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Neutrophils are central mediators of the hyperinflammatory response in severe
SARS-CoV-2 infection. We report elevated cytosolic levels of proliferating cell nuclear
antigen (PCNA) in neutrophils from patients with severe and critical COVID-19,
correlating with enhanced NADPH oxidase—dependent reactive oxygen species
(ROS) generation and neutrophil extracellular trap (NET) formation. Using T2AA, a
small-molecule inhibitor of the PCNA scaffold, we demonstrate potent suppression of
NADPH oxidase activation and NET release, particularly in response to SARS-CoV-2
RNA. Mechanistically, we identify a previously unrecognized interaction between PCNA
and the heterodimeric S100A8/S100A9 (calprotectin), predominantly enriched in
CD16"¢"CD62L"" neutrophils expanded during COVID-19. PCNA binds the dimeric
S100A8/S100A9 complex mediated via S100A8 subunit with micromolar affinity, and
this interaction is abrogated by tetramerization, suggesting regulation by intracellu-
lar calcium. Disruption of this complex by T2AA inhibited ROS production in an
S100A8/S100A9-dependent manner, implicating calprotectin as a functional regulator
of neutrophil activation. In a betacoronavirus mouse model, T2AA treatment attenuated
lung inflammation, reduced NET and calprotectin levels, and shifted pulmonary neu-
trophils away from hyperactivated and immunosuppressive phenotypes, consistent with
immune reprogramming toward resolution. These findings establish cytosolic PCNA
as a central scaffold in neutrophil hyperactivation during COVID-19 and highlight its
pharmacological disruption as a promising host-directed strategy to limit inflammation
and prevent organ damage.

neutrophils | COVID-19 | PCNA

Neutrophils are key players in the innate immune response and form the first line of
defense against infectious agents, as they employ well-characterized antimicrobial strate-
gies, such as the release of reactive oxygen species (ROS), neutrophil extracellular traps
(NETs), and other proinflammatory mediators (1). Recent unexpected biological features
related to their phenotypic and functional heterogeneity (2—5) have been highlighted in
Coronavirus Disease (COVID)-19 caused by the severe acute respiratory syndrome coro-
navirus 2 (SARS-CoV-2) (6), such as increased counts and newly identified subsets with
aberrant characteristics in both circulation and infiltrated into the respiratory tract (2, 3,
7-9). Upon SARS-CoV-2 infection, a wide spectrum of clinical outcomes may appear,
ranging from self-limited asymptomatic (10) or mild disease to severe cases, the last marked
by thromboembolic events, dysregulated immune response, respiratory distress, and mul-
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Severe COVID-19 is marked by
excessive neutrophil activation,
leading to the release of
damaging molecules that injure
the lungs and other organs.
While neutrophil hyperactivation
is a hallmark of severe disease,
the molecular mechanisms that
sustain this response are not
fully characterized. Here, we
identify cytosolic PCNA as a
central organizer of neutrophil
responses through its interaction
with the inflammatory protein
calprotectin. Disrupting this
interaction with the small
molecule T2AA attenuates
neutrophil-driven inflammation,
highlighting a potential
therapeutic strategy to limit
tissue damage in severe SARS-
CoV-2 infection.

tiorgan failure (3, 4, 9, 11, 12).

Neutrophil-derived mediators, such as the ST00A8/S100A9 heterodimer, also known
as calprotectin (13), and NETs composed of extracellular DNA bound to granule-derived
proteases (14), are found at high levels in sera from COVID-19 patients and are strongly
associated with disease severity and poor prognosis (7, 15). Calprotectin is a key regulator
of neutrophil activation, promoting cytoskeletal rearrangement, arachidonic acid metab-
olism, and NADPH-oxidase complex assembly (13) and is also associated with NET (16).

In COVID-19, NET formation depends in part on ROS production, but also on the
direct interaction with single-strand RNA from the SARS-CoV-2 genome via a
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TLR-8-dependent mechanism (17), contributing to neutrophil
hyperactivation and tissue damage (12).

To understand neutrophil dysregulation in COVID-19, we
examined the proliferating cell nuclear antigen (PCNA), previously
described by our group as a key regulator of neutrophil fate (18-20).
While PCNA contributes to DNA replication and repair in prolif-
erating cells (21), in neutrophils, it is exclusively cytoplasmic, pro-
moting cell survival through interactions with procaspases (18, 22)
and ROS-production via direct binding to NADPH-oxidase com-
ponents (19, 20). PCNA scaffold is highly influenced by the inflam-
matory environment. In granulocyte-colony stimulating factor
(G-CSF) treated donors PCNA interactome is reshaped to coordi-
nate cellular functions via glycolytic-associated metabolic repro-
gramming (20). Recently, we provide evidence of profound changes
in the overall PCNA scaffold in neutrophils from COVID-19
patients with a strong interferon signature (23). Pertinently,
PCNA-dependent functions may be targeted using the small mol-
ecule T2 amino alcohol (T2AA) (24), which has shown beneficial
properties against gut inflammation by regulating neutrophil ROS
production (19).

Therefore, we here sought to determine whether and how PCNA
contributes to this intricate interplay driving neutrophil dysregula-
tion in COVID-19. We identify an activation axis in which cytosolic
PCNA scaffold regulates NADPH-oxidase driven ROS production,
influencing NET formation in hyperactivated neutrophils of severe
COVID-19 patients. Notably, we describe the association between
PCNA and S100A8/S100A9 heterodimer that was promoted in a
distinct subset of activated neutrophil in COVID-19 patients. We
also show that targeting the PCNA-dependent mechanism in a
murine model of COVID-19-like lung inflammation could con-
stitute a valuable strategy to mitigate excessive inflammation in
severe COVID-19 and other inflammatory diseases.

Results

Increased PCNA Expression in Neutrophils Is Associated With
COVID-19 Severity and Increased Cell Survival and NADPH-
Oxidase-Dependent ROS. Western blot analysis of neutrophils
from healthy donors (HD) and COVID-19 patients showed a
significant increase in cytosolic PCNA expression, correlating
with disease severity. Severe and critical patients, but not mild
cases, had higher PCNA levels than HD (Fig. 1 A and B and
SI Appendix, Table S1). Immunofluorescence confirmed PCNA’s
exclusive cytoplasmic localization (Fig. 1 C and D). Notably,
scRNA-seq reanalysis (7, 25) showed no significant changes in
PCNA mRNA in circulating or respiratory tract neutrophils
from severe COVID-19 patients (S Appendix, Figs. S1 and S2),
suggesting posttranscriptional stabilization, consistent with prior
findings in inflammation (18). Next, we assessed neutrophil
viability after 16 h in vitro. Severe and critical COVID-19
neutrophils exhibited higher survival (Annexin-V'/7-AAD") and
reduced apoptosis (Annexin-V*/7-AAD") and necrosis (Annexin-
V*/7-AAD") (Fig. 1 E-G). DiOC6 staining confirmed better-
preserved mitochondrial membrane potential (Aym) (Fig. 1H).
Notably, PCNA inhibition with T2AA disrupted the scaffold,
significantly affecting apoptosis and Aym in COVID-19
neutrophils without changing necrosis (Fig. 1 £~H). Such results
underscore PCNA’s role in sustaining survival and its potential
impact on the resolution of inflammation.

