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ABSTRACT

Neutrophils can release DNA and granular cytoplasmic proteins that form smooth filaments of stacked
nucleosomes (NS). These structures, called neutrophil extracellular traps (NETs), are involved in multiple
pathological processes, and NET formation and removal are clinically significant. The monoclonal anti-
body 2C5 has strong specificity toward intact NS but not to individual NS components, indicating that 2C5
could potentially target NS in NETs. In this study, NETs were generated in vitro using neutrophils and HL-60
cells differentiated into granulocyte-like cells. The specificity of 2C5 toward NETs was evaluated by ELISA,
which showed that it binds to NETs with the specificity similar to that for purified nucleohistone substrate.
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Immunofluorescence showed that 2C5 stains NETs in both static and perfused microfluidic cell cultures,
even after NET compaction. Modification of liposomes with 2C5 dramatically enhanced liposome associa-
tion with NETs. Our results suggest that 2C5 could be used to identify and visualize NETs and serve as

a ligand for NET-targeted diagnostics and therapies.

Introduction

Neutrophil extracellular traps (NETs) are composed of pro-
cessed chromatin bound to granular and select cytoplasmic
proteins that are released by neutrophils, in particular, to con-
trol microbial infections."™ NETs consist of a backbone of
smooth filaments composed of stacked nucleosomes loaded
with globular domains of granular proteins. Fully hydrated
NETs have a web-like appearance and cover a space 10-15-
fold larger than the volume of the cells from which they
originate.*

The formation of NETs was initially thought to represent
a novel cell death pathway, distinct from forms such as necrosis
and apoptosis. More recently, at least two mechanisms of NET
release have been recognized.” One mechanism requires the
Iytic suicide of cells, while the other, vital NETosis, does not
require the rupture of the cytoplasmic membrane.™® A variety
of stimuli have been described as inductors of NETosis, includ-
ing pathogens, activated platelets (in a toll-like receptor (TLR)-
4-dependent mechanism), anti-neutrophil cytoplasmic antibo-
dies, and artificial compounds such as phorbol myristate acet-
ate (PMA) and bacterial lipopolysaccharides.”®

Although NETs were first described as a defense mechanism
to trap and kill bacteria and other pathogens, they have also
been implicated as key players in numerous disease states,
including cancer and cardiovascular disease.””'" Teijeira and

coworkers have recently shown that NET's released by tumor-
associated neutrophils protect tumor cells from the immune
cytotoxic effects of cytotoxic T lymphocytes and natural killer
cells by preventing their direct contact. Furthermore, they
observed that NET inhibition re-sensitizes the tumor cells to
the immune cytotoxicity.'> Metastatic cancer cells can induce
neutrophils to form metastasis-supporting NETs. NET-like
structures were observed around metastatic 4T1 cancer cells
that had reached the lungs of mice.'" Since nuclear chromatin
bears various peptides and granule-derived proteins from par-
ent neutrophils, sites of concentrated NET's are toxic to invad-
ing pathogens. NETs are, however, also responsible for
collateral damage to the host in the setting of chronic NET or
impaired NET removal.” For instance, NETs are involved in
acute thrombotic complications in cardiovascular and autoim-
mune disease,"*'® abnormal response to infection in systemic
lupus erythematosus,'” and tumor metastasis.””'*">' Moreover,
excess NET formation generally jeopardizes normal endothe-
lial function. Recent autopsy results and literature are available
supporting the hypothesis that a powerful function of neutro-
phils — the ability to form NETs - may contribute to organ
damage and mortality in COVID-19. Lung infiltration of neu-
trophils was shown in an autopsy specimen from a patient who
succumbed to COVID-19. Targeted destruction of NETs may
reduce the clinical severity of COVID-19.*
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Given the importance of NETs in a wide range of patholo-
gies, active targeting of disease-associated NETs could be
important as a diagnostic and therapeutic tool. The use of
antibodies as highly specific targeting molecules can improve
therapeutic outcomes relative to non-targeted drugs.”> >
A panel of monoclonal antibodies (mAbs) with specificity to
intact nucleosomes (NS), the main component of NETs, was
described and evaluated in previous studies.”**” Some of these
antibodies with NS-restricted specificity, such as mAb 2C5 and
1G3, were successfully used to recognize NS on the surface of
NS-bearing cancer cells. These antibodies precisely targeted
various drug-loaded pharmaceutical nanocarriers, including
liposomes and polymeric micelles, to various tumors, confirm-
ing their excellent ability to recognize chromatin
fragments.”®>° These studies provide a foundation to evaluate
the use of these antibodies as a tool in NET-related pathologies.

The problem of NETs removal under conditions when their
pathological role becomes dominant is clearly of utmost
importance. The main goal of this research was to develop
methods to visualize NETSs, and to specifically target areas of
NET accumulation using 2C5 antibody and nanocarriers func-
tionalized with 2C5 antibody. Our NET-targeting antibody
may provide substantial benefits in identifying NET-affected
areas.

