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for the accurate characterization
of whole blood neutrophils
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Neutrophils are the most abundant circulating leukocyte population with critical roles inimmune
defense, regulation of innate and adaptive immune systems, and disease pathogenesis. Our
progress in understanding precise mechanisms of neutrophil activation, recruitment, and function
has been hampered by the lack of optimized and standardized methods for the characterization
and phenotyping of this readily activated population. By comparing eight methods of neutrophil
characterization, we demonstrate that the level of neutrophil activation and degranulation is
associated with specific experimental conditions and the number and type of manipulation steps
employed. Staining whole blood at 4 °C and removal of remaining unbound antibodies prior to one-
step fixation and red blood cell lysis minimizes neutrophil activation, decreases phenotypic alterations
during processing, and prevents nonspecific antibody binding. The effects of anticoagulants used
for collection, processing delays, and time and temperature during sample analysis on neutrophil
phenotype are addressed. The presented data provide a foundation for higher quality standards of
neutrophil characterization improving consistency and reproducibility among studies.

Neutrophils constitute 50-70% of circulating leukocytes and are increasingly recognized as a heterogeneous
population with critical roles in immune regulation'~ and disease pathogenesis*®. Comprehensive characteri-
zation of neutrophils and neutrophil subsets is hampered by their inherent ex vivo instability, their tendency
to form multiplets with other cell types, and a high level of nonspecific background staining likely due to the
exposure of cationic proteins during activation. Neutrophils are known to become rapidly activated by many
common methods of preparation including red blood cell (RBC) sedimentation®, RBC lysis’, and density gradient
centrifugation®. Several neutrophil subpopulations have recently been described in homeostatic and pathological
conditions based on phenotypic, transcriptional, and functional properties>*>*!*. Low-frequency subpopula-
tions are typically identified based on the levels of specific surface proteins that may be altered by activation
during preparation, making accurate characterization of neutrophil subsets challenging. Despite the discrepancies
between studies, prior publications have not systematically compared characterization methods to determine
approaches minimizing neutrophil activation. Currently used methods for neutrophil characterization often
rely on combinations of density gradient centrifugation and RBC removal by sedimentation and/or lysis'>-'.
Individual studies utilize specific preparation methods, type of anticoagulant for blood collection, and timeframes
for sample processing resulting in reports with varying levels of activation and artifactual changes in phenotype.
This presents a significant obstacle for accurate characterization of neutrophil phenotype and complicates com-
parison of results among studies, impeding progress in the field.

In clinical research, blood collection often occurs at locations distant from the site of analysis, making delays
in sample processing unavoidable. This is especially problematic for neutrophils since they cannot be cryopre-
served for delayed analysis and must be processed fresh. Several studies investigated the functional capacity
of neutrophils following 24-72 h of incubation, finding that with time neutrophils have reduced capacity for
phagocytosis**?, bacterial killing**?*, chemotaxis?***?*, random movement®, and oxidative burst*>?®. However,
the phenotypic changes that occur due to delayed processing have yet to be described. Other key variables differ-
ing among neutrophil studies include staining temperature and type of anticoagulant used for blood collection
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that were shown to influence neutrophil recovery and response to stimulation?”. Current knowledge regarding
the effects of these factors on neutrophil phenotype is limited.

Here we determine the individual effects of delayed sample processing, staining temperature, and type of
anticoagulant employed on neutrophil phenotype by directly comparing eight common methods of neutrophil
characterization in relation to neutrophil recovery, activation, and multiplet formation. Our data indicate that
staining whole blood at 4 °C within 3 h of blood draw, removal of unbound antibodies to minimize nonspecific
antibody binding, followed by treatment with One-step Fixation and RBC Lysis buffer (hereafter referred to as
Fix/lyse buffer) minimizes neutrophil activation and multiplet formation while maximizing neutrophil recovery.

Results

Comparison of common methods of neutrophil characterization. Eight commonly used methods
of neutrophil characterization, requiring varying numbers of manipulation steps such as RBC depletion, cen-
trifugation, staining, and fixation, were directly compared in parallel settings. Each method is described in detail
in the Methods section and depicted in Fig. 1. A summary of the manipulation steps involved in each method is
included in Table 1. As a reference for method comparison, the “whole blood diluted” method (M1; Fig. 1a) was
utilized. This method is based on a rapid dilution of a small amount of stained whole blood in DPBS at 1:2000
final ratio immediately prior to sample analysis by flow cytometry with acoustic focusing technology without
further processing. This method allows for the analysis of neutrophils close to their in vivo state by elimina-
tion of most processing steps; however, due to the slow rate of acquisition of cells of interest in the presence of
unlysed RBCs, this method is not suitable for routine laboratory use. The dilution method was compared with
other methods for neutrophil characterization in whole blood with minimal (methods M2-M4, Fig. 1b-d) or
moderate manipulation (methods M5 and M6, Fig. 1le,f) and methods based on gradient separation (methods
M7-M10, Fig. 1g,h) analyzing neutrophils from the peripheral blood mononuclear cell (PBMC) (methods M7
and M9) and polymorphonuclear cell (PMN) (methods M8 and M10) layers.

Mature neutrophils were carefully gated as SSC-AMe! single cells expressing CD15 and CD16 (FcyRIII)?.
Neutrophils readily form complexes with other cell types, creating neutrophil-leukocyte multiplets (NLMs). To
ensure the purity of the analyzed neutrophil population, other cell types and NLMs were eliminated using nega-
tive gates for CD3 (T cells), CD19 (B cells), CCR3 (eosinophils), and CD14 (monocytes) (Fig. 2a). The neutrophil
phenotype was assessed for alteration of levels of physiologically relevant surface proteins including L-selectin
(CD62L) that is shed from the surface of neutrophils upon activation?*’, and CD11b and CD66b that are
stored in secondary granules of neutrophils and the surface levels of which increase following degranulation®-*2.
Degranulation, determined as an increase of the median fluorescent intensities (MFIs) of CD11b and CD66b,
was minimized when methods M2 (WB pre-wash, Fix/lyse), M3 (WB Fix/lyse, no pre-wash), or M4 (WB for-
mic acid lysis), were employed (Fig. 2b). Neutrophil activation, determined as increased CD177°* and CD16%
and decreased CD62L MFIs, was minimized by methods M2 and M3, (Fig. 2b and Supplementary Fig. Sla).
Method M4 exhibited decreased CD62L levels, although CD177 and CD16 remained low following prepara-
tion by this method, suggesting minimal neutrophil activation. Methods M5 and M6 demonstrated moderate
activation determined as increased CD177 for both methods and decreased CD62L for method M6 (Fig. 2b).
Increased neutrophil activation by methods M7-10 (single and double gradient methods) was indicated by a
significant downregulation of CD62L and upregulation of CD177 (Fig. 2b). Multiplet formation was minimized
by either method M2 or M3 (5%) while intermediate levels of multiplets were observed following preparation by
methods M1 (24%) and M4 (20%). All other methods led to higher frequency of multiplet formation (46-73%)
(Fig. 2¢). Overall, methods M2 (WB pre-wash Fix/lyse) and M3 (WB Fix/lyse, no wash) provided data closest
to the reference method M1 (WB diluted). Method M4 (WB formic acid lysis) does not induce degranulation;
however, it results in significantly reduced CD62L levels and higher multiplet formation compared to M2, sug-
gesting increased activation.

