10

11

12

13

14

15

16
17

bioRxiv preprint doi: https://doi.org/10.1101/2024.12.01.626241; this version posted December 5, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC 4.0 International license.
High-dimensional spectral flow cytometry of activation and phagocytosis by peripheral human

polymorphonuclear leukocytes

Evan R. Lamb', lan J. Glomski', Taylor A. Harper?, Michael D. Solga?, Alison K. Criss'

' Department of Microbiology, Immunology, and Cancer Biology, University of Virginia School of Medicine,

Charlottesville, VA, USA
2 Flow Cytometry Core Facility, University of Virginia, Charlottesville, VA, USA

* Corresponding author. Address: Box 800734, 1340 Jefferson Park Avenue, Charlottesville, VA, 22908-0734,

USA. Phone: +1 434 243 3561. Email: akc2r@yvirginia.edu.

Keywords: Spectral flow cytometry, Neutrophil, Polymorphonuclear leukocyte, Imaging flow cytometry,
Phagocytosis, Degranulation, Migration, Chemotaxis, Opsonophagocytosis, Pathogen, Bacterium, Neisseria

gonorrhoeae

Running title: Spectral flow cytometry panel of human PMNs

The authors declare no conflicts of interest.


mailto:akc2r@virginia.edu
https://doi.org/10.1101/2024.12.01.626241
http://creativecommons.org/licenses/by-nc/4.0/

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

bioRxiv preprint doi: https://doi.org/10.1101/2024.12.01.626241; this version posted December 5, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC 4.0 International license.

Abstract

Polymorphonuclear lymphocytes (PMNs) are terminally differentiated phagocytes with pivotal roles in
infection, inflammation, tissue injury, and resolution. PMNs can display a breadth of responses to diverse
endogenous and exogenous stimuli, making understanding of these innate immune responders vital yet
challenging to achieve. Here, we report a 22-color spectral flow cytometry panel to profile primary human
PMNs on population and single cell levels for surface marker expression of activation, degranulation,
phagocytosis, migration, chemotaxis, and interaction with fluorescently labeled cargo. We demonstrate the
surface protein response of PMNs to phorbol ester stimulation compared to untreated controls in an adherent
PMN model with additional analysis of intra- and inter-subject variability. PMNs challenged with the Gram-
negative bacterial pathogen Neisseria gonorrhoeae revealed infectious dose-dependent changes in surface
marker expression in bulk, population-level analysis. Imaging flow cytometry complemented spectral cytometry,
demonstrating that fluorescence signal from labeled bacteria corresponded with bacterial burden on a per-cell
basis. Spectral flow cytometry subsequently identified surface markers which varied with direct PMN-bacterium
association as well as those which varied in the presence of bacteria but without phagocytosis. This spectral
panel protocol highlights best practices for efficient customization and is compatible with downstream
approaches such as spectral cell sorting and single-cell RNA-sequencing for applicability to diverse research

questions in the field of PMN biology.

Summary Sentence: Here we report a 22-color spectral flow cytometry panel to profile primary human PMNs

for markers of activation, degranulation, phagocytosis, migration, and chemotaxis using phorbol ester

stimulation and bacterial challenge as proofs-of-concept.


https://doi.org/10.1101/2024.12.01.626241
http://creativecommons.org/licenses/by-nc/4.0/

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

bioRxiv preprint doi: https://doi.org/10.1101/2024.12.01.626241; this version posted December 5, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC 4.0 International license.

Introduction

Polymorphonuclear leukocytes (PMNSs) are principal cellular responders to infection and inflammation in
vertebrates. The granulocytic PMN population is predominantly composed of neutrophils, professional
phagocytes with many specialized antimicrobial properties. Among these antimicrobial mechanisms are
phagocytosis with subsequent phagolysosome maturation, active chemotactic migration toward pathogens,
coordinated exocytosis of antimicrobial-containing granule subsets, and reactive oxygen species (ROS)
generation.”* PMNs sense a variety of host- and pathogen-derived stimuli from the inflammatory milieu and
integrate the resulting signals to coordinate their activation states and responses.>” Activation includes
mobilization of surface proteins required for transmigration from the circulation to the site of
infection/inflammation, downregulation of other surface proteins throughout this process through endocytosis
or ectodomain shedding, and coordinated upregulation of proteins representative of primed antimicrobial
activity.2'* The breadth of stimuli and potential PMN reactions imply that PMNs have heterogenous responses
to infection and injury. Approaches to measure the heterogeneity of PMN activation and responses on both
single cell and population levels can elucidate how PMNs respond in a variety of conditions.'"®

A time-tested methodology to characterize and quantify leukocyte activation in response to diverse
stimuli is flow cytometric analysis. Flow cytometry has proven to be an advantageous approach given its
increased availability, high throughput nature, relatively small cell numbers needed, easy differentiation of
surface versus intracellular expression, and population versus single cell analytics, among other positive
attributes.?>? Among flow cytometric methods, conventional flow cytometry is limited by the number of
markers that can be analyzed in a sample at a given time due to technical constraints which prevents
integration of large numbers of parameters on single cells at the same time to make direct comparisons.
Partially as a result from such limitations, many flow studies on PMN biology have analyzed markers as single-
stained samples focused on granulocyte development/ontogeny?*26, or select parameters that reflect PMN
capacity for migration/chemotaxis, phagocytosis, ROS generation, NETosis?’, or antimicrobial release in
isolation.'*?8-3' To surmount limitations presented by conventional flow cytometry, technologies have been
engineered that expand high-dimensional flow cytometric capacity. One such high-dimensional method is
cytometry by time of flight (CyTOF) which uses heavy metal-conjugated antibodies to label cells of interest and

identify target positivity and expression levels. This technology enables analysis of vast markers in a single
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sample and has been successfully applied to PMNs.3?3 However, CyTOF is a costly method and requires
sample destruction for data generation.343°

Another advanced flow cytometric methodology is spectral flow cytometry in which the full fluorescence
spectrum of individual antibody-conjugated fluorochromes can be collected from each excitation laser in a
cytometer’s configuration, allowing for a full ‘spectral fingerprint’ to be collected and identified. This permits
many more fluorochrome combinations than conventional flow cytometry, and thereby more cell markers, to be
examined in a single experimental condition.*¢3” Spectral flow cytometry has been effectively deployed to
analyze human PMN activation and identify subsets in healthy and diseased states by examining up to 15
surface markers at once.?*%4! Recent advances in spectral flow cytometry technology, including spectral cell
sorting and single-cell analytical software, enable the rapid and insightful analysis of high-dimensional
datasets.*?43

With the above pros and cons in mind, we sought to design a flow cytometry panel that 1) analyzes
mature human PMNSs, 2) does so in a high-dimensional manner, 3) does so without sample destruction to allow
for downstream sorting/analysis, 4) focuses on both PMN functionality and activation, and 5) is adaptable to
diverse research questions in the field. Such a methodology could advance the understanding of PMN
activation and diversity as well as the contribution that such diversity provides to outcomes in inflammation,
infection, and injury.

Here, we present a 22-color spectral flow cytometry panel to profile the activation of mature human
PMNs in response to diverse stimuli. The panel described here was designed with particular emphasis on PMN
(opsono)phagocytic receptors, degranulation markers, migratory proteins, chemokine receptors, and the option
to fluorescently-label cargo, such as microbes.” We describe best practices for using the panel in different
laboratories. We demonstrate that the panel can identify PMNs in a population that respond to phorbol ester
stimulation and infection by the bacterial pathogen Neisseria gonorrhoeae. The panel can be customized for

different fluorochrome-marker pairings, and common fluorochromes/channels are left available for

incorporation of other markers of interest, enabling its adaptation to many research endeavors.
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Materials and Methods

PMN Isolation from human subjects: Human subjects research was conducted in accordance with the
University of Virginia Institutional Review Board for Health Sciences Research under protocol #13909.
Informed and written consent was obtained from each human subject. Primary human PMNs were collected
via venipuncture from peripheral blood of healthy human donors in accordance with institutional Human
Subjects in Research guidelines as previously described by Ragland and Criss.* Briefly, venous blood was
collected into heparin-coated vacutainer tubes and fractionated by dextran sedimentation to enrich for
leukocytes. Granulocytes were further purified by Ficoll-Paque™ density centrifugation with DPBS (Gibco) +
0.1% glucose (Ricca Chemical; DPBSG). The Ficoll-PBS interface enriched for monocytes and depleted of
granulocytes was collected for CD14 gate setting. The granulocyte pellet was then resuspended, lysed with
endotoxin-free water to remove remaining erythrocytes, and resuspended in DPBSG on ice and enumerated

using a hemacytometer.

Neisseria gonorrhoeae Growth and Labeling: An FA1090% strain of N. gonorrhoeae which constitutively
expresses the PMN-binding surface protein OpaD and no other opacity-associated proteins*® was streaked on
gonococcal base media agar plates and incubated at 37°C with 5% supplemental CO, for 16 hours.*”*® Single
colonies were then swabbed into Hank’s balanced salt solution (HBSS, with 1.2mM calcium and 1mM
magnesium, Gibco) with 10mM HEPES (Sigma-Aldrich) pH 7.4 and 5mM sodium bicarbonate (HBSS+) to a
concentration of 1.5e8 bacteria per mL and labeled with CellTrace Blue (ThermoFisher) for 20min at 37°C.
Bacteria were then pelleted and resuspended in HBSS + 2% BSA to quench remaining CellTrace Blue dye.

