1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Cytokine. Author manuscript; available in PMC 2023 July 10.

-, HHS Public Access
«

Published in final edited form as:
Cytokine. 2023 April ; 164: 156159. doi:10.1016/j.cyt0.2023.156159.

IL-4, IL-13 and IFN-y -induced genes in highly purified human
neutrophils

Laura Kummola?, Tanja SalomaaP®, Zsuzsanna Ortutayd, Ram Savan€, Howard A. Youngf,
llkka S. Junttilab.c.g.n*

aBiodiversity Interventions for Well-being, Faculty of Medicine and Health Technology, Tampere
University, 33014 Tampere, Finland

bCytokine Biology Research Group, Faculty of Medicine and Health Technology, Tampere
University, 33014 Tampere, Finland

¢Fimlab Laboratories, 33520 Tampere, Finland
dHiDucator Oy, 36200 Kangasala, Finland

eDepartment of Immunology, School of Medicine, University of Washington, 98195 Seattle, WA,
USA

fCenter for Cancer Research, National Cancer Institute, 21702 Frederick, MD, USA
9Northern Finland Laboratory Centre (NordLab), 90220 Oulu, Finland

hResearch Unit of Biomedicine, University of Oulu, 90570 Oulu, Finland

Abstract

Interleukin (IL)-4 and IL-13 are related cytokines with well-known specific roles in type 2
immune response. However, their effects on neutrophils are not completely understood. For

this, we studied human primary neutrophil responses to IL-4 and 1L-13. Neutrophils are dose-
dependently responsive to both IL-4 and IL-13 as indicated by signal transducer and activator of
transcription 6 (STAT6) phosphorylation upon stimulation, with 1L-4 being more potent inducer
of STAT6. IL-4-, IL-13- and Interferon (IFN)-y-stimulated gene expression in highly purified
human neutrophils induced both overlapping and unique gene expression in highly purified human
neutrophils. IL-4 and 1L-13 specifically regulate several immune-related genes, including I1L-10,
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tumor necrosis factor (TNF) and leukemia inhibitory factor (LIF), while typel immune response-
related IFN-y induced gene expression related for example, to intracellular infections. In analysis
of neutrophil metabolic responses, oxygen independent glycolysis was specifically regulated by
IL-4, but not by 1L-13 or IFN-v, suggesting specific role for type I IL-4 receptor in this process.
Our results provide a comprehensive analysis of 1L-4, IL-13 and IFN-y -induced gene expression
in neutrophils while also addressing cytokine-mediated metabolic changes in neutrophils.
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1. Introduction

Neutrophilic granulocytes, neutrophils, are the most abundant type of circulating white
blood cells in humans. These polymorphonuclear phagocytes form a critical part of

body’s first-line defense against invading pathogens; they are rapidly recruited to the site
of microbial invasion, where they utilize their diverse toolbox of defense mechanisms

to eradicate the intruder [1]. In addition to phagocytosis, these defensive mechanisms
include the release of antimicrobial agents by degranulation, production of reactive oxygen
species and formation of neutrophil extracellular traps (NETS) [2]. Neutrophils also secrete
cytokines and chemokines that attract other immune cells, resulting in the amplification of
the immune response [3-5].

Thus, neutrophils are a multifunctional cell population equipped with the ability to
phagocytose invading microbes and modulate immune responses [6]. For example,
neutrophils can secrete IL-10 [7,8], and they express or release immunomodulatory
molecules, such as programmed death ligand 1 (PD-L1) [9-11] and Arginase 1 [12,13].
Neutrophils can also modify dendritic cell functions [14,15]. In the context of cancer, they
have both anti- and pro-tumorigenic functions [16,17].

The role of neutrophils in type 2 immune response is intriguing. They seem to be absent

in some settings of atopic disorders, such as atopic dermatitis [18] while their presence

has also been associated with inflammation severity [19,20] and late phase reactions [21].
During the early phase of helminth infection, neutrophils take part in the containment of
the parasite in murine models [22—-24] and they have been shown to promote alternatively
activated macrophage polarization during nematode infection [25]. An influx of neutrophils
is seen during allergenic challenges in asthma and virus-induced asthma exacerbations [26].

