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Chapter 1

The immune system is a complex network that is tasked with protecting the human
body against invading pathogens and malignant diseases. It maintains a delicate balance
between eliminating harmful substances and malignant own cells while tolerating
harmless foreign substances and healthy cells. The immune system is classically divided
into the innate and adaptive immune system. Neutrophils are a type of white blood
cells that are a vital component of the innate immune response and are the first line
of defense against invading pathogens'. In addition to their role in infection control,
neutrophils also play a key role in regulating inflammation and influencing adaptive
immune responses”. Neutrophils are present in high numbers in the synovial fluid
(SF) and synovial tissue of patients with chronic inflammatory joint diseases, such as
rheumaroid arthritis (RA) and spondyloarthritis (SpA)?. In addition, the over-activation
of specific effector T helper cell subsets is a characteristic of these diseases and in recent
years it has been demonstrated that neutrophils play a role in the process of T helper cell
subset polarization*>. Thus, activated neutrophils are considered crucial players in the
pathogenesis of chronic inflammatory joint diseases. Given the critical importance of
neutrophils in the immune system, understanding their mechanisms of action and the
factors that regulate their function is essential for developing new strategies to prevent
and treat inflammatory joint diseases. However, how neutrophils play a role in shaping
adaptive immunity is poorly understood. This thesis aims to enhance our understanding
of neutrophils and how they shape adaptive immunity in chronic inflammatory joint

diseases. Specifically by addressing the following questions:

1. How do different stimuli affect neutrophil activation and neutrophil-derived
extracellular vesicles (EVs)?

2. What components present in SF from RA and SpA patients are associated with
neutrophil activation and neutrophil-derived EVs?

3. How is DC function altered upon encountering neutrophil-derived EVs?

Unexpectedly, in the middle of conducting research for this thesis the coronavirus
disease 2019 (COVID-19) pandemic started. The pandemic had a major influence
on our research since contact with the clinic was limited for over a year and thus
limiting our access to patient material. As it was demonstrated that neutrophils also
contribute to the pathogenesis of COVID-19%7, we broadened the scope of this thesis

by answering the following question:

4. How do immunoregulatory drugs, that are used to treat COVID-19 patients,

influence neutrophil activation?
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Although the diseases that stood central in this thesis are very different, inflammatory
joint diseases are autoimmune diseases, while COVID-19 is a viral disease, in the
pathology of both diseases, neutrophils play a critical role. In this chapter, the subjects

that are central to this thesis are introduced.

The Immune System

The main task of the immune system is to defend the body against any kind of infection
or cancer cells. The body is constantly exposed to harmful pathogens, such as bacteria,
viruses, fungi, and parasites. Our immune system attacks and eliminates these harmful
pathogens. At the same time, our immune system must tolerate unharmful foreign
substances and thus maintain a complex balance between tolerating and attacking. To
make matters even more complex, the immune system is also tasked with eliminating
malignant cells, without causing harm to healthy cells. These tasks are performed by
both the innate immune system and the adaptive immune system. In general, the
innate immune system provides a rapid response to invading pathogens. It acts as
the first line of defense and its response is largely non-specific. It consists of various
types of cells, including neutrophils, monocytes, macrophages, dendritic cells (DCs),
basophils, eosinophils, and innate lymphoid cells®. Some of these cells, and especially
DCs, serve as a bridge between the innate and the adaptive immune system and are
important communicators between the two systems™'’. The adaptive immune system
is also referred to as the specific immune system. Its response is slower than that of the
innate immune system but has a specific response to each pathogen. Furthermore, it is
capable of generating a memory response and when a pathogen is encountered a second
time, it can quickly reactivate its specific response against that pathogen, allowing for
faster clearance. B cells and T cells are crucial components of the adaptive immune
system'". Although the immune system is classified into two main components they do
notact alone, as they need each other to optimally perform their tasks. When the innate
immune system is triggered, cells from the innate immune system communicate with

cells from the adaptive immune system to activate them.

Neutrophils

Neutrophils are part of the innate immune system and are the most abundant
leukocyte. Each day around 10" neutrophils are produced by the bone marrow.

Neutrophils represent 40-60% of the immune cells in our bloodstream'".

9
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Neutrophils are generally considered to be cells with a short life span, with a maximum
of approximately 24 hours'. Although, around a decade ago evidence was published
that neutrophils possibly have a longer life span of around 5 days". Upon activation
neutrophils are equipped to kill pathogens, and they have developed an impressive

repertoire for this. These strategies are described below and summarized in figure 1.

The first weapon in their arsenal is degranulation. Neutrophils contain four different
types of granules and upon activation, neutrophils can release the content of these
granules in a sequential fashion. The four granules are primary granules, secondary
granules, tertiary granules, and secretory vesicles. These granules differ in content,
and one explanation for this is that some proteins cannot exist together and will

1617 Each type of granules contains multiple substances that help

degrade one other
eliminate pathogens. Some of their contents overlap, but each has its prominent
substances. Primary granules, also known as azurophilic granules, contain many
toxic mediators, including neutrophil elastase (NE) and myeloperoxidase (MPO).
Secondary granules, also known as specific granules, contain lactoferrin. Tertiary
granules, also known as gelatinase granules contain gelatinase B. Secretory vesicles

contain serum albumin'®".

The second mechanism neutrophils use for killing pathogens is phagocytosis, in which
neutrophils can ingest and thereafter eliminate pathogens within the neutrophil.
Besides the clearance of pathogens, it is also an effective mechanism to clear dead

cells and tissue debris?.

The third mechanism is the formation of neutrophil extracellular traps (NETs). In
this intriguing mechanism, also known as NETosis, neutrophils release their nuclear
content together with granular content to form a ‘net’ of chromatin, consisting of
citrullinated histones, and antimicrobial molecules, such as MPO and NE?'?2, In
these NETs, pathogens are trapped and killed. This process is sometimes described as
an ultimate kamikaze action since it should be impossible for neutrophils to survive
the release of their nuclear content. However, recent studies show that neutrophils

that have undergone NETosis; this process is termed vital NETosis??4.

Another mechanism neutrophils use to kill pathogens is by the production and release
of reactive oxygen species (ROS). ROS can kill pathogens by damaging their nucleic
acids, proteins, and cell membranes. ROS can be released both extracellularly into

the environment where pathogens are present, and intracellular into the phagosome
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where it can help the killing of phagocytosed pathogens®?*. Furthermore, ROS
production by neutrophils influences the overall antimicrobial response of neutrophils

since it induces NET formation?’.

Also, neutrophils can release mediators, that exert various effects. The release
of mediators is not only useful for eliminating pathogens but is also essential for
communicating with other cell types, including those of the adaptive immune system.
Next to the release of mediators for cell communication, neutrophils can release EVs
that is another mechanism for cellular communication. Neutrophil-derived EVs were
an important research topic in this thesis and we will introduce them further in this

introduction.

ROS production NETosis

Phagocytosis

Figure 1: Schematic overview of neutrophil functions. Neutrophils can employ different
strategies for pathogen elimination upon encountering a pathogen or other activating stimuli.

Neutrophils and the adaptive immune system

For a long time, neutrophils were considered to be truly innate immune cells, whose
primary role was solely killing pathogens. Their primary task is indeed eliminating
pathogens, but neutrophils also influence other immune cells and thus can modulate
cells from both the innate immune system and the adaptive immune system.
Neutrophils release cytokines that promote the migration of various immune cells to

the site of infection. Neutrophils can also modulate T-cell responses. They can do this

11
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directly by activation of naive CD8+ T cells via MHC class I antigen presentation®.
But they also do this indirectly by influencing DC-driven T-cell responses. For
example, NE present in neutrophil granules promotes the polarization of naive T-cells
into Th17 cells®. Furthermore, NETs can reduce the activation threshold of T-cell
responses”. NETs also influence other immune cells including activating DC subsets®
and activating memory B cells via TLR9 stimulation®'. Furthermore, neutrophils
have been reported to directly modulate B-cell activation and differentiation via
secretion of the cytokine BAFF?2. Although we know that neutrophils play a role
in modulating different adaptive immune responses, the extent of their role in this
process is yet unknown. Further research needs to be performed to elucidate the
exact role of neutrophils in controlling adaptive immune responses. This potentially

is important in autoimmune diseases, such as inflammatory joint diseases.

Neutrophils and inflammatory joint diseases

Chronic inflammatory joint diseases are a group of rheumatic diseases that mainly
affects the joints. It is estimated that the prevalence of these diseases is between
5-20% depending on the subtypes included®. These diseases are characterized by
chronic inflammation of the joints and this can lead to progressive joint damage
and disability which causes pain and loss of function in patients suffering from
these diseases. Furthermore, chronic inflammartory joint diseases provide a major
health and economic burden, since patients with these conditions require long-term
pharmacological interventions and frequent hospital care. Different subtypes of
chronic inflammatory joint diseases are associated with different pathology. There
are many subtypes of inflammatory joint disease, but two common ones that are also
within the scope of this thesis are rheumatoid arthritis (RA) and spondyloarthritis
(SPA). RA is characterized by persistent inflammation of the peripheral joints,
often resulting in the destruction of cartilage and bone *. SpA is characterized by
inflammation in the spine and the peripheral joints resulting in bone remodeling
(i.e. both destruction and pathological new bone formation). Furthermore, SpA
patients can suffer from inflammation of the gut (inflammatory bowel disease),
skin (psoriasis), and eyes (uveitis)*>*. Currently, a lot is still unknown about the
underlying pathophysiology of RA and SpA, and current treatment strategies are
not always effective. Neutrophils are abundantly present in the inflamed joints of

patients with RA and SpA. Furthermore, inflammation-induced tissue damage
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is a problem in both of these diseases. Although neutrophils are very potent in
eliminating pathogens and modulating the functions of other immune cells, many
of these neutrophil mechanisms and the compounds they release are very cytotoxic.
When these mechanisms are uncontrolled they can cause harm to healthy cells and
surrounding tissue. This possibly occurs in RA and SpA as well. In both RA and
SpA, the severity of the disease directly correlates to an increased neutrophil-to-
lymphocyte ratio in blood”. Thus, it is clear that neutrophils are involved in the
pathogenesis of inflammatory joint diseases. To what extent exactly, is a question that

remains unanswered up until now.

Neutrophils and COVID-19
COVID-19 occurred very unexpectedly at the end of 2019 and turned into a

pandemic in 2020. This made continuing research into neutrophils and inflammatory
joint diseases difficult since no contact with the clinic was allowed. At the same time,
the situation provided a very interesting opportunity for every immunologist to
conduct relevant research amidst a global pandemic. Especially because neutrophils
seemed to be involved in the pathogenesis of COVID-19. Moreover, while the
majority of COVID-19 patients have mild or no symptoms, the disease can be
very severe for many patients. The disease is caused by severe acute respiratory
syndrome-associated coronavirus-2 (SARS-CoV-2), a single-stranded RNA virus®.
Most patients suffer from symptoms in the upper respiratory tract, including cough
and shortness of breath. Patients with severe COVID-19 infection can suffer from
respiratory failure, septic shock, and organ failure®. The mechanisms involved in
severe COVID-19 infection are poorly understood. However, it is known that
during severe COVID-19 infection there is excessive infiltration of immune cells in
the lungs, overproduction of pro-inflammatory cytokines, and prominent changes in
blood coagulation®. Also, there is strong evidence that neutrophils play an important
role in the pathophysiology of COVID-19. The disease is associated with an elevated
neutrophil-to-lymphocyte ratio, neutrophils are in an activated state, and neutrophil-
related cytokines, including, IL-1B, IL-6, and CXCL-8 are elevated during severe
infection®#2, In addition, NETosis is elevated in COVID-19 patients and SARS-
CoV-2 can directly induce NETosis in neutrophils**#. Therefore, more knowledge of
the role of neutrophils and neutrophil activation could be beneficial for finding novel

treatments for (severe) COVID-19 infections.
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Extracellular Vesicles

Cell communication is essential in all processes in the human body. Cell communication
can occur via direct cell-cell contact, via the release of various soluble mediators, and via
the release of EVs. EVs are small lipid-bilayer enclosed particles, ranging from 30 nm to
1 um in size®. This lipid bilayer protects nucleic acids and proteins from the extracellular
space, where they will be degraded. Therefore the layer allows a stable exchange of proteins
and nucleic acids*. Also, EVs can carry lipids or membrane proteins to other cells within
their lipid bilayer. Furthermore, EVs can communicate complex signals between cells, as
they can deliver multiple different components into one vesicle?’. The biogenesis of EVs
can occur in two ways. EVs can be produced as intraluminal vesicles within endosomes
of the parent cell and thereafter released, these EVs are called exosomes. Alternatively,
EVs can be released from budding from the parent cell membrane, these EVs are called
microvesicles®®. However, it is impossible to determine the method of biogenesis for
the different vesicles. Furthermore, EVs are termed based on the field of study, such as
ectosomes® or oncosomes™. Due to a lack of discriminatory markers, all these vesicles

are collectively termed EVs to avoid confusion’.

Extracellular vesicles and neutrophils

Just like any other cell neutrophils can release EVs. Many studies have investigated
neutrophil-derived EVs and their effects on other cell functions. However, their
findings are diverse and contradictory™. Besides these shortcomings in neutrophil-
derived EV studies, there is consensus on some facts. First of all, the size of
neutrophil-derived EVs seems to be between 100 nm and 700 nm>>*. Secondly,
neutrophil-derived EVs express amongst others CD66b and MPO on their surface®,
markers that are common for activated neutrophils. The number of EVs released
by neutrophils differs greatly in various studies and might depend on the activation
status of the neutrophil they are derived from®*. Neutrophil-derived EVs can affect
other cell functions. Studies have shown that they can affect the function of other
cells including, neutrophils, macrophages, NK-cells, and T-cells**’. However, much

of their effect on cell function is still unclear and more research is therefore necessary.

Extracellular vesicles and inflammatory joint diseases

EVs are present in the synovial fluid (SF) of joints and an elevated concentration of EVs is

present in the SF of patients with inflammatory joint diseases®. EVs in SF from inflamed



General Introduction

joints originate from different cell types, such as neutrophils, monocytes, synovial
fibroblasts, erythrocytes, and T-cells 2. Next to EVs derived directly from cells present
in the synovial environment, EVs in SF can also derive from blood plasma and infiltrate
the joint®. Studying EVs in SF is challenging because SF is very viscous. This makes
the isolation of EVs by differential ultracentrifugation difficult since the viscosity of SF
limits the sedimentation of EVs®®. Although the exact role of EVs in inflamed joint
diseases is unclear, there is evidence that EVs are involved in the pathogenesis of various
inflammatory joint diseases and they have been reported to induce both pro-inflammatory
and anti-inflammatory responses in inflamed joints®“. Additional research is needed to

study and determine the exact function of EVs in inflammatory joint diseases.

Thesis outline

The original aim of this research project was to analyze cellular communication via
EVs between neutrophils and DCs, focused on the activation and polarization of
T cells in the context of spondyloarthritis. Due to the COVID-19 pandemic the
research project’s aim was broadened to analyze the role of neutrophils in the context
of COVID-19 as well.

In chapter 2 we provided a review describing the role of extracellular vesicles derived

from innate immune cells in the orchestration of adaptive immune responses.

In chapter 3 we studied how neutrophils are activated. We challenge the dogma that
neutrophils first need to be primed by a priming stimulus whereafter neutrophils can
be activated by an activated stimulus. We show that efficient neutrophil activation
requires two simultaneous activating stimuli and that this is independent of the

combination of stimuli used.

In chapter 4 we studied the effect of dexamethasone and other immunomodulatory
drugs, which were vitamin D3 and retinoic acid on neutrophil activation in the
context of COVID-19. Dexamethasone is a drug that is often used in the treatment
of critically ill COVID-19 patients. We found that dexamethasone dampens the
inflammatory neutrophil response. Vitamin D3 did not affect neutrophil function,

but retinoic acid increased neutrophil function.

In chapter 5 we analyzed the synovial fluid (SF) of SpA and RA patients and

discovered that neutrophils were present in an inactivated state. We show that the
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SF of these patients inhibits activation of blood-derived neutrophils from healthy
donors. Subsequently, we identified hyaluronic acid in the SF as the main factor

responsible for this inhibitory effect on neutrophils.

In chapter 6 we studied the effect of EVs derived from resting and activated
neutrophils on DC function. We show that EVs derived from resting and activated
neutrophils do not affect DC maturation and DC-driven Th17 cell development.
EVs derived from resting neutrophils induce IL-8 production by DCs and therefore
have an indirect pro-inflammatory effect. Contrastingly, EVs derived from activated

neutrophils have an anti-inflammatory effect on DC cytokine production.

In chapter 7 we summarize our findings and put those in perspective to current

literature.
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Chapter 2

Abstract

Innate immune cells are recognized for their rapid and critical contribution to the
body’s first line of defense against invading pathogens and harmful agents. These
actions can be further amplified by specific adaptive immune responses adapted to
the activating stimulus. Recently, the awareness has grown that virtually all innate
immune cells, i.e. mast cells, neutrophils, macrophages, eosinophils, basophils, and
NK cells, are able to communicate with dendritic cells (DCs) and/or T and B cells, and
thereby significantly contribute to the orchestration of adaptive immune responses.
The means of communication that are thus far primarily associated with this function
are cell-cell contacts and the release of a broad range of soluble mediators. Moreover,
the possible contribution of innate immune cell-derived extracellular vesicles (EVs)
to the modulation of adaptive immunity will be outlined in this review. EVs are
submicron particles composed of a lipid bilayer, proteins and nucleic acids released by
cells in a regulated fashion. EVs are involved in intercellular communication between
muldple cell types, including those of the immune system. A good understanding
of the mechanisms by which innate immune cell-derived EVs influence adaptive
immune responses, or vice versa, may reveal novel insights in the regulation of the
immune system and can open up new possibilities for EVs (or their components) in
controlling immune responses, either as a therapy, target, or as an adjuvant in future

immune modulating treatments.

Key words

Extracellular vesicle, exosome, microvesicle, microparticle, innate immune cells,

adaptive immunity
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Introduction

For a long time, it has been a general principle in immunology that the development
of effector T cells (Th1, Th2, Th17 or regulatory T cells) is directly driven by antigen-
primed dendritic cells (DCs)[1]. However, it is now more and more recognized that
both at inflammatory sites and in secondary lymphoid structures, DCs can interact
with innate immune cells (i.e. mast cells, neutrophils, macrophages, eosinophils,
basophils, and natural killer (NK) cells) resulting in the modulation of DC migration
and function. These interactions subsequently influence T cell proliferation and/
or polarization into effector cell subsets [2-9]. Moreover, the concept that innate
immune cells can directly communicate with CD4* and CD8" effector T cells,
regulatory T cells, y3-T cells, and B cells, and thereby influence each other’s function,
adds another layer of complexity in the regulation of innate and adaptive immune
responses [10-16]. These accumulating new insights indicate that in contrast with the
conventional idea that innate immune cells only participate in immune responses as
terminal effector cells, they also significantly contribute to the initiation and shaping

of adaptive immune responses.

Mechanisms that are involved in the cross-talk between innate and adaptive immunity
obviously include cell-cell contacts and the release of a diverse array of soluble
factors, including cytokines and chemokines. Another increasingly investigated and
appreciated mechanism via which cells may exert their modulatory effect is through
the release extracellular vesicles (EVs). EVs are submicron structures, typically of
50 to 200 nm in size, and released by cells in a regulated fashion [17]. EVs can
either be formed and released by outward budding from the plasma membrane (then
often termed microparticles or microvesicles), or formed as intraluminal vesicles in
endosomal multivesicular bodies and released (as so-called exosomes) from cells upon
fusion of the multivesicular body with the plasma membrane[17, 18]. Since the route
of biogenesis cannot be determined once the different vesicle subsets are found in
biological fluids or culture supernatants due to a lack of discriminatory markers, they
are collectively termed EVs [19]. The content of EVs entails lipids, proteins, and
nucleic acids, and therefore EVs can be seen as multi-component communication
devices. The selective incorporation of this cargo depends on the activation state of
the EV-releasing cell, and differs between different cell types [20]. Importantly, the
combined presence of different functional molecules in EVs can result in different

cellular responses compared to the individual components [21]. Additionally and in
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contrast to soluble proteins, some membrane-associated proteins may be resistant
to inhibition as was shown for neutrophil elastase activity for example [22], or can
induce more potent responses, as was shown for EV-associated Hsp70 [23]. Taken
together, the selective incorporation of cargo determines how and where EVs exert

their function.