Importantly, methods M1-M4, i.e. the methods with low manipulation scores, result in low or moderate
neutrophil activation, while methods with a high number of manipulation steps involving density gradients
(M7-M10) exhibit the highest levels of neutrophil activation and degranulation (Table 1, 2b,c). A strong positive
correlation was observed between the manipulation scores and levels of surface markers of neutrophil activation
and degranulation (Fig. 2e), implicating manipulation steps as a major driver of neutrophil activation.

Next, we investigated whether characterization by different methods impacts the overall recovery of neutro-
phils, monocytes, and lymphocytes from whole blood samples. The highest cell recovery was observed follow-
ing processing by methods M1-4 (Fig. 2d), likely due to the minimization of cell loss during washing and other
processing steps. Neutrophil recovery was found to be most consistent between methods M3 and M4, neither of
which requires washing during processing, thus preventing cell loss (Fig. 2d). Lymphocyte recovery was highest
using methods M1, M3, M4, and M5, while monocyte recovery was highest using method M4 (Supplementary
Fig. Slc). Overall, the results indicate that processing by a One-step Fixation and RBC Lysis buffer minimizes
neutrophil activation, degranulation, and multiplet formation while preserving cell recovery.

Removing unbound antibodies before RBC lysis and fixation reduces nonspecific bind-
ing. Most manufacturers’ protocols recommend the addition of Fixation/lysing buffers immediately follow-
ing staining with antibodies still present in the mix. It was, therefore, critical to address the effect of fixation and
RBC lysis in the presence of antibodies on nonspecific binding. Whole blood was stained for 30 min at 4 °C
and unbound antibodies were either removed (referred to as “pre-wash”), as in method M2, or not removed as
in method M3 prior to the addition of Fix/lyse buffer. All samples were washed before data acquisition by flow
cytometry. Neutrophils that are subjected to Fix/lyse in the presence of fluorescently labeled antibodies, as rec-
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Figure 1. Neutrophil characterization methods. Schematic representations of tested methods. (a) Method

M1; WB staining and dilution. (b) Method M2; whole blood staining followed by pre-washing antibodies and
1-step fixation and RBC lysis. (c) Method M3; WB staining followed by 1-step fixation and RBC lysis without
pre-washing antibodies. (d) Method M4; WB staining followed by formic acid lysis and PFA fixation. (e)
Method M5; RBC sedimentation of WB, followed by RBC depletion by magnetic beads, staining, washing,

and fixation. (f) Method M6; isotonic lysis, followed by washing, staining, washing, and fixation. (g) Methods
M7 and M8; WB dilution and single layer discontinuous density gradient centrifugation using Ficoll (1.077 g/
ml). PBMC:s localize above the gradient and are processed as M7 (top part of panel): cells are washed, blocked,
stained, washed, and fixed. PMNs localize below the gradient and are processed as M8 (bottom part of panel):
after PBMC collection, the remaining Ficoll is removed, cells are isotonically lysed, washed, blocked, stained,
washed, and fixed. (h) Methods M9 and M10; WB is layered on a double layer discontinuous density gradient
of histopaque (top layer—1.077 g/ml and bottom layer—1.119 g/ml) and centrifuged. PBMCs localize at the
intersection of the plasma and the top gradient and are processed as M9 (top part of panel): cells are collected,
washed, blocked, stained, washed, and fixed. The PMNs localize at the interface between the two gradients and
are processed as M10 (bottom part of panel): any remaining upper gradient is removed and cells are isotonically
lysed, washed, blocked, stained, washed, and fixed. All samples are analyzed by multiparametric flow cytometry.

ommended in the manufacturer’s protocol, displayed significantly increased binding of nonspecific antibodies
used as isotype controls (Fig. 3a,b).

Neutrophils contain high quantities of cationic proteins including myeloperoxidase and defensins
that may mediate nonspecific binding interactions with anionic regions of antibody constructs*. To test whether
the observed nonspecific binding was caused by ionic interactions, whole blood was stained in the presence
or absence of heparin, a negatively charged polymer with or without pre-washing as previously described®.
Heparin treatment significantly reduced nonspecific binding of several antibody-fluorochrome conjugates to
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Table 1. Manipulation steps during neutrophil characterization. Summary of the steps performed during
neutrophil characterization by each method (M1-M10) quantified as the total number of manipulation steps
before fixation.

neutrophils although not to the same extent as pre-washing the antibodies (Fig. 3b). Heparin treatment exerted
a less pronounced effect on nonspecific antibody binding to eosinophils, monocytes, or lymphocytes (Fig. 3c,
Supplementary Fig. S2). Pre-washing the antibodies before treatment with Fix/lyse buffer significantly reduced
nonspecific binding to neutrophils and other cell types, precluding any effect of heparin treatment (Fig. 3b,c,
Supplementary Fig. S2). This is consistent with a contributing role of cationic proteins abundantly expressed in
neutrophils in the facilitation of nonspecific antibody binding.

To determine how the nonspecific antibody binding impacts staining with antibodies specific to antigens with
various levels of expression, the effect on the detection of low- (HLA-DR and CD14) versus moderate/high-level
(CD66b and CD11b) neutrophil surface proteins with and without heparin incubation and pre-washing was
evaluated. Heparin treatment significantly reduced the signal of surface antigens expressed at low levels (Fig. 3d).
The moderate/high-level proteins displayed a trend of decreased staining after pre-washing; however, none of
the conditions reached statistical significance (Fig. 3e). These data suggest that nonspecific binding has the most
significant effect on antigens expressed at low levels.

To test this hypothesis directly, we utilized staining with CD177 (also named NB1, HNA-2a, or PRV-1), a
surface protein present on a subset of neutrophils with genetically-regulated expression**?, providing simul-
taneous readings for both CD177%% and CD177"8" populations (Fig. 3f). While the CD177%¢ subset exhibited
a significant reduction in signal following pre-washing similar to the nonspecific antibody stain, the CD177¢"
population did not differ in any of the conditions tested (Fig. 3f). Taken together, these data show that although
a partial reduction of nonspecific antibody binding can be achieved with heparin treatment blocking interactions
with cationic proteins, pre-washing unbound antibodies, as in method M2, is essential for accurate determination
of the levels of neutrophil surface antigen, especially those expressed at low and moderate levels.

The effect of staining temperature on neutrophil phenotype. To assess the effect of staining tem-
perature on neutrophil phenotype, whole blood was stained for 30 min at either 4 °C, room temperature (RT),
or 37 °C. Samples were then washed to remove unbound antibodies, treated with Fix/lyse buffer, washed, and
cells were suspended in running buffer for analysis (method M2). On average, 1% and 3% of mature neutrophils
displayed an activation-induced reduction of the surface level of CD62L following staining at 4 °C and RT,
respectively, compared to 31% of neutrophils stained at 37 °C (Fig. 4a—c). The effect of staining temperature on
neutrophil activation is further supported by significant increases of CD11b, CD66b, and CD16 and significant
decreases of MFIs of CD15 and CD62L on total neutrophils at 37 °C (Fig. 4d,e). Despite the changes in neutro-
phil activation and degranulation, no changes were observed in the overall recovery of neutrophils or multiplet
formation based on staining temperature (Fig. 4f,g). Together, these data suggest that staining at 4 °C minimizes
neutrophil activation and degranulation and prevents alterations of neutrophil phenotype without impacting
neutrophil recovery.