Un-labeled bacteria were used as non-fluorescent controls.

PMN Adherence and Stimulation: To simulate post-migration status of innate immune cells at inflamed
mucosa, isolated primary human PMNs were primed with 10nM recombinant human interleukin-8 (IL-8, R&D
Systems) in Roswell Park Memorial Institute Medium (RPMI, Gibco) + 10% (v/v) heat-inactivated fetal bovine
serum (Hyclone, RPMI + 10% FBS) as in Ragland and Criss.** PMNs were then allowed to settle and adhere
onto 25mm plastic cover slips (Sarstedt) in 6-well tissue culture plates in 1mL medium at 37°C, 5% CO- for 30-
60min. Following adherence, PMNs were either left untreated, stimulated with 10ng/mL phorbol 12-myristate
13-acetate (PMA) (Sigma-Alrich), or infected with N. gonorrhoeae at a multiplicity of infection of either 1 or 10

bacteria per PMN for 60min at 37°C, 5% CO.. Controls included unstained/untreated samples and single


https://doi.org/10.1101/2024.12.01.626241
http://creativecommons.org/licenses/by-nc/4.0/

124

125

126

127

128

129

130

131

132

133

134

135

136

137

138

139

140

141

142

143

144

145

146

147

148

149

150

bioRxiv preprint doi: https://doi.org/10.1101/2024.12.01.626241; this version posted December 5, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC 4.0 International license.
fluorochrome samples. Each condition consisted of two wells in a 6-well plate with 2e6 PMNs per well which

were pooled following stimulation.

PMN Washing and Labeling: Following 60min of stimulation/infection, 500mM EDTA (Sigma-Aldrich)
was added to adhered PMNs to a final concentration of 0.5mM. PMNs were gently resuspended using a cell
scraper (Falcon). Cells from two wells per condition were pooled into a 15mL conical tube and centrifuged at
1900 x g for 7min at 4°C. Medium was removed via aspiration to approximately 50uL and PMNs were gently
resuspended in 2mL ice cold HBSS+ and washed likewise twice more. Following the final wash, PMNs were
resuspended in 200uL ice cold HBSS+ and transferred to a V-bottom 96-well plate on ice. Additional samples
added to the 96-well plate included: PMNs which had been untreated and left in suspension to be used both for
full antibody staining and for unstained controls; suspension PMNs on ice mixed 1:1 with suspension PMNs
which were heat-killed (65°C for 5min) for viability gate setting; and granulocyte-depleted DPBSG-Ficoll
interface ‘buffy-coat’ enriched with monocytes for CD14 dump gate setting. The plate was centrifuged at 1900 x
g for 7min at 4°C, 100uL were removed from each well via multichannel pipet, and a 1:1000 dilution of Zombie
Near InfraRed (ZNIR) Live-Dead dye (BioLegend) was added to the full-stain and single/gate-setting stain
wells per manufacturer’s directions (15min at room temperature in the dark) and pellets gently resuspended.
100uL of Flow Staining Buffer (eBiosciences) was then added to each well to quench ZNIR dyes. The plate
was centrifuged as above, 150uL were removed from each well via multichannel pipet, and 150uL Flow
Staining Buffer was added. 150uL was removed from each well via multichannel pipet so that each well
contained 50uL of Flow Staining Buffer and pelleted cells. Flow Staining Buffer was added to wells followed by
individual antibodies as indicated in Table 1 to a total of 100uL per well. Cells were gently resuspended with
staining buffer/antibody mixtures and incubated at 4°C for 30min in the dark. The plate was then centrifuged as
above, 50uL was removed from each well, and pellets were gently washed three times in sterile PBS. The final
wash was into a final volume of 100uL of PBS + 1% (v/v) paraformaldehyde (Electron Microscopy Sciences).
The plate with fixed samples was stored at 4°C in the dark wrapped in aluminum foil for no more than three

days before analysis on the spectral flow cytometer.

Spectral Flow Cytometry Acquisition: Fixed samples were run on a Cytek Aurora spectral flow

cytometer with a 20mwW 355nm, 50mW 488nm, 100mW 405nm, 50mW 561nm, and 80mW 640nm 5-laser
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configuration. Samples were run in a V-bottom 96-well plate using the autosampler apparatus within three days

after fixation. Unmixing and Spillover correction was performed in SpectroFlo (Cytek) software.

Antibody-fluorochrome conjugation and titration: All fluorescently labeled antibodies were obtained from
commercial suppliers (Table 1), with the exception of the anti-CEACAM 1,3,6 antibody. The anti-CEACAM
1,3,6 antibody was labelled with NovaFluorYellow 700 using the NovaFluor Antibody Conjugation Kit
(ThermoFisher) and conjugated per manufacturer’s protocols. Each fluorescently labelled antibody was titrated
to establish the lowest concentration that maximized the fluorescence intensity differential between labelled
and unlabeled cells. The highest concentration of antibody used was based on manufacturer suggestions
(typically 5 pl) and serially diluted to 0.5x, 0.25x, and 0.125x final concentrations. The fluorescence intensity
ratio for each antibody concentration relative to unstained control cells was established and the lowest
antibody concentration that provided the largest ratio of fluorescence intensity of positive cells to negative cells

was used in subsequent assays.

Imaging flow cytometry analysis of N. gonorrhoeae infected PMNs: Primary human PMNs were isolated
and infected as described above with N. gonorrhoeae. Bacteria had been labeled with both CellTrace Blue and
CellTrace Yellow (ThermoFisher) per manufacturer’s protocols to be detected on both the Cytek Aurora
spectral flow cytometer (both fluorochromes) and the Cytek ImageStream X Mkll imaging flow cytometer
(CellTrace Yellow) with single stained and unstained bacteria as controls. Following infection, cells were
collected and fixed as above, and data collected on each cytometer with appropriate single stained controls.
PMNs were assayed via imaging flow cytometry at 60x magnification using brightfield to collect micrographs of
individual cells, side scatter channels, and the 561nm (100mW) excitation laser to collect CellTrace Yellow-Gc
median fluorescence intensity. Ten-thousand individual, focused singlet PMN events were collected for each

sample and data was analyzed using the IDEAS 6.2° software package.*84°

PMN Cell Sorting: PMNs were infected with CellTrace Yellow and CellTrace Blue dual labeled N.
gonorrhoeae as described above, scraped from coverslips, stained with Zombie NIR, and run on a Cytek CS
spectral Cell Sorter flow cytometer. Live unmixing was performed and PMNs were sorted into CellTrace Blue
negative, low and high subgated populations as well as a non-gated group into Eppendorf tubes. These sorted
PMNs were subsequently run a Cytek Aurora spectral flow cytometer to assess post-sorting viability via

Zombie NIR exclusion using a one-to-one mixture of viable and heat-killed PMNs as a control.
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Statistics, Analyses, and Data Availability: Statistical analyses were performed as indicated in the figure
legend for intra donor variability of individual markers within the PMN flow cytometry panel. Data were
analyzed and prepared using SpectroFlo (Cytek), FCS Express (De Novo), IDEAS (Amnis), and
GraphPad Prism software. High-dimensional analyses were performed on spectral flow cytometry data
which was unmixed in SpectroFlo software prior to uploading into OMIQ cloud flow cytometry software
for uniform manifold approximation and projection (UMAP) dimensional reduction processing and
analysis.*?> Data was cleaned using FlowAl within OMIQ, gated onto viable single PMN events, and
UMAP analyses run on adherent PMN data files with or without PMA stimulation with all collected
fluorescent features except those used for gating or CellTrace Blue. OMIQ’s default UMAP settings
were used. Raw flow cytometry data is available through the MyFlowCyt flow cytometry repository
under the Experiment title: PMN Spectral Flow Panel, and Experiment ID: (FR-FCM-Z8EX).

http://flowrepository.org/experiments/8664.
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Results
Spectral Flow Cytometry Panel Design for PMN Function and Activation

We designed the following spectral flow cytometry panel for mature human PMN functions (Fig. 1).
Analyses were performed on human peripheral blood PMNs, which were freshly isolated on the day of each

experiment from healthy subjects as described in Materials and Methods.**

Cell viability and exclusion of non-PMNs: This panel was designed with an amine-reactive live-dead

stain to exclude non-viable cells (Zombie Near Infrared, ZNIR). The major co-purifying cell type in the PMN
preparations are CD14"9" monocytes; therefore, an anti-CD14 antibody was added to exclude CD14M9" cells

from downstream analysis.?’

PMN phagocytosis: The panel contains antibodies against CD64 (FcyR1), CD32 (FcyRIl), and CD16

(FcyRIIl), which mediate phagocytosis of IgG-opsonized cargo®, and antibodies against CD35 (complement
receptor 1, CR1) and CD11b and CD18 (complement receptor 3, CR3) for complement C3b-, iC3b-, and
C3d(g)-mediated opsonophagocytosis.** CD11b undergoes activation-dependent conformational changes; thus
antibodies against total and active forms of CD11b were included.®’ We also included an antibody against
human carcinoembryonic associated cellular adhesion molecules (CCMs), which serve as non-opsonic
phagocytic receptors for many pathogens including N. gonorrhoeae.®**® Of the CCM family members, the
antibody used in this study recognizes the granulocyte-expressed CCMs -1, -3, and -6 (but not CCM8/CD66b;

Table 1).

