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Neutrophil subsets endowed with regulatory/suppressive properties are widely regarded as deleterious immune
cells that can jeopardize antitumoral response and/or antimicrobial resistance. Here, we describe a sizeable frac-
tion of neutrophils characterized by the expression of programmed death-ligand 1 (PD-L1) in biological fluids of
humans and mice with severe viral respiratory infections (VRI). Biological and transcriptomic approaches indicat-
ed that VRI-driven PD-L1* neutrophils are endowed with potent regulatory functions and reduced classical anti-
microbial properties, as compared to their PD-L1~ counterpart. VRI-induced regulatory PD-L1* neutrophils were
generated remotely in the bone marrow in an IFN-y-dependent manner and were quickly mobilized into the in-
flamed lungs where they fulfilled their maturation. Neutrophil depletion and PD-L1 blockade during experimen-
tal VRI resulted in higher mortality, increased local inflammation, and reduced expression of resolving factors.
These findings suggest that PD-L1" neutrophils are important players in disease tolerance by mitigating local in-
flammation during severe VRI and that they may constitute relevant targets for future immune interventions.

INTRODUCTION

Severe VRI is a clinical condition characterized by the rapid onset
of diffuse inflammation in lung parenchyma. Among common re-
spiratory viruses in severe pneumonia are influenza A virus (IAV),
influenza B virus, rhinoviruses, and coronaviruses. Viral pneumonia
triggers a complex and multifaceted host response involving dis-
crete immune cell populations as well as many inflammatory soluble
factors that exert protective or deleterious functions according to
the severity and/or the course of infection (I). In worse clinical pre-
sentations, pneumonia can progress into life-threatening acute re-
spiratory distress syndrome (ARDS) characterized by a sustained
and dysregulated immune response (2, 3). Why are some individuals
more or less prone to develop ARDS? A current hypothesis is the
advantage of a complex immune trait referred to as “resilience.” This
could be defined by the ability of the host to mount a sufficient re-
sponse to allow pathogen containment/elimination (“resistance”)
while preventing over-inflammation and preserving tissue integrity
(“tolerance”) (4). During viral ARDS, severe clinical phenotypes are
mainly attributable to a defective immune tolerance that can culmi-
nate in fatal immunopathology (5).
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In this paradigm, neutrophils have been associated with poor
prognosis in severe viral pneumonia/ARDS (6), and neutrophil dys-
function has recently emerged as a potential cause of death in severe
acute respiratory syndrome coronavirus 2 (SARS-CoV-2) (7-9) and
experimental IAV infections (10). These deleterious effects rely on
the release of neutrophilic factors such as reactive oxygen species
and neutrophil extracellular traps (11-13), which contribute to
sustain the local inflammation and tissue damages. In addition,
neutrophils can also participate in the resolution of inflammation
and tissue healing/regeneration and help in antibody production
(14-16). Whether such functional diversity occurs during acute
viral infection is unknown.

During viral pneumonia, influx of neutrophils in the lung tissue
has been shown to rely on an increased neutrophil egress from the
bone marrow (BM), a process referred to as “emergency granulo-
poeisis” (17), enabling to maintain their presence in inflamed tissues.
This “on-demand” mechanism relies on enhanced proliferation of
myeloid precursors triggered by soluble factors (e.g., cytokines and/
or growth factors) and/or pathogen-associated molecular patterns
(17). However, whether these factors can more finely influence
neutrophil differentiation/functions remain poorly described during
viral pneumonias.

By combining clinical data and experimental IAV-induced severe
pneumonia, we identified a subset of regulatory neutrophils charac-
terized by the expression of programmed death-ligand 1 (PD-L1).
During viral pneumonia, the emergence of this subset appeared to be
remotely imprinted in the BM in an interferon-y (IFN-y)-dependent
manner before their migration to the inflammatory site. This leads
to a transcriptional program associated with regulatory properties.
Both neutrophil depletion and PD-L1 blockade heightened suscep-
tibility to experimental viral pneumonia. Thus, our study highlights
an important IFN-y/PD-L1* neutrophil axis serving as a feedback
loop to control inflammation during severe viral pneumonia. We
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bring to light an immunological concept in which viral pneumonia
remotely controls BM neutrophil differentiation process to assign
them with regulatory functions that may pave the way to new thera-
peutic options in viral pneumonia and ARDS.

RESULTS

PD-L1-expressing neutrophil accumulation correlates with
disease severity in patients with severe VRI

To analyze the phenotype of neutrophils during severe VRI, we
enrolled 35 patients admitted in intensive care unit for pneumonia/
ARDS with diagnosed SARS-CoV-2 (n = 27, wild strain) or Flu
(n =8, IAV) infections. The baseline characteristics of these patients
are presented in Table 1. The proportion of CD10"°" immature neu-
trophils (18) was increased in the blood of patients with VRI as
compared to healthy donors (Fig. 1, A and B) suggesting an active
emergency granulopoiesis. In addition, neutrophils from patients
with VRI expressed elevated levels of the inhibitory costimulatory
molecule PD-L1 compared to healthy donors (Fig. 1, A and C). No-
tably, PD-L1 expression could be found on both mature (CDthlgh)
and immature (CD10"") neutrophil subsets (Fig. 1A) with similar
proportions (fig. S1A). The concentration of circulating PD-L1*
neutrophils was slightly higher in patients with VRI and ARDS as
compared to non-ARDS patients (Fig. 1D). The relative proportion
of the PD-L1" neutrophils was further increased in endotracheal
aspirates (ETA) of intubated patients (n = 23) compared to the
blood (Fig. 1E) suggesting their accumulation in the airways. Hy-
poxemia positively correlated with the proportion of airway but not
circulating PD-L1* neutrophils (Fig. 1F and fig. S1B). Together,
these data suggest that severe VRI is associated with a local and sys-
temic accumulation of PD-L1-expressing neutrophils.

PD-L1* neutrophils accumulate in the lungs during
experimental viral pneumonia

To evaluate the biology of lung PD-L1* neutrophils in severe VRI,
we infected mice with a highly pathogenic strain of IAV (H3N2 A/
Scotland/20/74). In this model, mice die from a deleterious inflam-
matory response in the lungs despite complete viral clearance (19),

which resembles clinical ARDS. We first assessed the dynamic of
airway and parenchyma lung neutrophils during the course of IAV
infection. The relative proportion of airway neutrophils rapidly in-
creased upon IAV infection, while it remained unchanged in the
lung parenchyma (Fig. 2A, top and middle). However, the absolute
number of neutrophils was increased in both compartments to
peak at 8 days postinfection (dpi) (Fig. 2A, bottom). Similar to
patients with VRI, neutrophils from IAV-infected mice could be
segregated based on PD-L1 expression in both airways and paren-
chyma (Fig. 2B, top). The proportion and absolute number of PD-L1*
neutrophils increased as early as 4 dpi (Fig. 2B, middle and bottom)
to become the major neutrophil subset during the inflammatory
phase (6 to 10 dpi). Notably, neutrophils accounted for ~50% of
total PD-L1-expressing leukocytes in airways at 8 dpi (fig. S2)
while constituting a minor fraction in the parenchyma (fig. S2).
Together, these data demonstrate that PD-L1" neutrophils are
a hallmark of the acute phase of experimental IAV infection in
the lung.