The effects of sample processing delays and temperature on neutrophil phenotype. To com-
pare the effect of delayed sample processing, the level of neutrophil apoptosis was determined immediately after
blood draw and following incubation of whole blood on ice, at RT, or at 37 °C for 2, 3, 6, and 24 h. Neutrophil
apoptosis detected by Annexin V (AnnV) staining was observed following 6- and 24-h incubation. The level of
neutrophil apoptosis was significantly higher in blood samples incubated on ice (60%) compared to samples
incubated at 37 °C (21%) or at RT (13%) (Fig. 5a,b). Consistent with previous studies investigating neutrophil
apoptosis rates over time**™*, a subset of apoptotic neutrophils were positive for both Annexin V and propid-
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Figure 2. Comparison of methods for neutrophil characterization. (a) Strategy for identification of mature
neutrophils gated as single cells, SSC and FSC high, and positive for neutrophil markers CD15 and CD16.
Negative gates for lineage exclusion were used to identify multiplets with T cells (CD3), B cells (CD19),
eosinophils (CCR3), and monocytes (CD14). (b) Neutrophil surface levels of indicated proteins following
characterization by the methods M1-M10 as defined in Fig. 1 and Methods section. MFI, median fluorescence
intensity. Box lines indicate 25th, 50th, and 75th percentiles; whiskers indicate minimum and maximum. (c)
Percentage of neutrophils forming multiplets during processing using the indicated characterization method.
(d) Neutrophil recovery per microliter of WB following processing by the indicated method. Bars represent
means/SEM. (b-d) Methods were compared using Mann-Whitney test “p <0.05, **p <0.01 compared to M1
while *p <0.05, **p <0.01 compared to M2, n=5. (e) Linear regression analyses of indicated neutrophil surface
marker levels and manipulation scores as calculated in Table 1 for each tested method. Points are plotted as
means + SEM. In all cases blood was collected in ACD tubes and stained at 4 °C.
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Figure 3. Removal of unbound antibodies prior to RBC lysis and fixation reduces nonspecific antibody
binding. WB from healthy donors was collected in ACD tubes and staining was performed at 4 °C in the
presence or absence of heparin with or without pre-washing to remove unbound antibodies before fixation and
RBC lysis. (a) Representative histogram overlays of nonspecific antibody binding to neutrophils in the presence
or absence of heparin with or without pre-washing step. (b, c) Nonspecific antibody binding to (b) neutrophils
and (c) eosinophils. (d, e) Neutrophil surface levels of (d) low-level (HLA-DR and CD14) and (e) high-level
(CD66b and CD11b) proteins. (f) Representative histogram overlay and quantification of neutrophil surface
levels of CD177 on either CD177"¢" (top) or CD177" (bottom) neutrophils. Bars indicate medians; *p <0.05,
**p <0.01; analyzed using Mann-Whitney test.

ium iodide (19% AnnV*PI* on ice at 24 h), indicating that the neutrophils were in the early stage of apoptosis
(Fig. 5a,b). This is consistent with the finding that neutrophil recovery does not significantly differ within 24 h
among different incubation temperatures (Fig. 5¢).

To assess the effect of post-draw incubation time on neutrophil phenotype, surface protein levels were assessed
following RT incubation for 0, 2, 3, 6, or 24 h. Within 6 h of blood draw, neutrophil surface levels of CD66b and
CD11b increased significantly, indicating degranulation (Fig. 5d,e). By 24 h after blood draw, elevated levels of
markers of neutrophil activation including CD16 and CD177, decreased CD62L levels, and increased multiplet
formation were observed (Fig. 5d,e,g). Interestingly, the changes were less pronounced in neutrophils collected
from the PMN layer (Fig. 5f). Substantial activation during PMN preparation compared to WB demonstrated
in Fig. 2 and evidenced here by the differences in surface marker levels (Fig. 5e,f) likely masks the increase in
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Figure 4. The effect of staining temperature on neutrophil phenotype. (a) Pseudocolor plots representing the
staining of neutrophils from whole blood at the indicated temperatures. (b) Representative dot plot overlay of
surface levels of CD16 and CD62L gated on neutrophils from WB incubated at the indicated temperatures. (c)
Percentage of neutrophils with low surface levels of CD62L following staining at the indicated temperature.

(d) Representative histogram overlays of neutrophil surface protein levels in fresh whole blood obtained from
a healthy donor (HD) following staining at the indicated temperatures. CD177 histogram depicts CD177"8h
neutrophils only as gated in Fig. 3f. (e) Neutrophil surface protein levels in WB from HDs following staining at
the indicated temperature. (c, e) Bars indicate medians *p <0.05, **p <0.01, analyzed by Wilcoxon matched-pairs
signed rank test. (f) Number of neutrophils recovered per microliter of WB and (g) percent of neutrophils that
formed multiplets in whole blood stained at the indicated temperatures. Bars represent mean/SEM *p <0.05,
**p<0.01, analyzed using Wilcoxon matched-pairs signed rank test, n=3.

neutrophil activation over time. Overall, the collected data indicate that neutrophil phenotype can be accurately
measured up to 3 h following blood draw but should not be delayed beyond that time without experiment-
specific validation.

Effects of anticoagulant type on neutrophil phenotype and recovery. Commonly used blood
collection tubes utilize either anticoagulant citrate dextrose (ACD), ethylenediaminetetraacetic acid (EDTA),
or heparin to prevent clotting. To address the inherent effect of anticoagulants on neutrophil phenotype, we
analyzed neutrophils from each tube type drawn simultaneously from the same individual to minimize donor-
specific variations. All samples were stained using method M2 at 4 °C. Neutrophils from whole blood collected
in the presence of EDTA displayed significantly higher levels of CD62L, CD66b, CD16, CD177, and CD15 com-
pared to blood collected in ACD or heparin tubes (Fig. 6a). The type of anticoagulant used for blood collection
did not exert a discernable effect on neutrophil response to staining temperature as neutrophils collected in the
presence of EDTA or heparin anticoagulants exhibited similar activation profiles following staining at different
temperatures as did those collected in tubes utilizing ACD (Supplementary Fig. S3, Fig. 4d,e). Neutrophil recov-
ery was significantly higher from blood collected in EDTA and heparin tubes than ACD tubes (Fig. 6¢). Neutro-
phils from ACD tubes formed fewer multiplets compared to neutrophils from EDTA or heparin tubes (Fig. 6d).

Many studies utilize neutrophils collected from the PMN layer following preparation by either single or dou-
ble discontinuous density gradient centrifugation methods that, as demonstrated in Fig. 1, result in a significantly
activated cellular phenotype. We assessed the levels of activation and degranulation markers on neutrophils from
each tube type as well as neutrophil recovery and multiplet formation following PMN layer isolation from a single
Ficoll gradient (M8). While differences were observed in surface marker levels among different tube types, they
were small and not consistent with findings in WB (Fig. 6a,b). No significant differences in neutrophil recovery
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Figure 5. The impact of sample processing delays and temperature on neutrophil phenotype. (a) Representative
plots of neutrophil apoptosis and viability following 24 h of WB incubation at the indicated temperatures. (b)
Quantification of Annexin V* (apoptotic, left) and Annexin V*/PI* (late apoptotic/necrotic, right) neutrophils
over time from WB incubated at the indicated temperatures. (c) Neutrophil recovery per microliter of WB over
time following incubation at the indicated temperatures. (b, ¢) Results were compared using a two-way ANOVA,
with Bonferroni post-tests *p <0.05, **p <0.01, ***p <0.001, n=3 per condition. (d) Representative histogram
overlays of neutrophil surface protein levels assessed following RT incubation for the indicated amount of time
following blood draw. (e, g) Surface levels of indicated proteins over time on neutrophils from (e) WB or (f) the
PMN layer of a single Ficoll gradient. Each color represents measurements from the same sample over time,
n=5. (g) Comparison of the percentage of neutrophils forming multiplets in WB at the indicated time following
sample collection, n=6. (e-g) Results were compared using a Friedman test with Dunn’s multiple comparison
post-hoc test *p<0.05, **p <0.01. All samples were collected in ACD tubes, incubated at RT, and stained at 4 °C
unless otherwise indicated.