PMN degranulation: The panel contains antibodies against the primary/azurophilic granule protein

CD63 and the secondary/specific granule protein CD66b. Both are well described markers for individual

granule subsets that are sequentially exocytosed from PMNs upon activation.®

PMN migration and chemotaxis: The panel includes antibodies against CD62L (L-selectin) which is

shed as PMNs migrate to target sites' 2, CD54 (ICAM-1), CD172 (signal regulatory protein, SIRP), CD44, and
CDA47 (integrin associated protein, IAP) which is also a ligand for CD172. These receptors enable nuanced,
context- and location-specific migratory responses of immune cells in infection and inflammation.®*%° The panel

also contains antibodies against chemotactic receptors that are known to promote directional migration and
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PMN activation: CXCR1 for IL-8, BLT1 for leukotriene-B4 (LTB4), fPR1 for formylated peptides, and C5aR1 for

the anaphylatoxin C5a of the complement cascade.%®

The selected markers serve as broad examples of PMN activation/stimulation and phenotypic
functional groups. They also reflect underlying PMN biology of granule mobilization to the plasma membrane
(ex: CD63, CD66b, CD11b, CD18)®, endocytic downregulation of surface markers to ablate signal reception

(ex: fPR1, C5aR1)'°, and ectodomain shedding (CD16, CD62L)."-13
Fluorochrome selection and panel similarity and complexity

Cognate fluorochromes for each marker were selected to optimize the functionality of the spectral flow
cytometry panel while maximizing the number of markers to include (Fig. 2A). Considerations incorporated into
panel design included cytometer laser and detector array configuration, spectral overlap between
fluorochromes, epitope densities, and brightness indexes of the fluorochromes. However, given the intrinsic
variability of human PMNs and the range of activation-dependent surface expression, it was challenging to
select appropriate fluorochrome-marker pairings, and all selections required testing and validation within the
context of the broader panel. Where possible, markers known to be in the same subcellular (granule) location
were paired with fluorochromes with distinct spectra to minimize spectral overlap increasing the overall
resolution of the panel.®%” While most fluorescent antibodies used here are commercially available, the anti-
CCM antibody was conjugated in-house to NovaFluor Yellow 700. The final PMN panel pairings yielded
similarity and complexity values which were calculated using Cytek’s Full Spectrum Viewer, with a lower overall

complexity score being optimal (Fig. 2B).%’

To maximize the adaptability of this panel to different research questions, the 355nm excitation/420nm
peak emission (BUV395, CellTrace Blue; UV2 detector) and 488nm excitation/520nm peak emission (FITC,
AlexaFluor488; B2 detector) channels were left available. Here, we used the BUV395 channel to pre-label N.
gonorrhoeae with the amine-reactive dye CellTrace Blue. The FITC/AlexaFluor 488 (AF488) channel is a
popular choice for many antibody conjugations and functional dyes and was left unused in this panel. However,
addition of AF488 to the panel did not appreciably alter the calculated similarity matrix or complexity index of

the panel (Fig. 2C).
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Panel gating strategy

Purified cells were first gated on events which passed FlowAl cleaning within OMIQ. These events
were then gated into the PMN/granulocyte population based on characteristic forward and side scatter profiles
(FSC-A, SSC-A; Fig. 3A i), and followed by selection of single cell events (Fig. 3Aii). Singlets were then sub-
gated on CD14'°" events to exclude contaminating monocytes (Fig 3A iii).?" The CD14 gate was set using a
mixture of the PMN preparation and the Ficoll-PBS interface (collected and saved on ice during the preparation
process) which is enriched in CD14"9" monocytes (Fig 3B). Finally, CD14* singlets were gated on live cells
for subsequent analyses (Fig. 3Aiv). The live-dead gate was set using a 1:1 mixture of cells that were killed by

heating at 65°C for 5min and cells that were kept on ice before ZNIR staining (Fig. 3C).

While most PMNs in circulation are neutrophils, eosinophils also co-purify in the granulocyte
preparations. Separate experiments were conducted in which live singlet PMNs were further gated on CD49d
to discriminate eosinophils (CD49d+) from neutrophils (CD49d-; Fig 3D).58%° PMN preparations were further
evaluated for CD16, CD66b, and CD11b positivity to verify neutrophil predominance (Supplemental Fig. 1).4°

These results showed the PMN preparations from healthy individuals to contain less than 1% eosinophils.%®

Analysis of intra- and intersubject variability in the PMN response to phorbol ester treatment

The panel was applied to adherent, IL-8 treated primary human PMNs* under three conditions to
model different types of stimulation: 1) PMNs with no further stimulus as a baseline, 2) PMNs that were also
treated with phorbol myristate acetate (PMA), a potent protein kinase C agonist with known neutrophil-
activating properties®, and 3) PMNs which were also infected with CellTrace Blue-labeled N. gonorrhoeae.
The spectral flow cytometry panel was applied to measure variability in PMN responsiveness over time (>1
month between experiments), and to measure inter-subject variability for PMNs from three unrelated
individuals. For inter-donor variability, three biological replicates of Subject #1 were combined and analyzed

against the single replicates for the other two subjects.

For PMNs from the same subject, 10 of the 19 parameters increased in surface expression with PMA
stimulation (CCM, CD64, CD63, CD66b, CD18, CD11b-total, CD11b-active, CD47, fPR1, and BLT1; Fig. 4A).

Of the 19 markers, another 4 decreased in surface expression on PMNs treated with PMA (CD16, CD35,
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ChaR1, and CD62L; Fig. 4B). The remaining 5 markers showed no consistent trends between biological

replicates (CD32, CD54, CD172, CD44, CXCR1; Fig. 4C).

For inter-subject responses, PMNs from three unrelated subjects showed consistently increased
surface expression for 8 markers upon PMA stimulation (CCM, CD64, CD32, CD63, CD18, CD11b-active,
CD47, and fPR1; Fig. 5A). For 3 other markers (CD66b, CD11b-total, and BLT1), PMA stimulation increased
their surface expression for Subject #1 and #3's PMNs whereas Subject #2's PMNs did not appreciably
change (Fig. 5B). Six markers decreased in all three subjects’ PMNs after PMA treatment (CD16, CD35,
CD172, CD62L, CD44, and C5aR1; Fig. 5C). We note that two of these markers, CD172 and CD44, gave
Subject #1 an overall decreased response when averaged, despite the response variability on each day (Fig.
4C). As seen for the replicates from Subject #1 (Fig. 4), the three unique subjects’ PMNs did not have

consistent responses to PMA treatment in the surface expression of CD54 or CXCR1 (Fig. 5D).

To highlight the high-dimensional and single cell power of spectral flow cytometry we analyzed the
adhered and PMA-stimulated PMN data via uniform manifold approximation and projection (UMAP)
dimensional reduction.*? Cells from the spectral flow data sets were grouped by the UMAP algorithms based on
the similarity of their full surface marker repertoires. Shown in Fig. 6 is a representative replicate from Subject
#1 in which adherent-alone PMNs and PMA-stimulated PMNs were analyzed via UMAP. PMA-treated PMNs
are plotted by individual surface marker intensity, from which surface marker expression patterns and overlap
can be qualitatively identified. Additional replicates from Subject #1 and those from Subjects #2 and #3 can be

found in Supplemental Figures 2-5.

Taken together, these results demonstrate that trends in PMN responses to a known activating stimulus
can be identified using this multiparametric panel and that multidimensional analysis can identify unique

populations for subsequent investigation.

PMN responsiveness to the bacterial pathogen Neisseria gonorrhoeae

To demonstrate the utility of this panel to interrogate PMN interactions with phagocytic cargo, including
pathogens, CellTrace Blue-labeled N. gonorrhoeae was introduced to adherent PMNs at a ratio of either 1 or

10 bacteria per PMN (multiplicity of infection, MOI). A single subject's PMNs were challenged on three
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independent days with fluorescent bacteria, unlabeled control bacteria, or adherent-alone PMNs with no

bacteria exposure.

Following 1hr of infection, eight PMN markers showed consistently increased trends in surface
expression with N. gonorrhoeae challenge, which increased with MOl (CCM, CD64, CD63, CD66b, fPR1,
CD18, CD11b-active, and BLT1; Fig. 7A). Three other markers, CD11b-total, CD35, and CD47, had increased
surface expression with infection at an MOI of 1 but a decrease at an MOI of 10; the MFI of CD35 was lower at
MOI of 10 than in the uninfected population (Fig. 7B). Five markers (CD16, CD172, CD62L, C5aR1, and
CD44) consistently decreased in surface expression after infection with N. gonorrhoeae (Fig. 7C). The

remaining 3/19 PMN markers had no consistent trends between the three experimental replicates (Fig. 7D).

We next examined CellTrace Blue fluorescence as a correlate of bacterial burden encountered by
PMNs within each population. PMNs were gated into CellTrace Blue-positive and negative populations. PMNs
infected at an MOI of 1 exhibited 8.2 to 62.7 percent CellTrace Blue positivity, while PMNs at an MOI of 10
were greater than 97 percent positive in all biological replicates (Fig. 7E). The measured MFI for PMNs
infected at an MOI of 10 was more than a log-fold greater than those in the MOI of 1, and the population
distribution of fluorescence intensity was more homogenous (coefficient of variance 49.4 versus 104.9; Fig.
7F,G). The observed CellTrace Blue heterogeneity in the MOI of 1 prompted more nuanced investigation into

how PMN surface markers varied with bacterial burdens.

