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Long pentraxin 3 (PTX3) is an essential component of humoral
innate immunity, involved in resistance to selected pathogens
and in the regulation of inflammation'>. The present study
was designed to assess the presence and significance of PTX3
in Coronavirus Disease 2019 (COVID-19)*". RNA-sequencing
analysis of peripheral blood mononuclear cells, single-cell
bioinformatics analysis and immunohistochemistry of lung
autopsy samples revealed that myelomonocytic cells and
endothelial cells express high levels of PTX3 in patients with
COVID-19. Increased plasma concentrations of PTX3 were
detected in 96 patients with COVID-19. PTX3 emerged as a
strong independent predictor of 28-d mortality in multivari-
able analysis, better than conventional markers of inflamma-
tion, in hospitalized patients with COVID-19. The prognostic
significance of PTX3 abundance for mortality was confirmed
in a second independent cohort (54 patients). Thus, circu-
lating and lung myelomonocytic cells and endothelial cells
are a major source of PTX3, and PTX3 plasma concentration
can serve as an independent strong prognostic indicator of
short-term mortality in COVID-19.

Highly pathogenic betacoronaviruses causing severe acute respi-
ratory syndrome, Middle East respiratory syndrome and the cur-
rent COVID-19 pandemic, affect the lower respiratory tract leading
to critical acute respiratory distress syndrome (ARDS) and fatality
in a high percentage of cases'”. Severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) infection is characterized by variable
clinical forms, with symptoms including fever, cough and general
malaise in mild and moderate cases, which progress to severe pneu-
monia or ARDS, shock and/or multiple organ failure, requiring
admission to intensive care units (ICUs) in more severe cases. The
high morbidity and mortality observed in the COVID-19 pandemic
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are caused by alveolar damage and pneumonia, cardiovascular com-
plications and multi-organ failure.

SARS-CoV-2 interacts with angiotensin-converting enzyme 2
expressed by pneumocytes in the alveolar lining, leading to lung
injury. Angiotensin-converting enzyme 2 is also widely expressed
on endothelial cells, thus possibly explaining the evidence of direct
viral infection of the endothelium, diffuse endothelial inflammation
and widespread microvascular dysfunction, leading to organ isch-
emia, inflammation, edema and a procoagulant state’"">. In addi-
tion, uncontrolled activation of innate and adaptive immunity in
response to the infection results in hyperinflammatory responses,
which, by affecting lung tissue and blood vessels, contribute to
ARDS pathogenesis, shock and multi-organ failure”"”’. Macrophages
are central drivers of uncontrolled inflammation and tissue damage
associated with COVID-19 (refs. 7'>'4).

PTX3 is a key component of humoral innate immunity, belong-
ing to the family of pentraxins'’. In contrast with its relative, the
short pentraxin C-reactive protein (CRP), essentially produced by
the liver in response to interleukin (IL)-6 during the acute-phase
response’, PTX3 is rapidly produced by several cell types, includ-
ing myeloid cells, endothelial cells and respiratory epithelial cells,
particularly in response to IL-1, tumor necrosis factor, microbial
molecules and tissue damage"*. PTX3 is an essential component of
humoral innate immunity, involved in resistance to selected patho-
gens and in the regulation of inflammation'* The similarity with
CRP prompted investigations as to the usefulness of PTX3 as a
marker in diverse human conditions of infective or inflammatory
origin. The local production by different cell types at inflamma-
tory sites and the release of the preformed protein by neutrophils
in response to primary proinflammatory cytokines or microbial
recognition accounts for the rapidity of PTX3 increase in these
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conditions. Increased PTX3 plasma concentrations were described
in infections of fungal, bacterial and viral origin'>'¢, severe inflam-
matory response syndrome, sepsis'’ " and cardiovascular diseases’'.
In different pathological conditions, high PTX3 plasma concen-
trations were associated with disease severity and mortality'’-".
Moreover, PTX3 has been shown to serve as a biomarker of dis-
ease activity in inflammatory conditions involving the vascular bed,
ranging from atherosclerosis to vasculitis®' .

Previous findings on the prognostic significance of PTX3 in sys-
temic inflammatory conditions, as well as in vascular pathology'””!,
prompted the present investigation, which was designed to investi-
gate the cellular sources and significance of PTX3 in patients with
COVID-19.

We conducted an in silico bioinformatic analysis of the expression
of PTX3 using public databases”*". SARS-CoV-2 strongly induced
or amplified PTX3 transcript expression in two lines representa-
tive of respiratory tract epithelial cells, Calu-3 and A549 (Fig. 1a).
The same trend was observed in normal human bronchial cells,
although it did not reach statistical significance (GSE147507)>.
Bulk RNA sequencing (RNA-seq) of purified monocytes (Fig. 1b)
and bioinformatic analysis at single-cell level of peripheral blood
mononuclear cells (PBMCs) obtained from patients with COVID-
19 (Fig. lc) revealed that PTX3 was selectively expressed by
COVID-19 neutrophils and monocytes (GSE150728)%. Moreover,
bioinformatic analysis of COVID-19 bronchoalveolar lavage fluid
(BALF) cells at single-cell level” revealed that PTX3 was strongly
expressed in neutrophils and monocyte-derived macrophage popu-
lations, as identified by molecular signatures (Fig. 1d).

Further confirmation of PTX3 protein expression in patients with
COVID-19 was obtained by immunohistochemistry on autopsy
samples from the lungs of individuals with a confirmed positivity
to SARS-CoV-2. An example of typical staining on lung specimens
is shown in Fig. 2a, which revealed PTX3 positivity in alveolar mac-
rophages, as well as in the adventitia of small vessels and in type II
pneumocytes. PTX3 immunostaining was, in particular, observed in
multinucleated macrophages (Fig. 2a). Interestingly, PTX3 staining
was particularly intense in the adventitia and endothelium of small
vessels (for example, the vessel occluded by a thrombus in Fig. 2b).
Thus, bulk scRNA-seq analysis and immunohistology revealed that,
in peripheral blood and lungs of patients with COVID-19, myelo-
monocytic cells express high amounts of PTX3. Moreover, immu-
nohistology suggested that vascular cells, key players in disease
pathogenesis, also express PTX3.