Results
HL-60 differentiation and characterization

To facilitate the studies of NET's and their properties, NET's or
NET-like structures were generated in vitro by exposing the
human promyelocytic leukemia cell line to dimethyl sulfoxide
(DMSO) and all-trans retinoic acid (ATRA), resulting in the
differentiation of these cells into granulocyte-like cells (Figure
S1A, Supplementary Information).

Results from the nitro blue tetrazolium (NBT) reduction
assay (Figure S1A) show that after exposure to both ATRA and
DMSO for as little as 3 days, dHL-60 cells were able to reduce
NBT into formazan crystals in the presence of PMA,
a common characteristic of granulocytes. The extent of crystal
formation was similar for both groups, which produced
approximately 4-fold more formazan crystals than control
HL-60 cells after 3 days of differentiation.

Differences in the morphology of HL-60 cells exposed to
DMSO or ATRA after 3 days were observed (Figure S1B),
although they were more pronounced in DMSO-
differentiated cells. The volume of the cells decreased when
incubated in the presence of both compounds. Additionally,
DMSO-differentiated cells (DMSO-dHL-60) shifted to a more
angular shape. The morphology changes can be followed in the
time-lapse videos obtained with phase holographic imaging
(See Supplementary Materials videos 1, 2, and 3 of HL-60
control, DMSO-dHL-60 and ATRA-dHL-60, respectively).

NET stimulation, visualization and quantification

Neutrophils can generate NETs in vitro upon stimulation with
certain compounds.® The web-like structures of chromatin-
encompassing proteins expressed in granulocytes, such as

myeloperoxidase (MPO) and neutrophil elastase, can be visua-
lized with fluorescent microscopy after staining the DNA and
granular proteins.**?! Differentiated HL-60 also extrude
decondensed genomic DNAs into the extracellular space that
are morphologically similar to NETs from neutrophils stimu-
lated with lipopolysaccharide (LPS) or interleukin (IL)-8.
Generation of NETs from both differentiated HL-60 cells and
neutrophils, visualized by staining MPO, can be seen in Figure
S2 (Supplementary Information). We noticed that DMSO-dHL
-60 could generate more visible NETs when incubated with the
calcium ionophore (CI) A18723 rather than with PMA or
ATRA-dHL-60 exposed to CI or PMA (data not shown). For
this reason, all subsequent assays were done using DMSO-
dHL60 differentiated cells.

Quantification of NETs by fluorometric analysis was
achieved by measuring the fluorescent signal of cells stimulated
with CI and stained with SYTOX green, a DNA dye imperme-
able to live cells (Figure S3, Supplementary Information). The
fluorescence observed thus represents DNA released from the
cells or that of membrane-compromised cells. Figure 3(a,c)
shows the kinetic pattern of the increase in green fluorescence
from the groups stimulated with CI, IL-8, and LPS over 3 h.
The fluorescence from the stimulated cells was clearly higher
than that of non-stimulated cells, although there is some dif-
ference in the kinetic pattern for neutrophils and differentiated
HL-60 cells. The use of a higher concentration of CI did not
promote more DNA release. Imaging techniques were com-
pared to the NET quantification to confirm the fluorescence
signal is from generated NETs. As can be seen in Figure 3(b),
following CI-stimulation of dHL-60 cells, NETs are formed
(see detail in the augmented insert), but fluorescence originates
from both extruded NETs and from DNA content still within
the boundaries of the cell membrane. Figure 3(d) illustrates
NETs formation in neutrophils following LPS stimulation.
Although cells and stimulants are different, the response of
the cells resulting in NET's formation seems to be very similar.

Specific activity of mAb 2C5

The enzyme-linked immunosorbent assay (ELISA) is widely
used to assess the binding of antibodies to antigens immobi-
lized on a solid surface. To verify the immunoreactivity of the
2C5 mAb against NETs in a pattern similar to nucleosomes,
a NET-enriched supernatant isolated from stimulated dHL-60
was used as a substrate to coat an ELISA plate using the same
procedure used for nucleohistone coating.”*>* Figure 1 shows
that mAb 2C5 bound effectively to the NET monolayer to
a degree similar to that of nucleohistones, suggesting that
2C5 presents specific activity against NETs.