To verify that CellTrace intensity corresponded with bacterial burden, PMNs exposed to N. gonorrhoeae
at an MOI of 1 were examined using imaging flow cytometry in which single, focused cells were gated by
CellTrace MFI into CellTrace-negative PMNs with ‘No Neisseria’, the lowest quartile of CellTrace-positive
PMNs as the ‘Low Neisseria’ population, and the highest quartile of CellTrace-positive PMNs as the ‘High
Neisseria’ population (Fig. 8A). The No Neisseria gate represented 20-50% of the total population (Fig. 8B).
The High Neisseria population’s MFI was 19.2-fold greater than the Low population’s MFI; there was negligible
fluorescence in the No Neisseria population (Fig. 8B). Bacterial burden was verified by imaging flow cytometry
as CellTrace intensity corresponded with the numbers of bacteria directly associated with individual PMNs

which also showed that PMNs in the High Neisseria gate frequently contained 10 or more bacteria (Fig. 8C).
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Using spectral flow cytometry, MOI of 1 PMNs (see Fig. 7) were subgated into No, Low, and High
Neisseria populations as above; also included were adherent-alone PMNs which had not been exposed to
bacteria (Fig. 9A). The CellTrace Blue MFI for the uninfected and No Neisseria populations were undetectable,
whereas the High Neisseria population had a 9.8-fold greater MFI on average than the Low Neisseria
population (Fig. 9A,B). Taken together, the imaging and spectral flow cytometry demonstrate that the MOI of 1

experimental condition yields a population of PMNs that exhibit a range of interactions with bacteria, despite

exposure to the same inoculum of infectious particles.

The No, Low, and High Neisseria populations were examined for surface markers expression using the
spectral flow cytometry panel and compared with the uninfected control PMNs. The MFIs of CCM, CD64,
CD63, CD11b-active, and fPR1 all increased in a bacterial burden-dependent manner (Fig. 9C). Interestingly,
CCM, CD64, and CD63 surface expression were greater in the No Neisseria population from N. gonorrhoeae
exposed PMNs than in the uninfected controls (Fig. 9C). Conversely, CD16 and CD44 decreased consistently
in a bacterial burden-dependent manner, and the uninfected control had a higher MFI than the No Neisseria

population from the bacteria exposed PMNs (Fig. 9D).

Other markers changed in surface expression levels with N. gonorrhoeae infection compared to the
uninfected control, but did not vary with MOI across the No, Low, and High Neisseria populations: CD66b,
CD18, CD11b-total, CD47, and BLT1 all increased in the presence of N. gonorrhoeae (Fig. 9E), whereas
CD172, CD62L, CXCR1, and C5aR1 all decreased (Fig. 9F). CD32, CD35, and CD54 did not consistently

respond to infection across replicates or showed no change regardless of bacterial burden (Fig. 9G).

Discussion

PMNs have major roles in infection, sterile inflammation, and tissue injury and repair. Here we describe
the development, validation, and application of a high-dimensional spectral flow cytometry panel for profiling
PMNs isolated from human subjects. It was designed to interrogate PMN activation and surface expression of
markers for cellular functionality including phagocytosis, degranulation, migration, and chemotaxis. This
spectral flow cytometry panel enables rapid, high throughput, multiparametric analysis, and sample
preservation with broad applicability to PMN biology. As highlighted in the panel design section (Fig. 2), care

was taken to allow adaptability of this panel. For example, in place of CCMs as surface receptors that bind and
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phagocytose N. gonorrhoeae in the NFY700 channel, a research team could substitute a marker or receptor of
their interest. In the CTB/BUV395 channel, another surface marker or labeled cargo could be studied such as
other pathogens, synthetic particles with different chemical/physical properties, cellular debris, or immune
complexes. Additional PMN functions that could be incorporated into the panel include ROS generation, NET

release, death modalities including apoptosis or pyroptosis, and/or intracellular signaling/cytokine production.

As highly differentiated, terminal cells, PMNs present unique challenges for building and applying a flow
cytometric panel. Measuring PMN activation between a baseline and stimulated state is inherently challenging
due PMNSs’ sensitivity to activation including during the isolation procedure. Here, PMNs were isolated by Ficoll
gradient and hypotonic erythrocyte lysis, which differ in basal activation state from PMNs in anticoagulated
whole blood, purified by immunomagnetic negative selection, or in tissues.®' The surface epitope density of a
selected marker can vary dramatically on a continuum across resting, primed, and activated states.
Furthermore, some surface markers are shed or internalized by activated PMNs. For these reasons, the
selection of marker-fluorochrome pairings, which is based on epitope density and brightness index, must be
experimentally determined through antibody titrations in single-stained samples at low and high epitope density
conditions as well as in the context of the full stained panel. Fluorescence-minus-one (FMQO) controls should
also be employed where necessary to discriminate between positive and negative populations for accurate
gate setting.?23 Finally, there is PMN surface marker variability basally and upon stimulation for single subject
on different days and between subjects (Fig. 4 and 5). Given the day-to-day variability observed within a single
individual’s PMN responses, it may be prudent to assess subjects multiple times. Future studies are needed to

define the number of individuals or experiments on a single subject needed for statistical power.

PMNs play a preeminent role in controlling pathogenic organisms. However, some pathogens have
evolved to counteract the antimicrobial mechanisms of PMNs. Among these is the Gram-negative bacterium
Neisseria gonorrhoeae which infects mucosal surfaces of its obligate human host and stimulates a PMN-driven
inflammatory response.?¢ Here, N. gonorrhoeae was chosen as a model infectious organism and phagocytic
cargo for its capacity to survive within phagosomes of human neutrophils.?®-%¢ By engaging neutrophil surface
receptors N. gonorrhoeae can block neutrophil phagosome maturation and suppress neutrophil activation,
such that viable bacteria are isolated from the PMN-rich exudates of infected individuals.®®"" Intriguingly, PMNs

in urethral gonorrheal exudates have a heterogenous distribution of associated N. gonorrhoeae resembling
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that of Fig. 8 in which many PMNs have no bacteria, some having single-digit numbers of bacteria, and others
having tens of bacteria.”> We anticipate that spectral flow cytometry can be applied to understand the biology
underlying this diversity. During infection, PMNs interact directly with in-tact microbes as well as the soluble
factors they release such as cell wall fragments, formylated peptides, and lipo-poly/oligo-saccharides, alone or
in outer membrane vesicles.” Intriguingly, we observed differences in surface marker expression between
PMNs not exposed to N. gonorrhoeae and those in the infection milieu that did not contain associated or
phagocytosed bacteria (Fig. 8,9). This observation implies that soluble factors within the infectious milieu are
sufficient to initiate PMN activation, which is enhanced with bacterial association (i.e. in the Low/High Neisseria
conditions). Additionally, paracrine signaling among PMNs during infection, such as release of leukotriene-B4
could contribute to the observed changes in some surface markers.” Our findings prompt further investigation

with purified soluble factors and/or outer membrane vesicles and N. gonorrhoeae mutants that produce or

release different quantities of these factors.

PMNs sense many stimuli in the context of infection, tissue damage, or inflammation and integrate
these signals to respond. The field now appreciates that PMNs vary within a population by their age and prior
experience (“trained innate immunity”),”* yet the contribution of this diversity in host response is incompletely
understood. We developed this high-dimensional spectral flow cytometry panel to profile the diversity of PMN
responses, identify subsets of PMNs with phenotypes of interest to the investigator, and generate new
hypotheses about human PMN functionality. Application of high-dimensional analytics (Fig. 6) offers a
significant ability to decipher underlying biology from the vast amounts of data generated from this panel.
Going forward, this panel can be directly transferred to spectral cell sorting instruments with appropriate laser
and detector configurations in order to isolate PMN populations of interest. This panel and protocol is also
suitable for collection of viable PMNs containing N. gonorrhoeae which can be used for downstream
applications such as single cell RNA-sequencing (Supplemental Fig. 6).”5"® As spectral flow cytometers and
the technology associated with them continue to advance, the human PMN functional panel presented here
can be used and expanded by many investigators to understand the breadth of responses of PMNs,

uncovering the contribution of these biologically meaningful cells to diverse fields of biology and medicine.


https://doi.org/10.1101/2024.12.01.626241
http://creativecommons.org/licenses/by-nc/4.0/

407

408

409

410

411

412

413

bioRxiv preprint doi: https://doi.org/10.1101/2024.12.01.626241; this version posted December 5, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC 4.0 International license.

Acknowledgements and Sources of Funding

We thank members of the Criss Lab and UVA Flow Cytometry Core Facility (FCCF), past and present,
for their advice and insights. We also thank Dr. Loren Erickson (UVA) for his input and guidance on
multiparametric spectral flow cytometry analysis. This work was supported by NIH RO1 AI097312, U19
Al158930, U19 Al144180, and U01 Al162457. The UVA FCCF (RRid:SCR_017829) was supported in part by

NCI P30 CA044579. ERL was supported in part by NIH F30 Al179038, T32 Al007046, and T32 GM007267.


https://doi.org/10.1101/2024.12.01.626241
http://creativecommons.org/licenses/by-nc/4.0/

414

415

416

417

418

419

420

bioRxiv preprint doi: https://doi.org/10.1101/2024.12.01.626241; this version posted December 5, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC 4.0 International license.

Authorship Contribution Statement

Evan R. Lamb: Conceptualization, Methodology, Analysis, Investigation, Writing — Original Draft,

Validation, Visualization. lan_J. Glomski: Analysis, Investigation, Writing — Original Draft, Validation,

Visualization. Taylor A. Harper: Methodology, Analysis, Investigation, Writing — Review & Editing. Michael D.

