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HUMAN AIRWAY AND ALVEOLAR PHAGOCYTE PROFILES

FIGURE 7. The lung DC clade shows specialization for lipid Ag presentation, maturation, and migration. Heat map shows median gene expression by
lung subsets, and immature and mature mo-DC and mo-Md, of 44 selected genes known to relate to M and/or DC. Gene categories (left) include
identification markers, transcription factors, markers of maturation and migration, and TLRs. Row scale (red—blue) across gene rows represents expression
level after subtracting the average expression and dividing by the SD of that row. Data shown are based on purified lung subsets and monocyte-derived APC
(blue—red cell type labels, respectively). Data are composites of results from seven lung donors and six blood (monocyte) donors. Cells of the same type

were not pooled prior to experiments.

our gating strategy, CD207 (LANGERIN) was the only DEG of
Langerin® DC. In BDCA1'CD14™ DC, five DEGs were identified,
including four whose protein products localize to the plasma mem-
brane and thus could serve as additional markers for identifying this
cell type: CNKSR3, HOMER?2, P2RX5, and SLC7A11. Based on
these DEG lists, AM uniquely upregulate certain canonical path-
ways, whereas the other five subsets have increased expression of
selected genes, some of whose function is yet unknown.

Discussion

Our results demonstrate that at least six AARP subsets are present
in the human lower respiratory tract, and they show, to our
knowledge for the first time, that they associate with specific
functional and transcriptional profiles. The rarity of primary DC in
peripheral tissues has posed a restriction on their characterization.
Our method of whole-lung BAL and subsequent cell preservation
circumvents this issue, as rare DC subsets can be found at levels
sufficient for repeated experiments. Another advantage of our
technique is that airway cells are separated from interstitial DC
and M¢. We acknowledge that frequencies of some of the six

AARP subsets may change prior to arrival of the lungs. However,
we do not think that any AARP subsets were lost completely in
our studies involving whole-lung BAL, as equivalent subsets were
identified from BALF of healthy volunteers (Figs. 1, 2). Transit
time of whole lungs varied depending on the source location, but
in all cases, lungs were processed immediately upon arrival at our
facilities. It is possible that the decreased frequencies of Langerin®,
BDCA17CD14", and CD14* DC we observed in culture (Fig. 1C)
related to the sensitivity of these specific subsets to the shock of
lung harvest itself, transportation, or freezing/thawing after la-
vage. Freshly isolated AM from BAL of healthy volunteers dis-
play a proinflammatory profile at transcriptional and functional
(based on cytokine production) levels, which decreases only after
24 h in culture (51). Thus, the AARP subsets are likely activated
immediately after whole-lung lavage as well, which unfortunately
prevents valid comparisons of steady-state cells before and after
freezing.

The initial gating strategy (Fig. 1A) built on previous strategies
of dividing tissue APC in human blood, skin, and lung (28, 33, 44,
49). To our knowledge, our work is the first to apply this level of

