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Abstract

Introduction: Neutrophils are key players in the hyper-
inflammatory response during SARS-CoV-2 infection. The
cytosolic proliferating cell nuclear antigen (PCNA) is a
scaffolding protein highly dependent on the microenvi-
ronment status and known to interact with numerous
proteins that regulate neutrophil functions. This study aimed
to examine the cytosolic protein content and PCNA inter-
actome in neutrophils from COVID-19 patients. Methods:
Proteomic analyses were performed on neutrophil cytosols
from healthy donors and patients with severe or critical

COVID-19. In vitro approaches were used to explore the
biological significance of the COVID-19-specific PCNA in-
teractome. Results: Neutrophil cytosol analysis revealed a
strong interferon (IFN) protein signature, with variations
according to disease severity. Interactome analysis identified
associations of PCNA with proteins involved in interferon
signaling, cytoskeletal organization, and neutrophil extra-
cellular trap (NET) formation, such as protein arginine de-
iminase type-4 (PADI4) and histone H3, particularly in critical
patients. Functional studies of interferon signaling showed
that T2AA, a PCNA scaffold inhibitor, downregulated IFN-
related genes, including STAT1, MX1, IFIT1, and IFIT2 in
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neutrophils. Additionally, T2AA specifically inhibited the
secretion of CXCL10, an IFN-dependent cytokine. PCNA was
also found to interact with key effector proteins implicated
in NET formation, such as histone H3, especially in critical
COVID-19 cases. Conclusion: The analysis of the PCNA in-
teractome has unveiled new protein partners that enhance
the interferon pathway, thereby modulating immune re-
sponses and contributing to hyperinflammation in COVID-
19. These findings provide valuable insights into interferon
dysregulation in other immune-related conditions.

© 2025 The Author(s).
Published by S. Karger AG, Basel

Introduction

Neutrophils are crucial in host defense and have been
recognized for decades for their central role in containing
infections [1]. However, this protective function comes
with a caveat: when their activation is dysregulated,
neutrophils can exacerbate inflammation, releasing
highly cytotoxic molecules such as proteases, reactive
oxygen species (ROS), cationic proteins, and neutrophil
extracellular traps (NETSs), often to the detriment of host
tissues [2-4]. Consequently, in an inflammatory site,
neutrophils have to be cleared in a regulated manner, for
instance through apoptosis or enabling activation of pro-
resolving circuits, to allow the resolution of inflammation
[5, 6]. Harnessing neutrophil functions to stimulate in-
flammation resolution requires avoiding excessive re-
sponses that lead to either hyperinflammation or chronic
inflammation, thereby ensuring an immune response
tailored to the initial stimulus. Achieving this goal de-
pends on a deeper understanding of the mechanisms that
coordinate the multifaceted roles of neutrophils, in-
cluding survival, activation, migration, and cytokine/
chemokine production [7-10].

The proliferating cell nuclear antigen (PCNA) is a
scaffolding protein that shapes neutrophils effector
mechanisms adapted to a specific inflammatory setting
[11, 12]. We have previously described that PCNA is
present exclusively within the cytosol in mature neu-
trophils due to its nuclear export at the end of the
granulocytic differentiation [13, 14]. PCNA, originally
known as a nuclear protein pivotal in DNA synthesis,
replication, and repair, is a key element in controlling
neutrophil survival through its association with procas-
pases to prevent their activation [13]. PCNA regulates the
production of ROS via its specific association with cy-
tosolic subunits of the NADPH oxidase but its role is
different depending on the state of activation [15]: we
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have shown that PCNA is associated with the P47phox
(within the PX domain) at the resting state to prevent
NADPH oxidase activation. However, after stimulation
with f-MLF or PMA, this association is disrupted and
PCNA migrates to the membrane and presumably
through the binding to other components of the NADPH
oxidase complex to promote its assembly. Accordingly,
disrupting the PCNA scaffold using either a competing
P21 peptide [13] or a small molecule T2AA has a strong
inhibitory effect on NADPH oxidase-dependent ROS
production [15]. T2AA, a cell-permeable inhibitor, dis-
rupts PCNA/PIP-box interactions and binds specifically
to PCNA at the PIP-box cavity and an adjacent site near
Lys-164 on the PCNA homotrimer interface. These
properties confer high specificity, including an affinity for
monoubiquitinated PCNA, although potential off-target
effects cannot be fully excluded [16]. Given the essential
role of PCNA in cell viability, genetic knockout models
are unavailable, making T2AA an invaluable tool for
probing PCNA-dependent pathways. Interestingly, the
strong induction of cytosolic PCNA upon G-CSF treat-
ment and the profound reorganization of its scaffold
suggest that PCNA may be a key orchestrator of neu-
trophil functions in response to an inflammatory stim-
ulus [16-18]. G-CSF is critical to neutrophil gran-
ulopoiesis and modulates the functions and the meta-
bolism of neutrophils through its “switch effect” on
PCNA scaffold. Accordingly, we have identified protein
partners that were either released from or newly asso-
ciated to PCNA in neutrophils from G-CSF-treated
donors, suggesting that PCNA scaffold is extremely
plastic reprogramming neutrophils toward distinct rep-
ertoire adapted to the inflammatory setting [17]. In ad-
dition, PCNA can associate with the nicotinamide
phosphoribosyltransferase to promote NAD™ synthesis
that controls energy metabolism [19]. This PCNA-
nicotinamide phosphoribosyltransferase interaction is
also prominent in chemotherapy-resistant leukemic
myeloid cells, underscoring its role in stress and in-
flammatory conditions [19]. At rest, cytosolic PCNA acts
as a gatekeeper, maintaining neutrophil integrity and
preventing inappropriate activation. In contrast, under
inflammatory stress, PCNA facilitates NADPH oxidase
assembly and coordinates various effector functions,
including metabolic rewiring, to adapt neutrophil re-
sponses to pathological conditions.

The recent COVID-19 pandemic caused by the novel
coronavirus SARS-CoV-2 represents an example in
which neutrophils emerge as central players in host
defense [20], but also for the onset, disease establishment
and even in post recovery phase if their response is not
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properly regulated [21-23]. Neutrophils-related media-
tors, such as the NETs, web-like structures composed of
DNA-histone or mitochondrial DNA complexes ex-
pulsed extracellularly along with cytosolic antimicrobial
proteins [24, 25], were found to be enhanced in the
circulation and lungs of patients leading to microvascular
thrombosis, including in patients displaying the acute
respiratory distress syndrome (ARDS). Such molecules
were associated throughout the pandemics as a marker of
disease severity and poor prognosis [26-31].

For instance, in the most serious COVID-19 cases, an
apparent impaired IFN-a and -P signaling is related to
blood viral load persistency and to high proinflammatory
activity, perhaps linked to a skewed stimulation of sub-
populations of plasmacytoid dendritic cells (pDC) that
stimulate an excess of inflammatory mediators [32-34].
On the other hand, IFN-y displays a high association with
immune markers of poor prognosis, such as the
C-reactive protein and a high number of positive asso-
ciations with CXCLS8, IL-1ra, TNF-a, and CXCL10 [35].
Numerous studies have shown that patients with severe
COVID-19 frequently exhibit a dysregulated IFN re-
sponse. This can manifest as insufficient IFN levels, re-
sulting in poor antiviral defense, or as an imbalanced
response that drives excessive inflammation [36, 37]. The
dynamics of type I IFNs in severe cases align with ob-
servations from murine models of SARS-CoV-2 infec-
tion, which demonstrate that type I IFNs are ineffective at
controlling viral replication in vivo but contribute to
pathological responses [38]. Furthermore, some severe
COVID-19 patients develop autoantibodies against var-
ious IFN subtypes, effectively neutralizing their antiviral
effects, even when IFN responses are otherwise normal
(34, 39].