Based on previous studies on the prognostic ability of PTX3 in
inflammatory conditions and on transcript expression mainly in
myelomonocytic cells, which play a key role in pathogenesis, we
assessed PTX3 plasma concentrations in 96 patients with COVID-19
consecutively admitted to Humanitas Clinical and Research Center.
Demographic, clinical and laboratory features of patients are shown
in Supplementary Table 1. In the overall population, patients had
elevated PTX3 (median 17.3ng ml™, interquartile range (IQR)
10.1-39.8ngml™"), CRP (median 12.3mgdl™',IQR 6.2-22.3mgdl™")
and IL-6 (median 55pg ml™'; IQR 24-118 pg ml™') concentrations.
Similarly to our previous study*, we also observed elevated levels
of ferritin (median 622ug ml™', IQR 182-987ug ml™'), D-dimer
(median 637 pg ml™', IQR 409-1,394 pg ml™") and lactate dehydro-
genase (LDH; median 345U 17}, IQR 268-431U 17!). A reduction
in lymphocytes (median 0.8 X 10° per ml, IQR 0.6-1.1 X 10° per ml)
and eosinophils (median 0 10° per ml, IQR 0-0.1 X 10° per ml) was
also found, as previously reported®.

In the first cohort, 52 patients (54.2%) were transferred to the
ICU within 7d from admission because of clinical worsening. The
primary end point of death occurred in 22 patients (23%), compris-
ing 14 patients who died in ICU and 8 who died in medical wards,
while a total of 58 patients (60.4%) had been discharged alive and 16
patients (16.6%) were still hospitalized on the data cutoff date. PTX3
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values were higher in patients who finally died as compared with
patients who survived (median 39.8 ng ml™, IQR 20.2-75.7 ng ml™!
versus 15.3ng ml™, IQR 8.2-21.3ng ml™’, respectively; Fig. 2c).
Moreover, higher PTX3 levels were found in ICU patients compared
to ward patients (median 21.0 ng ml™, IQR 15.6-46.3 ng ml™! versus
median 12.4ng ml™, IQR 6.12-20.2 ng ml™!, respectively; Fig. 2d).

After defining three PTX3 groups by tertiles (low-level group:
1.6-9.53ng ml™; medium-level group: 9.69-20.18ng ml™};
high-level group: 20.61-147ng ml™), the Kaplan-Meier analysis
showed an overall 28-d event-free survival of 0.88 (95% confidence
interval (CI) 0.71-0.95) in the medium-level group and 0.59 (95%
CI 0.42-0.72) in the high-level group. No deaths were observed in
the low-level group (log-rank test, P=0.0001; Fig. 2e).

In the univariable Cox regression analysis, PTX3 was a strong pre-
dictor of mortality in patients with COVID-19 (crude hazard ratio
(HR) 22.4; 95% CI 5.8-86.2; P<0.0001). Based on the available lit-
erature and statistical considerations, we adjusted for potential con-
founding factors (age, ICU stay, days between symptom onset and
PTX3 test, and the sequential organ failure assessment (SOFA) score
at admission). PTX3 remained a strong predictor of 28-d mortality
(adjusted HR (aHR) 27.6; 95% CI 5.3-142.8; P<0.0001; Table 1).
The proportional hazard assumption was not violated (P=0.16).
The ability of PTX3 to predict death in patients with COVID-19
was excellent in this cohort of 96 patients, either alone (Harrell’s
C-statistic 0.81; 95% CI 0.71-0.90) or in the multivariable model
(Harrell’s C-statistic 0.87; 95% CI 0.80-0.94).

Correlations between PTX3 and other inflammatory markers
were assessed with the Spearman’s test (Supplementary Table 2).
PTX3 was significantly correlated with CRP, procalcitonin (PCT),
IL-6, ferritin and D-dimer, but also with other poor COVID-19
prognostic factors, such as LDH, troponin-I, lymphocyte count and
platelet count. The latter observation is consistent with previous
findings in sepsis'’. On the contrary, no correlation was observed
between circulating concentrations of PTX3 and CXCL10, recently
suggested as classifiers of severity in patients with COVID-19, but
not considering death as the end point” (Extended Data Fig. 1).
Levels of PTX3, CRP, ferritin, IL-6 and D-dimer were also analyzed
as continuous variables for predicting mortality (univariable Cox
regressions; Table 2). IL-6 was also significantly, but weakly, associ-
ated with mortality in the unadjusted analysis.

To validate the findings regarding the prognostic significance for
mortality of PTX3 in patients with COVID-19, we analyzed a sec-
ond, independent cohort of 54 patients from Azienda Socio Sanitaria
Territoriale (ASST) Papa Giovanni XXIII Hospital, Bergamo
(Table 3). There were considerable differences between the two
cohorts (Supplementary Table 3). These differences largely reflect
the ‘frontline’ dramatic situation of the Bergamo institution in
February through April 2020. Despite the different demographic
and clinical characteristics between the two cohorts (Supplementary
Table 3), the prognostic power of PTX3 was confirmed (crude HR
6.9, 95% CI 1.25-38.2, P=0.026; and Harrell’s C-statistic 0.71, 95%
CI 0.58-0.84). Also in this second cohort, PTX3 was a better prog-
nostic factor for death than CRP and IL-6 (Table 3). Thus, results
obtained in two independent cohorts indicate that PTX3 blood con-
centrations represent a strong prognostic indicator of short-term
mortality in COVID-19, better related to outcome than conven-
tional biomarkers including IL-6.

As of 15 September 2020, the number of COVID-19 cases was
reported to be more than 25 million, leading to more than 900,000
deaths worldwide (https://www.who.int/docs/default-source/coron
aviruse/20200630-covid-19-sitrep-162.pdf?sfvrsn=e00a5466_2/).
Elevated levels of CRP, cytokine and chemokines®*, together with
low lymphocyte and eosinophil counts, characterize patients with
severe disease’’.

