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ABSTRACT

Neutrophils are granulocytic cells produced in the bone marrow from a granulocytic progenitor cell. During infection, the production of chemokines
and cytokines induces the recruitment of neutrophils to the infected tissue to promote the clearance of microbial pathogens. Several studies have
shown that different subpopulations of neutrophils can be identified during infection. However, no previous studies evaluated subpopulations of
neutrophils purified from the bone marrow (BM), which are typically used to study the biology of these cells based on the assumption that the
neutrophil population is homogeneous. In the present study, responses of purified BM-derived neutrophils to various stimuli such as PMA, LPS, and
Streptococcus pneumoniae were evaluated using flow cytometry and bh-SNE analyses. Further, neutrophil population heterogeneity was assessed by
clustering analyses. Our data suggest that purified BM-derived neutrophils were not a homogeneous cell population and were clustered into 12
subsets, each displaying a unique marker profile, where CD11b and CD62L emerged as pivotal markers for neutrophil function. Importantly, the
subsets responded differentially to each stimulus, suggesting a nuanced activation pattern. Changes in biomarker expression were analyzed via
Ingenuity Pathway Analysis (IPA) to unravel functional implications of the identified clusters, revealing subsets associated with different neutrophil
functions, such as “Migration of neutrophils” or “Phagocytosis in neutrophils”. This study contributes to understanding the diversity of purified BM-
derived neutrophils and the implications of using these cellular preparations to raise conclusions about the functionality of these cells in various
infection models.

1. Introduction

Neutrophils are innate granulocytic short-life cells produced in the bone marrow from a granulocytic progenitor cell [1]. They are
critical innate cells that detect and destroy pathogenic microbes and tumoral cells, also having an important pathological role during
autoimmune diseases [1]. During infection, chemokines and cytokines released locally by injured tissues recruit neutrophils from the
bone marrow and bloodstream to infected tissues [1,2]. Neutrophil recruitment to infected tissues involves the extravasation from the
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endothelium, a process that is mediated by the interaction of molecules expressed on the surface of endothelial cells with selectins
expressed in the neutrophil membrane, such as L-selectin and integrins like CD11b [1,2,3]. Following extravasation, neutrophils
recognize the pathogen microorganism and employ a vast arsenal of mechanisms to clear infecting microbes, including phagocytosis,
the release of the protein content stored in intracellular granules known as degranulation, and the release of DNA extracellular traps
(NETs) composed by chromatin embedded with histones and antimicrobial proteins, a process known as NETosis [1].

Neutrophils develop in the bone marrow and are later released to the bloodstream at different maturation states. Although classical
neutrophils are described as pro-inflammatory cells, neutrophils with other phenotypes have been widely identified and, up to date,
different neutrophil subsets have been described in mice and humans in normal and pathological conditions, being well established
that neutrophils are indeed highly heterogeneous cells [4-9]. In humans, neutrophils CD62LY™ have been related to suppressive
function because of their difficulty responding to lipopolysaccharide (LPS) and because their numbers increase in breast cancer tissues,
probably preventing inflammation [10-12]. In other studies, a subset of neutrophils that express olfatoctomedin4 (OLFM4) have been
described and associated with worse outcomes of sepsis in a context where their presence is possibly related to NET formation [13-15].
Granulocytic myeloid-derived suppressor cells (G-MDSC) are immunosuppressive cells that have been considered another neutrophil
subpopulation since they are morphologically identical and present the same surface markers as classical neutrophils. However, these
cells can express different molecules, such as arginase-1, inducible nitric oxide synthetase (iNOS), and IL-10, that inhibit the action of
other immune cells [16,17]. Phenotypically, neutrophil heterogeneity has also been defined by unique transcriptomic profiles char-
acteristic of different stages of neutrophil development [18,19] which is consistent with neutrophil heterogeneity at a functional level.

