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Abstract

Common variable immunodeficiency disorder (CVID) is the most common form of
primary antibody immunodeficiency. Due to low antibody levels, CVID patients
receive intravenous or subcutaneous immunoglobulin replacement therapy as treat-
ment. CVID is associated with the chronic activation of granulocytes, including an
increased percentage of low-density neutrophils (LDNs). In this study, we examined
changes in the percentage of LDNs and the expression of their surface markers in
25 patients with CVID and 27 healthy donors (HD) after in vitro stimulation of whole
blood using IVIg. An oxidative burst assay was used to assess the functionality of
LDNs. CVID patients had increased both relative and absolute LDN counts with a
higher proportion of mMLDNs compared to iLDNs, distinguished based on the expres-
sion of CD10 and CD16. Immature LDNs in the CVID and HD groups had signifi-
cantly reduced oxidative burst capacity compared to mature LDNs. Interestingly we
observed reduced oxidative burst capacity, reduced expression of CD10 after stimu-
lation of WB, and higher expression of PD-L1 in mature LDNs in CVID patients com-
pared to HD cells. Our data indicate that that the functional characteristics of LDNs
are closely linked to their developmental stage. The observed reduction in oxidative
burst capacity in mLDNs in CVID patients could contribute to an increased suscepti-

bility to recurrent bacterial infections among CVID patients.
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1 | INTRODUCTION

Neutrophils represent the largest subpopulation of leukocytes in
blood circulation (Bouma et al., 2010), and being key players in innate
immunity, they are also the most predominant leukocytes at the site
of inflammation (Liew & Kubes, 2019). Recent evidence suggests that
neutrophils play an active role in the coordination of innate and
adaptive immunity (Rosales, 2020). When triggered by pathogens,
they activate multiple antimicrobial functions, such as phagocytosis
(Uribe-Querol & Rosales, 2020), degranulation (Eichelberger &
Goldman, 2020), and the formation of extracellular traps (NETSs)
(Mulay & Anders, 2020). Density gradient centrifugation of peripheral
blood collected from patients with acute or chronic inflammatory dis-
eases has revealed a heterogeneous group of neutrophils trapped in
the peripheral blood mononuclear cell (PBMC) layer, the so-called
low-density neutrophils (LDNSs) (Scapini et al., 2016). Increased counts
of LDNs were found in the periphery of patients with cancer (Brandau
et al, 2011), infections including human immunodeficiency virus
(Bowers et al., 2014) and sepsis (Darcy et al., 2014), as well as autoim-
mune diseases (Carmona-Rivera & Kaplan, 2013; Darcy et al., 2014;
Ui Mhaonaigh et al., 2019; Wright et al., 2017). Phenotypically, LDNs
in the PBMC layer are distinguished by the presence of common neu-
trophil lineage markers CD15 and CDé6b. A detailed subclassification
of LDNs was first published by Marini et al. (2017), who used flow
cytometry to detect the expression of markers CD10 and CD16 on
the cell surface. Based on their observations, LDNs are subdivided
into CD16 CD10~ immature (iLDNs) and CD16"CD10" mature
(mLDNSs).

As part of phagocytosis, the process of oxidative burst is acti-
vated, in which molecular oxygen is reduced due to the influence of
nicotinamide adenine dinucleotide phosphate (NADPH) oxidase. This
process leads to the subsequent formation of the superoxide radical
and reactive oxygen species (ROS), including hydrogen peroxide
(H20,), hydroxyl radical (OH.), and hypochlorous acid (HCIO). ROS are
main components of neutrophil killings in response to microbial inva-
sion, serving as messengers in normal cell transduction and the cell
cycle. Inside phagocytes, the formed hydrogen peroxide and hypo-
chlorite ions strongly oxidize dihydrorhodamine 123 (DHR123) to
fluorescent rhodamine 123, which is detectable by flow cytometry
(Chen & Junger, 2012). While the presence of mature and immature
LDNs has also been reported by other studies (Brandau et al., 2011;
Matthews et al., 2021; Tay et al., 2020), none have performed a char-
acterization of these cells during oxidative burst.

Common variable immunodeficiency (CVID) is the most frequent
form of primary hypogammaglobulinemia characterized by decreased
serum levels of immunoglobulin (Ig)G and (Ig)A in the presence of
varying levels of (Ig)M (Chapel & Cunningham-Rundles, 2009). CVID
represents a heterogeneous group of defects that clinically manifest
themselves as frequent and complicated respiratory tract infections,
diarrhea, and autoimmune disorders (Bonilla et al., 2016). Defects in
the number and function of B, T, or NK cells have been previously
reported (Chandra et al., 2016). Recent studies have also shown

increased activation of innate immunity, altered expression of surface
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markers, and changes in the number of dendritic cells (Sharifi
et al., 2017) and monocytes (Barbosa et al., 2012), as well as defects
in their function. Our previous studies showed that chronic neutrophil
activation was associated with immune dysregulation in patients with
CVID (Litzman et al., 2019; Vikova et al., 2019). Furthermore, we pre-
viously observed a systemic activation of myeloid cells and an
increased production of cytokines involved in granulopoiesis and the
regulation of neutrophil recruitment and activation (Hel et al., 2014).

Intravenous immunoglobulin (IVIg) treatment is the standard ther-
apy for antibody immunodeficiencies. IgG used in IVIg therapy binds
to various immunoglobulin receptors on immune cells, which may lead
to either the stimulation or inhibition of the immune system
(Nagelkerke & Kuijpers, 2015). Recent evidence has shown that IVIg
alleviates the state of chronic immune activation (Dominguez-Soto
et al, 2018; Kessel et al, 2011; Kozicky et al., 2018; Trépanier
et al., 2014). Through increased expression of CDé4, flow cytometry
measurements by Tsinti et al. (2020) further confirmed the persistent
activation of polymorphonuclear leukocytes (PMNs) and demon-
strated that immunoglobulin treatment increases the activation capac-
ity of neutrophils after exposure to lipopolysaccharide (LPS).

