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Summary

Mucosal tissues are constantly exposed to the outside environment. They receive signals from the 

commensal microbiome and tissue specific triggers including alimentary and airborne elements 

and are tasked to maintain balance in the absence of inflammation and infection. Here, we present 

neutrophils as sentinel cells in mucosal immunity. We discuss the roles of neutrophils in mucosal 

homeostasis and overview clinical susceptibilities in patients with neutrophil defects. Finally, we 

present concepts related to specification of neutrophil responses within specific mucosal tissue 

microenvironments.
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Introduction; The neutrophil, its development and trafficking into tissues

The neutrophil, a polymorphonuclear leukocyte, is the most abundant immune cell in our 

circulation and is considered classically as the cornerstone of the innate arm of immunity1. 

Approximately, 5 × 1010–1011 neutrophils are produced daily in the bone marrow, in order 

to maintain a steady supply of cells to the circulation and tissues2,3. This constant supply 

is necessary due to the short life span of neutrophils (6–12 h in mice in the circulation 

and 5.4 days in humans and within some tissues) and occurs through a well-coordinated 

developmental process of granulopoiesis, which can adapt quickly and become exaggerated, 

when needed, to account for increased needs during infection and inflammation.

Granulopoiesis or neutrophil development is initiated from hematopoietic stem cells which 

differentiate into multipotent progenitor (MPP) cells that do not have further potential for 

self-renewal. MPPs give rise to lymphoid-primed multipotent progenitors (LMPPs) and 

subsequently to granulocyte–monocyte progenitors (GMPs). GMPs, with the support of 

the granulocyte colony-stimulating factor (G-CSF) commit to neutrophil differentiation by 

turning into myeloblasts and subsequently transitioning through the stages of promyelocyte, 
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myelocyte, metamyelocyte, band cell, and finally into mature neutrophils4. During the 

differentiation /maturation process, cells will have evident changes in nuclear morphology, 

granule content, granular protein expression, proliferative capacity, transcriptional activity5,6 

and will express distinct cell surface markers. Specifically, primary (azurophil) granules are 

found at the myeloblast to promyelocyte stage. Secondary (specific) granules are detected 

at myelocyte and metamyelocyte stages. Tertiary (gelatinase) granules are found at the band 

cell stage and secretory vesicles are detected only in mature neutrophils. These granules 

store an arsenal of serine proteases, including elastase, myeloperoxidase, cathelicidins, 

defensins, and matrix metalloproteinases7. During maturation, the neutrophil nucleus will 

also mature from a round shape into a banded and then a lobulated morphology. With 

maturation, transcriptional and proliferative capacity of neutrophils will also diminish, 

giving rise to what is considered a terminally differentiated cell state8.

Mature neutrophils are retained in the bone marrow through the expression of two 

chemokine receptors, CXCR2 and CXCR4. Bone marrow stromal cells express CXCL12 

and retain CXCR4-expressing neutrophils in the bone marrow. G-CSF stimulates neutrophil 

exit from the bone marrow by changing the CXCR4-CXCL12 expression profiles9. G-CSF 

induces upregulation of CXCR2 ligands on megakaryocytes10 and downregulation of both 

CXCL12 by bone marrow stroma cells11,12, and CXCR4 on neutrophils themselves13. 

Under homeostatic conditions, only the mature segmented neutrophils exit the bone marrow. 

However, during inflammatory conditions, immature neutrophils have been observed in 

the circulation. This is commonly known as a “left shift” and is used as an indicator of 

inflammation14. These immature neutrophils have been reported in various inflammatory 

conditions, ranging from cancer, stress, pregnancy, cardiovascular diseases and notably, 

viral infections. Once in the circulation, neutrophils will migrate into tissues based on 

a chemokine gradient and will transmigrate through the vasculature into tissues through 

a well characterized series of events, namely: tethering, rolling, adhesion, crawling, and 

finally transmigration. This process is initiated by changes on the endothelial surfaces 

because of stimulation by inflammatory mediators, such as histamine, cytokines and 

cysteinyl-leukotrienes secreted from tissue-resident leukocytes upon contact with pathogens 

or directly by pattern-recognition receptor-mediated detection of pathogens15–17.

The current review will further focus on the functional roles of neutrophils particularly 

within the mucosal tissue microenvironment.

Neutrophil functions are essential for mucosal homeostasis

Mucosal tissues are constantly exposed to the outside environment, including complex 

communities of the commensal microbiota, airborne particles and alimentary antigens and 

elements among a plethora of other environmental stimuli. These surfaces are tasked to 

perform their organ-specific functions while maintaining barrier integrity, avoiding infection, 

and regulating inflammatory responses to various stimuli and ongoing injury. Given the key 

role of neutrophils in anti-microbial defense, tissue repair and resolution of inflammation, 

they become sentinel cells in the regulation of mucosal immunity and tissue homeostasis. 

Below we expand on neutrophil functionalities which we consider to be essential for 

mucosal immunity.
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Antimicrobial Defense

Neutrophils are potentially most recognized for their properties in innate antimicrobial 

defense. They typically arrive rapidly at a site of infection or microbial stimulation and can 

recognize microbes through an array of innate receptors ranging from pattern recognition 

receptors (such as TLRs and Dectin-1 molecules) which will directly bind microbes or 

microbial products to receptors for opsonization products such as complement and Fc 

receptors18. The nature of the microbial recognition as well as the size of the organism 

encountered18 will then initiate a cascade of signaling which will dictate the flavor of the 

antimicrobial response19,20.

Neutrophils mediate their anti-microbial activity through three major mechanisms: 

phagocytosis, degranulation, and neutrophil extracellular trap (NET) release. Phagocytosis, 

a term coined initially by Eli Metchnikoff in 1880s, describes the uptake of microbes or 

other particles larger than 0.5μm. Uptake involves inclusion into a cytoplasmic plasma 

membrane-bound compartment termed the phagosome21. Following phagocytosis, ingested 

microbes can be eliminated through oxygen-dependent (“respiratory or oxidative burst”) or 

oxygen-independent (lytic and proteolytic enzymes-dependent) mechanisms. The oxidative 

killing mechanism involves the NADPH oxidase complex which is present in the phagosome 

and facilitates the release of reactive oxygen intermediates (ROIs) that can kill internalized 

microbes. Oxygen-independent mechanisms depend on antimicrobial peptides and enzymes 

to facilitate the killing and degradation of ingested microbes. In this scenario, neutrophil 

granules fuse with the phagosomal membrane, delivering microbiocidal peptides and 

enzymes.

During neutrophil degranulation22 granule-derived soluble proteins are released into the 

extracellular space. Neutrophil proteins with well-established anti-microbial potential 

include contents of the primary-azurophilic granules such as elastase, myeloperoxidase 

(MPO) and anti-microbial peptides (cathelicidins and defensins), the specific granules’ iron-

binding protein lactoferrin and matrix metalloproteinases derived from tertiary granules.

