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Editorial on the Research Topic
New roles of neutrophils and granulocytic MDSC in autoimmune
diseases, inflammation, and anti-microbial immunity
Neutrophils are known as the “first responders” that arrive at sites of infection and

inflammation. There, they rapidly respond and attack microbes. However, recent

discoveries reveal that neutrophils make a more multilayered contribution to the

immune response (1). Neutrophils use an array of molecules to interact with other

immune and non-immune cells. Consequently, neutrophils are important in shaping

both innate and adaptive immune responses and are critical players in the protective

immunity against pathogens as much as in the development and progression of various

inflammatory and autoimmune diseases (2).

We now know that neutrophils can have both pro and anti-inflammatory functions,

which are highly dependent on the timing, the context, and the type of signals they

receive. They can promote inflammation through the release of microvesicles and various

granule enzymes such as proteases and myeloperoxidase (MPO), as well as reactive

oxidants, neutrophil extracellular traps (NETs), cytokines, and chemokines (3). The

release of neutrophil enzymes and other bioactive macromolecules may introduce post-

translational modifications into surrounding host tissues, in the process providing neo-

antigens and contributing to tissue damage. Neutrophils also provide a rich source of

autoantigens such as proteinase-3 and MPO, and autoimmunity to these causes severe

inflammation of small blood vessels (4).

In contrast, neutrophils also have a critical role in the resolution of inflammation,

often through their interactions with macrophages, and subsequent tissue repair.
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Notably, neutrophils can either positively or negatively regulate

the development of adaptive immunity in secondary lymphoid

organs through their effects on dendritic cells, T cells, and B cells

(5). In some instances, it has become evident that neutrophils

can even themselves act as antigen-presenting cells to activate T

cells. Additionally, research in the last decade has uncovered that

neutrophils, acting as immunosuppressive granulocytic

myeloid-derived suppressor cells (MDSC), can promote cancer

growth, whereas, in autoimmune diseases, neutrophils may have

a protective role (6).

This Research Topic presents original research and reviews

the rich contribution of neutrophils to immunity. We focus on

the diverse roles neutrophils and granulocytic MDSC play as

regulators of the immune system. The contributions in this

Special Topic examine the implications of neutrophils in various

aspects of inflammation, immunity against pathogens, and

in cancer.

In this collection of articles, Haist et al. describe experiments

that examine the effect of Ly6-G-targeted knock-down of b2
integrins on the severity of invasive pulmonary aspergillosis. The

deficiency of neutrophil adhesion receptors leads to more

extensive disease, less NET release, reduced cytokine and

reactive oxygen production, and an increase in apoptosis

compared to control animals.

The laboratory of Mihaila et al. examine the functional

dichotomy between N1 and N2 neutrophils and draw

attention to the contribution of the S100A9 alarmin to

elevated N1 proinflammatory activity, chemotaxis and

oxidative burst. The authors suggest that S100A9 inhibition

may reduce inflammation.

Deerhake et al. use single cell transcriptomics to dissect

aspects of pathway selection in neutrophils that respond to

Cryptococcus by enhanced oxidation versus an alternative

subset that delays apoptosis and increases cytokine secretion

which activates dendritic cells and alveolar macrophages.

Piatek et al. pursue the puzzle of the reduced activation

potential of neutrophils in HIV-infected individuals and

determine that the levels and chromatin distribution of tri-

methylated lysine 4 in histone H3 are linked to reduced anti-

microbial functions and greater abundance of this chromatin

mark along genes regulated by NF-kB.

Valadez-Cosmes et al. examined low-density neutrophils

from non-small cell lung cancer (NSCLC) patients by using an

unbiased flow cytometry screen of over 300 potential cell surface
Frontiers in Immunology
026
markers, and pinpoint CD36, CD41 and CD61 as reliable

indicators of this disease-associated neutrophil population.

Mollenhauer et al. observed the enhanced participation of

granulocytes in ischemia reperfusion injury and the remodeling

of heart muscle in six-transmembrane protein of prostate 2

(Stamp2) deficient mice, which exhibited increased reactive

oxygen production and greater MPO release, leading to

impaired heart function post-injury.

An underappreciated anti-bacterial mechanism, the

production of chlorinated lipids by neutrophil MPO, was

examined by Amunugama et al. and evaluated with regard to

bacterial killing.

Finally, review articles highlighted potential reasons for the

inadequacy of neutrophils that attack but not eliminate

pathogenic mycobacteria (Parker et al.), and profiled the

emerging role of MDSC in promoting severe COVID-19 by

exacerbating the pro-inflammatory cytokine milieu and

reducing the efficacy of T lymphocytes (Rowlands et al.). The

rich diversity of topics discussed in this Research Topic are an

indication of the many emerging roles of neutrophils in immunity.
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Single-Cell Transcriptional
Heterogeneity of Neutrophils During
Acute Pulmonary Cryptococcus
neoformans Infection
M. Elizabeth Deerhake1, Estefany Y. Reyes1, Shengjie Xu-Vanpala1

and Mari L. Shinohara1,2*
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Neutrophils are critical as the first-line defense against fungal pathogens. Yet, previous
studies indicate that neutrophil function is complex during Cryptococcus neoformans (Cn)
infection. To better understand the role of neutrophils in acute pulmonary cryptococcosis,
we analyzed neutrophil heterogeneity by single-cell transcriptional analysis of immune cells
in the lung of Cn-infected mice from a published dataset. We identified neutrophils by
reference-based annotation and identified two distinct neutrophil subsets generated
during acute Cn infection: A subset with an oxidative stress signature (Ox-PMN) and
another with enhanced cytokine gene expression (Cyt-PMN). Based on gene regulatory
network and ligand-receptor analysis, we hypothesize that Ox-PMNs interact with the
fungus and generate ROS, while Cyt-PMNs are longer-lived neutrophils that indirectly
respond to Cn-derived ligands and cytokines to modulate cell-cell communication with
dendritic cells and alveolar macrophages. Based on the data, we hypothesized that,
during in vivo fungal infection, there is a division of labor in which each activated neutrophil
becomes either Ox-PMN or Cyt-PMN.

Keywords: neutrophils, fungal infection, pulmonary, Cryptococcus neoformans, heterogeneity, single-cell RNA
sequencing (scRNA-seq)
INTRODUCTION

Opportunistic fungal infections are a serious complication of immunosuppression in patients
undergoing transplantation, patients with HIV-AIDS, and those with immunosuppression induced
by leukemia or lymphoma (1). Among opportunistic fungal infections, Cryptococcus neoformans
(Cn) is one of the pathogens with the highest disease burden and risk of complications. Inhaled from
the environment, Cn begins as a primary pulmonary infectious agent and can disseminate through
the vasculature to the central nervous system (CNS) resulting in meningoencephalitis (1).

Neutrophils are critical as the first-line of defense against fungal pathogens, effectively engulfing
and killing Cn, arguably more efficacious than monocytes (2, 3). For instance, neutrophils produce
the majority of reactive oxygen species (ROS) during cryptococcosis in attempts to control and clear
the infection (4, 5). Treatment with granulocyte colony-stimulating factor (G-CSF) decreased fungal
org April 2021 | Volume 12 | Article 67057417
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burdens in mice with cryptococcosis (6) and reduced risk of
infection in AIDS patients (7), suggesting that neutrophils
contribute to host immune defenses during cryptococcal
infection. Using in vivo antibody-mediated neutrophil depletion,
studies have demonstrated that neutrophils are crucial for the
clearance of intravascular Cn in the lung and brain (8, 9).
Additionally, myeloperoxidase (MPO), the neutrophil azurophilic
granule factor, is protective in murine Cn infection when
administered via intravenous (i.v.) and intranasal (i.n.) routes (10).

However, the role of neutrophils in Cn infection is not
straightforward. In contrast to intravascular infection, neutrophil
depletion leads to a paradoxical increase in survival in the setting
of intratracheal infection (11–13). One explanation is that acute
neutrophil recruitment to the lung and the associated anti-fungal
response following Cn infection could cause host-detrimental
inflammation, leading to tissue damage. However, neutrophil
depletion also leads to an increase – not a decrease – in
inflammatory cytokine production in the lung (11, 14); and
increased inflammatory cytokine levels may promote anti-fungal
immunity and increase host survival. Thus, neutrophils may be
detrimental both through off-target tissue damage or by reducing
immune responses.

The in vivo functions of neutrophils in pulmonary Cn infection
are not well understood and likely involve a complex balance of
antifungal and regulatory activities. In addition, neutrophils have a
short half-life, and ex vivo analyses are extremely challenging. To
map neutrophil heterogeneity during acute pulmonary infection
with Cn, we analyzed a single-cell RNA sequencing (scRNA-seq)
dataset of lung extra-vascular and intra-vascular immune cells.
Following reference-based annotation of neutrophils, we identified
multiple neutrophil subsets with distinct transcriptional profiles,
including two subsets which were found in Cn-infected mice, not
in naïve mice. Using both gene regulatory network and ligand-
receptor analyses, we discovered predicted pathways which may
contribute to neutrophil subset identity and modulate interactions
between neutrophils and other myeloid cells during acute
pulmonary Cn infection. These preliminary data lead us to
further hypothesize the distinct functions and longevity of
neutrophil subsets. Further characterization of these distinct
neutrophil subsets may provide potential therapeutic targets to
enhance anti-Cn immunity.
METHODS

Dataset Availability
The single-cell RNA sequencing dataset analyzed in this study
(NCBI GEO: GSE146233) was previously published (15) and
focused on analysis of alveolar macrophages (AM) (15). This
dataset has not previously been used to analyze neutrophils or
other immune cell populations.

Sample Preparation and Single-Cell
RNA Sequencing
Samples were prepared as previously described (15): Mice
heterozygous for the Cxcl2-Egfp reporter were administered Cn
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by orotracheal instillation (104 yeasts cells/mouse, H99 strain)
and cells from the lungs of infected and naïve control mice were
harvested 9 hrs post-instillation. CD45+ cells from lung
homogenates were isolated using MACS beads. Cells from
three mice per group were pooled for subsequent analysis.
Intra-vascular cells were not depleted prior to cell isolation.
Because of this, the dataset contains both extra- and intra-
vascular lung immune cells. scRNA-seq was then performed
on CD45+ cell samples with the 10X Genomics Chromium
platform. Detailed scRNA-seq library preparation methods
were previously described (15).

Reference-Based Annotation of Immune
Cell Subsets
Cell Ranger v3.0.1 (10X Genomics) was used to process raw
sequencing files into fastq format as previously described (15).
Briefly, reads were aligned with a modified mouse mm10
transcriptome containing the Egfp transgene along with all
protein coding and long non-coding RNA genes. CellRanger
was used to generate a matrix file with expression counts for each
sample, with genes as rows and cell Unique Molecular Identifier
(UMI) as columns. We obtained 5,635 median UMI counts per
cell, 1771 median genes per cell, and 82,314 mead reads per cell.

Seurat v3.1.0 (16) was used to calculate the number of expressed
genes, counts per cell, and the percentage of mitochondrial genes as
previously described (15). The following criteria were used to filter
cells: total number of genes between 200 and 20,000; number of
counts between 500 and 75,000; mitochondrial gene frequency
<10%. A total of 4,586 cells from naïve and 5,694 cells from
infected samples were used for downstream analysis. The
SCTransform method (17) was used to perform normalization
and variance stabilization of expression counts using regularized
binomial regression, with regression on percent mitochondrial
genes per cell (15). For cell-type identification, integration
between samples was performed using the anchor-based
canonical correlation analysis (CCA) method. PCA was then
performed, and the top 50 principal components were selected
for UniformManifold Approximation and Projection (UMAP) for
two-dimensional projection. Calculation of k-nearest neighbors
and cluster identification were performed.

SingleR (18) was used to perform automated reference-based
annotation using curated bulk RNA-seq data from ImmGen for
major immune populations as previously described (15). We also
examined expression of canonical cell-type specific marker genes
as well as unbiased cluster-specific markers for each population to
confirm our annotation of major immune cell populations. This
allowed us to confidently identify neutrophils within our dataset
by confirming neutrophil canonical markers (S100a8, Ly6g).
Detailed results of reference-based annotation can be found in
Xu-Vanpala et al. (15).

Cluster Analysis of Neutrophils
Cells annotated as neutrophils in the scRNA-seq dataset were
selected for further analysis using Seurat v3.1.0 (16).
Normalization and variance stabilization with SCTransform
(17) and PCA were performed, and the top 40 principal
April 2021 | Volume 12 | Article 670574

https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Deerhake et al. Neutrophil Heterogeneity in Pulmonary Cryptococcosis
components were selected for UMAP visualization. Calculation
of k-nearest neighbors and cluster identification was performed.
Hierarchical clustering of the neutrophil subsets was used to
annotate major branches (I, II, III) and subclusters (i.e. IIa, IIb).
Numbering of the clusters was based on relative size of each
subpopulation. Cluster-specific expression markers were
identified, specifically focusing on upregulated genes.

Pathway Enrichment Analysis
Pathway enrichment analysis was performed on cluster-specific
markers using ReactomePA (19). Among the resulting enriched
pathways with adjusted p-value<0.05, top hits were selected and
plotted in a heatmap as -log(adjusted p-value) to illustrate shared
enriched pathways between clusters.

Gene Regulatory Network Analysis
SCENIC (single-cell regulatory network inference and clustering)
(20) was used to identify transcription factors predicted to regulate
neutrophil heterogeneity. Default parameters were used for the
SCENIC workflow in R and the normalized single-cell gene
expression matrix from Seurat was used as input. Co-expression
analysis was performed with GENIE3. For visualization, we
calculated the average regulon activity (AUC) scores for each
neutrophil cluster and selected the top regulons to plot as a
heatmap using pheatmap.

Ligand-Receptor Interaction Analysis
NicheNet (nichnetr) (21) was used to identify predicted ligand-
receptor interactions between neutrophil subsets of interest (Ox-
PMN, Cyt-PMN) and myeloid cell types of interest (AMs, DCs)
using default parameters for the workflow in R. AMs and DCs
were separately selected as the “receiver cell types” for independent
analyses and the condition of interest selected was “post-Cn
instillation” compared to “naïve”. Neutrophils were selected as
the “sender cell type” and the set of potential ligands was defined
as the combined list of Ox-PMN (IIa) and Cyt-PMN (IIb) marker
genes. Top predicted ligand-receptor interactions were visualized
using the circlize R package (22) as a circos plot in which link
transparency and width reflected the regulatory potential of a
given ligand-target interaction.
RESULTS OF SINGLE CELL RNA-SEQ
ANALYSIS

Acute Cryptococcus neoformans
Pulmonary Infection Induces
Neutrophil Subsets With Distinct
Transcriptional Profiles
To characterize the immune response to acute Cn infection, we
performed analysis of a previously published scRNA-seq dataset
consisting of lung immune cells from naïve and Cn-infected mice.
Specifically, CD45+ immune cells were isolated from the lungs of
mice 9-hr post infection (hpi) with Cn (104 yeasts cells/mouse, H99
strain, administered by orotracheal instillation) and compared to
cells from naïve controls, including both extra- and intravascular
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lung immune cells (15). Because we sought to understand early
host responses, we selected the 9-hpi timepoint, at which the level
of a neutrophil chemoattractant CXCL2 has already increased in
bronchoalveolar lavage fluid and neutrophils start to infiltrate in
the lung (15). Reference-based annotation with SingleR (18) was
used for initial classification of immune cell types in the dataset,
including neutrophils. In the infected mice, we observed a dramatic
increase in the relative frequency of neutrophils among CD45+

immune cells in our dataset (GEO: GSE146233) (15). Among
neutrophils, we identified three major neutrophil subsets, termed
clusters I-III (Figures 1A, B). While clusters I and III were present
in both naïve and infected conditions, cluster II only emerged
following Cn-exposure (Figures 1A, B).

To identify potential functions of neutrophil subsets, we
performed pathway enrichment analysis on cluster-specific
markers (Figures 1C, D). Overall, total cluster I neutrophils did
not exhibit very distinct marker expression, although subclusters
Ic and Id showed enrichment of genes encoding antimicrobial
peptide and NADPH oxidase pathways (S100a8/9, Lyz2, Pglyrp1).
In contrast, cluster III neutrophils showed strong enrichment of
Interferon signaling pathway genes (Oasl1, Isg15, Irf9), similar to
recently described interferon stimulated genes (ISG) expressing
blood neutrophil subset (23). While cluster I and III neutrophils
were present in both naive and post-Cn instillation conditions,
cluster II neutrophils were specific to the Cn-stimulated condition
and thus are of greater interest in this study. Among cluster II
neutrophils, we identified two distinct subsets. Both subclusters IIa
and IIb were enriched in PRR signaling pathway genes, specifically
Toll-like receptor (TLR) cascades and C-type lectin receptors
(CLRs), particularly Dectin-1 signaling (Figure 1D). However,
IIb cells showed the greatest enrichment in interleukin and
cytokine signaling pathway genes (Il1a, Csf1, Tnf), while IIa cells
showed enrichment in iron processing (Hmox1, Hmox2), ROS/
RNS (Atp6v1e1), and glycolysis (Pfkl, Gapdh) pathway genes.
Based on these markers, we named cluster IIa as oxidative-
signature neutrophils (Ox-PMN) and cluster IIb as cytokine-
signature neutrophils (Cyt-PMN). We hypothesize that Ox-
PMN and Cyt-PMN may represent distinct neutrophil
activation states triggered by acute Cn exposure.

To investigate whether specific neutrophil subsets reflect
different stages of neutrophil maturation, we examined expression
of neutrophil ageing-related markers (24), as well as granule and
secretory vesicle components, which are typically expressed
sequentially during neutrophil development (25). We observed
enrichment of tertiary granule factors (e.g., Mmp8) in subcluster
Id neutrophils (Figure 1E) and markers of ageing (e.g., Icam1) in
subcluster IIb (Figure 1F). Subcluster Id expression of tertiary
granule factors suggests these neutrophils are transitioning from the
metamyelocyte stage to the band stage, and thus may be more
immature neutrophils (25). In contrast, IIb (Cyt-PMN) showed
elevation of genes associated with neutrophil ageing (Cxcr4 and
Icam1). In addition, Cyt-PMNs also showed enrichment in Bcl2
family genes (Bcl2a1a, Bcl2a1d, Bcl2a1b) encoding anti-apoptotic
proteins and thus may facilitate or respond to neutrophil ageing.

In summary, based on single-cell transcriptional profiling, we
hypothesize that acute Cn exposure induces two distinct
neutrophil activation states: Ox-PMN (subcluster IIa) and Cyt-
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PMN (subcluster IIb) with distinct gene expression profiles and
functions. In addition, we found the Cyt-PMN are also enriched
in markers of neutrophil ageing, suggesting that Cyt-PMN may
be longer-lived than other neutrophil subsets profiled.

Distinct Transcription Factors Are
Predicted to Regulate Ox-PMN and
Cyt-PMN Subsets
To identify transcription factors (TFs) that may regulate
neutrophil heterogeneity, we used single-cell regulatory network
inference and clustering (SCENIC) (20). The method evaluates
Frontiers in Immunology | www.frontiersin.org 410
TFs and cis-regulatory sequences to predict biological states of
cells. This approach involved three steps: (A) identifying groups of
genes that are co-expressed with TFs (“modules”), (B) identifying
predicted TF binding sites near co-expressed genes (“regulons”)
using motif analysis of the mouse reference genome, and (C)
calculating predicted activity of candidate TF regulons across cell
subsets (“regulon activity”). The majority of significant TF
regulons, which were identified by SCENIC, showed increased
activity particularly in cluster II neutrophils. However, IIa and IIb
neutrophils (Ox-PMN and Cyt-PMN, respectively) exhibited
distinct patterns in predicted activity (Figure 2A).
A

C D

E

F

B

FIGURE 1 | Single-cell RNA-seq analysis of neutrophil heterogeneity following acute pulmonary C neoformans infection. (A) UMAP projection of neutrophils (611
neutrophils in naïve condition, 2,139 neutrophils at 9-hpi), colored by clusters and separated by condition. Samples were pooled from three mice per group for
analysis from a single experiment. (B) Frequency of each neutrophil subset, comparing naïve and infected samples. (C) Heatmaps showing expression of subset-
enriched markers. (D) Heatmap of -log (Adjusted p-value) for Reactome pathway enrichment in different neutrophil subsets. (E, F) Heatmaps showing expression of
select neutrophil granule genes (E), markers of aged neutrophils (F).
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Cyt-PMN-active regulons included NFkB family TFs (encoded
by Nfkb1, Nfkb2, Rel, Relb, Rela), which mediate neutrophil
response to cytokines and PRR signaling. In contrast, Ox-PMN
active regulons included small Maf (sMaf) transcription factors
(encoded by Mafk, Mafg), as well as other TFs in the CNC and
Bach families (encoded by Bach1, Nrf1), which form heterodimers
with sMaf TFs (26). sMaf heterodimerizes with CNC or Bach and
mediates cellular responses to oxidative stress (26, 27), although the
function of the sMaf heterodimers remains largely uncharacterized
in neutrophil biology. Based on this analysis, we hypothesize that
Cyt-PMN (IIb) may be regulated by NFkB TFs, while Ox-PMN
(IIa) appears to be under control of sMaf, CNC, and Bach TFs.

Ligand-Receptor Analysis Identifies
Potential Neutrophil Interactions With DCs
and AMs
To identify potential cell-cell communication between neutrophil
subsets (Ox-PMN andCyt-PMN) and other immune cells duringCn
Frontiers in Immunology | www.frontiersin.org 511
infection, we used “NicheNet” to predict ligand-receptor interactions
(21). Specifically, this approach leverages prior knowledge of ligand-
receptor interactions and intracellular signaling pathways to predict
which ligand-receptor pairs may regulate gene expression in target
cells. Our interest was in neutrophil interactions with alveolar
macrophages (AMs) or dendritic cells (DCs), because these cell
types are involved in modulating the immune response during the
early stages of infection.

We found that Ox-PMN (IIa) express only a few unique
ligands that are predicted to be detected by AMs and DCs
(Figure 2B). Among these, the strongest potential interaction
was between Alcam (Activated leukocyte adhesion molecule) on
the Ox-PMN side and CD6 on the DC side. This predicted
mechanism for neutrophil-DC communication has not been
previously studied to our knowledge. In contrast, Cyt-PMN
(IIb) expressed multiple genes encoding ligands with strong
predicted interactions with both DCs and AMs. These
suggested cell-cell communications via IL-1a and IL-1R1/IL1-
A B

C

FIGURE 2 | Gene regulatory network analysis of neutrophil subsets and predicted cell-cell communication – (A) Heatmap of regulon activity across neutrophil subsets with
hierarchical clustering of regulons displayed in dendrogram on left-hand side. Selected TFs of interest are highlighted by boxes with dotted lines. The number of predicted
genes targeted by the TFs are indicated with parentheses. (B) Circos plot showing arrows between IIa-specific (yellow), IIb-specific (blue) or IIa/b (green) ligands and their
target receptors on DCs (left panel) or AMs (right panel). Significance of potential interaction is indicated by the opacity and thickness of the connecting
arrow. (C) Hypothesized model of neutrophil subset regulation during acute pulmonary Cn infection and predicted ligand/receptor interactions with other immune cells.
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R2, TNFa and TNFR2, and VEGFa and NRP1/NRP2. While the
role of VEGFa in Cn infection is less understood, both IL-1a and
TNFa are important drivers of anti-fungal response to Cn (12).
Among ligands expressed by both Cyt-PMN and Ox-PMN
neutrophils, CCL3 and CCL4 are notable chemo-attractants for
immune cells expressing CCR5, which is important for host
immune response to Cn (28). Other ligand-receptor pairs
identified include PD-L1 (Cd274) and PD-1 (Pdcd1), as well as
CSF1 (Csf1) and CSF1R (Csf1r). The role of these ligand-receptor
pairs between neutrophils and DCs (or AMs) merits
further investigation.

In summary, our analysis suggests that both Cyt-PMN and
Ox-PMN neutrophils express common ligands (CCL3, CCL4),
which are detected by DCs and AMs through CCR5 and CCR1,
respectively. However, inflammatory cytokine expression,
including IL-1a and TNFa, may be specific to Cyt-PMN
subset. Furthermore, Cyt-PMNs also appear to specifically
express complement C3, critical for complement-mediated
phagocytosis of Cn by DCs and other phagocytes. Thus, the
Cyt-PMN subset may promote phagocytosis and anti-fungal
immune responses via ligand-receptor interactions with other
immune cells.
DISCUSSION AND HYPOTHESIS

In this study, we performed in-depth scRNA-seq analysis of a
published dataset and identified multiple neutrophil subsets.
Among the subsets, we focused on Ox-PMN (IIa) and Cyt-
PMN (IIb), which appear after Cn infection and possess distinct
gene expression profiles. As summarized in Figure 2C, our
analysis suggests that Ox-PMN are regulated by sMaf, CNC,
and Bach TFs, and these signaling pathways may mediate
oxidative stress response and regulate oxidative burst in
response to Cn. In contrast, the gene expression profile of Cyt-
PMN is highly enriched with genes encoding NFkB signaling
molecules and pro-inflammatory cytokines, IL-1a and TNFa.
Based on ligand-receptor analysis, these cytokines are predicted
to mediate cross-talk of Cyt-PMN with DCs and AMs. In
contrast, fewer unique interactions were found between Ox-
PMN-specific ligands and receptor on DCs and AMs. With our
data, we hypothesize that, during acute pulmonary Cn infection,
there is a division of labor, in which activated neutrophils
become either ROS-producing Ox-PMN or cytokine-producing
Cyt-PMN.

As reflected in distinct gene expression patterns, we also
hypothesize that neutrophils subsets have distinct spatial
localization in the lung. For example, cluster II neutrophils
including Ox-PMN and Cyt-PMN are infection-specific subsets;
thus, we expect that they are located in the lung parenchyma,
where the subsets are exposed to Cn and exert subsequent
immune responses. In contrast, the cluster Ib neutrophil subset
showed a quiescent gene expression phenotype and were mainly
identified in naïve mice. Thus, we expect the Ib subset to be
mainly found in the lung vasculature. It is possible that cluster III
neutrophils also localized in the lung vasculature because their
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IFN-signature gene expression profile is similar to a subset of
steady-state neutrophils in circulation (23).

We predict that Cyt-PMN may consist of aged neutrophils
based on their expression of markers of neutrophil ageing. It is
also possible that Cyt-PMN further facilitate enhanced cytokine
production over an extended period of time. In contrast, Ox-
PMNs may reflect neutrophils which are in direct contact with or
have phagocytosed Cn based on the pattern of highly expressed
genes related to oxidative stress responses. Ox-PMNs may also
be poised to undergo NETosis, triggered by ROS. To test these
hypotheses, subset-specific markers and ROS indicators can be
used to identify Cyt-PMN and Ox-PMN for analysis of location,
maturity, interaction with Cn, and NETosis.

A previous study, using a Staphylococcus aureus infectionmodel,
identified two distinct neutrophil subsets, described as PMN-I and
PMN-II with their dichotomous gene expression patterns
characterized by highly expressed IL-12 and IL-10, respectively
(29). However, we did not find a similar dichotomous pattern
between Cyt-PMN and Ox-PMN. Instead, Ox-PMN gene
expression reflects an activation state likely triggered by ROS
production or exposure to ROS, while that of Cyt-PMN reflect
PRR and cytokine receptor signaling to mediate NFkB-driven Il1a
and Tnf production.

Although neutrophils are known to have anti-fungal functions,
neutrophil depletion leads to a paradoxical increase in survival of
animals in pulmonary cryptococcosis (11–13). These paradoxical
results may reflect the delicate balance of heterogeneous subsets in
neutrophils: Some subsets may be host-protective, and others may be
host-detrimental. Thus, specific targeting of Ox-PMN and Cyt-PMN
subsets may help clarify neutrophil functions during pulmonary Cn
infection. This could be accomplished by either (A) targeting
upstream transcription factors and signaling pathways predicted to
regulate Ox-PMN and Cyt-PMN identity, (B) using subset-specific
markers for targeted depletion studies, or (C) targeting predicted
functions such as ROS-production or cytokine production in a
neutrophil-specific manner. Furthermore, understanding and
testing the role of cell-cell interactions between Cyt-PMNs and
other myeloid cells could also clarify neutrophil function in
pulmonary Cn infection. Beyond known pro-inflammatory
cytokines such as IL-1a (Il1a) and TNFa (Tnf), we also found
that both Ox-PMN and Cyt-PMN are predicted to interact with
other myeloid cells through expression of PD-L1 (Cd274), VEGFa
(Vegfa), and CSF1 (Csf1). These factors are relatively uncharacterized
in neutrophils, and elucidating their roles is a novel area for
investigation in neutrophil biology more broadly.

In this study, we developed a hypothesis that acute pulmonary
Cn infection leads to distinct neutrophil activation states, which
is exampled by a division of labor between ROS-producing Ox-
PMN and cytokine-producing Cyt-PMN. In addition to
proposing specific testable questions for investigation of
neutrophils in Cn infection, it will also be important to
understand whether this form of neutrophil heterogeneity is
broadly relevant in fungal infections. In summary, our in-depth
analysis of single-cell RNA sequencing of lung neutrophils
provides both a detailed reference and theoretical model to
guide new studies of neutrophil function in Cn infection.
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LIMITATIONS OF STUDY

In this Hypothesis and Theory article, we analyzed single-cell
transcriptional heterogeneity of neutrophils in acute Cn pulmonary
infection and developed a theoretical framework for future
investigation of neutrophil function during Cn infection. We
acknowledge that we used three pooled mice per group for analysis
without distinguishing intra-vascular from extra-vascular neutrophils
in the lung. Our findings are limited to the 9-hpi timepoint. Future
studies using multiple timepoints during infection, as well as
validation of neutrophil phenotypes and functions, would be
valuable to characterize the full dynamics of immune cell
transcriptional heterogeneity in pulmonary Cn infection.
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Clinical presentations of COVID-19 are highly variable, yet the precise mechanisms that
govern the pathophysiology of different disease courses remain poorly defined. Across the
spectrum of disease severity, COVID-19 impairs both innate and adaptive host immune
responses by activating innate immune cell recruitment, while resulting in low lymphocyte
counts. Recently, several reports have shown that patients with severe COVID-19 exhibit
a dysregulated myeloid cell compartment, with increased myeloid-derived suppressor
cells (MDSCs) correlating with disease severity. MDSCs, in turn, promote virus survival by
suppressing T-cell responses and driving a highly pro-inflammatory state through the
secretion of various mediators of immune activation. Here, we summarize the evidence on
MDSCs and myeloid cell dysregulation in COVID-19 infection and discuss the potential of
MDSCs as biomarkers and therapeutic targets in COVID-19 pneumonia and
associated disease.

Keywords: COVID-19, immunology, immunity, MDSC, biomarkers
INTRODUCTION

It has been more than a year since the initial reports of an outbreak of pneumonia in the Hubei
province of China, and the subsequent identification of a novel betacoronavirus severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2) infection as the cause for the coronavirus
disease 2019 (COVID-19) (1). During this time, despite global efforts for containment and the
declaration of a pandemic on March 2020, there have been more than 126 million confirmed cases
of COVID-19 worldwide, and over 3.5 million deaths reported to the World Health
Organization (2).

Patients with SARS-CoV-2 infection can experience a range of clinical manifestations, from no
symptoms to severe pneumonia, respiratory and/or multiple organ failure (1, 3, 4). Increasing
evidence suggests that the immune response to SARS-CoV2 plays a critical role in the pathogenesis
of COVID-19 disease. On one end of the spectrum, SARS-CoV-2 can disrupt normal immune
responses, resulting in uncontrolled inflammation in severe and critical patients with COVID-19
(5). Specifically, lung infiltration and activation of pro-inflammatory myeloid cells such as
monocytes, macrophages and neutrophils, is thought to play a key role in the cytokine storm
syndrome and the hyper-inflammatory response observed in severe cases (6–8). On the other hand,
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adaptive immune responses elicited by emerging COVID-19
vaccines have shown to be highly protective against severe
disease and mortality (9).

Understanding the immunopathology of SARS-CoV-2 can be
harnessed for the identification of novel biomarkers for disease
progression, as well as potential therapeutic targets for COVID-
19. In this review, we summarize the characteristics of COVID-
19 related dysregulation of the myeloid cell compartment, and
discuss their potential use as biomarkers and future targets for
therapeutic intervention.
MDSC DEFINITION AND FUNCTIONALITY

Myeloid-derived suppressor cells (MDSCs) are defined as innate
bone-marrow-derived immune cells suppressing effector T cell
responses (10). MDSCs are a heterogeneous population mainly
composed of two distinct subtypes, neutrophilic/granulocytic
MDSCs (PMN-/G-MDSCs) and monocytic MDSCs (M-
MDSCs) (10, 11). Differences compared to terminally
differentiated granulocytes and monocytes respectively have
been previously described in detail (11) but also key differences
are summarized in Table 1. While initial investigations focused
on T cells as targets of MDSC-mediated suppression, subsequent
studies expanded this concept by showing that MDSCs are able
to regulate a broad variety of adaptive (T cells, B cells) and innate
(natural killer cells, macrophages, dendritic cells) immune cells
(12, 13). Beyond dampening immune cell functionalities, MDSCs
were further found to promote the development of regulatory T
cells (14) and regulatory B cells (15). The effector mechanisms
employed by MDSCs to control immune cell subsets depend on
the MDSC subtype with PMN-MDSCs mainly use reactive
oxygen species (ROS) and arginase I, whereas M-MDSCs use
inducible nitric oxide synthase (iNOS) and arginase I to dampen
bystander cells. In addition to these major suppressive
mechanisms, other immuno-modulatory MDSC functions have
been reported, including secretion of anti-inflammatory
mediators such as interleukin-10 (IL-10), transforming growth
factor beta (TGF-b) or Prostaglandin E2 (PGE2) or the
Frontiers in Immunology | www.frontiersin.org 216
tryptophan/kynurenine pathway through Indoleamine 2,3
dioxygenase (IDO) (12, 13, 16).

While MDSCs were discovered in malignant diseases and the
majority of studies assessed MDSCs in cancer conditions, emerging
evidence shows that MDSCs are more diverse and are involved in
inflammation, autoimmunity and infection (17). The factors
inducing MDSC accumulation and suppressive function in these
disease contexts remain only partially defined, but probably include
a variety of microenvironmental factors including hypoxia,
Granulocyte- and Granulocyte-Macrophage Colony Stimulating
Factor (G-/GM-CSF), IL-6, Tumor necrosis factor alpha (TNF-a),
Vascular Endothelial Growth Factor (VEGF), IL-1b and other
cytokines, chemokines, damage-associated molecular patterns
(DAMPs) and alarmins, such as High mobility group box protein
1 (HMGB1) or S100A8/9 (Calprotectin), checkpoint regulators,
such as PD-1/PD-L1 and pathogen-associated molecular patterns
(PAMPs), such as flagellin (12, 13, 16, 18, 19). At the transcriptional
level, signaling through the transcription factors signal transducer
and activator of transcription 3 (STAT3) and STAT5 are key for
MDSC expansion (18) (Figure 1) whereas transcriptional regulators
such as the Inhibitor of Differentiation 1 (Id1) have also been
implicated in MDSC expansion (20).

MDSCs were studied in bacterial, viral, parasitic and fungal
infections (21). Most so far studied infectious disease settings
provided evidence for the accumulation of MDSCs in the
peripheral blood and/or the affected tissue, yet the functional
role of MDSCs has been reported as both detrimental by
downregulating host defense or beneficial by dampening
excessive infection-associated inflammation (or other less-
defined mechanisms). In some infection models, the protective
vs. harmful role of MDSCs is rather complex and depends on the
animal species/model system used, the stage of disease, and the
ratio/balance between pathogens, T cells and MDSC (21–23).
Another layer of complexity in host-pathogen interactions is
added by the fact that MDSCs as phagocytes can directly act anti-
microbial or can be exploited by intracellular pathogens as
survival niche. With regards to viral infections, most evidence
for MDSC involvement exists for hepatitis B/C (HBV/HCV),
human immunodeficiency virus-1 (HIV-1), herpes simplex virus
(HSV) or influenza with indications that chronic, rather than
acute viral infections induce MDSC expansion (24–26).
Intriguingly, MDSC expansion in chronic HCV infection was
shown to favor viral persistence (27), whereas in HBV infection
MDSC were linked to a protective role by ameliorating hepatic
tissue damage (28). In HIV infections, high numbers of MDSC
were reported that correlated positively with viral loads,
negatively with CD4+ T cell numbers and dropped upon
antiviral therapy (29).
IMMUNOLOGICAL ASPECTS OF COVID-19

Despite a rapidly increasing number of publications on COVID
immunopathogenesis, the precise mechanisms that govern the
pathophysiology of the different disease courses of COVID-19
remain poorly defined owing to the complex multi-organ, co-
TABLE 1 | Differences between MDSCs and other myeloid cells*.

Proposed
differences between
monocytes and M-
MDSC

• Suppressive function
• Reduced HLA-DR expression
• Increased iNOS expression
• Increased ARG1 expression
• Increased pSTAT3 expression
• Reduced IRF8 expression
• Increased cEBP/b expression
• Increased S100A8/9 expression
• Increased IL-4R (CD124) expression

Proposed
differences between
neutrophils/
granulocytes and
PMN-MDSC

• Suppressive function
• Density (Ficoll gradients)
• Increased ROS expression
• Increased ARG1 expression
• Increased CD33 & CD66b expression
*non-exhaustive list.
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morbidity-, age- and gender-dependent host and evolving viral
nature of this condition. Peripheral blood immune signatures
across COVID-19 patients revealed changes in both the innate
and adaptive arm of immune responses, particularly in B and
myelomonocytic cell composition, profoundly altered T cell
phenotypes and selective cytokine/chemokine upregulation and
SARS-CoV-2-specific antibodies (30). While most studies
focused their attention on T cells, more comprehensive
immune profiling approaches found that in severe cases the
number of T and B lymphocytes, dendritic cells, natural killer
(NK) cells, and HLA-DRhigh expressing cells were found to be
substantially decreased in COVID-19 disease (31). High-
dimensional flow cytometry-analysis focusing on mononuclear
phagocyte (MNP) lineages in SARS-CoV-2-infected patients
with moderate and severe COVID-19 identified a
redistribution of monocyte subsets toward intermediate
monocytes and a general decrease in circulating DCs, which
coincided with the appearance of MDSCs and a higher frequency
of pre-DC2. Furthermore, the presence of a MNP profile was
associated with a cluster of COVID-19 non-survivors (32).
Frontiers in Immunology | www.frontiersin.org 317
Innate immune sensing serves as the first line of antiviral
defense and is essential for immunity to viruses. Coronaviruses
(CoVs) have evolved several mechanisms to inhibit IFN-I
induction and signaling, e.g. suppression of MAV signaling
(33, 34). Patients with severe COVID-19 demonstrate
remarkably impaired IFN-I signatures as compared to mild or
moderate cases and fail to elicit an early IFN-I response (35–37).
Perhaps timing is key, as IFN is protective early in disease but
later becomes pathogenic. Furthermore, while pathogenic CoVs
block IFN signaling, they may actively promote other
inflammatory pathways contributing to disease pathology.
Among innate immune cells, particularly neutrophil counts
were found to be significantly elevated in patients with
COVID-19 and correlated with disease severity (38–40). An
elevated neutrophil-to-lymphocyte ratio has been further
suggested as clinical marker for predicting fatal complications
related to Acute Respiratory Distress Syndrome (ARDS) in
patients with COVID-19 (38). Increased production of pro-
inflammatory cytokines and MDSCs inversely correlated with
perforin-expressing NK and CD3+ T cells during disease
FIGURE 1 | Mechanisms of MDSC-induced immune suppression and development of hyper-inflammation activation in COVID-19. Several mechanisms likely
contribute to the MDSC-induced immune suppression and development of hyper-inflammation activation seen in patients with COVID-19. Delayed production
of type I interferon leading to enhanced release of monocyte chemoattractants by alveolar epithelial cells leading to sustained recruitment of MDSCs into the lungs.
TGFb and IL-10 release by MDSCs can induce further inflammatory programs in resident (M2) macrophages while recruiting inflammatory monocytes, as well as
granulocytes and lymphocytes from circulation. Signaling through activation of Janus kinase (JAK)–signal transducer and activator of transcription (STAT) pathways
is necessary for MDSC expansion. Increased HIF1a expression can induce the transcription of inflammation related genes. The effector mechanisms employed
by MDSCs to control immune cell subsets depend on the MDSC subtype with PMN-MDSCs mainly use reactive oxygen species (ROS) and arginase I, whereas
M-MDSCs use inducible nitric oxide synthase (iNOS) and arginase I to dampen bystander cells. Increased PDL1 expression on recruited macrophages and MDSCs
can directly decrease antigen-specific T-cell activation through interactions with the PD-1 receptor on T-cells. Increased signaling through the Galectin-9 and Tim-3
pathway can lead to the inhibition of Th1 or CD8+ T cell responses. Increased production of TGFb, ROS and L-arginine production by MDSC can inhibit the
function of NK and CD8+ T cells during disease progression. Activated MDSCs contribute to the COVID-19 cytokine storm by releasing high amounts of
pro- inflammatory cytokines.
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progression (38, 39, 41). An early elevation in cytokine levels was
associated with a maladapted immune response profile and
worse disease outcomes (42). Elevated levels of cytokines, such
as IP-10/CXCL10, interleukin-10 and interleukin-6, were shown
to predict subsequent clinical progression (30).

There is increasing evidence to suggest that distinct innate
immune responses, specifically, underlie the different clinical
trajectories of COVID-19 patients and that the hyperinflammatory
syndrome in severe COVID-19 results from a dysregulated host
innate immune response (43). Transcriptomic, epigenomic, and
proteomic analyses revealed widespread dysfunction of peripheral
innate immunity in severe and fatal COVID-19, with the most
profound disturbances including a prominent neutrophil hyper-
activation signature and monocytes with anti-inflammatory features
(7, 44, 45). Several studies have identified emergency myelopoiesis as
a hallmark of severe or fatal COVID-19 (7, 45–47). Collectively,
COVID-19 dysregulates both the innate and the adaptive immune
system with a decrease of adaptive T cells and an increase of innate
immune cell populations. However, the inter-connectedness of innate
and adaptive immune changes remained largely elusive. Very recent
studies provide evidence that MDSCs could represent that missing
link as discussed below in detail.
MDSCs IN COVID-19

As outlined above, MDSCs are innate immune cells regulating
(mostly downregulating) adaptive immune responses. MDSC
activity can be enhanced by malignant or infectious triggers as
described for a variety of viral, bacterial and fungal infections.
Several recent reports have shown that patients with severe
COVID-19 exhibit a dysregulated myeloid cell compartment,
with increased MDSC levels and activity correlating with disease
severity. In mild COVID-19 disease course, studies have reported
an increase in HLA-DRhiCD11chi inflammatory monocytes with
an interferon-stimulated gene signature, indicative of terminally
differentiated monocytes, whereas severe COVID-19 was
characterized by a lack of type I IFNs, high levels of HLA-
DRlow classical monocytes and CD10lowCD101-CXCR4+/-

neutrophils with an immunosuppressive profile in blood and
lungs of severe cases, suggestive of emergency myelopoiesis (7,
47–50).

In severe COVID-19 patients with ARDS an increased ratio of
MDSC to CD8 effector memory T cell was observed compared to
patients hospitalized for COVID-19 moderate pneumonia, with
COVID-19-related MDSC expansion directly correlating with
lymphopenia and enhanced arginase activity (51). Marked
expansion of MDSCs was observed, up to 90% of total
circulating mononuclear cells in patients with severe disease,
and up to 25% in the patients with mild disease with frequency
decreasing with recovery (52). Granulocytic (neutrophil,
eosinophil, and basophil) markers were enriched during
COVID-19 and discriminated between patients with mild and
severe disease, suggestive of PMN-MDSC activity (53). Increased
counts of CD15+CD16+ neutrophils, decreased granulocytic
expression of integrin CD11b, and Th2-related CRTH2
Frontiers in Immunology | www.frontiersin.org 418
downregulation in eosinophils and basophils established a
COVID-19 signature. Severity was also associated with
emergence of PD-L1 checkpoint expression in basophils and
eosinophils (53).

In summary, COVID-19 patients show a shift towards an
immature myeloid cell profile in peripheral blood together with
mature monocytes and segmented neutrophils, likely the result
of emergency myelopoiesis in response to the significantly
elevated levels of cytokines and other pro-inflammatory
mediators in these patients. As myeloid cells are the main
immune cell subsets associated with severe COVID-19,
identification of their inflammatory and chemotactic gene
signatures could be of potential prognostic as well as
therapeutic relevance (54).
MDSCs AS POTENTIAL BIOMARKER
IN COVID-19

There is compelling evidence that primarily PMN-MDSC (55)
but also M-MDSC subtypes accumulate in COVID-19 patients
and are associated with distinct gene and protein signatures.
Given the increase of circulating MDSCs in COVID-19 and a
correlation with disease outcome, an obvious clinical implication
is to consider their utilization as biomarkers of immune
dysregulation in COVID-19.

PMN-MDSC expanded during COVID-19 in patients who
required intensive care treatments, and correlated with IL-1beta,
IL-6, IL-8, and TNF-alpha plasma levels (55, 56). The expression
of lectin-type oxidized LDL receptor 1 (LOX-1) on PMN-MDSC,
in particular, has been proposed to identify a subset of MDSCs
with the most potent immunosuppressive properties, the
elevation of which, was found to be more pronounced in
patients with ARDS (57). Furthermore, a marked increase in
Hexokinase II+ PMN-MDSC was found exclusively in the acute
COVID-19 patients with moderate or severe disease (58). PMN-
MDSC inhibited T-cell IFN-gamma production upon SARS-
CoV-2 peptides stimulation, through TGF-beta- and iNOS-
mediated mechanisms, possibly counter-acting virus
elimination (55). An observed MDSC decline at convalescent
phase was associated to a reduction in TGF-beta and to an
increase of inflammatory cytokines in plasma samples (52).
Finally, a multivariate regression analysis found a strong
association between PMN-MDSC percentages and fatal disease
outcome and PMN-MDSC frequencies were higher in non-
survivors than survivors (55).

M-MDSCs were also found to expand in blood of COVID-19
patients, suppress T cells and strongly associate with disease
severity. More specifically, a population of M-MDSC expressing
high carnitine palmitoyltransferase I (CPT1a) and VDAC, were
present in the PBMC of the acute COVID-19 patients and
correlated with severity of disease (58). Furthermore, M-MDSC
frequencies were elevated in blood but not in nasopharyngeal or
endotracheal aspirates of COVID-19 patients compared to
controls (59). M-MDSCs isolated from COVID-19 patients
suppressed T cell proliferation and IFN-gamma production
June 2021 | Volume 12 | Article 697405
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partly via an arginase-1 (Arg-1) dependent mechanism.
Furthermore, these patients showed increased Arg-1 and IL-6
plasma levels. COVID-19 patients had fewer T cells, and
displayed downregulated expression of the CD3zeta chain (59).
In related studies, T cell proliferative capacity in vitro was
significantly reduced among COVID-19 patients and could be
restored through arginine supplementation (51).

Single-cell RNA sequencing (scRNAseq) data from
bronchoalveolar lavage (BAL) also revealed the presence of
neutrophils and macrophages as a hallmark of severe COVID-
19 (54). Among the identified gene signatures, IFITM2, IFITM1,
H3F3B, SAT1, and S100A8 gene signatures were highly
associated with neutrophils, while CCL8, CCL3, CCL2, KLF6,
and SPP1 were associated with macrophages in severe-COVID-
19 patients. These findings are in agreement with high levels of
calprotectin (S100A8/S100A9) found in plasma of severe cases
(47). Genes associated with the inflammatory response and
chemotaxis of myeloid cells, phagocytes, and granulocytes were
among the top activated functional categories in BAL from
severe COVID-19-affected patients (54). A lack of type I IFNs,
reduced HLA-DR in myeloid cells and transient expression of
IFN-stimulated genes characterized the transcriptome of patients
with severe COVID-19 (50). Similarly, in a meta-analysis of
transcriptomic data, the upregulation of the monocytic
compartment in severe COVID-19, was dependent on the
cytokines IL-6 and IL-10, and was characterized by broadly
immunosuppressive properties and decreased responsiveness to
stimulation (46). Myeloid cells of severe patients showed higher
expression of pro-inflammatory cytokines and chemokines such
as CXCL8 (60).

ScRNAseq profiling was further used to characterize the
PBMC compartment of uninfected controls and COVID-19
patients and cells in paired broncho-alveolar lavage fluid
(BALF) (61). A close association of decreased DCs and
increased monocytes resembling MDSCs, correlated with
lymphopenia and inflammation in the blood of severe COVID-
19 patients. Those MDSC-like monocytes were characterized as
‘immune-paralyzed’. In contrast, monocyte-macrophages in
BALFs of COVID-19 patients produced massive amounts of
cytokines and chemokines, but secreted little interferons (61). In
similar meta-analyses, an overall upregulation of immuno-
inhibitory receptors mRNA during SARS-CoV-2 infection,
expressed on both lymphoid and myeloid cells were
upregulated in nasopharyngeal swabs and autopsies (e.g.
BTLA, LAG3, FCGR2B, PDCD1, CEACAM1, CTLA4, CD72,
and SIGLEC7), also directly correlated with viral levels (62).
Integration of plasma proteomics with nine published scRNAseq
datasets also revealed that disease severity in lung tissue is driven
by myeloid cell phenotypes and cell-cell interactions with lung
epithelial cells and T cells. Epithelial damage more specifically
was associated with neutrophil infiltration (63).

Immature myeloid subsets and bronchoalveolar cells of
critically-ill COVID-19 patients have been found to express
HIF1alpha, a critical regulator of the differentiation and
function of MDSCs, and transcriptional targets related to
Frontiers in Immunology | www.frontiersin.org 519
inflammation (CXCL8, CXCR1, CXCR2, and CXCR4); virus
sensing, (TLRs); and metabolism (SLC2A3, PFKFB3, PGK1,
GAPDH and SOD2) (64). The up-regulation and participation
of HIF1alpha in events such as inflammation and
immunometabolism make it a potential biomarker of COVID-
19 severity. HIF1alpha and its transcriptionally regulated genes
are also expressed in lung cells from severe COVID-19 patients,
which may partially explain the hypoxia related events (64).

Calprotectin (S100A8/9) plasma level and a routine flow
cytometry assay detecting decreased frequencies of non-
classical monocytes have been shown to discriminate patients
who develop a severe form of COVID-19, suggesting a
prognostic value that deserves prospective evaluation (47).
Elevated S100A-family alarmins in myeloid cells and marked
enrichment of serum proteins that map to myeloid cells and
pathways including cytokines, complement/coagulation, and
fluid shear stress were also identified in pediatric MIS-C
patients even in the absence of active infection (65). Soluble
triggering receptor also expressed on myeloid cells had the best
prognostic accuracy for 30-day intubation/mortality (66).