Moreover, as discussed below, in depth profiling of immunity has
provided new candidate tools*>**~*°. However, a reliable biomarker
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Fig. 1] In silico analysis of PTX3 expression in SARS-CoV-2-infected cells and patients with COVID-19. a, PTX3 levels of in vitro SARS-CoV-2-infected
respiratory epithelial cells: normal human bronchial epithelial cells (NHBCs; at a multiplicity of infection (MOI) of 2, n=12 independent biological
replicates) and human lung cancer cell lines A549 (MOI: 0.2, n=12 independent biological replicates; MOI: 2, n=3 independent biological replicates)
and Calu-3 (MOI: 2, n=3 independent biological replicates). Comparisons are with mock-treated controls, and significant changes in PTX3 expression
are indicated. CPM, counts per million; VST, variance-stabilization transformation b, PTX3 expression measured in RNA-seq of peripheral monocytes
from patients hospitalized with COVID-19 (n=6) and healthy donors (n=3). In a and b, box plots represent the median (center line), upper and lower
quartiles (box limits), 1.5 times the IQR (whiskers) and outliers (elements outside boxes). P values were calculated using a two-sided Student'’s t-test
and were adjusted for multiple comparisons with Bonferroni correction. ¢, Single-cell RNA-seq (scRNA-seq) of COVID-19 PBMCs. Left, uniform manifold
approximation and projection (UMAP) showing Seurat-guided clustering of PBMC populations. Each point represents a single-cell colored according

to cluster designation. NK, natural killer cells. Center, heat map showing the expression levels of PTX3. Right, violin plots representing expression and
distribution of PTX3 within predicted PBMC populations. d, scRNA-seq of COVID-19 BALF. Left, UMAP showing Seurat-guided clustering of BALF
populations. Center, heat map showing the expression levels of PTX3. Right, violin plots representing expression and distribution of PTX3 within predicted
BALF populations. Single-cell expression values are shown after imputation.
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Fig. 2 | PTX3 expression and prognostic value in patients with COVID-19.

a,b, PTX3 immunolocalization in COVID-19 lung specimens. a, PTX3 in
type Il pneumocytes (arrow) and alveolar macrophages (arrowhead).
Note the granular cytoplasmic positivity in a multinuclear macrophage,
denoted by the asterisk (immunoperoxidase stain; x40 magnification;
scale bar, 50 pm). b, PTX3 in the adventitia (arrowhead) and endothelium
(arrow) of a small vessel occluded by a thrombus (immunoperoxidase
stain; x20 magnification; scale bar, 50 pm). Images are representative

of one of four SARS-CoV-2-positive patients analyzed. ¢,d, PTX3 plasma
concentration in 96 patients with COVID-19 admitted to Humanitas
Clinical and Research Hospital. ¢, Patients were divided based on the
primary outcome (mortality; deaths, n=22, discharged/in hospital
patients, n=74). d, PTX3 plasma concentration in patients admitted to
medical wards (n=50) or ICU (n=46). Individual data points are shown
with the mean + standard deviation (s.d.). In ¢ and d, P values were
calculated using a two-tailed, unpaired Wilcoxon rank-sum test, without
adjustments. e, Kaplan-Meier curves by level of PTX3 (low, medium

and high) defined by tertiles. No events were observed in the low-level
group. The 28-d event-free survival was 0.88 (95% Cl 0.71-0.95) in the
medium-level group and 0.59 (95% Cl 0.42-0.72) in the high-level group.
Two-sided log-rank test, P=0.0001.
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Table 1| PTX3 as predictor of death in hospitalized patients
with COVID-19

Variables aHR 95% ClI P value
PTX3 (per Tng ml- 27.6 (5.3-142.8) <0.0001
increase)?

Age (per 1-year increase) 112 (1.04-1.20) 0.005
ICU (yes or no) 6.19 (0.94-40.88) 0.058
SOFA (per 1-point increase) 0.99 (0.81-1.23) 0.970
Days onset to PTX3 (per1-d  0.99 (0.87-1.12) 0.887

increase)

Multivariable Cox regression analysis on 96 patients from Humanitas Clinical and Research
Hospital adjusted for age, stay in ICU, SOFA score at admission and days between onset of
symptoms and PTX3 test draw. #Variable expressed in logarithmic scale.

of poor outcome in COVID-19 is still lacking. The early and accu-
rate triaging of the patients may contribute to better patient man-
agement and stratification in clinical trials. The present study was
designed to investigate expression and clinical significance of the
fluid-phase pattern-recognition receptor PTX3 in COVID-19.
We found that PTX3 was induced by SARS-CoV-2 in respiratory
tract epithelial cells. In patients with COVID-19, PTX3 analyzed
in bulk and at single-cell level was selectively expressed by mono-
cytes among circulating cells and by lung macrophages, as well as
by endothelial cells by immunohistochemistry. High PTX3 plasma
levels were a strong independent indicator of short-term 28-d mor-
tality. In this patient cohort, PTX3 fared substantially better than
other known prognostic markers, including CRP, IL-6, ferritin and
D-dimer.

PTX3 blood levels above the normal value (<2ng ml™') can be
found in the subclinical inflammatory status of cardiovascular dis-
eases”, as well as in infections and sepsis, with increasing median
values when moving to more severe conditions. In a large study
conducted in 1,326 unselected hospitalized individuals (14% with
infectious diseases), PTX3 levels above the 95th percentile of healthy
non-hospitalized individuals (>6.4 ng ml™") were significantly asso-
ciated with higher mortality in the short term, independently of
hospitalization causes (aHR 5; 95% CI 2.9-8.8)*. In a recent, pro-
spective, observational study including 547 ICU patients (42.4%
with infections), PTX3 serum levels were independently associated
with 28-d mortality when adjusted for age, gender, chronic dis-
eases and immunosuppression (HR 1.87; 95% CI 1.41-2.48)*. In
another recent study conducted on 281 patients with sepsis, serum
PTX3 > 26 ng ml™ was associated with mortality*’. The sample size
of the original and validation cohorts investigated in the present
study is limited (96 and 54 patients, respectively); therefore, we ana-
lyzed PTX3 as a continuous predictor and considered that, at this
stage, it would have been inappropriate to define a threshold value,
which would require an order of magnitude larger cohort. However,
with this caveat, previous results and our results suggest that circu-
lating PTX3 levels tenfold above the normal value reflect a severe
systemic inflammatory involvement with an ominous outcome.