8T0Z ‘/T 1snbBny uo 1senB Aq /610" jounwiw | "mmmy/:dny wioly papgeojumoq



The Journal of Immunology 1195
Table I. Top canonical pathways associated with pairwise comparisons of AARP subsets
AARP Subset Comparison Canonical Pathway Upregulated Genes p Value
AM up versus CD14* Choline degradation ALDHAI, CHDH 197 X 107*
Methylglyoxal degradation III AKRIBI, AKRIC3, AKRICI/AKRIC2 2.16 X 1074
Bile acid biosynthesis, neutral AKRIC3, AKRICI/AKRIC2, CYP27A1 4.16 X 107%
pathway
Phenylethylamine degradation ALDH3A2, AOC3 5.84 X 1074
CD14* up versus AM Pathogenesis of multiple sclerosis CCL4, CCRS5, CXCL9, CXCLI0 7.55 X 107
IL-10 signaling CCRS5, FCGR2A, FCGR2B, ILI10, ILIR2, JAKI, 9.41 X 107°
NFKBIA
Hepatic fibrosis/hepatic stellate cell CCR5, CXCL9, EDNRB, HGF, IL10, ILIR2, IL6R, 1.13 X 10°*
activation SMAD3, TIMP1, TNFRSFIB, VEGFA
Chondroitin sulfate biosynthesis CHST2, CHST15, CSGALNACTI, HS3ST3B1, 8.06 X 107
XYLTI
AM up versus BDCA1*CD14~ Heme degradation BLVRA, BLVRB, HMOX1, HMOX?2 438 X 107°
LPS/IL-1-mediated inhibition of ABCAI, ABCC3, ABCGI, ACOXI, ACOX3, ACSLI, 4.51 X 107°
RXR function ALASI, ALDHIAI, ALDH3A2, ALDH7AI,
ALDHY9A1, APOE, CAT, CDI14, CPT2, FABP3,
FABP4, FM0O4, GSTO1, GSTTI, HS2ST1, ILIA,
MGSTI, MGST3, NRIH3, PAPSS2, PLTP, RXRA,
SLC27A3, SULTIAI, SULTIC2, TLR4
Complement system C2,CIQA, CIQB, CI1QC, C1S, C5ARI1, CFB, CFD, 2.01 X 10°%
CRI1, SERPING1
Role of IL-17 in psoriasis CCL20, CXCLI, CXCL3, CXCL5, SI00A8, SI00A9  3.00 X 10~*
BDCAI1*CD14™ up versus AM DC maturation CCR7, CD40, CD58, CD80, CD83, CD86, CDIA, 2.18 X 107°
CDIB, CDIC, CDID, CREBS, FCGR2A, FCGR2B,
FSCNI1, HLA-DOA, HLA-DOB, HLA-DQAI, ILIS8,
IL32, JAK2, LTB, LY75, MAP3K14, NFKBI,
NFKB2, PIK3CD, PIK3CG, PIK3R6, PLCBI,
PLCG2, PLCLI, STAT4, TLR3, TNF, TNFRSF11B,
TNFRSFIB
Th cell differentiation BCL6, CD40, CD80, CD86, HLA-DOA, HLA-DOB, 320 X 1078
HLA-DQAI, ICOSLG/LOC102723996, ILI18,
ILI8RI, IL2IR, IL2RA, IL2RG, IL6R, STAT3,
STAT4, TGFBRI1, TNF, TNFRSF11B, TNFRSFI1B
Role of Md, fibroblasts, and CCNDI, CEBPD, CREBS, FZDI, GNAOI, GNAQ,  2.16 X 107’
endothelial cells in rheumatoid IL16,IL18, IL32, ILI7RA, ILI8RI, ILISRAP, ILIRI,
arthritis ILIR2, ILIRLI, IL6R, IRAK2, JAK2, LTB,
MAP3KI14, NFATS5, NFATC2, NFKB1, PDGFA,
PIK3CD, PIK3CG, PIK3R6, PLCBI, PLCG2,
PLCLI, PRKCA, PRKCB, PRKD3, SOCS1, STAT3,
TCF3, TCF4, TLRI, TLR3, TLR6, TLRI10, TNF,
TNFRSFI11B, TNFRSFIB, TRAF1, TRAFS, VEGFA,
WNT5A
TREMI1 signaling CD40, CD83, CD86, CIITA, FCGR2B, IL18, 9.04 X 1077
ILIRLI, JAK2, LAT2, NFKBI1, NFKB2, NLRP3,
PLCG2, STAT3, TLRI1, TLR3, TLR6, TLRI10, TNF
CD14* up versus BDCA1*CD14* Granulocyte adhesion and CCL7, CCLS, CCLI1S8, CCL20, CXCLI, CXCL2, 221 X 107
diapedesis FPR2, SDC3
Agranulocyte adhesion and CCL7, CCLS8, CCLI18, CCL20, CXCLI, CXCL2 249 x 1074
diapedesis
Xenobiotic metabolism signaling ABCC3, ALDHIAI, CESI, CYPIBI, IL6, MAPK7, 346 X 1074
MGSTI
Triacylglycerol biosynthesis ABHDS5, DGAT2, PLPP3 559 x 1074
BDCAI1*CD14" up versus CD14* Cyclins and cell cycle regulation CCNA2, CCNBI, CCNB2, CCND2, CDK1, CDK6, 2.32 X 107°
CDKN2C, HDACY, PPP2R2B, TGFB2
Mitotic roles of polo-like kinase CCNBI1, CCNB2, CDKI1, CHEK2, KIF11, PLK4, 238 X 107
PPP2R2B, PRCI1, PTTG1
Phagosome formation FCERIA, FCGR2B, MRC2, PIK3C2B, PIK3CG, 1.65 X 107°
PRKCA, RHOF, RHOH, TLR3, TLR10
Allograft rejection signaling CD80, CD86, HLA-DOA, HLA-DPAI, HLA-DPBI, 7.17 X 107°
HLA-DQB?2
BDCAI1'CD14" up versus Role of IL-17A in psoriasis CCL20, CXCLI, CXCL3, CXCL5, SI00AS8, SI00A9 1.51 x 1078
BDCA1'CD14~
Granulocyte adhesion and C5ARI, CCL2, CCLS8, CCL20, CXCLI, CXCL3, 277 X 107°
diapedesis CXCL5, CXCLI0, HRHI, ITGB3, MMP2, MMP19
Agranulocyte adhesion and C5ARI, CCL2, CCLS, CCL20, CXCLI, CXCL3, 3.63 X 107
diapedesis CXCLS, CXCLI0, FNI1, HRHI1, MMP2, MMP19
Complement system CIQA, CIQC, C3ARI, C5ARI1, CRI 1.13 X 107%
BDCA1*CD14™ up versus Tryptophan degradation to 2-amino- 1DO1, IDO2 135 %1073
BDCA1"CDI14* 3-carboxymuconate semialdehyde
DC maturation CCR7, FSCNI, HLA-DOB, LTB, MAP3K 14, 1.44 x 1073