Finally, neutrophils release NETs as an anti-microbial defense strategy, particularly aimed 

at entrapment and inactivation of larger organisms that cannot be phagocytosed23. NETs 

are strand-like webs of decondensed chromatin, which are rich in histones and decorated 

by select granule proteins, many of which have anti-microbial potential. Several microbes 

are effective in triggering NETosis, such as, Staphylococcus aureus bacteria and hyphae 

from fungi. NETs are thought to bind viruses, bacteria, fungi, and parasites, conceivably to 

prevent their spread within tissues and translocation into the circulation. Yet, while NETs are 

thought to originally have anti-microbial protective roles, inability to remove NETs has been 

linked to various forms of immunopathology ranging from autoimmunity to atherosclerosis 

and thromboembolism24.

Generally, anti-microbial neutrophil defenses of neutrophils are well characterized for their 

importance in the containment of bacterial and fungal infection, but not as well established 

in anti-viral defense.
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Tissue repair; the pro-resolving, wound healing neutrophil

At mucosal surfaces there is a constant need for tissue repair and regulation of inflammation. 

Mucosal tissues are subject to continuous microinjury due constant environmental exposure. 

Furthermore, homeostatic inflammation in these tissues necessitate continuous tissue repair. 

In such settings neutrophils can play essential roles related to wound healing including, 

antimicrobial defense, clearance of the wound bed, repair, and inflammatory resolution 

where neutrophils will participate (Figure 1). The oral mucosa may be a prototypic site 

where the function of neutrophils in promoting tissue repair and inflammatory resolution 

become most evident. The oral mucosa is subject to constant injury and mechanical 

triggering, even at steady state25. Yet this is an area known for seamless, rapid wound 

healing without scarring. Studies in humans comparing oral with cutaneous wound healing 

in the same (young and healthy) individuals have demonstrated that wound healing in 

the oral mucosa is characterized by rapid recruitment and then resolution of neutrophil 

responses, without engagement of chronic inflammatory adaptive immune pathways26. This 

timely innate response which is acute and resolves rapidly appears to promote optimal 

wound healing in the oral environment. Even in the absence of overt injury, neutrophil-

mediated responses become critical for homeostatic repair and maintenance of barrier 

integrity and tissue functionality27.

As innate lymphocytes, neutrophils are rapidly recruited to sites of injury following cell 

injury and microbial exposure. Indeed, damage associated molecular patterns (DAMPs) 

released by injured cells as well as pattern associated molecular patterns (PAMPS), 

stimulate resident cells to recruit neutrophils acutely to sites of damage28. Adenosine 

triphosphate (ATP) released from necrotic cells can also generate signals that will mediate 

neutrophil recruitment29. In addition, N-formyl peptides such as fMet-Leu-Phe (fMLP), 

a key chemoattractant that can be bacteria-derived, can also be released from damaged 

mitochondria during tissue necrosis and directly recruit neutrophils28.

At the site of injury neutrophils play multiple roles related to clearance of the site of injury/

wound bed, promotion of angiogenesis and resolution of inflammation.

Phagocytosis/wound clearance:

As efficient phagocytes, which typically are the first to arrive at sites of injury, neutrophils 

can clear the site from invading microbes and cellular debris in order to allow for repair to 

begin. In the wound setting, neutrophils will perform classic anti-microbial defenses (see 

above) to combat infection. Furthermore, as a typical cleaning crew, these cells will remove 

cellular debris, cell fragments and DAMPs that can be proinflammatory and inhibit healing. 

This clearing of the wound bed will create an environment conducive for healing and repair.

Angiogenesis:

Angiogenesis is a key step for wound healing. Neutrophils are increasingly recognized for 

their pro-angiogenic potential not only during healing but also in carcinogenesis27. Indeed, a 

subset of angiogenic neutrophils defined by CXCR4hiVEGFR+CD49d+ expression has been 

identified in humans and mice30. Pro-angiogenic functions of neutrophils include secretion 
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of MMP-931, which can activate the vascular endothelial growth factor (VEGF) to promote 

neo-angiogenesis31. Additionally, neutrophils have been shown to express VEGF themselves 

in certain settings and to promote recruitment of other angiogenic cell types27.

Resolution of Inflammation:

Resolution of inflammation is a key step in wound healing. After the acute responses 

needed for antimicrobial defense and wound clearance have occurred, inflammation has to 

be resolved to allow for repair. The fact that resolution of inflammation is an active process 

has been recognized in recent years and neutrophils are well appreciated to be key cellular 

mediators in inflammatory resolution through a number of processes.

a. Active secretion of pro-resolving and anti-inflammatory mediators—During 

inflammation, neutrophils get exposed to prostaglandin E2 (PGE2) which induces a lipid 

class switch in neutrophils from 5-lipoxygenase (LO) to 15-LO expressing pathways32. 

Increased transcription of 15-LO results in the switching of arachidonic acid products from 

the classical prostaglandins and leukotrienes to pro-resolving lipoxins (LX). Particularly, 

LXA4 inhibits further recruitment of granulocytes into the site of inflammation and 

promotes the efferocytosis of apoptotic neutrophils by macrophages32,33. Neutrophils 

additionally promote the biosynthesis of pro-resolution lipid mediators such as resolvins and 

protectins, further promoting the shift from a proinflammatory to a pro-resolution milieu32.

Another key anti-inflammatory/pro-resolving molecule expressed/secreted by neutrophils is 

the glucocorticoid-inducible protein, annexin A1 (AnxA1), which promotes resolution by 

recruiting monocytes without inducing their full activation and by facilitating efferocytosis, 

among other mechanisms34. Neutrophils, typically store AnxA1 in their tertiary granules or 

cytosol, and traffic it to the cytosolic leaflet of the plasma membrane in the presence of high 

intracellular Ca2+. Ultimately, AnxA1 is typically released from neutrophils on the surface 

or within macrovesicles35.

Finally, in the murine setting, neutrophils have been shown to secrete the anti-inflammatory 

cytokine IL-10 and the mediator secretory leukocyte protease inhibitor (SLPI), an anti-

microbial peptide with immunomodulatory activity which promotes tissue healing36.

b. Scavenging of pro-inflammatory mediators—Another mechanism by which 

neutrophils control the inflammatory environment, is through scavenging pro-inflammatory 

mediators and not allowing them to signal. Indeed, apoptotic neutrophils express various 

cytokine/chemokine receptors and sequester corresponding mediators without allowing them 

to mediate activity. As such, neutrophils constitutively express the type II IL-1 decoy 

receptor and can upregulate IL1R to sequester IL1 cytokines. Similarly, expression of the 

chemokine CCR5 on early apoptotic cells will capture and entrap the CCL3 and CCL5 

chemokines. It has also been reported that NETs can affect the inflammatory environment 

by entrapping inflammatory mediators and proteolytically cleaving them through the 

proteases expressed on their surface37.

c. Efferocytosis—Potentially, the most important mechanism through which neutrophils 

control inflammation and trigger resolution, is efferocytosis. Efferocytosis is the process of 
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uptake of apoptotic neutrophils by macrophages which triggers a shift in the polarization of 

macrophage responses from pro-to anti-inflammatory38. After neutrophils have performed 

their anti-microbial and wound clearing activities, they will revert to an apoptotic cell 

death. As opposed to necrosis which releases cytosolic DAMPs and triggers inflammation, 

neutrophils undergoing apoptosis will not trigger inflammatory cascades, but rather signal 

for efferocytosis and inflammatory resolution27,39. Apoptotic cells, release “find me” signals 

for professional phagocytes, particularly macrophages, to approach. A key signal for 

efferocytosis is the externalization of phosphatidylserine from apoptotic cells. Apoptotic 

cells further express molecules on their surface for binding and internalization. These 

molecules either directly interact with phagocyte receptors or engage bridging molecules 

that allow interaction with phagocytes27,39. Efferocytosis of apoptotic cells by macrophages 

initiates a phenotypic shift in the macrophages from a proinflammatory phenotype to 

one which is more anti-inflammatory resulting in the promotion of wound healing40. 