Recent research has revealed that LDNs manifest in numerous
diseases, exhibiting a significant positive correlation with the severity
of these conditions (Bowers et al., 2014; Rocha et al., 2015). In addi-
tion to increased activation of neutrophils and elastase serum levels,
we have previously reported increased proportion of LDNs in the
peripheral blood of patients with CVID after IVIg administration
(Litzman et al., 2019; Vlkova et al., 2019). Although neutrophils have
been extensively studied in patients with CVID, there seems to be lim-
ited emphasis on investigating the occurrence of LDNs. Taken
together, this latest evidence raises new questions regarding more in-
depth analyses of LDNs, which would examine their heterogeneity,
oxidative burst capacity and characterize the effects of IVIg on the
fraction of LDNs. New knowledge about LDNs could contribute to a

better understanding of immune dysregulation in patients with CVID.

2 | MATERIALS AND METHODS

21 | Patients and healthy donors

The study was reviewed and approved by the Medical Ethics Commit-
tee of St. Anne's University Hospital (Brno, Czech Republic), ethics
approval number: 6G/2015. Written informed consent was obtained
from all participants prior to inclusion in the study. A total of 25 CVID
patients (15 females, 10 males; median age: 51, range: 23-86 years)
were recruited. All patients fulfilled the International Consensus Doc-
ument (ICON) diagnostic criteria for CVID (Bonilla et al., 2016). The
control group consisted of 27 HD (16 females, 11 males; median age:
48, range: 24-73 years). CVID patients were treated with regular 1VIg
substitution, and peripheral blood samples were collected into
S-Monovette heparin-containing vacutainers (Sarstedt, Nimbrecht,
Germany) before the infusion. No participants suffered from acute

health problems.
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2.2 | Cellisolation

PBMCs were isolated from heparinized peripheral blood with density
gradient centrifugation using Ficoll-Paque (Pharmacia, Uppsala,
Sweden). WB was layered on Ficoll and centrifuged for 25 min at
400 g without brake. The fraction of PBMCs was collected from the
plasma-lymphocyte separation medium interface. Aside from mono-
cytes and lymphocytes, PBMCs also contained LDNs. PBMC suspen-
sion was transferred to phosphate-buffered saline (PBS) and washed
twice. Next, the cells were re-suspended in RPMI 1640 (Sigma,
St. Louis, MO) supplemented with 10% heat-inactivated fetal bovine
serum (FBS; HyClone, South Logan, UT, USA) and a combination of
penicillin, streptomycin, and L-glutamine (Sigma, St. Louis, MO),
referred to as complete RPMI medium. The number of cells was quan-

tified using the Vicell XR cell counter (Beckman Coulter, Brea,
CA, USA).

2.3 | Stimulation of the WB for LDN induction

Samples were stored at 22°C, and all procedures began at the latest
1 hour after blood collection. Samples were divided into 4 aliquots
(1 non-stimulated aliquot and 3 stimulated aliquots), using 2 pg/mL
formyl methionyl-leucyl-phenylalanine (fMLF; Sigma, St. Louis, MO),
2 pg/mL LPS (E. coli 0111:B4; Sigma) (Vlkova et al., 2019), and IVIg
(Privigen, CSL Behring GmbH, Marburg, Germany) at a dose of
5.7 mg/mL of heparinized blood, calculated based on a therapeutically
relevant dose for infusion (i.e., 400 mg IgG/kg). Samples treated with
fMLF and LPS were incubated at 37°C for 60 minutes, while samples
treated with IVIg were incubated for 120 min. Non-stimulated and
stimulated WB was further processed for PBMC isolation according
to the cell isolation protocol described above. LDNs were analyzed

using flow cytometry.

24 | Flow cytometry characterization of LDNs

LDNs were characterized by identifying combination of markers
expressed on their surface. A mixture of fluorescent-labeled human

monoclonal antibodies (Exbio Praha, Vestec, Czech Republic) was

FIGURE 1 Experimental
conditions used for quantifying
oxidative burst. WB was non-
stimulated or stimulated in vitro
with IVIg. Part of the WB was
further used for PBMC isolation.
LDNs were stimulated with E. coli
or PMA for the detection of
oxidative burst.

Peripheral blood in/
heparine \

in vitro stim. with IVIg
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used: CD15 FITC (Fluorescein Isothiocyanate, clone MEM-158),
CD193 PE (Phycoerythrin, clone 5E8), CD14 PerCP Cy5.5 (Peridinin-
chlorophyll Cyanin 5.5, clone MEM-15), CD10 PC7 (R-Phycoerythrin
Cyanin 7, clone MEM-78), CD274 APC (Allophycocyanin, clone
29E.2A3), CD11b AF 700 (Alexa Fluor 700, clone ICRF44), CD45 PB
(Pacific Blue, clone 2D1), and CD16 PO (Pacific Orange, clone 3G8).
Samples were incubated with monoclonal antibodies in the dark at
4°C for 20 min, followed by washing with PBS. Analysis was per-
formed using the flow cytometer Navios (10 colors, 3 lasers, Beckman
Coulter, Inc. Miami, FL, USA), and the results were analyzed using
Kaluza software (Beckman Coulter, Brea, CA, USA).