Lung PD-L1" and PD-L1™ neutrophils display discrete
transcriptional signatures

To characterize these two neutrophil subsets, we profiled the tran-
scriptomes of PD-L1* and PD-L1™ neutrophils isolated from the
lungs of IAV-infected mice using single-cell capture using a droplet-
based system (Fig. 3A). Following established quality controls and
filtering steps (20), 2999 cells (1834 PD-L1% and 1165 PDL-17) were
used for downstream analyses. Cell clustering was defined using the
Louvain algorithm (21) after merging datasets and reducing dimen-
sionality of the merged dataset through Uniform Manifold Approx-
imation and Projection (UMAP). Analysis of neutrophil marker
genes (5100a9, I11b, Dusp1, and Lgals3) confirmed the lineage speci-
ficity of our datasets (fig. S3A). We identified five neutrophil clusters
(Fig. 3B) with variable prevalence (fig. S3B). PD-L1™ neutrophils
belonged almost exclusively to clusters 1 and 3 (Fig. 3C and fig. S3C),
whereas PD-L1* neutrophils were distributed among clusters 0, 2,
and 4 (Fig. 3C and fig. S3C). This suggested substantial transcrip-
tional differences between the two subsets as well as intrasubset het-
erogeneity (Fig. 3C and table S1).

Table 1. Patients’ baseline characteristics at inclusion. IQR, interval quartile range; BMI, body mass index; SAPS2, Simplified Acute Physiology Score 2; SOFA,

Sequential Organ Failure Assessment.

Overall (n = 35)

COVID-19 (n = 27) Influenza (n = 8)

Age (year), median (IQR) 64 (60; 71)

Male/female, n/n (%) O anae0w)
BMI (kg/m?), median (IQR) 3093
Type 2 diabetes,n %) 10 (30%) .....................
Hypertension 17 (49%) .....................

Chronic respiratory disease, n (%)

Chronic kidney disease, n (%)

Chronic cardiovascular disease, n (%)

SAPS2, median (IQR) 34 (25;42)
SOFA at inclusion, median (IQR) 4(3;6.5)
Invasive mechanical ventilation at 26 (74%)

inclusion, n (%)

Creusat et al., Sci. Adv. 10, eadn3257 (2024) 11 October 2024

64 (59; 70) 66 (61; 74)

""""""""""""" 17/10 (63%) 4/4 (50%)
""""""""""""" 31(28; 25) 33(31;36)
""""""""""""" 8 (30%) 2 (25%)
""""""""""""" 13 (48%) 4(50%)
""""""""""""" 0 1(13%)
""""""""""""" 1(4%) 1(13%)
0 o

""""""""""""" 32(23;39) 46 (37; 55)
""""""""""""" 4(2;6) 8.5 (4; 10)
""""""""""""" 19 (70%) 7 (88%)
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Fig. 1. Neutrophils in patients with severe virus-induced ARDS. (A to D) Flow cytometry analysis of circulating neutrophils in blood of 35 patients with severe viral
pneumonia (black dots: COVID-19; red dots: flu) within 48 hours postadmission. (A) Phenotype of circulating neutrophils (CD45* CD3~ CD16" CD14"). Representative dot
plots of CD10 and PD-L1 expression on circulating neutrophils from healthy donors and patients with VRI are shown. [(B) and (C)] Relative proportion of immature CD1 olow
(B) or PD-L1* (C) neutrophils within the total neutrophil compartment in blood of controls and patients. Individual and means + SEM are shown (n = 20 to 25 per group).
(D) Concentration of circulating PD-L1* neutrophils according to the ARDS status. Individual values and means + SEM are depicted (n = 9 to 26 per group). (E) Represen-
tative dot plots of PD-L1 expression on neutrophils from blood or ETA are shown in the left. Paired-analysis of PD-L1* neutrophils in blood and ETA of patients with
matched VRI. (F) Spearman’s rank correlation of airway PD-L1* neutrophils and hypoxemia levels on admission of intubated patients with viral pneumonia. *P < 0.05,

**P <0.01,and ***P < 0.001.

To assess further the transcriptional relationships between
subsets/clusters, we generated a clustermap using the Pearson’s
method to order clusters by linkages based on similarity between
the correlations (Fig. 3D). Clusters 0, 2, and 4 (PD-L1* neu) were
closely related with highest similarities between clusters 0 and 2
(Fig. 3D). Regarding PD-L1" clusters, clusters 1 and 3 appeared to
be related albeit with lower correlation than within PD-L1" neu-
trophil-associated clusters (Fig. 3D).

Comparative analysis of gene expression between the five clus-
ters (Fig. 3E and table S1) indicated that clusters 0, 2, and 4 (PD-L17*
neu) shared many differentially expressed genes (DEGs) includ-
ing genes encoding for major histocompatibility complex class II
(MHC-II) (and associated) molecules such as H2-Aa, Cd74, H2-
Abl, H2-Ebl, H2-K1, and H2-D1 (Fig. 3E and table S1). Among
other notable DEGs, PD-L1% clusters were also defined by high ex-
pression of many transcripts encoding for chemokines that have
been shown to be released by suppressive tumor-associated neutro-
phils (22) such as Ccl2, Ccl3, Ccl4, Ccl5, Ccl12, Ccll7, and Cxcll6
(table S1). Thus, the transcriptomes of PD-L1" neutrophils suggest a
specialized subset with regulatory/suppressive functions. PD-L1~
neutrophils (clusters 1 and 3) presented several DEGs encoding for

Creusat et al., Sci. Adv. 10, eadn3257 (2024) 11 October 2024

classical markers of neutrophils as $100a8, $100a9, Il1b, Cxcl2,
Ccl6, and Jund (Fig. 3E and table S1). Of note, numerous DEGs
(Chil3, Retnlg, Ngp, and Camp) in clusters 1 and 3 (Fig. 3E and
table S1) were reminiscent of differentiating BM neutrophils (20).
Moreover, PD-L1™ neutrophils preferentially expressed a gene sig-
nature of neutrophils with classical antimicrobial (fig. S3D) and
phagocytic (fig. S3E) activities.

Clusters 3 (PD-L17) and 4 (PD-L1") were characterized by a high
median number of genes, compared to all other clusters (fig. S3F),
reminiscent of a strong transcriptional activity associated with cell
differentiation and immaturity. In line, these two clusters expressed
specific signatures associated with cytoskeleton, gene expression, and
cell cycle (fig. S3G).

This analysis reveals that PD-L1~ and PD-L1" neutrophils have
distinct transcriptional signatures during IAV infection, which are
evocative of classical inflammatory and regulatory/suppressive func-
tions, respectively.