To assess the implication of PCNA on neutrophil activation
in COVID-19, we measured NADPH-oxidase-dependent ROS
production. Neutrophils from severe and critical patients
showed significantly higher basal and phorbol 12-myristate
13-acetate (PMA)-induced ROS levels, unlike those from mild

https://doi.org/10.1073/pnas.2503667122

cases. T2AA inhibition of the PCNA scaffold reduced both
basal and stimulated ROS production across all severities (Fig. 1
I and /). Enhanced ROS production was also triggered by
N-formylmethionyl-leucyl-phenylalanine (fMLF) or opsonized
zymosan, indicating a primed neutrophil state independent of
specific NADPH-oxidase activation pathways. Notably, T2AA
was more effective in reducing ROS in COVID-19 neutrophils
than in HD (87 Appendix, Fig. S3).

Elevated PCNA Expression Is Associated With NET Formation
in COVID-19 Neutrophils. Given the role of NET formation in
COVID-19 pathology, we examined its link to cytosolic PCNA
and ROS. Circulating NETs were elevated in COVID-19 patients
(Fig. 24) and positively correlated with ROS production (Fig. 2B)
and cytosolic PCNA (Fig. 2C). To test PCNA’s role in NET
formation, HD neutrophils were stimulated for 35 min with
granulocyte-macrophage colony-stimulating factor (GM-CSF)
and C5a, factors elevated in severe COVID-19 (26, 27), to induce
NETs without triggering death (28). On the other hand, PMA at
different time points (20 min, 1 h, 2 h) was used to induce nuclear
and mitochondrial DNA release (29). Both T2AA and DPI, a
selective NADPH-oxidase inhibitor (30), significantly reduced
NET release induced by GM-CSF/C5a and PMA at early time
points (Fig. 2 D and E), suggesting that T2AA controls ROS
production and NET release via NADPH-oxidase inhibition. We
next evaluated whether T2AA could modulate NET formation
induced by single-stranded RNA from the SARS-CoV-2 genome
(ssRNA) (17). As shown in Fig. 2F, stimulation of neutrophils
from HD with ssRNA led to a significant increase in DNA-
associated elastase activity, indicative of NET release. Pretreatment
with T2AA reduced elastase activity in a dose-dependent manner,
with significant inhibition observed at 10 and 20 uM. A similar
inhibitory effect was seen with CU-CPT9a, a selective inhibitor
of Toll-like receptor 8 (TLR8) used here as a positive control
to inhibit viral RNA-induced NET formation. Consistent with
these results, immunofluorescence imaging revealed extensive
NET structures marked by citrullinated histone H4 (Cit-H4)
following ssRNA stimulation, which were markedly diminished
in neutrophils treated with either T2AA or CU-CPT9a (Fig. 2G).
These findings suggest that cytosolic PCNA contributes to NET
formation particularly in response to viral RNA, and that T2AA,
by effectively interfering with this process, might have potential
therapeutic value in COVID-19.

S100A8 Is a Partner of PCNA Which Is Overexpressed in
Neutrophils from COVID-19 Patients. Since S100A8/S100A9
is linked to neutrophil activation and COVID-19 severity (7),
we investigated its potential involvement in PCNA-induced
neutrophil dysregulation. Western blot analysis revealed high
S100AS8 expression in neutrophil cytosols from severe and critical
cases (Fig. 3 A and B), a finding supported by immunofluorescence
showing stronger cytosolic staining in these patients (S Appendix,
Fig. S4 A and B). Serum calprotectin levels were also elevated
in a severity-dependent manner (87 Appendix, Fig. S4C). Unlike
PCNA, scRNA-seq data showed increased S100A8 and S100A9
mRNA in peripheral neutrophils, with higher S100A8 in
respiratory tract-infiltrating neutrophils, particularly in critical
cases (SI Appendix, Figs. S1 and S2). Calprotectin cytosolic levels
correlated with cytosolic PCNA (Fig. 3C). Additionally, circulating
neutrophil elastase amounts were also elevated in severe/critical
COVID-19 and correlated with serum calprotectin, PCNA, and
NETs (SI Appendix, Fig. S4 D-G).

To assess whether ST00A8/S100A9 could directly interact with
PCNA, we performed a proximity ligation assay (PLA). The results
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Fig. 1. PCNAis overexpressed in neutrophil cytosol according to COVID-19 severity and linked to increased survival and NADPH-oxidase-dependent ROS production.
(A and B) Western blot of PCNA in neutrophil cytosols from HD (n = 9), moderate (n = 5), severe (n = 6), and critical (n = 12) COVID-19 patients. (A) Representative blot.
(B) Densitometry (fold change vs HD). Mean + SEM; analyzed by one-way ANOVA followed by the Tukey post test (*P < 0.05, ***P < 0.001, ****P < 0.0001). (C and D)
Immunofluorescence of neutrophils from HD (n = 5) and severe/critical patients (n = 5) stained for PCNA (red) and nuclei (DAPI, blue). (C) Representative images. (Scale
bar, 20 pm.) (D) Corrected total cell fluorescence (CTCF) from n = 150 cells/group. Mean + SEM; analyzed by Mann-Whitney U test (****P < 0.0001). (E-H) Neutrophils
incubated for 16 h at 37 °C, 5% CO,. Percentages of viable (E), apoptotic (F), and necrotic (G) cells from HD (n = 17, with or without T2AA 5 uM, n = 6) and severe/critical
patients (n =17, with or without T2AA, n = 7). (H) DiIOC6 MFI (mitochondrial membrane integrity) in HD (n = 6) and severe/critical patients (n = 7). Mean + SEM; analyzed
by the unpaired t test (*P < 0.05, **P <0.01, ***P <0.001, ****P <0.0001). (/and /) ROS production via luminol-enhanced chemiluminescence (CL) with or without T2AA
(5 uM) at 37 °C. (/) Basal neutrophils from HD (n = 6), moderate (n = 8), severe (n = 14), and critical (n = 17). (/) PMA-stimulated neutrophils from HD (n = 8), moderate
(n = 8), severe (n = 13), and critical (n = 17). Data are expressed as arbitrary units (A.U.) fold change to unstimulated HD at ROS peak, mean + SEM; analyzed by the
unpaired t test (untreated vs COVID-19) or paired t test (with vs without T2AA) (*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001).