In summary, various observational retrospective
investigations suggest that MDSCs, their subsets or MDSC-
related markers and signatures (Figure 1) could serve as
biomarkers for severe COVID-19 (Summarized in Table 2),
yet prospective and multi-center biomarker-focused studies are
required to (i) standardize MDSC assays used and (ii) define the
prognostic and/or, if linked to therapeutic treatments, the
predictive biomarker potential of MDSCs in COVID-19.
MDSCs AS POTENTIAL THERAPEUTIC
TARGET IN COVID-19

Given the emerging role of MDSCs in COVID-19, another
consequent question is how to therapeutically exploit and
target this cell population. Based on insights from other, more
established disease areas, such as oncology, therapeutic targeting
of MDSCs can be achieved through different routes (16, 67): (i)
drugs forcing MDSC differentiation into mature cells (e.g.
vitamin D3 or retinoic acid), (ii) drugs inhibiting MDSC
maturation from cellular precursors (e.g. bevacizumab, tyrosine
kinase inhibitors, STAT3 inhibitors, MMP9 inhibitors), (iii)
drugs reducing MDSC accumulation in peripheral organs (e.g.
CXCR2/CXCR4 antagonists, 5-Flurouracil, Gemcitabine) or (iv)
drugs affecting MDSC inhibitory functions (ROS scavengers,
cyclooxygenase 2 (COX2) or phosphodiesterase type 5 (PDE5)
inhibitors). Prostaglandin D2 (PGD2) has been proposed a key
meditator of lymphopenia in COVID-19 and is known to
upregulate M-MDSCs via the DP2 receptor signaling in group
2 innate lymphoid cells (ILC2). Targeting PGD2/DP2 signaling
using a receptor antagonist such as ramatroban could be used in
immunotherapy for immune dysfunction and lymphopenia in
COVID-19 disease (68).

Alarmin S100A8 was robustly induced in SARS-CoV-2-
infected animal models as well as in COVID-19 patients.
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Paquinimod, a specific inhibitor of S100A8/A9, could rescue the
pneumonia with substantial reduction of viral loads in SARS-
CoV-2-infected mice (69). A group of neutrophils that
contributes to the uncontrolled pathological damage and onset
of COVID-19 was induced by coronavirus infection.
Paquinimod treatment could reduce these neutrophils and
regain anti-viral responses, unveiling key roles of S100A8/A9
and aberrant neutrophils in the pathogenesis of COVID-19 and
highlighting new opportunities for therapeutic intervention (69).

Therapeutic strategies targeting the migration/recruitment of
myeloid cells from bone marrow as mentioned above could be
considered for the treatment of COVID-19 induced hyper-
inflammation and immune dysregulation (39). Inhibitors of
CXCR2 or CCR2 and CCR5 may be able to reduce mobilization
and migration of MDSC from the bone marrow to the circulation
(70, 71). Following compassionate care treatment with the CCR5
blocking antibody leronlimab, a rapid reduction of plasma IL-6,
restoration of the CD4/CD8 ratio, and a significant decrease in
SARS-CoV-2 plasma viremia was observed. Consistent with
reduction of plasma IL-6, single-cell RNA-sequencing also
revealed declines in transcriptomic myeloid cell clusters
expressing IL-6 and interferon-related genes (72).

Given the expression of inhibitory receptor upregulation
observed in a variety of cell subsets during the progression of
COVID-19 (62), targeting immuno-inhibitory receptors could
also represent an effective therapeutic approach for the treatment
of COVID-19 early and reversal of late immune dysregulation
and suppression (73). Finally, reprogramming MDSCs by
targeting immunometabolism and epigenetics may also holds
promise in resolving lung inflammation associated with COVID-
19 (74). As patients with severe COVID-19 have an increased
inflammatory response that depletes arginine, and subsequently
impairs T cell function, inhibition of arginase-1 and/or
replenishment of arginine may be a potential future
therapeutic approach in preventing/treating severe COVID-19
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(75). Furthermore, the fatty acid transport protein 2 (FATP2),
responsible for the uptake of arachidonic acid and for the
subsequent synthesis of PGE2 was identified as a regulator of
the suppressive functions of PMN-MDSCs (76). IDO dependent
tryptophan metabolism is another pathway used by MDSCs to
inhibit immune responses (77). Targeting metabolic mediators
as FATP2 or enzymes such as IDO may be able to reverse MDSC
induced suppression of virus-specific T-cell responses seen in
severe COVID-19 cases.

Regarding potential targeting of MDSCs in COVID-19, it is
essential to define the disease stage and disease severity level
where such a therapeutic approach might have the greatest
potential and would be beneficial rather than harmful to
disease outcome. This consideration is key, as, in analogy to
other viral infections (24–26). MDSCs may play a pathogenic or
protective role depending on the time-course, pathogen load and
severity of the individual disease condition. Given the COVID-
19-associated lymphopenia, MDSCs were proposed as causal
culprits to decrease T cells and thereby impair T cell-mediated
host defense (Figure 1). On the other hand, MDSCs are capable
of dampen overshooting tissue inflammation and might be
beneficial at certain stages of disease. Therapeutic targeting
would make sense at stages where MDSCs cause more harm
than good and it is key to first identify those stages precisely.
CONCLUSIONS

COVID-19 activates the innate immune system and suppresses
adaptive T cell responses. MDSCs are key cellular players
connecting innate and adaptive immunity. Both M-MDSCs
and PMN-MDSCs accumulate in patients with COVID-19 and
reflect disease outcome, but what does this mean for the future of
COVID-19 diagnosis, monitoring and treatment? Currently,
TABLE 2 | Candidate myeloid biomarkers associated with COVID-19 disease severity.

Proposed Biomarker Description of COVID-19 related findings References

Neutrophil-to-lymphocyte ratio Increased with severity (38–40)
Predicting ARDS complications

MDSC to T-cell and NK-cell ratios Increased with severity (38, 39, 41, 51)
IP-10/CXCL10, interleukin-10 and interleukin-6 Increased with severity (30)

Prognostic markers
HLA-DRhigh expressing cells Decreased with disease severity (31)
IFN-I signature Downregulated with severity (35–37)
HLA-DRlow classical monocytes Increased with severity (7, 47–50)
CD10lowCD101-CXCR4+/- neutrophils Increased with severity (7, 47–50)
LOX-1 on PMN-MDSC Increased with ARDS (57)
Hexokinase II+ PMN-MDSC Increased with severity (58)
CD15+CD16+ CD11blow neutrophils Increased with severity (53)
TGF-beta plasma levels Increased with severity (52)

(55)
Arg-1 and IL-6 plasma levels Increased with severity (59)
M-MDSC expressing high CPT1a and VDAC Increased with severity (58)
HIF1-alpha expression Upregulation with severity (64)
Calprotectin (S100A8/9) plasma level Prognostic marker for severe disease (47)
Soluble triggering receptor Prognostic marker for intubation/mortality (66)
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inflammation, cell-death- and coagulation-associated serum
proteins such as CrP, LDH and IL-6 as well as D-Dimers are
used to characterize COVID-19 severity and disease progression
clinically; it remains to be assessed how MDSC frequencies in
peripheral blood and/or airway fluids relate to these clinical
serum markers and whether combined/composite biomarker
scores composed of both serum proteins and cells (PMN-
MDSCs and/or M-MDSCs) could be superior than clinical
serum markers alone to monitor and predict the outcome and
treatment response in COVID-19. Targeting MDSCs as future
therapeutic approach in COVID-19 is farer away, yet could add
substantial value, particularly in combination with other
immunomodulatory drugs, such as cytokine blockers.
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Peripheral neutrophils in HIV-infected individuals are characterized by impairment of
chemotaxis, phagocytosis, bactericidal activity, and oxidative burst ability regardless of
whether patients are receiving antiretroviral therapy or not. Neutrophil dysfunction leads
not only to increased susceptibility to opportunistic infections but also to tissue damage
through the release of reactive oxygen species (ROS), proteases, and other potentially
harmful effector molecules contributing to AIDS progression. In this study, we
demonstrated high levels of histone H3 lysine K4 trimethylated (H3K4me3) and
dysregulation of DNA transcription in circulating neutrophils of HIV-infected subjects.
This dysregulation was accompanied by a deficient response of neutrophils to LPS,
impaired cytokine/chemokine/growth factor synthesis, and increased apoptosis.
Chromatin immunoprecipitation sequencing (ChIPseq) H3K4me3 histone analysis
revealed that the most spectacular abnormalities were observed in the exons, introns,
and promoter-TSS regions. Bioinformatic analysis of Gene Ontology, including biological
processes, molecular function, and cellular components, demonstrated that the main
changes were related to the genes responsible for cell activation, cytokine production,
adhesive molecule expression, histone remodeling via upregulation of methyltransferase
process, and downregulation of NF-kB transcription factor in canonical pathways.
Abnormalities within H3K4me3 implicated LPS-mediated NF-kB canonical activation
pathway that was a result of low amounts of kB DNA sites within histone H3K4me3,
low NF-kB (p65 RelA) and TLR4 mRNA expression, and reduced free NF-kB (p65 RelA)
accumulation in the nucleus. Genome-wide survey of H3K4me3 provided evidence that
org July 2021 | Volume 12 | Article 682094124
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chromatin modifications lead to an impairment within the canonical NF-kB cell activation
pathway causing the neutrophil dysfunction observed in HIV-infected individuals.
Keywords: neutrophils, human immunodeficiency virus, H3K4me3, ChIPSeq, innate immunity
ion of histone H3K4me3-marked in HIV individuals leads to impaired regulation of main cellular processes critical for
trophils. Due to the fact that the posttranscriptional modifications of H3K4me3 histone are also activated via histone
nhanced in a positive feedback loop manner and is probably irreversible.
INTRODUCTION

Neutrophils, the most abundant peripheral blood cells of the
immune system, are the first responders to most infections (1). In
response to pathogens, neutrophils migrate from the blood to the
site of microbial invasion, where their activation drives
microbicidal mechanisms such as the release of proteolytic
enzymes, antimicrobial peptides, and rapid production of
reactive oxygen species (ROS). Although neutrophils are not
the direct target of HIV, they can contribute to HIV infection
pathomechanism in diverse ways. Before the infection, the
presence of neutrophil-associated proteins and cytokines in
genital tissues was found to associate with HIV acquisition (2).
During HIV infection, these cells may, in an uncontrolled way,
release proinflammatory mediators in response to the gut
bacteria (3), a phenomenon frequently encountered in HIV
patients. In such conditions, neutrophil prompt reactions can
contribute to the permanent inflammation observed even in
patients with undetectable viral load during antiretroviral
therapy (ART) or without it (4), a phenomenon known as
microbial translocation. On the contrary, some studies
demonstrated that neutrophil involvement in HIV infection
pathogenesis was mainly associated with their low frequencies
org 225
and proapoptotic state (5), reduced antimicrobial activity (6),
and contribution to the immunosuppression by enhanced release
of amino acid depleting enzymes (7) and PD-L1 mediated
suppression of T cells (8). Enhanced immunosuppressive
activity of neutrophils in already immune deficient conditions
together with reduced antimicrobial function was related to
higher risk of the secondary infections in HIV positive patients
(9). The basis of the dual function of the neutrophils during HIV
infection have not been studied and, besides potential differences
between peripheral blood and tissue neutrophils (9, 10), it can be
a result of the specific molecular pattern of two main groups of
determinants: the transcription factors with the central role of
NF-kB in induction of a wide spectrum of proinflammatory
genes and the presence of cell type-specific patterns of genes
associated with chromatin organization (11).

The DNA is folded into nucleosomes comprising
approximately 147 bp of DNA and wrapped around a histone
octamer. Specific chromatin configuration enables diversified
access and activity of regulatory elements, which determines
unique cellular phenotypes and guarantees the plasticity of
immune cells to adequately respond to external factors (12–
14). Neutrophil nucleus is characterized by loosely arranged
chromatins, which not only allows for faster formation of
July 2021 | Volume 12 | Article 682094
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neutrophil extracellular trap (NET) cross-links at the site of
inflammation, but also easier access of transcription factors to
DNA. Although the high plasticity of the nucleus allows
neutrophils to react rapidly to invading pathogens, during
chronic inflammation, this property may be undesirable,
resulting in nonspecific activation. Therefore, analysis of the
reorganization of a ‘chromatin landscape ’ , especially
transcriptional start sites (TSSs) of inflammatory genes
associated with the activation of neutrophils, may provide a
critical advance in understanding HIV-related malfunction of
neutrophils. In humans, a strong positive correlation between
H3K4me3 and H3K27ac modification of chromatin in relation to
activation of immune cells in response to different stimuli was
revealed (15, 16). Enhancers, which are classically defined as cis-
acting DNA sequences that can increase gene transcription, are
typically located far from TSSs and are characterized by the
presence of specific post-translational modifications of H3K27ac
histones. Contrary to enhancers, TSSs are located mainly in
H3K4me3 domains (17). Rapidly activated genes are connected
with constitutively high histone H3 acetylation, while genes with
slower recruitment of NF-kB and slower kinetics are
characterized by low to undetectable baseline level of H3
acetylation. This phenomenon may be responsible for
physiologic pre-activation of leukocytes determining stronger
and more rapid reaction to pathogens during inflammation. Pre-
activation, which is well-described in macrophages, is also
observed in circulating neutrophils during inflammation.
Macrophages preactivated with IFN-g before LPS stimulation
were found to increase acetylation of ‘slow genes’ and switch
them into fast NF-kB recruitment (18). In chronic inflammation,
inadequate activation of immune cells can lead to the persistent
activation of H3K4me3 domains resulting in disease progression
(19, 20).

In this study, we used chromatin immunoprecipitation
sequencing (ChIP-Seq) analysis of H3K4me3-marked histone
to identify various TSSs associated with NF-kB-mediated
response in peripheral blood neutrophils in HIV-infected
individuals. We provide comprehensive epigenome analysis of
histone H3K4me3 modification in HIV individuals and healthy
controls. Observed differences allowed us to identify DNA
regions corresponding to pathological activation of neutrophils
in HIV-infected individuals. Specific differences within
H3K4me3-marked histone corresponded with NF-kB-
dependent gene expression as well as biological processes
corresponded with their target genes, leading together to the
decreased antimicrobial properties of neutrophils and
proinflammatory cytokine synthesis driving inflammation.
MATERIALS AND METHODS

Patients and Samples
Fourteen HIV-infected individuals (two females and 12 males;
median age 39.9) were diagnosed and recruited at the ‘Luigi
Sacco’ hospital, University of Milan. All HIV-infected
individuals were naïve to highly active antiretroviral therapy
Frontiers in Immunology | www.frontiersin.org 326
(HAART). Median Log values of viral load in these patients was
4.11 copies/uL, ranging 2.4-6.3 copies/uL, CD4+T cells absolute
counts ranged from 219 to 1115/μL, with median 514 cells/uL,
and CD4/CD8 median value was 0.48 with a range from 0.11 to
1.35. Twelve age- and gender-matched healthy controls (HC)
were recruited.

The appropriate Institutional Ethics Committee approved all
protocols and informed written consent was obtained from all
participants: HIV-infected individuals (approval number 433/
08/25/AP, Comitato Etico Locale ET/nb, Ospedale Luigi Sacco,
University of Milan) and healthy volunteers (approval number
RNN/25/15/KE, Medical University of Lodz).
Neutrophil Isolation
20 mL of the whole blood on lithium heparin anticoagulant was
collected from HIV-infected individuals and HC. Neutrophils
were purified by negative selection by microbeads, which allowed
the removal of DCs, B cells, monocytes, macrophages, activated
T cells, and activated NK cells (MACSxpress Whole Blood
Neutrophil Isolation Kit; cat. 130-104-434). Residual
erythrocytes were lysed with the use of 2mL ammonium
chloride Lysing Reagent (BD cat. 555899) for 5 minutes. The
final purity of PMN population was assessed by flow cytometry
using CD14-PE (clone M5E2), CD15-FITC (MMA), and CD16-
PECy7 (3G8, all from BD Pharmingen) mAbs. Flow cytometric
analysis of isolated populations of cells showed that the
percentage of CD15highCD16+CD14- neutrophils was >98%.
The level of contaminating CD14+CD15+ monocytes was about
0.4% and CD15+CD16- eosinophils was <0.1% after isolation
(Figure S1A in Supplementary Material). 2x106 neutrophils
were incubated without stimulation, in the presence of 100ng/
mL ultrapure LPS from E. coli (serotype R515, Alexis
Biochemicals) in RPMI 1640 for 6 h (5%CO2, 37°C, humid
atmosphere). For DNA isolation, samples of isolated neutrophils
were frozen and kept at -150°C.
Reactive Oxygen Species (ROS) Production
To avoid isolation-dependent activation of neutrophils, ROS
production was assessed by means of the whole blood luminol-
enhanced chemiluminescence (CL) using MLX Microtiter Plate
Luminometr (DYNEX, USA). The experiments were performed
in the non- and LPS-stimulated (10 ng/mL for 10 min in RT
before analysis) neutrophils (21).

The results were expressed as Relative Light Units (RLU)
corrected by the whole blood neutrophil amounts and
haemoglobin concentration according to the formula:

CL calculated = CL measured ½RLU   max�

� Hb½%�
WBC½103=100mL� � PMN½%�

WBC – white blood cell
CL – chemiluminescence
Hb – haemoglobin
PMN – polymorphonuclear leukocytes
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CD11b/CD18 Expression
200 μL isolated neutrophils (2x106 cells/mL in PBS) were
incubated at RT with conjugated monoclonal antibodies: anti-
CD11b-PE (ICRF44, BD) and CD18-FITC (L130, BD). After 30
minutes of incubation and rinsing, the samples were fixed with
1% paraformaldehyde and analyzed (LSRII, BD).

Immunocytochemical Analysis (ICC)
For ICC analysis, neutrophils were transferred to gelatin-coated
microscope slides by cytospin (300xg, 10 min) and fixed with 4%
formaldehyde solution for 20 min at RT. Fixed cells were washed
with PBS and blocked with 10% rabbit blocking serum (Santa
Cruz Biotechnology, Dallas, TX, USA) supplemented with 3%
TritonTM X-100 (Sigma-Aldrich, St. Louis, MO, USA) for
45 min at RT. Next, they were washed and double stained for
NF-kB/IkB, H3K4me3/NF-kB, AnnexinV/Caspase3, or
H3K4me3/H3Ac. Anti-H3K4me3 (2 μg/mL, clone CMA304,
mouse, cat 05-1339 Millipore, Temecula, USA), Anti-H3Ac
(Lys4, rabbit, cat 08-539 Millipore, Temecula, CA, USA), anti-
NFkB p65 (RelA) (1:100, C-20, rabbit, cat. sc-372, Santa Cruz
Biotechnology, Dallas, TX, USA), anti-NFkB p65 (RelA) (1:100,
F6, mouse, cat. sc-8008, Santa Cruz Biotechnology, Dallas, TX,
USA), anti-IkB (1:100, H4, mouse, cat. sc-1643, Santa Cruz
Biotechnology, Dallas, TX, USA), Annexin V (1:100, H-3,
mouse, cat. sc-74438, Santa Cruz Biotechnology, Dallas, TX,
USA), anti-Caspase 3 (2 μg/mL, 9H19L2, rabbit, cat. 700182,
Invitrogen, USA), and rat IgG2b kappa (eB149/10H5
eBioscience) as negative isotype control, were used. All
antibodies were suspended in PBS supplemented with 1.5%
blocking rabbit serum and 0.3% Triton X-100, 0.01% sodium
azide, and incubated overnight at 4°C. Cells were washed and
secondary fluorescent Abs were added for 1h at RT: goat pAb to
mouse TR (5 μg/mL, cat. T862, Invitrogen, USA)with goat pAbs to
rabbit FITC (2 μg/mL, cat. F2765, Invitrogen, USA) or goat pAb
to mouse FITC (1:100, cat. ab97239, Abcam) with goat pAbs to
rabbit TR (4mg/mL, cat. T-2767, Invitrogen,USA). For nucleiDNA
staining, DAPI (1.5 μg/mL UltraCruz Mounting Medium, Santa
Cruz Biotechnology, Dallas, TX, USA) was used. The confocal laser
scanning microscopy platform TCS SP8 (Leica Microsystems,
Germany) with the objective 63×/1.40 (HC PL APO CS2, Leica
Microsystems, Germany) was used for microscopic imaging. Leica
Application Suite X (LAS X, Leica Microsystems, Germany) was
used for cell imaging. Fluorescence intensity was determined as the
arbitrary units (a.u.) of the sum of the fluorescence from all
segments divided by the number of segments. The average
fluorescence was calculated using at least 100 single cells for each
sample. The level of baseline fluorescence was established
individually for each experiment. Nonspecific fluorescence (signal
noise) was electronically diminished to the level where nonspecific
signal was undetectable (22). ICC data were additionally presented
as the values of overlap coefficient that indicates the overlap of the
fluorescence signals between the channels FITC, TR, and DAPI
(nucleus). It was calculated as the mean value from every single
Region of Interest (ROI) using Leica Microsystem (LAS - X, ver.
3.7.020979 software, Leica, Germany). The overlap coefficient
ranges from 0 (no co-localization) to 1 (complete co-localization).
Frontiers in Immunology | www.frontiersin.org 427
Chromatin Immunoprecipitation (ChIP)
Cells were cultured in T75 Nunc flasks in RPMI medium for 8h.
ChIP was carried out in neutrophils according to the manual for
Magna ChIP™ A/G Chromatin Immunoprecipitation Kit (Merck
Millipore, cat.17-1010). Cells were fixed with 1% formaldehyde in
RPMI solution for 10 min. at RT, which was quenched with 10x
glycine in 5-minute incubation at RT to stop the fixation. After
washing with cold PBS, cells were treated sequentially with 1x
Protease Inhibitor Cocktail II, Lysis Buffer with Protease Inhibitor
Cocktail II, and Protease Inhibitor Cocktail II with Nuclear Lysis
Buffer. Next, supernatant was carefully removed and the cell pellet
was resuspended in Nuclear Lysis Buffer. Sonication (10 cycles;
30sec. “ON” 30sec. “OFF”) was done using Bioruptor® Pico
Sonicator (Diagenode, Belgium). The obtained chromatin was
spun at a minimum of 10,000 x g at 4°C for 10 minutes to
remove insoluble material. Each immunoprecipitation required
the addition of Dilution Buffer and Protease Inhibitor Cocktail II.
25 μL of the diluted chromatin as ‘Input’ was saved at 4°C for
further proceeding. Chromatin immunoprecipitation was
performed with the use of a set of antibodies: Normal mouse
IgG (negative control), anti-RNA Polymerase II (clone CTD4H8)
as positive control, and anti-trimethyl-Histone H3 (Lys4)
(MC315, Merck Millipore, cat. 04-745) mAbs. Both antibodies
were recommended for the use in ChIP-Seq technique (23).
Immunoprecipitation reactions were incubated overnight at 4°C
with rotation. DNA was eluted with the use of ChIP Elution
Buffer/RNase A mixture and purified using spin columns. The
DNA concentrations of obtained samples were measured by Qubit
4 Fluorometer (ThermoFisher Scientific).

Library Preparation and NGS Sequencing
Double-stranded DNA was generated from a single-stranded
fraction of ChIPed DNA using NEBNext® Ultra™ II Non-
Directional RNA Second Strand Synthesis Module (E6111S,
New England Biolabs). Reaction was carried out in the
presence of random primers from NEBNext® RNA First
Strand Synthesis Module (E7525, New England Biolabs).
Libraries for sequencing were prepared using NEBNext®

Ultra™ II DNA Library Prep Kit for Illumina® (E7645L, New
England Biolabs). Single-end sequencing with read length of 75
bases (SE75) was performed with NextSeq550 (Illumina) in order
to obtain at least 20 million reads per sample that could be
mapped to the human genome (24). ChIPseq library quality
control analysis is presented in Supplementary Materials
(Figure S1B).

Bioinformatic Methodology of the
ChIPseq Analysis
In the first stage, the quality of the raw sequence reads was
checked using the FASTQC software (version: 0.11.8). Next, all
reads were subjected to the adapter and quality filtering
(minimum quality (-q 25), minimum length (-m 15)) using the
Cutadapt tool (version: 1.18) in NextSeq reads mode. Trimmed
reads were aligned to the reference genome (GRCh38) using the
Bowtie2 (version: 2.2.9) in the single-end mode. Duplicated
reads were located and tagged using the Picard MarkDuplicates
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tool (version: 2.18.4). Reads with low mapping quality score
(MAPQ <10) were removed from downstream analysis with the
Samtools software (version: 1.6). Protein binding sites
identification in the previously prepared BAM files was
performed with the MACS2 (Model-based Analysis of ChIP-
seq) software (version: 2.1.0) in narrow peak mode (25).
Subsequently, identified peaks were annotated using
annotatePeaks.pl from Homer software (version: 4.11.1, hg38
annotation library). Additionally, a functional enrichment
analysis for various categories (e.g. gene function, biological
pathways, domain structure, etc.) was executed (26). To find
enriched motifs in ChIPseq peaks the findMotifsGenome.pl
program from Homer software (version: 4.11.1) was used.
The quantitative assessment of ChIPseq quality was checked
applying the ChIPQC package (version: 1.21.0) from R
Bioconductor (version: 3.6.0) (Figure S1C in Supplementary
Material). Differentially enriched sites between two
experimental conditions were identified using the DiffBind
package (version: 2.12.0) from R Bioconductor (version: 3.6.0).

Human Chemokine Multiple
Profiling Assays
Chemokine and cytokine concentrations in neutrophil culture
supernatants were measured using Bio-Plex Pro™ Human
Chemokine Assays (Bio-Rad Laboratories). Standards and
samples were diluted (1:4) in sample diluent and transferred to
the plate containing magnetic beads for 1h at RT. The plate was
washed (3x) and detection antibody was added for 30 min on a
shaker (850 rpm) at RT. After that, the plate was washed (3x) and
streptavidin-PE solution was added for 10 min. Subsequently, the
plate was washed (3x) and samples were re-suspended in 125 μL of
assay buffer and analyzedwithin 15min. All samples were analyzed
at the same time in duplicates. All reagents and technology were
provided by Bio-Rad Laboratories (Bio-Plex 200).

Multiple Gene Profiling Microarray
168 genes’ expression was analyzed using Human NF-kB
Signaling Pathway RT2 Profiler PCR Array and NFkB
Signaling Targets RT2 Profiler PCR Array (cat. PAHS-025 and
PAHS-225, both Qiagen, UK). cDNA was amplified in the
presence of specific primers (RefSeq accession numbers
provided in Supplementary Table 5) and coated in 96-well
microtiter plates on a 7500 Real Time PCR System (Applied
Biosystems) according to the following program: 95°C, 10 min
(activation of HotStart DNA polymerase); 50 cycles of (95°C,
15s; 60°C, 60s). We used RT2 Real-Time™ SYBR Green/PCR
Master Mix (Qiagen, UK) that contains all of the reagents and
buffers required for qRT-PCR. The mean expression levels of the
following housekeeping genes were used for the normalization of
the cDNA samples: hypoxanthine phosphoribosyltransferase 1,
b-actin, and glyceraldehyde-3-phosphate dehydrogenase. Data
from real-time PCR were calculated using the ΔΔCt method and
the PCR Array Data Analysis Template v3.0 (Qiagen, UK).

Statistics
Arithmetic means and standard deviations were calculated for all
parameters. Statistical verification was made using the
Frontiers in Immunology | www.frontiersin.org 528
Kolmogorov-Smirnov normality test and the Fisher’s test.
Statistical significance of differences among the groups was
determined by the t-Student test and Cochran test (parametric
distributions) or the Wald-Wolfowitz runs test and the
Wilcoxon’s rank sum test (non-parametric distributions).
RESULTS

Peripheral Blood Neutrophils
Isolated From HIV-Infected Individuals
Are Characterized by Impaired
Antimicrobial Functions
In the initial phase of the study, we analyzed neutrophil effector
functions in HIV-infected individuals. The expression of
adhesion molecules CD11b and CD18, the ability of
neutrophils to generate reactive oxygen species (ROS) and
synthetize cytokines/chemokines/growth factors, and the rates
of neutrophil apoptosis were analyzed in 8-hour incubations
with/without LPS in the HIV individuals and healthy controls
(HCs). We showed that the expression of CD11b and CD18 on
freshly isolated neutrophils of HIV-infected people was
significantly higher than in HCs (Figure 1A). Moreover, the
expression of these adhesion molecules in HIV-infected
individuals but not HCs seemed to be saturated since
stimulation of neutrophils with LPS has not caused a further
increase in their expression. The analysis of ROS production
using the chemiluminescence method revealed that HIV
neutrophils were characterized by increased ‘resting’ (non-
stimulated) ROS production, while after stimulation with LPS,
ROS production ability appeared to be dramatically reduced
compared to HC neutrophils (Figure 1B). The profile
comparison of 27 cytokines/chemokines/growth factors
released by unstimulated (Figure 1C left panel) and LPS-
stimulated neutrophils (Figure 1C right panel) revealed
significant differences in contrast to HC neutrophils.
Unstimulated neutrophils isolated from HIV-infected
individuals released significantly higher amounts of IL-8, G-
CSF, and IFN-g and significantly lower amounts of IL-1ra in
comparison to HCs. The capacity of LPS-stimulated neutrophils
to synthetize cytokines/chemokines/growth factors, with an
exception of IFN-g was dramatically diminished in
comparison to HC neutrophils. We detected significantly lower
supernatant concentrations of IL-1ra, IL-2, IL-4, IL-5, IL-7, IL-8,
IL-9, IL-10, IL-15, IL-17, Eotoxin, FGFbasic, G-CSF, GM-CSF,
IP-10, MCP-1, MIP-1a, MIP-1b PDGF-bb, RANTES, TNF, and
VEGA (Table S1 in Supplementary Material).

Neutrophils rapidly respond to pathogens but are short-lived
cells. One of the effects of their stimulation results in inhibition of
apoptosis, an essential process through which neutrophils gain
‘additional time’ necessary for more efficient elimination of
pathogens. Using ICC labelling of Annexin V, Caspase 3, and
DNA, we demonstrated higher rates of apoptosis in the freshly
isolated neutrophils from HIV individuals compared to HCs.
Moreover, in contrast to the neutrophils of HCs, LPS stimulation
of HIV neutrophils did not inhibit their apoptosis (Figure 1D).
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To summarise, these experiments demonstrated impaired
ability of HIV neutrophils to develop the appropriate reaction
following LPS stimulation. Diminished neutrophil function can
be an important aspect in increasing the susceptibility of HIV-
positive individuals to opportunistic infections. We selected the
three samples most accurately representing each group in terms
of functional test values (closest to the mean values in HIV+ and
HC groups) for further ChIPseq analysis.
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HIV Neutrophil H3K4me3-Marked Histones
Are Characterized by Large Fluctuations
Within DNA Annotation
A deficient functional response of HIV neutrophils to LPS
stimulation suggests some changes in functional genome
organization at the stage of posttranscriptional histone
modification. The nucleosome H2A, H2B, H3, and H4
histones, extended with other variants, their positioning to
A

C

D

B

FIGURE 1 | Dysfunction of non-stimulated and LPS-stimulated HIV neutrophils. (A) Expression of CD11b and CD18 adhesion molecules on the surface of
neutrophils in HIV vs. HCs. The bars represent the mean of fluorescence intensity ± SD (B) Reactive oxygen species production by non- and LPS-stimulated
neutrophils. The bars represent the mean of ROS production in Relative Fold Units ± SD. (C) The comparison of the profile of cytokine/chemokine/growth factors
released by non-stimulated (left panel) and LPS-stimulated (right panel) neutrophils. The blue line determines the border between up- and down-regulated factors.
(D) ICC double labeling for caspase-3 (red pseudocolor) and annexin-V (green) revealed that circulating HIV neutrophils are apoptotic. Additional LPS stimulation
does not inhibit neutrophil apoptosis as it takes place in HC neutrophils. Nonspecific fluorescence (signal noise) was electronically diminished to the level when
nonspecific signal was undetectable (background). The bars represent average fluorescence intensity ± SD calculated from four patients, using at least 100 single
cells for each test.
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each other and chemically modifications defined as ‘nucleosome
code’ orchestrate inactive or active transcription (27). Among the
over 20 sites of methylation that have been identified on the core
histone, the posttranscriptional modification of histone H3 lysine
K4 trimethylation is associated with the 5’ open reading frame
and directly corresponds to mRNA expression profiling of
inflammatory genes. In the next step of our investigation, we
focused on the changes within H3K4me3-marked histone in
non-stimulated neutrophils using ChipSeq technique. DNA
annotation, which describes the function of detected DNA in
H3K4me3-marked regions, revealed only slight differences
between the HIV and HC groups. Active transcriptional sites
(TSSs) were only 2% more prevalent in HIV individuals
(Figure 2A). Binding sites overlap analysis of allocating genes
revealed 1832 peaks within H3K4me3 specific for HIV, 2728 for
HC and 11,338 shared by both groups (Figure 2B). The accurate
description of all identified peaks, with the division of particular
Pie chart compartments, was attached in Supplementary
Table 2. Further DNA annotation analysis of the genes specific
for HIV-1 and HC showed that the major differences were
observed in exons (49%), introns (16%), and TSS (15%)
genomic location (Figure 2C). In the next step, we performed
a comparison of peak densities which belongs to both groups.
Based on the computational algorithm described as Model-based
Analysis of ChIP-seq (MACS), we selected 254 peaks with
highest density and 42 peaks with lowest density for HIV+
compared to HC group. All selected peaks were characterized
by high statistical significance and a very low empirical false
discovery rate (FDR) value. Figure 2D’s upper panel shows
Volcano plot (-log10 p-value vs. log2 fold expression) of the
merged HIV+ and HC peaks. The low panel of Figure 2D
presents the first ten peaks with the highest p-value and the
lowest FDR. Based on MACS algorithm, all selected peaks have
been assigned to appropriate annotation, closest to the promoter
ID, distance to TSSs, as well as gene descriptions (Table S3 in
Supplementary Material).

The Changes Within the Histone H3K4me3
Affect the Main Processes Responsible for
Antimicrobial Functions of Neutrophils in
HIV-Infected Individuals
Numerous changes in the TSS regions affect the metabolic
processes of the cell. Consequently, in the next step of our
investigation, we performed Gene Ontology (GO) analysis on
the biological process, molecular function, cellular components,
and pathway interactions (26). GO components displayed many
significant differences in the HIV group in comparison to HC. In
particular ‘Metabolic process’, ‘DNA binding’, ‘Activity
transcription regulator’, ‘RNA binding’, and ‘Nucleoplasm’
terms were in the top twenty processes with the highest
statistically significant differences. The pathway interaction
analysis also revealed considerable variation in HIV+ group.
The most spectacular, which appeared in ten main processes,
were: ‘Signaling events mediated by HDAC Class I’, ‘RAC1
signaling pathway’, and ‘Hedgehog signaling events mediated
by Gli proteins’ (Table S4 in Supplementary Material).
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Next, we searched for the processes directly related to
neutrophil activation and histone modification as the primary
source of their inflammatory dysfunction. We evidenced that
HIV neutrophils were characterized by a reduced amount of
target genes within the histone H3K4me3 in terms: ‘Cytokines’,
‘Positive regulation of ROS production’, ‘Oxidoreductase activity
acting on NAD(P)H’ and ‘Histone acetyltransferase complex’;
and upregulation of target genes in terms: ‘Immune response-
regulating cell surface receptor signaling pathway involved in
phagocytosis’, ‘Neutrophil activation’, ‘Histone modification’,
‘Histone methyltransferase activity’, and ‘DNA-binding
transcription factor activity’. However, no statistically
significant differences were demonstrated in ‘NADPH oxidase
complex’ (Figure 3A). As the major statistical differences were
detected in ‘Neutrophil activation’ and ‘Cytokines’, we focused
on the particular target genes, and classified them into three
groups based on the comparison of peak density. We found 14
specific target genes for HIV neutrophils, 81 for HC, and 281
genes without differences in the process of ‘Neutrophil
activation’. In the process of ‘Cytokines’ we noted only one
specific target gene (TTC19) in HIV neutrophils, 24 DNA peaks
with high density in HC (Figure 3B), and 31 without differences.
As peripheral neutrophils are characterized by impaired ROS
production after LPS stimulation and as we have shown above it
is associated with gene disorders within H3K4me3, we focused
on the ‘Positive regulation of ROS production’ process. We
revealed the deficiency of 11 target genes within H3K4me3-
marked in HIV samples including genes coding TLR4 and TLR6
that recognize bacteria and fungi pathogen-associated
molecular patterns.

Chromatin organization and regulation of the gene
expression allow neutrophils to achieve high plasticity during
inflammation. Molecular analyses have demonstrated that this
plasticity results from histone posttranslational modifications
(HPTMs), mediated predominantly by enzymes catalyzing
processes of acetylation and methylation (28). Gene ontology
analysis revealed statistically significant histone modification
with the predominance of histone H3 methylation over
acetylation (Figure 3A middle panel). Binding site overlap
analysis in the term ‘Histone methyltransferase complex’
revealed 13 DNA peak regions which were particularly
characteristic for HIV-infected individuals, 58 DNA peaks as
common for both groups, and four DNA peaks present only in
HCs (Table S6 in Supplementary Material). In turn, binding
site overlap analysis in the term ‘Histone acetyltransferase
complex’ revealed one DNA peak region characteristic for
HIV-infected individuals, 58 peaks common for both groups,
and 18 present only in HCs (Table S6 in Supplementary
Material). To validate histone modification, we performed IHC
double-staining of non-stimulated neutrophils for H3K4me3 vs.
H3Ac. We used polyclonal H3Ac antibody that covers the known
spectrum of histone H3 acetylation (K4, 9, 14, 18, 23, 27, 36, and
56). This set of experiments revealed high H3K4me3 and low
H3Ac fluorescent signals in HIV compared to HC neutrophils,
confirming the predominance of H3K4 methylation processes in
histone posttranslational modifications (Figure 3C).
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FIGURE 2 | HIV neutrophil H3K4me3-marked histones are characterized by large fluctuations within DNA annotation. (A) Pie chart analysis of separate samples
within H3K4me3 in HIV and HCs showed only minor differences in DNA annotation of genomic regions. (B) Binding sites overlap analysis revealed 1,862 DNA
sequences associated with H3K4me3 that specific characterize HIV patients. (C) Compression of HIV vs. HCs demonstrated the most important changes in exon,
intron and promoter TSS genomic features. (D) Analysis of statistic differences in protein binding to the H3K4me3 region revealed that most of the binding sites in
HIV neutrophils are upregulated. Left and bottom panel show statically significant differences in binding sites as enlarged region. Low panel displays ten peaks with
highest statistically significant differences and lowest FDR. More details and all peaks with statistically significant differences are presented in the Supplementary
Table S2.
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FIGURE 3 | The changes within the histone H3K4me3 affect principle processes responsible for antimicrobial functions of neutrophils in HIV-infected individuals.
(A) A list of selected biological processes, molecular functions, and cellular components responsible for the ability to neutralize pathogens by neutrophils and in
further posttranscriptional histone modifications. The bars represent mean values for HCs (n=3) and HIV-infected individuals (n=3). The analysis of all Gene
Ontology (GO) processes with statistic and FDR analysis are provided in the Supplementary Table S4. (B) The analysis of target genes in the GO term
‘Neutrophil activation’ revealed 14 specific genes in HIV individuals and 83 in HC. The analysis of target genes in the GO term ‘Cytokines’ revealed only specific
gene TTC19 for HIV. (C) The ICC analysis with double labeling for H3K4me3 (green pseudocolor) and H3Ac (red) confirmed GO findings suggesting the
increased methylation and decreased acetylation process within histone H3 in HIV-infected individuals. Nonspecific fluorescence (signal noise) was electronically
diminished to the level when nonspecific signal was undetectable (background). The bars represent average fluorescence intensity ± SD calculated from four
patients, using at least 100 single cells for each test.
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Neutrophils of HIV-Infected Individuals Are
Characterized by NF-kB Canonical
Pathway Disturbances as Well as
Decreased Number of NF-kB Binding Sites
Within Histone H3K4me3
High production of ROS by unstimulated neutrophils in HIV
individuals and impaired respiratory burst in response to LPS
suggests the existence of significant changes of molecular
pathways which control these processes. The transcription
factor NF-kB plays a critical role in acute inflammation
mediated by neutrophils and should be activated only
transiently (29). The non-covalent association of IkB (inhibitor
of NF-kB) with NF-kB shifts the steady-state subcellular
localization of NF-kB dimers to the cytoplasm. Biological
inactive NF-kB–IkB complex is interrupted during cell
activation by IKK kinase leading to liberation of NF-kB, its
translocation to the nucleus, and binding to the site-specific
transcription sequences (kB DNA sites). Using IHC double-
staining method to detect NF-kB subunit RelA(p65) and IkB, we
observed lower expression of NF-kB RelA(p65) in non-
stimulated neutrophils of HIV in comparison to HCs. In
contrast to neutrophils of HCs, LPS-stimulation of HIV
neutrophils did not cause an increase in NF-kB RelA(p65)
expression. In both groups, there was no change in IkB
expression regardless of whether the cells were stimulated or
not (Figure 4A). The co-localization analysis of NF-kB RelA
(p65) vs. IkB and NF-kB RelA(p65) vs. DNA after LPS exposure
revealed deficiency in the dislocation of NF-kB RelA(p65) to the
nucleus as well as a lack of NF-kB RelA(p65) detachment from
its IkB inhibitor (Figure 4B). Subsequently, we noted statistically
significant low amounts of kB DNA sites within histone
H3K4me3-marked in HIV-infected individuals compared to
HCs (Figure 4C). In the last set of experiments, we considered
how these changes affect gene expression related to NF-kB
activation of cells and those regulating NF-kB activity. We
noted 50 genes up- and seven down-regulated as well as 78
without statistical significance in non-stimulated neutrophils
isolated from HIV-infected individuals (Figure 4D and Table
S5 in Supplementary Material). Among others, we observed low
mRNA expression for: NF-kB RelA(p65), IL-8, IL-10, and TNF-
a (Figure 4D; red arrows point NF-kB RelA(p65) and TLR4).
mRNA of IkBa IkBb and IkBe were without changes in non-
stimulated neutrophils compared to HCs (Table S5 in
Supplementary Material).

In the next step, we verified whether the NF-kB RelA(p65)
down-regulation is a result of H3K4me3-marked histone
dysregulation. Gene Ontology analysis revealed statistically
significant down-regulation of target genes associated with
‘Canonical NF-kB pathways’ term (Figure 5A). The canonical
NF-kB pathway is stimulated by ligands of diverse immune
receptors and involves three processes: IkB kinase (IKK)
activation; IkBa phosphorylation; and its ubiquitination and
nuclear translocation of NF-kB units such as p50, RelA(p65),
and cREL. Detailed analysis of individual target genes associated
with this term indicated an undetectable DNA peak in TNF-a,
IkBKG, and ERC1 regions in histone H3K4me3-marked
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(Figure 5B). Overlap peak density comparison revealed
additional changes within peaks assigned to RelA(p65),
TRAF6, and IkBKB genes (Figure 5C). In our studies, we also
took into consideration other alternative NF-kB pathways. ‘Non-
canonical (alternative) NF-kB pathway’ is associated with pre-
activation of immune cells in response to signals from a subset of
tumor necrosis factor receptor (TNFR) superfamily members
and involves slow and persistent activation of NF-kB-inducing
kinase (NIK). NIK-mediated p100 phosphorylation results in
nuclear translocation of p52 and RelB (30). In turn, ‘atypical NF-
kB signaling pathway’ is initiated by genotoxic stress, which in
the first step leads to a translocation of NEMO (NF-kB Essential
Modulator, IKKg) to the nucleus where it is sumoylated and
subsequently ubiquitinated. This process is mediated by the
ataxia telangiectasia mutated kinase, which, in cooperation
with NEMO, causes an activation of IKKb and subsequently
NF-kB (31). We did not observe any changes within GO term
‘Atypical NF-kB pathway’ or ‘Alternative NF-kB pathway’
(Figures 5A, B). This set of experiments directed on
‘Canonical NF-kB pathway’ as a central point of neutrophil
dysfunction in response to LPS suggests that this phenomenon is
caused by the changes within H3K4me3-marked histone.

One of the most important processes in binding transcription
factors with a chromatin template is destabilization of nucleosomes
by SWI/SNF Complex throughout ATP-driven translocation of the
protein along nucleosomal DNA (32, 33). In our experiment, we
noted statistically important changes within H3K4me3-marked in
term ‘SWI/SNF superfamily-type complex (GO:0070603)’ in HIV
non-stimulated neutrophils (–20.4 log10 p-value in HIV and -17.2
in HCs, respectively, Table S4 in Supplementary Material).

Changes Within H3K4me3-Marked
Histone in HIV Neutrophils Involve
Deregulation of Histone 1 Which Is
Responsible for DNA Fragmentation
Pathway but Not Bcl-2 Pathway
In our preliminary experiments, we found that neutrophils of
HIV-infected individuals succumb easily to apoptosis. Thus, in
the last step of our investigation, we analyzed the Gene Ontology
associated with apoptosis. For these analyses were considered
neutrophils isolated from HIV-infected individuals with
significantly down-regulated expression of genes found within
Gene Ontology terms ‘Regulation of programmed cell death’ and
‘Apoptotic process’ (Figure 6A). Binding sites overlap in term of
‘Apoptotic process’ analysis revealed 55 DNA peak regions
which are particularly characteristic for HIV-infected
individuals, 672 as common for both groups, and 256 present
only in HC (Figure 6B, Table S6 in Supplementary Material).
Compression of read density overlap of peak regions highlighted
high concentration regions within histone H1 protein’s
(H1F0, HIST1H1A, HIST1H1B, HIST1H1C, HIST1H1D, and
HIST1H1E) mainly presented on chromosome 6 in the HIV
group (Figure 6C). We performed a similar comparison for
target genes responsible for caspase 8/10- dependent apoptosis
and Bcl-2 pathway. We found no differences within investigated
regions (Figure 6D). These data hypothesized that H3K4me3-
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marked histone also implies a participation in apoptosis by
triggering of H1histone genes’.
DISCUSSION

Regulation of gene expression depends on histone
posttranslational modifications (HPTMs), DNA methylation,
histone variants, remodeling enzymes, and effector proteins
that influence the structure and function of chromatin. All
these processes are interrelated and dependent on each other,
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creating a specific ‘histone code’ (34) allowing immune cells to
achieve high plasticity during inflammation. One of the well-
known mechanisms of chromatin remodeling in response to the
pathogen relates to the polarization of naive T lymphocytes to
CD4 or CD8 subpopulation described by Harrison group (35).
Human activated lymphocytes are characterized by coordinated
changes at different levels of chromatin architecture. These
changes affect all levels of chromatin organization, starting
from the primary level of organization of nucleosome-mediated
by HPTMs, then, intermediated level where the genome is
organized into protein-mediated loops that facilitates
A
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FIGURE 4 | HIV neutrophils are characterized by impaired NF-kB activation dependent on the p65-RelA subunit. (A) ICC florescent intensity analysis with double
labeling for p65-RelA (green pseudocolor) and IkB (red) in non- and LPS-stimulated neutrophils. The bars represent average fluorescence intensity ± SD calculated
from four patients, using at least 100 single cells for each test. (B right panel) Overlap coefficient of p65-RelA vs. IkB and p65-RelA vs. DNA analysis suggests p65-
RelA colocalization with its inhibitor IkB which results in disturbance of p65-RelA relocation to the cell nucleus. (B Low panel) ICC 3D projection of nucleus visualizes
the lack of NF-kB (p65-RelA) colocalization with DNA after LPS-stimulation in HIV individuals. Green arrows show an overlap of signal from NF-kB (p65-RelA) and
DNA in HCs. (C) Total amount of NF-kB binding sites within histone H3K4me3-marked in non-stimulated neutrophils. The bars represent mean ± SD for HCs (n=3)
and HIV-infected individuals (n=3). (D) Disturbances in translocation of NF-kB to the nucleus are reflected in the profile of mRNA expression of proinflammatory
genes. The mRNA expression of all targets and genes associated with NF-kB are provided in the Supplementary Table S5.
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interaction between the pairs of promotors and enhancers, and
finally, at a high level with the genome organized into self-
interacting chromatin (35). Euchromatin of immune cells is
characterized by high levels of acetylation and H3K4me1/2/3
(28). It seems highly probable that the mutual proportions of
HPTMs as well as the time of particular modifications determine
the functional state of different types of leukocytes according
to the role played at a specific phase of inflammation. In this
study, we have demonstrated in two independent sets of
experiments (Gene Ontology of histone H3K4me3-marked
annotation analysis and H3K4me3/H3Ac protein expressions)
that HIV neutrophils are characterized by increased expression
of histone modification process associated with methylation and
a simultaneous inhibition of the acetylation. Gene Ontology of
Frontiers in Immunology | www.frontiersin.org 1235
H3K4me3-marked histone has revealed overexpression in
‘Histone methyltransferase activity’ term, suggesting that
actively transcribed genes are responsible for H3K4me3
modification themselves. As this observation was also
confirmed by the high expression of H3K4me3 in ICC method,
it seems highly probable that H3K4me3 modification and its
intensity are orchestrated by positive feedback reaction. In
addition, Gene Ontology of histone H3K4me3 has revealed the
downregulation in ‘Histone actetyltransferase activity’ term,
which corresponds with low expression of H3Ac protein. As
both processes are interrelated and controlled by H3K4me3 in a
positive feedback manner, the changes associated with H3K4me3
modification may be definitive and irreversible, determining
neutrophil fate during its short lifespan.
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FIGURE 5 | Changes in the DNA within H3K4me3-marked histone affect canonical NF-kB pathways. (A) The analyses of GO terms: alternative, canonical, and
atypical NF-kB pathways. The bars represent mean values for HCs (n=3) and HIV-infected individuals (n=3) (B) The analysis of target genes in the GO term
‘Canonical NF-kB pathway’ indicated the lack of signals for TNF, ERC1, and IKBKG within H3K4me3 in HIV neutrophils (blue color). (C) The comparison of selected
genes related to NF-kB shows a statistically significant smaller number of NGS readings (low density) within RelA, IKBKB, and TRAF6 coding genes related to the
GO term ‘Canonical NF-kB pathway’.
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Posttranscriptional modification of H3 histone leads to getting
access to DNA regions rich in enhancers and promoters.
Modification of H3K4me3 is observed at the 5’ open reading
frame of actively transcribed genes, while H3 acetylation is
localized rather far from specific gene regions other than just at
TSSs (20). This is related to physiological mechanisms involved in
pathogen eliminations. Rapidly triggered genes have showed
constitutively high histone acetylation, while genes recruiting
NF-kB with slower kinetics were characterized by low or
undetectable basal levels of H3 acetylation. Immune competitive
cell pretreatment with low concentrations of pro-inflammatory
Frontiers in Immunology | www.frontiersin.org 1336
cytokines (eg. INF-g and TNF), before LPS stimulation, was found
to increase acetylation of slow genes switching them into fast NF-
kB pathway (36). We can suspect that a similar phenomenon,
described as priming or pre-activation, takes place in neutrophil
functioning. The first pro-inflammatory signal of TNF, C5a, or
IL-8, applied at a very low concentration for a short period of
time, leads to a much more intensive neutrophil ‘burst of ROS’
and phagocytosis in response to pathogens compared with
neutrophils without any ‘pre-activation’ (37). Therefore, the low
expression of H3Ac-marked histone probably results from
dysregulation in neutrophil pre-activation in HIV-infected
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FIGURE 6 | H3K4me3-associated genes affect apoptosis by deregulation of DNA fragmentation but not BCL2- or caspase-regulated execute phase of apoptosis.
(A) Gene Ontology analysis of apoptosis and cell death. The bars represent mean values for HCs (n=3) and HIV-infected individuals (n=3). (B) Binding site overlap in
the GO term ‘Apoptotic process’. A detailed list of all target genes is attached in the Supplementary Table 6. (C) The comparison of peak density in the genes
responsible for histone-1-induced DNA fragmentation revealed high density DNA within histone H1 in HIV neutrophils. (D) The comparison of peak in the representative
genes responsible for execution phase of apoptosis as well as Bcl2 pathway revealed undetectable DNA within H3K4me3. ud- undetectable level of DNA.
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individuals, causing a deficiency of effective antimicrobial
response and low pro-inflammatory cytokine/chemokine/
growth factor synthesis after LPS stimulation.

