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CHARACTERIZATION OF THE PHENOTYPE AND FUNCTIONAL PROPERTIES 

OF MYELOID SUBPOPULATIONS IN CHRONIC INFLAMMATORY 

CONDITIONS  

KRYSTLE LEANDRA ONG 

BIOMEDICAL SCIENCES 

ABSTRACT  

Myeloid cells represent a subset of leukocytes traditionally recognized as first 

responders to acute inflammatory stimuli. In recent years, there has been a growing 

appreciation of the role of myeloid cells as critical regulators of the immune system in 

disease pathogenesis and progression. Chronic inflammatory diseases including viral 

infections, autoimmune diseases, and malignancies are frequently associated with altered 

myelopoiesis characterized by a profound shift in the myeloid cell phenotype and function. 

The work presented in this dissertation provides an insight into dysregulated myelopoiesis 

and myeloid heterogeneity in multiple myeloma (MM), human immunodeficiency virus-1 

(HIV-1), and coronavirus disease-19 (COVID-19). We identify a distinct myeloid 

phenotype in a subset of MM patients that is characterized by significant differences in the 

properties of granulocytic and monocytic subpopulations indicative of altered 

myelopoiesis. Characteristic features of the phenotype, termed MM2, are associated with 

myeloma-defining events and advanced stage disease. We identify and characterize an 

immature neutrophil (imN) subpopulation defined as CD16-CD10-

CXCR2loCD64+CD66b+ with distinct phenotype and function. imNs are readily 

identifiable in whole blood in HIV-1, COVID-19, and MM and demonstrate signs of 

proliferative activity. Furthermore, we examine the interactions between neutrophils and 
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platelets as a mechanism for promoting the low-density neutrophil phenotype. Overall, 

these findings provide a framework for future investigations focusing on altered myeloid 

phenotype and function in chronic inflammatory diseases and novel approaches for 

therapeutic intervention. 
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INTRODUCTION 

NEUTROPHILS IN THE INNATE IMMUNE SYSTEM  

Neutrophils, first discovered by Paul Ehrlich in 1880 [1], are polymorphonuclear 

leukocytes recognized as essential effector cells of the innate immune system [2, 3]. 

Produced by the bone marrow, neutrophils comprise 50-70% of all nucleated cells with an 

estimated daily production of up to 2 x 1011 cells [4]. Neutrophils undergo several 

maturation stages characterized by changes the in nuclear morphology and sequential 

formation of granules [5, 6]. The early myeloblast and promyelocyte stages display banded 

and non-segmented nuclei, respectively [5]. The start of granule formation marks the 

transition from the myeloblast to promyelocyte stage, during which primary (azurophil) 

granules are formed [5, 6]. Azurophilic enzymes, including myeloperoxidase (MPO) and 

elastase [5-7], exert microbicidal properties and contribute to the digestion of 

microorganisms [6, 8, 9]. Specific (secondary) granule enzymes, including lactoferrin that 

exerts antibacterial properties [10, 11]  and gelatinase granule enzymes that are critical for 

neutrophil migration [12, 13], are filled at the myelocyte and metamyelocyte stages, 

respectively [6]. From the metamyelocyte stage, the nucleus continues to form distinct 

lobes until the neutrophil becomes a fully mature polymorphonuclear cell [5].  

Neutrophils are critical to the innate immune response. They are traditionally 

recognized as the first leukocytes recruited to the sites of inflammation [2, 3] with the 

ability to migrate to secondary lymphoid organs, including the lymph nodes [14-16]. CXC 

motif chemokine receptors 2 (CXCR2) and 4 (CXCR4) antagonistically mediate the release 
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of neutrophils from the bone marrow [17, 18] and inflammatory mediators, including 

interleukin-8 (IL-8) and leukotriene B4 (LTB4), facilitate the activation and initiation of 

the leukocyte recruitment cascade, including diapedesis toward the site of inflammation 

[19-21]. Neutrophils cooperate with other immune cell types to effectively mediate the 

inflammatory response and eliminate pathogens. 

Increasing evidence demonstrates that neutrophil cross-talk with innate and 

adaptive immune cells results in a potent immune response. For example, macrophage 

interactions with apoptotic or activated neutrophils in a model of Mycobacterium 

tuberculosis infection demonstrated enhanced microbicidal activity and upregulation of 

pro-inflammatory cytokines, including tumor necrosis factor- α  (TNF-α) and interleukin-

6 (IL-6) [22, 23].  Further, supernatant from mouse neutrophil culture, previously exposed 

to Toxoplasma gondii, was shown to induce the maturation of bone marrow-derived 

dendritic cells and production of cytokines TNF and interleukin-12 (IL-12) [24]. Human 

neutrophils have been demonstrated to induce the maturation of monocyte-derived 

dendritic cells mediated through Mac-1 and DC-SIGN expressed by neutrophils and 

dendritic cells, respectively through direct cell-cell contact [25, 26]. Regarding adaptive 

immune cells, neutrophils were demonstrated to secrete and regulate cytokines that are 

critical for the maturation and differentiation of B cells, including B cell-activating factor 

(BAFF) and TNF ligand superfamily 13 (APRIL) [27, 28], and have been shown to 

facilitate the activation of naïve CD4+ T cells in the lung during infection with 

Mycobacterium tuberculosis [29].   
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THE FUNCTIONS OF NEUTROPHILS IN ACUTE AND CHRONIC 

INFLAMMATORY CONDITIONS 

The role of neutrophils during acute infection 

During acute inflammatory conditions, signals, including danger-associated 

molecular patterns (DAMPs) released by damaged or dying cells and toll-like receptors 

(TLRs) expressed on sentinel cells, induce the rapid recruitment of neutrophils to the site 

of inflammation [2, 30, 31]. Neutrophils and other myeloid cells attempt to contain the 

infection, consequently reducing the risk of systemic inflammation [2, 32]. However, in 

cases where myeloid cells are overwhelmed, the demand for granulocytes dramatically 

increases. A switch from steady-state granulopoiesis to emergency granulopoiesis, 

characterized by rapid de novo generation and release of immature and mature neutrophils 

into peripheral blood, occurs to replenish dying cells [32].  

Once at the site of infection, neutrophils employ multiple mechanisms to eliminate 

invading pathogens. Pro-inflammatory cytokines, including granulocyte colony-

stimulating factor (G-CSF), interleukin-1 (IL-1), and TNF-, play critical roles in the 

activation of nicotinamide adenine dinucleotide phosphate (NADPH) oxidase [33-36]. 

NADPH oxidase produces reactive oxygen species (ROS); mainly superoxide anion and 

hydrogen peroxide [37]. Phagocytosis, the ingestion of microbes or foreign material, 

involves hydrolytic enzymes including lysozyme, lipases, and proteases. These 

antimicrobial proteins are secreted into the phagosome to break down pathogens and 

further promote ROS release, enhanced by exposure to cytokines tumor necrosis factor- 

(TNF-) or interferon- (IFN-) [2, 38, 39].  
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NETosis, discovered by Volker Brinkmann in 2004, is a novel mechanism by which 

neutrophils release neutrophil extracellular traps (NETs) [40]. NETs are large web-like 

structures of decondensed chromatin containing microbicidal proteins to kill large 

pathogens [40, 41]. Accumulating evidence suggests NETs prevent the dissemination of 

pathogens by their direct elimination utilizing proteases and antimicrobial proteins [41-43]. 

NETs have been demonstrated to reduce the activation threshold of T cells, enhancing T 

cell response to antigens providing a bridge between the innate and adaptive immune 

systems [44].  

The role of neutrophils during chronic inflammatory diseases 

Though neutrophils play a critical role in the initial host defense, compelling 

evidence has provided a deeper appreciation for neutrophils as a dynamic cell population 

with diverse functions in chronic inflammatory settings. Pathologically-activated 

neutrophils recruited by inflammatory mediators, IL-1, IL-12, GM-CSF, TGF- 

andTNF- [45-49], express elevated levels of programmed-death ligand 1 (PD-L1) and 

exert immunosuppressive functions including interference with T-cell signaling and 

function through release of arginase-1, peroxynitrite, and hydrogen peroxide.  

 

Primed neutrophils can contribute to a chronic inflammatory disease state through 

several mechanisms, including the synthesis and secretion of cytokines and chemokines. 

Activated neutrophils continually produce TNF-, IL-1, IL-12, and TGF-, which serve 

as inflammatory mediators to sustain the activation of neutrophils and other immune cells 

[45-48]. In addition, stimuli including TNF- and granulocyte-macrophage colony-

stimulating factor (GM-CSF) promote the production and release of IL-8 [50], critical to 
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neutrophil functions including respiratory burst, degranulation, and chemotaxis [51, 52]. 

Further, chemotactic factors released by cancer cells have been shown to activate and 

recruit alternatively differentiated neutrophils, thus promoting their tumor-protective 

effects. Chemokine receptor agonists CXCR1 and CXCR2 have been suggested to serve 

as critical mediators of cancer-associated NETosis [53, 54].  

Emerging evidence strongly suggests that excessive and deregulated NET 

formation promotes the development of multiple chronic inflammatory diseases, including 

arterial thrombosis [55, 56], cardiovascular diseases (CVD) [57-59], and cancer [60-63]. 

NETs provide a scaffold for platelets and red blood cells and promote the release of 

procoagulant factors including tissue factor and platelet factor XII, resulting in thrombus 

formation [55, 64]. NETs have been implicated in the development of cancer-associated 

thrombosis in multiple cancer models, including mammary and lung carcinomas [60]. 

Strong associations between NET formation and the frequency of neutrophils in the TME 

have been described [65, 66]. NETs have been imaged in the tumor microenvironment 

(TME) [67, 68]. Cedervall et al. demonstrated the ability of NETs to trap circulating tumor 

cells that subsequently survive and proliferate thus promoting metastasis [69].  

Neutrophil phenotype and function are inevitably influenced by several factors, 

including the extracellular environment and cytokine milieu. Studies have demonstrated 

that the reprogramming of myeloid differentiation in the bone marrow due to the cytokine 

environment results in a profound shift of neutrophil phenotype and function in disease 

[70, 71]. Specific research into distinct neutrophil subpopulations and their functions have 

contributed to our understanding of the diverse roles neutrophils play in chronic 

inflammatory diseases. 
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Figure 1. Neutrophil functions in acute and chronic inflammatory diseases. Left panel: 

acute infection or acute trauma-associated activation signals, including pathogen-

associated molecular patterns (PAMPs), danger-associated molecular patterns (DAMPs), 

toll-like receptors (TLRs) ligands, and bacterial peptides, mobilize neutrophils from the 

bone marrow mediated by interleukin-8 (IL-8) and granulocyte-colony stimulating factor 

(G-CSF). Classic neutrophil functions activate the adaptive immune system and eliminate 

the threat. Right panel: chronic infection or cancer-associated activation signals, including 

the consistent production of inflammatory cytokines, continually activate neutrophils and 

promote alternative and immunosuppressive functions, including consistent production of 

reactive oxygen species (ROS), nitric oxide (NO), and release of neutrophil extracellular 

traps (NETs), contributing to the inhibition of adaptive immunity and immune suppression. 

Created with BioRender.com 
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NEUTROPHIL HETEROGENEITY AND FUNCTIONS OF DISTINCT 

SUBPOPULATIONS 

 The knowledge regarding the phenotypic, functional, and transcriptional diversity 

of neutrophils has substantially increased due to the identification of novel neutrophil 

subpopulations in acute and chronic inflammatory conditions [70, 72-75]. The discovery 

of neutrophil subpopulations with specific roles and functions in disease has changed our 

understanding of neutrophil plasticity and their potential clinical implications [76, 77]. 

These observations strongly suggest that neutrophil progenitors, immature, and mature 

neutrophil subpopulations have critical and distinct roles in inflammatory diseases. 

Neutrophil progenitor subpopulations 

A proliferating subpopulation of neutrophil progenitors, preNeus, was first 

identified by Evrard et al. in 2018 [76]. PreNeus were observed to be expanded in the bone 

marrow and spleen during conditions of immune stress induced by sepsis or tumor-related 

factors [76]. Subsequent studies performed by Kwok et al. and Dinh et al. in 2020 

independently described additional early neutrophil progenitors, including proNeu1, 

proNeu2, and eNeps [77, 78]. Kwok et al. described subpopulations proNeu1 and proNeu2 

that represent early committed neutrophil progenitor and intermediate neutrophil progeny, 

respectively, and mapped the neutrophil development process using combinatorial methods 

based on single-cell sequencing technologies [77]. They proposed that proNeu1 was the 

first committed neutrophil progenitor that arose from the granulocyte-monocyte progenitor 

(GMP) which then matured into proNeu2, preNeu, and finally progressed to the immature 

neutrophil stage corresponding to myeloblasts [77]. They further observe that the proNeu1 
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subpopulation was expanded in the early phases of a sepsis model; however, both proNeu1 

and proNeu2 could give rise to mature neutrophils [77].  

Dinh et al. proposed that early neutrophil progenitors (eNeps), which co-express 

CD71 and CD117, serve as precursors to preNeus [78]. In addition, the study identified 

five separate neutrophil subpopulations in the bone marrow that integrate into the 

neutrophil maturation pathway [76, 78]. Though Zhang et al. provide a detailed summary 

regarding the knowledge of identified neutrophil subpopulations, it remains unclear 

whether the immature subpopulations and progenitors develop into functionally distinct 

neutrophils [79]. These data strongly suggest a critical role for neutrophil progenitor 

subpopulations in disease and provide the foundation for potential therapeutic 

interventions. The infusion of proNeus in the bone marrow after stem cell transplantation 

was proposed as a potential approach to rapidly repopulate neutrophils and strengthen the 

immune system [77].  

In addition to neutrophil progenitor subpopulations, a Ly6GloCXCR2-CD101neg 

immature neutrophil subpopulation in mice was observed to be positively correlated with 

tumor burden in an orthotopic pancreatic tumor model suggestive of immunosuppressive 

activity [76]. Further, CD71+ immature neutrophils were reported to be expanded in the 

circulating blood and TME in melanoma patients [78].  

Low-density neutrophils 

 Hacbarth and Kajdacsy-Balla first discovered a subpopulation of neutrophils in 

patients with systemic lupus erythematosus (SLE) that exhibited lower density and co-

localized with monocytes and lymphocytes in the peripheral blood mononuclear cell 

(PBMC) layer after density gradient centrifugation [75]. Patients with SLE had a 
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significantly higher frequency of low-density neutrophils (LDNs) compared to healthy 

donors [75]. LDNs have since been described to be expanded in other conditions, including 

autoimmune diseases, human immunodeficiency virus-1 (HIV-1), CVD, common variable 

immunodeficiency syndrome (CVID), and cancer [70, 73, 80, 81].  

 LDNs exert immunosuppressive functions including interference with T-cell 

function and differentiation and ROS production [82, 83]. LDN frequency was positively 

correlated with decreased expression of the zeta chain of the T-cell receptor (TCR) 

primarily used in T-cell signaling [83]. LDNs are shown to be resistant to ROS through 

Nrf2 [84]. Recent studies have demonstrated that LDNs can release hydrogen peroxide 

upon bacterial stimulation or in cancerous conditions inhibiting T-cell function [83, 85]. 

Further, LDN-derived ROS has been demonstrated to modify the TCR, resulting in the 

interference with T-cell binding to major histocompatibility complexes (MHCs) and 

induction of antigen-specific tolerance [86]. Our laboratory had previously reported that 

the frequency of LDNs are significantly increased in HIV-1-infected patients and the 

expression of PD-L1 on LDNs increases upon co-incubation of LDNs with HIV-1 virions 

[80]. Additionally, we observed reduced expression of the zeta chain of the TCR correlated 

with high PD-L1 expression on neutrophils.  

Previously studied as one subpopulation, the phenotypic, transcriptional, and 

functional heterogeneity of LDNs has become increasingly appreciated. Sagiv et al. 

reported that LDNs consist of immature (imLDN) and mature (mLDN) subpopulations, 

indicated by differences in nuclear morphology and size in peripheral blood of lung and 

breast cancer patients [70]. In addition, CD10 expression, associated with mature 

neutrophils [87], was reported to be absent on imLDNs in SLE and cancer patients [74, 
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88]. Detailed transcriptional analyses reveal that CD10- imLDNs exert enhanced 

transcriptional activity demonstrating an upregulation of genes associated with cell cycle 

progression and decreased expression of genes related to chemotaxis [74]. In addition, 

CD10- imLDNs displayed increased expression of transcription factors GF11 and CEBPE 

which were previously reported to be expressed by neutrophil progenitors [74, 76]. CD10+ 

mLDNs demonstrated upregulated expression of genes associated with Type-I IFN 

signaling and phagocytosis relative to CD10- imLDNs [74]. 

A deeper investigation is needed to elucidate the distinct functions of imLDN and 

mLDN subpopulations; however, multiple studies have indicated that LDN subpopulations 

have distinct functional capabilities [74, 88, 89]. Mistry et al. showed that imLDNs released 

significantly higher amounts of MPO relative to mLDNs, but were impaired in their ability 

to form NETs spontaneously [74]. mLDNs demonstrated increased chemotaxis and 

phagocytosis relative to imLDNs [74]. In malignant conditions, imLDNs were shown to 

promote the survival and proliferation of T-cells, whereas mLDNs inhibited T-cell 

proliferation mediated by the release of arginase [88]. Further, Hsu et al. demonstrated that 

imLDNs contain enhanced global bioenergetic capacity utilizing glutamate and proline 

catabolism in the absence of glucose and facilitate liver metastasis formation [89]. 

THE ROLES OF MONOCYTES IN THE IMMUNE SYSTEM 

 Monocytes are mononuclear phagocytes derived from common monocyte 

progenitors (CMoPs) in the bone marrow [90]. They comprise an estimated five to ten 

percent of peripheral leukocytes in humans and are traditionally recognized as circulating 

precursors to monocyte-derived cells, including macrophages and monocyte-derived 

dendritic cells, following tissue extravasation [91-93]. However, the phenotypic and 
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functional heterogeneity of monocytes has become more appreciated in recent years [94-

96]. Passlick et al. first identified two monocyte subsets in humans: classical  

(CD14+CD16-) and non-classical (patrolling) (CD14lowCD16+) with an additional 

transitional phase identified as intermediate monocytes (CD14+CD16+ ) [94]. 

Classical monocytes constitute the majority of the monocyte pool in humans and 

following the release from the bone marrow, extravasate into tissues and differentiate into 

monocyte-derived cells or convert to non-classical monocytes in circulation under 

homeostatic conditions [91, 93, 97]. During inflammatory conditions, classical monocytes 

recruit other monocytes and dendritic cell precursors mediated by CCR2 chemokine 

signaling and antimicrobial factors [98, 99]. In addition, classical monocytes perform 

phagocytosis, participate in tissue repair and antigen presentation [99], and are suggested 

to play a key role in the induction of specific T-cell subsets, including cytotoxic and helper 

T-cells [100, 101]. Four distinct classical monocyte subsets have been recently discovered 

through high dimensional mass cytometry in coronary artery disease (CAD) warranting 

further investigation into their functional heterogeneity [102]. 

 Non-classical or patrolling monocytes are estimated to have a lifespan of seven 

days in humans and are known to patrol the vasculature, including arterioles and venules, 

for cellular debris utilizing lymphocyte function-associated antigen (LFA-1) and C-X3-C 

motif chemokine receptor 1 (CX3CR1) [97, 103]. Patrolling monocytes recruit neutrophils 

to dispose of damaged endothelial cells through toll-like receptor 7 (TLR7) signaling and 

are suggested to promote tissue repair through the tightly regulated release of inflammatory 

cytokines [104]. Patrolling monocyte subsets have been described in chronic inflammatory 

diseases, including HIV-1, Crohn’s disease, and CAD [102, 105]. Mass cytometry reveals 
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at least three distinct patrolling monocyte subsets [102]. A SLAN/M-DC8+ patrolling 

monocytic subset, with a distinct transcriptional profile, was demonstrated to produce 

substantial amounts of TNF- and suggested to be a central player in the hyper-activation 

of the immune system in HIV infection [102, 105]. Independently, expansion of the 

SLAN/M-DC8+ monocytic subset was reported to be positively correlated with CAD 

severity [102]. More information is needed to understand the role of this subset in other 

diseases. 

THE ROLE OF MYELOID SUBPOPULATIONS IN CANCER 

 A new paradigm is emerging regarding the role of myeloid cell subsets in 

tumorigenesis and metastasis. Multiple studies demonstrate that sustained inflammation 

due to properties of the TME and cytokine milieu promote altered myelopoiesis and the 

release of physiologically distinct myeloid cell subsets [71, 106]. Specifically, the 

characterization of distinct myeloid-derived suppressor cell (MDSC) [107], monocyte 

[108], and neutrophil phenotypes [70], has contributed significantly to the current 

knowledge of tumorigenic properties. 

Myeloid-derived suppressor cells 

MDSCs are immunosuppressive cells that are expanded in multiple cancer types, 

are implicated in promoting tumor progression, and are associated with poor clinical 

outcomes [109-111]. MDSCs are further subdivided into two subpopulations: monocytic 

(M-MDSC) and polymorphonuclear or granulocytic (PMN-MDSC/G-MDSC), 

characterized in humans as CD33+CD15-HLA-DRlowCD11b+CD14+ and 

CD33intCD15+CD66b+CD11b+CD14-, respectively. M-MDSCs display a similar 

phenotype to monocytes while PMN-MDSCs resemble neutrophil phenotype and 
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morphology [106, 112]. While M-MDSCs are distinct from monocytes and macrophages, 

PMN-MDSCs are considered mostly synonymous with LDNs [113]. Lectin-type oxidized 

LDL receptor 1 (Lox-1) expression was recently proposed as a marker to identify PMN-

MDSCs in cancer [114] but has not yet been verified in other diseases. 

M-MDSCs and PMN-MDSCs utilize different mechanisms to perform their 

immunosuppressive functions [109]. M-MDSCs produce nitric oxide to suppress effector 

T-cell responses [106, 115]. PMN-MDSCs produce ROS to generate peroxynitrite 

interfering with T-cell signaling, migration, and function, and release arginase-1 (arg-1), 

in both antigen specific and non-specific manner [86, 109, 116]. In addition, PMN-MDSCs 

directly promote the differentiation of naïve CD4+ T-cells or Th17 cells into T-regulatory 

(T-regs) cells via production of soluble factors including TGF- [117, 118]. While M-

MDSCs are reported to have increased immunosuppressive activity relative to PMN-

MDSCs, PMN-MDSCs are found at significantly higher frequencies in most cancers, 

suggesting that both populations have potent roles in systemic immune suppression [106, 

109].  

Monocytes and macrophages 

 Investigations regarding the phenotypic and functional changes in cancer-induced 

monopoiesis have primarily focused on the characterization of tumor-associated 

macrophages (TAMs) [108]. The M1 and M2 phenotypes are characterized by protumoral 

and anti-tumoral functions, respectively [108]; however the current knowledge regarding 

the role of circulating monocytes in cancer settings remain limited. Several studies have 

reported the downregulation of costimulatory molecules including CD86, and of MHC 

class II cell surface receptor HLA-DR on circulatory monocytes [119-121]. Decreased 
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HLA-DR expression has been associated with poor survival in melanoma and remission in 

pediatric lymphoproliferative malignancies [119, 121]. 

 In cancerous conditions classical monocytes have demonstrated altered responses 

when exposed to inflammatory stimuli, including lower STAT1 phosphorylation and 

impaired secretion of TNF [122, 123]. Classical monocytes are hypothesized to give rise 

to TAMs due to the positive correlations observed between monocyte and macrophage 

frequencies in malignancy, but this has not been determined experimentally [124, 125]. 

Multiple studies demonstrate a significant downregulation of HIF1 on classical 

monocytes, suggesting that the classical monocyte response in cancer-induced hypoxic 

environments may be impaired [123, 126]. 