Closely related IL-4 and IL-13 cytokines induce key events of type 2 inflammation such

as differentiation of T helper 2 cells (Th2), immunoglobulin E production by B cells,
macrophage polarization, eosinophil recruitment and mucus production by goblet cells
[27,28]. IL-4 signals through IL-4Ra., a receptor subunit able to complex with the common
gamma chain (yc) (type | IL-4R) or with IL-13Ral (type Il IL-4R) while IL-13 signals
only through type Il IL-4R. This complexity is important to keep in mind when evaluating
the roles of IL-4 and IL-13 in mouse models lacking IL-4, IL-4Ra, I1L-13 or IL-13Ral
expression [29].

Cytokine. Author manuscript; available in PMC 2023 July 10.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kummola et al.

Page 3

Our approach to understand the complex role of neutrophils in type 2 immune response
was to directly assess cellular responses to IL-4 and IL-13. To this end, we stimulated
primary human neutrophils with IL-4 and 1L-13 and measured STAT6 phosphorylation. We
used RNA sequencing to determine how the cytokine stimulus affects gene expression. We
also examined whether the cytokines have an effect on neutrophil glycolysis and oxygen
consumption.

2. Materials and methods

2.1. Neutrophil isolation and cell culture

Human neutrophils were purified from the peripheral blood of healthy donors with no
known allergies, under the ethical permit of Pirkanmaa Hospital District Ethics Committee
(permit number R12002). Blood was collected into Na-citrate vacuum tubes (BD, Franklin
Lakes, NJ, US) and erythrocyte sedimentation was performed using 3 % dextran in 0.9 %
NaCl for 30 min. The resulting plasma was centrifuged, and the pellet was resuspended

into HBSS without calcium or magnesium (Lonza, Basel, Switzerland). Cell suspension was
layered over Histopaque®-1077 (Sigma-Aldrich, Saint Louis, MO, US) and neutrophils were
separated from mononuclear cells with gradient centrifugation. A 30-second hypotonic lysis
of remaining red blood cells was done with 0,2 % and 1,6 % NaCl solutions twice. For
RNA sequencing, neutrophils were isolated using a discontinuous Percoll-gradient method
as described previously [30], followed by sorting (see section 2.2 Flow Cytometry). The
Percoll method might result in less priming of the neutrophils [30] (and thus was selected
for the RNASeq), but in our hands was more inconsistent in terms of neutrophil yield,

so for other assays we chose the Histopagque-method. After the isolation, neutrophils were
resuspended to a concentration of 1-4x10° cells/ml into RPMI 1640 with 10 % FBS,
L-glutamine and penicillin/streptomycin (all Lonza) and stimulated with 50 or 100 ng/ml
IL-4, IL-13 or IFN-y (Peprotech, Cranbury, NJ, US) at 37°C for subsequent analyses. The
stimulation time depended on the assay to be performed (see sections below).

2.2. Flow cytometry

Phospho-STAT analysis was performed on freshly drawn venous blood from self-reportedly
healthy, non-allergic donors (n = 6). Briefly, whole blood was surface stained for CD16 and
CD11b and simultaneously stimulated with IL-4 or IL-13 (100, 10, 1, 0.1 and 0.01 ng/ml)
or IFN-y (100 ng/ml) for 15 min at 37°C. Red blood cells were lysed with BD Phosflow™
Lyse/Fix Buffer, permeabilized with —20°C 90 % methanol in PBS and incubated overnight
at —20°C. After this, the cells were stained with anti-pSTAT6 or anti-pSTAT1. The samples
were analyzed with FACSCanto Il (BD). FlowJo software (Tree Star, Ashland, OR, US) was
used for further data analysis.

For RNASeq, isolated neutrophils (n = 4) (see Neutrophil Isolation and Cell Culture and
RNASeq) were sorted with BD FACSAria Fusion to remove contaminating cells. To avoid
neutrophil activation, an antibody-free, no-stain protocol was used [31]. Neutrophils were
identified based on forward and side scatter characteristics and low autofluorescence on a
525/50 nm bandpass filter of the 405 nm laser line.
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Surface staining of neutrophils was performed to determine the expression of PD-L1 and
PD-L2 in neutrophil subsets and to assess neutrophil purity after sorting.

Antibody and panel details are listed in Supplementary Table 1.