TNFRSF11B

(Table continues)
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Table I. (Continued)

HUMAN AIRWAY AND ALVEOLAR PHAGOCYTE PROFILES

AARP Subset Comparison Canonical Pathway Upregulated Genes p Value
NAD biosynthesis II (from IDO1, IDO2 487 X 1073
tryptophan)
0X40 signaling pathway HLA-DOB, TNFSF4, TRAF5 5.88 X 1073
Langerin® up versus BDCA1* Glutathione-mediated GSTM2, HPGDS 9.73 X 107*
CDh14* detoxification
Ag presentation pathway HLA-DOB, HLA-DQB?2 241 x 1073
Allograft rejection signaling HLA-DOB, HLA-DQB?2 2.86 X 1073
0X40 signaling pathway HLA-DOB, HLA-DQB?2 444 X 1073
BDCA1*CDI14" up versus Granulocyte adhesion and C5ARI1, CCL20, CXCLI, CXCL2, CXCLI10, 8.94 X 107°
Langerin* diapedesis CXCLI3, ILIRLI, ITGAM, ITGB3, MMP2, MMP?7,
SDC2
Role of IL-17A in psoriasis CCL20, CXCLI, S100AS, SI100A9 372 X 107°
VDR/RXR activation CXCLI10, HES1, HOXAI0, ILIRLI, PDGFA, SPPI ~ 4.82 X 107>
Agranulocyte adhesion and C5ARI1, CCL20, CXCLI1, CXCL2, CXCLIO, 6.93 X 107°

diapedesis

CXCLI13, MMP2, MMP7

“The p values are based on a right-tailed Fisher exact test, with significance criteria of a = 0.05.

