PTX3 from HEK293 cells was then 748 

assessed using 96 well Maxisorp plates (Nunc) coated with a recombinant form of the human 749 
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P-selectin ectodomain (spanning the 42-771 sequence of the preprotein) commercially 750 

available from R&D Systems by adaptation of a published protocol (Bally et al., 2019). 751 

Purified C1q from human serum (Merck) was used as a control. 752 

 753 

Cells were stimulated after a wash with the same culture media without Pen/Strep and then 754 

incubated with the corresponding medium containing 10
6
 CFU S. pneumoniae, 20 ng/ml 755 

recombinant IL-1β (Preprotech) or 100 ng/ml lipopolysaccharide from Escherichia coli 756 

O55:B5 (LPS, Sigma-Aldrich) for 6h at 37°C. Cells were then lysate with 300 μl of PureZOL 757 

RNA isolation reagent (Bio-Rad). Human neutrophils were stimulated with 10
7
 CFU/ml of S. 758 

pneumoniae serotype 3 or 10 ng/ml of phorbol myristate acetate (PMA) during 6h at 37°C, 759 

PTX3 released in the supernatant was measured by ELISA, as described below. 760 

 761 

Neutrophil transmigration assay 762 

Neutrophil migration assay across an endothelium monolayer was performed as previously 763 

described by Bou Ghanem and collaborators (Bou Ghanem et al., 2015). Briefly, basolateral 764 

sides of HUVEC monolayer grown 4 days on a 3 µm polyester membrane Transwell 765 

(Corning) was infected with S. pneumoniae (10
6
 CFU/ml in RPMI) added the lower chamber, 766 

whereas 100 µl PBS
+/+

 containing 20 ng/ml recombinant IL-1β supplemented with 100 µg/ml 767 

PTX3 and/or 100 µg/ml mouse anti-human CD62P (clone AK-4, BD Bioscience) was added 768 

to the apical side (upper chamber). After 2.5h at 37˚C, 5x10
5
 human neutrophils (in 100 µl 769 

RPMI) were added to the basolateral side. After 2.5h at 37˚C, neutrophils in the lower 770 

chamber were counted in triplicate. Neutrophil transmigration without infection was 771 

performed in parallel as negative control.  772 

 773 

Killing assay 774 
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Neutrophil killing of S. pneumoniae was evaluated by a resazurin-based cell viability assay 775 

using murine purified neutrophils. Briefly, murine neutrophils were purified from bone-776 

marrow as previously descried (Moalli et al., 2010). A volume of 50 µl PBS, containing 777 

4 × 10
5
 CFU S. pneumoniae serotype was placed into sterile round bottom Corning 96-well 778 

polypropylene microplate and incubated for 1 hour or 3 hours at 37 °C with 100 µl RPMI 779 

(10% FBS and GM-CSF 10 ng/ml) containing 2 x 10
5
 murine purified neutrophils from WT 780 

and Ptx3
-/-

 mice and 50 µl of 10% autologous plasma (WT or Ptx3
-/-

) diluted in RPMI +GM-781 

CSF (10 ng/ml). After incubation, plates were immediately cooled on ice and cold-782 

centrifuged, and then supernatant removed. S. pneumoniae incubated without neutrophils 783 

were used as a negative control. Heat killed (60°C, 2 hours) S. pneumoniae were considered 784 

as positive control in the assay. Neutrophils were then lysate with 200 µl of distillated water 785 

and vigorous shaking. Remaining S. pneumoniae were then suspend in 20 µl RPMI. 786 

Preparation of AlamarBlue Cell Viability Reagent and test was performed according with 787 

manufacturer’s instructions (ThermoFisher Scientific-Invitrogen). A volume of 180 µl 788 

AlamarBlue solution (18 µl of AlamarBlue reagent and 162 µl of RPMI) was added to each 789 

well. After 4 hour incubation at 37 °C, fluorescence (excitation/emission at ≈530–790 

560/590 nm) intensity was measured by microplate reader Synergy H4 (BioTek, France). 791 