revealed cytoplasmic interactions between PCNA and both  neutrophils from patients with severe COVID-19, suggesting an
S100A8 (Fig. 3 D and E) and S100A9 (Fig. 3F) in neutrophils association with both subunits of calprotectin, the predominant
from HD, with significantly stronger PLA signals observed in  cytosolic form in neutrophils (13). Notably, treatment with T2AA,
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Table 1. Kinetics and affinity of PCNA interaction with S100A8 and S100A8-S100A9N69A

PCNA/S100A8 PCNA/S100A8-S100A9N69A
Immobilized ligand/Soluble analyte Heterogenous ligand model 1:1 model 1:1 model
Ky (MTTs™) 2,199 158.5 4,087
Ky (57 0.1035 0.00568 0.001854
Ko (M5 138.1 NA NA
Kgp () 0.0034 NA NA
KD (M) 4.7%x107°(KD1) 2.49 x 107 3.58x107° 454 %107
(KD2)
Chi? 7.6 16.6 8

Binding of ST00A8 (0.1 to 2 pM) and S100A8-S100A9NE9A (0.062 to 0.5 uM) was assessed as described in Materials and Methods. Data were fitted using 1:1 or heterogeneous ligand models
when provided a better Chi? value. The heterogeneous ligand model accounts for two different binding sites on the immobilized PCNA, yielding KD1 and KD2 were determined. NA = not

applicable.

which disrupts PCNA’s cytosolic scaffold function, markedly
reduced the PCNA-S100A8 interaction, an effect particularly
pronounced in COVID-19 neutrophils (Fig. 3 D and E).
Furthermore, surface plasmon resonance (SPR) also demonstrated
that S100A8 bound directly to immobilized PCNA with a micro-
molar affinity (KD = 35 pM). S100A9 alone did not bind, and
the wild-type S100A8/S100A9 heterodimer also failed to bind
PCNA in our biophysical setting (Fig. 3G and Table 1 and
SI Appendix, Fig. S5), likely due to its ability to form tetramers in
the presence of calcium (31). In contrast, the SI00A8-S100A9
NG69A mutant complex, which is deficient in tetramerization,
showed specific, dose-dependent binding to immobilized PCNA
with a better affinity and a lower KD than those observed for
S100A8 (KD = 0.454 pM) (Fig. 3H and Table 1). Altogether, this
is indicative that S100A8 mediates the interaction between the
heterodimer and PCNA thereby suggesting a potential regulatory
role of PCNA on calprotectin biological activities.

To further clarify the functional role of the PCNA-S100A8/
S100A9 interaction, we investigated whether this association is
modulated by NADPH oxidase activity, given that both PCNA
and STI00A8/S100A9 contribute to its regulation (19, 32, 33).
In neutrophils, PLA analysis revealed that PCNA-S100A8 asso-
ciation is increased following fMLF-induced NADPH oxidase
activation and decreased upon T2AA treatment (Fig. 4 A and B).
Conversely, to test whether NADPH oxidase activity could affect
PCNA-S100A8 association, we examined the effect of T2AA in
wild type (WT) or gp91P™ knock out (KO) neutrophil-like
PLB-985 cells, which lack NADPH-dependent ROS production
(Fig. 4 C-G). Cells differentiated with /V,/N-dimethylformamide
(DMF) acquire a neutrophil-like phenotype expressing higher
CD11b membrane levels. WT and KO cells showed similar
amounts of CD11b confirming efficient differentiation in the
two settings (Fig. 4C). Besides, consistent with our observations
in neutrophils, T2AA inhibited NADPH oxidase—derived ROS
in WT cells under various stimuli, whereas gp91phox KO cells
produced no detectable ROS (Fig. 4 D and E). Similarly, PLA
showed that PCNA-S100A8 interactions were present at resting
and further elevated after IMLF stimulation in wild-type PLB-985
cells (Fig. 4 Fand G). In contrast, although gp91ph°X KO cells
exhibited detectable PCNA-S100A8 association at baseline,
fMLF stimulation failed to induce the increase observed in WT
cells. This suggests that NADPH oxidase assembly is necessary
to sustain or enhance PCNA-S100A8 binding upon activation.
Finally, using differentiated HoxB8 cells allowing the analysis of
neutrophil functions after specific genetic editing (34), we ana-
lyzed HoxB8 S100A9-KO cells, which are also deficient in
S100A8/S100A9 (35). In these cells, T2AA failed to inhibit the

https://doi.org/10.1073/pnas.2503667122

PMA-induced respiratory burst, whereas WT cells showed sig-
nificant reduction in ROS production under the same conditions
(Fig. 4 H and ). Together, these data suggest that the PCNA-
S100A8/S100A9 association has a functional role upon activation
and is both a regulator and a target of NADPH oxidase
activity.

PCNA-S100A8 Cytosolic Interaction Is Increased in a Hyper-
activated Subset of cD16"8"/cp62L'" Neutrophils in Severe
and Critical COVID-19. Owing to the neutrophil heterogeneity
in COVID-19, we investigated whether the PCNA-S100A8
interaction is linked to specific neutrophil subsets in severe and
critical disease. Using a broad flow cytometry panel (SI Appendix,
Fig. S6), we found that CD15" neutrophils from severe/critical patients
exhibited increased markers (CD11b, CD45, CD66b, LOX-1, PDL-
1, CD114) and decreased CDG62L, indicating intense activation.
Additionally, CD10 expression was reduced, suggesting immaturity,
while CD16, CD15, PD-1, CD33, and GLUT-1 remained
unchanged. Dysregulation of neutrophil immunophenotype
was also observed in the low-density neutrophil (LDN) fraction
(SI Appendix, Fig. S7). These findings support the emergence of
an aberrant neutrophil subset in severe COVID-19.

To assess whether PCNA-S100A8 interaction marks neutrophil
heterogeneity, we analyzed CD16/CDG62L markers (36) also
reported to differentiate distinct neutrophil subsets in COVID-19
(37, 38). In HD, most neutrophils were conventional CD16"s"/
CDG2L"¢", while other subsets (CD16"¢"/CD62L""Y, CD16""/
CDG62L"", CD16°Y/CD62L"¢") each accounted for <1%. In
contrast, severe/critical COVID-19 patients showed expansion of
these alternative subsets with a reduction in conventional neutro-
phils (Fig. 5 A and B). PLA combined with CD16/CD62L immu-
nolabeling revealed that in HD, PCNA-S100A8 interaction was
highest in the conventional subset, whereas in COVID-19, it
shifted to the hyperactivated CD16"¢"/CD62L"™" population
(Fig. 5C and SI Appendix, Fig. S8).