subset discrimination to human AARPs, and it complements re-
cent work by Desch et al. (27) who separated extravascular lung
phagocytes based on BDCAI1, CDla, and CD206 expression.
Although we did examine expression of the nonclassical MHC
class I molecule, CDl1a, on the six AARP subsets from volunteer
BAL (Fig. 2B, top), it was not used further as a subset-defining
marker. In human skin, CD1a has been observed at high levels on
epidermal LC, and thus it has been used interchangeably with
Langerin expression to identify LC (32, 52, 53). However, in the
dermis there is a separate population of CD1a™ DC that expresses
lower levels of this marker compared with LC (31, 52). It was
surprising that we did not observe CD1a coexpression uniformly
on any of the subsets, including Langerin* DC. Bigley et al. (28)
observed that most (but not all) Langerin"BDCA1* DC from lung
digestion were positive for CD1a, which is consistent with our
results (Fig. 2B, top), where ~75% of Langerin® DC were also
CDla". At the mRNA level, all the CDI molecules were elevated
in members of the DC clade compared with the M¢ clade, with
highest levels in Langerin® DC (Fig. 7). However, CDla was not
bimodal in positivity on two of the three subsets on which it was
expressed (BDCA17CD14" and BDCA1*CD14~ DC). Instead,
expression was along a spectrum, which precluded separation
based on high, low, or intermediate levels (Fig. 2C, left). Langerin®
DC did appear to contain a small CD1a™ subset, separate from
CDla " cells (Fig. 2C, left). This Langerin"CD1a™ DC subset
may correspond to epidermal LC and warrants further investiga-
tion with our model. High levels of BDCA1 have been seen on
both LC and CD1a* DC from skin (30, 32, 52). Therefore, had we
used CDla as an additional marker on the other DC subsets, it
may have inappropriately split BDCA1" DC subsets that we dis-
criminated in this study. Desch et al. (27) recently examined
extravascular human lung subsets and noted two subsets of DC
that expressed BDCA1 and CDla, with a third subset that only
expressed BDCA1. However, they did not measure Langerin ex-
pression on any of their indicated subsets. BDCAL is likely expressed
on Langerin® DC, but, importantly, Langerin is not expressed on the
two BDCA1" DC subsets (Figs. 1A, 7). Attempting to compare results,
our studied BDCA1*CD14" DC were likely divided into CD1a* and
CDla  monocyte-derived cells by Desch et al. (27). Additionally,
although they investigated a BDCA1'CD14 CDla" subset termed
“pulmonary DC,” they did not characterize a BDCA1*CD14 CDla~
subset, which we did. For our studies, we did not want to have to
subjectively split AARP subsets based on nondiscrete differences
in the levels of expression of any markers, but rather only by
positivity or negativity. As we were able to separate and classify

our subsets by transcriptional profiling, this approach appears to
have been appropriate.

We observed BDCA3 expression on multiple phagocyte subsets
(Fig. 1A), which is consistent with previous findings of BDCA3
upregulation on BDCA1" DC and pDC with increasing culture time
(25, 47). However, BDCA3 positivity was also observed on a large
proportion of freshly isolated DC subsets from healthy volunteers
(Fig. 2B, middle), suggesting that BDCA3 is not a specific marker
for any of the subsets surveyed, irrespective of culturing. BDCA3"
CLEC9A" DC have been proposed as being a unique subset of
cross-presenting DC in humans (43—46). A much lower percentage
of our five DC subsets were CLEC9A™ (Fig. 2B, bottom) as com-
pared with BDCA3* (Fig. 2B, middle). More importantly, high
expression of BDCA3 and CLEC9A was only observed on a small
fraction of the CD14™~ DC subset (Fig. 2C, right). These findings
suggest that steady-state airways house a small population of
BDCA3™CLEC9A"CD14~ DC, which we would have grouped
within CD14™~ DC from whole-lung BAL. Future work may test
lung lavage cells for surface expression of the chemokine receptor
XCR1, which has been identified as a conserved marker of cross-
presenting BDCA3* DC in both mice and humans (54, 55). XCRI
mRNA levels were also relatively high in CD14~ DC (Fig. 7),
which would be explained by a small subset of BDCA3"CLEC9A™
XCRI1* cells within the CD14~ DC population. This cross-
presenting DC subset would express the transcription factor IRF8
(56, 57), as was observed under CD14~ DC at the transcriptional
level (Fig. 7). These BDCA3" DC can be distinctly separated from
BDCA1'CD14~ DC, which are dependent on the transcription
factors FLT3 and IRF4 in human blood (49) and lung (Fig. 7).
Although Desch et al. (27) did not observe any extravascular lung
cells that expressed CLEC9A when searching for true BDCA3" DC,
they did not compare their results to lavage cells of volunteers.
Conversely, we did not test our cells from whole lungs for surface
expression of CLEC9A. Some have hypothesized that pDC remain
in circulation and lymphoid tissues under steady-state conditions,
and only infiltrate the periphery after exposure to pathogens, par-
ticularly viral pathogens (58). This could explain why we did not
observe pDC from lavage of whole lungs (Fig. 1A), whereas they
were identified in blood samples using the same gating strategy
(Fig. 3). Although pDC have been isolated from BALF of healthy
volunteers, their frequency was much lower than that of myeloid
DC (59). Our vigorous lavage thus may have diluted the already
small percentage of pDC below detectable limits.