or multiplet formation were detected (Fig. 6e,f). Similar changes in neutrophil phenotype were observed over
time in neutrophils from WB or the PMN layer collected in ACD, EDTA, and heparin tubes, verifying that
these changes are not specific to the anticoagulant used during collection (Fig. 5e,f, and Supplementary Fig. S4).
Opverall, this data suggests that the anticoagulant used for blood collection has a limited but discernible effect on
the level of neutrophil activation and degranulation.

Discussion

Neutrophils are essential innate immune cells well known for their rapid response to infection and injury. Promi-
nent among the arsenal of antimicrobial functions of neutrophils is the rapid release of proteolytic enzymes and
antimicrobial peptides through the mobilization of pre-formed intracellular granules. Neutrophils contain four
major types of granules: azurophilic, specific, and gelatinous granules, and secretory vesicles. These granules
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Figure 6. Effects of anticoagulant type on neutrophil phenotype and recovery. (a, b) Levels of surface proteins
on neutrophils from (a) WB or (b) PMNs from HDs following collection from the same individual using
ACD, EDTA, or heparin tubes. Bars indicate medians. (c) Neutrophil recovery per microliter or (d) percent
multiplets formed by neutrophils from WB collected using the indicated tube types. Bars indicate means/
SEM. (e) Neutrophil recovery per microliter or (f) percent multiplets formed by neutrophils from PMNs from
WB collected using the indicated tube types. Bars represent means/SEM. For all panels, *p <0.05, **p <0.01 by
Wilcoxon matched-pairs signed-rank tests, n=9. All staining was performed at 4 °C.

differ in their cargo composition, membrane-bound proteins, and ease of release upon neutrophil activation, as
recently reviewed by Yin and Heit*.

Progress in our understanding of neutrophil biology and heterogeneity in various disease states is hampered
by a lack of consensus regarding optimal methods for the characterization of this sensitive and readily activated
population. Here, we provide a comprehensive comparative analysis of neutrophil phenotypic changes measuring
neutrophil activation and degranulation following preparation by eight commonly used methods of neutrophil
characterization. Upon activation, CD62L is rapidly cleaved from the surface of neutrophils®*” and granules
are mobilized at varying rates. Secretory vesicles are the most rapidly released granules following neutrophil
activation, leading to the translocation of CD16 to the neutrophil surface, replacing and increasing the resting
levels of CD16 that was cleaved from the surface upon activation*”*%. The surface proteins CD66b and CD11b are
commonly used as measures of neutrophil degranulation and are found in specific granules which are released
less readily than secretory vesicles upon neutrophil activation***. Importantly, CD11b is found in secretory
vesicles and gelatinous granules as well, allowing for the detection of earlier neutrophil degranulation***.

The data presented here indicate that the level of neutrophil activation and degranulation strongly correlates
with the number of manipulation steps used during processing, suggesting that the manipulation itself may be
largely responsible for the observed alterations of the phenotype. Neutrophils that undergo density gradient cen-
trifugation demonstrate significant activation and degranulation while providing the lowest neutrophil recovery
rate. We demonstrate that staining whole blood followed by a pre-wash step to remove unbound antibodies and
treatment with One-step Fixation and RBC Lysis buffer (M2) minimizes neutrophil activation, degranulation,
and multiplet formation during sample preparation. Importantly, the methods presented here are not intended
to be a finalized guide to neutrophil preparation but rather a step towards higher quality standards of charac-
terization of this critical cell population.

The data presented in this study demonstrate that several cell types are prone to nonspecific binding of
antibodies during fixation and RBC lysis that significantly alters the detection levels of low-expression surface
antigens. Heparin was previously shown to abrogate nonspecific binding of metal-conjugated antibodies, used
for cytometry by time of flight (CyTOF) analysis, to eosinophils by disrupting interactions between anionic
regions of the antibody constructs and cationic proteins found in eosinophils*. Interestingly, our data show that
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heparin treatment partially reduced nonspecific binding of some antibodies to neutrophils, suggesting that ionic
interactions contribute to the process. The effect on nonspecific antibody binding to eosinophils was modest
in our study, possibly due to the differences in electrochemical properties between fluorochrome versus metal
conjugate-based antibodies. The level of nonspecific binding may be partially dependent on the conjugated fluo-
rochrome since isotype antibodies of the same identity conjugated to different fluorochromes show varying levels
of nonspecific binding. While nonspecific binding has little impact on surface proteins expressed at moderate
to high levels, determination of low-level proteins is significantly affected in the presence of antibodies during
fixation/RBC lysis. While pre-washing remaining antibodies prior to fixation provides an effective method to
minimize the impact on the determination of levels of surface proteins, it is likely that prevention of nonspecific
antibody binding will be more challenging in the process of intracellular staining making experiment-specific
validation and proper controls essential.

Incubation at 4 °C limits the rate of cellular metabolism and other processes™. This is consistent with our
finding that neutrophil activation and degranulation during staining were limited at 4 °C. However, long-term
blood storage on ice induced high levels of apoptosis and decreased overall cell viability. Based on these results,
when delayed processing cannot be avoided, for example during shipment, the samples should be kept at room
temperature rather than on ice or at 4 °C.

Although previous studies have shown that the functional capacity of neutrophils diminishes over time
the effect of delayed processing on neutrophil phenotype has not been fully characterized. The data reported
here demonstrate that when whole blood is incubated at RT, i.e. in conditions with the lowest rate of apoptosis,
neutrophil activation and degranulation markers are significantly elevated by 6 hours, suggesting that, for most
accurate results, neutrophil phenotype should be assessed within 3 hours of blood draw.

While previous reports show that anticoagulants impact the functional capacity of neutrophils?”°*2, the
specific impact of anticoagulants on neutrophil phenotype has not been systematically characterized. Here we
compared three common anticoagulants, ACD, EDTA, and heparin. Although our findings show that the levels of
some surface proteins were altered in the EDTA samples compared to heparin or ACD, the observed differences
were relatively minor and may reflect differences in antibody binding kinetics rather than neutrophil activation.
Based on these results, it is likely that most anticoagulants can reliably be used for phenotyping; however, the
use of multiple anticoagulants within a specific study should be avoided.

Limitations of this study include the number of participants and antigens tested. The sensitivity to time and
temperature-associated changes in phenotype varied among different antigens, highlighting the importance of
experiment-specific validation. Additionally, not all neutrophil characterization and isolation methods were
directly tested here. While the amount of activation and degranulation induced by each may be predicted by the
manipulation steps required, additional validation will be required in future studies. Although the presented
study utilized samples from healthy donors, similar results were obtained using samples from HIV-1 and SARS-
CoV-2-infected individuals (data not shown). Future studies will be required to elucidate the specific effect of
incubation time and preparation-induced neutrophil activation and degranulation on other important functional
readouts including phagocytosis, chemotaxis, and production of specific mediators.