2C5 binds to NETs in different in vitro models

Given that mAb 2C5 showed specific activity to NETs, its
capacity to stain these structures for microscopy purposes
was assessed. Neutrophils isolated from whole blood were
activated by incubation with CI and PMA to generate NETs.
As shown in Figure 2, activated neutrophils released filaments
and diffuse, cloudy structures (Figure 2, arrows) that readily
stained with the Hoechst DNA dye. This finding was most
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Figure 1. Immunoreactivity of mAb 2C5. Indirect ELISA was used to evaluate the binding of 2C5 antibody to a monolayer of different antigens: (a) HL-60 produced NETs
and nucleohistones, (b) neutrophils produced NETs and nucleohistones. The affinity for both substrates is similar, indicating 2C5 has specific activity against NETs, as
well as for nucleosomes. Detection was done using a horseradish peroxidase (HRP)-conjugated secondary antibody. Data represents the mean + SD, n = 3.

prominent in the PMA-stimulated group, although also note-
worthy in CI-stimulated neutrophils. When 2C5 was added, it
successfully stained NETSs, showing a co-localization of 2C5
and DNA staining in the overlap images. The colocalization
was assessed visually and by obtaining the Pearson’s correla-
tion coefficient (PCC) and indicates there is good correlation of
pixel intensity distribution between red and blue channels in
PMA - and CI-treated groups. The considerable PCC values in
these groups indicate that 2C5 co-localizes with DNA in the
NET structures formed upon neutrophil stimulation.

A microfluidic cell culture system was also used to evaluate
2C5 binding to NETs. Fibronectin-coated microfluidic chan-
nels were infused with neutrophils activated with tumor necro-
sis factor. Following channel wall adhesion, the cells were
stimulated with PMA to generate NETs. NETs were stained
with SYTOX orange to identify the extracellular DNA, and the
channels were infused with either Alexa 488-labeled 2C5 and
or isotype IgG to evaluate the antibody specificity under con-
ditions of flow. Figure 3(a) and Video 4 (Supplementary mate-
rial) show that 2C5 antibody readily binds and stains NETs,
while its isotype counterpart does not bind to the extracellular
chromatin. The same pattern was observed for liposomes
modified with 2C5 (Figure 3(b) and Supplementary video 5),
with an apparently even higher interaction than with antibody
alone. The web-like structure of NETs could allow for the
nonspecific capture of these macromolecules, but the specifi-
city of 2C5 binding is clearly shown by its stronger staining
signal.

To further assess if 2C5 can bind NETs under variable
conditions, platelet factor 4 (PF4) was perfused in the micro-
fluidic channels. PF4 is released by activated platelets in high
concentrations at sites of thrombosis and in heparin-induced
thrombocytopenia (HIT). Due to its positive charge, it binds to
the extracellular DNA released by NETs, forming compact
PF4-NET complexes (Figure 4). Despite these morphological
changes, 2C5 binding was still achieved for both the antibody
alone and the decorated liposomes, indicating that the confor-
mational epitope required for 2C5 biding is preserved and
remains available.

Discussion

Cell differentiation was assessed by distinct methods, including
microscopy to observe cell morphology, a fluorescent plate
assay to confirm the release of NETS, and the functional NBT

reduction assay. The latter is based on the conversion of oxy-
gen into superoxide anion by nicotinamide adenine dinucleo-
tide phosphate oxidase, which can then reduce NBT, leading to
the formation of blue crystals.”>*® Other studies have similarly
shown changes in the respiratory burst of differentiated cells.
In these studies, however, ATRA-dHL-60 reduced NBT more
efficiently than DMSO and other compounds.”’”*® Longer
incubation times did not significantly increase the generation
of the crystals, indicating that 3 days are sufficient to obtain
cells with neutrophil-like characteristics. After differentiation,
the cells were stimulated to check their capacity to generate
NETs, followed by staining for visualization. It is known,
however, that only about 10% of dHL-60 can release NET-
like structures after stimulation with a variety of compounds.
In addition, the released structures are shorter and more dis-
creet than the long and difftuse NETs released by
neutrophils,”*** a characteristic also observed in this study
(Figure S2). Manda-Handzlik and coworkers showed that dif-
ferent agents differentiate HL-60 by distinct mechanisms,
affecting their ability to generate NETs in response to various
stimuli. They also found that DMSO-dHL-60 released NET-
like structures only after stimulation with CI, but not with
PMA.”® In addition, NETs generation from neutrophils can
also be induced by a variety of stimuli. Bacterial or endogenous
stimuli, such as immune complexes, are known to act as trig-
gers for NETosis. As an experimental counterpart for calcium
ionophore, LPS from E. coli and IL-8 were used to demonstrate
different pathway of NETosis.’