It is clear that EVs can substantially influence different physiological and pathological
processes, including immune responses [24, 25], cancer [26], and cardiovascular
diseases [27]. As it is now increasingly recognized that innate immune cells may
modulate the adaptive immune response, we will focus in this review on the
contribution of EV-mediated cross-talk between cells of the innate and adaptive
immune system to the initiation or regulation of immune responses. More specifically,
we will focus on macrophages, mast cells, neutrophils, eosinophils, basophils and NK
cells as producers of EVs that modulate T and B cell functions (either by directly
targeting these cells, or indirectly by targeting DCs). Since DCs are well-known
for their role as master regulator of adaptive immunity and because the immune-
modulating characteristics of DC-derived EVs, including their use in clinical trials
aiming at inducing tumor-specific T cell responses have been reviewed extensively [25,
28-30], we did not include DC-derived EVs in the current review. Finally, multiple
different protocols are used for the isolation of (subsets of) EVs, and EV research is
frequently complicated by the possible presence of contaminants in EV samples, e.g.
protein aggregates and lipoproteins. Efforts have been made to standardize EV-related
experimental methods and documentation [31, 32], and to improve the interpretation
of the reviewed data, we concisely indicated the EV isolation methods (i.e. pelleting
speed, possibly followed by density gradient ultracentrifugation (DGC)) that were

used to obtain the described EV content or their immune modulatory effects.

Mast cells

Mast cells are tissue-resident cells that are particularly found at sites that are in contact
with external environments such as the skin, gut, and airways. Moreover, mast cells
can be found in lymphoid tissues, where their presence can significantly increase
during inflammatory responses [33—36]. Physiologically, mast cells appear to have
a prominent role in orchestrating innate and adaptive immunity required for host
defense against microbial infections (parasites, bacteria, virus), and animal venoms.

Moreover, these cells are associated both with the induction of immune tolerance
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but also with the initiation and progression of multiple immune disorders [33, 37,
38]. Although direct cellular contacts and soluble mediator release are two important
mechanisms employed by mast cells to exert these functions [2, 11, 39], mast cells

release EVs under resting and activated conditions that are indicated to play a role.

Several studies have demonstrated that mast cells can express MHC class II (MHC-
II) and co-stimulatory molecules under specific inflammatory conditions (LPS,
IFN-y, IL-4) [40—44], or acquire MHC-II after contact with DCs [45], and thereby
regulate effector memory CD4* T cell responses [42—45]. In line with these data,
MHC-II was shown to be present on EVs (70,000g (70K) pellets) from murine
bone marrow-derived mast cells (BMMC) and RBL-2H3 cells (rat basophilic
leukemia used as a mast cell model) using electron microscopy in combination with
immunolabeling, western blotting, and ELISA [46-48]. In BMMC cell cultures,
MHC-II-containing EVs were released both by degranulating [46] and unstimulated
BMMC:s [49], two conditions that result in the release of two completely different
EV subsets based on size, and protein and lipid composition [50]. In an artificial
model using hemagglutinin peptide-loaded HLA-DR1-expressing RBL-2H3 cells,
EVs from degranulated cells (70K pellets) could significantly induce the proliferation
of hemagglutinin-specific Jurkat T cells, but only in the presence of immature DCs
[47]. Merely weak T cell activation was observed in the absence of DCs, indicating
that mast cell-derived EVs must be taken up by professional antigen presenting cells or
that additional DC-derived costimulatory signals were required for T cell activation.
A comparable requirement was shown for MHC-II-positive DC-derived EVs in order
to induce substantial effects on T cell responses [25, 51]. So far, no additional data
exists that further substantiate a role for mast cell-EVs in the transfer of MHC-II-
peptide complexes and in direct antigen presentation to T cells. Others demonstrated
that antigen (ovalbumin)-primed unstimulated BMMCs can transfer endocytosed
and partially processed antigens via EVs (70K pellets) to immature bone marrow-
derived DCs (BMDC) in vitro, or to DCs in vivo after EV injection. Interestingly,
this EV-associated ovalbumin was far more efficiently presented by DCs than soluble
ovalbumin in the presence of LPS. The authors further showed that antigen-loading
into EVs was dependent on heat shock proteins (Hsp60 and Hsc70), and that the
low density lipoprotein receptor-related protein 1 (LRP1/CD91) expressed on DCs
was involved in the uptake of hsp-positive EVs [52]. Moreover, these mast cell-

derived EVs were shown to induce BMDC maturation (upregulated expression of
MHC-II, CD80, CD86, and CD40), and IL-12p70 release by DCs. This effect
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on DCs was likely responsible for additionally observed effects: enhanced B and T
cell proliferation both in vitro, and in in vivo murine models upon intraperitoneal
injection of antigen-primed unstimulated BMMC-derived EVs (increased IL-2 and
IFN-y release, no IL-4). Furthermore, efficient antigen-specific antibody responses
(IgG1/IgG2a) could be elicited in mice after subcutaneous injection of these EVs in

the absence of conventional adjuvants [48, 52].

Although clear immunomodulatory functions are described for different heat
shock proteins [53, 54], their functional role in mast cell EVs other than loading of
antigenic cargo have not been demonstrated. It should be noted that although we
also identified Hsp60, Hsp70, and Hsp90 in murine spleen-derived and peritoneal
mast cell EVs, we did not observe any effects on the maturation of BMDCs upon
incubation with EVs isolated from unstimulated mast cells (100K pellets, purified by
DGC, or only using 100K pellets comparable to the above described papers) ([50]
and our own unpublished data). These contradicting findings indicate that either mast
cells derived from different precursors release functionally different EVs, and/or that
this difference in functionality is due to different culture conditions employed, such
as the required treatment with IL-4 to generate EVs with DC activating properties
[48, 52]. As such, it is likely that mast cells only release immune stimulatory EVs
when exposed to specific inflammatory conditions, since it would be physiologically
unfavorable when constitutively released EVs continuously activate surroundings

DCs and induce B and T cell activation.

Another mechanism of antigen-transfer from mast cells to DCs may involve antigen-
IgE complexes bound to mast cell EVs. The presence of the high-affinity IgE receptor
(FceRI) on EVs from both unstimulated and degranulated RBL-2H3 cells (EV
isolation protocol unknown) and unstimulated BMMCs (120K pellets) was shown
[55, 56], though we only detected the Fc receptor y-chain in EVs isolated (100K
pellets purified by density gradient ultracentrifugation) from degranulated murine
peritoneal mast cells [50]. Such FceRI-IgE complexes were shown to be able to
transfer antigen from BMMCs to BMDC:s in a direct cell contact-dependent manner
following induction of mast cell degranulation, although a contribution of EVs was

not investigated [57].

Mast cell EVs have also been shown to contain lipases and lipid mediators that may
be involved in the modulation of adaptive immune responses. Using a human mast

cell line (LAD2), Cheung et al. showed that EVs derived from IFN-a-activated mast
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cells contain active cytosolic phospholipase A2 (PLA2G4D), which can be transferred
to CD1la-expressing cells (either a CD1la-expressing leukemic cell line or monocyte-
derived DCs), leading to the generation and presentation of neolipid antigens.
This subsequently induced the activation of lipid-specific CD1a-reactive T cells of
psoriasis patients leading to the production of IL-22 and IL-17A [58]. Although
EVs were isolated using a ‘exosome extraction reagent’ which is not a generally
accepted EV isolation method, PLA, was also shown in EVs isolated after ionomycin-
mediated RBL-2H3 activation (100K pellet) [59], and also we found PLA, activity
in EVs isolated from degranulated peritoneal mast cells (100K pellets purified by
DGC, own unpublished data). Interestingly, PLA, can generate lysophospholipids,
such as lysophosphatidylcholine (LPC), which could lead to membrane damage and
IL-33 release. In turn, IL-33 can directly signal through ST2 on T cells to induce
Th2 cell responses, as was shown in mice [60]. LPC themselves can also directly
influence T cell chemotaxis and function [61, 62], NKT cell activation [63], and
DC maturation [64]. Furthermore, PLA, can directly induce DC maturation [65].
Besides PLA,, RBL-2H3-derived EVs (100K pellets) also contained PLD, activity,
arachidonic acid, and its derivatives including prostaglandin E2 (PGE2) and PGD2
[59, 66]. These prostaglandins may directly modulate DCs and T and B cells leading
to both pro- and anti-inflammatory effects [67]. Moreover, PLD, hydrolyzes PC to
generate choline and phosphatidic acid (PA), which in turn can by hydrolyzed by
PLA, into lyso-PA that can inhibit DC function, and effect DC migration, cytokine
release (inhibition of TNF-o and IL-12, enhanced IL-10 release), and their capacity
to induce Thl cell differentiation [68, 69]. Together, these findings implicate that
mast cell-derived EVs may directly or indirectly be involved in the generation of lipid

mediators that can modulate adaptive immune responses.

Finally, it was shown that EVs from degranulated murine peritoneal mast cells (100K
pellets purified by density gradient ultracentrifugation) contain biologically active
mast cell-specific proteases [50]. Association of proteolytic enzymes to EVs may be
a mechanism to effectively position combinations of enzymes at distant sites, where
mast cell proteases could influence adaptive immunity by proteolytic processing
or degradation of cytokines and chemokines, including the IL-1 cytokine family
members IL-18 and IL-33, as well as IL-15 [70, 71]. Moreover, proteases may directly
target T cells. In a murine model it was found that mast cell protease-6 was involved

in suppression of Th2 cytokines by activating PAR2 on Th2 cells [72].
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Evidence for the direct targeting of T and B cells by mast cell EVs is still limited.
Using EV-bead flow cytometry it was suggested that unstimulated BMMC:s release
CD40L* EVs (ExoQuick isolation) that were undetectable in culture supernatants
upon co-culture with murine splenic B cells suggesting that they were captured by
B cells. This transfer of EVs was suggested to be involved in the generation of IL-10
competent B cells [73]. CD40L was also found on BMMC-derived EVs previously
[48], and may possibly also influence isotype switching, somatic hypermutation,
plasma and memory B cell formation, as well as DC maturation [74]. Lastly, another
group showed that OX40L* EVs derived from unstimulated BMMC:s (120K pellets)
promote Th2 cell differentiation by targeting anti-CD3/CD28-stimulated T cells
in the presence of IL-4 [75]. However, this latter study has several methodological

shortcomings, limiting the value of this finding.

Neutrophils

Neutrophils are circulating cells that are generally rapidly recruited to peripheral sites
upon initiation of inflammation, were their main known function is the phagocytosis
and killing of invading pathogens and clearance of debris [76]. Moreover, it is
increasingly recognized that different neutrophil phenotypes with distinct functions
exists [77, 78], that neutrophils also infiltrate secondary lymphoid organs [79], and
that neutrophils are more than just final effector cells. Neutrophils are now known to
be involved in orchestrating adaptive immune responses by influencing various cell
types, cither by releasing multiple soluble mediators or via direct cellular contacts.
For instance, neutrophils can modulate DC migration, maturation, and their CD4*
T cell polarizing capacity [2, 80]. In addition, they can suppress or enhance B cell,
CD4" T cell, and y3 T cell functions (independent of MHC), or even act as antigen-
presenting cells under specific activating conditions and thereby drive antigen-specific
T cell responses [10, 79]. Limited studies have been performed so far indicating that
neutrophil-derived EVs may regulate some of these immune modulatory processes.
Nevertheless, already quite some research has been conducted on the characterization
of vesicles released from resting or differentially activated neutrophils, which revealed
the presence of several molecules that have the capacity to modulate adaptive

immunity.

Human neutrophil degranulation induced by N-Formyl-methionyl-leucyl-
phenylalanine (fMLP) resulted in the release EVs (160K pellets) that have inhibitory
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effects on monocyte-derived DCs [81]. These EVs altered the morphology of LPS-
activated DCs by inhibiting the formation of dendrites and reduced the phagocytic
activity and maturation (lower expression of HLA-DP/DQ/DR, CD40, CD80,
CD83, CD86), resulting in an attenuated capacity to induce T cell proliferation.
Furthermore, the release of the cytokines IL-8, IL-10, IL-12 and TNF-a by LPS-
activated DCs was inhibited by these EVs, while the release of TGF-f1 was increased
[81]. These effects on cytokine release were in line with previous observations showing
that resting, and LPS- or zymosan A-activated macrophages decrease the release of
pro-inflammatory cytokines (TNF-a, IL-6, IL-8) and increase TGF-B1 release upon
targeting by human neutrophil derived EVs (160K pellets, or concentrated culture
supernatants) [82—-84]. Phosphatidylserine (PS) is one of the modulatory molecules
present in the membranes of neutrophil-derived EVs [81, 85, 86], and was shown
to be involved in mediating anti-inflammatory effects in line with the generally
known immunosuppressive function of this phospholipid [87]. Indeed, blocking PS
with Annexin V before adding the EVs to the activated DCs significantly reduced
the above described effects [81]. However, a follow-up study from the same group
showed that the presence of PS on the EV surface is required for the binding and/or
uptake of EVs, but not sufficient to induce the release of TGF-B1 from macrophages
[84]. Other EV-associated factors responsible for the release of TGF-B1 were not

further indicated.

The increased release of TGF-B1 by DCs and macrophages upon incubation with
neutrophil-derived EVs can have diverse effects on the adaptive immune system, but is
primarily known for its suppressive effects on CD4* Th1 and Th2 cell differentiation,
and induction of regulatory T cells. Moreover, it can promote Th9 and Th17 cell
generation, limit CD8" T cell and B cell functions, influence DC migration, and
induce anti-inflammatory pathways in DCs leading to dampening of T cell responses
[88]. These findings suggest that neutrophil-derived EVs have an indirect, primarily
anti-inflammatory effect on the adaptive immune system by influencing mediator
release by targeted DCs and/or macrophages. However, another study showed direct
effects of EVs (100K pellets) derived from UV-B light-induced apoptotic human
neutrophils on CD4* T cells [89]. These EVs were found to bind anti-CD3/CD28-
activated CD25°CD127* (naive and resting central memory) and CD25*CD127*
(recently activated effector) T cells and reduced their release of TNF-a. In contrast,
these EVs only suppressed the proliferation of CD25CD127 cells, likely by reducing
both IL-2 secretion and CD25 upregulation upon stimulation [89]. The neutrophil
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granule proteins MPO and arginase-1 were detected in the EV preparations, and
although their described immunosuppressive properties (described below), they
were not found to mediate the suppressive effects on T cells [89]. In addition, EVs
from neutrophils are enriched in CD11b (possibly enhanced in EVs from apoptotic
neutrophils) [85, 86, 89, 90], which may be involved in their binding to activated
T cells [91]. Collectively, these data support the immune suppressing roles of
neutrophil-derived EVs mediated by DCs and macrophages, and indicate that EVs
released by apoptotic neutrophils may contribute to the prevention of uncontrolled
activation and expansion of resting T cells, thereby supporting the termination of

immune reactions.

Besides these studies that explored immune modulating functions of neutrophil-
derived EVs, others have focused on the characterization of their release, size, and
content, and identified several EV-associated molecules that can potentially influence
DCandT cell functions. In this regard, it was shown that annexin Al is present on the
surface of EVs released from fMLP-stimulated neutrophils (100K pellets) [92-94].
Annexin Al is immune modulating mediator with a broad range of actions including
immune suppressive (inhibition of T cell proliferation and Th2 cell development,
induction of regulatory T cells) and activating (favoring Th1- and Th17-mediated
responses) capacities [95]. Arginase-1 and lactoferrin are other anti-inflammatory
proteins identified in EVs derived from apoptotic neutrophils as described above [89],
and EVs (15.7K pellets) from resting or S. aureus-activated neutrophils, respectively
[90]. Arginase-1 depletes the nonessential amino acid L-arginine which can result
in limited T cell proliferation and impaired T cell function [10]. Lactoferrin can
increase DC recruitment to sites of infection, and was also shown to inhibit DC
migration to draining lymph nodes. Moreover, contradicting results were found
on the role of lactoferrin in the induction of DC maturation [2, 76]. Furthermore,
several proteases have been identified in neutrophil-derived EVs (15.7-200K pellets)
that may influence adaptive immunity, such as myeloperoxidase (MPO), cathepsin
G, proteinase 3, and elastase [85, 93, 90, 96, 97]. Interestingly, EV-associated MPO
was found more effective in influencing epithelial cell function when compared to
recombinant soluble MPO, possibly due to targeting MPO activity or an increased
MPO stability [97]. Although these proteases are also found in so-called neutrophil
extracellular traps (NETs), which potentially contaminate pelleted EV fractions,
we confirmed the association of elastase to EVs (10K and 100K pellets) after their
purification by DGC (own unpublished data). Anti-inflammatory effects have been
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described for MPO, which can suppress various aspects of DC function in vitro
and in vivo, including their migration, antigen uptake, maturation, and subsequent
induction of T cell responses [98]. Elastase, cathepsin G, and proteinase 3 have the
capacity to inactivate several cytokines (including IL-2, IL-6, TNF-a, IL-15 and IL-
33) and to shed IL-2 and IL-6 receptors from the plasma membrane by proteolytic
cleavage, and may thereby inhibit diverse T cell functions [71, 99, 100]. Also, elastase
has been described to induce TGF-P secretion by DCs, and to decrease their capacity
to induce T cell proliferation [101], which may in part explain the above described
TGEF-B-inducing effects in DCs and macrophages of neutrophil EVs.

Next to these immune suppressive functions, it was found that elastase, cathepsin G,
and proteinase 3 can activate IL-36 which can induce DC maturation, enhance Th1
or Th17 cell induction, and inhibit regulatory T cell development [102]. Moreover,
elastase is able to potentiate the activation of y8 T cells via the activation of protease
activated receptor 1 (PAR1) [103], and to critically influence the generation of human
Th17 cells from naive CD4* T cells by cleaving IL-8 into a truncated form, which is
subsequently required for Th17 cell development [80]. Another molecule that was
identified in EVs (100K pellets) released from fMLP-activated human neutrophils
was LTB, (together with LTB,-synthesizing enzymes), which was shown to stimulate
the directional migration of neutrophils themselves [93, 104]. Although possible
consequences of EV-associated leukotriene was not further investigated on other
cells, it may also enhance DC migration to sites of infection and/or the draining
lymph nodes [105], and act as a chemoattractant for CD4* and CD8* T cells [106].

Macrophages

Macrophages are important phagocytic cells distributed in essentially all tissues,
and are implicated in multiple different responses that are essential for host defense
against invading pathogens, tissue development, and homeostasis (including tissue
integrity and healing). Upon infection, macrophages can rapidly recruit various
innate and adaptive immune cells. In addition, they can be involved in mediating
CD4"and CD8" T cell responses and in the activation of B cells and invariant NKT
cells [107-109]. Although cytokines play a prominent role in these effects, there is
increasing evidence indicating that macrophage-derived EVs also contribute to this

control of adaptive immunity.
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Several groups demonstrated that macrophage-derived EVs directly or indirectly
modulate DC and T cell responses. For example, mycobacterial-infected murine
macrophages (J774 cell line) were found to release EVs (100K pellets, followed by
DGC purification) that contain mycobacterial antigens and have the ability to induce
BMDC maturation (increased expression of CD83, CD86, and MHC-II) and IL-
12p40 expression [110]. Moreover, these EVs induced the proliferation and activation
of CD4*and CD8* T cells in vitro, and in vivo after intranasal injection in mice, which
resulted in the induction of a population of effector memory T cells. The presence of
DCs was required for the optimal induction of T cell responses [110], comparable to
the above described actions of mast cell- and DC-derived EVs. In contrast, another
study showed that MHC-II*/CD86* EVs (10K pellets) derived from ATP-activated
mycobacterial infected bone marrow-derived macrophages (BMDM) can efficiently
present endogenously processed antigens to BB7 T hybridoma cells and P25 TCR-
transgenic naive T cells in vitro without need for additional DCs [111]. However,
this seeming discrepancy can be the result of different EV populations studied due to
different isolation protocols used, or to the different requirement for co-stimulation

in the read-out T cell models.

