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Neuraminidase inhibitors rewire neutrophil function in vivo in murine sepsis and

ex vivo in COVID-19
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At a Glance

In a severe systemic inflammatory response, such as sepsis and COVID-19, neutrophils
play a central role in organ damage. Thus, finding new ways to inhibit the exacerbated
response of these cells is greatly needed. Here, we demonstrate that in vitro treatment
of whole blood with the viral neuraminidase inhibitors Oseltamivir or Zanamivir, inhibits
the activity of human neuraminidases as well as the exacerbated response of
neutrophils. In experimental models of severe sepsis, oseltamivir decreased neutrophil
activation and increased the survival rate of mice. Moreover, Oseltamivir or Zanamivir
ex vivo treatment of whole blood cells from severe COVID-19 patients rewire neutrophil

function.
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ABSTRACT

Neutrophil overstimulation plays a crucial role in tissue damage during severe
infections. Neuraminidase (NEU)-mediated cleavage of surface sialic acid has been
demonstrated to regulate leukocyte responses. Here, we report that antiviral NEU
inhibitors constrain host NEU activity, surface sialic acid release, ROS production, and
NETs released by microbial-activated human neutrophils. In vivo, treatment with
Oseltamivir results in infection control and host survival in peritonitis and pneumonia
models of sepsis. Single-cell RNA sequencing re-analysis of publicly data sets of
respiratory tract samples from critical COVID-19 patients revealed an overexpression of
NEU1 in infiltrated neutrophils. Moreover, Oseltamivir or Zanamivir treatment of whole
blood cells from severe COVID-19 patients reduces host NEU-mediated shedding of
cell surface sialic acid and neutrophil overactivation. These findings suggest that
neuraminidase inhibitors can serve as host-directed interventions to dampen neutrophil

dysfunction in severe infections.

Abstract word count: 137 words.
Keywords: neuraminidase; sialic acid; sepsis; Oseltamivir; Zanamivir, neutrophil;

SARS-CoV-2; COVID-19.
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INTRODUCTION

Neutrophils are key components of the immune response against pathogens (1).
However, during severe acute infections, such as sepsis and COVID-19, overactivated
neutrophils infiltrate vital organs and release molecules including proteases, reactive
oxygen species (ROS), and neutrophil extracellular traps (NETs) (2, 3). While such
inflammatory mediators are essential to the control of infection, they can also damage
healthy cells (4). Therefore, the function of neutrophils must be regulated to efficiently

clear microorganisms with minimal detrimental effects to the host.

A number of mechanisms controlling neutrophil activation have been described (5). For
instance, the contents of sialic acid (Sia) have been demonstrated to regulate leukocyte
activation to microbial stimuli (6). The dense array of Sia present in the glycocalyx of all
mammalian cells makes this monosaccharide a central molecule for many cellular
processes including: cell-cell interactions, signal transduction, and transendothelial
migration (7). Neuraminidases (NEUs) are enzymes found in both pathogens and
mammalian hosts, which hydrolyze Sia residues linked to galactose, N-
acetylgalactosamine or polySia residues on glycoconjugates, thereby regulating many
physiological and pathological responses (8). In human neutrophils, shedding of surface
Sia by microbial-derived NEUs leads to cellular activation, ROS production, and release
of NETs (9-12). Additionally, it has been demonstrated that LPS induces membrane-
associated NEU activation in murine or human macrophages and dendritic cells (13).

Upon LPS binding to TLR4, NEU activity was shown to regulate NF-kB induction in
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macrophages, suggesting a role for this enzyme during cellular activation (13). Also, in
Gram-negative experimental sepsis, leukocyte dysfunction is mediated by NEU activity
and associated with exacerbated inflammatory response and high mortality rates (14,
15). As previous studies have demonstrated that pathogen-derived NEU stimulate
neutrophils, (9, 10, 16), we investigated whether endogenous host NEUs can be

targeted to regulate neutrophil dysfunction observed in severe infections.

Here, we have identified host NEU activation as a positive regulator of microbial-
induced human neutrophil overactivation. Additionally, we have employed antiviral NEU
inhibitors, Oseltamivir and Zanamivir, to explore this pathway and found that these
drugs fine-tune the neutrophil dysfunction observed in sepsis and COVID-19. Together,
our results show that NEU is a potential target for the control of neutrophil dysfunction

and present Oseltamivir or Zanamivir as adjunctive therapy for severe infections.

METHODS

Human blood samples

Blood samples were collected from severe COVID-19 (n=6) or convalescent COVID-19
(n=8) patients (25 to 89 yr old) admitted in the ICU or Research Center on Asthma and
Airway Inflammation at the UFSC University Hospital. Blood samples from sex-matched
healthy donors were used as controls. The research protocol was approved by the
Institutional Review Board of the UFSC (CAAE #82815718.2.0000.0121,

#36944620.5.1001.0121).
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Evaluation of neutrophil response

Whole blood were incubated in the presence or absence of Oseltamivir (100 uM,
Sigma-Aldrich), Zanamivir (30 puM, Sigma-Aldrich), LPS (1 pg/mL, E. coli 0127:b8,
Sigma-Aldrich), LPS plus Oseltamivir or LPS plus Zanamivir. Total leukocytes were
used to evaluate the effect of isolated neuraminidase from Clostridium perfringens
(CpNEU) on neutrophils. Leukocytes were incubated in the presence or absence of
CpNEU (10 mU, Sigma-Aldrich), CpNEU plus Oseltamivir or CoNEU plus Zanamivir.
Next, neutrophil activation, phagocytosis, bacterial killing, ROS production and NETs

release were evaluated.