 Interest in patrolling monocytes has increasingly grown with the identification of 

distinct subpopulations in cancerous conditions including Tie2+ monocytes [127]. Tie2-

expressing monocytes comprise an estimated twenty percent of circulating monocytes and 

have been demonstrated to play an important role in angiogenesis and secrete pro-

angiogenic factors, including VEGF and COX2 [127, 128]. Similar to classical monocytes, 

patrolling monocytes are suspected to give rise to TAMs and tumor-promoting cells [129, 

130]. A study in MM suggests that patrolling monocytes act as precursors to osteoclasts, 

which promote the proliferation of myeloma cells through direct cell-to-cell contact [129, 

131].  

The expansion of circulating monocyte subsets, specifically intermediate 

monocytes, has been proposed as a biomarker for diagnosing breast cancer and oral 

squamous cell carcinoma [132, 133]. The lymphocyte to monocyte ratio (LMR) has been 

suggested as a prognostic factor in malignancies, including pancreatic, colorectal, and 
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ovarian cancer. The meta-analyses reveal that low LMR significantly predicts poor overall 

survival and disease-free survival, whereas high LMR is associated with better overall 

survival [134-136].  

Neutrophils 

Increased frequency of tumor-associated neutrophils (TANs) and high neutrophil-

to-lymphocyte ratios (NLRs) have been previously correlated with poor clinical outcomes 

[137-140]. There is a growing interest in the characterization of TANs and their functions 

in the TME. TANs can exert both pro- and anti-tumoral functions within the TME [141, 

142].  Pro-tumoral functions of TANs include the secretion of tumor-promoting and pro-

angiogenic factors and enzymes including neutrophil elastase, oncostatin M, vascular 

endothelial growth factor, and MMP9 [143-146]. MMP9 participates in the remodeling of 

the extracellular matrix, promoting tumor cell dissemination and angiogenesis [142, 147]. 

However, neutrophils have been suggested to inhibit the proliferation of tumor cells 

through the production of TNF-related apoptosis-inducing ligand (TRAIL), which induces 

apoptosis when bound to its receptor [148]. In addition, transfection with G-CSF was 

associated with inhibition of tumor growth due to an influx of neutrophils at the tumor site 

in a colon adenocarcinoma model [149].  

Recently, two distinct phenotypes of TANs have been described and provide more 

clarity regarding neutrophil polarity and contrasting functions. TGF- predominantly 

regulates TAN polarization resulting in two distinct phenotypes: N1 and N2 [150, 151]. 

N1, characterized by high TNF- and low arg-1 levels [151], exerts anti-tumoral effects 

through antibody-dependent cytotoxicity, increased NADPH oxidase activity, and 

activation of other immune cells, including T and B lymphocytes and dendritic cells [141, 
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150, 152-154]. Conversely, N2 TANs, characterized by the upregulation of chemokine 

ligands CCL4, CCL12, and IL-8 [151], have demonstrated pro-tumoral effects through the 

production of arginase, activation of T-regs, and recruitment of other immunosuppressive 

cells, including macrophages [150, 151, 155]. 

Reports regarding N1 TANs are limited to ex vivo experiments in which N1 

polarization was induced by the manipulation of the concentration of cytokines in a 

controlled environment. Jablonska et al. demonstrated that endogenous IFN- could 

polarize TANs to an N1 phenotype [156]. N1 and N2 dynamics were further investigated 

with the depletion of TANs at varying stages of tumor progression in a mouse model of 

Lewis lung carcinoma [157]. Investigators reported that TANs from early tumor stages 

demonstrated higher cytotoxicity and produced elevated NO and hydrogen peroxide; 

however, TANs from later stages of tumor progression acquired a pro-tumorigenic N2 

phenotype [157]. Whether N1 TANs are only inducible through ex vivo manipulation or 

result from the biological reprogramming of the TME remains to be elucidated. 
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Table 1. Myeloid cell subpopulations in cancer. 

Myeloid cell subpopulations in cancer 

Feature/ 

Characteristic Neutrophils Monocytes MDSCs 

      classical intermediate patrolling granulocytic monocytic 

                

Phenotypic 

markers  

(human) 

CD15+ 

CD14lo 

CD11b+ 
CD66b+ 

CD54hi 

CD10hi 

CD14+ 

CD16- 

CCR2+ 
CX3CR1lo 

HLA-DR+ 

 

CD14+ 

CD16+ 

CCR2lo 
HLA-DR+ 

 

CD14low 

CD16+ 

CCR2- 
CX3CR1+ 

HLA-DR+ 
 

 

CD33int 

CD15+ 

CD66b+ 

CD11b+ 

CD14- 

LOX-1+ 
CD84+ 

 

CD33+ 

CD15- 

HLA-DRlo 
CD11b+ 

CD14+ 

CD84+ 
CXCR1+ 

Phenotypic 
markers  

(mouse) 

Ly6G+ 

Ly6Clo 

CD11b+ 

 

Ly6Chi 

CD43lo 

CX3CR1lo 

Ly6Cint 

CD43hi 

CX3CR1hi 

Ly6Clo 

CD43hi 

CX3CR1hi 

Ly6G+ 

Ly6G+ 

Ly6Clo 

CD11b+ 
CD84+ 

Ly6G- 

Ly6Chi 

CD11b+ 

CD84+ 

Developmental/ 

polarization 

factors 

GM-CSF 

G-CSF 

SCF 

GM-CSF 

SCF 

IL-3 
IL-6 

 

inflammatory 

factors 

inflammatory 

factors 

GM-CSF 

IL-1 

IL-6 
HIF1a 

VEGF  

M-CSF 

HIF1a 

VEGF 

Functions Antitumoral: 

Antibody-
dependent 

cytotoxicity, 

increased 
NADPH oxidase, 

activation of T 

and B 
lymphocytes 

 

Protumoral: 
Arginase 

production, 

activation of T-
regulatory cells, 

recruitment of 

immune-
suppressive cells 

Phagocytosis 

induction of 
specific T-cell 

subsets 

 Undetermined Recruitment 

of neutrophils, 
release of 

inflammatory 

cytokines, 
angiogenesis 

Production 

of ROS 
generating 

peroxynitrite 

interfering 
with T-cell 

signaling, 

migration, 
and function 

Production 

of nitric 
oxide and 

arginase to 

suppress 
effector T 

cells 

Differentiation 

stage(s)  

Neutrophils with 

mostly 

segmented nuclei 

Differentiation 

to TAMs or 

conversion to 
patrolling 

monocytes 

Differentiation to 

patrolling 

monocytes 

Suspected to 

differentiate 

into TAMs 

Neutrophils 

with banded 

and 
segmented 

nuclei 

Differentiat

ion into 

TAMs 

Clinical 

associations 

NLR used as 

prognostic 
marker in 

many 

cancers 
(colorectal, 

prostate) 

  Low LMR 

predicts poor 
overall 

survival 

Frequency 

proposed as a 
biomarker for 

breast cancer and 

oral squamous 
cell carcinoma 

Suspected to 

contribute to 
myeloma 

development 

in the bone 
marrow 

Higher 

frequency 
associated 

with poor 

overall 
outcome in 

malignancy 

Higher 

frequency 
associated 

with poor 

overall 
outcome in 

malignancy 

 

References (human): [97, 114, 129, 130, 158-160] 

References (mouse): [70, 130, 158] 
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MULTIPLE MYELOMA 

Multiple myeloma is a hematological malignancy characterized by the 

accumulation of terminally differentiated plasma cells and development of end-organ 

damage, including renal insufficiency, hypercalcemia, anemia, and formation of lytic bone 

lesions [161, 162]. The prevalence of developing precursory diseases, including 

monoclonal gammopathy of undetermined significance (MGUS), disproportionately 

affects Black Americans and increases with older age with most patients experiencing a 

long pre-clinical phase prior to diagnosis with MM [163-166]. While MGUS has a low risk 

of progression to MM [167], the development of the intermediate precursor condition, 

smoldering multiple myeloma (SMM), has a significantly higher risk with a reported fifty-

one percent of patients progressing to MM within five years [168]. Although notable 

advancements have been made in the prognosis and treatment of MM, it is an inevitably 

fatal disease currently accounting for an estimated twenty-two percent of deaths in the 

United States due to hematological malignancies [169].  

This dissertation utilizes the current MM definition and diagnoses guidelines based 

on the 2014 International Myeloma Working Group [162]. These criteria state that the 

diagnosis of MM requires the presence of clonal bone marrow plasma cells (BMPCs) > 10 

percent or biopsy-proven plasmacytoma (extramedullary or bony) and the presence of one 

or more MM-defining events. MM-defining events may include organ damage 

(hypercalcemia, renal insufficiency, anemia, presence of lytic bone lesions, or severe 

osteopenia), BMPCs > 60 percent,  involved to uninvolved serum free light chain (FLC) 

ratio > 100, or greater than one focal bone lesion detected by magnetic resonance imaging 

(MRI). Although several demographic characteristics, including age, sex, race, family 
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history, and obesity, have been well documented as risk factors for MM, the association 

between chronic inflammation and tumorigenesis in MM remains largely unexplored [170-

172].  

Immune control by neutrophil subpopulations 

Knowledge regarding innate immunological dysregulation in MM is limited. 

Multiple studies have demonstrated that NLR at diagnoses, and separately > 100 days after 

autologous stem cell transplantation, can predict outcome in MM patients [173-175]. Due 

to the infiltration of neoplastic cells in the bone marrow, neutrophils have been shown to 

have increased arg-1 expression and reduced lysozyme activity [176, 177]. Several studies 

have investigated the roles of myeloid cells in sustaining or promoting MM. PMN-MDSC 

frequency is increased in MM and was found to correlate with the frequency of T-

regulatory cells [178, 179]. PMN-MDSCs have been shown to confer protection to MM 

cells from chemotherapy-induced cytotoxicity [180], inhibit T cells, and regulate the 

growth of MM cells in the BME [179]. In addition, arg-1 is observed to be upregulated in 

PMN-MDSC and associated with CD64 expression and STAT3 signaling [176, 181]. 

Decreased phagocytic capacity and ROS production have also been reported [181]. 

Recently, soluble factors in sera from MM patients were demonstrated to induce autophagy 

in neutrophils, which was suggested to upregulate survival signals within the plasma cell 

niche of the BME [182]. 

Crosstalk between myeloid subpopulations and cells in the TME 

Experimental models suggest neutrophils, LDNs, and PMN-MDSCs play an 

important role in MM pathogenesis [183, 184]. Giallongo et al. showed that mesenchymal 

stem cells from MM promoted the generation of immunosuppressive PMN-MDSCs [183]. 
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These PMN-MDSCs demonstrated bone resorption ability as indicated by the presence and 

number bone pits, and were able to digest significantly more bone matrix relative to MDSC 

generated from HD or MGUS patients [183]. In addition, MM cells were shown to promote 

the development of MDSCs that induced MM cell growth in a bidirectional manner [184].  

Other myeloid cell subpopulations, including patrolling monocytes and macrophages, have 

been implicated in the progression of MM promoting osteoclast formation and 

angiogenesis [129, 185]. Eosinophils have been observed to accelerate MM progression in 

synergy with IL-17-producing cells induced by gut microbiota [186]. Although there is a 

clear relationship between myeloid cells and MM progression, further investigations are 

needed to elucidate the mechanisms and functions promoting MM disease. Several studies 

have identified critical molecules that promote chronic inflammation and immune 

suppression in MM, leading to new investigations into therapeutic approaches. 

Novel immune targets 

Although current front line therapies are evidenced to reduce immune suppression 

in the BME of MM, there has been a growing interest in new immunotherapeutic targets 

[187]. Recently, several studies have implicated IL-18 as a critical contributor to disease 

progression in MM. IL-18 is suggested to activate TAMs, promote the expansion of natural 

killer cells, and regulate the maturation of MDSCs in MM [188-190]. Nakamura et al. show 

that mice deficient in IL-18 exhibited protection against MM progression [188]. CD84, 

previously identified as a critical receptor in regulating the survival of chronic lymphocytic 

leukemia cells, was found to be associated with the upregulation of MDSC-promoting 

genes [191, 192]. CD84 expression was positively correlated with PD-L1 expression on 

MDSCs [192]. Although IL-18 and CD84 are suggested to be critical regulators of immune 
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suppression in MM, further investigations are needed to determine their therapeutic 

potential. 

PLATELET-LEUKOCYTE INTERACTIONS AND COMPLEXES 

 Platelets are major contributors to the development of pathologic conditions such 

as thrombosis and inflammation and are activated through exposure to platelet agonists, 

including adenosine diphosphate (ADP) and pro-coagulant factors [193, 194]. Activated 

platelets are known to prime neutrophils and monocytes enhancing their adhesion to the 

vascular endothelium, response to chemokines, and production of cytokines [195-198]. 

Activated platelets form neutrophil-platelet complexes (NPCs) and monocyte-platelet 

complexes (MPCs) which increase their functionality in pro-inflammatory conditions 

[199-201].  

Leukocyte-platelet complex formation is predominantly mediated by P-selectin 

(CD62P) expressed on platelets, and P-selectin glycoprotein ligand-1 (PSGL-1) expressed 

on monocytes and neutrophils [202-204]. These interactions are further stabilized through 

the binding of platelet glycoprotein Ib to MAC-1 (CD11b/CD18) [205]. Activated 

platelets secrete sCD40, which binds CD40L on leukocytes promoting complex formation 

[206, 207]. Platelet-leukocyte complexes or aggregates are increased in many chronic 

diseases. Increased NPC and MPC frequencies have been reported during bacterial 

infection, sepsis, cardiovascular disease, COVID-19, and cancer with recent studies 

characterizing the interactions between platelets and specific monocytic subsets [208-213]. 

Monocyte-platelet interactions  

MPCs are suggested to play an important role in disease pathogenesis with 

monocyte-platelet interactions exhibiting increased monocyte phagocytosis, ROS 
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production, and cytokine secretion mediated through platelet factor 4 (CXCL4) [214-217].  

Preliminary data demonstrate that different platelet activators can promote downstream M1 

or M2 polarization [216, 217]. Hemoglobin-activated platelets were demonstrated to 

promote the differentiation of classical monocytes to a pro-inflammatory M1-like 

phenotype, indicated by elevated levels of TNF- and IL-1 [216]. Separately, platelets 

were observed to skew monocytes to an M1-like phenotype in the presence of 

lipopolysaccharide, which was shown to be dependent upon the GPIb-CD11b axis [217]. 

ADP-stimulated platelets have been suggested to promote the conversion of intermediate 

monocytes to patrolling monocytes that differentiate into M2-like macrophages [215].  

Neutrophil-platelet interactions 

NPCs are suggested to play an important role in the immune response during 

inflammatory diseases. Neutrophil-platelet interactions are observed to promote neutrophil 

activation and recruitment, phagocytosis, ROS production, and NETosis [199, 218, 219]. 

P-selectin-deficient platelets in a mouse model of acute lung injury failed to induce 

NETosis due to inadequate binding of neutrophils and platelets resulting in decreased NPC 

formation [220]. Consistent with this study, Zhang et al. reported co-cultured neutrophils 

and platelets with enhanced P-selectin expression resulted in elevated NET production 

[221].  

The effect of the interactions between specific neutrophil subsets and platelets 

remains under-investigated. A study in psoriasis demonstrated a positive correlation 

between the frequency of LDN-platelet aggregates with the signs of early atherosclerotic 

non-calcified coronary burden [222]. The study suggests LDN-platelet aggregates may 

significantly contribute to the development of cardiovascular-related comorbidities [222].  
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Recently Lecot et al. showed that platelets form NPCs preferentially with LDNs 

which demonstrated distinct molecular signatures related to enhanced chemotaxis and 

migration in cancer patients [223].  

Platelet engulfment by leukocytes 

Interestingly, several case studies have reported the engulfment of platelets by 

leukocytes in different diseases and conditions [224-228]. In 2001 Criswell et al. 

demonstrated that majority of platelets appeared to be phagocytosed by neutrophils and 

monocytes in a rare case of EDTA-dependent pseudothrombocytopenia [226]. Neutrophil 

and monocyte phagocytosis has been reported in cases of malignant hypertension, bacteria-

induced thrombocytopenia, acute myocardial infarction, and end stage renal disease [225, 

227-229].  

Maugeri et al. were the first to propose a mechanism to this phenomenon [225]. 

They demonstrated that neutrophils rapidly phagocytose platelets activated by thrombin 

receptor activator peptide-6 (TRAP-6). The phagocytic clearance of platelets is dependent 

on platelet-leukocyte adhesion mediated by the P-selectin/PSGL-1 axis and activation of 

2-integrin Mac-1 [225]. The authors propose that blocking of the P-selectin/PSGL-1 axis 

results in decreased neutrophil degranulation contributing to the regulation of vascular 

inflammation [225]. However, the implications of neutrophil-platelet interactions on the 

low-density phenotype remain to be elucidated. 
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Figure 2. Implications of platelet-leukocyte interactions on myeloid function.   

Activated platelets bind to neutrophils or monocytes through the P-selectin (CD62P)/ 

PSGL-1 axis and MAC-1/ICAM-2 complex. Activated platelets release sCD40L and PF4 

promoting further platelet-leukocyte interactions and downstream functions, including 

increased adhesion to the endothelium, cytokine secretion, and release of neutrophil 

extracellular traps (NETosis). Neutrophils or monocytes have the ability to engulf platelets. 

Created with BioRender.com. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



   

 

 25 

SCOPE OF DISSERTATION  

A novel paradigm regarding the shift in myeloid cell phenotype and function during 

acute and chronic inflammatory conditions is emerging. Contributing to the field’s current 

knowledge, this dissertation focuses on the identification and characterization of myeloid 

subpopulations and leukocyte-platelet interactions in acute and chronic inflammatory 

states including HIV-1, COVID-19, and MM. We (1) provide a detailed report of the 

specific phenotypic and functional characterization of mature and immature neutrophil 

subpopulations expanded in inflammatory diseases; (2) identify an altered myeloid 

phenotype in MM that is associated with myeloid dysregulation and advanced stage 

disease; and (3) explore the underlying mechanisms of the low-density neutrophil 

phenotype focusing on the interactions between platelets and neutrophils. Altogether, this 

work contributes to our understanding of the changing dynamics of myeloid cells in 

specific inflammatory environments and their relationship to other immune cells. These 

findings may significantly impact our understanding of the role of neutrophils and myeloid 

cells in chronic diseases and contribute to the design of novel therapeutic approaches. 
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Abstract 

Hematologic malignancies, including multiple myeloma (MM), promote systemic 

immune dysregulation resulting in an alteration and increased plasticity of myeloid cell 

subsets. To determine the heterogeneity of the myeloid cell compartment in the peripheral 

blood of patients with MM, we performed a detailed investigation of the phenotype and 

function of myeloid subpopulations. We report that a subset of MM patients, referred to as 

MM2, exhibits a specific myeloid cell phenotype indicative of altered myelopoiesis 

characterized by significant changes in the properties of circulating granulocytic, 

monocytic, and eosinophilic populations. Compared to healthy controls or MM1 patients, 

neutrophils from MM2 patients exhibit a less differentiated phenotype characterized by 

high surface levels of CD64 (FcRI), low levels of CD10 and CXC chemokine receptor 2 

(CXCR2), increased capacity for the production of mitochondrial reactive oxygen species, 

and an expansion of immature CD15+CD16- neutrophil subset. Classical and patrolling 

monocytes from MM2 patients express elevated levels of CD64 and markers of activation. 

MM2 eosinophils display lower levels of C-C Chemokine receptor 3 (CCR3), Toll-like 

receptor 4 (TLR4, CD284), and tissue factor (TF, CD142). The MM2 phenotype is 

independent of age, race, sex, and treatment type. Characteristic features of the MM2 

phenotype are associated with myeloma-defining events including elevated 

involved/uninvolved immunoglobulin free light chain (FLC) ratio at diagnosis. Detailed 
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characterization of an altered myeloid phenotype can improve the monitoring and 

prognosis of multiple myeloma and provide instrumental tools for the identification of 

patients with an increased risk of progression to advanced-stage disease.   

Introduction 

Multiple myeloma (MM) is a malignancy of post-germinal center terminally 

differentiated plasma cells producing antibodies and complexes of immunoglobulin heavy 

and light chains (1). Diagnosis is based on several myeloma-defining events including an 

accumulation of monoclonal plasma cells in the bone marrow microenvironment (BME), 

the presence of end-organ damage, or, in the absence of end-organ damage, elevated 

involved to uninvolved immunoglobulin free light chain (FLC) ratio and presence of at 

least one bone lesion by magnetic resonance imaging (1, 2). The reprogramming of 

immune cells in MM promotes angiogenesis (3) and immunosuppression (4) contributing 

to disease progression to extramedullary sites. Chronic inflammatory diseases, including 

solid and hematological malignancies, are frequently associated with pathologic 

dysregulation of the myeloid cell compartment including altered neutrophil functions (5). 

During unresolved chronic inflammation, growth factors contribute to the reprogramming 

of the BME resulting in altered granulopoiesis and recruitment of transcriptionally and 

physiologically distinct myeloid cells (6, 7). Recent studies demonstrate the plasticity of 

innate immune cells, specifically neutrophils (6, 8), polymorphonuclear myeloid-derived 

suppressor cells (PMN-MDSCs) (7, 9-11), and monocyte subpopulations (12, 13) in 

chronic pathologic conditions.  

Neutrophils represent the most abundant circulating leukocyte population equipped 

for the sensitive detection of bacterial and viral products during inflammatory responses 
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(14). Previously, we demonstrated that neutrophils from individuals infected with human 

immunodeficiency virus-1 exert inhibitory effects on T-cell function and proliferation 

characterized by programmed death-ligand 1 (PD-L1) expression and release of reactive 

oxygen species (ROS) (15). Further, interferon-γ stimulation of neutrophils plays a critical 

role in PD-L1 expression and suppression of lymphocyte proliferation in endotoxemia (16). 

Reports of immunosuppressive properties of neutrophils and PMN-MDSCs, including 

increased arginase-1 expression and differences in phagocytic and oxidative burst 

capacities, support the critical role of neutrophils in fostering the tumor microenvironment 

promoting myelomagenesis (4, 11, 17). Neutrophils and PMN-MDSCs are expanded in the 

BME and peripheral blood of patients with MM (9, 18-22), protect MM cells from 

chemotherapy-induced toxicity resulting in reduced chemoselectivity (23) and inhibit T-

cell immune response (24). The neutrophil to lymphocyte ratio is increased in some MM 

patients and has been utilized to predict outcomes in newly diagnosed patients, patients 

that have previously undergone autologous hematopoietic stem cell transplant (aHSCT), 

and transplant ineligible patients in MM. (25-27). 

Monocytes, circulating macrophage precursors, are subdivided into classical and 

non-classical or patrolling monocyte subsets with distinct phenotypes and functions (28). 

In the BME, increased frequency of patrolling monocytes was observed in patients with 

MM relative to patients with pre-MM conditions, including monoclonal gammopathy of 

undetermined significance and smoldering multiple myeloma (13). Patrolling monocytes 

promote an increase in osteoclast formation by upregulating the expression of IL-21 

receptor, supporting a pivotal role of monocytes in MM disease progression (13). 
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Macrophages from patients with MM use vasculogenic mimicry to contribute to neovessel 

construction following exposure to angiogenic cytokines (29).  

Our knowledge regarding the heterogeneity of granulocytic and monocytic 

subpopulations, the innate immune phenotype, and how this phenotype affects the 

presentation of MM patients remains limited. In this study, we investigated the 

heterogeneity of the phenotypic profiles of neutrophilic, monocytic, and eosinophilic 

subpopulations in patients with MM and examined the relationship between distinct MM 

innate immune phenotypes and myeloma-defining events. 