Two other studies showed that DCs and macrophages themselves are major target
cells of macrophages-derived EVs in mice. After intranasal injection of EVs (100K
pellets, followed by DGC purification) derived from mycobacteria-infected human
THP-1 cells targeting of both DCs and macrophages in the lungs was demonstrated
[114], while after subcutaneous injection of EVs (100K pellets, no differential
centrifugation) derived from a murine macrophage cell line (RAW?264.7) targeting
of DCs and macrophages was demonstrated in the draining lymph nodes [112,
113]. This lacter study showed that EVs derived from macrophages with an M1
phenotype induced the release of Thl cell promoting cytokines (IL-12, INF-y) by
both RAW?264.7 macrophages and a DC cell line JAWSII, and induced a stronger
antigen-specific cytotoxic T cell response in vivo when administered together with a
peptide vaccine. Instead, EVs released by M2 like macrophages enhanced IL-4 and
IL-10 release by macrophages and DCs [113]. Finally, EVs (100K pellets, followed
by DGC purification) derived from mycobacterial-infected murine macrophages
(RAW264.7 cells) induced the release of multiple cytokines and chemokines (e.g.
TNE-a, CCL3, and CCLS5) from uninfected macrophages that significantly enhanced
the transmigration of TCR-B* T cells in in vitro assays, and may also influence the
migration of DCs [114].
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Besides the analysis of functional consequences of macrophage-derived EVs on DCs
or T cells, several studies characterized EV content and/or their effects on uninfected
macrophages which revealed immune modulatory components. As indicated,
macrophage-derived EVs can contain microbial components and may as such transfer
both antigens and activating signals to DCs, thereby promoting the development
of adaptive immune responses comparable to what was described above for mast
cell EVs. Glycopeptidolipids (GPLs, a major cell wall constituent of mycobacterium
Avium), lipoarabinomannan (LAM), and 19-kDa lipoprotein were found in EVs
(100K pellets, followed by DGC purification) derived from mycobacteria-infected
macrophages (murine J774 cells and human THP-1 cells) and were transferred to,
and activated uninfected macrophages in a TLR-dependent manner [112, 115].
Moreover, intranasal injection of these EVs in mice induced significant IL-12p40
and TNF-a release in the lung one day after injection, which may support the Th1
cell inducing effects of M1 macrophage EVs described above. Furthermore, LPS
was found in EVs from Salmonella-infected THP-1 cells, which induced TLR-4-
dependent BMDMs activation [112]. Also GP63, a surface protease of the Leishmania
mexicana parasite, was shown to be present on EVs (100K pellets, followed by DGC
purification) derived from infected J774 macrophages, yet functional implications

were not further investigated [116].

It is yet poorly understood which components present in macrophage EVs other than
microbial molecules can regulate the modulatory effects on DC and T cell responses. Yet,
several molecules have been identified that are potentially involved. Increased amounts
of Hsp70 for example were shown to be present in EVs (100K pellets, followed by
DGC purification) derived from mycobacteria-infected RAW264.7 cell macrophages,
which may contribute to the pro-inflammatory properties of these EVs [117]. However,
Hsp70 is also associated with a tolerance promoting potential [54]. The ultimate
actions of Hsp70 may depend on additional EV-associated signals, the expression of
Hsp70 (membrane-exposed or luminal) or the exact form of Hsp70 present in EVs
(e.g. protein modifications). Interestingly for IL-1f it was shown that it is present in its
unprocessed and mature, bioactive form in EVs (isolated by annexin-bead pulldown)
derived from ATP-activated human THP-1 cells [118], and murine BMDM-derived
EVs (100K pellets) upon induction of inflammasome signaling upon activation with
LPS/nigericin (a potent activator of the NRLP3 inflammasome) [119]. IL-1B can
among others be involved in the modulation of DC function and migration, and in

the expansion and differendiation T and B cells [120-122]. However, the presence of
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IL-1P in EVs was not supported by Qu et al, using EVs derived from murine BMDMs
[123]. Also, TNF-a and several chemokines (e.g. CCL2, CCL3, CCL4, and CCL5)
were found in EVs (100K pellets) derived from LPS/nigericin-activated BMDMs and
LPS-stimulated RAW264.7 cells [119, 124]. Although the mechanisms by which these
EV-associated molecules can exactly function is still unclear, they may be involved in
the enhanced activation and/or migration of DCs and T cells. Furthermore, the EVs
from LPS-stimulated RAW264.7 cells contained miRNAs that can potentially target
proteins involved in TLR and chemokine signaling, and as such may have the capacity
to modulate DC-driven responses [124]. Another group showed that EVs (70K pellets)
released from macrophages (P388D1 cell line) can contain complement C3 fragments
on the outer membranes, which may be involved in enhancing T cell proliferation
in the presence of antigen presenting cells [125]. Also proteins of the leukotriene
pathway have been identified in EVs (100K pellets) released by human monocyte-
derived macrophages, and these EVs had the capacity to convert LTA, to LTB, and
LTC, [126]. Functional consequences of this EV-mediated leukotriene synthesis
were not further addressed, but may encompass enhanced migration, activation, and
antigen presentation by DCs, reduced IL-12 release by DC (thus enhanced Th2 cell
development), and migration of, and cytokine production by CD4* and CD8* T
cells [106]. One other immunomodulatory molecule that was recently demonstrated
to be released within EVs (both 10K and 100K pellets) from murine pulmonary
macrophages stimulated with bacteria or bacterial components is IL-36y. The release
of these EVs was again further enhanced by the additional activation with ATP [127].
How this encapsulated IL-36y will be released from EVs and how it might influence
adaptive immunity remains elusive, but DCs, B cells, and T cells can express IL-36R,
which activation can induce DC maturation, enhance Th1 or Th17 cell generation, and

inhibit regulatory T cell development [128].

Eosinophils, basophils, and NK cells

Eosinophils represent a small number of circulating granulocytes that primarily
infilerate sites of helminth infection or allergic inflammation, where their release
of multiple (pre-formed) effector molecules mainly attributes to both physiologic
and pathogenic effects, respectively. Moreover, cosinophils are found in several
tissues under steady-state conditions where they maintain tissue, metabolic and
immune homeostasis [14]. Eosinophils can modulate DC functions, and T and B

cell responses [2, 12], but until now the contribution of eosinophil-derived EVs
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in these processes is not addressed. One possible mechanism may involve the EV-
mediated (100K pellets) transfer of the cationic proteins major basic protein (MBP)
and cosinophil peroxidase (EPO). Eosinophils were shown to increase the release
of EVs containing these proteins upon IFN-y stimulation [129, 130]. Both MBP
and EPO may enhance DC maturation (upregulated expression of CD80, CD83,
and CD86 [131, 132]. Moreover, EPO can favor DC-driven Th2 cell development
by increasing CCR7 and OX40L expression and the release of IL-6 and TNF-a by
murine BMDGCs, while significantly inhibiting IL-12p40 production [3, 132].

Basophils are found at low frequencies in the circulation and are primarily associated
with the resolution of parasitic infections and with detrimental roles in allergic
diseases, and autoimmune diseases as well [13]. Despite some clear evidence for
their ability to influence DC function and DC-driven Th2 cell responses [2], there is

currently no data available on basophils either as producers or targets of EVs.

NK cells are granular innate immune cells of the lymphoid lineage that are found in
the circulation and in (secondary lymphoid) tissues, were they are primarily involved
in the killing of virus-infected cells and tumor cells. NK cells can influence several
immune responses and immune-related disorders by releasing several cytokines and
chemokines that for example influence DC function, or Th1 cell development [7, 16,
133]. So far, there is no clear evidence that NK cell-derived EVs have any modulatory
effect on DC, T cell, or B cell functions. However, although several groups described
the capacity of NK cell-derived EVs to be involved in tumor cell lysis [134-136],
one study also investigated cytotoxic effects on immune cells. Lugini et al showed
that EVs (100K pellets) from both unstimulated and activated NK cells were able to
lyse PHA-activated, but not resting PBMCs [134]. The cytotoxic molecules perforin
and FasL were detected in NK-derived EVs (100K pellets, with and without DGC
purification), and particularly perforin was found to be responsible for the lytic
effects [134-136]. Since PHA is a selective T cell mitogen, these findings implicate
a selective effect on activated T cells, and suggest a possible role for these EVs in in

dampening T cell-mediated inflammation.

Concluding remarks

Based on the summarized literature in this review it is becoming clear that the EVs
released by different innate immune cells can significantly influence the course of

adaptive immune responses, or may at least have the capacity to do so based on their
dapt p y at least have the cap to do so based on th
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cargo. A point of caution is the fact that some of the functions and cargo attributed to
EVs is not truly EV-associated but based on co-isolated or aggregated material during
the EV isolation process, especially since in many of the referred studies EVs were

isolated by centrifugation only protocols.

In general it can be concluded that the majority of the effects induced by EVs derived
from innate immune cells are mediated via targeting of DCs and subsequent antigen
delivery or influencing DC maturation or migration. However, some papers described
also direct effects on T cells by innate immune derived EVs. Moreover, while mast cell-
and macrophage-derived EVs appeared to be primarily pro-inflammatory, EVs released
from either activated or apoptotic neutrophils are thus far mainly associated with immune
suppressive functions. Nevertheless, since the nature of the activating stimulus can
significantly affect the content and biological functions of released EVs, their capacity to
either enhance or inhibit adaptive immunity may significantly alter when isolated after
culturing innate immune cells under suppressive or inflammatory conditions that are thus
far unexplored. Due to lack of research, immune modulatory functions of eosinophil, NK
cell, and basophil EVs still remain largely elusive. Besides, it is striking that evidence for a
possible role of T cell- and B cell-derived EVs in influencing innate immune cell functions
is understudied, with the exception of two studies from one group describing a role of
anti-CD3/CD28-activated CD4" T cell EVs (20K or 100K pellets, unknown) in inducing
mast cell degranulation and cytokine release [137]. Moreover, it was demonstrated that T
cell-derived EVs (20K pellets) elicited mast cell activation resulting in the upregulation of
several clusters of genes, especially cytokine and chemokine related ones, including IL-24
[138]. Based on these findings it is well possible that T cell EVs also target other innate
immune cells, especially at inflammatory sites were activated T cells and multiple different

innate immune cell types are present simultaneously.

In conclusion, multiple studies performed to date indicate a significant role for EVs
in the communication between innate and adaptive immunity, and especially the
contribution of mast cell-, neutrophil-, and macrophage-derived EVs to this cross-
talk is investigated thus far. A good understanding of the capacity of EVs released
by innate and adaptive immune cells to control the two arms of the immune system
may reveal new insights on the complex regulatory circuits operating in the immune
system. Moreover, this can uncover new possibilities for the use of EVs (or their
components) in controlling immune responses, either as a therapy or as a target in

future immune modulating treatments.
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Chapter 3

Abstract

Neutrophils are abundantly present in the synovium and synovial fluid of patients
suffering from arthritis. Neutrophils can be activated by a multitude of stimuli and
the current dogma states that this is a two-step process, consisting of a priming step
followed by an activation step. Considering that neutrophil activation occurs in an
inflammatory environment, where multiple stimuli are present, we argue that a two-
step process is highly unlikely. Here, we indeed demonstrate that neutrophils require
simultaneous ligation of two different receptors for efficient activation. We isolated
human peripheral blood neutrophils and cultured them with various combinations
of stimuli (GM-CSE fMLE TNE and LPS). Next, we evaluated essential neutrophil
functions, including degranulation and ROS production using flow cytometry,
mediator release using ELISA, NETosis by a live cell imaging method, phagocytosis
by imaging flow cytometry, and extracellular vesicle (EV) release quantified by high-
resolution flow cytometry. Exposure of neutrophils to any combination of stimuli,
but not to single stimuli, resulted in significant degranulation, and mediator and EV
release. Furthermore, ROS production increased substantially by dual stimulation,
yet appeared to be more dependent on the type of stimulation than on dual
stimulation. Phagocytosis was induced to its maximum capacity by a single stimulus,
while NETosis was not induced by any of the used physiological stimuli. Our data
indicate that neu-trophil activation is tightly regulated and requires activation by two

simultaneous stimuli, which is largely independent of the combination of stimuli.

Keywords

degranulation; mediator release; ROS  production; NETosis; phagocytosis;

extracellular vesicle release
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Efficient Neutrophil Activation Requires Two Simultaneous Activating Stimuli

Introduction

Neutrophils are usually the first responders to an infection, and their primary role
is killing invading pathogens [1]. In addition, neutrophils influence other immune
cells and thereby can modulate both innate and adaptive immune responses [2,3].
Furthermore, neutrophils are present in high amounts in synovium and synovial fluid
of arthritis patients, where they can have damaging effects in inflamed joints of these
patients [4]. In peripheral blood, neutrophils are present in a resting state but in
response to invading microbes, neutrophils migrate and become activated at the site
of infection. Neutrophils employ a variety of mechanisms to eliminate pathogens
and modulate the function of surrounding cells [5,6]. These mechanisms include
degranulation, phagocytosis, reactive oxygen species (ROS) production, and the
release of soluble mediators, neutrophil extracellular traps (NETs), and extracellular
vesicles (EVs) [1,7-9]. Because of the cytotoxic nature of the majority of neutrophil-
derived compounds, uncontrolled neutrophil activation can lead to tissue damage,
for example in autoimmune diseases [6]. Indeed, neutrophils from rheumaroid
arthritis (RA) and systemic lupus erythematosus (SLE) patients exhibit excessive
ROS production and NETs contribute to development and disease activity [10].
Therefore, tight regulation of neutrophil migration and activation is important for

optimal health.

The current dogma is that neutrophil activation is a two-step process: first neutrophils
require pre-activation, also known as priming, which allows them to respond to
an activating stimulus to become fully activated [11, 12]. Such a process would
be plausible if priming occurs by factors involved in migration (e.g., chemokine
receptors or adhesion molecules), while activating factors comprise pathogen
associated molecular patterns (PAMPs) and damage associate patterns (DAMPs).
However, in the literature there is no clear distinction made between priming and
activating stimuli. For example, LPS and fMLF are reported to act both as priming
and activating stimuli [12—-19], which is physiologically unrealistic, as both molecules
are PAMPs. In contrast, GM-CSF and TNF are often described as priming stimuli
[12,20,21], but these two cytokines are usually abundantly present at inflammatory
sites [22]. Consequently, as neutrophils encounter pathogens that carry or induce
many different inflammatory stimuli at the same time at the infection site, the true
existence of a (spatio)temporal, two-step activation process may often be unlikely.

Therefore, we hypothesized that the current designation of priming and activating
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stimulating agents is a rather artificial concept that is often not physiologically
relevant. In this study, we used four different stimuli (GM-CSE, fMLF, TNF and
LPS) to show that indeed dual stimulation is required to induce optimal neutrophil
degranulation, cytokine release, ROS production and EV release. Consequently, we
propose to dismiss the distinction between priming and activating stimuli and that
efficient neutrophil activation is primarily a result of ligation of at least two activating

receptors simultaneously, rather than a two-step priming and activating process.

Results

Dual Stimulation of Neutrophils Is Necessary for Efficient Degranulation

Full neutrophil activation is induced, according to literature, by subsequent exposure
of a priming and activating stimulus. As certain stimuli are used both for priming and
activating the stimulus, we questioned this system. Therefore, in order to investigate
the effect of different stimulating agents on neutrophil activation, we measured
degranulation, a well-known and essential antimicrobial mechanism of neutrophils.
Neutrophils contain four different types of granules: azurophilic granules, specific
granules, gelatinase granules, and secretory vesicles [23, 24]. We analyzed CDG63,
CDG66b, and CD16 membrane expression to determine the fusion of different
granules with the plasma membrane upon activation. CD63 is present in azurophilic
granules [23] and CDGG6b is present in specific gelatinase granules [23,24]. CD16
is expressed by resting neutrophils, but is also present in secretory vesicles [25],
and is cleaved from the surface by the sheddase ADAM17 upon activation [26].
We defined fully degranulated neutrophils as CD16-CD63+ (Figure 1A) and the
gating strategy is shown in Figure S1. These CD16-CD63+ neutrophils consistently
displayed high CDG66b expression (Figure 1B). We determined the CD16, CD63
and CDG6O6b expression at 2 h after start of culture, since this culture period resulted
in the detection of a clear activated phenotype (Figure S2A) with limited cell death
(Figure S2B).

Neutrophils stimulated with either fMLF or TNF alone at increasing concentrations
did induce, to different levels, degranulation in part of the neutrophils (Figure 1C).
Additionally, the highest concentrations of GM-CSF significantly induced full

degranulation, although this was with a very limited number cells (mean <1.2%).
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Figure 1. Dual stimulation of neutrophils is required for efficient degranulation. Neutrophils
were cultured for 2 h in the absence or presence of different stimuli used at fixed concentrations
(GM-CSF: 50 U/mL, LPS: 10 ng/mL, fMLF: 1 pM, and/or TNF: 1 ng/mL), (A,B,D-F) or

increasing concentrations (C). (A) Flow cytometry plot demonstrating gating strategy to determine

57




Chapter 3

Figure 1. Continued

neutrophil degranulation: CD16-CDG63+, or azurophilic degranulation: CD63+ (CD16-CDG63+
and CD16+CD63+). (B) Flow cytometry plot demonstrating that neutrophils expressing CD16-
CD63+ are consistently high in degranulation of specific and gelatinase granules (CD66b). (C)
Effects of increasing concentrations of the different stimuli on neutrophil degranulation displayed
as percentages of CD16-CDG63+ neutrophils. (D) Effect of single and double stimulation on
degranulation as measured by percentages of CD16- neutrophils. (E) Effect of single and double
stimulation on degranulation as measured by percentages of CD63+ neutrophils. (F) Effect of
single and double stimulation on specific and gelatinase granule degranulation as measured by
changes in mean fluorescent intensity (MFI) of CDG6Gb, expressed in fold change compared to
unstimulated. Data are representative of 6 (C) and 25 (D,E,F) independent experiments, and are
presented as mean + SD. * p < 0.05, ** p < 0.01, *** p < 0.001, and *** p < 0.0001. The p-values
were calculated using a paired t-test (C) and Friedman test with Dunn’s correction.

Importantly, large differences were observed between individual donors, especially
after incubation with fMLF and TNF (Figure 1C). For subsequent experiments, we
selected suboptimal dosages that did not induce full degranulation in the majority
of donors. Exposure of neutrophils to a combination of two stimuli consisting of
either GM-CSF (50 U/mL), LPS (10 ng/mL), fMLF (1 uM), or TNF (1 ng/mlL),
resulted in a strong synergistic decrease of CD16 membrane expression (Figure 1D),
and increase of CD63 and CD66b membrane expression (Figure 1E,F) compared
to a single stimulus or no stimulus. This effect was observed with any combination
of stimuli. Interestingly, the combination of two previously termed priming stimuli
(GM-CSF and TNF) induced similar neutrophil degranulation as a combination of
two activating stimuli ((MLF and LPS) or a more standard combination of a priming
and an activating stimulus (GM-CSF and LPS). Although cell death was consistently
higher upon double stimulation compared to single stimulation, this was always
below 5% after 2 h of stimulation (shown for GM-CSF and LPS in Figure S2B).

Another important feature of neutrophil activation is the loss of L-selectin (CD62L),
which is important for neutrophil migration [27]. In contrast to degranulation,
CD62L membrane expression is completely downregulated by neutrophils activated

with any of the single and double stimuli used (Figure S3A,B).

To enter the inflammartory site, neutrophils have to be exposed to chemotactic agents,
like IL-8. To mimic this, we incubated neutrophils in the presence of IL-8 and/or
LPS. We observe no ‘priming’ effect of IL-8, since degranulation was not induced in
neutrophils stimulated with IL-8 and LPS compared to neutrophil stimulated with
LPS alone (Figure S4).
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Together, these data demonstrate that activation of neutrophils with more than one
stimulus leads to a synergistic enhancement of neutrophil degranulation. Importantly,
the choice and combination of previously termed priming and activating stimuli

appears irrelevant to induce neutrophil degranulation and CD16 cleavage.

Dual Stimulation of Neutrophils Is Required for Optimal Mediator Release

Upon neutrophil activation, many different mediators are released into the extracellular
environment, such as pre-stored antimicrobial peptides, or de novo synthesized
cytokines, and chemokines [28,29]. We analyzed the release of neutrophil elastase
(NE), a well-known pre-stored mediator in azurophilic (CDG63 positive) granules.
In line with the CDG63 expression data described above, the release of NE was
significantly increased by dual stimulation compared to single stimulation (Figure
2A), and significantly correlated (R = 0.76) with full degranulation (Figure 2B).

In contrast to NE, IL-8 is synthesized de novo upon activation and is regulated differently
from expression and release of NE [28]. Consequently, IL-8 release may depend
differently on single or dual stimulation. Single stimuli hardly induced any IL-8 secretion,
while dual stimulation, independent of the combination of activating or priming stimuli,
significantly enhanced IL-8 release (Figure 2C). Similarly for degranulation, we observed
high inter-individual differences in IL-8 release, and although both degranulation and
IL-8 were positively correlated (Figure 2D), this association was not straightforward.
High IL-8 release always corresponded with high degranulation, while fully degranulated
neutrophils did not always release high amounts of IL-8. We could not relate this

discrepancy to individual differences, not to different stimulatory factors.

Collectively, similarly to degranulation, for optimal mediator release, a dual stimulation

is essential, independent of the combination of stimuli used.