Mice

All animal procedures followed the ARRIVE guidelines and the international principles
for laboratory animal studies (17). Protocols were approved by the Animal Use Ethics
Committee of UFSC (CEUA #8278290818). C57BL/6 and Swiss mice were used for
peritonitis- or pneumonia-induced severe sepsis. Mice were randomly pretreated and/or
post treated by per oral (PO, 12/12 hr) with saline or Oseltamivir phosphate (10 mg/kg,

Eurofarma, Brazil).

Additional details and methods are found in Supplementary Methods.

RESULTS
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LPS-induced surface Sia shedding in human neutrophils is mediated by NEU

activity

As activated NEUs hydrolyze Sia residues linked to underlying galactose
glycoconjugates (7), we estimate Sia levels on neutrophils after their activation. LPS
treatment of whole blood from healthy donors significantly reduces the binding of
Maackia amurensis Il (MAL-II, a lectin that binds selectively to a2-3- over a2-6-linked
Sia (18)) on neutrophils when compared to untreated cells (Supplementary Fig. 2A).
Next, cells were stained with an Fc-chimera of Siglec-9, a sialic acid-binding protein that
recognizes Sia in a2-3 and a2-6 linkages (19). Similarly, binding of Siglec-9-Fc
(Supplementary Fig. 2B) is decreased on neutrophils treated with LPS, confirming a
reduction of neutrophil Sia residues likely due to LPS-induced NEU activity in these
cells. To test this hypothesis, we measured NEU activity in human leukocytes using the
NEU substrate 4-MU-NANA (13) and validated the assay using CpNEU (Fig. 1A-B).
Both clinically available NEU inhibitors Oseltamivir and Zanamivir reduce CpNEU
activity (Fig. 1A-B). LPS-induced NEU activity on leukocytes was also significantly
inhibited by Oseltamivir or Zanamivir (Fig. 1C-D). Moreover, these NEU inhibitors
prevent LPS- or CopNEU-mediated reduction of MAL-Il (Fig. 1E-F; K-L) or Sambucus
nigra (SNA) binding (SNA, a lectin that binds selectively to a2-6- over a2-3-linked Sia)
(Fig. 1G-H; M-N). Desialylation unmasks galactose residues that are recognized by the
lectin peanut agglutinin (PNA) (20). NEU inhibitors prevent LPS- or CpNEU-mediated
the increase of the PNA binding on neutrophils surface (Fig. 11-J; O-P). Together, these
results show that LPS-induced host NEU activity decreases Sia content on neutrophils,

which can be inhibited by Oseltamivir and Zanamivir.
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LPS-induced phagocytosis and killing of E. coli is modulated by NEU activity

Bacteria uptake and killing are important functions of neutrophils (3). We next
investigated whether host NEU regulates phagocytosis and killing of E. coli. Whole
blood or total leukocytes from healthy donors were preincubated with LPS or CpNEU,
respectively, and E. coli BioParticles® added to cells for 60 min. Ingested pHrodo E. coli
by neutrophils were analyzed by flow cytometry. A significant increase in the MFI of
unstimulated cells incubated with pHrodo E. coli was observed at 37 °C compared to
cells at 4 -C (Supplementary Fig. 3). LPS (Fig. 2A-C) or CpNEU, used as a positive
control of NEU effects (Fig. 2D-F), but not heat-inactivated CpNEU, significantly
enhances phagocytosis of E. coli. Remarkably, these effects are inhibited by Zanamivir
or Oseltamivir (Fig. 2A-F), suggesting that LPS-enhanced phagocytosis involves a host
NEU-dependent pathway. Similarly, pretreatment of cells with LPS or CpNEU increases
both the number of cells with bacteria as well as the number of bacteria per cell (Fig.
2G-J). These effects were also abolished when NEU inhibitors Oseltamivir and
Zanamivir were added in the cell cultures (Fig. 2G-J). Furthermore, LPS or CpNEU
treatment enhances intracellular and extracellular kiling of E. coli, which are also
inhibited by Oseltamivir or Zanamivir (Fig. 2K-L). These results suggest that NEU plays

a critical role in LPS-upregulated phagocytosis and killing responses of neutrophils.

NEU blockade prevents neutrophil activation

Shedding of cell surface Sia by mobilization of granule-associated NEU to the cell

surface has been associated with neutrophil activation (21). Therefore, we analyzed
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surface expression of CD66b and CD62L, two markers of human neutrophil activation
(22-24) and a2-3-Sia levels in LPS-exposed whole blood cultures. Both Oseltamivir and
Zanamivir inhibit LPS-induced shedding of a2-3-Sia (Fig. 3A,B) and CD62L (Fig. 3D,E)
or upregulation of CD66b (Fig. 3G,H) on neutrophils. Similarly, MAL-Il preincubation,
which prevents hydrolysis of a2-3-Sia by NEU due to steric hindrance at the enzyme
cleavage site (25), blocks LPS-induced neutrophil activation (Fig. 3C,F,l). These data
show that dampening NEU activity or blocking the hydrolysis of a2-3-Sia is sufficient to
inhibit human neutrophil activation by LPS. Similar results were observed in soluble
CpNEU-treated leukocytes (Supplementary Fig. 4). Next, we assessed whether NEU
inhibitors influenced LPS-stimulated ROS production and release of NETs, key
mediators of bacterial killing and tissue injury (26). Neutrophils primed with LPS and
stimulated with PMA produce higher amounts of ROS when compared to unprimed cells
(Fig. 3J-L). Both Oseltamivir and Zanamivir inhibit ROS release to levels similar to
unprimed cells. These results were also reproduced by the treatment of cells with
CpNEU (Supplementary Fig. 5E-G). Furthermore, Oseltamivir or Zanamivir
significantly inhibit LPS-induced NETs released by isolated neutrophils (Fig. 3M).
Together, these data indicate that microbial-induced host NEU activity regulates

important neutrophil functions in vitro.