The complexity of this dysregulation stems from two
key factors. First, the specific IFN subtype: while
subtypes such as IFNA2 and IFNG are associated with
strong antiviral activity, others, like IFNB1 and IFNAG®,
are linked to endothelial damage and platelet activation
[35]. Second, the diversity of IFN-producing cells adds
another layer of complexity. IFNs coordinate the im-
mune response by activating and recruiting various
immune cells, including macrophages, dendritic cells,
and T cells. Disruptions in this IFN signaling cascade
often result in the imbalanced immune responses ob-
served in severe COVID-19 patients [37]. Notably, the
role of neutrophils in the IFN signaling relay and their
potential contribution to IFN dysregulation remains to
be fully determined. Even though neutrophils do not
normally produce large amounts of IFN, they are re-
sponsive to IFN-mediated signaling [40-43], and most
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importantly in COVID-19 patients exhibit elevated
levels of IFN-stimulated genes (ISGs) in those cells,
correlating with disease severity [44, 45]. Nevertheless,
the proteome of neutrophils studied longitudinally
from individuals hospitalized with different stages of
COVID-19 demonstrated an initial upregulation of the
IFN pathway, but this signature rapidly declined in
patients with severe disease, suggesting the presence of
circulating cells showing distinct proteomes with
metabolic alterations and immunosuppressive profiles
[46]. How neutrophils are shaped during inflammation
as well as the molecular mechanisms favoring their
dysregulation is yet to be determined and holds promise
for future host-directed interventions, which could
mitigate excessive immune responses, reduce tissue
damage, and improve outcomes in inflammatory dis-
eases, such as COVID-19. This study aims to unravel
the pathological PCNA scaffold in COVID-19, shed-
ding light on the diverse PCNA-dependent regulatory
pathways governing neutrophil activation during the
disease.

Patients and Methods

Human Blood Samples

Individuals hospitalized due to COVID-19 from April
2020 to January 2022 were recruited at the Pneumology
Department and Intensive Care Medicine Unite from
Cochin Hospital in Paris, France. Each patient was
classified into different clinical severity groups. Severe
patients require COVID-19 oxygen flow between or over
3 L/min. Critically ill patients require more than 60%
high-flow oxygen and ventilation and have been admitted
to the Intensive Care Unit (ICU). Patient classification is
reported in Table 1 based on the patients’ oxygen needs
and overall clinical state. Blood samples from COVID-19
patients and from healthy donors (HDs) obtained from
the Etablissement Francais du Sang were collected in
EDTA-vacuum tubes.

Neutrophil Isolation and Cytosolic Fraction Recovery

Neutrophils were isolated by LPS-free dextran sed-
imentation and Ficoll (Histopaque-1077®, Sigma-
Aldrich) centrifugation, as previously described [13].
Briefly, whole blood was layered onto Ficoll-Histopaque
(Density 1.077 g/mL, Sigma-Aldrich) and centrifuged at
700 g for 30 min. The red blood cells and neutrophils
were resuspended in Dextran 2% diluted in NaCl 0.9%
(Sigma-Aldrich). Sedimentation time was 50 min. The
supernatant containing the neutrophils was collected
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Table 1. Demographical and clinical characteristics of COVID-19 patients included in the study

COVID-19
severe critical
Male sex, n 5 6
Female sex, n 2 1
Age, median (IQR), years® 80.3 (72-92) 714 (62-78)
Prior comorbid conditions
Hypertension 4 5
Diabetes 2 3
Obesity (BMI >30 kg/m?) 2 3
Leukocytes, /uLP 7,012+967.6 9,607+1,256
Neutrophils, /uLP 5,149+1,003 7,947+1,055
CRP, mg/dLP 94.9+29.7 123.9
Noninvasive oxygen support 7 7
Oxygen flow <3 L/min, n 2 0
Oxygen flow >3 L/min, n 3 7
Nasal high flow oxygen, n 4 7
Invasive mechanical ventilation 0 6
Systemic corticosteroid therapy during hospitalization 7 7
Complete hospitalization duration, median (IQR), days 26.3 (15-72) 31.25 (9-52)

IQR, interquartile range. 2Results are expressed as median (min-max values). PResults are expressed as

mean = SEM.

and centrifuged at 500 g for 5 min. The supernatant was
discarded and the remaining red blood cells were lysed
in NaCl 0.2% for 40 s, and then NaCl 1.6% was added.
The sample was centrifuged for 5 min at 500 g and the
procedure of lysis was repeated for another 2-3 times
until a white pellet was obtained. Thereafter, the pellet
was resuspended in complete culture medium con-
sisting in RPMI 1640 medium with GlutaMAX (Gibco)
supplemented with 10% heat-inactivated fetal bovine
serum (FBS), 100 units/mL penicillin and 100 pug/mL
streptomycin mix (Gibco), and 10 mm HEPES (Gibco)
to be counted and used for experiments. In specific
experiments for mRNA expression and cytokine pro-
duction, isolation of neutrophils was performed by the
EasySep Neutrophil Enrichment Kit (StemCell Tech-
nologies), to reach an approximately 99.7% cell purity.
The neutrophil cytosolic fraction was obtained by
sonication in a hypotonic buffer as previously described
[47]. Briefly, neutrophils were suspended at 100 x 10°
cells/mL in a HEPES buffer (50 mm) supplemented with
protease inhibitors (4 mm PMSF, 400 um leupeptin,
400 pM pepstatin, 1 mMm orthovanadate, 1 mm EGTA,
and 1 mM EDTA) and DTT (1 mm), with a Soniprep 150
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Plus sonicator (1 Hz for 10 s). After centrifugation for
15 min at 10,000 g at 4°C, the supernatant was collected
and stored at —80°C for further analysis.

Proteomic Analysis

Differential proteomic analysis (HD n = 4; severe
COVID-19 n = 4; critical COVID-19 n = 4) was carried
out on neutrophil cytosols. For basal cytosolic analyses,
10 pg of Bradford quantified proteins were precipitated
with methanol before being digested with sequencing-
grade trypsin (1:30, Promega, Fitchburg, MA, USA). Each
sample was analyzed by nanoLC-MS/MS on a QEx-
active+ mass spectrometer coupled to an EASY-nanoLC-
1000 (Thermo Fisher Scientific, USA) as described pre-
viously [48]. Data were searched against the SwissProt
Human database (v2021-02) with a decoy strategy.
Peptides and proteins were identified with the Mascot
algorithm (version 2.6, Matrix Science, London, UK) and
data were imported into Proline v2.0 software [49].
Proteins were validated on Mascot pretty rank equal to 1,
a Mascot score threshold set at 25 and 1% false discovery
rate on both peptide spectrum matches (PSM score) and
protein sets (Protein Set score). The total number of MS/
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MS fragmentation spectra was used to quantify each
protein in 4 patients from all the conditions (controls and
coIPs) with the R package IPinquiry [50]. After a DEseq2
normalization of the data matrix, the spectral count
values were submitted to a negative binomial test using an
edgeR GLM regression through R (R v4.0.3). For each
identified protein, an adjusted p value (adjp) corrected by
Benjamini-Hochberg was calculated, as well as a protein
fold change. The results are presented in a Volcano plot
using protein log2 fold changes and their corresponding
adjusted p value (-loglOadjp) to highlight enriched and
depleted proteins.

Statistical overrepresentation reactome pathways were
identified by the software Panther 19.0 using a right-tailed
Fisher’s exact test with a Bonferroni correction (signifi-
cance level p value <0.05). Functional analysis was also
performed using the software Ingenuity 24.0 to identify
statistically modulated pathways. Proteins were consid-
ered differentially expressed (DE) when the log fold
change was superior to 1 and with an adjusted p < 0.05.

Interactome Evaluation by Mass Spectrometry

Interactomic analyses (HD = 2; severe COVID-19 n =
2; critical COVID-19 n = 2) were performed as previously
described with slight modifications [15] according to the
manufacturer’s instructions. PCNA was immunopre-
cipitated in the cytosol of neutrophils (either from HD or
from COVID-19 patients) using a rabbit polyclonal anti-
PCNA (Ab5). Briefly, 500 ug of lysed proteins were in-
cubated with 2 ug of antibody and 50 pL of protein G
Miltenyi magnetic beads. After several washes, proteins
were eluted with 95°C elution buffer and proteins were
prepared for mass spectrometry analyses as above to be
injected with 160-min gradients on the QExactive+ mass
spectrometer.