ROS Production Is Less Dependent on Dual Stimulation

Next, we investigated whether efficient ROS production is dependent on one or
more activating stimuli or on a specific stimulus. Intracellular ROS production was
determined by flow cytometry using the ROS indicator dihydrorhodamine-123
(123-DHR) (Figure 3A). ROS production was generally unaffected in neutrophils
stimulated with either GM-CSF or LPS at increasing concentrations, although
LPS induces ROS production in some donors. In contrast, neutrophils stimulated

with fMLF or TNF clearly increased in ROS production at higher concentrations.
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Figure 2. Dual stimulation of neutrophils is required for optimal mediator release. Neutrophils
were cultured for either 2 or 24 h in the absence of presence of different stimuli (GM-CSF
(50 U/mL), fIMLF (1 pM), TNF (1 ng/mL) and/or LPS (10 ng/mL). (A) NE was measured in
culture supernatants collected 2 h after activation (n = 7). (B) Correlation between NE release
and degranulation. Neutrophil degranulation was assessed by flow cytometry as shown in Figure
1. Data consist of 7 independent experiments, with multiple conditions in each experiment. (C)
IL-8 was measured in culture supernatants collected 24 h after activation (n = 11). (D) Correlation
between IL-8 release and degranulation. Neutrophil degranulation was assessed by flow cytometry
as shown in Figure 1. Data consist of 11 independent experiments, with multiple conditions in
each experiment. (A,C) Data are presented as means = SD, * p < 0.05, ** p < 0.01, one-way
ANOVA with Tukey’s correction. (B,D) Linear regression was applied to determine R.
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Figure 3. Effects of neutrophil activation by single or double stimuli on ROS production.
Neutrophils were cultured in the presence of 123-DHR and in the absence or presence of GM-
CSF (50 U/mL), fMLF (1 pM), TNF (1 ng/mL), and/or LPS (10 ng/mL). After 1 h of culture ROS
production was analyzed using flow cytometry. (A) Representative dot plots showing the influence
of neutrophil stimulation on ROS production. (B) Effects of increasing concentrations of the
different stimuli on ROS production (n = 4). (C) Effect of single and double stimulation on ROS
production. Total ROS production is expressed as fold change on MFI of 123-DHR compared to
unstimulated. Data are presented as mean + SD. * p < 0.05, and ** p < 0.01. The p-values were
calculated using a paired t-test (B) and Friedman test with Dunn’s correction (C).

Again, just as for neutrophil degranulation, we observed large differences in ROS
production between individual donors after incubation with either LPS, fMLE
or TNF (Figure 3B,C). Overall, fMLF showed to be the most prominent inducer
of ROS production. Neutrophils activated with two stimuli containing fMLF in
combination with either LPS or TNE but not GM-CSE significantly further increased
ROS production compared to single stimulated and unstimulated neutrophils. With
other combinations of stimuli we observed a trend in increased in ROS production

compared to single stimulated cells, but this was not significant nor seemed to be
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synergistic (Figure 3C). These data indicate that although dual stimulation induces
strong ROS production, fMLF is an important stimulator of ROS production,
especially when combined with LPS or TNE ROS production is therefore more

dependent on the type of stimulation than on dual stimulation.

Individual Stimuli or Combinations Do Not Induce NETosis

NETosis is a specific process employed by neutrophils in order to entrap and kill
pathogens through the release of nuclear content to form a meshwork of chromatin,
citrullinated histones and antimicrobial molecules [30,31]. Since neutrophil activation
with GM-CSF and LPS induced profound degranulation, mediator release and ROS
production, we first only assessed NETosis after stimulation with GM-CSEF, LPS,
or the combination of both. Unexpectedly, NETosis was not observed at any time
point, whereas the non-physiological stimulus PMA induced clear NETosis (Figure
4A-C). After 4 h of stimulation with PMA, a clear presence of NETs was observed,
which was less after 8 and 16 h of stimulation, probably due to the disappearance of
DNA from neutrophils that underwent NETosis. In parallel, increasing numbers of
dead cells were detected in response to PMA stimulation (data not shown). Although
NETosis was not observed with GM-SCF/LPS stimulation, we also analyzed NETosis
upon stimulation with fMLF or TNE or any of the possible combinations of two
stimuli. None of these stimuli could induce NETosis within 16 h of stimulation (data
not shown). These results show that NETosis is not induced by single or combined
stimulation with GM-CSE LPS, fMLE, and/or TNF at concentrations that induce

strong degranulation, mediator release, and ROS production.

Phagocytosis Is Independent of Dual Stimulation

Phagocytosis is another mechanism employed by neutrophils to engulf and eliminate
pathogens. We investigated the effect of differential activation with single and
double stimuli on phagocytosis using 1um-sized FITC-labeled melamine beads.
The proportion of neutrophils that engulfed FITC-labeled beads was quantified by
flow cytometry (Figure 5A). Neutrophils stimulated with either single or double
stimulation, using GM-CSF and LPS, demonstrated a significant increase in
phagocytosis compared to unstimulated neutrophils, which was further increased
by the addition of another stimulus (Figure 5B). To verify whether FITC-positive

neutrophils detected by flow cytometry were positive as a result of bead uptake, and
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not due to aspecific binding to the extracellular plasma membrane, we performed
ImageStream analyses. These analyses demonstrated no uptake when cells were kept
at 4 °C, whereas the beads were efficiently taken up at 37 °C (Figure 5C). Moreover,
with ImageStream analysis, we confirmed that FITC-positive cells were due to bead
internalization, implying that the increased detection of FITC-positive neutrophils
shown in Figure 5B was caused by phagocytosis. Collectively, these data indicate
that phagocytosis is, in general, readily induced by a single stimulation and further

increased by an additional stimulus.
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Figure 4. Physiological stimuli do not induce NETosis. Neutrophils were cultured for 16 h in
the presence of a cell impermeable fluorescent DNA-binding dye in the absence or presence of
GM-CSF (50 U/mL) and/or LPS (10 ng/mL), or PMA (100 pg/mL). Fluorescence was measured
every 15 min to determine NET formation and cell death. (A) Overlays of phase contrast and
fluorescence images showing accessible DNA in red, and extracellular DNA (>400 pm?) in blue
(NETs). Images are representative of 5 independent experiments. (B) NETosis was determined as
fluorescence signal area in pm? per well. Only areas larger than 400 pm? were used for calculations
(n = 5). (C) NETosis expressed as fluorescence area after 4 h of stimulation (n = 5). Data are
presented as mean + SD.
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Figure 5. Phagocytosis is independent of dual stimulation. Neutrophils were stimulated for 2 h in
the presence of FITC-labeled melamine beads and in the absence or presence of GM-CSF (50 U/
mL), fMLF (1 uM), TNF (1 ng/mL), or LPS (10 ng/mL). (A) Phagocytosis was analyzed using
flow cytometry. (B) Phagocytosis, determined by flow cytometry as percentages of FITC positive
neutrophils (n = 10). (C) Imagestream microscopy images of neutrophils stimulated at 37 °C or 4
°C with GM-CSF (50 U/mL) and/or LPS (10 ng/mL) in the presence of FITC-labeled melamine
beads. Location of phagocytosed beads is shown in green (left), and overlay of phase contrast
neutrophil (right). Data are presented as mean + SD. Asterisks indicate significant differences: * p <
0.05, ** p < 0.01 and *** p < 0.0001, one-way ANOVA with Tukey’s correction.

Dual Stimulation of Neutrophils Increases the Release of EVs

EVs, small lipid bilayer-enclosed vesicles released by cells, are an important mode of
communication between cells and are released in a controlled manner by many cell types,

including neutrophils. Here we investigated whether EV release was influenced by dual
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stimulation. EV populations were isolated from culture supernatants of unstimulated,
single, or dual stimulated neutrophils using GM-CSF and LPS and pelleted at 10,000
g (10 kg) or 100,000 g (100 kg), followed by sucrose density gradient separation. Firs,
we determined with western blot analysis the presence of common EV proteins CD9
and CD63. For 10 kg EVs CD9 and CD63 signals were observed in the expected EV
densities (1.18-1.22 g/mL and 1.10-1.16 g/mL) for both unstimulated and dual-
stimulated neutrophils (Figure 6A). Furthermore, a CD63 signal, but not a CD9
signal, was observed in the 1.24 g/ml~1.27 g/mL density fraction of dual-stimulated
neutrophils, which could be caused by massive degranulation (Figure 6A). For 100 kg
EVs CD9 and CD63 signals were mainly observed in EV densities 1.10-1.16 g/mL
for dual stimulated neutrophils and these signals were much lower for unstimulated
neutrophils (Figures 6A and S5A). Importantly, dual stimulation strongly increased the
signal of CD9 and CDG63 of 100k EVs in 1.10-1.16 density fraction. To analyze the
amount of EV release by neutrophils, EVs pelleted at 10 k or 100 kg were labeled with a
lipophilic dye (PKHG67) followed by sucrose density gradient separation and subsequently
analyzed using fluorescence triggered single EV flow cytometric analysis [32]. The scatter
plots of time-based measurements of individual fluorescently labeled EVs in fractions
1.18-1.22 g/mL and 1.10-1.16 g/mL show clear differences in scatter profiles between
10 k and 100 k EVs in all conditions from unstimulated, single- and dual-stimulated
neutrophils, indicating differences in EV subsets. This corroborates the differences in
CD9 and CDG63 distribution between these fractions as observed in the western blot.
Furthermore, a strong increase in the amount of EVs in the 1.10-1.16 g/mL density
fraction was observed after dual stimulation which match the Western blot data (Figure
6B). Quantitative analysis shows that activation of neutrophils by dual stimulation
significantly increased the release of EVs and especially of the 100 kg EVs in density
fraction 1.10-1.16 g/mL (Figure 6C). In line with this observation, the number of 100 k
EVs released by neutrophils moderately correlated with neutrophil degranulation (Figure
S5B). Although the amount of cell death was always low, a moderate correlation between
10 kg EVs present in 1.10-1.16 g/mL density fraction and dead cells was observed. There
was no correlation observed between 10 k EVs present in 1.18-1.22 g/mL and 100 kg
EV number and percentage of dead cells (data not shown), indicating that most 100 kg
EVs detected are released by viable cells and were neither released as a result of apoptosis
nor other types of cell death. Taken together, these data indicate that dual stimulated
neutrophils do release more EVs than unstimulated or single-stimulated neutrophils

which is most prominent for 100 kg EVs in density fraction 1.10-1.16 g/mL.
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Figure 6. Dual stimulation of neutrophils increases EV release. Neutrophils were cultured for 2
h in the absence of presence of GM-CSF (50 U/mL) and/or LPS (10 ng/mL). After 2 h, culture
supernatants were collected for the analysis of EV release. (A) Protein analysis (Western blotting)
of EVs pelleted at 10 kg and 100 kg and floated into a sucrose gradient from neutrophils from a
representative donor. Analysis is shown for CD9 and CDG63 (tetraspanins; general EV-markers).
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Figure 6. Continued

(B) High-resolution flow cytometric analysis of purified PKHG67-labeled EVs pelleted at 10 k and
100 k and floated in a sucrose density gradient from neutrophils stimulated with GM-CSF and/or
LPS. (C) Quantification of EV release in the EV density fractions (1.10-1.16 g/mL and 1.18-1.22
g/mL) as determined by high-resolution flow cytometry. Indicated are the numbers of detected
events within the fixed time frame of 30 s, with multiple conditions in each experiment. Data are
presented as mean + SD. Asterisks indicate significant differences: * p < 0.05, (n = 7-11), one-way
ANOVA and mixed-effects analysis with Tukey’s correction.

Discussion

In the current study we provide evidence that peripheral blood neutrophils from
healthy donors require two simultaneous stimuli for optimal activation resulting in
degranulation, mediator release and EV release. In contrast, ROS production is more
dependent on the type of stimulation than on dual stimulation, while phagocytosis
appears already close to its maximum capacity when only one type of stimulus is
present. Surprisingly, we found that the neutrophil function NETosis was not induced
by any of the used physiological stimuli or combinations thereof, but could only be
induced by the artificial stimulus PMA. Moreover, our data suggest that the current
use of priming and activating agents is often not necessarily physiologically relevant.
Instead, we demonstrated that neutrophils require activation by two different stimuli
which is independent of the combination of stimuli. Any combination of GM-CSE,
TNEF (both generally considered priming stimuli), LPS, or fMLF (both generally
considered activating stimuli) are very well capable of inducing various aspects of
neutrophil activation. This contradicts the current dogma stating that neutrophil
activation is a two-step process of priming followed by activation. Certain single
stimuli; however, already induce neutrophil activation to some extent. At higher
concentrations (generally 21 ng/mL) TNF enhances degranulation and increases
ROS production compared to unstimulated neutrophils. Importantly, our results
indicate that degranulation or IL-8 release is strongly increased by the combination

with another stimulus.

Quite unexpectedly, we observed a large variation in neutrophil degranulation and
ROS production between donors, both after applying a single (except for GM-CSF)
and a double stimulus. Neutrophils from some donors did not react at all to a single
stimulation, while neutrophils from other donors showed some degree of activation.

Although at present we cannot explain these inter-individual differences, the high
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donor-to-donor variation may reflect the effectiveness of neutrophils to react to
certain microbes. On the other hand, it may mirror the propensity of individuals
to disorders associated with neutrophil activation-induced damage. It has been
previously described that immunosenescence could play a role, because neutrophils
from aged donors (above 60 years of age) can respond differently [33]. However, this
cannot account for the observed donor-to-donor variation, since all of our donors
were below 60 years of age. Furthermore, we observed no correlation between age

and neutrophil degranulation or ROS production.

These observations question the distinction between priming and activating stimuli.
TNF is a stimulus that is classically linked to priming whereas it can induce activation
of neutrophils itself to some extent. In contrast, LPS is mostly designated as an
activating stimulus but not, or only moderately induces any neutrophil activation

when presented as a single stimulus.

For this study we isolated neutrophils from peripheral blood using Lymphoprep
density centrifugation directly after drawing blood. Many isolation methods have
been indicated to increase neutrophil activation [34]. In contrast, our isolation
methods seem to have a limited effect, as unstimulated neutrophils truly resemble
unstimulated neutrophils. Furthermore, it has been suggested that chemo attraction
may influence neutrophil activation. However, we did not observe any effect on
degranulation of the potent chemoattractant IL-8, alone or in combination with
LPS. The same is true that other stimuli may have a different effect on neutrophil
activation. In this study, we only use four different stimuli for neutrophil activation.

These are four widely used stimuli in terms of neutrophil activation.

In contrast to degranulation, mediator release, ROS production, EV release and
to some extent phagocytosis, which were significantly enhanced by ligation of two
types of receptors, no NETosis was observed with any combination of stimuli tested.
The formation of NETs, consisting of nuclear chromatin with contents of granules
and antimicrobial molecules, has been identified as an important mechanism of
neutrophils to trap and disarm invading microbes. Moreover, NETosis has been
associated with various chronic inflammatory and infectious diseases including
SLE [10,35], RA [36], and COVID-19 [37]. We only observed NETosis when
neutrophils were stimulated by PMA, a very robust but artificial stimulus, indicating

that the assay that we set up to measure NET formation is valid. Some earlier studies
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have observed NETosis in response to TNF and LPS [13,38], whereas others could
not detect NETosis with these stimuli [49]. A reason for these differences could be
the difference in LPS that was used, or the culture condition. Previous research has
shown that neutrophils can selectively release NETs when stimulated with LPS from
different bacterial resources under serum-free conditions [40]. Another factor that
may play a role is the use of FCS as it has recently been reported that serum and
serum albumin inhibit LPS-induced in vitro formation of NETs [41]. No serum
or only 0.5% serum was used in NETosis assays, where a response was observed to
LPS [13,38], but this setup resulted in rapid cell death in our assay. Since we could
detect PMA-induced NETosis in medium containing 10% FCS, we find this a less
likely explanation for the absence of NETosis. GM-CSF and TNF are cytokines that
are abundant in disorders associated with NETs and frequently linked to disease
pathogenesis [42,43]. Circulating TNF levels were elevated in SLE patients versus
controls and TNF was proposed as biomarker for SLE disease activity [44]. Therefore,
it is surprising that these cytokines do not induce NETosis in our study. This may
indicate that either the induction of NETosis is induced by a different set of stimuli,
via a different mechanism, or at other concentrations of the stimuli than those used
in this study. Another more valid explanation could be that induction of NETosis
requires a more complex activation system such as multiple stimuli that are present in
microbial stimulation. The latter mechanism would be physiologically reasonable as
the formation of NETs has been associated with detrimental tissue damage [6,45,46]

and therefore requires tight regulation with various safety valves.

Here we show that the release of EVs by neutrophils also is enhanced by a dual
stimulation. Nevertheless, single stimulation by GM-CSF or LPS also induced EV
release. We recently showed that LPS-induced neutrophils increase in 100 k EV
release, and that this is correlated with degree of degranulation [47], a finding that
is supported by data presented in this scudy. However, neutrophils stimulated with
GM-CSF showed little to no increase in degranulation was induced, while there was
an increased release of small EVs. This indicates that increased EV release can occur
independently of primary or secondary granule release. The increase of EVS was most
pronounced in EVs pelleted at 100 kg. Although we did not observe clear differences
in the mean buoyant density between these two EV types, the light scattering signals
do show differences between the 10 kg and 100 kg EVs, which could indicate

differences in size and/or composition. Since molecular cargo selection of EVs is not
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a random process, but rather regulated via distinct and regulated processes that are
dependent on the type and state of the cell, the type of stimuli that were received,
and the subcellular origin of EVs [48,49]. For mast cells for example, we previously
observed clear differences in the buoyant density, light scattering, and CD9 and
CD63 content of EVs released from unstimulated and activated cells [50]. Moreover,
it has been shown that neutrophil-derived EVs indeed have a distinct protein
composition, and have antimicrobial capacities [51,52]. It remains to be elucidated
whether these composition differences also exist between EVs of single or double

stimulated neutrophils.

The observation that a single stimulus is insufficient to fully activate a cell, and to
induce a full executive program is not novel. For instance, abundant IL-12 production
by dendritic cells is only induced by a double stimulus, e.g., a PAMP in combination
with IFN-y [53]. IL-12 is an important activator of Th1 cells that via the production
of IFN-y activate macrophages, which may cause massive tissue damage when over
activated. Furthermore, for the production and secretion of high levels of IL-23 and
IL-1B, important cytokines for Th17 cell development, a PAMP in combination
with Fe-recepror ligation on dendritic cells is necessary [54]. Additionally, IL-17-
producing Th17 cells have been shown to be potentially detrimental and they are
associated with various chronic inflammatory disorders. Nevertheless, they are crucial
in the fight against bacterial and fungal infections [55]. These examples underline that
important processes that are potentially detrimental to the host when overactivated,
are often regulated at multiple levels. This could be a physiological explanation as to
why neutrophils require more than one stimulus in order to start releasing a plethora

of harmful contents.

In this study, we show that full neutrophil activation is tightly regulated and requires
the ligation of at least two different types of receptors. Moreover, there is no need
for a spatio-temporal separation of these stimulatory actions, as neither would be
the case where a pathogenic microbe enters the body resulting in rapid activation of
neutrophils. Infection or inflammation results in the rapid release of inflammatory
associated molecules such as TNF and GM-CSE These cytokines are also highly active
in arthritis patients. As neutrophils are exposed these and other stimuli concomitantly,
full activation of neutrophils will happen rapidly, resulting in the killing and elimination
of invading microbes by one or more of the effective mechanisms that neutrophils

possess or leading to excessive damage as observed in arthritis.
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Materials and Methods

Neutrophil Isolation

Blood was collected from healthy volunteer donors after informed consent into
sodium heparin tubes (Greiner Bio-One, Alphen a/d Rijn, The Netherlands). Blood
was diluted with Hanks balanced salt solution (HBSS, Sigma-Aldrich Inc., St. Louis,
MO, USA) and granulocytes and erythrocytes were separated from peripheral blood
mononuclear cells (PBMCs) by density gradient centrifugation on Lymphoprep (d =
1.077 £ 0.001 g/mL; Axis-Shield, Oslo, Norway). Erythrocytes were lysed in ice-cold
erythrocyte lysis buffer (containing 0.155 M NH,Cl (Sigma-Aldrich, Inc., USA),
1 mM KHCO, and 80 uM EDTA (both Merck KGaA, Darmstadt, Germany),
dissolved in sterile water, pH 7.3) for 10 min on ice. Subsequently, neutrophils were
cleared from remaining erythrocytes with a second lysis step for 5 min on ice, and
washed twice in PBS. Neutrophils were then resuspended in IMDM (Gibco; Thermo
Fischer Scientific Inc, Waltham, MA, USA) supplemented with 10% heat inactivated
(HI) fetal bovine serum (FBS; Hyclone; Thermo Fischer Scientific Inc, Waltham,
MA, USA) and gentamycin (86 pg/mL; Duchefa Biochemie B.V., Haarlem, The
Netherlands) and used immediately. Neutrophil purity was analyzed by flow

cytometry and was always >97%.