Materials and methods 

Multiple myeloma study population and control selection 

Eligible MM patients with histologically confirmed diagnoses enrolled in the 

Integrated Molecular And Genetic Epidemiology study (IMAGE) (30) were included. 

Eligible patients were included from the Integrative Molecular And Genetic Epidemiology 

study (30). Patients with a diagnosis of MM were identified based on the ICD-9 

classifications (203) or International Classification of Disease for Oncology third revision 

code 9732/3 and confirmed based on revised and updated International Multiple Myeloma 

Working Group classification criteria for MM (1). Myeloma was defined by the cumulative 

presence of clonal bone marrow plasma cells > 10 percent or biopsy-proven bony or 

extramedullary plasmacytoma and presence of one or more MM defining events including 

organ damage (hypercalcemia, renal insufficiency, anemia, or lytic bone lesions or severe 

osteopenia, or pathologic fractures attributed to plasma cell proliferative disorder), clonal 

bone marrow plasma cells > 60 percent, serum involved to uninvolved FLC ratio > 100, or 

more than one focal bone lesion (> 5 mm) identified as previously reported (1). Each MM 
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case was reviewed by an expert panel to ensure consistent case definitions and to minimize 

phenotype misclassification. Patients with extramedullary or solitary plasmacytoma or 

other plasma cell proliferative disorders were excluded (n=2). An additional 2 MM patients 

were excluded based on treatment status. After eligibility screening, a total of 35 MM 

patients, all previously treated as specified in Table 1, were included in this investigation. 

Diagnostic and defining clinical features including clonal bone marrow plasma cells (%), 

serum monoclonal (M)-protein, involved to uninvolved FLC ratio > 100, immunoglobulin 

(Ig) isotype (IgG, IgA), clonality (kappa, lambda), end-organ damage [hypercalcemia 

(serum calcium, >11.5 mg/dl), renal insufficiency (serum creatinine, >177.0 μmol/L (>2 

mg/dl) or estimated creatinine clearance <40 mL/min per 1.73 m2), anemia 

(normochromic, normocytic with hemoglobin >2 g/dl below the lower limit of normal or 

hemoglobin <10 g/dl)], bone involvement (radiologic evidence of lytic lesions, severe 

osteopenia or pathologic fractures1), and the revised and updated International Staging 

System (R-ISS) (1), and the Durie Salmon (DS) staging system (31) were determined by 

laboratory studies, medical history or physical examination as appropriate. 

Controls were recruited through the 1917 Clinic at Dewberry at the University of 

Alabama at Birmingham. Eligible controls were 43 years of age and older without a history 

of monoclonal gammopathy of undetermined significance, smoldering multiple myeloma, 

MM, or other cancers. Participant characteristics are summarized in Table 1. 

 Sample collection 

All methods were performed in accordance with the relevant guidelines and 

regulations. Peripheral blood was collected by certified phlebotomists in tubes containing 

acid citrate dextrose (ThermoFisher, Waltham, MA) from MM patients or controls 
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following informed consent. Data acquisition was performed by the IMAGE study team. 

Study protocols were approved by the Institutional Review Board of the University of 

Alabama at Birmingham (IRB protocols 141218001 and 071106009). 

Materials 

A/B human serum was purchased from ThermoFisher. All solutions and materials 

for cell counting and the cell counter were purchased by Nexcelom (Lawrence, MA). 

Antibodies for flow cytometry were purchased from BioLegend (San Diego, CA) unless 

indicated otherwise (Supplemental Table 1). Dimethyl sulfoxide (DMSO), Dulbecco’s 

phosphate buffer solution (DPBS), and Ethylenediaminetetraacetic acid (EDTA) were 

purchased from Corning (Corning, NY). Phorbol myristate acetate (PMA (Sigma Aldrich, 

St. Louis, MO) was dissolved in DMSO at a concentration of 1mg/ml. 2’,7’-

dichlorodihydrofluorescein (H2-DCFDA) (Sigma Aldrich) was dissolved in DMSO at a 

concentration of 1mM. All antibody stain panels were made in 10% A/B human serum in 

DPBS.  

Whole blood staining  

Twenty milliliters of ACD-treated blood was collected from MM patients or 

controls and processed within three hours of the collection as described previously (32). 

Briefly, fifty microliters of whole blood were stained for 30 minutes with 50 μl of pre-

mixed antibodies for the base panel and whole blood staining (Appendix A: Supplemental 

Methods Table 1) at 4°C. Samples were washed with 4 ml 0.1M EDTA in DPBS and 

centrifuged at 200 x g for 5 minutes. Red blood cell lysis and fixation was performed in 1 

ml of 1x 1-step Fix/lyse buffer (Invitrogen, Waltham, MA) at room temperature for 15 

minutes. Samples were washed with 2% fetal bovine serum (FBS) (Atlanta Biologicals, 
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Atlanta GA) in DPBS, centrifuged for 5 minutes at 200 x g, and suspended in equal parts 

2% FBS in DPBS and intracellular fixation buffer (IC fix) (Invitrogen). All samples were 

held at 4°C prior to analysis and acquired on the Attune NxT flow cytometer 

(ThermoFisher) within 24 hours of processing, and FlowJo V 10.7 (FlowJo LLC, Ashland, 

OR) was used for data analysis.  

Processing and staining of peripheral blood mononuclear cells (PBMCs) 

Four ml of whole blood was diluted with 4 ml of DPBS and layered onto 4 ml of 

discontinuous Ficoll-Paque PREMIUM density gradient (1.078g/ml) (GE Healthcare, 

Chicago, IL). The samples were centrifuged for 30 minutes at 400 x g.  The PBMC layer 

was isolated into 10 ml of DPBS, centrifuged at 300 x g for 10 minutes, washed with 10 

ml of DPBS, and centrifuged at 200 x g for 10 minutes. PBMCs were suspended in 10% 

A/B human serum in DPBS. Twenty μl of cell suspension was stained with 20 μl 

ViastainTM Acridine Orange/ Propidium Iodide Staining Solution for 2 minutes at RT. 20 

μl of stained cells were loaded on a hemocytometer and counted using the Cellometer K2 

Fluorescent Viability Cell Counter. Aliquots of 1 x 106 PBMCs/50 μl were suspended in 

10% A/B human serum and incubated at 4°C for 30 minutes. Samples were stained with 

50 μl of pre-mixed antibodies for the base panel and PBMC staining (Supplementary Table 

1) at 4°C for 30 minutes, washed with 2% FBS in DPBS, and suspended in equal parts 2% 

FBS in DPBS and IC fix. Sample acquisition and analysis were performed as described in 

“whole blood staining.”  

Gating strategy for phenotype characterization 

Single cells were identified and doublets were removed using forward scatter height 

and area. For all phenotypic analyses, CD3+ and CD19+ events corresponding to T and B 
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lymphocytes, respectively, were removed. For monocyte analyses, CD14 and CD16 were 

utilized following the removal of CD15+ and CCR3+ events. Patrolling monocytes (Pt Mo) 

were identified as CD16highCD14low and classical monocytes (Cl Mo) as CD16lowCD14high 

(Supplemental Figure 1).  For neutrophil analyses, CD193+ (CCR3) and CD14+ events were 

removed. Mature neutrophils (mNs) were identified as CD16high and immature neutrophils 

(imNs) as CD16-. For eosinophils, CCR3+ and CD15+ were analyzed following the removal 

of CD14+ and CD16+ events (Supplemental Figure 1). This gating strategy was used for 

whole blood and PBMC analyses.  

Quantification of innate immune cells 

Fifty microliters of fresh whole blood from healthy or MM patients were stained 

with 50 μl of a separate pre-mixed antibody absolute count panel for 30 minutes at 4°C 

(Supplemental Table 1). Red blood cell lysis and fixation were performed in 1 ml of 1x 1-

step Fix/lyse buffer at RT for 15 minutes. 50 μl of CountBrightTM Absolute Counting Beads 

(ThermoFisher) were added to samples using a pre-determined concentration given by the 

manufacturer. Samples were held at 4°C prior to acquisition and acquired on the Attune 

NxT flow cytometer (ThermoFisher) within 24 hours of processing and analyzed with 

FlowJo V 10.7 (FlowJo LLC). Bead counts were determined per the instructions by the 

manufacturer. Briefly, the bead adjustment factor was calculated by dividing the number 

of beads gated by the pre-determined concentration of beads per 50 μl. Leukocytes were 

gated with side scatter and forward scatter area and total neutrophils were gated using 

CD15+CD14- gate with adjustment performed by multiplying cell counts by the bead 

adjustment factor. 
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For quantification of neutrophil or monocyte subsets in whole blood, the 

percentages of the subset gate from total neutrophils (imN and mN) or monocytes (Pt Mo 

and Cl Mo) were multiplied by the adjusted total neutrophil or monocyte count. A count 

threshold of 150 imN per sample was determined based on the calculated mean imN 

frequency of samples. The majority of healthy controls did not meet the event threshold 

for imNs and were excluded in the phenotypic analyses. 

For quantification of neutrophils in the PBMC layer, the percentage of total LDNs 

was gated and multiplied by the percentage of total neutrophils in whole blood. LDN 

subsets were quantified by multiplying the percent of the subset of total neutrophils by the 

PBMC neutrophil count. 

Adjustment of median fluorescent intensities (MFIs) for phenotypic analyses 

The SPHEROTM Ultra Rainbow Calibration Particle Kit (Spherotech Inc., Lake 

Forest, IL) was utilized to assess variation in laser fluorophore intensities with rainbow 

beads acquired at each time of sample acquisition. Histogram overlays including rainbow 

beads acquired at baseline and each subsequent sample after were generated of each 

fluorophore. The need for MFI adjustment was determined by the difference of emission 

peaks varying by a half log or greater. If adjustments were needed, histogram emission 

peaks 1-6 were gated for each fluorophore, as demonstrated in the company protocol, and 

the mean MFI was determined for each peak. The difference between peak MFIs was 

calculated by subtracting the current MFI from the baseline MFI. The percentage difference 

was determined by dividing the mean MFI difference by the MFI at baseline for each peak. 

Mean peak percent difference was determined by averaging percentages of peaks 3-6 for 

each fluorophore. MFIs of specific markers were then multiplied by the percentage 
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corresponding to the fluorophore the marker was conjugated to, resulting in the normalized 

MFI. 

Assessment of intracellular expression of Ki67 

Intracellular staining was performed using the Cytofix/CytopermTM 

Fixation/Permeabilization Kit (BD Biosciences). One hundred microliters of whole blood 

from MM patients were isotonically lysed as described in “isotonic lysis of cells.” PBMCs 

were isolated, and 2.5 x 105 PBMC aliquots were suspended in 50 μl of 10% A/B human 

serum in DPBS for 30 minutes at 4°C. Fifty microliters of the extracellular Ki67 antibody 

panel were added for 30 minutes at 4°C (Supplementary Table 1). The fixation and 

permeabilization were performed according to the manufacturer’s protocol. Samples were 

then stained with 5 μl of Ki67 antibody for 30 minutes at 4°C. Samples were washed with 

2% FBS in DPBS and centrifuged for 5 minutes at 200 x g. This step was repeated. The 

final pellet was suspended in equal parts 2% FBS in DPBS and IC fix. Sample acquisition 

and analysis were performed as described in above with a final cytogram visualized by side 

scatter and Ki67 and quartile gate applied using a fluorescence minus one (FMO) for APC 

to set the negative gate and determine Ki67-positive cells. 

LEGENDplexTM protocol for measuring plasma markers and cytokine levels in plasma 

The LEGENDplexTM Human Essential Immune Response Panel 740929 13-plex 

kit and LEGENDplexTM customization kit, including CCL2, CCL11, CRP, CXCL10, D-

dimer, G-CSF, IFN, IL-18, IL-1, IL-6, CXCL9, and TNF-R1 were utilized (BioLegend). 

Plasma samples were stored at -80°C. For the assay, the samples were thawed, centrifuged 

for 10 minutes x 500 g, and filtered using the filter plate for LEGENDplexTM Assay (BD 

Biosciences). Samples were processed according to the manufacturer’s instructions for the 
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filter plate assay. In brief, 25 μl aliquots were added to the 96-well plate with 25 μl assay 

buffer for samples, 25 μl of Matrix B for standards, and 12.5 μl of the pre-mixed immune 

bead solution at RT covered on a shaker for 2 hours in the dark. Unbound beads were 

removed with gentle vacuum pressure and then washed with 1X wash buffer. 12.5 μl of 

detection antibody was added to samples and incubated for 1 hour covered on a shaker at 

RT in the dark. 12.5 μl of SA-PE was added to samples and incubated for 1 hour covered 

and shaking at RT in the dark. Samples were washed with 1X wash buffer and manually 

transferred to FACs tubes with a final volume of 150 μl per sample. The template for data 

acquisition and instrument set up was performed as described in the manufacturer’s 

protocol on the BD SymphonyTM (BD Biosciences) the same day. Analyses were 

performed utilizing the online LEGENDplexTM Data Analysis Software (BioLegend). 

Measurement of soluble plasma markers by ELISA 

Plasma was collected after single discontinuous density gradient centrifugation as 

described in “the processing of peripheral blood mononuclear cells (PBMCs)” and stored 

at -80°C until use. Plasma levels of sCD14 and lipocalin-2 (NGAL) were measured using 

commercial ELISA kits Hycult HK320 and Hycult HK330 (Hycult Biotechnology, Uden, 

the Netherlands), and sCD163 using commercial ELISA kit Quantikine DC1630 (R&D 

Systems, Minneapolis, MN) according to the manufacturer’s instructions. The final 

dilution ratio was 1:80 for sCD14 and NGAL and 1:10 for sCD163. Absorbance was 

measured with the ELx808TM Biotek absorbance microplate reader (Biotek, Winooski, 

WT), and concentrations were calculated using Gen5TM data analysis software (BioTek) 

based on a standard curve. 
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Isotonic lysis of cells 

Two milliliters of isotonic lysis buffer (155 mM NH4Cl, 10mM KHCO3, 0.1mM 

EDTA in water sterile filtered with a Steritop 0.22µm filter) (16) was added to 50-100 μl 

of whole blood and set on a rotator for 5 minutes or until the red blood cells were lysed. 

Two milliliters of 2% FBS in DPBS was added and samples were centrifuged for 5 minutes 

at 200 x g. The pellet was suspended in 500 μl of 2% FBS in DPBS for immediate 

acquisition for functional assays or 10% human A/B serum in DPBS for further processing 

for proliferation assessment. 

Assessment of ROS and mitochondrial superoxide production 

Fifty microliters of whole blood or isolated PBMCs (1 x 106 aliquots per 50 μl) 

were stained with the ROS antibody panel in pre-warmed tubes (Appendix A: 

Supplemental Methods Table 1). A final concentration of 20µM of H2-DCFDA was added, 

and samples were simultaneously stimulated with or without 10nM of PMA. Samples were 

incubated at 37°C for 30 minutes. Samples were lysed as described in “isotonic lysis of 

cells,” acquired within 30 minutes after preparation, and analyzed via flow cytometry. The 

same protocol was performed for superoxide production, utilizing the MitoSOX antibody 

panel, and a final concentration of 2mM of MitoSOXTM Red (Invitrogen) was added to 

samples simultaneously with PMA stimulation (Supplemental Table 1). 

Assessment of mitochondrial mass and mitochondrial activity 

Fifty microliters of fresh whole blood or isolated PBMCs (1 x 106 cells per 50 μl 

sample) from MM patients or controls were stained with the MitoTracker Green antibody 

panel using pre-warmed tubes (Appendix A: Supplemental Methods Table 1). A final 

concentration of 1 μM of MitoTrackerTM Green FM (MTG) (Invitrogen) was added to tubes 
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to determine mitochondrial mass. Simultaneously, a final concentration of 500nM 

tetramethylrhodamine ethyl ester (MitoStatus TMRE) (BD Biosciences) was added to 

determine mitochondrial membrane potential (ΔΨm). Samples were incubated at 37°C for 

30 minutes and lysed as described in “isotonic lysis of cells.” The samples were analyzed 

by flow cytometry within 30 minutes. ΔΨm was adjusted to the mitochondrial mass of a 

corresponding sample and presented as ΔΨm/MTG ratio. 

Assessment of phagocytosis 

Fifty microliters of fresh whole blood or isolated PBMCs (1 x 106 per 50 μl sample) 

from MM patients or HD was stained with a premade antibody mix base panel and the 

pHrodo antibody panel using pre-warmed tubes (Appendix A: Supplemental Methods 

Table 1). 10 μl of pHrodoTM Red E. coli BioParticlesTM (ThermoFisher) was added to 

determine the phagocytic capacity of leukocytes as indicated by an increase in pHrodoTM 

red fluorescence indicating a decrease in pH. Samples were incubated at 37°C for 30 

minutes. Samples were processed as described in “whole blood staining.” 

Statistical analysis 

Tests for statistical significance of myeloid phenotype marker expressions (p<0.05) 

were conducted using the Mann-Whitney rank-sum test between MM cases and controls. 

Correlations between marker expression and clinical parameters were evaluated using the 

Spearman rank-order test. Tests for statistical significance of marker expressions stratified 

by disease stage were performed using the Kruskal-Wallis one-way ANOVA followed by 

Dunn’s Multiple Comparison post hoc test. The myeloid phenotype of MM patients relative 

to clinical parameters was calculated using logistic regression adjusted for confounders 
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(race, sex, age, and treatment type). All calculations were performed with GraphPad Prism 

(GraphPad Software Inc., La Jolla, CA) or Stata v.16.0 (StataCorp, College Station, TX). 

Results 

A subset of MM patients demonstrates an altered neutrophil phenotype 

To determine the heterogeneity of the myeloid cell compartment in peripheral blood 

of patients with MM, whole blood cells were characterized using pre-determined 

antibodies designed to assess myeloid cell differentiation and activation (Supplemental 

Table 1). Comprehensive analyses revealed two distinct phenotypes characterized by 

specific patterns of surface antigen expression on neutrophils, monocytes, and eosinophils. 

Neutrophil phenotype was assessed on two distinct neutrophil subsets, CD15+CD16- and 

CD15+CD16+, consistent with immature (imN) and mature (mN) neutrophils (33, 34) 

(Figure 1A). As shown in Figure 1B-C, a subset of MM patients exhibited an increase in 

surface levels of CD64 (FcRI) on mNs, indicative of a lower maturation status of 

circulating neutrophils (33, 35). MM patients were grouped into two distinct subsets, with 

MM1 defined as neutrophil CD64low and MM2 defined as CD64high (p<0.0001; Figure 1B-

C).   

Table 1. Control and multiple myeloma patient demographics and diagnostic clinical and 

laboratory characteristics of MM patients by MM1 and MM2 phenotypes 

              

    Combined Population 

Clinical feature and laboratory 

characteristics 

Controls 

(N=19) 

Total MM 

Cases                                         

(N=35) P 

MM1                                  

Phenotype                  

(n=22) 

MM2                        

Phenotype                                      

(n=13) P 

Demographic characteristics        

 Male sex, N (%) 10 (52.6) 17 (48.6) 0.78 9 (40.9) 8 (61.5) 0.24 

 Black race, N (%) 11 (57.9) 12 (34.3) 0.09 7 (31.8) 5 (38.5) 0.69 

 Age, median (range)  54 (43-65) 66 (43-79) <0.0001 64 (43-79) 68 (58-76) 0.12 

Laboratory parameters, median 

(range)*        

 Clonal bone marrow plasma cells (BMPC), % 50 (3-97)  60 (3-97) 40 (10-80) 0.35 



   

 

 41 

 Calcium, mg/dL  9.6 (7.6-15.5)  9.1 (7.6-14.9) 10.4 (9.5-15.5) 0.08 

 Albumin, mg/dL  3.5 (1.7-4.7)  3.6 (1.7-4.5) 3.5 (2.4-4.7) 0.90 

 Creatinine, mg/dL  1.0 (0.5-5.2)  0.9 (0.5-5.2) 1.4 (0.7-4.2) 0.15 

 Hemoglobin, g/dL  

10.9 (6.5-

14.9)  11.1 (7.6-14.9) 10.5 (6.5-14.2) 0.30 

 β2-microglobulin, mg/L  3.7 (1.1-23.9)  3.6 (1.4-21.0) 5.3 (1.1-23.9) 0.48 

 

Lactate Dehydrogenase (LDH), 

XXX units  165 (110-355)  177 (130-355) 151 (110-332) 0.51 

 Monoclonal protein, total g (dL)  2.3 (0.3-5.8)  2.3 (0.3-4.0) 2.6 (0.3-5.8) 0.71 

Paraprotein Assessment        

Myeloma type, N (%)       

 IgG  17 (48.6)  10 (45.5) 7 (53.9)  

 IgA  11 (31.4)  8 (36.4) 3 (23.1)  

 Light chain restricted  7 (20.0)  4 (18.2) 3 (23.1) 0.71 

FLC type, N (%)       

 Kappa  20 (57.1)  10 (45.5) 10 (76.9)  

 Lambda  15 (42.9)  12 (54.6) 3 (23.1) 0.07 

 

Involved: uninvolved FLC ratio ≥ 

100, N (%)  12 (41.4)  3 (16.7) 9 (81.8) **0.001 

End organ damage, N (%)        

 Hypercalcemia   6 (17.1)  1 (4.6) 5 (38.5) **0.01 

 Renal involvement   7 (20.0)  4 (18.2) 3 (23.1) 0.73 

 Anemia  19 (54.3)  12 (54.6) 7 (53.9) 0.97 

 Bone   20 (57.1)  12 (54.6) 8 (61.5) 0.69 

International Staging System-

Revised       

 I   7 (21.2)  4 (19.1) 3 (25.0)  

 II    18 (54.6)  13 (61.9) 5 (41.7)  

 III   4 (24.2)  4 (19.1) 4 (33.3) 0.51 

Treatment, N (%)       

 Pharmacologic only  12 (34.3)  6 (27.3) 6 (46.2)  

 Bone marrow transplant   13 (37.1)  7 (31.8) 6 (46.2)  

 Maintenance therapy   8 (22.9)  7 (31.8) 1 (7.7)  
  Pharmacologic and radiation   2 (5.7)   2 (9.1) 0 (0) 0.21 

*Laboratory features determined from serum       
**P-values adjusted for sex, age, race, and treatment type: Involved : uninvolved FLC ratio Padj = 0.009;  hypercalcemia Padj = 0.23. 
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The lower maturation status of neutrophils from MM2 patients was further 

supported by reduced levels of CXC chemokine receptor 2 (CXCR2), CD10, and CD15 

compared to neutrophils from MM1 patients or healthy donors (Figure 1C). Neutrophils 

from MM2 patients displayed elevated levels of PD-L1 relative to MM1 (p<0.001) or 

controls (p<0.01) suggestive of enhanced immunosuppressive potential (10, 11, 15, 36) 

(Figure 1C). There was no indication of neutrophil activation as determined by an absence 

of changes in the surface levels of CD16 or lectin-type oxidized LDL receptor 1 (Lox-1) 

and an absence of surface shedding of CD31 or CD62L (33, 37-39) (Figure 1C and 

Supplemental Figure 2A). Similarly, no indication of neutrophil degranulation was 

observed on neutrophils from MM2 patients as determined by an absence of changes in the 

levels of degranulation markers myeloperoxidase (MPO), CD11b, CD63, or CD66b (40-

43) (Figure 1C and Supplemental Figure 2A). The neutrophil: lymphocyte ratio did not 

significantly differ between controls, MM1, and MM2 patients (Supplemental Figure 2B). 

Overall, these data indicate the presence of a phenotypically distinct and alternatively 

differentiated mature neutrophil population in MM2 patients that does not exhibit typical 

signs of activation or degranulation. 