Overall, our data highlight the importance of rapid sample processing with minimal manipulation and
removal of remaining unbound antibodies prior to fixation/lysis (method M2) for reliable preservation of neu-
trophil phenotype. Specific disease settings may exert additional effects on the rate and magnitude of phenotypic
changes of neutrophils under various experimental conditions, highlighting the importance of careful validation
of experimental conditions and analytical approaches within specific studies.

23,26
>

Methods

Sample collection from human subjects.  All methods were performed in accordance with the relevant
guidelines and regulations. The study protocol was approved by the Institutional Review Board of the University
of Alabama at Birmingham (IRB protocol # 141218001). Peripheral blood was collected from healthy donors
following informed consent. Blood was collected by certified phlebotomists in collection tubes that utilize acid
citrate dextrose (ACD, Fisher Scientific, Waltham, MA, USA), ethylenediaminetetraacetic acid (EDTA, Fisher
Scientific), or heparin (Fisher Scientific) as indicated. Unless otherwise specified, sample processing began
within 1 h of blood draw.

WB staining and dilution (M1). Fifty microliters of fresh whole blood was incubated with 50 ul of anti-
body mix (all antibodies in Dulbecco’s Phosphate Buffered Saline (DPBS, Corning, Manassas, VA, USA) with
10% human serum type AB (HS, FisherBioReagents, Waltham, MA, USA)) at 4 °C for 30 min. Following incuba-
tion and gentle mixing, a 4 pl aliquot of the suspension (i.e. 2 ul WB and 2 pl antibody mixture) was transferred
to 4 ml of DPBS for a 1:2000 final dilution of whole blood. The samples were analyzed immediately by multi-
parametric flow cytometry with acoustic focusing technology (Attune NxT, ThermoFisher Scientific, Waltham,
MA, USA).

WB stain, pre-wash, fix/lyse (M2). Fifty microliters of fresh whole blood was incubated with 50 pl of
antibody mix (all antibodies in DPBS with 10% HS) at 4 °C for 30 min. After staining, 4 ml of cold DPBS with
1 mM EDTA (Corning) was added to the cell suspension, gently mixed with a 1 ml pipette and centrifuged at
200xg for 5 min to wash away unbound antibodies. Supernatant was aspirated and the cells were gently resus-
pended in 1 ml of RT 1-step Fix/lyse buffer (Invitrogen, Waltham, MA, USA). The suspension was incubated
for 15 min at room temperature to lyse RBCs and simultaneously fix other cells. Following RBC lysis, 1 ml cold
(4°C) DPBS with 1 mM EDTA was added to the samples, the cells were gently mixed and centrifuged at 200xg
for 5 min. Supernatant was aspirated and samples were resuspended in 250 pl of cold (4 °C) Wash Buffer [DPBS
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with 2% FBS (Atlanta Biologics, Flowery Branch, GA, USA)] and 250 pl of cold (4 °C) Intracellular (IC) Fixation
buffer (Invitrogen) was added on top. Samples were gently mixed and stored at 4 °C until analysis (within 24 h)
by multi-parametric flow cytometry.

WB stain, fix/lyse (M3). Fifty microliters of whole blood was incubated with 50 pl of antibody mix at 4 °C
for 30 min. After staining, 1 ml of RT 1-step Fix/lyse buffer was added (Invitrogen). RBCs were lysed and other
cells fixed for 15 min at room temperature. Following RBC lysis, 1 ml cold (4 °C) DPBS with 1 mM EDTA was
added to the samples followed by centrifugation at 200xg for 5 min. Supernatant was aspirated and samples were
re-suspended in 250 pl of cold (4 °C) Wash buffer, 250 pl of cold (4 °C) Intracellular (IC) Fixation buffer (Invit-
rogen) was added, gently mixed, and samples were stored at 4 °C until analysis (within 24 h) by multi-parametric
flow cytometry.

In the absolute count samples, following staining and Fix/lyse incubation, 50 pl of well-mixed CountBright™
Absolute Counting Beads (RT) (ThermoFisher Scientific) were added according to the manufacturer’s protocol
and samples were vortexed gently and stored at 4 °C until analysis with no additional processing (for absolute
count calculations, see “Cell recovery and multiplet calculations” section).

WB formic acid lysis (M4).  Fifty microliters of whole blood was incubated with 50 pl of antibody mix at
4 °C for 30 min. The sample was placed on a vortex and 600 pl formic acid lysis buffer (600 pl 98% formic acid
(Millipore Sigma, Darmstadt, Germany) in 500 ml of distilled water) was added, the sample was gently vortexed
for 15 s, 200 pl of the Stop solution (6 g Na,CO;, 14.5 g NaCl, 31.3 g Na,SO,, 1 g NaNj in 11 final volume of dis-
tilled water) was immediately added, the sample was gently vortexed for 15 s, 128.5 pl of 16% paraformaldehyde
(PFA) was immediately added (2% PFA final) and the sample was gently vortexed for an additional 15 s. Samples
were stored at 4 °C until analysis (less than 24 h) by multi-parametric flow cytometry.

WB sedimentation (M5). Four milliliters of whole blood and 2 ml of RT Sedimentation Buffer (Miltenyi,
Bergisch Gladbach, Germany) were combined in a 15 ml conical tube. The tube was rotated gently for 5 min
before the cap was removed and the sample left to stand (RT) for 15 min to allow for RBC sedimentation. The
supernatant was collected into a new 15 ml tube and RBC depletion beads (RT, 20 pl per original ml of WB)
(Stem Cell Technologies, Vancouver, Canada) were added. The cell suspension was rotated gently for 5 min and
placed in a magnet for 10 min with cap off to separate the magnetic beads and remaining RBCs from the cell
suspension. The supernatant was transferred to a new tube and centrifuged for 10 min at 300xg to pellet the
cells. The supernatant was aspirated and cells were suspended in cold (4 °C) Staining buffer (DPBS with 10%
HS) for blocking at 4 °C for 30 min. During blocking, the cells were counted and diluted so that 1 million cells
were aliquoted per 50 ul for each stain. Fifty microliters of antibody mix was added to each 50 pl cell suspen-
sion aliquot, cells were stained at 4 °C for 30 min, washed with 2 ml cold (4 °C) Wash buffer and centrifuged for
5 min at 200xg. The supernatant was aspirated and the cells were suspended in 250 pl of Wash buffer, 250 ul of
cold (4 °C) IC fixation buffer was added, and samples were gently mixed and stored at 4 °C until analysis (within
24 h) by multi-parametric flow cytometry.

WB isotonic lysis (M6). Ice-cold isotonic NH,Cl solution (isotonic RBC lysis buffer: 155 mM NH,CI,
10 mM KHCOj3, and 0.1 mM EDTA), was prepared weekly and vacuum filtered as previously reported by Kleijn,
et al.”*. Briefly, 2.5 ml of whole blood was diluted 1:1 with cold (4 °C) 2.5 mM EDTA in DPBS in a 15 ml conical
tube and centrifuged at 300xg for 10 min. The supernatant was aspirated without disturbing the buffy coat or
RBC pellet, the pellet was disrupted by gentle pipetting, and the tube was filled with 14 ml of cold (4 °C) isotonic
lysis buffer. The tube was rotated for 5 min to lyse RBCs and centrifuged at 300xg for 10 min. The supernatant
was discarded and the cells were washed with 10 ml cold (4 °C) Wash Buffer, centrifuged, and suspended in cold
(4°C) Staining buffer for blocking for 30 min at 4 °C. Cells were counted during blocking and 1 million cells in
50 pl were utilized for each stain. Cells were stained with 50 pl antibody mix for 30 min at 4 °C, washed with
2 ml cold (4 °C) Wash buffer, centrifuged (200xg for 5 min), suspended in 250 pl of cold (4 °C) Wash bufter, and
250 ul of cold (4 °C) IC fixation buffer was added and gently mixed. Samples were stored at 4 °C until analysis by
multi-parametric flow cytometry (within 24 h).