In turn, the increased expression of H3K4me3 causes low-
grade permanent gene transcription resulting in enhanced ROS
synthesis as well as high expression of CD11b/CD18 adhesive
molecules in HIV non-stimulated neutrophils. This observation
is also in accordance with Gene Ontology analysis, where
significantly increased biological processes ‘Neutrophil
activation’, ‘Regulation of neutrophil chemotaxis’, and
‘Immune response-regulating cell surface receptor signaling
pathway involved in phagocytosis’ were detected. In addition,
an easier access to TSSs is connected with requirement of Swi/Snf
chromatin remodeling complex which cooperates with DNA-
histone exposing DNA on the nucleosome surface (38, 39). In
our study, we have noted high statistical differences within
H3K4me3-marked histone in term of ‘SWI/SNF superfamily-
type complex (GO:0070603) ’ in HIV non-stimulated
neutrophils. Under physiological conditions, this process is
associated with histone acetylation leading to wide access to
TSS regions, while genes with a constitutive nucleosome-
accessible configuration in the TSS regions are activated in the
absence of SWI/SNF activity (40). Therefore, the high activity of
this process observed in vitro without H3 acetylation in
unstimulated neutrophils of HIV-infected individuals may be
the cause of their low-grade permanent activation.

NF-kB affects most aspects of neutrophil cellular physiology
associated with an antimicrobial immune response that involves
inhibition of neutrophil apoptosis, ROS and proteolytic enzyme
production, and neutrophil extracellular trap (NETs) formation
responsible for pathogen elimination, and chemokine/cytokine
production for recruitment of other immune cells. Five genes
encode the entire family of NF-kB transcription factors: NFKB1,
NFKB2, RELA, RELB, and REL (41). Their polypeptide products
give rise to the mature NF-kB subunits p50, p52, RelA(p65),
RelB, and cRel, which combined in pairs produce 15 distinctly
functioning NF-kB dimers (42). In this study, we have shown
that mRNA and polypeptide RelA (p65) expression are
decreased in HIV neutrophils. Other NF-kB mRNA factors
were upregulated. This pattern of NF-kB subunits mRNA
expression results from the regulation based on a positive
feedback manner, as transcription of the genes encoding the
NF-kB polypeptides is upregulated during NF-kB activation,
with the exception of RelA (43). Next, we addressed the
activity of an inhibitor of NF-kB (IkB) that controls NF-kB
dimers throughout NFkB-IkB complex. IkBa, IkBb and
IkBe−mediated canonical IkB activities orchestrate NF-kB
dimers that contain at least RelA or c-Rel subunits binding in
the nucleus. We have shown that IkBa IkBb and IkBe mRNA
expression and polypeptide specific for all subunits of IkB (IkBa
IkBb, IkBe) were without any changes in HIV neutrophils in
comparison to HC. To summarise, these data indicate
dysregulation in NF-kB activity in HIV neutrophils related to
deficiency in RelA subunit but not in IkB expression.

Next, we found that decreased expression of mRNA for RalA
in HIV neutrophils corresponded with RelA gene low peak
density within histone H3K4me3-marked. The downstream
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GO analysis of NF-kB function and putative target genes in
GO annotation revealed inhibition in the transcription of
canonical NF-kB pathway. Detailed analysis of individual
target genes has demonstrated the absence of TNF-a, IkBKG,
TLR4, TLR6, and ERC1 peaks within H3K4me3-marked histone
in HIV vs. HC neutrophils. Absence of TLR4 peak within
H3K4me3-marked histone in HIV-infected individuals may be
the reason for low TLR4 mRNA expression and reduced
functional response of HIV neutrophils to LPS.

Further analysis has revealed differences in peak density in
HIV neutrophils within RelA, TRAF6 (TNF Receptor Associated
Factor), and IkBKB (Inhibitor of nuclear factor kappa B Kinase
subunit Beta). These changes within H3K4me3 histone were
responsible for both dysfunction of NF-kB–IkB complex and
impairment of NF-kB translocation to nucleus. Another aspect
that affects activation of genes dependent on the NF-kB activity
is the small number of NF-kB binding sites within H3K4me3-
marked histone. Dysregulation of NF-kB activity and reduced
availability for NF-kB binding sites appear to be two
independent phenomena. In our opinion, the reduced number
of NF-kB binding sites may arise from the reduction of H3
acetylation processes that control the primary access of NF-kB to
promotor/TSS regions (11, 44). Moreover, it was previously
demonstrated that the enhancer chromatin signature consists
of acetylated histones associated with high levels of H3K4me1
histone modification (45, 46).

Based on this observation, we have concluded that a
dichotomy between non- and LPS-stimulated HIV neutrophils
is the result of posttranscriptional histone modifications with
predominate methylation of H3K4me3 and simultaneous
inhibition of acetylation. This may explain why circulating
non-activated neutrophils in HIV-infected individuals exhibit
some characteristics of activated cells with elevated basic ROS
production and high expression of adhesive molecules but, at the
same time, are unresponsive to additional stimulation with LPS.
Similar observations were made by others showing that isolated
neutrophils from untreated HIV patients exhibited increased
CD11b and decreased L-selectin (CD62L) expression, increased
actin polymerization and ROS production, but a reduced
capacity to respond to stimulation (47).

The last aspect of our study was devoted to explanation of
abnormal apoptosis observed in circulating HIV neutrophils
characterized by the high rate of apoptotic cells and inability of
LPS to induce apoptosis inhibition. In the execution phase of
apoptosis, effector caspases cleave vital cellular proteins leading
to the morphological changes including destruction of the
nucleus and other organelles, DNA fragmentation, chromatin
condensation, cell shrinkage, cell detachment, and membrane
blebbing (48). Our study has demonstrated that neutrophils
isolated from HIV patients were apoptotic with high
expression of Annexin V as well as caspase-3 in the cytosol
and in the nucleus. Surprisingly, this process, in opposition to
HC neutrophils, was not only irreversible but even intensified
following LPS exposure. As apoptotic neutrophils are
characterized by reorganized multidivided nuclei, this process
should be associated with a change in chromatin condensation
mediated by posttranslational modification of histone H1.
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Histone H1 protein binds to linker DNA between nucleosomes
forming the chromatin fiber which is necessary for the
condensation of nucleosome chains (49). In addition, histone
H1.2 can translocate to the cytosol and induce apoptosis through
a Bak-mediated mitochondrial release of cytochrome C, allowing
for caspase activation (50, 51). Gene Ontology analysis of
putative genes attendant with executive phase of apoptosis has
revealed DNA regions with high peak concentration of histone
H1 proteins including H1.2 within H3K4me3 in HIV-infected
individuals. Since in H3K4me3-marked histone, no differences in
DNA peak concentration of the principal intrinsic pathway
components of apoptosis Bcl-2, caspase-8, and -10 have been
observed, engagement of H3K4me3 by impelling the histone H1
may point to histone modification of H3K4me3 as a primary
process in apoptosis induction. This finding can also explain why
neutrophils in HIV-infected individuals were unresponsive to
apoptosis inhibition after LPS stimulation. Acceleration of
spontaneous neutrophil apoptosis at early stages of untreated
HIV patients was also noted by others, displaying the
engagement of caspase-3 independently of caspase-8 and
suggesting the existence of the intrinsic pathway (52–56).

The limitation of our study is connected with the relatively
small group size. We limited our investigation to three selected
representatives of the entire group of patients, whose functional
neutrophil tests (ROS production, adhesive molecule expression,
cytokine production, and apoptosis) were closest to the mean
values of all cases taken for our preliminary study. Another
limitation of our research is the examination of only one histone
in posttranscriptional modification. There are many other
possibilities of HPTMs, such as acetylation, methylation,
phosphorylation, ubiquitination, SUMOylation, ADP-
ribosylation, deamination, and the non-covalent proline
isomerization (28), that can also affect the chromatin
condensation to organize the genome into transcriptionally
active or inactive regions. In HIV neutrophils, histone
H3K4me3-marked modified H1 histone regions which may
affect chromatin condensation and nucleosome density.
Neutrophil nucleus density, in comparison to lymphocytes or
NK cells, is characterized by loosely arranged chromatin that
facilitate an access of transcription factors to DNA and its
remodeling during NETosis. Therefore, neutrophil nucleus
density may dynamically change during infection, and ideally,
H3K4me3 ChIP-Seq data should be normalized to total H3.

An important aspect which needs to be solved is finding the
direct trigger leading to the histone H3 modification. It seems
probable that these modifications take place during myelopoiesis.
This view is supported by several independent observations.
Firstly, there is the large scale of dysregulation in all neutrophil
fundamental functions in the relatively short time of their
existence in periphery. Secondly, there is the functional
homogeneity of neutrophils (relatively low value of standard
deviation within average value) within the HIV group. Thirdly,
there is the morphological homogeneity observed in FSC vs. SSC
dot plot offlow cytometry during CD11b/CD18 analysis as well as
in ICC performed in freshly isolated neutrophils. Finally, the
range of posttranscriptional histone H3 modification observed in
HIV neutrophils seems to be too wide to occur just in a few hours
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of neutrophil existence in the periphery. Potential mechanisms
affecting histone H3 modifications during myelopoesis include an
altered bone marrow cytokine environment, direct suppression of
hematopoiesis by viral proteins, and possible HIV infection of
hematopoietic stem cells (57). In this context, activation of
interferon-related antiviral immune mechanisms seems to be of
particular interest (58, 59). In the animal models of lymphocytic
choriomeningitis virus (LCMV) and of poly(I:C) infections,
induction of IFN-a/b, but not IFN-g resulted in reduction of
cellularity of hematopoietic progenitors in bone marrow (60). In
our study, we found that IFN-a/b synthesis was not elevated in
HIV neutrophils, while IFN-g synthesis was increased not only by
LPS- but also non-stimulated cells, suggesting that IFN-g
synthesis may occur at myelopoiesis. Experiments performed by
Buro et al. demonstrated that H3K4me3 is increased in parallel
with STAT1 (signal transducer and activator of transcription 1)
activity after 30’ IFN-g (5ng/mL) exposition. They also confirm
inhibition of global H3K4me3 after IFN-g stimulation of 2fTGH
cells by methyltransferase inhibitor: 5’-deoxy-5’-methyl-
thioadenosine (MTA) (61). The effects of IFN on the cell can be
also observed through triggered IRF (interferon regulatory factor)
molecules (62). We noted high mRNA expression of IRF1,
STAT1, as well as INF-g in non-stimulated neutrophils which
indicate possible IFN-g involvement in the disturbance of HIV
neutrophils at the maturating stage of these cells. This hypothesis
requires verification.

Another aspect that has not been explored is the participation
of histone-modifying enzymes which not only modify the
histone proteins, but also play a role in the modification of p65
subunit of NF-kB (63). The six methylated K sites, K37, 218, 221,
310, 314, and 315, of NF-kB (p65, RelA) are modified by different
histone-modifying enzymes (63). Verification of these
possibilities by analysis of bone marrow cells, an environment
affecting myelopoesis as well as histone-modifying enzyme
activity during maturation of these cells, could bring us closer
to the primary factors responsible for neutrophil dysfunction in
HIV-1 individuals.

To summarize, our study has demonstrated that neutrophil
dysfunction in HIV-infected individuals is associated with
overexpression of H3K4me3 with simultaneous H3Ac
downregulation. Overexpression of H3K4me3-marked histone
leads to impaired regulation of basic cellular processes critical for
obtaining high antimicrobial activity of neutrophils. Due to the
fact that the posttranscriptional modifications of H3K4me3
histone are also activated via histone H3K4me3-marked itself,
this process is enhanced in a positive feedback loop manner and
is probably irreversible. Our study allowed us to identify possible
target genes within H3K4me3 responsible for the neutrophil
dysfunction in HIV-infected individuals, however, the data
should be validated on a larger cohort of patients with
additional use of standard ChIP-qPCR.
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Supplementary Figure 1 | (A). Phenotypic analysis of purified neutrophils used
for ChIPseq experiments. Flow cytometry analysis of CD14, CD15 and CD16 in the
population of isolated neutrophils. Cells double-positive for CD16 and CD15 were
identified as neutrophils, CD14highCD15+ cells as monocytes and with CD16-

CD15+ cells as eosinophils. (B). ChIPseq library quality control analysis. ChIPseq
library was generated from 1 ng ChIP DNA with 18 cycles of PCR. The size of the
library distribution is approximately 200-300 bp. (C). ChIPseq quality control report
as principal component analysis (PCA). Replicate samples of high quality can be
expected to be spatially grouped within the PCA plot. Evaluation of the PCA plot has
shown that all samples are suitable and representative for bioinformatic analysis.
The analysis was performed by ChIPQC:1.21.0 software (author: Tom Carroll, Wei
Liu, Ines de Santiago, Rory Stark).

Supplementary Table 1 | The profile of cytokines/chemokines/growth factors
released by non- and LPS-stimulated neutrophils in healthy controls and HIV-
infected individuals. Data are presented in pg/mL as means ± SD.

Supplementary Table 2 | The list of all identified peaks within HIV and HCs
divided into HIV specific, HC specific, and common for both groups.

Supplementary Table 3 | The list of all statistically significant differences in the peak
density betweenHIV andHCs.ThecomparisonwasperformedusingMACSalgorithm.
All selectedpeaksweresorted fromthehigheststatisticallysignificantvalue to the lowest
one. All selected peaks have been assigned to appropriate annotation, closest to the
promoter ID, distance to TSSs, as well as gene descriptions.

Supplementary Table 4 | The list of all Gene Ontology (GO) processes, which
characterize HIV and HC group. GO was performed by analyses of biological
processes, molecular function, cellular components as well as pathway
interactions. Data was arranged from the highest statistically significant value to the
lowest one.

Supplementary Table 5 | The list of all tested mRNA for genes associated with
activation of neutrophil via NF-kB. Data are presented as the relative fold differences
between HIV and HC group.

Supplementary Table 6 | The list of all target genes in the GO term ‘Apoptotic
process’ GO:0006915, ‘Histone methyltransferase complex GO:0035097 and
‘Histone acetyltransferase complex’ GO:0000123 divided into HIV specific, HC
specific and common for both groups.
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Neutrophils have been classically viewed as a homogenous population. Recently,
neutrophils were phenotypically classified into pro-inflammatory N1 and anti-
inflammatory N2 sub-populations, but the functional differences between the two
subtypes are not completely understood. We aimed to investigate the phenotypic and
functional differences between N1 and N2 neutrophils, and to identify the potential
contribution of the S100A9 alarmin in neutrophil polarization. We describe distinct
transcriptomic profiles and functional differences between N1 and N2 neutrophils.
Compared to N2, the N1 neutrophils exhibited: i) higher levels of ROS and oxidative
burst, ii) increased activity of MPO and MMP-9, and iii) enhanced chemotactic response.
N1 neutrophils were also characterized by elevated expression of NADPH oxidase
subunits, as well as activation of the signaling molecules ERK and the p65 subunit of
NF-kB. Moreover, we found that the S100A9 alarmin promotes the chemotactic and
enzymatic activity of N1 neutrophils. S100A9 inhibition with a specific small-molecule
blocker, reduced CCL2, CCL3 and CCL5 chemokine expression and decreased MPO
and MMP-9 activity, by interfering with the NF-kB signaling pathway. Together, these
findings reveal that N1 neutrophils are pro-inflammatory effectors of the innate immune
response. Pharmacological blockade of S100A9 dampens the function of the pro-
inflammatory N1 phenotype, promoting the alarmin as a novel target for therapeutic
intervention in inflammatory diseases.

Keywords: neutrophil polarization, N1 neutrophils, N2 neutrophils, S100A8/A9, ABR-238901, RNA-Seq,
neutrophil chemotaxis
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INTRODUCTION

Neutrophils are the first responders in host defense, with an
important role in promoting the innate immune response. They
originate from the bone marrow and are released in the
circulation when they mature and are stimulated by invasive
pathogens and inflammatory signals that facilitate their
migration to sites of infection or tissue injury. At the site of
infection, neutrophils eliminate the invading pathogens utilizing
a combination of NADPH oxidase-derived reactive oxygen
species (ROS), cytotoxic granule components, and neutrophil
extracellular traps (NETs) (1).

Although regarded for a long time as a homogenous
population with conserved phenotype and function, recent
evidence has suggested the existence of neutrophil heterogeneity
with different functional phenotypes, both in healthy individuals
and in pathological conditions including cancer, infections, and
autoimmune and inflammatory disorders (2, 3). The heterogeneity
of neutrophil populations is characterized by differences in life
span, cytokine release, surface proteins, antibacterial responses, as
well as pro-inflammatory, proangiogenic, or immunosuppressive
functions (2–5). It has been reported that a unique neutrophil
population emerging during acute inflammation suppresses T cell
function, a process dependent of neutrophil Mac-1 and ROS (6).
Infection with Staphylococcus aureus leads to two subsets of
murine polymorphonuclear neutrophils with important
differences in their expression of surface markers, cytokine
production and macrophage activation potential (7). In systemic
lupus erythematosus and other autoimmune diseases, a
subpopulation of low-density neutrophils (LDN) with an
unclear physiological role has been detected (8). The LDN
population with immunosuppressive properties has also been
found to accumulate in tumor-bearing mice and cancer patients.
In contrast, the high-density neutrophils (HDN) have been shown
to have anti-tumorigenic functions (9). Moreover, circulating
neutrophil subsets in advanced lung cancer patients have unique
immune signatures and are associated with the disease
prognosis (10).

Recently, the consecutive myocardial infiltration of two
neutrophil subpopulations has been described in a mouse
model of myocardial infarction (MI). Cardiac N1 neutrophils
isolated on day one post-MI, during the inflammatory phase,
showed high levels of pro-inflammatory markers (CCL3, IL-1b,
IL-12a, and TNF-a). In contrast, cardiac N2 neutrophils isolated
at days 5 and 7, during the reparatory phase, exhibited increased
expression of anti-inflammatory markers CD206 and IL-10.
Moreover, neutrophils polarized in vitro with a combination of
lipopolysaccharide (LPS) and interferon-g (IFN-g) for N1 or
interleukin-4 (IL-4) for N2, exhibited similar markers as the sub-
populations found in vivo (11). Uncovering the potentially
important role of the different neutrophil subtypes in driving
inflammation or the resolution of inflammation could have
significant therapeutic relevance, as targeting a specific
subpopulation may modulate the course of the disease.

S100A8/A9 is an immune mediator abundantly secreted by
neutrophils that plays a complex role in various pathologies with
an immune and inflammatory component. S100A9 and its
Frontiers in Immunology | www.frontiersin.org 243
dimerization partner S100A8 are rapidly released as the
S100A8/A9 heterodimer upon cell activation (12) and
functions as a damage-associated molecular pattern (DAMPs)
that binds to toll-like receptor 4 (TLR4) (13), and to the receptor
for advanced glycation end products (RAGE) (14). Activation of
TLR4 by S100A8/A9 has been shown to have an important pro-
inflammatory role in the pathogenesis of endotoxin-induced
shock (15), autoimmune disease and cancer (16).

After MI, S100A8/A9 is abundantly secreted by activated
neutrophils and promotes cardiac inflammation by stimulating
myeloid cell production and trafficking to the ischemic
myocardium (17). We have recently found that short-term
S100A9 blockade with the specific blocker ABR-238901 during
the inflammatory phase of MI reduces myocardial and systemic
inflammation, and improves cardiac function (17). The precise
mechanisms behind these beneficial therapeutic effects remain to
be investigated. Interestingly, binding of S100A8/A9 to TLR4 on
neutrophils has subsequently been shown to drive IL-1b
production, leading to increased myelopoesis in MI (18). As
IL-1b secretion is characteristic for the N1 neutrophil phenotype,
we hypothesize that S100A8/A9 might play an important role in
the development of this particular subpopulation.

In this work, our main aims were: i) to perform a comparative
study of N1 and N2 neutrophil genotype, phenotype and
function, and ii) to investigate the effects of S100A9 blockade
with ABR-238901 on the functions of the two neutrophil
subpopulations. Elucidating the immunomodulatory properties
of S100A9 inhibition is highly relevant for further development
of the compound toward a potential anti-inflammatory
treatment in MI and other immune and inflammatory diseases.
MATERIALS AND METHODS

Mice
Male and female C57BL/6J mice, between 12-16 weeks old, were
bred and housed in pathogen-free conditions at the Institute of
Cellular Biology and Pathology (ICBP) “Nicolae Simionescu”.
The mice were euthanized through cervical dislocation, and the
femurs and tibias were collected in a Petri dish containing ice-
cold RPMI 1640 supplemented with 10% FBS and 1% Penicillin/
streptomycin, for further isolation of bone marrow.

All animal experiments were performed in strict accordance
with the European Guidelines for animal welfare (Directive
2010/63/EU) and approved by The National Sanitary
Veterinary and Food Safety Authority (nr. 425/22.10.2018). All
procedures were approved by the Institutional Ethics Committee
of ICBP “N. Simionescu” (Bucharest, Romania).
Isolation and Polarization of Neutrophils
Isolation of Neutrophils
Cells were isolated from mouse bone marrow by Percoll gradient
centrifugation, using a simplified and improved version of a
previous protocol (19). Briefly, the bones were placed in HBSS-
Prep to prevent drying, the ends were cut and the bone marrow
(BM) was flushed into a 50 ml conical tube with HBSS-Prep and
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centrifuged at 400 × g for 5 min. For erythrocyte lysis, the pellet
was resuspended in 10 ml NaCl 0.2% for 30-40 s and the
osmolarity was then restored with 10 ml 1.6% NaCl. The
resulting suspension was centrifuged in 62.5% Percoll in
HBSS-Prep for 30 min at 1000 × g, without brake. At the end
of centrifugation, the neutrophils-containing pellet was
transferred to another 15 ml tube, washed twice with HBSS
and cells were resuspended in RPMI. The purity of isolated
neutrophils was confirmed by flow cytometry using the
neutrophil marker Ly-6G and by fluorescence microscopy
using Hoechst/PI staining (Figure S1).

Polarization of Neutrophils
Freshly isolated neutrophils were pooled from 6–10 mice and
cultured for 2h/18h in RPMI medium, in the presence of 100 ng/
ml lipopolysaccharide (LPS) and 20 ng/ml interferon gamma
(IFNg) or 20 ng/ml interleukin 4 (IL-4) - in order to obtain
polarized N1 (inflammatory) and N2 (anti-inflammatory)
neutrophil subsets respectively. This polarization protocol has
previously been shown by Ma et al. to generate neutrophil sub-
populations with a similar phenotype as the N1/N2 neutrophils
isolated from infarcted hearts in vivo (11). Unstimulated
neutrophils were used as controls (N). In the experiments
when S100Ab was blocked, N1 and N2 neutrophils were
polarized in the presence of the S100A9 inhibitor ABR-238901
(100µM, Active Biotech AB, Sweden).

mRNA-Sequencing
To profile the gene expression of N1 and N2 neutrophils after 2h
polarization, we used 3 samples per condition and 20x106

neutrophils per sample, pooled from several mice. Total RNA
was isolated using TRIzol reagent and Phasemaker Tubes
(Thermo Fischer, Waltham, Massachusetts, US) and was sent
to Novogene (Cambridge, UK) for mRNA-seq analysis. RNA
degradation and contamination were monitored on 1% agarose
gels. RNA purity was checked using the NanoPhotometer®

spectrophotometer (IMPLEN, CA, USA). RNA integrity and
quantitation were assessed using the RNA Nano 6000 Assay
Kit with the Bioanalyzer 2100 system (Agilent Technologies, CA,
USA). A sample from the LPS+IFNg polarization did not pass the
quality control test and was excluded from the downstream analysis.

A total amount of 1 µg RNA per sample was used as input
material for RNA analysis. Sequencing libraries were generated
using the NEBNext UltraTM RNA Library Prep Kit for Illumina
(NEB, USA) following the manufacturer’s recommendations and
index codes were added to attribute sequences to each sample.
Library quality was assessed on the Agilent Bioanalyzer 2100
system (Agilent Technologies, CA, USA). The clustering of
index-coded samples was performed on a cBot Cluster
Generation System using the PE Cluster Kit cBot-HS (Illumina).
After cluster generation, the library preparations were sequenced
using Illumina NovaSeq 6000 (Illumina) and paired-end reads
were generated.

Raw data (raw reads) of FASTQ format were first processed
through fastp (20). Clean data were obtained by removing reads
containing adapter and poly-N sequences and reads with low
quality from raw data. Simultaneously, Q20, Q30 and GC
Frontiers in Immunology | www.frontiersin.org 344
content of the clean data were calculated (Supplementary
Table 1). Paired-end clean reads were aligned to the Ensembl
mouse reference genome (GRCm38.p6) (21) using the Spliced
Transcripts Alignment to a Reference (STAR) software (22). A
summary of the mapping result is presented in (Supplementary
Table 2). Gene expression values FPKM (expected number of
Fragments Per Kilobase of transcript sequence per Millions base
pairs sequenced) were calculated and used for the PCA and
Pearson correlation coefficient matrix, using R software (23).

Differential Expression Analysis
Differential expression analysis was performed using the
DESeq2R package (2_1.6.3) (24). The resulting P values were
adjusted using Benjamini and Hochberg’s approach for
controlling the false discovery rate (FDR). Genes with an
adjusted P-value <0.05 found by DESeq2 were assigned as
differentially expressed (DEGs). Using a built-in R package,
pheatmap, a hierarchical clustering heatmap was generated
presenting the log2(FPKM+1) of DEG union within all
comparison groups. Volcano plots were realized using
EnhancedVolcano R package (25).

Functional Analysis of DEGs
Functional enrichment analysis of the up-regulated N1 gene
cluster was performed using g:GOSt function in gProfiler version
e102_eg49_p15_7a9b4d6, database updated on 15/12/2020 (26).
The selected organism was Mus musculus, the significance
threshold was g:SCS, with a user threshold of 0.01. Gene
Ontology, pathways from KEGG, Reactome and regulatory
motif matches from TRANSFAC databases were inquired.

GO enrichment and KEGG database enrichment analysis was
performed using the clusterProfiler R package (27) on all the
DEGs, either down or up-regulated and the terms with a corrected
P value less than 0.05 were considered significantly enriched.

Quantitative RT-PCR
Validation of key molecules found to be highly increased by
RNA-seq was performed by qPCR using RNA obtained from
pooled neutrophils isolated from subsequent experiments. Total
cellular RNAwas extracted from N, N1 and N2 neutrophils using
TRIzol or Qiagen PureLink RNA Kit (Ambion™, Carlsbad, CA).
First-strand cDNA synthesis was performed employing 1 mg of
total RNA and MMLV reverse transcriptase, according to the
manufacturer’s protocol (Invitrogen). Assessment of mRNA
expression was done by amplification of cDNA using a
LightCycler 480 Real-Time PCR System (Roche) and SYBR
Green I. The primer sequences for the mRNAs of interest are
shown in Supplementary Table 3. The relative quantification
was done by the comparative CT method and expressed as
arbitrary units. Beta-actin was used as reporter gene.

Cytokine Array
The presence of soluble pro-inflammatory cytokines and
chemokines in the neutrophil condition media was analyzed
using the Proteome Profiler Mouse Cytokine Array Kit (ARY006,
R&D Systems) in conditioned media from the N, N1 and N2
subpopulations. Detection of the chemiluminescent signal was
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performed using the Luminescent image analyzer LAS 4000
(Fujifilm). The mean pixel density of each point was calculated
using ImageJ (Bethesda, MD).

Enzyme Linked Immunosorbent
Assay (ELISA)
The supernatant was harvested from control (N) or polarized N1
and N2 neutrophils cultured in the presence or absence of ABR-
238901 (100 µM). We measured the amount of the proteins of
interest released in the condition media by using specific kits (R&D
Systems & Mabtech), following the manufacturer’s instructions.

Measurement of Reactive Oxygen Species
Control (N) or activated neutrophils (N1 and N2) were assayed
for intracellular ROS using 2′,7′-dichlorofluorescein diacetate
(DCFH-DA) as previously described (28). Briefly, the cells were
incubated with 5 mM DCFH-DA (30 min at 37°C) and the DCF
fluorescence emission was detected at 535 nm with an excitation
wavelength of 485 nm in a 96-well microplate reader (GENios,
Tecan). Immediately after DCF measurements, cells were further
incubated for 20 min with Hoechst 33342 (0.2 µg/ml) and the
fluorescence was measured at 460 nm (with an excitation
wavelength of 345 nm). ROS was expressed as DCF/Hoechst
fluorescence units.

The Cellular Energetics of
N1 and N2 Neutrophils
An XFp Extracellular Flux Analyzer (Seahorse, Agilent
Technologies) was used to measure the oxygen consumption
rate (OCR) and the proton efflux rate (PER) as a measure of
extracellular acidification in control (N) or polarized neutrophils
(N1 and N2). Immediately following isolation, neutrophils were
added at 5 x 105 cells/well onto a poly-L-lysine coated XFp plate
and stimulated for 2 h to obtain polarized N1 and N2 neutrophil
subsets. The OCR and PER were measured in XF media (non-
buffered DMEM containing 10 mM glucose, 4 mM L-glutamine,
and 2 mM sodium pyruvate) under basal conditions and in
response to phorbol 12-myristate 13-acetate (PMA) activation.
After 3 h, 500 nM Rotenone was injected to measure the amount
of OCR due to mitochondrial activity. After the measurements,
data were normalized to the cell number by staining the cells for
10 min with Hoechst 33342 (5 µg/ml) followed by measurement
on a microplate reader (GENios, Tecan). The assay was
performed twice in duplicates for each condition.

Determination of Cell Migration by
Chemotaxis Assay
Real-time migration was monitored using CIM-plate-16 and the
xCELLigence System RTCA DP Instrument (Roche). We used a
16-well modified Boyden chamber composed of an upper
chamber (UC) and a lower chamber (LC) that snapped together
to form a tight seal. The bottom of the UC consists of a
microporous polyethylene terephthalate membrane that permits
the translocation of cells from the upper to the bottom side. Cell
migration was monitored by interdigitated gold microelectrode
sensors that generate an impedance signal by contact with the
migrated cells. IL-8 (300ng/ml) was added as a chemoattractant in
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the LC. We seeded 4x105 neutrophils in the UC of the CIM-plate-
16 in RPMI medium without FCS. Cell migration was monitored
for up to 20 h.

Gelatin Zymography
The gelatinolytic activity of the MMP‐9 released by N, N1 and
N2 neutrophils in the culture medium was evaluated by gelatin
zymography, as previously described (29). Briefly, the cell culture
medium was collected and the nonreducing Laemmli’s buffer was
added to the cell‐free neutrophil supernatants and subjected to
electrophoresis under non‐reducing conditions on 10%
polyacrylamide gels containing 1 mg/mL gelatin as substrate.
After electrophoresis, the gels were re‐natured in 2.5% Triton X‐100
(2 × 30 minutes) and incubated with 50 mmol/L Tris‐HCl pH 7.4,
containing 10 mmol/L CaCl2 and 0.2 mmol/L PMSF (18 hours, 37°
C). The gels were subsequently stained with 0.2% Coomassie
brilliant blue R‐250 and de‐stained with 10% acetic acid and 25%
methanol. The white bands against the blue background were
indicative of the gelatinolytic activity of MMP-2/-9. Image
acquisition was done with a transillumination imaging system
LAS 4000 (Fujifilm). Data are presented as fold increase over the
unstimulated control.

Western Blot
Following polarization, neutrophils were rapidly chilled by the
addition of ice‐cold HBSS. Neutrophils were pelleted,
supernatants were collected and the cell pellets were lysed
using RIPA lysis buffer supplemented with a protease inhibitor
cocktail. After centrifugation (12000 × g), the proteins were
quantified by bicinchoninic acid (BCA) Protein Assay Kit.
Samples (30 mg protein) were separated on 10% SDS-PAGE
(sodium dodecyl sulfate-polyacrylamide) gel electrophoresis and
transferred to nitrocellulose membranes, which were
subsequently probed with specific antibodies. The signals were
visualized using SuperSignal West Pico chemiluminescent
substrate (Pierce) and quantified by densitometry employing
the gel analyzer system Luminescent image analyzer LAS 4000
(Fujifilm) and the Image reader LAS 4000 software.

Detection of Myeloperoxidase (MPO)
and Nitric Oxide (NO)
Quantification of MPO activity was performed in the cell lysate,
and of NO levels in the conditioned media, using specific kits
from Elabscience (K074 and K035, respectively). Following
polarization, conditioned media from N, N1, N2 neutrophils
were harvested and used for NO detection, while neutrophils
were rapidly chilled with ice‐cold PBS, centrifugated and the
resulted cell lysate used for MPO quantification according to the
manufacturer’s instructions.

Statistical Analyses
GraphPad Prism 7.0 with data points expressed as mean ± standard
deviation (SD) was used for all statistical analyses. We used a two-
tailed Student’s t-test when comparing two experimental groups
and a one-way ANOVA and Tukey’s multiple comparison test
when comparing more than two groups. A p-value of p<0.05 was
considered statistically significant.
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Data Access
All sequencing data have been deposited in the ArrayExpress
database, https://www.ebi.ac.uk/arrayexpress/E-MTAB-10508.
All other data are available from the authors on request.
RESULTS

N1 and N2 Neutrophils Exhibit a Distinct
Transcriptomic Profile
RNA obtained from freshly isolated neutrophils polarized for 2h
with LPS+IFNg (N1) or IL-4 (N2), was analyzed by RNA-seq.
The sample replicates showed a high degree of correlation, as
determined by Pearson correlation matrix (Figure S1).

The hierarchical clustering analysis showed a distinct
transcriptomic profile of the N1 and N2 neutrophil populations
compared with control neutrophils (N) (Figure 1A). Additionally,
we performed a differential expression analysis to generate
modules of genes that are significantly modulated in each
neutrophil population. With a cutoff criterion of absolute fold
change ≥ 1.0 and adjP < 0.05, 966 genes were found to be
differentially expressed in N1 neutrophils compared to control
(771 genes were increased and 195 genes were decreased), and 532
genes were found to be differentially expressed in N2 neutrophils
(408 genes were increased and 124 genes were decreased)
(Figures 1B, C). In N1 neutrophils, a substantial number of up-
regulated genes code for inflammatory cytokines and chemokines
such as TNF-a, IL-10, IL-12, IL-1b, IL-1a, CCL3, CCL4, CCL5,
CCL7, CCL9, CXCL1, CXCL2, CXCL3, CXCL10, CXCL16
(Figure 1D). These molecules were either unmodified in N2
neutrophils or were down-regulated compared to controls
(TNF-a, IL-1b, CXCL16, CXCL2, CXCL10) (Figure 1D).

The gene ontology (GO) enrichment analysis highlighted
biological processes and functions that are significantly
associated with the modified genes in N1 and N2 neutrophils.
The differentially modulated genes in N1 neutrophils are
associated with cytokine production, cell response to LPS, cell
chemotaxis and cytokine mediated-signaling pathways (Figure
S2A). In contrast, genes found to be modified in N2 cells are
related to T cell activation and differentiation, cell-cell adhesion
and immune response (Figure S2B).

Interestingly, a central cluster of 391 highly up-regulated
genes is well represented in N1 neutrophils compared with N2
and control cells (Figures 1A and S3). Functional enrichment
analysis for the genes in this cluster revealed as significantly
enriched the following terms: i) biological process - “defense
response”; ii) molecular function - “cytokine activity” and
“cytokine receptor binding”; iii) KEGG pathway analysis -
“TNF signaling pathway”, “NF-kappa B signaling pathway”;
iv) TRANSFAC - Factor: RelA-p65 as the most enriched
transcription factor (Figure 1E). The results emphasize that
the highly up-regulated genes in the N1 subset are associated
with an inflammatory response. A list of the 10 most enriched
terms for each database searched is presented in Figure S4.

Following the RNA-seq analysis, we validated a selection of
differentially expressed inflammatory/anti-inflammatory genes
by qPCR in neutrophils polarized for 2h or 18h. Compared to
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control neutrophils, the N1 neutrophils exhibited higher gene
expression of the pro-inflammatory mediators TNF-a, IL-12, IL-
1b, CCL2 (MCP-1), CCL3 (MIP-1a), and CCL5 (RANTES) both
at 2h and 18h (Figures 2A–G). The gene expression of
inflammatory cytokines was time-dependent, reaching higher
levels at 18h compared with 2h of activation. IL-6 was highly
induced in N1 neutrophils only after 18h of activation
(Figure 2D). The anti-inflammatory markers CD206, Ym1 and
Arg1 were increased in N2 neutrophils, but not in N1 cells
(Figures 2I–K). However, the IL-10 gene expression was
unchanged in N2 neutrophils and was overexpressed in N1
cells (Figure 2H). The data are in agreement with the results
of RNA-seq expression where the gene encoding for IL-10 was
found to be ~10-fold upregulated in N1 neutrophils.

Expression of inflammatory genes in N2 neutrophils was
similar to unstimulated controls, except for the IL-1b that was
decreased (Figure 2C). These results are in agreement with the
results obtained by RNA-seq, where IL-1b and TNF-a were
significantly decreased in N2 neutrophils compared with controls.

To validate these findings in an inflammatory state in
humans, we analyzed the gene expression of CCL3, IL-6, IL-
1b, and CD206 in human blood neutrophils isolated from MI
patients during the first 24h after infarction. We found that the
gene expression of CCL3 and IL-6 was significantly increased in
neutrophils from these patients compared with healthy controls
(Figure S6). These data demonstrate the involvement in human
pathology of N1-like inflammatory neutrophils with a gene
expression profile similar to the N1 neutrophils isolated from
the infarcted myocardium (11) and to the N1 neutrophils derived
in vitro. The gene expression of the N2 marker CD206 was not
significantly affected in this early stage of the disease.

Additionally, we investigated the expression of N1/N2 surface
markers by flow cytometry in a mouse model of endotoxemia
(LPS-induced acute systemic inflammation). Circulating
neutrophils were analyzed at 24h after the LPS treatment.
Neutrophils from these mice were characterized by a
significantly higher surface expression of CD11b (Mac-1) and
ICAM-1 (Figures S7D, E), molecules involved in neutrophil
adhesion, rolling and recruitment into the tissue. These results
offer in vivo support for our in vitro data: RNA-seq data where
ICAM-1 expression was 11 times increased in N1 compared with
control neutrophils (log2FC:3,56; Figure 1D), cytokine array
showing the increased shedding of sICAM-1 in N1 neutrophils
(Figures 4A, B), and with the increased chemotactic activity of N1
neutrophils (Figure 5G). Similar toMI patients, LPS treatment did
not modulate the surface CD206 expression of mice circulating
neutrophils (Figures S7D, E), suggesting that N2-like neutrophils
are not present in blood during the inflammatory stage.
S100A9 Blockade Decreases
Gene Expression of the Myeloid
Chemotactic Chemokines CCL2, CCL3
and CCL5 in N1 Neutrophils
To assess the importance of S100A8/A9 for the immunostimulatory
function of N1 neutrophils, we polarized bone marrow-derived
neutrophils with LPS and IFNg in the presence of the specific
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S100A9 blocker ABR-238901 (ABR). ABR-238901 inhibits the
binding of S100A9 to its cognate receptors, as previously
described (17).

Gene expression of the inflammatory cytokines TNFa, IL-12,
and IL-1b, and of the chemokines CCL2 (MCP-1), CCL3 (MIP-
1a), and CCL5 (RANTES) was measured after 2h and 18h of
stimulation. We found that S100A9 blockade significantly reduces
the expression of CCL2, CCL3, and CCL5 (Figures 3D–F),
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but has no effect on the gene expression for inflammatory
cytokines (Figures 3A–C).

Soluble Immune Mediators Released by
N1 and N2 Neutrophils
To confirm the mRNA results on protein expression level, we
evaluated the levels of cytokines and chemokines present in the
condition media of N1/N2 neutrophils after 18h polarization
A B D
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C

FIGURE 1 | Gene expression profiling of the different neutrophil subsets. (A) Hierarchical Clustering Heatmap analysis of N, N1, and N2 neutrophils. Hierarchical
clustering analysis was conducted of log2(FPKM+1) of differential expression genes union within all comparison groups. The color coding indicates different
levels of expression: red indicates genes with high expression, and blue indicates genes with low expression levels. A major cluster of DEGs up-regulated in N1
is highlighted in a black square. (B, C) Volcano plot of differential gene expression between N1/N2 and N cells. The red dots represent significantly up-regulated
and down-regulated genes with – adjP < 0.05 and Log2FC > 1: 771 genes were up-regulated and 195 genes were down-regulated in N1 vs N neutrophils; 532
genes were up-regulated and 124 genes were down-regulated in N2 vs N cells. (D) Heatmap showing log2 Fold change and adjusted p-value for selected
inflammatory cytokines and chemokines differentially expressed either in N1 (upper panel) or N2 neutrophils (lower panel). Red color indicates the up-regulated,
and blue the down-regulated genes. (E) Manhattan plot illustrating the results of the enrichment analysis of the gene cluster of highly up-regulated genes in N1
compared with N and N2 neutrophils. The functional terms are grouped and color-coded by data sources, i.e., molecular function (MF) in red, biological
processes (BP) in orange, cellular components (CC) in green, KEGG in pink and TRANSFAC in dark blue. Numbered terms are detailed below the plot with their
respective adjP values.
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with LPS and IFNg, with or without ABR-238901. The levels of
inflammatory molecules were measured by a Proteome Profiler
Mouse Cytokine array kit or by ELISA.

The cytokine protein profiler was assessed in the neutrophil
condition media pooled from 3 independent experiments. We
found that control neutrophils secrete only 6 of the 40 cytokines
determined by the kit, namely, IL-1ra, sICAM-1, IL-16, CXCL10,
SDF1 and TREM. Compared with controls, N1 neutrophils
secreted higher levels of 18 inflammatory cytokines/chemokines
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including CCL2, CCL3, CCL5, TNF-a (>30-fold change), as well
as IL-6 and IL-1b (>2-fold change) (Figures 4A, B). S100A9
blockade significantly decreased the secretion of IL-1ra, IL-10,
CCL2, CCL3, CCL5 and increased the production of IL-16. The
inhibitory effects of the treatment on chemokine secretion agree
well with the gene expression data (Figure 3).

To further verify the gene and protein array data, we have
used ELISA to quantify the levels of a mediator that was
modulated by ABR (CCL3) and one that was not (IL-12). The
A B
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FIGURE 3 | The effect of S100A9 blockade on gene expression of immune mediators (A–F) in neutrophils exposed to LPS+IFNg (N1) or IL-4 (N2) in the presence of
ABR-238901 (ABR). The treatment decreases significantly the gene expression of CCL2, CCL3 and CCL5 in N1 neutrophils at both 2h and 18h. n = 3; **p < 0.01,
***p < 0.001, ****p < 0.0001 (N1 vs N); #p < 0.05, ##p < 0.01 (N1+ABR vs N1).
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FIGURE 2 | Gene expression of inflammatory and anti-inflammatory markers in neutrophils polarized for 2 or 18h with LPS+IFNg (N1) or IL-4 (N2). (A–G) qPCR for
inflammatory markers: TNFa, IL-12, IL-1b, IL-6, CCL3, CCL5, MCP-1, in N1 and N2 compared to control neutrophils (N). (H–K) qPCR for anti-inflammatory markers:
IL-10, CD206, Ym1 and Arg1, in N1, N2 and N. n = 5, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 (N1 or N2 vs. N).
August 2021 | Volume 12 | Article 708770

https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Mihaila et al. S100A9 Blockade Lowers N1-Neutrophils Activation
levels of both molecules were significantly higher in the N1
culture medium compared with control neutrophils, but S100A9
inhibition only reduced the secretion of CCL3 (Figure 4C).
Additionally, we found a significantly higher S100A8/A9
secretion by N1 neutrophils compared to unstimulated
controls and N2 neutrophils (Figure 4C), which was reduced
by the ABR-238901 treatment. Taken together, the results
suggest that S100A8/A9 promotes the secretion of chemotactic
factors by N1 neutrophils, and that ABR-238901 has a dual
inhibitory effect on S100A8/A9 secretion and function.

Functional Assessment of the N1 and N2
Neutrophil Subtypes
Production of ROS and NO
It has previously been shown that stimulated neutrophils activate
NADPHoxidase (NOX2) to generate large amounts of superoxide,
which acts as a precursor of hydrogen peroxide andotherROS (30).
Intriguingly, factors that stimulate the oxidative burst might also
simultaneously trigger iNOS activation in neutrophils or vice versa
(31).We set up experiments to compare the capacity of N1 andN2
neutrophils to produce ROS and NO, and to determine whether
S100A9 blockade influences these processes. We found that, in
contrast with the N2 subtype, N1 neutrophils have significantly
higher levels ofROSandNOcompared to controls (Figures 5A,D).
The S100A9 inhibition significantly reduced NO production in N1
neutrophils but did not affect ROS levels in either population.
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The Energetic Profile of N1 and N2 Neutrophils
Cellular metabolism plays a decisive role in the function and
plasticity of immune cells (1). Since the effector functions of
neutrophils during inflammation are tightly linked to their
metabolic state, we have investigated the energetic changes
occurring in the N1 and N2 populations. The oxidative burst
of neutrophils in basal conditions (control) or the presence of
LPS + IFNg (N1) or IL-4 (N2) was quantified by measuring the
oxygen consumption rate (OCR) in response to phorbol 12-
myristate 13-acetate (PMA). We found an increased OCR by N1
neutrophils compared to controls or N2. The increase in OCR or
oxidative burst after activation with PMA was associated with a
simultaneous increase in the Proton Efflux Rate (PER),
indicating that neutrophils depend on glycolysis for activation
(Figures 5B, C). Exposure to LPS+IFNg increased the glycolytic
function of neutrophils, which were transformed into
metabolically less efficient cells. Inhibition of mitochondrial
respiration with rotenone revealed that mitochondria only
have a modest contribution to neutrophil oxidative burst after
PMA activation (Figures 5B, C).
MPO and MMP-9 Activity in Polarized Neutrophils
MPO and MMP-9, along with elastase, are the main tissue
destructive enzymes produced by neutrophils and are involved
in matrix and protein degradation. We measured the activity of
A B

C

FIGURE 4 | Effects of S100A9 blockade on neutrophil mediators released in the conditioned media after 18h of culture. (A) Quantification of mediators present in
the culture medium from N1, N1 treated with ABR-23901, and N2 neutrophils compared to control neutrophils (N), as detected by the Proteome Profiler mouse
cytokine array. The culture medium was pooled from three experiments. Protein levels were normalized to references on each membrane. #p < 0.05 (N1+ABR versus
N1 neutrophils). (B) Representative membranes incubated with the condition media from N, N1, N1+ABR and N2 neutrophils. (C) Measurement of CCL3, IL-12 and
S100A8/A9 in the neutrophil s condition media by ELISA. The data represent mean ± SD from three experiments; **p < 0.01, ***p < 0.001, ****p < 0.0001 (N1 vs N);
#p < 0.05; ##p < 0.01 (N1+ABR versus N1).
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MPO in the cell lysate and of MMP-9 released in the condition
media collected from N1 and N2 neutrophils. As shown in
Figure 5E, MPO activity was significantly increased in both
neutrophil phenotypes compared to control. In contrast, MMP-9
activity was only augmented in N1 neutrophils (Figure 5F).
S100A9 inhibition with ABR-238901 restored both MPO and
MMP-9 activity in N1 neutrophils to levels similar to the
unstimulated control (Figures 5E, F).

Transmigration of Polarized N1 and N2 Neutrophils
The transmigration capacity of polarized neutrophils was
monitored using the chemokine IL-8 as a chemoattractant.
Despite the lack of a gene coding for IL-8, mice express a
receptor homologous to human CXCR2 that mediates
neutrophil chemotaxis in response to human IL-8 (32).
Neutrophils were placed in the upper chamber of a CIM-plate,
and RPMI culture medium containing IL-8 was added to the lower
chamber. The chemotactic activity was monitored over 20h using
the xCELLigence software. As shown in Figure 5G, N1
neutrophils exhibited significantly increased migration capacity
compared with N2 or control neutrophils. Only a few neutrophils
transmigrated in the lower chamber when RPMI without IL-8 was
used as a negative control (not shown). The addition of ABR-
238901 in the upper chamber inhibited the migratory capacity of
N1 neutrophils (Figure 5H).
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Molecular Players Involved
in the Function of Polarized Neutrophils
NADPH Oxidase Subunits Regulate
ROS Production in Neutrophils
Upon activation, neutrophils produce large amounts of ROS via the
NADPH oxidase complex (33). To investigate the mechanisms
responsible for the differences in ROS production between the N1
andN2 neutrophils, we assessed the expression of the main subunits
ofNADPHoxidase complex inbothneutrophil subtypesby real-time
PCR and Western blot. Gene expression of Nox2, p47phox and
p22phox was significantly increased in N1 neutrophils compared to
control (Figure 6A–C). Inhibition of S100A9 significantly reduced
gene expression of the p22phox subunit. Protein expression of Nox2
and p47phox was also increased in N1 cells. Interestingly, the
treatment of polarized neutrophils with ABR-238901 significantly
reduced p47phox and Nox2 protein level in N1 neutrophils
(Figure 6D–F), although no effect was observed at gene expression
level (Figure 6A, B). Expression of the NADPH subunits in N2
neutrophils was similar to controls on both gene and protein levels
and was not influenced by the S100A9 blockade.