Immature neutrophils are expanded in MM patients and demonstrate proliferative activity 

Immature neutrophils (imNs) display SSChighCCR3-CD15+CD16-CD10low 

phenotype and a distinct transcriptional signature (33, 44, 45). imNs and neutrophil 

progenitors were reported to be expanded in chronic diseases and associated with immune 

suppression in various cancers, including melanoma and lung cancer (9, 46-48). MM2 

patients exhibited a significant expansion of imNs relative to MM1 (p<0.01) or controls 

(p<0.001; Figure 1A). imNs from MM2 patients displayed higher intracellular expression 
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of a proliferation marker Ki67 relative to MM1 (p<0.02; Figure 1D-E). A significant 

positive correlation was observed between the frequency of imNs and the percentage of 

Ki67+ imNs (Figure 1F; correlation coefficient R=0.62, p=0.04), and a trend for a positive 

correlation was observed between imN frequency and Ki67 expression (Figure 1G). imNs 

expressed higher levels of CD64 on MM2 relative to MM1 (p<0.05) with no significant 

difference in the expression of other markers tested (Figure 1H and Supplemental Figure 

2D). with no significant difference in the expression of other markers tested (Figure 1H 

and Supplemental Figure 2C).  
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Figure 1. A subset of MM patients exhibits an altered neutrophil phenotype. (A) Left 

panel: representative cytograms of CD15+CD16+ mNs and CD15+CD16- imNs in whole 

blood of a healthy donor (HD), MM1, and MM2 patients. Right panel: the frequency of 

imN per ml of blood of HD, MM1, and MM2 patients. (B) Representative cytograms of 

mNs of HD, MM1, and MM2 patients and histogram overlay of CD64 expression. (C) 

Levels of expression of maturation and activation markers on mNs of HD, MM1, and MM2 

patients. (D)  Percentage of Ki67+ imNs of total imNs. (E) Histogram overlay of Ki-67 

intracellular expression on imNs and (F) a correlation between imN frequency and 

percentage of Ki67+ imNs. (G) Correlation between imN frequency and MFI of Ki67+ 

imNs. (H) Levels of expression of maturation and activation surface markers on imNs of 

HD, MM1, and MM2 patients. MFI, median fluorescent intensity; FMO, fluorescence 

minus one. Statistical analyses were performed using the Mann-Whitney rank-sum test (A, 

C-D and H) or Spearman correlation (F-G). Spearman correlation coefficients R and p 

values are indicated; bars and lines represent median values and simple linear regression 

analysis, respectively. 

 

Mature low-density neutrophils exhibit a distinct phenotype in MM2 patients 

Low-density neutrophils (LDNs) or PMN-MDSCs represent a heterogeneous 

neutrophil subpopulation with distinct phenotype and function that is expanded in chronic 

inflammatory conditions (9, 15, 18, 36, 44, 49). LDNs co-localize with lymphocytes 

following cell separation by density gradient centrifugation. MM2 patients demonstrated 

increased frequencies of total LDNs (p<0.05) and immature LDNs (imLDNs) (p<0.001) 

relative to controls (Figure 2A, B). 

Mature LDNs (mLDNs) from MM2 patients exhibited less differentiated neutrophil 

phenotype relative to MM1 patients as indicated by elevated CD117 (p<0.01) and CD64 

(p<0.0001) (46, 47, 50) (Figure 2C). Consistent with the findings in whole blood, mLDNs 

from MM2 patients exhibited a significant decrease in CD15 expression relative to controls 

(p<0.05; Figure 2C). imLDNs from MM2 exhibited significantly higher expressions of 

CD64 (p<0.01) and CD62L (p<0.05) relative to MM1 (Figure 2D).  
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Figure 2. Distinct phenotypes on low-density neutrophils in MM1 and MM2 patients. 

(A) Representative cytograms of CD15+CD16+ mLDNs and CD15+CD16- imLDNs. (B) 

Frequencies of total LDNs, imLDNs, and mLDNs in the blood of HD, MM1, and MM2 

patients. (C, D) Surface marker expression of maturation, degranulation, and activation 

markers on mLDNs (C) or imLDNs (D) of HD, MM1, and MM2 patients. MFI, median 

fluorescent intensity; statistical analyses were performed using the Mann-Whitney rank-

sum test with p values indicated. Bars represent median values. 

MM2 patients demonstrate altered monocytic and eosinophilic phenotypes 

To address monocytic heterogeneity in MM, the phenotypes of classical 

(CD16lowCD14high) and patrolling (CD14lowCD16high) monocyte subpopulations were 

determined (28, 51). MM2 patients exhibited a significantly lower frequency of patrolling 
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monocytes relative to MM1 (p<0.05) or controls (p<0.01; Figure 3A-B). There was no 

significant difference between total monocyte frequency and lymphocyte: monocyte ratio 

between MM2 patients and HD (Figure 3B and Supplemental Figure 2C). Consistent with 

the mature neutrophil phenotype, classical monocytes from MM2 patients exhibited 

significantly higher expression of CD64 (p<0.05) and lower levels of CXCR2 (p<0.01) 

compared to MM1 (Figure 3C). Patrolling monocytes from MM2 patients exhibited higher 

levels of CD64 relative to MM1 patients (p<0.001) and controls (p<0.0001; Figure 3D). In 

contrast, CXCR2 levels on patrolling monocytes from MM2 patients were significantly 

higher relative to controls (p<0.01; Figure 3D). 

An activated monocytic phenotype was observed in MM2 relative to MM1 patients 

indicated by a significant decrease in CD31 expression on classical and patrolling 

monocytes (Figure 3C-D and Supplemental Figure 3). Additionally, patrolling monocytes 

from MM2 patients demonstrate a significant increase in activation markers CD163 

(p<0.01) and CD169 (p<0.01; Figure 3D and Supplemental Figure 3F). Patrolling 

monocytes from MM2 exhibited downregulation of CX3 chemokine receptor 1 (CX3CR1) 

(p<0.01) and upregulation of PD-L1 (p<0.01) relative to controls consistent with the 

features observed in an immunosuppressive environment (15, 16) (Figure 3D). 

 Eosinophils accelerate MM progression in synergy with microbiota-driven IL-17-

producing cells in murine models (52). Decreased C-C Chemokine receptor 3 (CCR3) 

expression on eosinophils was observed in MM2 patients compared to controls (p<0.05; 

Figure 3E). Eosinophils from MM2 patients exhibited lower levels of cell signaling 

receptor tissue factor (CD142) (53) (p<0.05), activation marker CD66b (54) (p<0.05) and 

CD31 (p<0.05) relative to MM1 patients (Figure 3E and Supplemental Figure 4). 
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Figure 3. MM2 patients exhibit altered monocytic and eosinophilic phenotypes. (A) 

Left panel: representative cytograms of CD16lowCD14high classical monocytes (Cl Mo) and 

CD16highCD14low patrolling monocytes (Pt Mo) in whole blood from HD, MM1 and MM2 

patients. Right panel: classical to patrolling monocyte ratios in HD, MM1, and MM2 

patients. (B) Frequency of total, classical, and patrolling monocytes in HD, MM1, and 

MM2 patients. (C, D) Surface marker expression of monocyte markers on classical (C) or 

patrolling monocytes (D) of HD, MM1, and MM2 patients. (E) Surface marker expression 

of eosinophil markers of HD, MM1, and MM2 patients. MFI, median fluorescent intensity; 

statistical analyses were performed using the Mann-Whitney rank-sum test with p values 

indicated. Bars represent median values.  

Myeloid cells in MM2 patients demonstrate altered functional activity 

Next, the differences in the bioenergetic properties of myeloid cells in the subsets 

of patients with MM were assessed. Neutrophils from MM2 patients exhibited significantly 

higher mitochondrial superoxide production, detected using MitoSOXTM Red fluorogenic 

dye in the absence and presence of PMA stimulation, compared to neutrophils from MM1 

patients or controls (Figure 4A). Similar results were observed in the LDN subpopulations 

suggesting that neutrophils from MM2 patients have higher capacity for mitochondrial 

superoxide release (Figure 4B).  Neutrophil subpopulations from both MM1 and MM2 

patients demonstrated significantly higher mitochondrial potential detected using the 

cationic dye (TMRE) sequestered by mitochondria with adjustment for mitochondrial mass 

as indicated by MitoTrackerTM Green staining relative to controls (p<0.05; Figure 4C). 

Classical and patrolling monocytes from MM2 patients exhibited increased mitochondrial 

potential relative to controls (p<0.01; Figure 4D). mNs from MM2 patients demonstrated 

higher phagocytic capacity as determined by the phagocytosis of pHrodoTM Red E. coli-

conjugated BioParticlesTM relative to controls (p<0.05; Supplemental Figure 5A). No 
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differences were observed in the phagocytic capacity of monocyte subpopulations between 

MM1 and MM2 patients (Supplemental Figure 5B).  

 

Figure 4. Myeloid cells obtained from MM2 patients exert altered functional activity. 

(A-B) ROS production determined by DCF staining and mitochondrial superoxide 

production by MitoSOXTM Red at baseline and upon stimulation with PMA in mNs (A) 

and mLDNs (B) of HD and MM1 and MM2 patients. (C, D) Mitochondrial membrane 

potential was determined using TMRE staining adjusted for mitochondrial mass as detected 

by MitoTrackerTM Green (Δψm/MTG) on neutrophils (C) and monocytes (D). MFI, 

median fluorescent intensity; statistical analyses were performed using the Mann-Whitney 

rank-sum test with p values indicated. Bars represent median values. 
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Soluble markers of myeloid cell activation are significantly elevated in MM2 patients 

Serum levels of several key markers of myeloid cell activation were significantly 

elevated in MM patients compared to healthy donors. In particular, MM2 patients exhibited 

higher levels of CXCL9 (monokine induced by interferon gamma; MIG) relative to MM1 

patients (p<0.01) or controls (p<0.0001; Figure 5A). Both MM1 and MM2 patients 

displayed higher levels of CXCL10 (IP-10) and tumor necrosis factor receptor 1 (TNF-R1) 

relative to controls (Figure 5A). The levels of CXCL9 and TNF-R1 positively correlated 

with the levels of CD64 on mature neutrophils and classical and patrolling monocytes 

(Figure 5B). MM1 patients demonstrated higher levels of CCL2 (monocyte 

chemoattractant protein-1; MCP1), eosinophil chemotactic CC-chemokine CCL11 

(eotaxin-1), and neutrophil gelatinase-associated lipocalin (NGAL) relative to controls 

(Figure 5A). There was no significant difference in the production of granulocyte colony-

stimulating factor (G-CSF), a major recruiter of neutrophils from bone marrow (55). 

Similarly, no significant differences in plasma levels of CRP, IL-1β, IL-6, IL-18, IFNγ, 

and D-dimer were identified between MM1 and MM2 patients (data not shown). To assess 

the level of monocyte/macrophage activation, plasma levels of soluble markers sCD14 and 

sCD163 were determined (56-59). The levels of sCD14 were lower in both MM1 and MM2 

patients relative to controls (Figure 5A), corresponding to lower levels of cell-associated 

CD14 on classical but not patrolling monocytes (Figure 3C, D). In contrast, sCD163 was 

significantly elevated in the plasma of MM2 patients relative to controls (p<0.05; Figure 

5A), consistent with a prior study (57). The level of sCD163 corresponded to elevated 

CD163 expression on patrolling monocytes (Figure 3D) and negatively correlated with the 

expression of CX3CR1 on patrolling and classical monocytes (Figure 5B). 
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MM2 phenotype components and presence of clinical features 

Clinical features indicative of end-organ damage at diagnosis were assessed (Table 

1). Compared to the MM1 phenotype, significantly more patients with the MM2 phenotype 

had involved to uninvolved FLC ratios > 100 at diagnosis after adjusting for sex, race, age, 

and treatment (p=0.009), suggesting that the MM2 phenotype may be reflective of myeloid 

dysregulation in MM patients with elevated FLC ratios (Figure 5C; Table 1). MM2 patients 

exhibited a trend towards increased serum calcium levels relative to controls (Figure 5D 

and Table 1).  

Myeloma-defining events were analyzed in relation to the defining characteristics 

of the MM2 phenotype. The involved to uninvolved FLC ratio positively correlated with 

the frequency of imNs (R=0.57, p=0.001) and CD64 expression on mNs (R=0.4, p=0.03) 

and negatively correlated with CX3CR1 expression on patrolling monocytes (R= -0.46, 

p=0.04, Figure 5E). High CD64 expression on imLDNs positively correlated with elevated 

serum calcium related to hypercalcemia (R=0.77, p=0.0002; Figure 5F). Additionally, high 

CD64 expression on mNs partially correlated with lower hemoglobin values used to define 

anemia (R= -0.35, p=0.06; Figure 5G). Levels of CX3CR1 on patrolling monocytes 

negatively correlated with serum creatinine levels indicating renal involvement (R= -0.64, 

p=0.0008; Figure 5F).  

Although CD64 expression on mNs and classical monocytes positively correlated 

with the start of induction therapy, aHSCT did not notably contribute to the MM2 

phenotype (Supplemental Figures 6 and 7). A significant increase in CD15 expression on 

mNs of MM patients with dominant lambda clonal disease was observed relative to those 

with kappa disease (p<0.001) and an increase in CX3CR1 was observed on classical 
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monocytes obtained from patients with the IgG isotype (p<0.05). No other notable 

differences were observed in relation to the myeloma isotypes (Supplemental Figure 8). 

Lower levels of CD284 (p<0.05) and CD142 (p<0.05) were observed on eosinophils 

obtained from patients with a diagnosed bone disease (Supplemental Figure 9).  No other 

significant differences with regard to MM2 phenotype components were observed 

(Supplemental Figure 9).  



   

 

 54 

 

 



   

 

 55 

Figure 5. The MM2 phenotype is associated with changes in the plasma levels of 

markers of inflammation and with clinical markers of disease progression. (A) Levels 

of cytokines and markers of myeloid activation in plasma of HD and MM1 and MM2 

patients. (B, C) Correlations between the plasma levels of markers of myeloid activation 

and surface levels of antigens on mN and patrolling monocytes. (D) FLC Ratio of MM1 

and MM2 patients. (E) Serum calcium levels of HD, MM1, and MM2 patients. (F) 

Correlation between the FLC ratio and characteristic features of the MM2 phenotype. (G) 

Correlations between the characteristic features of the MM2 phenotype and myeloma-

defining events. Serum calcium levels adjusted for albumin [(0.8 x (4g/dl*normal albumin 

– patient albumin)) + patient serum calcium level]. MFI, median fluorescent intensity. 

Statistical analysis was performed using the Mann-Whitney rank-sum test (A, D, E) or the 

Spearman correlation test (B, C, F, G). Spearman correlation coefficients R and p values 

are indicated; bars and lines represent median values and simple linear regression analysis, 

respectively. 

Defining characteristics of the MM2 myeloid cell phenotype are consistent with an 

advanced disease stage 

To address the relationship between the characteristic components of the MM2 

phenotype and disease stage, granulocytic and monocytic markers of MM patients and 

plasma markers of myeloid activation were stratified by the revised and updated 

International Staging System (R-ISS) criteria with R-ISS stage III indicative of advanced 

disease (Figure 6 and Supplemental Figure 10). Mature neutrophils from some, but not all, 

MM stage III patients exhibited significantly higher CD64 expression (p<0.001) relative 

to controls. Mature neutrophils from stage II patients exhibited significantly lower levels 

of CXCR2 (p<0.05) and CD10 (p<0.01) relative to controls (Figure 6A). No difference 

was observed in neutrophil activation and degranulation markers among MM patients 

(Figure 6A) indicating that the observed differences were not induced by neutrophil 

activation or degranulation. A significant decrease of CD14 expression was observed on 

classical monocytes (p<0.01) from stage III patients, while patrolling monocytes from 

stage III patients exhibited significantly lower levels of CX3CR1 (p<0.01) and CD31 
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(p<0.01) relative to controls (Figure 6B-C). Further, a significant increase was observed in 

CD64 (p<0.01) and CD169 (p<0.05) on patrolling monocytes from stage III patients 

relative to controls (Figure 6C). The levels of CXCL9, TNF-RI, and sCD163 were 

significantly elevated in stage III patients relative to HD (Figure 6D). Similar trends in 

cytokine levels and myeloid marker expression were observed utilizing the Durie-Salmon 

(DS) staging system (Supplemental Figure 11). Overall, these data suggest that components 

of the MM2 myeloid phenotype, including CD64 and CX3CR1 levels on mNs and 

patrolling monocytes, are associated with the advanced MM disease stage.   



   

 

 57 

 

Figure 6. Characteristic features of the MM2 phenotype are associated with an 

advanced R-ISS stage. (A-C) Expression of surface markers on mature neutrophils (A), 

classical monocytes (B), and patrolling monocytes (C) stratified using R-ISS. (D) Levels 

of cytokines and plasma markers of activation stratified using R-ISS. MFI, median 

fluorescent intensity; statistical analyses were performed using the Kruskal-Wallis one-

way ANOVA test followed by Dunn’s post hoc test with p values as indicated. Bars 

represent median values. 
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Discussion 

In this study, we report that a subset of MM patients exhibits an altered myeloid 

cell phenotype characterized by significant changes in the properties of circulating 

granulocytic, monocytic, and eosinophilic populations. Characteristic features of the 

observed phenotype are associated with advanced-stage disease and myeloma-defining 

events, including hypercalcemia and elevated involved-to-uninvolved free light chain ratio. 

The observed MM2 phenotype is independent of age, race, sex, and treatment type and is 

characterized by a significant upregulation of CD64 and downregulation of CXCR2 and 

CD10 on mature neutrophils indicative of their lower maturation status. Additional 

components of the MM2 phenotype include upregulation of CD64 and activation markers 

on classical and patrolling monocytes, upregulation of PD-L1 on patrolling monocytes, and 

downregulation of cell signaling receptors on eosinophils. Functionally, neutrophil 

subpopulations from MM2 patients exhibit a higher capacity for the production of 

mitochondrial ROS. The findings presented here are consistent with a dysregulation of 

myelopoiesis resulting in the release of distinct myeloid cell subsets with altered 

phenotypic and functional properties (6, 60-63). 

The significance of assessment of neutrophil CD64 expression as a potential 

diagnostic tool is corroborated by previous observations demonstrating an association 

between upregulated CD64 and disease progression in MM patients treated with 

bortezomib and thalidomide (4, 64). In line with these studies, our results demonstrate that 

the presence of neutrophils with high CD64 expression in MM2 patients is significantly 

associated with the FLC ratio > 100 (Table 1). Consistent with a prior report, we did not 

observe an association between the level of CD64 expression on neutrophils and the 
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presence of specific myeloma isotypes (4). The translational relevance of quantitative 

assessment of CD64 levels on neutrophils in clinical settings is supported by its use in other 

conditions, including the discrimination between sepsis and non-septic systemic 

inflammatory response syndrome (65, 66). 

LDNs, commonly referred to as PMN-MDSCs in cancer, represent a pathologically 

activated neutrophil subpopulation expanded in various malignancies (7, 67). PMN-

MDSCs are implicated in regulating the immune response in cancerous conditions and 

exert potent immunosuppressive properties including increased arginase-1 expression and 

inhibition of T-cell proliferation (9, 23, 24, 62, 63). Consistent with prior studies, we 

observe a significant increase of LDN and imLDN frequencies in MM2 patients relative to 

controls (Figure 2B). imN frequency detected in whole blood is significantly elevated in 

the MM2 group compared to MM1 or controls (Figure 1A). In concordance with our 

observations, prior studies reported the expansion of PMN-MDSC in MM and 

demonstrated their immunosuppressive capacity and ability to protect MM cells from 

chemotherapy-induced toxicity (18-24). The shift in the immune cell compartments in the 

BME of MM results in an expansion of regulatory T cells (68) and MDSCs (18) promoting 

an immunosuppressive environment associated with altered function of myeloid cells (21, 

23, 24). MM cells induce the development of MDSCs from healthy donor peripheral blood 

mononuclear cells via a bidirectional interaction between MM cells and MDSCs (19). 

Exosomes derived from the bone marrow stromal cells in MM patients alter myelopoiesis 

via an activation of STAT3 and STAT1 pathways and increase of the levels of anti-

apoptotic proteins Bcl-xL and Mcl-1 resulting in immature myeloid cells with 

immunosuppressive activity (61). The relevance of the determination of imN/PMN-MDSC 
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as an indicator of myeloid dysfunction and advanced disease is supported by prior reports 

demonstrating strong associations between PMN-MDSC frequencies and poor clinical 

outcomes in cancer (7, 67, 69). 

A dysregulated functional capacity of myeloid cells in MM patients, including 

decreased capacity for phagocytosis and oxidative burst associated with elevated 

neutrophil CD64 expression and STAT3 phosphorylation, has been previously reported 

(4). In the current study, we demonstrate an increase in the mitochondrial superoxide 

production in mature neutrophils of MM2 patients indicating a primed phenotype in the 

absence of signs of cellular activation or degranulation (Figure 4A-B). No differences in 

total ROS production were observed between the neutrophils of MM1 and MM2 patients 

(Figure 4A-B). Differences between the studies could be attributed to variances in the 

methods of assessment of oxidative burst.  

High serum levels of CXCL9 and CXCL10, closely related inflammatory cytokines 

interacting with chemokine receptor CXCR3, have been proposed as potential biomarkers 

of MM progression associated with poor overall survival (70, 71). High concentrations of 

CXCL9 and CXCL10 interfere with the infiltration of natural killer (NK) cells into the MM 

microenvironment and limit their anti-myeloma activity (72, 73). We demonstrate that 

CXCL9 is significantly elevated in MM2 patients and in patients with R-ISS stage III 

(Figures 5 and 6), consistent with prior studies (70, 71). We further show that the levels of 

CXCL9 closely correlate with the expression of CD64 on myeloid cells, in particular on 

classical and patrolling monocytes (R>0.8; p<0.0001; Figure 5). An elevated level of 

sCD163 has been proposed as an independent biomarker in MM with sCD163 levels in 
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bone marrow aspirates and peripheral blood of MM patients shown to be associated with 

poor disease outcomes (57). Consistent with a prior report (57), we demonstrate that 

sCD163 levels are significantly elevated in the plasma of MM2 patients or patients 

diagnosed with R-ISS stage III disease (Figure 5A and Figure 6D).  

Tumor progression, through immune editing of myeloid cells, has been 

demonstrated in experimental and clinical models of MM and patrolling monocytes were 

previously described as a potential indicator of circulating osteoclast precursors (23, 74). 

We did not observe a difference in the levels of classical and patrolling monocyte markers 

between the groups of patients with or without bone disease at the time of diagnosis 

(Supplemental Figure 9). The presented data provide a detailed characterization of 

circulating monocytic subsets, including the downregulation of CX3CR1 and upregulation 

of PD-L1 on patrolling monocytes in MM2 patients. To our knowledge, a detailed 

phenotypic characterization of circulating eosinophils has not been previously reported in 

patients with MM. It has been suggested that eosinophils can contribute to MM progression 

and demonstrate immunosuppressive properties (52, 75). Additionally, studies in allergic 

rhinitis (76) and pulmonary inflammation (77) demonstrate a critical role of CCR3 

expression in the inflammatory pathway and recruitment of eosinophils. The data presented 

here demonstrating a significant downregulation of CCR3 on eosinophils in MM2 patients 

are consistent with prior studies and support an active involvement of eosinophils in the 

pathogenesis of MM. 

Limitations of this study include limited sample size and younger age of controls 

relative to MM patients. However, healthy controls did not contribute to the interpretation 



   

 

 62 

of findings from case-only analyses of patients in the MM1 and MM2 groups where no 

correlation with age was detected. Although MM phenotypes were primarily stratified 

based on neutrophil CD64 expression, other criteria including CXCR2 expression on 

mature neutrophils and CX3CR1 on monocytes were independently considered. Follow-

up studies focusing on a detailed analysis of circulating innate immune cell subsets present 

in the BME pre- and post-transplantation would provide additional evidence regarding the 

evolving dynamics of myeloid cell populations in MM. Longitudinal investigations with 

serial samples collected before, during, and after treatment are warranted to closely 

evaluate the predictive value of markers of myeloid dysregulation in MM and associated 

precancerous conditions. 