ROS production analysis using the DCFCH staining showed
that all neutrophil subsets in COVID-19 generated more ROS
than their HD counterparts (Fig. 5D), both at baseline and upon
PMA/opsonized zymosan stimulation (8] Appendix, Fig. S9). In
HD, despite lower PCNA-S100A8 interaction, the CD16"8"/
CD621°Y subset (<3% of neutrophils) produced more ROS than
the conventional one. However, in COVID-19, the highest ROS
levels were observed in CD16™8"/CD62L"" neutrophils, which
also exhibited the strongest PCNA-S100A8 interaction.

In COVID-19 patients, the CD16"8"/CD62L"" neutrophil
subset showed the highest expression of CD11b (Fig. 5E) and
LOX-1 (Fig. 5F) compared to the conventional subset. A
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Fig. 2. PCNAis involved in NET formation in COVID-19. (A) NET levels measured as MPO-DNA complexes by ELISA in serum from HD (n = 10), moderate (n = 10),
severe (n = 17), and critical (n = 17) COVID-19 patients. Mean + SEM; analyzed by one-way ANOVA followed by the Tukey post test (*P < 0.05, ****P < 0.0001). (B
and C) Correlations between NET levels and basal ROS production (B) or cytosolic PCNA expression (C). Pearson correlation: P=0.018 (ROS), P = 0.007 (PCNA). (D
and E) Neutrophils from HD (n = 8 to 12 per condition) preincubated with T2AA (10 uM), DPI (10 uM), or untreated for 30 min, then primed with GM-CSF plus C5a
(35 min) or activated with PMA (20 min, 1 h, 2 h). (D) Quantification of released dsDNA in supernatants (n = 4 to 11) by PicoGreen assay. Mean + SEM; analyzed
by one-way ANOVA followed by the Tukey post test (*P < 0.05, ****P < 0.0001). (F) Representative confocal image of extracellular DNA (MitoSOX Red) and nuclei
(Hoechst 33342). (Scale bar, 10 um.) (F and G) Neutrophils from HD (n = 4) preincubated with T2AA (5, 10, or 20 uM), CU-CPT9a (20 uM), or untreated for 30 min,
then stimulated or not with SARS-CoV-2 ssRNA for 4 h (F) or 1 h (G). (F) DNA-associated elastase in supernatants measured via elastase activity on fluorogenic
substrate. Mean + SEM; analyzed by one-way ANOVA followed by the Tukey post test (*P < 0.05, **P < 0.01, ***P < 0.001). (G) Representative NET images showing

citrullinated histone-H4 (Cit-H4, green) and DNA (blue). (Scale bar, 10 um.)

similar increase in CD11b was observed in HD, though at
significantly lower levels. For LOX-1, no such difference was
seen between subsets in HD, and overall expression was mark-
edly lower than in COVID-19 neutrophils. CD10 expression
(Fig. 5G) tended to be reduced in CD16™"/CD62L"Y cells
from COVID-19 patients, with the lowest levels observed in
the CD16°/CD62L"" subset, a pattern also seen in HD.
However, in COVID-19, CD16"8"/CD62L"" neutrophils dis-
played significantly lower CD10 levels than other subsets.
Collectively, these findings highlight the intense neutrophil
reprogramming in severe and critical COVID-19 and present
a strong link between PCNA-S100A8 interaction and elevated
ROS production, particularly within a hyperactivated neutro-

phil subset.

PNAS 2025 Vol.122 No.43 2503667122

Targeting PCNA Scaffold During a Betacoronavirus-Induced
COVID-19-Like Lung Inflammation In Vivo Elicits Beneficial
Effects Through the Regulation of Neutrophils Response.
Intranasal infection of C57BL/6 mice with murine hepatitis virus
strain 3 (MHV-3) is a well-established model for studying acute
COVID-19 pathogenesis (Fig. 64) (39) and testing novel therapies
(5, 40, 41). Mice treated with T2AA showed no significant
difference in viral titers compared to vehicle-treated mice
(Fig. 6B), however, it reduced lung manifestations by lowering
clinical scores (Fig. 6C), inflammatory injury, and improving lung
tissue architecture (Fig. 6 D and E). T2AA also elevated total
blood counts, partially improving lymphopenia and significantly
increasing circulating granulocytes (Fig. 6F). To further assess
the in vivo impact of T2AA, we analyzed pulmonary neutrophils
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Fig. 3. ST00A8 is overexpressed in neutrophil cytosols from COVID-19 patients and interacts with PCNA. (A and B) Western blot analysis of ST00A8 in neutrophil
cytosols from HD (n = 5), moderate (n = 5), severe (n = 4), and critical (n = 10) COVID-19 patients. (A) Representative blot. (B) Densitometry normalized to actin.
Mean + SEM; analyzed by one-way ANOVA followed by the Tukey post test (*P < 0.05). (C) Correlation between PCNA and calprotectin cytosolic levels in neutrophils
by Western blot (P = 0.0001). (D-F) Duolink® proximity ligation assay (PLA) detecting PCNA-ST100A8 (D) or PCNA-S100A9 (F) interactions in neutrophils (n =5
per group). Fluorescence in red indicates protein proximity; nuclei in blue. (D and E) PLA showing effect of T2AA (5 uM, 30 min) on PCNA-S100A8 interaction. (E)
PCNA-S100A8 signal as CTCF for n = 150 cells/group. Mean + SEM; analyzed by Mann-Whitney U test (****P < 0.0001). (Scale bar, 20 pm.) (G) Surface plasmon
resonance (SPR) measurements for S1T00A8, S100A9, or ST00A8/S100A9 wt (2 uM) binding to immobilized PCNA. (H) SPR sensorgrams for ST00A8/S100A9 N69A
(0.06 to 1 pM) binding to PCNA measured using Biacore T200 (x2 = 8). Kinetic data in Table 1.

recovered from the tissue of experimental mice. Even though T2AA
did not fully normalize blood neutrophil counts, it significantly
reduced pulmonary neutrophilia (Fig. 6G). Phenotypic profiling
revealed that lung-infiltrating neutrophils display enhanced
CXCR2 internalization and CD62L shedding in infected mice,
characteristic of cell activation, and also showed increased
percentage of immature-activated CXCR2'™CDG2L "™ subsets
(Fig. 6H), as previously described in COVID-19 (42). Such effects
were partially prevented by T2AA. Of note, T2AA treatment also
significantly reduced both the frequency and protein expression
of Arginase-1 in lung neutrophils, a marker reported in ongoing
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and convalescent COVID-19 patients (42). Furthermore, the
proportion CXCRZIOWCD62L"5gmveArg—lpn‘““Ve neutrophils were
markedly decreased in T2AA-treated mice (Fig. 6/). Together,
these findings suggest that T2AA attenuates infection-induced
pulmonary neutrophilia and limits the emergence of pathogenic
and immature neutrophil subsets in the lung microenvironment.