Neutrophil Culture, Stimulation and Flow Cytometric Analysis

Neutrophils were seeded at a density of 0.4 x 10° cells/mL in 250 pL in a flat bottom
96-well plate (Costar, Corning Inc. Corning, NY, USA) in IMDM medium containing
10% HI-FBS and gentamycin. subsequently, neutrophils were cultured for 1, 2, or
24 h at 37 °C in the absence or presence of the following reagents: granulocyte-
macrophage colony-stimulating factor (GM-CSF) (Schering-Plough B.V., Brussels,
Belgium, catalog no. PSR 99M0408), N-formyl-methionyl-leucyl-phenylalanine
(fMLF) (Sigma, catalog no. F35006), lipopolysaccharide (LPS) (Sigma-Aldrich, catalog
no. L3024, from Escherichia Coli. O111:B4), and tumor necrosis factor (TNF)
(Miltenyi Biotec, catalog no. 130-094-022). After 2 or 24 h culture, supernatants
were collected for the analysis of neutrophil elastase and IL-8, respectively. For flow
cytometric analysis of ROS production, neutrophils were cultured and stimulated for
1 h at 37 °C in the presence of 25 pM 123-dihydrorhodamine (123-DHR; Marker
Gene Technologies, Eugene, OR, USA). For the flow cytometric analysis of CD63,
CD66b, CD16, and CD62L, neutrophils were stimulated for 2 h. After stimulation,
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cells were harvested and washed twice in cold PBA (PBS-0.5% w/v BSA-0.05% w/v
azide), followed by antibody labeling in PBA. Degranulation (CD63 and CD66b),
CD16 and CDO62L expression, and cell viability (PI) were determined using flow
cytometry after 2 h of culture. The following antibodies were used: aCD15-FITC
(1:100; HI98), aCD16-PECy7 (1:1000; 3G8), aCD62L-APCCy7 (1:25; Greg-56),
aCDG63-APC (1:100; H5C6), aCD66b-PE (1:100; G10F5), (all Biolegend, San
Diego, Calif). DAPI dihydrochloride (DAPI; 20 uM) or propidium iodide (PI; 500
ng/mL) (both from Sigma-Aldrich) were used to determine cell viability. A total of
10,000 cells were acquired in the live gate on a FACSCanto (BD Biosciences, San
Jose, Calif.) and further analyzed using FlowJo software (BD Biosciences, San Jose,
CA, USA).

IL-8 ELISA

IL-8 concentrations were determined in culture supernatants collected after 24 h of
culture using an IL-8 ELISA (Invitrogen Life Technologies, Breda, The Netherlands).
In brief, flac-bottom EIA/RIA 96-well plates (Costar, Corning Inc.) were coated at
4 °C overnight with aniti-IL-8 antibody (1:1000, 893A6GS8, Invitrogen) diluted
in carbonate buffer (0.5M, pH 9.6). Plates were washed with PT (PBS-0.1% v/v
TWEEN 20) and blocked with PTB (PT-1% w/v bovine serum albumin) at 37 °C
for 1 h. Next, wells were incubated with culture supernatants (commonly diluted 10
times in PT) or recombinant IL-8 for 1 h, washed thrice with PT, and incubated for
1 h with IL-8 detection antibody (1:1000, 790A28G2, Invitrogen) diluted in PTB.
Subsequently, wells were washed thrice and incubated for 45 min with strep-poly
HRP (1:10000, M2032, Sanquin, The Netherlands) diluted in PT containing 2%
protifar (Nutricia, Netherlands). Finally, plates were washed five times and developed
with 3,3',5,5'-tetramethylbenzidine (TMB, Merck, Darmstadt, Germany). The
reaction was stopped by adding an equal amount of 1M H2SO4. Absorbance was
measured at 450 nm with reference at 655 nm by using a VersaMax microplate reader
(Molecular devices, California, CA, USA).

Neutrophil Elastase ELISA

Neutrophil elastase (NE) concentration was analyzed in culture supernatants
collected after 2 h of cell culture as described in Souwer et al [3]. Briefly, flat-bottom
EIA/RIA 96-well plates were coated overnight with polyclonal rabbit IgG directed
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against NE (1.5 ng/mL, Sanquin) at 4 °C. Plates were washed with PT thrice before
adding culture supernatants, usually diluted 250 times in PTG (PT-0.2% v/w
gelatin), and incubated for 1 h. Next, plates were washed with PT and incubated for
1 h with biotinylated rabbit anti-human elastase diluted in PTG (1 ng/mL, Sanquin
blood Supply). Subsequently, after a washing step, plates were incubated for 30
min with streptavidin-peroxidase diluted 1:1000 in PTG (Amersham Life Science,
Buckinghamshire, UK). Finally, the ELISA was completed using TMB as a substrate

and measured as described above.

NETosis Assay

NET formation (NETosis) was analyzed using an Incucyte S3 Live-Cell Analysis System
(Essen BioScience, Newark, UK) and a previously described IncuCyte® NETosis assay
[56]. Briefly, neutrophils were seeded at a density of 1.0 x 10° cells/mL in 200 pL in a
96-well IncuCyte® Imagelock plate (Essen BioScience) in IMDM medium containing
10% HI-FBS and gentamycin, and incubated with the above indicated stimuli, or with
100 ng/mL PMA (a well-known NET-inducing agent) for 16 h. The cell-impermeant
nucleic acid binding dye YOYO™-3 lodide (invitrogen Carlsbad, California, CA,
USA) was present at 400 nM in the medium to stain free available DNA. Neutrophils
were imaged every 15 min using phase contrast and red fluorescent exposure channels
present in the IncuCyte, using a 20x dry objective lens. Data were analyzed using
the IncuCyte Basic Software (Essen BioScience). Neutrophils were identified by
phase contrast, objects smaller than 100 um? were excluded as cells. Neutrophils that
underwent apoptosis were identified by red staining of the cell, neutrophils undergoing
NETosis were identified by red staining in the cell and red staining visibly crossing the
cell membrane, this was marked by red fluorescent objects larger than 400 pm? in area.
For the red fluorescent channel, edge sensitivity was set to 0 and hole fill was set to 100
pm?’. The TopHat method and the edge split tool were used for background correction
and for accurate quantification of individual cells. NETosis was quantified by the total

signal of red fluorescent area of objects >400 pm? per well.

Phagocytosis Assay
Neutrophils were seeded at a density of 1 x 10° cells/mL in 1 mL in a flat bottom
24-well plate in IMDM medium containing 10% HI-FBS and gentamycin, and

stimulated with the above indicated stimuli for 2 h at 37 °C or at 4 °C in the presence
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0f 0.0003% w/v FITC-marked microparticles based on melamine resin (FITC-beads;
Sigma-Aldrich). After stimulation, neutrophils were harvested, washed twice in cold
PBA buffer, and labeled in PBA buffer using the following antibodies: aCD16-
PECy7 (1:1000; 3G8), aCD63-APC (1:100; H5C6), aCD66b-PE (1:100; G10F5)
(all Biolegend). Analysis was done using flow cytometry and using advanced imaging
flow cytometry. For this latter analysis, a total of 100,000 cells were acquired with
an Amnis ImageStream (Luminex, TX, USA) and further analyzed using IDEAS
software (Amnis, Washington, DC, USA).

EV Isolation and Fluorescent Labeling

To prepare EV-depleted FBS, 30% FBS in IMDM was ultracentrifuged for 16 h at
100,000x g in an SW32 rotor (Beckman Coulter, Fullerton, CA). For isolation of EV,
6 x 10° neutrophils were cultured per stimulation condition for 2 h in 24-well plates
(Costar, Corning), 1 x 10° neutrophils per well in I mL IMDM medium containing
1% EV-depleted FBS. After 2 h, culture supernatants were collected gently to minimize
co-isolation of neutrophils, and sequentially subjected to differential centrifugation and
floatation into sucrose gradients as described previously [32]. Briefly, supernatants were
centrifuged twice at 200x g for 10 min, and twice at 500x g for 10 min. Subsequently,
EVswere pelleted by ultracentrifugation of the 500x g supernatant for 30 min at 10,000x
g (10 kg EVs) using an SW40 rotor (Beckman Coulter), and by ultracentrifugation of
the collected 10,000x g supernatant for 65 min at 100,000x g (100 kg EVs) using
an SW40 rotor in a Beckman-Coulter ultracentrifuge at 4 °C. EV-containing pellets
were resuspended in 20 pL PBS containing 0.2% EV-depleted bovine serum albumin
(BSA) and labeled with 7.5 mM PKHG67 (Sigma, St. Louis, MO, USA) in 180 pL
diluent C. The reaction was stopped by adding 100 pL of IMDM with 10% EV-
depleted FBS. PKH67-labeled pellets were mixed with 1.5 mL 2.5 M sucrose and a
linear sucrose gradient (2.0-0.4 M sucrose in PBS) was added on top in a SW40 rotor.
Gradients were centrifuged at 192,000x g (average) for 16-17 h at 4 °C, after which 1
mL gradient fractions were collected by pipetting from the top of the tube. Densities of

all fractions were determined by refractometry.
Western Blotting

Gradient sucrose fractions from EV isolation 1-3 (1.27 g/mL—-1.24 g/mL), 4-6 (1.22
g/mL-1.18 g/mL), 7-10 (1.16 g/mL-1.10 g/mL), and 11-12 (1.08 g/mL-1.06 g/
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mL) were pooled for protein identification by Western blotting and diluted in PBS in
SW40 tubes (Beckman Coulter, Fullerton, CA, USA). EVs were pelleted at 125,755 g
for 70 min at 4 degrees. Pellets were resuspended in 30 pL non-reducing SDS-PAGE
sample buffer (0.25M Tris/HCI, pH 6.8, 40% v/v glycerol, 8% w/v SDS, 0.01%
w/v bromophenol blue), heated at 100 degrees, run on pre-cast gel (Criterion TGX
Gels, BioRad, CA, USA) and transferred onto a 0.2 pm polyvinyldidene difluoride
membrane. After blocking for 1 h in blocking buffer (0.2% Fish skin gelatin +0.1%
Tween-20), blots were incubated overnight at 4 °C with primary antibodies against
CD9 (clone HI9, Biolegend, San Diego, CA, USA; dilution 1:1000) and CDG63
(clone H5C6, BD Bioscience, dilution 1:500,) in blocking buffer. Washed three
times in PBS-tween and incubated for 1 h with HRP-coupled secondary antibody
(Jackson ImmunoResearch, PA, USA; dilution 1:10000). Blots were washed again
three times in PBS-Tween, followed by two washes in plain PBS and incubation
with ECL solution (ThermoScientific, SuperSignal West Dura Extended Duration
Substrat, cat. 34075). Blots were analyzed using BioRad Chemidoc imager (BioRad,
CA, USA) and Rad Image Lab V5.1 software (BioRAD).

Neutrophil EV Quantification by High-Resolution Flow Cytometry
High-resolution flow cytometric analysis of PKHG67-labeled EVs was performed

using an optimized jet-in-air-based BD influx flow cytometer that was dedicated and
optimized for detection of submicron-sized particles (BD Biosciences, San Jose, CA,
USA). Detailed descriptions of both the hardware adaptions and methods used were
previously described in detail [32,57]. Forward scatter was detected with a collection
angle of 15-25° (reduced wide-angle forward scatter (rw-FSC)). Briefly, luorescence
threshold triggering was applied to distinguish PKHG67-labeled EVs from non-
fluorescent events. PKHG67 was excited with a 488 nm laser (Sapphire, Coherent
200 mW) and fluorescence was collected through a 530/40 bandpass filter. Prior to
EV-measurements fluorescent polystyrene 100 and 200 nm yellow-green (505/515)
FluoSphere beads (Invitrogen, Carlsbad, CA, USA) were measured to calibrate the
fluorescence and rw-FSC settings in order to minimize day to day variations. The
instrument was aligned until predefined MFI and scatter intensities were reached with
the smallest possible coefficient of variation for rw-FSC, SSC and fluorescence. After
optimal alignment, PMT settings required no or minimal day to day adjustment. For
EVs a fluorescence threshold was set allowing an event rate of 10-20 events/second

while acquiring a clean PBS sample. For quantitative analysis of PKH67-labeled EVs
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sucrose gradient fraction between 1.06 g/mL and 1.20 g/mL were diluted at least 20x
in PBS prior to analysis to keep the event rate <10,000/s to avoid coincident particle
detection and occurrence of swarm [58]. Upon loading on the influx, the sample
was boosted into the flow cytometer until events appeared, after which the system
was allowed to stabilize for 30 s. Measurements were performed by a fixed 30 s time.

Scatter and EVs count data were analyzed using Flow]Jo software (BD Biosciences).

Statistical Analysis

Data are expressed as mean + SD. Statistical analysis was done in Graphpad Prism
version 8.3.0 for Windows by using statistical tests, depending on the experimental
data. For multiple comparisons p-values were calculated on selected pairs either using
a one-way ANOVA or mixed-effects analysis with Tukey post-test correction or using
Friedman tests with Dunn post-test correction. For single comparisons p-values
were calculated using paired t-tests. p-values < 0.05 were considered as statistically

significant.
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Supplementary Figures
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Figure S1. Flow cytometry gating strategy for neutrophil degranulation. Neutrophils were first
gated on forward scatter(FSC-A) and side scatter (SSC-A) plot. Then single cells were gated and
then live and death cells were gated. With the live cells gates were set for activation markers.
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Figure S2. Neutrophils were cultured in the absence or presence of GM-CSF (50 U/mL), LPS
(10 ng/mL), or their combination. After different culture durations flow cytometry was used to
asses activation status. (a) Full degranulation over time, measured by percentages of CD16-CDG63+
neutrophils. (b) Cell death over time (n = 3-5 per time point). Data are presented as mean + SD.
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Figure S3. (A) Flow cytometry plot demonstrating gating strategy to determine CD62L membrane
expression. (B) Neutrophils were cultured for 2 h in the absence or presence of different stimuli
(GM-CSF (50 U/mL), LPS (10 ng/mL), fMLF (1 pM), and/or TNF (1 ng/mL)). CDG62L
membrane expression, expressed by percentages of CD62L+ neutrophils n = 20. Data are presented
as mean + SD. * p < 0.05, ** p < 0.01, *** p < 0.001, and **** p < 0.0001, One-way ANOVA.
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Figure S4. Neutrophils were cultured for 2 h in the absence or presence of LPS (10 ng/mL) and/
or IL-8 (100 ng/mL)). CD16- and CD63+ membrane expression, expressed by percentages of
CD16- and CD63+ neutrophils. CD66b membrane expression, as measured by changes in mean
fluorescent intensity (MFI) of CDG66b, expressed in fold-change compared to unstimulated. n = 4.

Data are presented as mean + SD.
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Figure S5. (a) Prolonged exposure of the western blot of Figure 6A of EVs pelleted at 10kg and 100
kg and floated in a sucrose density gradient from neutrophils from a representative donor. Analy-
sis is shown for CD9 and CD63 (tetraspanins; general EV-markers). (b) Linear relationships were
determined between EV release shown in (Figure 6B) and full degranulation. Linear regression was
applied to determine R.
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“Escaping goblins to be caught by wolves!” he said, and it became a
proverb though we now say ‘out of the frying-pan into the fire” in

the same sort of uncomfortable situations.

J.R.R. Tolkien, The Hobbit
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Abstract
Dexamethasone (DEX) was the first drug shown to save lives of critically ill COVID-19

patients suffering from respiratory distress. A hyperactivated state of neutrophils was
found in COVID-19 patients compared to non-COVID pneumonia cases. Given
the beneficial effects of DEX in COVID-19 patients, we investigated the effects of
DEX and of other immunomodulatory drugs vitamin D3 (VD3) and retinoic acid
(RA) on neutrophil function. DEX, but not VD3 or RA, significantly inhibited
all tested aspects of neutrophil function, e.g. degranulation, intracellular ROS
production, CXCLS8 release and NETosis. Interestingly, RA displayed the opposite
effect by significantly increasing both CXCL8 and NET release by neutrophils. Taken
together, these data suggest that the lower COVID-19 mortality in DEX-treated
patients may in part be due to the dampening effect of DEX on the inflammatory
neutrophil response, which could prevent neutrophil plugs with NETS in the lungs

and other inflamed organs of patients.
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Neutrophils; COVID-19; Dexamethasone; Vitamin D3; Retinoic Acid
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Introduction

COVID-19 caused by severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2) was officially declared a global pandemic in March 2020 by the World Health
Organization', with currently over 353 million confirmed cases and 5.6 million
associated deaths”. While the majority of COVID-19 patients is asymptomatic or shows
mild symptoms, one-fifth of patients will develop severe illness, symptoms including
acute respiratory distress syndrome, sepsis and multiorgan failure’. An elevated
neutrophil-to-lymphocyte ratio (NLR) has been identified as an early risk factor for
severe COVID-19% Severe COVID-19 is characterized by a cytokine storm, to which
pro-inflammatory monocytes and neutrophils contribute’. Neutrophils in the lungs
are both enriched and in a hyperactivated state, with upregulated IL-1p and CXCLS8
expression, in COVID-19 patients compared to non-COVID pneumonia cases’.
Neutrophil plugs with NETs were notably present in the lungs and other inflamed
organs such as the heart, kidney and brain of deceased COVID-19 patients, affirming an
elevated activation status of neutrophils®’. Therefore, targeting the excessive neutrophil
inflammatory response could be a crucial step in lowering the probability of progression

to severe respiratory distress and eventually organ failure in COVID-19 patients.

Dexamethasone (DEX), an inexpensive and commonly applied corticosteroid, was the first
drug shown to save lives of people suffering from severe COVID-19 in a large randomized,
controlled trial®’. The effect of DEX was most pronounced in patients on ventilators
amongst whom deaths were reduced by one-third". In contrast, no effect was observed
in people without respiratory distress. Therefore, treatment guidelines recommend
administration of DEX only in hospitalized patients who require supplemental oxygen.
DEX is regarded as a potent general immunosuppressive drug®, which reduces CXCL8
and TNF expression in neutrophils''>. How DEX affects other aspects of neutrophil
function is less well-known. In addition to DEX, vitamin D3 (VD3) supplementation has
been proposed as a beneficial strategy to reduce the impact of COVID®. Furthermore, it
has been suggested that retinoic acid (RA) metabolism is defective during the COVID-19
cytokine storm, which causes excessive cytokine release'"”. Hence, RA supplementation
could also be considered for treatment. However, little is known about the effects of these

immunosuppressive drugs on neutrophil function.

Therefore, we investigated the effects of DEX, VD3 and RA on function of human
neutrophils by determining degranulation, CXCLS8 release and intracellular ROS
production upon stimulation with TLR7/8 ligand Resiquimod (R848)'¢ and TNE.
Furthermore, we assessed the effects of these drugs on PMA-induced NETosis. We
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found that DEX dampens all aspects of neutrophil function assessed in this study. In
contrast, VD3 did not affect function. Interestingly, RA did not alter degranulation
and ROS production, but increased CXCLS release and NETosis. Taken together,
these data support a potential neutrophil dampening role for DEX, thereby providing
a rationale for the use of DEX in treatment of critically ill COVID-19 patients.

Material & Methods

Neutrophil isolation

Blood was collected from healthy volunteer donors after informed consent. The
blood collection protocol was approved by the institutional review board of the
Amsterdam Medical Centre (METC 2015_074). Neutrophils were isolated using a
density gradient followed by erythrocyte lysis, as previously described"”. Neutrophils
were then resuspended in IMDM (Gibco; Thermo Fischer Scientific Inc, Waltham,
Mass) supplemented with 10% heat inactivated (HI) fetal bovine serum (FBS;
Hyclone; Thermo Fischer Scientific Inc, Waltham, Mass) and gentamycin (86 pg/
mL; Duchefa Biochemie B.V., Haarlem, The Netherlands) and used immediately.
Neutrophil purity was analyzed by flow cytometry and was always > 97%.