PD-L1* neutrophils are immature and apoptosis resistant
To evaluate their level of maturation, we first performed microscopy-
based morphological analysis on isolated lung neutrophil subsets
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Fig. 2. Dynamics and phenotype of neutrophils during experimental IAV infection. Wild-type (WT) C57BL/6j mice were intranasally infected with mock or 1AV
[150 plaque-forming units (PFU)] A/H3N2/Scotland/20/74 strain. Mice were euthanized at indicated time points, and BAL and lungs were harvested. (A) Relative propor-
tion and absolute numbers of neutrophils in airways and lung parenchyma were evaluated by flow cytometry. Representative dot plots of neutrophils in airway and lung
parenchyma from mock and IAV-infected mice (6 dpi) are shown in the top. Individual and means + SEM pooled from three independent experiments are shown in the
bottom (8 to 10 mice per group). (B) Relative proportion and absolute numbers of PD-L1* neutrophils in airways and lung parenchyma were evaluated by flow cytometry.
Representative dot plots of PD-L1* neutrophils in airway and lung parenchyma from mock and IAV-infected mice (6 dpi) are shown in the top. Individual and means +
SEM pooled from three independent experiments are shown in the bottom (8 to 10 mice per group). ns, not significant; *P < 0.05, **P < 0.01, and ***P < 0.001.

from IAV-infected mice. The PD-L1* fraction was enriched for
metamyelocytes and banded neutrophils, whereas the PD-L1™ frac-
tion contained a vast majority of classical mature neutrophils with
uniform morphology (Fig. 4A). Higher prevalence of immature
stages within the PD-L17 fraction could also be illustrated based on
CD101 expression (Fig. 4B) (23). In addition, a large proportion of
PD-L1* neutrophils from IAV-infected mice were FSC"8" (fig. S4A),
which is reminiscent of an immature phenotype (24). The presence of
immature stages in the PD-L1" subset could also be illustrated by the
higher proportion of Ki67* cells (Fig. 4C) as well as a higher tran-
scriptional G,M cell cycle score in PD-L1* neutrophil-associated
clusters (fig. S4B). To finely map the maturation stages at the tran-
scriptional level, we adapted to our datasets the “neutrotime” sig-
nature (20), a model that enables to project neutrophils onto a
single maturation ordering from BM precursors to mature neutro-
phils in peripheral tissues under normal and inflamed conditions.
We took advantage of a published gene set (23) to identify neutro-
phil precursors within our dataset. A module score for each cell
was calculated and revealed a high expression of the precursor
signature in cluster 3 (fig. S4C). Thus, we calculated a pseudotime
(25) using cluster 3 as a root (fig. S4D). The linear ordering of neu-
trophils according to the maturation score indicated that cluster 4
comprised immature cells (Fig. 4D). Regarding other PD-L17"
clusters, the model suggested that cluster 0 was less mature than
cluster 2 (Fig. 4D). The cluster 1 that encompasses the vast ma-
jority of PD-L1™ neutrophils emerged as the most mature subset
within our dataset (Fig. 4D).

Creusat et al., Sci. Adv. 10, eadn3257 (2024) 11 October 2024

In parallel, we also interrogated the potential differential apop-
totic profile of the two neutrophil subsets in IAV-infected mice.
On the basis of propidium iodide/annexin V staining, classical
neutrophils expressed a marked phenotype of late-apoptotic cells
compared to the regulatory subset (Fig. 4E). In line, the neutrophil
transcriptomes confirmed an enrichment for genes associated
with negative execution of apoptosis in PD-L1* clusters (fig. S4E).
However, this signature was also enriched in cells of cluster 3 in
agreement with their immature profile (fig. S4E). Moreover, PD-L1*
neutrophil-associated clusters displayed increased expression of
Cd47 (fig. S4F), a “do not eat me” signal that may confer resistance
to efferocytosis (26). Together, lung PD-L1* neutrophils from
IAV-infected mice displayed multiple features of immature cells
and higher resistance to apoptosis.

IAV-induced lung PD-L1* neutrophils have

regulatory functions

We evaluated the phenotype and functions of lung PD-L1* neutro-
phils from IAV-infected mice. In line with the expression of num-
erous genes encoding for MHC-II molecules (Fig. 3E and table S1),
we confirmed by flow cytometry that lung PD-L1* neutrophils from
IAV-infected mice expressed high levels of MHC-II as compared
to their PD-L1™ counterparts (Fig. 5A). We also tested two gene
sets from Gene Ontology (GO) associated with the regulation of
the inflammatory response on the transcriptomes. We observed a
high signature for “positive regulation of the inflammatory re-
sponse” in mature PDL-1" neutrophils (cluster 1), while featured
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identified in (B).

genes for “negative regulation of the inflammatory response” were
enriched in PD-L1" neutrophil-associated clusters especially the
cluster 2 (Fig. 5B).

To directly assess the functions of PD-L1~ and PD-L1* neutro-
phils, we first analyzed their production of arginase-1 (Arg-1), a key
effector in the regulation of inflammation, which suppresses T cell
function (27). Argl transcripts could be detected in a substantial

Creusat et al., Sci. Adv. 10, eadn3257 (2024) 11 October 2024

proportion of cells belonging to PD-L1" neutrophil clusters (fig. S5).
Moreover, lung PD-L1" neutrophils produced high amounts of
Arg-1 during the course of infection, while PD-L1™ neutrophils failed
to do so (Fig. 5C). Of note, PD-L1* neutrophils displayed a higher
capacity to produce Arg-1 during the resolution phase (Fig. 5C).
Conversely, PD-L1" neutrophils produced less myeloperoxidase
(Fig. 5D) and oxidants (Fig. 5E) than PD-L1™ neutrophils.

50f16

¥202 ‘2T J8g0100 U0 1UBLIBULOIIAUT | 8P 1 anbiwouo.B Y 8U2/8y09y 8| ap [UOIRN ININSU| JYHN | 12 B10'80us 105 MMM//:Sdny WoJ) papeojumod



SCIENCE ADVANCES | RESEARCH ARTICLE

A _ . + ;
PD-L17 neutrophils PD-L1™ neutrophils PD-L1- PD-L1*
> | 2 =1 Metamyelocyte
[ 2 "‘P.a > == Banded
o'ds
* a % (@# E==1 Segmented
Lung neutrophils CD101-expressing cells Lung neutrophils Ki67-expressing cells
+]13.2% 33.9%| g 100 ** g 40
L] Q
- 3 8 f:— a
° . o 30
5 60 =< 5
8 H g2
g 40 . £
8 i 810
- g 2 - g
a‘ ¢ 2 0 5‘ 2 0
8 ' &% :
5 5
CD101 —> P
D Linear projection of neutrophil rding to maturation E i
ear projection of neutrophils according to maturatiol Classical neu Regulatory neu
score
4l A "18.8% 7.5%
10"
34 =
[2]
5 10
2 2 -1 L _1] =1 L ] Ll
O
14 = 10
0 .
-10"
0] . -o T (11.8%
d 1' 2(') Annexin V >

U
Maturation score (pseudotime)

Fig. 4. Morphology, maturation, and life span of lung neutrophilic subsets in IAV-infected mice. (A to E) WT C57BL/6j mice were intranasally instilled with mock or
1AV (150 PFU) A/H3N2/Scotland/20/74 strain. Mice were euthanized, and the whole lungs were collected at 7 dpi. (A) Representative light microscopy pictures of cytospins
of purified lung neutrophil subsets. Neutrophil developmental stages were defined on the basis of morphology and depicted in the right (n = 3); X200, original magnifica-
tion. [(B) and (C)] Representative dot plots of CD101 (B) or Ki67 (C) expression on lung neutrophils from IAV-infected mice based on PD-L1 expression. Relative proportions
of CD101- (B) or Ki67-expressing (C) cells per subset are shown in the right. Individual values and means + SEM from two independent experiments (four to five mice per
group) are shown. (D) Linear projection of cells according to pseudotime score from Monocle3 according to cluster identities. (E) Apoptotic profile of lung neutrophil
subsets from IAV-infected mice. A representative dot plot of two independent experiments for both subsets is shown (six mice per group). PI, propidium iodide.

The potential suppressive activities of PD-L1* neutrophils were
then evaluated on activated T cells. Addition of purified neutrophils
from airways of IAV-infected mice (containing 90% of PD-L1* neu-
trophils (Fig. 2B) reduced the proliferative capacities of both CD4"
and CD8" T cells in a ratio-dependent manner (Fig. 5F). T cell prolif-
eration could be rescued upon PD-L1 blockade (Fig. 5F). Together,
these data demonstrate that PD-L1* neutrophils that emerge during
TAV infection have regulatory/suppressive functions.