Analysis of Gene Expression

Ultrapure HD neutrophils were suspended at 5 x 10°
cells/mL in RPMI 1640 medium supplemented with 10%
low-endotoxin FBS (<0.5 EU/mL endotoxin, Sigma-
Aldrich), treated with or without 1,000 U/mL pegy-
lated IFNa-2a (Pegasys, Roche), 200 U/mL IFN-y (R&D
Systems, Minneapolis, MN, USA), 10 ng/mL TNF-a
(R&D Systems), or 10 um T2-amine alcohol (T2AA), a
PCNA inhibitor, and then plated into 48-well tissue
culture plates (from Greiner Bio-One) for culture at 37°C,
5% CO, atmosphere. After the desired incubation period
(see the Results section), ultrapure HD neutrophils were
pelleted by centrifugation and then total RNA was
extracted by RNeasy mini kit (Qiagen). To completely
remove any possible contaminating DNA, an on-column
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DNase digestion with the RNase-free DNase set (QIA-
GEN) was performed during total RNA isolation.
Reverse-transcription quantitative real-time PCR (RT-
qPCR) was performed essentially as already reported
[51]. Purified RNA was reverse-transcribed into cDNA
using PrimeScript™ RT Reagent kit (Takara, Japan),
while qPCR was carried out using TB Green® Premix Ex
Taq™ (Takara). Sequences of gene-specific primer pairs
(Life Technologies) are listed in Table 2. Data were
calculated by Q-Gene software (https://www.gene-
quantification.de/download.html) and expressed as
mean normalized expression units after GAPDH
normalization.

Assessment of Cytokine Production

After the desired incubation period (see the Results
section), ultrapure HD neutrophils were collected and
spun at 300 g for 5 min. Cell-free supernatants were
collected and immediately frozen and stored at —80°C.
Cytokine concentrations in cell-free supernatants were
measured by commercially available ELISA kits, specific
for human CXCL10 and BAFF (R&D systems). The
lowest detection limits of these ELISA were 31.2 pg/mL
for CXCL10 and 39.1 pg/mL for BAFF.

NET Induction and Measurement

Freshly isolated HD neutrophils were seeded onto
poly-L-lysine-coated (0.001%, Sigma-Aldrich) chamber
slides, allowed to settle for 30 min, and stimulated with
8 uM ionomycin in RPMI 1640 medium supplemented
with 10% FBS. After 4 h, supernatants were discarded,
and NETs were fixed with 4% paraformaldehyde and
washed. Chamber slides were blocked using a solution
containing 2% bovine serum albumin (Sigma-Aldrich),
2% heat-inactivated goat serum (Eurobio), and 0.2%
Triton X-100 (Sigma-Aldrich). NETs were then stained
with an anti-histone monoclonal antibody (clone H11-4,
pan histones, Millipore) and an anti-neutrophil elastase
rabbit polyclonal antibody (Abcam), followed by incu-
bation with AlexaFluor647-conjugated goat anti-mouse
IgG and AlexaFluor546-conjugated goat anti-rabbit IgG
secondary antibodies (Life Technologies). After washing,
NETs were counterstained with Sytox Green DNA dye
(Life Technologies) and analyzed using a Zeiss Axio
Observer fluorescence microscope.

For live imaging of NET formation, freshly isolated
HD neutrophils were stained with 1 pg/mL Hoechst
33342 (Invitrogen) for 30 min at 37°C. Neutrophils were
seeded onto poly-L-lysine-coated (0.001%) chambered
p-slides (Ibidi), allowed to settle for 30 min, preincubated
with or without 25 um T2AA for 1 h, and stimulated with
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Table 2. Sequences of specific primer

pairs for human genes used in Gene Forward primers Reverse primers

RT-GPCR experiments GAPDH AACAGCCTCAAGATCATCAGC GGATGATGTTCTGGAGAGCC
STATI ACAAGGTGGCAGGATGTCTC GAAAACGGATGGTGGCAAATG
IFITT TCATCAGGTCAAGGATAGTCTG GGTGTTTCACATAGGCTAGTAG
IFIT2 ACTGCAACCATGAGTGAGAAC GCCTCGTTTTGCCCTTTGAG
MX1 CTGTAAATCTCTGCCCCTGTTAG TCGTGTCGGAGTCTGGTAAAC

8 uM ionomycin in RPMI 1640 medium supplemented
with 10% FBS. Extracellular DNA was stained with Sytox
Green DNA dye (Life Technologies). Imaging was per-
formed on a Zeiss Axio Observer fluorescence micro-
scope using VisiView software (Visitron) at 37°C for 5
h. Images were acquired every 3 min using DAPI and
FITC filters. Quantification of FITC fluorescence surface
area was carried out wusing Histolab software
(Microvision).

For soluble NET quantification, freshly isolated HD
neutrophils were seeded onto poly-L-lysine-coated
(0.001%) borosilicate chamber slides (NUNC), allowed
to settle for 30 min, preincubated with or without 25 pm
T2AA for 1 h, and activated with 4-8 pm ionomycin in
RPMI 1640 medium without FBS. After 4 h, the chambers
were washed twice with PBS (Thermo Fisher), and NETs
were detached from the glass by gentle digestion with
deoxyribonuclease 1 (Sigma-Aldrich). The reaction was
stopped by adding 3 mm EDTA. Supernatants containing
soluble NET's were collected and centrifuged at 300 g for
10 min to remove intact cells. The upper phase was
collected and centrifuged again at 16,000 g for 10 min to
remove cell debris, and the final supernatant was collected
and frozen. Soluble NETs were quantified using Pico-
Green dye, a fluorescent probe for double-stranded DNA
(Life Technologies), as previously described [52].

Immunofluorescence Labeling and Duolink Proximity

Ligation Assay

When indicated, neutrophils from HD or from
COVID-19 patients were resuspended at 2 x 10° cells/
mL and were incubated in RPMI medium containing
10% fetal calf serum for the indicated time at 37C° and
5% CO,. Neutrophils were deposited on a slide to adhere
for 15 min at 37°C and were left untreated or were
treated with IFN-a (Preprotech, 100 ng/mL), or IFN-y
(Preprotech, 25 ng/mL) in the absence or in the presence
of ionomycin (4 pum) or T2AA (10 pm). After the in-
cubation, neutrophils were fixed with 4% formaldehyde
(Sigma-Aldrich) for 20 min on ice and kept at 4°C. Cells
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were permeabilized with Triton X-100 (0.25%) for
10 min at RT and blocked with PBS 5% BSA for 2 h at
RT. Then, cells were incubated at 4°C with primary
antibodies either rabbit-monoclonal antibody anti-
phosphorylated-STAT1 (p-STAT1) (Cell signaling,
clone 58D6 diluted 1:100) or mouse anti-PCNA
(Abbkine; 1:100) or histone-H3 (Abcam; 1:500) or cit-
rullinated H3 (Cit-H3) (Abcam; 1:500) diluted in PBS
1% BSA, overnight followed by fluorochrome-coupled
secondary antibodies as appropriate either goat-anti-
rabbit STAR 580 (Abberior) or goat-anti-mouse Alexa
Fluor 488 (Invitrogen) diluted 1:1,000 in PBS 1% BSA
for 1 h. Nuclei were stained with Hoechst 33342 solution
(diluted 1:6,000 in PBS) for 10 min. Slides were mounted
using Fluoromount-GTM medium (Invitrogen). Image
acquisitions were performed at the Cochin Institute
Imaging Facility (IMAG’IC, INSERM U1016, Paris,
France) using Widefield Zeiss Observer Z1 or IXplore
spinning confocal. Imaging of anti-mouse Alexa Fluor
488, anti-rabbit Abberior STAR 580 and Hoechst was
obtained using the multitrack mode. Digital pictures
were analyzed and quantified using FIJI software
(Version 2.14.0/1,54j).