2.3. RNASeq

For mRNA sequencing, the RNA from neutrophils were extracted using RNeasy Mini

Kit and RNase-Free DNase Set (Qiagen, Hilden, Germany). The preparation of the RNA
libraries and sequencing was carried out in the Finnish Functional Genomics Centre (Turku,
Finland). The RNA libraries were prepared according to the Illumina Stranded mRNA
Preparation kit (San Diego, CA, US) protocol 1,000,000,124,518 using Human Brain Total
RNA AM7962 (ThermoFisher Scientific, Waltham, MA, US) as a positive control. The
quality of the RNA and later RNA libraries were ensured using Agilent Advanced Analytical
Fragment Analyzer (Santa Clara, CA, US) and sample concentration was measured with
Qubit® Fluorometric Quantitation (Life Technologies, Carlsbad, CA, US). Sequencing was
performed using lllumina NovoSeq 6000 S4 V1.5 and 2 x 100 bp read lengths.

The quality of the sequenced reads was assessed using FastQ (v.0.11.8) [32] and MultiQC
(v.1.10) [33] software with default parameters. Reads were aligned to the human genome
(hg38) with Rsubread (v.2.0.0) aligner [34]. Statistical analysis of differential gene
expression was assessed by DESeq?2 algorithms [35], available at [36]. Data was analyzed in
pairs, comparing read counts of cytokine stimulated cells to their unstimulated counterparts.
We considered genes as differentially expressed when the Benjamini-Hochberg adjusted
p-value was<0.05.

For gene set enrichment analyses, genes were ordered based on fold change values (log2FC)
and gene set enrichment was analyzed using EnrichR [37,38].

Signaling pathway impact analysis was implemented according to Tarca et. al. [39] using the
SPIA R package 2.48.0, available at [40].

Clustered heatmap was generated from shrinked gene expression values [41] by using the
pheatmap package (v.1.0.12.), available at [42], in the R software.

2.4. Glycolytic rate assay

To study cytokine impact on neutrophil glycolysis and oxygen consumption, real-time
extracellular acidification rate (ECAR) and oxygen consumption rate (OCR) were measured
using Glycolytic rate assay kit with XFe24 Seahorse Analyzer (Agilent). After stimulation
with 1L-4, IL-13, IFN-y (50 ng/ml for 1 h) or medium only, human peripheral neutrophils
from healthy donors (n = 6) were washed twice with RPMI 1640 with supplements and
resuspended into prewarmed Seahorse XF DMEM medium containing 2 mM glutamine,
10 mM glucose and 1 M pyruvate (Agilent). 50 pl of 50 pg/ml Poly-D-lysine (Life
Technologies) in PBS was used for coating 24 microplate wells. The plate was incubated
for 1 h at RT and then washed twice with sterile H,O and let dry completely. 1 x 106
neutrophils in 100 ul of Seahorse assay medium were added to each well and the plate
was centrifuged at 200g (zero brake) for 1 min to attach the neutrophils on the bottom.

Cytokine. Author manuscript; available in PMC 2023 July 10.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kummola et al. Page 5

The plate was incubated at 37 °C in a non-CO, incubator for 25 min. 400 pl of assay
medium was gently added to each well and incubated for 30 min to settle the conditions

and CO, levels prior to the analysis. For the analysis, the Seahorse cartridge was loaded

with rotenone A and antimycin (Rot A/A) at 10x the final concentration of 0,5 M in

port A and 2-deoxy-D-glucose (2-DG) at 10x final concentration of 50 mM in port B. Six
independent experiments were performed with 3—4 independent replicates per group. Results
were analyzed using Wave version 2.6 (Agilent).

2.5. Statistical analysis

All data were analyzed with Prism 9 software (GraphPad software, La Jolla California,
USA). All data were considered statistically significant for P values<0.05. Statistical tests
are indicated in figure legends.

3. Results

3.1. IL-4 and IL-13 induce pSTAT6 in human neutrophils

Whole blood from healthy volunteers (n = 6) was stimulated with IL-4 and IL-13 or

left unstimulated for 15 min and the phosphorylation of tyrosine (Y) 641 of STAT6

in CD11bN9hCD16M9N cells was measured by flow cytometry (Fig. 1A). We ran a
titration series of rising concentration of IL-4 and I1L-13 and additionally confirmed the
phosphorylation of Y701 STAT1 in response to IFN-y. (Fig. 1B-D). A clear induction

of pSTAT6 was seen with a concentration as low as 0.01 ng/ml of IL-4 (p = 0.007) and