Internalization and phagocytosis of apoptotic cells activates nuclear sterol receptors, such 

as peroxisome proliferator-activated receptor-γ (PPARγ), PPARδ and liver X receptor-α 
(LXRα), which stimulate production of the anti-inflammatory cytokines IL-10 and TGFβ 
and suppress gene expression for pro-inflammatory cytokines. Additionally, efferocytosis 

triggers the production of proresolving mediators by phagocytes to actively induce 

resolution of inflammation33,40.

Congenital neutropenia and defects of neutrophil function in humans 

reveal essential roles of neutrophils in mucosal immunity

Genetic defects in humans affecting the immune system, often referred to as genetic 

immunodeficiencies, can become particularly enlightening towards our understanding of 

the specific role of a gene, pathway and or cell population in human health and disease. In 

this regard, multiple genetic defects associated with neutrophil development and function 

have been identified in humans41 (Table 1). Most neutrophil defects are well characterized 

clinically and reveal insights into the distinct neutrophil functionality as regulators of 

immunity, particularly in the context of different tissue microenvironments.

Broadly, neutrophil defects have been classified in 3 major categories: Congenital 

neutropenia(s), defects in neutrophil trafficking and transmigration and defects in 

neutrophil function. Congenital neutropenia arises most commonly from genetic defects 

in granulopoiesis, the process of development/differentiation of neutrophils within the bone 

marrow (see above) and are linked to drastically reduced numbers of neutrophils in the 

circulation and within tissues. Clinically, patients with congenital neutropenia broadly 

present with infection susceptibility. Common infections are mucosal and most often 

involve infections of the respiratory tract (most often bacterial, sinopulmonary infections 

and pneumonias) which can become systemic42. Oral manifestations are also a hallmark 

of congenital neutropenia. Severe periodontitis, inflammation in oral tissues that surround 

the dentition and associated bone destruction at an early age, as well as oral mucosal 

ulcers are some of the most common manifestations of neutropenic patients. Infections and 

inflammatory susceptibility in the gastrointestinal tract can also occur.
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Defects in neutrophil recruitment, trafficking, and transmigration are characterized by 

drastically reduced presence of neutrophils within tissues. In most of these diseases, 

neutrophils develop, egress from the bone marrow and are present in systemic circulation, 

but have impaired chemotaxis or diapedesis leading to tissue-specific neutropenia. In this 

regard, such diseases become a window into understanding the role of neutrophils within 

tissue microenvironments. Clinical susceptibilities in such patients largely resemble the 

manifestations of neutropenia, including infection susceptibility, impaired wound healing 

and severe oral inflammatory disease43. Mucosal infections are most often respiratory. 

Gastrointestinal disease most often presents in the perirectal area and is associated with 

gram negative bacterial infections44. Periodontitis is also a hallmark of neutrophil motility 

defects43. In fact, Leukocyte Deficiency I, the prototypic genetic defect of neutrophil 

trafficking is linked to severe oral disease at an early age, with patients often losing their 

entire dentition in teenage years45. Furthermore, a specific defect in neutrophil motility 

linked to a genetic defect in the formyl peptide receptor 1 on neutrophils, leads to a single 

clinical susceptibility, that of periodontal disease.

Defects in neutrophil functionality also present with diverse mucosal manifestations. 

However, it is important to consider that defects in neutrophil functionality result from 

defects in genes that are expressed exclusively in the neutrophil compartment and thus affect 

additional cell sources. Most recognized is the group of chronic granulomatous disease 

(CGD) defects, which are linked to a deficiency in superoxide production due to defects 

in the NADPH oxidase machinery44. These patients are also susceptible to infections and 

inflammatory disease at mucosal barriers, and present with a distinct infection susceptibility 

that includes specific bacteria and fungi as well as a more distinct susceptibility to 

inflammatory colitis (Table 2). Finally, a select defect in a neutrophil protease, cathepsin C, 

which affects the processing of neutrophil serine proteases and their packaging in secondary 

granules, presents with a single mucosal susceptibility, that of severe periodontal disease, 

potentially highlighting unique functionality of neutrophils in the oral barrier.

Collectively, patients with severe neutrophil defects present with susceptibility to bacterial 

infections in mucosal barriers, primarily in the respiratory tract and secondarily in the 

GI tract. They also present with defective wound healing and aberrant hyperinflammatory 

responses to microbiota which manifest both as defective cutaneous wound healing as well 

as hyperinflammatory /destructive responses at the oral mucosa, an area constantly exposed 

to commensal microbiota and subject to ongoing injury during mastication25.

This concept of hyper-inflammatory responses being a key feature in many immune-

deficiencies, has been recently increasingly recognized46,47 and appears to largely represent 

a misguided compensatory inflammatory response when the appropriate arm of the immune 

system is unable to perform its intended function. In this regard, in the setting of 

neutropenia or defective neutrophil trafficking, neutrophil recruitment pathways, such as 

the IL17 response become exaggerated in an effort to compensate for the low abundance 

of neutrophils. This mechanism, coined the “neutrostat” is set in place to regulate 

granulopoiesis and neutrophil recruitment into tissues48. However, in the absence of tissue 

neutrophils this axis becomes dysregulated and leads to immunopathology and defective 

wound healing.
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Tissue Specification of Neutrophil Responses

The concept of tissue specification for immune cell populations has been coined to express 

the adaptations undertaken by immune cell subsets in response to tissue- specific stimuli. 

Typically, such adaptations serve to “program” immune cells to serve the functional needs 

and environmental exposures unique to different tissue microenvironments. Within the 

myeloid compartment, macrophage populations are well recognized for their plasticity 

toward adaptations that serve the functionality of the specific tissue they inhabit49.

Neutrophils, however, when they exit the bone marrow in their mature state, have been long 

thought of as terminally differentiated cells with a short life span, minimal capacity for 

proliferation and low transcriptional activity and therefore have not been considered as a cell 

with functional plasticity and potential for further differentiation within tissues50. However, 

it has been increasingly recognized that neutrophils expressing distinct cell surface markers 

and with specialized immune functionalities exist both in the circulation and within tissues. 

Whether these represent “bonafide subpopulations” or cell states is not clear51, but it’s well 

appreciated that neutrophils display adaptability within the tissue microenvironment and in 

response to states of inflammation, infection, carcinogenesis etc.

Recent studies, utilizing emerging technologies based on single cell sequencing and 

phenotyping approaches have demonstrated tissue specification of neutrophils within 

distinct tissue microenvironments52. In fact, through this work, it has become evident 

that neutrophils extend their lifespan within tissues which allows for tissue-specific 

adaptations. Within the tissue microenvironment neutrophils appear (even at steady state) 

to acquire unique transcriptional and chromatin adaptations and to perform distinctive, 

including non-canonical functions (such as promotion of angiogenesis). Interestingly, such 

adaptations occur within the tissue and in some cases (i.e. in the lung) within particular 

microenvironments of the specific milieu52.