For the Duolink® proximity ligation assay (PLA),
neutrophils (0.3 x 10°) were fixed in PBS containing 4%
formaldehyde (Sigma-Aldrich) for 20 min on ice and
were next cytospined (300,000 cells) in SuperFrost slides
to perform immunofluorescence according to manufac-
turer’s instructions. Cells were permeabilized with 0.25%
Triton X-100 and were processed as described by the
manufacturer using a mix of either mouse anti-PCNA
(Abbkine; 1:100) or rabbit anti-PCNA (Invitrogen; 1:100)
and anti-PADI4 (Abcam; 1:250), H3 (Abcam; 1:500), or
Cit-H3 (Abcam; 1:500) or p-STAT1 (Cell Signaling, clone
58D6 diluted 1:100) as primary antibodies. Detection was
achieved if the distance between the two targeted epitopes
is up to 40 nm. Fluorescence was acquired under mi-
croscopy (Widefield Zeiss Observer Z1). The fluorescent
images were then analyzed and quantified using FIJI
software (Version 2.14.0/1,54j) by selecting one cell at a
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time in an image and measuring the area, integrated
density, and mean gray value. Using the calculation for
corrected total cell fluorescence = integrated
density — (area of selected cell x mean fluorescence of
background readings). For each image, three background
areas were used to normalize against autofluorescence.
For each condition, 3-7 images were acquired so that
many cells per donor and per condition were available for
analysis.

Statistical Analysis

Statistical analyses and graphs were performed with
Prism version 10 (GraphPad Software, San Diego, USA).
For proteomic analysis, a right-tailed Fisher’s exact test with
a Bonferroni correction (significance level p < 0.05) was
performed. To compare two populations for the analysis of
fluorescence quantification, a Mann-Whitney test was used
for unpaired data or a Wilcoxon test for paired data. A
Kruskal-Wallis test with Dunn’s post hoc analysis was
performed to compare more than two unpaired groups.
When indicated, a two-way ANOVA with Sidak’s multiple-
comparison test was used. Differences were considered
significant when p < 0.05. Statistical differences between
groups were calculated using the appropriate test as indi-
cated. A p < 0.05 was considered significant.

Results

Neutrophil cytosolic protein composition is altered in
COVID-19 patients with a more profound dysregulation
in critical compared to severe patients. Several studies
have investigated circulating neutrophils isolated from
patients during the course of COVID-19 [45, 46, 53, 54],
mostly using whole cell lysates that include proteins from
nuclei, membranes, and all types of granules. In this
study, we used a proteomic approach to compare the
cytosolic fraction of neutrophils obtained by sonication
from HDs (n = 4) and from COVID-19 patients with
varying clinical characteristics, including severe patients
admitted to the Pneumology Department (severe, n = 4)
and critical COVID-19 patients hospitalized in the ICU
(critical, n = 4) as described in Table 1. For the initial
proteomic analysis, the mean + SEM age was as follows:
healthy controls: 52 + 7.1 years; severe COVID-19: 82.5 +
6.6 years; and critical COVID-19: 73.5 + 5.1 years (n = 4
for each group). Principal component analysis (PCA)
revealed distinct proteomic profiles among the three
assessed groups (Fig. la). Despite the heterogeneity
among COVID-19 patients due to their age that is in-
dicated on the PCA, and their comorbidities (see Table 1),
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the PCA shows a clear grouping of COVID-19 samples.
This suggests that the dysregulation in the cytosolic
proteome in COVID-19 patients was so pronounced that
the effects of initial conditions, such as age or co-
morbidities, were less prominent in defining the pro-
teomic signature of COVID-19. The expression pattern of
statistically DE proteins was visualized as a heat mabp,
using unsupervised hierarchical clustering indicating
relative protein levels detected in each subject (columns)
for all biomarkers tested (rows) (Fig. 1b). An increase in
the number of detected cytosolic proteins was observed in
neutrophils from severe (808 proteins) and critical (860
proteins) COVID-19 patients compared to HD (582
proteins) (online suppl. Fig. Sla; for all online suppl.
material, see https://doi.org/10.1159/000543633). We
identified 141 proteins DE between HD and severe
COVID-19 patients, and 122 proteins between HD and
critical COVID-19 patients (online suppl. Fig. S1b, Slc).
Totally 78 DE proteins were common between severe and
critical COVID-19 patients, with a cutoff at p < 0.05 and a
fold change >1.5. Pathway enrichment analysis of the DE
proteins, using QIAGEN Interacting Pathway Analysis,
identified molecular and cellular functions altered in
neutrophils from HD versus COVID-19 (Fig. 1c). Con-
sistent with previous studies, we observed that DE pro-
teins in COVID-19 patients were associated with immune
activation and with the IFN pathway. Conversely, except
for the interferon (IFN) signaling pathway which is
prominent in this signature, similar pathways were found
to be downregulated since any pathway contains both
inhibitory and activating proteins (online suppl. Fig. S2).
Using immunofluorescence labeling, we first confirmed
that isolated neutrophils from COVID-19 patients have a
constitutive expression of p-STAT1, thereby providing
evidence that the response pathway to either IFN-a or
IFN-y may be activated in vivo in circulating neutrophils.
In contrast, p-STAT1 was not detected in untreated
neutrophils from HD, but required an in vitro treatment
with IFN-a to be detected as shown in the representative
experiment (Fig. 1d). Accordingly, the fluorescence
quantification showed a significant increase in p-STAT1
in interferon-treated compared to IFN-untreated neu-
trophils from HD (p < 0.001). Pertinently, we observed
that the fluorescence of p-STATT1 in resting neutrophils
from COVID-19 patients was even higher than those in
interferon-treated HD neutrophils (Fig. le) (p < 0.05).
Next, we examined the differential proteomic profiles
between the severe and critical patient groups. A com-
plete list of the cytosolic proteins that are differentially
regulated in neutrophils from COVID-19 patients is
provided online in online supplementary Tables S1 and
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Fig. 1. Proteomic analysis of neutrophil cytosol in HD compared to
patients with COVID-19. a PCA of the 3 groups of samples: HDs
(black; n = 4); severe COVID-19 patients (green, n = 4); and critical
COVID-19 patients (red, n = 4). The age of each individual is
indicated. b Heat map showing the clustering of proteins in the
COVID-19 samples versus HD. Data are Z-scored and normalized.
¢ Pathway enrichment analyzed using the PANTHER software in
the two groups of COVID-19 patients versus HD. d, e Immuno-
fluorescence labeling of p-STAT1 on isolated neutrophils from

§2. Enriched pathway analysis provided evidence of
pathways involved in cell activation (metabolism of
proteins, protein kinase R pathway indicative of an
interferon-induced kinase that plays a key role in the
innate immunity, modulation of G-CSF signaling) in
neutrophil cytosol from severe COVID-19 patients
(Fig. 2a, b), whereas pathways involved in immune
dysregulation (cytokine signaling and peptide loading on
class I MHC) were overrepresented in critical patients
(Fig. 2¢, d). Analysis of proteins enriched in the cytosol
from COVID-19 patients showed a common pattern of
disturbance in regulatory proteins, including IFN-related
proteins (MXI1, MX2, IFIT2, IFIT3, OAS3, GBPI1),
chaperone proteins involved in protein secretion (en-
doplasmin, ENPL, ENPLL), the phosphorylation/

Deciphering the Cytosolic PCNA Scaffold in
COVID-19

critical COVID-19 patients (n = 2) and from HD treated or not with
IEN-a (n = 3). d Representative experiment showing the cytosolic
fluorescence of p-STAT1. This experiment has been performed with
neutrophils from three different HDs and with two different CO-
VID-19 patients. e Quantification of the intensity of the cellular
fluorescence observed in d was performed as described in the
Materials and Methods section. Data are means of corrected
fluorescence/cell + SEM. Statistical analysis has been performed
using the nonparametric Mann-Whitney test. **p < 0.01.

