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Abstract

Dendritic cells (DCs) and macrophages (MΦs) are antigen-presenting phagocytic cells found in 

many peripheral tissues of the human body, including the blood, lymph nodes, skin, and lung. 

They are vital to maintaining steady-state respiration in the human lung based on their ability to 

clear airways while also directing tolerogenic or inflammatory responses based on specific stimuli. 

Over the past three decades, studies have determined that there are multiple subsets of these two 

general cell types that exist in the airways and interstitium. Identifying these numerous subsets has 

proven challenging, especially with the unique microenvironments present in the lung. Cells found 

in the vasculature are not the same subsets found in the skin or the lung, as demonstrated by 

surface marker expression. By transcriptional profiling, these subsets show similarities but also 

major differences. Primary human lung cells and/or tissues are difficult to acquire, particularly in a 

healthy condition. Additionally, surface marker screening and transcriptional profiling are 

continually identifying new DC and MΦ subsets. While the overall field is moving forward, we 

emphasize that more attention needs to focus on replicating the steady-state microenvironment of 

the lung to reveal the physiological functions of these subsets.
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I. INTRODUCTION

Dendritic cells (DCs) and macrophages (MΦs) are specialized mononuclear phagocytic cells 

that also present portions of antigens to other members of the immune system. As 

phagocytes, they process ingested microbes, cellular debris, and particulates; as antigen-

presenting cells (APCs), they subsequently present epitopes of these antigens to other cell 

types to direct inflammatory or tolerogenic innate and adaptive immune responses. Both 

DCs and MΦs have for over two decades been known to exist throughout the human lung,1,2 
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although their exact identification and potential functions have changed during this time as 

scientific techniques and technologies have improved. Instead of just two cell types, it is 

now clear that a heterogenous collection of these cells works together to maintain respiratory 

function.1,3–8 Although DCs and MΦs are generally well studied, a large proportion of what 

we know, or assume to know, about their identification and biology has come from small 

animal work or in vitro models. Comparatively, the scientific community has been impeded 

in its investigations of resident phagocytes of the human lung by issues associated with 

acquiring cells/tissues from healthy donors.

The goal of this review is to describe what is currently known about DC and MΦ subsets of 

the lung, including their identification, characterization, and functional properties, based 

mainly on studies involving primary human cells. Where relevant and applicable, we will 

draw on comparative work from mice or other human tissues, with the overall goal to point 

out the unique microenvironment of the lung interstitium and airways, and to focus on how 

future studies should take into account these microenvironments when studying resident 

DCs and MΦs. As we describe previous work, we will try to reconcile discrepancies in 

subset identification as we show how the field has moved forward in recent years. As we 

will demonstrate, many groups have likely been studying the same subsets but merely 

calling them by different names based on certain marker expression profiles. To understand 

the importance of DCs and MΦs in the human lung, we must first understand the anatomical 

and physiological complexities of this essential organ.

II. HUMAN LUNG STRUCTURE, FUNCTION, AND CELLULAR 

COMPOSITION

Among human tissues, the lung is highly specialized for the vital function of respiration. 

Like the skin and gut, the lung is an open system continually exposed to the external 

environment. Structurally, the lung as a whole (Fig. 1) must be flexible to allow inspiration 

and expiration. Inspired air travels down the trachea before splitting into the primary, or 

main-stem, bronchi that enter the right and left lungs. Further branching results in secondary 

bronchi entering each of the three right and two left lobes of the lungs. Tertiary bronchi and 

subsequent smaller bronchioles continue this asymmetrical dichotomy several levels down 

within individual lobes.9,10 At the bronchiole level, the descending airways change in 

composition from mainly hyaline cartilage, meant for rigid support, to smooth muscle and 

elastin fibers.11 This latter framework allows rapid dilation or constriction to regulate 

airflow into the deeper regions of the lungs to occur. The bronchioles continue branching 

and decreasing in channel width to the point of the terminal bronchioles, the final level of 

the conducting airways (Fig. 1).

Physiologically, a very complex network of airways and capillaries exists within the human 

lower respiratory tract that facilitates constant gas exchange between inhaled air and the 

bloodstream. The human lung develops and expands rapidly after birth, to the point that the 

adult version of this organ averages over 120 m2 of respiratory surface area.12 The actual 

structures involved in respiration are open-ended spherical sacs called alveoli, which form 

millions of clusters within the distal regions of the lung lobes (Figs. 1 and 2).13 The alveolar 
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walls are only one epithelial cell layer thick, and each alveolus is covered in a dense network 

of blood capillaries that is similarly a single endothelial cell layer thick (Fig. 2). Thus, 

oxygen from inspired air can rapidly cross the alveolar epithelium and the capillary 

endothelium, and likewise carbon dioxide can cross both cell layers and be removed during 

expiration.

About 97% of the surface area of each alveolus is composed of large thin type I alveolar 

epithelial cells (AECs).14 More numerous but much smaller type II AECs can be found 

along the edges of an alveolus, where they serve to replenish type I AECs and to produce a 

layer of surfactant that coats the inner alveolar lining.14,15 Surfactant is a complex mixture 

of mainly lipids, but also about 10% proteins, which reduces the surface tension at the gas-

liquid interface.16 Without surfactant, alveoli would collapse during expiration and require 

additional energy to inflate during inspiration. A thin basement membrane runs along both 

the blood capillaries and the alveoli, providing physical support for the delicate air-blood 

barrier. While each alveolus is a separate unit, alveoli are connected by septal holes known 

as pores of Kohn.17 These connections allow the flow of surfactant and the movement of 

immune cells such as DCs and MΦs between neighboring alveoli (Fig. 2).17,18

Due to the single-cell layers that separate inhaled air from the blood circulation, injury or 

inflammation in the lower airways can quickly affect respiration. As such, the alveolar 

spaces must be kept in natural anti-inflammatory conditions that allow tolerance to particles 

such as the dust and pollen we breathe in on a regular basis. Additionally, for decades we 

believed that the lower airways were completely sterile in the steady state and only 

contained microbes during infections. This theory has changed with recent findings of 16S 

ribosomal RNA from the lower airways of healthy volunteers, which suggest that these 

regions in fact house a low microbiome concentration that is distinct from merely upper 

airway contaminants.19–25 As would be expected, the density of lower airway microbes is 

much lower than that observed in high-nutrient locations like the intestines, skin, and nasal 

passages.26,27

Although there are some variations between individuals depending on age and environment, 

many bacterial phyla have been consistently demonstrated in healthy human lungs based on 

16S ribosomal RNA sequencing, including Proteobacteria, Fusobacteria, Bacteroidetes, 

Firmicutes, and Actinobacteria.27,28 Considering that alveolar development occurs 

predominantly after birth and proceeds through the first three years of life,29 it is likely that 

the lower airways are progressively colonized by members of these phyla during this same 

time period. In mice, the presence and diversity of lower respiratory tract microbiota have 

been shown to positively correlate with smaller and more numerous alveoli.30 It is quite 

possible that development of the human respiratory structure is similarly affected by 

microbial exposure and possible colonization. While bacterial species establish themselves 

in the airways, they cannot be allowed to reach densities that would impair respiration. Cells 

residing along the airways must routinely keep bacterial numbers in check without 

stimulating inflammation. The epithelial cells of both the bronchi and the alveoli help 

maintain tolerance under steady-state conditions by constant production of the anti-

inflammatory cytokines IL-10 and TGF-β.31,32 Alveolar and interstitial macrophages (IMs) 

may also contribute to the development of tolerance to nonpathogenic microbes and other 
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inhaled particulates by decreasing antigen presentation by resident DC populations33,34 and 

by stimulating the production of Foxp3+ regulatory T-cells along the airways.35

Overall, DCs and MΦs must keep the airways free of obstructions caused by dead cells, 

microbes, and particulates without triggering inflammation and damage to the airways. 

Accordingly, we suggest that future work to elucidate the potential roles of human airway 

DCs and MΦs should culture them together during experimental stimulations. This way, any 

interactions between the cell subsets are exposed rather than just demonstrating a specific 

cell response that is not relevant to the airway environment. We have exposed human airway 

antigen-presenting cells (APCs) subsets, acquired by whole-lung lavage, to bacterial 

stimulation as a pooled batch prior to flow cytometric analysis to incorporate these types of 

cellular interactions.8 We have also studied the ability of airway APCs (HLA-DR+) to 

phagocytose Bacillus anthracis spores using a novel precision-cut lung-slice model that 

allows cells to remain in their normal anatomical locations and frequencies, and incorporates 

AECs into the culture conditions.36

Because DCs and MΦs are APCs, their functional roles are greater than merely the ingestion 

of antigens along the lower airways. They serve a vital role in directing adaptive immune 

responses either to tolerance after the majority of exposures or to inflammation in the rare 

instances in which pathogenic microbes invade. On most occasions, these interactions with 

the adaptive immune system (specifically B- and T-cells) occur in the mediastinal lymph 

nodes (LNs). The afferent lymphatic network of the lung allows APCs found in and around 

the airways to transit first to the smaller hilar LNs and then to the mediastinal LNs located 

along the trachea (Fig. 1).37 The primary role of lymphatics is to regulate interstitial fluid 

volume in conjunction with constantly changing volume and pressure in the blood 

vasculature.38,39

Lymphatic vessels are open-ended and unidirectional in their fluid flow. Lobed valves in the 

microlymphatic vessels open in response to increased interstitial fluid pressure, but close as 

pressure falls to prevent backflow. In the steady state, the fluid carries with it cellular debris 

and foreign antigens that have evaded internalization by phagocytic APCs. Smooth muscle 

rhythmically contracts along larger lymphatic collectors to aid in lymphatic flow toward 

regional LNs.40 Human lungs contain an afferent lymphatic network of decreasing density 

all the way down to the respiratory bronchioles and interalveolar interstitium,41 providing a 

direct conduit for migratory immune cells, specifically DCs and tissue monocytes (TMs) 

(and possibly MΦs under certain conditions, as discussed in a later section), to reach 

draining LNs.