Treatment increased circulating neutrophils but reduced lung
neutrophil mediators, evidenced by decreased myeloperoxidase
(MPO) activity and N-acetylglucosaminidase (NAG) (Fig. 6)).
This coincided with reduced macrophage accumulation at the
infection site, linked to lower C-X-C motif ligand 1 (CXCL1),
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limiting neutrophil recruitment, and preserved transforming
growth factor (TGF)-p (Fig. 6K), supporting immunoregulation.
PCNA inhibitor reduced plasma SI00A8/S100A9 and tended to
lower lung levels (Fig. 6L), implicating PCNA-S100A8/S100A9
in COVID-19-related neutrophil lung injury. Lung but not plasma
NET formation was markedly reduced (Fig. 6A/). Inmunostaining
showed decreased MPO and neutrophil elastase (NE) in lung tis-
sue, indicating reduced NET release. In situ detection revealed
strong PCNA overexpression in lung neutrophils, underscoring its
role in activation and NET generation (S/ Appendix, Fig. S10).
These in vivo data align with in vitro findings that T2AA blocks
viral RNA-induced NET release. Overall, cytosolic PCNA is essen-
tial for neutrophil activation and NET formation in a COVID-like
inflammation model, supporting its therapeutic targeting.

Discussion

Neutrophils are essential for infection control, but their timely
clearance is crucial to resolving inflammation and preventing
chronic conditions (43). The cytosolic PCNA scaffold is a highly
dynamic protein complex that displays specific interactions in neu-
trophils depending on the inflammatory context (20, 44), for
instance, associated with a strong interferon signature in neutro-
phils in COVID-19 (23). Here, we reveal that increased cytosolic
PCNA associates with disease severity through a transcription-
independent mechanism, extending observations from G-CSF—
treated donors and other chronic inflammatory diseases (18). This
event favors cell survival, potentially contributing to prolonged
tissue damage in inflamed lungs (9, 12, 15, 45). Moreover, high
intracellular PCNA was associated with NADPH oxidase-
dependent ROS production and correlated with systemic
neutrophil-derived markers predictive of severity, including NETs
and calprotectin (7, 12, 25).

Unlike PCNA, both S100A8/S100A9 mRNA and S100AS8 cyto-
solic levels were markedly upregulated in severe or critical
COVID-19. Calprotectin, mainly localized in the neutrophil cyto-
plasm, is released with NETs (16) and promotes cell survival via
TLR4-NF-kB signaling (46, 47). Despite elevated PCNA levels,
calprotectin, accounting for ~40% of total cytosolic proteins (13),
remains more abundant, indicating that only a fraction can interact
with PCNA. We next provide mechanistic insights into the molec-
ular and the functional characterization of PCNA-S100A8/S100A9
association. Calprotectin may assemble into different structures,
forming heterodimers or heterotetramers depending on intracellular
calcium concentrations. The ST00A8/S100A9 heterocomplex acti-
vates TLR4/MD2, whereas calcium-induced tetramerization con-
ceals the TLR4 site, restricting activation to local inflammation (31,
48). PCNA binds strongly to S100A8, but not S100A9 or the WT
heterodimer, likely due to tetramer masking whereas a nontetramer-
izing mutant bound strongly, indicating tetramerization controls
PCNA accessibility. In neutrophils, PCNA-S100A8/S100A9 asso-
ciation is promoted by NADPH oxidase activation and inhibited
by T2AA. Besides, T2AA disrupted the PCNA-S100A8 interaction,
an effect greatly reduced in HoxB8-S100A9 KO cells, indicating
S100A8/S100A9 involvement in PCNA-dependent NADPH oxi-
dase regulation. PCNA directly interacts with NADPH oxidase
component p47°"* (19) while S100A8 associates with p67°"™, Rac
(32), and cytochrome b558 (33), suggesting that T2AA interferes
with multiple associations between PCNA and NADPH-oxidase
components. Given the complex PCNA interactome in COVID-19
neutrophils (23), T2AA likely also targets partners beyond S100AS8,
as previously reported (49).

Furthermore, we uncovered that PCNA-S100A8/S100A9 inter-
action was most pronounced in a subset of hyperactivated
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neutrophils, suggesting functional reprogramming in COVID-19
(4,7,8,50). We confirmed neutrophil heterogeneity, including in
LDN, identifying distinct subsets based on markers, such as
CD66b, CD10, and LOX-1 expression, linked to early neutrophil
development and thrombotic risk (4, 51, 52). Although LDN pres-
ent a dysregulated immunophenotype (42, 51), we focused our
analysis of the cytosolic PCNA scaffold on normal-density neutro-
phils, as we previously observed a pancellular distribution of PCNA
in low-density subsets (20). In HD, PCNA-S100A8 interaction
was mostly restricted to conventional CD16"8"/CD62L"¢" neu-
trophils. In severe COVID-19, it intensified and shifted to the
CD16"¢"/CD62L"" subset, characterized by high ROS produc-
tion, CD11b, and LOX-1 expression, indicating a hyperactivated
phenotype. This aljgns with findings in LPS-challenged donors,
where the CD16"¢"/CDG62L"" subset displays hypersegmented
nuclei, increased activation markers, and NADPH-oxidase activ-
ity (36-38).