PD-L1" neutrophils are readily detectable in the BM during
IAV infection and preferentially migrate toward the lungs
Our data suggested that IAV infection triggers the egress of BM neu-
trophils containing immature cells (Figs. 3E and 4B). We found that
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the proportion of BM neutrophils rapidly decreased starting at day
4 post-IAV infection (Fig. 6A, left). Although only a minute fraction
of PD-L1* neutrophils could be detected in the BM of naive mice,
this subset increased as soon as 4 dpi (Fig. 6A, right). BM PD-L1*
neutrophils from IAV-infected mice also readily expressed MHC-II
(fig. S6A). Consistent with a rapid mobilization of BM neutrophils,
the relative proportion of neutrophils increased in the blood of IAV-
infected mice (Fig. 6B, left). Moreover, this was also accompanied
with an increase in the proportion of circulating PD-L1* neutro-
phils (Fig. 6B, right). In addition, BM and blood PD-L1* neutro-
phils preferentially expressed CD49d (Fig. 6C), a key integrin in the
homing of neutrophils in the lung tissue upon infection (28). Higher
levels of CD49d were also detected on lung PD-L1* neutrophils as
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Scotland/20/74 strain. Mice were euthanized, and the whole lungs were collected at indicated time points. (A) Expression of MHC-Il on lung neutrophils from IAV-infected
mice (7 dpi) was evaluated by flow cytometry. Representative dot plots according to neutrophilic subset is shown. (B) Density plot of “positive” and “negative” regulation
of the inflammatory response. (C) Relative proportion of Arg-1-producing neutrophils according to subset and time course of infection. Representative dot plots are
shown in the left. Individual values and means + SEM from two independent experiments (four mice per group per time point) are shown in the right. (D) Levels of MPO
produced ex vivo by purified neutrophil subsets (7 dpi) upon short-term PMA stimulation. Individual values and means + SEM from two independent experiments are
shown. (E) Levels of oxidants in neutrophil subsets (7 dpi) measured 5 min after incubation with DHR123. Representative dot plots from one experiment of two are
shown. *P < 0.05 and **P < 0.01. (F) PD-L1-mediated suppressive effect of neutrophils from IAV-infected mice (8 dpi) on T cell proliferation. CTV-stained spleen cells from
naive mice were cultured with plate-bound anti-CD3 mAbs with or without indicated numbers of neutrophils from IAV-infected mice in the presence of either Ig control
or anti-PD-L1 mAb. Proliferation of CD4* and CD8* T cells was monitored after 72 hours based on CTV dilution. Representative dot plots showing CTV expression in CD4*
(top) and CD8* (bottom) T cells are shown in the left. Individual values and means + SEM of proliferation rate from two independent experiments are depicted in the right.

*P < 0.05and **P < 0.01.
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Fig. 6. BM origin of IAV-induced PD-L1" neutrophils. WT C57BL/6j mice were intranasally infected with IAV (150 PFU) A/H3N2/Scotland/20/74 strain. Mice were eutha-
nized at indicated time points. (A) Relative proportion of neutrophils (subsets) in BM of IAV-infected mice was evaluated by flow cytometry. Individuals and means + SEM
from three independent experiments are shown (8 to 12 mice per group). (B) Frequency of circulating neutrophils (subsets) of IAV-infected mice was evaluated by flow
cytometry. Individuals and means + SEM from three independent experiments are shown (7 to 12 mice per group). (C) Expression of CD49d on neutrophil subsets from
IAV-infected mice (7 dpi) according to PD-L1 expression. Representative histograms of BM (top) and blood (bottom) neutrophilic subsets are shown. (D) Effect of CXCR1/2
inhibition on lung PD-L1* neutrophils in IAV-infected mice. Representative dot plots of PD-L17 cells within the BAL (top) and lung parenchyma (bottom) neutrophil pool
from IAV-infected mice treated or not with CXCR1/2 inhibitor are represented in the left. Individuals and means + SEM from two independent experiments are shown (six

to nine mice per group) in the right. *P < 0.05, **P < 0.01, and ***P < 0.001.

compared to their PD-L1™ counterpart (fig. S6B). In addition to its
anti-apoptotic signals, Cd47, which expression is increased in lung
PD-L1* neutrophil-associated clusters (fig. S4F), supports the mi-
gration of neutrophils to the site of infection (29). Consistent with a
preferential migration of BM PD-L1* neutrophils toward the lung,
no enrichment was observed in other peripheral organs of IAV-
infected mice such as spleen and liver (fig. S6C), although we no-
ticed a high proportion of PD-L1" neutrophils in the liver of naive
mice (fig. S6D).

Neutrophil migration from the lung is known to be dependent
on CXCR2 (30). Upon CXCR2 blockade (31), the frequency of lung
neutrophils was decreased at 6 dpi (fig. S6E). This effect was even
more pronounced on the PD-L1* subset (Fig. 6D). As expected, this
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treatment led to an accumulation of neutrophils in the BM (fig. S6E),
which was more marked on PD-L1-expressing neutrophils (fig. S6F).
Overall, BM PD-L1* neutrophils are quickly mobilized into the
lungs during IAV infection.

IAV-induced IFN-y programs BM neutrophils for

regulatory functions

The emergence of PD-L1" neutrophils in the BM in the early stages
of TAV infection suggests that they acquire their regulatory functions
during their differentiation and maturation within the BM. First, we
interrogated whether the IAV infection influenced the ability of BM
hematopoietic stem cells (HSC) to generate neutrophils. Thus, BM
HSC from either naive or IAV-infected mice were differentiated
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in vitro into BM-derived neutrophils (BMN). In this setting, both
precursors generated the same amount of BMN (Fig. 7A) with ~20%
of these latter expressing PD-L1 (Fig. 7A).

BM PD-L17" neutrophils from IAV-infected mice preferentially
coexpressed Sca-1 (Ly6A/E) (Fig. 7B), a common IFN-stimulated
gene (32). In parallel, we detected an increased number of tran-
scripts encoding for IFN-y in the BM samples of IAV-infected mice
as soon as 2 dpi (fig. S7A), which precedes the emergence of PD-L1*
neutrophils. Moreover, BM PD-L1* neutrophils from IAV-infected

mice preferentially coexpressed IFN-yR1 (CD119) (Fig. 7C). Thus,
we differentiated BM precursors from naive mice into BMN in
the presence of recombinant mouse IFN-y (rmIFN-y). Addition of
IFN-y culminated in the generation of more than 90% of PD-L1*
BMN (Fig. 7D) coexpressing Sca-1 and MHC-II (fig. S7B), an effect
that was abrogated using Ifngr '~ BM precursors (fig. $7C). More-
over, PD-L1* BMN produced Arg-1 but only in the presence of
rmIFN-y (Fig. 7E). Acquisition of the regulatory phenotype was op-
timal under sustained pressure of IFN-y (fig. S7D). Notably, the use