Neutrophil phenotype and functionality in tissues appears to relate to a number of factors 

including developmental stage, ageing and response to particular stimuli.

Development state is a key factor in determining neutrophil adaptability. Immature 

neutrophils can exit the bone marrow into the circulation during inflammation, infection and 

disease states53 and are typically characterized by a higher proliferative and differentiation 

capacity5,6. Additionally, neutrophils in varying stages of development can exit the 

bone marrow, particularly during states of emergency granuolopoiesis54 leading to a 

developmentally heterogeneous population of neutrophils that can potentially display 

various unique effector functions in response to the inflammatory stimulus. The spectrum 

of developmental stages of the neutrophil which can be encountered from the BM to the 

circulation and across tissues has been recently termed ‘neutrotime” to represent neutrophil 

across the spectrum of developmental time55.

Neutrophil aging, a neutrophil- intrinsic transcriptional program regulated by diurnal 

changes in gene expression, has also been shown to be a key factor affecting phenotype 

and functionality56. Aged neutrophils have a much higher phagocytic potential as compared 

with the non-aged neutrophils57, respond faster to inflammatory signals and have a greater 
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survival capacity when responding to infectious agents. However, aged neutrophils have 

also been linked to severe disease pathology in inflammatory models, further supporting 

divergent functionality with aging56.

Finally, neutrophil adaptation depends on the tissue-specific triggers encountered in each 

environment in health but also in the setting of injury, infection, cancer, autoimmunity, 

and give rise to different effector responses depending on the specific situation. Therefore, 

it is not surprising that neutrophils with pro-inflammatory versus immunomodulatory and 

reparative programs have been identified51. As an example, neutrophil- myeloid suppressor 

cells have been identified in certain settings, and N1/N2 neutrophils have been designated to 

characterize neutrophils with anti- and pro-tumor functionality51.

A key signal that regulates neutrophil ageing and functionality, which is particularly 

relevant for the mucosal barriers, is the microbiome58. Neutrophil ageing has been shown 

in vivo to be driven by microbiota through TLR and MyD88 (myeloid differentiation 

factor 88-mediated signaling) pathways. In fact, depletion of microbiota is connected 

to a reduced number of ageing and proinflammatory neutrophils and with protection 

from neutrophil-mediated immunopathology. Another tissue trigger linked to neutrophil 

activation in mucosal tissues is fibrin. Fibrin, a classic molecule linked to hemostasis, 

becomes deposited in the extravascular space of tissues not only with injury but also 

during inflammation. In the mucosal tissues, constant homeostatic inflammation is linked 

to extravascular fibrin deposition and fibrin mediated inflammation, particularly when fibrin 

is inadequately cleared59. Recent work has demonstrated that fibrin deposited in the oral 

mucosa engages tissue neutrophils through its CD11b binding site (the αMβ2 integrin 

receptor) and triggers neutrophil effector functions including ROS production and NETosis 

to drive immunopathology59.

While the effects of tissue cues on neutrophil functionality have not yet been fully 

understood, it appears that some tissue microenvironments may promote accumulation of 

neutrophils at steady state serving as reservoirs for neutrophils, either displaying marginated 

neutrophils in their vasculature (such as seen in the lung or spleen), serving as bonafide 

reservoirs (as proposed for lung)51 or displaying a constant stream of transmigration even 

in health (such as observed in the oral mucosa)60,61. Interestingly, the respiratory tract and 

the oral mucosa, which are natural habitats for neutrophil transmigration even in health, 

are also the tissue microenvironments most susceptible to clinical manifestations in patients 

with neutropenia.

Neutrophil functionality and heterogeneity in mucosal tissues

Neutrophil heterogeneity in the respiratory tract mucosa in health and disease

The respiratory tract mucosa is exposed to an enormous quantity of diverse airborne 

elements and infectious agents. However, respiratory pathology is an exception rather than 

a rule reflecting a strong natural defense system operating in the respiratory mucosa. 

Neutrophils appear to be a key component in respiratory surveillance and homeostasis as 

neutrophil deficiencies lead to clear phenotypes of respiratory infection both in the upper 
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and lower respiratory tract. Particularly bacterial infections with gram negative bacilli are 

common in patients with genetic defects in neutrophil development or motility (Table. 2).

Indeed, neutrophils are encountered even at steady state in the respiratory tract. Neutrophils 

are present constitutively in the nasal mucosa. The lung, in particular, is considered a 

reservoir for neutrophils. Neutrophils can be found as a marginated, intravascular pool, 

adhering to the endothelium of capillaries and postcapillary venules in the lung. In humans, 

they acquire higher expression levels of CD11b, but lower expression of CD62L and have 

been shown to be activated once in the lung and are present regardless of the inflammatory 

condition62. Additionally, a lung-specific neutrophil signature has been recently described in 

mice with specialized functionality relevant to vascular growth and repair52.

Neutrophils have been associated both with protection towards infection as well as 

pathology at the respiratory tract and distinct neutrophil subsets have been associated with 

health and disease at this interface. Indeed, neutrophil infiltration is a common characteristic 

in both viral and bacterial respiratory diseases. In both mice and humans, viral respiratory 

diseases (VRDs) caused by Influenza A virus (IAV), respiratory syncytial virus (RSV), 

rhinovirus (RV), metapneumovirus, adenovirus, and SARS-CoV2, have all been associated 

with neutrophil recruitment and activation63–68. Increased number of neutrophils in the lung 

is a hallmark for RSV disease severity in both humans and mice69,70. Severe RSV-infected 

infants’ bronchoalveolar lavage is dominated by neutrophils69. Severe IAV and SARS-

CoV-2 infections also show an increase in lung neutrophil markers, and genes of neutrophil 

function and activation71–76. Additionally, neutrophil infiltration is also noted in upper 

respiratory tract (URT) infections. RV and adenovirus are typical causes of URT infections, 

such as the common cold. Neutrophils have been shown to infiltrate the nasal mucosa and 

secretions in the early stages of cold from symptomatic RV-infected patients77. High levels 

of neutrophils, and neutrophil-associated antimicrobial peptides (HNP-1, −3, and −4) have 

been observed in the upper respiratory tracts of Adenovirus-infected children78.

Bacterial infections in the respiratory tract have been associated both with lack of and 

overabundance of neutrophils. Neutropenic individuals, or those with impaired neutrophil 

antimicrobial activity, are shown to be at increased risk for pneumonia79–81. Similarly, 

depletion of neutrophils in animal models prior to several bacterial82–84 or viral68,85 

pulmonary infections resulted in increased pathogen burdens and heightened mortality. 

These findings emphasize the fact that the neutrophils are important early on in controlling 

pathogen burdens. However, an exacerbated neutrophilic response contributes significantly 

to respiratory tract mucosal immunopathology via increased activation of neutrophils79,86. 