a maximum response was reached with a concentration of 1 ng/ml of IL-4 (p = 0.001).
Neutrophils were able to respond to I1L-4 with a concentration ten times less than the
minimum responsive dose for IL-13; p-values for different stimulations are provided in
Supplementary Table 1. In line with this, the half maximal effective concentration value
(ECsp) for IL-4 was 0.041 ng/ml and for 1L-13 0.435 ng/ml (p < 0.0001). We also enriched
neutrophils from the blood, bone marrow and spleen of transgenic /L-22R1 mice that
develop spontaneous neutrophilia [43] and subjected the cells to stimulation with IL-4 and
IL-13 for 15 min. Flow cytometric analysis of Gr-1 + neutrophils showed a statistically
significant induction of pSTAT6 with IL-4 in the bone marrow and spleen (Supplementary
Fig. 1A).

3.2. IL-4-,IL-13- and IFN-y regulated gene expression in human neutrophils

Next, we identified target genes of IL-4 and 1L-13 in human neutrophils. We performed an
RNA sequencing analysis of neutrophils isolated from four healthy donors. To minimize
the contamination of neutrophils with eosinophils or monocytes, the cells were first
enriched with discontinuous Percoll gradient and subsequently sorted with flow cytometry
(Supplementary Fig. 1B—C). The purified cells were subsequently stimulated with 100 ng/ml
of IL-4, IL-13 or IFN-y for 1 h and the RNA was extracted and subjected to RNASeq
analysis. Differentially expressed genes were assessed using DESeq?2 [35]. Fig. 2A presents
a Venn diagram of the number of I1L-4, IL-13 and IFN-vy induced transcripts and Fig.

2B shows the principal component analysis (PCA) of the genes. We identified 330, 318

and 261 up- or downregulated genes for IL-4, IL-13 and IFN-y, respectively, with an
adjusted p-value under 0.05. Principal component analysis confirms that IL-4 and IL-13
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stimulations lead to highly similar changes in gene expression while treating neutrophils
with IFN-y results changes in the expression patterns of a different set of genes. While the
major discriminatory factor is the cytokine stimulus, the gene expression pattern is affected
almost equally by the biological/genetical background of the donors. For IL-4 and IL-13
stimulations, most genes were overlapping. Volcano plots provided in Fig. 2C visualize

the differential gene expression by different stimulations. Certain immune-related genes are
highlighted.

Both 1L4 and IL-13 downregulate L/Fand TNFwhereas genes coding for CD200R1,
pentraxin 3 (P7.X3), annexin Al (AnxAI), histamine H4 receptor (HRH4), IL-10, PD-L 1
(CD274) and PD-L2(PDCDI1LGZ, CD273) were up-regulated. IFN-y induces specific set
of genes, many of which are logically related to intracellular infections. General comparison
of ten Gene Ontology biological processes with the smallest adjusted p-values regulated

by IL-4, IL-13 or IFN-+y are shown in Fig. 2D. IL-4 and IL-13 regulated genes seem to

be connected to mostly the same biological processes, including regulation of cytokine
production and regulation of MHCII biosynthetic process and cellular responses to oxygen
and lipopolysaccharide. Processes connected to IFN-y stimulation, on the other hand, seem
to be related to innate responses and viral infections. The analysis was done using Enrichr
data analysis tool [37,38]. To gain insight into the biological relevance of the changes

in gene expression following cytokine stimuli, we aimed to identify affected signaling
pathways. We employed the signaling pathway impact analysis (SPIA), which combines
the classical over-representation analysis of differentially expressed (DE) genes of a Kyoto
Encyclopedia of Genes and Genomes (KEGG) pathway with the perturbation of signal
transduction caused by these genes on the given pathway under the experimental condition
[39]. SPIA takes into consideration the probability of obtaining at least as much DE genes
on the given pathway as is observed in the experimental setup (PNDE) and at the same
time, the probability of a signaling perturbation of a gene (PPERT), meaning its average
expression difference between two conditions and the influence of up-stream genes on it.
Not surprisingly, the ten most significantly affected pathways were common following 1L-4
or IL-13 stimulus although with different statistical probability (Fig. 3A), while IFN-y
affected the activity of a mostly different set of pathways.

Fig. 3B shows heatmap representation of chosen genes further confirming that IL-4 and
IL-13 regulates mostly the same genes while IFN-y induce a separate set of genes.
Most IL-4 induced genes were also induced by IL-13, suggesting that type Il IL-4R

in neutrophils can drive same genes independent of the ligand triggering the receptor
recruitment. The complete dataset can be accessed at Gene Expression Omnibus (GEO)
accession number GSE218535 and the set of genes with adjusted p-value under 0.05 is
shown in Supplementary Table 2.