To assess the therapeutic potential of PCNA inhibition, we
tested T2AA in a murine MHV-3-induced acute lung injury
model mimicking severe COVID-19 with neutrophil-driven
inflammation (39). Treatment significantly improved disease out-
comes, likely by inducing cellular reprogramming and limiting
recruitment rather than acting as an antiviral. T2AA did not lower
circulating neutrophils, suggesting a shift toward proresolutive
subsets instead of neutropenia. Interestingly, PCNA was mini-
mally detected in epithelial cells but abundant in infiltrating neu-
trophils, colocalizing with MPO, underscoring its role in
neutrophil-mediated lung inflammation. In vivo, T2AA reduced
lung NET formation, consistent with human data showing inhi-
bition of NETs induced by GM-CSE C5a, or by viral RNA, a
weak NADPH oxidase activator. Inhibition of PMA-induced
NETs was observed only at early stages, suggesting a primary effect
via NADPH oxidase suppression. These findings indicate that
T2AA likely blocks NET formation through both NADPH oxi-
dase—dependent and —independent mechanisms that remain to
be elucidated. However, this effect on NET is not the only mech-
anism of action of T2AA, which acts on the control of several
pathways including NADPH oxidase activation, glycolysis, and
death pathways. Previously, T2AA reduced oxidative stress in
murine colitis (19). Similarly, Paquinimod, which blocks extra-
cellular ST00A8/S100A9 via TLR4 inhibition, reversed neutrophil
pathogenic phenotypes and lessened lung damage in SARS-CoV-
2—infected mice and nonhuman primates, supporting both PCNA
and calprotectin targeting in COVID-19 (53).

Our data provide mechanistic insights into the role of the PCNA
scaffold in COVID-19-associated neutrophil hyperinflammation,
highlighting the PCNA-S100A8/S100A9 interaction in activated
subsets and the beneficial effects of disrupting the scaffold in vivo.
Future studies unraveling the full spectrum of PCNA’s molecular
interactions will provide deeper insights into neutrophil dysfunc-
tion, paving the way for more innovative host-targeted therapies
in inflammatory diseases.

Materials and Methods

Human Blood Samples. Individuals hospitalized due to COVID-19 from April
2020 to January 2022 were recruited in Paris, France from different departments
of Cochin Hospital and Bichat Claude-Bernard Hospital. Patients were classified
into different clinical severity groups (S Appendix, Table S1) depending on a
multifactorial score considering oxygen requirement (54). Blood from COVID-19
patients and HD obtained from the Etablissement Frangais du Sang was collected
in EDTA or dry tubes for serum collection. Neutrophils were isolated in LPS-free
dextran sedimentation and Ficoll (Histopaque-1077", Sigma-Aldrich) centrifu-
gation, as previously described (18).
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Cell Lines. ER-Hoxb8 WT and ST00A9 KO cells were cultured in OptiMEM
Glutamax (Gibco, Thermo Fisher Scientific Waltham, MA) supplemented with
10% fetal bovine serum (FBS, Biowest, Nuaillé, France), 1% Pen/Strep (PAN-
Biotech, Aidenbach, Germany), 30 uM B-Mercaptoethanol (Sigma-Aldrich, St.
Louis, MO), 1% stem cell factor supernatant (SCF, from SCF-producing CHO
cells, Institute of Microbiology and Hygiene, Freiburg, Germany), and 1 uM
B-Estradiol (Sigma-Aldrich). For differentiation to mature neutrophils, cells
were washed twice in PBS to remove B-Estradiol and differentiated for 4 d
in OptiMEM Glutamax supplemented with 10% FBS, 1% Pen/Strep, 30 uM
B- Mercaptoethanol (Sigma-Aldrich), and 1% SCF.

WT and gp917"* KO PLB-985-derived cell lines were developed by Dinauer
and colleagues (55)and differentiated with 0.5% N,N-dimethylformamide (DMF;
Sigma)for4to 7 din RPMI-1640 medium supplemented with 10 % (v/v) fetal calf
serum, I-glutamine, and penicillin/streptomycin at 37 °Cin 5 % CO,.

Quantification of Circulating Neutrophil-Derived Activation Markers.
Circulating neutrophil elastase (ThermoFisher Scientific), calprotectin (S100A8/
S100A9) (Biotechne) and NETs were measured by ELISA as previously
described (4).

Neutrophil Phenotype Assessment Using Spectral Flow Cytometry. Total
blood or PBMC layer were labeled with the following antibodies: CD66b (G10F5),
CD62L(DREG-56), CD16(3G8), CD11h (ICRF44), CXCR2 (5E8), CD45 (2D 1), PDL-1
(MH3), LOX-1 (15C4) from Biolegend; CD15 (W6D3), CD10 (HI10a), CD33
(P67.6), CD114 (LMM741), and PD-1 (EH12.1) from BD Biosciences; GLUT-1
(1418G) from R&D Systems or their respective isotypes. Samples were acquired
(1000000 events) in a Cytek Aurora cytometer (Cytek Biosciences, Fremont, CA).
Data were analyzed using FlowJo v10.7.1 software (FlowJo LLC) (S Appendix,
Figs. S6 and S7).

Assessment of Physiological Apoptosis. Neutrophils (2 x 10° cells/mL in
RPMI-1640-10% FBS) were incubated overnight (16 h, 37 °C, 5% CO,) and then
labeled with annexin-V (Miltenyi Biotec) and 7-AAD (BD Biosciences) as previously
described (18).To assess mitochondrial integrity, neutrophils were stained with 1
uM of 3,3'-dihexyloxacarbocyanine iodide (DiOC6) (ThermoFisher). Data acquisi-
tion was performed using BD-Accuri™-CéPlus, analyzed by Cflow Plus software.

Evaluatlon of NADPH-Oxidase-Dependent ROS Production. Neutrophils
(0.1 x 10°) were incubated in HBSS with orwithoutT2AA (Sigma-Aldrich)for 1 h
at37°C, then stimulated with PMA, opsonized zymosan, or fMLF (Sigma-Aldrich),
as previously described (18). ROS production was measured by luminol-enhanced
CL(TRISTAR luminometer, Bertold) and analyzed with microWim and Prism 9.3.

For subset analysis, neutrophils were stained with anti-CD16/CD62L after
DCF-DA (5 uM, Thermo Fisher) Ioadmsg and analyzed by flow cytometry.

In a separate assay, cells (3 x 10°) were preincubated with 1 uM T2AA for
1 h, stimulated with 10 nM PMA for 15 min, washed, and incubated with 15
uM DHR123 (Sigma-Aldrich) for 15 min. Samples were analyzed by flow cytom-
etry (CytoFlex S, Beckman Coulter) using FlowJo v10.10.0 (BD Life Sciences,
Ashland, OR).

Evaluation of NET Formation. Neutrophils (2.5 x 10%/mL) were seeded on
12-mm glass coverslips in X-VIVO 15 medium (Lonza), primed with GM-CSF
(25 ng/mL), and stimulated with C5a (10 nM) or PMA (25 nM) for up to 2 h. Cells
were preincubated or not with inhibitors (T2AA, 10 uM; DPI, 10 uM) for 30 min
at 37 °C before stimulation. For extracellular DNA detection, MitoSOX Red (5
uM) was added for the last 15 min, followed by fixation (4% PFA) and Hoechst
33342 staining. Imaging was performed on an LSM 800 (Zeiss) and analyzed
with IMARIS, as previously reported (56). For DNA quantification in supernatants,
DNase I (2.5 U/mL) (Worthington) was added. The reaction stopped with EDTA
(Sigma-Aldrich) and mixed with PicoGreen dye (Invitrogen). Fluorescence was
measured at 502/523 nm using a SpectraMax M2 spectrofluorometer (Molecular
Devices).