In fact, defective neutrophil resolution in the lungs leads to poorer outcomes, and depletion 

of these cells after the onset of disease enhances host survival in several animal models 

of bacterial and viral pulmonary infections82,85. Therefore, successful control of pulmonary 

infections requires a balance of efficient clearance of invading pathogens by neutrophils 

with the subsequent resolution of these immune cells to prevent tissue damage. These 

observations emphasize the importance of characterizing the role and heterogeneity of 

neutrophils in respiratory diseases (Figure 2).
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Neutrophil subsets in the respiratory tract have been associated with distinct developmental 

and activation states, resulting from different environmental exposures5,51,87,88. Neutrophils 

developmental state appears to contribute to a first level of heterogeneity. During 

inflammation, immature neutrophils have been observed in inflamed tissues, marked as 

a “left shift” of precursor neutrophils14. Recent evidence with single-cell sequencing 

technologies has identified developmentally immature neutrophils in the blood and lungs 

of SARS-CoV2-infected patients, displaying lower expression levels of S100a8, S100a9, 

CD10, and CD10189. These neutrophil populations consisted of pro-neutrophils, pre-

neutrophils, and immature neutrophils that associate highly with severe disease90. In fact, 

presence of immature neutrophils corelated with COVID-19 disease severity and has been 

proposed as a negative prognostic marker91. Immature neutrophils have been shown to 

respond weakly to interferon (IFNα or IFNγ), as they lack type-1 IFN signaling receptors 

and associated genes92, and thus have an impaired ability to respond to viral stimuli, leading 

to a lower propensity for NETosis and cytokine release. Single-cell analysis of SARS-CoV2-

infected patient leukocytes confirms this, showing proNeus and preNeus in the blood have 

much lower expression of IFN signaling genes90. Moreover, both proNeus and preNeus have 

low or no expression of CD16 required for antibody-dependent cellular phagocytosis. This 

further differentiates the antiviral potential between mature and immature neutrophil subsets. 

Retrospective studies of infants with various viral respiratory diseases have observed high 

frequencies of immature neutrophils, which were not influenced by bacterial coinfections93. 

During viral infections in infants, three major neutrophil populations have been identified, 

namely immature CD16loCD62Lhi neutrophils, mature CD16hiCD62Lhi neutrophils, and a 

suppressive CD16hiCD62Llo subset94,95. The functional role of these immature neutrophils 

in the tissue or the rationality for their recruitment during viral respiratory disease is 

still unclear. It is proposed that they are recruited because of the high inflammation that 

stimulates the rushed mobilization of immature neutrophils from the bone marrow to the 

circulation and sites of inflammation. These immature neutrophils are perhaps less efficient 

in providing required assistance in viral clearance and forming NETs and may cause a 

feedback loop that triggers the recruitment of more immature granulocytes. Indeed, studies 

on immature neutrophils during inflammatory conditions suggest that immature neutrophils 

can perform conventional inflammatory responses, such as bacterial phagocytosis and 

killing via the production of reactive oxygen species, although less efficiently than mature 

neutrophils96. However, some groups have disagreed with this view, demonstrating enhanced 

activation of immature neutrophils. One group has noted that immature neutrophils produced 

increased level of extracellular reactive oxygen species in vitro97 and a separate in vitro 
human study has demonstrated increased immature neutrophil migration through CXCL8 

signaling, with a higher predisposition towards NETosis correlating with severe COVID-19 

disease98. Thus, the exact functional role of these immature neutrophils is yet to be clarified.

A second layer of neutrophil heterogeneity is associated with disease status. In the human 

nasal mucosa, three neutrophil subsets have been detected in chronic rhinosinusitis patients 

using single-cell level analysis, a 3 C-C motif chemokine ligand+ (CCL3+), a guanylate 

binding protein 5+ (GBP5+) and a statherin+ (STATH+) population99. However, their 

functional differences were not further explored. Also in the nasal mucosa, neutrophil 

subsets characterized by cell surface expression of CD11c+ CD54+ CD62Llo Siglec-F+ 
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molecules have been observed to accumulate during nasal inflammation in a mouse allergic 

rhinitis model. Compared to conventional neutrophils, Siglec-F+ neutrophils exhibited 

increased phagocytotic functions and a tendency toward increased ROS generation100. A 

separate population of SiglecF-expressing cells were detected in the mice lungs upon 

exposure to diesel exhaust particles. This new subset of neutrophils is noted to express 

high levels of cysteinyl leukotrienes and neutrophil extracellular traps101. Furthermore, 

flow cytometric analysis of neutrophils from mice models of influenza infection noted 

increased expression of a chemokine receptor repertoire. This included expression of 

chemokine receptors CCR3 and CCR5, typical eosinophilic CCRs102. Stimulation of these 

CCRs with corresponding ligands increased neutrophil migratory capacity, phagocytic 

activity, and NETosis. Perhaps this enhanced expression of chemokine receptor repertoire 

represents a mechanism to refine neutrophil effector functions in specific infiltrating tissues. 

Similarly, infiltrated neutrophils from human chronic inflammatory lung diseases have 

been shown to highly express CCR3 and CCR5103. In response to influenza A viral 

infection, infiltrating murine neutrophils were detected to express a typical eosinophilic 

marker IL-5 receptor alpha (IL-5Rα), which lead to IL-5-mediated suppression of neutrophil 

respiratory burst104,105. Mice infected with Sendai virus (SeV), the murine parainfluenza 

virus type 1, recruited a CD49d+ subset of neutrophils (CD49d+ PMN) that induced the 

expression of the high-affinity receptor for IgE (FcεRI) on lung conventional dendritic 

cells (cDC)106. CD49d+ neutrophils have also been documented in humans during acute 

respiratory illness107. As seen in mice, human CD49d+ neutrophils isolated from nasal 

lavage during a respiratory viral infection expressed CysLTR1. In mice, CD49d+ CysLTR1+ 

neutrophils represented a “pro-atopic” neutrophil subset that produced TNF, CCL2, and 

CCL5, where inhibition of CysLTR1 signaling was sufficient to reduce accumulation of 

CD49d+ neutrophils in the lungs and development of post-viral atopic airway disease106. 

Similar to viral infections, bacterial infections may also trigger the presence of specific 

neutrophil subsets. In agreement with this idea, two previously defined neutrophil subsets 

were identified in lungs during health and experimental S. pneumoniae infection in mice108. 

These two subsets were identified based on their difference in size (N1: FSClow or small 

and N2: FSChigh or large). Moreover, FSClow cells showed low granularity, a low number 

of vacuoles and a nucleus mainly constituted by heterochromatin. On the other hand, 

FSChigh neutrophils are larger cells, have low presence -or absence- of granules and have 

presence of multiple vacuoles. Gonzalez et al noted that these neutrophils are the source of 

IL10 that is required for subduing the inflammatory damage in murine lung. They further 

observed that FSChigh neutrophils produce significantly higher levels of IL-10 compared 

to FSClow neutrophils109. Morphologically, FSClow and FSChigh subtypes display similar 

characteristics to the murine neutrophil subtypes reported in a systemic inflammatory 

syndrome in response to intravenous Staphylococcus aureus infection110. In addition, 

infection of IL-5 deficient mice with Actinobacillus pleuropneumoniae significantly 

increased PMN-II (N2) cells in the lung111.