3.3. PD-L2 expression in neutrophils

One of the genes induced by all three cytokines was PDCD1L[ G2, which codes for PD-L2.
This is a ligand of T cell PD-1 receptor (CD279) and a member of checkpoint inhibitor
molecules. In cancer, the expression of PD-L2 on cancer cells can downmodulate antitumor
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responses [44]. In murine splenic cells, PD-L2 expression was inducible by both IL-4 and
IFN-vy in macrophages and dendritic cells [45] as in our RNASeq data.

In humans, allergic inflammation reduces the expression of PD-L2 in myeloid dendritic
cells [46]. We first compared PD-L2 expression in IL-4 and IL-13 stimulated neutrophils
by flow cytometry. Freshly isolated neutrophils express high levels of CD16, CD11b and
CD66b, but after 20 h of incubation, most neutrophils from healthy donors (n = 4) exhibited
dramatically decreased levels of CD16 and CD11b. Interestingly, PD-L2 was upregulated
in both IL-4 and IL-13 stimulated neutrophils in a population that remained positive for
CD16 and CD11b. This upregulation was prominent especially in the IL-4 stimulated cells,
whereas unstimulated CD16 + CD11b + neutrophils had low or no expression of PD-L2.
These PD-L2 + CD16 + CD11b + cells were also positive for CD66b and CD62L. (Fig.
4A, gating strategy in Supplementary Fig. 2A. Expression of CD16 and CD62L imply an
inactive state for neutrophils [47,48].

We also examined the expression of PD-L2 specifically in CD16MI"CD62L4M neutrophils,
which are known suppressors of T cell proliferation via reactive oxygen species (ROS)
production [49] and PD-L1 [10]. However, in this “regulatory” neutrophil population PD-L2
was upregulated in only two out of four donors after stimulation with I1L-4 or 1L-13 (data not
shown). Additionally, PD-L1 expression was measured after stimulation, but surprisingly in
contrast to RNASeq data, neutrophils were consistently negative for it in our flow cytometric
analysis (Supplementary Fig. 2).

3.4. IL-4 decreases mitochondria-dependent glycolysis

During inflammatory response, cell activation leads to increased energy consumption. Thus,
glycolytic ATP production is increased upon immune cell activation [50]. In neutrophils,
mitochondrial number per cell is low, and it has been suggested that mitochondria in
neutrophils plays no role in energy production but that they are critical for neutrophil
apoptosis [51]. To measure possible cytokine impact on glycolysis and oxygen consumption
in neutrophils, Seahorse XFe analyzer was utilized.

Glycolytic rate assay test was performed based on the manufacturer’s standard assay (Fig.
5A, Supplementary Fig. 3A-B). The extracellular acidification rate (ECAR), which indicates
the anaerobic glycolysis and oxygen consumption rate (OCR) indicating mitochondrial
aerobic respiration were measured. After recording the basal levels of ECAR and OCR,
mitochondrial respiration chain was inhibited in complexes | and 111 (Rot/AA) to determine
compensatory glycolysis level. Subsequently, glycolysis was blocked completely by 2-DG.
The interval between each ECAR and OCR measurements was 8 min 30 sec. There

was no significant difference in basal level of glycolysis (ECAR) (Fig. 5B) or oxygen
consumption during mitochondrial respiration (OCR) when neutrophils were left untreated
or pretreated with indicated cytokines for one hour (Supplementary Fig. 3B). Interestingly,
when mitochondrial respiration was inhibited by Rot/AA, the ability of the IL-4 stimulated
neutrophils to drive compensatory glycolysis to meet the cells’ energy demands was
decreased compared to unstimulated cells (p < 0.045, Fig. 5C). The OCR in IL-4 stimulated
cells also remained at lower level after 2-DG injection compared to unstimulated cells
(Supplementary Fig. 3B), albeit this was not statistically significant. Taken together, these
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results indicate that IL-4 decreases the anaerobic glycolysis in neutrophils. As an aside,
quite interestingly Rot/AA injection led to dropped OCR levels under all stimulation
conditions studied (Supplementary Fig. 3B), paving way for further experiments on the
role of mitochondria in neutrophil ATP production.