2.5 | Cell sorting and light microscopy

PBMCs were prepared according to the cell isolation protocol
described above. Staining of LDN subsets in the fraction of PBMCs
was performed with the mixture of antibodies used for the characteri-
zation of LDNs by flow cytometry, as described above. LDN subpopu-
lations were sorted with the MOFLO Astrios cell sorter (Beckman
Coulter, Brea, CA, USA). Sorted subpopulations were stained accord-
ing to the standard Mayer's hematoxylin and eosin staining protocol.
Stained cells were observed using a standard light microscope with
400x magnification.

2.6 | Oxidative burst of LDNs

The oxidative burst of LDNs was quantified as the mean fluorescence
intensity of rhodamine 123 assessed by flow cytometry. Firstly, part
of the heparinized WB was pre-stimulated with 1VIg for 2 h at 37°C.
PBMCs were isolated from the non-stimulated WB and WB pre-
stimulated with IVIg according to the cell isolation protocol described
earlier. Next, 1 aliquot from each condition served as a non-stimulated
control for the oxidative burst, and 1 aliquot was stimulated with
opsonized E. coli (Department of Biology, Faculty of Medicine, MU,
Brno, Czech Republic). One aliguot of PBMCs from the non-
stimulated WB was stimulated with 2 pug/mL Phorbol 12-myristate
13-acetate (PMA; Sigma, St. Louis, MO). Experimental conditions used

for quantifying the oxidative burst are shown in Figure 1. Tubes were

Oxidative burst
(100pl of sample)

LDNs: non-stim.

2.5 mlWB 2 ml for ) )

non-stim. PBMC isolation > LDNs: stim. E.coli
LDNs: stim. PMA

2.5 mlWB 2 ml for LDNs: non-stim.

PBMC isolation ~——_ e i E ol
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incubated for 15 min at 37°C. After 15 min of incubation, dihydroxyr-
hodamine 123 (Sigma-Aldrich, Saint Louis, MO, USA) was added to
the samples, which were then incubated for 15 minutes. Subse-
quently, the samples were washed with PBS and further incubated in
the dark at 4°C for 30 min with the mixture of monoclonal antibodies:
CD15 PC7 (R-Phycoerythrin Cyanin 7, clone W6D3, Sony), CD10
APC (Allophycocyanin, clone HI10a, Sony), CD16 APC-Cy7
(Allophycocyanin-Cyanin 7, clone 3G8, Exbio), CD11b PB (Pacific
Blue, clone ICRF44, Exbio), and CD45 PO (Pacific Orange, clone HI30,
Exbio). Samples with PBMCs were washed with PBS. Analysis was
performed on the flow cytometer Navios (10 colors, 3 lasers, Beck-
man Coulter, Inc. Miami, FL, USA), and the results were analyzed using
Kaluza software (Beckman Coulter, Brea, CA, USA).

2.7 | Assessment of changes in LDNs

Peripheral blood of CVID patients was collected into heparin tubes
before intravenous administration of IVIg. Part of the WB was pro-
cessed immediately according to the PBMC isolation procedure. The
rest of the WB was stimulated in vitro at 37°C for 2 h with IVIg prepa-
ration in a therapeutically relevant dose for infusion (i.e., 400 mg
1gG/kg), followed by PBMC isolation. Two hours after in vivo IVIg
administration, peripheral blood collection from CVID patients was
again performed, and the WB was processed according to the PBMC
cell isolation procedure. PBMC samples were further processed for

the flow cytometry characterization as described earlier.

2.8 | Statistics

Differences between CVID patients and HD were explored using the
non-parametric Mann-Whitney U test or Wilcoxon signed-rank test,
as appropriate. Correlations were determined using Spearman's rank-
order correlation. The p-value of <0.05 was considered statistically
significant. All statistical analyses were performed in GraphPad Prism
(Version 5; GraphPad Software Inc., CA, USA).

3 | RESULTS

3.1 | Characterization of LDN subtypes

A specific surface marker capable of differentiating LDNs from periph-
eral PMNs has not yet been identified, and it remains necessary to
use density centrifugation and characterize LDNs as a fraction of
PBMCs based on the expression of surface markers characteristic
of PMN:Ss. In our experiments, we used combination of flow cytometry
measurements and light microscopy for exact determination of LDNs.
First, granulocytes were gated from PBMCs as CD45*CD149™CD15"
cells. Using the marker CD193, we removed eosinophils from selected
granulocytes, thus we obtained a population of LDNs. Size (FSC) and
granularity (SSC) of gated LDNs correspond with the PMNs. Next, we
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used a combination of surface markers CD10 and CD16 to distinguish
CD45'CD157CD16 CD10 ™ immature (iLDNs) and CD45"CD15"CD
16"CD10" mature (mLDNs) LDNs (Figure 2a) (Marini et al., 2017).
The accuracy of the gating strategy was confirmed by visualizing
iLDNs and mLDNs in a light microscope, where iLDNs and mLDNs
were obtained using the fluorescence-activated cell sorting method.
mLDNs typically had segmented nuclei with abundant pale pink cyto-
plasm (Figure 2b), whereas iLDNs had round, less segmented nuclei

with a higher nucleus/cytoplasm ratio (Figure 2c).

3.2 | Phenotype of LDNs in healthy donors

To better characterize mLDNs and iLDNs, we used flow cytometry to
analyze the expression of surface markers on LDNs obtained from
HD. In addition to the low expression of CD10 and CD16, iLDNs also
displayed low expression of adhesion molecules CD62L (data not
shown) and integrin CD11b, as well as reduced expression of CD45
and CD66b (data not shown). Thus, iLDNs showed a phenotype
described as CD45%™CD16 CD10 CD11b CD62L CD66b*™ com-
pared to mLDNs that showed an overall phenotype described as
CD45"CD16"CD10"CD11b*CD62L"CD66b™ (Figure 3a,b).