NETs were quantified by the fluorescence analysis. While
this method provides insight into DNA release, it is not NET-
specific,  as CI can increase dHL-60 membrane
permeability,** facilitating intracellular DNA staining with
SYTOX. Hence, imaging techniques were wused as
a confirmatory technique, showing that, although SYTOX
also stained intracellular DNA in Cl-stimulated cells, the for-
mation of NET-like structures was clear (Figure S3B). Lelliott
et al. recently developed an imaging flow cytometry automated
analysis method to characterize and quantify NETs in vitro
based on DNA staining.”’ In their study, they characterized
different cell types and NET structures after exposure to NET
stimulants. Besides the extracellular DNA (exDNA) and DNA
fragments characteristic of NETs, they noticed the presence of
SYTOX-stained cells with decondensed DNA and an absence
of exDNA. They hypothesized that these cells represent
another type of cell death rather than NETosis.
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Figure 2. mAb 2C5 binding to NETSs in vitro. (a) Neutrophils were isolated from whole blood and stimulated with either PMA or Cl, followed by staining with 2C5
antibodies (red) and counterstaining using Hoechst (blue). Activated neutrophils produced NETs, confirmed by the presence of web-like structures and filamentous
structures comprised of decondensed DNA (arrows). These structures were also labeled with 2C5, to show the specificity of this antibody against NETs, presenting an
overlap with the DNA staining (magenta). (b) Pearson’s correlation coefficient was analyzed using Image-J and indicates good correlation of pixel intensity distribution
between red and blue channels in PMA and Cl treated groups. The image brightness and contrast of the 2C5 channel were adjusted using the B&C tool of Image-J
Software to improve visualization, especially in the overlay images. Equal adjustments were applied to images that were obtained at the same day and using the same

microscope parameters. Scale bar = 50 ym.

The specific activity of 2C5 toward NETs was evaluated in
this work using ELISA, which showed that the antibody binds
to NET-enriched substrate obtained from IL-8 stimulated neu-
trophils or Cl-stimulated dHL-60 cells. mAb 2C5, which is
nucleosome-specific, was previously shown to recognize only
intact NS among many nuclear and other antigens, and it
possessed NS-restricted specificity in ELISA when tested
against artificially reconstituted NSs.*"** MAbs with selective
specificity for NS, i.e., to chromatin, the main component of
NETs, have been described previously by Yager et al.** Their
specificity toward NSs was clearly demonstrated in ELISAs
used to test a panel of different nuclear antigens.

Additionally, in ELISA and Western blot assays with the iso-
type-matched UPC 10 antibody as a negative control, they did
not react with such nuclear antigens as ssDNA, dsDNA, his-
tones (individual and mixtures), H1 peptide 144-159, H1 pep-
tide 204-218, ribonucleoprotein, La/SS-B, Ro/SS-A, Sm, Jo-1,
and scl-70. The mAbs also did not react with other tested
antigens, including myosin, b-galactosidase, phosphorylase b,
glutamic dehydrogenase, lactate dehydrogenase, carbonic
anhydrase, trypsin inhibitor, lysozyme, aprotinin, insulin,
heparin, heparin sulfate, and dextran sulfate. These mAbs
were shown to possess intact NS-restricted specificity in
ELISA when tested against artificially reconstituted NSs,*>*°
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Figure 3. Microfluidic studies illustrating 2C5-NET interactions. Representative wide-field images of NETs formed in microfluidic channels, stained with SYTOX Orange
(red), a DNA dye impermeable to live cells. The separate channels (included in the same visual field) were simultaneously infused at 2 dynes/cm? with Alexa 488-labeled
2C5 and nonspecific IgG (green) (a) or Alexa 488-labeled liposomes modified with either 2C5 or nonspecific IgG on their surface (b). Arrows represent flow direction.
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Figure 4. Morphological changes in NETs do not prevent 2C5 binding. The addition of platelet factor 4 (PF4 - a factor released by activated platelets in heparin-induced
thrombocytopenia) induces chromatin compaction in NETSs, as noted by reduction in NET area. PF4-NET complex formation also influences NET behavior by inducing
DNase | resistance. However, 2C5 binding is not prevented, indicating that the conformational epitope required for 2C5 binding is preserved and available despite
morphological changes. Arrows represent flow direction.

and did not recognize individual components of NSs, DNA  procedure was not applied to DNA/histone mixture).**
and histones, or the mixture of the DNA and histones that did Moreover, DNAse treatment eliminates mAb 2C5 binding
not contain the reconstituted NSs (a stepwise salt dialysis with NS.*” Control isotype-matched anti-myeloma UPCI10



€1850394-6 . L. P. MENDES ET AL.

antibody did not react with NSs. Hence, 2C5 appears to recog-
nize a conformational epitope of intact NS formed only by the
fragments of histones 2 and 3. In ELISAs, mAb 2C5 demon-
strated good binding with the mixture of histones 2 and 3
assembled on heparin (instead of DNA) (data not shown).
These findings support the hypothesis that the web-like struc-
tures, composed mostly of the chromatin released from the
cells, can provide the binding sites for 2C5 in NETs. Therefore,
2C5 could be used as a tool to identify and target NET's using
different approaches.