In vitro and in vivo studies have contributed to the understanding and dissection of interactions between neutrophils and microbes
during health and disease and the mechanisms used by neutrophils involved in host defense during infections. However, due to the lack
of immortalized cell lines that fully recapitulate neutrophil biology and physiology, in vitro studies of neutrophil biology involve
isolating primary cells from the bloodstream in humans and the bone marrow or the peritoneal cavity of mice. The use of mouse bone
marrow-isolated neutrophils is a gold standard methodology to study neutrophil biology in vitro due to the possibility of isolating fully
mature neutrophils that have not undergone activation processes [20-22]. Neutrophil isolation from bone marrow progenitors
through biotinylated antibody-mediated separation (negative selection) usually renders a purity between 95 and 98 % [23] and results
in a population of cells characterized by high expression levels of the neutrophil-specific surface markers CD11b and Ly6G [23-25],
which in theory constitutes a homogeneous population of mature classical neutrophils.

In the present study, we studied the heterogeneity of BM-neutrophils isolated through biotinylated antibody separation and their
response after being stimulated with phosphate-buffered saline (PBS), phorbol 12-Myristate 13-Acetate-dependent (PMA), bacterial
lipopolysaccharide (LPS), and Streptococcus pneumoniae D39 strain (Spn). After stimulation, the expression patterns of CD11b, Ly6G,
CD44, CD64, CD62L, and CD16/32 were evaluated by flow cytometry and Barnes-Hut-Stochastic Neighbor Embedding (bh-SNE), in
addition to unbiased EM algorithm for the Gaussian mixtures (EMGM) cluster analyses. These analyses show that bone marrow isolated
neutrophils are also phenotypically heterogeneous cells that differentially respond against specific stimuli.

2. Materials and methods
2.1. Ethics statement

Mouse handling and experimental protocols were approved by the Scientific Ethics Committee (Animal and Environment Care and
Research Biosafety) of the Pontificia Universidad Catdlica de Chile (identification number 210820005).

2.2. Primary bone marrow neutrophil isolation

Bone marrow was harvested from femurs of 6-8 weeks old male C57BL/6 mice. Then, cells were centrifuged at 1500 rpm for 10 min
and resuspended in ACK buffer for 5 min to eliminate red blood cells. Finally, cells were resuspended in 500 L of PBS containing 0.5 %
bovine serum albumin (BSA) and 2 mM EDTA. Neutrophils were isolated using a Neutrophil isolation kit, mouse (Miltenyi Biotech),
and LS-column (Miltenyi Biotech) according to the manufacturer’s instructions.

2.3. Bacterial growth and dose preparation

Streptococcus pneumoniae strain D39 (Culture collections, UK Health Security Agency) was grown in Todd Hewitt broth (Sigma)
supplemented with 0.5 % yeast extract (Sigma) at 37 °C, 5 % CO4 without agitation until ODggg 0.5, and frozen at —80 °C in the same
medium with 10 % glycerol until the day of the experiment. Next, bacteria were thawed and diluted to reach the desired concentration.

2.4. Neutrophil stimulation

Isolated neutrophils were resuspended in HBSS medium (Gibco ref. 14025-076) with 0.1 % of fish gelatin (Sigma) at a concen-
tration of 2.5 x 10° cells/mL. Then, 2.5 x 10° cells were treated with vehicle (PBS), 100 nM of phorbol 12-myristate 13-acetate (PMA)
(Sigma), 100 ng/mL of LPS from Escherichia coli (Sigma), and Streptococcus pneumoniae strain D39 (Spn, Multiplicity of Infection MOI
=1)for 1 hin 2 mL tubes at 37 °C with 5 % CO; in rotation. After 1 h, cells were centrifuged (1400 rpm at 4 °C), resuspended in PBS,
and stained for flow cytometry.
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Fig. 1. Bone marrow isolated neutrophils change the expression of membrane markers in response to activation stimulus. 2.5 x 10° cells
were treated with vehicle (PBS 1X), PMA 100 nM, LPS from Escherichia coli 100 ng/mL and Streptococcus pneumoniae strain D39 (MOI = 1) for 1 h.
(A) Gating strategy of purified neutrophils. (B) bh-SNE distribution of gated neutrophils after PBS treatment. (C) Clustering analysis of total data
obtained from bh-SNE. (D) Frequency of neutrophil clusters. (E-J) Relative expression of MFI (Geometric mean) and histograms of CD11b, Ly6G,
CD62L, CD44, CD16/32, and CD64 in neutrophils after PBS, PMA, LPS and Spn treatment. One-way ANOVA followed by Sidak’s post-test was
performed to analyze the data of 3 independent experiments with 3 replicates each.
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2.5. Raw 264.7 cells treatment