Oseltamivir enhances survival rate of mice in clinically relevant models of sepsis

Exacerbated neutrophil responses such as increased ROS production, release of NET
and degranulation are associated with tissue injury and organ dysfunction (27). By using
Oseltamivir as a therapeutic tool, we next explored the involvement of NEU activity in

vivo during experimental sepsis, a model of neutrophil dysfunction (3, 28, 29). We first
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induced sepsis by intraperitoneal administration of 1 x 10" CFU/mice of the Gram-
negative E. coli (ATCC 25922), which lacks NEU in its genome (30). We used a dose of
10 mg/Kg of Oseltamivir by oral gavage, which is the equivalent dose used in humans
(~7.5 mg/Kg) (31). Oseltamivir pretreatment (2 hr before infection) plus post-treatment
(6 hr after infection, 12/12 h, PO, for 4 days) markedly boost host survival
(Supplementary Fig. 6A). Only a single dose of Oseltamivir 2 hr before bacterial
administration significantly decreases the number of neutrophils in the BAL and lung
tissue 4 or 6 hr after infection (Supplementary Fig. 6B-C). This pretreatment also
augments neutrophil migration to the focus of infection, which is associated with an
efficient control of infection (Supplementary Fig. 6D-F). Furthermore, pretreatment with
Oseltamivir decreases BAL and plasma TNF and IL-17 levels (Supplementary Fig. 6G-
J) and tissue injury markers (AST, ALT, ALP and total bilirubin) (Supplementary Fig.
6K-N), as well as prevents reduction of a2-3-Sia on peritoneal lavage SSC+/GR-1"
cells (Supplementary Fig. 60-P). More importantly, the post-treatment efficacy of
Oseltamivir was also evaluated in survival of septic mice. Mice were IP challenged with
E. coli (1 x 10’ CFU/mice) and treated 6 hr after infection with Oseltamivir for 4 days (10
mg/Kg, PO, 12/12h). Strikingly, in the post-treatment protocol, Oseltamivir provides a

significant improvement in the survival rate of septic mice (Supplementary Fig. 6Q).

Next, we employed the CLP model to evaluate the effect of Oseltamivir in septic mice,
as it is considered the gold standard in preclinical sepsis (32). Six hours after CLP,
Oseltamivir post-treatment leads to a small delay in the mortality rate of severe septic
mice (Supplementary Fig. 7A). Next, CLP septic mice were treated with antibiotics

because it is one of the standard interventions used in clinical settings of sepsis (33).
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Importantly, compared to the control animals, therapeutic use of Oseltamivir plus
antibiotics drastically improved survival rates of CLP mice (87.5% experimental group
vs 25% control group) (Supplementary Fig. 7B). Forty-eight hr after surgery, post-
treated septic mice have a significant reduction of neutrophils in BAL and lungs,
improvement of neutrophil migration at the focus of infection, and reduced bacterial load
in PL and blood (Supplementary Fig. 7C- G). Levels of TNF and IL-17 in PL and
plasma and tissue injury markers were also reduced in Oseltamivir treated mice
(Supplementary Fig. 7H-O). Additionally, Oseltamivir also leads to a higher expression
of a2-3-Sia on SSCr/GR-1" cells in PL (Supplementary Fig. 7P-Q) confirming

blockade of NEU activity in vivo.

As respiratory tract infections, particularly pneumonia, are among the most common
sites of infection in sepsis (34), we intratracheally administered K. pneumoniae (ATCC
700603) into mice to address the effect of Oseltamivir. Post-treatment of mice with
Oseltamivir significantly improves survival of septic mice challenged with K.
pneumoniae (FIG. 4A). The increased host survival was accompanied by a decrease of
neutrophil migration in BAL, reduced levels of TNF and IL-17 and reduced levels of
tissue injury markers (Fig. 4B-K). Oseltamivir also prevents reduction of a2-3-Sia on
BAL SSC/GR-1" cells (Fig. 4L-M). Together, these results show that host NEU
activation exacerbates inflammatory responses during sepsis and the use of Oseltamivir

improves disease outcome.

Oseltamivir and Zanamivir rescue overactivated neutrophils from COVID-19

patients
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Similar to bacterial sepsis, recent evidence suggests that neutrophils fuel hyper-
inflammatory response during severe SARS-CoV-2 infection. Larger numbers of
circulating neutrophils have been associated with poor prognosis of COVID-19 patients
and analysis of lung biopsies and autopsy specimens showed extensive neutrophil
infiltration (2, 35—-41). Further studies by Chua et al. (2020) employing single-cell RNA
sequencing (scRNA-seq) from upper and lower respiratory tract samples from COVID-
19 patients indicated a significant augmentation of neutrophils linked to transcriptional
program associated with tissue damage in epithelial and immune cells (42). Re-analysis
of this scRNA-seq data (42) shows that expression of NEUL, but not NEU3 or NEU4, is
upregulated in resident cells and highly expressed in neutrophils found in
nasopharyngeal/pharyngeal swabs from COVID-19 patients (Fig. 5). A similar profile of
NEUs expression was also observed in lower respiratory tract samples from these
patients (Supplementary Fig. 8). These results suggest NEU enzymes are highly (41)
expressed by lung infiltrating neutrophils during severe COVID-19. As demonstrated by
Schulte-Schrepping et al. (2020) (43), circulating neutrophils are highly activated on
active, but not convalescent, COVID-19 patients as observed by CD62L shedding (Fig.
6A) and upregulation of CD66b (Fig. 6B). Moreover, neutrophils from severe COVID-19
patients were found to present a significant reduction of surface a2-3-Sia (Fig. 6C,D),
suggesting that NEU activity is also increased in blood neutrophils during severe
COVID-19. Therefore, we asked whether neuraminidase inhibitors can rescue
neutrophil activation from COVID-19 patients. Ex vivo treatment of whole blood with
Oseltamivir or Zanamivir decreased neutrophil activation and restored the levels of cell
surface sialic acid (Fig. 6E-l). As soluble NEU enzymes are also present in plasma (14),