Results represent ratio of fluorescence intensity values relative to those measured in negative 792 

controls.  793 

 794 

Gene expression quantification by real-time RT-PCR  795 

Organs homogenated in PureZOL RNA isolation reagent (Bio-Rad) and cell lysate RNAs 796 

were extracted with the Direct-zol RNA Miniprep (Zymo Research) and reverse transcribed 797 

with the high-capacity cDNA archive kit (Applied Biosystems) following the manufacturer’s 798 

instructions. cDNA was amplified using the Fast SYBR Green Master Mix on a QuantStudio 799 
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7 Flex Real Time PCR Systems (Applied Biosystems). The sequences of primer pairs (Sigma-800 

Aldrich) specific for murine Gapdh (Forward, 5’-GCAAAGTGGAGATTGTTGCCAT-3’, 801 

Reverse, 5’-CCTTGACTGTGCCGTTGAATTT-3’) and Ptx3 (Forward, 5’-802 

CGAAATAGACAATGGACTCCATCC-3’, Reverse, 5’-CAGGCGCACGGCGT-3’) were 803 

used to evaluated their expression. Relative mRNA levels (2
-ΔΔCT

) were determined by 804 

comparing first the PCR cycle thresholds (CT) for Ptx3 and Gapdh (ΔCT), and second, the 805 

ΔCT values for the infected/treated and uninfected/untreated (mock/control) groups (ΔΔCT). 806 

All amplifications were performed in triplicates. 807 

 808 

ELISA 809 

Lung homogenates and serum levels of murine C3a, C5a, CXCL1, CXCL2, IL-1β, MPO, 810 

PTX3 and P-selectin were determined by enzyme-linked immunosorbent assay (DuoSet 811 

ELISA, R&D Systems and Cloud-Clone corp) following the manufacturer’s instructions. 812 

Human PTX3 was determined with an in-house ELISA as previously described by Jaillon and 813 

collaborators (Jaillon et al., 2014). Briefly, anti-PTX3 monoclonal antibody (1 µg/ml, clone 814 

MNB4) in carbonate buffer (carbonate buffer 15 mM pH 9.6) was coated overnight at 4°C in 815 

96 well ELISA plates (Nunc). Wells were then blocked with 5% dry milk for 2h at room 816 

temperature. Cell culture supernatants, were incubated for 2h at room temperature. Biotin-817 

labeled polyclonal rabbit anti-PTX3 antibody (100 µg/ml) was used for the detection and 818 

incubated 1h at 37°C. Plates were incubated with peroxidase-labeled streptavidin (SB01-61; 819 

Biospa) for 1h at 37°C. Bound antibodies were revealed using the TMB substrate (Sigma 820 

Aldrich) and 450 nm absorbance values were read with an automatic ELISA reader 821 

(VersaMax; Molecular Devices). 822 

 823 

Flow cytometry 824 
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BAL fluid samples were obtained after intratracheal injection of 1 ml of PBS supplemented 825 

with 5% FBS. Lung cells were isolated after digestion in PBS, supplemented with 20% FBS, 826 

2 mM HEPES (Lonza), 100 µg/ml collagenase from Clostridium histolyticum type IV 827 

(Sigma-Aldrich) and 20 µg/ml of DNAse (Roche Diagnostics GmbH) in C-tubes processed 828 

with gentleMACS Octo Dissociator with heaters according to the manufacturer's instructions 829 

(Miltenyi Biotec). Lysate were pellet (500 g 8min) and red blood cells were lysate with 500 µl 830 

of ACK lysing buffer (Lonza) for 5min. Reaction were stopped with PBS, the cell 831 

suspensions were filtered through a 70 μm filter, count using Türk solution (Sigma-Aldrich) 832 

and 10
6
 cells were pelleted by centrifugation (500 g, 8 min). Live/dead fixable aqua 833 

