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Abstract

Rationale: The pulmonary mononuclear phagocyte system is

a critical host defense mechanism composed of macrophages,
monocytes, monocyte-derived cells, and dendritic cells. However,
our current characterization of these cells is limited because it

is derived largely from animal studies and analysis of human
mononuclear phagocytes from blood and small tissue resections
around tumors.

Objectives: Phenotypic and morphologic characterization of
mononuclear phagocytes that potentially access inhaled antigens in
human lungs.

Methods: We acquired and analyzed pulmonary mononuclear
phagocytes from fully intact nondiseased human lungs (including the
major blood vessels and draining lymph nodes) obtained en bloc
from 72 individual donors. Differential labeling of hematopoietic
cells via intrabronchial and intravenous administration of
antibodies within the same lobe was used to identify extravascular
tissue-resident mononuclear phagocytes and exclude cells within the
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vascular lumen. Multiparameter flow cytometry was used to identify
mononuclear phagocyte populations among cells labeled by each
route of antibody delivery.

Measurements and Main Results: We performed a phenotypic
analysis of pulmonary mononuclear phagocytes isolated from whole
nondiseased human lungs and lung-draining lymph nodes. Five
pulmonary mononuclear phagocytes were observed, including
macrophages, monocyte-derived cells, and dendritic cells that were
phenotypically distinct from cell populations found in blood.

Conclusions: Different mononuclear phagocytes, particularly
dendritic cells, were labeled by intravascular and intrabronchial
antibody delivery, countering the notion that tissue and blood
mononuclear phagocytes are equivalent systems. Phenotypic
descriptions of the mononuclear phagocytes in nondiseased lungs
provide a precedent for comparative studies in diseased lungs and
potential targets for therapeutics.
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At a Glance Commentary

Scientific Knowledge: Every day,
the human lung is ventilated with
9,000 L of air containing billions of
particles and microbes. Although most
are trapped and cleared via mucociliary
mechanisms, a significant amount
reaches the conducting airways and
alveoli, where mononuclear phagocytes
promote their clearance. We describe
mononuclear phagocytes found in the
lung with potential access to the
airspaces.

What this Study Adds to the

Field: This study describes a method
that distinguishes extravascular tissue-
resident mononuclear phagocytes from
cells present within the vascular lumen.
The key element of this approach,
which has never been described

in human lungs, was labeling
hematopoietic cells with anti-CD45
antibodies administered via
intrabronchial and intravenous routes
into the same lobe. This technique was
vital because it excluded intravascular
cells from cytometic analyses of
extravascular mononuclear

phagocytes.

The human respiratory tract has a
branching structure that terminates in
millions of alveoli, whose luminal surface
covers an approximate area of 50 to 100 m’,
In comparison to other barrier surfaces,
such as the skin (2 m?) and the gut (10 m?),
this surface area is massive, and therefore,
comprises the body’s largest interface with
the ambient environment. Because of
normal respiratory function, the average
human exchanges 7,000 to 9,000 L of gas
each day and inhales billions of particles,
allergens, and microbes. Accordingly, the
human lung constitutes a major site for the
innate and adaptive immune responses. In
this context, cells in the mononuclear
phagocyte system (MPS), which consists of
macrophages, monocytes, monocyte-
derived cells, and dendritic cells (DCs), play
critical roles. These roles include clearance
of inhaled particulates and microbes,
maintenance of lung structure and
function, and initiation of immune
responses. Therefore, it is not surprising
that lung mononuclear phagocytes (MPs)
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have been demonstrated to play both
beneficial and pathogenic roles in a variety
of pulmonary diseases including, but not
limited to, viral, bacterial, and fungal
pneumonia, chronic obstructive pulmonary
disease (COPD), asthma, adult respiratory
distress syndrome, sarcoidosis,
hypersensitivity pneumonitis, and the
idiopathic interstitial pneumonias. Therefore,
understanding the identity, location, and
function of MPs in the lung is of paramount
importance to further our understanding of
human disease. The primary objective of our
study was to categorize the MPs in human
lungs using surface immune phenotyping
and transcriptome analysis, and to identify
their location in terms of tissue and vascular
compartments.

In recent years, the framework through
which the MPS is viewed has undergone
extensive revision, and includes new
paradigms regarding the ontogeny, activation
states, and functional roles played by its
members (1, 2). Elegant studies performed in
mice have demonstrated that alveolar
macrophages arise during embryogenesis
and self-renew throughout life with minimal
replacement from circulating cells (3-5).

At the same time, the lung also contains
tissue macrophages with mixed ontogeny
and postnatal-derived monocytes that
constitutively migrate through the tissues
(6-10). Furthermore, different MPs exist
within the extravascular and intravascular
compartments, each with its own function
and phenotype. Whether these relationships
hold true in human lungs remains unclear.

Although other studies have
demonstrated unique surface marker
expression for macrophage subpopulations
in lavage and tissue samples, these studies
were limited in their ability to fully
determine the compartment in which these
cells reside (11-17). In addition, the vessels
of surgically resected lung tissue cannot be
perfused, making it impossible to disregard
MPs within the pulmonary vasculature,
which is known to contain a substantial
proportion of the circulating pool of
leukocytes (18-21). In this study, we
analyzed fully intact right lungs (including
the major blood vessels and draining lymph
nodes) obtained en bloc from 72 individual
donors who died from nonpulmonary
causes and whose right lungs were not
transplanted (see Table E1 in the online
supplement). Using intrabronchial (IB) and
intravascular instillation of anti-CD45
antibodies to label cells, we identified five

unique populations of extravascular MPs.
Some of the results of this study have been
previously reported in the form of a
conference abstract (22).