activation of STAT1 (HSP90B), endoplasmic reticulum
chaperones such as BIP and calreticulin (CALR), the
peptidyl-prolyl cis-trans isomerase with co-chaperone
activities (FKBP5), and the GTP-binding protein and
Ras-related protein (Rab-44). Additionally, in neutrophils
from COVID-19 patients, regardless of disease severity,
cytosolic enzymes involved in metabolism regulation
were modulated. For instance, the polyunsaturated fatty
acid lipoxygenase (LOX15) involved in lipid peroxidation
was decreased, suggesting a potential effect on pro-
resolving lipids synthesis that remains to be character-
ized. Of particular interest were the glucose metabolism-
associated proteins since they have a specific impact on
neutrophil energetic balance, presumably impacting their
effector mechanisms (online suppl. Fig. S3, S4). We
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Fig. 2. DE proteins identified in cytosols from COVID-19 patients.
Quantitative comparison of DE proteins in controls (n = 4) versus
severe COVID-19 patients (n = 4) (a, b) and versus critical
COVID-19 patients (n = 4) (¢, d). Signaling pathways enrichment
in neutrophil cytosols that are differentially regulated in severe
patients (a) (in yellow) and in critical patients (c) (in red) versus
HD have been analyzed using the PANTHER software. The
volcano plot represents relative protein expression changes be-

herein observed that proteins differentially regulated in
glycolysis, namely 6-phosphofructo-2-kinase (F262) and
triosephosphate isomerase, are significantly increased in
both severe and critical COVID-19 versus HD samples
(online suppl. Fig. S5). In contrast, we observed a
downregulation in the enzyme fructose 1,6-bi-
sphosphatase 1, a rate-limiting enzyme in gluconeo-
genesis, that is involved in gluconeogenesis in both severe
and critical COVID-19 versus HD samples (online suppl.
Fig. S6). Contrasting modulation in glycogen synthase
(GYS1) enrichment was observed between severe (up-
regulation) and critical (not statistically significant
downregulation) COVID-19 samples versus HD (online
suppl. Fig. S7). Finally, we observed a significant en-
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tween COVID-19 patients and HD. Blue and green dots indicate
proteins upregulated in COVID-19 in severe and critical, re-
spectively, versus HD with a multicomparison adjusted —log10 (p
value) >1.3 and a Log2(fold change) >1; yellow dots indicate
proteins downregulated in COVID-19 versus HD with a multi-
comparison adjusted —logl0 (p value) >1.3 and a Log2(fold
change) <—1; gray dots indicate proteins that do not meet either
criterion.

richment in the glucose-6-phosphatel-dehydrogenase,
which is the initial enzyme for the pentose phosphate
shunt, both in severe and in critical COVID-19 samples
versus HD suggesting an upregulation of this pathway
(online suppl. Fig. S8). Taking together, we confirm a
global dysregulation in the glucose metabolism-
associated proteins, which might impact the global en-
ergy metabolism of neutrophils.

Cytosolic PCNA Interacts with Different Protein

Partners in Neutrophils from COVID-19 Patients

Since PCNA protein levels may be affected under dis-
tinct conditions [13, 17], we first examined their abundance
in neutrophils from COVID-19 patients by analyzing
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publicly available data from previous proteomic studies [45,
46, 53]. Notably, PCNA amounts were found to be sig-
nificantly upregulated in different datasets obtained in a
global proteomic analysis COVID-19 and HD neutrophils
were compared (online suppl. Fig. S9). Specifically in the
dataset from Kaiser et al. [53], the PCNA levels were
enhanced in the most debilitated patients, suggesting the
association with disease severity (online suppl. Fig. S9a).
Importantly, using immunofluorescence labeling, we
provide evidence that PCNA localization was exclusively
cytosolic in both HD and COVID-19, confirmed higher
intensity levels correlated with severity (online suppl. Fig.
S9b). Notably, taking neutrophils from G-CSF-treated
donors as an example, we previously provided strong
evidence on how immune activation robustly increased
PCNA amounts, but also triggered a clear reconstruction of
a new scaffold adapted to the inflammatory context [17].
Therefore, to dissect the molecular scaffold of cytosolic
PCNA in COVID-19, we performed a coimmunopreci-
pitation of PCNA from neutrophil cytosol followed by
mass spectrometry identification of partner proteins. More
proteins were bound to PCNA in COVID-19 compared to
HDs, presumably due to the high levels of PCNA ex-
pression, as illustrated by the volcano plots representation
for severe (Fig. 3a) and ICU (Fig. 3b) COVID-19 patients.
A different profile of interacting proteins was observed in
severe COVID-19 patients versus critical COVID-19 pa-
tients with a total of 56 and 66 proteins identified in severe
versus critical, respectively, and 41 common partner pro-
teins (online suppl. Tables S3, S4). Interacting pathway
analysis uncovered differences in PCNA interactors in
cytosols from severe (Fig. 4a) or critical cases (Fig. 4b)
compared to HD, as illustrated by string representation. In
neutrophils from either severe or critical patients, cytosolic
PCNA was associated with proteins belonging to the IFN
signaling pathway, including MX1, MX2, OAS3, and
CMPK2. On the other hand, STAT1 was also shown to be
linked to PCNA, but exclusively in critical patients. PCNA
was also associated with cytoskeleton proteins in COVID-
19, such as tubulin, and with proteins involved in NET
formation, notably the peptidyl arginine deiminase type 4
(PADI4) and the histone H3. In contrast to PADI4 that was
detected to interact with PCNA in both disease groups,
histone H3 was assessed only in critical patients (Fig. 3, 4a,
b), suggesting that this pathway was differentially mobilized
in the most serious COVID-19 cases. Of note, the new hit
partners identified in the PCNA interactome in COVID-19
patients, namely IFN-related proteins and PAD4 and
histone 3, were not present in the neutrophil PCNA in-
teractome from HDs or from G-CSF-treated donor that we
have previously analyzed [15, 17, 19]. The complete list of
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PCNA-interactant proteins from the different assessed
COVID-19 patients may be found in online supplementary
Tables S3 and S4.

PCNA Is Implicated in the Response to IFNs

From the interactome findings, we raised the hypothesis
that PCNA could be involved in the regulation of innate
immune activation, especially through its association with
key proteins of the IFN signaling pathway, as well as in the
regulation of the pathogenic effector mechanisms via
proteins involved in NET formation. The IFN signaling is
principally regulated by STAT1 activation, including its
phosphorylation, binding to specific DNA motifs in the
nucleus and promoting transcription of ISGs including
itself [55]. Using a PLA, we could provide evidence that
PCNA can associate with p-STAT1 in response to in vitro
stimulation by IFN-y (Fig. 4c, d) and online supple-
mentary Figure S10 for staining controls. Notably, this
association was sensitive to PCNA inhibition after incu-
bation with T2AA, a small molecule that has been shown
to specifically bind and disrupt the scaffold [18] as evi-
denced by the quantification of the individual cell fluo-
rescence (Fig. 4d). These data further corroborate the
notion that PCNA could be a regulator of the IFN
pathways through its association with p-STAT1 (Fig. 4c).