Solga: Methodology, Analysis, Writing — Review & Editing, Funding Acquisition. Alison K. Criss:

Conceptualization, Methodology, Analysis, Writing — Original Draft, Writing — Review & Editing, Funding

Acquisition, Project Administration, Supervision


https://doi.org/10.1101/2024.12.01.626241
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.12.01.626241; this version posted December 5, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC 4.0 International license.

421 References

422

423 1. Mantovani, A., Cassatella, M. A., Costantini, C., Jaillon, S. Neutrophils in the activation and regulation of innate
424 and adaptive immunity. Nature Reviews Immunology (2011) 11, 519-531.

425 2. Ley, K., Hoffman, H. M., Kubes, P., Cassatella, M. A., Zychlinsky, A., Hedrick, C. C., Catz, S. D. Neutrophils: New
426 insights and open questions. Science Immunology (2018) 3, eaat4579.

427 3. Burn, G. L., Foti, A., Marsman, G., Patel, D. F., Zychlinsky, A. The Neutrophil. Immunity (2021) 54, 1377-1391.

428 4, Yin, C. and Heit, B. Armed for destruction: formation, function and trafficking of neutrophil granules. Cell and
429 Tissue Research (2018) 371, 455-471.

430 5. Futosi, K., Fodor, S., Mdcsai, A. Neutrophil cell surface receptors and their intracellular signal transduction
431 pathways. Int Immunopharmacol (2013) 17, 638-50.

432 6. Rocha-Gregg, B. and Huttenlocher, A. Signal integration in forward and reverse neutrophil migration:
433 Fundamentals and emerging mechanisms. Curr Opin Cell Biol (2021) 72, 124-130.

434 7. Van Rees, D. J., Szilagyi, K., Kuijpers, T. W., Matlung, H. L., Van Den Berg, T. K. Inmunoreceptors on neutrophils.
435 Seminars in Immunology (2016) 28, 94-108.

436 8. Ramadass, M. and Catz, S. D. Molecular mechanisms regulating secretory organelles and endosomes in
437 neutrophils and their implications for inflammation. Immunological Reviews (2016) 273, 249-265.

438 9. Lacy, P. and Eitzen, G. Control of granule exocytosis in neutrophils. Front Biosci (2008) 13, 5559-70.

439 10. Wang, J., Chen, M., Li, S., Ye, R. D. Targeted Delivery of a Ligand-Drug Conjugate via Formyl Peptide Receptor 1
440 through Cholesterol-Dependent Endocytosis. Mol Pharm (2019) 16, 2636-2647.

441 11. Mishra, H. K., Ma, J., Walcheck, B. Ectodomain Shedding by ADAM17: Its Role in Neutrophil Recruitment and the
442 Impairment of This Process during Sepsis. Frontiers in Cellular and Infection Microbiology (2017) 7.

443 12. Ivetic, A. A head-to-tail view of L-selectin and its impact on neutrophil behaviour. Cell and Tissue Research (2018)
444 371, 437-453.

445 13. Wang, Y., Wu, J., Newton, R., Bahaie, N. S., Long, C., Walcheck, B. ADAM17 cleaves CD16b (FcyRlIlIb) in human
446 neutrophils. Biochim Biophys Acta (2013) 1833, 680-5.

447 14. Miralda, 1., Uriarte, S. M., McLeish, K. R. Multiple Phenotypic Changes Define Neutrophil Priming. Frontiers in
448 Cellular and Infection Microbiology (2017) 7.

449 15. Deniset, J. F. and Kubes, P. Neutrophil heterogeneity: Bona fide subsets or polarization states? Journal of
450 Leukocyte Biology (2018) 103, 829-838.

451 16. Ng, L. G., Ostuni, R., Hidalgo, A. Heterogeneity of neutrophils. Nature Reviews Immunology (2019) 19, 255-265.
452 17. Silvestre-Roig, C., Fridlender, Z. G., Glogauer, M., Scapini, P. Neutrophil Diversity in Health and Disease. Trends

453 Immunol (2019) 40, 565-583.

454 18. Hedrick, C. C. and Malanchi, I. Neutrophils in cancer: heterogeneous and multifaceted. Nature Reviews
455 Immunology (2022) 22, 173-187.

456 19. Wigerblad, G., Cao, Q., Brooks, S., Naz, F., Gadkari, M., Jiang, K., Gupta, S., O’Neil, L., Dell'Orso, S., Kaplan, M. J.,
457 Franco, L. M. Single-Cell Analysis Reveals the Range of Transcriptional States of Circulating Human Neutrophils.
458 The Journal of Immunology (2022) 209, 772-782.

459 20. Terstappen, L. W., Buescher, S., Nguyen, M., Reading, C. Differentiation and maturation of growth factor
460 expanded human hematopoietic progenitors assessed by multidimensional flow cytometry. Leukemia (1992) 6,
461 1001-10.

462  21. Park, L. M., Lannigan, J., Jaimes, M. C. <scp>OMIP-069</scp>: Forty-Color Full Spectrum Flow Cytometry Panel
463 for Deep Immunophenotyping of Major Cell Subsets in Human Peripheral Blood. Cytometry Part A (2020) 97,
464 1044-1051.

465 22. Schofield, C. J., Tirouvanziam, R., Garratt, L. W. OMIP-100: A flow cytometry panel to investigate human
466 neutrophil subsets. Cytometry Part A (2024) 105, 81-87.

467 23. Carulli, G. Applications of flow cytometry in the study of human neutrophil biology and pathology. Hematopathol
468 Mol Hematol (1996) 10, 39-61.

469 24. Cowland, J. B. and Borregaard, N. Isolation of neutrophil precursors from bone marrow for biochemical and

470 transcriptional analysis. J Immunol Methods (1999) 232, 191-200.


https://doi.org/10.1101/2024.12.01.626241
http://creativecommons.org/licenses/by-nc/4.0/

471
472
473
474
475
476
477
478
479
480
481
482
483
484
485
486
487
488
489
490
491
492
493
494
495
496
497
498
499
500
501
502
503
504
505
506
507
508
509
510
511
512
513
514
515
516
517
518
519
520
521
522
523

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

bioRxiv preprint doi: https://doi.org/10.1101/2024.12.01.626241; this version posted December 5, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

available under aCC-BY-NC 4.0 International license.

Aanei, C. M., Jacob, M. C., Veyrat-Masson, R., Picot, T., Rosenthal-Allieri, M. A., Lhoumeau, A. C., Ticchioni, M.,
Dumezy, F., Campos Catafal, L. Database-guided Flow-cytometry for Evaluation of Bone Marrow Myeloid Cell
Maturation. J Vis Exp (2018).

Evrard, M., Kwok, I. W. H., Chong, S. Z., Teng, K. W. W,, Becht, E., Chen, J., Sieow, J. L., Penny, H. L., Ching, G. C,,
Devi, S., Adrover, J. M., Li, J. L. Y., Liong, K. H., Tan, L., Poon, Z., Foo, S., Chua, J. W,, Su, I. H., Balabanian, K.,
Bachelerie, F., Biswas, S. K., Larbi, A.,, Hwang, W. Y. K., Madan, V., Koeffler, H. P., Wong, S. C., Newell, E. W.,
Hidalgo, A., Ginhoux, F., Ng, L. G. Developmental Analysis of Bone Marrow Neutrophils Reveals Populations
Specialized in Expansion, Trafficking, and Effector Functions. Immunity (2018) 48, 364-379.e8.

Masuda, S., Shimizu, S., Matsuo, J., Nishibata, Y., Kusunoki, Y., Hattanda, F., Shida, H., Nakazawa, D., Tomaru, U.,
Atsumi, T., Ishizu, A. Measurement of <scp>NET</scp> formation in vitro and in vivo by flow cytometry.
Cytometry Part A (2017) 91, 822-829.

Ledderose, C., Hashiguchi, N., Valsami, E. A., Rusu, C., Junger, W. G. Optimized flow cytometry assays to monitor
neutrophil activation in human and mouse whole blood samples. J Immunol Methods (2023) 512, 113403.
Alvarez-Larran, A., Toll, T., Rives, S., Estella, J. Assessment of neutrophil activation in whole blood by flow
cytometry. Clinical and Laboratory Haematology (2005) 27, 41-46.

Stratmann, A. E. P, Wohlgemuth, L., Erber, M. E., Bernhard, S., Hug, S., Fauler, M., Vidoni, L., Mohamed, A. O. K.,
Thomal}, B. D., Miinnich, F., Stukan, L., Fohr, K. J.,, Mannes, M., Huber-Lang, M. S., Messerer, D. A. C.
Simultaneous Measurement of Changes in Neutrophil Granulocyte Membrane Potential, Intracellular pH, and
Cell Size by Multiparametric Flow Cytometry. Biomedicines (2021) 9, 1504.

Timmer, K. D., Floyd, D. J.,, Scherer, A. K., Crossen, A. J., Atallah, J., Viens, A. L., Sykes, D. B., Mansour, M. K.
Multiparametric Profiling of Neutrophil Function via a High-Throughput Flow Cytometry-Based Assay. Cells
(2023) 12, 743.

Zhu, Y. P, Eggert, T., Araujo, D. J., Vijayanand, P., Ottensmeier, C. H., Hedrick, C. C. CyTOF mass cytometry reveals
phenotypically distinct human blood neutrophil populations differentially correlated with melanoma stage.
Journal for InmunoTherapy of Cancer (2020) 8, e000473.