Methods

Human Lung MP Isolation

We received de-identified human lungs that
were not used for organ transplantation
from the National Disease Research
Interchange (Philadelphia, PA), the
International Institute for the Advancement
of Medicine (Edison, NJ), and the University
of Colorado Donor Alliance (Denver, CO).
We selected donors without a history of
chronic lung disease and with reasonable
lung function, with a Pag /Fip, ratio of
>225, a clinical history and X-ray that did
not indicate infection, and limited time on a
ventilator (see Table E1). We noted the age,
sex, smoking history, cause of death,
medical history, and time of death.
Nonsmokers were defined as never smoked
(see Table E1). The Committee for the
Protection of Human Subjects at National
Jewish Health approved this research.

Lungs were removed en bloc in the
operating room and included the trachea,
lymph nodes (LNs), and pulmonary vessels.
Pulmonary arteries were perfused in the
operating room with cold histidine-
tryptophan-ketoglutarate (HTK) solution
to preserve endothelial cell function and
prevent intravascular clot formation. The
lungs were submerged in HTK and
immediately shipped on ice. All lungs
were processed within 24 hours of removal.
The lungs were visually inspected for
lesions or masses and were eliminated from
the study if grossly abnormal. Paratracheal,
subcarinal, and carinal LNs were
identified and removed. Bronchoalveolar
lavage (BAL) was performed on the right
middle lobe or lingula by completely
filling the lobe three times with phosphate-
buffered saline (PBS) and 5-mM
ethylenediaminetetraacetic acid, and then
three times with PBS alone. After each
instillation, lavage fluid was drained from
the lung, collected, and pooled.

Lung tissue and LNs were minced
and enzymatically digested with 2.5 mg/ml
collagenase D (Roche, New York, NY) and
0.2 mg/ml liberase (Roche) for 30 minutes at
37°C. Tissue digestion was collected and
pressed through a 100-pm nylon filter to
obtain single-cell suspensions. Cells were
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Figure 1. Bulk analysis of lung mononuclear phagocytes (MPs) found in bronchoaveolar lavage (BAL) and cell suspension. (A) Alveolar macrophages

(Alv Macs), neutrophils (Neuts), and MPs from lung digest and BAL fluid were identified by side scatter (SSC) and human leukocyte antigen (HLA)-DR
expression (top) and stained for CD64, CD141, and CD11c¢ (bottom). Isotype control antibody (gray). (B) Frequencies of Alv Macs, MPs, and Neuts in BAL fluid.
(C) HLA-DR™ Alv Macs and intermediate SSC (SSC™) MPs were gated and plotted for the expression of CD206, CD1c, CD1a, and CD14. Isotype controls are
shown as gray histograms. Flow cytometric data is one representative experiment of at least 10 independent experiments. AM = alveolar macrophages.

re-suspended in fluorescence-activated cell
sorter (FACS) blocking solution with
pooled human serum 20 min before
antibody staining (see Table E2) and
analysis on the BD LSRII flow cytometer
(BD Biosciences, San Jose, CA).

Lung adenocarcinoma samples and
tumor adjacent tissues from eight donors were
obtained with ethical consent from non-small
cell lung carcinoma subject samples through
the Lung Cancer Specialized Programs of
Research Excellence resource under
our National Jewish Health Institutional
Review Board-approved protocol.

Intravenous and IB Antibody Delivery
The middle or lower right lobe was used, and
the pulmonary artery and lobar bronchus
were cannulated. Using 200 g of PerCP
anti-CD45 (clone eBioCB16; eBioscience,
San Diego, CA) diluted in 20 ml of PBS, and
500 g of fluorescein isothiocyanate (FITC)
anti-CD45 (clone HI30, BD) diluted in 50 ml

616

of PBS, the antibody was delivered to the
pulmonary artery and the lobar bronchus,
respectively.

Peripheral Blood Mononuclear Cells
Isolation

Blood was obtained by venipuncture from
healthy adults as per institutional review
board approved protocol. Isolation of
peripheral blood mononuclear cells
(PBMCs) was by Percoll gradient.

Mixed Leukocyte Reaction

Naive T cells were obtained from healthy
donor PBMCs by negative selection using a
cocktail of biotinylated anti-CD19, anti-
CD20, anti-CD11c¢, and anti-human
leukocyte antigen (HLA)-DR antibodies
followed with anti-Biotin magnetic beads
(Miltenyi Biotec, San Diego, CA). CD3™"

T cells were enriched to >95% purity,
labeled with 10-uM carboxyfluorescein
succinimidyl ester (CFSE), and plated 30,000

cells per well. Antigen-presenting cells
isolated from enzymatically digested lungs
were enriched by positive selection using
biotinylated anti-CD11c¢, anti-CDlc,

and anti-CD14 antibodies followed by
anti-Biotin microbeads. Enriched antigen-
presenting cells (stimulators) were
co-cultured with T cells (responders) at a
1:1 ratio in Roswell Park Memorial Institute
medium with 10% fetal calf serum.

At Day 5, T cells were assessed by flow
cytometry for CFSE dilution.