Also for NET visualization, neutrophils (5 x 10°/mL) on polylysine-coated
slides were pretreated with T2AA or CU-CPT9a (NET inhibition control) for 30
min, then stimulated with SARS-CoV mRNA (10 ug/mL, DOTAP) for 1 h. Cells
were fixed (1% PFA), stained with anti-citrullinated histone H4 and Alexa-488
secondary antibody (Ab81797, Abcam), followed by an Alexa-488 conjugated
anti-rabbit antibody (Thermo Fisher Scientific) and counterstained with Hoechst,
and imaged on a Zeiss Observer.Z1 with Apotome2. NET production was also
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quantified by DNA-associated elastase activity. Neutrophils (2.5 x 10%/mL) in
96-well plates were treated as above, digested with DNase (1 U/mL), and elastase
activity measured with 0.5 mM of the fluorogenic substrate (Z-Ala-Ala-Ala-Ala)
AMC (Cayman Chemical) using a fluorescence plate reader.

Western Blot Analysis of PCNA and $100A8. Neutrophil cytosol was obtained
by sonication in hypotonic HEPES buffer (50 mM) supplemented with protease
and phosphatase inhibitors (4 mM PMSF, 400 uM leupeptin, 400 uM pepstatin,
1 mM orthovanadate, T mM EGTA, 1 mM EDTA) and 1 mM DTT, using a Soniprep
150 Plus (1 Hz, 10 s). Protein concentration was measured using the BCA kit
(Pierce). Cytosolic proteins (30 pg) diluted in Laemmli buffer were separated
by SDS-PAGE and transferred to PVDF membranes (PerkinElmer). After block-
ing in 5% nonfat dry milk in TBS, membranes were incubated overnight at 4 °C
with mouse anti-PCNA (PC10; 1:1,000), goat anti-S100A8 (Everest, EB11513;
1:1,000), or goat anti-actin (Sigma A2066; 1:1,000). HRP-conjugated secondary
antibodies (anti-rabbit 1gG, 1:5000; anti-mouse IgG, 1:2,000; anti-goat IgG,
1:4,000) were applied for 1 h at room temperature (18). Inmunoreactive bands
were visualized using ECL(Amersham)and quantified with the Fusion FX7 imag-
ing system (Vilbert Lourmat).

PCNA, S100A8, and S100A8/S100A9 Detection Using Indirect
Immunofluorescence or the Duolink® PLA. Cells were fixed in 2% formal-
dehyde/PBS (20 min, on ice), permeabilized with 0.25% Triton X-100 (5 min, RT),
and treated with ice-cold methanol (10 min). Forimmunofluorescence, cells were
incubated with anti-PCNA (Ab5; 1:25) or anti-S100A8 (2H2; 1:100) for 45 min,
followed by biotinylated anti-rabbit 1gG (1:200) and streptavidin-Alexa Fluor
555(1:1,000) for PCNA, or anti-mouse IgG Alexa Fluor 488 (1:100) for STO0A8.
Nuclei were counterstained with DAPI mounting medium.

For Duolink® PLA, neutrophils (0.3 x 10°) were processed according to the
manufacturer's protocol using anti-PCNA (Ab5; 1:100) with anti-ST100A8 (2H2;
1:100) or anti-ST00A9 (2B10; 1:100) on cytospins or in suspension. PLA signal
was generated when epitopes were <40 nm apart. Microscopy was performed
using Widefield Zeiss Observer Z1, IXplore spinning confocal, or Leica SP8X STED
FLIM, and at least 30 cells/group were analyzed with FlJI software (v2.14.0/1.54)).
For flow cytometry PLA, =100,000 events were acquired on a Cytek Aurora.

Analysis of PCNA-S100A8 Interaction by SPR. Interactions between PCNA
and recombinant human (rh) S100 proteins (R&D Systems, Biotechne, MN) and
recombinant mutant human S100 proteins (provided by Thomas Vogl's labora-
tory) were analyzed by SPR using a Biacore T200 (GE Healthcare) to determine
affinity and kinetic parameters (19). PCNAwas immobilized on a dextran sensor
chip (CM5), while rhS100A8 (9876-S8), ST00A9 (9254-59), S100A8/S100A9
complex (8226-S8), or)and rh ST00A8/ST00A9 N69A mutant (0.1 to 2 pM) were
used as analytes in running buffer (HEPES 20 mM, NaCl 140 mM, CaCl2 0.5 mM,
ZnCl2 10 uM, pH 7.4). Specific binding signals were obtained by subtracting
background signals. Kinetic titration (multiple-cycle kinetics) was performed with
sequential analyte injections over the immobilized ligand, with 5 mM EDTA used
for regeneration. Association (Ka) and dissociation (Kd) rate constants and KD
values were calculated using BlAevaluation software. A 1:1 Langmuir model
was tested first, but also the heterogeneous ligand model, accounting for two
independent binding sites.

In Vivo Experiments. Experiments were carried out with male and female
C57BL/6 mice aged of 6 to 7 wk from the Central Animal House from Universidade
Federal de Minas Gerais (UFMG). Mice were housed in individually ventilated
cages placed in an animal care facility at 24 °C = 2 °Con a 12-h light/12 h dark
cycle, receiving ad libitum access to water and food. Animal welfare and experi-
mental procedures were carried out strictly in accordance with the Guide for the
Care and Use of Laboratory Animals (NIH) and followed the ARRIVE guidelines.