Meghraoui-Kheddar, A., Chousterman, B. G., Guillou, N., Barone, S. M., Granjeaud, S., Vallet, H., Corneau, A,,
Guessous, K., De Roquetaillade, C., Boissonnas, A., Irish, J. M., Combadiere, C. Two New Neutrophil Subsets
Define a Discriminating Sepsis Signature. American Journal of Respiratory and Critical Care Medicine (2022) 205,
46-59.

Zhang, T, Warden, A. R, Li, Y., Ding, X. Progress and applications of mass cytometry in sketching immune
landscapes. Clin Transl Med (2020) 10, e206.

Behbehani, G. K. Applications of Mass Cytometry in Clinical Medicine: The Promise and Perils of Clinical CyTOF.
Clin Lab Med (2017) 37, 945-964.

Paul Robinson, J. and Rajwa, B. Spectral flow cytometry: Fundamentals and future impact. Methods Cell Biol
(2024) 186, 311-332.

Marsh-Wakefield, F. M., Mitchell, A. J., Norton, S. E., Ashhurst, T. M., Leman, J. K., Roberts, J. M., Harte, J. E.,
McGuire, H. M., Kemp, R. A. Making the most of high-dimensional cytometry data. Immunology &amp; Cell
Biology (2021) 99, 680-696.

Parthasarathy, U., Kuang, Y., Thakur, G., Hogan, J. D., Wyche, T. P.,, Norton, J. E., Jr., Killough, J. R., Sana, T. R,,
Beakes, C., Shyong, B., Zhang, R. N., Gutierrez, D. A., Filbin, M., Christiani, D. C., Therien, A. G., Woelk, C. H.,
White, C. H., Martinelli, R. Distinct subsets of neutrophils crosstalk with cytokines and metabolites in patients
with sepsis. iScience (2023) 26, 105948.

Kuang, Y., Parthasarathy, U., Martinelli, R. Protocol for density gradient neutrophil isolation and flow cytometry-
based characterization from human peripheral blood. STAR Protoc (2023) 4, 102497.

Lakschevitz, F. S., Hassanpour, S., Rubin, A., Fine, N., Sun, C., Glogauer, M. Identification of neutrophil surface
marker changes in health and inflammation using high-throughput screening flow cytometry. Exp Cell Res (2016)
342, 200-9.

Van Staveren, S., Ten Haaf, T., Klopping, M., Hilvering, B., Tinnevelt, G. H., De Ruiter, K., Piacentini, M. F.,,
Roelands, B., Meeusen, R., De Koning, J. J., Jansen, J. J., Vrisekoop, N., Koenderman, L. Multi-dimensional flow
cytometry analysis reveals increasing changes in the systemic neutrophil compartment during seven consecutive
days of endurance exercise. PLOS ONE (2018) 13, e0206175.

Becht, E., MclInnes, L., Healy, J., Dutertre, C.-A., Kwok, I. W. H., Ng, L. G., Ginhoux, F., Newell, E. W. Dimensionality
reduction for visualizing single-cell data using UMAP. Nature Biotechnology (2019) 37, 38-44.


https://doi.org/10.1101/2024.12.01.626241
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.12.01.626241; this version posted December 5, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC 4.0 International license.

524 43, Van der Maaten, L. and Hinton, G. Visualizing data using t-SNE. Journal of machine learning research (2008) 9.

525 44, Ragland, S. A. and Criss, A. K. (2019) Protocols to Interrogate the Interactions Between Neisseria gonorrhoeae
526 and Primary Human Neutrophils. Springer New York 319-345.

527 45, Cohen, M. S,, Cannon, J. G., Jerse, A. E., Charniga, L. M., Isbey, S. F., Whicker, L. G. Human experimentation with
528 Neisseria gonorrhoeae: rationale, methods, and implications for the biology of infection and vaccine
529 development. J Infect Dis (1994) 169, 532-7.

530 4. Ball, L. M. and Criss, A. K. Constitutively Opa-Expressing and Opa-Deficient Neisseria gonorrhoeae Strains
531 Differentially Stimulate and Survive Exposure to Human Neutrophils. Journal of Bacteriology (2013) 195, 2982-
532 2990.

533 47. Kellogg, D. S., Peacock, W. L., Deacon, W. E., Brown, L., Pirkle, C. I. <i>NEISSERIA GONORRHOEAE</i> |. Journal of
534 Bacteriology (1963) 85, 1274-1279.

535 48. Gray, M. C., Thomas, K. S., Lamb, E. R., Werner, L. M., Connolly, K. L., Jerse, A. E., Criss, A. K. Evaluating vaccine-
536 elicited antibody activities against <i>Neisseria gonorrhoeae</i> : cross-protective responses elicited by the
537 4CMenB meningococcal vaccine. Infection and Immunity (2023) 91.

538 49, Smirnov, A., Daily, K. P., Gray, M. C., Ragland, S. A., Werner, L. M., Brittany Johnson, M., Eby, J. C., Hewlett, E. L.,
539 Taylor, R. P, Criss, A. K. Phagocytosis via complement receptor 3 enables microbes to evade killing by neutrophils.
540 Journal of Leukocyte Biology (2023) 114, 1-20.

541 50. Aleman, O. R. and Rosales, C. Human neutrophil Fc gamma receptors: different buttons for different responses. J
542 Leukoc Biol (2023) 114, 571-584.

543  51. Lim, J. and Hotchin, N. A. Signalling mechanisms of the leukocyte integrin aMP2: Current and future
544 perspectives. Biology of the Cell (2012) 104, 631-640.

545 52. Alcott, A. M., Werner, L. M., Baiocco, C. M., Belcher Dufrisne, M., Columbus, L., Criss, A. K. Variable Expression of
546 Opa Proteins by Neisseria gonorrhoeae Influences Bacterial Association and Phagocytic Killing by Human
547 Neutrophils. Journal of Bacteriology (2022) 204.

548  53. Sadarangani, M., Pollard, A. J., Gray-Owen, S. D. Opa proteins and CEACAMs: pathways of immune engagement
549 for pathogenic<i>Neisseria</i>. FEMS Microbiology Reviews (2011) 35, 498-514.

550 54, Borregaard, N. Neutrophils, from Marrow to Microbes. Immunity (2010) 33, 657-670.
551 55. Konrad, F. M., Wohlert, J., Gamper-Tsigaras, J., Ngamsri, K.-C., Reutershan, J. How Adhesion Molecule Patterns

552 Change While Neutrophils Traffic through the Lung during Inflammation. Mediators of Inflammation (2019)
553 2019, 1-16.

554 56. Metzemaekers, M., Gouwy, M., Proost, P. Neutrophil chemoattractant receptors in health and disease: double-
555 edged swords. Cell Mol Immunol (2020) 17, 433-450.

556 57. Ferrer-Font, L., Small, S. J., Hyde, E., Pilkington, K. R., Price, K. M. (2024) Panel Design and Optimization for Full
557 Spectrum Flow Cytometry. Springer US 99-124.

558 58. Foster, C. A. VCAM-1/a4-integrin adhesion pathway: Therapeutic target for allergic inflammatory disorders.
559 Journal of Allergy and Clinical Immunology (1996) 98, S270-5277.

560 59. Potter, A. D., Edwards, V. L., D’Mello, A., Gray, M. C., Shetty, A. C., Forehand, A. L., Westlake, C. S., Lamb, E. R,,
561 Zhao, X., Ragland, S. A., Criss, A. K., Tettelin, H. Dual species transcriptomics reveals conserved metabolic and
562 immunologic processes in interactions between human neutrophils and Neisseria gonorrhoeae. PLOS Pathogens
563 (2024) 20, e1012369.

564 60. Hafeman, D. G., McConnell, H. M., Gray, J. W., Dean, P. N. Neutrophil activation monitored by flow cytometry:
565 stimulation by phorbol diester is an all-or-none event. Science (1982) 215, 673-5.

566 61. London, D., Elhasid, R., Baron, S. Determination of reference intervals for neutrophil granular enzymes is affected
567 by cell isolation techniques. J Immunol Methods (2022) 510, 113346.

568  62. Spurgeon, B. E. J. and Naseem, K. M. Platelet Flow Cytometry: Instrument Setup, Controls, and Panel
569 Performance. Cytometry Part B: Clinical Cytometry (2020) 98, 19-27.

570 63. Tung, J. W., Heydari, K., Tirouvanziam, R., Sahaf, B., Parks, D. R., Herzenberg, L. A., Herzenberg, L. A. Modern Flow
571 Cytometry: A Practical Approach. Clinics in Laboratory Medicine (2007) 27, 453-468.

572  64. Stevens, J. S. and Criss, A. K. Pathogenesis of Neisseria gonorrhoeae in the female reproductive tract:
573 neutrophilic host response, sustained infection, and clinical sequelae. Current Opinion in Hematology (2018) 25,
574 13-21.

575 65. Quillin, S. J. and Seifert, H. S. Neisseria gonorrhoeae host adaptation and pathogenesis. Nature Reviews

576 Microbiology (2018) 16, 226-240.


https://doi.org/10.1101/2024.12.01.626241
http://creativecommons.org/licenses/by-nc/4.0/

577
578
579
580
581
582
583
584
585
586
587
588
589
590
591
592
593
594
595
596
597
598
599

600

601

602

66.

67.

68.