PTX3 is produced by diverse cell types including myelomono-
cytic cells, lung epithelial cells and endothelial cells. In the pres-
ent study, we found that SARS-CoV-2 induced gene expression of
PTX3 in respiratory tract epithelial cells. Using bulk RNA-seq and
bioinformatic analysis at single-cell level, we found that PTX3 was
selectively expressed by monocytes among circulating leukocytes.
Moreover, in lung BALE, single-cell analysis on public databases
revealed selective expression of PTX3 in neutrophils and macro-
phages (Fig. 1d). Myeloid cells are credited to play a major role in
the pathogenesis of the disease®”'*!“.

PTX3 was originally cloned in endothelial cells' and vascu-
lar cells are a major source of this component of humoral innate
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Table 2 | Inflammatory and other biomarkers as predictors of
death in patients hospitalized with COVID-19

Variables HR 95% CI P value
PTX3 (per Tng ml~ 224 (5.8-86.2) <0.0001
increase)?

CRP (per Tmg dI-"increase) 1.03 (0.99-1.07) 0.082
IL-6 (per 1pg ml~" increase)? 3.70 (1.27-10.83) 0.017
PCT (<1versus >Imgdl-)  0.86 (0.31-2.4) 0.780
Ferritin (per Tng ml~" 417 (0.85-20.5) 0.079
increase)?

D-dimer (per Tpg I 2.3 (0.82-654) 0113
increase)?

Univariable Cox analysis of 96 patients from Humanitas Clinical and Research Hospital. 2Variable
expressed in logarithmic scale.

Table 3 | PTX3 as a predictor of death in a validation cohort of
hospitalized patients with COVID-19

Variables HR 95% Cl P value
PTX3 (per Tng ml~'increase)® 6.9 (1.25-38.2) 0.026
CRP (per Tmg dI~'increase) 1.04 (0.97-110) 0.203
IL-6 (per 1pg ml~" increase)? 214 (0.86-5.29) 0.099

Univariable Cox analysis of 54 patients from ASST Papa Giovanni XIII Hospital. *Variable expressed
in logarithmic scale.

immunity, although their role could not be directly ascertained in
the present study. Endothelial cells and the lung vascular bed have
emerged as major determinants of COVID-19-associated microvas-
cular thrombosis and disease pathogenesis’">. PTX3 plasma levels
have been shown to correlate with the severity of disease in various
forms of vascular pathology, including small-vessel vasculitis, coro-
nary heart disease and Kawasaki disease****!. The latter observation
raises the issue of its significance in the Kawasaki-like disease, now
called multisystem inflammatory syndrome in children (MIS-C),
observed in children after COVID-19 (refs. “-*). Of interest, our
data show a significant correlation between PTX3 and D-dimer, a
surrogate of coagulation cascade activation and a marker of venous
thrombosis, and between PTX3 and troponin-I, a marker of myo-
cardial disease; both myocardial inflammation and acute ischemic
heart disease have been described in COVID-19 (refs. “**7). These
observations raise the possibility that the strong prognostic signifi-
cance of PTX3 in COVID-19 may reflect its positioning at the very
intersection between macrophage-driven inflammation and vascu-
lar involvement.

PTX3 is a fluid-phase pattern-recognition molecule that binds
selected viruses and plays a role in antimicrobial immunity'”.
Moreover, PTX3 has a regulatory role in inflammation by inter-
fering with selectin-dependent neutrophil recruitment and by
regulating the complement cascade’®*. Uncontrolled complement
activation has been shown to play an important role in COVID-19
disease pathogenesis and to represent a therapeutic target™. It
is tempting to speculate that high levels of PTX3 in COVID-19
reflect failed negative regulation of uncontrolled inflammation. The
actual role of PTX3 and, more generally, of humoral innate immu-
nity in resistance against SARS-CoV-2 and in disease pathogenesis
deserves further investigation.

An earlier and more accurate triaging may improve patient man-
agement and stratification in clinical trials. A number of recent
studies”*** have recently reported extensive deep profiling of
immune responses in COVID-19 and signatures relevant as disease

classifiers or prognostic indicators. In the present study, we found
that in two independent patient cohorts, early in disease progres-
sion, PTX3 was a strong prognostic indicator of short-term death,
a hard end point, better than other markers such as IL-6 and CRP.
IL-6, IL-10 and CXCL10 (IP-10) were recently suggested to serve as
classifiers of patients with COVID-19, with end points other than
death”. In 20 patients from our original cohort, we found no corre-
lation between PTX3 and CXCL10 (Extended Data Fig. 1), possibly
suggesting distinct spectra of clinical significance in relation to end
points. We speculate that the strong prognostic significance of PTX3
for short-term mortality reflects its production by myeloid cells and
endothelial cells in the lungs. With the caveat of the limited num-
ber of patients in our two independent cohorts, the results reported
here suggest that PTX3 may serve as an early low-cost/low-tech
biomarker for patient management, follow-up and stratification
in clinical trials. Large studies are needed to assess whether PTX3
can represent a low-cost complementary or alternative approach to
sophisticated immune signatures in patient management, assess-
ment of response to different therapies and clinical trial design.
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Methods

Study design and participants. The study was approved by the Humanitas Clinical
and Research Center Ethical Committee (authorization 233/20); the requirement
for informed consent was waived. This study analyzed a cohort of 96 patients.

We included all males and nonpregnant females, 18 years of age or older, who

were admitted to Humanitas Clinical and Research Center (Milan, Italy) between
04 March and 09 May 2020 (data cutoff: 13 May) with a laboratory-confirmed
diagnosis of COVID-19. Hospital admission criteria were based on a positive
RT-PCR assay for SARS-CoV-2 associated with respiratory failure requiring oxygen
therapy, or radiological evidence of substantial pulmonary infiltrates on chest
computed tomography (CT) scan, or reduction in respiratory/cardiopulmonary
reserve as assessed by a 6-min walking test, or due to frailty related with patient
comorbidity. The primary outcome of the study was death. Fifty-two patients of 96
(54%) were transferred to ICUs because of the requirement for invasive ventilation
or noninvasive mechanical ventilation with an oxygen fraction of over 60%.
Patients with continuous positive airway pressure therapy were followed up by the
ICU outreach team and ward physicians in COVID-19 wards. ARDS was defined
according to the Berlin definition®'.