The use of 2C5 as immunostaining for NETs was confirmed
in vitro in static and perfused microfluidic cell models. NET
imaging is based largely on co-staining extracellular DNA and
cytoplasmic proteins bound to the chromatin, including MPO,
neutrophil elastase and histone 3. Since it is known that 2C5
does not recognize individual components of NSs, including
DNA and histones, its use as another staining approach to
identify these structures may prove useful in other NET
research fields. The microfluidic system was used in addition
to the regular cell culture since the shear produced by the flow
in this setup provides a different environment than that of
NETs immobilized on a coverslip and can be set up to simulate
flow rate as in vivo. In the microfluidic experiment, PF4 was
added to the cells to analyze whether the formation of PF4-
NET complexes, which causes NET compaction and morpho-
logical changes, impairs 2C5 binding to NETs. In addition, PF4
compaction of NETs also induces DNase I resistance,*” which
could also take advantage of the use of targeted therapy. The
formation of the complexes is a finding that also occurs with
multiple other cations*® and likely influences NET behavior
in vivo. The fact that 2C5 can still bind to NETSs after these
morphology changes suggests that it would be useful as
a targeting moiety in drug delivery approaches for different
types of NETs and for different diseases, including those asso-
ciated with intense platelet activation such as HIT, dissemi-
nated intravascular coagulation, and thrombotic storm.

In conclusion, this study successfully differentiated promye-
locytic leukemia cells into neutrophil-like cells, which were
then used to generate NETs for in vitro assessment. The ability
of 2C5 to bind to various NETs was confirmed by ELISA and
immunostaining. Since 2C5 binds specifically to NS, its recog-
nition of NETs is due to the presence of NS (chromatin frag-
ments) in these structures, even after exposure to PF4, which
promotes NET compaction and DNase resistance. Thus, 2C5
may potentially be used to target NET' for diagnostic purposes
(visualization) when modified with appropriate labels.
Furthermore, the 2C5 antibody may help control a variety of
pathologies associated with NETs accumulation, such as car-
diovascular, inflammatory, autoimmune, and malignant dis-
eases, by delivering NET-targeted pharmaceutical agents,
including drug-loaded nanocarriers bearing agents for NET
destruction. The use of NET-targeted pharmaceutical nanocar-
riers could be of special importance when more than one
therapeutic agent is delivered. For example, NET-driven
thromboses could be treated with a combination of nucleases
that cleave DNA and site-directed thrombolytic agents, opti-
mizing thrombus digestion. The possibility of developing such
systems may open new opportunities for novel approaches to
the treatment of multiple pathologies.

Materials and methods
Material

Anti-MPO primary antibody (sc-51741 FITC) and a goat anti-
mouse IgG-phycoerythrin-labeled secondary antibody (sc-3738)
were purchased from Santa Cruz Biotechnology. Monoclonal
antibody mAb 2C5 (I'2a;x) was obtained by fusion of myeloma
P3X63-Ag8.653 with splenocytes from two non-immunized
aged mice (26 months-old BALB/c) without overt disease, pro-
duced on a commercial basis by Harlan Labs using the 2C5E3
hybridoma cell line from our lab. Horseradish peroxidase-IgG
antibodies (goat anti-mouse) were purchased from Abcam
(ab6789). Hoechst 33342 (H3570) was from Molecular Probes.
HL-60 cells and Iscove’s Modified Dulbecco’s Medium (IMDM)
were purchased form ATCC (ATCC® 30-2005™). Whole blood
was purchased from AllCells (AllCells utilizes standardized
operating procedures (SOPs) in conjunction with HIPAA com-
pliance, state, and federal regulations. Collection protocols and
donor-informed consent are subjected to the strict oversight of
an Institutional Review Board (IRB). HIPAA compliance and
approved protocols are followed by AllCells’ collection facilities.
The staff consists of highly experienced, medically licensed per-
sonnel with Medical Director oversight). Lymphocyte separation
media (MT25072CI) and RPMI 1640 (MT10040CM) were
acquired from Corning and red blood cell (RBC) lysis buffer 1x
(00433357) was from Invitrogen. DMSO (AA439985Y) and
dextran (MW 250,000 g/mol) (AAJ6020009) were from Alfa
Aesar. Nitro blue tetrazolium (BP108-1) was from Fisher
Scientific. Phorbol myristate acetate (NC9750026) was from LC
Laboratories. All trans-retinoic acid (AC207341000) and A23187
(AC328080010) were purchased from Acros Organics. SYTOX
green nucleic acid stain (S7020) was from Thermo Fisher
Scientific. Recombinant human IL-8 (BD 554609) was from
BD Bioscience. LPS from E. coli (TLRLEBLPS) was from
Invivogen. Poly-L-lysine hydrobromide (MW 30,000-70,000)
(P2636-25 MG) was purchased from Sigma. Calf thymus nucleo-
histone (LS003011) was acquired from Worthington
Biochemical Corporation. 1,2-dipalmitoyl-sn-glycero-3-phos-
phocholine (DPPC) (850355), 1-palmitoyl-2-(dipyrromethene-
boron difluoride)undecanoyl-sn-glycero-3-phosphocholine
(Top fluor PC) (810281) and 1,2-distearoyl-sn-glycero-3-phos-
phoethanolamine-N-[azido(polyethylene glycol)-2000 (azide-
terminated PEG2000-DSPE) (880228) were purchased from
Avanti. All other reagents were of analytical grade.