Now that we have described the basic structure and function of the human lung, we will shift 

our attention to DC and MΦ subsets that reside within the lung, with particular emphasis 

placed on those present along the airways.
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III. HUMAN DENDRITIC CELLS

A. Introduction to Human DCs

DCs are found in many different tissues of the human body, including blood,42 skin,43 LNs,
44 and lung.2 Due to their strength in stimulating T-cell proliferation and cytokine 

production, they have been harnessed for immunotherapeutics, where donor-derived DCs are 

exposed to a specific antigen ex vivo and reintroduced to the patient.45–49 In future clinical 

trials, the efficacy of these treatments may be improved by the use of specific DC subsets 

that are particularly useful against certain cancers or pathogens. Just as DCs are important 

for directing immune responses against certain microbes, microbes have also evolved to 

utilize DCs to spread themselves throughout the body. This “Trojan horse” or “carrier cell” 

model has been linked to the spread of human pathogens such as Bacillus anthracis,50,51 

Burkholderia pseudomallei,52 and Cryptococcus neoformans.53 When steady-state DC 

functions are perturbed, disease processes like chronic obstructive pulmonary disease54 and 

systemic lupus erythematosus55 may be initiated, worsen, or be prolonged. Additional 

mechanisms of these and similar diseases may be revealed with the identification and 

characterization of specific DC subsets, particularly if the microenvironment of the 

anatomical sources is also considered.

Studying primary human DCs is not without its barriers, which must be overcome to make 

progress in the field. DCs as a whole are naturally rare in human tissues and are rarer still 

when individual subsets are identified. For example, DCs are approximately 1 percent of 

peripheral blood mono-nuclear cells,56 so a large amount of source tissue is required to 

obtain enough cells to do substantial functional assays. These tissues, therefore, come at a 

high monetary cost, must be acquired as part of surgical resections of diseased tissues, or are 

just not regularly available for research purposes. While monocyte-derived DCs (and MΦs) 

have been used as stand-ins due to their ability to be generated in higher frequencies from 

human blood,57,58 our group has shown that transcriptionally monocyte-derived DCs and 

MΦs are weak models of several DC and MΦ subsets found in human lower airways.8 

Another obvious limitation of human DC studies is that DC migration into or out of tissues 

cannot be followed in vivo. The human DC microenvironment can also dramatically affect 

expression of surface markers often used in their discrimination.59 With this in mind, we 

first describe some basics of DCs isolated from the microenvironment of the blood and skin 

and then transition to the lung for the majority of our commentary.

B. Basic Markers for Identifying Human DC Subsets

DCs were first identified based on their dendrites, unique membrane extensions that are used 

by this cell type to sample antigens from the surrounding environment.60 DCs are generally 

characterized as also having a high cytoplasmic–nuclear ratio, which is evident upon 

microscopic investigation.60 Unfortunately, such morphological characteristics are not 

enough to differentiate individual DC subsets.61 This is coupled with the fact that just 

isolating DCs from human tissue is enough to cause changes in their morphological 

appearance.62 Unlike other cell types, such as T-cells, DCs have no single surface or 

intracellular marker that is specific to them. MΦs, monocytes, and DCs all fit together as 

mononuclear phagocytes, and thus, are expected to be somewhat related. Therefore, it has 
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become necessary to use several markers just to tell these cell types apart, with the addition 

of more markers to separate DC subsets. With technological advances such as transcriptional 

profiling, new markers are continuously being identified that may in the future divide 

currently known DC subsets into multiple subsets. An additional challenge then arises of 

identifying a functional role that correlates with a DC subset based on a specific set of 

markers.

Identification of standard human DCs often begins with exclusion of other cell types. 

Expression of specific markers for T-cells (CD3), B-cells (CD19, CD20), and natural killer 

cells (CD56) provides an initial framework that narrows cell identification.63 After these 

exclusions, often termed a “lineage dump” in flow cytometry, APCs are further identified 

based on their expression of the class II MHC molecule HLA-DR.61 At this point, the 

researcher has separated DCs, monocytes, and MΦs from the other common cell types found 

in most human tissues. An additional discriminatory surface marker is the integrin CD11c,64 

as it is expressed on most myeloid cells61 but is not expressed by human plasmacytoid DCs 

(pDCs).42,57 DC subsets identified in human skin, including CD1a+ DCs, CD14+ DCs, and 

Langerhans cells (LCs) express CD11c,65 which we have also used as part of a schema to 

identify multiple DC subsets of the human airways.8

A major breakthrough in DC identification came in 2000, when Dzionek et al.42 performed a 

screen of monoclonal antibodies against various surface markers on human blood cells. 

Starting with the lineage exclusion described earlier, the blood dendritic cell antigens 

(BDCAs) were identified as markers that reliably and reproducibly separate the three major 

DC subsets in blood. BDCA-1 (CD1c) and BDCA-3 (CD141) identify two myeloid DC 

subsets, while BDCA-2 (CD303) specifically identify pDCs. Since this work, others have 

been able to characterize human pDCs as being BDCA-2+ and CD123+ (IL-3R) while being 

negative for CD11c.66–68

Plasmacytoid DCs are actually similar to T-cells in that they express the pre-T-cell receptor 

alpha chain and also CD4 found on T helper cells.67 Physiologically, pDCs express TLR7 

and TLR9, which are both endosomal sensors for pathogen nucleic acids.69 Instead of 

primarily phagocytosis, it is hypothesized that the major function of pDCs is the production 

of type I interferon upon viral infection.70 Some work has suggested that BDCA-2 

expression is important for regulating the amount of type I interferon actually secreted, as 

antibody ligation of this molecule dampens interferon production in response to known 

TLR7 and TLR9 stimuli.71,72

Under steady-state conditions, pDCs promote tolerance, at least in primary lymphoid tissue,
73 by stimulating the differentiation of T-cells into regulatory T-cells.74 We have not isolated 

pDCs from human airways based on CD123 expression,8 but they may serve a tolerogenic 

role in the lung inter-stitium based on their identification by others at very low levels in 

bronchoalveolar lavage (BAL) fluid.75 Our inability to identify pDCs from human airways 

agrees with the suggestion that pDCs migrate into peripheral tissue from the bloodstream or 

lymphoid organs upon viral infection76 and then perhaps remain there short-term to 

reinitiate regulatory T-cell differentiation during the healing process. CD123 seems to be the 

more reliable marker for pDCs, as surface BDCA-2 levels decrease quickly with time in 
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culture.42 While CD123+ HLA-DR+ lineage− cells are still accepted as pDCs,42,57 recent 

work has challenged the notion that CD123 is specific to pDCs in the blood77,78 given that 

precursors of BDCA-1+ and BDCA-3+ DCs (discussed next) also express this marker and 

may confound results that rely purely on CD123 to identify pDCs.

BDCA-1 and BDCA-3 have both been used as specific surface markers for two myeloid DC 

subsets found in human blood and several other human tissues.42,57 Unfortunately, BDCA-3 

expression increases on pDCs and BDCA-1+ DCs soon after culturing,42,57 which affects 

subset identification if stimulation in vitro occurs first. Certain transcription factors can 

serve as a secondary means of identifying these two DC subsets. The classical BDCA-1+ 

DCs can also be identified by specific expression of the transcription factor IFN regulatory 

factor 4 (IRF4).79 In contrast, true BDCA-3+ DCs can be identified by their expression of 

both IFN regulatory factor 8 (IRF8) and the basic leucine zipper ATF-like transcription 

factor 3 (BATF3).80 We have also seen specific expression of IRF4 in BDCA-1+ CD14− DCs 

in the human airways based on whole-genome transcriptional profiling,8 so these 

transcription factor differences between the two subsets are likely conserved between 

different human tissues.

Interestingly, BDCA-1/CD1c has been shown to present nonpeptide antigens (as CD1a and 

CD1b also do) specifically to γδ T-cells.81,82 Further, BDCA-1 transits through early and 

late endosomes after phagocytosis, while CD1a and CD1b do not.83 Together, these results 

reveal a scenario in which BDCA-1+ DCs found in the periphery present a wide variety of 

nonpeptide epitopes to γδ T-cells, which then aid in mounting an overall immune response. 

With variations in BDCA expression, other markers have been identified that may prove to 

be more stable in identifying BDCA-3+ DCs. Examples include CLEC9A80 and XCR1.84 

CLEC9A has been associated with BDCA-3high DCs that are functionally potent at cross-

presentation of various antigens, including necrotic cells.85–88 Of similar importance, XCR1 

is a known receptor for a ligand produced by CD8+ cytotoxic T-cells.89 Therefore, we 

suggest that both XCR1 and CLEC9A facilitate interactions of BDCA-3+ DCs with 

cytotoxic T-cells in LNs and in peripheral tissues during active tissue damage.

It should be noted that multiple levels of human DC progenitor cells have been identified for 

pDCs, BDCA-1+ DCs, and BDCA-3+ DCs.90–92 Subsequent to hematopoietic stem cells, 

these progenitors can be identified by specific sets of surface markers as they follow distinct 

differentiation pathways from the bone marrow through the blood and then to the periphery.
90–92 Breton et al.77 revealed that CD172a expression can be used to distinguish bone 

marrow precursor cells committed to becoming either BDCA-1+ or BDCA-3+ DCs of 

human blood in adults. By single-cell RNA-seq, they showed that CD172a+ bone marrow 

cells become blood BDCA-1+ DCs, while CD172a− precursors become blood BDCA-3+ 

DCs.