Signaling Pathways Activated in N1 and N2
Polarized Neutrophils
RNA-seq analysis identified over 20 signaling pathways that were
significantly enriched in N1 and N2 neutrophils [-log10(p adj)>5]
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FIGURE 5 | Functional analysis of neutrophil populations. The cells were treated for 18h with LPS + IFNg (N1) or IL-4 (N2) in the presence or absence of ABR-238901
(ABR). (A)Quantification of intracellular ROS using the DCFDA assay. (B, C)Measurement of the neutrophil oxidative burst evaluated in response to phorbol 12-myristate
13-acetate (PMA): (B)the oxygen consumption rate (OCR) and (C) the glycolytic proton efflux rate (PER), calculated using extracellular acidification rate (ECAR)
measurements. (D)Quantification of NO released in the conditioned medium of neutrophil subtypes. (E) evaluation of MPO enzymatic activity in the cell lysate of neutrophil
populations. (F) Quantification of MMP-9 gelatinase activity assessed by SDS‐PAGE zymography in the condition media of neutrophils. (G, H) The chemotactic activity of
neutrophil populations toward IL-8 evaluated using a CIM-plate 16 and the xCELLigence RTCA DP system. The cell index (CI), proportional to the number of transmigrated
neutrophils, was measured as the cell electrical impedance every 15 min over 10h. Data are from four independent experiments; every experiment used pooled neutrophils
from at least 5 mice. Data are shown as mean fold change to control ± SE (n = 4). Statistical significance is shown as *p < 0.05, **p < 0.01, ***p < 0.001, #p ≤ 0.05.
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(Figures 7A, B), withNF-kB signaling pathway comprising over 30
DEGs (Figure 7A). Among the transcription factors, RelA-p65was
themost up-regulated inN1neutrophils compared to control (adjP:
2.162 x 10-16) (Figure 1E). To validate these results, we compared
the activation status of the NF-kB signaling pathway in N1 versus
N2 neutrophils. Phosphorylated p65 was significantly increased in
N1 neutrophils and unchanged in N2 cells compared with
unstimulated control, as assessed by Western Blot (Figure 7C).
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We also evaluated the activation of two other signaling molecules
associated with inflammation and oxidative burst, ERK1/2 and
PKC. We found a significant increase in pERK1/2 protein
expression, but no differences in pPKC levels (Figures 7D, E).
Blockade of S100A9 with ABR-238901 significantly inhibited both
pERK and pp65, supporting its anti-inflammatory properties.
pPKC was not modified by ABR-238901 in any of the neutrophil
subtypes (Figure 7E).
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FIGURE 6 | Gene and protein expression of NADPH oxidase subunits in the different neutrophil populations in the presence or absence of ABR-238901 (ABR).
(A-C) Quantification of gene expression for NADPH oxidase subunits Nox2, p47phox and p22phox by qPCR. (D-F) Protein expression of NADPH oxidase subunits
p47phox and Nox2 determined by Western blot. n = 3, *p < 0.05, **p < 0.01 ****p < 0.0001 (N1 versus control); #p<0.05 (N1 versus N1 + ABR).
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FIGURE 7 | Signaling pathways activated in neutrophils subtypes. (A, B) The top 20 signaling pathways revealed by the KEGG signaling pathway enrichment
analysis in N1 and N2 compared with control neutrophils (N). (C-E) Analysis of the phosphorylation form of p65, ERK and PKC in neutrophil subsets. Cell lysate from
control (N), or polarized neutrophils (N1 and N2) cultured for 18h in the presence or absence of ABR-238901 (ABR) was analyzed by Western blot; n = 3, *p < 0.05,
**p < 0.01 (N1 vs N), #p < 0.05, ###p < 0.001 (N1 vs N1 + ABR).
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DISCUSSION

Neutrophils, the most abundant leukocytes in human blood, are
the first innate immune effectors in infections and sterile
inflammation. Aberrant neutrophil responses are associated
with various diseases such as sepsis, asthma, MI, and
rheumatoid arthritis (34, 35). Recent data have shed new light
on the neutrophil responses in various pathologies and the
classical view that neutrophils are a homogeneous population
has been revised following the identification of novel functions
and phenotypic diversity (33, 34). Pro-inflammatory (N1) and
anti-inflammatory (N2) neutrophils have been identified under
various pathological conditions in vivo (2, 11, 36). Recently, Ma
et al. have described the sequential infiltration of N1 and N2
neutrophils in infarcted mouse hearts and demonstrated that
these cells share phenotypic features with N1 neutrophils derived
in vitro from naïve neutrophils in the presence of LPS/IFNg and
with IL-4 derived N2 neutrophils (11).

The purpose of our study was to examine the functional
differences between the N1 and N2 subpopulations, and to assess
the importance of the abundant neutrophil mediator S100A8/A9
in promoting these phenotypes. We have therefore used the same
in vitro protocol employed by Ma et al. (11). We found that N1
and N2 neutrophil populations have distinct transcriptomic
profiles and functions. N1 neutrophils exhibit increased
production of inflammatory cytokines/chemokines, elevated
levels of ROS and NO, augmented oxidative burst, increased
activity of protein and matrix-degrading enzymes, as well as
enhanced chemotactic response. Conversely, N2 neutrophils
display increased expression of CD206, Ym1 and Arg1, and
have similar ROS and NO levels, oxidative burst and chemotactic
response as the unstimulated controls. Further, we found that the
phosphorylated forms of ERK1/2 and p65, signaling molecules
associated with an inflammatory phenotype, are increased in N1
but not in N2 neutrophils. Finally, S100A8/A9 blockade lowered
the phosphorylation of ERK1/2 and p65 in N1 neutrophils,
leading to reduced production of the chemokines CCL2, CCL3,
CCL5, reduced NO, MPO and MMP-9 activity, and slower N1
migration. These data are all the more important as in vivo we
found that similar N1 inflammatory neutrophils are present in a
human inflammation state (post-MI patients), as well as in a
mouse model of endotoxemia.

Our RNA-seq analysis of the transcriptomic profile of the two
neutrophil populations polarized in vitro revealed that N1
neutrophils overexpress genes associated with cytokine
production, chemotaxis and cytokine mediated-signaling
pathways involved in pro-inflammatory responses. In contrast,
the N2 gene profile includes genes involved in T cell activation and
differentiation, cell-cell adhesion and other immune responses.
Our data confirm the previously described expression of CCL3,
CCL5, IL-12a, and TNF-a in N1 neutrophils (11), and identify
additional inflammatory chemokines and cytokines up-regulated
in this population, such as IL-1a, CCL4, CCL7, CCL9, CXCL1,
CXCL2, CXCL3, CXCL10, and CXCL16. Importantly, we found
that IL-16 was down-regulated in N1 neutrophils, and TNF-a and
IL-1b were down-regulated in N2 neutrophils compared with
controls. IL-16 has previously been found to be stored in the
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neutrophil cytosol and released under conditions of insufficient
clearance of apoptotic neutrophils that typically occur at sites of
infection and inflammation (37). However, the biological
significance of the lower IL-16 release from N1 neutrophils
found in our study remains unclear.

Our study is the first to identify that the alarmin S100A8/9,
abundantly secreted by activated neutrophils, is an important
promoter of the aggressive pro-inflammatory N1 phenotype
through an autocrine mechanism. We show that N1
neutrophils secrete higher amounts of S100A8/A9 compared to
N2 cells, and that inhibition of S100A9 with the specific blocker
ABR-238901 reduces the secretion of S100A8/A9 and of the
myeloid chemoattractants CCL2, CCL3 and CCL5. These results
extend previous data showing that S100A8/A9 modulates the
production of pro-inflammatory mediators including cytokines,
chemokines, ROS, and NO in various cell types (38). The
reduced production of myeloid chemoattractants induced by
S100A9 inhibition provide important mechanistic support to our
previous findings in a mouse model of MI in vivo, showing that
treatment with ABR-238901 prevents neutrophil and monocyte
migration from the bone marrow and spleen into the circulation,
and recruitment into the heart (17, 39). Consequently, the
treatment reduced myocardial inflammation and significantly
improved cardiac function compared to controls (17). A close
examination of the myocardial environment showed reduced
S100A8/A9 staining and CCL5 gene expression at the end of the
3-day treatment (17), which is in agreement with the in vitro data
presented here. Our findings support the important role of
S100A8/A9 as a pro-inflammatory neutrophil mediator, adding
to previous data showing that S100A8/A9 induces neutrophil
release from the bone marrow and directs their migration in
response to LPS (40), primes the NLRP3 inflammasome in
neutrophils and stimulates IL-1b production post-MI (41), and
is indispensable for MI-induced granulopoiesis (18). Interestingly,
in the presence of extracellular calcium the S100A8/A9
heterodimers form inactive (S100A8/A9)2 tetramers that prevent
excessive systemic pro-inflammatory effects (42). S100A9
blockade did not have any consequences on N2 neutrophil
phenotype and function evaluated in this study. However, we
have previously shown that S100A8/A9 activates the transcription
factor Nur77 in monocytes and promotes the generation of
MerTKhi reparatory macrophages (39). These data add further
evidence for the complex activity of these proteins, depending on
their biological form, cell type and disease stage.

At the site of infections, activation of NOX2 in neutrophils
generates large amounts of ROS, which are essential for
antimicrobial host defense (30). However, excessive ROS
production also induces tissue injury and exacerbation of the
inflammatory reaction in different pathologies. In MI, excessive
ROS production by neutrophils may damage the healthy
myocardium and promote ventricular remodeling (43). We
found that the level of ROS was significantly higher in N1
neutrophils, which have also been shown to dominate the pro-
inflammatory phase of the immune response in MI (11).
Inhibition of S100A9 significantly decreased the protein levels
of the NADPH oxidase subunits Nox2 and p47 in N1
neutrophils, but the gene expression was unaffected. Previous
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studies have found that S100A8/A9 heterodimer interacts
directly with the cytosolic phox proteins p67 and p47phox (44)
and with Nox2 (45) and induces ROS production by activating
NADPH oxidases (45, 46). This interaction might explain the
observed effects of S100A9 inhibition in our study, but the exact
mechanisms remain to be elucidated.

We also found that N1 neutrophils migrate in higher numbers
toward IL-8 compared with N2 or control neutrophils, and
S100A9 inhibition with ABR-238901 significantly reduced N1
neutrophil transmigration. These data are in good agreement
and extend previous results reporting that S100A8, S100A9, and
S100A8/A9 are involved in neutrophil migration to inflammatory
sites (47), and that leukocyte migration is deficient in S100A9-
knockout mice (48). Limiting neutrophil chemotaxis by S100A9
blockade could be a therapeutic strategy for pathologies where
excess neutrophil infiltration and activation cause inflammation,
impair tissue repair and lead to loss of organ function. Neutrophils
mediate tissue damage through the release of proteases from their
cytoplasmic granules. As expected, we found that inflammatory
N1 neutrophils release an increased level of active MMP-9 and
MPO. Exposure of N1 neutrophils to ABR-238901 reduces the
activity of both enzymes to levels similar to control cells, adding
support to the possible importance of S100A9 blockade in limiting
tissue damage.

Understanding the signaling mechanisms involved in the
production and release of cytokines/chemokines, proteases, and
ROS from neutrophils could provide novel targets for anti-
inflammatory therapies. Both LPS and S100A8/A9 activate the
TLR4/MD2 receptor complex, leading to recruitment of the
adaptor protein MyD88 and sequential activation of IRAK1,
ERK, p38 MAPK, and NF-kB (38). S100A8/A9 binding to RAGE
also leads to NF-kB activation (14, 38). Here, we show that the
MyD88 gene is significantly upregulated and the phosphorylated
forms of ERK1/2 and the p65 subunit of NF-kB are more
abundant in N1 neutrophils compared to controls. These
pathways mediate the neutrophil response to aggressors,
including ROS production, cytokine and chemokine synthesis,
and induction of anti-apoptotic signals (49). S100A9 blockade
reduced the phosphorylation of both p65 and ERK1/2,
demonstrating an important contribution of the protein in
triggering these pathways. Since both externally-supplied LPS
and neutrophil-secreted S100A8/A9 are present in our in vitro
system, it is difficult to distinguish the relative contribution of the
two mediators in triggering TLR4 activation, as they compete for
the receptor. The magnitude of the observed effects of S100A9-
blockade on N1 neutrophils varied depending on the outcome.
The treatment led to important inhibition of N1 migratory
ability, NO, MPO and MMP-9 secretion, but only modest
reduction in cytokine and chemokine secretion. These results
suggest that only certain pathways are affected by the S100A9
inhibition in our system. One possibility could be that ABR-
238901 only interferes with the activation of RAGE, while
S100A8/A9 binding to TLR4/MD2 is prevented by the
presence of LPS. However, this hypothesis is highly speculative
and requires confirmation in future experiments employing
different combinations of TLR4 and RAGE blockers or LPS-
free experimental systems.
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Recently, it has been demonstrated that the absence of TLR4 in
a mouse model of stroke polarizes the cells toward an N2
phenotype associated with neuroprotection (50). The data
suggest a different modulation of neutrophils in absence of
TLR4. In N2 neutrophils we found an increased expression of
anti-inflammatory markers and reduced production of the
inflammatory cytokines TNF-a and IL-1b. Functionally, these
cells were similar to control neutrophils in our experimental
setting. However, the N2-like phenotype obtained by IL-4
stimulation in vitro may differ from the anti-inflammatory
neutrophils found in vivo. While the N1 inflammatory
phenotype appears to dominate the acute response to infection
or inflammation in vivo, a complex microenvironment is likely to
lead to higher neutrophil diversity after the acute phase has ended.
This assumption is supported by a recent report investigating
cardiac neutrophil diversity in murine MI. The study
demonstrated the existence of temporal diversity of neutrophil
states in the infarcted heart, identifying 6 transcriptionally distinct
cell clusters with a time-dependent appearance (51). In a study
focused on tumor-associated neutrophils, the authors also used
LPS and IFNg/IFNb to derive N1 neutrophils and a much more
complex mediator cocktail to derive N2 cells. The cocktail
included L-lactate, adenosine, TGF-b, IL-10, prostaglandin E2,
and G-CSF, in an attempt to mimic the tumor environment (52).
The resulting N2 neutrophils are likely to differ from the IL-4-
derived neutrophils used in the present study.

Study Limitations
Our study has several important limitations that have to be
considered when interpreting the findings. Firstly, it is
important to acknowledge that our simplified experimental
system is unlikely to fully reproduce the complex environment
present in vivo. We chose to employ the same in vitro conditions
proposed by Ma et al., as these have been shown to generate N1/
N2 neutrophils similar to the cells found by these authors in the
infarcted mouse hearts in vivo. However, as mentioned above, a
more detailed study of neutrophil genetic profile post-MI has
identified 6 distinct cell clusters that sequentially infiltrated the
post-ischemic myocardium (51). It remains unclear whether and
how these cells will be able to be generated in vitro with enough
fidelity in future studies. Secondly, as discussed above, LPS and
S100A8/A9 are competing for the TLR4 receptor, which makes it
difficult to discern to what extent the two mediators contribute to
the observed effects. Lastly, ABR-238901 has specifically been
developed to bind to S100A9 and inhibit activation of TLR4 and
RAGE. Quinoline-3-carboxamides, first-generation S100A9
blockers, have been shown to block the binding of both the
S100A9 homodimer and of the S100A8/A9 heterodimer to
mouse and human TLR4 and RAGE (53). However, it has not
been tested whether the next-generation blocker ABR-238901 is
also able to inhibit the binding of both forms of the protein to the
receptors. Therefore, we cannot determine with certainty whether
the observed effects are solely due to S100A9 blockade or to the
blockade of both forms of the protein.

In conclusion, our study contributes to the understanding of
the transcriptomic, phenotypic and functional characteristics N1
and N2 neutrophils and is the first to identify an important
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autocrine role of the neutrophil mediator S100A8/A9 in
promoting the pro-inflammatory N1 phenotype. These data
support previous results suggesting a pathogenic role of
S100A8/A9 in clinical trials and in vivo models, and promote
pharmacological blockade of S100A9 as a potentially important
therapeutic strategy in inflammatory disorders with a
neutrophil component.
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Neutrophils are the most abundant white blood cells recruited to the sites of infection and
inflammation. During neutrophil activation, myeloperoxidase (MPO) is released and
converts hydrogen peroxide to hypochlorous acid (HOCl). HOCl reacts with
plasmalogen phospholipids to liberate 2-chlorofatty aldehyde (2-ClFALD), which is
metabolized to 2-chlorofatty acid (2-ClFA). 2-ClFA and 2-ClFALD are linked with
inflammatory diseases and induce endothelial dysfunction, neutrophil extracellular trap
formation (NETosis) and neutrophil chemotaxis. Here we examine the neutrophil-derived
chlorolipid production in the presence of pathogenic E. coli strain CFT073 and non-
pathogenic E. coli strain JM109. Neutrophils cocultured with CFT073 E. coli strain and
JM109 E. coli strain resulted in 2-ClFALD production. 2-ClFA was elevated only in CFT073
coculture. NETosis is more prevalent in CFT073 cocultures with neutrophils compared to
JM109 cocultures. 2-ClFA and 2-ClFALD were both shown to have significant bactericidal
activity, which is more severe in JM109 E. coli. 2-ClFALD metabolic capacity was 1000-
fold greater in neutrophils compared to either strain of E. coli. MPO inhibition reduced
chlorolipid production as well as bacterial killing capacity. These findings indicate the
chlorolipid profile is different in response to these two different strains of E. coli bacteria.

Keywords: neutrophils, 2-chlorofatty acid, 2-chlorofatty aldehyde, plasmalogen, inflammation, E. coli, myeloperoxidase
INTRODUCTION

Neutrophils play vital roles in host defense mechanisms against infections and acute inflammation.
They are the initial white blood cells to arrive at sites of infection. Neutrophils kill microorganisms
through phagocytosis and the release of antibacterial enzymes. Additionally, neutrophils release
neutrophil extracellular traps, (NETs) (1), which may provide an additional mechanism for microbe
Abbreviations: 2-ClFA, 2-chlorofatty acid; 2-ClFALD, 2-chlorofatty aldehyde; ATZ, 3-amino-1,2,4-triazole; ARDS, acute
respiratory distress syndrome; CFU, colony forming units; cyD, cytochalasin D; ESI-MS, electrospray ionization mass
spectrometry; EPEC, enteropathogenic E. coli; EtOH, ethanol; ecDNA, extracellular DNA; HBSS, Hank’s buffered salt solution;
HOCl, hypochlorous acid; LB, Luria Bertani; max RFU, maximum relative fluorescence units; MPO, myeloperoxidase; NETs,
neutrophil extracellular traps; PFB, pentafluorobenzyl; PMA, phorbol 12-myristate 13-acetate; PBS, phosphate buffered saline;
and SD, standard deviation.
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killing. During neutrophil activation, the primary granules
release myeloperoxidase (MPO). MPO uses hydrogen peroxide
and chloride to produce hypochlorous acid (HOCl). HOCl has a
significant role as an antimicrobial agent and has deleterious
effects on host cells. HOCl oxidizes proteins, lipids, and DNA
(2–5). Previous studies have shown HOCl targets the vinyl ether
bond at the sn-1 position of plasmalogen phospholipids
liberating 2-chlorofatty aldehyde (2-ClFALD) (6, 7).
Plasmalogens are enriched in plasma membranes of
neutrophils, endothelial cells, monocytes, smooth muscle cells
and cardiac muscles (8–11). 2-ClFALD is relatively short-lived
due to its electrophilic nature as well as its metabolism.
2-ClFALD can be oxidized to 2-chlorofatty acid (2-ClFA), can
be reduced to 2-chlorofatty alcohol, can form Schiff based
adducts with amines and can undergo nucleophilic substitution
with glutathione to produce the fatty aldehyde-glutathione
adduct (12–15).

Increases in 2-ClFALD and 2-ClFA levels have been
demonstrated in both sterile and septic inflammation. 2-ClFALD
is elevated in human atherosclerotic lesions as well as infarcted
myocardium (16, 17). Endotoxemia leads to elevated plasma levels
of 2-ClFA and urinary 2-chloroadipic acid, which is the clearance
product of 2-ClFA (18). In human sepsis, increased plasma levels of
2-ClFA associate with acute respiratory distress syndrome (ARDS)
and 30-daymortality (19). Similarly, plasma levels of 2-ClFA levels
are elevated in experimental septic rats that do not survive (20).
Furthermore, in experimental sepsis studies 2-ClFA is elevated in
many tissues (20).Other studieshave shownblockadeof chlorolipid
production with MPO inhibitors reduces mesenteric
microcirculatory dysfunction (21). In cell studies, 2-ClFALD and
2-ClFA have been shown to elicit endothelial dysfunction,
endoplasmic reticulum stress, and apoptosis (22–24).
Chlorolipids also are neutrophil chemoattractants and elicit
NETosis (7, 25).

Although chlorolipids are produced during sepsis, and
neutrophil activation by phorbol esters produces chlorolipids,
the production of chlorolipids in response to bacteria has yet to
be demonstrated. Additionally, the relative production of
chlorolipids by neutrophils in response to different bacteria
species or strains could be important mechanistically in the
chlorolipid production during sepsis. E. coli is one of the
common microorganisms causing extraintestinal infections,
neonatal sepsis, neonatal meningitis, and bacteremia (26).
Unlike most commensal E. coli strains enteropathogenic E. coli
(EPEC) possess virulence factors that allow them to become
more invasive. These virulence factors include adhesins,
siderophores, toxins, protectins, and invasin that help them to
colonize on host mucosal surfaces, injure and invade host cells
and escape from host defense mechanisms (27, 28). The CFT073
E. coli strain is classified under EPEC strains causing urinary
tract infections and sepsis. CFT073 suppresses innate immunity
by disrupting the inflammasome that is crucial for pathogen
recognition, survival within macrophages, and resistance to
phagocyte mediated oxidative stress (29–31).

In this study, we compared chlorolipid production in the
presence of E. coli CFT073 strain and the E. coli JM109 strain.
Frontiers in Immunology | www.frontiersin.org 258
The CFT073 strain generated significant amounts of neutrophil-
derived 2-ClFA compared to the JM109 strain. Exogenously
added 2-ClFALD was bactericidal to both strains but only the
JM109 strain was susceptible to killing by 2-ClFA. 3-
Aminotriazole (ATZ) blocked both 2-ClFALD and 2-ClFA
production in incubations of neutrophils with either CFT073
or JM109 E. coli strains. These are the first studies examining
chlorolipid production by human neutrophils elicited by
different bacteria and reveal important differences in the
production of specific chlorolipids dependent on E. coli strain.
MATERIALS AND METHODS

Lipids
2-Chlorohexadecanal and 2-chloropalmitic acid were
synthesized and purified as previously described (7, 14). 2-
Chlorohexadecanal and 2-chloropalmitic acid were used as
representative molecular species of 2-ClFALD and 2-ClFA,
respectively, in studies designed to examine the biological roles
of these two chlorolipid classes. Hexadecanal and palmitic acid
were used to delineate specifics effects of chlorolipids.

Human Neutrophils
Human neutrophils were isolated from healthy human donors as
previously described under Saint Louis University IRB protocol
9952 (7). In brief, healthy human blood was layered on a density
gradient in 1:1 volume with blood and centrifuged at 500g for 30
min. The polymorphonuclear cell band was isolated and washed
in Hanks’s balanced salt solution (HBSS). Following red cell lysis,
the neutrophils were washed twice with HBSS. The isolated
neutrophils were suspended in HBSS to prepare the final
concentration of 2x106 cell/ml.

Bacterial Strains and Growth Conditions
CFT073 urosepsis E. coli strain and JM109 E. coli strain were
used in these studies. Bacteria were precultured overnight and
subcultured in Luria Bertani (LB) agar broth under shaking
condition (250RPM) at 37°C. Once cultures reached the
exponential growth phase bacteria number was calculated
using a pre-drawn growth curve based on O.D. 600nm
spectrophotometric readings. Bacteria were washed and
suspended in HBSS to prepare indicated concentrations.

Neutrophil and Bacteria Cocultures
Neutrophils were cocultured with bacteria in HBSS at 1:10 ratio
for indicated time intervals at 37°C. Plasma was not included in
these cocultures to minimize the contribution of plasma lipids in
analyses. For MPO inhibition studies, neutrophils were
preincubated with 10 mM of ATZ for 5 min before the
addition of bacteria. Incubations were terminated by the
addition of methanol. To quantify chlorolipids that were
released into the media versus that which was associated with
cells, cocultures were centrifuged at 200g for 10 min to prevent
neutrophil rupture. Next, the supernatant was further
centrifuged at 4700g for 10 min to sediment bacteria and
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remaining cell debris. The cell pellets following centrifugation
were combined to detect cell-associated chlorolipids. Lipids were
extracted by the modified Bligh Dyer extraction method as
described previously (7, 14, 32). 2-Chloro-[d4]-hexadecanal
and 2-chloro-[d4]-palmitic acid were used as internal standards
as previously described (7, 12, 33, 34).

Analyses of Chlorinated Lipids
Molecular species of 2-ClFALD were detected following
derivatization to their pentafluorobenzyl (PFB) oximes using
PFB hydroxylamine. The derivative products were analyzed
using GC/MS using selected ion monitoring as previously
described (33, 34). Free 2-ClFA was analyzed directly from the
lipid extract while total 2-ClFA was measured following base
hydrolysis and a modified Dole extraction as previously
described (33, 34). 2-Chlorofatty acid molecular species were
quantitated following liquid chromatography by selected
reaction monitoring using electrospray ionization mass
spectrometry (ESI-MS) on a triple quadrupole instrument
(Thermo, Altis).

E. coli Killing by Neutrophils
After coculture of neutrophils with E. coli, the survival of E. coli
was assessed by first adding 100U/ml of DNase to eliminate
NETs and aggregated cells. For some experiments 2x106/ml
neutrophils were pretreated with 10µg/ml of cytochalasin D
(cyD) and 10mM ATZ for 15 min and 5 min respectively prior
to the addition of E. coli and further incubated for 30 min at
37°C. Next, 50µl of the sample was diluted in pH11 water and
then incubated at room temperature for 5 min to lyse neutrophils
as previously described (35). Sample were subsequently serially
diluted in HBSS and plated on LB agar plates. Colony forming
units (CFU)/ml were calculated following overnight incubation.
The percentage of bacterial survival was calculated by dividing
the bacteria number in the coculture by the control bacteria
number without neutrophils (the baseline of 100% survival).

Extracellular DNA Assay
Extracellular DNA (ecDNA) release from neutrophils was
assayed as previously described (25). 2x106/ml neutrophils and
20x106/ml E. coli were cocultured with 10µM Sytox Green
(Invitrogen) and transferred to 96 well black clear bottom plate
for incubation at 37°C. ecDNA was detected by fluorescence
emiss ion at 523nm by SpectraMax i3 Mult i-Mode
spectrophotometer. Fluorescence measurements were an
average of 21 different regions in a single well to normalize the
uneven distribution of ecDNA in the well. ecDNA was expressed
as a % of 20 mM saponin-treated neutrophils, which is
considered 100% ecDNA.

NET Isolation and Killing Assay
NET isolation from neutrophils was performed using
modifications of a previously described method (36). Briefly,
2x106/ml neutrophils in HBSS were plated on 6 well plates and
stimulated with 200nM of phorbol 12-myristate 13-acetate
(PMA) in 0.1% ethanol for 4 h at 37°C in the presence of 5%
CO2. The media was gently aspirated and discarded. The
Frontiers in Immunology | www.frontiersin.org 359
adherent NETs and neutrophils were collected by washing with
cold phosphate buffered saline (PBS) and centrifuged at 400g for
10 min at 4°C to remove whole cells and debris. The NET rich
supernatant was further centrifuged at 16300g for 10 min at 4°C.
DNA in the isolated NET samples were quantified by
QuantiFluor dsDNA system (Promega) according to
manufacturer’s instructions.

Bacteria killing by NETs was determined by treating 1x106/ml
of either CFT073 or JM109 with 50ng/ml of isolated NETs for 30
min at 37°C. Following incubation, 100U/ml of DNase was
added for 10 min to break NETs to release the bacteria
trapped within NETs. Some experiments were performed with
NETs pretreated with 100U/ml DNase. Samples were serially
diluted and plated on LB agar plates to determine CFU/ml.
Percent bacterial survival was calculated relative to control
bacteria without any treatment.

Phagocytosis Assay
CFT073 and JM109 were labeled with pH sensitive pHrodo deep
red as specified by the manufacturer (Invitrogen catalogue no.
P35357). Briefly, E. coli were harvested from the exponential
growth phase and washed twice with the manufacturer-provided
washing buffer. The cells were then incubated with pHrodo deep
red labeling reagent for 2h at room temperature in the dark.
Following labeling, cold LB media was added to scavenge
unreacted dye and the cells were washed with HBSS. Labeling
was confirmed by exposing the labeled bacteria to acidic pH
range and measuring fluorescence intensity and the bacteria
viability was also checked by plating on LB agar plates (data
not shown).

The phagocytosis assay was performed with slight
modifications of a previously described method (37). 5x105/ml
of neutrophils and 50x105/ml of pHrodo deep red labeled
CFT073 and JM109 were mixed together at Neu: E. coli ratio
of 1:10 in 96-well black clear bottom plates for the incubation at
37°C. The fluorescence emission was measured at 655nm by
SpectraMax i3 Multi-Mode spectrophotometer at given time
intervals. Some experiments were performed with neutrophils
pretreated with 10 µg/ml of cyD for 15 min before incubation
with pHrodo deep red labeled E. coli. Net phagocytosis was
calculated by subtracting the fluorescence intensity of the E. coli
only wells (negative control without neutrophils) from the
cocultured wells and expressed as a percentage of maximum
relative fluorescence units (max RFU).

Immunofluorescence of NETs
Neutrophils (2x106/ml) in HBSS on coverslips were incubated at
37°C in the presence of either 20x106/ml CFT073 or JM109
bacteria for either 30 min or 2h. At the end of the incubation,
cells were fixed with 4% paraformaldehyde for 15 min. Following
PBS washing, cells were blocked and permeabilized with 0.5%
bovine serum albumin and 1% donkey serum in the presence of
0.05% Triton X-100 for 1 h. Next, cells were incubated with
primary antibodies against MPO (1:500) (rabbit monoclonal
anti-MPO; Abcam catalog no. ab208670) and E. coli (1:200)
(goat polyclonal anti-E. coli; Abcam catalog no. ab13627) in
blocking buffer for 1h at room temperature. Cells were then
August 2021 | Volume 12 | Article 701227
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incubated with secondary antibodies of donkey anti-rabbit Alexa
Fluor 594 (1:300) (Jackson ImmunoResearch; catalog no.711-
585-152) and donkey anti-goat Alexa Fluor 488 (1:300) (Jackson
ImmunoResearch; catalog no.705-545-003) and DAPI (1:2500)
(Sigma-Aldrich) for 1 h at room temperature. Slides were
mounted with prolong gold antifade reagent. Fifteen
contiguous image tiles were captured at 100x (1.40 NA) on a
Leica SP8 TCS STED 3X instrument equipped with HyD
detectors at full axial depth (0.15 µm increments) of DAPI
signal before stitching with Huygens Professional software
(SVI, Netherlands). Images were deconvolved in all three
channels using Huygens Professional using built in optical
parameters and suggested settings. For visualization, 3D
reconstructions of image stacks were displayed using built in
ray tracing algorithms in Huygens Professional. In all cases,
capture settings and visualization thresholds were maintained
across groups.

Lipid Treatment of E. coli
Bacteria 50x106 cells/ml in HBSS were treated with indicated lipid
concentrations in 0.1% ethanol (EtOH) for an hour at 37°C. Then
serial dilutions of bacteria in each condition were subjected to LB
agar plating. Bacterial % survival was calculated by dividing bacteria
number following the treatment by vehicle-treated (control)
bacteria. To quantify bactericidal activity immediately following
2-ClFALD treatment, Live/Dead BacLight Bacterial Viability kit
(Invitrogen) was used according to manufacturer’s instructions.

Neutrophil, E. coli and Endothelial Cell
Metabolism of 2-ClFALD
Neutrophils (1x106/ml) and bacteria (50x106/ml) were treated
with indicated 2-ClFALD concentrations in 0.1% EtOH in HBSS
for 1h at 37°C. EA.hy296 cells (passage 4) were grown to 100%
confluency and treated with indicated 2-ClFALD concentrations
in 0.1% EtOH in Dulbecco’s Modified Eagle Medium with 2%
Frontiers in Immunology | www.frontiersin.org 460
FBS for 1h. Media and cells were collected for 2-ClFA analyses by
liquid chromatography-ESI-MS. For some experiments
supernatants of neutrophil-bacteria cocultures were added back
to fresh neutrophils or bacteria with or without 2-ClFALD.

Statistics
Student’s t-test was used to compare two groups while one-way
ANOVAwith Tukey’s post hoc analysis and Dunnett’s post hoc test
were used to compare three or more multiple comparisons. All
data were represented as mean with standard deviation (SD) with
averages of 3 biological replicates unless otherwise indicated.
RESULTS

Neutrophil Chlorolipid Production in
the Presence of CFT073 and JM109
Strains of E. coli
Levels of the 2-ClFALD molecular species, 2-chlorohexadecanal
and 2-chlorooctadecanal, were significantly elevated in
neutrophils exposed to both CFT073 and JM109 E. coli strains
compared to control neutrophils (Figure 1A). The precursor
of 2-ClFALD is plasmalogen (6). Plasmalogen is a major
lipid in neutrophils, but not E. coli (38, 39). In contrast to 2-
ClFALD levels, free and esterified 2-ClFA including
chloropalmitic acid and 2-chlorostearic acid were increased
only in CFT073 co-cultures (Figure 1B). These results were
consistent among different neutrophil donors (2-males and 1-
female) (Figures 1A, B). Although the trends were consistent for
increases in chlorolipids in the presence of E. coli strains for each
neutrophil biological replicate, we did observe a bimodal
distribution of data among the biological replicates. One of the
two male biological neutrophil replicates in this study
consistently had higher levels of chlorinated lipids compared to
the other male replicate and the sole female replicate. Additional
A B

FIGURE 1 | 2-ClFALD and 2-ClFA production in cocultures of neutrophils with CFT073 and JM109 E. coli strains. 2x106/ml neutrophils were incubated with either
no bacteria (control, black), or, CFT073 (red) or JM109 (blue) strains of E. coli at a neutrophil: E. coli ratio of 1:10 for 30 min at 37°C. 2-ClFALD (A) as well as free
and esterified 2-ClFA (B) were quantified as described in “Materials and Methods”. Data are from three neutrophil donors (biological replicates, 1 female, 2 males).
2-ClHDA, 2-ClODA, 2-ClPA, and 2-ClSA are 2-chlorohexadecanal, 2-chlorooctadecanal, 2-chloropalmitic acid and 2-chlorostearic acid, respectively. Multiple
comparisons were performed using one-way ANOVA with Dunnett’s multiple comparison test. Error bars represent ± SD, p-value: ** < 0.01; * < 0.05.
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studies have shown the majority of chlorolipids (2-ClFALD and
2-ClFA) produced in cocultures of neutrophils with either
CFT073 or JM109 E. coli strains are cell-associated in
comparison to release from cells (Figures 2A–F).
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Neutrophil Responses to JM 109 and
CFT073 E. coli Strain
Since 2-ClFALD metabolism to 2-ClFA was reduced in
neutrophil coculture with JM109 strain compared to CFT073
A B

C D

E F

FIGURE 2 | Chlorolipids are cell-associated in neutrophils cocultured with E. coli. 2x106/ml neutrophils were incubated with either no bacteria (control, black), or,
CFT073 (red) or JM109 (blue) strains of E. coli at a neutrophil: E. coli ratio of 1:10 for 30 min at 37°C. Cells were pelleted, and 2-ClFALD molecular species (A, B)
and 2-ClFA molecular species (C–F) were quantified as described in “Material and Methods”. 2-ClHDA, 2-ClODA, 2-ClPA, and 2-ClSA are 2-chlorohexadecanal,
2-chlorooctadecanal, 2-chloropalmitic acid and 2-chlorostearic acid, respectively. Multiple comparisons were performed using one-way ANOVA with Tukey’s multiple
comparison test. Data represent n=3, error bars for ± SD, p-value: ****< 0.0001; **< 0.01; * < 0.05. ns indicates not significant.
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strain, we next examined other differences in neutrophil
responses to these two strains. First, we examined CFT073 and
JM109 survival from neutrophil killing. Similar to studies of
others (40), data shown in Figure 3A demonstrate the JM109
strain is modestly more vulnerable to neutrophil killing
mechanisms compared to CFT073 strain. Inhibiting reactive
oxygen species production with ATZ as well as phagocytosis
Frontiers in Immunology | www.frontiersin.org 662
with cyD prevented significant neutrophil killing of both E. coli
strains (Figure 3A). Although others have shown significant
non-oxidative killing of E. coli (41, 42), it should be noted that
conditions employed in the present studies did not include
plasma for opsonization. Plasma was omitted to reduce the
impact of plasma lipids on lipid analyses during coculture.
Phagocytosis of the JM109 strain was marginally greater over
A B

C

D

FIGURE 3 | Neutrophil killing mechanisms of E. coli. (A) 2x106/ml of neutrophils were cocultured with either CFT073 (red) or JM109 (blue) at a ratio of neutrophil:
E.coli 1:10 for 30min at 37°C. Some coculture experiments were performed with neutrophils pretreated with 10mM ATZ for 5min or 10µg/ml cyD for 15 min.
Bacteria survival % was calculated compared to control bacteria. p-value: ****< 0.0001, comparison between each treatment versus 100% survival control. p-value:
††<0.01, comparison between neutrophil coculture JM109 and coculture CFT073 cells. (B) Neutrophils were cocultured with pH sensitive pHrodo deep red labeled
CFT073 or JM109 at neutrophil: E. coli ratio of 1:10 as well as in the presence of cyD. Phagocytic response is graphed as % max RFU as described in “Material and
methods”. cyD treated CFT073 (red open squares) and JM (blue open squares) data overlap in the graph. (C) ecDNA % was measured in the co-cultures and
control neutrophils (black) in experiments with two different neutrophil donors by the Sytox green assay as described in “Materials and Methods” (mean ± SD, n=3).
(D) 1x106 cells of either CFT073 or JM109 strains were incubated for 30 min with isolated 50ng/ml of NETs or NETs pretreated with 100U/ml DNase as indicated.
Treatment condition with NETs was further incubated with 100U/ml DNase for 10 min prior to plating on LB plates. Bacterial survival (%) was calculated from CFU/ml
relative to control bacteria not exposed to NETs. Values represent the mean ± SD for n=3. Statistics were performed using one-way ANOVA with Tukey’s multiple
comparison test (A, C, D) and unpaired t-test for neutrophil coculture CFT073 versus JM109 in (B) p-value; ****< 0.0001; ***< 0.001; **< 0.01; * < 0.05.
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time in comparison to phagocytosis of the CFT073 strain
(Figure 3B). Since 2-ClFA levels are increased in CFT073
cocultures with neutrophils and since we previously observed
that 2-ClFA can stimulate NETosis (25), we next investigated
NETosis in cocultures by measuring ecDNA. ecDNA formation
was significantly increased in CFT073 cocultures with
neutrophils at 30 min and increased further over time. In
contrast, JM109 cocultures with neutrophils resulted in
significant ecDNA only following 2h of coculture (Figure 3C).
Confocal images shown in Figure 4A demonstrate the extensive
network of NETs formed in cocultures with CFT073 and JM109
E. coli strains following 2h of coculture with modest NET
formation at 30 min in CFT073 cocultures. Bacteria were
trapped in the NETs and MPO was colocalized with NETs
(Figures 4B, C). Although data shown in Figures 3A, B
demonstrated phagocytosis is likely the major mediator of
JM109 death, we also evaluated the ability of NETs to reduce
survival of CFT073 and JM109 E. coli strains. NETs were isolated
following PMA stimulation, and bacteria were exposed to these
NETs for 30 min resulting in reduced viability of CFT073 by 25%
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and JM109 by 35% (Figure 3D). The effect of NETs on E. coli
survival was reversed by DNase pretreatment.

Bactericidal Activity of Chlorolipids
To further understand the role of chlorolipids in bacteria-
neutrophil interactions, we tested whether either 2-ClFALD (2-
chlorohexadecanal molecular species) or 2-ClFA (2-
chloropalmitic acid molecular species) are bactericidal lipids.
JM109 and CFT073 viability was measured with either
exogenously-added 2-ClFALD or 2-ClFA. In comparison to
JM109, CFT073 is more resistant to chlorolipid-elicited killing
by both chlorolipids at all concentrations tested (Figures 5A, B).
JM109 viability to both 2-ClFALD or 2-ClFA decreases in a
concentration dependent manner. Moreover, JM109 is more
susceptible to 2-ClFA (~50% survival at 10µM) compared to 2-
ClFALD (~70% survival at 10µM) (Figures 5A, B). In
comparison to 2-chloropalmitic acid, palmitic acid did not kill
either E. coli strains at any given concentration. However,
hexadecanal treatment showed killing ability on JM109 at 1
and 10µM levels.
A

B C

FIGURE 4 | Coculture conditions induce NETosis. 2x106/ml of neutrophils were seeded on coverslips and co-incubated with 20x106/ml CFT073 or JM109 or
without bacteria for the indicated time durations at 37°C. Following incubation cells were fixed, permeabilized and stained with immunofluorescence for DNA with
DAPI (blue), MPO (red) and E. coli (green) as mentioned in materials and methods. (A) Large field representation with 15 panels in gray scale using blue channel to
show the extent of the NET formation. Scale bar is 50µm. (B) 3D representations of confocal data of fifteen 100x tiles of CFT073 cocultures at 30 min. Scale bar 20
µm. (C) A zoomed in area on a net (B). The overlap between DAPI (which is made slightly transparent to visualize internal co-localization) and bacteria are seen as a
teal color. Overlap between MPO and DAPI appears purple.
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2-ClFALD Metabolism in Cocultures and
Individual Cells
2-ClFALD metabolism to 2-ClFA was examined in CFT073 and
JM109 strains as well as in neutrophils. In contrast to disparate
metabolism of 2-ClFALD to 2-ClFA in JM109 and CFT073
bacteria strains using endogenously produced 2-ClFALD
(Figure 1), JM109 and CFT073 metabolized exogenous 2-
ClFALD (2-chlorohexadecanal molecular species) nearly
equally (Figure 6A). Since data in Figures 5A, B indicated 2-
ClFALD at concentrations as low as 100 nM reduced JM109
survival (as determined by plate assays) we also examined
viability (as opposed to ability to proliferate) by an alternate
assay using the Live/Dead Baclight viability assay, which
indicated both CFT073 and JM109 cells are viable during
treatments with 100 nM and 1 mM 2-ClFALD, but both show
significant viability loss with 10 µM treatments (Figure 6B).
Neutrophils metabolized 2-ClFALD to 2-ClFA at a level
approximately 1000-fold greater than that observed by either
JM109 or CFT073 (Figure 6C). Since in vivo metabolism of 2-
ClFALD during sepsis likely occurs at sites of neutrophil
infiltration in the microvasculature, we also examined 2-
ClFALD metabolism by EA.hy296 endothelial cells, which
was ~two-fold greater than that by neutrophils (Figure 6D).
To understand whether the coculture environment provides
additional factors that modulate 2-ClFALD metabolism to 2-
ClFA, we exogenously added 2-ClFALD in the coculture
conditions and measured subsequent 2-ClFA production.
JM109 coculture condition resulted in significantly lower 2-
ClFA production in incubations with either 1 or 10 mM 2-
ClFALD compared to CFT073 coculture conditions as well as
control neutrophils in the absence of bacteria (Figure 6E). In
subsequent studies we investigated the possibility that JM109
cocultures with neutrophils release factors that reduce
endogenous (by neutrophils) or exogenous 2-ClFALD
conversion to 2-ClFA. Data shown in Figure 7A show both
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CFT073 and neutrophil coculture supernatants and JM109 and
neutrophil coculture supernatants nearly equally stimulate 2-
chlorostearic acid production when applied to neutrophils. There
was a modest decrease in 2-chloropalmitic acid production in
treatments with JM109 coculture supernatants. Surprisingly,
supernatants from both CFT073 and JM109 cocultures with
neutrophils resulted in ~2-5-fold accelerated exogenous 2-
ClFALD conversion to 2-ClFA when applied to either CFT073
or JM109 strains (Figures 7B, C) compared to the metabolism of
exogenous 2-ClFALD in the absence of coculture supernatant
addition (compare to Figure 6A). Further studies have shown
the increase in 2-ClFALD metabolism to 2-ClFA in the presence
of coculture supernatant additions are due to direct metabolic
activity present in the supernatant rather than an effect on
cellular metabolic activity (Figures 7D, E).

ATZ Inhibition of Chlorolipid Production
and E. coli Rescue From Neutrophil Killing
We have previously shown that MPO inhibition can diminish 2-
ClFALD levels in PMA-activated neutrophils (7). Accordingly, we
examined the extent ofATZ inhibition of chlorolipid production in
cocultures of neutrophils with JM109 and CFT073 E. coli strains.
Significant reduction of 2-chlorohexadecanal was observed in both
bacteria cocultures in the presence of ATZ (Figure 8A). Free 2-
chloropalmitic acid was also decreased 7-fold with ATZ treatment
(Figure 8B). Additionally, both JM109 and CFT073 survival in
cocultures with neutrophils was improved in the presence of
ATZ (Figure 3A).
DISCUSSION

In response to an infection, neutrophils deploy several
microbicidal mechanisms against pathogens. Canonical
bacterial neutrophil killing includes bacterial phagocytosis,
A B

FIGURE 5 | Bactericidal activity of chlorolipids. 50x106/ml of CFT073 (red) and JM109 (blue) cells were incubated with indicated concentrations of either 2-
chlorohexadecanal (clear bars, A), hexadecanal (hatched bars, A), 2-chloropalmitic acid (clear bars, B), or palmitic acid (hatched bars, B) for 1hr at 37°C. Bacterial
survival (%) was determined by calculating CFU/ml over vehicle control bacteria. Values represent the mean ± SD for n=3. Statistics were performed ANOVA within
each concentration tested. p-value: ****< 0.0001; ***< 0.001; **< 0.01; *< 0.05 for comparisons for each lipid compared to control (no lipid addition). ††††< 0.0001;
†††< 0.001; ††< 0.01 for comparisons at each concentration for each lipid between treatments of JM109 and CFT073 cells. ‡‡‡‡< 0.0001; ‡‡‡< 0.001; ‡‡< 0.01 for
comparisons at each concentration between chlorolipid and non-chlorolipid treatments.
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assembly of the NADPH oxidase complex at the phagosome
membrane to generate superoxide and subsequently production
of HOCl catalyzed by MPO. HOCl is a strong oxidizing agent
that reacts with both microbe and host molecules (43–45). HOCl
targets plasmalogen phospholipids to generate a family of
chlorolipids. 2-ClFALD is the first product of the chlorolipid
family, and it is subsequently oxidized to 2-ClFA, which is a
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stable, relatively long-lived chlorolipid (7, 12, 14). 2-ClFA and 2-
ClFALD have profound effects on endothelial cells, monocytes,
and neutrophils (7, 19, 22–25). Additionally, although
chlorolipids are produced in both human and rodent sepsis
(19, 20), the results herein are the first to show the production
of 2-ClFALD and 2-ClFA by human neutrophils activated by
exposure to bacteria.
A B

C D

E

FIGURE 6 | 2-ClFALD metabolism in host cells and bacteria. (A) Indicated concentrations of the 2-ClFALD molecular species, 2-chlorohexadecanal, in 0.1% EtOH
in HBSS media were exogenously provided to 50 x106/ml CFT073 (red) and JM109 (blue) cells for 1h at 37°C. Metabolized free 2-chloropalmitic acid (2-ClPA) was
measured as described in “Material and Methods”. (B) Following indicated 2-chlorohexadecanal treatments for 1h, CFT073 and JM109 viability was measured using
Live/Dead Baclight Bacterial viability kit as described in “Material and Methods”. Percent survival was calculated relative to the control bacteria. (C) Neutrophils
(1x106/ml) or (D) EA hy296 cells (EA) were incubated with indicated concentrations 2-chlorohexadecanal for 1h at 37°C to determine conversion to 2-ClPA.
(E) Neutrophils were cocultured with either CFT073 (red) or JM109 (blue) with exogenously provided 2-chlorohexadecanal for 30 min and 2-ClPA was measured.
Control neutrophils are in black. Statistics were done using unpaired t-test (A, B) and one-way ANOVA with Tukey’s multiple comparison test (C–E). Error bars
represents ± SD, n=3, p-value: ****< 0.0001; ***< 0.001; **< 0.01; * < 0.05. ns indicates not significant.
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Chlorolipid production was investigated in response to both
the non-pathogenic K-12 laboratory E. coli strain, JM109, and
the pathogenic EPEC E. coli strain, CFT073. 2-ClFALD, the first
product of the chlorinated lipidome was increased in response to
human neutrophil exposure to either of these E. coli strains.
However, 2-ClFA was only increased with neutrophil exposure
to the CFT073 E. coli strain. Chlorolipids were cell-associated
and were not elevated in the cell culture media. Chlorolipid
Frontiers in Immunology | www.frontiersin.org 1066
production elicited by JM109 and CFT073 cocultures with
neutrophils was inhibited by ATZ. Additionally, these studies
are the first to show chlorolipids are bactericidal and, in
particular, the JM109 E. coli strain is much more susceptible to
killing by chlorolipids compared to CFT073. The JM109 E. coli
strain was very sensitive to killing by 2-ClFA.

The disparate production of 2-ClFA in coculture systems of
human neutrophils with JM109 and CFT073 strains of E. coli
A

B C

D E

FIGURE 7 | Coculture supernatants amplify 2-ClFA production. 2x106/ml neutrophils were cocultured with 20x106/ml CFT073 or JM109 for 30 min at 37°C and the
cells were pelleted. (A) The supernatants of CFT073 coculture or JM109 coculture were added to 1x106/ml neutrophils for 1hr at 37°C and free 2-chloropalmitic acid
(2-ClPA) and 2-chlorostearic acid (2-ClSA) were measured. (B, C) CFT073 coculture supernatant or JM109 coculture supernatant was added to 50x106/ml of
CFT073 (red) or JM109 (blue) and incubated with exogenous 2-chlorohexadecanal (2-ClHDA) for 1hr at 37°C and 2-ClPA was measured. (D, E) CFT073 or JM109
coculture supernatants were incubated with exogenous 2-ClHDA (0.1% EtOH) for 1 hour at 37°C without bacteria and 2-ClPA was measured. Each condition was
performed with n=3 replicates. Statistics were done using one-way ANOVA with Tukey’s multiple comparison test. Error bars represents ± SD, p-value: ****< 0.0001; **< 0.01.
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may be due to the differences in the activation of mechanisms
involved in neutrophil bacterial killing. Compared to JM109, the
CFT073 strain possesses multiple virulence factors. CFT073
harbor pathogenic islands that carry clusters of virulence genes
such as autotransporters, hemolysin that are crucial for pathogen
survival, invasion, and colonization of human cells (28). In
contrast, JM109 strain is devoid of all known virulence factors.
Previous studies have also shown that CFT073 is more resistant
to neutrophil killing and they are resistant to reactive oxygen
species and oxidative stress (30, 40). EPEC strains have also
exhibited intracellular survival in human neutrophils (46). Our
studies also show the CFT073 modestly survives coculture with
neutrophils better than cocultures of JM109. Additionally,
considering the known differences in CFT073 and JM109 in
resisting oxidative stress it is not surprising that CFT073 is more
resilient to survival compared to JM109 when challenged with
chlorinated lipids. Furthermore, the disparate resistance to
oxidative stress may have a direct effect on 2-ClFALD
conversion to 2-ClFA, which is dependent on NAD+ (47).

E. coli killing and phagocytosis by neutrophils was suboptimal
in the present studies in comparison to those of others (41, 42)
since E. coli were not opsonized. The major goal of these studies
was to examine changes in chlorolipids which would be
complicated by the addition of chlorolipids and other lipids
present in plasma. Under the conditions employed in this study,
cyD treatment of neutrophils led to reduced killing of both
strains of E. coli, which indicated phagocytosis mediates the
bacterial killing process under the conditions employed in these
studies. Phagocytosis, based on cyD inhibition of bacteria killing,
appeared to be the predominant mechanism for killing in the
coculture assays. Phagocytosis was also assessed using pHrodo-
labeled E. coli, which was also cyD-sensitive. Although the
pHrodo technique used in this study has been used by others
(e.g., 48) to measure phagocytosis by neutrophils there is concern
regarding the pHrodo assay in neutrophils based on studies
focusing on the pH of the phagosome (49). Using pH-sensitive
Frontiers in Immunology | www.frontiersin.org 1167
SNARF-1 labeled dead C. albicans the neutrophil phagosome
was found to be alkaline for up to 30 min. Additionally, our
studies show that in the absence of opsonization, bacteria killing
was inhibited by ATZ. This contrast to the non-oxidative
dependent killing of opsonized bacteria (41, 42). Based on the
disparate requirement of oxidative killing of opsonized and non-
opsonized bacteria it will be interesting to evaluate chlorolipid
production in response to opsonized bacteria in future studies.