To determine the functional and biological relevance
of the scaffold, we first focused on the potential role of
PCNA in the IFN signaling. Therefore, we examined the
mRNA expression of STAT1 and other related ISGs, such
as MXI1, IFIT1, and IFIT2 in ultrapure HD neutrophils
treated with or without either IFN-a or IFN-y in the
presence or not of T2AA (Fig. 5a). In addition, we co-
stimulated IFN-treated cells with TNF-a, which is present
at elevated levels in the sera from COVID-19 patients and
predicts in-hospital mortality in COVID-19 patients [56]
and whose effects on neutrophil-derived cytokines syn-
ergize with those of IFNs [57]. We observed a strong
induction of STAT1 mRNA levels in response to IFN-q,
which was even potentiated by TNF-a (Fig. 5b). Inter-
estingly, IFN-a-induced STAT1 mRNA was decreased by
T2AA regardless of TNF-a stimulation. Likewise, the
induction of STAT1 mRNA by IFN-y was potentiated by
TNF-a and decreased by T2AA (Fig. 5b). Consequently,
mRNAs of other STAT-1-dependent genes including
IFIT2 (Fig. 5¢), IFIT1 (Fig. 5d), and MXI1 (Fig. 5e), which
were strongly induced by IFN-a, were also decreased by
T2AA, suggesting that PCNA positively regulates IFN-
dependent signaling pathways in neutrophils. We next
tested whether PCNA modulation could also influence
the release of IFN-induced cytokines (Fig. 6a), such as
CXCL10 (IP-10) (Fig. 6b) and BAFF (Fig. 6c). As
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expected [29], CXCL10 is released in HD neutrophils
treated with IFN-a and, at a higher level, with, IFN-y, but
only if cells are costimulated with TNF-a (Fig. 6b), in any
case, CXCL10 production being attenuated in the pres-
ence of T2AA, significantly under IFN-y plus TNF-a
treatment (Fig. 6b). No induction of BAFF secretion was
observed after stimulation with IFN-a with or without
TNF-a (Fig. 6¢). In contrast, we observed a remarkable
induction of BAFF secretion in response to IFN-y, which
was not affected by TNF-a or by T2AA. Those results
indicate the potential of PCNA in interfering with IFN-
related responses and, most importantly, the use of T2AA
as a pharmacological tool to blunt such effects in
neutrophils.

PCNA Association with PADI4 and with Histone H3

in Neutrophils from COVID-19 Patients

We next focused our attention on the PCNA partners
that are involved in the formation of NET, which has been
described as one of the most deleterious mechanisms in
COVID-19. According to the interactome data, PCNA
interacts with PADI4 in neutrophils at different disease
severity stages. Among different agonists used in research
to induce NET formation, ionomycin-induced NETSs has
been proven to depend on PADI4 activity in neutrophils
[58] but also in neutrophil-like HL-60 cell line [59]. As
shown in Figure 7a, ionomycin triggers strong NET
formation, as demonstrated by the release of DNA fibers
containing NE and histones, whereas the same effect was
barely observed in unstimulated neutrophils (Fig. 7a).
Interestingly, using the Duolink PLA, we demonstrated
that PCNA interacts with PADI4 in the cytosol under
basal conditions, and that the proximity between the two
proteins increases under ionomycin treatment (Fig.7b, c;
online suppl. Fig. S11 for staining controls). Nonetheless,
the association between PCNA and PADI4 was not
disrupted by T2AA. In addition to PADI4, interactome
analysis showed that PCNA was associated with cytosolic
histone H3 only in neutrophils from critical and not from
severe COVID-19. We first confirmed that the localiza-
tion of histone 3 was nuclear under basal condition and
became cytosolic after ionomycin treatment. Interestingly

Fig. 3. Differential analysis of PCNA interactome in cytosols from
patients with COVID-19 volcano plot showing proteins that interact
with PCNA in neutrophils from patients with (a) severe COVID-19
and (b) critical COVID-19. Quantitative comparison of differen-
tially expressed proteins in HD (n = 4) versus severe COVID-19
patients (n = 4) (a, b) and versus critical COVID-19 patients (n = 4)
(¢, d). The volcano plot represents relative protein expression
changes. Blue and green dots indicate proteins upregulated in severe

Deciphering the Cytosolic PCNA Scaffold in
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using the Duolink PLA, we observed that PCNA and
histone 3 were associated within the cytosol after ion-
omycin treatment and this association was disrupted by
T2AA (online suppl. Figs. S12, S13 for staining controls).
Since histone H3 becomes citrullinated by PADI4 during
NET formation, we next examined the localization of
PCNA and of Cit-H3. Indirect immunofluorescence
showed that, under basal condition PCNA localization
was spotted with a homogeneous pattern within the
cytosol and that Cit-H3 was hardly detected (Fig. 8a). In
contrast, after ionomycin treatment, PCNA was redis-
tributed into hot spots within the cytosol and seemed to
colocalize with a perinuclear localization of Cit-H3.
Duolink PLA was next performed to further document
the interaction between PCNA and Cit-H3 (Fig. 8b;
online suppl. Fig. S14 for staining controls). We observed
that PCNA-Cit-H3 interaction was not observed under
basal condition and was significantly increased after
ionomycin treatment. Notably, this ligation was signifi-
cantly decreased after T2AA treatment, thereby sug-
gesting that the association between PCNA and Cit-H3 is
located near the binding site of the T2AA molecule
(Fig. 8c). Our data uncover a novel association between
PCNA and both histone H3 and Cit-H3 that takes place
during NET formation. Since we observed a differential
effect of T2A A on the potential association of PCNA with
PAD4 versus with histone 3, we examined the effect of
T2AA on ionomycin-induced NET release using two
different methods including (1) the isolation of NET and
measurement of the DNA concentration released after 2
or 4 h of ionomycin stimulation assessed by PicoGreen
(Fig. 8d) and (2) fluorescence measurement of the surface
of DNA released by live imaging to study the kinetics
(Fig. 8e). Whatever the readout that we used, we failed to
observe any modulation of NET release by T2AA (with
concentrations ranging from 10 to 50 mm) whatever the
ionomycin concentration either by 4 or by 8 mm as
evidenced by a representative experiment shown in
Figure 8d, e. For PicoGreen assays, similar results were
obtained with 4, 6, and 8 uM ionomycin for 2 or 4 h in 6
independent experiments using neutrophils isolated from
different healthy individuals.

and in critical COVID-19 samples, respectively, with a multi-
comparison adjusted -logl0 (p value) >1.3 and Log2(fold
change) >1; gray dots indicate proteins downregulated with a
multicomparison adjusted —logl0 (p value) >1.3 and a Log2(fold
change) <—1; gray dots also indicate proteins that do not meet either
criterion. See online supplementary Tables S1 and S2 for the
complete list of proteins differentially expressed in the cytosol of
patients either severe or critical COVID-19 versus HD, respectively.

J Innate Immun 2025;17:154-175
DOI: 10.1159/000543633

165


https://doi.org/10.1159/000543633

Severe COVID-19 a

Critical COVID-19 @) PCNA b

1-HD untreated 2-HD +IFN-y

Duolink- p-STAT1-PCNA

10 pum

3-HD +IFN-y +T2AA

25000+ * % *%k

20000

CTCF (AU)
e 8
(=] (=]
3 T

o.

Fig. 4. Analysis of the PCNA interactome. Representation of the
network of proteins that are differentially identified in the PCNA
interactome in neutrophils from severe (a) and critical (b) CO-
VID-19 patients versus HD and represented as functional clusters
using the STRING online software. PCNA (red dot) has been
identified in both severe and critical immunoprecipitated material.
Among the common partners of PCNA between severe and critical
patients are PADI4 (purple dot), the proteins involved in cyto-
skeleton (green circle), and IFN response (blue circle). Interaction
with histone proteins has been identified only in the PCNA in-
teractome of critical patients (red circle). See online supplementary
Tables S3 and S4 for the complete list of partner proteins dif-

Discussion

The current literature emphasizes the critical role of
activated neutrophils in the pathophysiology and severity
of COVID-19. However, the molecular mechanisms
driving their dysregulated effector functions and sustaining
their inappropriate activation remain poorly understood.
Given that the cytosolic PCNA scaffold is central to the
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ferentially identified in the PCNA interactome from patients either
severe or critical COVID-19 versus HD. ¢ Duolink proximity li-
gation assay of p-STAT1 and PCNA in neutrophils of HD without
treatment (1) and treated with IFN-y in the presence (3) or absence
of T2AA (2). This representative experiment has been performed
two times with neutrophils from two distinct HDs with similar
results. d Quantification of the intensity of the cellular fluorescence
observed in ¢ was performed in samples (1-HD-untreated; 2-HD +
IEN-y; 3-HD + IFN-y + T2AA) as described in the Materials and
Methods section. Data are means of corrected fluorescence/cell +
SEM. Statistical analysis has been performed using the unpaired
nonparametric Mann-Whitney test. **p < 0.01.

functional adaptation of neutrophils, its interactome was
hypothesized to provide valuable insights into the dysre-
gulation of these immune cells. Our study demonstrates a
differential PCNA scaffold in neutrophils from COVID-19
patients compared to HDs, dominated by dysregulated
metabolic pathways and a strong IFN signature.