Immunofluorescence Analysis on
Cryosections

Paratracheal, subcarinal, and carinal LNs
were fixed in 4% paraformaldehyde,
incubated overnight in 30% sucrose,
embedded in tissue-tek OCT (optimal
cutting temperature compound) (Sakura),
and stored at —80°C. Sections were stained
overnight with primary antibodies to
CD11c (clone 3.9, eBiosciences), CD14
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Figure 2. Analysis of human lung mononuclear phagocytes (MPs) following differential labeling via the airspaces and vasculature. (4) Differential routes of
antibody delivery into human lungs were achieved using the middle right lobe. Anti-CD45 fluorescein isothiocyanate (FITC)-conjugated antibody was
delivered into a lobar bronchus (intrabronchial [IB]) and anti-CD45 PerCPCy5.5-conjugated antibody was delivered into the puimonary artery (intravenous [IV]). The
lobar bronchus, pulmonary vein, and pulmonary artery were clamped for 25 minutes before washing and enzymatic digestion. Single-cell suspensions were first
gated as live, 4',6-diamidino-2-phenylindole ™ (DAPI™) single cells. Then, IB anti-CD45" cells (upper panel) and IV anti-CD45™ cells (lower panel) were plotted as side
scatter (SSC) versus various MP markers. Data are representative of at least six different donor lungs. (B) Gated CD14"SSC™ cells labeled 1B (top) or IV (bottom)
were examined for the expression of CCR7 and CCR2. (C) Gated CD14* MPs from IB anti-CD45" (green) and IV anti-CD45™ (req) fractions were plotted for
the expression of CD64, CD163, and CD206. Isotype controls are gray. The black arrows (besides the one labeled Neuts) illustrate differences between the

MP populations within the extravascular and intravascular spaces. FSC = forward scatter; HLADR = human leukocyte antigen-DR; Neuts = neutrophils.

(Cat. 347,490 BD), CD141 (cat. 130-090-694
Miltenyi Biotec), CD1c (cat. 130-090-695
Miltenyi Biotec), HLA-DR (clone 1243,
Biolegend, San Diego, CA), or CD20 (clone
2H7, eBioscience), and incubated for 1 hour
with fluorochrome-conjugated secondary
antibodies or fluorochrome-conjugated
streptavidin. Samples were mounted using
4',6-diamidino-2-phenylindole (DAPI)-
containing mounting media (VectaShield,
Burlingame, CA) and imaged using a Leica
confocal microscope (Leica Microsystems,
Buffalo Grove, IL).
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Transcriptome Analysis

The 46bp sequences from 3’ ends of the
molecules were mapped to the refSeqGene
sequences (hgl9) using BWA software
(Burrows-Wheeler Aligner, Cambridge,
UK) (23) with default parameters. Each
read was associated with unique molecular
identifier (UMI) sequence tagging
individual RNA molecules. The expression
was quantified as the number of UMIs per
gene. The count matrix was further
normalized using the variance stabilizing
normalization method from DEseq2 (24) in

Bioconductor. P values and false discovery
rate values to determine statistically
significant differences between groups were
found using the edgeR package (25) in
Bioconductor (see Table E3).

Results
Identification of Extravascular versus
Intravascular Pulmonary MPs

To begin to identify MPs in the lung, we first
used cellular granularity (side scatter [SSC])
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Table 1. A Summary of Surface Molecule Expression by Extravascular and Blood Mononuclear Phagocytes

Extravascular Lung Blood
Pulmonary CD1a* CD1a~ Tissue Alveolar CD141* CDic* CD14*
DCs ModC ModC Monos MACs (BDCA3™) DCs (BDCA1*) DCs Monos
CD206 — + + + + - - —
CD14 - lo + + lo - - +
CD16 - - — +/++ — - - —/+/++
CD11b - lo + + + - - +
CD141 - - — + + + - -
CD1c + + + - - - + -
CD1a + + - - - - - -
DEC205 - - - — - + - —
Clec9a - - - - - + - -
CcDhé4 - - - + + - - +

Definition of abbreviations: DCs = dendritic cells; MACs = macrophages; ModC = monocyte-derived cells; Monos = monocytes.

and differential expression of HLA-DR

to distinguish different cell populations.
Within BAL fluid, alveolar macrophages
represented the majority of the leukocytes
and displayed distinctively high SSC
(Figures 1A and 1B). In contrast, four main
leukocyte population clusters were detected
in single-cell suspensions of enzymatically
digested lung tissue: intermediate-to-high
SSC (SSC"M) HLA-DR ™ granulocytes
(predominantly CD16™" neutrophils);
SSCMHLA-DR ™ alveolar macrophages; low
SSC (SSC™) HLA-DR™/* lymphocytes;
and SSC™HLA-DR™ MPs encompassing
monocytes and DCs from the blood and
lung (Figures 1A and 1B). Evaluation of
surface molecules revealed that a portion of
SSC™HLA-DR" MPs expressed CD206,
CDlc, CDla, and CD14, whereas alveolar
macrophages expressed CD64, CD141, and
CD206. As recently reported, we also
observed that alveolar macrophage
expressed low levels of CD14 compared
with the SSC™HLA-DR* MPs (Figure 1C)
(26). Within the SSC™HLA-DR™ MPs, a
CDl1a"CDI1c" population was detected
that did not express CD14. Thus, our initial
analysis of bulk pulmonary MPs identified
alveolar macrophages by high SSC and low
CD14 expression, and a mixed population
of extravascular and intravascular MPs that
differed from macrophages in granularity
and surface marker expression previously
associated with DCs and monocytes.