4. Discussion

Neutrophils are the most abundant leukocytes in blood, in humans constituting 40-70
percent of the total leukocytes. With most half-life estimates ranging from 4 to 19 h [52]
their biology appears quite different from other blood leukocytes (or lymphocytes) with
substantially longer half-lives. The short half-life of neutrophils both /n vivoand in vitro
and their extreme sensitivity to changes in physical conditions in their surroundings hampers
studying them. Here, we chose to study direct effects of cytokines on these cells /n vitro.
Obviously, such approach teaches us little on possible feedback loops neutrophils initiate /n
vivo [53].

We discovered significant difference in neutrophil responsiveness to IL-4 and IL-13 as
measured by STAT6 activation, similar to what was previously observed in monocytes [54].
This is also in line with the notion that IL-4 protein level is difficult to measure in biologic
fluids as compared to IL-13 and thus, higher potency of IL-4 could explain its lower protein
levels. It is of interest that high IL-4 levels could lead to harmful side effects as observed in
humans [55] or even toxicity as observed in mice [56].

Early work with neutrophils showed that IL-4 enhanced neutrophil bactericidal activity

[57] and that while 1L-13 did not induce phagocytosis, it did induce neutrophil activation,
RNA synthesis and IL-8-production [58]. A more recent mouse study found that signaling
through type Il IL-4R inhibits neutrophil migration and NET formation in bacterial and
sterile inflammation [53]. Similar impaired NET formation and migration defect was also
observed in neutrophils from allergic patients [59]. Overall, IL-4 signaling seems to protect
against disease worsening in helminth infection [60] and joint inflammation [61,62] while it
promotes resolution of inflammation in acute lung injury [63] or myocardial infarction [64].
It has been proposed that IL-4 and 1L-13 serve as a mechanism to prevent tissue destruction
caused by prolonged neutrophil action; as soon as type 2 effector cells take over and start
producing IL-4 and IL-13 in tissues, neutrophils are “toned down” to avoid tissue damage
[65-67].

We found that IL-4 and IL-13 induced several immune-related genes in highly purified
human neutrophils. For example, clear induction of /L-70and simultaneous down-regulation
of TNFappears logical for anti-inflammatory role of 1L-4/1L-13 treated neutrophils. At the
same time, IL-4/IL-13 both down-regulated expression of L/F, which in many instances

is likely an anti-inflammatory cytokine; for example, in skeletal muscle regeneration, LIF
provides an anti-inflammatory environment (reduced neutrophil influx and down-regulation
of /L-1b, IL-6and TNF) in muscle regeneration phase after damage [68]. Also, LIF
expression has been shown to have correlation with tumor-associated macrophages, and

on the other hand, LIF inhibition/neutralization was able to induce tumor infiltration of CD8
+ T cells, natural killer cells, and regulatory T cells [69].
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HRH4 was strongly up-regulated in neutrophils by IL-4 and IL-13, likely sensitizing

them to histamine expression from mast cells albeit HRH4 may also negatively regulate
neutrophil degranulation particularly when associated to cellular adhesion [70]. AnxAl
recruits monocytes and macrophages to clear apoptotic cells in the resolution phase of
inflammation, which promotes the release of TGF-p and downplays proinflammatory

IL-6 [71]. TGF-B signaling is also regulated by CD109that was clearly upregulated by

IL-4 in neutrophils. CD109 is mostly expressed in activated T cells and platelets and its
overexpression is connected with tumor progression, fibrosis and rheumatoid arthritis [72—
74]. PTX3 is a soluble pattern recognition molecule that is upregulated during inflammation.
It is stored in neutrophil granules and can be released into neutrophil extracellular traps

[75]. Interestingly, PTX3 is increased in asthmatic airways, and it seems to negatively
regulate Th17 development and IL-17A responses [76,77]. It has been shown to attenuate
neutrophil recruitment by binding P-selectin [78]. In this light, our results might suggest
that one immunosuppressive pathway regulated by IL-4 or IL-13 in neutrophils could be

via PTX3. CD200R1 was up-regulated upon IL-4/13 stimulation. It is a receptor for CD200
and this CD200-CD200R1 axis is known as a negative regulator of immune responses,
including Th2 functions. For instance, it has been shown that CD200R1 engagement inhibits
activation, proliferation and type 2 cytokine production on type 2 innate lymphoid cells
(ILC2s) in allergic asthma [79] and deletion of CD200R1 led in reduction of neutrophil ROS
production as well as promotion of neutrophil niche in Francisella tularensis [80].