A second, independent cohort of 54 patients admitted to the ASST Papa
Giovanni XXIII, Bergamo, Italy, from 22 February to 04 April 2020, with a
laboratory-confirmed diagnosis of COVID-19, was analyzed to confirm our
results. In this cohort, the same criteria of admission as the first cohort
were adopted.

Laboratory test, demographic and medical history. Laboratory testing at
hospital admission included: complete blood count, renal and liver function
(transaminase, total/direct/indirect bilirubin, gamma-glutamyl transferase and
alkaline phosphatase), creatinine kinase, LDH, myocardial enzymes, electrolytes
and triglycerides. A panel of acute-phase reactants including IL-6, serum ferritin,
D-dimer, CRP, fibrinogen and PCT, and CXCL10/IP-10, was performed. IL-6 and
CXCL10 were measured using a custom-designed plate on an ELLA automated
immunoassay system (Bio-Techne) according to the manufacturer’s instructions.
Body temperature, blood pressure, heart rate, peripheral saturation and respiratory
rate were measured in all patients. A chest CT scan and arterial blood gas analysis
were performed in the emergency department. In all patients, PTX3 was measured
within the first few days after the admission date (2.1+1.6d). Pneumococcal

and Legionella urinary antigen tests were routinely performed. Nasopharyngeal
swabs for influenza A, B and HIN1 were also routinely performed to exclude
coinfections. Additional microbiological tests were performed to exclude other
pathogens as possible etiological agents when suggested by clinical conditions
(bacterial cultures of sputum, blood and urine). We obtained a comprehensive
present and past medical history from patients. Positivity was assessed on the
basis of RT-PCR for SARS-CoV-2 on a respiratory tract sample tested by our
laboratory, in accordance with the protocol established by the WHO (World Health
Organization; https://www.who.int/emergencies/diseases/novel-coronavirus-2019/
technical-guidance/laboratory-guidance/) or by commercially available methods
(GeneFinder COVID-19 Plus RealAmp Kit ELIThech Group) and Allplex
2019-nCoV Assay (Seegene, Arrow Diagnostics). Due to the high false-negative
rate of RT-PCR from pharyngeal swabs, each patient was tested with two different
swabs to increase the detection rate*. In cases of negative assays in throat-swab
specimens, but with suggestive clinical manifestations, presence of contact history
or suggestive radiological evidence for COVID-19, the detection was performed
on BALF or endotracheal aspirate, which has higher diagnostic accuracy. All study
data, including demographics, medical history and laboratory test results,

were extracted from electronic medical records and checked by a team of three
expert physicians.

Purification of human peripheral blood monocytes. For RNA expression
analysis, monocytes were isolated from peripheral blood samples of healthy donors
and patients with COVID-19. Monocytes were enriched from Ficoll-isolated
PBMC:s by positive selection using a CD14 Microbeads kit (Miltenyi Biotec),
according to the manufacturer’s instructions. Purity of monocytes was >89%.

The resulting cells were processed for RNA extraction.

FACS analysis. Purity of monocytes was determined by FACS analysis.

Cell viability was determined by Aqua LIVE/Dead Fixable-405-nm staining
(Invitrogen). Cells were then incubated with an Fc receptor blocking

reagent, human (Miltenyi Biotec). The following human antibodies and their
dilutions were used: anti-CD45-BUV805 (clone HI30, BD Biosciences, no.
612891; 1:40), anti-CD11b-BV786 (clone IRCF44, BioLegend, no. 301346;

1:40), anti-CD3-BUV737 (clone UCHT]1, BD Biosciences, no. 564308; 1:80),
anti-CD4-PECy5 (clone OKT4, BioLegend, no. 317412; 1:40), anti-CD8-BUV496
(clone RPA-T8, BD Biosciences, no. 612942; 1:40), anti-CD56-PECF594 (clone
NCAM16.2, BD Biosciences, no. 564849; 1:20), anti-CD19-APCH?7 (clone
HIB19, BD Biosciences, no. 560727; 1:40), anti-CD14-AF488 (clone M5E2, BD
Biosciences, no. 557700; 1:50), anti-CD16-BUV563 (clone 3G8, BD Biosciences,
no. 748851; 1:20), anti-CD66b-APCR700 (clone G10F5, BioLegend, no. 305114;
1:20) and anti-HLA-DR-BV480 (clone G46-6, BD Biosciences, no. 566113; 1:40).
Cells were analyzed on a FACSymphony (BD Bioscience). Data were analyzed
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with FlowJo software (version 9.6.9; Treestar). The gating strategy is reported in
Extended Data Fig. 2.

Total RNA sequencing. RNA was purified with the Direct-zol RNA Microprep

or Miniprep Kit (Zymosan), according to the manufacturer’s instructions. RNA
quality control was performed with the 4200 Tape Station system (Agilent). Total
RNA-seq library preparation was performed starting from 1 ng of total RNA

with the SMART-Seq Stranded Kit (Clontech-Takara). Libraries obtained were
qualitatively assessed by using TapeStation 4200 (Agilent) and quantified by Qubit
Fluorimeter (Thermo Fisher Scientific). Afterwards, they were multiplexed in
equimolar pools and sequenced on a NextSeq-550 Illumina Platform generating at
least 80 million 75-bp paired-end reads per sample.

Bioinformatic analysis. Data relative to the transcriptional response to
SARS-CoV-2 infection were either obtained by sequencing peripheral monocytes
of hospitalized patients (compared to healthy controls) or derived from datasets
deposited within the Gene Expression Omnibus (GEO). Data relative to bulk
transcription in normal human bronchial and malignant cell lines (Calu-3 and
A549) after SARS-CoV-2 infection were derived from the experiments within the
series GSE147507 (ref. *°) using SRA-Tools (version 2.10.0). Bulk RNA-seq raw
reads of sorted monocytes, derived from six patients with COVID-19 and three
healthy donors, were obtained after demultiplexing with ‘bcl2fastq2’” Conversion
Software (version 2.19.0). Raw bulk RNA-seq reads were quality inspected with the
software ‘FastQC’ (https://www.bioinformatics.babraham.ac.uk/projects/fastqc/
version 0.11.9) and aligned with STAR (version 2.6.1)" on the GRCh38 genome
guided by GENCODE annotation (version 33).