It is possible that plasticity exists between DC subsets within specific microenvironments 

such as the skin or airways. Perhaps a DC expressing the surface markers of a BDCA-1+ DC 

can functionally perform like a BDCA-3+ DC under a specific set of microenvironmental 

conditions. While it has been proposed that BDCA-1+ DCs can become CD123+ pDCs in 

culture, this is unlikely without additional stimuli.93 Another possibility, supported by recent 
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findings, is that precursors of myeloid BDCA-1+ and BDCA-3+ DCs are also CD123+.77,78 

Therefore, pDCs can be separated from mature myeloid DCs based on CD123 expression, 

but not from precursors that exist in human blood. While it is unknown whether myeloid DC 

precursors migrate into the lung, we suspect that commitment of premyeloid DCs into 

becoming myeloid DCs occurs in the blood, followed by sensing of microenvironmental 

signals after emigrating into the tissue. As it is yet to be determined whether all steady-state 

peripheral DC subsets in humans, particularly those of the lung, are replenished from the 

bone marrow, discussion of DC developmental stages and their associated surface markers is 

beyond the scope of this review.

C. Identifying Human DC Subsets by Transcriptional Comparisons

Recent technological advances at the genomic level have allowed characterization of several 

rare cell populations by transcriptional profiling.79,94–97 Based on these comparisons, the 

relatedness of DC subsets can be determined, as can differentially expressed genes (DEGs) 

specific to individual DC subsets. Of course, major variations in identifying DEGs may exist 

based on the cutoff used for importance regarding fold expression. With rare genes, a low 

cutoff will result in little variation between signal and noise while a high cutoff may 

disregard true DEGs that are just naturally expressed at very low levels. For example, one 

group may use a 2-fold difference while another may use a 4-fold difference; based on this, 

the determined DEGs can be dramatically different in number and identity. For this reason, 

we have specifically ignored fold-difference when analyzing transcriptional data of lung 

phagocyte subsets and instead have compared results based on adjusted P values only.8

Multiple groups have used single-cell RNA-seq to identify precursor cells to blood DC 

subsets77 and even to split the accepted BDCA-1+ and BDCA-3+ DC subsets of human 

blood into further subpopulations.98 Future work using single-cell RNA-seq technology 

comparing cells isolated from human airways or lung digestion may in fact determine 

equivalency of these blood subsets to certain lung populations. Additionally, such 

comparisons will allow direct identification of genes that are specifically expressed by lung 

DC subsets as a result of the microenvironment of the airways or interstitial spaces rather 

than their DC identity. Such findings will aid researchers in developing more physiologically 

relevant in vitro models of the human lung. However, these recently defined blood DC 

subsets likely will not all have equivalents in the lung. For example, we have identified a 

specific DC subset found in human airways that expresses surface Langerin,8 and to our 

knowledge no such naturally Langerin-expressing DCs exist in the blood.

Work is continuously being done to identify additional markers of specific DC subsets in 

human blood,99 as this biological material is readily available. Some of these markers may 

turn out to be more applicable for identifying DC subsets in the lung under steady-state 

conditions. With our overall theme of this review, we continue to emphasize that the specific 

microenvironmental cues should be accounted for when performing transcriptional 

comparisons. Therefore, if transcriptomes of cell subsets from the airways are to be 

compared, the processing time (and likewise cell manipulation) should be minimized.

Our group has shown that the monocyte-derived DCs and MΦs often used in research are 

poor models for human lung DC and MΦ subsets based on whole-genome transcriptional 
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profiling.8 The differences are so dramatic that primary lung DCs and MΦs are more closely 

related to each other than they are to their monocyte-derived counterparts. For example, 

BDCA1+ CD14− DCs isolated from human airways are more closely related to alveolar 

macrophages (AMs) than they are to monocyte-derived DCs. Therefore, future lung studies 

should focus on coculturing of cells obtained from primary human tissue, such as DCs, 

MΦs, and AECs, or conversely do in situ work with human tissue in which all cell types are 

present in their natural anatomic locations and frequencies. Studying cells in isolation may 

provide insight into a cell type’s potential surface markers and functionality but does not 

necessarily replicate what it does within the tissue in situ.

D. Techniques for Isolating DCs from the Human Lung

As described earlier, the human lung possesses two unique microenvironments for DC 

subsets: the airways themselves and the interstitial spaces (Fig. 2). For the purposes of APC 

characterization, we define the airways as predominantly the bronchioles and alveoli, 

whereas the interstitium encompasses the regions around the airways and pulmonary 

vasculature. In the steady state, DCs have been identified within the mucosa of the human 

bronchioles and alveoli.7,100,101 However, the exact identities of these DC subsets are just 

beginning to be understood based on surface markers and transcriptional profiling. In mice, 

DCs extend their dendrites through tight junctions between alveolar epithelial cells to allow 

direct internalization of any microbes or particles trapped within the surfactant layer, 

followed by their maturation and migration to the regional LNs.102 This same process likely 

occurs in humans, as DC subsets matching airway cells, based on surface marker expression, 

have been detected in the digests of mediastinal LNs (Fig. 2).6 Cells resembling DCs have 

been seen in human airways for over three decades,2 although individual subsets have just 

recently been discriminated.

Progress in the field of lung DC research has been slowed by a lack of availability of healthy 

lung, with the majority of our existing knowledge instead coming from digestion of surgical 

resection from cancer patients.3,103–105 Using single-cell suspensions from digestion of such 

resections, Nicod et al.106 were the first to identify a rare population of low-autofluorescence 

APCs that are strong stimulators of CD4+ T-cell proliferation. At the time, it was assumed 

that these cells, likely DCs, are present only in the interstitium and that AMs are the only 

APCs found in the airways.

While resected lung sections are deemed non-cancerous based on visual inspection, the 

effects of proximity to cancerous tissue are unknown. Others have observed that BDCA-2+ 

pDCs and CLEC9A+ DCs are absent from digestions of healthy lung donors but present in 

noncancerous tissue resections of non-small-cell lung carcinoma.6 These results suggest that 

bystander cells are affected by cancerous tissue in the lung. Another concern with isolating 

cells from whole-lung tissue is the requirement of digestion, which presents two separate 

constraints. The first is that digestion itself is a harsh process that can activate cells like DCs 

and MΦs. The second is that cells present in the vasculature and expressing the same surface 

markers mix with resident cells of the interstitium and/or airways. Pioneering work by 

Desch et al.6 minimized the latter problem by first perfusing the blood vessels of en bloc 
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human lungs, which were deemed unsuitable for transplant. This allowed removal of a large 

fraction of blood cells that could contaminate the true lung cell pool.

Desch et al.6 further identified remaining vascular cells by labeling with an anti-CD45 

antibody via the blood vessels, with separate CD45 labeling of cells through the airways. 

This allowed separation of intravascular and extravascular cells based on prestaining after 

tissue digestion. Indeed, BDCA-1+ and BDCA-3+ DC percentages decreased with 

preperfusion, and subsequently intravascular cells could be separated from extravascular 

cells after tissue digestion.

Other groups have attempted to circumvent the issues related to tissue digestion by isolating 

and characterizing DC subsets directly from the airways of volunteers by BAL.7,107–109 This 

technique is ideal for isolating cells directly from the microenvironment of the airways, but 

does not provide information about interstitial cell populations. Using BAL, resident DCs 

have been isolated not only from the distal airways but also as far proximally as the walls of 

the trachea.101,110 While using healthy volunteers elim inates the concern of underlying 

disease processes, the procedure has high variability in the number of total cells acquired. 

This can be troublesome, particularly when analyzing rare DC subsets. We recently 

combined these two procedures by acquiring en bloc lungs, perfusing the vasculature, and 

then performing repeated BAL of the airways.8 With this technique, we obtained large 

quantities of airway and alveolar resident phagocytes while circumventing the issues of 

blood cell contamination and harsh tissue digestion.

E. Surface Markers for Identifying Human Lung DC Subsets

Demedts et al.3 were the earliest investigators of DC subsets of the human lung based on the 

BDCA markers previously used to characterize blood DCs.42 By digestion of tissue 

resections and subsequent flow cytometry of the cell suspensions, they classified BDCA-1+ 

and BDCA-3+ myeloid DCs, along with BDCA-2+ CD123+ pDCs from an overall CD14− 

DC pool. Importantly, they included CD14 in their lineage dump, implying that if a separate 

population of CD14+ DCs exists in the lung inter-stitium or airways, it is distinct from both 

BDCA-1+ and BDCA-3+ DC subsets. Consistent with this, inclusion of CD14 positivity 

revealed a small population of BDCA-1+ CD14+ DCs. Others have identified BDCA-1+ 

CD14+ DCs from human blood, calling them CD1c+ monocytes, with the distinct 

stimulatory capacity of naïve CD4+ T-cells compared to conventional BDCA-1+ CD14− 

DCs.111 However, because these cells were isolated after tissue digestion, it cannot be 

determined whether these BDCA-1+ CD14+ DCs originate from the lungs or are a residual 

population from the vasculature. We recently isolated cells with the same marker expression 

pattern from human lung airways after whole-lung BAL.8 Transcriptional profiling of these 

cells showed that they group along with Langerin+ DCs and BDCA-1+ CD14− classical DCs 

in a “DC clade.” This grouping is quite distinct from a “MΦ/monocyte clade” that includes 

AMs, BDCA-1− CD14+ DCs (same as CD14+ DCs), and BDCA-1− CD14− cells.8 These 

results together imply two basic interpretations. First, while CD14 positivity has been used 

to exclude monocyte contamination,105 it is likely a marker for true resident cells of the 

human airways.
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Masten et al.105 originally isolated a population of BDCA-1+ CD1a+ CD14− DCs and found 

that they are far more allostimulatory of T-cell proliferation compared to a subset of 

BDCA-1− CD14+ cells thought to be blood monocytes. However, a large portion of those 

cells were probably CD14+ DCs resident in the actual lung interstitium or airways. Second, 

these BDCA-1− CD14+ cells of the human lung are likely the equivalent subset as CD14+ 

dermal DCs.94,112 CD14+ DCs isolated from the skin do indeed have relatively poor ability 

to stimulate T-cell proliferation as compared with dermal CD1a+ DCs.112 In human skin, 

these CD14+ DCs express low levels of the activation marker CD83 relative to CD1a+ DCs 

from the same location.113 Similarly, we have observed that CD14+ DCs express low levels 

of surface CD83, even after exposure to heat-killed bacteria.8 While CD14+ dermal DCs 

express variable levels of CD163, a scavenger receptor associated with monocytes and 

macrophages,94,114 they also express DC-SIGN, which is expressed specifically by DCs.
65,115

Desch et al.6 noted that of multiple DC/monocyte/monocyte-derived populations resident in 

the human lung, only BDCA-1+ CD1a+ “pulmonary DCs” completely lack CD14 

expression. When tested in mixed leukocyte reactions (MLRs), this BDCA-1+ CD1a+ DC 

subset was a far better stimulator of T-cell proliferation in comparison with BDCA-1− 

CD14+ CD206+ “tissue monocytes.” Thus, both Masten et al.105 and Desch et al.6 had 

probably identified the same two cellular subsets of the lung based on slightly differing 

marker expression, as evidenced by MLRs with similar measured results.