To determine whether the detected
SSC™HLA-DR™ MPs were extravascular or
intravascular cells, we developed a strategy
to identify the leukocytes in the two
compartments of the human lung. Before
digestion, we co-delivered into a lobe of the
right lung (1) FITC-conjugated antibody
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against CD45 through the lobar bronchus
(IB), and (2) PerCPCy5.5-conjugated CD45
antibody through the main pulmonary
artery while clamping the pulmonary vein
(intravenously [IV]) (Figure 2A). Clamps
were used to close openings to each route,
and the lung was gently massaged and
stained for 25 min. The lungs were perfused
with PBS via the cannulated artery and
bronchus to remove excess antibody. Due
to the removal of a significant amount of
alveolar macrophages upon BAL and
filtration after digestion, SSC™HLA-DR*
MPs represented the majority of MPs
within the tissue digest. Therefore, to
evaluate surface molecule expression by
intravascular and extravascular MPs, a
higher SSC setting was used on the
cytometer. After digestion, two distinct
CD45™" leukocyte populations were
detected within the single-cell

suspension (Figure 2A). Although both
routes of anti-CD45 delivery labeled
SSC™CD14"CD11b" populations with
similar C-C chemokine receptor 2 (CCR2)
expression (Figures 2A and 2B), there were
significant differences between cells labeled
in these two compartments: (1) a CD14""
population detected within IB-labeled MPs
that was not observed within the IV-labeled
MPs (Figure 2A); and (2) among the IB
CD45-labeled MPs, there were two unique
populations, distinguished by surface
expression of CD1c" and CD1a”, that were
not observed among intravascular CD45-
labeled MPs (Figure 2A). Lastly, IB CD45-
labeled MPs expressed higher levels of
HLA-DR, chemokine receptor CCR7, and
integrin CD11c, and selectively expressed
the mannose receptor, CD206, compared
with IV-labeled MPs (Figures 2A-2C). In

summary, MPs labeled with antibody
delivered to the airspaces were
phenotypically disparate from cells labeled
in the pulmonary vasculature.

To verify that CD206 expression is
restricted to extravascular MPs, we
analyzed PBMCs. Peripheral blood CD14™"
monocytes and blood DCs (known as
CD1ct and CD141"Clec9a™ DCs) had no
detectable CD206 expression (see Figures
E1A and E1B). Furthermore, although we
observed CD11c"CDla" blood cells,
CDI1c" and CD141"Clec9a™ blood DCs
did not stain positively for CD1a (see Figure
E1A). Therefore, our studies demonstrate
that in the nondiseased lung digest, CD206
expression and coexpression of CD1c and
CDla are restricted to extravascular MPs.

Pulmonary MPs Have Distinct
Morphology

Next, we illustrated the sorting strategy and
morphology of the five pulmonary MPs.
Surface expression for pulmonary and blood
MPs are summarized in Table 1. First
alveolar macrophages were sorted from
BAL fluid. The other four pulmonary

MPs were enriched using CD11c beads.
Enriched cells were first gated on DAPI™
CD45" Lin~ (CD20, CD3, CD56) cells.
Then, these cells were plotted as SSC versus
HLA-DR. SSC™HLA-DR"#" cells were
gated on and sorted using the expression of
CD206, CDlc, and CD1la (Figures 3A-3C;
for the full gating strategy see Figure E2). It
was critical to exclude subcellular debris from
our gating strategy (see Figure E3) because
subcellular debris resulted in a false-positive
HLA-DR"CD11c¢"CD141"CD11b” CD14"~
stain that was DAPI", and depending on
the CD45 fluorochrome used, would appear
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CD45 positive. All CD206" MPs were
classified as extravascular pulmonary

MPs, whereas CD206 CD1c™ MPs were
considered intravascular MPs due to earlier
observations that CD206 expression was
restricted to IB-labeled, anti-CD45 cells
and not circulating PBMCs (Figure 2A;
see Figure E1B). However, we detected a
single extravascular cell population

with high CD1c and CD1a expression

that displayed no CD206 expression
(Figure 3A). This cell was classified as
extravascular, because coexpression of CD1c
and CD1a was observed exclusively within
IB-labeled anti-CD45 cells (Figure 2A) and
blood CD1c* cells did not express CDla

(see Figure E1A). As a comparison, one
intravascular MP population was examined,
CD14"CD206 CDlc” CDla” monocytes,
which were phenotypically similar to blood
CD14" monocytes and had varying levels
of CD16 (Table 1 and Figure 3A).

After sorting, the morphologies of
pulmonary MPs were compared with those
of blood monocytes and blood DCs.
Filopodia are thin, F-actin-dependent
protrusions that in macrophages act as
tentacles to draw in particles for
phagocytosis (27). Blood CD14™"
monocytes and all intravascular and
extravascular CD14" pulmonary MPs
exhibited long extended filopodia with
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ruffling, whereas blood B-lymphocytes
rapidly clustered together, displaying

short filopodia and no ruffling. Alveolar
macrophages exhibited large lamellipodial
movement (Figure 3C; see Videos E1 and
E7). Strikingly, CD206 CD1c"CDla" lung
MPs revealed classical dendrite protrusions
with bifurcation and some lamellipodial
movement, closely resembling the original
description of DCs (Figure 3C; see Video
E8) (28). Blood CD141™ DCs also
displayed classical dendrites with
lamellipodia, and blood CD1c* DCs
rapidly moved within the culture system
using a lamellapodial leading edge