Intriguingly, we also discovered that IL-4 upregulates PD-L2RNA in neutrophils, which
was confirmed by flow cytometry. The immune-suppressive PD-L2 has lately received
attention as a target for checkpoint blockade therapy in cancer [81], making this finding
particularly interesting. In our flow cytometry experiments we analyzed only viable
neutrophil population for PD-L2 expression, but it is important to note, that after 20 h

of incubation dead neutrophils were present in the culture, comprising a total of 15-30 % of
all cells, which may cause bystander effects and needs further attention. The per cent of dead
cells in the culture appeared more donor than stimulation dependent. This would imply that
even if the PD-L2 expression was positively affected by the presence of dying cells in the
culture, IL-4 did have an enhancing effect on it. Also, as the Histopaque-based neutrophil
isolation method results in neutrophil purity that is lower than sorted neutrophil purity, it
cannot be fully excluded that some contaminating mononuclear cells respond to the cytokine
stimulus and secrete factors that, in turn, affect neutrophil PD-L2 expression.

During the immune response, cellular energy consumption increases. Neutrophils are
thought to have only few mitochondria per cell and thus to use mainly glycolysis rather
than mitochondrial oxidative phosphorylation as their ATP source [82]. In our experiments,
neutrophils seemed to use both glycolysis and oxidative phosphorylation as a source for ATP
production (see ECAR curve in Fig. 5A after 2-DG and Rot-AA applications). This calls
for further studies, since neutrophils have been thought to have little or completely absent
oxidative phosphorylation [51]. Interestingly, upon neutrophil IL-4 stimulation, expression
of a gene phosphogluconate dehydrogenase (PGD) was increased. Upon the uptake of
glucose, either glycolysis or pentose phosphate pathway (PPP) is utilized. PGD catalyzes
the third reaction in PPP which then might be induced due IL-4 stimulation [83]. Since

the effect is IL-4-specific (and not IL-13), it may occur via type | IL-4 receptor and one
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signaling difference between type | and type 1l IL-4R is the activation of insulin receptor
substrate 2 (IRS2) [84]. However, for the time being, IRS2 appears to be more important for
aerobic, not anaerobic glycolysis [85]. In macrophages and dendritic cells, antihelminth
response involving IL-4 is related to glucose utilization via oxidative phosphorylation

and ATP formation ensuring energy needs for prolonged (i.e. slow) response while rapid
antibacterial response involving tissue swelling and hypoxia is linked to glucose utilization
via glycolysis and subsequent biosynthesis of ATP [50].

Better understanding of neutrophils in various physiological environments will assist also

in predicting their behavior various clinical situations. Sheer number of neutrophils is a
double-edged sword; neutropenia will expose to infections while neutrophilia may result

in tissue damage. Finally, in addition to cytokine-mediated activation of neutrophils other
activation routes such as Toll-like receptors (TLRs) are important for their activation; deeper
understanding of logics and integration of these various pathways in cell activation is needed
to completely understand these powerful modulators of inflammation.
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Fig. 1. Responsiveness of human neutrophilsto 15 min stimulation with IL-4, IL-13 and | FN-vy,
measured by phosphorylation of STAT6 and STAT 1 using flow cytometry.

(A) Gating strategy for neutrophils, monocytes and lymphocytes. Neutrophils were defined
as CD11bNigh cD16Nig" cells. Monocytes and lymphocytes were gated based on forward and
side scatter characteristics and CD16 + cells were excluded from cells in lymphocyte gate.
Doublets were excluded from all three populations (not shown). (B) Stimulation of human
whole blood was performed with indicated amounts of I1L-4 or IL-13 and phosphorylation
of STAT6 was determined in CD11b"M9hCD16M9N cells. Representative histograms of
fluorescence intensity are shown. (C) Geometrical means + SEM of pSTAT®6 fluorescence
of six donors after stimulation with 1L-4 or IL-13. The curves of both stimulations are fitted
using non-linear regression 3-parameter fit (goodness of fit was evaluated with R square and
the values were for IL-4 and 1L-13 0.8604 and 0.8961, respectively) and ECsgq values are
indicated based on the fitted curves. The IL-4 10 ng/ml datapoint was lost for one donor.
(D) Geometrical means of pSTAT1 (pY701) fluorescence of six donors after whole blood
was either left untreated or stimulated with 100 ng/ml of IFN-y for 15 min, *) p = 0,0313;
Wilcoxon matched-pairs signed rank test.
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Fig. 2. RNA seguencing analysis of up- and downregulated genesin human neutrophils after
stimulation with IL-4, IL-13 or IFN-y.