3.3 | PBMCs contain an increased proportion of
mLDNs in CVID patients

To further examine the potential role of LDNs in CVID pathogenesis,
we evaluated the percentage of LDNs in PBMCs isolated from fresh
blood. CVID patients compared to HD displayed higher percentage
(Figure 4a) and absolute numbers (Figure 4b) of LDNs in the PBMC
and higher relative proportion (Figure 4c) of LDNs within the total
neutrophils, which was consistent with our previous study (Vlkova
et al., 2019) The frequencies of LDNs in various diseases are summa-
rized in Table 1. In both CVID and HD groups, isolated PBMCs from
the non-stimulated WB contained a significantly higher percentage of
mLDNs relative to iLDNs (Figure 4d). Moreover, an increased propor-
tion of all LDNs in CVID patients suggests that they had a significantly
higher percentage of mLDNs compared to HD, whereas there was no
significant difference in the percentage of iLDNs between the two

groups (Figure 4d).

3.4 | LDN production is increased after in vitro
stimulation with IVig

A possible explanation behind the increased percentage of LDNs in
CVID patients is the treatment with IVIg, as we have previously
reported that CVID patients display increased levels of granulocyte
activation markers (Litzman et al.,, 2019). To better understand the
properties and sources of LDNs in CVID patients and HD, we exam-
ined changes in the percentage of LDNs after WB stimulation with

IVIg. A significant increase in the percentage of LDNs was observed in
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FIGURE 2 Definition of LDNs and LDN subtypes: immature and mature LDNSs. (a) Plots showing the gating and sorting strategy of PBMC
suspension purified by gradient centrifugation. First gate was set on FSC-A and FSC-H to eliminate doublets, then physical parameters, that on
CD45™" to eliminate debris and LDNs were defined as CD457CD14 CD157CD193" cells and further subdivided into CD15*CD10"CD16™~
iLDNs and CD157CD107CD16" mLDNs based on the surface expression of CD10 and CD16. Representative data from one CVID patient were
analyzed in Kaluza. The maturity of sorted LDN subpopulations was controlled using light microscopy. (b) mLDNs had a typical morphology of
mature segmented neutrophils with pale pink cytoplasm and condensed chromatin separated by thin filaments into 2-5 nuclear lobes, whereas
(c) iLDNS had less abundant cytoplasm (higher nucleus/cytoplasm ratio) and unsegmented nuclei with less condensed chromatin. Representative
Mayer's hematoxylin and eosin staining images of mLDNs and iLDNs (out of two independent experiments) were acquired with a 400x objective.
Scale bar represents 20 um. [Color figure can be viewed at wileyonlinelibrary.com]

CVID patients as well as in HD after WB stimulation with IVIg
(Figure 5a). In both groups, an increase in LDNs after WB stimulation
with IVIg was not dependent on the initial proportion of LDNs in the
WB without stimulation (data not shown). WB stimulation with VIg
did not cause significant changes in the percentage of iLDNs
(Figure 5b) in both groups, whereas there was significant increase in
the percentage of mLDNs (Figure 5c). CVID patients, in comparison to
HD, showed a significantly elevated proportion of mLDNs after WB
stimulation with IVIg (Figure 5c).

3.5 | Invivo stimulation of LDNs after IVIg
administration

Next, we aimed to determine the possible formation of LDNs in the
blood of CVID patients after intravenous administration of IVIg and
compare the results to those of in vitro experiments. The formation of
LDNs was measured in the PBMC samples obtained from the

peripheral blood of 7 CVID patients collected prior to I1VIg administra-
tion, 2 h after IVIlg administration, and 2 hours after in vitro incubation
of peripheral blood with IVIg. In vitro stimulation of the WB with IVIg
caused an increase in the proportion of mLDNs in the fraction of
PBMCs (Figure 5e). However, these results were not confirmed in the
samples after IVIg application in vivo. In 4 CVID patients, the percent-
age of LDNs increased, but 3 patients responded with a reduced num-
ber of LDNs (Figure 5f).

3.6 | WB stimulation induces changes in the
expression of LDN surface markers of HD

Our next goal was to detect changes in the expression of surface
markers on iLDNs and mLDNs of HD after WB stimulation. WB was
stimulated as described earlier, and surface expression of CD10,
CD11b, CD15, CD16, CD45 and PD-L1 was measured on the surface
of obtained LDNs.
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FIGURE 4 CVID patients show an increased frequency of predominantly mature LDNs. (a) The proportion and (b) absolute numbers of LDNs
in the PBMC fraction and (c) the proportion of LDNs in the total neutrophils purified from non-stimulated WB samples by density gradient
centrifugation was determined using the flow cytometry measurement. (d) The percentage of iLDNs and mLDNs was recalculated according to
the total number of LDNs in the sample. Combined data of 27 HD and 25 CVID patients from 24 independent experiments, each performed with
2-4 samples, are shown. Horizontal bars represent the median. Data were analyzed using the Wilcoxon signed-rank test (black line) or Mann-
Whitney U test (gray line), as appropriate (ns = non-significant, *p < 0.05; **p < 0.01; and ***p < 0.001). [Color figure can be viewed at
wileyonlinelibrary.com]

TABLE 1 Overview of LDN frequency in various diseases.