(Figure 3C; see Videos E9 and E10 in
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Figure 3. Human lung intermediate side scatter (SSC™) human leukocyte antigen (HLA)-DR™ mononuclear phagocytes (MPs) can be distinguished by the
expression of CD206, CD1c, and CD1a. (4) CD11¢™ cells were enriched from lung digest using macrophage (Mac)-beads and analyzed by flow
cytometry. SSC™HLA-DR™ MPs were gated and plotted as CD1c versus CD206 to separate four MP populations. Extravascular CD206~CD1c*
pulmonary dendritic cells (DCs) (red gate), CD2067CD1c* monocyte-derived cells (ModC) (blue gate), and CD206"CD1¢™ tissue monocytes (Mono)

(orange gate), and intravascular CD206~CD1c™ monocytes (green gate) were stained for surface expression of CD14, CD11b, CD1a, and CD16. Overlay
of pulmonary DCs and monocyte-derived cells over all SSC™HLA-DR" MPs, plotted as CD1c versus CD1a (top right). (B) Frequencies of extravascular
pulmonary MPs found in tissue excluding alveolar Macs. Flow cytometry data is one representative experiment of at least seven independent experiments.
(C) Video time-lapse image of fluorescence-activated cell-sorted human MPs from peripheral blood (BL) and lung tissue. Data are representative of five
separate sorts with 10 to 15 cells per field. Scale bars = 10 pm.
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neutrophils (green arrow), HLA-DR* CD141*CD14" MPs (blue arrow), and HLA-DR"™ CD1c"DEC205" MPs (red arrows) isolated from lung-associated
lymph nodes (LLNs). Gated CD11c™ cells were then plotted as HLA-DR versus MP markers. (B) Frequencies of CD141"CD14* MPs and CD1c*DEC205™"
MPs found in LLNs. Each dot represents a frequency obtained from individual lungs collected from multiple experiments. (C) Three-color immunofluorescence
in cryosections of lung-associated LLNs stained for CD20 (cyan), 4’,6-diamidino-2-phenylindole (DAPI) (blue), and CD14 (upper, red), CD141 (middle, red) or
CD1c (lower, red). Data represent one experiment of eight independent experiments (A and B) and one experiment of four independent experiments (C).

the online supplement). From these
analyses, it was determined that of all
the five extracellular lung MPs, only
CD206 CDI1c"CDIla" cells clearly
displayed DC morphology (Figure 3C;
see Videos E3-ES8).

In summary, based on surface marker
expression and morphological analysis
from time-lapse videos, we observed and

defined five distinct MPs in the lung. In
addition to alveolar macrophages, four
other pulmonary MPs were detected. Three
CD14"CD206™ populations displayed
monocyte-like morphologies and differential
expression of the DC markers CD1c and
CDla: CD14"CD206 "CDlc CDla~
tissue monocytes (tissue monos);
CD14"CD206 "CDIc"CDla” monocyte-

derived cells (CD1a~ ModCs); and
CD14"CD206 " CDIc"CDla* monocyte-
derived cells (CD1a* ModCs). One CD206
negative population displayed DC morphology
and expressed low levels of CD14 and CD11b,
and high levels of DC markers CDIc and
CDla: CD14°CD206~ CDIc"CDla™ DCs
(pulmonary DCs) (Figure 3A and Table 1;
see Figure E2).

620 American Journal of Respiratory and Critical Care Medicine Volume 193 Number 6 | March 15 2016



After digestion of the entire right middle
lobe, the cellular counts after FACS-sorting
yielded (on average) total cell counts of
5.04 X 10% (+1.57 X 10%), and total alveolar
macrophages obtained from BAL were
3.55 X 10° (£1.95 X 10°%). For CD206 "
pulmonary MPs, CD14"CD1c~ 5.7 X 10
(=5 X 10°), CDla~ ModC 1.039 X 10°
(%£1.059 X 10°), and CDla* ModC 8.38 X
10* (£9.132 X 10 viable cells were
acquired. For the pulmonary DCs, 1.598 X
10* (+1.817 X 10%) viable cells were
acquired.

Identification of MPs and DCs in
Lung-associated Lymph Nodes
Migratory DCs link innate and adaptive
immune systems by the unique ability to
traffic antigens from tissues to draining LNs
through expression of the chemokine
receptor CCR7 (29-31). Due to the high
level of HLA-DR and CCR7 expression in
IB-labeled CD45™ cells, we predicted the
lung-draining LNs would contain MPs
similar to MPs identified in the lung.
Digestion of the lung-draining LNs revealed
two CD11c "HLA-DR" populations that
were phenotypically similar to MPs found
in the lung: CD141"CD14" MPs and
CDI1c" MPs (Figures 4A-4C and Table 2).
Within LNs, CD14"CD141" MPs cells
consistently expressed CD206, CD36,
CD64, and CD11b with little to no
expression of CD1c and CCR7 (Figure 4A
and Table 2; see Figure E4). Because CCR7-
expression is required for migration from