(A) Venn diagram of genes regulated in human neutrophils after different stimulations. (B)
Principal component analysis of stimulations and donors. (C) Volcano plots of IL-4-, IL-13-
and IFN-y-regulated genes in human neutrophils. Genes with a cutoff of false discovery rate
of 5 % are shown (colored dots). (D) Genes up- and downregulated upon stimulation with
IL-4, IL-13 or IFN-y were analyzed using Enrichr. Ten Gene Ontology biological processes
with the smallest adjusted p-values are shown for each stimulation. Fisher exact test was

Cytokine. Author manuscript; available in PMC 2023 July 10.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Kummola et al.

Page 19

used for the calculation of p-values and correction for multiple comparisons was performed
with the Benjamini-Hochberg method.
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Messenger RNA of unstimulated, 1L-4, IL-13 or IFN-vy stimulated neutrophils was analyzed
using RNASeq. Differential gene expressions were tested applying DESeq2. (A) Signaling
pathway impact analysis (SP1A). Two-dimensional plots illustrating the relationship between
the two types of evidence considered by SPIA. The X-axis shows the over-representation
evidence, while the Y-axis shows the perturbation evidence. Dots represent KEGG
pathways. Red dots mark pathways significant at 5 % after Bonferroni correction, blue

dots mark significantly enriched pathways (p < 0.05) according to FDR correction. (B)
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Heatmap of differentially expressed genes. Shown genes were selected based on differential
expression (p < 0.05) and occurrence in only one KEGG pathway.
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Fig. 4. PD-L2 expression in IL-4 and 1L -13 stimulated human neutrophils.
(A) Neutrophils were stimulated with IL-4 or IL-13 for 20 h and PD-L2 expression was

measured in CD16MINCD11b + CD66b + CD62LNIN cells with flow cytometry. *) p =
0.0140, Friedman test with Dunn’s multiple comparisons test.

Cytokine. Author manuscript; available in PMC 2023 July 10.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kummola et al.

A

Extracellular acidification

rate (mpH/min)

o

Relative glycolytic
proton efflux rate level

Page 23

ECAR
Mitochondria
50 respiration Glycolysis
inhibition inhibition
by Rot/AA by 2-DG
40 Y !
1 1
: : Unstim
30 ' l - L4
i .
20 | :
1
Basal 1 Compensatory 1
10 { 9lycolysis | glycolysis
Non-glycolytic acidification
0+ v r T T 1
0 20 40 60 80 100

Time (min)

@

Basal glycolysis Compensatory glycolysis

1.5 1.5+
E
ns .g k) * ns ns
™
1.0+ -|- ......... 8 E 10.. ......................... .
2 5 -
O 5
(=
>
0.5 £ 2 0.5
< O
25
S
o
o-o L] L L 0-0 L 1 L]
Unstim IL-4 IL-13 |IFN-y Unstim IL-4 IL-13 IFN-y

Fig. 5. Effect of IL-4, IL-13 and | FN-y on neutrophil energetics.
(A) Extracellular acidification (ECAR) was measured in milli-pH per minute (mpH/min) for

11 cycles. After measuring 3 basal level measurements, 3 measurements were recorded to
determine the effect of Rotenone and Antimycin A (Rot/AA) for inhibiting mitochondrial
respiration. Additional 5 measurements after injection of 2-deoxyglucose (2-DG) for
glycolysis inhibition were detected. Used interval time between measurements was 8 min

30 sec. Representative curve for unstimulated and 1L-4 stimulated neutrophils from one
experiment is shown. (B) Comparison of relative basal glycolysis of neutrophils that were
left unstimulated or stimulated with 50 ng/ml of IL-4, IL-13 or IFN-y for one hour. The
medians of each stimulation in each experiment (n = 6) are compared to unstimulated
sample median of the same experiment. Averages and + SEM are indicated. (C) Comparison
of compensatory glycolysis from same samples as in 5B. The medians of each stimulation in
each experiment (n = 6) are compared unstimulated sample median of the same experiment.
Averages and + SEM are indicated. *) p = 0.045; repeated measures ANOVA with Dunnett’s
multiple comparison test used.
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