LDNs
Median (%) Range (%) Author
Immunodeficiency CVID 0.55 0.05-4.06
Sepsis Sepsis with shock 19.2 4.4-29.5 Darcy et al. (2014)
Sepsis no shock 2.7 1.5-6.1 Darcy et al. (2014)
Sepsis 37.3 n.s. Sun et al. (2022)
Cancer Head and neck squamos cell carcinoma 5.5 2-34 Brandau et al. (2011)
Hodgkin and non-Hodgkin lymphoma 2.2 0.02-70.92 Marini et al. (2017)
Autoimmunity Rheumathoid arthritis >1 1-24.2 Wright et al. (2017)
ANCA vasculitis 17.4 11.2-40.7 Ui Mhaonaigh et al. (2019)
Infectious diseases SFTS 46.8 n.s. Li et al. (2018)

Note: LDN frequency for certain diseases is displayed as the median, and the range shows the minimum and maximum LDN percentage values.
Abbreviations: CVID, common variable immunodeficiency; n.s. - not specified; SFTS, evere fever with thrombocytopenia syndrome.

Significant increase was detected in the expression of CD16 and 3.7 | Differences in the expression of LDN surface
PD-L1 on iLDNs of HD after WB stimulation with fMLF and LPS. All markers between CVID patients and HD
used stimulants caused increase in the relative numbers of PD-L17"
iLDNs (Supplementary Figure 2c). Moreover, CD11b and CD45 were To provide more comprehensive characterization of LDNs of CVID
also significantly increased after WB stimulation with IVIg. Con- patients, we compared expression of their surface markers with the
versely, significant decrease was detected in the expression of CD15 LDNs of HD in the PBMC from non-stimulated WB and from WB
on iLDNs of HD after WB stimulation with fMLF and LPS (Figure 6a). stimulated with IVIg, fMLF, and LPS.

No changes were detected in the expression of CD10 on iLDNs of iLDNs from non-stimulated WB of CVID patients showed higher
HD after all used stimulants (data not shown). expression of CD15, CD10, and CD11b compared to iLDNs of HD
WB stimulation with fMLF and LPS caused significant increase in (Supplementary Figure 1). No between-group differences were

the expression of CD11b and CD10 on mLDNs of HD and for CD45 detected in the expression of CD16, CD45 and PD-L1 on iLDNs from
also after WB stimulation with 1VIg. Conversely, there was significant non-stimulated WB (data not shown). iLDNs of CVID patients and HD

decrease in the expression of CD15 on mLDNs of HD after WB stim- had a comparable expression of the measured markers after WB stim-
ulation with fMLF and LPS. (Figure 6b) No changes were detected in ulation with IVIg, fMLF, and LPS (data not shown). No significant dif-
the expression of PD-L1 on mLDNs of HD after all used stimulants ference was detected in the relative numbers of PD-L1" iLDNs
(data not shown), however, there was increase in the relative numbers between CVID patients and HD (Supplementary Figure 2c).

of PD-L1+ mLDNs after stimulation of WB with fMLF and LPS mLDNs from non-stimulated WB of CVID patients had higher
(Supplementary Figure 2d). expression of CD11b and PD-L1 compared to mLDNs of HD
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FIGURE 5 WB stimulation with IVIg caused increase of mLDNs. The proportion of (a) LDNSs, (b) iLDNs, and (c) mLDNs in the PBMC purified
from WB samples of HD and CVID patients stimulated with IVIg. Combined data of 27 HD and 25 CVID patients from 24 independent
experiments, each performed with 2-4 samples, are shown. Horizontal bars represent the median. The proportion of LDNs in the PBMC fraction
was compared in CVID patient samples (n = 7, combined data from 7 independent experiments) before and (e) 2 hours after in vivo [VIg
administration or (d) after 2 h of in vitro IVIg stimulation of the WB collected prior to IVIg administration (in vitro IVIg). (d) In vitro stimulation of
the WB with IVIg induced the formation of LDNs, whereas (e) in vivo administration of VIg did not validate the results of the in vitro
experiments. Data were analyzed using the Wilcoxon signed-rank test (black line) or Mann-Whitney U test (gray line), as appropriate (ns = non-
significant, *p < 0.05; **p < 0.01; ***p < 0.001; and ****p < 0.0001). [Color figure can be viewed at wileyonlinelibrary.com]
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FIGURE 6 Changes in the surface expression of markers of LDN subpopulations after WB stimulation. The WB of 27 HD was either non-
stimulated or stimulated with 5.7 mg/mL IVIg for 2 h, 2 pg/mL fMLF, and 2 pg/mL LPS for 1 h. Statistically significant changes in the expression
levels of surface markers after stimulation on (a) iLDNs and (b) mLDNs are depicted in the graphs. Each point represents median of MFI values
from 27 HD. Combined data from 24 independent experiments, each performed with 2-4 samples. The WB of 27 HD and 25 CVID patients were
non-stimulated or stimulated as mentioned above. Statistically significant differences in the expression of (c) CD11b (d) PD-L1 and (¢) CD10 in
mLDNs of CVID patients compared with HD after stimulation of WB are shown. Combined data from 24 independent experiments, each
performed with 2-4 samples are shown as mean + standard deviation. Data were analyzed using the Wilcoxon signed-rank test or Mann-
Whitney U test, as appropriate (ns = non-significant, *p < 0.05; **p < 0.01; ***p < 0.001; and ****p < 0.0001). [Color figure can be viewed at
wileyonlinelibrary.com]
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(Figure 6c,d). Moreover, CVID patients had higher proportion of PD-
L1+ mLDNs in the PBMC from non-stimulated WB compared to HD
(Supplementary Figure 2d). No between-group differences were
detected in the surface expression of others measured markers on
mLDNs from non-stimulated WB. mLDNs of CVID patients compared
to HD showed higher expression of CD11b after WB stimulation with
IVIg (Figure 6c) and higher expression of PD-L1 and higher relative
numbers of PD-L1+ cells after all used stimulants (Figure 6d, Supple-
mentary Figure 2d). Unlike in HD, IVIg, fMLF, and LPS did not increase
CD10 expression in mLDNs of CVID patients (Figure ée).