we next asked if plasma from COVID-19 patients can induce neutrophil response from
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healthy donors. Indeed, stimulation of whole blood from healthy donors with fresh
plasma from severe, but not convalescent, COVID-19 patients leads to neutrophil
activation (Fig. 6J), reduction of a2-3-Sia (Fig. 6K) as well as ROS production (Fig.
6L,M), which were significantly reduced by Oseltamivir or Zanamivir (Fig. 6J-M).
Additionally, activity of NEU is increased in plasma from severe COVID-19 patients
(Supplementary Fig. 9A). Plasma samples from severe COVID-19 patients that were
heat-inactivated to inhibit soluble NEU activity (Supplementary Fig. 9B) still induces
neutrophil activation (Fig. 6J-M), suggesting that cellular NEU in conjunction with
circulating factors mediate NEU-dependent neutrophil activation in severe COVID-19.
These results highlight host NEU as a regulator of neutrophil activation in severe
COVID-19 and suggest this pathway as a potential host-directed intervention target to

rewire neutrophil responses during severe diseased.

DISCUSSION

Systemic inflammatory responses may lead to unsuitable neutrophil stimulation, which
is associated with higher mortality rates in sepsis and sepsis-like diseases (44).
Therefore, finding new therapeutic options to prevent neutrophil overstimulation while
maintaining their microbicidal abilities is greatly needed. Based on the findings
presented here, NEU inhibitors are promising drugs to fill this gap. We demonstrated
that endogenous host NEUs mediate exacerbated inflammatory responses by primary
neutrophils. Clinically used viral NEU inhibitors, Oseltamivir and Zanamivir, decrease

human NEU activity and are effective in preventing LPS-induced neutrophil responses
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or to rescue overactivation of neutrophils from COVID-19 patients. In severe murine
sepsis, therapeutic use of Oseltamivir fine-tunes neutrophil migration promoting

bacterial clearance and high survival rates.

All of the four different isotypes of NEU described in mammals (NEU1, NEU2, NEU3
and NEU4) remove Sia from glycoproteins and glycolipids with specific substrate
preferences (45). NEUL cleaves preferentially a2-3-Sia and seems to be the most
important isoenzyme in immune cells. NEU1 is a lysosomal enzyme but it is also
present at the cell surface where it can regulate multiple receptors such as Fc gamma
receptor (FcyR), insulin receptor, integrin B-4, and TLRs (46). While several stimuli were
described to induce NEU activity including LPS (13), PMA, calcium ionophore A23187,
fMLP (21), and IL-8 (47), how NEUSs are activated is poorly understood. However, NEU1
activation involves formation of a multicomplex of enzymes that stabilizes NEUL in its
conformational active state (48). Interestingly, NEU1 was found to be associated with
matrix metalloproteinase-9 (MMP9) at the surface of naive macrophages (49). LPS
binding to TLR4 leads to activation of a G protein-coupled receptor (GPCR) via GI1i
subunit and MMP9 to induce NEU1 activity, which in turn removes a2-3-Sia from TLR4,
allowing its dimerization and intracellular signaling (25, 49, 50). Although we have not
formally addressed whether the LPS-TLR4 pathway directly activates NEU function in
human neutrophils, our results employing MAL-Il preincubation suggest desialylation is
required for LPS-mediated neutrophil responses. Thus, it is possible that NEU controls
Sia levels in TLR4 molecules in human neutrophils as observed in macrophages and

dendritic cells (25, 50).
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The upstream involvement of NEU regulating LPS responses by neutrophils is in
agreement with the previous demonstration that TLRs stimulate these cells independent
of gene transcription (51). Together, our data suggests that NEU activation provides a
fast response to enhance microbial-induced neutrophil functions. Thus, we speculate
that this could be an evolutionary mechanism by which neutrophils quickly mobilize their

microbicidal mediators against pathogens.

Sialic acid removal from the surface of neutrophils markedly changes their
adhesiveness, chemotaxis, and migration (21, 47, 56-58). In peritonitis- or pneumonia-
induced sepsis in mice, we observed that Oseltamivir prevented the massive neutrophil
infiltration into bronchoalveolar spaces or lung tissues, suggesting that regulation of
neutrophil migration by dampening NEU activity contributes to survival of septic mice.
Interestingly, we observed a divergent effect of Oseltamivir on neutrophil migration to
the focus of infection between peritonitis- and pneumonia-induced sepsis. This could be
explained by the different mechanisms involved in neutrophil migration to the peritoneal
cavity and lungs. While expression of CD62L and rolling of neutrophils to endothelium is
necessary for its migration to the peritoneal cavity, it seems to be not required for
migration into the lungs (3, 59). Moreover, systemic neutrophil activation leads to cell
stiffening, resulting in retention of neutrophils in the small capillaries of the lungs (60),
which is frequently the first organ impaired in non-pneumonia- and pneumonia-induced

sepsis (61).