Raw 264.7 cells were seeded in a 24-well plate at a concentration of 2.5 x 10° cell/mL. Then, cells were treated with vehicle (PBS),
100 ng/mL, or 1000 ng/mL of LPS from Escherichia coli (Sigma) for 1 h or 24 h. Supernatants were recovered, and interleukin-6 (IL-6)
was measured using an ELISA kit (BD Biosciences ref. 555240) according to manufacturer instructions. ELISA plates were read in an
800 TS microplate reader (Biotek) at 540 nm.
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Fig. 2. Clustering analysis of MFI shows high heterogeneity in purified neutrophils with and without stimulus. Barnes-hut distributed
stochastic neighbor embedding (bh-SNE) was performed in the gated neutrophil population, followed by clustering analysis. (A) bh-SNE distribution
of gated neutrophils according to treatment. (B) Clustering analysis of total data obtained from bh-SNE. (C) Frequency of neutrophil clusters. (D-E)
PCA plot and heatmap of clusters 5, 6, 7, 8, 9, and 12 were done according to the data of normalized MFI from PBS-treated neutrophils in Qlucore
Omics Explorer software.
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2.6. Flow cytometry analyses

Neutrophils were resuspended in PBS with viability dye BV510 1:1000 (BD Biosciences) for 30 min at 4 °C, then cells were washed 3
times with PBS and resuspended in staining buffer (PBS 2 mM EDTA 0.5 % BSA) with anti-CD11b APC-Cy7 (BD Biosciences, clone: M1/
70) (1:1000), anti-Ly6G AF700 (BioLegend, clone: 1A8) (1:1000), anti-CD62L PE (BD Biosciences, clone: MEL-14) (1:1000), anti-
CD16/32 PerCP cy5.5 (1:1000), anti-CD64 AF647 (1: 1000) and anti-CD44 BV605 (BD biosciences clone IM7) (1:1000) for 30 min
at 4 °C. Then, cells were washed 3 times with PBS and fixed in PFA 2 % for 15 min at 4 °C. Finally, cells were washed 3 times with PBS
and resuspended in 150 pL of PBS. Data was acquired in an LSRFortessa X2-0 cytometer (BD Biosciences) and analyzed using FlowJo
v10.0.7 software (BD Biosciences). CD11b"Ly6G™ cells were considered as neutrophils.

2.7. Barnes-hut distributed stochastic neighbor embedding (bh-SNE) analyses

Gated neutrophil data acquired in Flowjo were exported as CSV files. Obtained CSV files were used to create new FSC files to
generate Barnes-hut distributed stochastic neighbor embedding (bh-SNE) analyses in Cyt (SightOf) version 2.0 [26] run in MatLab
R2022b. For bh-SNE analyses, samples were subsampled to 2000 events, and bh-SNE analyses were completed considering FSC-A,
SSC-A, CD11b, Ly6G, CD62L, CD16/32, CD64 and CD44. Clustering analyses (12 clusters) were completed in Cyt using the EMGM
algorithm. Samples were concatenated by stimulus and exported to a new FSC file to be individually analyzed in Flowjo (10.9.0).

2.8. Prediction of neutrophil functions

The list of biomarkers (CD11b, CD62L, Ly6G, CD44, CD16, CD32, and CD64) and the log2ratio values calculated from their changes
in expression between clusters of PBS-treated neutrophils and stimulated neutrophils were exported to IPA bioinformatic software
(QIAGEN) to build networks where each node is a biomarker. The relationships are represented as arrows and edges. Networks were
grown based on publications associated with “neutrophil functions”, where predictions for the activity of these functions were per-
formed according to the data showed in Principal Components Analysis (PCA) and heatmap (Fig. 2D and E), where PCA plot showed a
high relevance of CD62L and CD11b. For the prediction, clusters 9 and 12 were grouped as they exhibit similar CD62L and CD11b
patterns, as indicated by the heatmap. The same grouping approach was applied to clusters 5, 6, 7, and 8.