3.8 | IiLDNs have limited oxidative burst capacity

Oxidative burst is one of the fundamental functions of neutrophils in
antimicrobial host defense and inflammation. Therefore, we assessed
whether iLDNs and mLDNs had comparable oxidative burst capacity.
To detect the oxidative burst in HD, a DHR assay was performed

CLINICAL CYTOMETRY RYY 15 vl m

using stimulation with opsonized E. coli or PMA. A significant increase
in oxidative burst was observed in mLDNs after both stimulations
(Figure 7a,b). Our results showed that oxidative burst was markedly
reduced in iLDNs than mLDNs regardless of the used stimulants
(Figure 7a). iLDNs had a very limited oxidative burst capacity after
being stimulated with opsonized E. coli or PMA (Figure 7a,c).

3.9 | mLDNs show a reduced oxidative burst
capacity in CVID patients

To assess functional properties of LDNs in CVID patients and HD, we
evaluated measurements of the oxidative burst using flow cytometry.
When comparing the oxidative burst of iLDNs, we observed similar
results in CVID patients as in HD: iLDNs were not capable of the oxi-
dative burst after in vitro stimulation with opsonized E. coli or PMA,
relative to mLDNs (Figure 7d). Our measurements showed that
mLDNs of CVID patients had a reduced oxidative burst capacity than
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FIGURE 7 Oxidative burst of LDN subpopulations after E. coli or PMA stimulation and the effect of IVIg pre-stimulation. PBMC from (a) HD
(n = 14) and (d) CVID patients (n = 17) were stimulated with opsonized E. coli or PMA to determine oxidative burst of LDNs using the flow
cytometry measurement of DHR123 fluorescence. Comparison of the oxidative burst of LDNs between CVID patients (n = 17) and HD (n = 14)
after stimulation is shown in graph (e). The increase in MFI DHR123 (Y-axis) expresses the ratio between MFI DHR123 of the non-stimulated
sample and MFI DHR123 of the sample stimulated with opsonized E. coli or PMA. Horizontal bars represent the median. Combined data from
16 independent experiments, each performed with 2-4 samples, are shown. Representative dot plots from one HD comparing DHR123
expression on (b) mLDNs and (c) iLDNs from non-stimulated PBMC or after stimulation with E. coli or PMA. (f) Comparison of the oxidative burst
of LDNs between CVID patients (n = 10) and HD (n = 10) from 6 independent experiments, each performed with 2-4 samples, after combined
2-h pre-stimulation with IVIg and subsequent stimulation with E. coli. The increase in MFI DHR123 (Y-axis) expresses the ratio between the
increase in MFI DHR123 after combined IVIg and E.coli stimulation and in MFI DHR123 after E.coli stimulation. Horizontal bars represent the
median. Data were analyzed using the Wilcoxon signed-rank test (black line) or Mann-Whitney U test (gray line), as appropriate (ns = non-
significant, *p < 0.05; **p < 0.01; ***p < 0.001; and ****p < 0.0001). [Color figure can be viewed at wileyonlinelibrary.com]
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mLDNs of HD after stimulation with opsonized E.coli (Figure 7e) and
no difference was detected between the two groups after PMA stim-

ulation (Figure 7e).

3.10 | Oxidative burst of LDNs after in vitro WB
stimulation with IVIg

Our results demonstrated that VIg stimulates neutrophils and may
induce the formation of additional LDNs. Next, we wanted to explore
whether in vitro stimulation with IVIg would positively affect the oxi-
dative burst of iLDNs and mLDNs in patients with CVID. To deter-
mine the effects of IVIg on the oxidative burst of LDNs, the WB was
first stimulated for 2 hours with the addition of IVIg. Afterward, LDNs
were stimulated by opsonized E. coli to determine their oxidative burst
capacity, later referred to as combined IVIg and E. coli stimulation. Our
results showed that iLDNs of CVID patients and HD were not influ-
enced by combined IVIg and E. coli stimulation and were not capable
of oxidative burst (data not shown).

In HD, combined IVIg and E. coli stimulation caused a significant
increase in the oxidative burst of mLDNs compared to stimulation
with E. coli without IVIg pre-stimulation (Figure 7f). At the same time,
the oxidative burst of mLDNs in CVID patients did not significantly
change after combined IVIg and E. coli stimulation (Figure 7f). mLDNs
of CVID patients did not have as high of an oxidative burst as
mLDNs of HD after combined IVIg and E. coli stimulation. (Figure 7f).

4 | DISCUSSION/CONCLUSION

In this study, we showed that LDNs represent a small but highly spe-
cialized population of neutrophils that includes immature and mature
cells. They differ in their functional properties: compared to
mature neutrophils, immature neutrophils have a significantly reduced
oxidative burst capacity. The number of mature neutrophils in LDNs
can be increased in vitro by stimulation with 1VIg, fMLF, or LPS.

LDNs are generally characterized as PMNs based on the expres-
sion of various surface antigens, including CD33%/CDé6b*/CD15%/
CD14~. Nowadays, several publications subdivide LDNs into mature
and immature based on the surface expression of CD10, CD11b, or
CD16. CD16 CD11b™ iLDNs and CD16"CD11b* mLDNs have been
previously described in patients with urological cancer or head and
neck cancer (HNC) (Brandau et al., 2011), as well as Hodgkin and non-
Hodgkin lymphoma (Marini et al., 2016). In patients with sepsis, LDNs
have been reported to be formed during various stages of neutrophil
maturation (Sun et al., 2022).