The novel myeloid phenotype described here improves our understanding of the 

phenotypic and functional changes of neutrophils, monocytes, and eosinophils in MM 

patients. Overall, the results of this study highlight the importance of myeloid cell subsets 

as a parameter in the assessment and clinical monitoring of advanced-stage disease 

progression in MM. 
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SUPPLEMENTAL FIGURES 

 

 

Figure S1. Gating strategies for innate immune cell subpopulations. (A) Gating 

strategy for the identification of monocyte, neutrophil, and eosinophil subpopulations. All 

cells were gated as single cells with a negative gate to remove T and B lymphocytes with 

lineage markers CD3 and CD19, respectively. Monocytes were gated following the 

removal of CD15+ cells. Classical monocytes (Cl Mo) were identified as CD14highCD16low 
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and patrolling monocytes (Pt Mo) were identified as CD14lowCD16high. Neutrophils were 

gated following the removal of eosinophils and monocytes utilizing CCR3 and CD14, 

respectively. Neutrophils were identified as SSChighCD15+ cells with mature neutrophils 

(mNs) identified as CD15+CD16+ and immature neutrophils (imNs) identified as 

CD15+CD16-. Eosinophils (Eos) were gated following the removal of CD16+ cells and 

were identified as CCR3+CD15+CD16-. (B) Ki67 gating of neutrophil subpopulations. All 

cells were gated using a previously determined FMO gate for the APC fluorochrome. Cells 

positive for Ki67 were determined by applying the FMO gate to the Ki67-stained cells; 

FMO = fluorescent minus on
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Figure S2. Analysis of the phenotype of neutrophil subpopulations and myeloid cell 

ratios in MM patients. (A) Expression of surface markers of neutrophil activation, cell 

signaling, and migration on mNs. (B) Frequency of mature neutrophils per ml of blood and 

neutrophil to T-lymphocyte ratio. (C) T-lymphocyte to monocyte ratio. (D) Expression of 

neutrophil surface markers on imNs. MFI, median fluorescent intensity; NLR, neutrophil 

to T: lymphocyte ratio; LMR, T: lymphocyte to monocyte ratio. Statistical analyses were 

performed using the Mann-Whitney rank-sum test with p values are indicated; bars and 

lines represent median values and simple linear regression analysis, respectively. 
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Figure S3. Analysis of monocyte phenotypes in MM patients. (A-F) Surface levels of 

monocyte maturation, activation, cell signaling and migration markers on classical (A-C) 

and patrolling (D-F) monocytes. MFI, median fluorescent intensity. Statistical analyses 

were performed using the Mann-Whitney rank-sum test with p values indicated. Bars 

represent median values. 
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Figure S4. Analysis of the eosinophil phenotype in MM patients. Surface levels of 

maturation, lineage, activation, cell signaling, and migration markers on eosinophils. MFI, 

median fluorescent intensity. Statistical analyses were performed using the Mann-Whitney 

rank-sum test with p values indicated. Bars represent median values. 

 

 

Figure S5. Phagocytic capacity of myeloid subpopulations. (A-B) Phagocytic capacity 

was detected by phagocytosis of pHrodoTM Red E. coli BioParticlesTM on neutrophil (A) 

and monocyte (B) subpopulations. MFI, median fluorescent intensity. Statistical analyses 

were performed using the Mann-Whitney rank-sum test with p values indicated. Bars 

represent median values. 
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Figure S6. Analysis of the potential effect of autologous stem cell transplant on MM2 

myeloid phenotype components. (A) Correlation between the surface levels of 

characteristic markers of the MM2 phenotype on mature neutrophils, classical and 

patrolling monocytes, and eosinophils with the time period between autologous 

hematopoietic stem cell transplant (aHSCT) and blood draw (BD). (B) Surface levels of 

myeloid subpopulations separated based on aHSCT status. aHSCTprior is indicative of 

aHSCT performed > 100 days prior to BD; aHSCTafter is indicative of aHSCT performed 

after BD. MFI = median fluorescent intensity. Statistical analyses were performed using 

the Spearman correlation test (A) or the Mann-Whitney ranked-sum test (B). Spearman 

correlation coefficients R and p values are indicated; bars and lines represent median values 

and simple linear regression analysis, respectively. 
 

 

Figure S7. Analysis of the potential effect of induction therapy on MM2 myeloid 

phenotype components. Correlation between the time period between induction therapy 

(IT) and BD and the surface levels of characteristic markers of the MM2 phenotype on 

mature neutrophils, classical and patrolling monocytes, and eosinophils. MFI = median 

fluorescent intensity. Statistical analyses were performed using the Spearman correlation 

test. Spearman correlation coefficients R and p values are indicated; bars and lines 

represent median values and simple linear regression analysis, respectively. 
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1. Seven MM patients were light-chain restricted and not included in the analyses for Supplemental figure 

8A. 
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Figure S8. Analysis of the relationship between the characteristic features of the MM2 

myeloid phenotype and MM immunoglobulin isotype. (A-B) Surface levels of 

characteristic markers of the MM2 phenotype on mature neutrophils, classical and 

patrolling monocytes, and eosinophils separated by free light chain (A) or immunoglobulin 

(B) isotype. MFI = median fluorescent intensity. Statistical analyses performed with the 

Mann-Whitney ranked-sum test with p values indicated. Bars represent median values 

 

 

 

Figure S9. Analysis of the relationship between the characteristic features of the MM2 

myeloid phenotype and the presence of bone disease. Surface levels of characteristic 

markers of the MM2 phenotype on mature neutrophils, classical monocytes, patrolling 

monocytes, and eosinophils separated by presence of bone disease. MFI = median 

fluorescent intensity. Statistical analyses performed with the Mann-Whitney ranked-sum 

test with p values indicated. Bars represent median values. 
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Figure S10. Characteristic features of the MM2 phenotype in relation to R-ISS 

staging in MM. (A-C) Expression of surface markers on mature neutrophils (A), classical 

monocytes (B), and patrolling monocytes (C) stratified using the R-ISS staging system. 

MFI, median fluorescent intensity; statistical analyses were performed using the Kruskal-

Wallis one way ANOVA test followed by Dunn’s post hoc test with p values indicated. 

Bars represent median values. 
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Figure S11. Characteristic features of the MM2 phenotype in relation to Durie 

Salmon staging in MM. (A-C) Surface levels of the characteristic markers of the MM2 

phenotype on mature neutrophils, (A) classical monocytes (B), and patrolling monocytes 

(C) stratified using the DS staging system. (D) Levels of cytokines and myeloid markers 

of activation stratified using the DS staging system. MFI, median fluorescent intensity. 

Statistical analyses were performed using the Kruskal-Wallis one-way ANOVA test 

followed by Dunn’s post hoc test with p values as indicated. Bars represent median values.
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Abstract 

Recent identification of neutrophil subpopulations with specific functions in 

disease pathogenesis has sparked interest in neutrophil heterogeneity. Low-density 

neutrophils (LDNs), alternatively termed polymorphonuclear myeloid-derived suppressor 

cells (PMN-MDSCs), represent a subpopulation of neutrophils that are expanded in 

inflammatory diseases and exert immunosuppressive functions. We have identified a 

distinct immature neutrophil (imN) subpopulation characterized as CD15+CD16-

CXCR2loCD64+CD66b+ which is present in multiple inflammatory diseases, including 

HIV-1, coronavirus disease-19 (COVID-19), and multiple myeloma (MM). The immature 

neutrophil subpopulation can be readily identified in the peripheral blood mononuclear cell 

(PBMC) layer and in whole blood. imNs demonstrate higher proliferative capacity relative 

to the mature subpopulation. Assessment of nuclear morphology demonstrates that 

imLDNs have banded nuclei while mLDNs exhibit multi-lobular nuclei. Compared to 

mature neutrophils, immature neutrophil subpopulations exhibit lower levels of CXC 

chemokine receptor 2 (CXCR2) and CD10, a higher level of CD66b and demonstrate 

decreased phagocytosis and ROS production upon stimulation. The distinct phenotype and 

functional properties of imNs indicate specific roles for these subpopulations in disease. 

Further characterization of imN subpopulations is likely to contribute to novel methods to 

the monitoring of disease progression and design of therapeutic approaches.
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Introduction 

Neutrophils, the most abundant circulating leukocyte population, represent the first 

immune cells recruited to the sites of trauma and infection. Neutrophils are specifically 

equipped to detect bacterial and viral products in circulation (1, 2). Upon interactions with 

trauma or pathogen-associated signals neutrophils initiate potent responses including 

respiratory burst, release of antimicrobial proteins, and phagocytosis (3-5). Recent reports 

highlight neutrophil plasticity in inflammatory conditions and cancer with increasing 

appreciation for their functional and transcriptional heterogeneity (2-6). Emerging 

evidence suggests that specific neutrophil subpopulations play an active and critical role in 

disease pathogenesis (4-7).  

LDNs or PMN-MDSCs are neutrophils that co-localize with mononuclear cells in 

the PBMC layer following density gradient centrifugation (8, 9). Accumulating evidence 

demonstrates that LDNs are associated with negative clinical outcomes of autoimmune 

diseases (3, 10), chronic infections (11), and cancer (4, 12). While the origin and function 

of LDNs remain unclear, LDNs utilize alternative metabolic pathways during hypoxic 

conditions (4) and exert immunosuppressive functions, including T-cell suppression via 

mechanisms of enhanced ROS production (13-17). We previously reported that LDNs are 

significantly expanded in HIV-1 and common variable immune deficiency disorder (11, 

15, 16). The level of programmed death-ligand 1 (PD-L1) on LDNs significantly increased 

in a dose-dependent manner with co-incubation of HIV-1 virions (11). 
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Utilizing high-throughput single cell transcriptomics technology in combination 

with mass cytometry or flow cytometry, several studies have characterized novel 

neutrophil progenitor subpopulations, including proliferative neutrophil precursors eNeps, 

proNeus 1 and 2, and preNeus (5, 6, 18, 19). A revised neutrophil development pathway 

was proposed in which proNeu1 or eNeps are presented as the first committed neutrophil 

progenitors which then mature into proNeu2 and preNeu before progressing to the early 

neutrophil myeloblast stage. The identified neutrophil progenitor subpopulations have been 

suggested to play a role in disease pathogenesis with proNeus and preNeus expanded in 

the bone marrow during sepsis-induced stress (5, 6) with prior reports indicating that lower 

level of CD16 is characteristic of less differentiated neutrophils (3, 20). Additionally, Dinh 

et al. and Zhu et al. reported the expansion of circulating CD71-CD101- immature 

neutrophils in mouse models of pancreatic carcinoma and melanoma correlating with 

increased tumor burden (18, 19). 

In this study, we characterize distinct neutrophil subpopulations in whole blood 

neutrophils (WBNs) and LDNs in acute and chronic inflammatory conditions including 

HIV-1, COVID-19, and MM. We further examine specific characteristics of the identified 

neutrophil subpopulations through morphologic, phenotypic, and functional analyses. 

Materials and Methods 

Sample collection and study approval 

Blood collection of healthy donors and patients was performed by certified 

phlebotomists utilizing collection tubes containing acid citrate dextrose (ThermoFisher, 

Waltham, MA). All methods were performed in adherence with the relevant guidelines and 

regulations. All patients gave informed consent and all procedures were approved by the 
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Institutional Review Board of the University of Alabama at Birmingham (IRB protocol # 

141218001).  

Materials 

 Ethylenediaminetetraacetic acid (EDTA), Dulbecco’s phosphate buffer solution 

(DPBS), and dimethyl sulfoxide (DMSO) were purchased from Corning (Corning, NY). 

A/B Human serum was purchased from ThermoFisher and fetal bovine serum (FBS) was 

purchased from Atlanta Biologicals (Atlanta, GA). 2’,7’-dichlorodihydrofluorescein (H2-

DCFDA) (Sigma Aldrich, St. Louis, MO) was dissolved in DMSO to a final concentration 

of 1mM. Phorbol myristate acetate (PMA) (Sigma Aldrich) was dissolved in DMSO to a 

final concentration of 1mg/ml. Antibodies were purchased from BioLegend (San Diego, 

CA) unless indicated otherwise. Antibody solutions, diluted in 10% A/B human serum in 

DPBS, are detailed in Appendix A: Supplemental Methods Table 1. All materials and 

reagents for counting were purchased from Nexcelom (Lawrence, MA). 

Whole blood staining 

Whole blood staining was performed as previously described (30). Briefly, 

neutrophil phenotype was analyzed by obtaining 50 μl of fresh whole blood (within 2 hours 

of collection) and stained for 30 minutes with 50 μl of pre-mixed antibody solutions made 

in 10% A/B human serum in DPBS at 4°C (Appendix A: Supplemental Methods Table 1). 

Samples were then washed with 4 ml 0.1M EDTA in DPBS and centrifuged at 200 x g for 

5 minutes. Samples were lysed in 1 ml of 1x 1-step Fix/lyse buffer (Invitrogen, Waltham, 

MA) at room temperature (RT) for 15 minutes, washed, and suspended in equal parts 2% 

FBS in DPBS and intracellular fixation buffer (Invitrogen), and analyzed on the Attune 
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NxT flow cytometer (ThermoFisher) within 24 hours of processing. Data were then 

analyzed using FlowJo V 10.7 (FlowJo LLC, Ashland, OR). 

Processing of peripheral blood mononuclear cells 

The peripheral blood mononuclear cell (PBMC) layer was isolated by diluting equal 

parts of whole blood with equal parts of DPBS, which was then layered onto discontinuous 

Ficoll-Paque PREMIUM density gradient, 1.078g/ml, at a 1:2 dilution (GE Healthcare, 

Chicago, IL) and centrifuged for 30 minutes at 400 x g. The PBMC layer was isolated into 

DPBS, centrifuged at 300 x g for 10 minutes, washed with DPBS, centrifuged at 200 x g 

for 10 minutes, and suspended in 10% human A/B serum in DPBS for cell counting. 20 μl 

of cell suspension was stained with 20 μl ViastainTM Acridine Orange/ Propidium Iodide 

Staining Solution, AO/PI, for 2 minutes at RT. 20 μl of stained cells were loaded onto a 

disposable hemacytometer and counted with the Cellometer K2 Fluorescent Viability Cell 

Counter. Cells were aliquoted with 1 x 106 cells per 50 μl in 10% human serum in DPBS 

and incubated for 30 minutes at 4°C. PBMCs were stained with 50 μl of pre-mixed antibody 

solutions at 4°C for 30 minutes. PBMCs were washed with 2% FBS in DPBS and 

suspended in equal parts 2% FBS in DPBS and intracellular fixation buffer (IC fix) 

(Invitrogen). All samples were placed at 4°C and acquired on the Attune NxT flow 

cytometer (ThermoFisher) within 24 hours of processing. Data were then analyzed using 

FlowJo V 10.7 (FlowJo LLC). 

Gating strategy for phenotypic characterization 

Granulocytes were visualized using Side Scatter Area and CD15 and doublets were 

removed using Forward Scatter Height and Area. Using CD193 (CCR3)-BV-510, CD3-
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BV605TM, CD19-BV605TM, and CD14-APC/FireTM750 eosinophils, T and B lymphocytes, 

and monocytes were removed from analysis, respectively (Supplemental Figure 1A). 

Sorting cells for morphological assessment 

Fresh whole blood or isolated PBMCs were diluted with equal parts 2.5mM EDTA 

in DPBS and centrifuged for 10 minutes at 300 x g. The pellet was re-suspended and then 

lysed using 12.5 ml isotonic lysis buffer (25) (155 ml NH4Cl, 10mM KHCO3, 0.1mM 

EDTA in  water sterile filtered with a Steritop 0.22µm filter) (Millipore, Burlington, MA) 

and set on a rotator for 5 minutes. Samples were centrifuged at 10 minutes for 300 x g and 

then suspended in 4 ml isolation buffer (equal parts 1% FBS 2mM EDTA in DPBS) and 

centrifuged for 10 minutes at 300 x g. Cells were then stained with CD3-FITC, CD14-

APC, CD15-PE, and CD193 (CCR3)-FITC for 30 minutes at 4°C. Samples were washed 

using 4 ml of isolation buffer and immediately sorted with the Becton Dickinson 

FACSAriaTM (Franklin Lakes, NJ). After removal of CD14+ events, CD15+CD16- and 

CD15+CD16+ events corresponding to imLDNs and mLDNs, respectively, were separately 

sorted. Imaging was performed as described in Appendix A: Supplemental Methods. 

Assessment of proliferative capability 

One hundred microliters of whole blood was lysed in 2 ml of isotonic lysis buffer, 

rotated at RT for 7 minutes, washed with  4 ml of 2% FBS in DPBS, and suspended in 500 

μl of 2% FBS in DPBS for assessment in whole blood neutrophils. For assessment in 

LDNs, approximately 2.5 x 105 PBMC aliquots were suspended in 50 μl of 10% A/B 

human serum for 30 minutes at 4°C. Fifty microliters of the extracellular marker panel was 

added for 30 minutes at 4°C. Samples were washed with 2% FBS in DPBS and fixed and 

permeabilized using the Cytofix/CytopermTM Fixation/Permeabilization Kit (BD 
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Biosciences, Franklin Lakes, NJ) according to the manufacturer’s protocol. Samples were 

stained with 5 μl of Ki67-APC antibody for 30 minutes at 4°C. Samples were then washed 

with 2% FBS in DBPS, centrifuged for 5 minutes at 200x g, and suspended in equal parts 

2% FBS in DPBS and IC fix. Samples were held at 4°C and acquired on the Attune NxT 

(ThermoFisher) within 24 hours of processing. Analyses were performed with FlowJo V 

10.7 (FlowJo LLC). A positive stain for Ki67 was determined using the fluorescent minus 

one (FMO) for APC. This gate was then applied to samples processed the same day and 

the same conditions of the FMO (Supplemental Figure 1B). 

Functional Assays  

Assessment of reactive oxygen species (ROS) and mitochondrial superoxide 

production. Fifty microliters of fresh whole blood or isolated PBMCs (1 x 106 aliquots) 

were stained with a pre-mixed antibody solution in pre-warmed tubes. Simultaneously, a 

final concentration of 20μM H2-DCFDA or 5μM MitoSOXTM (Invitrogen) for detection 

of ROS and mitochondrial superoxide production, respectively, were added to samples. 

Samples were immediately stimulated with 10nM of PMA, and set to incubate for 30 

minutes at 37°C. After, samples were lysed in 2 ml of isotonic lysis buffer, rotated at RT 

for 5 minutes, washed with 2% FBS in DPBS, and suspended in 500 μl of 2% FBS in 

DPBS. Samples were immediately acquired on the Attune NxT flow cytometer 

(ThermoFisher) within an hour of processing. Data were then analyzed using FlowJo V 

10.7 (FlowJo LLC) measured by DCF and MitoSOXTM median fluorescent intensities, for 

ROS and mitochondrial superoxide production, respectively. 
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Assessment of mitochondrial mass and mitochondrial activity. Fifty microliters of 

fresh whole blood or isolated PBMCs (1 x 106 aliquots) were stained with a pre-mixed 

antibody solution in pre-warmed tubes. Simultaneously, a final concentration of 1μM 

MitoTrackerTM Green FM (MTG) (Invitrogen) and 500nM of tetramethylrhodamine ethyl 

ester (TMRE) (BD Biosciences) were added to samples. Samples were set to incubate for 

30 minutes at 37°C, and then treated the same as the protocol discussed in “Assessment of 

reactive oxygen species (ROS) and mitochondrial superoxide production”. Mitochondrial 

mass was determined by MTG median fluorescent intensity. The functional status of 

mitochondria was defined as mitochondrial membrane potential (ΔΨm) measured by 

TMRE adjusted for mitochondrial mass and presented as ΔΨm/MTG ratio. 

Assessment of phagocytic activity. Fifty microliters of fresh whole blood or isolated 

PBMCs (1 x 106 aliquots) were stained with a pre-mixed antibody solution in pre-warmed 

tubes. Simultaneously, 10 μl of pHrodoTM Red E. coli BioParticlesTM (ThermoFisher) was 

added to determine phagocytic capacity of neutrophil subpopulations as indicated by a 

decrease in pH and output as pHrodo median fluorescent intensity. Samples incubated at 

37°C for 30 minutes. Samples were then treated as described above in, “whole blood 

staining.” 

Quantification of neutrophil subpopulations 

Calculating total neutrophils and neutrophil subpopulation frequencies. Fifty 

microliters of fresh whole blood were stained with 50 μl of a pre-mixed antibody absolute 

count panel for 30 minutes at 4°C. 1 ml of 1x 1-step Fix/lyse buffer was added to samples 

for red blood cell lysis and fixation at RT for 15 minutes. Using a predetermined 

concentration reported by the manufacturer, 50 μl of CountBrightTM Absolute Counting 



 

 92 

Beads (ThermoFisher) were added to samples. Samples were held at 4°C prior to 

acquisition and acquired on the Attune NxT flow cytometer (ThermoFisher) within 24 

hours of processing. Analyses was performed with FlowJo V 10.7 (FlowJo LLC). Using 

the manufacturer’s protocol, the bead adjustment factor was calculated by dividing the 

number of beads gated by the pre-determined concentration of beads per volume. 

Leukocytes were gated with side scatter and forward scatter area and total neutrophils were 

gated using CD15+CD14- gate with adjustment performed by multiplying cell counts by 

the bead adjustment factor. Percentages from imN and mN gates were multiplied by the 

number of total neutrophils calculated.  

Quantification of neutrophils in the PBMC layer. PBMC counts from the 

cellometer were used to determine the amount of PBMCs per ml of blood recalculated to 

the amount of blood used for isolation of PBMCs. Then the percentage of total neutrophils 

or neutrophil subpopulations gated from flow cytometry was used to determine amount of 

neutrophils per volume of blood.  

Statistical analysis 

Tests for statistical significance were determined with a two-sided p-value of 

p<0.05 conducted with the non-parametric Mann-Whitney rank-sum test as the majority of 

the data were not normally distributed. Specific analyses are reported in the text and figure 

legends.  All calculations were performed with GraphPad Prism V.5.04 (GraphPad 

Software Inc., La Jolla, CA 
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Results 

A proliferative immature neutrophil subpopulation is identifiable in whole blood and 

PBMCs of patients with acute or chronic inflammatory conditions 

LDNs were analyzed utilizing pre-determined antibody panels designed to assess 

neutrophil differentiation and activation including CD64 (FcRI), a glycoprotein expressed 

by promyelocytes, myelocytes, and metamyelocytes (20, 21) (Appendix A: Supplemental 

Methods Table 1). Comprehensive analyses revealed two distinct neutrophil 

subpopulations, CD15+CD16-CD64+ and CD15+CD16+CD64int, corresponding to 

immature (imLDN) and mature (mLDN) neutrophil phenotypes, respectively, in PBMCs 

obtained from HD, HIV-1, COVID-19, or MM patients (3, 20) (Figure 1A). The immature 

CD15+CD16-CD64+ neutrophil (imN) subpopulation was readily identifiable in whole 

blood (Figure 1A). Eosinophils are reported to exhibit lower level of CD16 and variable 

levels of CD15 relative to neutrophils (22, 23). To ensure the purity of imNs in the analyses, 

eosinophils were separately gated and superimposed with WBN subpopulations 

(Supplemental Figure 1A-B). Separate eosinophil, imN, and mN subpopulations were 

observed, with eosinophils exhibiting lower surface marker expression of CD64 relative to 

imNs (Supplemental Figure 1B).  