The role of NEU-induced neutrophil activation suggested here agrees with previous
demonstration that NEU1l deletion in hematopoietic cells confers resistance to

endotoxemia (15). Also, the sialidase inhibitor Neu5Gc2en protects endotoxemic
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irradiated wild-type (WT) mice reconstituted with WT bone marrow but not WT mice
reconstituted with NEU1+ bone marrow cells (15). Similar to our findings, the treatment
of mice with NEU inhibitors increases host survival in E. coli-induced sepsis (14). This
outcome was correlated with significant inhibition of blood NEU activity. Enhancement
of soluble NEU activity in serum decreases the Sia residues from alkaline phosphatase
(APL) enzymes, which are involved in the clearance of circulating LPS-phosphate

during sepsis (14).

SARS-CoV-2 infection leads to mild illness in most of the patients, but ~20% of them
progress to severe disease with many characteristics resembling sepsis, including acute
respiratory distress syndrome (ARDS), cytokine storm, and neutrophil dysregulation (38,
62—-64). The transcriptional programs found in neutrophil subsets from blood and lungs
of severe COVID-19 patients are related to cell dysfunction, coagulation, and NETs
formation (39, 43). We observed that blood neutrophils from severe COVID-19 are
highly activated as demonstrated by reduced CD62L expression and increase of CD66b
expression, as previously reported (43). We now add new information by showing that
NEUL1 is highly expressed in the respiratory tract of moderate and critical COVID-19
patients and blood neutrophils from severe, but not convalescent, COVID-19 patients
with reduced surface levels of a2-3 and a2-6-Sia, suggesting a relevant role of NEU for
COVID-19 pathology. More importantly, both the NEU inhibitors Oseltamivir and
Zanamivir, increased the sialic acid content and rewired the overactivation of
neutrophils from severe COVID-19 patients. We speculate that the addition of NEUs
competitive inhibitors allowed the endogenous sialyltransferases to restore sialyl

residues on surface glycoconjugates. Fast changes of surface sialic acid levels by
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sialidases and sialyltransferases seems to be an important mechanism to control
neutrophil response (56). In neutrophils from healthy donors or COVID-19 convalescent
patients, Oseltamivir and Zanamivir did not interfere in resting state and had no effect
on sialic acid content, suggesting that NEU has a low effect on surface Sia turnover on
non-activated neutrophils. How neutrophils are activated and the role of NEU in this
process remains to be defined in COVID-19, nevertheless, recent evidence showed that
neutrophils could be directly activated by SARS-CoV-2 (2), cytokines (65) and alarmins
(39, 43), such as calprotectin (39), a TLR4 ligand (66). Furthermore, we now suggest
that soluble NEU with other circulating factors present in plasma from severe COVID-19

patients also accounts for neutrophil activation.

Collectively, this work suggests that host NEU activation leads to shedding of surface
sialic acid with consequent neutrophil overstimulation, tissue damage, and high
mortality rates. On the other hand, NEU inhibitors-prevented shedding of sialic acid and
regulates neutrophil response, resulting in infection control and high survival rates
(working model in Supplementary Fig. 10). Considering that both drugs have a safety
profile with few well-known adverse effects, our data suggest Oseltamivir and Zanamivir
could be repurposed for the treatment of sepsis or severe infections such as COVID-19.
Interestingly, a retrospective single-center cohort study including 1190 patients with
COVID-19 in Wuhan, China, showed that administration of Oseltamivir was associated
with a decreased risk of death in severe patients (67). Nevertheless, randomized clinical
trials with NEU inhibitors in sepsis and COVID-19 are required to directly explore this

hypothesis.
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Figure 1. LPS stimulates NEU activity in human leukocytes. Neuraminidase isolated
from Clostridium perfringens (CpNEU) was used to validate the NEU activity assay.
CpNEU (0.012 Ul) was added in a 96-well flat-bottom dark plate on ice in the presence
or absence of Oseltamivir phosphate (100 pM) or Zanamivir (30 pM). Next, the
substrate 4-MU-NANA (0.025 mM) was added and the fluorescent substrate was read 3
min after at 37 °C (A). The area under the curve (AUC) values are shown in B. Total
leukocytes resuspended in HBSS were added in a plate on ice and 4-MU-NANA

substrate (0.025 mM) was added followed by the addition of medium, LPS (1 pg/mL),
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LPS plus Oseltamivir (100 pM) or LPS plus Zanamivir (30 pM). The fluorescent
substrate was read 3 min after at 37 °C (C). Raw data were subtracted from the control
group containing only HBSS (medium) and expressed as AUC values (D). Whole blood
containing 1 x 10° leukocytes from healthy donors were stimulated or not with LPS (1
ng/mL, 90 min, 37 °C, 5% CO,), LPS plus Oseltamivir (100 pM), or LPS plus Zanamivir
(30 puM). Total leukocytes (1 x 10°) were incubated with CpNEU (10 mU, 60 min, 37 °C,
5% CO;), CpNEU plus Oseltamivir (100 pM), or CpNEU plus Zanamivir (30 pM).
Leukocytes were stained with MAL-II to detect a2-3 sialic acids (E-F; K-L), with SNA to
detect a2-6 sialic acids (G-H; M-N) or PNA to detect galactosyl (B-1,3) N-
acetylgalactosamine (I-J; O-P). The MFI was analyzed on CD66b*/CD15" cells using

the gate strategies shown in Supplementary Fig. 1. *P< 0.05; **P < 0.01; **P < 0.001.