tissues to draining LN, it is unclear
whether the CD141"CD14" MPs migrated
from the lungs or entered the LNs through
the high endothelial venules (29-31). In
contrast, HLA-DR" CD11c" MPs
displayed intermediate to high levels of
CDlc, high levels of CCR7, and selectively
expressed the endocytic receptor DEC-205
and CD1a™" (Figure 4A and Table 2; see
Figure E4). LN CD11c¢"HLA-DR™ CD1c*
MPs displayed multiple phenotypic
similarities with pulmonary DCs, including
the lack of CD141 expression, no
expression of Clec9a, CD14, CD11b, and
CD206, and intermediate to high
expression of CD1a (Figure 4A; see Figure
E4). Furthermore, LN CD1c™ cells differed
from blood CD1c" DCs by the high
expression of DEC205 and CD1a (Figure 4A,
for LN, see Figure E4; for blood, see Figure
E1). Data showing phenotypic similarities
and elevated CCR7 expression raise the
possibility that LN CD1c" MPs are lung-
derived pulmonary DCs. However, we can
only speculate, because these data did not
definitively prove that LN CD1c" MPs were
derived from migratory pulmonary DCs.
Within LNs, CD1c" MPs primarily
localized within the T-cell zone with close
proximity to the B-cell zone, with sparse
CDIc" cells within the B-cell zone
(Figure 4C). In contrast, CD141" and
CD14™ cells were detected exclusively
within the T-cell zone (Figure 4C), with
some CD141°78" cells representing
endothelial cells present throughout the

Table 2. A Summary of Endocytic Receptors, Chemokine Receptors, and Integrins
Expressed by CD11¢* HLA-DR™CD141*CD14" and HLA-DR"CD1c*DEC205*
Mononuclear Phagocytes Found in Lung Lymph Nodes

CD14*CD141" MP

CD11c
HLA-DR
CD206
CD14
CD16
CD11b
CD141
CD1c
CD1a
DEC205
Clec9a
CDe4
CD36
CCR2
CCR7

|+++||£|++++++i
o

CD1ct MP

++
+++

Definition of abbreviations: HLA = human leukocyte antigen; int = intermediate; lo = low;

MP = mononuclear phagocyte.
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subcapsular sinus and B-cell zone. Based
on the location of the two identified LN
MPs, it is likely that they interact with
T cells within lung-draining LNs.

CD1c* DCs Are Superior T-Cell
Stimulators in a Mixed Leukocyte
Reaction

A distinctive feature of DCs is the superior
ability to stimulate T-cell responses. We
tested the T-cell stimulatory capacities of
CD14" and CD1c" MPs isolated from the
lung in an allogeneic mixed leukocyte
reaction (Figure 5; see Figure E2). CD11c¢",
CD14", and CDI1c" cells were enriched
from single-cell lung suspensions using
positive selection and then assessed by flow
cytometric analysis. Cytospins of isolated
cells showed distinct morphologies of
enriched cell populations. All CD11c™ cells
enriched from lung digest and alveolar
macrophages isolated from BAL fluid
efficiently stimulated naive CD4" and
CD8" T-cell proliferation (Figure 5).
However, the CD1c™ MPs (including both
CD1a™’~ ModCs and pulmonary DCs)
were the most potent allo-stimulators,
inducing more CD4 and CD8 T-cell
proliferation than CD14" MPs (including
tissue monos and both CD1a™~ ModCs)
and alveolar macrophages (Figure 5).
Thus, the mixed leukocyte reaction suggests
that CD1c™ MPs are superior T-cell
stimulators.

Preliminary Transcriptome Analysis of
Human Lung and Blood MPs

To determine expression for genes
selectively associated with DCs, monocytes
and/or macrophages, we analyzed mRNA
from sorted pulmonary and blood MPs
from three to four donors (donors, see Table
El) (32-35). Preliminary transcriptome
analysis illustrated that Clec9a was
selectively expressed by blood CD141*
DCs, and not by any lung DCs, monocytes-
derived cells, or macrophages (Figure 6). In
contrast, Langerin (CD207), CCR7, CD86,
CD80, and CD40 mRNA transcript
expression was greatest in pulmonary DCs
and CD1a"™ ModCs compared with blood
DCs (Figure 6). Similar to protein
expression, thrombomodulin (CD14I) was
expressed by most lung MPs and CD1417
blood DCs, whereas there was little to no
expression observed for pulmonary DCs,
blood monocytes, and blood CD1c* DCs.
Pulmonary DCs, CD1a" ModCs, and blood
CD141" DCs expressed the highest levels
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Figure 5. Assessment of the immune-stimulatory capacity of CD11¢™ human leukocyte antigen-DR™* mononuclear phagocytes (MPs) isolated from
human lung. Carboxyfluorescein succinimidyl ester (CFSE)-labeled CD3* T cells isolated from peripheral blood mononuclear cells were stimulated for

5 days with enriched allogeneic lung MP populations; CD11c*

,CD14™, and CD1c* cells obtained from tissue and alveolar macrophages (AM) obtained

from bronchoaveolar lavage (BAL). Cytospins of each enriched cell population were stained using Diff-Quick (upper panel). Proliferation of responding
T cells was assessed by fluorescence-activated cell sorter and measured by CFSE dilution. Total cell counts of proliferating CD4* T cells and CD8™ T cells
from each co-culture, in quadruplets, were plotted. *P < 0.001. Data comparing the mixed leukocyte reaction for CD14™ and CD1¢™ MPs is one
representative experiment of three independent experiments. Stim = stimulator cells.

of ID2 and Flt3, which have been shown
to be necessary for DC development.
Pulmonary DCs and CD1a™ ModCs
uniquely express RUNX3, a transcription
factor that regulates pulmonary DC
responsiveness to tumor growth factor-8
(36). All CD1c* MPs in the lung expressed
the transcription factor Zbtb46, which is a
transcription factor expressed by murine
tissue DCs and an inflammatory monocytes
subset (37, 38). Specifically, pulmonary DCs
displayed the greatest expression of Zbtb46
compared with other cell populations
analyzed from both the lungs and blood. As
expected, human alveolar macrophages had

622

the highest levels of known phagocytic
genes and pattern recognition receptors:
MARCO, PPARy, CCL18, GCHFR, CAMP,
LAMPI, TLR4, and CD71. In summary,
preliminary transcriptome analysis suggests
MP populations of the lung and blood have
distinct gene expression profiles.