Mouse Hepatitis Virus Strain 3-Induced Acute Lung Injury. Mice were
intranasally inoculated with MHV-3 (3 x 103 PFU), a coronavirus strain that
recapitulates key features of severe COVID-19, including neutrophil-driven lung
inflammation (39), and treated with T2AA (0.5 mg/kg, i.p.) starting 24 h postin-
fection. Lung pathology was evaluated on Day 3 (peak infection) via histological
scoring (Hemalun eosin staining), viral load quantification (plaque assay), and
cytokine/chemokine profiling (ELISA for TGF-beta and CXCL-1/2). Neutrophil
activation was assessed using flow cytometry (Ly6G*CXCR2*CD62L* cells),
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Fig. 4. Modulation of PCNA-S100A8 interaction by NADPH-oxidase activation. (A and B) Duolink® PLA detecting PCNA-S100A8 interaction (red) in human neutrophils.
Blue fluorescence indicates nuclei. Effect of T2AA (10 uM) with fMLF (1 uM) on PCNA-S100A8 interaction was tested. (B) PCNA-S100A8 signal as CTCF for three independent
healthy donors’ neutrophils (n = 90 cells/group). Mean + SEM; analyzed by Kruskal-Wallis followed by Dunn’s test (****P < 0.0001). (Scale bar, 20 pm.) (C-E) Wild-type
(WT) and GP91phox-knockout (KO) PLB-985 neutrophil-like cells. (C) Percentage of CD11b-positive cells in undifferentiated and DMF-differentiated PLB-985 cells (n =6
biological replicates). Mean + SEM; analyzed by the unpaired t test (****P < 0.0001). (D and E) Cells stimulated with opsonized zymosan (OZ, 0.5 mg/mL), PMA (0.1 pg/
mL), or fMLF (1 uM) with or without T2AA (10 uM). NADPH oxidase-dependent ROS production measured by luminol-enhanced CL over time. (D) Representative kinetic
curves with OZ. (E) Peak ROS values for all stimuli in WT and KO cells (n = 4 biological replicates). Mean + SEM; analyzed by the unpaired t test (undifferentiated vs DMF-
differentiated or WT vs KO, ****P < 0.0001). (Fand G) PLA for PCNA-S100A8 interaction in differentiated PLB-985 cells stimulated or not with fMLF. (F) Representative
experiment from three independent biological replicates. (G) Quantification of PLA signal (CTCF) for n = 95 cells/group. Mean + SEM; analyzed by Mann-Whitney test
(****P<(0.0001). (Scale bar, 15 pm.) (H and /) NADPH-dependent ROS production in WT and ST00A9-KO HoxB8 cells. ROS was measured by flow cytometry as percentage
of rhodamine-positive cells after incubation with or without PMA (10 nM, 15 min) or T2AA (1 uM). (H) Representative dot plots from PMA-stimulated groups with gates
set above basal ROS levels. (/) Data from five independent experiments. Mean + SEM; analyzed by the paired t test (**P < 0.01, ****p < 0.0001, ns = not significant).
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Fig. 5. PCNA-S100A8 interaction is increased in a hyperactivated neutrophil subsetin COVID-19. (A) Representative flow cytometry dot plot of neutrophil subsets
defined by CD16/CD62L expression. (B) Distribution (%) of subsets: CD16high/CD62Lhigh (1), CD16high/CD62Llow (2), CD16low/CD62LIow (3), and CD16low/
CD62Lhigh (4) in HD (n = 6) and COVID-19 patients (n = 18, 10, 10, and 18, respectively). (C) Duolink® PLA quantification of PCNA-S100A8 interactions across
subsets (n = 6 per group). (D) ROS production measured by 5 pM DCF-DA labeling (n = 6 per group). (E-G) Surface expression of CD11b (E), LOX-1 (F), and CD10
(G) in neutrophil subsets (n = 6 per group). (B-G) Mean + SEM; analyzed by one-way ANOVA followed by the Tukey post test (*P < 0.05, **P < 0.01, ***P < 0.001,

**%%p <0.0001).

MPO/NAG enzymatic assays, NETs and S100A8/A9/MPO-DNA complexes. Full
methodological details, including sample preparation, staining, and analytical
pipelines, are available in S/ Appendix, Supporting Methods.

statistics. Data are expressed as mean = SEM from independent experi-
ments (n, as indicated in each figure). Data distribution was assessed using the
Kolmogorov-Smimov and Shapiro-Wilk normality tests. For normally distributed
data, one-way ANOVA followed by the Tukey post hoc test was applied for multiple
comparisons and paired or unpaired Student's t test was used for two-group
comparisons. For nonparametric data, the Kruskal-Walli's test followed by Dunn's

10 0f 12  https://doi.org/10.1073/pnas.2503667122

post hoc test was applied for multiple comparisons, and the Mann-Whitney test
was used for two-group comparisons. Data were analyzed using GraphPad Prism
Software 9.0, and P < 0.05 was considered statistically significant.

study Approval. Ethical approval for human investigations was granted by
the Institutional Review Board and Ethics Committee of Cochin Hospital, Paris,
France (Internal Medicine Department: authorization #2019-3677; Pneumology
Department: authorization #2020 #A02700-39; Intensive Care Department:
authorization #2018 #A01934-51) and by the Ethics Committee of Bichat
Hospital, Paris, France (Intensive Care Department: authorization #2020-715)
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Fig. 6. PCNA inhibition by T2AA reduces lung damage in betacoronavirus MHV-3-infected mice affecting neutrophils-driven inflammation. (A) C57BL/6 mice
infected with MHV-3 (3 x 10% PFU) or mock-treated, then given T2AA (0.5 mg/kg, i.p.) or vehicle every 12 h. Blood and lungs were collected after 3 d. (B) Viral
load (log;o PFU/g) in lungs (n = 6). Mean + SEM; analyzed by the unpaired t test (P> 0.05). (C) Clinical scores based on death, weight, symptoms, and behavior
(n =6 to 8). (E) Histopathological scoring of lungs (n =7 to 8). (C and D) Mean + SEM; analyzed by Kruskal-Wallis test followed by Dunn’s post test (*P < 0.05,
***p < (0.001, ****P < 0.0001). (E) Representative lung histology (H&E, 40x%). (Scale bar, 50 pm.) (F) Blood cell counts (x1 03/pL) (n=6to 7). (G-/) Flow cytometry
of viable neutrophils (CD45'Ly6G'F4/807) from lung tissue (n = 5 to 6). Percentages and membrane levels of CXCR2, CD62L, and Arginase-1 are shown. (J)
Neutrophil and macrophage infiltration measured by MPO and NAG activity (mOD/mg tissue) in lung tissue (n = 5 to 6). (K) CXCL1 and TGF-f levels (pg/100
mg lung, n = 6 to 8). (L and M) ST00A8/S100A9 and NETs quantification in plasma (pg/mL) and lungs homogenates (pg/100 mg tissue) (n =5 to 8). (F-M) Mean
+ SEM; analyzed by one-way ANOVA followed by the Tukey post test (*P < 0.05, **P < 0.01, ***P < 0.001, ****pP < 0.001).

in accordance with the Declaration of Helsinki. Written informed consent was
obtained from all hospitalized participants prior to enroliment. All experimental
procedures involving mice were approved by the Ethical Committee for Animal
Experimentation of the Federal University of Minas Gerais (UFMG), Brazil (protocol
#190/2020).

Data, Materials, and Software Availability. All study data are included in the
article and/or S/ Appendix.
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