Demedts et al.3 did verify that expression of the integrin CD11c can be translated from 

blood DC identification42,57 to lung DC discrimination. As in blood, both BDCA-1+ and 

BDCA-3+ DCs express CD11c, while pDCs (identified by BDCA-2 expression) lack this 

marker. Demedts et al. were also able to separate a small but definite subset of DCs that 

express CD1a and Langerin after lung digestion.3 These cells were not likely to have come 

from vasculature contamination, as freshly isolated BDCA −1+ and −3+ DCs from human 

blood do not express Langerin116 or CD1a6,42 at significant levels. According to 

immunohistochemistry, these double positive cells were observed along the epithelial lining 

of the large and small airways but not in the underlying interstitium.3

Such findings of CD1a+ Langerin+ lung DCs initially suggested that a skin LC equivalent 

population can exist in the human airways. Since the airways do not present with layering 

similar to epidermal and dermal layers of the skin, such an LC-like cell must anatomically 

occur within the human airway epithelium. However, Demedts did observe that most CD1a+ 

DCs also express BDCA-1,3 and thus can be confused with conventional BDCA-1+ DCs 

without the inclusion of Langerin staining.103 With the greater number of markers tested by 

Demedts et al.,3 the investigators also were able to identify a small fraction of BDCA-1+ 

CD1a− DCs that do not display a LC-like phenotypic appearance, and which therefore are 

conventional BDCA-1+ CD14− DCs. When comparing the BDCA-1+ and BDCA-3+ DC 

subsets, BDCA-1+ DCs show a stronger ability to stimulate T-cell proliferation, although it 

should be noted that both myeloid DC subsets are stronger stimulators compared to 

BDCA-2+ pDCs.4
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F. Potential DC Subsets of the Human Airways

Using BAL, Ten Berge et al.108 were the first to look at the specific microenvironment of the 

lung airways, with the goal of trying to separate pDCs and myeloid DCs, which include both 

BDCA-1+ and BDCA-3+ DCs. With the basic discrimination schema of pDCs being 

CD123+ CD11c− HLA-DR+ cells and myeloid DCs being low-autofluorescence CD11c+ 

HLA-DR+ cells, they were able to show that both cell types can be identified in lavage 

samples and further showed that pooled myeloid cells can be obtained in quantities useful 

for functional assays. As expected, the majority of cells in BAL samples were easy to 

separate as high-autofluorescence AMs.

In MLRs, the pooled myeloid DCs stimulate CD4+ T helper cell proliferation at ratios as 

low as 1 APC to 20 T-cells. If the researchers pre-exposed myeloid DCs to 

lipopolysaccharide (LPS), they found that proliferation dramatically increased. The specific 

cytokines stimulated by the T-cells included a Th2-skewed pattern of IL-4, IL-5, and IL-13 

expression. A similar pattern has been observed in MLRs involving epidermal LCs and 

CD1a+ dermal DCs found in human skin.65 Thus, while Ten Berge et al.108 were looking 

only for myeloid DCs, they would have included four potentially separate DC subsets: 

BDCA-1+, BDCA-3+, CD1a+, and Langerin+ DCs. van Haarst et al.117 identified a very 

small subset of CD1a+ DCs via BAL that trigger a high level of CD4+ T helper cell 

proliferation. So it is possible that these CD1a+ DCs are the major stimulant of the pooled 

myeloid DCs tested by Ten Berge et al.108 Unfortunately, van Haarst et al.117 did not use 

Langerin to further determine if the CD1a+ DCs are separate from Langerin+ DCs.

More recent work has actually shown that Langerin+ DCs of the human lung are definitively 

not equivalent to epidermal LCs but are closely related to BDCA-1+ Langerin− conventional 

DCs.116 These lung Langerin+ DCs express far lower levels of both Langerin and CD1a 

compared to true LCs, and have their counterparts in various human tissues, including 

dermis, liver, and tonsils.116,118 LCs are also likely functionally specialized compared to 

Langerin+ DCs. LCs are unique to the epidermal layer of human skin (as opposed to the 

dermis for Langerin+ DCs), and are identified by their high expression levels of both CD1a 

and Langerin, a C-type lectin.65,119,120 LCs can be further identified by rod-shaped 

structures in their cytoplasm called Birbeck granules (BGs).121 Langerin is expressed on the 

LC surface but is expressed at much higher levels in the LC BGs.121 Langerin specifically 

binds to sugar residues122; this binding likely plays a functional role in LCs being able to 

bind portions of various types of pathogens that may be encountered at the skin surface. 

Interestingly, Langerin+ DCs do not contain BGs, which may provide future clues as to the 

functionally distinct role of this DC subset in various tissue types.

Tsoumakidou et al.107 measured subsets of BDCA-1+, BDCA-2+, and BDCA-3+ DCs in 

BAL fluid from healthy volunteers, but they did not use CD1a or Langerin to further 

discriminate DCs subsets. Based on work by Segura et al.44 in human skin, all BDCA-1+ 

DCs fit the classification of either LCs from the epidermis or CD1a+ DCs from the dermis. 

The CD1a+ dermal DCs indeed also include Langerin+ DCs discussed earlier.116,118 Desch 

et al.6 actually identified three separate extravascular BDCA-1+ subsets from digestion of 

whole human lung: CD1a+ CD206−, CD1a+ CD206+, and CD1a− CD206+. However, of 

these subsets, only the CD1a+ CD206− cells exhibited the classical DC characteristics of 
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dendritic extensions and lamellipodial movement. As such, they were identified as 

“pulmonary DCs” while the latter two subsets were distinguished as “monocyte-derived” 

based on morphology and CD206 positivity. It is thus likely that Langerin+ DCs of the 

human lung8,116 are a subset of the CD1a+ CD206− DCs identified by Desch et al.6 rather 

than monocyte-derived CD1a+ CD206+ cells.

Using the methodology employed by Desch et al., it was determined that a CD1a+ BDCA-1− 

DC subset does not exist in the lung. This finding agrees with the recent report by Baharom 

et al.7 that less than 20% of BDCA-1+ DCs expressed CD1a in BAL fluid from healthy 

volunteers. Additionally, even BDCA-1 and CD1a expression together were not sufficient to 

completely distinguish all DC subsets resident in the lung. Inclusion of CD206, or the man-

nose receptor, did create another level of DC subset separation whereby CD206 positivity 

indicated monocyte-derived cells that had extravasated from the blood.6,7 However, CD206 

expression has been observed on inflammatory DCs as well.123 Thus, it remains to be 

conclusively determined whether the two CD206+ cell subsets (CD1a+ and CD1a−) are 

resident in the lungs (specifically the airways) under true steady-state conditions, and if they 

are, what their function may be.

We used surface Langerin expression to separate a specific DC subset of the airways from 

two subsets negative for Langerin: BDCA-1+ CD14+ DCs and BDCA-1+ CD14− DCs.8 

Further measurement of CD1a on these subsets showed that, while it is expressed on the 

surface of a large fraction (~75%) of Langerin+ DCs, it is not uniformly expressed on all of 

these cells. Of the other two DC subsets, approximately 60% express surface CD1a. These 

results suggest that (1) CD1a coexpression is not a defining characteristic of all Langerin+ 

DCs; (2) Langerin+ DCs, with or without CD1a expression, can be separated from BDCA-1+ 

CD14+ and BDCA-1+ CD14− DCs; and (3) BDCA-1 is not the only surface marker that 

identifies DC subsets of the lung. It is possible that further examination will reveal that the 

Langerin+ CD1a+ subset we examined has characteristics of LCs of the skin whereas the 

Langerin+ CD1a− DCs have characteristics of Langerin+ DCs of the dermis.65,116

Indeed, work by Bigley et al.116 determined that Langerin is not a specific marker for LCs in 

humans. They found that true LCs of the epidermis express very high levels of both 

Langerin and CD1a, while Langerin+ DCs of the dermis express both but at lower levels. A 

Langerin+ DC subset was also observed by this group in lung digests, but equivalent LCs 

were not seen. In agreement with these results, we did not identify any Langerinhi CD1ahi 

cells characteristic of LCs from human airways.8 However, although Bigley et al.116 did not 

observe a Langerin+ CD1a− subset from tissue digestion, we did observe such a population, 

though quite small, from fresh BAL.8 We suggest that the harshness of tissue digestion may 

promote surface expression of CD1a on these Langerin+ DCs but that BAL limits this 

procedural stimulation, rendering surface CD1a levels low to intermediate, not high as 

observed on true LCs.116 Similar Langerin+ cells have also been isolated from human tonsils 

and characterized as closely related to BDCA-1+ DCs but distinct from LCs of the 

epidermis.118 Future studies will need to determine how surface expression of these many 

markers, including BDCA, Langerin, CD1a, and CD123 relate to individual DC subsets in 

human airways, and how the microenvironments of the airways (and possibly the 

interstitium) affect their expression levels.
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G. Correlating DC Subsets with Airway Anatomy

DC subsets of the airways have also been investigated based on their anatomical locations. 