Neutrophil progenitors and immature neutrophils have been previously reported to 

be expanded in chronic inflammatory conditions including autoimmune diseases and 

cancer (3, 19, 24). The percentage of imLDNs of total LDNs was significantly higher in 

COVID-19 and MM with a significant expansion of imLDNs observed in all disease 

cohorts relative to HD (Figure 1B). The percentage of imNs of total neutrophils were 
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significantly higher in HIV-1 (p<0.0001) and COVID-19 (p<0.001) with significantly 

higher imN frequencies observed in all disease cohorts relative to HD (Figure 1C).  

Bone marrow neutrophil progenitors have a lower differentiation state indicated by 

their proliferative capacity (5); however, it remains unclear whether this is retained in 

circulating immature neutrophils. imLDNs obtained from COVID-19 (p<0.01) or MM 

(p<0.01) patients exhibited proliferative capacity indicated by significantly higher levels 

of proliferative marker Ki67 relative to mLDNs (Figure 1D). Similarly, imNs from 

COVID-19 (p<0.001) or MM (p<0.05) patients demonstrated increased proliferative 

capacity relative to mNs (Figure 1E). These data demonstrate that immature neutrophil 

subpopulations can be readily identified in whole blood and PBMCs, are expanded in acute 

and chronic inflammatory conditions, and exhibit higher proliferative capacity.
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Figure 1. Identification of immature neutrophils in PBMCs and whole blood. (A) 

Representative cytograms of neutrophil subpopulations in PBMCs and whole blood of HD, 

HIV-1, COVID-19, and MM patients. (B-C) Percentage and frequency of immature 

neutrophil subpopulations in PBMCs (B) and whole blood neutrophils (WBN) (C) of HD 

(n=19-31), HIV-1 (n=33-46), CV-19 (n=33-40), and MM (n=31-33) patients. (D-E) 

Representative histogram overlay of Ki67 intracellular expression and percentage of Ki67+ 

cells in imLDNs (D) and imNs (E) from COVID-19 (n=6-7) and MM (n=5) patients. MFI, 

median fluorescent intensity; FMO, fluorescence minus one. Statistical analyses were 

performed using the Mann-Whitney rank-sum test. Bars represent median values with p 

values indicated. 
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ImLDN and mLDN subpopulations are morphologically and phenotypically distinct 

 

To address the characteristics of the imLDN and mLDN subpopulations, the 

nuclear morphology of sorted LDN subpopulations obtained from HIV-1-infected 

individuals were assessed (Figure 2A). Neutrophils from the sorted CD15+CD16-CD14-

CCR3- imLDN subpopulation demonstrated round and banded nuclei, consistent with the 

characteristics of myeloblasts and promyelocytes (25) (Figure 2A). Conversely, 

neutrophils from the sorted CD15+CD16+CD14-CCR3- mLDN subpopulation exhibited 

multi-segmented nuclei, indicative of terminally mature neutrophils (3, 25) (Figure 2A). 

Majority of neutrophils in the imLDN subpopulation exhibited a single nuclear lobe while 

the neutrophils in the mLDN subpopulation displayed a morphology characterized by three 

or more nuclear lobes (Figure 2B). 

The lower maturation status of neutrophils in the imLDN subpopulation was 

supported by lower levels of CXC chemokine receptor 2 (CXCR2) and CD10 relative to 

neutrophils in the mLDN subpopulation in HIV-1-infected individuals (Figure 2C and 

Supplemental Figure 2). imLDNs from HIV-1-infected individuals displayed a higher level 

of carcinoembryonic antigen-related cell adhesion molecule 8  (CD66b). The level of 

oxidized low-density lipoprotein receptor 1 (Lox-1), a proposed marker associated with 

PMN-MDSC in cancer (12), was significantly higher on imLDNs relative to mLDNs from 

HIV-1-infected individuals (p<0.01; Figure 2C). 

LDNs from COVID-19 or MM patients demonstrated significant trends between 

imLDNs and mLDNs consistent with the neutrophil phenotypes observed in HIV-1. 

imLDNs obtained from COVID-19 patients exhibited lower levels of CD16 (p<0.0001), 

CXCR2 (p<0.0001) and higher levels of CD64 (p<0.0001) and CD66b (p<0.05) relative to 
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mLDNs (Figure 2D). imLDNs obtained from patients with MM demonstrated similar 

trends with the exception of Lox-1 expression (Figure 2E). 

 

Figure 2. LDNs are comprised of morphologically and phenotypically distinct 

subpopulations. (A) Representative Giemsa staining and electron microscopy images of 

sorted CD15+CD16- and CD15+CD16+ LDN subpopulations and isolated cells from the 

PMN layer (n=92-100) (B) Quantification of nuclear lobes from LDN subpopulations and 

PMNs (n=92). (C-E) Surface marker expression of imLDNs and mLDNs in HIV-1 (n=14) 

(C) COVID-19 (n=14-40) (D) and MM patients (n=5-21) (E). MFI, median fluorescent 

intensity. Statistical analyses were performed using the Mann-Whitney rank-sum test. Bars 

represent median values with p values indicated. 
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Neutrophil heterogeneity in whole blood immature neutrophils 

To address neutrophil heterogeneity between the imN and mN subpopulations in 

whole blood, neutrophil maturation, differentiation, and activation markers were assessed 

(Figure 3 and Supplemental Figure 3). Neutrophils from the imN subpopulation exhibited 

significantly lower levels of CD16 (p<0.0001), CXCR2 (p<0.0001), and CD10 (p<0.0001) 

compared to neutrophils from the mN subpopulation obtained from HIV-1-infected 

individuals (Figure 3A). imNs exhibited significantly higher levels of CD64 (p<0.0001), 

CD66b (p<0.0001), Lox-1 (p<0.001)  and CD14 (p<0.0001) consistent with an immature 

neutrophil phenotype (Figure 3A and Supplemental Figure 3A). CD117, a marker 

expressed by neutrophils in advanced stage of differentiation in the bone marrow (26), was 

significantly increased on mNs relative to imNs (p<0.001; Figure 3A). The phenotype of 

imNs from COVID-19 patients closely resembled the phenotype of imNs obtained from 

HIV-1-infected individuals (Figure 3B and Supplemental 3B). imNs obtained from MM 

patients displayed a slightly different phenotype with no significant differences observed 

in the expression levels of CD64, Lox-1, or CD63 relative to mNs (Figure 3C). 
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Figure 3. Heterogeneity of neutrophil subpopulations in whole blood. (A-C) Surface 

marker expression of maturation, degranulation, and activation markers on imNs and mNs 

of HIV-1 (n=14) (A), COVID-19 (n=40) (B), and MM (n=10-16) (C) patients. MFI, 

median fluorescent intensity. Statistical analyses were performed using the Mann-Whitney 

rank-sum test. Bars represent median values with p values indicated. 

Neutrophil subpopulations demonstrate significant differences in functional capacity 

 To address functional differences in LDN and WBN subpopulations the capacity 

for ROS production and mitochondrial potential were assessed. mNs obtained from 

COVID-19 patients demonstrated a significantly higher ROS capacity at basal levels 

relative to the imN subpopulation (Figure 4A). Significantly higher capacities for ROS 

production were observed in mNs compared to imNs from COVID-19 (p<0.0001) and MM 

(p<0.001) patients upon stimulation of blood with PMA as indicated by significantly higher 



 

 100 

dichlorofluorescein (DCF) staining (Figure 4A-B). mLDNs from MM patients 

demonstrated significantly higher ROS production at basal levels and upon PMA 

stimulation relative to imLDNs (Supplemental Figure 4A).  Mitochondrial superoxide 

production, detected using MitoSOXTM Red fluorogenic dye, was significantly higher in 

mNs relative to imNs following PMA stimulation in COVID-19 and MM patients (Figure 

4A-B). No significant differences were observed in mitochondrial mass as indicated by 

MitoTrackerTM Green staining or mitochondrial potential detected by 

tetramethylrhodamine ethyl ester (TMRE) after adjustment for mitochondrial mass 

between imN and mN subpopulations in whole blood. imNs obtained from MM patients 

demonstrated a significant increase in mitochondrial potential (Figure 4C-D and 

Supplemental Figure 4B). 

mNs from COVID-19 or MM patients exhibited increased phagocytic capacity as 

detected by the phagocytosis of pHrodoTM Red E. coli-conjugated BioParticlesTM relative 

to imNs (Figure 4E-F). mLDNs demonstrated higher phagocytic capacity from MM 

patients (p<0.01) relative to imLDNs (Supplemental Figure 4C). Overall, these data 

suggest mature neutrophil subpopulations exhibit higher capacity for ROS production and 

phagocytosis compared to immature neutrophil subpopulations. 
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Figure 4. Neutrophil subpopulations exert altered functional activity. (A-B) ROS 

production and mitochondrial superoxide production, determined by DCF staining and 

MitoSOXTM Red, respectively at baseline and upon stimulation with PMA of LDN 

subpopulations in COVID-19 (n=16-18) (A), and MM (n=7-10) (B) patients. (C-D) 

Mitochondrial mass as indicated by MitoTrackerTM Green and membrane potential 

determined with TMRE staining adjusted for mitochondrial mass (Δψm/MTG) of LDN 

subpopulations in COVID-19 (n=7-16) (C), and MM (n=12) (D) patients. (E-F) 

Phagocytic capacity was determined by phagocytosis of pHrodoTM Red E. coli 

BioParticlesTM on LDN subpopulations in COVID-19 (n=14) (E), and MM (n=7) (F) 

patients. MFI, median fluorescent intensity. Statistical analyses were performed using the 

Mann-Whitney rank-sum test. Bars represent median values with p values indicated.  
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Discussion 

Accumulating evidence implicates specific neutrophil subpopulations in the 

pathogenesis of acute and chronic inflammatory diseases; however, the knowledge 

regarding their phenotypic and functional heterogeneity remains under-investigated. In this 

study we identify distinct LDN subpopulations consistent with different neutrophil 

maturation stages in patients with HIV-1, COVID-19, or MM. Importantly, we show that 

the immature neutrophil subpopulation can be detected in whole blood using CD16 and 

CD64 expression. Immature neutrophil subpopulations are significantly elevated in HIV-

1, COVID-19, and MM patients. Characteristic features of the immature neutrophil 

phenotype include uni-lobular nuclei, higher expression of CD64 and CD66b, and higher 

proliferative capacity relative to mLDNs. The immature neutrophil phenotype exhibited 

significantly lower capacities for ROS production and phagocytosis.  

The significance of immature neutrophil subpopulations as potentially pathogenic 

is supported by prior reports demonstrating an expansion of distinct imN subpopulations 

during conditions of immune stress caused by sepsis, tumor-related factors, or autoimmune 

diseases (3, 5, 6, 18, 19). Here we report a significant expansion of CD15+CD16- imLDNs 

in the circulation of HIV-1, COVID-19, and MM patients (Figure 1). The quantification of 

LDNs as an indicator of neutrophil dysregulation in disease is supported by prior studies 

demonstrating associations between LDN frequency and clinical features of disease 

observed in autoimmune and cardiovascular diseases and cancer (3, 10, 12). 

Recent reports have identified several immature neutrophil subpopulations 

including CXCR2-CD101- and CD71+CD117+ neutrophil progenitor subpopulations (5, 

18). In line with these studies, we describe a distinct immature LDN subpopulation 

characterized by CD16-CXCR2loCD64+CD66b+ that exhibits less-segmented nuclei and is 
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identifiable in whole blood with CD64 expression. Although the imN subpopulation 

described in this study exhibits lower CXCR2 level relative to mNs, to our knowledge 

CD64 has not been reported to be expressed by immature neutrophils prior to the 

promyelocyte stage (20). Comparatively, comprehensive analyses of maturation and 

activation surface antigens reveal the imLDN morphology and phenotype is consistent with 

that of promyelocyte and myeloblast neutrophil maturation stages, including high 

expression of CD64 and CD66b, and low expression of CD16 (20). Consistent with our 

findings, studies have characterized immature LDN subpopulations including CD10- 

immature LDNs that display less segmented and rounded nuclei (3, 4, 27, 28).  

imN subpopulations have been previously characterized as cells that promote T-

cell survival and proliferation with impaired neutrophil extracellular trap (NET) formation, 

decreased phagocytosis, and decreased chemotaxis (3, 28). Consistent with prior studies, 

we demonstrate decreased phagocytic capacity in imNs relative to mNs. Additionally, a 

decrease in the capacity for ROS and mitochondrial superoxide production in imNs was 

observed at basal levels and upon PMA stimulation (Figure 4). Interestingly, imLDNs 

demonstrated elevated mitochondrial potential relative to mLDNs in MM patients 

(Supplemental Figure 4D). Our observations are further supported by a prior report 

demonstrating that imLDNs utilize alternative metabolic pathways including glutamate 

and proline catabolism in glucose-deficient environments (4). 

The identified immature LDN and WBN subpopulations described in this study 

enhance our knowledge of neutrophil heterogeneity in acute and chronic diseases. The 

specific properties of imLDNs and imNs described in this study may pre-determine them 

as active players in acute and chronic inflammatory diseases. 
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SUPPLEMENTAL FIGURES 

 

 

Figure S1. Gating strategy for the identification of neutrophil subpopulations.  

(A) Neutrophils were gated as single cells with negative gates to remove doublets, T and 

B lymphocytes using lineage markers CD3 and CD19 eosinophils using CCR3, and 

monocytes using CD14 from the analyses, respectively. Immature neutrophil 

subpopulations were identified as CD15+CD16-. Mature neutrophil subpopulations were 

identified as CD15+CD16+. (B) Cytogram of imN, mN, and eosinophil cell populations. 

(C) Ki67-APC gating of neutrophil subpopulations with positive cells identified by 

applying a gate determined using the FMO. FMO, fluorescence minus one.  
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Figure S2. LDNs are comprised of phenotypically distinct subpopulations. Surface 

marker expression of neutrophil maturation, degranulation, and activation markers on 

imLDNs and mLDNs of HIV-1 patients (n=16). MFI, median fluorescent intensity. 

Statistical analyses were performed using the Mann-Whitney rank-sum test. Bars represent 

median values with p values indicated. 

 

Figure S3. Phenotypic heterogeneity of neutrophil subpopulations in whole blood. (A-

C) Surface marker expression of maturation, degranulation, and activation markers on 

imNs and mNs of HIV-1 (n=14) (A), COVID-19 (n=40) (B), and MM (n=10-16) (C) 

patients. MFI, median fluorescent intensity. Statistical analyses were performed using the 

Mann-Whitney rank-sum test. Bars represent median values with p values indicated.  
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Figure S4. LDN subpopulations exert altered functional activity. (A) ROS production 

and mitochondrial superoxide production, determined by DCF staining and MitoSOXTM 

Red, respectively at baseline and upon stimulation with PMA of LDN subpopulations of 

MM patients (n=7-10). (B) Mitochondrial mass as indicated by MitoTrackerTM Green and 

membrane potential as determined with TMRE staining adjusted for mitochondrial mass 

(Δψm/MTG) of LDN subpopulations of MM patients (n=12). (C) Phagocytic capacity was 

determined by phagocytosis of pHrodoTM Red E. coli BioParticlesTM on LDN 

subpopulations of MM patients (n=7). MFI, median fluorescent intensity. Statistical 

analyses were performed using the Mann-Whitney rank-sum test. Bars represent median 

values with p values indicated.  

 

 

  



   

 

 110 

NEUTROPHIL-PLATELET INTERACTIONS PARTIALLY CONTRIBUTE TO THE 

INDUCTION OF THE LOW-DENSITY NEUTROPHIL PHENOTYPE 

 

 

 

 

 

by 

 

KRYSTLE L. ONG*, HARISH C. PAL*, ASHLEY N. CONNELLY, MARCUS D. 

DAVIS, ZDENEK HEL 

 

(* these authors contributed equally to the work) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

In preparation for The Journal of Leukocyte Biology: Brief Reports 

 

Format adapted for dissertation



   

 

 111 

 

Abstract 

Neutrophil-platelet complexes (NPCs) and monocyte-platelet complexes (MPCs) 

are hallmarks of different pathologic conditions. Recently, distinct neutrophil subsets have 

become appreciated for their diverse phenotype and function in disease. A subset of 

neutrophils that co-localize with mononuclear cells, known as low-density neutrophils 

(LDNs), are found at increased frequencies in patients with inflammatory conditions 

including chronic infections and malignancies. LDNs are shown to exert 

immunosuppressive functions, including suppression of T-cell-mediated responses by 

reactive oxygen species (ROS), release of arginase-1, and induction of T regulatory cells. 

Several inflammatory mediators and bacterial components including TGF-, 

lipopolysaccharide (LPS), and N-Formylmethionyl-leucyl-phenylalanine (fMLF) have 

been previously reported to induce LDNs. However, the mechanisms responsible for the 

induction of the LDN phenotype is unclear. Here, we demonstrate that thrombin receptor 

activator peptide-6 (TRAP-6)-activated platelets induce the transformation of neutrophils 

to LDNs in whole blood through the binding of P-selectin (CD62P) to P-selectin 

glycoprotein ligand-1 (PSGL-1). Neutrophils in whole blood interact with activated 

platelets resulting in a rapid expansion of LDNs. Pre-treatment with αPSGL-1 or actin 

polymerization inhibitor Cytochalasin D significantly reduces the frequency of LDNs 

stimulated by TRAP-6. Treatment with fMLF does not significantly increase platelet-

neutrophil interactions, but separately induces the LDN phenotype. The data presented here 

indicate that neutrophil-platelet interactions significantly contribute to the induction of 

LDNs in acute inflammatory conditions. 
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Introduction 

Platelets actively regulate immunologic processes, including wound healing and 

thrombus formation, and are essential in the recruitment of immune cells (1-3). Increased 

frequencies of circulating NPCs and MPCs have been reported during infection, sepsis, 

atherosclerosis, coronary syndromes, and other inflammatory conditions (4-8). The 

physical interactions between platelets and leukocytes occur by direct binding of CD62P 

expressed on platelets to PSGL-1 expressed on neutrophils and monocytes (9, 10). The 

CD62P/PSGL-1 complex activates Src and MAP kinases in leukocytes and induces 

expression of integrin αLβ2 (LFA-1) and αMβ2 integrin CD11b/CD18 (Mac-1), further 

promoting platelet-leukocyte interactions activating neutrophils and monocytes (11, 12). 

These interactions are enhanced by binding of soluble CD40 ligand (sCD40L) secreted by 

activated platelets to CD40 receptor expressed on neutrophils (13, 14). Physical interaction 

of platelets and neutrophils modulates inflammatory responses by enhancing the 

extravasation of neutrophils, ROS production, phagocytic capacity, and release of 

neutrophil extracellular traps (NETosis) (15-18). Interestingly, P-selectin-deficient 

platelets fails to induce NETosis due to hampered NPC formation, whereas platelets with 

enhanced P-selectin expression resulted in increased NETosis when co-cultured with 

neutrophils (15). 

LDNs or polymorphonuclear myeloid-derived suppressor cells (PMN-MDSCs) are 

a subpopulation of neutrophils which co-localize with monocytes and lymphocytes in the 

peripheral blood mononuclear cell (PBMC) layer following density gradient centrifugation 

(19). LDNs have critical roles in the inhibition of T-cell signaling and function, are 

expanded in many diseases including chronic infections and malignancy, and associated 
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with poor clinical outcomes in cancer (20-24). Several inflammatory mediators have been 

demonstrated to promote the low-density phenotype, including fMLF, TGF-, tumor 

necrosis factor (TNF), and LPS. However, the specific mechanisms of LDN induction 

remains to be elucidated (21, 25, 26). 

In the present study, we investigated LDN and NPC frequency in relation to disease 

state and aimed to characterize the interactions between activated platelets and leukocytes.  

We investigated how neutrophil-platelet interactions affected the induction of the low-

density phenotype utilizing platelet-specific and non-specific activators. The results 

presented here are suggestive of an alternative mechanism of LDN induction involving the 

interactions between neutrophils and activated platelets (Supplemental Figure 1). 

Materials and methods 

Ethics statement 

All procedures involving human subjects were approved by the Institutional 

Review Board of the University of Alabama at Birmingham (IRB protocols: 141218001 

and 300004485). Informed consent was obtained from all participants in this study, all of 

whom were eighteen years and older. Blood samples were collected in acid citrate dextrose 

(ACD) tubes (ThermoFisher, Waltham MA) by certified phlebotomists. 

Materials  

Fetal bovine serum (FBS) and A/B human serum were purchased from Atlanta 

Biologicals (Atlanta, GA) and ThermoFisher, respectively. All reagents and materials for 

cell counting, including the ViastainTMAcridine Orange/ Propidium Iodide (AO/PI) 

Staining Solution and the Nexcelom cell counter were purchased by Nexcelom (Lawrence, 

MA). Dulbecco’s phosphate buffer solution (DPBS), Ethylenediaminetetraacetic acid 
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(EDTA), Roswell Park Memorial Institute (RPMI) medium 1640 with 2mM L-glutamine, 

and Dimethyl sulfoxide (DMSO), were purchased from Corning (Corning, NY). N‐formyl‐

methionyl‐leucyl‐phenylalanine (fMLF) was purchased from Sigma Aldrich (Sigma 

Aldrich, St. Louis, MO) and dissolved in DMSO to a concentration of 10nM. Thrombin 

receptor activator peptide 6 (TRAP-6) purchased from Sigma Aldrich, was dissolved in 

DMSO at a concentration of 25mM. 

Platelet isolation 

Whole blood was centrifuged at 200 x g for 10 minutes and platelet rich plasma 

(PRP) was collected. The PRP was then centrifuged at 200 x g for 10 minutes to pellet red 

blood cells (RBCs) and other immune cells. The supernatant was transferred to a new tube 

and centrifuged for 600 x g for 10 minutes. The resulting platelet pellet was suspended in 

DPBS and stained with carboxyfluorescein succinimidyl ester-green (CFSE) (Sigma 

Aldrich) for seven minutes at 37°C. Twenty microliters of stained platelets were loaded 

onto a hemocytometer and counted using the Cellometer K2 Fluorescent Viability Cell 

Counter.  

Microscopy staining and imaging 

Wright-Giemsa staining. For platelet activation TRAP-6 or fMLF were added to 50 

μl of whole blood at indicated time points. Twenty microliters of blood were used to create 

thin blood smears on FishbrandTM SuperfrostTM Plus Microscopic Slides (ThermoFisher). 

Smears were air dried and fixed in chilled methanol for five minutes and stored at room 

temperature (RT) prior to Giemsa staining. Slides were stained with 1 ml Giemsa bright 

stain (Electron Microscopy Sciences, Hatfield, PA) for 4 minutes at RT. Excess Giemsa 

stain was removed by adding 2 ml of 0.1M phosphate-buffer (Electron Microscopy 
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Sciences) on top of the Giemsa stain and incubated at RT for 8 minutes. Slides were gently 

washed with water for 1 minute, air dried, then mounted with Fisher ChemicalTM 

PermountTM Mounting Medium (ThermoFisher) and cover slipped. The Keyence 

microscope 20X and 60X lenses (Keyence, Itasca, IL) were used for analyses. Manual 

quantification of neutrophil-platelet interactions was performed with the assistance of the 

ImageJ software (National Institutes of Health, Bethesda, MD).   

Immunofluorescent staining of whole blood. Whole blood was stained with CD14- 

PE/Cy5.5 (Biolegend, San Diego, CA), CD15-PE (Biolegend) and CD41-FITC 

(Biolegend) for 30 minutes and stimulated with TRAP-6 or fMLF at different time points. 

After incubation, blood was fixed and lysed using 1 ml of 1-step 1x 1-step Fix/lyse buffer 

(Invitrogen, Waltham, MA) for 15 minutes at RT in the dark. Cells were washed with 

chilled wash buffer (DPBS containing 2% FBS) by centrifugation at 200 x g for 5 minutes. 