A BM HSC from B BM neutrophils
Mock PD-L1* BMN
2 301 _
s -o- Mock ns PD-L1
» m
5 * |AV
x 204
"
s ns
@ ke;
8 101 £
- ns o)} PD-L1+
W - Y
3 o
b o 0'_I_I_I_ O\o
> 3 5 7
Days postculture
1Y} CD119 D BMN
19 0 0 60— —_ e Medium
1.3% 3.5% o Mock ** % o miFN-y o
1. » ’..g o |AV ° m 100 L
38 G *E* o
S 404 S = s
16 5 @ N o 754 o
— _GC) © _i_
- £ ~ *
8 5 ° » 504 — o
5 = 207 - 8 8 o
.,oa' o\o % ns t_ 25_ [ ]
~ -
— fa) ° *
o 10 w0 10 04 o 0- o o
> PD-L1~ PD-L1* 3 5
Days of culture
F
rmIFN-y BM Blood Lungs
! 0.1% 49.6% __ 107 . 207 * __ 701 *
i ) 2 — o) - .
. 2% g > 2% 0 5 607 - i
£ : 5 8 151 F) < 2 50 ® Ifng™ mice
£3 6 T £3 . £3
$ k= 1 1 = - i
’ Eg o 20 B0 s
+ 5 44 Ll + ©309 ns
1 4 ns : sy ~ = —
J% LS T ns <%
) 1 O e A 2 54 I° i O 204
= o2} B s 2:7.4
i, g 8 |"9 g |7e 8™
_ 0- 04
PD-L1 0
N *F D * D
®o° N3 @00 \s ro’ N3

Fig. 7. IFN-y primes BM neutrophils for regulatory functions. (A) Representative dot plots of the relative proportion of PD-L17 BMN (within total BMN: CD11b* Ly6G*)
differentiated from stem cells isolated from BM of mock-treated or IAV-infected mice (7 dpi) are shown. Means + SEM at indicated time points from two independent ex-
periments are shown in the right. (B) Representative histograms of Sca-1 expression on BM neutrophil subsets from I1AV-infected mice (7 dpi). (C) Expression of CD119 on
BM neutrophils according to PD-L1 expression in naive and IAV-infected mice (7 dpi) was evaluated by flow cytometry. Representative dot plots are shown in the left. In-
dividuals and means + SEM of CD119 expression according to neutrophil subset from two independent experiments are shown (four to eight mice per group) in the right.
(D) Relative proportions of PD-L1* BMN (within total BMN) differentiated from BM stem cells isolated from naive mice during the course of differentiation in the presence
of medium or recombinant mIFN-y. Individuals and means + SEM at indicated time points from three independent experiments are shown. (E) Expression of Arg-1 by BMN
subsets differentiated in the presence or not of rmIFN-y. Representative dot plots from two independent experiments are shown. (F) Relative proportion of PD-L1* neu-
trophils in various tissues of mock or IAV-infected mice (7 dpi) from WT and Ifng™~ mice. Individual values and means + SEM are shown (three mice per group). *P < 0.05,
*##P < 0.01, and ***P < 0.001.
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of rmIFN-y significantly decreased the absolute number of generated
BMN as compared to controls (fig. S7E). This was not associated to a
higher mortality (Fig. S7F) but to a lower proliferative rate upon
rmIFN-y pressure (fig. S7G) as compared to differentiating PD-L1~
BMN. However, this reflected a higher capacity of the PD-L1~ subset
to cycle as compared to PD-L1* BMN independently of rmIFN-y
usage (fig. S7H) at least under in vitro setting. Of note, transcrip-
tomic data also pointed to an early effect of IFN-y on developing
neutrophils since an IFN-y-mediated signaling pathway signature
was enriched in immature lung neutrophil clusters (fig. S7I). Consis-
tent with a role for IFN-y in the generation of PD-L1* regulatory
neutrophils, this signature was also enriched in clusters 0 and 4 as
compared to cluster 1 (fig. S7I).

To evaluate the role of IFN-y in vivo, BM PD-L1" neutrophils
were analyzed in IAV-infected Ifng”’~ mice. As compared to control
mice, a decrease in the number of neutrophils was noted in lungs
of Ifng_/ ~ mice (fig. S7J). Conversely, neutrophil numbers were in-
creased in the blood of Ifng™'™ mice (fig. S7]). Analysis of neutrophil
subsets indicated that the PD-L1% fraction was the most affected
subset upon IFN-y deficiency in all compartments (Fig. 7F). More-
over, the remaining PD-L1% neutrophils from Ifng_/_ mice coex-
pressed lower levels of Sca-1 and MHC-II as compared to their
wild-type counterparts (fig. S7K). Overall, IAV infection-dependent
IFN-y primes developing neutrophils in the BM resulting in emer-
gence of PD-L1" neutrophils with a regulatory phenotype.

Presence of PD-L1" neutrophils is associated with protection
during IAV infection

Neutrophils have been largely described as deleterious cells in experi-
mental models of IAV infection (10, 13, 33). By starting neutrophil
depletion on 4 dpi, a time point that corresponds to the emergence of
PD-L17" neutrophils in the lungs, we observed an increased mortality
of IAV-infected mice as compared to controls (Fig. 8A). This treat-
ment was not associated with a reduced viral clearance as compared
to controls (fig. S8A). However, at 8 dpi, we detected increased levels
of soluble inflammatory mediators [IFN-y, interleukin-1p, and tumor
necrosis factor-a (TNF-a)] (Fig. 8B). CCR2-expressing myeloid cells
including monocyte-derived dendritic cells (MoDC) and inflamma-
tory monocytes have been associated to immunopathology during
IAV infection (34-36). A higher infiltration of MoDC and inflamma-
tory monocytes in the lung tissue could be observed in neutrophil-
depleted mice (Fig. 8C and fig. S8B). A higher activation status of the
CD8" T and natural killer cells that can contribute to immunopathol-
ogy in highly virulent IAV models (37, 38) was also noted (fig. S8C).
This was accompanied by a reduced number of alveolar macrophages
(AM) (Fig. 8C), which contribute to tissue repair during IAV infec-
tion (39, 40). No change was observed for total conventional DC
(Fig. 8C and fig. S8B). Histological analysis of hematoxylin and eosin
(H&E)-stained lung sections confirmed the increased lesions of pneu-
mopathy in neutrophil-depleted mice as illustrated by increased edema,
increased alveolar septal thickening, and fibrin debris (fig. S8D).

As a complementary approach, IAV-infected mice were treated
with a neutralizing anti-PD-L1 monoclonal antibody (mAb; 10F.9G2)
starting at 4 dpi (Fig. 8D). In this setting, PD-L1 blockade also did not
affect viral clearance (fig. S8E) and led to higher local inflammation as
judged by levels of inflammatory cytokines (Fig. 8E). PD-L1 neutraliza-
tion led to an accumulation of MoDC and inflammatory monocytes
(Fig. 8F). In addition, we observed a higher infiltration of PD-L1~
“classical” neutrophils upon this treatment (Fig. 8F). Again, this was
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paralleled with a significant decrease in AM absolute number (Fig. 8F).
Moreover, we compared the transcriptional inflammatory signature
of the lungs from control and anti-PD-L1-treated mice based on
30 selected genes encoding for proteins involved in IAV-related im-
mune regulation. Unsupervised hierarchical clustering indicated the
existence of three modules that could discriminate the two groups
(Fig. 8G). In the lung of anti-PD-L1-treated mice, we noticed a re-
duced expression of genes encoding for factors associated with resolu-
tion of inflammation and tissue healing in IAV-induced pneumonia
(module 2) as compared to controls such as Areg (41), Igfl (42), Csf2
(43), Tgfb1 (44), Ptges2 (45), and I117rb (46), as well as genes encod-
ing for angiogenic factors (Vegfa) (Fig. 8H) (47). Conversely, module 1
comprised up-regulated transcripts in PD-L1-treated mice for proin-
flammatory genes (e.g., Ccl2, Ifng, and I113) associated with deleterious
IAV-mediated host response (Fig. 8H) (48-50). Together, our findings
suggest that PD-L1* lung neutrophils control the deleterious inflam-
matory response associated with IAV infection.