2.9. Statistical analyses

One-way ANOVA followed by Sidak’s post-test was performed to compare the normalized MFI of markers. Two-way ANOVA
followed by Dunnett’s post-test was conducted to compare the frequency of clusters per treatment and the normalized MFI of markers
in the clusters per treatment. All comparisons were performed in GRAPHPAD PRISM V10.0.2 software for Macintosh. PCA plot and
marker expression heatmap per cluster were created using Normalized MFI data from bh-SNE in Qlucore Omics Explorer software
version 3.9.11.

3. Results and discussion

Murine BM-neutrophils were isolated through magnetic negative selection, reaching an average viability of 97.2 % percent and an
average purity of 98.4 % (Fig. 1A, Supplementary Fig. 1), and the expression of CD11b, Ly6G, CD62L, CD16/32, CD64 and CD44 was
measured by flow cytometry. Through bh-SNE analysis, we evaluated the distribution of BM-neutrophils treated with PBS depending
upon the expression of membrane markers (Fig. 1B), where our data shows that these neutrophils belong to a highly heterogeneous
population even when cells were purified from BM by magnetic beads. To further characterize them, clustering analyses were per-
formed using the EMGM algorithm, where cells were grouped in 12 clusters (Fig. 1C) with a cell frequency specific for each cluster
(Fig. 1D). This frequency pattern is probably related to neutrophil functionality in vivo and could change in response to stimulus, as
seen in other studies [27].

Then, we evaluated the surface expression of membrane markers in purified neutrophils stimulated for 1 h with PMA (100 nM), LPS
(100 ng/mL), and Spn (MOI = 1). First, we evaluated the surface expression of CD11b, which is a beta-integrin constitutively expressed
in the surface of neutrophils that are involved in cell migration and endothelium adhesion and overexpressed in the surface of neu-
trophils following degranulation of tertiary granules [3]. As expected, PMA and Spn stimulation increased CD11b expression in iso-
lated neutrophils, but no changes in surface CD11b expression were observed in response to LPS (Fig. 1E). We also evaluated Ly6G, a
surface protein related to maturity or neutrophil migration [28]. We observed that Ly6G levels increased following stimulation with
PMA but not in response to infection with Spn or LPS (Fig. 1F). In the case of CD62L (also known as L-selectin), a glycoprotein related to
the attachment of neutrophils to epithelial cells [29], our data shows that its expression decreased in response to PMA and Spn
(Fig. 1G). Interestingly, some studies have suggested that activated neutrophils shed CD62L, probably to reduce their aggregation in
affected tissues [29,30]. In contrast, CD44, another glycoprotein related to the attachment of neutrophils to epithelial [31] decreased
its expression only after PMA stimulation (Fig. 1H). We also evaluated CD64 and CD16/32, also known as Fc-gamma receptors I and
I1/111, respectively, because these receptors can elicit neutrophil recruitment and mediate the phagocytosis of opsonized microbes [32].
In our analyses, CD16/32 expression significantly decreased in response to PMA and Spn (Fig. 1I), while CD64 expression decreased
exclusively after PMA stimulation (Fig. 1J). Previous studies showed that in vitro activation of human neutrophils with cryoglobulin
complexes increased the expression of Fc-gamma receptor I on the surface, and at the same time, it decreased the surface expression of
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Fc-gamma receptors II and III [33]. On the other hand, other studies showed that CD64 expression in neutrophils is used as an infection
biomarker in peripheral blood and other biological fluids [34,35]. These responses are probably due to tissue-specific expression on the
neutrophil membrane, but more studies are required to evaluate this hypothesis. Interestingly, our data shows that LPS did not affect
the expression of each marker analyzed in BM-neutrophils. Therefore, we speculated that our experimental setting (100 ng/mLand 1 h
of treatment) may not be enough to induce detectable changes in the expression of the analyzed markers. To evaluate this hypothesis,
we treated Raw 264.7 cells, a murine macrophage cell line, with PBS, LPS 100 ng/mL, and 1000 ng/mL for 1 and 24 h, and we
evaluated the levels of IL-6 in the supernatant by ELISA. Our data shows that after 1 h of treatment with LPS, the levels of IL-6 were
similar to those of the PBS-treated cells, but these levels increased significantly after 24 h of treatment (Supplementary Fig. 1C). This
data suggests that 1 h of treatment with LPS (100 ng/mL) is insufficient to induce robust myeloid cell activation in vitro.
Clustering analyses were performed using the EMGM algorithm to characterize the heterogeneous response of neutrophils against
different stimuli. Stimulated BM-Neutrophils were grouped in 12 clusters (Fig. 2A and B). While BM-neutrophil distribution in LPS-
stimulated cells was highly similar to PBS-treated neutrophils, significant differences in neutrophil distribution were observed in
PMA- and Spn-stimulated BM-neutrophils (Fig. 2A). Frequency analyses, used to characterize the specific response of BM-neutrophils
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against PMA and Spn, showed that clusters 5 and 7 significantly increased their frequency in response to Spn. In contrast, clusters 6 and
8 increased their frequencies only after PMA stimulation (Fig. 2C). Additionally, whereas the frequency of cluster 9 decreased
following stimulation with Spn (Fig. 2C), cluster 12 showed a reduction in frequency following stimulation with both PMA and Spn
(Fig. 2Q).