We also examined NETosis in cocultures. We previously
found 2-ClFA can elicit NETosis (25). Interestingly, there was
a significant increase in ecDNA formation within 30 min in
CFT073 cocultures indicating NETosis activation. In
comparison, NETosis in JM109 cocultures was delayed. Thus,
it is possible that the disparate increase in 2-ClFA levels in
CFT073 coculture compared to JM109 coculture may be
responsible for the observed NETosis at 30 min in CFT073
cocultures compared to JM109 cocultures. Immunofluorescence
images also showed bacterial trapping in NETs. Furthermore,
NETs isolated from PMA-stimulated neutrophils had
bactericidal activity toward both CFT073 and JM109. This
shows NETs can kill these strains, but it should be appreciated
that these studies were performed with NETs produced and
isolated from PMA-stimulated neutrophils. While these findings
are consistent with the concept that NETs prevent microbial
dissemination by physically trapping bacteria and/or killing
bacteria (50), data with cyD indicate E. coli killing in the
absence of opsonization is by neutrophil phagocytosis.
Although, the role of NETs in bacterial killing is controversial
(51), the production of NETs by the uroseptic E. coli strain,
CFT073, may indicate other roles of NETs in sepsis including
detrimental effects on the host such as influencing thrombus
formation and disseminated intravascular coagulation (52).

This is the first study to show the bactericidal activity of 2-
ClFA and 2-ClFALD. Moreover, the antibacterial effect of
chlorolipids is divergent for the two E.coli strains examined. It
has previously been shown that saturated and unsaturated fatty
A B

FIGURE 8 | Coculture 2-ClFALD and 2-ClFA production can be inhibited by blocking MPO. 2x106/ml neutrophils were pretreated with 10mM ATZ for 5min and
incubated with either no bacteria (control, black), or, CFT073 (red) or JM109 (blue) strains of E. coli at a neutrophil: E. coli ratio of 1:10 for 30 min at 37°C. 2-
Chlorohexadecanal (2-ClHDA, A) and 2-chloropalmitic acid (2-ClPA, B) were quantified as described in “Material and Methods. Multiple comparisons were performed
using one-way ANOVA with Tukey’s multiple comparison test. Data represents n=3, error bars for ± SD, p-value: ****< 0.0001; **< 0.01; *< 0.05.
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acids have bactericidal properties, and the antibacterial activity
varies with the lipid species and the microorganism strain
(53–55). Antibacterial activity of palmitic acid with E.coli has
previously been shown at concentrations 12-24 higher than the
highest concentrations tested in this study (i.e., 10 mM) (56). In
comparison, the present studies show 2-chloropalmitic acid
toxicity at concentrations as low as 100 nM in the JM109
strain of E. coli. It is possible that the a-carbon chlorine is
reactive with nucleophiles in E. coli leading to the antibacterial
activity. We have previously shown 2-ClFALD reacts with
glutathione leading to a fatty aldehyde-glutathione adduct (13),
and it is predicted that similar reactivity of 2-chloropalmitic acid
or its acyl CoA derivative with nucleophiles could occur. Such
targeting in E. coli needs to be further investigated.

To have a comparative perspective of 2-ClFALD metabolism
by cells encountering 2-ClFALD in vivo, we examined the
metabolism of exogenous 2-ClFALD in endothelial cells,
neutrophils and bacteria. Comparisons based on cell number
indicated endothelial cells metabolized 2-ClFALD to 2-ClFA
about 2-fold greater than neutrophils, and neutrophil 2-
ClFALD metabolism was over 1000-fold greater than that of
either JM109 or CFT073 E. coli strains. Thus, it is likely that in
vivo metabolism of 2-ClFALD is mediated predominantly by
host cells including neutrophils and endothelial cells compared
to E. coli. Also, an intriguing discovery was that coculture media
from incubations of neutrophils with either strain of E. coli has
activity capable of converting 2-ClFALD to 2-ClFA. The most
logical explanation of these findings is that this activity is a result
of neutrophil lysis. Future studies will further examine these
properties, which might have a significant role in extracellular
production of 2-ClFA.

We previously showed fatty aldehyde dehydrogenase mediates
the oxidation of 2-ClFALD to 2-ClFA (12). Interestingly, in the
present studies we found endogenous 2-ClFALD conversion to 2-
ClFA was attenuated in cocultures with JM109 in comparison to
cocultures with CFT073. Similarly, exogenous 2-ClFALD
conversion to 2-ClFA was reduced in JM109 cocultures with
neutrophils compared to CFT073 cocultures (Figure 6E). Based
on the relative conversion of exogenous 2-ClFALD to 2-ClFA in E.
coli compared to neutrophils it seems likely that the majority of the
metabolism in coculture is mediated by neutrophil fatty aldehyde
dehydrogenase. It is possible that factors are released from JM109
cocultures inhibit 2-ClFALDmetabolism since media from JM109
cocultures with neutrophils applied to CFT073 cocultures with
neutrophils slightly reduced exogenous 2-ClFALD metabolism
while the opposite crossover experiment did not alter exogenous
2-ClFALD metabolism by JM109 cocultures with neutrophils. We
speculate that the increased neutrophil killing of JM109 compared
to CFT073 has a role in the difference in metabolism of
endogenous 2-ClFALD to 2-ClFA. It is also possible that JM109
compared to CFT073 has a greater propensity to react 2-ClFALD
with nucleophiles. Identifying these potential targets may provide
additional insights into differences in neutrophil responses to
specific bacteria.

Increased plasma 2-chlorofatty acid levels associate with
ARDS-caused mortality in human sepsis (19). Although the
Frontiers in Immunology | www.frontiersin.org 1268
origin of elevations in 2-chlorofatty acid in septic humans is
likely due to neutrophil activation in response to bacteria, until
now the direct production of 2-chlorofatty acid and 2-chlorofatty
aldehyde in response to bacteria has not been shown. By
comparing neutrophil responses to JM109 and CFT073 strains
of E. coli we observed that while both strains led to 2-chlorofatty
aldehyde, only the pathogenic uroseptic strain CFT073 produced
significant amounts of 2-ClFA. Since 2-ClFA is associated with
poor outcomes in sepsis and elicits potentially deleterious NET
formation it will be important to further understand the
mechanisms responsible for the disparate accumulation of 2-
ClFA in neutrophils exposed to JM109 and CFT073 as well as the
disparate sensitivity of JM109 cells to bactericidal effects of
2-ClFA.
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Neutrophils have been described as a phenotypically heterogeneous cell type that
possess both pro- and anti-tumor properties. Recently, a subset of neutrophils isolated
from the peripheral blood mononuclear cell (PBMC) fraction has been described in cancer
patients. These low-density neutrophils (LDNs) show a heterogeneous maturation state
and have been associated with pro-tumor properties in comparison to mature, high-
density neutrophils (HDNs). However, additional studies are necessary to characterize this
cell population. Here we show new surface markers that allow us to discriminate between
LDNs and HDNs in non-small cell lung cancer (NSCLC) patients and assess their potential
as diagnostic/prognostic tool. LDNs were highly enriched in NSCLC patients
(median=20.4%, range 0.3-76.1%; n=26) but not in healthy individuals (median=0.3%,
range 0.1-3.9%; n=14). Using a high-dimensional human cell surface marker screen, we
identified 12 surface markers that were downregulated in LDNs when compared to HDNs,
while 41 surface markers were upregulated in the LDN subset. Using flow cytometry, we
confirmed overexpression of CD36, CD41, CD61 and CD226 in the LDN fraction. In
summary, our data support the notion that LDNs are a unique neutrophil population and
provide novel targets to clarify their role in tumor progression and their potential as
diagnostic and therapeutic tool.

Keywords: low-density neutrophils, non-small cell lung cancer (NSCLC), high-dimensional flow cytometry, CD36,
CD41, CD61, CD226
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INTRODUCTION

Lung cancer is the leading cause of cancer deaths worldwide and
kills more patients each year than does breast, colon, prostate
and pancreatic cancer, combined (1). Most patients are
diagnosed at advanced stage with limited treatment options
and overall five-year survival rates are below 18% (2).
Detection at early stage, when the disease is still localized,
significantly increases five-year survival rates to 55%; however,
only 16% of lung cancer cases are diagnosed at early stage. For
late-stage diagnosis with distant metastases five-year survival
rates are as low as 4% (2). The two main lung cancer types are
small cell lung cancer (SCLC) and non-small cell lung cancer
(NSCLC) (2). NSCLC comprises mainly of lung adenocarcinoma
and lung squamous cell carcinoma, representing ~80% of all lung
cancer cases (3). Although surgical intervention for early-stage
NSCLC can be curative, traditional chemo-and radiotherapy on
the one hand, and targeted- and immunotherapy on the other
hand, are of limited effectiveness (3). Diagnosis at advanced stage
and poor outcome for most patients, highlights the need for
novel biomarkers to improve early lung cancer detection and
tools to monitor therapy response.

Tumor initiation and progression are commonly
accompanied by inflammation (4) and the role of neutrophils
in the development of cancer has attracted interest over the last
years. Multifaceted and opposing roles of neutrophils in lung
cancer have been highlighted (5–7), although the bulk of clinical
evidence mostly supports the idea that neutrophils promote
cancer progression and have immunosuppressive properties
(8). Therefore, our view of neutrophils as a uniform immune
population of terminally differentiated cells has given way to the
concept that neutrophils are plastic cells that can display distinct
morphological, phenotypical and functional properties in health
and disease (9, 10). Molecules involved in neutrophil
homeostasis are often upregulated in tumors (11–15), leading
to neutrophil release from the bone marrow, including immature
cells identified by their nuclei shape (9, 13, 16–18). However, the
phenotype, relevance and function of immature neutrophils in
circulation of tumor patients is not well understood yet.
Neutrophil to lymphocyte ratio (NLR) has been shown to
correlate with outcome and has been proposed as biomarker
for cancer risk assessment and treatment decisions (19, 20).
Additional measurement of neutrophil-activating and
polarization factors, or identifying neutrophil subpopulations
in circulation, released from the bone marrow in response to
tumor, would enhance the clinical potential of neutrophils as
biomarker for cancer patients.

Low-density neutrophils (LDNs), a neutrophil subtype largely
absent in healthy volunteers, have been reported in cancer
patients (6, 9, 21, 22) but their function and potential as
biomarkers for lung cancer has not been comprehensively
evaluated. LDNs consist of mature and immature neutrophil
subsets and have been associated with immunosuppressive
functions, as opposed to the high-density neutrophils (HDNs)
which have anti-tumorigenic properties (9). These findings raise
the question which are the distinct features that truly
characterize LDNs and separate them from HDNs in the same
Frontiers in Immunology | www.frontiersin.org 272
patient. LDNs have previously also been described as PMN-
MDSC or granulocytic-MDSC (myeloid derived suppressor
cells) (23), however, additional studies are necessary to define
the phenotypic and functional properties of this cell populations
in more detail.

In the current study, we focus on the identification of cellular
markers that distinguish LDNs from HDNs in NSCLC patients
which have the potential to act as novel biomarkers. We show
that LDNs are increased in lung cancer patients. Using a high-
dimensional flow cytometry screening panel we identified
surface markers that are uniquely expressed by the LDN subset
in NSCLC patients. Our data support the concept that
neutrophils in cancer display diverse phenotypes. Moreover,
we provide novel targets to identify and manipulate LDNs and
thereby further understand their role in tumor progression and
their potential as diagnostic tool.
MATERIAL AND METHODS

Study Design
NSCLC patients were recruited from the Department of Internal
Medicine, Division of Oncology and Department of Surgery,
Division of Thoracic and Hyperbaric Surgery, Medical
University of Graz (Graz, Austria) (Table 1). Informed consent
was obtained from all participants and blood samples were
obtained prior to treatment. Healthy volunteers without a
history of cancer were recruited as control group. Blood
samples were processed within 4 hours after blood draw.
Study Approval
The study complied with the Declaration of Helsinki and was
approved by the Ethics Committee of the Medical University of
Graz (EK-numbers: 30-105 ex17/18, 29-593 ex 16/17 and 17-291
ex 05/06).
TABLE 1 | Participants characteristics.

All NSCLC

N n = 54
Age 66 (45 – 81)
Sex Female n = 21

Male n = 33
Smoking Yes n = 44

No n = 9
Unknown n = 1

Stages I-IIa n = 18
IIIa n = 8
Ib n = 6
IIb n = 6
IIIb n = 4
IV n = 0
Undefined n = 12

Histology Adenocarcinoma n = 31
Squamous cell carcinoma n = 15
Undefined NSCLC n = 8

Therapy No prior treatment n = 54
Treatment n = 0
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Density Centrifugation
Blood from NSCLC patients and healthy volunteers (10 ml) was
collected in EDTA-containing tubes (Greiner). Platelet-rich
plasma was removed by centrifugation (300 g, 20 min) and
erythrocytes were removed by dextran sedimentation. An equal
volume of 3% Dextran T-500 in saline (Sigma Aldrich) was
added to the cells, and mixed. Erythrocytes were allowed to
sediment for 30 min, and the upper phase containing leukocytes
was slowly layered on top of Histopaque 1077 (Sigma Aldrich) in
15 ml tubes. High-density polymorphonuclear leukocytes
(PMNL, containing high-density neutrophils (HDNs)) were
then separated from low-density peripheral blood mononuclear
cells (PBMC; comprising LDNs in cancer patients) by
centrifugation (300 g, 20 min, no brake). PBMCs were
carefully removed from the interphase to a fresh tube and
washed in PBS without Ca2+ and Mg2+. NH4Cl was used to
lyse erythrocytes in the high-density fraction (PMNLs). PMNLs
were washed twice in PBS without Ca2+ and Mg2+. PBMCs and
PMNLs were resuspended in PBS. Whole blood samples were
collected in EDTA-containing tubes, erythrocytes were lysed in
NH4Cl and cells were washed in PBS without Ca2+ and Mg2+.
Cell viability and cell numbers were determined using an EVE
automated cell counter (NanoEntek).

Cytospins
Cytospins were prepared from the PBMC fractions by
centrifugation of 1x105 cells in PBS onto a glass slide (600 g,
5 min) using a Shandon Cytospin 3 and stained immediately
using Hemacolor® rapid staining of blood smear according to
manufacturer´s instructions (Merck).

Flow Cytometry
Flow cytometry staining was performed immediately after
PMNL and PBMC fractions were obtained or on lysed whole
blood samples. In brief, cells were pre-incubated with human
TruStain FcX blocking solution (FcBlock, Biolegend) to reduce
non-specific binding in staining buffer (SB, PBS + 2% FBS) and
incubated at 4°C for 10 min. Subsequently, cells were stained for
20 min at 4°C with CD66b-APC (LDN identification) or CD45-
AF700, CD66b-PeCy7, CD36-BV421, CD41-BV785, CD61-
FITC, CD226-BV711 and Lox1-PE (marker validation)
antibodies in SB. Cells were centrifuged (500 g, 5 min, 4°C),
resuspended in 200 µL of SB and washed again with SB.
Propidium iodide (PI, 5 min, RT) or fixable viability dye
eFluor™ 780 (FVD, eBioscience) (30 min, 4°C) was used to
stain dead cells. FVD stained cells were fixed with IC fixation
buffer (eBioscience) (10 min, 4°C), centrifuged and resuspended
in 100 µL SB. Samples were measured on a FACS Canto II or BD
LSR II Fortessa (BD Biosciences).

Flow Cytometry – LEGENDScreen
Neutrophil Surface Marker Screening
PBMC and PMNL fractions were isolated by density
centrifugation and stained for flow cytometry analysis. Briefly,
cells were incubated with FVD eFluor™ 780 (eBioscience)
(30 min, 4°C), washed twice with SB and pre-incubated with
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FcBlock (Biolegend) (10 min, 4°C). Subsequently, cells were
stained with the following antibody master mix (antibody and
clone details, see Supplementary Table 1): PBMC panel; CD45-
AF700, CD3-PECy5, CD4-BUV395, CD8-BUV496, CD19-FITC,
CD14-BUV605, CD66b-APC, Siglec8-PECy7. PMNL panel;
CD45-AF700, CD66b-APC, Siglec8-PeCy7 (30 min, 4°C). Cells
were then distributed (3x105 cells/well) and stained according to
the LEGENDScreen™ Human PE Kit (Biolegend) protocol.
PBMCs and PMNLs from 6 NSCLC patients were isolated to
acquire enough cells for all 361 markers (including 10 isotype
controls). Cells were measured on a BD LSR II Fortessa (BD
Biosciences). 33 markers were excluded from analysis due to low
live neutrophil counts (<100 cells) or abnormal FSC/SSC
properties. 328 samples were included in the final analysis
based on their quality after data acquisition.

InfinityFlow Analysis
The R Package InfinityFlow without background correction was
used for the prediction of marker co-expression and the two-
dimensional projection of the data using Uniform Manifold
Approximation and Projection (UMAP) plots (standard
parameters as stated in the package description) (24). 328 fcs
files of the LEGENDScreen were used as input. Graphs were
drawn with the Packages ggplot2_3.3.3, pheatmap_1.0.12 and
corrplot_0.84 (R-Version 4.0.3).

Statistical Analysis
Flow cytometry data were reported as % of cells, % of CD45+ cells or
% of CD66b+ cells and as Geometric Mean (GeoMean) andMedian
Fluorescence Intensity (MFI). Compensation offlow cytometry data
was performed using single stains. Cut-offs for background
fluorescence were based on the ‘fluorescence minus one’ (FMO)
strategy (25). Data were analyzed using FlowJo software (TreeStar).

Statistical analyses were performed using GraphPad Prism 6.1
(GraphPad Software). All data were tested for Gaussian
distribution of variables using the Shapiro-Wilk normality test.
Significant differences between healthy controls and patient
samples with normal distribution were determined using
unpaired student’s t-tests with Welch´s correction, otherwise
Mann-Whitney test was applied. For comparison between
samples from the same patient, paired t-test (parametric) or
Wilcoxon matched-pairs test (non-parametric) was applied.
Results are expressed as the mean ± S.E.M. A p-value <0.05
was considered statistically significant.
RESULTS

Low-Density Neutrophils Are Expanded in
Patients With NSCLC
The presence of granulocytes in the mononuclear fraction of
peripheral blood has previously been reported in the blood of
patients with cancer including renal carcinoma, head and neck
cancer, pancreatic cancer, colon cancer and breast adenocarcinoma
(26–28). More recently, LDNs have also been reported in lung
cancer patients (6, 21, 22, 29).
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To determine whether LDNs were also present in this NSCLC
patient cohort, blood samples were collected from NSCLC
patients, regardless of disease stage. PBMCs were isolated from
peripheral blood of NSCLC patients and healthy controls by
density gradient centrifugation. As controls, PBMCs and PMNLs
from healthy donors were used.

LDNs were identified as CD66b+ cells in the PBMC fraction
of NSCLC patients (Figures 1A–C and Supplementary
Figures 1A, B). We found that the LDN fraction was
significantly increased in NSCLC patients (median=20.4%,
range 0.3-76.1%; n=26) when compared to healthy volunteers.
LDNs were almost absent in healthy controls (median=0.3%,
range 0.1-3.9%; n=14) (Figure 1B). No differences were found in
the percentage of CD66b+ cells in the PMNL fraction of NSCLC
patients and healthy donors (Figure 1B), however, the
percentage of CD66b+ cells was significantly increased in
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whole blood of patients (median=56.4%, range 15.1-81.5%) vs.
controls (median=32.9%, range 10.9-59.1%) (Figure 1B) which
might reflect the higher number of LDNs in patients.

In addition, morphological analyses showed that, LDNs were
absent in the PBMC fraction of healthy volunteers, whereas in
NSCLC patients, LDNs were heterogeneous and contained
segmented as well as morphologically immature (banded and
ring-shaped) neutrophils (Figure 1C) as has previously been
reported (9).

Unbiased Surface Marker Screen to
Identify LDN Specific Markers Using
Flow Cytometry
We next aimed to characterize the phenotype of LDNs in NSCLC
patients with the intention to find specific surface markers that
discriminate LDNs and HDNs. Previous studies have mostly
A

B

C

FIGURE 1 | Low-density neutrophils (LDNs) are elevated in patients with NSCLC. PBMC and PMNL fractions were isolated from peripheral blood of patients with
NSCLC by density gradient centrifugation. Immediately after isolation, PBMCs, PMNLs and whole blood cells were stained with CD66b antibody to identify LDNs.
(A) Representative polychromatic dot plots demonstrating the gating strategy employed to identify LDN cell content in the PBMC fraction of peripheral blood of
healthy controls and NSCLC patients. Initial gate is to eliminate doublets from the analysis followed by gating on live (PI-). Total cells were gated based on their forward and
side scatter properties and LDNs were identified as CD66b+ cells. (B) LDNs were quantified as the percentage of CD66b+ cells in the PBMC fraction of peripheral blood of
26 NSCLC patients and 14 healthy controls. Each symbol represents an individual donor. The percentage of CD66b+ cells in the PMNL fraction and whole blood (WB) was
also evaluated. (C) Representative cytospin images of the PMBC fractions of a healthy donor showing no LDNs and a NSCLC patient with heterogeneous LDNs including
mature (segmented nucleus) and immature neutrophils (band cells). Pictures were acquired with a 40X objective, bar length 20µM. Statistical differences were assessed by
using unpaired student´s t-test with Welch´s correction or Mann-Whitney test and data are expressed as the mean ± S.E.M.
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separated LDNs from HDNs based on the expression of known
myeloid cell and neutrophil maturationmarkers (30–33). Our study
aimed to analyze a wider range of surface markers, most of which
have not been previously reported to be expressed by neutrophils.

For this purpose, we used the human LEGENDScreen
(Biolegend) and measured 328 surface markers in combination
with ‘backbone’ markers that define neutrophils and performed
InfinityFlow analysis (24). Briefly, the expression of PE-
conjugated markers was used to predict the specific expression
of each exploratory marker on all single cell events acquired
through the LEGENDScreen via non-linear regression using the
expression of the backbone markers. PBMCs and PMNLs were
isolated from peripheral blood of NSCLC patients and live,
CD66b+ Siglec8- cells were identified as LDNs and HDNs in
the PBMC and PMNL fractions, respectively (Figure 2A, Siglec8
was used to separate neutrophils (Siglec8-) and eosinophils
(Siglec8+) within the CD66b+ gate). 53 markers were up or
downregulated (defined by LDN/HDN fold change in
GeoMean - lower than 0.5 or higher than 2) in LDNs when
compared to HDNs (Figure 2B and Supplementary Table 2)
and the top four upregulated hits (CD36 fold change=31.1, CD41
fold change=6.7, CD61 fold change=20.1, CD226 fold
change=27.8) showed a fold change above 5 (Figures 3A, B
and Supplementary Table 2). UMAP plots of the LDN
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population confirmed the observations made by manual gating
and moreover, revealed a heterogeneous expression of CD36,
CD41, CD61 and CD226 (Figure 3B).

LDNs of NSCLC Patients Reveal Distinct
Surface Marker Expression Profile
To validate the surface marker screening results, some of the
highest expressed markers in the LDN fraction were selected,
including CD36, CD41, CD61 and CD226 (Figure 3A)
respectively. Unbiased InfinityFlow protein expression analysis
revealed heterogenous expression patterns of all four markers
within the LDN population (Figure 3B). Lox-1 was also included
in the validation panel since it has been suggested to be a
distinctive marker of the LDN population in cancer patients
(34), although no difference in expression was observed between
HDNs and LDNs in the surface marker screen (fold change=1.1,
Supplementary Figure 2). Flow cytometry was used to evaluate
the expression of the selected markers in the PBMC and PMNL
fractions in a cohort of 13 NSCLC patients (Figures 4A–D). We
confirmed that LDNs (defined as CD66+ Siglec8- cells) showed a
significantly higher proportion of CD36 (median=48.2%, range
5.1-87.4%), CD41 (median=29.2%, range 5.3-70.8%), CD61
(median=44.4%, range 16.8-90.2%) and Lox1 (median=22.1%,
range 7.7-58.3%) when compared to HDNs (Figures 4C, D).
A

B

FIGURE 2 | Comprehensive surface marker screening in PMNLs and PBMCs from NSCLC patients. PBMCs and PMNLs were isolated from peripheral blood of
NSCLC patients by density gradient centrifugation. Cells were initially stained with a backbone panel including antibodies against CD45, CD66b and Siglec8 and
then distributed and stained with 361 anti-human PE-conjugated variable antibodies (Legend Screen, Biolegend). (A) Representative flow cytometry dot plots
demonstrating the gating strategy employed to identify the PE-conjugated cell surface markers in the HDN and LDN fractions. Initial gate is to eliminate doublets from
the analysis followed by gating on live (FVD) and CD45+ cells. The myeloid population (containing neutrophils and eosinophils) was gated based on its forward and
side scatter properties. Neutrophils (HDNs in PMNL fraction and LDNs in PBMC fraction) were identified as CD66b+ Siglec8- cells and PE channel was used to
analyze the individual surface markers. (B) Expression heatmap of marker hits. Hits were defined by fold change marker expression (GeoMean) with fold change > 2
and < 0.5 (ratio LDN/HDN) (see details Supplementary Table 2). Heatmap scale represents the GeoMean and ‘hits’ show the differentially regulated markers in the
LDNs (PBMC gated) vs HDNs (PMNL gated); green-overexpressed, dark blue-downregulated.
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These results were also reflected as an increase in the GeoMean of
the selected markers in LDNs vs. HDNs (Figure 4C). CD226
(median=4.6%, range 0.6-35.2%, n=6) also showed increased
expression on LDNs vs. HDNs, however this marker was
excluded due to weak separation of negative and positive
populations (Supplementary Figure 3). Further, we observed an
increased LDN/HDN ratio of all respective markers expressed as
% of CD66b+ cells and GeoMean (Figure 4D). LDNs have been
described as a population consisting of mature and immature
neutrophil subsets. In order to address the maturation status of
LDNs in our study cohort, we analyzed the expression of some
myeloid and maturation markers including CD10, CD16, CD15
and CD11b in the LDN and HDN fractions of 7 NSCLC patients
(Supplementary Figure 4A). We did not find significant
differences in the expression of any of the markers when
comparing HDNs vs LDNs (Supplementary Figure 4A). The
analysis of the expression of CD10 in the LDNs and HDNs of 7
NSCLC patients, revealed that the vast majority of the HDN
fraction expressed CD10, confirming the nature of mature
neutrophils in this fraction (Supplementary Figure 4B). In
contrast, LDNs presented more variability in the proportion of
CD10- vs CD10+ between different patients (Supplementary
Figure 4B). Further studies analyzing the co-expression of
neutrophil maturation markers and the surface markers CD36,
CD41 and CD61 in larger patient cohorts are necessary. Taken
together, these data suggest that expression levels of the surface
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markers CD36, CD41, CD61 and Lox-1 are significantly higher on
LDNs when compared to HDNs.

LDN Markers Are Co-Expressed in LDNs
of NSCLS Patients
In order to investigate whether the new identified LDN markers
are co-expressed, we used t-distributed stochastic neighbor
embedding (tSNE) plots and correlation analysis. tSNE plots
were generated from the HDN and LDN populations of a
representative healthy and NSCLC patient. We observed that
none of the investigated markers was expressed in the HDNs of
the healthy donor (Figure 5A). Moreover, when we compared
HDNs and LDNs of a NSCLC patient we observed a
heterogeneous expression of the markers in the LDN
population, with some cells sharing expression of all the
markers, other cells being positive for some of the markers and
a subset of cells showing no positive signal for any of the
antigens. No positive signal of CD36, CD41 and CD61 was
observed in the HDNs (Figure 5A), however, it is important to
note that Lox-1 showed expression in a subset of cells in the
HDNs of the patient (Figure 5A).

Further analysis revealed a strong correlation between CD36,
CD41 and CD61 expression while Lox-1 did not show
correlation with any of the other markers (Figure 5B).
Moreover, we observed that using the selected markers we can
capture around 80% of all LDNs (Figure 5C).
A B

FIGURE 3 | LDNs show heterogenous expression of top screening hits. (A) Selected surface antigens with the most pronounced differences in expression between
HDNs and LDNs. Zebra plots representing CD36, CD41, CD61 and CD226, respectively, in the HDN and LDN fractions are presented. Histograms showing the
fluorescence intensity in the HDNs (violet) and LDNs (green) are also displayed. (B) The results of the LegendScreen were used as an input for the InfinityFlow
pipeline. UMAP plots demonstrating heterogeneity of CD36, CD41, CD61 and CD226 expression in LDNs were created based on the predictions of the pipeline
expression level high (red), low (blue).
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A

B

DC

FIGURE 4 | LDNs overexpress CD36, CD41, CD61 and Lox1. PMBCs and PMNLs were isolated from 13 NSCLC patients and stained to validate the surface
marker expression by flow cytometry. (A) Representative flow cytometry dot plots demonstrating the gating strategy. Initial gate is to eliminate doublets from the
analysis followed by gating on total cells, live (FVD) and CD45+ cells. HDNs and LDNs were gated base on its forward and side scatter properties. Neutrophils were
identified as CD66b+ Siglec8- cells (B) Representative dot plots and histograms showing an increased expression of CD36+, CD41+, CD61+ and Lox1+ in the LDN
fraction of cancer patients. (C) Quantitative analysis of the marker expression as % of CD66b+ cells and GeoMean in the HDN and LDN subsets in NSCLC patients.
(D) The LDN/HDN ratio of the different markers was also analyzed. Statistical differences were assessed by using paired t-tests or Wilcoxon matched-pairs and data
are expressed as the mean ± S.E.M.
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DISCUSSION

The presence of myeloid cells in the complex scenery of cancer
has shown to have pivotal roles. In this context, neutrophils have
recently attracted attention in terms of diversity and functionality.
It is getting evident that neutrophils are heterogeneous and
consist of diverse, dynamic subpopulations that have distinct
phenotypes and can oppose or enhance cancer progression. It is
possible that the ratio between the different neutrophil
subpopulations, and the nature of their activity can define
their overall role in cancer.

Here we report that LDNs are increased in NSCLC patients
when compared to healthy individuals independent of stage. It
has to be noted that within the sampled NSCLC patients, LDN
presence ranges from 0.3-76.1% of all cells in the PBMC fraction.
This indicates that LDN abundance is heterogenous and might
correlate with tumor stage as previously reported (22, 29). The
clinical significance of the presence of LDNs in the circulation of
cancer patients is still unknown. Sagiv and colleagues have
proposed that circulating neutrophils, besides their different
density properties, might possess functional differences being
the ‘normal’ HDNs anti-tumorigenic, whereas LDNs are
associated with pro-tumor activity (9).

Current limitations to further exploit the power of LDNs as
diagnostic and prognostic factor is the relatively high work load
to isolate them (sucrose gradient centrifugation followed by flow
cytometry staining) and the necessity to process the blood
samples within a few hours after blood draw; main limitations
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to perform these experiments in a clinical setting. On this regard,
some efforts have been made to further characterize different
neutrophil subpopulations in circulation.

Most studies have been focused on myeloid and maturation
markers (such as CD10, CD11b, CD15 and CD16, CXCR4, PDL-1)
(22, 33, 35) and there is a lack of unbiased analysis of neutrophil
heterogeneity in circulation in the setting of cancer. This is most
likely because unbiased gene expression analysis is difficult to
perform on neutrophils due to low RNA abundance in mature
cells. One exception is the study by Condamine et al. identifying
Lox1 as a LDN surface marker using a gene expression array (34).
Although the immature status of neutrophils was initially thought to
be directly related with their immunosuppressive and tumor-
supportive role, in contrast with the cytotoxic function of mature
neutrophils, multiple evidences collected in both human and animal
models show that mature neutrophi ls can display
immunosuppressive functions as well (9, 10).

We performed an unbiased high-dimensional flow cytometry
surface marker screen on CD66b+Siglec8- cells isolated from the
PBMC (LDNs) and PMNL (HDNs) fractions of NSCLC patients
with the aim to identify markers which distinguish LDNs and
HDNs. Although the power of our screen analysis is limited due
to sample size, UMAP and correlation analysis together with
flow cytometry-based validation of the top hits, revealed new
cellular markers that are significantly overexpressed in LDNs vs.
HDNs. The top hits from the screen (CD36, CD41, CD61 and
CD226) could be confirmed to be overexpressed in the LDN
fraction of NSCLC patients when compared to HDNs.
A B C

FIGURE 5 | CD36, CD41, CD61 and Lox-1 are co-expressed in LDNs from NSCLC patients. (A) Representative tSNE visualization of HDNs and LDNs demonstrates
almost absent expression of CD36, CD41, CD61 and Lox-1 in HDNs from healthy donors and NSCLC patients while a heterogeneous expression of the markers was
detected in LDNs from NSCLC patients. (B) Correlation analysis of the expression of the four studied markers indicating no correlation of Lox-1 with the rest of the
markers and high correlation between CD36, CD41 and CD61 in one representative patient. (all results statistically significant/p<0.01). (C) Proportions of positive marker
expression (black) and negative marker expression (grey) in the PMNL and PBMC fractions of NSCLC patient.
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CD36 is a widely studied transmembrane glycoprotein that
functions as a scavenger receptor (36). It is involved in multiple
cellular functions including lipid uptake, immunological
recognition, inflammation, molecular adhesion, and apoptosis
(36). CD36 is expressed on the cell surface of multiple cell types,
including macrophages, monocytes, dendric cells, microvascular
endothelial cells, retinal epithelial cells, adipocytes, platelets,
enterocytes, microglial cells and podocytes (36, 37). CD36
expression has been also reported in tumor cells, stromal and
immune cells in tumor tissues (37). In cancer, CD36 plays
important roles in lipid homeostasis, immune response,
angiogenesis, adhesion and metastasis (37). CD41, also known as
aIIb integrin, is expressed onplatelets andmegakaryocytes (38, 39).
Its expression has also been reported in hematopoietic progenitors
in the embryo, fetus and adult of various species and during early
stages of hematopoietic differentiation (40). CD61 (integrin b3) is
expressed on megakaryocytes, besides its expression on human
plasmacytoiddendritic cells. It is involved in the uptakeof apoptotic
cells and induction of immune tolerance (41, 42). CD41 and CD61
are often associated in a complex to form the integrin GPIIb/IIIa,
which plays amajor role in platelet function, acting as a receptor for
several adhesion molecules, including fibronectin, fibrinogen,
vitronectin and Willebrand factor (38, 40). The CD41/CD61
complex is required for platelet aggregation and clotting (38).

These novel LDNmarkers clearly describe this neutrophil subset
in circulation of NSCLC patients. LDN presence has also been
reported in the PBMCs of human patients suffering from other
pathologies including autoimmune disorders and asthma, systemic
and local infection, HIV, dermatomyelosis and malaria (43–53).
Although the first evidence suggested that LDNs were a neutrophil
subset present only under pathological conditions, LDNs have also
been identified during pregnancy and in newborns (30, 54, 55).
CD36, CD41 and CD61 has expression to be evaluated in LDNs in
these pathologies and during pregnancy to further understand LDN
heterogeneity and function. Further studies using larger cohorts and
including patients in different stages of disease and under treatment
will be necessary to confirm the potential use of these identified
markers as prognostic biomarkers or to monitor treatment.
Moreover, the development of whole blood-based protocols for
the identification of the suggested markers is a crucial step towards
future applications of the use of these markers as diagnostic and
prognostic tools.

It has to be noted that, based on our data, low marker
expression on HDNs was observed in some patients. This
further supports the concept of neutrophil plasticity and the
idea that HDNs and LDNs represent a continuum in the
spectrum of phenotypes neutrophils can acquire. In this context,
a recent report showed than HDNs from cancer patients can be
retrieved in the LDN fraction and a fraction of the LDNs can be
retrieved in the HDN fraction (22). This is in accordance with a
previous study that described that in tumor-bearing mice HDNs
can become LDNs and LDNs can switch toward HDNs, in vivo
and ex vivo (9). Further studies including the new suggested LDN
markers CD36, CD41 and CD61 in addition to neutrophil
maturation markers would help to improve our knowledge
regarding the origin and function of LDNs.
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The six-transmembrane protein of prostate 2 (Stamp2) acts as an anti-inflammatory protein
in macrophages by protecting from overt inflammatory signaling and Stamp2 deficiency
accelerates atherosclerosis in mice. Herein, we describe an unexpected role of Stamp2 in
polymorphonuclear neutrophils (PMN) and characterize Stamp2’s protective effects in
myocardial ischemic injury. In a murine model of ischemia and reperfusion (I/R),
echocardiography and histological analyses revealed a pronounced impairment of cardiac
function in hearts of Stamp2-deficient- (Stamp2-/-) mice as compared to wild-type (WT)
animals. This difference was driven by aggravated cardiac fibrosis, as augmented fibroblast-
to-myofibroblast transdifferentiation was observed which was mediated by activation of the
redox-sensitive p38 mitogen-activated protein kinase (p38 MAPK). Furthermore, we
observed increased production of reactive oxygen species (ROS) in Stamp2-/- hearts
after I/R, which is the likely cause for p38 MAPK activation. Although myocardial
macrophage numbers were not affected by Stamp2 deficiency after I/R, augmented
myocardial infiltration by polymorphonuclear neutrophils (PMN) was observed, which
coincided with enhanced myeloperoxidase (MPO) plasma levels. Primary PMN isolated
from Stamp2-/- animals exhibited a proinflammatory phenotype characterized by enhanced
nuclear factor (NF)-kB activity and MPO secretion. To prove the critical role of PMN for the
observed phenotype after I/R, antibody-mediated PMN depletion was performed in
Stamp2-/- mice which reduced deterioration of LV function and adverse structural
remodeling to WT levels. These data indicate a novel role of Stamp2 as an anti-
inflammatory regulator of PMN and fibroblast-to-myofibroblast transdifferentiation in
myocardial I/R injury.

Keywords: six-transmembrane protein of prostate 2, Stamp2, Steap4, myocardial infarction, ischemia and
reperfusion damage, left ventricular dysfunction, inflammation, polymorphonuclear neutrophils (PMN)
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HIGHLIGHTS

Herein, we investigate the role of Stamp2 in hearts subjected to
ischemia and reperfusion injury. Loss of Stamp2 enhances
neutrophil activation, thereby aggravating maladaptive
structural remodeling and systolic dysfunction.
INTRODUCTION

As themost severemanifestation of coronary artery disease (CAD),
acutemyocardial infarction (AMI) remains a leading cause of death
in the western world despite an overall reduction in AMImortality
due tomore aggressive approaches to coronary revascularization (1,
2). Revascularization is associated with inflammatory tissue injury
at the site of ischemia and reperfusion (I/R) leading to subsequent
ventricular fibrotic remodeling and heart failure (HF) (3). HF is the
most common reason for hospitalization and affects around 26
million people worldwide (4).

I/R is amajor trigger of polymorphonuclear neutrophils (PMN)
recruitment and activation. PMN are among the first cells that
infiltrate the ischemic area and accumulate in great numberswithin
the infarcted region. Intriguing data suggest that PMN’s level of
inflammatory activation determines the extent of fibrotic scar
generation and thereby recovery or persistent deterioration of
cardiac function (5–7). Whereas total antibody-mediated
depletion of PMN impairs infarct healing (8), targeted and more
sophisticated modulation, e.g. by inhibition of neutrophil-secreted
inflammatory proteins like myeloperoxidase (MPO), improves
cardiac repair and function (9).

Activation of PMN stimulates fibroblast-to-myofibroblast
transdifferentiation, giving rise to the major collagen-
producing cell type within the heart (10). This process can be
mediated by oxidative activation and phosphorylation of the p38
mitogen-activated protein kinase (p38 MAPK) which is, among
others, induced by MPO and subsequent release of hypochlorous
acid (HOCl) (11, 12).

The six-transmembrane protein of the prostate 2 (Stamp2),
also known as six-transmembrane epithelial antigen of prostate 4
(STEAP4), has emerged as a regulator of leukocyte-driven
inflammation in metabolic syndrome (13) atherosclerosis (14),
and pulmonary vascular remodeling (15). Containing an NADP-
oxidoreductase motif (Rossman Fold), Stamp2 is able to oxidize
NADPH to NADP+, thereby transferring electrons through the
plasma membrane to iron and copper ions (14, 16). Upon loss or
dysfunction of Stamp2, NADPH accumulates within the cytosol
and binds to the NADPH sensor and inhibitor of nuclear factor
(NF)-kB activity NmrA-like family domain-containing protein 1
(NmRal), thereby preventing its nuclear translocation. In turn,
nuclear NF-kB activity is enhanced, causing production and
release of proinflammatory mediators (14).

Here, we show that Stamp2 is a novel anti-inflammatory
regulator in myocardial I/R damage and omit closely related to
the development of adverse ventricular remodeling and HF.
Stamp2-/- mice subjected to I/R showed a pronounced
inflammatory PMN activation and elevated fibroblast-to-
Frontiers in Immunology | www.frontiersin.org 283
myofibroblast transdifferentiation, revealing a role of Stamp2
as a potential target for upcoming anti-inflammatory therapies in
myocardial injury.
METHODS AND MATERIALS

Animals and Neutrophil Depletion
The generation of Stamp2-/- mice was described by Wellen et al.
(13). WT and Stamp2-/- mice were used as littermates for all
animal studies. Animals were kindly provided by Prof. Gökhan S.
Hotamisligil (Sabri Ülker Center, Department of Molecular
Metabolism and Broad Institute of Harvard-MIT and Harvard
T.H. Chan School of Public Health, Boston, US). 8- to 12-week
old male mice (C57/Bl6 background) were used for all animal
studies. Neutrophil depletion was performed by intraperitoneal
(i.p.) injection of monoclonal antibody clone 1A8 (50 µg,
Stemmcell, Cologne, Germany) 1 day prior to I/R and on day
3 after I/R (8).

Left Anterior Descending Artery Ligation
Mice were anaesthetized by intraperitoneal (i.p.) injection of 5
mg/kg bodyweight midazolam and 0.25 mg/kg bodyweight
medetomidine. Analgesia was performed by i.p. injection of
0.05 mg/kg bodyweight fentanyl. Body temperature was kept
constant using a rectal thermometer and an electric warming pad.
To compensate evaporation, the animals received a continuous
infusion of pre-warmed saline. Animals were placed in a supine
position, intubated under direct laryngoscopy with a 22 gauge
angiocath and ventilated using a small animal respirator (Harvard
Apparatus, USA; tidal volume: 0.1 ml per 10g mouse body weight,
ventilation rate: 170/min). Surgical procedures were carried out
using a dissecting microscope (Leica MZ6, Leica Microsystems,
Germany).After lateral thoracotomyof the fourth intercostal space,
a suture (8/0 polypropylene suture, Polypro, CPMedical, USA)was
placed around the left coronary artery after retraction of the left
atrial appendage. The artery was ligatedwith a bow tie. The ligation
was removed after 40 min to allow for reperfusion, the thorax was
closed and the animals were allowed to recover on a warming pad.

Echocardiographic Studies
Transthoracic echocardiography was performed using the Vevo
3100 System (VisualSonics, Toronto, Canada) (17). B-mode and
M-mode recordings were performed using a MX 550S transducer
(25-55 MHz) with a frame rate of 230–400 frames/s to assess LV
dimensions. All images were recorded digitally and analysis was
performed using the Vevo 3100-software. Ejection fraction (EF),
cardiac output (CO) and global longitudinal strain were
calculated as described before (18). Echocardiography was
performed before surgery (baseline) and 7 days after AMI.

Analysis of Fibrotic Area
Hearts were excised and cut along the long axis at the ligation position
or, for non-infarcted animals, at the center of the left ventricle, fixed in
3.7% formaldehyde solution for 2 days and embedded in paraffin.
Consecutive long axis sections of 4 mmwere cut. Sections were stained
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with Masson Trichrome solution following standard protocols.
Images were acquired using a BZ-9000 microscope (Keyence,
Germany). The area of fibrosis in percent of the left ventricle was
quantified using Keyence analytic software (Keyence, Germany).
Mean fibrotic area of 3 sections was calculated, respectively (12).

MPO Plasma Level
Blood was drawn into heparinized syringes in deep isoflurane
anesthesia by heart puncture, followed by centrifugation for
10 min at 1,300 x g. Plasma was analyzed for MPO using a
Mouse MPO ELISA (Hycult biotech, Uden, Netherlands)
according to manufacturer’s instructions (12).

DHE Staining of Ventricular Sections
Frozen heart sections were stained with dihydroethidium (DHE,
5 µM, diluted in DMSO and HBSS-buffer, ThermoFisher,
Germany). The slides were incubated with DHE for 30
minutes at 37°C in the dark before pictures were taken.

Staining for Myocardial Macrophage and
PMN Infiltration
Hearts were frozen in OCT compound and cut into 6 mm
sections. Frozen heart specimens were fixed with acetone.
Sections were incubated with rat anti-mouse F4/80 (1:100,
Abcam plc, UK) or with neutrophil Ly6G primary antibody
(1:40, Hycult biotech, NL) and endogenous peroxidase activity
was blocked. Secondary antibody was horseradish peroxidase
(HRP)-labeled rabbit anti-rat (1:100, Dako, Glostrup, Denmark)
and tertiary antibody was HRP-labeled goat anti-rabbit (1:500,
Vectorlabs, Burlingame, USA) in 3% normal mouse serum,
respectively. Macrophages and PMN were stained with AEC
solution and tissue was counterstained with hematoxylin. Images
were acquired using a BZ-9000 microscope (Keyence, Germany).
Results are shown as mean number of F4/80+ or Ly6G+ cells of
the LV tissue area (12).

Immunofluorescence Staining for
Myofibroblasts
Hearts were frozen in OCT compound and cut to 6 mm
longitudinal sections. Sections were thawed, fixed with 3.7%
formaldehyde solution and were blocked with 10% mouse
serum. Slides were treated with 0.1% Triton X-100 and
incubated with primary antibody against a–smooth muscle
actin (a-SMA; 1:200, rabbit IgG, ab5694, Abcam, Cambridge,
UK) and discoidin domain-containing receptor 2 (DDR-2; 1:50,
goat IgG, sc7555, Santa Cruz, Texas, USA) respectively for 1 hr at
room temperature in PBS with 0.1% Triton-X100 and 10%
mouse serum. Secondary antibody was Alexa Fluor-594
chicken-anti-rabbit IgG and Alexa Fluor-488 chicken-anti-goat
IgG (Invitrogen) and nuclei were stained with DAPI. Confocal
imaging was performed using a TCS SP8 confocal microscope
(Leica Microsystems, Germany).

Fibroblast Isolation and Characterization
Mice subjected to I/R were sacrificed, ventricles were removed
and washed in sterile HEPES-buffered Tyrode’s solution
Frontiers in Immunology | www.frontiersin.org 384
(135 mM NaCl, 4 mM KCl, 0.3 mM NaH2PO4, 1 mM MgCl2,
10 mM HEPES, 2 g/l glucose, pH = 7.3, Sigma-Aldrich,
St. Louis, USA). Ventricles were minced and digested in 0.1 g/l
Liberase/Tyrode solution (Liberase TM research grade, Roche,
Basel, Switzerland) for 10 minutes at 37°C. The supernatant
was collected and the digestion step repeated 6 times.
The supernatant was filtered (40 mm cell strainer, Thermo
Fisher Scientific, Waltham, USA), centrifuged and the
fibroblasts were resuspended in DMEM supplemented with
10% FCS. The cells were again centrifuged and further
processed for immunoblotting.

For mRNA investigations, hearts were isolated from 10-12
week old WT and Stamp2-/- mice. Ventricles were cut into
1-2 mm2 pieces and digested in a semi-automated dissociation
process following manufacturer’s protocol (GentleMACS
Dissociator and Multi Tissue Dissociation Kit 2, Miltenyi
Biotec, Bergisch-Gladbach, Germany). Cell suspension was
resuspended in DMEM+ Glutamax (PAN-Biotech, Aidenbach,
Germany) supported by 10% fetal calf serum (FCS), 1%
Penicillin/Streptomycin and 0,1% Fibroblast Growth Factor
(Recombinant Human FGF-basic (154 a.a.) Peprotech, Rocky
Hill, NJ, USA). Cells were transferred to 6-well plates pre-coated
with 1% gelatin at 37°C and 5% CO2. Cells were split at 70-80%
confluency. In 3rd passage, cells were harvested by adding 800µl
of RNA Lysis Buffer T to each well and Stamp2 mRNA
expression analyses were performed.

PMN Isolation and Characterization
PMN isolation was performed following a modified standard
protocol by English and Andersen (19). In short, murine EDTA
blood was taken by cardiac puncture. Blood was applied on a
double layer of Histopaque 1119/1077 (Sigma Aldrich,
Germany) and centrifuged at 700g for 30 min without break.
Granulocytes located between Histopaque 1119 and Histopaque
1077 were carefully isolated and washed two times with HBSS.
Cell number was counted. For Stamp2 expression analyses
100,000 cells were used. For NF-kB activity analyses cells were
lysed in RIPA buffer. For MPO secretion analyses 100,000 cells
were treated with PMA (Sigma-Aldrich, Germany) 100ng/ml or
with saline for 2 hours at 37°C in HBSS. Supernatants were
collected and vaporized by SpeedVac Vacuum centrifugation for
24 hours. Residues were dissolved in 100µl H2O and MPO levels
were assessed (12).

Immunoblotting
Protein extraction and immunoblotting were performed
according to standard protocols (20). Briefly, membranes were
incubated with the following antibodies overnight at 4°C: anti-
GAPDH (1:1000; Santa Cruz), anti-p65 (1:5000; Abcam ab7970),
Phospho-NF-kB p65 (Ser536) (1:1000 CellSignaling), p38 MAP
kinase (CellSignaling, 1:100, New England Biolabs, Frankfurt,
Germany), p-p38 MAP kinase (CellSignaling, 1:100, New
England Biolabs). After incubation with appropriate secondary
antibodies for 1 hour, chemiluminescence was detected using a
Fusion FX (Vilber Lourmat) imaging system and quantified with
Quantity One (BioRad) (20).
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mRNA Expression Analyses
RNA-Isolation was performed by using the peqGOLD Total
RNA Kit (VWR, Darmstadt, Germany). mRNA was converted to
cDNA. Stamp2 mRNA expression was investigated by
quantitative real-time PCR using the following primers:
Stamp2 (NM_054098.3) -fwd: TCAAATGCGGAATACCT
TGCT, -rev: GCATCTAGTGTTCCTGACTGGA; 18S
ribosomal RNA (NR_003278.3) -fwd: GTAACCCGTTGAA
CCCCATT, -rev: CCATCCAATCGGTAGTAGCG.

White Blood Cell Count
EDTA blood was taken by cardiac puncture from untreated WT
and Stamp2-/- male mice and immediately analyzed by the 5-Part
hematology-system Sysmex XN (Sysmex, Gemany).

Infarct Size Determination
Hearts were excised and the aortic arch was cannulated to
perform perfusion with PBS supplemented with 50I.U.
heparin/ml in a retrograde manner. Consequently, the knot
that had been used for initial ligation was closed and perfusion
with Evan’s blue dye was performed to stain healthy tissue.
Afterwards, hearts were cut into 1mm slides and incubated in
2,3,5-triphenyl-tetrazolium chloride solution. Healthy tissue was
identified as blue area, area at risk as red area and infarcted tissue
as white area using the BZ2-Analyser software (Keyence).