The cell pellet was suspended in equal parts intracellular fixation buffer (IC fix) 

(Invitrogen) and 2% FBS. Cell suspensions were then cytospun at 800rpm for 4 minutes 

using medium acceleration on glass slides. Cells were mounted with vectashield mounting 

medium containing DAPI (Vector Laboratories, Burlingame, CA) prior to applying the 

coverslip. Images were captured at 40X using the Keyence microscope. Cell suspensions 

were also acquired on the Attune NxT flow cytometer (ThermoFisher) within 24 hours and 

analyzed utilizing FlowJo V 10.7 (FlowJo LLC, Ashland, OR).   

Co-culture of TRAP-6 activated platelets with whole blood. Platelets from whole 

blood were isolated as described above and stained with CFSE in 500 μl DPBS for 15 

minutes at 37°C. Stained platelets were washed twice with DPBS containing 2% FBS by 

centrifugation for 10 minutes at 800 x g. Platelets were suspended in RPMI medium and 
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counted. CFSE+ platelets and TRAP-6 were added to isotonically-lysed whole blood 

stained prior to co-incubation with CD15-PE (Biolegend) and CD41-FITC, as previously 

described, for indicated time periods (27). After incubation, stained blood was processed 

for blood smears or separately in 1-step Fix/Lyse for 15 minutes at RT for flow cytometry 

and then cytospun for microscopy. Slides were mounted with vectashield mounting 

medium containing DAPI and cytospun for microscopy using the ShandonTM Cytospin3 

cytocentrifuge (ThermoFisher).  

Sample preparation for flow cytometry analysis    

Whole blood samples were stained with the platelet antibody stain mix consisting 

of CD3-BV605 (Biolegend), CD19-BV605 (Biolegend), CD14-APCFireTM (Biolegend), 

CD15-eF450 (eBioscienceTM), CD16-APC (eBioscienceTM), CD62L-BV711 (BD 

Biosciences), CD193 (CCR3)-BV510 (BD Biosciences), CD41-FITC (Biolegend) and 

CD62P-PE-Cy7 (Biolegend) in10% A/B human serum in DPBS for 30 minutes in the dark 

at 4°C. After, TRAP-6 or fMLF were added at different time points and samples were 

incubated at 37°C. Samples were washed in chilled DPBS containing 1mM EDTA and 

centrifuged at 200 x g for 5 minutes and fixed with RBC lysis in 1 ml of 1-step 1x Fix/lyse 

solution for 15 minutes in the dark at RT. Samples were washed with 1 ml chilled DPBS 

containing 1mM EDTA and centrifuged at 200 x g for 5 minutes and suspended in equal 

parts of 2% FBS in DPBS and IC fix. Samples were acquired on the Attune NxT flow 

cytometer (ThermoFisher) within 24 hours and analyzed utilizing FlowJo V 10.7 (FlowJo 

LLC, Ashland, OR).   

To acquire peripheral blood mononuclear cells (PBMCs), equal parts of whole 

blood was diluted with equal parts DPBS, and then layered onto a discontinuous Ficoll-
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Paque PREMIUM density gradient (GE Healthcare, Chicago, IL) at a 2:1 ratio, 1.078g/ml, 

and centrifuged for 30 minutes at 400 x g. The resulting PBMC layer was isolated into 10 

ml of DPBS and centrifuged at 300 x g for 10 minutes. The PBMCs were then suspended 

in 10% A/B human serum in DPBS to block nonspecific binding of antibodies for 30 

minutes at 4°C. During blocking, 20 ml of PBMCs were stained with 20 ml of AO/PI for 

5 minutes at 25°C, and then loaded onto the Cellometer K2 Fluorescent Viability Cell 

Counter for counting. After blocking, PBMCs were stained with 50 ml of the platelet 

antibody mix for 30 minutes at 4°C, washed with 2% FBS in DPBS, and suspended in 

equal parts of 2% FBS in DPBS and IC fix. The same protocol for whole blood sample 

acquisition and analysis was utilized for PBMC acquisition.   

Blocking interaction assays 

Whole blood or co-cultures were pre-treated with 10 μg/ml αCD62P (BioLegend), 

10 μg/ml αCD162 (PSGL-1) (BioLegend), 10 μM Cytochalasin D (CytoD) (Sigma 

Aldrich) or 10 mM ammonium chloride (NH4Cl) for 30 minutes at RT prior to TRAP-6 or 

fMLF stimulation. Samples were stimulated for 5 minutes before washing after αCD62P 

and αCD162 (αPSGL-1) treatment, or 30 minutes for Cyto D or NH4Cl treatments. Samples 

were then processed as described above. 

Gating for flow cytometry  

For all analyses, CD3+ and CD19+ events corresponding to T and B lymphocytes, 

respectively, were removed. For neutrophil analyses, CD193+ (CCR3) and CD14+ events 

were removed. For monocyte analyses, CD15+ and CCR3+ events were removed. NPCs 

and MPCs were defined as CD15+CD41+ and CD14+CD41+, respectively. Activated 
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leukocyte-platelet complexes were determined by CD62P+. This gating strategy was 

utilized for whole blood and PBMC samples (Supplemental Figure 2). 

Low-density neutrophil quantification 

 PBMCs and PMNs were counted from the cellometer to determine the amount of 

total neutrophils per volume of blood. The percentage of LDNs or PMNs gated from flow 

cytometry was multiplied by the total number of neutrophils to determine the frequency of 

LDNs. 

Statistical analysis 

Tests for statistical significance of NPC and LDN frequencies, and extracellular 

antigen expression on neutrophils, were conducted with paired t-tests. Statistical 

significance was determined at a standard level of p<0.05. GraphPad Prism (GraphPad 

Software Inc., La Jolla, CA) was utilized for all calculations. 

 

For original data, please contact zdenekhel@uabmc.edu 

Results and Discussion 

Activated NPCs and MPCs are upregulated in COVID-19 

 The frequencies of total NPCs, defined as CD15+CD41+, and MPCs, defined as 

CD14+CD41+, were determined on neutrophils and monocytes obtained from healthy 

donors (HD) and patients with acute or chronic infection (Figure 1A and Supplemental 

Figure 2). Total NPCs and MPCs and level of CD41 on neutrophils or monocytes were not 

significantly increased in inflammatory disease conditions relative to HD (Figure 1A-D). 

In contrast, complexes of neutrophils and monocytes with activated platelets were 

significantly elevated in patients with coronavirus 19 (COVID-19) relative to HD (Figure 
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1E-F). Expression of CD62P was significantly increased on activated NPCs and MPCs in 

COVID-19 and human immunodeficiency virus-1 (HIV-1) relative to HD (Figure 1E-F). 

Analyses of LDNs reveal that patients with COVID-19 (p<0.05) or HIV-1 (p<0.001) 

exhibited higher LDN frequencies relative to HD with total NPC frequency observed to be 

significantly increased in LDNs relative to WB (Figure 1G-H). 

 

Figure 1. Platelet-leukocyte complexes and LDNs are increased in patients with 

COVID-19. (A-B) Cytograms of CD15+CD41+ NPCs (A) or CD14+CD41+ MPCs (B) from 

a healthy donor (HD) or individuals infected with SARS-CoV-2 (CV-19) or HIV-1. (C-D) 

Expression of CD41 and frequency of total NPCs (C) and MPCs (D) in whole blood. (E-

F) Frequency of CD41+CD62P+ activated NPCs (E) and MPCs (F) and expression of 

CD62P in whole blood. (G) LDN frequency of HD, CV-19, and HIV-1. (H) Frequency of 
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NPCs in whole blood (WB) and PBMCs of HD and HIV-1. HD (n=28) CV-19 (n=31-50) 

HIV-1 (n=56). Statistical analyses were performed using the Mann-Whitney rank-sum test 

with p values as indicated. Bars represent median values. 

TRAP-6 stimulation induces the formation of activated NPCs 

To investigate the effect of platelet activation on neutrophil-platelet interactions 

thrombin-receptor activator peptide-6 (TRAP-6), a hexapeptide fragment that acts as a 

protease-activated receptor 1 (PAR1) agonist was utilized (28). Stimulation with TRAP-6 

resulted in a time-dependent increase in the formation of CD41+CD15+NPCs as indicated 

by immunofluorescent staining and flow cytometry in whole blood (Figure 2A-B). Platelet-

neutrophil interactions were observed within two minutes of TRAP-6 stimulation with a 

maximum interaction frequency observed within 5 minutes, after which the interaction 

frequency and expression of CD41 declined (Figure 2B-C). There was a significant, 

transient increase in the percentage of activated CD41+CD62P+CD15+NPCs, as indicated 

by the upregulation of CD62P expression, in TRAP-6-stimulated whole blood (p<0.05; 

Figure 1D-E).  

To analyze if platelet-neutrophil interactions were specifically due to the activation 

of platelets, whole blood was stimulated with fMLF; a bacterial peptide which 

predominantly binds to the formyl peptide receptor on neutrophils (29, 30). There was a 

slight increase in NPC frequency with fMLF stimulation, however, there were no 

significant differences in activated NPC frequency between unstimulated and fMLF-

stimulated blood (Figure 1B, D, F).  

We observe a significant increase in NPC frequency after TRAP-6 stimulation and 

further show that non-specific leukocyte activator, fMLF, did not demonstrate the same 

level of potency. Our observations are corroborated by a prior study demonstrating rapid 
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formation of NPCs upon TRAP-6 stimulation (17). The lower platelets-neutrophil 

interactions in fMLF-stimulated relative to TRAP-6-stimulated blood may be the result of 

partial activation of platelets. 
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Figure 2. Stimulation of whole blood by TRAP-6 increases the frequency of activated 

NPCs. (A) Representative immunofluorescence microscopy images of NPCs in stimulated 

whole blood from HD (n=6). Platelets were indicated by CD41, green; neutrophils were 

indicated by CD15, pink, with DAPI, blue, used to counterstain nuclei. (B) Left panel- 

representative cytograms of NPCs in stimulated whole blood; right panel- histogram 

overlay of CD41 expression. (C) Percentage of CD41+ NPCs and expression of CD41 at 

different time points with TRAP-6 or fMLF stimulation. (D) Representative cytograms of 

activated NPCs as determined by CD15+CD41+CD62P+ neutrophils in stimulated whole 

blood. (E-F) Percentage of activated NPCs and expression of CD62P on activated NPCs 

at different time points with TRAP-6 (E) or fMLF (F) stimulation. Statistical analyses were 

performed using the Mann-Whitney rank-sum test with p values as indicated. Bars 

represent standard error of the means. 

Neutrophils rapidly interact with TRAP-6-activated platelets 

Consistent with immunofluorescent microscopy observations, Giemsa staining of 

TRAP-6-stimulated whole blood reveal a rapid accumulation of platelets interacting with 

neutrophils, which was observed in monocytes (Figure 3A and Supplemental 3A). To 

assess the transfer of platelet contents to neutrophils, platelets pre-stained with CFSE were 

co-cultured with neutrophils from isotonically-lysed blood and stimulated with TRAP-6 

(Figure 3B-C). There was a rapid accumulation of CFSE staining with the addition of 

TRAP-6 suggesting that platelets were binding extracellularly to neutrophils or internalized 

into the cytoplasm (Figure 3C). A rapid increase in the percent of CFSE-positive 

neutrophils was observed reaching a maximum at 30 minutes with greater than fifty percent 

of neutrophils exhibiting CFSE positivity (Figure 3D). Pre-treatment with ammonium 

chloride (NH4Cl), which has been previously reported to block the formation of the phago-

lysosome, did not result in an increase in CFSE accumulation with neutrophils (Figure 3E) 

(31-33).  

Giemsa staining of whole blood suggest that platelet particles are encapsulated 

within neutrophils and upon TRAP-6 stimulation (Figure 2A). This observation is 



 

 123 

consistent with prior reports demonstrating neutrophil engulfment of activated platelets in 

disease (34, 35). Our observations support that platelet content is actively transferred to 

neutrophils upon TRAP-6 stimulation. Maugeri et al. previously demonstrated the 

phagocytosis of activated platelets by neutrophils in neutrophil-platelet co-cultures (17). 

They proposed that leukocyte phagocytosis of platelets is dependent on binding of CD62P 

to PSGL-1 on neutrophils which is stabilized by LFA and Mac-1 interactions (17). Previous 

clinical reports have suggested neutrophil engulfment of platelets is occurring in 

inflammatory diseases including coronary artery syndrome and system sclerosis (17, 34, 

35). The data presented indicates that after adherence of activated platelets on neutrophils, 

platelet contents can be transferred to neutrophils. 
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Figure 3. Neutrophil-platelet interactions are enhanced with TRAP-6 stimulation  

(A) Giemsa-stained whole blood stimulated with TRAP-6 depicting neutrophil-platelet 

interactions. (B) Immunofluorescent microscopy images of isotonically-lysed whole blood 

co-cultured with platelets pre-stained with CFSE stimulated with TRAP-6 at different time 

points; CFSE (green), CD15 (red), and neutrophil nuclei counterstained with DAPI (blue). 

(C) Representative immunofluorescent microscopy images of whole blood neutrophils 

interacting with platelets pre-stained with CFSE. (D) Frequency of CFSE-positive 

neutrophils with TRAP-6 stimulation (one of four experiments shown). (E) Percentage of 

CFSE-positive neutrophils after stimulation with TRAP-6 and/or pretreatment with 

ammonium chloride (NH4Cl) (n=4). Images of Giemsa staining were enhanced equally 

with increasing color brightness and contrast which did not change or compromise the 

original images. Statistical analyses were performed using paired t-test with p values as 

indicated. Bars represent standard error of the means. 

TRAP-6 and fMLF stimulation of whole blood induce LDNs  

To determine whether platelet-neutrophil interactions induced the low-density 

neutrophil phenotype, LDNs were quantified from TRAP-6-stimulated-whole blood at 

different time points. There was a rapid, but transient, expansion of LDNs observed within 

five minutes of TRAP-6 or fMLF stimulation relative to unstimulated blood (Figure 4A-

B). To determine if the interaction between neutrophils and activated platelets affects LDN 

frequency, whole blood was treated with TRAP-6 or fMLF for 5 minutes after pretreatment 

with αCD62P or αPSGL-1 preventing interaction of the CD62P/PSGL-1 axis, or inhibiting 

actin rearrangement with Cytochalasin D (Cyto D) (36). Pretreatment with αPSGL-1 

(p<0.05) or Cyto D (p<0.05) significantly reduced LDN frequency with αPSGL-1 pre-

treatment resulting in decreased formation of NPCs in whole blood (Figure 4D). 

Pretreatment with αCD62P resulted in partial inhibition of LDN frequency, but did not 

reach a level of statistical significance (data not shown). Overall, these findings suggest 

that the transfer of platelet contents to neutrophils mediated by PSGL-1 play a role in the 

induction of LDNs by TRAP-6 stimulation. 
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Figure 4. TRAP-6 and fMLF stimulation of whole blood induces LDNs. (A) Cytograms 

of LDNs in PBMCs from TRAP-6-stimulated or fMLF-stimulated whole blood at indicated 

time points. (B) Time course of LDN induction from TRAP-6 or fMLF-stimulated blood; 

one of four experiments shown. (C) Frequency of LDNs obtained from whole blood 

stimulated for 5 minutes with TRAP-6 with pretreatment conditions including αPSGL-1 or 

Cytochalasin D for 30 minutes as indicated (n=3-11). (D) Cytogram of neutrophils in whole 

blood with TRAP-6 stimulation with and without pre-treatment with αPSGL-1. Statistical 

analyses were performed using paired t-test with p values as indicated. Bars represent 

standard error of the means. 

Summary and study limitations 

The present study provides a potential mechanism involving neutrophil-platelet 

interactions for the induction of LDNs. We demonstrate the rapid formation of activated 
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NPCs with TRAP-6 stimulation in whole blood. Interestingly, TRAP-6 or fMLF 

stimulation of whole blood resulted in the rapid expansion of LDNs. The induction of 

LDNs by TRAP-6 was reduced with pre-treatment with αPSGL-1 or Cytochalasin D. 

Although several inflammatory mediators have been demonstrated to promote the low-

density phenotype, our findings provide novel evidence for a specific platelet-involved 

mechanism of LDN induction (21, 25, 26). 

The effect of the interactions between activated platelets with specific neutrophil 

subsets is under-investigated in disease conditions. A recent study in psoriasis reported that 

LDNs were found to co-localize with platelets in circulatory blood (37). Further, that LDN-

platelet complexes are strongly associated with early atherosclerotic non-calcified 

coronary burden suggesting that LDN-platelet complexes may significantly contribute to 

the disease severity and the development of cardiovascular-related comorbidities (37). 

Future studies focused on comprehensive analyses of neutrophil-platelet interactions on 

the induction of LDNs are suggested to understand the effect of LDN-platelet complexes 

in the development of co-morbidities and relation to disease progression.  

Limitations of the study include the small sample size. Additionally, detailed 

phenotypic characterization and comparison of functional properties were not possible due 

to the transient nature of the experimental low-density phenotype. Utilizing density 

gradient centrifugation for isolated neutrophils from whole blood resulted in poor recovery 

of LDNs suggesting a component in whole blood may be necessary for the TRAP-6-

induction of LDNs. Though fMLF has independently been observed to increase LDN 

frequency our data suggest fMLF is involved in separate mechanism(s) of LDN induction 

in addition to indirect platelet activation (21). Overall our data demonstrate how platelet-
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neutrophil interactions are involved in promoting the low-density phenotype and are 

suggestive of a novel mechanism of LDN induction.
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SUPPLEMENTAL FIGURES 

 

Figure S1. Graphical abstract. Platelets are activated through the PAR-1 receptor with 

Thrombin receptor activator peptide 6 (TRAP-6). Activated platelets then bind neutrophils 

though the P-selectin/PSGL-1 axis activating neutrophils. Once activated, neutrophils 

rapidly interact with platelets through Mac-1 binding of ICAM-2 and GP1bα promoting 

the low-density phenotype. Pre-treatment blocking PSGL-1 binding or actin rearrangement 

with Cytochalasin D hampers the development of the low-density phenotype. fMLF and 

inflammatory mediators utilize an independent mechanism of induction. Created with 

BioRender.com. 
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Figure S2. Gating strategy for leukocyte-platelet complexes. (A-B) Neutrophils (A) and 

monocytes (B) were gated as single cells with negative gates to remove doublets, T and B 

lymphocytes with lineage markers CD3 and CD19 and eosinophils with CCR3. MPCs and 

NPCs were identified as CD14+CD41+ and CD15+CD41+ respectively. CD62P expression 

was used to determine activation of platelet-leukocyte complexes. 
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Figure S3. Monocyte interactions with platelets. (A) Giemsa-stained whole blood 

stimulated with TRAP-6 depicting monocyte-platelet interactions. (B) Left panel- 

representative cytograms of MPCs in stimulated whole blood; right panel- histogram 

overlay of CD41 expression. (C) Percentage of CD41+ MPCs and expression of CD41 at 

different time points with TRAP-6 or fMLF stimulation. (D) Representative cytograms of 

activated MPCs as determined by CD14+CD41+CD62P+ monocytes in stimulated whole 

blood. (E-F) Percentage of activated MPCs and expression of CD62P on activated MPCs 

at different time points with TRAP-6 (E) or fMLF (F) stimulation. Statistical analyses were 

performed using the Mann-Whitney rank-sum test with p values as indicated. Bars 

represent standard error of the means. 
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DISCUSSION 

 

The cells of the myeloid compartment are essential to maintaining homeostasis through 

wound healing, controlling infection and recruitment of adaptive immune cells; however, 

the full spectrum of their functional potential remains to be discovered. A growing body of 

evidence suggests specific neutrophil subpopulations are strongly associated with disease 

pathogenesis and severity. The work presented in this dissertation reveals the following 

findings regarding myeloid cell subsets in infection and cancer:  

 

1. Neutrophils are comprised of immature and mature neutrophils with distinct 

phenotypes and functions; 

2. Circulating immature neutrophils are readily identified in whole blood, demonstrate 

proliferative activity, and are expanded in inflammatory conditions including HIV-

1, COVID-19, and MM; 

3. An alternatively differentiated myeloid phenotype, MM2, exists in a subset of 

multiple myeloma patients;  

4. The MM2 myeloid cell phenotype strongly correlates with myeloma-defining 

events and is associated with advanced disease; 

5. LDN, NPC, and MPC frequencies are significantly upregulated in SARS-CoV-2 

infection; 
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6. The low-density neutrophil phenotype can be transiently induced by TRAP-6-

activated platelets, potentially dependent upon a phagocytic mechanism mediated 

by PSGL-1. 

THE ROLE OF MYELOID CELLS IN THE PREDICTION AND MONITORING 

OF MULTIPLE MYELOMA 

Despite advancements in the clinical monitoring and treatment of MM, it remains an 

inevitably fatal cancer with most patients experiencing relapsed or refractory disease [230, 

231]. Multiple studies have reported associations between PMN-MDSC frequency or NLR 

with poor outcomes in MM [173, 176, 232]. However, the clinical significance of the 

functions of circulatory myeloid cells has been under-investigated. The present study 

provides comprehensive insight into the specific myeloid phenotypes of circulatory 

neutrophils, monocytes, and eosinophils associated with immune dysregulation in MM. 

We identify a specific subset of MM patients that display myeloid dysregulation related to 

myeloma-defining events. The MM2 phenotype is defined by a profound upregulation of 

CD64 and significant downregulation of CXCR2 and CD10 on mature neutrophils. Other 

components of the MM2 phenotype include the downregulation of monocytic markers 

CX3CR1 and CD31 on patrolling monocytes and a downregulation of cell signaling 

receptors on eosinophils. Our results indicate that features of the MM2 phenotype including 

CD64 expression on neutrophils will be instrumental when incorporated into future 

predictive and prognostic models of MM and its precursory conditions. 

Our findings are consistent with a prior study observing that CD64 expression is 

significantly higher on neutrophils from MM relative to MGUS patients, whereas no 

significant difference was observed in CD32 (FcRII) or CD16 (FcRIII) expression [233].  
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A positive relationship was observed between high CD64 expression on neutrophils and 

poor overall survival in MM patients receiving first-line therapies [181]. Quantification of 

CD64 levels on neutrophils is indicative of leukocyte dysfunction and has been 

investigated as a method of discrimination between non-septic and septic inflammatory 

responses in clinical settings [234, 235]. 

Altered myelopoiesis occurring in MM results in increased frequency of T-regulatory 

cells and MDSCs associated with immunosuppressive myeloid cell function [179, 180, 

236]. We report a significant expansion of immature neutrophil subpopulation in patients 

with the MM2 phenotype. Mature neutrophil subpopulations were primed for 

mitochondrial ROS release and displayed increased mitochondrial potential indicative of 

an immature neutrophil phenotype. In line with these findings, Perez, Botta et al. reported 

an upregulation of genes characteristic of PMN-MDSCs in mature neutrophils in MM 

patients due to varied chromatin accessibility [232]. Previous studies have demonstrated 

that PMN-MDSC display higher arginase-1 expression and phagocytic capacity [176, 181].  

The current study reports a strong association between the MM2 phenotype and the 

involved to uninvolved FLC ratio. Components of the MM2 phenotype including CD64 

level on mNs and CX3CR1 level on patrolling monocytes negatively correlated with serum 

hemoglobin and creatinine levels, respectively. Our observations that features of the MM2 

phenotype are significantly associated with advanced disease stages in MM are consistent 

with prior studies demonstrating high CD64 on neutrophils are associated with poor disease 

outcome in MM patients [181].  Although the MM2 phenotype was not found to be 

significantly associated with treatment status, several investigations have been performed 

to determine how current MM therapies affect myeloid cells [176, 181]. PMN-MDSC 
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frequency and arginase-1 levels were reduced in vivo after lenalidomide treatment, but not 

with treatment with bortezomib [176]. Future investigations are needed to better 

understand how treatment affects immune dysregulation to assist in the development of 

more optimal treatment strategies. 