(Invitrogen) staining were realized following manufacturer’s instruction and stopped in FACS 834 

buffer (PBS, 2% FBS, 2 mM EDTA, 0.05% NaN3). Fc-receptors were blocked with anti-835 

mouse CD16/CD32 (20 µg/ml, clone 93; Invitrogen) for 20min. Cells were stained with an 836 

antibody panel able to distinguish macrophages (CD45
+
, CD11b

-
, SiglecF

+
), neutrophils 837 

(CD45
+
, CD11b

+
, SiglecF

-
, Ly6C

+
, Ly6G

+
), monocytes (CD45

+
, CD11b

+
, SiglecF

-
, 838 

Ly6C
low/moderate/high

, Ly6G
-
) and eosinophils (CD45

+
, CD11b

+
, SiglecF

+
) as described in Figure 839 

S7: anti-CD45-Brilliant Violet 605 (2 µg/ml, clone 30-F11; BD Bioscience), anti-CD11b 840 

APC-Cy7 (1 µg/ml, clone M1/70; BD Bioscience), anti-SiglecF-eFluor 660 (1.2 µg/ml, clone 841 

1RNM44N; Invitrogen), anti-Ly6C-FITC (3 µg/ml, clone AL-21; BD Bioscience), anti-842 

Ly6G-PE-CF594 (0.4 µg/ml, clone 1A8; BD Bioscience). Flow cytometric analysis was 843 

performed on BD LSR Fortessa and analyzed with the BD FACSDiva software. 844 

 845 

Genotyping 846 

DNA was obtained from 57 pediatric patients with invasive pulmonary disease (IPD) and 521 847 

age- and sex-matched healthy controls from the cohort described by Garcia-Laorden and 848 

collaborators (García-Laorden et al., 2020). The genotyping was performed as previously 849 
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described by Barbati and collaborators (Barbati et al., 2012). Briefly, genomic DNAs 850 

extracted from frozen EDTA-whole blood were genotyped by real time-PCR, using TaqMan. 851 

In particular, 5 µl samples containing TaqMan Genotyping Master Mix, and specific TaqMan 852 

SNP genotyping probes (rs1840680, rs2305619 and rs3816527) were mixed with 20 ng of 853 

genomic DNA and genotyped using a Quantstudio 6 Flex System according to the 854 

manufacturer’s instruction (Applied Biosystems).  855 

 856 

Statistical analysis 857 

Results were expressed as median or mean ± SEM as indicated. Statistical differences were 858 

analyzed using the non-parametric Mann-Whitney test for two groups comparison, or the non-859 

parametric Krukal-Wallis test with post-hoc corrected Dunn’s test for multiple comparison of 860 

the mean with unequal sample size; survival analysis was performed with the logrank test 861 

with Mantel-Cox method. All the analyses were performed with GraphPad Prism 8.0; P 862 

values <0.05 were considered significant. 863 

Sample size estimation was determined for each read-out by performing pilot experiments and 864 

determining the Cohen’s effect size d (Lakens, 2013). Sample size were then estimated using 865 

G*Power software (version 3.1.9.7) to perform an a priori power analyses considering the d 866 

calculated as described above, an α error probability of 0.05 and 0.01 and a power level (1-β 867 

error probability) of 0.8 and considering the appropriated statistical analyses test (Faul et al., 868 

2007). Depending on the model, the sample size ranges between 3 and 40. Number of animals 869 

used are reported in the appropriate legends to figures. 870 

As for SNP association analyses, these were performed using the PLINK v1.07 program 871 

(Purcell et al., 2007). All polymorphisms had a call rate of 100%, and were tested for Hardy-872 

Weinberg equilibrium (HWE) in controls before inclusion in the analyses (P-HWE >0.05). In 873 

detail, deviations from HWE were tested using the exact test (Wigginton et al., 2005) 874 
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implemented in the PLINK software. For each SNP, a standard case-control analysis using 875 

allelic chi-square test was used to provide asymptotic P values, odds ratio (OR), and 95% 876 

confidence interval (CI), always referring to the minor allele. Haplotype analysis and phasing 877 

was performed considering either all three SNPs together or by using the sliding-window 878 

option offered by PLINK. All P values are presented as not corrected; however, in the 879 

relevant tables, Bonferroni-corrected thresholds for significance are indicated in the footnote. 880 

  881 
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Supplementary Figures 1214 