Todate et al.101 used histology to examine the mucosal lining and submucosal layers of 

human bronchioles. The researchers were able to identify distinct CD1a+ and BDCA-1+ 

DCs embedded in the bronchial epithelium in similar frequencies. However, in the 

underlying submucosa, BDCA-1+ DCs were found to be far more numerous than CD1a+ 

DCs. The equal presence of both DC subsets in the epithelial lining suggests functional 

specialization of both, although we cannot conclude merely by their location that CD1a+ 

DCs in bronchioles are equivalent to LCs in the epidermis. Baharom et al.7 collected 

separate lavage fractions of the bronchial and bronchoalveolar regions of healthy volunteers 

and observed CD1a expression only on a small percentage of BDCA-1+ DCs.

The discrepancies between the two studies may derive from the methods of DC 

identification rather than the markers used. Histology alone, as used by Todate et al.,101 is 

not sensitive to low levels of BDCA-1 expression, particularly when trying to determine 

coexpression. Conversely, Baharom et al.7 used flow cytometry for detection of BDCA-1 

and CD1a, which is far more sensitive in detecting low levels of surface marker expression. 

With the more sensitive assay, Baharom et al.7 were likely correct in their assessment of 

BDCA-1+ CD1a− and BDCA-1+ CD1a+ DC subsets from lavage, making their frequencies 

similar to those observed by Todate et al.101 Additionally, BDCA-1+ CD1a− DCs in and 

along the alveolar epithelium may be dissociated readily by BAL compared to BDCA-1+ 

CD1a+ DCs that are mainly located under the epithelium. This means that BDCA-1+ CD1a− 

and BDCA-1+ CD1a+ DCs identified by Baharom et al.7 are likely equivalent to “CD1a− 

monocyte–derived cells” and “pulmonary DCs,” respectively, as described by Desch et al.6

We acknowledge that our whole-lung lavage may have acquired mononuclear phagocytes 

from both bronchial and bronchoalveolar regions, although results were comparable, as far 

as subset frequencies, to results in BAL fluid obtained purely from the lower regions of the 

lungs.8 Thus, while the frequencies of our identified phagocyte subsets likely exist along the 

entire lower airways, the bronchial contribution is not that different from the subsets found 

in the alveolar regions. Staining of lung slices from different regions of the lung, as we have 

performed for other lung cell types,36 should be conducted to clarify this issue.

A recent study developed a protocol to identify BDCA-1+ DCs, BDCA-3+ DCs, and 

CD123+ pDCs from endobronchial biopsies of healthy volunteers.124 Cell frequencies were 

determined by the location of the biopsies, immunohistochemical staining of tissue, and 

digestion of the tissue samples for flow cytometry. However, alveolar regions cannot be 

sampled in such a procedure, while they can be sampled with our techniques using whole 

human lungs and staining of intact lung slices for identification and localization of 

phagocyte subsets.8,36

H. Transcriptional Profiling to Identify Lung DC Subsets

Finally, DC subsets of the lung cannot be identified and characterized by surface marker 

expression or their results in MLRs alone. For this reason, researchers have begun 

comparing DC subsets based on partial or complete transcriptional profiling.6,79,85,95 
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Haniffa et al.85 moved the DC field forward by first comparing skin DC subsets to those 

isolated from other organs, including the lung. While they focused on BDCA-3high DCs 

isolated from skin and lung tissue digests, they extended this work by identifying a DEG list 

specific to these cross-presenting cells that included the genes XCR1,84 CADMI,125 and 

CLEC9A.80 Desch et al.6 were not able to observe CLEC9A on any extravascular lung cell 

type expressing BDCA-3, regardless of expression levels. In agreement with these findings, 

we were unable to measure high BDCA-3 or CLEC9A expression on Langerin+, BDCA-1+ 

CD14+, or BDCA-1+ CD14− DCs isolated from BAL of healthy volunteers or of whole 

donor lungs.8 Thus, it is conceivable that Haniffa et al.85 had actually identified a signature 

set of genes for BDCA-3high cells from the blood rather than the lung interstitium or 

airways.

Langerin is expressed on a fraction of BDCA-1+ DCs of the lung,116 and we were able to 

further demonstrate that Langerin+ DCs can be separated from conventional BDCA-1+ 

CD14− and BDCA-1+ CD14+ DC subsets of the airways that lack this marker.8 Our analysis 

based on comparative transcriptomics identifies Langerin as a highly specific gene expressed 

by Langerin+ DCs.8 Therefore, while Langerin+ DCs also express BDCA-1, the converse is 

not true of all BDCA-1+ DCs, which emphasizes the importance of Langerin as a marker for 

DC separation in the airways. Interestingly, mRNA levels of Langerin were high in two 

separate DC subsets identified by Desch et al.: BDCA1+ CD1a+ CD206+ DCs and BDCA1+ 

CD1a+ CD206− DCs.6 While we only observed high levels of Langerin mRNA in our 

Langerin+ DCs, we did not attempt to further separate this population based on BDCA-1 or 

CD206 expression.8 Therefore, our Langerin+ DC subset, of which a substantial proportion 

was CD1a+, may indeed include both CD206+ and CD206− cells.

Although we were able to determine that Langerin RNA is not highly expressed in 

BDCA-1+ CD14− or BDCA-1+ CD14+ DCs of the airways, these were relative comparisons 

based on microar-rays rather than absolute values from RNA-seq. As Bigley et al.116 

showed, blood BDCA-1+ CD14− DCs do not express surface Langerin immediately after 

isolation but can gain expression within 18 hours if cultured with medium containing serum 

or TGF-β. This rapid induction of surface Langerin suggests that the RNA is made at some 

level constantly in BDCA-1+ DCs, and agrees with findings by our group8 and others,116,118 

suggesting a close relationship between Langerin+ and BDCA-1+ CD14− DCs in various 

tissues.

IV. HUMAN MACROPHAGES

A. Introduction to Lung MΦs and Their Phenotypic Plasticity

Macrophages (MΦs) are considered important for removal of dead cells and debris in the 

periphery in the steady state and also removal after injury or infection. They are generally 

regarded as nonmigra-tory and poor at antigen presentation. MΦs should be included when 

discussing DC functions due to their continuous interactions with DC subsets in the 

periphery. MΦs, like DCs, are found in various human peripheral tissues, including the 

skin94,114 and lung.1,5 Having previously described characterization of human DC subsets in 

the lung, we focus on this site overall for investigating MΦ subsets. Throughout our 
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discussion of MΦ subsets, we observe the same future needs of incorporating micro-

environmental differences into studies, as proposed for furthering DC research.

MΦs are traditionally thought of as sentinel cells, protecting the lung from bacterial, viral, 

and fungal infections. While lung-resident MΦs are indeed capable of rapid inflammatory 

responses to microbial threats, they are also vital for resolution of inflammation with 

minimal airway damage once these threats have been eliminated. MΦs carry out other 

functions, including clearance of dead cells, wound healing, and overall maintenance of 

homeostasis in the steady state through their interactions with other cell types (such as 

epithelial cells and DCs). The extent of MΦs’ capacities indicates that plasticity likely exists 

in this overall cell type so as to allow rapid response to a broad range of proinflammatory 

and inhibitory stimuli. Indeed, Stein et al.,126 working with murine models, suggested that 

MΦs can take on distinct pro- or anti-inflammatory phenotypes depending on exposure to 

IFN-γ or IL-4. Since these initial studies, the two phenotypes have been termed M1 

(classically activated) and M2 (alternatively activated), respectively.127

Several groups have attempted to further split and/or reclassify M1 and M2 MΦs to 

encompass TLR signaling, endogenous cytokine/chemokine expression in different 

microenvironments, amino acid metabolism, and branches of the adaptive immune system.
127–129 However, most of these investigations have been restricted to mice and thus their 

relevance to human tissue MΦ identification and function remains to be determined. 

Shaykhiev et al.130 performed whole-genome transcriptional profiling of healthy human 

alveolar MΦs (AMs) acquired via BAL to examine their activation states. Because the 

researchers’ goal was to elicit activation skewing caused by smoking, however, their study 

focused only on the few genes specifically induced by M1 or M2 stimuli (but not both) 

based on previous murine studies and limited work on human monocytes. Interestingly, 

these restricted gene sets implied that AMs are slightly M1-polarized at the transcriptional 

level, suggesting that, although steady-state AMs reside in an anti-inflammatory 

environment containing TGF-β and IL-1031,32 and contribute to tolerance by regulating DC 

antigen presentation33,34 and stimulating regulatory T-cells,35 they remain poised to shift 

toward an M1 phenotype if exposed to proinflammatory stimuli.

Future studies should take into account the many genes that are up- or downregulated by M1 

and M2 stimuli, as the steady-state airways likely contain a milieu of both types at varying 

levels. For example, exposure of human AMs to IL-4 alone increases their production of the 

M2-related chemokines CCL17 and CCL22, but the addition of IL-10 inhibits this effect.131 

The complex micro-environments of the human lung under steady-state conditions likely 

prevent distinct separation of tissue-resident MΦ subtypes based on specific M1 or M2 

activation states, meaning that cells from this site may show mixed phenotypes along a 

spectrum in the absence of disease. Dysregulation of tissue MΦs has been linked to various 

diseases, including atopic dermatitis,132 psoriasis,133 lung cancer,134 COPD,135 and 

tuberculosis.136 Being able to identify and characterize steady-state MΦ subsets in human 

tissues will thus provide a foundation for determining their protective or harmful 

contributions to various disease states.