Our gating strategy based on CD14 and BDCA1 expression has
been similarly applied to human skin cells, with subsequent
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Table II. AARP subset-specific upregulated genes
AM CDh14* CD14~ BDCA1*CD14* Langerin® BDCA1*CD14~

ACACB KCNA3 ADAMTS?2 DPP4 ANTXRI CD207 CNKSR3

ACOI KLHL29 AMPH FOXRED?2 FLJ13224

ACP5 LGALS3BP CYPIBI HOPX HOMER?2

ALAS1 LINC00472 FCAR KIR2DL2 P2RX5

ALDHIAI LINC00901 FCNI LARGE SLC7A11

ALDH3A2 LOCI101928716 GLTIDI LOC284788

AMN LOC105369974 GPR27 MYLK

ANOS1 LSAMP LILRAS NR2F2

ARHGEF28 MDHI1 LYVEI ORYAIP

ARVI ME3 MCTP2 PRL

ATP6APIL MLPH OLIGI RHOC

CIQA MME PROK2 SFTPB

c2 MOGATI RAII4 SRCINI

CACNAID MYO6 SERPINB2 SULF1

CAMP PAX8 TBX3

CD5L PHLDA3 TPSABI/TPSB2

CEACAM21 PLA2G16 YWHAEP7

CESI PNPLA3 ZNF595

CLDN7 PROS1 ZNF662

CORO2A PTGRI1

CPE RDHI0

DDO RMDN3

DEFBI RND3

DYXICI SI100A13

ECSCR SCCPDH

EPB4IL1 SCD

EPHX1 SEPT4

FABP4 SERPINGI

FAM134B SLCI9A3

FBX010 SLC47A1

FHLI SPARC

FMNL2 SPOCDI

GATA3 STON1

GCHFR TFCP2LI

GPA33 TLCD2

HACDI TPPP

HPGD TRHDE

INHBA TUSC7

ITGBS8 WDR49

identification of CD14* DC and also a small population of
BDCA1'CD14* cells (30-32, 52). The increased expression of
CDIC, or BDCAI, in the DC clade (Fig. 6D) also agreed with our
use of this surface marker for identification of the two BDCA1*
DC subsets (Fig. 1A). Although we described five of the six
subsets as DC, our transcriptional profiling supports the work of
other groups (33, 49) that suggests CD14* DC are more like
monocytes and M¢. This finding is also supported by histology
(Fig. 1A), which showed CD14" DC possessed a bilobed nucleus
characteristically seen in human blood monocytes (60). Future
work could compare transcriptional profiles of our CD14* DC to
profiles of CD14" blood monocytes, as has been conducted with
CD14* DC from human skin (33). Baharom et al. (34) have re-
cently identified subsets of CD14*CD16~ classical monocytes and
CD14*CD16" intermediate monocytes from BAL of healthy vol-
unteers. Both of these subsets were CD206 "~ (34), and our CD14*
DC also showed low relative mRNA expression of this marker
(Fig. 7). Our CD14" DC are therefore likely to encompass both
subsets of “tissue monocytes” found by Baharom et al. (34), and
they could be split further if we were to perform additional
staining for surface CD206 and CD16. The functional importance
of BDCA1*CD14" DC has not been previously investigated in
human skin or lung, although upregulation of IL-17A signaling
pathways by this subset (Table I) indicates an area of future re-
search. Finally, we propose that the CD14™~ DC we investigated,
excluding a likely minor BDCA3"CLEC9AMXCR1* subset, could
be equivalent to CD14 CDla™ cells previously observed in hu-

man skin (61). Thus, our discrimination schema relating to human
AARP subsets is novel, and our findings are consistent with other
studies of similar cell types in human blood, skin, and lung.