This figure is representative of three independent experiments (n= 3-6) and data are
shown as mean £ SEM. LPS = lipopolysaccharide; CpNEU = neuraminidase; MAL-II =

Maackia amurensis lectin 1l; SNA = Sambucus nigra lectin; PNA = peanut agglutinin.
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Figure 2. LPS increases phagocytosis and killing of E. coli in a NEU-dependent

manner. Whole blood from healthy donors containing 1 x 10° leukocytes were exposed
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(37 °C, 5% CO,) or not to LPS (1 ug/mL, 90 min), LPS plus Oseltamivir (100 uM), or
LPS plus Zanamivir (30 pM) (A-C; G-H; K). Total leukocytes (1 x 10°%) were exposed or
not to CpNEU (10 mU, 60 min, 37 °C, 5% CO,), CpNEU plus Oseltamivir (100 uM), or
CpNEU plus Zanamivir (30 uM) (D-F; I-J; L) and the phagocytosis and killing assays
were performed. Leukocytes were incubated with E. coli pHrodo BioParticles® (100
ng/mL) for 60 min at 37 °C to assess phagocytosis in viable CD66b*/CD15" cells (A-F)

(as gated in Supplementary Fig. 1). Live E. coli was used to evaluate phagocytosis by

light microscopy or to assess the killing by leukocytes. Cells were stimulated as
described above and 1 x10° leukocytes were incubated at 37 °C with E. coli (1 x10°
CFU) for 90 min for phagocytosis or for 180 min for killing assays. The percentage of
cells with ingested bacteria (G; 1) and the number of bacterial particles per cell (H; J, =3
particles per cell) were evaluated. The killing of E. coli was evaluated by spreading 10
puL of supernatant (extracellular killing) or 10 pyL of the intracellular content in agar
medium and the CFU were counted. Killing E. coli was expressed as the rate of fold
change compared to the unprimed (untreated) cells (L). Symbols represent individual
donors and data are shown as mean * SEM from pooled data of two to three

independent experiments (n = 3-12). *P < 0.05; **P < 0.01; **P < 0.001.
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Figure 3. LPS-induced human neutrophil response involves NEU activity. Whole
blood from healthy donors containing 1 x 10° leukocytes were stimulated or not with
LPS (1 pg/mL, 90 min, 37 °C, 5% CO,), LPS plus Oseltamivir (Osel, 100 uM), LPS plus
Zanamivir (Zana, 30 pM), or LPS plus MAL-II (1 pg/mL, MAL-Il promotes steric
hindrance at the NEU cleavage site and prevent sialic acid cleavage). Leukocytes were
marked with MAL-II (A-C) or with the cell activation markers CD62L (D-F) and CD66b
(G-I). After red blood cells lysis leukocytes were incubated with 5 uM CM-H2DCFDA
fluorescent probe for 15 min. PMA (10 uM) was used to stimulate ROS production for

10 min (J-L). Supplementary Fig. 5 showed ROS production in additional control

groups. The MFI was analyzed on CD66b" cells using the gate strategies shown in

Supplementary Fig. 1. Isolated neutrophils were treated with Osetamivir (100 uM) or
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Zanamivir (30 puM) 1 h before the stimulus with LPS (10 pg/mL) for 4 h. The
concentration of NETs was evaluated by MPO-DNA PicoGreen assay on supernatants
of cells (M). Symbols represent individual donors and data are shown as mean + SEM
from pooled data of two to three independent experiments (n = 7) except for F and M
that was made once with n=3. **P < 0.001; **P < 0.01. CM-H2DCFDA = 5-(and-6)-
chloromethyl-2',7'-dichlorodihydrofluorescein diacetate, acetyl ester; PMA = phorbol 12-
myristate 13-acetate; ROS = reactive oxygen species; NETs = neutrophil extracellular

traps; PMN = polymorphonuclear leukocytes.
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Figure 4. Oseltamivir enhanced mice survival in K. pneumoniae-induced sepsis.

Sepsis was induced by intratracheal administration of K. pneumoniae and mice were

randomly treated (starting 6 hr after infection, 12/12 hr, PO, n=20) with saline or

Oseltamivir phosphate (10 mg/kg) and survival rates were monitored for 144 hr (A). In

similar set of experiments, septic mice (n=6-7) were treated 6 hr after infection with a

single dose of Oseltamivir phosphate (10 mg/kg, PO) and mice were euthanized 24 hr

after infection to determine the number of neutrophils (B) and CFUs (C), and levels of

TNF (D) and IL-17 (E) in BAL. Plasma levels of TNF (F), IL-17 (G), AST (H), ALT (1),

ALP (J) and total bilirubin (K) were also evaluated 24 hr after infection. The amount of
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surface a2-3 sialic acids were assessed by MAL-II staining in SSC"9"/Gr-1"9" cells in
BAL and analyzed by FACS, as shown by the representative histograms (L) and MFI
(M); dotted line = unstained cells. The results are expressed as percent of survival,
mean or median (only for FACS data) £+ SEM. *P < 0.05; *P < 0.01; **P < 0.001. Sham
= sham-operated mice; Osel = Oseltamivir; AST = alanine aminotransferase; ALT =

aspartate aminotransferase; ALP = alkaline phosphatase.
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Figure 5. High expression of NEU1 in cell types from COVID-19 patients. (A) Gene
expression of NEU1, NEU3 and NEU4 across cell types in healthy donors and
moderate or critical COVID-19 patients. Size of the circle is proportional to the
percentage of cells expressing the reported genes at a normalized expression level
higher than one. (B) UMAP analysis colored-coded by cell types in
nasopharyngeal/pharyngeal swabs samples from healthy donors and COVID-19

patients. (C) Normalized expression of NEU1 overlaid on the UMAP spaces.
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Figure 6. Oseltamivir and Zanamivir decrease neutrophil activation and increase
sialic acid levels in active, but not convalescent neutrophils from COVID-19
patients. Whole blood from healthy donors (n= 10), severe COVID-19 patients (n= 6) or
convalescent COVID-19 patients (n= 8) were treated or not with Oseltamivir (100 puM) or