Gene summarized counts were processed in R (version 3.5.2). Base
bioinformatic functions for Bioconductor packages were allowed by the Biobase
package (version 2.42.0). Genes whose expression was greater than two reads
were filtered and VST normalized with the R package DESeq2 (version 1.22.2)*.
Significantly changing genes after SARS-CoV-2 infection were obtained with
DESeq2 and limma (version 3.38.3). Gene annotation and conversions among gene
identifiers were performed with the R packages ‘org.Hs.eg.db’ (version 3.7.0) and
AnnotationDBi (version 1.44.0). A similar workflow was adopted to align, quantify
and compare bulk RNA-seq of in vitro infected cell lines, confronting each infected
cell type with the respective mock-treated counterpart. Gene identifier conversions
were performed with the org.Hs.eg.db library (https://www.bioconductor.org/
packages//2.10/data/annotation/html/org.Hs.eg.db.html). Plots were rendered with
the R library ‘ggplot2’ (version 3.3.2; https://ggplot2.tidyverse.org/).

Available scRNA-seq experiments, related to the BALF of SARS-CoV-2
individuals, were obtained from the public repositories GEO and FigShare
platform under the identifiers GSE145926 (refs. *>*°) and the FigShare
platform (https://figshare.com/articles/ COVID-19_severity_correlates_with_
airway_epithelium-immune_cell_interactions_identified_by_single-cell__
analysis/12436517), respectively. scRNA-seq datasets of SARS-CoV-2-infected
PBMC:s (deposited in GEO under GSE150728)* were explored with the portal
cellxgene (https://chanzuckerberg.github.io/cellxgene/) and obtained from the
COVID-19 Cell Atlas portal (https://www.covid19cellatlas.org/#wilk20/). Sparse
count matrices or Seurat objects were obtained as released and processed in the R
environment 3.6.1 with the Seurat package” (version 3.1.5) and confirmed with the
published pipelines shared by respective authors.

Classification of clusters, defined according to the authors’ parameters, was
performed with ‘SingleR’ package (version 1.0.1), matching the Blueprint reference
annotation. The distribution of PTX3 expression was obtained after imputation
with the ‘Rmagic’ package (version 2.0.3, based on reticulate version 1.16) and
mapped on confidently defined populations™.

Sample collection and PTX3 measurement. Venous blood samples were collected
during the first 5d after hospital admission (mean=+s.d., 2.1 +1.6d), centrifuged,
and EDTA plasma was stored at —80°C until use. PTX3 plasma concentrations
were measured, as previously described”, by a sandwich ELISA (detection limit
0.1ng ml™}, inter-assay variability from 8-10%) developed in-house, by personnel
who were blinded to patient characteristics. Briefly, the sandwich ELISA is based
on the rat monoclonal antibody MNB4, used as capturing antibody, and on
biotin-labeled rabbit IgG anti-human PTX3 in detection. Rabbit IgG were purified
by immunoaffinity on PTX3-conjugated Sepharose-CNBr columns. Both MNB4
and rabbit IgG were obtained by immunizing a rat and rabbit, respectively, with
purified recombinant PTX3 and were selected based on reactivity towards human
recombinant PTX3 in ELISA and SDS-PAGE. No cross reaction was observed
towards human CRP. Measurements were taken from distinct samples, and each
sample was tested in duplicate. In each analytical session, a sample obtained from
a pool of plasma from healthy donors was used as an internal control. The mean
PTX3 concentration measured in this sample was 1.88 + 0.6 ng ml™". For the
Bergamo cohort, blood samples were collected from February 22 through

April 4 2020.

Immunohistochemistry. Inmunohistochemical staining was performed
as follows: 3-pm-thick sections were prepared from formalin-fixed
paraffin-embedded autoptic tissue lung blocks from a patient with COVID-19 and
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were dried at 60 °C for 20 min. The sections were placed in a BOND-III Automated
Immunohistochemistry Vision Biosystem (Leica Microsystems) according to

the following protocol. First, tissues were deparaffinized and pretreated with the
Epitope Retrieval Solution 1 (citrate buffer; pH 5.9-6.1) at 100 °C for 10 min. After
washing, peroxidase blocking was carried out for 5min using the Bond Polymer
Refine Detection Kit DC9800 (Leica Microsystems). Tissues were

again washed and then incubated with the primary antibody (affinity-purified
rabbit IgG anti-human PTX3, final concentration 2-pg ml™')* for 15 min.
Subsequently, tissues were incubated with polymer for 8 min and developed

with DAB-Chromogen for 10 min. The optimal concentration of the primary
antibody and the best antigenic unmasking to identify the PTX3 protein

were established on ten histological sections from different paraffin blocks of
SARS-CoV-2-positive patients.