DISCUSSION

Here, we demonstrated that lung viral infection led to the rapid
emergence of regulatory PD-L1-expressing neutrophils within the
BM in an IFN-y-dependent manner and can be observed before
their migration toward the inflamed/damaged tissue. In line with
the literature (7), we could detect PD-L1" neutrophils in the blood of
patients with severe VRI. Here, we also bring evidence for their high
prevalence in airways of matched patients. VRI-associated PD-L1*
neutrophils were previously defined as “dysfunctional” with impaired
antimicrobial activity (7). Although they could be considered dys-
functional in regards to classical neutrophils, our data rather support
that PD-L1" neutrophils acquire a specific functional program as-
sociated with regulatory properties. While PD-L1* neutrophils
appear to exert a protective role in severe experimental VRI by limit-
ing local inflammatory response, the situation in clinics is likely
much more complex. Bacterial co-/super-infections often worsened
the clinical picture during VRI (51), and the emergence of regulatory
neutrophils might also be at the expense of an optimal antimicrobial
response (16) and therefore might pave the way for these infections.
Thus, this study identifies a pivotal, but sensitive, axis in the resis-
tance/tolerance balance during severe viral pneumonia/ARDS. In
clinics, neutrophils are still analyzed as a homogeneous cell popula-
tion, and further studies should be encouraged to better define the
neutrophilic phenotype in relation to endotypes.

Excessive activation of proinflammatory neutrophils has been
shown to contribute in VRI-induced lethality (6). However, several
studies reported that neutrophil depletion led to various outcomes
in VRI-induced lethality. These discrepancies likely stem from dif-
ferences in neutrophil depletion regimen (doses of mAb and time of
depletion), acuteness of the model (sublethal versus lethal), and the
strain of virus used (10, 52-54). Our data indicate that these differ-
ences may also arise from the existence of neutrophilic subsets with
opposite functions. Whether the models of VRI influence the emer-
gence and/or the magnitude of regulatory PD-L1* neutrophils will
deserve further investigations.

Both functional and transcriptomic analyses indicate that VRI-
induced lung PD-L1* neutrophils display functional properties
associated with negative regulation of inflammation including
PD-L1-mediated control of T cells, Arg-1 production, and reduced
capacity to produce classical inflammatory mediators. Understanding
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Fig. 8. Neutrophil depletion or PD-L1 blockade influence mouse survival and inflammatory response during IAV infection. (A to G) WT C57BL/6j mice were intrans-
ally infected with IAV (150 PFU) A/H3N2/Scotland/20/1974 strain. Mice were treated from 4 dpi and every second day with isotype control or 1A8. (A) Survival was moni-
tored daily (five to seven mice per group). (B) Mice were euthanized on day 8, and lungs were collected. Individuals and means + SEM of IFN-y, IL-B, and TNF-a levels in
lung homogenates of isotype- or 1A8-treated IAV-infected mice from two independent experiments are shown (9 to 13 mice per group). (C) Individual values and means
+ SEM of inflammatory monocytes, monocyte-derived DC, conventional DC, and AM from two independent experiments are shown (9 to 13 mice per group). [(D) to (G)]
from 4 dpi and every second day with isotype control or anti-PD-L1 mAb. (D) Survival was monitored daily (12 mice per group). [(E) to (G)] Mice were euthanized on
day 8, and lungs were collected. (E) Individuals and means + SEM of IFN-y, IL-B, and TNF-« levels in lung homogenates of isotype- or anti-PD-L1-treated IAV-infected mice
from two independent experiments are shown (six mice per group). (F) Individual values and means + SEM of inflammatory monocytes, monocyte-derived DC, conven-
tional DC, AM, and classical neutrophils from two independent experiments are shown (eight mice per group). (G) Unsupervised hierarchical clustering of the 30 genes
imputed from transcriptional analysis of individual samples (n = 4 per group). *P < 0.05, **P < 0.01, and ***P < 0.001.

the precise mechanisms involved in their protective in vivo effect is
now under investigation.

Emergency myelopoiesis arises to cope with an increased de-
mand from the organism to replenish myeloid cells at the site of
infection (17). Our study supports the concept that emergency my-
elopoiesis may also constitute a demand-adapted response to deal
with excessive inflammation and immunopathology (23, 55). Our
observation is reminiscent with a population of monocytes that
have been shown to be remotely educated by IFN-y within the BM
for regulatory functions upon Toxoplasma gondii-induced gut in-
fection (55). Therefore, sensing of IFN-y by differentiating myeloid
cells from multiple lineages could represent a broader regulatory
mechanism during infections at mucosal surfaces. While IFN-y is a
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prototypical inflammatory cytokine, it may also be part of a feedback
circuit to limit immunopathology. The molecular and cellular actors
that regulate this IAV-dependent IFN-vy response in the BM have not
been explored. BM-resident innate (T) lymphocytes are interesting
candidates as they were shown to produce IFN-y upon innate signals
(55, 56). It also remains unclear why only a fraction of BM neutrophils
acquires a regulatory profile during experimental VRI. Although
this may suggest the existence of a precommitted precursor, one
can argue that the levels of IFN-y are limiting in the BM during
IAV infection. In line, the use of IFN-y enabled to generate BMN
with uniform regulatory phenotype.

The presence of a substantial proportion of PD-L1" neutrophils in
several nonlymphoid tissues [e.g., lungs, liver, and gut (fig.S9)]—but
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not in spleen or lymph nodes (fig. S9)—under steady-state condi-
tion may suggest homeostatic functions in tissues exposed to nu-
merous antigens, in which a high level of regulation and/or tolerance
is required.

However, upon TAV infection, no increase in PD-L1* neutro-
phils could be noted in nonlymphoid tissues, at the exception of
the lungs, suggesting their preferential migration toward inflamed
tissues. In line, BM PD-L1" neutrophils from IAV-infected mice
readily expressed the integrin CD49d (28). Thus, BM PD-L1" neu-
trophils appear to be equipped to migrate to inflamed tissue upon
inflammation/infection, and therefore, this may explain why the
relatively low proportion of PD-L1* neutrophils in the BM (~10% of
total neutrophils) can give rise to a large proportion of PD-L1* neu-
trophils in the lungs of infected mice. We cannot rule out the contri-
bution of other factors such as a high capacity to proliferate and/
or the acquisition of the PD-L1" phenotype once in the lungs. This
latest hypothesis is nevertheless unlikely since lung PD-L1™ and
PD-L1% neutrophils presented highly divergent transcriptomes sug-
gesting discrete sublineages. However, it is possible that additional
signals received in the lungs can further tune PD-L1* neutrophil
functions. Our data suggest that the regulatory properties of PD-
L1* neutrophils varied during the course of IAV infection. For in-
stance, the production of Arg-1 by lung PD-L1* neutrophils is
rather limited during the inflammatory phase and prevails during
the resolution phase. This suggests that additional layers of regula-
tion influence the functions of PD-L1* neutrophils.