Heart Digestion and Flow Cytometry
For flow cytometry analysis, hearts were perfused via the left
ventricular cavity with 10ml of PBS supplemented with heparin
(50I.E./ml), immediately mechanically disrupted in digestion
buffer (450u/ml collagenase I (Sigma Aldrich, St. Loius, MO,
USA), 125u/ml collagenase XI (Sigma Aldrich), 60u/ml
hyaluronidase (Sigma Aldrich) and 60u/ml DNAse I (Thermo
Fisher Scientific, Waltham, MA, USA) in HBSS) and digested for
1 hour at 30°C. The single cell suspension was stained with a
cocktail of antibodies including CD45, CD11b, CD64, CCR2 and
TIMD4 (an antibody list including clones, fluorescent dyes and
manufacturer data can be found in the supplementary material).
Fluorescence minus one controls (FMO) for each marker were
used to assure correct compensation. The Zombie UV fixable kit
(Biolegend, San Diego, CA, USA) was used to assure cell viability.
Stained cells were analyzed with a Cytek Aurora flow cytometer
(Cytek, Fremont, CA, USA). Cells were gated for single, viable
leukocytes. After exclusion of lymphocytes and monocytes,
macrophages were identified as CD64+ CD11b+ cells. Timd4
was used as a marker for long-term residual macrophages, CCR2
as marker for monocyte derived macrophages (21).

Statistical Analysis
In all cases, investigators were blinded for the genotype or treatment
group of the respective animals or samples. Results are expressed as
mean ± SEM. Normal distribution was tested for by either
Kolmogorov-Smirnov- or Shapiro-Wilk-Test. For parametric data,
comparative analysis was performed using Unpaired Student’s t-test
or Two-way ANOVA followed by Tukey post-hoc test. For
nonparametric data, either Mann-Whitney- or Kruskal-Wallis-test
followed by Dunn’s post-hoc test was performed. A P-value of < 0.05
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was considered statistically significant. Graphs were created with
GraphPad Prism 7.0a. All statistical calculations were carried out
using GraphPad Prism 7.0a (GraphPad). *P < 0.05,
**P < 0.01, ***P < 0.001.
RESULTS

Stamp2 Deficiency Further Decreases
Systolic Left Ventricular Function in a
Murine Model of I/R
Given the abundance of Stamp2 in leukocytes and its potential
anti-inflammatory role in atherosclerosis, we investigated the
effects of Stamp2 deficiency on left ventricular (LV) function in a
murine model of myocardial I/R injury. Thus, Stamp2-/- and WT
mice were subjected to ligation of the left anterior descending
artery (LAD) for 40 minutes followed by myocardial reperfusion
for up to 7 days.

In Stamp2-/- mice, echocardiographic analyses (representative
recordings are shown in Figure 1A, full echocardiographic
recordings are provided as Supplemental Videos 1 and 2 in the
supplemental material) revealed a substantially stronger reduction
of LV EF as compared to WT (mean reduction in Figure 1B and
reduction within the same animal in Figure 1C) Accordingly, total
CO (Figure 1D, change of CO inFigure 1E) wasmore significantly
reduced in Stamp2-/- hearts. In line with these observations, global
longitudinal strain reduction was more pronounced in Stamp2-/-

hearts after I/R as compared to WT (Figure 1F). Moreover,
thinning of the left ventricular wall was significantly more
pronounced in Stamp2-/- animals (Supplemental Figures S1A,
B). Of note, baseline characterization of heart function and vital
parameters under isoflurane narcosis revealed a reduced heart rate
in Stamp2-/- animals (Supplemental Figure S2). Altogether, this
data indicates a prominent role of Stamp2 in LV function after
ischemic injury.

Stamp2 Deficiency Promotes Left
Ventricular Fibrotic Remodeling
Post-infarct LV remodeling includes fibrotic scar formation that
promotes development of HF (22). To assess the impact of
Stamp2 on fibrotic remodeling, Masson’s trichrome staining
was performed, which revealed significantly larger areas of
collagen deposition in cardiac sections of Stamp2-/- mice as
compared to WT (Figures 2A, B).

Asmyofibroblasts are themajor sourceof collagen in the infarcted
myocardium (23), myofibroblast accumulation was analyzed by
immunoreactivity to the fibroblast marker DDR-2 and to the
myofibroblast marker a-SMA 7 days post I/R. These experiments
revealed that the number ofmyofibroblasts was significantly elevated
in the peri-infarct region of Stamp2-/- hearts as compared to WT
(Figures 2C, D). Fibroblast-to-myofibroblast transdifferentiation in
the context of inflammation is driven by activation and
phosphorylation of the p38 MAPK pathway (12, 24). To test
whether this process is involved in the observed phenotype, we
isolated primary cardiac fibroblasts from Stamp2-/- and WT hearts.
Immunoblottings of isolated primary cardiac fibroblasts after I/R
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demonstrated increased p38 MAPK phosphorylation in Stamp2-/-

cells as compared toWT controls (Figure 2E, full unedited gel shown
in Supplemental Figure S8). Of note, total infarct size was
unchanged in Stamp2-/- hearts (Supplemental Figure S3).

Stamp2 Deficiency Promotes Myocardial
PMN Infiltration Upon I/R
Leukocyte activation upon myocardial I/R injury is associated
with cardiac fibrotic remodeling and is the main contributor to
profibrotic fibroblast-to-myofibroblast transdifferentiation (24).
Apart from cytokines and growth factors, p38 MAPK signaling
can be driven by PMN-derived reactive oxygen species (ROS)
(12, 25). Thus, we analyzed the oxidation of dihydroethidium
(DHE) in cardiac sections as an indicator for superoxide release.
Fluorescence intensity of oxidized DHE was significantly
elevated in Stamp2-/- vs. WT hearts after I/R, demonstrating
increased ventricular ROS production (Figures 3A, B).

Given the anti-inflammatory role of Stamp2 in macrophages,
we expected an increased abundance of these cells within the
Frontiers in Immunology | www.frontiersin.org 586
infarct region of Stamp2-/- mice. However, despite increased
macrophage numbers upon I/R in both genotypes, numbers
were not different in Stamp2-/- mice (Figures 3C, D). This
could be further confirmed by flow cytometric analyses
indicating equal numbers and proportions of macrophage
populations in both genotypes 3 days after I/R induction
(Supplemental Figure S4).

PMN are among the first ROS-producing cells invading the
injured myocardium. Their inflammatory activation has been
closely linked to ventricular remodeling (5). Consequently, we
quantified LV PMN abundance by immunohistochemical
stainings for the PMN marker Ly6G. Strikingly, PMN numbers
were substantially increased in Stamp2-/- hearts vs. WT 3 days
after I/R (Figures 3E, F).

Stamp2 Regulates Proinflammatory PMN
Activation and Myeloperoxidase Secretion
Apart from controlling myocardial PMN infiltration in the context
of I/R, Stamp2may also directly alter cellular responses. Given that
A

B C

D E F

FIGURE 1 | Left ventricular (LV) function is impaired in Stamp2-/- mice when subjected to ischemia and reperfusion injury (I/R). (A) Representative echocardiographic
recordings indicating enhanced reduction of LV function in Stamp2-/- hearts as compared to WT after 7 days of I/R (A=Apex, R= Aortic root; Diast.=diastole Syst.=systole).
(B) Total ejection fraction (EF, n=9/9/9/9) and (C) change of EF in % to baseline (n=9/9). (D) Total cardiac output (CO, n=9/9/9/9) and (E) change of CO in % to
baseline (n=9/9) as assessed by echocardiography. (F) Global longitudinal strain reduction after subjection to I/R (n=9/9). Baseline echocardiography was directly
performed before MI induction and I/R echocardiography at day 7. Graphs show Mean ± SEM. Significance was determined by two-way ANOVA followed by Tukey
post-hoc test (B, D) or by unpaired Student’s t-test (C, E, F). *P < 0.05, **P < 0.01, ***P < 0.001.
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Stamp2 is abundantly expressed in murine PMN (Supplemental
Figures S5, S6), Stamp2-mediated PMN activation might be
closely associated with myocardial infarction, subsequent post-
infarct remodeling and scar formation (8, 26). To characterize
cellular responses to Stamp2 deficiency, we isolated primary PMN
from Stamp2-/- and WT mice. Stamp2 deficiency led to
pronounced NF-kB activity in isolated PMN as demonstrated by
enhanced phosphorylation of its subunit RelA (p65) (Figure 4A),
which is closely associated with enhanced immune responses,
leukocyte activation and cytokine secretion (27). Enhanced
proinflammatory activation could be further confirmed ex vivo
showing that Stamp2 deficiency elevated MPO secretion from
Frontiers in Immunology | www.frontiersin.org 687
primary isolated PMN, which reflects pro-inflammatory granule
release (28) (Figure 4B, full unedited gel shown in Supplemental
Figure S9).

Plasma levels of PMN-derived MPO were elevated in
Stamp2-/- animals both at baseline conditions and after
subjection to I/R (Figure 4C). To rule out pre-existing
leukocytosis in Stamp2-/- animals, blood counts were analyzed.
These demonstrated equal leukocyte numbers (white blood cell
count, WBC, Supplemental Figure S7) in both genotypes
indicating that enhanced myocardial PMN infiltration and
systemic MPO levels after I/R were due to enhanced
PMN activation.
A

B

C D

E

FIGURE 2 | Stamp2 deficiency aggravates I/R-induced LV fibrotic remodeling. (A) Representative images of Masson’s trichrome-stained cardiac sections of WT
and Stamp2-/-animals 7 days after I/R. Scale bar=1mm. (B) Quantification of left ventricular fibrotic areas stained in green (n=5/5/7/8). (C) Representative
immunofluorescence stainings imaged by confocal microscopy for the myofibroblast marker a-SMA (a-smooth muscle actin; red), for the fibroblast marker DDR-2
(discoidin domain-containing receptor 2; green) and for nuclei (DAPI, blue). Scale bar=50mm. (D) Quantitative analaysis of myofibroblasts within the peri-infarct region
(n=6/6). (E) Relative phosphorylation of p38 MAPK (p-p38/p38 MAPK) in isolated primary fibroblasts from hearts 3 days post I/R (n=7/5). Graphs show Mean ±
SEM. Full blots are shown in Supplemental Figure S4. Significance was determined by two-way ANOVA followed by Tukey post-hoc test (B) or by unpaired
Student’s t-test (D, E). *P < 0.05, **P < 0.01, ***P < 0.001. n.s., not significant.
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PMN Depletion Abolishes the Effect of
Stamp2 Deficiency on I/R-Mediated
Fibrotic Remodeling and LV Function
To investigate whether the impairment of LV function by
Stamp2 deficiency is causally linked to enhanced PMN
activation and infiltration, WT- and Stamp2-/- mice were
Frontiers in Immunology | www.frontiersin.org 788
subjected to Ly6G antibody-mediated PMN depletion
(injection schematic is shown in Figure 5A) (8). Intriguingly,
PMN depletion completely reversed the maladaptive phenotype
of Stamp2 deficiency after I/R. This included attenuated LV
fibrotic remodeling (Figures 5B, C) and LV function. In detail,
the Stamp2-/–mediated alterations in total EF (Figure 5E;
A

B

C

D

E F

FIGURE 3 | Stamp2 regulates myocardial PMN infiltration after I/R. (A) Representative stainings of oxidized dihydroethidium (DHE) and (B) quantitative analysis of
ROS production in myocardial sections 7 days after I/R induction (n=4/4/7/8). Scale bar=200 mm. (C) Representative left ventricular immunohistological stainings for
the pan-macrophage marker F4/80 (brown) and (D) quantitative analysis of macrophage numbers within the infarct region (n=4/4/5/5/9/10). Scale bar= 200 mm.
(E) Representative left ventricular immunohistological stainings for the PMN marker Ly6G (brown) and (F) quantitative analysis of neutrophil numbers within the infarct
region 3 days after I/R induction (n=3/3/5/5). Scale bar = 50 mm. Graphs show Mean ± SEM. Significance was determined by two-way ANOVA followed by Tukey
post-hoc test. *P < 0.05.
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representative recordings are shown in Figure 5D, full
echocardiographic recordings are provided as Supplemental
Videos 3 and 4 in the supplemental material), mean EF
reduction (Figure 5F) as well as total CO (Figure 5G), mean
CO reduction (Figure 5H) and global longitudinal strain
reduction (Figure 5I) were blunted upon PMN depletion.

Taken together, we herein demonstrate that Stamp2
deficiency leads to enhanced inflammatory PMN activation
upon I/R injury resulting in pronounced fibroblast-to-
myofibroblast transdifferentiation. These cellular alterations
promote maladaptive fibrotic remodeling, ultimately resulting
in the loss of LV function (Figure 6). These data put Stamp2 in a
central position controlling PMN functions to protect from
adverse LV remodeling after I/R injury.
DISCUSSION

Herein, we show that Stamp2 deficiency promotes adverse LV
structural remodeling after myocardial I/R injury by elevating
proinflammatory PMN activation. Studies of a murine model of
myocardial I/R injury reveal that loss of Stamp2 enhances
(i) inflammatory activation of PMN in mice subjected to I/R
damage resulting in (ii) enhanced ventricular fibrosis by
transdifferentiation of fibroblasts to myofibroblasts ultimately
causing (iii) reduced LV function.

The inflammatory activation of leukocytes, in particular
neutrophils, has long been regarded as a crucial mechanistic
component to myocardial I/R damage (29, 30). Although
the underlying mechanisms are diverse and still not
completely understood (31), clinical trials targeting pro-
inflammatory pathways (COLCOT, LoDoCo, CANTOS)
(32–34), emphasize the clinical need and the feasibility to
target and modulate innate immune responses to prevent
myocardial damage.
Frontiers in Immunology | www.frontiersin.org 889
Stamp2 has emerged as an anti-inflammatory regulator of the
innate immunity by suppressing inflammatory cytokine
expression (13). Furthermore, endothelial expression of
leukocyte-recruiting cell surface proteins like ICAM-1 und
VCAM-1 is enhanced in Stamp2 deficiency (35), a mechanism
which has been closely linked to myocardial infarct healing und
-function (25). In particular, the role of macrophage activation in
the context of Stamp2 deficiency was reported in various
pathologies like atherosclerosis (14), pulmonary hypertension
(15), adipose tissue insulin resistance (36) and prostate cancer
(37). Hitherto, a role of Stamp2 in PMN activation in
cardiovascular disease was unknown. We show for the first
time, that Stamp2 is a regulator of PMN infiltration and
myocardial healing after I/R injury by modulating NF-kB
activation. So far, this mechanism has been described only in
atherosclerotic macrophages due to Stamp2´s NADPH-
oxidizing properties (14, 37) although NF-kB regulation differs
between PMN and mononuclear cells (38).

Stamp2 deficiency induces PMN degranulation and secretion
of MPO, a pro-inflammatory heme enzyme which is the most
abundant protein in granules of PMN (28) and responsible for
maladaptive ventricular remodeling after I/R injury (12). The
molecular mechanisms of Stamp2 in regulating PMN
degranulation remain elusive although it is tempting to
speculate that, given the importance of NADPH-oxidases in
PMN priming and degranulation (39), Stamp2-mediated
oxidation of NADPH might be the driving factor (14). Of note,
enhanced MPO secretion could be detected not only in
unstimulated isolated PMN but also in untreated Stamp2-/-

animals, indicating enhanced PMN activation even under
baseline conditions.

Ventricular fibroblast activation and fibrotic remodeling are
significantly pronounced in Stamp2-/- animals finally resulting in
severe impairment of LV function. Myofibroblasts are the main
cellular contributors to ventricular fibrosis (22). In Stamp2-/-
A B C

FIGURE 4 | Proinflammmatory activation of PMN by Stamp2 deficiency. (A) Immmunoblotting of p65-phosphorylation (pp65) vs. total p65 expresssion as an
indicator of NF-kB activity (n=6/6). (B) Myeloperoxidase (MPO) secretion into the supernatant of isolated PMN as assessed by ELISA with and without inflammatory
stimulation (PMA 100ng/ml; n=5/4/5/4). (C) MPO plasma levels in mice at baseline and subjected to 7 days of I/R as assessed by ELISA (n=4/4/7/8). Graphs show
Mean ± SEM. Full blots are shown in Supplemental Figure S5. Significance was determined by two-way ANOVA followed by Tukey post-hoc test (B, C) or by
unpaired Student’s t-test (A). *P < 0.05.
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animals, MPO plasma levels are significantly higher upon
myocardial injury. We have shown previously that the major
MPO-derived species hypochlorous acid (HOCl) (40) leads to
activation of p38 MAPK that in turn promotes fibroblast
transdifferentiation and results in enhanced ventricular fibrotic
Frontiers in Immunology | www.frontiersin.org 990
remodeling (11). The importance of these fibrotic mechanisms
for heart function is further underlined by the unaltered infarct
size in Stamp2-/- animals upon I/R injury.

As this study was performed in a small animal model, a
number of limitations may apply when translating the present
A

B

D

E F

G H I

C

FIGURE 5 | PMN depletion rescues impaired LV function in Stamp2-/- mice after I/R. (A) Schematic overview of PMN depletion by i.p. injection of an anti-Ly6G
antibody 1 day prior to- and 3 days after subjection to I/R (13). (B) Representative images of Masson’s trichrome-stained cardiac sections of WT- and Stamp2-/-

animals 7 days after I/R with (C) assessment of the LV fibrotic areas stained in green/grey (n=8/5). Scale bar=1mm (D) Representative echocardiographic recordings
of WT- and Stamp2-/- hearts (A=Apex, R=Aortic root; Diast.=diastole, Syst.=systole). (E) Total ejection fraction (EF, n=6/7/6/7) and (F) change of EF in % to baseline
(n=6/7). (G) Total cardiac output (CO, n=6/7/6/7) and (H) change of CO in % to baseline as assessed by echocardiography (n=6/7). (I) Longitudinal strain reduction
after subjection to I/R (n=6/7). Baseline echocardiography was directly performed before MI induction and I/R echocardiography at day 7. Graphs show Mean ±
SEM. Significance was determined by two-way ANOVA followed by Tukey post-hoc test (E, G) or by unpaired Student’s t-test (C, F, H, I). n.s., not significant.
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findings to human pathology. Given the mechanistic complexity
of involved cell types, inflammatory stimuli, growth factors, cell
death- and hypertrophic signaling pathways in myocardial post-
infarct healing, it has to be considered that PMN may not be the
exclusive cellular mediators by which Stamp2 deficiency
promotes fibrotic remodeling. Macrophages are important for
structural remodeling post infarction (41) and it cannot be ruled
out that Stamp2 influences macrophage activation in this regard
(14). However, RNA-seq data revealed low Stamp2 expression in
macrophages as compared to PMN at baseline levels and after
myocardial infarction (7). Furthermore, infiltrating macrophage
numbers and populations did not differ between WT- and
Stamp2-/- hearts after I/R injury indicating a minor role of
Stamp2 in macrophages in infarct healing.

Stamp2-mediated endogenous effects onfibroblasts couldnot be
fullydisclosed sinceStamp2mRNAis expressed inactivatedcardiac
myofibroblasts. Nonetheless, in comparison, isolated cardiac
fibroblasts showed lower Stamp2 expression than primary PMN.
Accordingly, specific PMNdepletion by Ly6G antibody injection, a
well-established method for studying PMN in myocardial
pathologies (8), completely reversed Stamp2-/- mediated
functional LV impairment and enhanced fibrosis, underlining the
prominent role of PMN for the observed phenotype in
Stamp2 deficiency.

The reduction in heart rate in Stamp2-/- animals compared to
WT animals at baseline conditions might furthermore suggest an
unknown effect of Stamp 2 on the cardiac conduction system and
demands further investigation.

Stamp2 expression has been inversely correlated with the
pathological severity of atherosclerosis (14), pulmonary
Frontiers in Immunology | www.frontiersin.org 1091
hypertension (15) and obesity (36). In view of a clinical
translation, the assessment of Stamp2 expression in PMN might
therefore emerge as a marker for clinical outcome in patients after
myocardial infarction. Furthermore, anti-inflammatory effects of
pharmacological Stamp2 activation or augmented expression may
be beneficial as novel therapeutic strategies. Such an effect has been
recently reported for the AMP-activated protein kinase (AMPK)
activator cilostazol in nonalcoholic fatty liver disease (42).
Moreover, in a setting of acute myocardial injury for 2 hours,
treatment with the biguanide metformin reduced cardiomyocyte
apoptosis ina Stamp2-dependentmanner (43).Thedevelopmentof
more specific compounds for pharmacological Stamp2 regulation
in cardiovascular diseases is therefore an interesting goal for
future studies.

In conclusion, the current data reveal that absence of Stamp2
adversely affects myocardial function after I/R injury.
Mechanistically, deficiency of Stamp2 induces pro-inflammatory
activation and degranulation of PMN which subsequently leads to
enhanced LV fibrotic remodeling via activation of fibroblast-to-
myofibroblast transdifferentiation(Figure6).These resultsnotonly
indicate that Stamp2 is a novel regulator of the inflammatory
response in ischemic cardiomyopathy but also point to Stamp2
activation as a potential pharmacological target.
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The mycobacterium genus contains a broad range of species, including the human
pathogens M. tuberculosis and M. leprae. These bacteria are best known for their
residence inside host cells. Neutrophils are frequently observed at sites of
mycobacterial infection, but their role in clearance is not well understood. In this review,
we discuss how neutrophils attempt to control mycobacterial infections, either through the
ingestion of bacteria into intracellular phagosomes, or the release of neutrophil
extracellular traps (NETs). Despite their powerful antimicrobial activity, including the
production of reactive oxidants such as hypochlorous acid, neutrophils appear
ineffective in killing pathogenic mycobacteria. We explore mycobacterial resistance
mechanisms, and how thwarting neutrophil action exacerbates disease pathology. A
better understanding of how mycobacteria protect themselves from neutrophils will aid
the development of novel strategies that facilitate bacterial clearance and limit host
tissue damage.

Keywords: phagosomes, neutrophil extracellular traps, oxidative stress, tuberculosis, leprosy
INTRODUCTION

Mycobacterium is a diverse genus comprising almost 200 species (1). The most well-known
members are the human pathogens Mycobacterium tuberculosis and Mycobacterium leprae, which
are the causative agents of tuberculosis and leprosy, respectively. Tuberculosis is a pulmonary
disease that has plagued humans for thousands of years, and while global prevalence was reduced in
the early 20th century due to the development of vaccines and antibiotics, the incidence has
increased again such that it is estimated that a quarter of the world’s population is currently infected
with M. tuberculosis with more than 4,000 deaths per day (2). The prevalence of leprosy is still of
significant concern in endemic areas (3), and while curable the age-old stigma associated with
leprosy still persists, creating fear and a reluctance to seek medical help. The mycobacterium genus
also contains obligate and opportunistic pathogenic mycobacteria, which are grouped together as
non-tuberculous mycobacteria (NTM). The incidence of NTM infection is increasing, such that in
the USA the prevalence of pulmonary disease due to NTM is now greater than that of tuberculosis
(4). The appearance of multi-drug resistant mycobacteria is of major concern, and new treatments
are urgently required.

Mycobacteria can be remarkably successful intracellular pathogens that not only survive the
initial assault of the innate immune system, but eventually take up residence within macrophages
org December 2021 | Volume 12 | Article 782495194
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(5, 6). Neutrophils are also prominent in the lungs of patients
with active pulmonary tuberculosis (7). They migrate to sites of
infection in response to chemotactic signals, where they ingest
pathogens into intracellular phagosomes (Figure 1). Neutrophil
cytoplasmic granules fuse with the phagosomal membrane and
empty antimicrobial peptides and proteins onto the pathogen, in
a process termed degranulation. At the same time, an NADPH
oxidase (NOX) complex assembles on the phagosomal
membrane, transferring electrons from cytosolic NADPH to
molecular oxygen in the phagosome. The initial product is
superoxide, which dismutates to hydrogen peroxide and is
converted to the potent bactericidal oxidant hypochlorous acid
(HOCl) by another granule constituent, myeloperoxidase (MPO)
(8). Pathogens that survive the initial oxidative burst may take up
residence inside neutrophils. However, the neutrophil is a short-
lived cell, providing a transport route into resident macrophages
that are charged with clearing apoptotic neutrophils.

While the internalization of pathogens limits exposure of host
tissue to the toxic compounds produced by neutrophils,
extracellular release can occur (Figure 1). This includes the
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ejection of strands of chromatin coated with neutrophil
proteins, which form a meshwork termed neutrophil
extracellular traps (NETs) (9–11). NETs have been shown to
trap bacteria and fungi and are thought to contribute towards
containment of infection (9, 12) and antimicrobial activity (9, 13,
14). However, NETs can cause damage to host cells and tissue,
and NETs are linked with various pathological conditions and
diseases (15, 16). Unresolved inflammation will damage lung
tissue and provide further opportunity for bacterial expansion.

In recent years it has become clear that neutrophils have more
complex roles in immune regulation, with their ability to
produce and modify cytokines, and release extracellular
vesicles (17), enabling significant crosstalk with adaptive
immune cells (18). This review focuses, however, on the early
interactions between mycobacteria and neutrophils, and we ask
the question of how pathogenic mycobacteria avoid destruction
by neutrophils. Insight into their underlying survival
mechanisms may provide therapeutic strategies that tilt this
balance in favour of the neutrophil, and enable the early
resolution of infection.
NEUTROPHILS IN MYCOBACTERIAL
INFECTION AND DISEASE

Neutrophils in Tuberculosis
Lung resident macrophages are the first immune cells to
encounter inhaled M. tuberculosis, and they contribute towards
bacterial clearance (19, 20). Neutrophils are subsequently
recruited to the site of infection. The number of circulating
neutrophils increases in patients with active tuberculosis (21–
23), and a rise in neutrophil-derived transcriptional signatures
has been observed in blood from patients with active tuberculosis
(24). A study of close contacts of patients with active pulmonary
tuberculosis showed an inverse correlation between peripheral
blood neutrophil counts and risk of M. tuberculosis infection
(21), and depletion of neutrophils from whole blood in vitro
increased M. tuberculosis growth (25), suggesting that
neutrophils can play an active role in limiting infection.
Indeed, more neutrophils than macrophages were observed to
have intracellular M. tuberculosis in sputum, bronchoalveolar
lavage (BAL) fluid and granulomas from patients with active
pulmonary tuberculosis (7). However, the fate of M. tuberculosis
phagocytosed by neutrophils is not clear.

M. tuberculosis can survive and replicate within macrophages
(26–28), where they are hidden from the immune system (29).
Neutrophils have been proposed to play a similar “Trojan horse”
role for M. tuberculosis (30, 31). Some bacteria and parasites,
including Yersinia pestis (32), Chlamydia pneumoniae (33) and
Leishmania major (34) can survive within neutrophils, and the
length of M. tuberculosis bacilli observed in BAL fluid and
sputum from patients with active tuberculosis was noted to be
similar to lengths observed in logarithmic phase cultures (7),
consistent with bacterial survival.

Neutrophils undergo apoptosis at sites of infection and can be
cleared by macrophages. In these cases, any viable intracellular
FIGURE 1 | Neutrophil activities at sites of mycobacterial infections. (A)
Neutrophils release neutrophil extracellular traps (NETs), chromatin
structures decorated with neutrophil bactericidal peptides and proteins,
in response to mycobacteria. Whether NETs contribute to bacterial
clearance or predominantly promote host tissue damage is unclear. (B)
Neutrophils phagocytose mycobacteria, albeit slower than other bacteria.
The phagosomal membrane fuses with cytoplasmic granules to release
antimicrobial peptides and proteins including myeloperoxidase (MPO) into
the phagosome. The NOX2 assembles on the phagosomal membrane
resulting in the production of superoxide and hydrogen peroxide, which
MPO uses to produce the strong antimicrobial oxidant HOCl. Unlike other
bacteria, and for reasons as yet unknown, mycobacteria do not succumb
to HOCl produced in the phagosome. Neutrophils and their resident
mycobacteria are ingested by macrophages. This may augment
macrophage killing of mycobacteria via delivery of neutrophil antimicrobial
agents, or provide transfer of live bacteria to a longer-lived host cell.
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bacteria in neutrophils will be transferred to macrophages, where
they can replicate and modulate macrophage responses and
function. While it has been shown that neutrophils provide a
source of antimicrobial agents that potentiate macrophage killing
of M. tuberculosis by delivery of their granule contents (35), the
survival of M. tuberculosis within macrophages has been shown
to be enhanced after ingestion of neutrophils containing the
bacterium (36). Further evidence that neutrophils play a
permissive role in M. tuberculosis transmission was recently
demonstrated in a report showing that dead neutrophils have
the capacity to mediate short range, aerosol transmission of
viable M. tuberculosis aggregates (37).

Disease severity in tuberculosis-sensitive mice has been linked
to the survival of M. tuberculosis within neutrophils (31, 38).
Neutrophil phagocytosis of M. tuberculosis was greater in
genetically-susceptible mice than in those more resistant to
tuberculosis, but the majority of the bacteria remained viable
within the neutrophils (31). Furthermore, in a study of M. bovis
BCG infection following inoculation of bacteria into the ears of
C57BL/6 mice, neutrophils were observed to transport BCG to
the auricular draining lymph nodes early in infection (30). BCG-
laden neutrophils penetrated the paracortex, an area that is rich
in T-cells (39). Notably, the bacilli load at the infection site did
not decrease, indicating that in this model neutrophils do not
clear the infection. Neutrophils are reported to be capable of
functioning as antigen presenting cells (40), and others have
suggested that while neutrophils may not directly control
M. tuberculosis growth, they promote migration of dendritic
cells to the lung draining mediastinal lymph node, facilitating
priming of the adaptive immune response (41). However,
neutrophils may protect the phagocytosed bacteria from
recognition by the immune system thus delaying the adaptive
immune response. In a study by Abadie et al. live BCG were
recovered from the lymph nodes in numbers that remained
stable over two weeks, lending support to this scenario (30).

The host response to pulmonary M. tuberculosis infection
involves formation of nodule-like structures in the lung called
granulomas, which comprise an assemblage of various immune
cells, including neutrophils (42). Granulomas contain infection by
preventing dissemination of bacteria; however, they may also
provide a niche for M. tuberculosis survival (43–45). Neutrophils
in zebrafish infected withM. marinum have been shown to work in
conjunction with macrophages in developing granulomas to
contain infection (46). However, in active disease the granulomas
develop into large inflammatory lesions, and neutrophil
accumulation may play an important part of this process. In a
non-human primate model of tuberculosis, greater neutrophil
accumulation was observed in the larger granulomas associated
with active tuberculosis compared with the smaller granulomas of a
latent infection (47). In a mouse model, interleukin (IL)-17
neutralization decreased neutrophil accumulation in lung
granulomas but there was no difference in bacterial burden (47),
while neutrophil depletion in C57BL/6J mice during the chronic
phase of infection improved control of M. tuberculosis (48).

Several studies suggest that neutrophil accumulation is
associated with a dysregulated immune response and a poor
prognosis in tuberculosis. Even after bacterial clearance,
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neutrophil accumulation is linked with post-TB lung disease
(49). Levels of calprotectin, the most abundant neutrophil
cytoplasmic protein, and neutrophil chemokines are increased
in patients with active tuberculosis compared to healthy controls
and those with latent infection, and this is correlated with lung
damage (47). Increased neutrophil accumulation was shown to
be mediated, at least in part, via calprotectin-dependent
upregulation of the neutrophil integrin CD11b (48).
Calprotectin has antimicrobial activity, however improved
control of infection was observed when a subunit of
calprotectin was knocked out (48). Mice infected by aerosol
with a low dose of M. tuberculosis were grouped into three
different classes: resistant, susceptible and super-susceptible
mice; reflecting the variation observed in humans (50). Lungs
of super-susceptible mice showed the highest numbers of
infiltrating neutrophils, had the largest granulomas with areas
of necrosis, and the highest bacterial burden. Another mouse
study found that neutrophil depletion significantly increased
survival following M. tuberculosis infection (51). Using several
different models, Mishra et al. concluded that neutrophil
accumulation in the lungs correlated with increased bacterial
burden and animal weight loss, and that inhibition of neutrophil
recruitment decreased bacterial numbers (52).

In summary, current evidence indicates that neutrophils play
an important role during in bacterial clearance the acute stages of
human TB. This is supported by several animal studies (53, 54).
However, if the infection continues, accumulating evidence
indicates that neutrophils contribute towards disease pathology
and a negative prognosis. Investigation of the suitability of
neutrophils as a marker for poor outcome in TB is ongoing (55).

Neutrophils in Leprosy
M. leprae infects macrophages (56) and Schwann cells (57), and
it is these cells that are traditionally thought to be important
players in infection (58, 59). Peripheral blood neutrophils from
lepromatous leprosy patients have, however, also been shown to
harbor M. leprae (60). The course of lepromatous leprosy can
involve periods of acute inflammation called reactions, the most
common of which is erythema nodosum leprosum (ENL).
Neutrophil infiltration is a feature of the skin lesions associated
with this reaction, although neutrophils are not always present
(61–63). ENL can occur as a single acute episode, several discrete
acute episodes or as a chronic condition, and can occur before,
during or after multi-drug therapy (64, 65). Importantly, ENL is
a major contributor towards nerve damage in leprosy patients
and contributes significantly towards mortality (66). Despite the
fact that neutrophils are the hallmark of ENL in histological
samples (67), few studies have examined their role, but the
evidence indicates neutrophils may make a significant
contribution to the pathogenesis of ENL [reviewed in (63,
68, 69)].

Two early studies examined neutrophil activation in ENL by
measuring reduction of nitroblue tetrazolium (NBT) (70, 71),
which is reduced by superoxide to dark formazan precipitates
(72). In the first study, spontaneous reduction of NBT was
significantly increased in blood from patients with reactional
lepromatous leprosy (RLL), of which ENL is a major subset,
December 2021 | Volume 12 | Article 782495

https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Parker et al. Neutrophil Killing of Mycobacteria
compared with blood from healthy controls and patients with
other forms of leprosy (70). RLL patient sera did not increase
neutrophil activation in blood from healthy controls, suggesting
that the activating stimulus was not present in the circulation
(70). In contrast, the second study that used isolated neutrophils
reported no increase in spontaneous NBT reduction in
neutrophils from ENL patients, and ENL patient sera induced
a large increase in NBT reduction in neutrophils from healthy
controls and ENL patients (71). The difference between studies
may have been due to the use of heparin at higher
concentrations, which can form particles with NBT that
activate neutrophils (73), and/or the presence of an inhibitory
factor that is absent from ENL sera.

Activated neutrophils express the Fcg-receptor I (Fcg-R1)
(also known as CD64), a high affinity receptor for IgG (74).
Fcg-R1 expression was observed on neutrophils within ENL skin
lesions and expression was significantly higher in the peripheral
blood of ENL patients compared to lepromatous leprosy patients
without ENL (62). The presence of Fcg-R1 expressing
neutrophils in peripheral blood increased with disease severity,
and treatment of ENL with thalidomide, which improved
symptoms, decreased Fcg-R1 expression and the level of
neutrophils in skin lesions (62). In addition, the neutrophil
granule protein pentraxin-3 (PTX-3) was found to be increased
in the blood of multibacillary leprosy patients, in particular,
levels were higher in those that went on to develop ENL (75).
PTX-3 levels correlated with Fcg-R1 expression in the circulation
and PTX-3 was also increased in ENL skin lesions and correlated
with neutrophils (myeloperoxidase) (75). More studies on the
relationship of neutrophils to more severe forms of leprosy
are needed.

Neutrophils in Other Mycobacterial
Infections
M. avium complex (MAC) are the most common cause of NTM-
induced pulmonary disease, predominately, but not exclusively,
in those with pre-existing lung conditions (76). They are also a
leading cause of disseminated NTM infection (76). Mouse
studies examining the role of neutrophils in MAC infection
show differences in their role dependent on the form of
infection, pulmonary or systemic. C57BL/6 mice with the beige
mutation, whose neutrophils are defective in chemotaxis and
killing (77), have increased susceptibility to MAC infection (78,
79). In a study of disseminated infection, neutrophil transfusion
from WT mice improved the resistance of beige mice to
intravenous M. avium infection while neutrophil depletion in
WT mice increased their susceptibility (78). This implies a
protective role for neutrophils in systemic MAC infection in
this mouse model. However, in lung infection of C57BL/6 mice,
Saunders et al. found that a 95% decrease in neutrophils in the
lungs had no effect on bacterial numbers, indicating neutrophils
are dispensable in controlling MAC lung infection in these mice
(79). Further support that neutrophils are ineffective in
controlling MAC infection was provided by a study of mice
over-expressing the transcription factor RAR-related orphan
receptor gamma t (RORgt), which regulates Th17 responses
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and increased pulmonary neutrophil infiltration, yet bacterial
burden was similar to that in WT mice (80).

In humans, a study of MAC-infected patients with no pre-
existing lung disease found that the level of neutrophils in patient
BAL fluid was significantly higher than that of control patients
(81), with higher neutrophil counts subsequently correlated with
worsening disease (82). Similarly, in a more recent retrospective
study of pulmonary MAC infection, BAL fluid from patients
whose disease progressed had higher numbers of neutrophils
than those who had stable infection (83). Together these studies
provide evidence that neutrophils are ineffective in preventing
MAC-induced pulmonary disease.

Slow growing M. kansasii are considered to be the most
pathogenic of the NTM, as when isolated they are almost always
associated with disease (84, 85). M. kansasii most frequently
cause pulmonary disease that is clinically similar to tuberculosis
(86), but infections at other sites are also reported (87). In
humans, abundant neutrophils have been observed at sites of
M. kansasii infection (87–89). In CD-1 mice, peritoneal
inoculation with M. kansasii or M. avium was found to lead to
chronic neutrophil infiltration, with bacterial numbers gradually
decreased during this time (90). Neutrophil ingestion of
M. kansasii and M. avium was not examined, however
neutrophil uptake of non-pathogenic M. aurum only occurred
during the first two days (90). Macrophages were present at the
infection site and ingested dying neutrophils (90). Lactoferrin,
present in neutrophils but not macrophages, was detected within
peritoneal macrophages suggesting transfer from neutrophils to
macrophages either by neutrophil degranulation and subsequent
uptake of granule components by resident macrophages, or
through uptake of the intact neutrophil. Macrophage
antibacterial activity in vitro was enhanced when the
macrophages were pre-incubated with neutrophils, leading the
authors to conclude that neutrophils do not directly control
NTM infection but participate indirectly via transfer of
macromolecules that enhance macrophage killing of these
bacteria (90).

M. abscessus are rapidly growing NTM that cause pulmonary
disease in both healthy individuals and those with underlying
lung disease, disseminated infections, and skin and soft tissue
infections (91–93). Of note, M. abscessus are particularly
recalcitrant to antibiotic therapy (94, 95). Extensive numbers
of neutrophils are reported within patient granulomas or at the
site of infection (96–98). In addition, human lung tissue infected
with M. abscessus ex vivo showed bacteria within neutrophils at
the site of infection (99). M. abscessus, like several other NTM
(91), exist in one of two colony morphological forms. A smooth,
non-cording form and a rough cording form, that differ in their
concentration of cell wall glycopeptidolipid (100). The rough
form is associated with more severe pulmonary disease (101).
Greater neutrophil numbers were measured in BAL fluid from
C57BL/6 mice infected with the rough form (102). In a zebrafish
model of M. abscessus infection, ingestion of the rough form by
macrophages was associated with increased macrophage
apoptosis, release of viable bacteria and intense cording
growth, which neither macrophages nor neutrophils could
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engulf because of the size of the cords (103). However, in a
subsequent study both rough and smooth forms induced a large
influx of neutrophils early at the infection site that was
dependent on IL-8 and macrophage-secreted TNF (104). Both
forms were engulfed equally by neutrophils, and neutrophil
depletion resulted in uncontrolled bacterial growth and
zebrafish larvae death with either (104). Neutrophils were
found to be essential for the development and maintenance of
protective granuloma in the infected zebrafish (104).

M. smegmatis is a rapidly growing NTM that is ubiquitous in
the environment and is generally considered to be non-
pathogenic. Due to its fast replication rate (relative to other
mycobacteria), amenability to genetic manipulation, and the fact
that it can be grown under normal Biosafety Level 2 laboratory
conditions, M. smegmatis is often used as a model to study
M. tuberculosis infection and virulence factors. Occasionally
M. smegmatis causes skin and soft tissue infections, and very
rarely disseminated infection (105–108). Hospital-acquired
infections also occur, resulting from a variety of procedures
including catheterization, cardiac and plastic surgery (109).
Although infrequent, these infections can be difficult to treat
requiring surgical debridement and long term antibiotic therapy
(105). Neutrophils are recruited to the site of infection in
humans (106, 110), and in mice infected with M. smegmatis
intratracheally (111). M. smegmatis has been shown to induce
neutrophil exocytosis of gelatinase granules releasing active
matrix metalloproteinase-9 that degrades the extracellular
matrix (112). Release of these granules may contribute towards
the tissue degradation observed in soft tissue infections caused by
this bacteria. Neutrophil exocytosis of azurophilic granules has
also been reported in response toM. smegmatis and constituents
of these granules can also cause host tissue damage (113).

Much work remains to be done to gain a better understanding
of the role of neutrophils in mycobacterial infection and disease.
The plethora of studies implicating neutrophils in the
pathogenesis of mycobacterial infections strongly suggests that
the capacity of neutrophils to control infection by intra- and
extra-cellular killing mechanisms is either insufficient, defective
or thwarted by mycobacteria. In the next sections of this review
we discuss the current evidence for neutrophil phagocytosis and
killing of mycobacteria (both phagosomal and NET-mediated)
and evidence for resistance of mycobacteria to neutrophil oxidants.
NEUTROPHIL PHAGOCYTOSIS OF
MYCOBACTERIA

The major antimicrobial strategy employed by neutrophils
involves the ingestion of pathogens into phagosomes,
followed by the degranulation of antimicrobial peptides and
proteins and the production of toxic reactive oxygen species
inside the phagosome (8, 114). Neutrophils are known to
phagocytose both pathogenic and non-pathogenic
mycobacteria (7, 30, 36, 112, 115–121), with ingestion of
mycobacteria increasing in the presence of serum (112, 115–
117). The mechanism of phagocytosis differs depending on
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whether neutrophils bind opsonized or non-opsonized
mycobacteria. Neutrophil complement receptor 3 (CR3) binds
M. leprae phenolic glycolipid-I resulting in bacterial
phagocytosis and activation of the Syk tyrosine kinase, which
leads to activation of the transcription factor NFATc and Il-10
production (122). Phagocytosis of non-opsonized M. kansasii
has also been shown to occur via CR3 in a cholesterol-dependent
and glycosylphosphatidylinositol (GPI) anchored protein-
dependent manner, while cholesterol was not required with
opsonized bacteria (123). Phagocytosis of non-opsonized
M. smegmatis was also dependent on CR3 and cholesterol
(113). GPI-anchored proteins and cholesterol accumulate in
lipid rafts (124) suggesting that the localization of CR3 to lipid
rafts is required for neutrophil internalization of non-opsonized
mycobacteria. The glycosphingolipid lactosylceramide (LacCer),
enriched in lipid rafts (125), is also required for non-opsonic
internalization of mycobacteria (126). Binding to LacCer is
mediated by lipoarabinomannan (LAM) on the mycobacterial
surface. Interestingly, the mannose cap on LAM (ManLAM) of
pathogenic mycobacteria, but not the phosphoinositol cap
(PILAM) of non-pathogenic mycobacteria, appears to prevent
fusion of azurophil granules with the phagosome (126), which
will have a significant impact on the antimicrobial activity
of neutrophils.

While most studies report that neutrophils phagocytose
mycobacteria, a few have reported impaired phagocytosis. In
zebrafish infected withM. marium, neutrophils were absent from
the initial infection site but were recruited to the developing
granuloma by dying macrophages (46). Neutrophils then
phagocytosed M. marium indirectly by taking them up from
macrophages. The investigators observed a small increase in
direct neutrophil phagocytosis of M. marium when inoculum
numbers were increased (46). Neutrophil uptake in BALB/c mice
was shown to be negligible after intravenous injection of a
relatively low dose of M. tuberculosis (53). However, Abadie et
al. observed abundant neutrophil phagocytosis of BCG in
C57BL/6 mice after inoculation with a similar low dose of
bacteria as present in the BCG vaccine (30).

Recently we measured the rate of phagocytosis of
M. smegmatis and found that it was five times slower than the
phagocytosis of Staphylococcus aureus and 3.5 times slower than
that for Escherichia coli (127, 128). Phagocytosis of M. abscessus
was also found to be slower than that of S. aureus when examined
by counting the number of neutrophils containing fluorescently
labelled bacteria (129). In another study, approximately half of a
population of M. fortuitum was phagocytosed within 30 min
(130), only slightly faster than the 43 min we measured for
M. smegmatis, and still considerably slower than the 9 min for
S. aureus and 12 min for E. coli (127, 131). As far as we are aware
no in vitro studies have directly compared phagocytosis of
different mycobacteria by the same neutrophils; however,
neutrophils were found to ingest M. abscessus more frequently
than eitherM. tuberculosis orM. avium in an ex vivo infection of
human lung tissue (99).

Evidence from tuberculosis patients indicates that patient
neutrophils are primed for phagocytosis. Surface expression of
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the Ig receptor FcgR1 (CD64) was found to be increased on
peripheral blood neutrophils from patients with tuberculosis
pleuritis compared to healthy controls, and neutrophils
obtained from pleural fluid showed further enhanced FcgR1
expression and increased expression of the pattern recognition
receptor TLR2 (132). An increase in expression of FcgR1, TLR2
and TLR4 was also observed in neutrophils from the peripheral
blood of patients with active pulmonary tuberculosis prior to
treatment (133). Despite the evidence for increased receptor
expression, studies examining the phagocytic activity of
neutrophils from patients with active pulmonary tuberculosis
generally show their capacity for phagocytosis is decreased. Hilda
et al. measured significantly reduced phagocytic activity in blood
neutrophils from patients prior to treatment (133), and Shalekoff
et al. also found peripheral blood neutrophil function impaired
in patients with active pulmonary tuberculosis (134). Patient
neutrophils showed a reduced capacity for phagocytosis
compared to healthy controls and this was observed both soon
after the start of treatment and when treatment had been
undertaken for almost 30 weeks (134). Similarly, another study
found peripheral blood neutrophils from tuberculosis patients
had reduced phagocytic activity compared to healthy controls
(135). In these studies, phagocytic capacity was measured in
patient neutrophils by assessing phagocytosis of E. coli or yeast to
rule out M. tuberculosis factors that may interfere with
neutrophil uptake.

Mycobacteria are able to directly inhibit neutrophil
phagocytosis. M. abscessus rough morphotypes prevent
phagocytosis by formation of serpentine cords that are too
large for neutrophils to ingest, with these large aggregates
linked to pathogenesis (103). M. leprae cell wall lipids inhibit
macrophage phagocytic activity (136), but to our knowledge
there are no reports on whether these lipids affect neutrophil
phagocytosis. Exposure of M. tuberculosis to human alveolar
lining fluid results in changes to the bacterial cell wall and release
of cell wall fragments (137). Macrophage phagocytosis of
M. tuberculosis decreased when the bacteria were pre-exposed
to alveolar lining fluid, however, neutrophil phagocytosis was
found to increase (138, 139). This increase in phagocytosis was
due to bacterial alveolar lining fluid exposure rather than
M. tuberculosis cell wall fragments released by treatment with
alveolar lining fluid (139).
PHAGOSOMAL KILLING OF
MYCOBACTERIA

The ability of neutrophils to kill M. tuberculosis is controversial
with some studies observing killing (116, 140–142) while others
do not (115, 143–145). Neutrophils have been reported to kill 50-
70% of M. tuberculosis within 90-120 minutes (116, 140);
however, Corleis et al. found neutrophils did not kill
M. tuberculosis even after six hours co-incubation (115) and
others found no killing after incubation with neutrophils for 24
hours (144, 145). While Hartman et al. reported near complete
killing of M. avium by neutrophils in two hours (120), only
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around 40% of populations of M. abscessus and M. fortuitum
were killed after two hours incubation with neutrophils (146).
We have previously reported half-lives for E. coli and S. aureus
inside the neutrophil phagosome of 2 min and 6 min,
respectively (128), and recently measured a half-life for
M. smegmatis of 30 min inside the neutrophil phagosome,
which indicates that even though killing occurs, it is slow (127).

In terms of bactericidal mechanisms, the neutrophil oxidative
burst is activated upon uptake of various mycobacteria, including
M. tuberculosis, M. canettii, M. abscessus, M. kansaii, M. phlei,
M. fortuitum and M. smegmatis (115, 117, 130, 144, 146–148).
Contrary to this, M. gordonae did not stimulate neutrophil
oxidant production (144) and M. bovis induced a weak
oxidative burst in comparison to Listeria monocytogenes (118).
Interestingly, M. tuberculosis were found to induce a stronger
oxidative burst than M. smegmatis, yet M. smegmatis was killed
while M. tuberculosis was not (115). Rough morphotypes of
M. abscessus induced a stronger oxidative burst in comparison to
smooth morphotypes, yet neutrophil killing of both was
unaffected by inhibition of oxidant production (146).

The purified MPO/H2O2/Cl
- system is capable of killing

M. tuberculosis and M. leprae (149, 150); however, it has been
reported that the complete system did not augment killing of
M. tuberculosis over that observed by H2O2 alone (141). Reagent
HOCl killed M. smegmatis, but approximately seven times more
HOCl was required to kill M. smegmatis than S. aureus
suggesting mycobacteria may be innately more resistant to
HOCl (127). Further studies are required to determine if other
mycobacteria are similarly resistant to HOCl. We recently sought
to examine whether HOCl plays a role in killing ofM. smegmatis
in the neutrophil phagosome. The amount of reagent HOCl
required to kill a bacterium cannot be directly translated to the
phagosome as neutrophil oxidants are produced in a flux in
the phagosome, and a flux of HOCl may be less harmful to the
bacteria than a single high dose. Additionally, the neutrophil
phagosome contains many proteins and amines that can react
with phagosomal HOCl before it reaches the bacterium (151,
152). Using a fluorescent probe we observed HOCl production in
the phagosome and that MPO inhibition abrogated HOCl
production (127). By modelling the data obtained in our study
we estimated that it would take 30-40 minutes at full MPO
capacity for sufficient HOCl to be produced to kill a single
ingestedM. smegmatis. Sustained MPO activity for that length of
time is unlikely and therefore we concluded that insufficient
HOCl is produced in the neutrophil phagosome to directly kill
this bacterium. In support of this conclusion, inhibition of MPO
had no effect on neutrophil killing of M. smegmatis (127).