Lung Vascular Perfusion Reduces the
Frequency of Blood DCs

Lastly, we analyzed MP populations found
in resected lung tissue from subjects with
non-small cell lung carcinoma that were
unable to be perfused. In tumor-bearing
tissues, we observed enhanced frequencies

of Clec9a™ DCs and CD303" pDCs that
were detected in blood, but which were not
detected in tumor-free tissues (Figure 7A;
see Figure E1) (39). In line with previous
studies, elevated numbers of CD303 " pDCs
were detected in cell suspensions of non-
small cell carcinoma, peritumoral lung
tissue, and pulmonary LNs obtained from
the same donor. However, no pDCs were
observed in tumor-free lung tissue and its
associated LNs (Figure 7A and 7B; see
Figure E4) (40). The observed differences in
MP populations found in resected tumor-
bearing lung tissues could either be due to
contaminating blood MPs within the

American Journal of Respiratory and Critical Care Medicine Volume 193 Number 6 | March 15 2016



(PulmDC) (modC) (modC)
CD206- CD206+ CD206+ (Mono)
CD1c+ CD1c+ CD1c+ CD206+

CD14+ Clec9a+ CDi1c+

CD1a+ CDla+ CDl1a-

CD14+ AM mono DC DC

DC molecules

Tissue

DC molecules

H‘
ki

MF/Mono
molecules

MF

molecules

Source Source

CLEC9A 4 EBlood

CD207 (Langerin) Lung
2

CD209 (DC-Sign)
THBD (CD141)

CD1A 0
CD1B
cbic

CCR7
CD86
CD80
CD40
ITGAM

ZBTB46
IRF4
IRF8
FLT3
ID2
RUNX3

CD206
FCGE1A (CD64)
CD14

AXL
MARCO
PPARG
cCL18
GCHFR
CAMP
LAMP1
TLR4

RETN

TFRC (CD71)

Figure 6. Preliminary transcriptome analysis of sorted human lung and peripheral blood mononuclear phagocytes. Heatmap shows average expression in
each cell type for dendritic cell (DC) molecules, tissue DC molecules, transcription factors (TF), shared macrophage (MF) and monocyte (Mono) molecules,
and macrophage molecules. Averages were calculated using a matrix that normalized using variance-stabilizing normalization. Row scale (red-blue)
demonstrates expression level after subtracting the average expression and dividing by the SD of that row. Data represents gene expression from at least
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vasculature that were not removed by
perfusion or recruited blood-like MPs that
infiltrated the tissue.

The pulmonary arteries of all tumor-
free lungs were flushed with cold storage
solution at the time of organ procurement.
However, the extent of perfusion was
variable, and therefore, upon arrival in the
laboratory, lungs were perfused a second
time to enhance the removal of blood
contaminants. After a second perfusion,
digested lung tissue contained fewer blood
DCs (CD11b~ CD14 , green gate),
including both CD1c* and CD141" DGs,
compared with lungs only perfused during
the procurement (Figure 7C). CD14*
MPs in twice-perfused lungs uniformly

Desch, Gibbings, Goyal, et al: Mononuclear Phagocytes in Nondiseased Human Lungs

co-expressed CD141 with a spectrum of
CD1c expression, which was not observed
with blood CD14* monocytes (Figure 7).
Thus, compared with resected tumor-
bearing lungs or lungs perfused only once
during procurement, acquired nondiseased
lungs with intact vasculature allowed for
the removal of excess blood MPs via
additional perfusions.

Discussion

In the past decade, the identification of
distinct MP subpopulations with unique
functions and origins in mice has provided
the impetus to find human correlates. Using

multiparameter cytometry and gene-
expression profiling, the identification of
MP populations in human tissues has
become possible (26, 41). However, the
ability to identify tissue resident MPs has
been limited by the health and availability
of human tissues. Our goal was to
characterize tissue-resident MPs in
nondiseased lungs, which was contingent
on the ability to distinguish extravascular
tissue MPs from MPs in the vascular
lumen. In this study, five extravascular MPs
were identified and defined based on
phenotype, location, and gene expression.
In addition to alveolar macrophages, four
cell types demonstrated the ability to access
the airspace-delivered antibody and
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perfused tumor-free lung tissue. Data shown are representative of at least eight independent experiments. (B) Analysis of CD303™ pDCs found in tissues
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assessed for CD141 expression. Data are representative of at least 15 independent experiments from different donors. DAPI = 4’,6-diamidino-2-phenylindole;
HLA = human leukocyte antigen; SSC = side scatter.