Neutrophil culture, stimulation and flow cytometric analysis

Neutrophils were seeded at a density of 0.5 x 10° cells/mL in 200 pL in a flat bottom
96-well plate (Costar, Corning Inc. Corning, NY) in IMDM medium containing 10%
HI-FBS and gentamycin. Subsequently, neutrophils were pretreated for 30 minutes
with DEX (40 nM; #D2915 from Merck), VD3 (2.5 uM; #17936 from Sigma-
Aldrich), RA (10 uM; #R2625 from Sigma-Aldrich), or controls medium, ethanol or
DMSO, respectively. Then R848 (1 pg/mL; Invivogen, USA) and TNF (1 ng/mlL;
Miltenyi Biotec GmBH, Bergisch Gladbach, Germany) were added and neutrophils
were cultured for 2 hours (degranulation), or 24 hours at 37 °C. 24-hour culture
supernatants were collected for the analysis of neutrophil CXCLS release, by ELISA
(Invitrogen Life Technologies, Breda, The Netherlands), as described previously'”. For
assessment of ROS production, neutrophils were stimulated for 1 hour with R848 (500
ng/mL) and TNF (250 pg/mlL) in the presence of 250 nM 123-dihydrorhodamine
(123-DHR; Marker Gene Technologies, OR, USA), after 15 minutes pretreatment
with drugs or controls. For flow cytometric analysis of CD16, CD63, and CD66b cells

were washed after stimulation, stained and analyzed as previously described"”.
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NETosis assay

NETosis was analyzed using an Incucyte S3 Live-Cell Analysis System (Essen
BioScience, Newark, UK) and a previously described IncuCyte® NETosis assay'®.
Briefly, neutrophils were seeded at a density of 1.0 x 10° cells/mL in 200 pL in a 96-
well IncuCyte® Imagelock plate (Essen BioScience) in IMDM medium containing
10% HI-FBS and gentamycin, and incubated for 15 minutes in the presence of
DEX (40 nM), VD3 (2.5 pM) or RA (10 pM) or controls medium, ethanol or
DMSO, respectively. 1.5 ng/mL PMA was added after 15 minutes and neutrophils
were incubated for 12 hours in presence of the cell impermeant nucleic acid binding
dye YOYO™-3 Iodide (Invitrogen). Neutrophils were imaged every 15 minutes using
phase contrast and red fluorescent exposure channels, using a 20x dry objective lens.
Data were analyzed using the IncuCyte Basic Software (Essen BioScience), with the

same parameters as previously described”.

Statistical analysis

Data are expressed as mean + SD or as mean. Statistical analysis was done in
GraphPad Prism version 9.1.0 for Windows by using statistical tests, depending on
the experimental data. The Shapiro-Wilk test was performed to test normality of data.
For multiple comparisons, p-values were calculated on selected pairs (drug versus
vehicle control) using a one-way ANOVA with Holm-Sidak’s post hoc correction on
raw data. For single comparisons, p-values were calculated using two-tailed paired

t-tests. P-values < 0.05 were considered statistically significant.

Results and Discussion

Neutrophil degranulation is dampened by DEX, but not VD3 or RA

A hyperinflammartory response of neutrophils is associated with severe COVID-19".
Since drugs that dampen neutrophil activation may be useful in fighting SARS-CoV-2
infection, we studied whether DEX, VD3 or RA affect neutrophil degranulation by
analyzing CD16 (FCyRIII), CD63 and CD66b membrane expression. Fusion of
azurophilic granules with the plasma membrane increases CD63 expression, while
CDG66b indicates specific and gelatinase granules®?!, and CD16 is cleaved from the
surface upon the release of secretory vesicles™ . Neutrophils were stimulated with
R848 and TNEF, a mimic for viral activation, in the presence of DEX, VD3, RA or
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relevant controls (medium, ethanol or DMSO, respectively) and we titrated the drugs
to determine the used concentration in all experiments (Supplementary Fig. 1). Data
were obtained by flow cytometry and were analyzed with the gating strategy shown in
Fig. 1A. Exposure of stimulated neutrophils to DEX, resulted in significant inhibition
of CD16 cleavage from the membrane, while this was not affected by VD3 and RA
compared to vehicle controls (Fig. 1B). Furthermore, DEX significantly decreased
CD63 expression (Fig. 1C), while none of the immunomodulatory drugs affected
CDG66b membrane expression (Fig. 1D). Ethanol alone reduced CD16 cleavage and
CD63 expression (Supplementary Fig. 1, Fig. 1B, C). These data indicate that DEX
predominantly dampens degranulation of azurophilic granules (CD63) and secretory
vesicles (CD16), rather than specific and gelatinase granules. Taken together, our study
is the first to demonstrate that neutrophil degranulation is restricted by DEX, while
VD3 an RA have no effect on degranulation. Administration of DEX to hospitalized
COVID-19 patients may reduce hyperinflammatory neutrophil degranulation.

CXCLS release is dampened by DEX and strengthened by RA

During infection neutrophils release many different mediators, including CXCL8 which
is an important chemoattractant for neutrophils??**?. We analyzed the release of CXCL8
after 24 hour-stimulation with R848 and TNE In line with previous reports'', CXCL8
release by neutrophils in presence of DEX was decreased by approximately 50%, with an
average of 1.02 + 0.52 ng/mL (mean + SD) CXCLS release by DEX-treated neutrophils
versus 2.24 = 1.14 ng/mL by medium control neutrophils (Fig. 2). Surprisingly, RA
significantly increased CXCLS8 release by stimulated neutrophils by 1.5-fold, whereas
VD3 did not influence CXCLS8 release (Fig. 2). This RA-induced effect on neutrophil
function was not found for degranulation. CXCLS is synthesized de novo upon activation
and is thus regulated differently than degranulation, where granules are already pre-stored
in the neutrophils and rapidly released within two hours. This could undetlie the variable
effects of RA on different aspects of neutrophil function. The opposite effects of RA
and DEX on CXCLS8 release by neutrophils could be due to opposite effects on NFkB
activity. NFKB transcription factors are the main regulators of CXCL8 transcription®?.
Corticosteroids, including DEX, inhibit CXCL8 transcription via repression of NFkB
activity”. Reduced expression of NFkB transcription factors by DEX was confirmed in
human neutrophils®®. Elevated CXCL8 secretion upon RA treatment is possibly due to
increased NFkB activity, which was shown in human keratinocytes®. However, to our

knowledge, increased CXCLS release by RA was not previously shown in neutrophils.
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Collectively, our data show that similar to degranulation, CXCLS release is dampened by
DEX and VD3 had no effect. Interestingly, RA increased CXCL8 secretion, whereas no
effect of RA was observed on neutrophil degranulation.
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Figure 1: Neutrophil degranulation is dampened by DEX, but not VD3 or RA.

Neutrophils were pretreated with DEX, VD3, RA or their respective controls medium, ethanol or
DMSO (all controls abbreviated as C in figures), and cultured for 2 hours in the presence of R848 and
TNE. (A) Flow cytometry plot demonstrating gating strategy to determine neutrophil degranulation.
Neutrophils were gated on forward scatter (FSC-A) and side scatter (SSC-A), followed by a single
cell and live gate from which the expression of CD16, CD63 and CDG66b was assessed (B) Secretory
vesicle degranulation as measured by percentage of CD16- neutrophils is depicted. (C) Azurophilic
degranulation as measured by percentage of CDG63+ neutrophils is shown. (D) Degranulation of
specific and gelatinase granules is depicted as mean fluorescent intensity (MFI) of CDG66b. Data are
representative of 7 independent experiments and are presented as mean + SD. ** p < 0.01.
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Figure 2: CXCLS8 release by neutrophils is affected by DEX and RA

Neutrophils were stimulated by R848 and TNF and in the presence of DEX, VD3, RA or relevant
controls. CXCL8 was measured in 24-hour culture supernatants (n=7). Data are shown presented
as mean + SD relative to controls. *p < 0.05, ** p < 0.01.

ROS production is reduced by DEX

In addition to degranulation and CXCLS8 secretion, neutrophil ROS production is
important in the clearance of unwanted pathogens®. However, it has been suggested
that excessive ROS production by neutrophils during COVID-19 exacerbates the
host immunopathological response resulting in tissue damage®. Intracellular ROS
production was determined by flow cytometry using the ROS indicator 123-DHR in
R848/TNF-stimulated neutrophils in the absence or presence of DEX, VD3 or RA
(Fig. 3A). Similar to neutrophil degranulation and CXCLS release, intracellular ROS
production was significantly reduced in neutrophils exposed to DEX. Accordingly,
neutrophils from human volunteers injected with DEX were shown to exhibit lower
extracellular ROS generation®'. In contrast, neutrophils stimulated in the presence
of RA or VD3 showed no difference in ROS production compared to neutrophils
stimulated with relevant controls, neither when assessing the percentage of intracellular
ROS+ cells or the mean fluorescence intensity (MFI) of neutrophils (Fig. 3B and
C). RA was previously shown to increase N-formyl-methionyl-leucyl-fenylalanine
(fMLE)-stimulated production of intracellular ROS*?, but we did not find an effect
on intracellular ROS production, which could be stimulus-dependent. We used
a double stimulus rather than a single stimulus for optimal neutrophil activation,
which is more physiologically relevant than single stimuli given that cells encounter
a plethora of pro-inflammatory cytokines and microbial or viral components'”. Our
data indicate that DEX restricts ROS production in neutrophils, again demonstrating

anti-inflammatory potential of DEX on neutrophil functions.
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Figure 3: ROS production in neutrophils is reduced by DEX, but not VD3 or RA

Neutrophils were incubated for 1 hour in the presence of 123-DHR and activated by R848 and
TNE in the presence of DEX, VD3, RA or relevant controls. ROS production was analyzed using
flow cytometry. (A) Representative flow cytometry image of neutrophils incubated with DEX or
relevant control. (B-C) Effects of DEX, VD3 and RA on ROS production (n=11). (B) Intracellular
ROS generation is expressed as percentage of ROS+ cells. (C) Total ROS production is expressed
as MFI of 123-DHR relative to controls, with MFI 6166 + 3636 (mean + SD) medium control,
4252 + 3103 ethanol control and 5998 + 5398 DMSO control. Data are presented as mean + SD.
**p <0.01 and *** p < 0.005.

DEX reduces and RA increases NETosis

NETosis is a mechanism used by neutrophils to entrap and kill pathogens through
the release of nuclear and granular content that forms a network®. Although NETosis
is important as an antimicrobial function, it requires tight regulation, since excessive
NETosis can lead to severe tissue damage and exacerbation of inflammation®.
Neutrophil plugs with NETs were found in deceased COVID-19 patients and NET
quantity correlates to disease severity®’*. To examine whether DEX, VD3 or RA could
dampen NETosis in neutrophils, neutrophils were incubated with 1.5 ng/mL PMA in

the absence or presence of DEX, VD3 or RA. With time-lapse immunofluorescence
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microscopy we analyzed NETosis (Fig. 4A). Maximal NETosis was observed after 4
hours of PMA-stimulation, which was significantly reduced by DEX. VD3 did not
have any effect on NETosis, while NETosis was increased by RA (Fig. 4 B-C). Reduced
NET release in presence of DEX was reported upon stimulation of neutrophils with
Staphylococcus aureus, but not with PMAY. However, we used a 20-fold lower dose
of PMA, possibly allowing DEX to interfere with NETosis. RA was previously shown
to enhance both PMA- and fMLF-induced NETosis*?. Similar to CXCL8 release,
we observed opposite effects of RA and DEX on NETosis. It has been shown that
inhibition of the NFxB pathway reduces NETosis**. Hence, the differential effects
of RA and DEX on NFkB activity could undetlie their observed effects on NETosis.
Moreover, peptidyl arginine deiminase 4 (PAD4) plays a critical role in the formation
of NETs* and it has been shown that corticosteroid treatment of rtheumatoid arthritis
patients decreases synovial expression of PAD4%, indicating that DEX may affect PAD4
expression in neutrophils. In contrast, treatment of acute promyelocytic leukemia cells
with RA, to differentiate them into granulocytic cells, increases PAD4 expression®!.
Taken together, distinct effects of DEX and RA on NFkB and PAD4 activity could

underlie the opposing effects of these drugs on NETosis.

In this study, we confirmed the well-established anti-inflammatory effect of DEX
on CXCLS8 release'"? and importantly, we show that this dampening effect of
DEX extends to other aspects of neutrophil function, including intracellular ROS
production, degranulation and NETosis. We observed no effects of VD3 on neutrophil
function when compared to the vehicle control (ethanol), while neutrophils do express
mRNA of the VD3 receptor®’. The effects of VD3 on neutrophils are rarely studied
and results are contradictory, e.g. elevated versus decreased CXCLS release by VD3
treatment®. A limitation of our study is that we did not use (pseudo)-SARS-CoV-2
as stimulus for neutrophils. Although neutrophils may not be infected by SARS-
CoV-2*, its components, e.g. nucleocapsid, spike proteins or ssRNA, may activate
neutrophils. Purified nucleocapsid and spike proteins from SARS-CoV-2 were shown
to induce NETosis, while they did not increase intracellular ROS production®. The
effect of these proteins on the release of other neutrophil derived factors, e.g. granules
and CXCLS, remains to be established. Here, we used R848 in combination with
TNF to activate neutrophils. Our earlier work showed that two different stimuli are
needed for optimal neutrophil activation'”. R848 is a synthetic ligand that activates
TLR7 and TLRS, the latter expressed by neutrophils, which recognize ssRNA*. TNF

is an important modulator of immune responses, including the response to viruses.
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Therefore, neutrophil stimulation with R848 and TNF may represent an attractive

model to study candidate drugs for dampening neutrophil activation in COVID-19.
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Figure 4: DEX reduces, while RA increases NETosis
Neutrophils were stimulated for 12 hours with PMA (1.5 ng/mlL) in the presence of DEX, VD3,

RA or relevant controls as well as a cell impermeable fluorescent DNA-binding dye. Fluorescence
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Figure 4. Continued

was measured by time-lapse immunofluorescence microscopy every 15 minutes to determine
NETosis. (A) Overlays of phase contrast and fluorescence images showing accessible DNA in red,
and extracellular DNA (>400 pum?) in blue (NETs). Images are representative of 5 independent
experiments. (B) NETosis was determined as fluorescence signal area in pm? per well shown in a
12 hour time course. Only areas larger than 400 pm? were used for calculations (n=5). Data are
presented as mean. (C) Normalized NETosis expressed as total fluorescence area divided by cell
confluence after 4 hours of stimulation is depicted (n=5). Data are presented as mean + SD. * p <
0.05.

Taken together, our data support previous reports on a pro-inflammatory effect
of RA on neutrophils and this may be of importance to treatment of neutrophil
immunodeficiencies”, while caution is warranted for potential use as a tolerogenic
adjuvant in autoimmune disorders or other diseases associated with hyperactivation
of neutrophils, such as COVID-19""%%, The anti-inflammatory effect of DEX on
neutrophil function supports the use of DEX in hospitalized COVID-19 patients

suffering from respiratory distress.
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Supplementary Figure 1: DEX dose-dependently inhibits neutrophil degranulation Neutrophils
were pretreated with DEX, VD3, RA or their respective controls medium, ethanol or DMSO
and cultured for 2 hours in the presence of R848 and TNE (A) Secretory vesicle degranulation as
measured by percentage of CD16- neutrophils is depicted, normalized to controls, mean + SD.
In the middle panel, data is normalized to medium control (35.2 + 21.0 % CD16- neutrophils),
indicated by the line at 1 and each donor is represented by a different symbol. Grey bars indicate
VD3, while respective ethanol dilutions are shown in white bars. (B) Azurophilic degranulation
as measured by percentage of CD63+ neutrophils is shown, normalized to controls, mean + SD,
with medium control 27.0 + 14.3 % CDG63+ neutrophils). Three independent experiments were
performed.

101



There is nothing like looking, if you want to find something. You
certainily usually find something, if you look, but it is not always

quite the something you were after.

J.R.R. Tolkien, The Hobbit
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Abstract

Spondyloarthritis (SpA) patients suffer from joint inflammation resulting in tissue
damage, characterized by the presence of numerous neutrophils in the synovium
and synovial fluid (SF). As it is yet unclear to what extent neutrophils contribute
to the pathogenesis of SpA, we set out to study SF neutrophils in more detail. We
analyzed the functionality of SF neutrophils of 20 SpA patients and 7 disease controls,
determining ROS production and degranulation in response to various stimuli. In
addition, the effect of SF on neutrophil function was determined. Surprisingly, our
data show that SF neutrophils in SpA patients have an inactive phenotype, despite
the presence of many neutrophil-activating stimuli such as GM-CSF and TNF in SE
This was not due to exhaustion as SF neutrophils readily responded to stimulation.
Therefore, this finding suggests that one or more inhibitors of neutrophil activation
may be present in SE Indeed, when blood neutrophils from healthy donors were
activated in the presence of increasing concentrations of SF from SpA patients,
degranulation and ROS production were dose-dependently inhibited. This effect was
independent of diagnosis, gender, age, and medication in the patients from which the
SF was isolated. Treatment of SF with the enzyme hyaluronidase strongly reduced the
inhibitory effect of SF on neutrophil activation, indicating that hyaluronic acid that
is present in SF may be an important factor in preventing SF neutrophil activation.
This finding provides novel insights into the role of soluble factors in SF regulating
neutrophil function and may lead to the development of novel therapeutics targeting

neutrophil activation via hyaluronic acid or associated pathways.

Keywords

Neutrophils; Neutrophil activation; Spondyloarthritis; Synovial fluid; Hyaluronic

acid
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Introduction

Chronic inflammatory joint diseases are highly prevalent with estimates ranging
from 5-20% depending on the subtypes included[1]. Besides the most common
type of arthritis, i.e. theumatoid arthritis (RA), spondyloarthritis (SpA) is the second
most prevalent inflammatory joint disease that affects roughly 0.2 — 1.6% of the
world population[2]. SpA patients suffer from pain and stiffness in the spine and/
or peripheral joints due to inflammation and structural damage. They may also
exhibit inflammation of the bowel mucosa, eyes (i.e. anterior uveitis, and the skin
(i.e. psoriasis) [3—6]. Current effective treatments are non-steroidal anti-inflammatory
drugs (NSAIDs) aimed at inhibiting cyclooxygenase, conventional synthetic disease-
modifying antitheumatic drugs (csDMARD:s) like methotrexate or sulfasalazine (for
peripheral joints), and biological or targeted synthetic DMARDs (bDMARD:) that
block pro-inflammartory cytokines such as tumor necrosis factor (TNF), or IL-17A,

or intracellular signal transduction pathways like JAK/STAT signaling[7-9].

In the inflamed joints of SpA patients, neutrophils are present in high numbers both
in the synovial dssue and in the synovial fluid (SF)[10]. Neutrophils are the most
common leukocyte subset in blood and one of the first responders of the host defense
system during an infection. The main function of neutrophils is to capture and destroy
invading pathogens like bacteria and fungi. To do so they are equipped with various
effector functions such as degranulation, mediator release, reactive oxygen species (ROS)
production, phagocytosis, and neutrophil extracellular trap (NET) formation[11,12].
However, neutrophils are also associated with various immune-mediated inflammatory
diseases, including inflammatory bowel disease (IBD)[13-15]. In IBD, a disease closely
related to SpA, disease severity correlates with the number of invasive neutrophils[13].
Furthermore, it has been reported that the mucosa of IBD patients has higher levels of
neutrophil elastase compared to healthy controls, indicating the local presence of active
neutrophils[16]. The abundant presence of neutrophils in psoriatic skin lesions serves
as a typical histopathologic hallmark of psoriasis[17]. The neutrophil-to-lymphocyte
ratio (NLR), the activity of neutrophils, and the number of NETotic cells were
significantly higher in psoriasis patients compared to healthy controls[18]. In RA and
SpA, the severity of the disease correlates with an increased neutrophil-to-lymphocyte
ratio[14]. In addition, neutrophils present in SF of RA patients produce more reactive
oxygen species (ROS) and the formation of neutrophil extracellular traps (NETosis)

is increased[19]. The observation that IL-17 levels in SF of SpA patients are increased
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compared to levels in SF of OA patients, suggests that neutrophils may be involved in
Th17 activation, the main producers of IL-17[20,21].

Although there is evidence for the presence and involvement of neutrophils in various
forms of arthritis, the exact role of neutrophils in the disease process is still elusive.
Therefore, we set out to study SF neutrophils derived from SpA patients in more detail.
First, we characterized surface markers involved in neutrophil degranulation. Here we
demonstrated that, surprisingly, neutrophils present in SF of SpA patients are neither
activated nor exhausted, as they can respond in vitro to stimuli by degranulation and
ROS production. We show that soluble factors present in SpA SF can inhibit neutrophil
activation and identified hyaluronic acid (HA) as a potential factor preventing excessive
neutrophil activation. In the current study, we provide more insight into the behavior of
neutrophils in inflamed joints of SpA patients. Furthermore, our data provide arguments
for using intra-articular HA supplementation as (additional) therapy in patients with

chronic inflammatory joint diseases in order to ensure the inactivity of neutrophils.

Results

Patient characteristics

SF samples were collected from 27 patients with an actively inflamed knee joint
of whom 20 were classified as SpA, 5 as RA, and 2 as OA. SF was processed and
analyzed immediately after collection. The majority of patients were male (18/27).
Age was highly variable (31-85 years) as was the type of treatment, ranging from none
to one or more (combinations of) NSAIDs, csDMARDs, and/or bDMARDs. SF
derived from these patients contained highly variable amounts of cells (0.2-47.2x10°
cells/ml) and percentages of neutrophils (2.2-96.4%). Demographics of individuals
are listed in table 1 and supplemental table 1.