Cell culture and differentiation

To develop an in vitro model of NETSs, a human promyelocytic
leukemia cell line, HL-60, was differentiated into neutrophil-
like cells by agents, including ATRA and DMSO.?® HL-60 cells
were cultured using IMDM medium supplemented with 10%
fetal bovine serum (FBS) and, 100 U/ml penicillin and 100 pg/
ml streptomycin were added at 37°C, 5% CO, and humidified
air. For differentiation, these cells were exposed to ATRA and
DMSO at 1 uM and 1.25%, respectively, for 3 to 5 days. To
confirm the differentiation, cells were analyzed at various time-
points by the NBT reduction method,*”° time-lapse phase
holographic imaging’’ and by brightfield microscopy
(Keyence, BZ-X700, Itasca, IL, USA).



Human neutrophils were also used to produce NETs. For
that, neutrophils were first isolated from whole blood>* using
a density gradient separation technique. The use of human
blood for this research was approved under institutional pro-
tocol number IBC69. Briefly, the purchased blood was collected
from healthy volunteers in heparinized tubes and kept on ice
until use. Blood was diluted with phosphate-buffered saline
(PBS) pH 7.4 (without calcium and magnesium) and layered
on top of Lymphocyte Separation Media (density 1.077 g/mL).
Tubes were centrifuged at 800 x g for 30 min at 21°C. The top
two layers (monocytes and lymphocytes) were removed.
Dextran (MW 250,000 g/mol) was added and mixed in tubes
at a final concentration of 3%. The suspension was allowed to
rest for 30 min at 37°C to sediment the RBCs and the super-
natant containing the granulocytes was transferred to a new
tube. Tubes were centrifuged at 450 x g at 4°C for 5 minutes.
The supernatant was discarded and a 1x RBC lysing solution
was added to the tube to re-suspend the pellets and lyse any
remaining RBCs. The tubes were kept in the dark for 10 min,
centrifuged at 450 x g at 4°C for 5 min. The supernatant
containing lysed RBCs was discarded. The pellet containing
isolated neutrophils was washed by re-suspension in 5 mL PBS,
centrifuged again, resuspended with RPMI medium supple-
mented with 3% FBS and used immediately.

NBT reduction assay

A quantitative NBT assayf‘r”36 with modifications, was used to

determine the differentiation of HL-60 into granulocyte-like
cells. Control HL-60 and cells were differentiated for different
periods of time (3 to 5 days). DMSO-dHL-60 and ATRA-dHL
-60 were seeded in 96-well plates (200,000 cells/well) and
incubated with NBT at 1 mg/mL in the presence or absence
of 10 pg/mL of PMA. After 30 min incubation, the formation of
formazan crystals was observed under the microscope. The
plate was centrifuged to recover the crystals, supernatant was
removed, and the crystals were solubilized with DMSO. The
absorbance of the solution was measured at 620 nm using
a microplate reader (Synergy HT, Biotek, VT, USA) and the
increase in absorbance (indicating the formation of crystals)
was compared to that of control HL-60.

Phase holographic imaging

Phase holographic imaging is a laser-based methodology
that captures time-lapse images of unlabeled cells and
allows for observation and quantification of differences in
cell morphology based on holographic reconstructions of
the cells’ refractive index.”>>* For holographic microscopy,
cells were seeded on glass-bottom, 24-well plates and incu-
bated in the presence or absence of ATRA and DMSO. The
Holomonitor M4 (Phase Holographic Imaging, Lund,
Sweden) was used to collect images every 10 minutes over
5 days from each well (3 regions/well) using a 20x objective
lens. The data collected were analyzed using Hstudio ana-
lysis software (Phase Holographic Imaging) to characterize
the morphological features of cells in the differentiation
process.
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NET quantification

For NET quantification, the presence of extracellular DNA was
analyzed.*® Differentiated cells were seeded in 96-well plate
(100,000 cells/well) and stimulated with the calcium ionophore
A23187 (CI) at 4 pM and 25 uM for up to 3 hours at 37°C to
induce production of NETs. The presence of extracellular DNA
release was quantified by addition of 1 pM Sytox Green (DNA
stain impermeant to live cells) followed by fluorometric analy-
sis (excitation/emission: 504/523 nm) every 10 minutes.
Unstimulated cells were used as controls to compare the
increase in the fluorescent signal in the presence of the CI at
different time points.

A similar experiment was conducted with the use of the
isolated neutrophils. After seeding, neutrophils were stimu-
lated with LPS from E.Coli (100 pug/ml) and IL-8 (100 ng/ml)
for up to 3 hours at 37°C to induce production of NETs.