Inhibition of the NADPH oxidase had no effect on the ability
of human neutrophils to kill M. tuberculosis and M. abscessus
(142, 146). Defective killing by neutrophils from patients with
chronic granulomatous disease (CGD), who have mutations that
lead to a non-functional NADPH oxidase (153), is often used as
evidence for the requirement for oxidants in bacterial killing.
Jones et al. showed that CGD neutrophils killed M. tuberculosis
as effectively as neutrophils from healthy donors (140). However,
in countries where tuberculosis is endemic, the incidence of
tuberculosis is greater in CGD patients than the rest of the
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population (154–156), though it is important to consider that
NOX2 has other roles during inflammation (157). X-linked CGD
mice showed increased bacterial growth and an increase in
granuloma size in their lungs compared to C57BL/6 mice
(158). A high incidence of complications due to BCG
vaccination has also been reported in CGD patients (155, 156,
159–161). Neutrophil killing of M. marinum was found to
depend on an active NADPH oxidase in a zebrafish model of
early tuberculosis disease using morphant larvae with
neutrophils deficient in two subunits of the NADPH oxidase
(gp91phox and pg22phox) (46). In a zebrafish model of cystic
fibrosis, transmembrane conductance regulator morphants
showed reduced neutrophil oxidant production and reduced
intracellular control of M. abscessus that was linked to a
reduction in NADPH oxidase activity (147).

Neutrophil killing of mycobacteria can occur via non-
oxidative processes. Defensins, components of azurophil
granules, have been shown to have anti-mycobacterial activity
(21, 162, 163). Defensin-depleted granules have also been shown
to killM. tuberculosis,M. bovis BCG andM. smegmatis although
M. tuberculosis were more resistant to killing (164). The
azurophil granule proteins elastase, azurocidin, and lysozyme,
and the specific granule protein lactoferrin were shown to kill
M. smegmatis (164). In addition, conditioned media from
neutrophils incubated with M. abscessus for 90 minutes
showed bactericidal activity towards this bacterium (146). This
was most likely due to degranulation of cytotoxic agents. In vitro,
M. tuberculosis induced neutrophils to release MPO and elastase
(165) and neutrophils were found to release elastase and
cathepsin G, another major azurophil granule protein, into the
bronchoalveolar space in mice infected withM. bovis BCG (166).
Released neutrophil granule proteins have been shown to be
taken up by infected macrophages and to increase macrophage
killing of M. tuberculosis and M. bovis BCG (35, 164).
Efferocytosis also potentiates macrophage killing of ingested
M. tuberculosis through delivery of granule proteins to early
endosomes and fusion of these with the phagosome (35).
Augmented macrophage killing due to uptake of neutrophil
granule proteins has been demonstrated in other bacteria (167,
168). When neutrophils struggle to control a mycobacterial
infection through intracellular killing, degranulation and
efferocytosis could be an important mechanism by which
neutrophils contribute towards host defense.

In the early stages of M. tuberculosis infection, and when
they escape from phagocytic cells, M. tuberculosis are exposed
to a variety of agents in alveolar lining fluid (ALF) that can
alter the bacterial cell wall (137). Exposure of neutrophils to
M. tuberculosis pre-treated with human ALF increased
phagocytosis and neutrophil killing of M. tuberculosis while
dampening the oxidative burst response (138). The increase in
intracellular killing corresponded with an increase in granule/
phagosome fusion and was mediated by a protein component in
ALF, as the observed increase in killing was lost when ALF was
heat-inactivated (138). Incubation with ALF also reduced
extracellular degranulation in response to M. tuberculosis
(138). Of note, neutrophils infected with ALF-treated
Frontiers in Immunology | www.frontiersin.org 7100
M. tuberculosis did not activate macrophages and infection
with ALF-treated M. tuberculosis had no significant effect on
neutrophil apoptosis or necrosis. This study shows that exposure
of M. tuberculosis to ALF alters the interaction of the bacteria
with neutrophils in a way that facilitates neutrophils to kill
the bacteria intracellularly without release of damaging
neutrophil proteins.

Taken together, the evidence so far indicates that neutrophil
oxidants are dispensable for killing of some mycobacteria. By
dispensable we mean that oxidants are likely to contribute when
they are being produced, but in their absence the non-oxidative
mechanisms are able to compensate. More studies are required,
ideally using neutrophils from CGD patients, to examine
neutrophil killing of a wider range of mycobacteria. To our
knowledge the question of whether neutrophils kill M. leprae is
unanswered, and more studies are also needed to examine
neutrophil killing of the more significant NTM, particularly
MAC, M. kansaii and M. abscessus.
NEUTROPHIL EXTRACELLULAR TRAP-
MEDIATED KILLING OF MYCOBACTERIA

NETs contain proteins with antimicrobial activities, including
MPO, calprotectin and elastase (12, 13, 169). Histones on NETs
have also been shown to mediate microbial killing as has NET-
DNA (9, 14, 170). The prolonged presence of cytotoxic NET
constituents as a result of excessive NET release or impaired
clearance can also be detrimental to the host.

In vivo, NET markers have been measured in the plasma of
patients with active tuberculosis (171, 172) and observed to decrease
with antibiotic therapy (171). NETs have also been observed in
BALF samples from mice 3 – 4 weeks after aerosol challenge with
M. tuberculosis (119) and in skin samples from guinea pigs within
several hours following intradermal M. tuberculosis inoculation
(173), indicating that NETs may participate in both early and late
stages of infection.Whether their presence is important in control of
M. tuberculosis infection or if they contribute towards pathogenesis
remains to be determined. Recently, NETs have been observed in
lung lesions resected from patients with persistent pulmonary TB
and from TB-susceptible mice lending support to their role in TB
pathogenesis (174). Increased human DNA-histone complexes
associated with NETs have been measured in ENL sera compared
with lepromatous and borderline lepromatous leprosy patients
(175). NET components (DNA/histone/MPO) were observed in
ENL skin lesions, and DNA-histone complexes in patient sera were
significantly higher than those with lepromatous and borderline
lepromatous leprosy and healthy controls (176). This data is
suggestive of NETs contributing towards more severe leprosy
disease. A recent review discusses the potential for NETs as a
putative prognostic tool in ENL to direct medical treatment (177).

Several mycobacteria, including M. tuberculosis, M. bovis
BCG, M. abscessus, M. avium subsp. paratuberculosis and
M. leprae, have been shown to induce NETs in vitro (121, 129,
146, 148, 176, 178–181). How the interaction of mycobacteria
with neutrophils leads to the formation of NETs appears to differ
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depending on the bacterial species. The early secreted antigen-6
(ESAT-6) of M. tuberculosis has been shown to induce
neutrophils to release NETs (148, 181, 182), as has secreted
sphingomyelinase Rv088 (182, 183). Rv088 has both
sphingomyelinase (184) and nuclease (185) activity but it is the
sphingomyelinase activity that is required for neutrophils to
form NETs (183). Phagocytosis is also a prerequisite for the
induction of NETs in response to M. tuberculosis and
M. abscessus, as NET formation did not occur when
phagocytosis was inhibited with cytochalasin D (146, 181). In
contrast, Branzk et al. found with M. bovis BCG that NETs only
occurred in response to small non-phagocytosed aggregates
(179). Single bacteria were phagocytosed and neutrophils
containing these bacteria did not go on to form NETs, at least
not over the four hours of this study (179).

Neutrophil oxidants are required for NET formation in
response to various stimuli (186–188), and M. bovis BCG NET
induction was shown to be dependent on neutrophil oxidants
(189). In addition, NETs were not formed under hypoxia in
response to M. tuberculosis (190). Both rough and smooth
morphotypes of M. abscessus were found to induce NETs,
though the mechanism differed between morphotypes (146).
Early NET induction (up to one hour) was independent of
neutrophil oxidant production, while NETs formed after four
hours co-incubation with bacteria did depend on oxidants,
similar to that which has been reported for S. aureus (191).

Despite increasing evidence that mycobacteria induce
neutrophils to form NETs, there is relatively little information
on whether NETs contribute to killing of mycobacteria or control
of infection. Evidence suggests that M. abscessus are killed by
NETs whereas M. tuberculosis are not (146, 148, 173). In a study
by Ramos-Kichik et al., M. tuberculosis was not killed by NETs
formed by PMA (148). NET constituents as well as their post-
translation modifications can vary depending on the stimulus
(11, 181) potentially altering their bactericidal activity.
Therefore, it is important to examine NETs induced either by
the bacterium studied or host/bacterial factors that may be
present at the infection site. In a guinea pig model of extra-
pulmonary tuberculosis, NETs induced byM. tuberculosis in vivo
were not bactericidal (173). This provides good evidence that
NETs do not contribute towards killing of M. tuberculosis, but
further studies are required to corroborate this in human disease.

NET-mediated killing ofM. abscessus, as with NET induction,
appears to differ with the morphotype studied. Neutrophil killing
of the smooth morphotype was found to occur predominately via
NETs, as removal with DNase resulted in only slight killing
(146). In contrast, approximately half the rough morphotype
were still killed when NETs were degraded, indicating other
neutrophil killing mechanisms are more important for this
morphotype. Notably in this study, neutrophil killing was only
measured over the first hour of co-incubation when NET release
was relatively low making it difficult to gain a full appreciation of
the effect of NETs onM. abscessus viability. As the mechanism of
NET formation differed between early and later formed NETs, it
is conceivable that later-formed NETs may contain different
constituents and therefore different antimicrobial activity.
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There is evidence that NETs may increase the anti-
mycobacterial capacity of macrophages. In one study, NETs
produced in response to M. tuberculosis were shown to activate
macrophages, leading to production of pro-inflammatory
cytokines (181). In another study, M. bovis BCG was shown to
induce NETs that contain the antimicrobial cathelicidin LL37,
and macrophages were observed to ingest NET fragments
containing this cathelicidin (189). By creating DNA : LL37
complexes to mimic NET fragments, Stephan et al. monitored
the intracellular localization of these complexes in macrophages
that had already phagocytosed BCG. Following uptake, the DNA
was degraded in lysosomes releasing LL37 in close proximity to
the internalized bacteria and inhibiting bacterial growth (189).
Interestingly, significantly greater growth inhibition was
observed when infected macrophages were incubated with
DNA : LL37 complexes rather than LL37 alone. The authors
speculated that the binding and internalization of DNA may
increase killing by activating intrinsic antimicrobial pathways
within the macrophage.

NETs may play a beneficial role in mycobacterial infection
simply by capturing bacteria and preventing dissemination, and
by facilitating activation of macrophages and other immune cells.
Indeed, NETs have been shown to prime T cells (192). NETs are
observed in the leprosy reaction ENL. However, evidence of free
bacteria in ENL patient sera suggests that NETs are not capable
of containing M. leprae. Moreover, NETs may also be
detrimental. They may bind other immune cells inhibiting
their function, and may also directly damage host tissue. NETs
are linked to lung injury in respiratory conditions such as cystic
fibrosis, chronic obstructive pulmonary disease, and pneumonia-
associated acute respiratory distress syndrome (193–195). They
have also been linked to lung injury in mice infected with
M. smegmatis expressing the sphingomyelinase/nuclease Rv088
from M. tuberculosis (183). Lung injury was largely mediated by
MPO (183), which is present and active on NETs (13). If NETs
are proven ineffective at limiting infection, then there may be an
advantage in blocking production or removing them to help
protect damage to lung tissue.
MYCOBACTERIAL RESISTANCE TO
NEUTROPHIL OXIDANTS

Killing of mycobacteria by neutrophils appears to be much
slower than other pathogens, suggesting that these bacteria
possess an innate resistance to the fast-acting oxidative killing
mechanisms in the phagosome. In support of this, we have
shown that M. smegmatis can cope with relatively high doses
of the most bactericidal oxidant produced in the neutrophil
phagosome, HOCl (LD50 of 90 nmol/108 CFU) (127). HOCl
reacts rapidly with a wide range of biomolecules, and the relative
resistance may be related to the larger size of these microbes i.e.
more HOCl is required to damage enough critical targets in the
bacterium. A rod-shape M. smegmatis 10 µm in length and 0.8
µm in diameter has a volume of 5x10-12 mL. In contrast, S.
aureus, P. aeruginosa and E. coli (rod- or sphere-shaped with 1-2
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µm in length and 0.5–1 µm diameter) have approximately 10%
that volume. The susceptibility of these bacteria to HOCl ranges
from 2.5-3 nmol/108 CFU for P. aeruginosa and E. coli (196,
197), to approximately 10 nmol/108 CFU for S. aureus (151,
197, 198).

The presence of protective compounds will also contribute to
HOCl resistance. Mycothiol (MSH), the main low molecular
weight thiol (LMWT) in mycobacteria, has been proposed to
play a role in defending against neutrophil oxidants. Mycothiol
carries out many of the cellular functions performed by
glutathione in eukaryotic cells and gram-negative bacteria,
including the detoxification of electrophilic compounds and
maintaining redox homeostasis (199). Interestingly, MSH levels
inM. tuberculosis andM. smegmatis are much higher than those
of the main LMWT in other bacteria such as bacillithiol (BSH) in
S. aureus or glutathione in Pseudomonas aeruginosa (9–19, 0.7
and 1.1 µmol/g residual dry weight, respectively) (200). Since
HOCl reacts very rapidly with thiol moieties (201), the higher
LMWT content in mycobacteria might protect them from killing
by HOCl. Consistent with a role for mycothiol in HOCl
resistance, mycobacteria lacking the ability to synthesize this
LMWT are significantly more sensitive to reagent HOCl and its
secondary oxidants, chloramines (127, 202, 203). However, the
amount of HOCl required to kill M. smegmatis (200-300 nmol/
108 bacteria) greatly exceeds that of mycothiol (5 nmol/108

bacteria) (127), suggesting that mycothiol exerts its protective
role not by scavenging the oxidant directly, but by forming
mixed disulfides with critical cysteine residues in proteins in a
process termed S-mycothiolation. Because S-mycothiolated
proteins can be reduced by mycoredoxin-1 (203), this
modification protects cysteine residues from irreversible
oxidation. S-mycothiolation occurs in M. smegmatis exposed to
hypochlorous acid (202). We recently observed that neutrophils
killed mycothiol-deficient M. smegmatis at the same rate as wild
type bacteria, indicating that mycothiol itself is not responsible
for the ability of M. smegmatis to cope with HOCl or other
oxidants produced in the phagosome (127).

Mycobacteria also contain other LMWTs such as gamma-
glutamylcysteine, coenzyme A, cysteine and ergothioneine, albeit
at much lower levels than mycothiol (127, 204). Interestingly,
unlike mycothiol, ergothioneine is known to be actively exported
suggesting an extracellular function for this LMWT (205), which
may provide greater protection against HOCl. Also,
ergothioneine, which is upregulated in mycothiol-deficient
mutants, can compensate for the loss of mycothiol in
protecting against organic hydroperoxides and is essential for
survival of M. tuberculosis in macrophages and mice (205). The
contribution of ergothioneine and other LMWTs to surviving
neutrophil phagocytosis remains unexplored and future
investigations are needed to establish their role in
mycobacterial resistance to neutrophil oxidants. Apart from
thiol groups, HOCl also reacts rapidly with methionine
residues on proteins (201) resulting in the formation of
methionine sulfoxide. Methionine sulfoxides are reduced by
methionine sulfoxide reductases, the lack of which in M.
tuberculosis made the bacteria more susceptible to HOCl (206).
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Whether or not methionine sulfoxide reductase activity protects
mycobacteria from oxidative killing by neutrophils remains to
be investigated.

Bacterial superoxide dismutase (SOD), which catalyzes the
conversion of superoxide to hydrogen peroxide, is another
candidate for conferring resistance of mycobacteria to
neutrophil killing. SOD is exported in large amounts by
M. tuberculosis and production increases further under
hydrogen peroxide stress (207, 208). A role for SOD in the
virulence of M. tuberculosis was established in a mouse infection
model (207). Superoxide is the most-upstream of the oxidants
produced by the neutrophil, and while SOD will facilitate
conversion to hydrogen peroxide, the superoxide itself can
modulate MPO activity (209). The addition of SOD to the
surface of S. aureus slowed the rate at which they were killed
by neutrophils (210). Non-pathogenic M. smegmatis express
almost 100-fold less SOD than M. tuberculosis and export a
smaller fraction (208). However, we could not slow the killing of
M. smegmatis by genetically-modifying them to express large
amounts ofM. tuberculosis SOD, albeit as noted above, wild-type
M. smegmatis are already killed very slowly (127).
CONCLUSIONS AND FUTURE
PERSPECTIVES

While neutrophils attempt to control mycobacterial infection,
the bulk of the evidence indicates that the effectiveness of their
phagosomal and extracellular killing mechanisms is thwarted by
the microbes. Rather than destroy mycobacteria, the neutrophils
appear to provide a safe haven and transport them into
macrophages, while retaining the potential to damage host
tissue. With regards to the latter, it will be valuable to
determine if NETs play a significant role in the control of
infection by preventing the spread or directly killing
mycobacteria, or if they simply cause tissue damage and
contribute towards a pro-inflammatory environment.

It is important to note the limitations of current experimental
models (211). In vitro studies of neutrophil and mycobacteria
interactions occur using neutrophils isolated from circulating
blood; they have not been exposed to the plethora of signals and
cell interactions that occur during migration and upon arrival at
a site of infection. Human tuberculosis granulomas are highly
hypoxic (212), which will suppress the oxidative burst, yet little is
known about how hypoxia affects the response of neutrophils to
mycobacteria (213). There is considerable heterogeneity in
neutrophil populations, and certain subpopulations may be
more effective at ingesting and destroying mycobacteria. Also,
a significant amount of information has been derived from
animal models, but neutrophils function differently between
species, particularly mouse and human (214).

The current challenge is to apply our knowledge of neutrophil-
mycobacteria interactions to improving treatments. The appearance
of multi-drug resistance strains of M. tuberculosis is of major
concern. Treatment for drug-susceptible M. tuberculosis involves
six months of antibiotic therapy provided by four front line drugs:
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isoniazid, rifampicin, ethambutol and pyrazinamide. Treatment of
infections with multi-drug resistant (MDR) strains takes longer,
costs considerably more and uses second generation drugs with
greater side effects and more complex drug delivery (2). Extensively
drug-resistant strains have also arisen that are resistant to at least
one second-line drug used to treat MDR (fluoroquinolone) and one
second-line injectable drug (2). Infections with NTM can also be
difficult to treat (215, 216).

In terms of bacterial resistance, the mycobacteria tested so far
appear to be phagocytosed and killed more slowly than other
pathogenic bacteria, with resistance to neutrophil oxidants likely
to be an important factor. While a number of mechanisms have
been shown to underwrite the resistance of mycobacteria to
individual oxidants, none of these have yet been conclusively
demonstrated to play a role in resistance to neutrophils. Better
understanding of how these microbes survive oxidant exposure
in the phagosome may provide therapeutic targets for sensitizing
pathogenic mycobacteria to killing by the immune system.
Frontiers in Immunology | www.frontiersin.org 10103
Pharmacological interventions might also be useful in limiting
any adverse effects of NETs during mycobacterial infection.
AUTHOR CONTRIBUTIONS

HP compiled the first draft of the review, using additional
content provided by LF, CK, and ND. MH edited the article
and generated the final version. All authors contributed to the
article and approved the submitted version.
FUNDING

This work was supported by the Canterbury Medical Research
Foundation, the Health Research Council of New Zealand (15/
479), and the Travis Trust of New Zealand.
REFERENCES
1. Tortoli E, Meehan CJ, Grottola A, Serpini GF, Fabio A, Trovato A, et al.

Genome-Based Taxonomic Revision Detects a Number of Synonymous
Taxa in the Genus Mycobacterium. Infect Genet Evol (2019) 75:103983. doi:
10.1016/j.meegid.2019.103983

2. World Health Organisation. Global Tuberculosis Report 2020. Geneva:
World Health Organization (2020). p. 1–232.

3. World Health Organisation. Global Leprosy (Hansen Disease) Update,
2019: Time to Step-Up Prevention Initiatives. Wkly Epidemiol Rec. (2020)
95:417–40.

4. Daniel-Wayman S, Abate G, Barber DL, Bermudez LE, Coler RN, Cynamon
MH, et al. Advancing Translational Science for Pulmonary Nontuberculous
Mycobacterial Infections. A Road Map for Research. Am J Respir Crit Care
Med (2019) 199(8):947–51. doi: 10.1164/rccm.201807-1273PP

5. Hmama Z, Pena-Diaz S, Joseph S, Av-Gay Y. Immunoevasion and
Immunosuppression of the Macrophage by Mycobacterium Tuberculosis.
Immunol Rev (2015) 264(1):220–32. doi: 10.1111/imr.12268

6. Houben EN, Nguyen L, Pieters J. Interaction of Pathogenic Mycobacteria
With the Host Immune System. Curr Opin Microbiol (2006) 9(1):76–85.
doi: 10.1016/j.mib.2005.12.014

7. Eum S-Y, Kong J-H, Hong M-S, Lee Y-J, Kim J-H, Hwang S-H, et al.
Neutrophils Are the Predominant Infected Phagocytic Cells in the Airways
of Patients With Active Pulmonary TB. Chest (2010) 137(1):122–8. doi:
10.1378/chest.09-0903

8. Winterbourn CC, Kettle AJ, Hampton MB. Reactive Oxygen Species and
Neutrophil Function. Annu Rev Biochem (2016) 85(1):765–92. doi: 10.1146/
annurev-biochem-060815-014442

9. Brinkmann V, Reichard U, Goosmann C, Fauler B, Uhlemann Y, Weiss DS,
et al. Neutrophil Extracellular Traps Kill Bacteria. Science (2004) 303
(5663):1532–5. doi: 10.1126/science.1092385

10. Chapman EA, Lyon M, Simpson D, Mason D, Beynon RJ, Moots RJ, et al.
Caught in a Trap? Proteomic Analysis of Neutrophil Extracellular Traps in
Rheumatoid Arthritis and Systemic Lupus Erythematosus. Front Immunol
(2019) 10:423. doi: 10.3389/fimmu.2019.00423

11. Petretto A, Bruschi M, Pratesi F, Croia C, Candiano G, Ghiggeri G, et al.
Neutrophil Extracellular Traps (NET) Induced by Different Stimuli: A
Comparative Proteomic Analysis. PloS One (2019) 14(7):e0218946. doi:
10.1371/journal.pone.0218946

12. Urban CF, Ermert D, Schmid M, Abu-Abed U, Goosmann C, Nacken W,
et al. Neutrophil Extracellular Traps Contain Calprotectin, a Cytosolic
Protein Complex Involved in Host Defense Against Candida Albicans.
PloS Pathog (2009) 5(10):e1000639. doi: 10.1371/journal.ppat.1000639
13. Parker H, Albrett AM, Kettle AJ, Winterbourn CC. Myeloperoxidase
Associated With Neutrophil Extracellular Traps Is Active and Mediates
Bacterial Killing in the Presence of Hydrogen Peroxide. J Leukoc Biol (2012)
91(3):369–76. doi: 10.1189/jlb.0711387

14. Guimarães-Costa AB, Nascimento MT, Froment GS, Soares RP, Morgado
FN, Conceição-Silva F, et al. Leishmania Amazonensis Promastigotes Induce
and Are Killed by Neutrophil Extracellular Traps. Proc Natl Acad Sci USA
(2009) 106(16):6748–53. doi: 10.1073/pnas.0900226106

15. Saffarzadeh M, Juenemann C, Queisser MA, Lochnit G, Barreto G, Galuska
SP, et al. Neutrophil Extracellular Traps Directly Induce Epithelial and
Endothelial Cell Death: A Predominant Role of Histones. PloS One (2012) 7:
e32366. doi: 10.1371/journal.pone.0032366

16. Wang L, Zhou X, Yin Y, Mai Y, Wang D, Zhang X. Hyperglycemia Induces
Neutrophil Extracellular Traps Formation Through an NADPH Oxidase-
Dependent Pathway in Diabetic Retinopathy. Front Immunol (2019) 9:3076.
doi: 10.3389/fimmu.2018.03076

17. Alvarez-Jimenez VD, Leyva-Paredes K, Garcia-Martinez M, Vazquez-Flores
L, Garcia-Paredes VG, Campillo-Navarro M, et al. Extracellular Vesicles
Released From Mycobacterium Tuberculosis-Infected Neutrophils Promote
Macrophage Autophagy and Decrease Intracellular Mycobacterial Survival.
Front Immunol (2018) 9:272. doi: 10.3389/fimmu.2018.00272

18. Rosales C. Neutrophils at the Crossroads of Innate and Adaptive Immunity.
J Leukoc Biol (2020) 108(1):377–96. doi: 10.1002/JLB.4MIR0220-574RR

19. Cambier C, O’Leary SM, O’Sullivan MP, Keane J, Ramakrishnan L. Phenolic
Glycolipid Facilitates Mycobacterial Escape From Microbicidal Tissue-
Resident Macrophages. Immunity (2017) 47(3):552–65. doi: 10.1016/
j.immuni.2017.08.003

20. Huang L, Nazarova EV, Tan S, Liu Y, Russell DG. Growth ofMycobacterium
tuberculosis In Vivo Segregates With Host Macrophage Metabolism and
Ontogeny. J Exp Med (2018) 215(4):1135–52. doi: 10.1084/jem.20172020

21. Martineau AR, Newton SM, Wilkinson KA, Kampmann B, Hall BM,
Nawroly N, et al. Neutrophil-Mediated Innate Immune Resistance to
Mycobacteria. J Clin Invest (2007) 117(7):1988–94. doi: 10.1172/jci31097
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Maridonneau-Parini I. Fusion of Azurophil Granules With Phagosomes
and Activation of the Tyrosine Kinase Hck Are Specifically Inhibited During
Phagocytosis of Mycobacteria by Human Neutrophils. J Immunol (1998) 161
(9):4983–91.

118. Seiler P, Aichele P, Raupach B, Odermatt B, Steinhoff U, Kaufmann SHE.
Rapid Neutrophil Response Controls Fast-Replicating Intracellular Bacteria
But Not Slow-Replicating Mycobacterium Tuberculosis. J Infect Dis (2000)
181(2):671–80. doi: 10.1086/315278
Frontiers in Immunology | www.frontiersin.org 13106
119. Repasy T, Lee J, Marino S, Martinez N, Kirschner DE, Hendricks G, et al.
Intracellular Bacillary Burden Reflects a Burst Size for Mycobacterium
Tuberculosis In Vivo. PloS Pathog (2013) 9(2):e1003190. doi: 10.1371/
journal.ppat.1003190

120. Hartmann P, Becker R, Franzen C, Schell-Frederick E, Römer J, Jacobs M,
et al. Phagocytosis and Killing ofMycobacterium Avium Complex by Human
Neutrophils. J Leuk Biol (2001) 69(3):397–404. doi: 10.1189/jlb.69.3.397

121. Ladero-Aunon I, Molina E, Holder A, Kolakowski J, Harris H, Urkitza A,
et al. Bovine Neutrophils Release Extracellular Traps and Cooperate With
Macrophages inMycobacterium Avium Subsp. Paratuberculosis Clearance In
Vitro. Front Immunol (2021) 12:645304. doi: 10.3389/fimmu.2021.645304

122. Doz-Deblauwe E, Carreras F, Arbues A, Remot A, Epardaud M, Malaga W,
et al. CR3 Engaged by PGL-I Triggers Syk-Calcineurin-NFATc to Rewire the
Innate Immune Response in Leprosy. Front Immunol (2019) 10:2913.
doi: 10.3389/fimmu.2019.02913

123. Peyron P, Bordier C, Elsa-Noah N, Maridonneau-Parini I. Nonopsonic
Phagocytosis of Mycobacterium Kansasii by Human Neutrophils Depends
on Choles te ro l and i s Media ted by CR3 Assoc ia ted Wi th
Glycosylphosphatidylinositol-Anchored Proteins. J Immunol (2000) 165
(9):5186–91. doi: 10.4049/jimmunol.165.9.5186

124. Garner AE, Smith DA, Hooper NM. Sphingomyelin Chain Length Influences
the Distribution of GPI-Anchored Proteins in Rafts in Supported Lipid
Bilayers . Mol Memb Biol (2007) 24(3):233–42. doi : 10.1080/
09687860601127770

125. Iwabuchi K. Involvement of Glycosphingolipid-Enriched Lipid Rafts in
Inflammatory Responses. Front Biosci (2015) 20(2):325–34. doi: 10.2741/
4312

126. Nakayama H, Kurihara H, Morita YS, Kinoshita T, Mauri L, Prinetti A, et al.
Lipoarabinomannan Binding to Lactosylceramide in Lipid Rafts Is Essential
for the Phagocytosis of Mycobacteria by Human Neutrophils. Sci Signal
(2016) 9(449)::ra101. doi: 10.1126/scisignal.aaf1585

127. Parker HA, Dickerhof N, Forrester L, Ryburn H, Smyth L, Messens J, et al.
Mycobacterium Smegmatis Resists the Bactericidal Activity of Hypochlorous
Acid Produced in Neutrophil Phagosomes. J Immunol (2021) 206(8):1901–
12. doi: 10.4049/jimmunol.2001084

128. Hampton MB, Vissers MCM, Winterbourn CC. A Single Assay for
Measuring the Rates of Phagocytosis and Bacterial Killing by Neutrophils.
J Leukoc Biol (1994) 55(2):147–52. doi: 10.1002/jlb.55.2.147

129. Malcolm KC, Nichols EM, Caceres SM, Kret JE, Martiniano SL, Sagel SD,
et al. Mycobacterium Abscessus Induces a Limited Pattern of Neutrophil
Activation That Promotes Pathogen Survival. PloS One (2013) 8(2):e57402.
doi: 10.1371/journal.pone.0057402

130. Geertsma MF, Nibbering PH, Pos O, Van Furth R. Interferon-g-Activated
Human Granulocytes Kill Ingested Mycobacterium Fortuitum More
Efficiently Than Normal Granulocytes. Eur J Immunol (1990) 20(4):869–
73. doi: 10.1002/eji.1830200423

131. Hampton MB, Winterbourn CC. Modification of Neutrophil Oxidant
Production With Diphenyleneiodonium and Its Effect on Bacterial Killing.
Free Radic Biol Med (1995) 18(4):633–9. doi: 10.1016/0891-5849(94)00181-i

132. Alemán M, de la Barrera SS, Schierloh PL, Alves L, Yokobori N, Baldini M,
et al. In Tuberculous Pleural Effusions, Activated Neutrophils Undergo
Apoptosis and Acquire a Dendritic Cell–Like Phenotype. J Infect Dis
(2005) 192(3):399–409. doi: 10.1086/431680

133. Hilda JN, Das S. Neutrophil CD64, TLR2 and TLR4 Expression Increases But
Phagocytic Potential Decreases During Tuberculosis. Tuberculosis (2018)
111:135–42. doi: 10.1016/j.tube.2018.06.010

134. Shalekoff S, Tiemessen CT, Gray CM, Martin DJ. Depressed Phagocytosis
and Oxidative Burst in Polymorphonuclear Leukocytes From Individuals
With Pulmonary Tuberculosis With or Without Human Immunodeficiency
Virus Type 1 Infection. Clin Diagn Lab Immunol (1998) 5(1):41–4. doi:
10.1128/CDLI.5.1.41-44
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Granulomatous Disease in China. Front Immunol (2019) 10:73. doi:
10.3389/fimmu.2019.00073

162. Kalita A, Verma I, Khuller GK. Role of Human Neutrophil Peptide-1 as a
Possible Adjunct to Antituberculosis Chemotherapy. J Infect Dis (2004) 190
(8):1476–80. doi: 10.1086/424463

163. Ogata K, Linzer BA, Zuberi RI, Ganz T, Lehrer RI, Catanzaro A. Activity of
Defensins From Human Neutrophilic Granulocytes Against Mycobacterium
Avium-Mycobacterium Intracellulare. Infect Immun (1992) 60(11):4720–5.
doi: 10.1128/iai.60.11.4720-4725.1992

164. Jena P, Mohanty S, Mohanty T, Kallert S, Morgelin M, Lindstrøm T, et al.
Azurophil Granule Proteins Constitute the Major Mycobactericidal Proteins
in Human Neutrophils and Enhance the Killing of Mycobacteria in
Macrophages . PloS One (2012) 7(12) :e50345. doi : 10 .1371/
journal.pone.0050345

165. Hilda JN, Narasimhan M, Das SD. Mycobacterium Tuberculosis Strains
Modify Granular Enzyme Secretion and Apoptosis of Human Neutrophils.
Mol Immunol (2015) 68(2):325–32. doi: 10.1016/j.molimm.2015.09.019

166. Steinwede K, Maus R, Bohling J, Voedisch S, Braun A, Ochs M, et al.
Cathepsin G and Neutrophil Elastase Contribute to Lung-Protective
Immunity Against Mycobacterial Infections in Mice. J Immunol (2012)
188(9):4476–87. doi: 10.4049/jimmunol.1103346

167. Ribeiro-Gomes FL, Moniz-de-Souza MCA, Alexandre-Moreira MS, Dias
WB, Lopes MF, Nunes MP, et al. Neutrophils Activate Macrophages for
Intracellular Killing of Leishmania Major Through Recruitment of TLR4 by
Neutrophil Elastase. J Immunol (2007) 179(6):3988–94. doi: 10.4049/
jimmunol.179.6.3988

168. Mathy-Hartert M, Deby-Dupont G, Melin P, Lamy M, Deby C. Bactericidal
Activity Against Pseudomonas Aeruginosa Is Acquired by Cultured Human
Monocyte-Derived Macrophages After Uptake of Myeloperoxidase.
Experientia (1996) 52(2):167–74. doi: 10.1007/BF01923364

169. Barrientos L, Marin-Esteban V, de Chaisemartin L, Sandre C, Bianchini E,
Nicolas V, et al. An Improved Strategy to Recover Large Fragments of
Functional Human Neutrophil Extracellular Traps. Front Immunol (2013)
4:166. doi: 10.3389/fimmu.2013.00166

170. Halverson TWR, Wilton M, Poon KKH, Petri B, Lewenza S. DNA Is an
Antimicrobial Component of Neutrophil Extracellular Traps. PloS Pathog
(2015) 11(1):e1004593. doi: 10.1371/journal.ppat.1004593

171. Schechter MC, Buac K, Adekambi T, Cagle S, Celli J, Ray SM, et al.
Neutrophil Extracellular Trap (NET) Levels in Human Plasma Are
Associated With Active TB. PloS One (2017) 12(8):e0182587. doi: 10.1371/
journal.pone.0182587

172. van der Meer AJ, Zeerleder S, Blok DC, Kager LM, Lede IO, RahmanW, et al.
Neutrophil Extracellular Traps in Patients With Pulmonary Tuberculosis.
Respir Res (2017) 18(1):181. doi: 10.1186/s12931-017-0663-1
December 2021 | Volume 12 | Article 782495

https://doi.org/10.1046/j.1365-3083.1997.d01-158.x
https://doi.org/10.1046/j.1365-3083.1997.d01-158.x
https://doi.org/10.4049/jimmunol.1100823
https://doi.org/10.1093/infdis/jiv146
https://doi.org/10.3389/fimmu.2017.00307
https://doi.org/10.1093/infdis/162.3.700
https://doi.org/10.1093/infdis/156.6.985
https://doi.org/10.1093/infdis/156.6.985
https://doi.org/10.1128/iai.70.8.4591-4599.2002
https://doi.org/10.1093/infdis/163.4.919
https://doi.org/10.1016/j.imlet.2009.07.006
https://doi.org/10.1016/j.imlet.2009.07.006
https://doi.org/10.1016/j.imlet.2007.11.010
https://doi.org/10.1016/j.imlet.2007.11.010
https://doi.org/10.1371/journal.pone.0196120
https://doi.org/10.1371/journal.pone.0196120
https://doi.org/10.1016/j.celrep.2019.01.071
https://doi.org/10.1016/j.celrep.2019.01.071
https://doi.org/10.1016/j.tube.2008.09.009
https://doi.org/10.1128/IAI.67.8.4149-4152.1999
https://doi.org/10.1128/iai.44.2.534-536.1984
https://doi.org/10.1074/jbc.M106134200
https://doi.org/10.1016/j.freeradbiomed.2014.08.013
https://doi.org/10.1097/00005792-200005000-00004
https://doi.org/10.1086/517036
https://doi.org/10.1086/517036
https://doi.org/10.1016/j.jaci.2015.11.041
https://doi.org/10.1007/s10875-011-9567-x
https://doi.org/10.1155/2017/4590127
https://doi.org/10.1016/S0962-8479(97)90004-6
https://doi.org/10.1097/INF.0b013e31815b494c
https://doi.org/10.1002/mgg3.1237
https://doi.org/10.3389/fimmu.2019.00073
https://doi.org/10.1086/424463
https://doi.org/10.1128/iai.60.11.4720-4725.1992
https://doi.org/10.1371/journal.pone.0050345
https://doi.org/10.1371/journal.pone.0050345
https://doi.org/10.1016/j.molimm.2015.09.019
https://doi.org/10.4049/jimmunol.1103346
https://doi.org/10.4049/jimmunol.179.6.3988
https://doi.org/10.4049/jimmunol.179.6.3988
https://doi.org/10.1007/BF01923364
https://doi.org/10.3389/fimmu.2013.00166
https://doi.org/10.1371/journal.ppat.1004593
https://doi.org/10.1371/journal.pone.0182587
https://doi.org/10.1371/journal.pone.0182587
https://doi.org/10.1186/s12931-017-0663-1
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Parker et al. Neutrophil Killing of Mycobacteria
173. Filio-Rodrıǵuez G, Estrada-Garcıá I, Arce-Paredes P, Moreno-Altamirano
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the Course of Invasive
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Medical Microbiology and Hygiene, University Medical Center of the Johannes Gutenberg University, Mainz, Germany,
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b2-integrins are heterodimeric surface receptors that are expressed specifically by
leukocytes and consist of a variable a (CD11a-d) and a common b-subunit (CD18).
Functional impairment of CD18, which causes leukocyte adhesion deficiency type-1
results in an immunocompromised state characterized by severe infections, such as
invasive pulmonary aspergillosis (IPA). The underlying immune defects have largely been
attributed to an impaired migratory and phagocytic activity of polymorphonuclear
granulocytes (PMN). However, the exact contribution of b2-integrins for PMN functions
in-vivo has not been elucidated yet, since the mouse models available so far display a
constitutive CD18 knockout (CD18-/- or CD18hypo). To determine the PMN-specific role of
b2-integrins for innate effector functions and pathogen control, we generated a mouse line
with a Ly6G-specific knockdown of the common b-subunit (CD18Ly6G cKO). We
characterized CD18Ly6G cKO mice in-vitro to confirm the PMN-specific knockdown of
b2-integrins. Next, we investigated the clinical course of IPA in A. fumigatus infected
CD18Ly6G cKO mice with regard to the fungal burden, pulmonary inflammation and PMN
response towards A. fumigatus. Our results revealed that the b2-integrin knockdown was
restricted to PMN and that CD18Ly6G cKO mice showed an aggravated course of IPA. In
accordance, we observed a higher fungal burden and lower levels of proinflammatory
innate cytokines, such as TNF-a, in lungs of IPA-infected CD18Ly6G cKO mice.
Bronchoalveolar lavage revealed higher levels of CXCL1, a stronger PMN-infiltration, but
concomitantly elevated apoptosis of PMN in lungs of CD18Ly6G cKO mice. Ex-vivo
analysis further unveiled a strong impairment of PMN effector function, as reflected by
an attenuated phagocytic activity, and a diminished generation of reactive oxygen species
(ROS) and neutrophil-extracellular traps (NET) in CD18-deficient PMN. Overall, our study
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demonstrates that b2-integrins are required specifically for PMN effector functions and
contribute to the clearance of A. fumigatus by infiltrating PMN, and the establishment of an
inflammatory microenvironment in infected lungs.
Keywords: b2 integrins, CD18, CD11b, polymorphonuclear neutrophils, Aspergillus fumigatus, pneumonia,
complement receptor 3, phagocytosis
1 INTRODUCTION

Humans are constantly exposed to spores of the ubiquitous
environmental mould Aspergillus fumigatus (A. fumigatus) (1,
2). Although A. fumigatus is usually well controlled in healthy
individuals, A. fumigatus can cause lethal invasive pulmonary
aspergillosis (IPA) in immunocompromised patients, e.g., due to
chemotherapeutic treatment of malignant diseases or
immunosuppressive therapy after allogeneic hematopoietic
stem cell transplantation, with mortality varying between 30%
and 90% (1, 3). Commonly, disease follows the inhalation of
airborne conidia , which germinate in the lung of
immunocompromised hosts, sprouting there as hyphae (4).
Despite the clinical application of potent antifungal drugs for
prophylaxis and treatment of invasive fungal diseases in patients
with severe immune deficiency, IPA continues to be a highly
relevant health issue in daily clinical care (5).

The small size of A. fumigatus conidia (2-3µm) allows them to
bypass the physiological epithelial defence of the nasal and
bronchial cavities and to reach the lung alveoli without being
cleared by the ciliated bronchial epithelium (6, 7). Although
several in-vitro studies indicated that epithelial cells may
internalize and subject conidia to phagolysosomal degradation
(8), an engulfment of conidia by bronchial epithelium has not
been observed in-vivo so far (9). Hence, the clearance of A.
fumigatus conidia requires effective cellular and humoral
immune responses.

The innate immune system is considered the key player in the
clearance of conidia and the defence against the outgrowth of A.
fumigatus conidia. Here, resident leukocytes present in the
alveolar lung tissue, such as alveolar macrophages and
dendritic cells (DC) initiate an early response against invasive
aspergil losis (10, 11). However, the recruitment of
polymorphonuclear neutrophils (PMN) to the lung tissue is
essential for an efficient clearing of A. fumigatus (5, 6, 12). The
importance of PMN for an effective protection against IPA was
inferred from the observation, that quantitative [i.e., in
neutropenic patients (13)] or qualitative [i.e., patients with
chronic granulomatous disease (14)] defects of PMN are
critical predisposing factors for IPA (13, 15). PMN mediate the
killing of A. fumigatus via different effector mechanisms
dependent on the size of conidia and hyphae:

Since the size of hyphae prevents phagocytosis, hyphal killing
is mainly conferred by oxidative and non-oxidative PMN effector
functions. These include the generation of reactive oxygen
species (ROS), the formation of neutrophil extracellular traps
(NET) and the release of neutrophil granular content (6, 16, 17).
In the context of oxidative PMN functions, it has been observed,
org 2111
that the common beta subunit of b2 integrins (CD18) is critical
for the recognition of A. fumigatus and the subsequent
generation of ROS (18, 19).

By contrast, the small-size of A. fumigatus conidia allows for
the phagocytosis by PMN, which is either mediated by direct
recognition via complement receptor 3 (CR3, i.e., CD11b/CD18),
Dectin-1 or indirectly via complement-dependant opsonization
(6, 18, 19). The importance of b2 integrins in PMN-functions has
been confirmed in more recent reports, which revealed that an
antibody-mediated blockade of CD11b prevents the generation
of ROS (20) and phagocytosis of A. fumigatus conidia by
PMN (21).

The ß2 integrin-family consists of four members, which are
formed by heterodimerization of the common beta subunit
(CD18) with a variable alpha subunit (CD11a-CD11d) (22,
23). The integrin receptor CR-3 is primarily expressed by
leukocytes of the myeloid lineage, which was name-giving
(macrophage antigen 1, MAC-1) (22). MAC-1 serves as an
adhesion receptor for various ligands, including intercellular
adhesion molecule 1 (ICAM-1), which is necessary for the
transendothelial migration of macrophages and PMN (5, 24).
MAC1/CR3 also binds complement-opsonized pathogens, and
immune complexes, non-opsonized pathogens, and numerous
serum factors (25). In addition, MAC-1 serves as a coreceptor for
the Fc-receptor-mediated uptake of antibody-opsonized
pathogens (26). It has further been shown that MAC-1 acts as
a regulator of LPS-induced signaling in macrophages and DC,
and that the engagement of MAC-1 with yet unrecognized T cell
receptors mediates T cell activation (27, 28). Last, MAC-1 is a
modifier of various signaling pathways (29), such as TLR-
induced inflammatory signaling (27), which is involved in the
innate immune response to invasive aspergillosis (10).

In accordance with the importance of b2 integrins for
immune responses, loss-of-function mutations of the CD18
gene in humans result in the so-called leukocyte adhesion
deficiency type 1 (LAD1) syndrome, being characterized by
severe, recurrent bacterial and fungal infections in patients,
which require extensive treatment with anti-infective agents
(30). Several studies have indicated that an impaired migration
and phagocytic activity of CD18-deficient PMN might be largely
causative for the spreading of pathogens in LAD1 patients (31).

However, the exact contribution of b2 integrins for PMN
functions in-vivo has not been fully elucidated yet, since the
mouse models available so far either display a constitutive CD18-
knockdown (CD18hypo) or knockout (CD18-/-), which
complicates to delineate the cell-type specific role of CD18. In
order to reveal the PMN-specific role of b2-integrins for the
control of infectious diseases such as IPA, we established a
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transgenic mouse with a floxed CD18 gene (CD18fl/fl Ly6GCre-).
By crossing CD18fl/fl mice with transgenic mice expressing Cre
recombinase under control of the PMN-specific (Ly6GCre+)
promoter, offspring with a PMN-specific knockdown of CD18
have been generated, thus allowing to analyze the PMN-specific
role in IPA.

In this study, we show that mice with a Ly6G-specific
knockdown of CD18 (CD18Ly6G conditional knockout, in the
following termed CD18Ly6G cKO) display an impaired survival
during IPA as compared to control-mice (CD18fl/fl). The
impaired survival of CD18Ly6G cKO mice is reflected by a
higher fungal burden in the lung of these mice during the early
phase of pulmonary infection and lower amounts of
proinflammatory innate mediators, such as TNF-a in the
bronchoalveolar lavage fluid (BALF). By contrast, we detected
an enhanced bronchial infiltration of PMN and elevated levels of
the PMN-chemoattractant CXCL-1 in BALF derived from
infected CD18Ly6G cKO mice, which might reflect a
compensatory mechanism. Moreover, we could observe that
CD18-deficient PMN showed a strong attenuation of effector
functions in-vitro, which might explain the higher fungal burden
in the lungs of infected CD18Ly6G cKO mice. In particular, we
observed an impaired phagocytic uptake of A. fumigatus conidia,
and a diminished generation of ROS and NET in CD18-
deficient PMN.
2 MATERIALS AND METHODS

2.1 Fungal Strains and Cultivation
Conditions
The wild type (WT; ATCC 46645) and the GFP-modified
(AfS148) A. fumigatus strains (32) were cultured in Aspergillus
minimal medium (AMM) with 1% (w/v) glucose, 1% Hutner´s
trace element solution and 1M MgSO4 (Carl Roth, Karlsruhe,
Germany) as described earlier (16). Briefly, conidia were
incubated on AMM agar plates for 4 days at 37°C and 5%
CO2. For preparation of spore suspensions, plates were washed
with sterile water containing a small amount of glass pearls (Ø
4mm; Carl Roth, Karlsruhe, Germany) to detach conidia from
agar plates. The obtained spore suspension was filtered twice
through a sterile 40 mm nylon mesh and stored in sterile
water at 4°C.

2.2 Mice
In order to allow for the assessment of the importance of b2-
integrins specifically for PMN, we generated a transgenic mouse
strain with a floxed CD18 gene (CD18fl/fl Ly6GCre- ; B6.Cg-
Itgb2tm2.GrabS), which enabled a conditional knockout of b2
integrins in a cell-type specific manner (Supplementary
Figure 1). The generation of mice with floxed exon 3 of the
CD18 gene locus will be described in detail elsewhere. CD18fl/fl

mice were bred with transgenic mice expressing Cre recombinase
under control of the PMN-specific Ly6G promoter (33, 34) as
described by Hasenberg and coworkers (Ly6GCre+, C57BL/6-
Ly6g(tm2621(Cre-tdTomato)Arte mice) (35), yielding a mouse
Frontiers in Immunology | www.frontiersin.org 3112
strain with diminished levels of CD18 on neutrophils (CD18Ly6G

cKO). Resulting CD18wt/fl Ly6GCre- offspring were crossed back
to CD18fl/fl background. Derived male CD18fl/fl Ly6GCre- mice
were paired with CD18fl/fl Ly6GCre- females, yielding mice with
diminished levels of CD18 on neutrophils (CD18fl/fl Ly6GCre-, in
the following termed CD18Ly6G cKO) and CD18fl/fl Ly6GCre-

mice at the same ratio.
The mouse strains (CD18fl/fl Ly6GCre- and CD18Ly6G cKO)

were maintained in the Translational Animal Research Center of
the University Medical Center Mainz under pathogen-free
conditions on a standard diet. All animal procedures were
performed in accordance with the institutional guidelines and
approved by the responsible national authority (National
Investigation Office Rhineland-Pfalz, Approval ID: 23177-07/
G16-1-020). For the experiments, mice of both sexes were used,
although most experiments were done with female mice. Mice
used in the experiments were aged between 6-18 weeks unless
stated otherwise.

2.3 Mouse Genotyping
Gene-targeted animals were verified by PCR (Supplementary
Figure 1). To this end, ear biopsies of mice (2–6 weeks)
were incubated with lysis buffer containing 100µl Direct PCR Ear
Buffer (Viagen Biotec, Los Angeles, CA, USA) and 2µl proteinase
K (ThermoFisher Scientific,Waltham,MA). Sampleswere incubated
at 56°C for 1-3h under shaking. Subsequently the suspension was
heated to 95°C for 5min to inactivate proteinaseK, and the lysatewas
put on ice until further processing. The typical PCR reaction
contained a 25-ml volume containing 5µl PCR Reaction Mix
(Sigma Aldrich, Merck, Darmstadt, Germany), 17,3µl H2O, 0,2µl of
myTaq-Polymerase (Roche, Mannheim, Germany) and 1µl of the
primers (10pmol/µl) for PCR 1 (Mix of 2 primers: CD18 ex3_s2, B2
(s): 5´-GTGACACTTTAC TTGCGACCA-3´; CD18 loxp_as1,B3
(as): 5´-TGCCAATAAAGAATTTCAGAGCC-3´, suspended 1:10
inH2O)or forPCR2(Mixof3primers: Ly6G[78]-s for5´-CCTGCA
ACCTGGTCAGAGAG-3´, and 5064_61_rev for 5´-G
AGGTCCAAGAGACTTTCTGG-3´, and 2240_31 for 5′-
ACGTCCAGACACAGCATAGG-3′ suspended 1:10 in H2O). In
PCR2we also included a control pair of primers for amplifyingActin
as a wild-type allele (Actin FW: 5´-TGTTACCAACTGGG
ACGACA-3´ and Actin REV: 5´-GACATGCAAGGAGTGC
AAGA. The following PCR conditions were applied for PCR
1:initial146denaturation (3 min, 95°C), followed by 35 cycles
(denaturation: 30 s, 95°C; annealing: 30 s, 58°C; elongation: 45 s,
72°C) and by a final elongation step (2 min 72°C). For PCR 2 the
following PCR conditions were applied: initial denaturation (5 min,
95°C), followedby35 cycles (denaturation: 30 s, 95°C; annealing: 30 s,
60°C; elongation: 1min, 72°C) and by a final elongation step (10min
72°C). PCR products were analyzed by agarose gel electrophoresis
(Supplementary Figure 1).