SF-derived neutrophils of severely inflamed joints are inactive

To determine the activation state of SF-derived neutrophils of SpA patients, we analyzed
the neutrophil degranulation status. Neutrophils contain four different types of granules:
azurophilic granules, specific granules, gelatinase granules, and secretory vesicles[22,23].
We here assessed neutrophil degranulation by determining the membrane expression
of CD16 (FCyRIII); expressed on resting neutrophils and cleaved from the surface
by ADAM17 (present in secretory vesicles), CD63 (present in azurophilic granules),
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and CDG66Db (presentinbothspecificand gelatinase granules) by flow cytometry[22-26].
Thus, activated neutrophils display an upregulated expression of CD63 and CD66b

while CD16 is downregulated compared to unstimulated neutrophils.

We compared the activation status of SF neutrophils from SpA patients (n=20) with that
of blood-derived neutrophils from healthy donors (n=25), that were either resting or fully
activated with GM-CSF (50 U/mL) and LPS (10 ng/mL)[24]. Surprisingly, we found that
neutrophils isolated from SF greatly resembled unstimulated blood-derived neutrophils
(Fig. 1A). Fully activated neutrophils, as defined by CD63high and CD16low, were only
observed after GM-CSF+LPS stimulation of blood-derived neutrophils but not of directly
measured SpA SF-derived neutrophils (Fig. 1A and B). Also, when analyzing single CD16
and CDG63 expression, SF-derived neutrophils showed more similarity to unstimulated
neutrophils than stimulated neutrophils. Furthermore, SE-derived neutrophils had a low
expression of CD66b which was comparable to unstimulated blood-derived neutrophils.
This phenomenon was observed in all 20 SpA SF samples. These samples were derived
from SpA patients with high variability in age, gender, medication use, and amount of
neutrophils in SF (Table 1), suggesting this phenomenon is independent of these factors.
However, to draw conclusions for any relation to age, gender, medication use, and amount

of neutrophils a larger sample set would be necessary.

To determine whether the observed activation status of neutrophils is disease-specific we
also determined the degranulation status of SF-derived neutrophils from RA patients
(n=5) and OA (n=2). Similar to neutrophils derived from SF from SpA patients, we
observed that neutrophils derived from RA and OA SF greatly resembled unstimulated
blood-derived neutrophils as well (Suppl. Fig 1). Although the number of included RA
and OA SF samples was much smaller, these findings suggest that inactive neutrophils
are present in SF of inflamed joints, which may be irrespective of the disease. Taken
together, neutrophils found in SF of patients with SpA greatly resemble unstimulated
blood neutrophils and have an inactive phenotype. This observation seemed independent

of diagnosis, age, gender, medication, or neutrophil count.

SF neutrophils from SpA patients are not exhausted and can be activated
outside of the SF environment

The observation that SF neutrophils from SpA patients display a non-activated
phenotype could be due to the fact that these cells were either not activated yet or

were exhausted due to the previous activation. To investigate this neutrophils were
isolated from SF of SpA patients and stimulated in vitro with GM-CSF and LPS.
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Figure 1. Neutrophils derived from SF of SpA patients do not degranulate.
Neutrophils from SF of SpA patients (n=20) were analyzed by flow cytometry and compared to
neutrophils derived from blood of healthy donors (n=25). (A) Representative flow cytometry plot
of unstimulated healthy donor-derived blood neutrophils, stimulated blood neutrophils, and SF-
derived neutrophils of a SpA patient demonstrating CD16 and CD63 membrane expression. (B)
Full neutrophil degranulation as measured by percentage of CD16-CD63+ neutrophils, secretory
vesicle degranulation as measured by percentage of CD16- neutrophils, azurophillic degranulation as
measured by percentage of CD63+ neutrophils, and specific and gelatinase degranulation as measured
as mean fluorescent intensity (MFI) of CD66b. Data are presented as mean and individual points.
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Stimulation of SF neutrophils induced the expression of CD63 and shedding of
CD16 (Fig. 2A and B). When analyzing CD16 and CDG63 expression individually,
we also observed a significant decrease in CD16 membrane expression and a
significant increase in CD63 membrane expression. Furthermore, we observed
a significant increase in CD66b membrane expression compared to unstimulated
neutrophils (Fig. 2B). Besides degranulation, another effector function of activated
neutrophils is the release of ROS. In line with the observed increase in degranulation,
stimulation of SF neutrophils resulted in significantly increased ROS production
compared to unstimulated SF neutrophils (Fig. 2C and D). For both degranulation
as ROS production, no correlation was found between sample characteristics (e.g.
neutrophil count) and percentage of degranulation or ROS production. Together,
these data demonstrate that neutrophils in SF have an inactive phenotype, but are
not exhausted as they can degranulate and produce ROS when activated in the
absence of SE.

Blood neutrophil activation can be inhibited by SF from SpA patients

To investigate whether certain factor(s) in SF inhibit neutrophil activation, we
stimulated blood-derived neutrophils of healthy donors in the presence or absence of
SF of SpA patients (30% v/v). The presence of SF strongly inhibited the activation of
blood-derived neutrophils (Fig. 3A and B). This was observed both for degranulation
as demonstrated by the expression of CD63 and CD16 (Fig. 3A) and for ROS
production (Fig. 3B). No correlation was found between sample characteristics
(e.g. neutrophil count) and percentage of degranulation or ROS production.
Furthermore, titration of SF demonstrated a dose-dependent effect of SF as 30% SF
inhibited neutrophil degranulation and ROS production significantly, whereas for
lower concentrations (1-3%) no significant effects were observed. (Suppl. Fig. 2A
and 2B). Of note, unstimulated neutrophils were hardly affected by the incubation
of SF (Supl. Fig. 2C and 2D). Collectively, these data indicate that SF from SpA

patients may contain one or more factors that are limiting neutrophil activation.

Hyaluronic acid in SF of SpA patients inhibits neutrophil activation

Our results indicate that SF from SpA patients contains factors that restrict neutrophil
activation. One of the major components of SF is hyaluronic acid (HA) which is

present at a concentration of approximately 1.5-3.1 mg/mL[27]. It has been reported
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that HA can inhibit inflammation in the adjuvant arthritis model[28] and can block
neutrophil infiltration and acute lung injury[29], making HA a likely candidate that

prevents neutrophil activation in SE First, we analyzed the expression of CD44, .
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Figure 2. Neutrophils derived from SF of SpA patients are able to degranulate and produce
ROS. (A) SF cells of SpA patients (n=8, pat# 4, 5, 7, 8, 10, 11, 12, 15) were cultured for 2 hours
in the absence or presence of GM-CSF (50 U/mL) and LPS (10 ng/mL), Representative flow
cytometry plot of synovial fluid neutrophils demonstrating CD16 and CD63 membrane expression
for unstimulated and GM-CSF+LPS stimulated cells. (B) Percentage of CD16-CD63+, CD16-,
CD63+, and MFI of CD66b membrane expression as a measure for degranulating neutrophils. (C)
SFE cells of SpA patients (n=7, pat# 10, 11, 12, 15, 17, 19, 20) were incubated for 1 hour in the
presence of 123-DHR. Representative flow cytometry plot of SF neutrophils demonstrating ROS
production for unstimulated and GM-CSF+LPS stimulated cells. (D) Intracellular ROS generation
expressed as percentage of ROS+ cells. Data are presented as mean + SD. *P<0.05, **P<0.01,
**P<0.001, and ***P<0.0001. The P-values were calculated using a paired t-test.
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Figure 3. SF of SpA patients inhibits activation of healthy blood-derived neutrophils.(A)
Blood-derived neutrophils from healthy donors (n=11-15) were cultured for 2 hours in the absence
or presence of GM-CSF (50 U/mL) and LPS (10 ng/mL) and with or without 30% SF of SpA
patients (n=9-12, pat# 7, 8, 10, 12-20). Percentage of CD16-CD63+, CD16-, CD63+, and MFI
of CD66b membrane expression as a measure for degranulating neutrophils. (B) Blood-derived
neutrophils from healthy donors (n=8) were cultured for 1 hour in the presence of 123-DHR and
GM- CSF (50 U/mL) and LPS (10 ng/mL) and with or without 30% SF of SpA patients (n=0,
pat# 13, 14, 16-19). Percentage of ROS production. Data are presented as mean + SD. *P<0.05,
*P<0.01, ***P<0.001, and ****P<0.0001. The P-values were calculated using a one-way ANOVA.

which is a common receptor for HA[30]. SF-derived and blood-derived neutrophils
both express CD44 (Fig 4A and 4B). Next, we determined whether HA at a similar
length and concentration range as present in SF of SpA patients was able to inhibit
neutrophil degranulation. Indeed, HA at the concentration of 1.6 mg/mL and 3.2 mg/
mL was able to significantly inhibit neutrophil degranulation (Fig 4C). Hyaluronidase
(hyase) is an enzyme that catalyzes the degradation of HA[31]. We next analyzed
whether incubation of SF with hyase could revert the inhibiting effect of HA on
neutrophil activation. Hyase alone did not interfere with neutrophil degranulation
or ROS production (Suppl. Fig 3A and 3B). However, treatment of SF with hyase
resulted in a significant but not complete loss of the ability of SF to inhibit neutrophil
degranulation (CD63+/CD16-) and ROS production (Fig 4D and 4E). Taken together
our data shows that HA in SF has the capacity to prevent neutrophil activation
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Figure 4. HA in SF inhibits neutrophil activation. (A-B) Blood-derived and SF-derived
neutrophils were cultured for 2 hours in the absence or presence of GM-CSF (50 U/mL) and LPS
(10 ng/mL). (A) Representative flow cytometry plot of unstimulated blood neutrophils, stimulated
blood neutrophils, and synovial fluid neutrophils demonstrating CD44 membrane expression.
(B) Percentage of CD44 membrane expression (n=3-4, pat# 16, 18, 19, 20).. (C) Blood-derived
neutrophils were cultured for 2 hours in the presence of GM-CSF (50 U/mL) and LPS (10 ng/
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Figure 4. Continued

mL) and with various concentrations of HA. Percentage of CD16-CDG63+ as a measure of full
degranulation shown. (D) Blood-derived neutrophils from healthy donors (n=11-19) were cultured
for 2 hours in the presence of GM-CSF (50 U/mL) and LPS (10 ng/mL), without SF or with 30%
SF or with 30% SF treated with hyase. SF was obtained from SpA patients (n=9-12, pat# 7, 8, 10,
12-20). Percentage of CD16-CD63+, CD16-, CD63+, and MFI of CD66b membrane expression
as a measure for degranulating neutrophils. (E) Blood-derived neutrophils from healthy donors
(n=10) were cultured for 1 hour in the presence of 123-DHR and GM- CSF (50 U/mL) and LPS
(10 ng/mL), without SF or with 30% SF of with 30% SF treated with hyase. SF was obtained
from SpA patients (n=6, pat# 13, 14, 16-19). Percentage of ROS production. Data are presented
as mean + SD. *P<0.05, **P<0.01, ***P<0.001, and ****P<0.0001. The P-values were calculated
using a one-way ANOVA.

Discussion

In this study, we show that SF-derived neutrophils of SpA patients are in an inactive
state, based on low levels of degranulation and lack of ROS production ex vivo. Similar
observations were made for SF-derived neutrophils of RA and OA patients, albeit
with a limited sample size. Of note, SF-derived neutrophils are not exhausted as these
neutrophils retained their capacity to be activated, degranulate and produce ROS
outside of the SF environment. Moreover, activation of blood-derived neutrophils
from healthy donors was dose-dependently inhibited by SF of SpA patients. Further
analysis indicated that HA which is abundantly present in SF largely contributes to

this impediment of neutrophil activation.

It was rather surprising that SF-derived neutrophils are in an inactive state since SF
of patients with arthritis contains many neutrophil-activating factors, including
TNF and GM-CSE TNF is present in SF of both treated and untreated SpA or RA
patients at a concentration between 94.2 and 378.2 pg/mL or 139.4 and 533.0 pg/
mlL, respectively[32]. In an earlier study, even higher concentrations of TNF were
found in SF of different types of arthritis with average TNF levels of 0.97 (+0.6) ng/
mL[33]. GM-CSF is present in SF of patients with various forms of arthritis, including
RA and SpA, at concentrations ranging from 5.31 (¢ 3.9) pg/mL to 29.5 (+10.9) pg/
mL[34]. Also, the neutrophil-activating factors IL-1f, IFNy, and TGF- have been
found abundantly in SF [20,35]. Taken together, these studies indicate that multiple
activating stimuli are present in SF of inflamed joints, which would normally lead to
neutrophil activation, especially since dual stimulation of neutrophils with GM-CSF

and TNF is efficient in activating neutrophils at relatively low concentrations[24].
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Therefore, it is clear that one or more dominant factors are present in SF that prevent
neutrophil activation. Here, we show that HA can act as a strong neutrophil inhibiting
factor and that hyaluronidase treatment of SE resulting in the degradation of HA,
results in loss of neutrophil inhibitory capacity. HA is known to increase the density
of SF creating a viscous, jelly-like consistency that acts as a lubricant to reduce friction
between articular cartilages[36]. To our knowledge, we are the first ones to show
that HA in SF of SpA patients prevents different aspects of neutrophil activation.
The inhibitory effect of HA on neutrophil activation is not entirely new, but HA
can also have pro-inflammatory characteristics[37]. HA has a high molecular mass
(HMM) form and a low molecular mass (LMM) form. In SF HMM HA is present in
high concentrations (1.5-3.1 mg/mL)[27]. SF derived from arthritic joints contains
lower concentrations of HA and reduced chain length compared to SF from healthy
joints[38,39]. HA in its HMM form has been shown to have immunosuppressive
effects[28,29]. In addition, previous studies have demonstrated a clear inhibitory
effect of HA on neutrophil ROS production[40] and neutrophil-mediated cartilage
degradation[41]. This is in line with our results, showing that HMM HA in high

concentrations inhibits neutrophil degranulation and ROS production.

To our knowledge, the effect of SF from SpA patients on neutrophils has not been
described before. Although the sample size of other forms of arthritis in the current
study is rather small, the data from SF of RA and OA patients suggest that the
inhibition of neutrophil activation is a common effect and not only observed in
SpA. Other studies have also investigated the effect of SF on neutrophil activation.
Two recent studies showed that neutrophils in SF of patients with juvenile idiopathic
arthritis (JIA) display an active phenotype based on increased levels of various
activation markers, including CD16 and CD66b[42,43]. The same study also tested
the effect of 20% SF of JIA patients on healthy blood neutrophils and found no
change in degranulation surface markers, including CD16 and CD66b[43]. In
other studies that used 10-25% SF of RA patients induction of NETosis[19,44] and
ROS production[19,44—46] was found in healthy blood neutrophils, while non-RA
(i.e. OA, PsA, and gout) SF inhibited ROS production[46]. Furthermore, previous
studies found conflicting results on the effect of SF on apoptosis. While one study
has found evidence for enhanced apoptosis of healthy blood-derived neutrophils after
the addition of more than 50% SF from RA, SpA, and OA patients after 24 and
48 hours[47], another study has found evidence for inhibited apoptosis of healthy
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blood-derived neutrophils after the addition of 50% SF from RA patients after 12
and 18 hours[48]. In our study, we did not observe enhanced or inhibited neutrophil
apoptosis. We used different time points and concentrations, looked at neutrophils
after 1 and 2 hours and used a maximum of 30%.Consequentily, our results might
have been different if we looked at other time points or used different concentrations
of SE. However, our study has been performed with SF from patients with differences
in diagnosis, treatment and potentially also disease severity, which may to some

extent account for the somewhat discrepant findings.

In the current study, we showed that HA in SF derived from inflamed joints of
SpA patients prevents neutrophil activation. It is known that inflamed joints contain
less HA compared to uninflamed joints. Moreover, the capacity of HA to inhibit
neutrophil activation decreases significantly when the HA concentration is lower
than 1.6 mg/mL. HA supplementation, also known as viscosupplementation, is a
therapy that is commonly used in OA patients and has been demonstrated to restore
lubrication in joints and stimulate the growth of cartilage and bone tissue[49,50].
In our view, patients with other forms of arthritis may also benefit from HA
supplementation because in addition to improving lubrication we demonstrate that
it can also prevent (neutrophil-induced) inflammation. Importantly, the effects of
intra-articular (IA)-HA injection have been described to be much longer-lasting than
IA corticosteroid injection (approximately 6 months vs. 1-2 months, respectively)
and have no significant adverse effects[49]. However, IA-HA injections are not
commonly used in arthritis types other than OA. Of note, one study showed that IA-
HA injection is beneficial in RA patients[51]. In the current study, we demonstrated
that using HMM-HA inhibits neutrophil activation. Therefore, we propose that
HA supplementation may hold great potential in some arthritis patients and have
beneficial effects that reach beyond improving the viscosity of SF and enhancing
lubrication, since it might also reduce inflammation. This may be especially of value
for patients with chronic monoarthritis that is persistent even with adequate systemic
treatment. This may ultimately result in dose reduction or decrease the number of

DMARD:s that patients require and improve quality of life.

In conclusion, the present study demonstrates that SF-derived neutrophils of SpA
patients display an inactive phenotype, although they are not exhausted as these
neutrophils can be activated to degranulate and produce ROS outside the SF micro-

environment. Importantly, we demonstrate that SF can also inhibit the activation of

116



Hyaluronic acid in synovial fluid prevents neutrophil activation in spondyloarthritis

blood-derived neutrophils from healthy donors. Finally, we show that HA present
in SF can act as a strong inhibitor of neutrophil activation and that hyaluronidase
treatment of SE resulting in the degradation of HA, results in the loss of neutrophil
inhibitory capacity. Our study can therefore be considered as an argument to look
at HA as a potential novel treatment option for chronic inflammatory joint diseases,

although this remains to be formally tested in a randomized controlled trial.

Materials and Methods

Synovial fluid collection and preparation of synovial cells and cell-free
synovial fluid

Synovial fluid (SF) from inflamed knee joints was collected during active arthritis
from 27 patients after obtaining informed consent. Patients’ characteristics are
described in table 1 and supplementary table 1. SF was centrifuged at 650g, for
20 min to pellet the cells. The SF was centrifuged at 3000g for 30 minutes at RT to
pellet all remaining cells and debris, the cell-free SF was collected and stored at -80°C
until further use. Meanwhile, the SF-derived cells collected after the first 650g step
were resuspended in IMDM (Gibco; Thermo Fischer Scientific Inc, Waltham, Mass)
supplemented with 10% heat-inactivated (HI) fetal bovine serum (FBS; Hyclone;
Thermo Fischer Scientific Inc, Waltham, Mass) and gentamycin (86 pg/mL; Duchefa
Biochemie B.V., Haarlem, The Netherlands) and passed through a 70 pm single-cell
filter. Then cells were resuspended in IMDM with 10% HI FBS at a concentration of

2 x 106 cells/mL for flow cytometry analysis and culture experiments.

Neutrophil isolation from blood

Blood was collected from healthy volunteer donors after obtaining informed consent
into sodium heparin tubes (Greiner Bio-One, Alphen a/d Rijn, The Netherlands).
Neutrophils were isolated using density gradient followed by erythrocyte lysis, as
previously described[24]. Neutrophils were then resuspended in IMDM (Gibco;
Thermo Fischer Scientific Inc, Waltham, Mass) supplemented with 10% heat-
inactivated (HI) fetal bovine serum (FBS; Hyclone; Thermo Fischer Scientific Inc,
Waltham, Mass) and gentamycin (86 pg/mL; Duchefa Biochemie B.V., Haarlem,
The Netherlands) and used immediately. Neutrophil purity was analyzed by flow

cytometry and was always > 97%.
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Neutrophil culture

Neutrophils were seeded at a density of 0.4 x 10° cells/mL in 250 pL in a flat-
bottom 96-well plate (Costar, Corning Inc. Corning, NY) in an IMDM medium
containing 10% HI-FBS and gentamycin. Subsequently, neutrophils were cultured
for 1 or 2 hours at 37 °C (CO2 incubator) in the absence or presence of granulocyte-
macrophage colony-stimulating factor (GM-CSF) (Schering-Plough B.V., Brussels,
Belgium) and lipopolysaccharide (LPS) (Sigma-Aldrich) and the absence or presence
of SE hyaluronic acid (HA, Sigma-Aldrich, St Louis, MO, USA) and SF pretreated
with hyaluronidase (hyase, Sigma-Aldrich; 40 U/mL). For flow cytometric analysis of
ROS production, neutrophils were cultured and stimulated for 1 hour in the presence
of 25 uM 123-dihydrorhodamine (123-DHR; Marker Gene Technologies, OR,
USA). For the flow cytometric analysis of CD63, CD66b, and CD16 neutrophils
were stimulated for 2 hours. After stimulation, cells were harvested and used for

measurement of degranulation or ROS production.