NET visualization

NETs have been described as threads of chromatin containing
nuclear content and cytoplasmic proteins, including MPO and
nuclease elastase.* Hence, NET visualization was accomplished
by immunofluorescence based on staining of the cells with
antibodies against MPO and DNA. Neutrophils and HL-60
cells were seeded on glass-bottom 24-well plates and stimulated
with PMA (100 nM) and CI (4 uM) for 4 hours and with LPS
(100 pug/ml) and IL-8 (100 ng/ml) for 3 hours, at 37°C to induce
the production of NETs. Cells were fixed with 4% paraformal-
dehyde, followed by blocking to prevent nonspecific binding.
The plates were incubated with FITC-labeled primary anti-
MPO antibody at a 1:100 dilution, washed and counterstained
with Hoechst 33342 to visualize the presence of NETSs released
from stimulated cells. The staining patterns of PMA-, CI-, IL-
8-, and LPS-stimulated cells were compared to those of unsti-
mulated cells. In addition, live unfixed cells were labeled with
Sytox Green to observe the presence of extracellular DNA
release and cells with compromised cell membrane, signaled
by the presence of the internalized DNA stain. The labeled
plates were observed by epifluorescence microscopy (Keyence,
BZ-X700). Image-]J software 1.50a (NIH, Bethesda, MD) with
Fiji package was used to adjust the brightness and contrast of
the images in the MPO channel using the B&C tool to improve
visualization of the structures, especially in the overlay images.
Equal adjustments were applied to images that were obtained
on the same day using the same microscope parameters.

Specific activity of mAb 2C5

An ELISA was used to verify the activity of mAb 2C5 using
NETs isolated from CI-stimulated HL60 cells and from IL-8
stimulated neutrophils as a substrate. For NETs isolation,**>’
differentiated HL60 (dHL60) in serum-free IMDM were seeded
at 1.5 million cells/mL, followed by stimulation with 4 pM of
CI for 4 h. Neutrophils were incubated with 100 ng/ml of IL-8
for 3 h in RPMI medium supplemented with 3% serum. The
medium was gently removed, and cold PBS was added by
thorough pipetting to remove any material adhered to the
bottom of the flask. The suspension containing cells and
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NETs was collected and centrifuged at 450 x g for 10 min at 4°C
to pellet the cells. NET-enriched cell-free supernatant was
collected for use as a substrate in the ELISA. For isolation of
NET from stimulated neutrophils, additional centrifugation of
NET-enriched cell-free supernatant was conducted as 16000
x g for 10 min at 4°C to pellet the NETs, which were used as
a substrate for the ELISA. The specific activity of 2C5 has
previously been verified by using nucleosomes as binding
substrate. >4 Briefly, an ELISA plate was first coated with
poly-L-lysine (PLL). Either nucleosomes (calf thymus nucleo-
histone) or NET-enriched medium diluted in TBST-Casein
solution were added to attach to the PLL layer and incubated
for 1 h at RT. The wells were washed 3 times with TBST and
a serial dilution of 2C5 was added to the wells and incubated
for 1 h at RT. The samples were removed, and the wells were
washed 3 times with TBST. A secondary anti-mouse horse-
radish peroxidase antibody was added to the plate and incu-
bated for 2 h at RT, followed by 3-times washing of the wells.
The chromogenic 3,3',5,5'-tetramethylbenzidine (TMB) sub-
strate was added and incubated up to 15 min, followed by
microplate reading at either 450 nm or 652 nm, depending
on the instructions of the TMB reagent used in each assay.

Liposome preparation

Liposomes functionalized with 2C5 or isotype control IgG were
prepared as previously described.”® Lipid films were prepared
by nitrogen drying and lyophilization of a mixture of chloro-
form solutions of DPPC:cholesterol:azide-terminated PEGyg0-
DSPE:Top Fluor PC (57.5:40:2:0.5 mol%). Dry films were
hydrated with PBS and suspensions were formed via alternat-
ing bath sonication at 50°C and vortexing at room tempera-
ture. Lipid suspensions were submitted to three freeze-thaw
cycles via liquid N, and 50°C water bath. Final suspensions
were extruded through 200 nm polycarbonate filters. Liposome
size and concentration following extrusion were evaluated via
dynamic light scattering and NanoSight nanoparticle tracking
analysis, respectively.

2C5 and isotype-matched control IgG were prepared for
conjugation to azide liposomes by modification with dibenzo-
cyclooctyne-PEG,-n-hydroxysuccinimidyl ~ ester  (DBCO).
Briefly, antibody solutions were adjusted to pH 8.3 with 1 M
NaHCOj; buffer and reacted with DBCO at a molar ratio of 1
antibody:5 DBCO for one hour at room temperature.
Unreacted DBCO was removed via filtration against a 10 kDa
cutoff centrifugal filter. DBCO optical absorbance (peak at
309 nm) was compared to antibody optical absorbance
(shoulder at 280 nm) in order to verify DBCO conjugation to
antibodies.