2.4 Mouse Model of Invasive Aspergillosis
Mice were anesthetized with 14.5% Ketamin (50mg/ml)/5.7%
Xylazin (0.2%) and were subsequently challenged with 107 A.
fumigatus conidia (strain ATCC 46645) applied intratracheally
as described (35, 36). In brief, a 22G indwelling venous catheter
(Vasofix, B. Braun AG, Melsungen, Germany) was inserted into
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the trachea and 100 ml sterile fungal suspension was
administered through the catheter. To enhance dispersion in
the lungs, mice were ventilated mechanically with 250 breaths/
min, 300 ml/breath for 2 min using an animal respirator
(MiniVent, Hugo Sachs, March-Hugstetten, Germany) as
previously described (16). In order to characterize the early
immune response to fungal infection, 10 mice/group were
sacrificed 24h after infection. In two additional groups (n=5-8
mice/group) the course of systemic infection was daily examined
by evaluation of weight, activity, breathing, overall appearance
(as assessed by posture, skin, and fur appearance), and survival
was monitored for 14 days. Mice with severe symptoms as
determined by clinical scoring were immediately euthanized as
required by the institutional animal ethics guidelines. Where
indicated, PMN depletion was induced by i.p. injection of anti-
Gr-1 antibody (150 mg, clone RB6-8C5; BioXCell, Lebanon, NH)
1 day prior to inoculation with fungal suspension.

2.5 Flow Cytometric Analysis
Blood samples, spleens and bone marrow were prepared from
sacrificed mice, and lungs were flushed with 1 ml PBS. Spleen cell
suspensions were generated viamechanical homogenization on a
40µm nylon mesh, washed twice with cold PBS, and red blood
cells (RBC) were lysed with hypotonic Gey´s solution (155mM
NH4Cl, 10mM KHCO3, 10µM EDTA at pH 7,4). RBC from
blood samples were lysed in the same way. Cells derived from
blood, spleen, bone marrow and bronchoalveolar lavage fluid
(BALF) were analyzed by flow cytometry. To this end, cells were
washed with staining buffer (PBS/2% FCS), and Fc receptors
were blocked by incubation with rat anti-mouse CD16/CD32
antibody (clone 2.4G2) for 15 min at 4°C. Then, cells were
incubated with FITC-conjugated anti-CD86 (GL-1), anti-CD45
(30F11), and anti-Annexin-V (Biolegend), PerCP-conjugated
anti-Ly6C (HK1.4), APC-conjugated anti-CD18 (C71/16), anti-
CD14 (Sa14-2), anti-Gr-1 (RB6-8C5) and anti-CD40 (1C10),
APC-eFluor 780 conjugated anti-CD11c (N418), eFluor450-
conjugated anti-MHCII (M5/114 15.2) and anti-F4/80 (BM8),
eFluor506-conjugated anti-CD3 (500A2), Super Bright 600-
conjugated anti-CD11b (M1/70), PE-conjugated anti-CD11a
(M17/4), anti-CD80 (1610A1) and anti-Ly6G (1A8), PE-
eFluor610-conjugated anti-Ly6G (1A8), PE-Cyanine7-
conjugated anti-CD68 (FA11) and anti-CD62L (MEL-14). All
antibodies were obtained from Biolegend (San Diego, CA) or
Thermo Fisher (Waltham, MA). Viability was assessed using
Fixable-viability-dye (FVD), conjugated either with APC eFluor
780, eFluor 450 or eFluor 506 (ThermoFisher). Samples were
analyzed using a flow cytometer (Attune™ NxT Acoustic
Focusing Cytometer, Thermo Fisher), and data were processed
using FlowJo software V8.8.7 (Tree Star Inc., Ashland, OR,
USA). The gating strategy is shown in Supplementary Figure 2.

2.6 Quantification of Fungal Burden
The right lungs of euthanized mice were removed, mechanically
homogenized and serial dilutions were plated on Sabouraud-4%
Glucose agar (Carl Roth, Karlsruhe, Germany), and cultivated at
37°C and 5% CO2. Colony-forming units (CFU) were counted
after 24h and 48h.
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Moreover, a D-Galactomannan assay based on the Platelia
Aspergillus EIA (Bio-Rad Laboratories, Marne-La-Coquette,
France) was employed to quantify the fungal load in BALF and
serum derived from IPA-infected mice. This enzyme
immunoassay is used in clinical routine and validated for the
detection of A. fumigatus antigen. The test uses the rat
monoclonal antibody EBA-2 directed against Aspergillus
galactomannan. In brief, the antigen is first bound to the wells
of the microplate coated with the EBA-2 antibody and then
revealed by binding to the peroxidase-linked EBA-2 antibody
resulting in a colorimetric reaction, which is measured via optical
density on a Plate Reader as described previously (37).

2.7 Histopathologic Analysis
For histopathological analysis the left lungs of euthanized mice
were filled with 10% formalin via the trachea. Paraffin-embedded
blocks were prepared, and derived sections (5 mm) were stained
with H&E to assess inflammatory responses. For this, H&E-
stained sections were examined by microscopy in a blinded
fashion for per ibronchia l , per ivascular and tissue
inflammation, using a scoring system (0–3). Furthermore,
sections of lungs were stained with Grocott Gomori’s
methenamine silver to assess the fungal burden of the lungs.
Grocott stained sections were examined in a blinded fashion
similar to H&E sections using a scoring system (0–3). In general,
3 randomly selected areas on each slide were analyzed with a
BX40 microscope equipped with a CCD camera (Olympus,
Hamburg, Germany).

2.8 Cytospin Analysis
For detection of lung infiltrating PMN, 100 ml of BALF
containing 0.5-2x105 cells (see above) were cytospun onto
microscope slides (3,500 rpm for 5 min; Cytospin 3, Thermo
Fisher), treated with the Diff Quick Staining Set (Microptic,
Barcelona, Spain), air-dried, and fixed as recommended. Samples
were analyzed using a BX50WI microscope, equipped with a
CCD camera (Olympus, Hamburg, Germany). PMN were
identified based on their characteristic segmented nuclei.

2.9 Cytokine Detection
Serum and BALF were subjected to cytokine detection by
Cytometric bead array (CBA) using the mouse CBA flex sets
following the manufacturer’s instructions (BD Bioscience, San
Jose, CA). Similarly, in-vitro cytokine generation by Ly6G+ PMN
(105/100µl) immunomagnetically sorted from bone marrow of
CD18fl/fl and CD18Ly6G cKO mice (see below) was quantified.
Isolated PMN were incubated in Iscove’s medium (Thermo
Fisher Scientific) supplemented with 5% (v/v) FCS, 2 mM l-
glutamine, 50 mM ß-mercaptoethanol and 1 mM Na-pyruvate
(SERVA Electrophoresis, Heidelberg, Germany) in 96-well plates
(Greiner Bio One, Frickenhausen, Germany) and treated over-
night with PBS, recombinant murine GM-CSF (100ng/ml;
Miltenyi Biotec, Bergsich-Gladbach, Germany), LPS (1µg/ml,
Merck-Millipore, Darmstadt, Germany), CpG (1µg/ml, In
vivogen, Toulouse, France) or R8/48 (1µg/ml, In vivogen).
Supernatants were taken 3h and 24h later from PMN aliquots
generated in n=3 independent experiments.
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2.10 Fungal Uptake by PMN
PMNwere purified from bone marrow of CD18fl/fl and CD18Ly6G

cKO mice by magnetic cell sorting (MACS) using biotin-labeled
Ly6G-specific antibodies and streptavidin-conjugated beads (both
from Miltenyi Biotec) according to the manufacturer’s protocol.
The cell purity (Ly6G+) exceeded 90% as assessed by flow
cytometry. Freshly isolated PMN were resuspended (106 cells/
ml) in cell culture medium (see above), seeded into 96-well plates
(100µl/well) and were incubated with GFP-fluorescent A.
fumigatus conidia (5) at the indicated ratios in parallel at 4°C
and 37°C to differentiate mere adhesion and energy-dependent
uptake. After 1h of incubation PMN were washed twice with
500µl cold PBS and stained with anti-CD11b, anti-Ly6G, anti-
MHCII and anti-CD62L specific antibodies, and FVD eFluor 506
to determine the uptake and activation status of GFP-labeled
conidia by flow cytometry (Supplementary Figure 8 shows the
gating strategy applied during the experiments).

2.11 Uptake of Inert Particles by PMN
To assess uptake of inert particles, we employed Cy5-labeled
nanoparticles (Ø 50nm) and PE-labeled microBeads (Ø 2µm)
(both Miltenyi Biotec). Immunomagnetically sorted PMN (106

cells/ml) were incubated in cell culture medium in 96-well plates
(100µl) and treated over-night (12h) with GM-CSF (100ng/ml)
or LPS (1µg/ml). Subsequently, PMN were washed once with
500µl cold PBS and were either left untreated, or incubated in
parallel settings with particles, and particles pre-treated with
native or heat-inactivated mouse serum (hiS; 56°C, 30min) at 4°
C and 37°C for various periods of time (15-60 min).
Pretreatment of particles with native versus heat-inactivated
mouse serum served to elucidate the complement-dependent
particle uptake. Subsequently PMN were washed twice with
500µl cold PBS and incubated with anti-CD11b, anti-Ly6G,
anti-MHCII, anti-CD86, anti-Ly6C and anti-CD62L antibodies
and FVD eFluor 506 to determine the PMN-specific uptake of
inert particles by flow cytometry.

2.12 Assessment of Neutrophil Apoptosis
Freshly isolated PMN (1x106/ml) derived from bone marrow of
either mouse strain were incubated in cell culture medium in 24-
well plates and treated over-night (12h) in parallel w/o and with
GM-CSF (100ng/ml), LPS (1µg/ml) and with GM-CSF plus LPS
in order to differentiate spontaneous apoptosis (PBS-treated
control), late-onset apoptosis (GM-CSF) and apoptosis upon
LPS-treatment. Following over-night incubation, samples were
washed twice with 1ml PBS and incubated with anti-Annexin V
(FITC) and FVD (eFluor 506) according to the manufacturer´s
protocol (ThermoFisher) to differentiate apoptosis and necrosis.
Frequencies of apoptotic and necrotic PMN were determined by
flow cytometry as described previously (38).

2.13 Analysis of ROS Production
To assess the rate of ROS production, PMN were isolated from
bone marrow, were seeded into 96-well-plates (106/ml; 100µl/
well) washed once with 200µl PBS and resuspended in 100 ml
ROS-detection solution (2 mM 2´-7´Dichlorodihydrofluorescein
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[DCFDA] in PBS; Alexis Biochemicals, Lausen, CHE). After
20 min of incubation at 37°C the cells were washed with 200µl
PBS, centrifuged, and the sedimented cells were dispersed in 200
ml PBS. Subsequently, PMN were stimulated with GM-CSF
(100ng/ml), LPS (1µg/ml), A. fumigatus conidia (1:1), or 100
nM PMA (Sigma-Aldrich), respectively at 37°C, 5% CO2 in
triplicates. Median fluorescence intensities (MFI) were measured
using a SPARK multimode microplate-reader (TECAN Trading
AG, CHE) at an excitation of 485nm and an emission of 530nm
for 90min (intervals of 15min). After 90min cells were analyzed
by flow cytometry for DCFDA-positive events.

2.14 Analysis of Neutrophil-Extracellular
Traps Formation
To induce the release of neutrophil extracellular traps (NET)
DNA, we isolated PMN from bone marrow as described
previously and seeded PMN (105/100 µl) in 96-well plates with
100µl RPMI 1640 medium without phenol red (ThermoFisher,
Waltham, CA). PMN were treated either with GM-CSF (100ng/
ml), LPS (1µg/ml), A. fumigatus conidia (1:1), PMA (100 nM), or
calcium ionophore (2,5µM; Sigma, Darmstadt, Germany),
respectively. After incubation at 37°C for 3h, 5µM of Sytox
orange nucleic stain (Invitrogen, Carlsbad, CA) was added and
samples were incubated for 10min at room temperature in the
dark. Subsequently, PMN were centrifugated and washed twice
with 300µl cold PBS. MFI of Sytox orange was measured using a
SPARK multimode microplate reader with an excitation of
547nm and an emission of 580nm. Then, cells were incubated
with an anti-Ly6G antibody and analyzed by flow cytometry for
Ly6G/Sytox orange double-positive cells.

2.15 RNA-Sequencing and
Bioinformatical Analysis
First, PMN were isolated from bone marrow of CD18fl/fl and
CD18Ly6G cKO mice (n=3). Each 106 PMN were either lysed
directly after isolation or cultured overnight with GM-CSF
(10ng/ml) plus LPS (1µg/ml). RNA was purified with the
RNeasy Plus Micro Kit according to the manufacturer’s
protocol (Qiagen). RNA was quantified with a Qubit 2.0
fluorometer (Invitrogen) and the quality was assessed on a
Bioanalyzer 2100 (Agilent) using a RNA 6000 Pico chip
(Agilent). Samples with an RNA integrity number (RIN) of > 8
were used for library preparation. Barcoded mRNA-seq cDNA
libraries were prepared from 10ng of total RNA using NEBNext®

Poly(A) mRNA Magnetic Isolation Module and NEBNext®

Ultra™ II RNA Library Prep Kit for Illumina® according to
the manual with a final amplification of 15 PCR cycles. Quantity
was assessed using Invitrogen’s Qubit HS assay kit and library
size was determined using Agilent’s 2100 Bioanalyzer HS DNA
assay. Barcoded RNA-Seq libraries were onboard clustered using
HiSeq® Rapid SR Cluster Kit v2 using 8pM and 59bps were
sequenced on the Illumina HiSeq2500 using HiSeq® Rapid SBS
Kit v2 (59 Cycle). The raw output data of the HiSeq was
preprocessed according to the Illumina standard protocol.
Sequence reads were trimmed for adapter sequences and
further processed using Qiagen’s software CLC Genomics
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Workbench (v20.0 with CLC’s default settings for RNA-Seq
analysis). Reads were aligned to GRCm38 genome. Sequencing
data were first analyzed with CLC Genomics Work Bench
(Qiagen). Further processing was performed in R using the
DESeq2 package for calling differential gene expression (39,
40). To determine the most up- or downregulated genes, genes
were sorted on the basis of log2 [fold change] maximum-
likelihood estimation, and the P-value cut-off was set to 0.05.
Results were illustrated using the pheatmap package. Functional
interaction networks were visualized using the STRING package
in the open-source platform Cytoscape.

2.16 Statistical Analysis
Statistical analysis was conducted with GraphPad Prism (version
5.0a; GraphPad Software, San Diego, CA, USA). Comparison of
two different parameters was performed using paired Student’s t-
test. In case of comparison of more than two groups we employed
one-way ANOVA and posthoc Tukey test. For survival analysis,
Kaplan-Meier plots and hazard ratios have been calculated. For
all analyses, p < 0.05 was considered as statistically significant.
Abbreviations: *p<0.05, **p<0.005, ***p<0,001.
3 RESULTS

3.1 Phenotype and Impairment of PMN
Effector Functions of CD18Ly6G cKO Mice
Assessed by In-Vitro Experiments
In murine leukocytes Ly6G is selectively expressed by PMN (41).
To obtain mice with a diminished CD18 expression specifically
on PMN (CD18Ly6G cKO), we crossed a mice with a floxed CD18
gene (CD18fl/fll) that was generated in our lab (will be described
in detail elsewhere) with transgenic mice expressing the Cre
recombinase under control of the Ly6G promoter (CD18wt/wt

Ly6GCre+). Resulting offspring (CD18wt/fl Ly6GCre+ and CD18wt/
fl Ly6GCre-) were fertile and showed no obvious phenotype.
These mice were crossed back to CD18fl/fl background yielding
CD18Ly6G cKO and CD18fl/fl Cre- mice at expected Mendelian
ratios (not shown). All gene-targeted animals were verified by
PCR (Supplementary Figure 1).

We could observe a downregulation of CD18 and accordingly
of the b2 integrin alpha subunits (CD11a and CD11b) on PMN
of CD18Ly6G cKO mice. The extent of downregulation varied
between 30-50% compared to CD18fl/fl mice depending on the
investigated compartment (blood, spleen or bone marrow)
(Figure 1A), which is in accordance with the extent of Ly6G
Cre-mediated downregulation of targeted genes previously
shown by Gunzer and coworkers (35). Notably, CD18-
reduction was restricted to Ly6G+ PMN, and was not observed
for CD3+ lymphocytes, F4/80+ macrophages and Ly6C+

monocytic cells, thus confirming the cell-type specific targeting
of CD18 (Supplementary Figures 2, 3). Absolute PMN counts
and relative amounts of PMN in both spleen and blood were
found to be slightly higher, whereas PMN counts in the bone
marrow did not show significant differences (Figure 1B). The
percentages of monocytic and lymphocytic cells did not differ
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significantly between CD18Ly6G cKO mice and CD18fl/fl mice in
spleen (Figure 1C, left panel) and blood (Figure 1C, right panel).

As b2 integrins have also been implicated in the
differentiation and in survival signaling of myeloid cells (42),
we next investigated whether the PMN-restricted CD18-
knockdown affected PMN apoptosis in-vitro. Here, we did not
find significant differences in the apoptosis of PMN after
treatment with GM-CSF or LPS, as assessed by Annexin-V/
FVD negative and Annexin-V positive/FVD negative PMN
derived from spleens and bone marrow (not shown).

3.2 PMN-Specific Knockdown of b2-
Integrins Results in an Aggravated
Course of IPA
To assess the relevance of b2 integrins for PMN-specific clearance
of pulmonary infection with A. fumigatus, we examined the course
of disease in CD18Ly6G cKO and CD18fl/fl mice. In some mice an
anti-Gr-1 antibody was applied prior to infection with A. fumigatus
(d0) to deplete PMN as an internal control for the success of
infection. As expected, all PMN-depleted mice died during the first
days of infection (Figure 2), underlining the pivotal role of PMN to
limit the spread of A. fumigatus. By contrast, all non-depleted
CD18fl/fl mice survived infection monitored over 2 weeks, whereas
25% of CD18Ly6G cKO mice died within the first week of infection.
This finding is consistent with the observation that clinical signs of
IPA infection were more aggravated in case of CD18Ly6G cKOmice
in the first days after inoculation. Furthermore, recovery of from
clinical symptoms was delayed in CD18Ly6G cKO mice as
compared to CD18fl/fl mice (Figure 2).

3.3 CD18Ly6G cKO Mice Show a Higher
Fungal Burden
Next, we focused on the course of the early innate immune
response towards A. fumigatus infection, which is known to be
driven by PMN (12). For this, lungs, BALF, and serum of
infected mice were analyzed 24h after infection in more detail.
Lung homogenates of CD18Ly6G cKO mice showed an enhanced
amount of fungal conidia as compared to lungs from CD18fl/fl

mice (Figure 3). Histopathological analysis confirmed a higher
fungal burden and aggravated lung damage in in lungs of
CD18Ly6G cKO mice as assessed by Grocott-silver and
Hematoxylin & Eosin (H&E) staining. Notably, sprouting of
hyphae has only been observed in CD18Ly6G cKO mice. Despite
the strong differences in terms of fungal burden, H&E staining of
lung tissues showed comparable levels of cellular inflammation,
largely irrespective of the genotype (Figures 3A). D-
Galactomannan-assays revealed that BALF derived from both
mice strains contained A. fumigatus antigen above detection
levels (>5.0), whereas serum analysis showed a higher fungal load
in CD18Ly6G cKO mice (mean= 5.8 ± 0.14 vs. 4.7 ± 0.33, p=0.01).

3.4 CD18Ly6G cKO Mice Reveal a
Decreased Pulmonary Inflammation
In contrast to the increased fungal burden found in lung tissues
of CD18Ly6G cKO mice, these mice displayed no significant
differences in cellular inflammation as assessed by H&E
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staining (Figure 3). However, as depicted in Figure 4, BALF
derived from infected CD18Ly6G cKO mice contained lower
levels of pro-inflammatory cytokines (TNF-a) , and
chemokines (CCL2) compared to CD18fl/fl mice, albeit the
reduction was below statistical significance in some cases (IL-
1a, IL-1b and CCL5). Levels of IL-5, IL-6, IL-10, and GM-CSF
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were largely comparable. In contrast, BALF obtained from
CD18Ly6G cKO mice contained higher levels of the chemokine
CXCL-1 known as a relevant chemoattractant for PMN (43).

In contrast, cytokine and chemokine levels in serum were
largely comparable between A. fumigatus infected CD18fl/fl and
CD18Ly6G cKO mice (Supplementary Figure 5).
A B

C

FIGURE 1 | Phenotypical and functional characteristics of CD18Ly6G cKO mice compared to CD18fl/fl mice. We found a significant reduction of b2-integrin surface
marker expression (CD11b, CD18) on PMN derived from blood, spleen, and bone marrow (A). Data depict the results of in-vitro experiments from n=7-17 mice/
genotype. In the same set of experiments we further observed higher absolute and relative counts of PMN in CD18Ly6G cKO mice as compared to CD18fl/fl mice
(B,C), whereas the proportions of other leukocyte subpopulations did not differ significantly (C) (n=10/genotype). Legend in (C) applies to all panels. Statistically
significant differences between groups are indicated (*p<0.05, **p<0.005, ***p<0.001).
A B

FIGURE 2 | Infection with IPA caused an impaired survival (A) and an aggravated course of the disease (B) in CD18Ly6G cKO as compared to CD18fl/fl mice. CD18fl/fl

and CD18Ly6G cKO mice were infected i.t. with A fumigatus (each 107 conidia/mouse) in 2 independent experiments. (A) Survival was monitored daily for 2 weeks and is
presented in a Kaplan-Meier survival curve. In parallel settings PMN were depleted in some mice via injection of an anti-Gr-1 antibody one day before infection. Data show
the cumulative results of two independent experiments with a total of 12 (CD18fl/fl) and 13 (CD18Ly6G cKO) mice/group. 5 mice/group received an anti-Gr-1 antibody in
order to deplete PMN in these mice. All Gr-1 depleted mice died within the first days after IPA infection, whereas all non-depleted CD18fl/fl mice survived. By contrast,
some non-depleted CD18Ly6G cKO mice (n=2) deceased within the first week after IPA infection. (B) The clinical course of IPA of monitoring was assessed in CD18fl/fl

(n=7) and CD18Ly6G cKO mice (n=8) for 14 days. Parameters comprised breathing, reaction to pain overall appearance, hypothermia, strong weight loss, motoric
disabilities and apathy (each 0-2).
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3.5 Pulmonary PMN Infiltrates Are
Increased in CD18Ly6G cKO Mice Upon IPA
In accordance with elevated CXCL-1 levels, we observed higher
numbers of PMN in the BALF of infected CD18Ly6G cKO as
compared to CD18fl/fl mice (Figure 5A). In contrast, PMN
counts in spleen and blood remained comparable. Higher
PMN numbers were also found in cytospin analysis
(Figure 5B). Here, we could additionally observe lower counts
of mononuclear cells in CD18Ly6G cKO mice. Consistent with
Frontiers in Immunology | www.frontiersin.org 8117
this observation, results of FACS-analysis revealed lower
macrophage counts in the BALF of CD18Ly6G cKO
mice (Figure 5B).

Notably, a higher frequency of PMN in BALF (Figure 5C, left
panel) and blood (Figure 5C, center panel) obtained from IPA-
infected CD18Ly6G cKO mice expressed the early apoptosis
marker Annexin-V as compared to CD18fl/fl mice, indicating
that CD18-deficient PMN might be more susceptible to
apoptosis in response to A. fumigatus. In accordance, we
A B

C

FIGURE 3 | CD18Ly6G cKO mice show a higher pulmonary fungal burden. Histopathological analysis of H&E and Grocott-stained lungs derived from IPA-infected
mice 24h upon A.fumigatus inoculation revealed a higher fungal burden and a stronger lung damage (i.e., hyaline membranes, fibrin-exudate within the alveoli) in
CD18Ly6G cKO mice (A). Cellular inflammation did not show significant genotype-dependent differences. Representative examples of histological analysis are shown
in (B) (Magnification 10x). Data in (A) denote results of histopathological analysis of n=9-10 mice/genotype. We further observed higher CFU counts in serial dilutions
of lung homogenates (1:500) after incubation for 24h on Sabouraud-4% Glucose agar plates (C). Data show the mean ± SEM of 6 mice/group. Statistically
significant differences between groups are indicated (*p<0.05, **p<0.005, ***p<0.001).
FIGURE 4 | The BAL fluid of A. fumigatus infected CD18Ly6G cKO mice contains lower levels of proinflammatory cytokines. CD18fl/fl and CD18Ly6G cKO mice were
infected i.t. with A. fumigatus. On the next day, mice were euthanized, and cytokines in BAL fluid were analyzed. Data denote the mean ± SEM of 6-10 samples analyzed
per group. Statistically significant differences between groups are indicated (*p< 0.05).
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observed a higher frequency of Annexin-V positive PMN in
spleens of CD18Ly6G cKO mice, albeit the differences here were
found to be below statistical significance (Figure 5C,
right panel).

Besides, our data show that a smaller fraction of PMN derived
from BALF of CD18Ly6G cKO mice expressed MHCII (1,6% vs.
4,6% of MHCIIhigh PMN), and CD80 (16.4% vs. 20.1% of CD80+

PMN) and showed a lower degree of degranulation as assessed by
a low expression of CD62L (88.0% vs. 90.8% CD62Llow PMN)
than observed for CD18fl/fl mice. BALF-derived PMN of both
mice strains expressed the mouse DC marker CD11c at a
moderate extent (Supplementary Figure 6). Infection-induced
de novo expression of CD11c by PMN has been reported
previously in different mouse infectious disease models (5).

Numbers of PMN, lymphocytes, and monocytes in the
peripheral blood of A. fumigatus infected mice did not differ in
a genotype-dependent manner (Supplementary Figure 7). In
accordance with our in-vitro experiments, we could confirm that
the knockdown of CD18 was restricted to Ly6G positive cells
(Supplementary Figure 3). Similarly, we could observe a
knockdown of the corresponding alpha subunits CD11a and
CD11b on Ly6G positive PMN of IPA-infected mice
(Supplementary Figure 4), which is consistent with the
physiological role of CD18 as the rate-limiting subunit of b2-
integrin surface expression.
Frontiers in Immunology | www.frontiersin.org 9118
3.6 Knockdown of CD18 Affects PMN
Innate Effector Functions
3.6.1 Phagocytosis
Although PMN were able to infiltrate A. fumigatus infected lungs
in CD18Ly6G cKO mice, we observed an impaired ability to limit
fungal spreading. Hence, we analyzed whether the knockdown of
CD18, and thereby b2 integrins, affected the commonly known
pathogen-induced immune responses of PMN.

As phagocytosis is a major effector mechanism of PMN to
clear A. fumigatus conidia, we analyzed purified bone marrow-
derived Ly6G+ PMN to assess potential genotype-dependent
differences in this regard. Here, we first investigated the uptake
of inert nanoparticles (NP, Ø 50nm) and microBeads (Ø 2µm).
In order to dichotomize mere adhesion and energy-dependent
uptake we investigated the uptake in parallel settings at 4°C and
37°C. Since MAC-1 has been attributed to serve as a receptor to
facilitate complement-opsonized phagocytosis of pathogens we
further examined whether the addition of murine serum might
enhance the uptake of particles. Heat-inactivated serum which
lacks complement activity served as an internal negative control.
We could observe for both kinds of particles that their uptake
was strongly impaired in case of PMN with a b2 integrin
knockdown. This effect was predominantly observed for
serum-opsonized particles, indicating that the recognition of
complement- opsonized particles might have been diminished
A

B

C

FIGURE 5 | CD18Ly6G cKO mice infected with A. fumigatus are characterized by elevated lung infiltration of PMN, but not in spleens and blood (n=10/genotype) (A).
Elevated PMN counts have also been found in Cytospins (bars depict the mean ± SEM of n=8 cytospins/genotype; cell infiltration has been assessed using a scoring
system; 0=missing - 3=strongest infiltration) (B). Here, we could additionally observe higher numbers of mononuclear cells (B). This is consistent with the finding of
higher macrophage counts in the BALF of CD18fl/fl mice as compared to CD18Ly6G cKO mice observed in FACS-analysis (B). Assessment of PMN apoptosis
revealed a stronger expression of apoptosis marker Annexin V in PMN derived from BALF and blood of CD18Ly6G cKO mice (C). Bars depict the mean ± SEM of the
relative cell counts found in n=8 cytospins/genotype. Legend in A applies to all panels. Statistically significant differences between groups are indicated (*p<0.05)
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in case of CD18 downregulation on PMN (Figures 6A). In
accordance with the well-known role of MAC-1 (CD11b/
CD18) for the binding and uptake of complement-opsonized
material, we further observed a significant correlation between
CD11b surface marker expression on PMN and the engagement
of the aforementioned particles (Pearson´s r: 0.65; p= 0.0007).

Subsequently, we analyzed the phagocytic capacity of PMN
after incubation with A. fumigatus conidia. Similar to previous
experiments with inert particles, we observed a significantly
lower phagocytic uptake of A. fumigatus conidia by PMN
derived from CD18Ly6G cKO mice (Figure 6B, C).

3.6.2 NETosis
We also investigated the rate of NET-formation of freshly
isolated PMN after differential stimulation. Here, we could
Frontiers in Immunology | www.frontiersin.org 10119
observe that the formation of NET by PMN derived from
CD18Ly6G cKO mice was significantly impaired after treatment
with PMA or A. fumigatus conidia, as assessed by Sytox orange
staining. After treatment with GM-CSF or LPS the differences in
the formation of NET by PMN derived from CD18Ly6G cKO vs
CD18fl/fl mice were below statistical significance (Figure 7A).

3.6.3 ROS-Production
Next, we analyzed the generation of ROS as another important
effector mechanism in the innate pathogen defense of PMN. To
this end, we incubated freshly isolated PMN with GM-CSF, LPS,
PMA or A. fumigatus conidia and assessed the generation of ROS
via DCFDA staining in time intervals of 15min for a total period
of 90min. Our results revealed that PMN isolated from CD18Ly6G

cKO mice generated significantly lower amounts of ROS after
A

B

C

FIGURE 6 | Phagocytosis of inert particles and fungal conidia is less effective in PMN of CD18Ly6G cKO mice. Freshly isolated PMN were co-incubated either with
nanoparticles (NP), microBeads (A) or with GFP-fluorescent A. fumigatus conidia (AFC) at 37°C with indicated ratios (B). Simultaneous co-incubation at 4°C served
to differentiate mere adhesion from temperature-dependent binding. After 30 min and 60 min the frequency of either Cy5 positive NP, PE-positive microBeads (A), or
GFP-positive PMN (B) was determined by flow cytometry. Data represent the mean ± SEM of 3 samples analyzed/group. Exemplary flow cytometry data depicting
the diminished uptake of GFP-fluorescent conidia by PMN from CD18Ly6G cKO mice are shown in (C). Statistically significant differences between groups are
indicated (*p<0.05, **p<0.005).
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incubation with A. fumigatus conidia, suggesting that a CD18
knockdown might impair the ability of PMN to exercise this
important effector mechanisms in pathogen-defense
(Figure 7B). Referring particularly to the time kinetics of ROS-
generation we could further observe that the ability to generate
ROS was mainly impaired in the course of the first 60min, which
indicates that b2 integrins might be implicated in the early
generation of ROS (not shown).

3.6.4 Cytokine Secretion
b2 integrins have been found to regulate various signaling
pathways in myeloid cells, which modulate the secretion of
inflammatory cytokines (27). Hence, we have investigated the
Frontiers in Immunology | www.frontiersin.org 11120
generation of cytokines by PMN after in-vitro stimulation with
GM-CSF, LPS (TLR4 agonist), CpG (TLR9 agonist), and R8/48
(TLR7/8 agonist): Here, we could observe that PMN derived
from CD18Ly6G cKOmice generated significantly less amounts of
TNF-a upon treatment with LPS (Figure 8). On the other hand,
we detected significant concentrations of IL-1b, IL-6 and IL-10
upon PMN stimulation, although genotype-dependent
differences were largely below statistical significance
(Supplementary Figure 9). Other cytokines (IL-12, IL-23 or
IFN-g) showed very low concentrations (not shown), suggesting
that these cytokines might not be secreted by PMN under the
conditions applied. These in-vitro data are consistent with our
observations from in-vivo analysis, showing that BALF and
A B

FIGURE 7 | Impaired oxidative and non-oxidative effector functions of CD18-deficient PMN. We could observe that the formation of NET after 3h of incubation (A)
and ROS-generation (B) were significantly lower in PMN derived from CD18Ly6G cKO mice, particularly after stimulation with A. fumigatus conidia. Data represent the
mean ± SEM of 3 samples analyzed/group. Statistically significant differences between groups are indicated (*p<0.05)
FIGURE 8 | PMN derived from CD18Ly6G cKO mice generate lower amounts of TNF-a after previous stimulation with LPS, CpG or R848. We have purified PMN
from CD18fl/fl (n=3) mice and CD18Ly6G cKO (n=3) mice and incubated them for 24h at the indicated conditions. After 3h and 24h supernatants have been taken and
were analyzed using a CBA. Results show significantly lower levels of TNF-a in supernatants derived from CD18Ly6G cKO mice. *p<0.05, #p<0.05 when comparing
cytokine concentrations from supernatants at 3 vs 24h.
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blood derived from CD18Ly6G cKO mice contained lower
amounts of TNF-a or IL-1.

3.6.5 RNA-Sequencing Analysis
Last, we have analyzed the impact of the b2 integrin knockdown
on the transcriptome of PMN. To this end, we performed RNA-
sequencing analysis of either freshly isolated PMN from
CD18Ly6G cKO and CD18fl/fl mice or treated aliquots of
isolated PMN over-night with LPS (1µg/ml). This genome-
wide gene expression analysis confirmed that both, freshly
isolated and LPS-treated CD18-deficient PMN showed a
significant downregulation of Itgb2 and Ly6G. Referring to the
expression of other integrin genes, we could further observe a
downregulation Itgb3 and Itgb7, whereas the CD11c encoding
gene Itgax, and Itgb2l were found to be upregulated in CD18Ly6G

cKO PMN. Moreover, RNA-sequencing data revealed that
CD18-deficient PMN showed a higher expression of genes
implicated in NFkB signaling, such as CD180, Ly86, CD14,
Bach2 or the LPS antagonistic neutrophilic granule protein
Ngp (44) . On the other hand, we could observe a
downregulation of genes involved in the inhibition of oxidative
effector functions in PMN, such as S100a9 (45), and a
downregulation of genes being implicated in PMN chemotaxis
Frontiers in Immunology | www.frontiersin.org 12121
and microbicidal functions (i.e., Defb40) in CD18Ly6G cKO
PMN (Figure 9).
4 DISCUSSION

The critical role of b2 integrins for immunological functions is
confirmed by the severe immunocompromised state of LAD1
patients, which regularly results in reoccurring invasive bacterial
and fungal infections (22, 30). PMN are considered the first line
of defense to prevent the spread of inhaled pathogens in the lung
(46), and were shown to require b2-integrins for transendothelial
migration (24), phagocytosis of opsonized pathogens (21), as
well as oxidative, and non-oxidative effector mechanisms (16).
Due to the importance of b2-integrins for PMN effector
functions and the frequent observation of IPA in LAD1
patients, we aimed to investigate the cell-type specific role of
b2 integrins for PMN antifungal effector functions in the early
innate immune response to IPA.

Here, we have obtained several key findings that corroborate
previous concepts of the pathophysiological role of b2-integrins
in the context of severe infections. Our results put
these observations into a cell-type specific context and
A B

DC

FIGURE 9 | Transcriptomes and functional interaction networks of PMN-associated genes directly after isolation or upon over-night treatment with LPS. PMN were
sorted from CD18fl/fl and CD18Ly6G cKO mice (each n=3) and RNA-seq was performed from untreated PMN (A) or LPS-treated PMN (C). Expression of indicated
PMN-associated genes was analyzed using CLC Genomics Workbench. Genes being differentially regulated both in LPS-treated and freshly isolated PMN are shown
in bold (A, C). Predicted interaction networks of the encoded proteins were being visualized using the STRING package in Cytoscape. Genes shown in the
interaction networks of untreated PMN (B) or LPS-treated PMN (D) were categorized into 4 groups affecting either PMN cell-cell interactions, NFkB singaling, PMN
metabolism or PMN chemotaxis and PMN effector functions. Colored borders illustrate the degree of the up- or downregulation (log fold change) found for the genes
of PMN isolated from CD18Ly6G cKO mice as compared to PMN isolated from CD18fl/fl mice. Legend in (B, D).
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allow insights into the role of CD18 for antifungal effector
mechanisms of PMN in the course of IPA, which have not
been shown previously.

First, we could observe that the fungal clearance and the early
innate immune response in CD18Ly6G cKO mice are significantly
impaired. In particular, we found that 24 hours after infection,
lungs derived from CD18Ly6G cKO mice showed an enhanced
fungal burden and a lower bronchial inflammation as compared
to those of CD18fl/flmice. When PMN are activated upon contact
with pathogens and by various danger signals (i.e., the A.
fumigatus cell wall component ß-glucan), they contribute to
the inflammatory immune response in infected tissues by
secreting proinflammatory cytokines and chemokines (47). We
observed lower levels of innate proinflammatory mediators, such
as TNF-a, IL-1a, IL-1ß, and chemokines, like CCL2 and CCL5
in BALF derived from CD18Ly6G cKO mice, suggesting that the
knockdown of b2-integrins might have impaired the ability of
PMN to generate these inflammatory mediators. Moreover, we
observed lower expression levels of markers for PMN
degranulation (CD62L) and activation (MHCII, CD80) in
PMN derived from CD18Ly6G cKO mice, indicating that the
inflammatory signaling pathways in PMN might have also been
impaired by CD18 deficiency. In agreement, we found that A.
fumigatus infected CD18Ly6G cKO mice showed an aggravated
course of IPA.

Despite, the significant impairment of the early innate immune
response mediated by PMN, the overall survival of A. fumigatus
infected CD18Ly6G cKO mice was not significantly impaired,
suggesting that CD18 despite its pivotal immunoregulatory
function might not be critical for the long-term control of IPA
or that the residual b2-integrin expression found on PMN of
CD18Ly6G cKO mice was sufficient for PMN-mediated pathogen
clearance in some mice. Additionally, our results revealed several
mechanisms, which may serve to compensate for the impaired
effector functions of PMN in CD18Ly6G cKO mice upon infection:
Particularly, we could observe a higher level of the PMN-attracting
chemokine CXCL-1 in BALF obtained from CD18Ly6G cKO mice.
Accordingly, a significantly higher bronchial infiltration by PMN
has been found in these mice. These findings were unexpected as
b2 integrins were reported to be necessary for the firm adhesion of
PMN to vessel endothelium as a prerequisite of PMN migration
into the extravascular space (48). In this regard, it has been
suggested, that the requirement of CD18 for PMN infiltration
might depend on the type of pathogen used in CD18−/− mice (49)
and the disease specific context investigated (50). Also, it has been
suggested by Mackarel and coworkers, that PMN migration into
inflamed lungs might occur either via a CD18-dependent or
CD18-independent route, which is selected depending on
whether inflammation is acute or chronic (51). In particular,
Mizgerd and coworkers reported that intratracheal instillation
with E. coli or Ps. aeruginosa resulted in a limited pulmonary
PMN-infiltration, whereas infection with S. pneumonia yielded a
stronger PMN-infiltration in a CD18-independent manner (49).
These observations are consistent with previous reports, which
have demonstrated that CD11b−/−mice infected with either S.
pneumoniae (52) or A. fumigatus (5), showed an elevated PMN
Frontiers in Immunology | www.frontiersin.org 13122
infiltration 24 hours upon infection. However, also in these disease
models a higher pulmonary burden and a diminished cellular
inflammation have been reported. Similarly, a stronger pulmonary
infiltration by PMN has been observed in LAD1 patients suffering
from pneumonia (53), suggesting that MAC-1 might not be
essential for PMN migration. Rather b2 integrin deficiency may
be compensated by other adhesion receptors in a disease specific
manner (22). In this context, some studies have reported that LFA-
1 (CD11a/CD18) may play a dominant role for transendothelial
migration of PMN (51, 54). Our results could however not reveal
an upregulation of CD11a on PMN, but rather showed a
significant downregulation of CD11a in the context of CD18-
deficiency. This is in line with the physiological regulation of b2-
integrins on PMN. In particular, the downregulation of CD18 in
our knock-out mouse model limits the amount of intracellular
available CD18 protein and thus heterodimerization with the
corresponding alpha subunits on the cell surface is also being
restricted, resulting in lower expression levels of LFA-1 (CD11a/
CD18) and MAC-1 (CD11b/CD18) on PMN. On the other hand,
RNA-sequencing results indicated that other b2 integrin-
associated genes (such as the CD11c coding Itgax or Itgb2l) and
genes coding for chemokine receptors (i.e., Ccr7) might be
upregulated in PMN isolated from CD18Ly6G cKO mice
potentially revealing another compensatory mechanism
(Figure 9). Altogether, our results suggest that the knockdown
of b2 integrins (LFA-1, MAC-1) might not significantly impair the
pulmonary migration of PMN. However, when interpreting the
results of our analysis, it has to be taken into account that a
significant residual expression of CD18 was still being observed on
PMN, which might allow for the CD18-dependent migration of
PMN into inflamed pulmonary tissue.

Furthermore, we could demonstrate that PMN isolated from
CD18Ly6G cKO mice showed an impaired phagocytic activity
towards opsonized A. fumigatus conidia and inert particles as
compared to CD18fl/fl PMN, which is consistent with the
enhanced pulmonary fungal burden found in A. fumigatus
infected CD18Ly6G cKO mice. This finding is in agreement
with previous observations that MAC-1 is required in human
PMN to recognize ß-glucan containing structures (55), such as
A. fumigatus conidia, and thus to kill conidia by phagocytic
uptake (21, 56).

In contrast to small-sized conidia, recognition of A. fumigatus
hyphae has been largely attributed to IgG and Fcg receptors (21).
However, cross-linking of MAC-1 upon pathogen-recognition,
also results in an NADPH-oxidase-dependent oxidative burst by
PMN, which is required for an efficient fungal clearance of both
A. fumigatus conidia and hyphae (19, 21, 57–59). Oxidative burst
protects against invasive fungal infections, because it induces
apoptosis-like cell death in fungal conidia (60) and contributes to
the formation of NET (61, 62). The latter is considered a
mechanism of extracellular killing of hyphae, being too large to
be phagocytosed (63). The proposed role of MAC-1 for the
induction of ROS and the formation of NET by PMN upon
incubation with A. fumigatus conidia indicates that both
antifungal killing-mechanisms might be impaired in CD18Ly6G

cKO mice. These findings are again consistent with previous
June 2022 | Volume 13 | Article 823121

https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Haist et al. b2-Integrins Control Neutrophil Effector Functions
reports, which demonstrated that CD11b−/− mice displayed an
attenuated PMN killing activity and increased fungal burdens in
a mouse model of candidiasis, thus underpinning the pivotal role
of b2 integrins for antifungal effector mechanisms (64), such as
CR3-mediated phagocytosis, NETosis (65) and ROS-generation
(20, 66). Interestingly, Yakubenko and coworkers have more
recently observed that neutrophil oxidative burst might further
contribute to a positive feedback loop with b2 integrins by
enhancing the affinity of MAC-1 ligands to MAC-1 on
macrophages, thus stimulating their migratory activity (67).

Next to the direct cytotoxic effects exerted by PMN, some
studies reported that the engagement of MAC-1 with
extracellular pathogens also promotes proinflammatory
signaling pathways in PMN via activation of members of the
NF-kB transcription factor family, thus yielding an elevated
production of proinflammatory cytokines such as IL-1 and
TNF-a (68, 69). In agreement we observed that a knockdown
of b2 integrins impaired the secretion of TNF-a. Moreover, it has
been found that CD11b facil itates TLR-4 mediated
proinflammatory immune responses by promoting MyD88
signaling pathways (27). Hence, the impaired induction of an
inflammatory milieu in the lungs of CD18Ly6G cKO mice might
be a consequence of the attenuated PMN activation, resulting
from a reduced activity of CD18-deficient PMN to recognize and
phagocytose A. fumigatus conidia and to promote TLR-4-
induced signaling pathways.

Besides the diminished levels of proinflammatory cytokines
found in BALF obtained from CD18Ly6G cKO mice, we could
also observe lower levels of macrophage attracting chemokines
CCL2 and CCL5 therein. CCL5 is known to attract many
leukocyte populations, such as macrophages and PMN (70–
72). Early in the course of inhalative inflammation, CCL5 is
generated by various activated cell types, including airway
epithelial cells (73) or lung fibroblasts (74). Moreover, A.
fumigatus was reported to induce CCL5 in platelets (75), and
activated PMN were demonstrated to produce CCL5 when
incubated with Toxoplasma gondii (76). Therefore, it is
conceivable that a reduced level of b2 integrins on PMN might
impair their ability to generate CCL5.

CCL2, also known as monocyte chemoattractant protein
(MCP)-1 is an important regulator of monocyte and
macrophage trafficking during infection and in the presence of
inflammation (77–79). CCL2 is generated by pulmonary
epithelium (80), endothelial cells (81), fibroblasts and T cells
upon induction with inflammatory stimuli such as LPS or IFN-g
(82). Notably, also PMN contribute to CCL2 generation, which
can be induced upon TLR2-/TLR4-activation (82, 83). CCL2
mainly serves as a chemoattractant for monocytes and
macrophages (82, 84–86). Beyond its role as a monocyte
chemoattractant CCL2 has been implicated in various
molecular and cellular processes impacting myeloid cell
functions and their response to pathogens. In particular, it has
been shown that CCL2 induces b2 integrin expression on
monocytes, thus promoting their migration into inflamed
tissues (82, 87) Moreover an enhanced survival and an
augmented generation of proinflammatory cytokines by
Frontiers in Immunology | www.frontiersin.org 14123
CD11b+ cells has been demonstrated upon CCL2 treatment
(88). CCL2 treatment has further been shown to induce
respiratory burst in monocytes, thus contributing to myeloid
cell effector functions in response to pathogens (82, 89). In
agreement, increased CCL2 levels have been reported to
improve the clearance of pathogens and the survival of S.
pneumonia infected mice (90). These studies are consistent
with our observations that CD18fl/fl mice show higher levels of
CCL2, a lower fungal burden and a stronger pulmonary
infiltration with macrophages, which might exert critical
antifungal effector mechanisms in the early innate response to
A. fumigatus infection (90). Due to impaired signaling in CD18-
deficient PMN it also seems conceivable, that PMN might
generate less CCL2 and CCL5 in CD18Ly6G cKO mice.
However, as for the multiple sources of these chemokines,
further studies are required to elucidate which cell types are
responsible for the different concentrations of CCL2 and CCL5
in the lungs of A. fumigatus infected CD18Ly6G cKO mice and
which cells are most likely to be attracted in response to
these chemokines.

In addition to migration, pathogen recognition/phagocytosis,
and the regulation of cell signaling, MAC-1 has also been
implicated in myeloid cell survival. Referring particularly to
PMN apoptosis, we could observe that PMN derived from A.
fumigatus infected CD18Ly6G cKO mice showed a stronger
expression of apoptosis marker Annexin-V, suggesting that a
knockdown of b2 integrins might impair PMN survival. This is
in contrast to previous in-vitro experiments from Coxon and
coworkers, which suggested that CD11b contributes to PMN
survival, as CD11b−/− PMN isolated from the peritoneum after
injection of thioglycollate were characterized by lower apoptosis
than their wild-type counterparts (42). However, the
contribution of MAC-1 signaling to apoptosis of activated
PMN is still subject to controversial discussion. For example,
another report by Zhang et al. showed that phagocytosis of
pathogens by PMN promoted apoptosis of the latter, which was
associated with the induction of reactive oxygen species and was
enhanced by TNF-a (91). In contrast, CD11b−/− PMN were not
found to undergo phagocytosis-induced apoptosis. Similar
findings were reported for human PMN (92). On the contrary,
Yan and coworkers showed that antibody-mediated blockade of
b2 integrins on human PMN elevated apoptosis after their
activation by TNF-a or microbial stimuli (93). Since CD18Ly6G

cKO mice only showed a moderate, PMN-restricted, LAD1
phenotype with a residual b2-integrin expression on PMN it
seems conceivable that apoptosis may not have been significantly
impaired, whereas the same moderate reduction of CD18 on
PMN might yet affect other PMN effector functions, as well as
the overall course of the disease. Hence, further studies are
warranted to elucidate the exact role of MAC-1 on PMN
viability during pathogen control.

Although our study focused on the role of b2 integrins for
PMN effector mechanisms during early innate immune
responses towards inhalative infection with A. fumigatus, it is
likely that a knockdown of b2 integrins might not only impair
PMN functions but may also modulate their interaction with
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other immune cells implicated in IPA-resolution, such as DC
(94), macrophages, lymphocytes or eosinophils (95, 96). Here, a
report by Park and coworkers could show that PMN contribute
to pulmonary infiltration of CD11b+ conventional DC in IPA by
activating CD11b+ DC via DC-SIGN (94). This C-type lectin
receptor expressed by DC and macrophages mediates the
phagocytic uptake of A. fumigatus conidia (97) and engages
with PMN-bound MAC-1 upon DC-PMN interaction (98).
Hence, MAC-1 on PMN may further contribute to the
activation of infiltrating DC, which produce IL-12 and IL-23,
thus inducing Th1 immunity in IPA (99). Notably, IL-23 has also
been reported to stimulate IL-17 production in PMN, and IL-17
induced ROS production by PMN (100), contributing to the
killing of A. fumigatus conidia and hyphae. Thus, the diminished
expression of CD18 on PMN might further impair their
interaction with DC, contributing to an impaired antifungal
immune response in CD18Ly6G cKO mice. However, we could
not find significant differences neither in IL-17 nor IL-23
secretion in BALF and serum. An important limitation of our
experiments is the residual expression of b2-integrins on PMN
derived from CD18dLy6G mice which may only result in a
moderate impairment of PMN effector. On first sight, an
adoptive transfer of PMN from CD11b-/- mice into infected
WT mice after depletion of WT PMN may be suitable to give
more comprehensive insights into the PMN-specific role of b2-
integrins during invasive A. fumigatus infections and exclude
compensatory effects that might result from an intermediate
PMN phenotype. In this context it would also be interesting to
evaluate whether the addition of WT PMN into CD18Ly6G cKO
mice might reverse a severe course of the disease. However, such
adoptive transfer studies might be subject to methodological bias,
including the rather short life span of PMN in general, the
influence of b2 integrins on PMN viability and the possibility of
artificial PMN activation during adoptive transfer procedures. In
conclusion, our results demonstrate, that the PMN-specific
downregulation of CD18 allows for a distinct cell-type specific
analysis of the role of b2 integrins for PMN effector functions,
PMN signaling, survival and the role of b2 integrins as regulators
within the immune cell network (47). We could further show
that CD18 deficiency on PMN particularly affects the early
course of IPA, which might be attributed to the critical role of
MAC−1 for PMN antifungal effector mechanisms, such as
phagocytosis and ROS-generation (5). However, we cannot
rule out that the CD18-knockdown might cause additional
unrecognized effects in PMN effector functions, such as the
release of primary granules or MPO-activity contributing to
the clearance of A. fumigatus or that residual CD18 expression
might compensate some impaired effector functions. Taking into
account that previous PMN-specific knock-out models, such as
the Sykfl/- MRP8CreTg mice reported by van Ziffle and Lowell
(101), also showed a residual expression of the targeted proteins
on PMN, further work is necessary to generate knock-out models
which might allow for a complete knock-out of b2-integrins on
PMN. Also, additional studies will be necessary to elucidate the
long-term course of IPA in CD18Ly6G cKO mice with regard to
the interplay of PMN with DC, the efficacy of adaptive immune
Frontiers in Immunology | www.frontiersin.org 15124
responses and the contribution of chemokines such as CCL2
and CCL5.
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