stimulate T cells in a mixed-leukocyte
reaction. Our findings support the growing
recognition of myeloid cell diversity in
tissues. However, the identified monocytes,
monocyte-derived cells, and DCs in
nondiseased human lungs differed from
other MPs, particularly DCs, which have
been previously described in human blood,
lymphoid tissues, and other mucosal sites.
Because most acquired human lung
tissue will not feasibly allow the
identification of MPs present within the
extravascular routes versus intravascular
routes, we set out to find a marker that could
distinguish these two compartments.
Analyses of more than 72 nondiseased
human lungs consistently revealed that
CD206 is exclusively expressed on alveolar
macrophages and three subsets of CD14™
MPs (CD14" tissue monocytes and
CD1a"'~ ModCs). Importantly, CD206
expression was not detected on cells
found in blood or in the intravascular
compartment of the lung. The mannose
receptor, CD206, recognizes a wide range of
micro-organisms, facilitates the uptake
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of mannose-coated particles and
mannosylated proteins, and can assist in
antigen presentation (42, 43). The mannose
receptor has also been implicated in the
clearance of apoptotic cells in patients
with COPD, where alveolar macrophages
express less CD206 compared with alveolar
macrophages from healthy control subjects
(44). Therefore, CD206 expression by
pulmonary MPs is requisite for the
recognition and clearance of invading
microbes and for the maintenance of
tissue homeostasis. Interestingly, blood
monocytes cultured with IL-4 and
granulocyte-macrophage colony-
stimulating factor can up-regulate both
CD206 and CD1a (45). Therefore, although
CD206 distinguishes tissue MPs from blood
MPs, it does not exclude the possibility
that tissue MPs derive from monocyte
precursors in the blood. Intriguingly, one
extravascular MP, pulmonary DCs, did not
express the mannose receptor. In the skin,
CD206 expressing CD1a™ DCs have been
shown to down-regulate CD206 during
maturation, which may coincide with

diminished endocytosis that occurs during
DC maturation (45, 46). CDlat ModCs
and pulmonary DCs share many
overlapping surface markers and gene
expression. Therefore, it is possible that
pulmonary DCs represent maturing LN-
bound CD1la* ModCs that lose CD206
expression or a pulmonary MP that never
up-regulated CD206 at all.

Extravascular and intravascular CD14™*
MPs share similar size, morphology, and
surface molecule expression for CD14,
CD11b, CCR2, and CD16. However, in
addition to CD206, extravascular CD14™"
MPs displayed higher levels of expression
for CD141, CDl11c, HLA-DR, and CCR7
compared with the intravascular CD14"
monocytes. These data suggest that
extravascular CD14" MPs may derive from
intravascular CD14" monocytes. Evidence
from mouse studies has demonstrated that
blood-derived monocytes up-regulate
CD11¢, MHCII, CCR7, and CD206 upon
entering tissues while maintaining multiple
properties of intravascular monocytes,
including size and the expression of CD64
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(1, 6, 8, 47). Similar CD141"CD14" MPs
were found in lung and lung-draining LNs
with similar phenotypes and expression

of chemokine receptor CCR2. Within lung-
draining LNs, CD141"CD14" pulmonary
MPs localized to T-cell zones, suggesting
that these monocyte-derived MPs may play
a role in regulating adaptive immunity.
After human skin engraftment in immune-
deficient mice, dermal CD141"CD14"
MPs migrated to the skin-draining LNs
(48); thus, if these dermal MPs are

the equivalent of the lung MPs, this

study would suggest that pulmonary
CD141"CD14" MPs might also have

a migratory capacity.

DCs are the most potent antigen-
presenting cells that exist in both the lung
and lung-draining LNs (49, 50). We
detected a similar CD14"CD141" ModC
and pulmonary DC populations in both
the lungs and associated LNs. Our
cumulative data suggest CD1c " LN cells are
pulmonary DCs based on morphology
(time-lapsed video), transcriptome analysis,
high protein expression of HLA-DR and
CCR7, and gene expression of Zbtb46 and
Langerin. Moreover, a Langerin-expressing

CD206 CD14°CD1c*CD1a* MP
population was found in the lungs of
subjects with COPD, indicating a similar
cell population was previously reported
(51). Due to immune-stimulatory
capacity in mixed leukocyte reactions and
localization to the T-cell zone of LNs,

the pulmonary DCs defined in this study
most likely play a prominent role in linking
innate and adaptive immunity. Lastly, we
did not observe the presence of blood
equivalent DCs in nondiseased lung-
draining LNs (CD14~CD141" Clec9a™
blood DCs or pDCs).

Overall, in an effort to conduct a
comprehensive phenotypic study, we were
prudent in our selection of lungs from
subjects with minimal inflammation and
smoking history. In this study, we used
flow cytometry to identify extravascular
pulmonary MPs distinct from intravascular
and blood MPs. Pulmonary MPs can be
defined minimally by using forward scatter,
SSC, CD45, HLA-DR, CD206, CD14, CDlc,
and CDla, along with stains to exclude
lymphocyte lineage and dead or nonviable
cells, which is absolutely essential. Alveolar
macrophages can be detected by their

distinctive high SSC, which was a log-fold
greater than neutrophils and other MPs in
the lung, low CD14-expression, and high
expression for CD206 and CD64. It can be
concluded that five distinct MP populations
exist in a disease-free lung: four CD206
expressing MPs, including alveolar
macrophages, tissue monocytes, and CD1la™*
and CDla” ModCs; and one pulmonary
CDIc"CDIla" DC that does not express the
mannose receptor. Importantly, among
the 72 donor lungs included in this study,
the MP populations defined in the lung
and lung-draining LNs were consistently
observed across the subjects’ age, sex, and
genetic background. The present study was
performed using relatively healthy donor
lungs and establishes a resource for future
functional studies in disease states.
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