Patel and Metcalf Page 16

Crit Rev Immunol. Author manuscript; available in PMC 2019 February 27.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



B. Strategies for Characterizing Human Lung MΦ Subsets by Functional Properties

Human lungs are known to contain two major subsets of MΦs: larger AMs found in the 

alveoli and smaller but more phenotypically heterogeneous interstitial MΦs (IMs) found in 

the parenchymal spaces outside of the airways and alveoli (Fig. 2).137,138 It should be noted 

that Gibbings et al.139 recently identified three subsets of IMs from murine lung digestions 

based on unique surface marker and gene expression profiles. In the future, equivalent 

subsets may be isolated from human lungs as well. Morphologically, AMs have a lower 

nuclear–cytoplasmic ratio and more euchromatin (versus heterochromatin) compared to IMs.
137 Between these two subsets, most of our current knowledge relates to AMs, as they are 

the predominant cell type in BAL fluid. For this reason, BAL in healthy volunteers provides 

a technique, free of surgical procedures, in which AMs can be isolated in numbers practical 

for functional and transcriptional analyses (unlike rare DC subsets).

It should be mentioned that the ratio of AMs to alveoli is actually quite low, estimated to be 

one to three.140 Therefore, the large number of AMs acquired by BAL are the result of the 

millions of alveoli13 responsible for gas exchange in the lower airways of human lungs. We 

can also infer that AMs likely transit constantly between groups of alveoli in the human lung 

via the pores of Kohn17,141 to engulf inhaled particulates and microbes in the steady state. 

Physiologically, AMs must be rare within the alveolar spaces so as to not impair gas 

exchange with the capillary network.

IMs from human lungs are a more difficult target of investigation, largely due to their 

heterogeneity and their similarity to AMs. Lung resections can be lavaged for AM isolation, 

followed by tissue digestion for collection of IMs.137,138 Since human blood does not 

contain MΦs, digestion of lung re-sections can yield large numbers of this general cell type 

free of vascular contamination. However, as described for studies of DC subsets, lung 

resections are performed for underlying conditions that likely alter MΦ populations from 

their true steady-state phenotypes. For example, AMs collected from BAL fluid of patients 

with varying types of lung cancer showed distinct reductions in phagocytosis of polystyrene 

beads and proinflammatory cytokine secretion in response to LPS (as measured by levels of 

TNF-α, IL-1, and IL-6) when compared to healthy controls.134 Therefore, functional 

differences between human AMs and IMs may be confounded by diseases of the lung that 

affect these two MΦ subsets to varying degrees.

Limited studies attempting to compare human AMs and IMs have begun with cultures 

enriched for adherent cells.137,138 Intrinsic adherence by lung MΦs142 provides a means of 

washing away nonadherent lymphocytes and red blood cells from BAL or digest 

preparations. However, considering that AMs likely transit between alveoli in vivo, this 

adherent property in vitro may reflect activation during the isolation process, response to 

culture conditions, or a combination of both. AMs freshly isolated by BAL show a baseline 

proinflammatory transcriptional profile immediately after collection that decreases after 24 

hours in culture.143 Thus, while Fathi et al.137 showed that AMs possess a greater potential 

for phagocytosis of yeast particles compared to IMs, they also perform their work within a 

24-hour window postisolation. It is possible that had Fathi et al. allowed the MΦs to return 

to a true resting state, the differences would have diminished. More recently, Hoppstädter et 
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al.138 observed comparable internalization levels of fluorescent beads between the two 

subsets after unstimulated culture for 72 hours.

Culture conditions, such as rigidity of the plating surface, can also skew measurements of 

phagocytosis by adherent MΦs. Standard tissue culture plates are rigid and promote 

adhesion. The steady-state microenvironment of the alveoli experiences constant 

perturbations based on fluctuating oxygen tension and a broad spectrum of inhaled 

particulates. However, physical perturbations are also constantly occurring as low-rigidity 

alveoli stretch and shrink during respiration. In vivo, a thin layer of surfactant coats the inner 

alveolar surfaces (Fig. 2). Akei et al.144 demonstrated that specific surfactant proteins 

decrease the overall surface tension of this film and thus allow AMs to reside below the 

surface of this layer but remain in a more globular (or less flattened) shape. They further 

showed that this rounded shape of AMs in mice correlates with increased phagocytosis of 

intratracheally instilled microbeads.

Other researchers have observed that lower rigidity substrates, comparable to that of human 

lung, allow more rounding of human AMs.145 Yet rhythmic stretching of AMs, as 

encountered in alveoli, decreases both cell elasticity and phagocytic potential.145 It is likely 

that, in vivo, a combination of surface tension, low rigidity of alveolar epithelia, and cyclical 

AM stretching determine the overall phagocytic ability of steady-state AMs for 

nonpathogenic particles. We suggest that AMs and IMs are initially activated in a 

proinflammatory manner during isolation, and that triggers strong adhesion to highly rigid 

tissue culture dishes on which most MΦ experiments are performed. Thus, MΦs remain 

stationary and in a more flattened form in vitro in the absence of rhythmic stretching. 

Without more focus on replicating in vivo microenvironments of the alveolar and 

parenchymal regions, differences measured between AMs and IMs, such as phagocytic 

ability or cytokine production, may not accurately convey their true functional phenotypes. 

Importantly, freshly isolated MΦs must be allowed to return to a resting condition prior to 

exposure to external stimuli. Standardization of isolation procedures and culture times for 

human lung MΦs can also help delineate functional differences between MΦ subsets.

Based on their higher frequency in the alveoli, AMs are expected to have a temporal 

advantage over DCs in interaction with inhaled particles. However, unlike peripheral DCs, 

human lung–resident MΦs are generally accepted as nonmigratory, performing most of their 

responsibilities in and around the airways. In murine models, the migratory potential of AMs 

to drain LNs in the steady state is unclear.146,147 While Kirby et al.147 found a small number 

of high-autofluorescence cells fitting the surface marker description of AMs in the regional 

LNs of mice, these cells did not express CCR7. Intranasal exposure to Streptococcus 
pneumoniae led to increased MΦ-like cells, containing bacteria, in the draining LNs. Yet 

these cells were not observed to express CCR7, even 24 hours postexposure.

Multiple physiological occurrences explain such contrasting results. It is possible that the 

cells identified in the LNs do not originate from the airways but rather are IMs that acquire 

bacteria passing from the apical to the basolateral sides of the alveolar epithelia via 

transcytosis. Additionally, signifi-cant migration of AMs and/or IMs may be pathogen 

dependent, where only certain host-pathogen interactions drive MΦ migration. Finally, if 
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lung MΦs do migrate, the process may be via an uncharacterized mechanism that is not 

CCR7-dependent. How murine studies correlate with findings in humans is still unclear. 

Desch et al.6 surveyed steady-state phagocytic mononuclear cells, including MΦs, present in 

the mediastinal LNs of whole human lungs. There they only found DCs, specifically 

BDCA-3+ CD14+ and BDCA-1+ CD206− DCs, matching cell subsets seen in the lungs 

based on surface marker expression. Of these two DC subsets, only the BDCA-1+ CD206− 

DCs were shown to express CCR7, which implies that the BDCA-3+ CD14+ DCs either are 

resident in the LNs or migrate there via a CCR7-independent mechanism.

We did not observe upregulation of CCR7 in AMs after exposure to heat-killed Escherichia 
coli or Staphylococcus aureus.8 A lack of LN-directed migration by human tissue MΦs is 

not restricted to the lung, as dermal MΦs also do not migrate out of skin explants or 

upregulate CCR7, even after maturation with various proinflammatory cytokines.114 If lung 

MΦ subsets do not possess migratory capacity, this property can be used in future studies to 

discriminate them from DC subsets that are known to home to draining LNs under steady-

state and inflammatory conditions.

With the significant uncertainty as to whether tissue MΦ migrate, the physiological 

relevance of measuring their stimulatory capacity in MLRs is questionable. However, AMs 

and IMs do interact with steady-state migratory DCs and also T-cells migrating to the 

airways during infection. These interactions must be tightly regulated to minimize tissue 

damage during inflammation, and more importantly to maintain tolerance to innocuous 

particles in the steady state. While they do express HLA-DR and present antigens, lung MΦs 

as a whole are weaker at stimulating T-cells compared to lung DCs,106,148,149 likely relating 

to this induction and preservation of tolerance. In addition to direct binding of the T-cell 

receptor to an MHC complex, APC-dependent cytokine signaling and costimulatory 

molecules dictate the strength and direction of T-cell responses. Lipscomb et al.149 

demonstrated that AMs secrete low levels of a proinflammatory cytokine signal, as 

measured by IL-1 production after antigen exposure. However, cytokine production did not 

completely explain the weak T-cell activation phenomenon, as addition of exogenous 

cytokine did not dramatically increase T-cell proliferation. In a follow-up study, Lyons et al.
150 observed that AMs express a low density of the integrin leukocyte function-associated 

antigen-1 (LFA-1) important for initial binding of APCs to T-cells. Finally, AMs express 

minimal levels of the costimulatory molecules CD80 and CD86, even after activation with 

IFN-γ.151

We have observed minimal upregulation of CD86 on AMs, even after exposure to heat-killed 

bacteria.8 APC–T-cell interactions without costimulation result in anergic T-cells and the 

subsequent development of peripheral tolerance. Blumenthal et al.152 further implicated 

physical interaction of AMs with T-cells as causing this effect, as peripheral blood 

monocytes strongly stimulated proliferation of CD4+ T-cells, and this response was not 

inhibited by mixing of AMs one to one with monocytes prior to MLRs. They also verified 

that these T-cells were not skewed towards a Th1 or Th2 response without proliferation, as 

they produced very low levels of IFN-γ and IL-4 in the presence of AMs. These results 

collectively suggest that AMs are indeed weak stimulators of T-cells, but that they do not 

confer a suppressive phenotype onto other APCs (like DCs) that would also interact with T-
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cells. However, the latter idea would need verification by co-culturing human AMs (or IMs) 

with the various lung DC subsets described earlier.