Moreover, their presence in naive mice in the absence of strong
IFN-y signaling suggests the involvement of other factor(s) in the
acquisition of the regulatory program. For instance, generation of
BMN favors the PD-L1* profile even in the absence of IFN- y, pointing
toward other factor(s). Others factors such as granulocyte colony-
stimulating factor (G-CSF) and transforming growth factor—f (TGF-f3)
have been involved in the generation of PD-L1" neutrophils with
regulatory/suppressive functions upon thermal injury (16) or cancer
(57, 58). TGF-p-dependent expansion of PD-L1* neutrophils occurs
in the periphery and is transient (irrespective of cell death) (16).
Thus, it is likely that the biology of the regulatory/suppressive neu-
trophils may greatly vary according to the signals involved and
tissue location. Further works into the licensing mechanisms leading
to regulatory functions in neutrophils will undoubtedly offer new
insights into how signals can be temporally and spatially coordinated
and integrated to control the inflammatory balance. This is of
particular interest during severe viral pneumonia/ARDS in which
the therapeutic window has to be carefully considered for immuno-
modulatory approaches.

MATERIALS AND METHODS

Clinical study design, patient population, and approval

Over 18-year-old patients with severe pneumonia and admitted in

intensive care unit were prospectively included in this study, from

January 2018 to May 2020. Sample collection was performed within

48 hours upon admission in intensive care unit. Only patients with

viral infection without concomitant diagnosed bacterial infections

were studied in the present work. The clinical characteristics of the

patients are documented in Table 1. The study was conducted in the

University hospital of Tours (France). All patients or their next of
kin gave their consent for enrollment in the study (ClinicalTrials.gov
identifier: NCT03379207). This study was approved by the national
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ethic committee “Comité de Protection des Personnes Ile-de-France
8” under the agreement number 2017-A01841-52, in accordance
with the French laws. Blood samples from healthy donors were
obtained from the “Etablissement Francais du Sang” (agreement:
CPDL-PLER-2019 188).

Mice

Inbred and sex-matched 8- to 10-week-old C57BL/6j mice were
purchased from Janvier (Le Genest-St-Isle, France) and maintained
at the University of Tours under specific pathogen—-free conditions.
Ifng”"™ and control mice were maintained at the Pasteur Institute of
Lille under specific pathogen—free conditions. Ifngr1™~ mice were
provided by F. Laurent (INRAe, Nouzilly, France). All animal work
was conformed to the French governmental and committee guide-
lines for the care and use of animals for scientific purposes and was
approved by the national ethic committee under approval number
201611151159949.

Reagents and antibodies

The following are mAbs against mouse CD11b (M1/70), CD45
(30-f11), CD49d (R1-2), Sca-1 (D7), PD-L1/CD274 (10E.9G2),
Arginase-1 (AlexF5), MHC-II (NIMR-4), Ly6G (1A8), CXCR4/
CD184 (L276F12), F4/80 (BMS), IFN-yR1/CD119 (2E2), CD64
(X54-5/7.1), Ly6C (HK1.4), and Siglec F (E50-2440). The following
are mAbs against human CD16 (3G8), CD14 (M5E2), PD-L1/
CD274 (29E.2A3), and CD10 (HI10a). All mAbs and appropriated
isotype controls were purchased from BioLegend (Amsterdam, The
Netherlands), BD Pharmingen (Le Pont de Claix, France), and Thermo
Fisher Scientific/eBioscience (Paris, France). Dead cells were ex-
cluded with a LIVE/DEAD Fixable Aqua Dead Cell Stain kit
(Thermo Fisher Scientific, Illkirch, France). Mouse enzyme-linked
immunosorbent assay kits were from R&D Systems (Lille, France)
and eBioscience. The Lineage Cell Depletion Kit was from Miltenyi
Biotec (Paris, France). Stem cell factor (SCF), IL-3, and G-CSF
were purchased from Miltenyi Biotec. Purified anti-mouse CD3
(145-2C11) was from BD Pharmingen. Anti-mouse PD-L1 (clone
10F.9G2), anti-mouse Ly6G (1A8), and isotype controls were from
Bio X Cell (Lebanon, NH, USA). A Cell Trace Violet (CTV) cell
proliferation kit was from Thermo Fisher Scientific. Reparixin was
from Sigma-Aldrich (Saint-Quentin-Fallavier, France). rmIFN-y
was purchased from Thermo Fisher Scientific.

IAV infection

The H3N2 IAV strain (A/Scotland/20/74) has been described else-
where (59). Mice were anesthetized and administered intranasally
with 40 pl of phosphate-buffered saline (PBS) containing 150 plate-
forming units. Weight and survival were monitored every second
day following infection.

Tissue harvest and preparation of cell suspensions

Lung cells were prepared as previously described (60). Briefly, lungs
were perfused with saline injected into the right ventricle. Lungs
were harvested and minced using a gentleMACS dissociator (Miltenyi
Biotec) in a medium containing Liberase (125 pg/ml; Roche; Meylan,
France) and deoxyribonuclease type I (100 pg/ml; Roche). Lung
homogenates were next resuspended in PBS and filtered onto a
100-pm cell strainer (Dutscher). Pellets were recovered in PBS 2%
fetal calf serum (FCS), and erythrocytes were removed using a red
blood cell lysis buffer (Sigma-Aldrich) before being filtered onto a
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40-pm cell strainer (Dutscher). Bronchoalveolar lavages (BAL) were
performed after tracheal catheterization by injecting four times
0.5 ml of cold PBS. BAL were then centrifuged at 400g for 5 min,
and pellets were recovered in PBS 2% FCS. Erythrocytes were re-
moved using a red blood cell lysis buffer (Sigma-Aldrich) before being
filtered onto a 40-pum cell strainer. For analysis of BM cells, femurs
and tibias were collected and cut at their extremities, and cold RPMI
was injected to harvest BM core biopsy, which was mechanically
disrupted onto a 100-pm cell strainer. After centrifugation (400g for
5 min), erythrocytes were removed before being filtered onto a 40-pm
cell strainer. For mRNA expression experiments, BM core biopsy
was immediately frozen in liquid nitrogen. Blood was collected in
microtubes filled with 30 pl of heparin from the retro-orbital sinus,
while mice were anesthetized. Erythrocytes were removed upon
several washes in a red blood cell lysis buffer (Sigma-Aldrich).

For human neutrophil analyses, total blood was subjected to
three repeated steps of erythrocyte lysis. ETA were collected from
intubated patients and incubated with dithiothreitol (1 mM) in PBS
(5 ml/g of ETA) for 30 min under continuous agitation. After cen-
trifugation, pellet cells were filtered onto a 100-pum cell strainer.
After removing red blood cells, cells were passed through a 40-pm
cell strainer prior analysis.

Oxidant production assay

Oxidant reactive nitrogen species/reactive oxygen species (RNS/
ROS) production by neutrophils was assessed by flow cytometry using
dihydro-rhodamine123 (DHR123). Lung homogenates were incubated
with or without 100 nM phorbol 12-myristate 13-acetate (PMA)
and with 1 pM DHR123 for 5 min at 37°C before analysis.

In vitro neutrophil differentiation

Progenitors from the BM were enriched using the Lineage Cell
Depletion Kit (Miltenyi Biotec). The negative fraction was then
seeded into a six-well plate at 1 X 10° cell/ml in complete Iscove's
Modified Dulbecco's Medium (IMDM) medium. Cells were differ-
entiated for 7 days in the presence of SCF (50 ng/ml), IL-3 (50 ng/
ml), and G-CSF (50 ng/ml) as previously described (61). In some
cases, mouse recombinant IFN-y (1 ng/ml) was added into the culture
on days 0, 3, and 5.