69.
70.

71.

72.

73.

74.

75.

76.

bioRxiv preprint doi: https://doi.org/10.1101/2024.12.01.626241; this version posted December 5, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

available under aCC-BY-NC 4.0 International license.

Palmer, A. and Criss, A. K. Gonococcal Defenses against Antimicrobial Activities of Neutrophils. Trends in
Microbiology (2018) 26, 1022-1034.

Rest, R. F. and Shafer, W. M. Interactions of Neisseria gonorrhoeae with human neutrophils. Clinical Microbiology
Reviews (1989) 2, S83-S91.

Criss, A. K. and Seifert, H. S. A bacterial siren song: intimate interactions between Neisseria and neutrophils.
Nature Reviews Microbiology (2012) 10, 178-190.

Wiesner, P. J. and Thompson, S. E., 3rd Gonococcal diseases. Dis Mon (1980) 26, 1-44.

Simons, M. P., Nauseef, W. M., Apicella, M. A. Interactions of <i>Neisseria gonorrhoeae</i> with Adherent
Polymorphonuclear Leukocytes. Infection and Immunity (2005) 73, 1971-1977.

Criss, A. K., Katz, B. Z., Seifert, H. S. Resistance of<i>Neisseria gonorrhoeae</i>to non-oxidative killing by
adherent human polymorphonuclear leucocytes. Cellular Microbiology (2009) 11, 1074-1087.

Johnson, M. B. and Criss, A. K. Resistance of Neisseria Gonorrhoeae to Neutrophils. Frontiers in Microbiology
(2011) 2.

Németh, T. and Mdcsai, A. Feedback Amplification of Neutrophil Function. Trends in Immunology (2016) 37, 412-
424,

Kalafati, L., Hatzioannou, A., Hajishengallis, G., Chavakis, T. The role of neutrophils in trained immunity.
Immunological Reviews (2023) 314, 142-157.

Xie, X., Shi, Q., Wu, P,, Zhang, X., Kambara, H., Su, J., Yu, H., Park, S.-Y.,, Guo, R., Ren, Q., Zhang, S., Xu, Y.,
Silberstein, L. E.,, Cheng, T., Ma, F, Li, C., Luo, H. R. Single-cell transcriptome profiling reveals neutrophil
heterogeneity in homeostasis and infection. Nature Immunology (2020) 21, 1119-1133.

Yin, S., Li, C., Zhang, Y., Yin, H., Fan, Z., Ye, X., Hu, H., Li, T. A Novel Tumor-Associated Neutrophil-Related Risk
Signature Based on Single-Cell and Bulk RNA-Sequencing Analyses Predicts the Prognosis and Immune Landscape
of Breast Cancer. Journal of Cancer (2024) 15, 5655-5671.

Table 1. Antibodies and

Ab # Marker Other Name(s) Fluorochrome Vendor Clone Cat. No. Concentrsa't(i);: antibody /tepsI; antibodyc/‘:::t.
1 Viability Live-Dead Zombie NIR BioLegend - 423105 1,000x 1
2 (or CE’:’r’g‘zo;Oi::g::S Gonococcus CellTrace Blue Thermo - C34568 5mM 1 5uM
3 CCM (1,3,6) CD66a,d,c NFYellow 700* Santa Cruz YTH71.3 sc-59898 225pg/mL 25 562.5ng/mL|
4 CD64 FecyRI BV 605 BioLegend 10.1 305033 100ug/mL 25 250ng/mL
5 CD32 FcyR2 BUV 496 BD 3D3 750498 200pg/mL 0.625 125ng/mL
6 CD16 FcyRIIl BUV 737 Thermo CB16 367-0168-42 25pg/mL 2.5 62.5ng/mL
7 CD63 BV 711 BioLegend H5C6 353041 100ug/mL 5 500ng/mL|
8 CD66b CEACAMS8 BV 421 BioLegend 6/40c 392915 50ug/mL 2.5 125ng/mL
9 CD35 CR1 BV 750 BD E11 747132 200pg/mL 1.25 250ng/mL
10 CD11b-total Mac1, Complement eFluor 506 Thermo ICRF44 69-0118-42 25pg/mL 5 125ng/mL|
1 CD11b-activated Receptor 3, CR3, ayB, AF 700 Thermo CBRM1/5 56-0113-42 100ug/mL 25 250ng/mL|
12 cD18 integrin BUV 805 BD 6.7 749381 200pg/mL 5 1000ng/mL
13 CD62L L-Selectin APC-Fire810 BioLegend DREG-56 304865 100pg/mL 2.5 250ng/mL
14 CD54 ICAM-1 BUV 563 BD LB-2 741442 200pg/mL 1.25 250ng/mL
15 CD172 SIRPa/B BV 650 BD SE5A5 743565 200pg/mL 25 500ng/mL|
16 CD44 PerCP-Cy5.5 Thermo M7 45-0441-82 200pg/mL 25 500ng/mL
17 CcD47 i”‘eg”’;::ﬁfi("l‘;‘; PE-Cy7  BioLegend ccacs 323113 200ug/mL 25 500ng/mL
18 CXCR1 IL8R, CD181 PE BioLegend 8F1/CXCR1 320608 100pg/mL 1.25 125ng/mL
19 BLT1 BV 786 BD 203/14F11 744669 200pg/mL 1.25 250ng/mL|
20 fPR1 AF 647 BD 5F1 565623 200pg/mL 2.5 500ng/mL|
21 C5aR1 CD88 PE-Dazzle 594 BioLegend S5/1 344317 200pg/mL 25 500ng/mL|
22 CD14 eFluor 450 Thermo 61D3 48-0149-42 100ug/mL 1.25 125ng/mL
23 CD14 BV 711 BD MoP9 563373 200pg/mL 2.5 500ng/mL|
24 CD49d PE-Cy7 BioLegend 9F10 304313 200pg/mL 2.5 500ng/mL|

*Conjugated with NovaFluor Yellow 700 Kit, ThermoFisher KO6T04L015


https://doi.org/10.1101/2024.12.01.626241
http://creativecommons.org/licenses/by-nc/4.0/

603

604

605

606

607

608

609

610

611

612

613

614

615

616

617

618

619

620

621

622

623

624

625

626

627

628

629

bioRxiv preprint doi: https://doi.org/10.1101/2024.12.01.626241; this version posted December 5, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC 4.0 International license.

Figure Legends

Figure 1. PMN Spectral Flow Cytometry Panel Surface Markers/Parameters Grouped by
Functional Category. Schematic of the selected parameters in the PMN spectral flow cytometry panel,
organized by function. Where applicable, cluster of differentiation (CD) label is listed with other common names
in parentheses. Zombie Near-Infrared (ZNIR); FcyReceptor (FcyR); Complement Receptor (CR);
Carcinoembryonic antigen-related cell adhesion molecules (CCM); Integrin Associated Protein (IAP);

Intercellular Adhesion Molecule 1 (ICAM-1); Signal-regulatory protein (SIRP).

Figure 2. PMN Spectral Flow Cytometry Panel Surface Marker Fluorochrome Pairings, Similarity,
and Complexity. (A) Representation of the Cytek Aurora 5-laser spectral flow cytometer detector array with
355-, 405-, 488-, 561-, and 640-nm laser configuration. Approximate peak emission wavelengths are listed top
to bottom for each laser with corresponding detector array. Fluorochromes are listed in their peak detector slot
with their cognate surface marker/parameter. The UV2 (CellTrace Blue/BUV395) and B2 detector channels
have been left available for customization. (B) The similarity of each of the tested 22 fluorochromes’ predicted
spectral fingerprints compared to each other was calculated using Cytek’s Full Spectrum Viewer. Calculated
similarity is shown in each cell with a value of 0.0 indicating no similarity and 1.0 indicating exact similarity. The
overall complexity index is shown at the top right. (C) The similarity and complexity are shown as in panel (B)

but with the AlexaFluor 488 (AF488) fluorochrome included.

Figure 3. Gating Strategy for Live Primary Human PMNs. (A) The PMN/granulocyte population was
gated from Ficoll-purified cells (see Materials and Methods) based on characteristic forward and side scatter
profiles (i; FSC-A, SSC-A), followed by gating on singlet cells (ii), CD14 Low events (iii), and live cells (iv;
Zombie near-infrared (NIR) exclusion). (B) The CD14 gate was set using a mixture of purified PMNs and cells
collected from the Ficoll-PBS interface during PMN preparation which is enriched in CD14 High Monocytes.
The Monocyte gate was set on the characteristic FSC-A and SSC-A profiles (i) with this gate being used to
delineate CD14 High from CD14 Low populations (ii). (C) The viability (Zombie NIR) gate was set using a 1:1

mixture of viable and heat-killed PMNs. (D) The PMN/granulocyte population was gated on characteristic FSC-
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A and SSC-A profiles (i) followed by singlet cells (ii) and live cell events (iii) as described above. Live cells were
gated into the CD49d Low population (iv) which was determined by labeling UltraComp Beads to determine

neutrophil and eosinophil representation within the PMN gate.