C. Strategies for Characterizing Human Lung MΦ Subsets by Origins and Specific 
Markers

Although MΦs were originally thought to be replenished by blood monocytes in steady-state 

conditions,153 this idea was based on monocytes having the potential to become MΦs in 
vitro under certain culture conditions or in vivo after whole-animal irradiation.154,155 Only 

recently have parabiotic studies in mice suggested that many tissue-resident MΦ 
populations, including microglia and AMs, are actually seeded early in embryonic 

development and are then maintained in the steady state by self-renewal within the tissue 

itself156–159 rather than by external replenishment by hematopoietic stem cells.160 This local 

renewal of some lung MΦ populations likely occurs in humans as well, as is supported by 

Nayak et al.161 and Eguíluz-Gracia et al.,162 who in their study of lung transplant patients 

found that the majority of AMs remain of donor origin years after surgery. It remains to be 

seen whether steady-state IMs are actually the precursor cells of AMs, whether each subset 

self-renews independently, or whether IMs self-renew at all.

Jakubzick et al.163 demonstrated that, at least in mice, monocytes in the steady state can 

enter the lung tissue from blood circulation without differentiating into DCs or MΦs. 

Instead, monocytes upregulate MHCII while crossing the endothelium, acquire antigen in 

the periphery, and migrate back to draining LNs without acquiring any phenotypic 

characteristics of DCs or MΦs.163 As expected, migrating DCs far outnumber monocytes in 

LNs, but Jakubzick et al.163 demonstrated that monocytes do not automatically become DCs 

or MΦs by entering the lungs. These findings do not exclude monocytes from being the 

natural source of IMs in the steady state. Differentiation of monocytes to IMs may occur at a 

low basal rate but then be strongly induced under inflammatory conditions in which resident 

IMs (as well as AMs) are depleted.

Guilliams and Scott164 proposed that the population(s) of tissue-resident MΦs in most 

tissues are replenished based on “niche competition.” According to this model, a certain 

frequency of MΦs, such as AMs and IMs, exist in a given tissue. As long as that niche for 

that cell type is filled, monocytes can enter and exit the tissue without differentiating into 

MΦs. However, if slots in the niche become vacant, as can occur during infection and 

inflammation, then remaining resident MΦs and infiltrating monocytes can rapidly replenish 

the niche frequency. In this case, microenvironmental signals allow monocytes to 

differentiate into self-renewing tissue macrophages. In the human lung, the interstitial spaces 

and the alveoli present two distinct niches. The niche competition model is complicated by 

the fact that a physical barrier exists at the alveolar epithelium and breakdown of this barrier 

during inflammation may also contribute to monocyte differentiation into AMs during tissue 

repair.

It is possible that a subset of IMs renews AMs in the steady state, but during inflammation 

monocytes also directly differentiate into AMs. The other possibility involves depletion of 

the IM niche first during inflammation. Monocytes would first exit the blood to differentiate 

into IMs until that niche is filled, followed by IM migration into the alveoli to replenish the 
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AM niche. Finally, once both niches are refilled, monocytes no longer differentiate into 

either type of resident macrophage. Whether any of the true DC subsets discussed follow a 

similar means of replenishment based on the niche model is unknown and will be an active 

area of future study.

Unlike MΦs, DCs are thought to regularly migrate to draining LNs, even without exposure 

to antigens.165 Therefore, they need constant replenishment, even in the absence of tissue 

injury or infection. Monocytes may regularly enter the lungs, including the airways, and 

have the potential to differentiate into both DCs and MΦ subsets depending on vacancies in 

their respective niche and subsequent microenvironmental signals. Molawi et al.166 observed 

in mice that, while embryonic stem cells seed the resident macrophage population of the 

heart early in life, monocytes progressively contribute more to this population with 

increasing age. It is entirely possible that a similar transition from embryonic to bone 

marrow–derived macrophage sources occurs in human lungs, as embryonically derived 

resident macrophages (AMs or IMs) lose their ability to self-renew as the late life stages are 

reached. In humans, CD14+ DCs described previously may be the equivalent cell subset to 

these constant-turnover monocytes, but they are likely not the equivalent of IMs. Dermal 

CD14+ DCs show properties of both blood BDCA-1+ DCs and CD14+ monocytes.85 

Complete transcriptional profiling of these dermal CD14+ DCs identifies them as closely 

related to dermal MΦs.94 We have determined that CD14+ DCs isolated from human 

airways are closely related to definite AMs but inversely related to members of the “DC-

clade” isolated from human airways.8

The source cells for replenishment of steady-state dermal MΦs remain unclear in humans, 

although work in mice indicates that blood monocytes may contribute a significant fraction 

of the overall population.167 In contrast, studies of patients undergoing skin transplants 

indicate that only approximately 30% of dermal MΦs are of recipient origin in engraftments 

more than a year after the procedure.114 These results suggest that human dermal MΦs are 

long-lived, but they also imply that two subsets of dermal MΦs exist: one replenished by 

circulating monocytes and a second populated by self-renewal in the tissue.

As with DC subsets, identification of human lung MΦ subsets is likely confounded by the 

variety of surface markers used to separate them. MΦs as a general cell type can be 

identified by their high autofluorescence (AF) in mice and humans when analyzed by flow 

cytometry.106,168,169 While the main source of AF in MΦs seems to be phagolysosomes,168 

the actual cellular fluorophores involved remain a mystery. AF can also be seen as a 

nuisance, as it can mask actual marker signals if the marker’s expression is low. For this 

reason, MΦs are often excluded from analyses of DCs by collecting only nonadherent 

cells106 or initially gating outside-scatterhigh (high-granularity), forward-scatterhigh (large) 

AFhigh cells by flow cytometry.7 Another concern is that, while AMs are high in AF, IMs are 

more heterogeneous in their AF levels.7

Studies have actually revealed three distinct subsets of IMs in the mouse lung,139 and it is 

yet to be determined whether equivalent subsets exist in the human lung. Several groups 

have worked to develop sets of surface markers that can specifically identify human AMs, 

IMs, and lung-immigrating monocytes,6,7,170,171 although the three cell subsets have not 
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been investigated in depth concurrently. Desch et al.6 analyzed all HLA-DR+ extravascular 

cells from digestion of healthy lung and, aside from BDCA-1+ cells, only identified SSChigh 

AMs and a subset of SSCint cells that the investigators termed “tissue monocytes.” There are 

two possible explanations for this observation (of a lack of IM). First, BDCA-1 positivity 

may not automatically indicate a DC subset, and thus what Desch et al.6 called “CD1a− 

monocyte-derived cells” actually are or at least include IMs. Second, IMs were pooled 

together with the identified TMs as a single cell subset when in fact two separate subsets 

were present. Interestingly, both AMs and TMs were shown to express the C-type lectin 

CD206 (mannose receptor) and the Fc receptor CD64 (FcγRI), but could be differentiated 

by expression of the low-affinity Fc receptor CD16 specifically found on TMs.6

In direct contrast, Yu et al.170 and Bharat et al.171 independently used expression of CD206 

by human lung MΦs as a specific means of separation from monocyte subsets. They 

identified the sialic acid receptor CD169 (Siglec-1) as a marker that can separate AMs from 

IMs, while all TMs were identified as CD206− and CD169−. Another sialic acid receptor, 

CD33 (Siglec-3), has been used to identify human AMs in place of the integrin CD11c, but 

this marker is also expressed by TMs and eosinophils.172 Thus, CD11c or CD33 expression 

can be included as a myeloid cell marker, but does not specifically separate out MΦs.

It appears physiologically logical for AMs to express CD169, as this marker has been 

associated with a proinflammatory phenotype173 that AMs can acquire (i.e., M1 skewing) 

upon exposure to pathogenic microbes in the airways. Confocal microscopy visually 

supports Yu et al.’s170 classifications, as the cells they termed IMs were localized outside the 

alveoli (they did not try to localize TMs). If CD206 is selectively expressed by lung MΦs 

relative to expression on monocytes, then the majority of TMs analyzed by Desch et al.6 

were actually IMs. However, Desch et al. showed that, while CD14+ monocytes from the 

blood are CD206−, all TMs, AMs, and monocyte-derived cells in the lung (both CD1a+ and 

CD1a−) are CD206+. These results suggest that CD206 expression is induced by migration 

across the endothelium and that CD206 expression does not separate TMs from IMs in the 

lung. Perhaps the upregulation of CD206 on TMs emigrating from the blood is not an 

immediate event so that crossing the endothelium does signal the upregulation of CD206, 

but this process can take days to occur. Levels of CD206 cannot separate AMs from IMs, as 

this marker is expressed along a continuum rather than distinctly bimodal.172

The studies just mentioned may be reconciled if we characterize IMs as HLA-DR+ CD11c/

CD33+ CD206+ CD16+ CD169−, and characterize AMs as AFhigh HLA-DR+ CD11c/CD33+ 

CD206+ CD16− CD169+. Baharom et al.7 performed BAL on healthy volunteers and 

identified CD14+ CD16− “classical monocytes” and a second subset of CD14+ CD16+ 

“intermediate monocytes” in BAL fluid after AM exclusion. These results strongly support 

the existence of separate IMs and TM subsets considering IMs are not collected by BAL. 

Staining these two monocytic subsets found in the airways for CD206 and CD169 

expression further substantiates these levels of phagocyte discrimination. Also, the CD14+ 

DCs we discussed previously can be split into two separate monocytic subsets based on 

CD16 positivity. Interestingly, CD16 has been described as a marker used to identify and 

separate “migratory monocytes” that can leave the circulation and enter tissue from 
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“patrolling monocytes” that remain along the capillary walls.174 In this case, the migratory 

monocytes are CD14high CD16− and the patrolling monocytes are CD14low CD16+.