Our flow cytometry results showed that 60% of LDNs in the
PBMC samples of HD were, on average, composed of mLDNs with a
high expression of myeloid markers CD10, CD11b, CD15, CD16,
CD45, CD62L, and CD66b. In comparison, 40% of LDNs were pheno-
typically immature based on the low expression of the measured mye-
loid markers. In contrast, recent publications describe LDNs in HD as

mature cells with the equivalent expression of surface markers and

SLANINA ET AL.

standard morphology of mature neutrophils (Blanco-Camarillo
et al., 2021; Gareth R. Hardisty et al., 2021). We speculate that the
variability in the results may be explained by differences in the proto-
cols used to isolate LDNs or gating strategies for the flow cytometry
measurements. Moreover, the frequency of LDNs in the PBMC sam-
ples of HD was around 0.2%, and immature neutrophils comprised
only 0.08% of the total LDNs. Probably, iLDNs have not been ana-
lyzed in previous studies due to their very low quantity.

Previously published results, as well as our data, indicate that
LDN composition is variable and dependent on the disease type, as
shown in Table 1. The current study confirmed our previous findings:
compared to HD, CVID patients produce more LDNs, mLDNs in par-
ticular, however it remains unknown why patients with CVID display
an increase in the number of LDNs.

IVIg replacement, together with the subcutaneous immunoglobu-
lin replacement route, is the first-line treatment for CVID patients.
Our current study showed that in vitro stimulation of the WB with
IVIg caused a significant increase in the proportion of mLDNs in the
PBMC fraction of both CVID patients and HD. The increment of
LDNs was significantly higher in CVID patients compared to HD. The
mechanism leading to the formation of LDN after in vitro stimulation
remains unknown. It could be potentially attributed to the presence of
a dimeric form of IgG in therapeutic IVIG preparates. Consistently, IgG
aggregates are absent in the majority of IVIG preparates, however up
to 1%-10% of 1gG in dimeric form can be found in most IVIGs
depending on the manufacturer and a batch (Dolman et al., 2001).
According to the study of Coxon et al. (2001), immune complexes,
which are accessible for neutrophils, lead to their activation and
migration into tissues. Multivalent cross-linking of CD16b elicits
downstream signals including the release of Ca®" from intracellular
stores (Walker et al., 1991). Additional effector functions observed
after CD16b cross-linking include degranulation and activation of
respiratory burst (Fernandes et al., 2005). Degranulation and
increased expression of integrins on the neutrophil surface could
cause interaction with monocytes, lymphocytes or platelets, which
may account the increased number of LDNs in PBMC fraction. Vlkova
et al. (2019) described, that patients with CVID had activated neutro-
phils compared to HD, therefore, it could be possible that IVIG could
activate neutrophils of CVID patients more significantly, which could
eventually lead to increased LDNs frequency in PBMCs.

To examine the possibility of IVIg treatment inducing the forma-
tion of LDNs, we compared the effect of in vitro stimulation of the
WB and in vivo stimulation after IVIg administration on the percent-
age of LDNs in 7 CVID patients. In vitro stimulation caused a substan-
tial increase in the percentage of LDNs, while after in vivo stimulation,
there was a decrease in the percentage of LDNs in some patients but
an increase in others. While in vivo LDNs could have been produced
from a pool of neutrophils in the bone marrow, and many factors
could have influenced their production and maturity, these mecha-
nisms are typically very limited in vitro. Based on the obtained results,
we were unable to identify common mechanisms or pathways that
could explain the differences in LDNs between in vitro and in vivo

stimulation. It is possible that in vivo activation of neutrophils by IVIg
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or microbial translocation may be different across individual patients
and more data need to be collected.

CD10 is expressed on the surface of mature neutrophils. This
antigen also has enzymatic activity, and its main function is to regulate
the activation of neutrophils by degrading of inflammatory peptides
and influencing the morphology and migration of neutrophils (Shipp
et al., 1991). Kaneko et al. (Kaneko et al., 2003) further described a
homogenous increase in CD10 expression after in vitro stimulation of
neutrophils with LPS. Our data confirmed that stimulation of mLDNs
induces elevated CD10 expression in HDs, with a tendency to even
higher expression after IVIg, fMLF, and LPS administration, respec-
tively. mLDNs of CVID patients did not display increased CD10
expression after administering IVIg or stronger stimulants, such as
fMLF or LPS. Decreased capacity of neutrophils to express CD10 has
been reported in patients with septic shock, indicating that secretory
vesicles containing CD10 were fully mobilized in vivo and that neutro-
phils were unable to further upregulate CD10 after in vitro stimulation
(Martens et al., 1999). Recently, “aged neutrophils” have been found
in patients with psoriasis, with reduced expression of CD10, CD11b,
and CD16. That subpopulation of neutrophils also had a reduced oxi-
dative burst capacity compared to mature neutrophils (Rodriguez-
Rosales et al., 2021). However, decreased CD10 expression has not
been described in patients with chronic diseases yet, which is relevant
to CVID patients. On the other hand, our study did not reveal a
decrease in CD11b or CD16 expression on the mLDNs in CVID
patients as published in the case of patients with psoriasis.