The endocytosis capacity of neutrophils has recently been suggested as a factor for 

neutrophil heterogeneity. Two subsets of neutrophils have been characterized in murine 

lungs, bone marrow, peripheral blood, and spleen both under steady state and after 

inflammatory challenge based on endocytosis capacity112. These two subsets were 
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characterized by their capability to endocytose albumin nanoparticles (ANP), one that 

readily endocytosed ANP (ANPhigh neutrophils) and another that failed to endocytose ANP 

(ANPlow neutrophils). ANPhigh neutrophils showed transcriptomic heterogeneity, produced 

increased amounts of reactive oxygen species (ROS) and inflammatory chemokines and 

cytokines compared with ANPlow neutrophils in the lung. In a lung inflammation model, 

ANPhigh neutrophils have been shown to be capable of exacerbating lung inflammation by 

increasing the inflammatory cytokine Il-1β and chemokine CXCL2 expression112.

In humans, low-density neutrophils (LDNs) have been described (particularly in 

the systemic circulation) and associated with various inflammatory and autoimmune 

diseases113. More recently LDN have been associated with viral respiratory disease 

in the context of SARS- CoV2 infection. The activation status of neutrophils also 

reported to create a level of heterogeneity. Low-density neutrophils (LDNs) detected in 

COVID-19 patients are suggested to be a degranulated form of neutrophils capable of 

immunosuppression114,115. This group of neutrophils consisted of a mixture of immature 

and mature phenotypes114–116. Specifically, the CD16int LDN population displayed 

enhanced cytokine production upon stimulation, increased phagocytosis and degranulation 

compared with CD16hi population114. However, the increased functionality of LDN in 

SARS- CoV2 infection is not observed in all studies117. LDN have also been identified in 

the viral disease, severe fever with thrombocytopenia syndrome (SFTS) and shown to be 

increased dramatically in patients compared with the healthy donors118. Interestingly, in this 

context as well LDN appeared to have heightened activation and secreted higher amounts 

of pro-inflammatory cytokines, such as IL-8, IL-6, and IL-17 and demonstrated enhanced 

potential to induce endothelial cell injury118.

Neutrophil function and heterogeneity in the gastrointestinal tract mucosa 

in health and disease

Upper gastrointestinal tract/oral mucosa

Neutrophils are present within several niches of the oral cavity. Under steady-state 

conditions, oral PMNs are found in saliva119, within oral/mucosal tissues120 and in the 

periodontal pocket121, the area between teeth and oral mucosal (gingiva). In fact, PMNs 

continuously transmigrate into the gingival area of the oral mucosa, even in health, pass 

through the epithelial connection of the tooth with the mucosa (the junctional epithelium) 

and reach the periodontal pocket122. Indeed, even in the absence of overt inflammation, 95% 

of cells present in the periodontal pocket are neutrophils122. This continuous transmigration 

of neutrophils to the oral/periodontal tissues, suggests important homeostatic functions of 

tissue neutrophils at the oral barrier (Figure 3). Neutrophils are traditionally thought to 

arrive to the periodontal pocket to perform classic antimicrobial defenses against the rich 

and diverse microbial biofilm which forms a complex biofilm on the tooth-root surface123. 

However, neutrophil recruitment is only partially regulated by the commensal microbiota 

at the gingival interphase. Germ free mice have been shown to have continuous neutrophil 

transmigration to the periodontal pocket, albeit with reduced numbers compared to WT 

counterparts124. Another tissue-specific cue that appears to regulate neutrophil recruitment 

at the oral barrier is ongoing damage from mastication which triggers Th17 immunity 
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and downstream neutrophil recruitment25. Given the nature of constant triggers at the oral/

gingival barrier it can be theorized that neutrophils have important homeostatic functions 

at this interface that relate to both anti-microbial defense and wound healing/ inflammatory 

resolution. Consistent with this notion, patients with neutropenia and/or neutrophil migration 

defects present with a severe periodontal phenotype, that of destructive gingival/mucosal 

inflammation that mediates severe bone destruction at an early age43. Interestingly, absence 

of tissue neutrophils does not predispose patients to an overt oral infection, but rather to an 

exaggerated inflammatory response mediated by the IL23/IL17 pathway45,47,48, reflecting 

critical roles of neutrophils in the regulation of inflammation at this barrier in mice 

and humans. Similar to lack of tissue neutrophils, exaggerated neutrophil infiltration and 

activation also is associated with oral/periodontal inflammation60,125, suggesting that a 

balanced neutrophil response is necessary for periodontal tissue homeostasis. Beyond tissue 

repair and immune regulation, neutrophil surveillance of the commensal microbiome is 

thought to be a key function at this barrier126. However, this has been more complicated to 

demonstrate in vivo, as neutrophil deficiency is always associated with hyperinflammation. 

In humans, the genetic neutrophil defect linked with impaired neutrophil anti-microbial 

responses, Papillon Lefevre, may be the best example of a setting in which defects in 

neutrophil anti-microbial function can predispose to disease127. Yet in this setting as well, 

neutrophil regulatory functions have also been implicated128. Importantly, while neutrophils 

and neutrophil-associated anti-microbials do have the capacity to kill/inactivate a variety 

of oral microbiota in vitro129, a large body of literature supports the notion that many 

periodontal pathobionts have evolved evasion strategies to escape neutrophil-mediated 

immune surveillance ranging from specific leukotoxins to sophisticated enzymes126,130. Yet 

neutrophils from patients with periodontitis, and in particular oral PMN have been shown to 

have a hyperactive phenotype with increased activation of anti-microbial defenses including 

ROS production and NETosis131–133. Whether these functions are protective or detrimental 

in the setting of the oral disease periodontitis may depend on the extent of neutrophil 

recruitment and activation.

The functionality of distinct neutrophil subsets and/ or cell states has been recently explored 

at the oral barrier134. While human oral tissue neutrophils have been only characterized by 

expression of CD15/CD16 surface molecules120, more comprehensive characterization has 

been performed in neutrophils exiting the oral mucosa and found within the oral cavity134. 

Neutrophils in the oral cavity, termed oral PMNs (oPMN) have been characterized by 

constitutive expression of markers CD11b, CD16 and CD66b (consistent with a classical 

neutrophil phenotype)135. They have been further subclassified by the same group of 

investigators into three oral neutrophil subsets or cell states: two types of parainflammatory 

neutrophils found in the healthy oral cavity, and proinflammatory neutrophils found in 

the oral cavity during chronic periodontal disease136 (Figure 3). Expression of various 

neutrophil activation markers was evident at varying degrees within oral neutrophils. Indeed 

CD10, CD11b, CD18, CD55, CD63, CD64, CD66, CD16 and CD170, were all detected 

on oral neutrophils. Pro-inflammatory neutrophils presented with significantly higher 

expression of CD10, CD11b, CD18, CD55, CD63, CD64, and CD66 compared to both para-

inflammatory subsets. CD16 and CD170 was elevated on proinflammatory neutrophils only 

compared to the P2 parainflammatory subset. Proinflammatory oral neutrophil populations 
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have increased potency for NETosis and increased ROS production as compared with 

parainflammatory neutrophils. Finally, the two healthy oral neutrophil populations could be 

distinguished based on four markers; CD55 and CD63 was elevated in P2, while expression 

of CD16 and CD170 was reduced on the P2 population versus the P1 population136. How 

these subpopulations may differentially contribute to oral mucosal immunity in health and 

disease is not yet well understood.