Considering the close proximity of alveolar blood capillaries and the alveolar epithelium, it 

is possible that migratory monocytes migrate straight out of the capillaries and into the 

alveolar spaces. They can also migrate straight out of the capillaries and into the interstitial 

spaces. At the same time, since the thin capillary walls are in direct contact with the thin 

epithelium, patrolling monocytes may be sentinels of both barriers. That would explain how 

Baharom et al.7 isolated both classical and intermediate monocytes from human airway 

lavage. With the likelihood of isolating patrolling monocytes from the lung during tissue 

digestion, CD16 would not aid in their discrimination from IMs.

The function of one or more subsets of TMs in the human airways under steady-state 

conditions remains unclear, although we speculate that TMs can fully enter alveolar spaces, 

acquire antigens, and migrate back out, while AMs cannot. Once out of the alveoli, TMs 

may transit to the mediastinal LNs under a different time frame compared to steady-state 

DCs, or they may promote IMs tolerance of particulates and debris in the interstitial spaces 

by direct interactions.

Reports of monocytes in healthy human airways7 suggest that, in the “niche competition” 

model described earlier, availability of slots dictates replenishment of AMs rather than 

accessibility of the alveoli. For future studies, surface markers for MΦ/monocyte subsets in 

the lung should be standardized. Additionally, AMs, IMs, and TMs will need to be analyzed 

together for the true scope of subsets present and their functional specialties to be 

determined. A summary diagram of the markers described for human lung MΦs and 

monocyte subset identification can be found in Fig. 3.

D. Other Potential Human Lung MΦ Markers

Steady-state expression and activation-based induction of other surface markers, including 

toll-like receptors (TLRs), has been used to classify human lung MΦs. Specific expression 

of these pattern recognition receptors (PRRs) on AMs would be in line with their location in 

the alveolar spaces, where they are the first cells to encounter inhaled pathogens. However, 

TLR profiles are not specific to AMs or IMs, as there is high variability in expression 

between cell donors under both steady-state and inflammatory conditions.172 Hoppstädter et 

al.138 observed 3-fold higher expression of HLA-DR on IMs compared to AMs without 

stimulation, but did not observe any differences in mRNA levels of TLR 1–10. However, this 

group did not differentiate TMs from IMs, and thus could have been surveying AMs or a 

number of MΦ/monocyte subsets. Additionally, they did not measure TLR protein 

expression, so stimulation with TLR agonists may not have led to surface TLR upregulation. 

For example, separate studies have shown that less than 5% of AMs express surface TLR-2 

and TLR-4 in the steady state, although the percentages increase slightly after 10 minutes of 

LPS exposure.175 While the researchers observed that LPS stimulation via TLR-4 led to 

increased production of TNF-α and IL-6 mRNA by both MΦ subsets, IMs produced less 

TNF-α and more IL-6 compared to AMs.
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Baharom et al.7 also measured high TNF-α production by TMs isolated by BAL after 

exclusion of AFhigh AMs. Together, these results from this group and Hoppstädter et al.138 

agree with the notion that phagocytic APCs, whether AMs or TMs, located within the 

alveoli are primed for faster proinflammatory responses compared to APC subsets in the 

interstitial spaces.

Asada et al.176 identified a transcription factor called peroxisome proliferator–activated 

receptor gamma (PPAR-γ), which is expressed at high levels by AMs and is vital for 

maintaining their anti-inflammatory phenotype in human airways. Whether this transcription 

factor is specific to AMs or is also expressed by TMs, IMs, or airway DCs is unknown. 

Expression of PPAR-γ may be specific to AMs and serve as another selective marker of this 

cell type, but it also may be inducible in multiple mononuclear phagocytes based on 

microenvironmental signals in the alveolar spaces. Cells like type I AECs likely stimulate 

expression of PPAR-γ by AMs in human airways; thus, without similar coculturing of AECs 

and AMs in vitro, expression levels of PPAR-γ decrease with time. We contend that a 

similar distinction may be seen between TMs in the two lung microenvironments. Whether 

identifying surface markers vary between TMs in the interstitium and those in the alveoli 

remains to be determined. Higher HLA-DR levels on IMs138 suggest that the function of this 

cell type involves constant interaction with any immigrating B- and T-cells in the interstitial 

spaces. Importantly, these interactions may be inhibitory due to poor T-cell stimulation, as 

discussed earlier regarding AMs.

V. CONCLUSIONS AND FUTURE DIRECTIONS

Over the past 30 years, researchers have progressed from determining that DCs and MΦs are 

distinct cell types to identifying numerous subsets of each in specific tissues. Such advances 

are especially evident in the human lung. Regardless of whether subsets are identified by 

comparing surface markers, MLR results, or transcriptional profiling, every study is a step 

forward in the field. Unfortunately, as we identify new markers for certain subsets, we may 

find it difficult to reconcile previous work with the most recent findings. Surface markers 

such as BDCA, CD1a, CD14, and CD206 are not specific to just one cell subset. 

Additionally, depending on the source material and means of cellular isolation, marker 

expression may rapidly increase or decrease. Methods to resolve these issues, in our opinion, 

will include additional emphasis on transcriptional profiling and hierarchical clustering. As 

we establish sets of DEGs for individual DC and MΦ subsets, we can rapidly determine 

correlative protein expression by methods such as flow cytometry.

Specific to the human lung, the difficulties in acquiring healthy tissue are clear and will 

continue to impose barriers to our understanding of resident DC and MΦ subsets. While 

some major developments have come from cells isolated from the digestion of surgical 

resections,3,103–105 these cells may be altered by the effects of diseased tissue nearby. 

Additionally, digestion itself is harsh on the cells of the lung, leading to their activation or 

causing changes in expression of identifying surface markers. Even with proper perfusion, 

contamination of resident lung cells with capillary cells is a concern unless the intravascular 

populations can be identified prior to digestion.6 Isolation of cells directly from the airways 

of healthy volunteers has shown promise, and several groups have isolated and characterized 
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some DCs and MΦ subsets in this manner.107–109,117 These cells are acquired by minimal 

treatment and processing, and are free of vascular contamination. A drawback to this 

procedure is the lack of large numbers of cells.107 We have circumvented this issue by 

acquiring cells from whole donor lungs.8 Of course, this does not help the researcher obtain 

interstitial DC and MΦ subsets.

A major avenue of future research should be the replication of the microenvironments of the 

human airways and interstitium. Differences in microenvironments affect the marker 

expression profiles of DC and MΦ subsets as well as their responses to various tolerogenic 

or inflammatory stimuli. Instead of isolating individual DC and MΦ subsets and seeing what 

cytokines and chemokines they produce in response to certain antigens, more emphasis 

needs to be placed on how the subsets function together to maintain steady-state equilibrium 

in the microenvironments of the human lung. At the very least, subsets should be cocultured 

when in vitro assays are performed or, if possible, studied ex vivo using models like the 

precision-cut lung slice.36 In the alveolar regions of the lung, for example, DC subsets 

interact with both MΦ and monocyte subsets as well as with epithelial cells that make up the 

alveolar walls. Thus, studying a single cell subset in isolation may not be relevant to its 

behavior within the alveolar architecture.

Additionally, that a certain subset responds to a given stimulus in isolation does not mean it 

cannot respond in a different manner in the microenvironments of the lung. DC and MΦ 
subsets may express a fixed set of markers, but they have the potential to behave like other 

subsets if microenvironmental conditions change (i.e., during infection or in response to 

tissue damage). Plasticity may complicate subset studies, but it is nonetheless a 

physiological response vital for cellular responses to rapidly changing conditions in the 

airways or interstitium.

As we emphasize throughout this review, the microenvironments found in the human lung 

are unique and must be taken into account in future work to truly elucidate how DC and MΦ 
subsets protect the lung against constant environmental threats and allow it to carry on the 

respiration necessary for life. Physiological models of the human alveoli and underlying 

interstitium will be difficult to develop, but can begin with simple coculture systems in 

which two or more cell types are cultured together in close physical and chemical proximity.
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ABBREVIATIONS:

AEC alveolar epithelial cell

AM alveolar macrophage

APC antigen-presenting cell
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BAL bronchoalveolar lavage

BDCA blood dendritic cell antigen

DC dendritic cell

DEG differentially expressed gene

IM interstitial macrophage

LC Langerhans cell

LN lymph node

MΦ macrophage

MLR mixed leukocyte reaction

TM tissue monocyte
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FIG. 1: 
Human lung anatomy. Inhaled air travels down the trachea, enters the lungs, and follows a 

network of branching bronchi and bronchioles until it reaches the terminal bronchioles and 

the alveoli. An ascending network of lymphatic vessels (right side) carries lymph, 

particulates, and immune cells from the interstitial spaces to the hilar and eventually the 

mediastinal lymph nodes. Inset: The alveoli are grape-like structures responsible for 

exchange of oxygen and carbon dioxide.
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FIG. 2: 
Human alveolar structure and cellular composition. At the alveolar level, oxygen diffuses 

into and carbon dioxide diffuses out of blood flowing through pulmonary capillaries. Inset: 
A wide variety of cell types are found in and around alveoli. Type I AECs make up the 

majority of the surface area involved in respiration. DCs are found embedded within the 

alveolar epithelium and just below it in the submucosa, from where they extend processes 

into the alveolar space to sample antigens. Immune cells transit between alveoli via pores of 

Kohn. Together, subsets of macrophages, dendritic cells, and tissue monocytes keep the 

airways clear of obstruction and direct interactions with cells of the adaptive immune 

system.
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FIG. 3: 
Summary diagram of stepwise human lung MΦs and monocyte subset identification, 

including markers and microenvironment. MHC, major histocompatibility complex; APC, 

antigen-presenting cell; AF, autofluorescence; FSC, forward scatter; SSC, side scatter.
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