 1215 

Figure S1. Invasive pneumococcal infection induces PTX3 expression. 1216 

Mice were infected intranasally with 5x10
4
 CFU of S. pneumoniae serotype 3 and sacrificed 1217 

at the indicated time points for tissue collection. (A) Bacterial load in lung (●) and spleen (■) 1218 

collected at indicated time points after infection of WT mice (n=10-21). (B) Survival of WT 1219 

mice infected with a lethal inoculum of S. pneumoniae serotype 3. Mice were monitored 1220 

every 6h (n=33). (C) Relative Ptx3 mRNA expression determined by Real-Time quantitative 1221 

PCR in lung homogenates collected at the indicated time points and normalized on uninfected 1222 

mice (n=3). (D) Relative Ptx3 mRNA expression determined by Real-Time quantitative PCR 1223 

in the indicated organ homogenates collected 48h post-infection and compared to uninfected 1224 

mice mice (n=4-5). Results are reported as the mean ± SEM. CFU detection limits in the 1225 

.CC-BY 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted April 15, 2022. ; https://doi.org/10.1101/2022.04.14.488329doi: bioRxiv preprint 

https://doi.org/10.1101/2022.04.14.488329
http://creativecommons.org/licenses/by/4.0/


 54 

spleen is 5 CFU represented by a dotted line. Statistical significance was determined using the 1226 

Mann-Whitney test comparing results to uninfected mice (*P<0.05 and **P<0.01).  1227 

 1228 

Figure S2. Cellular sources of PTX3 after stimulation with S. pneumoniae. 1229 

(A) PTX3 protein levels, measured by ELISA, released by 10
6
 human purified 1230 

neutrophils/100µl stimulated for 6h at 37°C with 10
7
 CFU/ml of S. pneumoniae serotype 3 or 1231 

10 ng/ml of phorbol myristate acetate (PMA). (B) MPO and PTX3 protein levels determined 1232 

by ELISA in lung homogenates collected 36h post intranasal infection of WT and Csfr3
-/-

 1233 
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mice with 5x10
4
 CFU of S. pneumoniae serotype 3 (data pooled from 2 experiments, n=18). 1234 

(C) Relative Ptx3 mRNA expression determined by Real-Time quantitative PCR in human 1235 

and murine endothelial cells after 6h stimulation with 10
6
 CFU S. pneumoniae, 20 ng/ml IL-1236 

1β or 100 ng/ml LPS (n=3-6). Results are reported as mean ± SEM. Statistical significance 1237 

was determined using the non-parametric Krukal-Wallis test with post-hoc corrected Dunn’s 1238 

test comparing means to control group (A, C) or the Mann-Whitney test (B) (*P<0.05, 1239 

**P<0.01 and **** P<0.0001). 1240 

 1241 

Figure S3. Infection with S. pneumoniae serotype 1 and bacterial growth rate in the 1242 

presence of PTX3. 1243 
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Mice were infected intranasally with 5x10
4
 CFU of S. pneumoniae serotype 3 (A) or with 10

6
 1244 

CFU of S. pneumoniae serotype 1 (B-E) and sacrificed at the indicated time points for tissue 1245 

collection. (A) WT and Ptx3
-/-

 mice were infected with 5x10
4
 CFU and bacterial load in lung 1246 

was analyzed at 18h post-infection (data pooled from 2 independent experiments, n=19-20).  1247 

(B) PTX3 protein levels determined by ELISA in lung homogenates and serum collected at 1248 

the indicated time points (n=4-5). (C) Correlation between PTX3 and IL-1β protein levels in 1249 

lung homogenates of all infected mice sacrificed from 18 to 24 hours post-infection (n=8). (C-1250 

D) Bacterial load in lung (D) and spleen (E) collected at the indicated time points after 1251 

infection of WT and Ptx3
-/-

 mice with S. pneumoniae serotype 1 (n=12). Results are reported 1252 

as the mean ± SEM (B). CFU detection limits in the spleen is 5 CFU represented by a dotted 1253 

line. Statistical significance was determined using the non-parametric Krukal-Wallis test with 1254 

post-hoc corrected Dunn’s test comparing means to uninfected mice (B) and the Mann-1255 

Whitney test (A, D-E) (*P<0.05, **P<0.01 and ***P<0.001).  1256 

 1257 

Figure S4. Lack of effect of PTX3 on S. pneumoniae growth rate. 1258 

Growth rate of S. pneumoniae serotype 3 non-opsonized or pre-opsonized with recombinant 1259 