Our findings support the notion that PCNA is involved
in various neutrophil responses during SARS-CoV-2

Pesenti et al.
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Fig. 5. Role of PCNA in regulating IFN-induced gene expression
in HD neutrophils. a Scheme illustrating the experimental
protocol used: ultrapure HD neutrophils were pretreated with
1,000 U/mL IFN-a or 200 U/mL IFN-y, then incubated for
additional 1 h with 10 uM T2AA. After 1 h, 10 ng/mL TNF-a was
added and neutrophils cultured for up to 18 h. Then RNA was

infection, acting as a hub protein that participates in IFN-
mediated responses and potentially contributes to met-
abolic and immune dysregulation. However, whether this
“maladaptive” PCNA scaffold is a driver or a consequence
of the IFN-dependent disturbances observed in COVID-
19 remains an open question.

From a metabolic perspective, neutrophils are unique
in their reliance on nonoxidative metabolism for ATP
production, even under oxygen-rich conditions [10, 60].
In the present study, we observed upregulation of gly-
colytic enzymes in the cytosols of patients with COVID-
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extracted for the assessment of STAT1 (b), IFIT2 (c), IFIT1 (d),
and MXI1 (e) gene expression by RT-qPCR. These experiments
have been performed twice using neutrophils from two inde-
pendent HDs. Data are the mean values of normalized expression
(MNE) + SEM for each condition as indicated in the Material and
Methods section.

19 compared to HD, including a notable enrichment of
triosephosphate isomerase, which catalyzes the inter-
conversion between dihydroxyacetone phosphate and
D-glyceraldehyde-3-phosphate in an early step of gly-
colysis. Although we did not directly measure glycolytic
flux, previous studies using Seahorse technology have
demonstrated significantly increased glycolysis in neu-
trophils from COVID-19 patients [61]. Consistently,
mRNA levels of glucose transporter-1 and lactate de-
hydrogenase A were upregulated in COVID-19 neutro-
phils compared to healthy controls. This enhanced
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Fig. 6. Role of PCNA in regulating STAT1-dependent cytokine
production by IFN-stimulated HD neutrophils. a Scheme il-
lustrating the experimental protocol used: ultrapure HD
neutrophils were pretreated for 3 h with 1,000 U/mL IFNa or
200 U/mL IFN-y, before the addition of 10 um T2AA. After 1 h,
10 ng/mL TNFa was added, and the neutrophil cultures were

glycolysis was further evidenced by increased cytosolic
pyruvate kinase M2, which led to lactate accumulation
and elevated plasma levels of inflammatory cytokines,
including IL-1pB, IL-6, IL-8, and sTNFR1 [62]. Beyond
glycolysis, increased glutamate levels in COVID-19
neutrophils suggest potential gluconeogenic activity - a
pathway generating glucose from noncarbohydrate
substrates [45]. For instance, type I IFNs (IFN-a and IFN-
B) have been shown to induce metabolic rewiring in
neutrophils, favoring gluconeogenesis. In our study, we
observed reduced expression of fructose-1,6-bi-
sphosphatase 1, a key enzyme in gluconeogenesis, though
we did not perform detailed metabolomic analyses to
assess its impact. The regulation of glycolysis in neu-
trophils appears dynamic and context-dependent, vary-
ing according to the inflammatory milieu [17, 63-65].
COVID-19’s inflammatory environment, characterized
by a robust IFN signature, profoundly affects neutrophil
metabolism. For instance, type I IFNs have been reported
to inhibit glycolysis in TLR agonist-treated neutrophils
[45]. In contrast, our previous work showed that G-CSF
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prolonged up to the 18-h time-point. The release of CXCL10
(b) and BAFF (c) was then assessed by ELISA in culture su-
pernatants. Results are expressed as the mean value + SEM of
n = 3 independent experiments. Analysis was performed by a
two-way ANOVA with Sidak’s multiple-comparison test.
*p < 0.05.

strongly enhanced glycolysis in neutrophils [17]. Ac-
cordingly, in another study, it was reported that proin-
flammatory cytokines combined with IFN-y enhance
glycolytic flux [61]. The observed metabolic adaptations
in COVID-19 neutrophils likely represent a response to
environmental stressors such as hypoxia or cytokine
exposure, which might also fuel NET formation [66-68].
In parallel, a metabolomic study reported elevated pen-
tose phosphate pathway activity and decreased GAPDH
activity, potentially driving spontaneous NET formation
in COVID-19 neutrophils [69]. PCNA-dependent gly-
colysis regulation in neutrophils differs between ho-
meostatic and inflammatory conditions [65, 70]. Notably,
we previously demonstrated that cytosolic PCNA asso-
ciates with glycolytic enzymes under homeostatic con-
ditions and inhibits glycolysis. Seahorse assays revealed
that PCNA inhibitors significantly increased glycolytic
capacity, highlighting PCNA’s regulatory role in HD.
However, during inflammation, PCNA disassociates
from glycolytic enzymes, as observed in G-CSF-stimu-
lated neutrophils, leading to enhanced glycolysis
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Fig. 7. Investigation of PADI4-PCNA interaction in HD neu-
trophils. a Immunofluorescence labeling of NET in resting (left
panels) versus ionomycin-stimulated (right panels) HD neutro-
phils. NETs were stained for DNA (Sytox, green), neutrophil
elastase (NE) (red), and total histones (purple). Under basal
conditions, the localization of either NE or histones is intracellular,
while both can be detected on extracellular DNA after ionomycin
stimulation. This representative experiment has been performed
two times with neutrophils from 2 different HDs with similar
results. b Assessment of the colocalization between PCNA and
PADI4 using the Duolink proximity ligation assay in basal and

independent of PCNA. Similarly, in COVID-19 neu-
trophils, glycolytic enzymes were absent from the PCNA
interactome, suggesting that glycolysis regulation was
PCNA-independent [17].

In COVID-19, the cytokine storm triggered by SARS-
CoV-2 infection - characterized by elevated levels of IL-6,
TNF-a, and CXCL10 - is widely regarded as a central
driver of lung injury and the associated ARDS observed in
severe or critical cases [71]. Our proteomic analysis re-
inforces this paradigm by revealing a COVID-19-specific
neutrophil cytosol profile dominated by an IFN signature.
This was further corroborated by the detection of cyto-
solic p-STAT1 in circulating neutrophils from COVID-
19 patients, consistent with a phosphoproteome study
identifying p-STAT1 in neutrophils during SARS-CoV-2

Deciphering the Cytosolic PCNA Scaffold in
COVID-19

ionomycin-stimulated HD neutrophils in the absence or presence
of T2AA (this latter condition is not shown since no effect of T2AA
could be observed). This representative experiment has been
performed two times with neutrophils from two distinct HDs with
similar results. ¢ Quantification of the intensity of the cellular
fluorescence observed in b was performed in all the conditions
(HD-basal; HD + ionomycin, HD + ionomycin + T2AA 10 um) as
described in the Materials and Methods section. Data are means of
corrected fluorescence/cell + SEM. Statistical analysis has been
performed using the unpaired nonparametric Mann-Whitney test.
*p < 0.01.

infection [72]. Type I IFNs are critical mediators of early
innate immune responses to viral infections, acting di-
rectly to inhibit viral replication and indirectly by acti-
vating and enhancing the effector functions of immune
cells [73]. Neutrophils are highly responsive to both type I
and type II IFNs, cytokines known to robustly activate
STAT1 [41, 74] and induce a strong expression of
interferon-stimulated genes [75]. In addition, IFNs
profoundly potentiate the response of human neutrophils
to proinflammatory pathogen-associated molecular pat-
terns and cytokines [40, 41, 43]. Moreover, in agreement
with a role of neutrophils in the context of COVID-19, we
previously showed that IFN-a potently enhances the
production of IL-6 by neutrophils stimulated with TLR8
agonists, a receptor recognizing single-strand RNA of
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viral and bacterial origin, through an autocrine mecha-
nism that involves an endogenous synthesis of TNF-a
[41]. IFN-y, which is also highly expressed during CO-
VID-19, exerts immunoregulatory effects on the adaptive
immune system while simultaneously enhancing the
effector functions of monocytes and neutrophils [76]. For
instance, both IFN-y and IFN-a can induce the pro-
duction of biologically active TNF-related apoptosis-
inducing ligand [42] and CXCL10, in the latter case
synergistically with TNF-a [41, 43].