Proliferation assay

C57BL/6j mice were intranasally infected with IAV [150 plaque-
forming units (PFU)], and lungs were collected at 8 dpi. Neutrophils
were then enriched using an anti-Ly6G MicroBead kit (Miltenyi
Biotec). In parallel, CTV-labeled spleen cells (5 X 10°) from naive
mice were stimulated with plate-bound anti-CD3 mAb (4 pg/ml,
clone 145-2C11) in a 96-well culture plate in complete 10% FCS
RPMI 1640 medium. Enriched neutrophils were then cocultured
with anti-CD3-stimulated spleen cells for 48 hours in the presence
of immunoglobulin (Ig) control (10 pg/ml, clone LTF-2) or anti-
PD-L1 (10 pg/ml, clone 10F9G2) mAbs. Cells were then stained
with anti-CD45, anti-CD3, anti-CD4, anti-CD8 antibodies, and
T cell proliferation rate was measured by monitoring loss of CTV
fluorescence intensity.

Flow cytometry

Cells were stained with appropriate dilutions of mAbs. Then, cells
were washed and, in some cases, fixed and permeabilized using a
commercial kit from eBioscience according to the manufacturer’s
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information. Dead cells were excluded using the LIVE/DEAD Cell
Staining kit. Cells were acquired on either a LSR Fortessa cytometer
(BD Biosciences) or a MACS Quant (Miltenyi Biotec). Analyses
were performed using the VenturiOne software (Applied Cytometry,
Shefhield, UK).

Cell sorting and in vitro/ex vivo assays

To purify neutrophil subsets, lung mononuclear cells were la-
beled with fluorescein isothiocyanate—conjugated anti-Ly6G mAb,
PerCp-Cy5.5-conjugated anti-CD11b mAb, and allophycocyanin
(APC)-conjugated anti-PD-L1 mAb. After cell surface labeling,
cells were sorted using a FACSMelody (BD Biosciences). This pro-
tocol yielded >98% cell purity. For in vitro stimulation assays, 5 X
10* neutrophil subsets were cultured for 4 hours in complete RPMI
5% FCS in the absence of any additional stimulation. In some cases,
neutrophils were pulsed for 5 min with PMA. Then, supernatants
were harvested for further analyses, and/or cells were subjected to
cytometry analysis.

Single-cell RNA sequencing and data preprocessing
Single-cell suspension from five lungs of IAV-infected mice (day 11)
was pooled, and neutrophil subsets (LiveDead” CD45" SiglecF~
CD11b* Ly6G* PD-L1%") were sorted on a FACSMelody (BD
Biosciences) (purity > 99%) into 1X PBS with 0.04% bovine serum
albumin + ribonuclease inhibitor. Sorted cells were counted under a
microscope, and 8000 to 10,000 cells per subset were loaded onto a
Chromium controller (10X Genomics). Reverse transcription and
library preparation were performed according to the manufacturer’s
protocol. Libraries were simultaneously sequenced on a NovaSeq
6000. Cell Ranger Single-Cell Software Suite v2.0.0 was used to per-
form sample demultiplexing, barcode processing, and single-cell
30 gene counting using standard default parameters and Mus musculus
build mm10. The argument “-force-cell” was used according to 10X
Genomics recommendations (https://support.10xgenomics.com/
single-cell-gene-expression/software/pipelines/latest/tutorials/
neutrophils).

Single-cell RNA sequencing analysis

Cell and gene filtering

Raw gene expression matrices generated per sample were passed to
Seurat for preprocessing. Cells with less than 90 unique molecular
identifiers(UMI) and more than 5% of mitochondrial RNA were
removed; then, transcripts expressed in less than three cells were
removed. Cells considered as doublet were also removed using Dou-
bletFinder (62). Thus, we could retain 1165 cells from the PDL-1~
subset and 1834 cells from the PD-L1* subset. Concordance between
datasets enabled to merge them for downstream analyses. Standard
processing was used with an UMAP with k = 50 and min.dist = 0.3
using 20 principle components.

Trajectory analysis

Seurat dataset was converted into SingleCellExperiment to run
trajectory analysis. All data from Monocle3 object were passed
to Seurat.

Mapping gene along pseudotime

Pseudotime was calculated using Monocle3, and pseudotime values
were passed to Seurat object. Cells were ordered by pseudotime val-
ues. Spearman correlation was calculated for all genes with pseudo-
time. Top 20 highly positively and negatively correlated genes have
been chosen to characterize the maturation of neutrophils.
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Plots

All feature plots were created using scCustomize package. Density
plots were made using Nebulosa package with “wkde” as kernel den-
sity estimation method (63). ClusterMap was made using scanpy
(64). GO enrichment analysis was performed using ClusterProfiler2.
The following GO datasets have been used: regulation of gene ex-
pression (GO: 0010468), regulation of cytoskeleton organization
(GO: 0051493), cell cycle process (GO: 0022402), negative regulation
of execution phase of apoptosis (GO: 1900118), neutrophil-mediated
antimicrobial response (GO: 0070944), positive regulation of the in-
flammatory response (GO: 0050729), negative regulation of the in-
flammatory response (GO: 0050728), and IFN-y-mediated signaling
pathway (GO: 0060333). All gene sets can be found at https://
gsea-msigdb.org/gsea/msigdb/mouse/genesets.jsp?collection=GO.

Analysis of gene transcripts by quantitative reverse
transcription polymerase chain reaction

RNAs from whole lungs or BM of naive or IAV-infected mice were
extracted and purified using the NucleoSpin RNA Extraction Kit
(Macherey-Nagel) according to the manufacturer’s instructions. cDNAs
were synthesized using a High Capacity RNA-to-cDNA kit (Thermo
Fisher Scientific), and quantitative reverse transcription polymerase
chain reaction (PCR) was carried out using specific primers (table S2)
and SYBR Green PCR Master Mix (QIAGEN). PCR amplification of
Gapdh was performed to control for sample loading and normaliza-
tion between samples. ACt values were obtained by deducting Ct val-
ues of Gapdh mRNA from the Ct values obtained for the investigated
genes. Data are represented as relative expression of mRNA levels.

Neutrophil depletion and PD-L1 blockade

Neutrophils were depleted using 1A8 (150 pg per mouse i.p. in 200 pl
of PBS) every second day from 4 dpi. The 10E9G2 was injected
(200 pg per mouse i.p. in 200 pl of PBS) every second day from 4 dpi.
A rat IgG2a (1A3) and a rat IgG2b (LTF2) isotype control antibodies
were used as controls.

Assessment of the pathology

For histological examination, total lungs were fixed by gentle inflation
and immersion in PBS containing 3.2% paraformaldehyde and em-
bedded in paraffin. Fixed lung slices (5 pm) were subjected to H&E
staining. A blinded examiner evaluated extent of immunopathology
based on leukocyte recruitment, the presence of hyaline membranes,
thickness of alveolar septa, and filling the airspace with protein-
aceous debris.

Statistical analysis

All statistical analysis was performed using GraphPad Prism soft-
ware. The statistical significance was evaluated using nonparametric
Mann-Whitney U tests or Kruskal-Wallis to compare the means of
biological replicates in each experimental group. Survival rates were
analyzed using a log-rank test. Results with a P value of less than 0.05
were considered significant. ns indicates not significant; *P < 0.05,
**P < 0.01, and ***P < 0.001.

Supplementary Materials
The PDF file includes:

Figs.S1to S9

Legend for table S1

Table S2
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