Single gradient (M7 and M8).  Whole blood was diluted 1:1 with RT DPBS and 8 ml of the suspension was
layered onto a 4 ml discontinuous density gradient (RT, 1.077 g/ml Ficoll-Paque, Fisher Scientific). The gradient
was centrifuged for 30 min at 400xg with the brake off. For PBMC isolation (M7): the PBMC layer located at the
Ficoll-plasma interface was collected into 10 ml DPBS and washed with 10 ml DPBS twice (300xg for 10 min,
brake on) and then suspended in cold (4 °C) Staining buffer. For PMN isolation (M8): the remaining Ficoll was
removed, the RBC/PMN pellet was disrupted by gentle pipetting, and RBCs were lysed with cold (4 °C) Isotonic
Lysis Buffer as detailed above. Both PMNs (M8) and PBMCs (M7) were blocked in cold (4 °C) Staining buffer
for 30 min at 4 °C during which time the cells were counted and diluted to a concentration of 1 million cells per
50 pl for each stain. Cells were stained with 50 pl antibody mix for 30 min at 4 °C, washed with 2 ml cold (4 °C)
Wash buffer, centrifuged (5 min, 200xg), and suspended in 250 pl cold (4 °C) Wash buffer and 250 ul cold (4 °C)
IC Fixation buffer was added and gently mixed. Samples were stored at 4 °C until analysis (within 24 h) by multi-
parametric flow cytometry.

Double gradient (M9 and M10). For the isolation of PBMCs and PMNs from a double discontinuous
density gradient, 3 ml of RT 1.077 g/ml HISTOPAQUE-1077 (Sigma-Aldrich, St. Louis, MO, USA) was layered
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on top of 3 ml of RT 1.119 g/ml HISTOPAQUE-1119 (Sigma-Aldrich) in a 15 ml conical tube. Next, 6 ml WB
was layered onto the top and the gradient was centrifuged for 30 min at 700xg with the brake off. The PBMC (at
the Histopaque- plasma interface) and PMN (at the interface of the two Histopaque gradients) layers were each
collected into 10 ml of DPBS and centrifuged (10 min, 300xg, brake on). PBMCs (M9) were washed twice while
the PMNs (M10) underwent the isotonic lysis protocol outlined above to remove contaminating RBCs. Both
samples were blocked in cold (4 °C) Staining buffer for 30 min and 1 million cells were aliquoted in 50 pl per
stain. Cells were stained with 50 pl of antibody mix for 30 min at 4 °C. The samples were then washed with 2 ml
cold (4 °C) Wash buffer, centrifuged (5 min, 200xg), resuspended in 250 pl of cold (4 °C) Wash buffer, 250 ul
of cold (4 °C) IC Fixation buffer was added and the cells were gently mixed. Samples were stored at 4 °C until
analysis (within 24 h) by multi-parametric flow cytometry.

Heparin blocking. Where indicated, whole blood was incubated with 400 U/ml heparin (Sigma-Aldrich,
CAS# H3393) for 20 min at 4 °C before staining and processing as indicated above.

AnnexinV and propidium iodide staining. An RBC depletion kit (Stem Cell Technologies) was adapted
for use with 100 pl of WB. First, 3 ml of RT DPBS with 2.5 mM EDTA was added to 100 ul WB and 20 pl of deple-
tion beads were added. The samples were gently mixed, incubated for 5 min, placed in a magnet for 5 min (no
cap), and the supernatant collected into a fresh tube. Another 20 pl of depletion beads were added, incubated for
5 min, and then placed in a magnet for 5 min (no cap). The supernatant was transferred to a new tube and placed
in a magnet for 5 min (no cap). The supernatant was transferred to a new tube and centrifuged (5 min, 200xg);
the resulting supernatant was aspirated. Apoptosis was measured according to the manufacturer’s protocol using
the Annexin V Apoptosis Detection Kit with PI (Biolegend, San Diego, CA, USA). Briefly, cells were suspended
in 500 pl of RT Annexin V binding buffer and five microliters each of Annexin V antibody and propidium iodide
(PI) were added to the tube. Cells were stained at room temperature for 15 min before an additional 500 pl of
Annexin V binding buffer was added and the samples were analyzed immediately by flow cytometry.

Flow cytometry. Cells were stained as indicated with the following combinations of antibodies (additional
information can be found in Supplemental Table S1): (1) for cell activation, CD3-BV605, CD11b-PerCP-Cy5.5,
CD14-APC/Fire™750, CD15-eFluor450, CD16-APC, CD19-BV605, CD62L-BV711, CD66b-FITC, CD177-
PE, CD193(CCR3)-BV510, HLA-DR-PE-Cy7, (2) for cell recovery calculations, CD3-FITC, CD4-PE, CD8a-
PerCP-Cy5.5, CD14-APC/Fire™750, CD15-eFluor450, CD16-APC, and CD19-BV605, and for nonspecific
background controls, CD3-BV605, IgG1x-PerCP-Cy5.5, IgG1x-APC/Fire™750, CD15-eFluor450, CD16-APC,
CD19-BV605, CD62L-BV711, IgG1k-FITC, IgG1x-PE, CD193(CCR3)-BV510, and IgG2ak- PE-Cy?7. Following
processing, samples were acquired using an Attune NxT flow cytometer (Thermo Fisher Scientific) and data
(FCS) were analyzed using Flow]Jo 10.6.1 (Becton, Dickinson and Company, Ashland, OR, USA).

Cell recovery and multiplet calculations.  Each cell type’s recovery following processing by methods M1
and M2 were calculated based on the cells acquired per volume by flow cytometry as demonstrated in Eq. (1) for
neutrophils where the dilution factor is calculated as the final volume analyzed by flow cytometry divided by the
original volume of whole blood.

Equation (1) for M1 and M2:

neutrophil count by flow cytometry

Neutrophils Recovered perul WB = ( ) x dilution factor 6))

run volume, ul

Cell recovery for M3 and M4 was determined using CountBright Absolute Counting Beads (Invitrogen)
in whole blood per the manufacturer’s protocol since washing was not required. An example for calculating
neutrophil recovery is shown in Eq. (2) below. The number of neutrophils and beads recovered are based on
flow cytometry data while beads expected is based on the number of beads expected to be present in the 50 ul
of bead suspension added to each sample.

Equation (2) for M3 and M4:

(#neutrophils) * (
50

beads expected >

beads recovered

Neutrophils Recovered perpl WB = )

For methods M5-M10, cell recovery was calculated as demonstrated for neutrophils in Eq. (3). The total
leukocytes recovered is based on cell counts after processing and the percentage of the cell type of interest out of
total leukocytes is determined by flow cytometry. Gradient recovery is calculated by Eq. (3) for each the PBMC
and PMN layers which are then added to give a total neutrophil recovery from whole blood.