Zanamivir (30 uM) and total leukocytes were stained with the cell activation markers
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CD62L (A and E), CD66b (B and F) or the lectins MAL-Il (C, D and G), SNA (H) and
PNA (I). Immunofluorescence (D) was carried out using biotinylated MAL-II followed by
streptavidin Alexa Fluor 555 conjugate. Three different healthy donors (controls) and
severe Covid-19 patients were used (magnification 100x). Blood samples from healthy
donors (n = 7) were incubated for 2 h (37 °C, 5% CO,) with 7% of fresh plasma from
healthy donors, severe or convalescent COVID-19 patients or with 7% of heat-
inactivated plasma from severe COVID-19 patients in the presence or absence of
Oseltamivir (100 uM) or Zanamivir (30 pM). Levels of CD66b (J), surface a2-3-Sia
(MAL-11) (K), and ROS production (L, M) were assessed by FACS. The MFI was

analyzed on CD66b*/CD15" cells using the gate strategies shown in Supplementary

Fig. 1. Symbols represent individual donors and data are shown as scatter dot plot with
line at median from pooled data of two to seven independent experiments. The
statistical significance between the groups was assessed by ANOVA followed by a
multiple comparisons test of Tukey. The accepted level of significance for the test was
P<0.05. * was significantly different when compared with Untreated Severe COVID-19;
# was significantly different when compared with Untreated Heat-Inactivated Plasma

from Severe COVID-19. Osel = Oseltamivir; Zana = Zanamivir.
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Supplementary Figure Legends
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Supplementary Fig. 1. Representative gate strategy used for neutrophils analysis.
A classic forward-scatter (FSC) vs side-scatter (SSC) characteristic dot plot was used to
select neutrophils population (A) from peripheral blood collected from healthy donors
and patients. Autofluorescent (B) and doublets (C-D) were excluded and live cells were
selected (E). CD66b" positive cells (F) were gated and the MFI of surface markers, such
as CD62L (G) were assessed. Around 96% of CD66b" cells are mature neutrophils
(CD66b-high/CD16-high) and 4% of CD66b" cells are CD66b-high/CD16-low, which is

suggestive of immature neutrophils or eosinophils (H). Approximately 100.000 gated
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events were collected in each analysis. The analysis was performed in a FACSVerse

using FACSuite software (BD Biosciences) and FlowJo software (FlowJo LLC).
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Supplementary Fig. 2. LPS reduces surface a2-3 sialic acids from human
neutrophils. Whole blood containing 1 x 10° leukocytes from healthy donors were
stimulated with 1 pg/mL LPS for 90 min and a2-3 sialic acid contents were assessed by
staining cells with biotinylated Maackia Amurensis Lectin Il (MAL-II) (A) followed by
streptavidin-phycoerythrin (PE) incubation. Siglec-9 ligands (B) were labeled by
incubation of chimeric protein containing Siglec-9 sialic acid-lg binding domain fused to
a human IgG-Fc portion (Siglec-9-Fc). Siglec-Fc-9 were incubated with a-lgG1l-Alexa
Fluor 488 before adding the probe to cells. The MFI was analyzed on CD66b" cells

using the gate strategies shown in Supplementary Fig. 1. *P < 0.05. Symbols represent
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individual donors and data are shown as mean £ SEM from pooled data of two to three
independent experiments (n=6-9). Unt = untreated cells; LPS = lipopolysaccharide;

dotted line = unstained cells.
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Supplementary Fig. 3. Phagocytosis of E. coli pHrodo bioparticles at 4 °C and 37

°C. Total leukocytes (1 x10°) were incubated with E. coli pHrodo bioparticles (100
ug/mL) for 60 min at 4°C or 37 °C and the phagocytosis in viable CD66b" cells was
assessed. Symbols represent individual donors and data are shown as mean + SEM

from pooled data of three to four independent experiments (n = 9-12). *P < 0.001.
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Supplementary Fig. 4. CpNeu-induced human neutrophil activation. Total

leukocytes (1 x 10°) were incubated or not with CpNEU (10 mU, 60 min, 37 °C, 5%
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CO;) CpNEU plus Oseltamivir (100 uM), CpNEU plus Zanamivir (30 uM) or CpNEU plus
MAL-Il (1 pg/mL). Leukocytes were stained with MAL-II to detect a2-3 sialic acids (A-C)
or with cell activation markers CD62L (D-F) and CD66b (G-I). The MFI was analyzed on
CD66b" cells. Symbols represent individual donors and data are shown as mean + SEM
from pooled data of two to three independent experiments (n = 5-9) except for F that
was made once with n=3. *P < 0.05; *P < 0.01; **P < 0.001. MAL-lIl = Maackia

amurensis lectin II; CpNEU = neuraminidase Clostridium perfringens.
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Supplementary Fig. 5. ROS production in neutrophils stimulated with LPS,

CpNEU, or PMA. Whole blood from healthy donors containing 1 x 10° leukocytes were

exposed or not to LPS (1 pug/mL, 90 min) (B and D). Total leukocytes (1 x 10°) were

incubated or not with CpNEU (10 mU, 60 min) (C-D), CpNEU plus Oseltamivir (100 uM)

or CpNEU plus Zanamivir (30 uM) (E-G). Leukocytes were incubated with 5 uM CM-

H2DCFDA fluorescent probe for 15 min and PMA (10 uM) was used to stimulate ROS

production for 10 min (A and E-G). The MFI was analyzed on CD66b" cells. Symbols

represent individual donors and data are shown as mean £ SEM from pooled data of

two independent experiments (n = 2-6). *P < 0.05; **P < 0.01; **P < 0.001. C = control;