A PCA plot was applied to neutrophil clusters that significantly changed their frequency after treatment with each stimulus (5, 6, 7,
8, 9, and 12). As expected, neutrophils from the same cluster grouped, indicating equivalent expression marker dynamics. Moreover,
the PCA analysis showed that 3 components explain the 91 % of the variation in the plot, which are CD62L (36 %), CD64 (31 %), and
CD11b (24 %), while the rest of the variation is explained by CD16/32 (6 %), Ly6G (2 %) and CD44 (1 %) (Fig. 2D). Therefore, CD62L,
CD64, and CD11b are mainly responsible for the differences between these clusters, but more importantly, these markers might be
related to specific functions within the identified clusters. Similarly, a heatmap followed by a hierarchical order was performed to
visualize and compare the patterns of marker expression in the evaluated clusters (Fig. 2E). Interestingly, CD62L and CD11b expression
patterns can be detected in two clusters. CD62L is increased in clusters 9 and 12 but decreased in clusters 5 to 8, and the opposite occurs
once comparing CD11b (Fig. 2E). In addition, clusters did not alter marker expression in response to the stimulus, except for an
increased CD11b expression in clusters 5, 8, 9, and 12 upon exposure to Spn (Supplementary Figs. 2A-B). This data suggests that each
cluster of neutrophils may differentially respond to a specific stimulus, where a specific stimulus (here, Spn or PMA) promotes the
enrichment of a specific cluster. Given the neutrophil frequency and the expression patterns of the analyzed markers, we hypothesize
that clusters 5, 6, 7, 8, 9, and 12 represent active neutrophil subsets among total BM-neutrophils accomplishing specific functions, and
their proportions may undergo differential changes in response to Spn or PMA. Clusters 1, 2, 3, 4, 10, and 11 did not change their
frequency with any stimulus, and it is unknown whether the unresponsive clusters have different undetected phenotypes during
infection like anti-inflammatory or suppressive phenotypes described in other studies [24] or if they are activated in response to other
pathogens or stimuli.