DBCO-modified antibodies were conjugated to azide lipo-
somes by overnight room temperature incubation at a ratio of
200 antibody molecules per liposome. Free antibodies were
separated from liposomes via size-exclusion chromatography.
Liposomes were concentrated to original liposome volume
with centrifugal filters and subsequently characterized with
dynamic light scattering using a ZS90 Malvern Zetasizer
Nano (Malvern, Westborough, MA). Liposomes had a size of
150 nm and PdI of 0.1.

2C5 staining of NETs

The ability of 2C5 to bind NETs was evaluated in two different
in vitro models using neutrophils isolated from whole blood as
described previously. In the first model, 250,000 neutrophils
were seeded directly on glass coverslips (previously coated with
PLL), allowed to attach for 1 h, and stimulated for 4 h with
either 100 nM of PMA or 4 uM of CI in a CO, incubator at 37°
C. Medium was removed and the cells were fixed with 4%
paraformaldehyde at room temperature for 10 min, followed
by permeabilization with 0.25% Triton X-100 (v/v) in PBS.
After washing the cells 3 times, 5% (w/v) bovine serum albu-
min was added and cells were allowed to incubate overnight at
4°C. After removing the blocking solution, 2C5 primary anti-
body was added at 5 pg/mL and the coverslips were incubated
for 1 h at room temperature. The samples were washed 3 times
with PBS and a phycoerythrin-labeled goat anti-mouse anti-
body was added (1:200), followed by 1-hour incubation at
room temperature. After washing the cells 3 times with PBS,
Hoechst was added for counterstaining and the coverslips were
mounted on glass slides with mounting medium. The slides
were analyzed using the Keyence BZ-X700 epifluorescence
microscope. Image-J with Fiji package was again used to adjust
the brightness and contrast of the images in the 2C5 channel
using the B&C tool to improve visualization of the structures,
especially in the overlay images. Equal adjustments were
applied to images that were obtained at the same day and
using the same microscope parameters. In addition, the
Coloc 2 plugin from Fiji was also used to analyze the images
for the PCC for colocalization analysis of pixels distribution
intensity between 2C5 and DNA staining.

A NET-lined microfluidic study was also performed follow-
ing the procedure described previously.*” Briefly, a BioFlux 200
Controller (Fluxion) was used and the channels were visualized
with an Axio Observer Z1 inverted microscope (Zeiss) equipped
with a motorized stage and an HXP-120 C metal halide illumi-
nation source. A 2 million cells/mL cell suspension was prepared
using isolated neutrophils stimulated with tumor necrosis factor
(Gibco, 10 ng/ml) and flowed through fibronectin-coated chan-
nels to which they adhere. The cells were incubated overnight at
37°C in the presence of 100 nM of PMA to release NETs. The
channels were then flowed at 2 dynes/cm® with 1 uM of Sytox
orange to stain cell-free DNA. The 2C5 antibody was conjugated
to Alexa Fluor 488 using EDC-NHS synthesis. Isotype IgG was
prepared in the same conditions. Samples of fluorescently
labeled liposomes modified with either 2C5 or isotype IgG
were used in the analysis. Both antibodies and liposomes were
infused through the BioFlux channels at 2 dynes/cm” and both
static images and videos were obtained. NET staining by 2C5
was analyzed using the videos in which channels with 2C5 and
isotype IgG (free or conjugated to liposomes) were included in
the same visual field. In addition, PF4 was infused in the chan-
nels. PF4-NET complexes show a different morphology, with
compact NETs. The ability of 2C5 to bind these complexes after
morphological changes was also evaluated. Images obtained as
Z-stacks were processed using Image-] with Fiji package and
Z-projections using maximum pixel intensity were created to
better reflect the overall staining of the NETs in the plate’s
channels. All procedures were approved by the IRB.



Statistical analysis

Results were expressed as mean * standard deviation of three
experiments performed independently. Analysis of variance
test followed by Tukey’s multiple comparisons test was used
for comparison between groups unless otherwise indicated.
Statistical difference was accepted when P < 0.05. Statistical
analysis was done using GraphPad Prism software (version
6.01 for Windows, GraphPad Software).
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NET
2C5

NBT
PMA
ATRA

dHL-60

CI
MPO
11-8
LPS
mAb

neutrophil extracellular traps

monoclonal antibody with strong specificity towards
intact nucleohistone

nitro blue tetrazolium

phorbol myristate acetate

all-trans retinoic acid

HL-60 cell line differentiated into neutrophils-like cells
calcium ionophore A18723

myeloperoxidase

interleukin 8

lipopolysaccharide from E. Coli

monoclonal antibody
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