Measurement of degranulation markers

Cells were washed twice at 4°C in PBA (PBS-0.5% w/v BSA-0.05% w/v azide),
followed by antibody labeling in PBA. CD16, CD63, and CDG66b expression and cell
viability (PI) were determined using flow cytometric analysis. The following antibodies
were used: aCD15-FITC (1:100; HI98), aCD16-PECy7 (1:1000; 3G8), aCD63-
APC (1:100; H5C6), aCD66b-PE (1:100; G10F5), (all Biolegend, San Diego, Calif).
propidium iodide (PI) (Sigma-Aldrich) was used to determine cell viability. A total of
10,000 cells were acquired in the live gate on a FACSCanto (BD Biosciences, San Jose,
CA, USA) and further analyzed using FlowJo software (BD Biosciences).

Measurement of ROS production

Cells were washed twice at 4°C in PBA (PBS-0.5% w/v BSA-0.05% w/v azide) and
measured using flow cytometry. A total of 10,000 cells were acquired in the live gate
on a FACSCanto (BD Biosciences) and further analyzed using Flow]Jo software (BD

Biosciences).
Statistical analysis

Data are expressed as mean + SD or as mean and individual points. Statistical analysis

was done in Graphpad Prism version 9.1.0 for Windows by using statistical tests,
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depending on experimental data. The Shapiro-Wilk test was performed to test the
normality of data. For single comparisons, p values were calculated using two-tailed
paired t-tests. For multiple comparisons, p-values were calculated using a one-way

ANOVA. P-values below 0.05 were considered statistically significant.
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Supplemental figure 1: Neutrophils derived from SF of RA and OA patients do not
degranulate. Neutrophils from SF from RA patients (black circles (n=5)) and OA patients (red
triangles (n=2)) were analyzed by flow cytometry and compared to neutrophils derived from blood.
Full neutrophil degranulation as measured by percentage of CD16-CD63+ neutrophils, secretory
vesicle degranulation as measured by percentage of CD16- neutrophils, azurophillic degranulation
as measured by percentage of CD63+ neutrophils, and specific and gelatinase degranulation as
measured as mean fluorescent intensity (MFI) of CDG6G6b. Data are presented as mean and
individual points.
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Supplemental figure 2: Titrations of SF on stimulated and unstimulated neutrophils. (A) Blood-
derived neutrophils from healthy donors (n=11-14) were cultured for 2 hours in the presence of
GM-CSF (50 U/mL) and LPS (10 ng/mL) and with various concentrations of SF of SpA patients
(n=9-12, pat# 7, 8, 10, 12-20). Percentage of CD16-CD63+, CD16-, CD63+, and MFI of CD66b
membrane expression as a measure for degranulating neutrophils. (B) Blood-derived neutrophils
from healthy donors (n=9) were cultured for 1 hour in the presence of 123-DHR and GM- CSF
(50 U/mL) and LPS (10 ng/mL) and with various concentrations of SF of SpA patients (n=6, pat#
13, 14, 16-19). Percentage of ROS production. (C) Blood-derived neutrophils from healthy donors
(n=11) were cultured for 2 hours with various concentrations of SF of SpA patients (n=9, pat# 12-
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Supplemental figure 2. Continued

20). Percentage of CD16-CD63+, CD16-, CD63+, and MFI of CD66b membrane expression as a
measure for degranulating neutrophils. N=11. (D) Blood-derived neutrophils from healthy donors
(n=10) were cultured for 1 hour in the presence of 123-DHR and with various concentrations of
SF of SpA patients (n=6, pat# 13, 14, 16-19). Percentage of ROS production. Data are presented
as mean = SD. *P<0.05, **P<0.01, and ***P<0.001. The P-values were calculated using a one-way

ANOVA.
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Supplemental figure 3: Hyase has no effects on neutrophil activation. (A) Blood-derived
neutrophils were cultured for 2 hours in the presence of GM-CSF (50 U/mL) and LPS (10 ng/
mlL), with or without hyase. Percentage of CD16-CD63+, CD16-, CD63+, and MFI of CD66b
membrane expression as a measure for degranulating neutrophils. N=11-19 (B) Blood-derived
neutrophils were cultured for 1 hour in the presence of 123-DHR and GM- CSF (50 U/mL) and
LPS (10 ng/mL), with or without hyase. Percentage of ROS production. N=10. Data are presented

as mean + SD.
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Chapter 6

Abstract

Neutrophils are key players in the communication between the innate immune system
and the adaptive immune system. Neutrophils influence various dendritic cell (DC)
functions. Communication of neutrophils with other parts and cells of the immune
system occurs via various mechanisms. One such mechanism is via the release of
extracellular vesicles (EVs). The role of neutrophil-derived EVs in the regulation of
adaptive immune responses is still poorly understood. Here, we compared EVs from
resting and activated neutrophils and evaluated their effect on DC function. This
study shows that EVs derived from activated neutrophils, in contrast to their cell
of origin, do not affect DC maturation and DC-driven Th17 cell development, as
measured by flow cytometry. Surprisingly, EVs derived from activated neutrophils
displayed an anti-inflammatory effect on cytokine production by DCs, while EVs
derived from resting neutrophils had a proinflammatory effect as demonstrated by
increased IL-8 production by DCs. This study demonstrates that EVs derived from

activated or resting neutrophils have divergent effects on DC function.

Keywords

Neutrophils, extracellular vesicles, ectosomes, exosomes, microvesicles, Dendritic cells,

DC function
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Introduction

Neutrophils are the most abundant cell type of the innate immune system and their
rapid mobilization from peripheral blood into tissues upon microbial infection
to kill pathogens is a first line of defense[1]. Using their effector functions like
degranulation, mediator release, reactive oxygen species (ROS) production, and
the release of neutrophil extracellular traps (NETs), infections can be cleared[1,2].
In the last decade, it has been recognized that neutrophils also play an important
role in modulating adaptive immune responses[3,4]. Previously, we demonstrated
that neutrophils are essential in promoting dendritic cell (DC)-driven Th17 cell
development via the release of neutrophil elastase[5]. The cross-talk between
neutrophils, DCs, and T-cells can occur via various mechanisms, including cell-cell
contact,the release of soluble mediators or extracellular vesicles (EVs) [2]. EVs are small
lipid bilayer-enclosed particles that are released by cells in a regulated fashion and are
key players in intercellular communication[6]. Despite the increased investigation
of neutrophil-derived EVs, their function in the regulation of adaptive immunes
responses is poorly understood and sometimes their modulatory effects seem to be
even contradictory([7]. This is illustrated by a recent study showing that neutrophils-
derived EVs can have a pro-inflammatory, as well as an anti-inflammatory effect on
neutrophils and endothelial cells, depending on the environmental conditions([8].
Moreover, previous research showed that EVs derived from activated neutrophils
have an anti-inflammatory effect on DC function[9]. To decipher the potential role
of neutrophil-derived EVs in T cell modulation, we here investigated whether EVs
derived from resting and activated neutrophils could have differential effects on DC
function and the induction of Th17 responses. Taking into consideration the role of
EVs in keeping and restoring homeostasis, we investigated the effect of EVs derived
from resting and activated neutrophils on DC function, activation, and cytokine
production, as well as on the capacity to promote Th17 cell development. We show
that EVs from activated neutrophils, in contrast to their cells of origin do not induce
Th17 cell or DC maturation. However, EVs derived from activated neutrophils
have an anti-inflammatory effect on DC cytokine production, while EVs derived
from resting neutrophils have an indirect pro-inflammatory effect by inducing IL-8

production by DCs.
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Material & Methods

Cell isolation

Blood was collected from healthy donors after informed consent into heparin
tubes (Greiner Bio-One, Alphen a/d Rijn, The Netherlands). Blood was diluted
with Hanks balanced salt solution (HBSS), Sigma-Aldrich Inc., St. Louis, MO,
USA), and granulocytes and erythrocytes were separated from peripheral blood
mononuclear cells (PBMCs) by density gradient centrifugation on Lymphoprep (d
=1.077 + 0.001 g/mL; Axis-Shield, Oslo, Norway). Subsequently, neutrophils were
isolated from the granulocytes and erythrocytes pool, as described previously[2].
Neutrophil purity was analyzed by flow cytometry and was always >97%. PBMCs
were separated into monocyte and peripheral blood lymphocytes (PBL) by density
gradient centrifugation on percoll (GE Healthcare, Hoevelaken, The Netherlands).
Monocyte-derived dendritic cells (moDCs) were generated from the monocyte
layer, as described previously[5]. CD4* T cells were isolated from the PBL layer as
previously described[5]. The purity of naive T cells was always >98%.

Neutrophil EV preparation

Afterisolation, neutrophils were seeded at a density of 2.0 x 10° cells/mL in a flat bottom 24-
well plate (Costar, Corning Inc. Corning, NY, USA) in IMDM medium (Thermo Scientific,
Gibco, Waltham, MA, USA) supplemented with EV-depleted 10% heat-inactivated fetal
bovine serum (HI-FBS) and gentamycin. EV-depleted HI-FBS was previously prepared by
ultracentrifugation of 30% HI-FBS in IMDM for 16 h at 100,000xg in an SW32 rotor
(Beckman Coulter, Fullerton, CA, USA). Per condition, 24 x 10° cells were used. Cells
were either unstimulated (medium only) or stimulated with GM-CSF (Shering-Plough
B.V.,, Brussels, Belgium; 50 U/mL) and fIMLP (Sigma-Aldrich; 1uM). After 2 h, culture
supernatants were gently collected and subjected to differential centrifugation, twice at
200 x g for 10 min at RT, and twice at 500 x g for 10 min. Thereafter, EVs were pelleted
by ultracentrifugation of the 500 x g supernatant for 30 min at 10,000 x g at 4°C using an
SWA40 rotor (Beckman Coulter) to collect 10k EVs. Subsequently 100k EVs were collected
by ultracentrifugation of the 10,000 x g supernatant at 100,000 x g for 65 min at4°C using
an SW40 rotor. EV-containing pellets were either resuspended in IMDM containing 5%
HI-FBS and stored at -80°C for a maximum of one week before functional DC or T cell
assays were performed, or resuspended in 20 uL PBS containing 0.2% EV-depleted bovine

serum albumin (BSA) for EV-characterization.
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Neutrophil EV characterization

Single EV-based flow cytometric analysis was performed on EV pellets labeled with
PKHG67 for generic fluorescent labeling and subjected to sucrose gradient floatation
as previously described[10]. [2] In short, EV pellets that were resuspended in 20 uL
PBS containing 0.2% EV-depleted BSA were labeled with 7.5 mM PKHG67 (Sigma,
St. Louis, MO, USA) in 180 pL diluent C. The reaction was stopped after 3 minutes
by adding 100 uL of IMDM with 10% EV-depleted FBS. PKHG67-labeled pellets
were mixed with 1.5 mL 2.5 M sucrose and a linear sucrose gradient (2.0-0.4 M
sucrose in PBS) was added on top. Gradients were centrifuged at 192,000 x g for
16 h at 4°C in an SW40 rotor. Hereafter 1 mL gradient fractions were collected by
carefully pipetting from the top of the tube and subsequently measured by high-
resolution flow cytometry on a BD influx flow cytometer that was optimized for the

detection of submicron-sized particles (BD Biosciences)[10].

For western blotting EV pellets were diluted in PBS. The primary antibodies CD9
(clone HI9, Biolegend; dilution 1:1000) and CD63 (clone H5C6, BD Biosciences;

dilution 1:500) were used for characterization as previously described[2].

Neutrophil elastase ELISA
Neutrophil elastase (NE) concentration was analyzed in culture supernatants collected
after 2 hours of stimulation and in EV pellets and EV supernatants as described

previously[5].

Hyphae generation

C. Albicans cultures (clinical isolates) were maintained at the Department of
Experimental Microbiology, Academic Medical Center, Amsterdam. Yeast particles
were resuspended in IMDM supplemented with 10% HI-FCS and plated at 10,000
particles per well on flat-bottom 96-well plates. Hyphae were formed by a 4-hour
incubation at 37 °C, 5% CO,, followed by heat-killing for 2 hours at 70 °C.

Th17 coculture

At day 6 of moDCs generation, immature DCs were harvested and extensively
washed prior to use in culture. Th17 cocultures were cultured in IMDM + 5% HI

humane serum (HS) in a flat-bottom 96-well plate containing 50,000 autologous
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DCs and 50,000 autologous naive CD4+ T cells plated in a 96-well plate coated
with 10,000 C. Albicans hyphae per well. Then EV pellets from 2.0 x 10° resting
or activated neutrophils were added and as a control, no EV pellets or 100,000
autologous neutrophils were added. After 4 days of culture, cells were transferred to
a 48-well plate (Costar) and refreshed with medium containing recombinant human
IL-2 (Novartis AG, Basel, Switzerland) at a final concentration of 10 U/mL every 2
days. Cells were transferred to 24-well plates (Costar) 2 to 4 days later. After in total
11 to 13 days of culture, cytokine production (IL-17 and IFEN-y) of the cells was
determined by flow cytometry.

DC maturation

On day 6 of moDC generation, moDCs were washed and matured in IMDM +
5% HI-FBS containing 10 ng/mL lipopolysaccharide (LPS) (Sigma-Aldrich) in
the absence or presence of EV pellets from 2.0 x 10° neutrophils. After 48 hours,
DCs were harvested and surface markers for maturation were determined by flow

cytometry.

Flow cytometry

For analysis of T cells, cells were restimulated in a round-bottom 96-well plate
(Costar) by a 5-hour incubation at 37 °C, 5% CO,, in IMDM, supplemented with
5% HI-HS and PMA (100 ng/mL), ionomycin (1 pg/mL), and brefeldin A (10 pg/
mL) (all Sigma-Aldrich). Cells were thereafter fixated in 3.7% formaldehyde in PBS
and before staining and measurement permeabilized in 0.5% w/v saponine in PBA
(PBS — 0.5% w/v BSA — 0.5% v/v azide). For analysis of moDCs and neutrophils
degranulation, cells were harvested after stimulation and washed twice in cold PBA,
followed by antibody labeling in PBA.

The following antibodies were used: aCD15-FITC (1:100; HI98), aCD16-PECy7
(1:1000; 3G8), aCDO62L-APCCy7(1:25; Greg-56), aCD63-APC (1:100; H5C6),
aCDG66b-PE (1:100; G10F5), aCD14-PECy7 (1:100; M5E2), (all Biolegend,
San Diego, CA, USA). olFNy-FITC (1:10; 25723.11, BD Biosciences), olL-
17A-eFluor660 (1:20; eBio64DEC17, eBioscience), aCD1a-FITC (1:25; HI149,
BD Pharmingen), aCD83-APC (1:25; HB15e, Sanbio), aCD86-BV421(1:100;
2331, BD Horizon), aHLA-DR-PERCP (1:10; 1243, BD Pharmingen). For

flow cytometric analysis 10,000 cells per condition were acquired in the live gate
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on a FACSCanto instrument (BD Biosciences) and further analyzed using FlowJo
Software (for Windows, Version 10.6.2., Ashland).

DC cytokine production analysis

Immature moDCs were seeded at a density of 4.0 x 10% cells/mL in a flat bottom 96-
well plate and were stimulated with 10 ng/mL LPS with or without EV pellets from
2.0 x 10° neutrophils. After 24 h of culture, supernatants were collected and the levels
of IL-6, IL-8, IL-10, IL-23, and TNF were assessed by specific solid-phase sandwich
ELISA. Inshort, flat-bottom EIA/RIA 96-well plates (Costar, Corning Inc.) were coated
at 4°C overnight with the corresponding antibody diluted in carbonate buffer (0.5M,
pH9.6). After washing with PBS-0.1% v/v TWEEN 20 (PT) plates were blocked
with PT-1% w.v BSA (PTB) for 1 h at 37°C. Plates were incubated with supernatants
diluted in PTB for 1 hour at RT and thereafter washed in PT. Subsequently, plates
were incubated for 1 h at RT with biotinylated detection antibody andafter washing
with PT incubated for 45 min at RT with poly-streptavidin-horseradish peroxidase
conjugate (1:10,000, M2032, Sanquin, Amsterdam, The Netherlands) diluted in
PT containing 2% protifar (Nutricia, Utrecht, The Netherlands). Finally, plates
were washed five times with PT and developed with 3,3’,5,5’-tetramethylbenzidine
(TMB, Merck, Germany). The reaction was stopped by adding 1M H,SO,. The
absorbance was measured at 450 nm with reference at 655 nm using a VersaMax
microplate reader (Molecular Devices, Silicon Valley, CA, USA).

Statistical analysis

Data are expressed as mean = SD. Statistical analysis was done in GraphPad Prism
Software (La Jolla, Ca, USA, version 8.3.0 for Windows). For analysis between pairs
a paired t-test was used. For multiple comparisons, a one-way ANOVA was used with

Tukey’s post hoc test. Values of P <0.05 were considered significant.

Results

Neutrophil-derived EVs contain Elastase but do not affect Th17 cell

development

To study the functional effects of EVs from resting or activated neutrophils, first

quantitative and qualitative analysis of the isolated EV batches were performed, as

137



Chapter 6

described before [2,10]. Quantitative single EV-based flow cytometric analysis using
fluorescence triggering showed a marked increase (2-fold for 10k EVs and 4-fold
for 100k EVs) in the number of EVs present in the culture supernatant of activated
neutrophils (Fig. 1A). The isolation of EVs was confirmed by Western blotting for
common EV protein markers, i.e., CD9 and CDG63, detected in both 10k and 100k
EVs from resting and activated neutrophils (Fig. 1B). We previously showed that
neutrophil-derived elastase (NE) is essential for DC-driven Th17 cell development
from naive T cells and demonstrated that 10° neutrophils activated by GM-CSF
and fMLP release on average 124.2+42.7 ng/mL NE[2,5]. We here measured the
amount of NE associated with EVs derived from 24x10° neutrophils. Overall, more
NE is released by activated neutrophils in soluble form than is present in EVs derived
from activated neutrophils (Fig 1C). No significant differences were found in the
amount of NE in 10k EVs from resting neutrophils compared to 10k EVs from
neutrophils activated by GM-CSF and fMLP (Fig. 1C). In contrast, 100k EVs from
resting neutrophils contained significantly less NE (p=0.05) compared to 100k EVs
from GM-CSF and fMLP activated neutrophils, respectively 2.9+2.1 ng/mL per EVs
and 21.9+20.2 ng/mL per EVs from 10° neutrophils (Fig. 1C). Because neutrophil-
derived EVs contain NE we next analyzed whether these EVs could also support
Th17 cell development. Th17 cell differentiation in the absence of neutrophils was
negligible, whereas Th17 cell differentiation in the presence of neutrophils was
promoted (Fig. 1D). Th17 cell differentiation was not increased in the presence of
either 10k or 100k EVs derived from resting or activated neutrophil (Fig. 1E and
1F). As expected, Thl cell development, as measured by IFNy expression, was also
not affected by neutrophil-derived EVs (Fig. 1E and 1F). Taken together, we can
conclude that while neutrophil-derived EVs do contain NE, they are not able to

promote Th17 cell development.

Neutrophil-derived EVs do not affect moDC maturation

Though we observed no effect on Th17 cell development by neutrophil-derived EVs,
we next investigated to what extent neutrophil-derived EVs affect the activation of
moDCs. DCs were activated by LPS in the absence or presence of neutrophil-derived
EVs derived from resting or activated neutrophils, and surface marker expression
associated with maturation and involved in T cell activation (CD83,CDS86,
and HLA-DR) was measured by flow cytometry (Fig. 2). A representative graph

is given in Fig. 2A and multiple experiments are summarized in Figs. 2B, C, D.
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Figure 1: neutrophil-derived EVs contain elastase, but do not induce Th17 cell development

(A) Neutrophils were cultured for 2h in the absence or presence of GM-CSF (50 U/mL) and fMLP
(1 uM). After 2h, culture supernatants were collected and EVs were isolated and fluorescently
labeled and analyzed by single EV-based flow cytometric analysis. Quantification of EV release
as determined by high-resolution flow cytometry. Indicated are the numbers of detected events
within the fixed time frame of 30 s. Data is shown from two individual experiments. Each sample
is a pool of sucrose fractions with a density between 1.10 and 1.22 g/mL. (B) CD9 and CDG63
analysis as determined by western blotting of 10k and 100k EVs floated into a sucrose gradient

139




Chapter 6

Figure 1: Continued

from neutrophils from a representative donor. (C) elastase levels in EVs derived from resting and
activated neutrophils were determined by ELISA. (D) Representative flow cytometry plots of IL-17
and IFN-y expression of restimulated T cells cultured in the presence of moDCs, C. albicans hyphae,
and with or without neutrophils or neutrophil-derived EVs. Shown is a representative donor. (E,
F) Percentage of IL-17* cells and IFN-y+ cells normalized to control moDCs without neutrophils
or EVs. Data a