To characterize the potential function of identified clusters, we conducted a comprehensive pathway and network analysis to
explore biological functions associated with the expression of analyzed surface neutrophil markers, employing the IPA software. IPA
facilitates the visualization of experimental data, its connections to other pertinent molecules and biological functions, and the pre-
dictive activity of those derived from the original data measurements. The biomarkers measured through flow cytometry were
seamlessly integrated into IPA, leading to the development of a network comprising neutrophil functions. As we found that patterns of
CD11b (represented as ITGAM) and CD62L (Represented as SELL) can be responsible for clustering significance (Fig. 2D and E), we
used these membrane markers as nucleation points for the classification of neutrophil functions (Fig. 3A and B). As shown in Fig. 1,
neutrophils stimulated with PMA or Spn show high expression of CD11b and low expression of CD62L that is predicted to be related to
an inflammatory phenotype with an increase of several functions including “Quantity of neutrophils”, “Phagocytosis in neutrophils” or
“Migration of neutrophils” (Fig. 3A), where these functions could be associated with a pro-inflammatory phenotype. On the other
hand, a hypothetical low expression of CD11b and high expression of CD62L is not related to an inflammatory response but with
potential mobilization from the bloodstream to infected tissues, as “cell movement of neutrophils”, “chemotaxis in neutrophils”,
“extravasation in neutrophils” and “cell rolling in neutrophils” pathways are increased (Fig. 3B). Ly6G (represented as Ly6a (including
others) is not predicted to have a significant role in neutrophil function, possibly due to the unknown function of this protein in
neutrophil response [28]. Also, expression of CD44, CD16/32 (FCGR2A & FCGR2B, respectively), and CD64 (FCGR1A) seem to be
involved in specific effects of neutrophil functions such as “aggregation of neutrophils”, “binding of leukocytes”, and “accumulation of
neutrophils”, which could be related to the fine regulation of these cells depending on the biological context [27,36].

Differential expression of Ly6G and CD62L have been found in mature and immature neutrophils in mice and humans respectively.
Both markers are highly expressed in mature neutrophils in circulation, but less expressed in early released neutrophils during in-
flammatory processes [28,37,38]. In our dataset, we observed differential expression of CD62L among different clusters, these findings
suggest a potential correlation between the described clusters and the maturity state of the neutrophils within each cluster. In other
studies, a subpopulation of neutrophils has been described, where immature and mature groups of neutrophils are in circulation. The
proportion of both populations changes during an inflammatory stimulus in a similar way as has been described here [27]. Therefore,
an increase or decrease in the proportion of clusters could occur during an inflammatory process depending on the physiological
conditions and requirements to increase the availability of mature and immature neutrophils.

Our data show the existence of high phenotypic and possibly functional heterogeneity in purified BM-neutrophils that differentially
respond to stimuli. Even though neutrophils were initially thought to be phenotypically and functionally homogeneous cells, in the last
two decades, several data have consistently shown that these cells are heterogeneous from phenotypic and functional standpoints [19,
24,27,39-41]. In the specific context of infectious diseases, previous work from our lab has shown that different phenotypic subsets of
neutrophils are found in the lungs of mice during acute pulmonary infection caused by Spn [24,39]. These cells were shown to have
differences in size, granularity, activation potential, and IL-10 production in vivo. Moreover, differential subsets of neutrophils have
been found in other diseases, including COVID-19, where suppressive neutrophils have been identified and associated with lym-
phopenia and severe disease [42]. This study analyzes the heterogeneity of a highly purified population of cells obtained through a
routinary technique such as magnetic/antibody-mediated negative selection. It is also likely that precursor cells of neutrophils from
bone marrow are absent in the analysis. Here, we are adding further data to demonstrate that even purified BM-derived neutrophils are
highly heterogeneous cells, and this information should be taken into account when raising conclusions on pathological models studied
in vitro.
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4. Conclusion

Human and mouse neutrophils are heterogeneous cells with highly diverse phenotypes and functions [19]. Due to the difficulties in
studying neutrophil biology in vitro, studies focused on identifying neutrophil subsets during inflammatory conditions in mice have
been done mostly in vivo [39,40,43]. Our data shows that murine BM-neutrophils isolated by a common technique, such as
magnetic/antibody-mediated negative selection, are not a homogeneous population but highly heterogeneous. More importantly, in
the present report, we show that neutrophil subsets differentially change their proportions in response to specific stimuli. Future
approaches designed to complement multiparametric flow cytometry data with high-throughput technologies, such as single-cell
transcriptomics and others, constitute new opportunities to study whether the heterogeneity of neutrophils observed after magnetic
negative selection in the bone marrow replicates in different tissues during infection, as well as other inflammatory disorders such as
autoimmunity and cancer.
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