Equation (3) for M5-M10:

total leukocytes recovered

Neutrohils Recovered perpul WB = ( ) * Y%oneutrophils of leukocytes (3)

starting WB volume, 11l
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To determine how many neutrophils form multiplets during processing, neutrophils were identified as
CD15 +cells and percent multiplets were determined based on single-cell gating utilizing forward scatter area
and height as depicted in Supplemental Fig. S1b.

Statistical analyses. Statistical significance was analyzed in GraphPad Prism 5.04 software using Mann-
Whitney tests, linear regression analyses, Wilcoxon matched pairs signed-rank test, or Two-way ANOVAs with
Bonferroni multiple comparisons post-tests as indicated in the text and figure legends.

Data availability

Datasets utilized in this study will be provided by the corresponding author upon reasonable request.

Received: 7 October 2021; Accepted: 10 February 2022
Published online: 07 March 2022

References
1. Tak, T. et al. Neutrophil-mediated suppression of influenza-induced pathology requires CD11b/CD18 (MAC-1). Am. ]. Respir.
Cell Mol. Biol. 58, 492-499 (2018).
2. Pillay, J. et al. A subset of neutrophils in human systemic inflammation inhibits T cell responses through Mac-1. J. Clin. Investig.
122, 327-327 (2012).
3. Bowers, N. L. et al. Immune Suppression by Neutrophils in HIV-1 Infection: Role of PD-L1/PD-1 Pathway. PLoS Pathog. 10,
€1003993 (2014).
4. Hsu, B. E. et al. Immature low-density neutrophils exhibit metabolic flexibility that facilitates breast cancer liver metastasis. Cell
Rep. 27, 3902 (2019).
5. Yanfang Peipei Zhu, A. et al. Identification of an early unipotent neutrophil progenitor with pro-tumoral activity in mouse and
human bone marrow. Cell Rep. 24, 2329-2341 (2018).
6. Quach, A. & Ferrante, A. The application of dextran sedimentation as an initial step in neutrophil purification promotes their
stimulation, due to the presence of monocytes. J. Immunol. Res. 2017, 1254792 (2017).
7. Wu, L., Guan, G., Hou, H. W,, Bhagat, A. A. & Han, J. Separation of leukocytes from blood using spiral channel with trapezoid
cross-section. Anal. Chem. 84, 9324-9331 (2012).
8. Jackson, M. H., Millar, A. M., Dawes, ]. & Bell, D. Neutrophil activation during cell separation procedures. Nucl. Med. Commun.
10, 901-904 (1989).
9. Evrard, M. et al. Developmental analysis of bone marrow neutrophils reveals populations specialized in expansion, trafficking,
and effector functions. Immunity 48, 364-379 (2018).
10. Adrover, J. M. et al. A neutrophil timer coordinates immune defense and vascular protection. Immunity 50, 390-402 (2019).
11. Martin, C. et al. Chemokines acting via CXCR2 and CXCR4 control the release of neutrophils from the bone marrow and their
return following senescence. Immunity 19, 583-593 (2003).
12. Casanova-Acebes, M. et al. Rhythmic modulation of the hematopoietic niche through neutrophil clearance. Cell 153(5), 1025-1035
(2013).
13. Colon, B. Leukotriene B4-neutrophil elastase axis drives neutrophil reverse transendothelial cell migration in vivo. Immunity 42,
1075-1086 (2015).
14. Tak, T. et al. Human CD62Ldim neutrophils identified as a separate subset by proteome profiling and in vivo pulse-chase labeling.
Blood 129, 3476-3485 (2017).
15. Ferrante, A. & Thong, Y. H. Optimal conditions for simultaneous purification of mononuclear and polymorphonuclear leucocytes
from human blood by the hypaque-ficoll method. J. Immunol. Methods 36, 109-117 (1980).
16. Ferrante, A. & Thong, Y. H. A rapid one-step procedure for purification of mononuclear and polymorphonuclear leukocytes from
human blood using a modification of the hypaque-ficoll technique. J. Immunol. Methods 24, 389-393 (1978).
17. Giudicelli, J., Philip, P. J. M., Delque, P. & Sudaka, P. A single-step centrifugation method for separation of granulocytes and
mononuclear cells from blood using discontinuous density gradient of percoll. J. Immunol. Methods 54, 1-43 (1982).
18. Riding, G. A. & Willadsen, P. Simulataneous isolation of bovine eosinophils and neutrophils on gradients of percoll. J. Immunol.
Methods 46, 113-119 (1981).
19. Roth, J. A. & Kaeberle, M. L. Isolation of neutrophils and eosinophils from the peripheral blood of cattle and comparison of their
functional activities. J. Immunol. Methods 45, 153-164 (1981).
20. Segal, A. W, Fortunato, A. & Herd, T. A rapid single centrifugation step method for the separation of erythrocytes, granulocytes
and mononuclear cells on continous density gradients of percoll. J. Immunol. Methods 32, 209-214 (1980).
21. Watt, S. M., Burgess, A. W. & Metcalf, D. Isolation and surface labeling of murine polymorphonuclear neutrophils. J. Cell. Physiol.
100, 1-21 (1979).
22. Hammer, M. C,, Baltch, A. L., Conroy, J. V. & Smith, R. P. Effects of storage and incubation conditions on human granulocyte
phagocytic, bactericidal, and chemotactic functions. Cryobiology 23, 525-530 (1986).
23. Castro-Herrera, V., Lown, M., Lewith, G., Miles, E. A. & Calder, P. C. Influence of delayed sample processing on blood immune
cell phenotypes, immune cell responses and serum anti-influenza vaccine antibody titres. J. Immunol. Methods 458, 8-14 (2018).
24. Glasser, L. Effect of storage on normal neutrophils collected by discontinuous-flow centrifugation leukapheresis. Blood 50, 1145-
1150 (1977).
25. Lane, T. A. & Windle, B. Granulocyte concentrate function during preservation: Effect of temperature. Blood 54, 216-225 (1979).
26. Quach, A, Glowik, S., Putty, T. & Ferrante, A. Delayed blood processing leads to rapid deterioration in the measurement of the
neutrophil respiratory burst by the dihydrorhodamine-123 reduction assay. Cytometry B 96, 389 (2019).
27. Freitas, M., Porto, G., Lima, J. L. & Fernandes, E. Isolation and activation of human neutrophils in vitro: The importance of the
anticoagulant used during blood collection. Clin. Biochem. 41, 570-575 (2008).
28. Elghetany, M. T. Surface antigen changes during normal neutrophilic development: A critical review. Blood Cells Mol. Dis. (2002).
29. Snyder, K. M., McAloney, C. A., Montel, J. S., Modiano, J. F. & Walcheck, B. Ectodomain shedding by ADAM17 (a disintegrin and
metalloproteinase 17) in canine neutrophils. Vet. Immunol. Immunopathol. 231, 110162 (2021).
30. Ivetic, A. A head-to-tail view of L-selectin and its impact on neutrophil behaviour. Cell Tissue Res. 371, 437-453 (2018).
31. Borregaard, N. & Cowland, J. B. Granules of the human neutrophilic polymorphonuclear leukocyte. Blood 89, 3503-3521 (1997).
32. Cassatella, M. A., Ostberg, N. K., Tamassia, N. & Soehnlein, O. Biological roles of neutrophil-derived granule proteins and
cytokines. Trends Immunol. 40, 648-664 (2019).
33. Demaret, J. et al. Identification of CD177 as the most dysregulated parameter in a microarray study of purified neutrophils from
septic shock patients. Immunol. Lett. 178, 122-130 (2016).