Statistical methods. Demographic, clinical, laboratory and outcome data
were obtained from electronic medical records and patient chart notes using a
standardized data collection form. Descriptive statistics included means with s.d.
values and medians with IQRs for continuous variables, and frequency analyses
(percentages) for categorical variables. Wilcoxon rank-sum tests (for continuous
variables) and Fisher’s exact tests (for categorical variables) were applied using
R environment, R base package (version 1.1.463 2009-2018 RStudio and version
3.6.1). Data analysis and data visualization were obtained with STATA/IC 16.1
(revision 05 Mar 2020; StataCorp). Linearity of continuous variables was checked
by comparing models with the linear term to the model with restricted cubic
splines. Because of nonlinearity, PTX3, ferritin, D-dimer and IL-6 were used in the
logarithmic scale for regression analysis. PCT and CRP were used in binary form,
based on laboratory cutoff values. Correlation between variables was evaluated with
Spearman’s rank correlation coefficient (rho). To identify the association between
PTX3 concentrations and the outcome in patients hospitalized with COVID-19,
we used time-to-event (survival) methods for censored observations. The study
end point was ‘death’ within 28 d from hospital admission. Time to event was
defined as the time from hospital admission until the date of event or censoring.
Patients discharged early and alive from the hospital were considered event-free
through day 28 (ref. '). The data cutoff was 13 May 2020. Kaplan-Meier estimates
were used to draw the cumulative incidence curves by level of PTX3 defined by
tertiles (low, medium and high); finally, they were compared with a log-rank
test. Furthermore, multivariable Cox proportional hazards models of prognostic
factors were used. The analyses were based on non-missing data (missing data
not imputed). Confounders were selected according to a review of the literature,
statistical relevance and consensus opinion by an expert group of physicians and
methodologists. Gender has been excluded because of its irrelevance in modifying
the HR in the analysis (HR modification was <10% when gender was included
in the PTX3 univariable Cox model). After fitting the model, the proportional
hazards assumption was examined on the basis of Schoenfeld residuals. The HRs
are presented with their 95% Cls and the respective P values. A ratio higher than 1.0
implies a higher probability of death compared to the reference group.

To validate our findings regarding the prognostic significance of PTX3
in relation to mortality in patients with COVID-19, we analyzed a second,
independent cohort of 54 patients from the ASST Papa Giovanni XXIII, Bergamo.
To measure the predictive power in both cohorts, we computed the Harrell’s
C-statistic with its 95% CI*.

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

Data availability

The RNA-seq data used for Fig. 1b are publicly available within the GEO under
accession GSE160351. RNA-seq and scRNA-seq data derived from previously
published studies were obtained from the GEO, with accession codes GSE147507
and GSE145926. A Seurat object relative to scRNA-seq was obtained from the
FigShare platform: https://figshare.com/articles/ COVID-19_severity_correlates_
with_airway_epithelium-immune_cell_interactions_identified_by_single-cell
analysis/12436517). The clinical data that support the findings of this study are
available in Supplementary Dataset 1 and from the corresponding authors upon
request. Source data are provided with this paper.

Code availability

All code used in this work is consistent with the ‘best practice workflows’ suggested
by the developers of each used tool (Methods). RNA-seq data from different
experiments, including the in-house generated sequencing experiments, were
analyzed with the same pipeline, based on the described software. scRNA-seq
experiments, derived from publicly available datasets, were instead processed with
the codes defined by the authors to reach consistent cell clustering to be screened
for the gene of our interest. Cluster annotation, gene imputation and plots were
performed with standard parameters for each of the described tools. The list of
custom scripts generated to obtain the results shown in Fig. 1 is available within
FigShare: https://figshare.com/articles/software/Macrophage_expression_and_
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prognostic_significance_of_the_long_pentraxin_PTX3_in_COVID-19_Custom_
scripts_and_analyses/13140248.
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Extended Data Fig. 1| Lack of correlation between PTX3 and CXCL10. Analysis of PTX3 and CXCL10 levels was performed in a subgroup of COVID
patients (n=20). Spearman's correlation coefficient p=0.099; p=0.677.
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Extended Data Fig. 2 | Monocyte gating strategy. The gating strategy was used to verify purity of monocytes used to generate RNA-seq data of Fig. 1b.
CD45+ cells were gated based on CD45 expression and on the SSC-A morphological parameter to exclude debris. Then, single cells were selected on the
basis of FSC-A and FSC-H. Dead cells were further excluded through a viability dye. Monocytes were selected as CD11b"e" CD3- CD19" cells.
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Data collection  Available dataset deposited in GEO and SRA Archive were retrived with the software SRA-Tools (version 2.10.0).
Preprocessed files were retrieved from source different platforms by http or ftp server connections.

Clinical data:
R Studio, Version 1.1.463 — © 2009-2018 RStudio, Inc.

Data analysis Genomic anaysis were based on GRCh38 genome and GENCODE annotation (version 33).

RNA-Seq analysis:

To generate raw sequencing reads files, the software bcl2fastq, version 2.19.0 was used.
Quality of reads was checked with fastqc, version 0.11.9.

Alignments and quantifications were performed with STAR-2.6.1.

Statistical comparisons, normalizations and plots were generated within R version 3.5.2
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SingleR_1.0.1 (Cluster annotation based on reference data)

=
Q
—t
-
=
()
=
D
wv
D
Q
=
(@)
o
=
D
o
¢}
=.
>
(e]
wv
e
=)
QU
=
A

020¢ 1dy




reticulate_1.16 (Interface to 'Python' modules, classes, and functions)
Rmagic_2.0.3 (Markov affinity-based graph imputation of cells)

Clinical data:
The software environment R (version 1.1.463 2009-2018 RStudio, Inc.) was used for data and life management. Data analysis and data
visualization were obtained with STATA/IC 16.1 Revision 05 Mar 2020. Copyright 1985-2019 StataCorp LLC.

FACS analysis:
Data were analyzed with FlowJo software (version 9.6.9) (Treestar).
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The RNA-Seq data used for Figure 1b are publicly available within the Gene Expression Omnibus (GEO) under the accession code GSE160351. RNA-Seq and single
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The clinical data that support the findings of this study are available as supplementary raw data and from the corresponding authors upon request.
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Sample size This cohort study analyzed a cohort of 96 patients. We included all males and females, 18 years of age or older, admitted to Humanitas
Clinical and Research Center (Rozzano, Milan, Italy) between March 4th and May 9, 2020 (data cutoff on May 13th) with a laboratory-
confirmed diagnosis of COVID-19.

A second, independent cohort of 54 patients admitted to the Azienda Socio Sanitaria Territoriale (ASST) Papa Giovanni XXIIl, Bergamo, Italy,
from February 22nd to April 4th 2020, with a laboratory-confirmed diagnosis of COVID-19, was analyzed to confirm our results.

As this was a pilot observational study, no a-priori sample size calculation was performed. The two samples of patients were used by
convenience. Given that the aim of this study was to provide exploratory evidence that PTX3 is associated with death in COVID-19 patients,
and we were able to demonstrate this association, a lack of power can be excluded.