CM-H2DCFDA =

5-(and-6)-chloromethyl-2',7'-dichlorodihydrofluorescein

diacetate,
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acetyl ester; LPS = lipopolysaccharide; CpNEU = neuraminidase Clostridium

perfringens; PMA = phorbol 12-myristate 13-acetate.
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Supplementary Fig. 6. Oseltamivir improved the outcome of E. coli-induced
sepsis. Sepsis was induced by intraperitoneal (IP) administration of 1 x 10" CFU/mice
E. coli (ATCC 25922). Mice were randomly pretreated per oral (PO) via (2 hr before

infection) and posttreated (6 hr after infection, 12/12 hr, PO, for 4 days) with Oseltamivir
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phosphate (Osel, 10 mg/Kg) or saline and their survival rates were monitored over 168
hr (A, n=16). In another set of experiments (n=3-5) mice were randomly pretreated (2 hr
before infection) with Oseltamivir phosphate (10 mg/Kg, PO) and the number of
neutrophils in bronchoalveolar lavage (BAL, B) and in lung tissue (C) was counted. In
peritoneal lavage (PL) infiltrating neutrophils counts (D), TNF (G), IL-17 (H) and the
number of colony-forming units (CFU) in PL (E) or blood (F) were determined 4 or 6 hr
after infection. Plasma levels of TNF (1), IL-17 (J), AST (K), ALT (L), ALP (M) and total
bilirubin (N) were evaluated. The amount of surface a2-3 sialic acids were also
assessed in PL SSC"9"/Gr-1"9" cells as shown by the representative histograms (O) or
MFI (P); dotted line = unstained cells. Mice were also randomly posttreated (starting 6
hr after infection, 12/12 hr, PO, for 4 days) with saline or Oseltamivir phosphate (10
mg/Kg) and their survival rates were monitored over 168 hr (Q). The results are
expressed as percent of survival (n=16), mean or median (only for FACS data) £+ SEM.
*P < 0.05; *P < 0.01; **P < 0.001. These experiments were repeated 3 times for
survival analysis and twice for other parameters. Osel = Oseltamivir; AST = alanine
aminotransferase; ALT = aspartate aminotransferase; ALP = alkaline phosphatase;

MAL-Il = Maackia amurensis lectin II.
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Supplementary Fig. 7. Oseltamivir enhanced host survival in CLP-induced sepsis.
Severe sepsis was induced by the cecal ligation and puncture (CLP) model. Mice were
randomly treated (starting 6 hr after infection, 12/12 h, PO, for 36 hr, n=16) with saline
or Oseltamivir phosphate (10 mg/kg) and their survival rates were monitored over 48 hr
(A). In another set of experiments, CLP mice were randomly IP treated (started 6 hr
after infection, 12/12 hr) during 4 days with 100 pL metronidazole (15
mg/kg)/ceftriaxone (40 mg/kg) (ABX) plus saline or Oseltamivir phosphate (10 mg/kg)
by PO and their survival rates (n=12) were monitored over 168 hr (B). Also, mice were

subjected to CLP and treated with ABX + saline or ABX + Olsetamivir as described in B
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and euthanized 48 hr after surgery to evaluate the number of neutrophils in BAL (C),
lung tissue (D), and peritoneal lavage (PL) (E); TNF (H), IL-17 (1), and CFU (F) were
also determined in PL. Blood CFU (G) and plasmatic levels of TNF (J), IL-17 (K), AST
(L), ALT (M), ALP (N) and total bilirubin (O) were also evaluated 48 hr after surgery.
The amount of surface a2-3 sialic acids were assessed by MAL-Il staining in
SSCM"MGr-1"" cells in PL and analyzed by FACS, as shown by the representative
histograms (P) and MFI (Q); dotted line = unstained cells. The results are expressed as
percent of survival (n=16), mean or median (only for FACS data) + SEM. *P < 0.05; ***P
< 0.001. These experiments were repeated 3 times for survival analysis and twice for
other parameters (n=3-7). ABX = antibiotics (metronidazole/ceftriaxone); Sham = sham-
operated. Osel = Oseltamivir; AST = alanine aminotransferase; ALT = aspartate

aminotransferase; ALP = alkaline phosphatase; CFU = colony-forming units
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Supplementary Fig. 8. Expression of NEUL in cell types from COVID-19 critical

UMAP1

patients. (A) Gene expression of NEU1, NEU3 and NEU4 across cell types in two
critical COVID-19 patients (BIH-CoV-01 and BIH-CoV-04). Size of the circle is
proportional to the percentage of cells expressing the reported genes at a normalized
expression level higher than one. (B) UMAP analysis colored-coded by cell types in NS,
BL, and PSB samples from two critical COVID-19 patients. (C) Normalized expression

of NEU1 overlaid on the UMAP space.
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Supplementary Fig. 9. NEU activity is increased in plasma from severe COVID-19
patients. NEU activity was evaluated in fresh plasma from severe COVID-19 patients in
the presence or absence of Oseltamivir (100 uM) or Zanamivir (30 uM) (A) and in heat-
inactivated plasma from COVID-19 patients (B). Neuraminidase isolated from
Clostridium perfringens (CpNEU) was used to validate the NEU activity assay. MAL-II =

Maackia amurensis lectin Il; CoNEU = neuraminidase Clostridium perfringens.
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Supplementary Fig. 10. Working model. PAMPs and DAMPs in severe diseases such

as sepsis and COVID-19 lead to neuraminidase activation with shedding of surface

sialic acid and neutrophil overactivation, resulting in tissue damage and high mortality

rates. On the other hand, neuraminidase inhibitors (e.g., Oseltamivir, Zanamivir) prevent
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the sialic acid release to regulate neutrophil response, resulting in infection control and

high survival rates.