Figure 4. Assessing PMN Activation by Phorbol Ester and Intra-subject Variability Using High-
dimensional Spectral Flow Cytometry. PMNs were purified from a single individual (Subject #1) on three
separate days, represented by different colors/shapes. The median fluorescence intensity (MFI) was calculated
for each parameter of the spectral flow cytometry panel. (A) Proteins with greater surface expression following
PMA treatment compared to adherence alone (Adh) in each replicate. (B) Proteins with reduced surface
expression following PMA treatment compared to adherence alone in all replicates. (C) Proteins with no
consistent change in surface MFI between replicates. Statistical analyses were performed on unpaired log-
transformed data, Student’s t-test. P-value indicated (0.05<p<0.10) or *=p<0.05, **=p<0.01, ***=p<0.001,
****=p<0.0001, ns = not significant. Negative MFI values at the population level were set to a value of 1.0 for

graphing, log transformation, and subsequent statistical analyses.

Figure 5. Assessment of Inter-subject Variability of PMN Activation with High-dimensional
Spectral Flow Cytometry. Three individual subjects were assayed on separate days. Subject #1 (open circle)
was assayed three separate times as in Figure 4 with each replicate averaged together. Subjects #2 (gray
square) and #3 (black triangle) were each assayed separately. Surface markers were analyzed via median
fluorescence intensity (MFI) for those that were (A) consistently upregulated with PMA compared to
adherence-alone (Adh) for each subject, (B) upregulated in two out of three subjects, (C) downregulated in
each of the three subjects, or (D) showed no consistent trend between the three subjects with PMA stimulation.
Statistical analyses were performed on unpaired log-transformed data, Student’s t-test. P-value indicated
(0.05<p<0.10) or *=p<0.05, **=p<0.01, ***=p<0.001, ****=p<0.0001, ns = not significant. Negative MFI values
at the population level were set to a value of 1.0 for graphing, log transformation, and subsequent statistical

analyses.
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Figure 6. Stimulated PMN Phenotypic Subsets Following UMAP Dimensional Reduction. A
representative replicate of Subject #1's PMA-stimulated PMNs and stained with the full spectral flow cytometry
panel were processed and analyzed via uniform manifold approximation and projection (UMAP) dimensional
reduction using OMIQ flow cytometry software. Top row: adherent-alone (Adh, gray) and PMA-stimulated
(PMA, green) PMN events arrayed by the two principal UMAP components (umap_1 and umap_2). Each of the

19 surface markers analyzed on live PMNs is displayed by the two principal UMAP components and by color

intensity (red = highest surface expression, blue = lowest surface expression).

Figure 7. Fluorescently-labeled Bacteria Alter PMN Surface Protein Expression in an Infectious
Dose-Dependent Manner. Primary human PMNs were adhered as above with or without challenge with
CellTrace Blue-labeled N. gonorrhoeae at a multiplicity of infection (MOI) of 1 or 10 bacteria per PMN and
analyzed via spectral flow cytometry. (A) Surface proteins which were consistently elevated upon Neisseria
infection compared to adherent-alone (Adh) conditions and trended upwards in a dose-dependent manner
(MOI 1 versus 10). (B) PMN markers which increased with an infection of 1 bacterium per PMN over adherent-
alone PMNs but decreased in the MOI of 10 condition versus MOI of 1. (C) Surface markers which consistently
decreased with bacterial infection in each replicate in an infectious dose-dependent manner. (D) Surface
markers which showed no consistent trends between replicates of N. gonorrhoeae infection. (E) Percent
positivity and CellTrace Blue MFI of PMNs in each condition as a representation of direct association with
fluorescently-labeled N. gonorrhoeae. (F) Representative distribution of CellTrace Blue intensity in the

adherent alone, MOI 1, and MOI 10 conditions. Marker denotes gating limits of positive CellTrace Blue signal.

Figure 8. Imaging Flow Cytometry Demonstrates Bacterial Burden on Single PMN Level. Primary
human PMNs were isolated and adhered as described and infected with CellTrace-labeled N. gonorrhoeae at
a ratio of 1 bacterium per PMN for 1 hour and assayed via imaging flow cytometry. (A) Focused, single cell
events were gated into events based on CellTrace median fluorescence intensity. CellTrace-negative events
were classified as having No N. gonorrhoeae, whereas CellTrace-positive PMNs were classified as being

associated with N. gonorrhoeae. CellTrace-positive PMNs were further subdivided into N. gonorrhoeae Low
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and N. gonorrhoeae High groups by quartile. (B) Statistics from panel (A) are shown with number of events,
percentages, and geometric median fluorescent intensities (MFIs) in each gate. (C) Representative
micrographs from each gate of panel (A) showing the brightfield channel, CellTrace/N. gonorrhoeae channel
and a merged channel demonstrating bacterial burden on a single PMN basis. Numbers in the top lefthand

corner of each image series represents the event number acquired out of ten thousand individual focused

singlet events.

Figure 9. Differential Surface Marker Expression Patterns Based on Bacterial Burden and Direct
Association. (A) Histogram of CellTrace positivity from Figure 8 which were challenged with CellTrace-Blue
labeled N. gonorrhoeae at a multiplicity of infection (MOI) of 1 bacterium per PMN or adhered alone without
bacterial exposure (Adh). PMNs in the N. gonorrhoeae infected condition were subgated by CellTrace Blue
intensity as described in Figure 8 into a No Neisseria population and populations with Low and High bacterial
burdens based on fluorescence quartiles. (B) CellTrace Blue/N. gonorrhoeae MFI from three independent
experiments (different colors/shapes) separated by bacterial burden subgate. Adherent-alone PMNs (Adh) to
the left of the dotted line displayed as a control. (C) PMN markers which consistently increased with N.
gonorrhoeae infection over adhered-alone conditions and in a bacterial burden-dependent manner, i.e. High
Neisseria over Low Neisseria. (D) Surface markers which consistently decreased in a bacteria burden-
dependent manner and compared to adherent-alone. (E) Surface markers which consistently increased with N.
gonorrhoeae infection compared to adhered-alone PMNs, but with no bacteria burden-dependent variation in
surface protein expression. (F) Surface markers which consistently decreased with N. gonorrhoeae infection
compared to adhered alone PMNs but with no bacterial burden-dependent variation in surface protein
expression. (G) PMN surface markers which showed either no change in expression or no consistent trends in

variation between replicates.

SUPPLEMENTAL FIGURE 1. Ficoll-purified cells were adhered and stained (see Materials and
Methods) for markers enriched in different leukocyte populations. (A) Cells were gated into PMNs based on the

characteristic forward and side scatter profiles (FSC-A, SSC-A), single cells events, and live cells by Zombie
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near-infrared (NIR) exclusion. (B) Cells were gated by positivity for canonical neutrophilic markers CD16,
CD66b, and CD11b. Cells were further assessed for their low expression of the major monocyte surface

marker CD14 (C) or eosinophil marker CD49d (D).

SUPPLEMENTAL FIGURE 2. Purified primary human PMNs from Subject #1 replicate #1 that were
stimulated or not with PMA were stained with the full spectral flow cytometry panel. PMNs were then processed
and analyzed via UMAP dimensional reduction using OMIQ flow cytometry software. Top row: adherent-alone
(Adh, gray) and PMA-stimulated (PMA, red) PMN events arrayed by the two principal UMAP components
(umap_1 and umap_2). Each of the 19 surface markers analyzed on live, PMA-treated PMNs is displayed by
the two principal UMAP components and by color intensity (red = highest surface expression, blue = lowest

surface expression).

SUPPLEMENTAL FIGURE 3. UMAP dimensional reduction of the spectral flow cytometry profiles of
PMNSs from Subject #1, replicate #2, with and without PMA treatment, conducted as in Supplemental Figure 2.
Top row: adherent-alone (Adh, gray) and PMA-stimulated (PMA, cyan) PMN events arrayed by the two
principal UMAP components (umap_1 and umap_2). Each of the 19 surface markers analyzed on live, PMA-
treated PMNs is displayed by the two principal UMAP components and by color intensity (red = highest surface

expression, blue = lowest surface expression).

SUPPLEMENTAL FIGURE 4. UMAP dimensional reduction of the spectral flow cytometry profiles of
PMNs from Subject #2, replicate #1, with and without PMA treatment, conducted as in Supplemental Figure 2.
Top row: adherent-alone (Adh, gray) and PMA-stimulated (PMA, violet) PMN events arrayed by the two
principal UMAP components (umap_1 and umap_2). Each of the 19 surface markers analyzed on live, PMA-
treated PMNs is displayed by the two principal UMAP components and by color intensity (red = highest surface

expression, blue = lowest surface expression).
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SUPPLEMENTAL FIGURE 5. UMAP dimensional reduction of the spectral flow cytometry profiles of
PMNSs from Subject #3, replicate #1, with and without PMA treatment, conducted as in Supplemental Figure 2.
Top row: adherent-alone (Adh, gray) and PMA-stimulated (PMA, blue) PMN events arrayed by the two principal
UMAP components (umap_1 and umap_2). Each of the 19 surface markers analyzed on live, PMA-treated

PMNs is displayed by the two principal UMAP components and by color intensity (red = highest surface

expression, blue = lowest surface expression).

SUPPLEMENTAL FIGURE 6. Adherent primary human PMNs were infected with CellTrace-labeled N.
gonorrhoeae at a ratio of 1 bacterium per PMN for 1 hr then collected for spectral cell sorting flow cytometry as
described. PMNs were stained with Zombie near-infrared (NIR) viability dye and run on the Cytek Aurora CS
Cell Sorter, with the PMNs collected into Eppendorf tubes. Shown is the distribution of ZNIR viability dye
fluorescence intensity from post-sorting PMNs (violet) compared to a mixture of live and heat-killed PMNs

(gray). Y-axis reports the normalized count frequency for the number of collected events.
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