It remains uncertain based on our observations whether the
diminished CD10 expression on mLDNs of CVID patients is a result of
the mild immaturity of these neutrophils or if it is indicative of neutro-
phils showing signs of aging. Both of these populations showed
changes in the expression of other markers such as CD11b, CD16 and
a reduced capacity for oxidative burst. Therefore additional research
is required to elucidate the function and mechanistic consequences of
decreased CD10 expression after stimulation in mature neutrophils
from patients with CVID.

PD-L1 is a molecule with an immunomodulatory function that is
expressed in various cells, including myeloid cells. PD-L1 interaction
with the programmed cell death protein 1 (PD-1) receptor triggers
inhibitory signals that regulate T cell responses (Keir et al., 2008).
mLDNs of CVID patients obtained from the non-stimulated WB
expressed higher PD-L1 than HD, which could be related to the sup-
pression of specific immune reactions and, as a consequence, chronic
inflammation. It could be a characteristic feature of mLDNs in CVID
patients, with other features including CD10 expression.

Oxidative burst plays an essential role in the response of neutro-
phils to a variety of pathogens. Using fMLF cell stimulation, Hardisty
et al. (2021) reported that healthy LDNs had a production of ROS
comparable to that of normal neutrophils. Moreover, Blanco-Camarillo
et al. (2021) described that LDNs, compared to normal neutrophils,
had enhanced ROS production after stimulation with PMA. Our tests
of the oxidative burst performed on distinguished iLDNs and mLDNs
showed that iLDNs were incapable of the oxidative burst after being

stimulated with opsonized E. coli or PMA. Stimulation of neutrophils
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via Fc receptors FcyRlla (CD32) and FcyRIllb (CD16) is necessary for
the oxidative burst that is mediated by the IgG immune complex (van
der Heijden et al., 2014). Oxidative burst is also induced by the activa-
tion of B2 integrins (Nguyen et al., 2017). The phenotype of immature
neutrophils with low expression of CD11b, CD16, or CD32 reflects
incomplete maturation of granules, especially specific vesicles that
have a membrane on which these receptors are expressed and from
which they reach the plasma membrane upon activation
(Borregaard & Cowland, 1997) and indicates a possible reduction in
their oxidative burst capacity.

The varying results may be attributed to a different gating strat-
egy than that described in Blanco-Camarillo et al. (Blanco-Camarillo
et al., 2021), where the authors did not consider CD16'°" neutrophils
(i.e., ILDNs) in the analyses, or to the LDN isolation protocol itself pre-
sented in Hardisty et al. (Gareth R. Hardisty et al., 2021), where iLDNs
may not have been captured.

Compared to mLDNs of HD, we observed a reduced capacity of
mLDNs for the oxidative burst in CVID patients after stimulating
LDNs with opsonized E. coli. In addition, combined pre-stimulation of
the WB with IVIg and subsequent stimulation of LDNs with opsonized
E. coli did not increase the oxidative burst of LDNs in CVID patients.
On the other hand, no difference was detected in the oxidative burst
of mLDNs between the two groups after PMA stimulation. 1VIg has
been shown to modulate the functions of various cells in both innate
and adaptive immunity (Dolcino et al., 2014; Siedlar et al., 2011). Acti-
vation and increased oxidative burst were observed in peripheral
blood neutrophils in vitro after low doses of IVIG (Casulli et al., 2011).
In this study, the authors also observed increased CD11b expression
and greater ROS production in neutrophils after IVIG (cIVIG = 5 mg/
mL) + LPS stimulation. These data are consistent with our observed
increased oxidative burst in HD after IVIG pre-activation and subse-
quent E.coli stimulation. However, we did not observe an increase in
CD11b expression after IVIG stimulation in either HD or CVID
patients on mLDN. Nevertheless, CD11b expression was increased on
mLDN in comparison with neutrophils in whole blood in both investi-
gated groups (data not shown). On the other hand, we also observed
reduced oxidative burst capacity in mLDNs from CVID patients after
E.coli stimulation, similar to Casulli et al., where peripheral blood neu-
trophils from CVID patients showed decreased degranulation, phago-
cytosis, and reactive oxygen species production (Casulli et al., 2014).
These observations indicate that neutrophils from CVID patients
including mLDN might show dysregulation in their functional
properties.

In conclusion, CVID patients have defects in cells of specific and
non-specific immunity, including neutrophils, in particular LDNs
(Barbosa et al., 2012; Sharifi et al., 2017; Vlkova et al., 2019). We
showed that LDNs are composed of immature and mature LDNs,
which differ between CVID patients and HD. iLDNs in HD as well as
in CVID patients are not capable of an oxidative burst. mLDNs in
CVID patients have limited oxidative burst capacity, and expression of
the PD-L1 suppressor molecule is enhanced in LDNs of CVID
patients. Our study provides valuable and novel data by defining the

phenotype and characterizing the oxidative burst capacity of LDNs in
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both CVID patients and HD. We propose that LDNs represent the
most activated state of neutrophils in peripheral blood. The increased
presence of LDNs in CVID patients may serve as an indicator of
chronic inflammation or potentially reflect episodes of acute
inflammation.

The observed reduction in oxidative burst capacity in mLDNs is
likely linked to the decreased production of ROS by neutrophils in
CVID patients, as demonstrated in the study by Casulli et al. (2014).
This reduction may contribute to an increased susceptibility to recur-
rent bacterial infections among CVID patients. However, we do not
believe that the functionality of LDNs, specifically their oxidative
burst capability, directly contributes to the pathogenesis of CVID.
Instead, it likely indicates a potential dysregulation of the immune
response in these patients. Nonetheless, further research is necessary
to elucidate the relationship between activated neutrophils and
mLDNs in CVID patients and to understand the implications of their
limited functional capacity.
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