Scientific Reports |

(2022) 12:3667 | https://doi.org/10.1038/s41598-022-07455-2 nature portfolio



www.nature.com/scientificreports/

34. Kolarova, H. et al. Myeloperoxidase mediated alteration of endothelial function is dependent on its cationic charge. Free Radic.
Biol. Med. 162, 14-26 (2020).

35. Vanhamme, L., Zouaoui Boudjeltia, K., Van Antwerpen, P. & Delporte, C. The other myeloperoxidase: Emerging functions. Arch.
Biochem. Biophys. 649, 1-14 (2018).

36. Blair-Johnson, M., Fiedler, T. & Fenna, R. Human myeloperoxidase: structure of a cyanide complex and its interaction with bromide
and thiocyanate substrates at 1.9 A resolution. Biochemistry 40, 13990-13997 (2001).

37. Fiedler, T.]., Davey, C. A. & Fenna, R. E. X-ray crystal structure and characterization of halide-binding sites of human myeloper-
oxidase at 1.8 A resolution. J. Biol. Chem. 275, 11964-11971 (2000).

38. Selsted, M. E., Harwig, S. S., Ganz, T., Schilling, J. W. & Lehrer, R. I. Primary structures of three human neutrophil defensins. J.
Clin. Invest. 76, 1436-1439 (1985).

39. Selsted, M. E., Brown, D. M., DeLange, R. J., Harwig, S. S. & Lehrer, R. I. Primary structures of six antimicrobial peptides of rabbit
peritoneal neutrophils. J. Biol. Chem. 260, 4579-4584 (1985).

40. Rahman, A. H,, Tordesillas, L. & Berin, M. C. Heparin reduces nonspecific eosinophil staining artifacts in mass cytometry experi-
ments. Cytometry A 89, 601-607 (2016).

41. Wolft, J. et al. Lack of NB1 GP (CD177/HNA-2a) gene transcription in NB1 GP-neutrophils from NB1 GP-expressing individuals
and association of low expression with NB1 gene polymorphisms. Blood 102, 731-733 (2003).

42. Wu, Z. et al. Heterogeneity of human neutrophil CD177 expression results from CD177P1 pseudogene conversion. PLoS Genet.
12, €1006067 (2016).

43. Francois, S. et al. Inhibition of neutrophil apoptosis by TLR agonists in whole blood: Involvement of the phosphoinositide 3-kinase/
Akt and NF-kappaB signaling pathways, leading to increased levels of Mcl-1, A1, and phosphorylated Bad. J. Immunol. 174,
3633-3642 (2005).

44. Pocock, J. M. et al. Human cytomegalovirus delays neutrophil apoptosis and stimulates the release of a prosurvival secretome.
Front. Immunol. 8, 1185 (2017).

45. Zawrotniak, M., Wojtalik, K. & Rapala-Kozik, M. Farnesol, a quorum-sensing molecule of candida albicans triggers the release of
neutrophil extracellular traps. Cells 8, 1611 (2019).

46. Yin, C. & Heit, B. Armed for destruction: Formation, function and trafficking of neutrophil granules. Cell Tissue Res. 371, 455-471
(2018).

47. Tosi, M. F. & Zakem, H. Surface expression of Fc gamma receptor III (CD16) on chemoattractant-stimulated neutrophils is deter-
mined by both surface shedding and translocation from intracellular storage compartments. J. Clin. Invest. 90, 462-470 (1992).

48. Wang, Y. et al. ADAM17 cleaves CD16b (FcgammaRIIIb) in human neutrophils. Biochim. Biophys. Acta 1833, 680-685 (2013).

49. Borregaard, N., Sorensen, O. E. & Theilgaard-Monch, K. Neutrophil granules: A library of innate immunity proteins. Trends
Immunol. 28, 340-345 (2007).

50. Ruddell, J. P, Lippert, L. E., Babcock, J. G. & Hess, J. R. Effect of 24-hour storage at 25 degrees C on the in vitro storage character-
istics of CPDA-1 packed red cells. Transfusion 38, 424-428 (1998).

51. Brown,R. A, Lever, R,, Jones, N. A. & Page, C. P. Effects of heparin and related molecules upon neutrophil aggregation and elastase
release in vitro. Br. J. Pharmacol. 139, 845-853 (2003).

52. Repo, H,, Jansson, S. E. & Leirisalo-Repo, M. Anticoagulant selection influences flow cytometric determination of CD11b upregula-
tion in vivo and ex vivo. J. Immunol. Methods 185, 65-79 (1995).

53. deKleijn, S. et al. IFN-gamma-stimulated neutrophils suppress lymphocyte proliferation through expression of PD-L1. PLoS ONE
8, €72249 (2013).

Acknowledgements

We gratefully acknowledge Ms. Catrena Johnson and the research team from the Alabama Vaccine Research
Clinic and the UAB 1917 HIV Clinic for assisting with the collection of specimens to facilitate our research.
We acknowledge the University of Alabama at Birmingham Center For AIDS Research (CFAR) and UAB Flow
Cytometry and Single Cell Core Facility. This research was supported by the National Institutes of Health (NIH)
under Award Number R01 DK108353, R0O1 HL129878, and R01 HD083026. The content is solely the respon-
sibility of the authors and does not necessarily represent the official views of the National Institutes of Health.

Author contributions

A.C,,R.H, E.O,, and Z.H. conceived and designed the experiments. A.C., R.H., H.P, VK., M.D., K.O,, and C.E.
performed the experiments. A.C. performed the analyses. A.C. and Z.H. prepared the manuscript. All authors
reviewed the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-022-07455-2.

Correspondence and requests for materials should be addressed to Z.H.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Scientific Reports |

(2022) 12:3667 | https://doi.org/10.1038/s41598-022-07455-2 nature portfolio


https://doi.org/10.1038/s41598-022-07455-2
https://doi.org/10.1038/s41598-022-07455-2
www.nature.com/reprints

www.nature.com/scientificreports/

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2022

Scientific Reports|  (2022) 12:3667 | https://doi.org/10.1038/s41598-022-07455-2 nature portfolio


http://creativecommons.org/licenses/by/4.0/

	Optimization of methods for the accurate characterization of whole blood neutrophils
	Results
	Comparison of common methods of neutrophil characterization. 
	Removing unbound antibodies before RBC lysis and fixation reduces nonspecific binding. 
	The effect of staining temperature on neutrophil phenotype. 
	The effects of sample processing delays and temperature on neutrophil phenotype. 
	Effects of anticoagulant type on neutrophil phenotype and recovery. 

	Discussion
	Methods
	Sample collection from human subjects. 
	WB staining and dilution (M1). 
	WB stain, pre-wash, fixlyse (M2). 
	WB stain, fixlyse (M3). 
	WB formic acid lysis (M4). 
	WB sedimentation (M5). 
	WB isotonic lysis (M6). 
	Single gradient (M7 and M8). 
	Double gradient (M9 and M10). 
	Heparin blocking. 
	Annexin V and propidium iodide staining. 
	Flow cytometry. 
	Cell recovery and multiplet calculations. 

	Equation (1) for M1 and M2:
	Equation (2) for M3 and M4:
	Equation (3) for M5–M10:
	Statistical analyses. 

	References
	Acknowledgements