The results described in this study present a novel myeloid phenotype improving our 

understanding of dysregulated myelopoiesis in granulocytic and monocytic subpopulations 

in MM patients. Our findings highlight the importance of myeloid cells as a parameter in 

monitoring MM. We propose that the myeloid markers described in this study can be used 

to identify patients that are at an increased risk of developing advanced-stage disease. 

ADDRESSING NEUTROPHIL HETEROGENEITY IN CHRONIC DISEASES 

Despite detailed investigations into neutrophil heterogeneity, our understanding of 

the relationship between neutrophil subpopulations and disease severity in acute and 

chronic inflammatory conditions is limited. The present study reports detailed phenotypic 

profiles of immature and mature neutrophil subpopulations in WB and PBMCs in HIV-1, 

COVID-19, and MM. We demonstrate that the immature neutrophil subpopulation is 

readily identifiable in whole blood and expanded in inflammatory diseases. imNs displays 

higher proliferative capacity and increased mitochondrial potential. Mature neutrophil 

subpopulations demonstrate higher phagocytic capacity and are primed for ROS 

production.  

Consistent with the identification and characterization of imNs in whole blood, 

several novel neutrophil progenitor subpopulations and immature neutrophil 

subpopulations, including preNeus and proNeus, have been identified [76-78, 237]. 

PreNeu, proNeu1, and proNeu2 are proliferative neutrophil progenitor subpopulations first 
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characterized in the bone marrow. PreNeu and proNeu1 subpopulations were observed to 

be expanded in sepsis models during conditions of immune stress. Recently characterized 

immature neutrophil subpopulations include a CD101- mouse neutrophil subpopulation 

associated with increased pancreatic tumor burden, and a CD71+ human neutrophil 

subpopulation observed to be expanded in blood obtained from melanoma patients [76, 

78].  

There has been an increasing interest in the phenotype and function of distinct LDN 

subpopulations due to their relevance in chronic inflammatory settings. In line with the 

present study the differences in nuclear morphology [70, 74], transcription factors [73, 74, 

89], and phenotypic markers [74, 88] within the LDN subpopulation have been 

demonstrated.  In 2019, Hsu et al. were the first to show the metabolic flexibility of LDN 

subpopulations and the distinct bioenergetic processes they employ [89]. imLDNs were 

shown to produce ATP through mitochondrial-dependent pathways and maintain 

functionality under nutrient-limited conditions.  

Although immunosuppressive functions have been ascribed to LDNs, the roles and 

functions of specific LDN subpopulations have yet to be fully elucidated. In the present 

study we demonstrate that mature neutrophil subpopulations have increased capacity for 

ROS production and phagocytosis relative to immature neutrophil subpopulations. 

Consistent with our study, Mistry et al. show that imLDNs from SLE patients had a lower 

capacity for phagocytosis and spontaneous NET production relative to mLDNs [74]. 

Interestingly, Hsu et al. demonstrate that imLDNs, through sustained NETosis, can 

promote breast-to-liver metastases further suggesting that the functional capacities of 

neutrophil subpopulations differ between disease conditions [89]. 
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In the study presented we provide a comprehensive analysis of neutrophil 

subpopulations present in acute and chronic inflammatory diseases. Moving forward, it 

will be important to continue to identify and characterize neutrophil subpopulations to 

understand their specific roles in various diseases. 

CURRENT KNOWLEDGE REGARDING THE ORIGIN OF LOW-DENSITY 

NEUTROPHILS 

Despite many studies demonstrating an association between LDN frequency and 

poor outcomes in disease [70, 73, 75], there is currently no method available that could 

allow for the identification and targeting of LDNs. This remains a significant barrier in 

determining and mapping the origin and fate of LDNs. The central question remains: are a 

subset of neutrophils predestined to become LDNs once released from the bone marrow or 

do normal-density neutrophils (NDN) acquire the LDN phenotype following exposure to 

factors in the extracellular environment? 

Our study proposes a novel mechanism for transient LDN induction through 

platelet-neutrophil interactions. We determine that direct activation of platelets through the 

PAR-1 receptor stimulates platelet-leukocyte interactions and engulfment of platelets by 

neutrophils. In addition, we demonstrate that whole blood stimulation rapidly induces 

LDNs, and that this induction can be abrogated through the inhibition of actin 

polymerization.  

Although the relationship between the LDN frequency and disease pathogenesis is 

well-supported, critical knowledge gaps remain regarding the origin and kinetics of LDNs. 

Several hypotheses have been developed regarding the mechanisms of LDN induction. 

Inflammatory components, including cytokines and bacterial peptides, have become 
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increasingly studied as potential mediators of LDN induction. In 2015, Sagiv et al. 

proposed that TGF- found in the extracellular environment could induce LDNs [70]. They 

demonstrate that dose-dependent exposure to TGF- increased the LDN to NDN ratio ex 

vivo, and treatment with a TGF- inhibitor reduced the proportion of LDNs to NDNs in 

tumor-bearing mice [70]. While the evidence is compelling, it was concluded that the 

effects of TGF- were confined to NDNs and not naïve neutrophils, warranting further 

investigation [70]. Furthermore, the study did not comment on the time kinetics of LDN 

induction.  

A recent study showed that NDN activation by inflammatory mediators TNF, 

lipopolysaccharide (LPS), or fMLF promoted LDN induction [81, 238]. Interestingly, they 

report different neutrophil morphologies with LPS-induced LDNs demonstrating 

membrane ruffling and fMLF-induced LDNs becoming vacuolated [238]. Altogether, the 

evidence suggests that inflammatory mediators play an important role in LDN induction; 

however, the mechanism involved has not been elucidated. 

Multiple studies have investigated the effect of degranulation on the dynamics of 

neutrophil cell density, hypothesizing that the release of granule content decreases density 

and increases buoyancy [239, 240]. Jan et al. demonstrated that the release of -defensins 

triggered by -chemokines, such as RANTES, resulted in increased frequency of LDNs 

[239]. A recent study in sepsis observed positive correlations between supernatant MPO 

and MMP9 concentrations with the frequency of CD66b+ LDNs [240]. Though both studies 

report an association between LDN frequency and degranulation, this mechanism has not 

been confirmed. Gaining deeper insight into the involved mechanisms will provide novel 

approaches to clinical interventions. 
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CONCLUSIONS AND FUTURE DIRECTIONS 

The work described herein provides a detailed characterization of myeloid 

subpopulations in chronic inflammatory diseases. These findings may have important 

implications in the clinical monitoring of disease progression in MM and associated pre-

cancerous conditions. We provide a comprehensive analysis of different myeloid cell 

compartment phenotypes, MM1 and MM2, in which MM2 is correlated with myeloma-

defining events independent of previous treatment. We propose that the findings of our 

study can improve clinical monitoring of MM and provide instrumental tools to identify 

patients who are at a higher risk for developing advanced-stage disease. In addition, we 

describe a novel mechanism of transient LDN induction which may be further expanded in 

future studies.  

 

The present study in MM provides a detailed characterization of an alternative 

myeloid phenotype strongly associated with myeloma-defining events and potentially the 

development of advanced disease stage. We propose that future investigations of the MM2 

phenotype be conducted with paired blood and bone marrow samples through longitudinal 

studies in patients diagnosed with MM and pre-MM conditions. This will enable us to  

determine the clinical relevance of the MM2 phenotype concerning disease progression in 

pre-cancerous MM conditions. We hypothesize that these findings will provide additional 

insights with implications for future therapeutic approaches.   

 

The work described in this dissertation identifies novel neutrophil subpopulations 

with distinct phenotype and function in the WB and PBMCs of HIV-1, COVID-19, and 
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MM patients. Our studies demonstrate the presence of immature and mature neutrophil 

subpopulations characterized as CD16-CD64+ and CD16+CD64int, respectively. The 

advancement of high-throughput transcriptomics technology has enabled us with new tools 

to identify and characterize novel myeloid and myeloid progenitor subpopulations and their 

clinical associations [76, 77]. Cellular Indexing of Transcriptomes and Epitopes by 

Sequencing (CITE-seq) combines single-cell RNA-sequencing (scRNA) with DNA-

barcoded antibodies allows for immunophenotyping of cells with transcriptome analyses 

[241]. Since its inception, CITE-seq has arguably revolutionized proteomic and 

transcriptomic analyses.  

Though outside the scope of this dissertation, we have initiated the utilization of 

CITE-seq technology focusing on the identification of novel neutrophil subpopulations. 

We have identified two immature and six mature neutrophil subpopulations in HIV-1 and 

COVID-19. This technology will provide deeper analyses and new avenues for therapeutic 

approaches. Additionally, studies aimed at identifying critical differences in metabolic and 

bioenergetic processes and functions, including NETosis and T-cell suppression, should be 

performed in conjunction with proteomic and transcriptomic analyses. 

Accumulating evidence on the origin of LDNs implies that more than one 

mechanism of the induction of LDNs from NDNs exists. To corroborate our findings, in 

vivo studies assessing LDN induction with the inhibition of PSGL-1 and CD62P is 

suggested. Exploring mechanisms involved in LDN induction will improve our 

understanding of LDNs in different inflammatory conditions and potentially reveal novel 

therapeutic approaches for clinical intervention.  
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In closing, the studies described herein contributes to our understanding of myeloid 

subpopulations in MM, HIV-1, and COVID-19. The presented studies provide a 

framework for future investigations focused on elucidating the role of myeloid cells and 

chronic inflammatory changes in MM pathogenesis and comprehensive analyses of the 

kinetics of LDNs for the development of novel therapeutic approaches.
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A. SUPPLEMENTAL METHODS (EXTENDED)
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Supplemental Methods (Extended) 

Morphological characterization of LDN subpopulations 

Wright-Giemsa staining 

Sorted cells were suspended into 200 l RPMI Media (Corning, Corning, NY) of 5 

x 105 aliquots. The Shandon Cytospin3TM cytocentrifuge and cytology funnels purchased 

from ThermoFisher were utilized for all cytospin experiments. The aliquots were then 

loaded into the cytospin chamber, spun at medium acceleration at 800 x g for 4 minutes, 

and left to air dry overnight. Slides were stored at 4°C until ready for staining. Slides were 

removed from 4°C and left at RT for 15 minutes. 200 l of chilled methanol 

(ThermoFisher) was added for 5 minutes, and then aspirated. 200 l of Wright-Giemsa 

stain (Electron Microscopy Sciences, Hatfield, PA) was added and slides were incubated 

for 4 minutes at RT. After 4 minutes 400 l of DPBS was added on top of the Wright-

Giemsa stain and slides were set to incubate for 8 minutes at RT. The stain and buffer were 

decanted from slides and slides were washed in running water for 3 minutes. Slides were 

left to air dry at minimum 1 hour. 110 l of Fisher ChemicalTM PermountTM Mounting 

Medium (ThermoFisher) and was added to slides and full coverslips were placed on top of 

slides. Slides were stored at 4°C until imaged for quantification. 

Isolation of PMNs from PBMCs 

Plasma and ficoll were removed from the 15ml conical tube and the remaining red 

blood cell and PMN pellet was gently mixed. The tube was filled with isotonic lysis buffer 

(as described previously) and inverted. The tube was set to rotate for 5-7 minutes until red 

blood cell lysis completed. The sample was centrifuged for 200 x g for 10 minutes. The 

supernatant was aspirated and the cell pellet was suspended in DPBS. This step was 
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repeated twice more. After, the cell pellet was suspended in 10% human serum in DPBS 

and counted as described previously. 2 x 106 cells at 1 x 106 aliquots were utilized for PMN 

imaging per sample.   

Transmission electron microscopy (TEM) 

Protocol was adapted from the High Resolution Imaging and Shared Facility at the 

University of Alabama at Birmingham (Birmingham, AL) for sorted imLDNs and mLDNs, 

and PMNs isolated from the PBMC layer as described previously. 

Reagents. Millipore water (Burlington, MA) was utilized for this protocol. 

Phosphate buffer and glutaraldehyde were purchased from ThermoFisher, Fisher 

ChemicalsTM. Cacodylate (CaCo) buffer, paraformaldehyde, and the EPON812 resin 

embedding kit with the DMP-30 accelerator were from Electron Microscopy Sciences. 100 

proof Ethanol (EM grade) was from Acros Organics (Geel, Belgium). Osmium tetroxide 

(OsO4), uranyl acetate, low-melting point agarose, and Evans Blue were purchased from 

Sigma Aldrich. The Tecnai Spirit T12 Transmission Electron Microscope (Field Electron 

and Ion Company, Hillsboro, OR) was used for imaging at 3200x magnification. 

 Immersion fixation. 1 x 105 cell aliquots were suspended in 600 l 0.1M Caco 

buffer, pH 7.4. Tubes were centrifuged for 10 minutes at 500 x g. The supernatant was 

aspirated and the pellets were suspended in 1 ml 3% glutaraldehyde buffered in 0.1M CaCo 

buffer and incubated for 2 hours at RT with mixing every 30 minutes. After, tubes were 

centrifuged for 10 minutes at 500 x g. After, the supernatant was aspirated and pellets were 

suspended in 600 l of 0.1M CaCo buffer. The tubes set to rotate for 15 minutes at medium 

speed. This step was repeated once more. Cell suspensions were transferred to 0.5 ml 

microcentrifuge tubes. Tubes were then centrifuged for 10 minutes at 500 x g. After, the 
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supernatant was aspirated and the pellets were suspended in 75 l of low-melting point 2% 

agarose in Millipore water (stored at 37°C). Tubes were left on ice for 20 minutes while 

the agarose solidified. 300 l of 0.1M CaCo buffer was added and tubes incubated for 5 

minutes at RT. 250 l of the buffer was aspirated and the solidified agarose pellets were 

transferred into a new 1.5 ml Eppendorf tube that contained 500 μl 0.1M CaCo buffer. 

After, the buffer was removed and 1 ml of 1% OsO4 in 0.1M CaCo buffer was added. Tubes 

were set to rotate in the dark for 1 hour at RT. The OsO4 was removed, 1 ml of 0.1M CaCo 

buffer was added, and tubes were left to incubate in the dark at RT for five minutes. The 

buffer was removed, 1 ml of 0.1M CaCo buffer was added, and tubes were left to rotate in 

the dark at RT for 15 minutes. This step was repeated three times.  

Dehydration. After the last 1 ml of 0.1M CaCo buffer was removed 1 ml of 50% 

EtOH was added. Tubes were left to rotate for 5 minutes in the dark at RT. The 1 ml 50% 

EtOH was removed and 1 mlof 50% EtOH with 2% uranyl acetate was added in a 1:1 

dilution. Tubes were left to rotate for 1 hour in the dark at RT. The 1 ml of 50% EtOH with 

2% uranyl acetate was removed and replaced with 1 ml of 50% EtOH. Tubes were left to 

rotate for 5 minutes in the dark at RT. After, the 1 ml 50% EtOH was removed and the 

above step was repeated using 1 ml 50% EtOH, 1 ml 80% EtOH, and finally 1 ml 95% 

EtOH. After the 1 ml 95% EtOH was removed 1 ml of 100% EtOH was added and tubes 

were left to rotate in the dark at RT for 10 minutes. This step was repeated four more times.  

Pre-embedding and Embedding. After removing the last 1 ml of 100% EtOH, 1 ml 

of equal parts 100% EtOH with EPON812 resin mix with the DMP-30 accelerator was 

added to the sample and tubes were left to rotate in the dark overnight at RT. The 1 ml 

100% EtOH resin mix was removed and replaced with 1 ml of equal parts 100% EtOH 
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with EPON812 resin mix with the accelerator. Tubes were left to rotate in the dark for 24 

hours at RT. This step was repeated once more. The final 1 ml 100% EtOH resin mix was 

removed, 1 ml of 100% EPON812 resin mix was added, and tubes were left at 60°C for 

24-48 hours. Samples were removed then left to cool for a minimum of 24 hours at RT.  

After cooling, samples were cut using ultramicrotomy with the assistance of the High 

Resolution Imaging and Shared Facility at the University of Alabama at Birmingham and 

imaged.  

Quantification of nuclear lobes. Slides were imaged with a Keyence BZ-X700 

microscope (Keyence, Ithaca, IL) at 40X magnification. Manual quantification of 

neutrophil nuclear lobes was performed where independent lobes were determined when 

the connection between two lobes was greater than 33% of the width of adjacent lobes.  

Appendix A: Supplemental Table 1. Antibodies used for staining whole blood and PBMCs 

   

Antibodies (Anti-human) Source Identifier 

Base panel 

Anti-CD3-BV605TM, clone OKT3 Biolegend Cat# 317322; RRID: AB_2561991 

Anti-CD14-APC/FireTM750, clone 63D3 Biolegend Cat# 367120; RRID: AB_2572099 

Anti-CD15-eF450, clone HI98 eBioscienceTM Cat# 48-0159-42; RRID: AB_2016661 

Anti-CD16-APC, clone eBioCB16 eBioscienceTM Cat# 17-0168-42; RRID: AB_2016663 

Anti-CD19-BV605TM, clone HIB19 Biolegend Cat# 302244; RRID: AB_2562015 

Anti-CD62L-BV711, clone DREG-56 BD Biosciences Cat# 740783; RRID: AB_2740446 

Anti-CD193 (CCR3)-BV510, clone 5E8 BD Biosciences Cat# 563071; RRID: AB_2737988  

Antobodies used for Whole blood and PBMC staining 

Anti-CD10-Per CP/Cy5.5, clone HI10a Biolegend Cat# 312216; RRID: AB_10642819 

Anti-CD11b-PerCP/Cy5.5, clone ICRF44 Biolegend Cat# 301328; RRID: AB_10933428 

Anti-CD31-FITC, clone WM59 Biolegend Cat# 303104; RRID: AB_314330 

Anti-CD36-FITC, clone 5-271 Biolegend Cat# 336204; RRID: AB_1575025 

Anti-CD54-FITC, clone HA58 Biolegend Cat# 353108; RRID: AB_10900254 

Anti-CD63-PerCP/Cy5.5, clone H5C6  Biolegend Cat# 353020; RRID: AB_2561685 

Anti-CD64-PE/Cy7, clone 10.1 Biolegend Cat# 305022; RRID: AB_2561584 

Anti-CD66b-FITC, clone G10F5 Biolegend Cat# 305104; RRID: AB_314496 

Anti-CD142-PE, clone NY2 Biolegend Cat# 365204; RRID: AB_2564566 
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Anti-CD163-PE/Cy7, clone GHI/61  Biolegend Cat# 333614; RRID: AB_2562641 

Anti-CD169-PE, clone 7-239 Biolegend Cat# 346004; RRID: AB_2189029 

Anti-CD274 (PD-L1)-PE/Cy7, clone 29E.2A3 Biolegend Cat# 329718; RRID: AB_2561687 

Anti-CD284 (TLR-4)-PE/Cy7, clone HTA125 eBioscienceTM Cat# 25-9917-42; RRID: AB_11219074 

Anti-CD182 (CXCR2)-PerCP/Cy5.5, clone 5E8/CXCR2 Biolegend Cat# 320718; RRID: AB_2564599 

Anti-CD184 (CXCR4)-PE, clone 12G5 Biolegend Cat# 306506; RRID: AB_314612 

Anti-CX3CR1-PerCP/Cy5.5, clone 2A9-1 Biolegend Cat# 341614; RRID: AB_11219203 

Anti-HLA-DR-PE/Cy7, clone L243 Biolegend Cat# 307616; RRID: AB_493588 

Anti-LOX-1-PE, clone 15C4 Biolegend Cat# 358604; RRID: AB_2562181 

Anti-MPO-PE, clone 2C7 Novus Cat# NB100-64803; RRID: AB_964678 

Absolute count panel 

Anti-CD3-FITC, clone OKT3 Biolegend Cat# 317306; RRID: AB_571907 

Anti-CD4-PE, clone RPA-T4 Biolegend Cat# 300508; RRID: AB_314076 

Anti-CD8a-PerCP/Cy5.5, clone RPA-T8 Biolegend Cat# 301032; RRID: AB_2288911 

Anti-CD14-APC/FireTM750, clone 63D3 Biolegend Cat# 367120; RRID: AB_2572099 

Anti-CD15-eF450, clone HI98 eBioscienceTM Cat# 48-0159-42; RRID: AB_2016661 

Anti-CD16-APC, clone eBioCB16 eBioscienceTM Cat# 17-0168-42; RRID: AB_2016663 

Extracellular Ki67 panel 

Anti-CD3-BV605TM, clone OKT3 Biolegend Cat# 317322; RRID: AB_2561991 

Anti-CD14-APC/FireTM750, clone 63D3 Biolegend Cat# 367120; RRID: AB_2572099 

Anti-CD15-eF450, clone HI98 eBioscienceTM Cat# 48-0159-42; RRID: AB_2016661 

Anti-CD16-PE, clone eBioCB16 eBioscienceTM Cat# 12-0168-42; RRID:AB_11043436 

Anti-CD19-BV605TM, clone HIB19 Biolegend Cat# 302244; RRID: AB_2562015 

Anti-CD62L-BV711, clone DREG-56 BD Biosciences Cat# 740783; RRID: AB_2740446 

Anti-CD64-PE/Cy7, clone 10.1 Biolegend Cat# 305022; RRID: AB_2561584 

Anti-CD182 (CXCR2)-PerCP/Cy5.5, clone 5E8/CXCR2 Biolegend Cat# 320718; RRID: AB_2564599 

Anti-CD193 (CCR3)-BV510, clone 5E8 BD Biosciences Cat# 563071; RRID: AB_2737988  

Ki67 stain 

Anti-Ki67-APC, clone Ki-67 Biolegend Cat# 350514; RRID:AB_10959327 

DCFDA (ROS) panel 

Anti-CD14-APC/FireTM750, clone 63D3 Biolegend Cat# 367120; RRID: AB_2572099 

Anti-CD15-eF450, clone HI98 eBioscienceTM Cat# 48-0159-42; RRID: AB_2016661 

Anti-CD16-PE, clone eBioCB16 eBioscienceTM Cat# 12-0168-42; RRID:AB_11043436 

Anti-CD64-PE/Cy7, clone 10.1 Biolegend Cat# 305022; RRID: AB_2561584 

Anti-CD101-PE, clone BB27 Biolegend Cat# 331012; RRID:AB_2716107 

Anti-CD193 (CCR3)-BV510, clone 5E8 BD Biosciences Cat# 563071; RRID: AB_2737988  

MitoSOX, TMRE, MitoTracker Green panel 

Anti-CD14-APC/FireTM750, clone 63D3 Biolegend Cat# 367120; RRID: AB_2572099 

Anti-CD15-eF450, clone HI98 eBioscienceTM Cat# 48-0159-42; RRID: AB_2016661 
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Anti-CD16-PE, clone eBioCB16 eBioscienceTM Cat# 12-0168-42; RRID:AB_11043436 

Anti-CD64-PE/Cy7, clone 10.1 Biolegend Cat# 305022; RRID: AB_2561584 

Anti-CD193 (CCR3)-BV510, clone 5E8 BD Biosciences Cat# 563071; RRID: AB_2737988  

pHrodo panel 

Anti-CD64-PE/Cy7, clone 10.1 Biolegend Cat# 305022; RRID: AB_2561584 

Anti-CD66b-FITC, clone G10F5 Biolegend Cat# 305104; RRID: AB_314496 

Anti-CD182 (CXCR2)-PerCP/Cy5.5, clone 5E8/CXCR2 Biolegend Cat# 320718; RRID: AB_2564599 

Sorting panel 

Anti-CD14-PE/Cy7, clone 63D3 Biolegend Cat# 367112; RRID:AB_2566714 

Anti-CD15-PE, clone HI98 Biolegend Cat# 301905; RRID:AB_314197 

Anti-CD16-APC, clone eBioCB16 eBioscienceTM Cat# 17-0168-42; RRID: AB_2016663 

Anti-CD193 (CCR3)-FITC, clone 5E8 Biolegend Cat# 310720; RRID:AB_2571959 
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