Data exclusions  We excluded patients younger than18 year old, and pregnant females. Patients with negative assay for SARS-CoV-2 (RT-PCR from pharyngeal
swab and bronchoalveolar lavage fluid/endotracheal aspirate) were excluded.
The exclusion criteria were pre-established. Both samples of patients were collected in hospitals not admitting patients less than 18 years old
and pregnant women.

Replication The main results of the clinical part of the paper were replicated (externally validated) in a second independent cohort of patients.
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Randomization  This was an observational study; randomization was not applicable.

Blinding Investigators were blinded to group allocation during data collection and analysis
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Materials & experimental systems Methods
Involved in the study n/a | Involved in the study
Antibodies |Z |:| ChiIP-seq
Eukaryotic cell lines |:| |Z Flow cytometry
Palaeontology and archaeology |Z |:| MRI-based neuroimaging

Animals and other organisms
Human research participants

Clinical data
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Dual use research of concern

Antibodies

Antibodies used The following human antibodies were used: anti-CD45-BUV805 (clone HI30, BD Biosciences, Cat. 612891, 1:40); anti-CD11b-BV786
(clone IRCF44, BioLegend, Cat. 301346, 1:40); anti-CD3-BUV737 (clone UCHT1, BD Biosciences, Cat. 564308, 1:80); anti-CD4-PECy5
(clone OKT4, BioLegend, Cat. 317412, 1:40); anti-CD8-BUV496 (clone RPA-T8, BD Biosciences, Cat. 612942, 1:40); anti-CD56-PECF594
(clone NCAM16.2, BD Biosciences, Cat. 564849, 1:20); anti-CD19-APCH7 (clone HIB19, BD Biosciences, Cat. 560727, 1:40); anti-CD14-
AF488 (clone M5E2, BD Biosciences, Cat. 557700, 1:50); anti-CD16-BUV563 (clone 3G8, BD Biosciences, Cat. 748851, 1:20); anti-
CD66b-APCR700 (clone G10F5, BioLegend, Cat. 305114, 1:20); anti-HLA-DR-BV480 (clone G46-6, BD Biosciences, Cat. 566113, 1:40).
Cells were analyzed on FACSymphony (BD Bioscience).

In addition MNB4 and rabbit polyclonal 1gG anti human PTX3 produced in-house were used for ELISA and IHC (2 microg/ml final
concentration).

Validation Antibodies used for FACS analysis are commercially available and validated by the vendors for human cells and for FACS analysis.
References are reported for each of them in the manufacturer's website.

The sandwich ELISA is based on the rat monoclonal antibody MNB4, used as capturing antibody, and on biotin-labelled rabbit 1gG anti
human-PTX3 in detection. Rabbit IgG were purified by immunoaffinity on PTX3-conjugated Sepharose-CNBr columns. Both MNB4 and
rabbit IgG were obtained immunizing respectively a rat and rabbits with purified recombinant PTX3 and were selected based on
reactivity towards human recombinant PTX3 in ELISA and SDS-PAGE. No cross reaction was observed towards human CRP.

Human research participants

Policy information about studies involving human research participants

Population characteristics The study was approved by the Ethical Committee of Humanitas Clinical and Research Center (authorization 233/20), and the
requirement for informed consent was waived. Hospital admission criteria were based on a positive assay for SARS-CoV-2
associated with respiratory failure requiring oxygen therapy, or radiological evidence of significant pulmonary infiltrates on
chest computed tomography (CT) scan, or reduction in respiratory/cardiopulmonary reserve as assessed by 6 minutes
walking test, or due to frailty related with patient comorbidity. We assessed an outcome of death. 52 patients of 96 (54%)
were transferred to ICU because requiring invasive ventilation or non-invasive mechanical ventilation with oxygen fraction
over 60%. Patients with continuous positive airway pressure therapy (CPAP) were followed up by ICU outreach team and
ward physicians in COVID-19 wards. Acute respiratory syndrome (ARDS) was defined according to the Berlin definition.

The covariate-relevant population characteristics of the participants were age, stay in ICU, SOFA score at admission, and days
between symptoms onset and PTX3 test draw, outcome,comorbidities, laboratory tests.

Recruitment This study analyzed a cohort of 96 consecutive patients admitted to Humanitas Clinical and Research Center (Rozzano, Milan,
Italy) between March 4th and May 16rd, 2020 with a laboratory-confirmed diagnosis of COVID-19.
A second, independent cohort of 54 patients admitted to the Azienda Socio Sanitaria Territoriale (ASST) Papa Giovanni XXIII,
Bergamo, Italy, from February 22nd to April 4th 2020, with a laboratory-confirmed diagnosis of COVID-19, was analyzed to
confirm our results. In this cohort the same criteria of admission of the first cohort had been adopted.
Because of the exclusion criteria applied during the recruitment in both hospitals (i.e. patients less than 18 years old and
pregnant women were not included), the results of this study do not apply to these two subpopulations.

Ethics oversight The study was approved by the Ethical Committee of Humanitas Clinical and Research Center (authorization 233/20)

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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Methodology

Sample preparation

Instrument
Software
Cell population abundance

Gating strategy

Monocytes were isolated from peripheral blood samples of healthy donors and COVID-19 patients. Monocytes were enriched
from Ficoll-isolated PBMCs by positive selection using CD14 Microbeads kit (Miltenyi Biotec), according to manufacturer’s
instructions. Cell viability was determined by Aqua LIVE/Dead Fixable-405nm staining (Invitrogen, Carlsbad, US). Cells were
then incubated with a FcR blocking reagent, human (Miltenyi Biotec).

Cells were analyzed on FACSymphony (BD Bioscience).

Data were analyzed with FlowJo software (Treestar, Ashland, US).

Purity of monocytes was > 89%.

The gating strategy was used to verify purity of monocytes used to generate RNA-seq data of Fig. 1b and s shown in
Supplementary Figure 1.

All CD45+ cells were gated based on CD45 expression and on the SSC-A morphological parameter to exclude debris. Then,

Single Cells were selected on the basis of FSC-A and FSC-H. Dead cells were further excluded through a viability dye.
Monocytes were selected as CD11b high CD3- CD19- cells.

Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.
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