Lower gastrointestinal mucosal barrier

Unlike the upper gastrointestinal tract (the oral cavity) and the respiratory tract, neutrophils 

are not a prevalent cell population of the lower gastrointestinal tract in health. Detailed 

phenotyping of human and murine gastrointestinal tissues does not reveal abundance of 

neutrophils along the length of the lower gastrointestinal tract, during development or 

with ageing, in the absence of overt inflammation137–139. In fact, it is thought that in the 

lower intestinal tract, at steady state, signals involved in neutrophil recruitment are largely 

suppressed by the commensal microbiota140 (Figure 4). Indeed, microbial metabolites 

derived by commensals have been well documented to engage immunoregulatory pathways 

in the intestine, suppressing neutrophil accumulation during homeostasis140. For example, 

intestinal commensals metabolize dietary tryptophan into indole derivatives which can serve 

as ligand for aryl-hydrocarbon receptor (AHR). AHR ligands promote the differentiation of 

regulatory T cells (Tregs) which can inhibit inflammation and neutrophil recruitment140,141. 

Gut microbiota, among other functions, regulate bile acids, which will also contribute 

to local immunomodulation ultimately indirectly suppressing neutrophil recruitment and 

inflammatory responses against the commensal microbiota140,142. Furthermore, select 

microbial commensals have been shown to inhibit the ability of pathogens to trigger 

neutrophil recruitment and/or activation143.

Yet, severe neutropenia does predispose to infection, indicating that neutrophils do have a 

role in the homeostatic containment of microbes, particularly bacteria in the GI tract. Lower 

GI infections and inflammation are not as prevalent in patients with congenital neutropenia 

(compared to respiratory infections and oral inflammatory disease), yet gastrointestinal 

disease does occur, and is often associated with enteric bacterial infection (Table 2). In 

experimental models, severe defects in neutrophil recruitment (such as seen in Cxcr2−/− 

mice) also predispose to significant shifts in gastrointestinal microbial communities and 

to infection144,145. Neutrophils are thought to contribute to bacterial infection containment 

through their classic anti-microbial defenses, including phagocytosis, degranulation and 

NETosis146. In this regard, mice deficient in the cathelin-related antimicrobial peptide 

(CRAMP), the mouse ortholog of cathelicidin (LL-37) display gut microbiome dysbiosis 

and inflammation, suggesting a major role for neutrophil anti-microbial peptides in 

regulating commensal colonization147

However, both gut commensals and pathogens appear to have evolved multiple mechanisms 

to evade neutrophil killing, including degradation of NETs and inactivation of neutrophil 

anti-microbial peptides148. Furthermore, neutrophil protective mechanisms are thought of as 

a double-edged sword, contributing more often to immunopathology rather than protection 

at the lower gastrointestinal tract. Interestingly, while health-associated commensals are 
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thought to negatively regulate neutrophil recruitment and activation, pathogenic bacteria 

have been shown to trigger neutrophil activation and at times immunopathology. In 

some instances, the neutrophil response becomes protective and contains microbial 

translocation. As such Salmonella and Pseudomonas, can activate neutrophil recruitment 

and transmigration into the gut lumen where they create organized structures that 

inhibit microbial growth and translocation into the tissue149. In other instances, 

pathogens, use neutrophil recruitment to their advantage and drive immunopathology. 

Several “proinflammatory” microbiota species have been shown to trigger gastrointestinal 

inflammation in susceptible mice, associated with neutrophil recruitment, including the 

adherent-invasive E coli, Clostridium difficile, and Bacteroides. These species not only 

promote inflammation but also suppress the grown of health- associated commensals 

which promote immunoregulation140,150,151. In another scenario, Salmonella, a diarrheal 

pathogen, can use neutrophils for its growth advantage. Salmonella, promotes neutrophil 

recruitment into the intestinal lumen, where they produce reactive oxygen species (ROS). 

ROS generated by neutrophils will react with sulphur compounds (thiosulphate) in the 

lumen and form a new respiratory electron acceptor, tetrathionate. Salmonella has the ability 

to use tetrathionate as an electron acceptor and thus use respiration for growth and compete 

with other microbes in the gut152. Pathogenic E.coli can also use neutrophil-mediated 

inflammation for its benefit. During inflammation, inducible nitric oxide synthetase 

promotes production of nitrate with is used by E.coli for its growth advantage153. 

Additionally, microbes such as E. coli and C. albicans have been shown to trigger neutrophil 

activation and NETosis potentially promoting both surveillance and immunopathology154. 

Thus, in the setting of gastrointestinal infection, neutrophil function may involve both 

beneficial and detrimental effects for the host.

In inflammatory bowel disease (IBD), immunopathology, is clearly associated with 

neutrophil infiltration. In fact, levels of neutrophil infiltration correlate with clinical and 

pathologic severity in IBD. Furthermore, levels of systemic and fecal lactotransferrin and 

calprotectin (typically associated with neutrophil degranulation and NETosis), correlate 

with severity of gastrointestinal pathology154. Neutrophil elastase and myeloperoxidase 

in tissues of colitis patients is also a marker of disease severity. Moreover, neutrophil 

NETosis has been well documented in patients with ulcerative colitis and suggested 

to potentially contribute to immunopathology, by promoting both inflammation and 

coagulation cascades155.

Yet neutrophils have also been linked to immunoregulatory roles even in the setting of 

colitis. Beyond their anti-microbial activity, neutrophils can have clear anti-inflammatory 

activities. In fact, a distinct neutrophil subset has been documented in both mice 

with colitis and patients with ulcerative colitis or Crohn’s disease156, with inferred anti-

inflammatory functions. This neutrophil subset expressed the CD marker, CD177, produced 

decreased levels of inflammatory cytokines but increased levels of IL-22 and transforming 

growth factor-β (TGF- β). In addition, CD177+ neutrophils showed increased bactericidal 

potential as they produced higher amounts for ROS, antimicrobial peptides and neutrophil 

extracellular traps compared with CD177− neutrophils. Importantly these cells were shown 

to be protective in colitis as CD177−/− mice developed more severe colitis in a DSS 

colitis model, compared with wild-type counterparts. In the setting of CD177 deficiency, 
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neutrophils secreted reduced levels of IL22 which compromised intestinal barrier and 

impaired antibacterial immunity. Consistent with these findings another study had previously 

indicated that IL22 secreting neutrophils are critical for barrier function and antimicrobial 

immunity as they trigger production of the antimicrobial peptides, RegIIIβ and S100A8 by 

colonic epithelial cells157.

As in other settings in the context of gastrointestinal inflammation and disease, it becomes 

evident that neutrophil functionality is context dependent and can serve either as beneficial 

or detrimental depending on the scenario.