CXCL10, also known as IFN-y-induced protein 10
(IP-10), is a member of the CXC chemokine family that
recruits effector cells involved in cell-mediated immu-
nity while also exhibiting antiangiogenic properties [77].
In the context of COVID-19, CXCL10 has emerged as a
robust predictive biomarker of patient outcomes, par-
ticularly for early prognosis of severe respiratory failure
and mortality risk [31, 78]. Moreover, during SARS-
CoV-2 infection, immature neutrophil numbers have
been shown to strongly correlate with both IL-6 and
CXCL10, both of which are upregulated during a cy-
tokine storm, in association with severe ARDS [79]. As
mentioned, both IL-6 and CXCL10 are two cytokines
that neutrophils can produce upon IFN treatment, as
also confirmed here for CXCL10. As IFN-a is produced
mostly by pDC upon viral infection, together with
CXCL10 upon additional TLR stimulation [80], this may
indicate a potential complex interplay between pDC and
neutrophils.

Our data show for the first time that in COVID-19
cytosolic PCNA can associate to phospho-STAT-1 in
neutrophils, a key transcription factor that initiates
both IFN-a- and IFN-y-dependent signaling. We also
show that this association is affected/dismantled by
the PCNA inhibitor T2AA, concomitantly with the
inhibition of STAT1, IFIT1, IFIT2, and MXI1, clearly
suggesting that PCNA is positively involved in the

Fig. 8. Contrasting effect of T2AA on the interaction between
PCNA and Cit-H3 and on ionomycin-induced NET release in
HD neutrophils. a Immunofluorescence labeling of PCNA and
Cit-H3 in basal and ionomycin-stimulated neutrophils. This
representative experiment has been performed two times with
neutrophils from two distinct HDs with similar results. b As-
sessment of the colocalization between PCNA and Cit-H3 using
the Duolink proximity ligation assay in basal and ionomycin-
stimulated HD neutrophils in the absence or presence of T2AA.
This representative experiment has been performed with neu-
trophils from two distinct HDs with similar results. ¢ Quanti-
fication of the intensity of the cellular fluorescence observed in
b was performed. Data are means of corrected fluorescence/cell +
SEM. *p < 0.05; **p < 0.01. d Measurement of released DNA after
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initiation of the IFN-dependent effects in neutro-
phils. This was further evidenced by the inhibitory
effects of T2AA on CXCL10, but not BAFF produc-
tion, in response to IFNs and TNF-a. This is indic-
ative that PCNA plays a positive role specifically in
the context of IFN-related interferon-stimulated gene
induction.

The other insight in the COVID-19-induced PCNA
scaffold is the interaction between PCNA and protein
involved in NET formation including PADI4 and histone
H3 [81]. PADI enzymes are calcium-dependent enzymes,
which deaminate arginine residue into a citrulline [59].
PADI4 is mainly expressed in granulocytes and trans-
ferred into an enzymatic active conformation upon cal-
cium binding. This is the reason why in vitro stimulation
with the calcium ionophore (ionomycin) triggers PADI4-
dependent NET formation [58]. Moreover, since PADI4
is the only PADI isoform that contains a nuclear local-
ization sequence, it is required for nuclear histone cit-
rullination [59]. PADI4 changes positively charged ar-
ginine to neutral citrulline on histones, thereby loosening
the interaction among histones and between histones and
DNA, which allows tightly packed chromatin to unravel
[25, 82]. This is why citrullinated histones H3 and H4
could be considered as biomarkers for the presence of
NETs in plasma and tissue sections in COVID-19 [83].
Strong correlations between NET levels and throm-
boinflammation have been observed in COVID-19 [28,
29, 84]. Notably, extracellular histones have been de-
scribed as major mediators of death in sepsis [85] and
circulating histones played a central role in COVID-19-
associated coagulopathy and mortality in COVID-
19 [86].

In this study, we provide evidence that T2AA has no
effect on the association between cytosolic PCNA and
PAD4 nor on ionomycin-induced NET release, which
depends on PAD4 activity. If the PCNA-PAD4

NET induction. HD neutrophils were untreated or stimulated
with 8 pum ionomycin for 4 h, in the presence/absence of 25 pm
T2AA, and DNA from soluble NET was quantified by fluores-
cence using PicoGreen. This representative experiment has been
performed with neutrophils from three different HDs with
similar results. e Live imaging of NET formation. Neutrophils
were untreated or stimulated with 8 pm ionomycin in the
presence/absence of 25 pm T2AA for 5 h and analyzed every 3
min. Mean and SEM of triplicates of each time point are shown. A
representative picture is depicted. Nuclear DNA is stained with
Hoechst 33342 (blue), while extracellular DNA is stained with
Sytox green (green). This representative experiment has been
performed with neutrophils from three distinct HDs with similar
results.
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interaction was to enhance citrullination activity and
subsequently promote NET release, the lack of effect of
T2AA on this interaction aligns with its inability to in-
fluence NET release, despite its inhibitory effect on the
association between PCNA and Cit-H3. Interestingly, the
PCNA-histone H3 association was observed exclusively
in critical COVID-19 patients, suggesting that PCNA
may contribute to the heightened activation of neutro-
phils in severe disease. However, the precise molecular
mechanisms underlying this phenomenon remain un-
clear. While T2AA does not affect ionomycin-induced
NET release, it may influence other neutrophil effector
functions, such as NADPH oxidase activation, as we
previously demonstrated [15, 87]. Given the potential
involvement of PCNA in NET-related processes — via
interactions with PAD4 and histone H3 - further re-
search is warranted to elucidate PCNA’s role in NET
formation, particularly considering the diversity and
complexity of these pathways in both in vitro and in vivo
contexts [65, 66]. NET release can occur through multiple
signaling pathways, including NOX2-independent
mechanisms (e.g., ionomycin), NOX2-dependent path-
ways (e.g., MSU crystals, PMA, bacteria), and mito-
chondrial DNA-dependent processes. Additional studies
are essential to clarify PCNA’s role in NET release across
these diverse pathways. Furthermore, we cannot exclude
the possibility that T2AA might modulate NET release in
response to stimuli other than ionomycin.

This study validates the concept of PCNA’s versatile
interactome in COVID-19 conditions and highlights its
role in regulating the IFN response in neutrophils
through its interaction with key proteins involved in IFN
pathways, particularly p-STAT], thereby influencing the
early activation mechanisms that shape neutrophil re-
sponses [33, 46, 88, 89]. Given the wide array of proteins
induced by IFN and the apparent complexity of this
newly uncovered IFN-induced PCNA scaffold, further
molecular studies are needed to dissect the intricate re-
lationships between PCNA and its partners. By modu-
lating the intensity and quality of the immune response,
PCNA could play a pivotal role in shaping the adaptive
immune response. Acting as a coordinator of neutrophil
effector functions in response to IFNs, PCNA may ul-
timately determine the activation state of neutrophils,
which is critical for patient outcomes in COVID-19 and
presumably in other IFN-dependent immune dysregu-
lation. Its multifaceted functions make PCNA a prom-
ising target for therapeutic interventions aimed at
modulating hyperinflammation and restoring immune
homeostasis in severe infections and other inflammatory
diseases.
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