PTX3 (25-250 µg/ml for 40 min) was measured in the culture condition reported in the 1260 

Material & Methods section. Absorbance (600 nm) was measured at the indicated time points 1261 

(n=3) and is reported as mean ± SEM.  1262 
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 1263 

Figure S5. Neutrophil recruitment during invasive pneumococcus infection. 1264 

Mice were infected intranasally with 5x10
4
 CFU of S. pneumoniae serotype 3 (A-E) or with 1265 

10
6
 CFU of serotype 1 (F) and sacrificed at the indicated time points for tissue collection. (A) 1266 

Hematoxylin and Eosin (H&E) staining of formalin-fixed lung sections from WT mice 1267 

uninfected and 36h after infection at 10x magnification. (B) MPO levels determined by 1268 

ELISA in lung homogenates collected at the indicated time points (n=4). (C-D) Neutrophil 1269 

number determined by flow cytometry in the BAL (C) and lung (D) collected at the indicated 1270 

time points from WT mice (n=4-8). (E) Vascular damage histological score measured in lungs 1271 

collected 18h post-infection from WT and Ptx3
-/- 

mice. Scores (detailed in the Material and 1272 

Methods section) were determined on three H&E stained lung sections per mice at different 1273 

depth separated by at least 100µm each (n=6-10).  (F) Neutrophil number determined by flow 1274 

cytometry in the BAL and lung collected 18h post-infection from WT and Ptx3
-/-

 mice (data 1275 

pooled from 2 independent experiments, n=10-13). Results are reported as mean ± SEM. 1276 

Statistical significance was determined using the Mann-Whitney test comparing results to 1277 

uninfected mice (*P<0.05, **P<0.01 and ***P<0.001).  1278 
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 1279 

 1280 

Figure S6. PTX3 modulates neutrophil recruitment. 1281 

Mice were infected intranasally with 5x10
4
 CFU of S. pneumoniae serotype 3 and sacrificed 1282 

at the indicated time points for tissue collection. (A-B) Neutrophil number determined by 1283 

flow cytometry in the lung (A) and BAL (B) collected 18h post-infection from WT and Ptx3
-/-

  1284 

mice treated intraperitoneally 12h post-infection with 200µg/100µl of anti-Ly6G or isotype 1285 

control antibodies (data pooled from 2 independent experiments, n=9-12). (C) Chemokines 1286 

(CXCL1/CXCL2) and anaphylatoxins (C3a/C5a) levels measured by ELISA in lung 1287 

homogenates collected 18h post-infection from WT and Ptx3
-/-

 mice (data pooled from 2 1288 

independent experiments, n=20). (D) C3d level in lung homogenates collected 36h post-1289 

infection from WT and Ptx3
-/-

 (KO) mice, detected by western blot and normalized with 1290 

vinculin expression (n=8). (E) P-selectin expression in lung at steady state or during 1291 

S. pneumoniae respiratory infection. WT and Ptx3
-/-

 mice were infected intranasally with 1292 

5x10
4
 CFU of S. pneumoniae serotype 3 and sacrificed 18h post-infection for lung tissue 1293 

collection. Uninfected mice were also collected for steady state expression. P-selectin 1294 
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expression was evaluated in lung homogenates by ELISA (n=5-9).  (F-G) Neutrophil number 1295 

determined by flow cytometry in the BAL (F) and lung (G) collected 18h post-infection from 1296 

WT and Ptx3
-/-

 mice treated intraperitoneally 12h post-infection with 50µg/100µl of anti-1297 

CD62P or isotype control antibodies (n=8). Results are reported as mean ± SEM. Statistical 1298 

significance was determined using the non-parametric Krukal-Wallis test with post-hoc 1299 

corrected Dunn’s test comparing means to WT mice treated with isotype antibody (A-B, E-G) 1300 

and the Mann-Whitney test (C) (*P<0.05, **P<0.01 and ***P<0.001). 1301 
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 1302 

Figure S7. FACS gating strategy. 1303 

Identification of myeloid subset in the BAL and in the lung reported in the Material & 1304 

Methods section. 1305 

 1306 
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