Concluding remarks

At mucosal barriers, neutrophils play essential roles related to anti-microbial defense, 

wound healing and resolution of inflammation. However, exaggerated and or deregulated 

neutrophil responses are clearly associated with immunopathology in mucosal tissues 

both in the setting of infection and inflammatory disease. Furthermore, specification of 

neutrophils within mucosal tissue microenvironments may further underlie functionality 

of neutrophil subsets in health and disease within each milieu. Further understanding of 

neutrophil specification and functionality within different tissues may open avenues towards 

therapeutic regulation of neutrophil responses, particularly for the setting of mucosal 

disease.
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Figure 1. Neutrophil functions are essential for mucosal immunity.
Neutrophil functions are critical for mucosal barrier defense. Anti-microbial functions of 

neutrophils are essential during infection. Wound clearance through phagocytosis is key 

during injury but also for homeostatic tissue repair. Resolution of inflammation is necessary 

to promote healing and repair and for constant regulation of inflammatory reactions at the 

barrier.
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Figure 2. Neutrophil heterogeneity in respiratory tract.
Developmentally divergent neutrophils (Neu) have been detected in the circulation and 

respiratory tract mucosa during inflammatory conditions. Lungs contain a marginated 

intravascular pool of neutrophils with tissue-specific marker expression. Additionally, 

immature neutrophils and low-density neutrophils (LDNs) have been identified in the 

respiratory mucosa during disease states. Furthermore, select neutrophil subtypes have been 

identified in distinct infections. These subsets may exert various effector functions with 

different capabilities.

C-C motif chemokine ligand (CCL); C-C motif chemokine receptor (CCR); cysteinyl 

leukotriene receptor 1 (CysLTR1); C-X-C chemokine receptors (CXCR); forward scatter 

(FSC); interferon receptor (IFNR); interleukin (IL); neutrophil extracellular trap formation 

(NETosis); reactive oxygen species (ROS); S100 calcium binding protein A (S100A); severe 

fever with thrombocytopenia syndrome (SFTS); tumor necrosis factor (TNF)
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Figure 3. Neutrophil function and heterogeneity in oral mucosa.
The gingival crevice, the epithelium of the periodontal pocket, is a site of constant 

transmigration of neutrophils even in health. Neutrophils constantly transmigrate from the 

vasculature to the gingival tissue and through the bottom of the pocket into the oral cavity. 

This tissue has a great extent of homeostatic inflammation that is primarily characterized by 

neutrophil responses. Neutrophils transmigrating into the oral cavity have been subclassified 

into two populations of health-associated para-inflammatory neutrophils (P1 and P2) and 

a proinflammatory subtype (P3) in periodontitis. Oral neutrophils express CD11b, CD16, 

CD66 and varying levels of CD10, CD18, CD55, CD63, CD64, and CD170. P3 neutrophils 

in particularly are characterized by increased expression of activation markers and increased 

propensity towards ROS production and NETosis.
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Figure 4. Cross regulation of the microbiome with neutrophils at the gastrointestinal mucosa.
At the GI tract, microbiota play a key role in the regulation of neutrophil responses. 

Commensal microbiota generally engages immunoregulatory responses which inhibit 

excessive neutrophil infiltration. Pathogenic microbiota trigger neutrophil recruitment and 

activation at the GI tract. Neutrophils recruited by pathogens can exit into the lumen 

to mediate protection to the host. However, many pathogens have found ways to use 

neutrophil responses for their growth advantage and thus perpetuate neutrophil infiltration 

and activation for their benefit.
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Table 1.
Genetic neutrophil defects.

Here we summarize the genetic defects that affect neutrophil availability and functions and their effect on 

neutrophil/other cell functions.

Disease Gene OMIM Affected Cell/Function

Congenital Neutropenia

Elastase Deficiency ELANE 600871 Neutrophil/Development

GFI 1 deficiency GFII 600871 Neutrophil/Development

HAX1 deficiency (Kostman) HAX1 605998 Neutrophil/Development

G6PC3 deficiency G6PC3 611045
Neutrophil Development, chemotaxis, O2 

production

VPS45 deficiency VPS45 610035 Neutrophil differentiation, migration

Glycogen storage disease type 1b G6PT1 602671
Myeloid differentiation, chemotaxis, O2− 
production

X-linked neutropenia/myelodysplasia WAS (gof) 300299 Differentiation, mitosis.

P14/LAMTOR2 deficiency LAMTOR2 610389 Endosomal biogenesis

Barth Syndrome TAZ 300394 Mitochondrial function

Cohen syndrome VPS13B 607817 Neutrophil/Development

Clericuzio syndrome USB1 613276 Neutrophil/Development

JAGN1 deficiency JAGN1 616012 Neutrophil/Development

3-Methylglutaconic aciduria CLPB 616254 Mitochondrial protein

G-CSF receptor deficiency CSF3R 138971 Stress granulopoiesis disturbed

Shwachman-Diamond Syndrome SBDS 607444
Neutrophil maturation, chemotaxis, ribosomal 
biogenesis

DNAJC21

EFL1

HYOU1 deficiency HYOU1 601746 Unfolded protein response

SRP54 deficiency SRP54 604857 Protein translocation to ER,

Defects of motility

Leukocyte adhesion deficiency type 1 (LAD1) ITGB2 600065 Neutrophil transmigration into tissues

Leukocyte adhesion deficiency type 2 (LAD2) SLC35C1 605881 Rolling, chemotaxis

Leukocyte adhesion deficiency type 3 (LAD3) FERMT 607901 Adherence, chemotaxis

Rac2 deficiency RAC2 608203 Adherence, chemotaxis O2− production

β actin deficiency ACTB 102630 Motility

Localized juvenile periodontitis FPR1 136537 Formylpeptide induced chemotaxis

WDR1 deficiency WDR1 604734 Spreading, survival, chemotaxis

Cystic fibrosis CFTR 602421 Chemotaxis

Neutropenia with combined immune deficiency due to MKL1 
deficiency MKL1 606078 Impaired expression of cytoskeletal genes

Defects of respiratory burst

X-linked chronic granulomatous disease (CGD), gp91phox CYBB 306400 Killing (faulty O2− production)

Autosomal recessive CGD CYBA 608508

CYBC1 618334

NCF1 608512
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Disease Gene OMIM Affected Cell/Function

NCF2 608515

NCF4 613960

G6PD deficiency class I G6PD 305900 Reduced O2− production

Defects of neutrophil proteases

Papillon-Lefèvre syndrome CTSC 602365 Cathepsin C deficiency

Secondary granule assembly

neutrophil protease packaging
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Table. 2
Mucosal Clinical Manifestations in Patients with Neutrophil Defects.

Here we summarize various defects in neutrophil functionality and their effect on distinct infection 

susceptibility of the host.

Common manifestations in patients with Congenital Neutropenia:

Bacterial Infections; commonly respiratory

Staphylococcus aureus

Streptococci, enterococci, pneumococci

Pseudomonas aeruginosa

Gram negative bacilli

Oral manifestations (inflammatory): Periodontitis, Oral Ulcers

Diffuse gastrointestinal disease- sometimes associated with enteric infection

Common manifestations in patients with Neutrophil motility defects:

Mucosal bacterial infections; Respiratory, GI, Perirectal area

Infections often become necrotic

Staphylococcus aureus and Gram-negative enteric organisms

Oral manifestations (inflammatory): Periodontitis, Oral Ulcers

Common mucosal manifestations in patients with Neutrophil Function Defects:

Defective O2 production

Respiratory infections, Gastrointestinal disease

Bacterial infections, granulomas; Staphylococcus aureus, Burkholderia cepacia

Nocardia species, gram negative enteric bacilli.

Increased risk for infection with mycobacterial species

Invasive fungal infections with molds and yeast (Aspergillus)

Cathepsin C defect

Oral disease; severe periodontitis
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