The finding that lung subsets are better at internalizing S. aureus
and B. anthracis compared with E. coli (Fig. 4) is consistent with
work by others involving blood BDCA1*CD14~ DC. Blood
BDCAI1'CD14~ DC phagocytose E. coli far less efficiently
compared with mo-DC, with only ~25% positive for E. coli after
1 h of incubation at a 50:1 MOI (62). Conversely, this DC subset is
~60% positive for S. aureus under similar culture conditions (63).
The differences we observed likely relate to the varying mecha-
nisms of internalization for the three bacteria tested. Whereas
E. coli and S. aureus are predominantly extracellular pathogens,
B. anthracis spore internalization by phagocytes is thought to be
required for germination in the lung (64, 65). Surface expression
of TLR-2 and, especially, TLR-4 is low on AM (66) and BDCA1*
CD14 " blood DC (62) without stimulation, which agrees with our
results if TLR-2 and, particularly, TLR-4 are major pattern rec-
ognition receptors for E. coli internalization. Indeed, CD14%,
BDCA1*CD14%, and BDCA1*CD14~ DC express comparably
elevated mRNA levels of TLR2, whereas AM and CD14* DC
express higher levels of TLR4 (Fig. 7). These results suggest that
increasing E. coli internalization by these three subsets would
occur if longer time points had been examined. S. aureus recog-
nition and subsequent uptake by phagocytes likely favors TLR-2,
possibly in combination with CD36 sensing of S. aureus diac-
ylglycerides (67, 68). We did observe CD36 mRNA to be elevated
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in AM and CD14* DC, which could partially explain the com-
paratively higher S. aureus internalization by these two subsets. In
human dermis, a subset of CD14" cells has been shown to express
TLR-2 without stimulation, whereas a second subset does not
(29). The equivalent subsets in human airways are likely CD14"
and BDCA1*CD14* DC, respectively. B. anthracis spore inter-
nalization focuses on the integrin heterodimer CR3 (CD11b/CD18)
on the surface of phagocytes interacting with the spore surface
protein BclA (69). Strength of internalization is further increased by
inside-out signaling mediated by surface CD14 expression (70), and
also by the activation of complement components C1q and C3 (71).
Future studies could focus on mRNA levels of pathogen-sensing
receptors similar to those we examined (Fig. 7), but after bacterial
exposure.

The system we used, labeling bacteria with a pH-sensitive dye,
eliminates the measurement of particles that are only bound to the
AARP surface but not internalized (72). However, it also intro-
duces the possibility that we collectively measured efficiency of
internalization and acidification. Theoretically, a phagocyte con-
taining one highly acidified particle could contribute an equivalent
fluorescence value as a cell with three internalized particles
acidified to a lesser degree. Manual counting of internalized
S. aureus by confocal microscopy (Fig. 4C) supports this possi-
bility, as CD14* DC showed slightly higher average PI values
compared with AM, as opposed to the opposite observation using
flow cytometry. CD14* DC may in fact be better at phagocytosis
compared with AM (Fig. 4C, middle), at least of S. aureus par-
ticles, but AM surpass CD14" DC in their acidification efficiency
(based on time and level of acidification). M¢ are generally ac-
cepted as poor APC that rapidly acidify phagosomes and totally
proteolytically degrade ingested material via lysosomal fusion.
DC are inefficient at phagosomal acidification and proteolytic
degradation, thus producing immunogenic peptides of lengths
suitable for Ag loading and presentation (73). In fact, DC may
actively slow acidification of phagosomes through recruitment of
the NADPH oxidase NOX2 and subsequent production of reactive
oxygen species (74). Members of the DC clade we propose
(Fig. 6D) may be fair at internalization of the tested particles but
be poor at acidification following early phagosome formation, as
has been shown to occur at the lysosomal level within immature
DC (75). In Md, immediately after phagosome formation, endo-
somal fusion leads to insertion of vacuolar H(+)-ATPases into the
phagosomal membrane. Activity of the V-ATPase increases
sharply early after internalization of bacteria by Md, thereby
dropping phagosomal pH from physiological 7.4 to below 6.0
within 20 min (76, 77). The close transcriptional relationship we
identified between AM and CD14* DC (Fig. 6) may relate in part
to their higher efficiency of phagosomal acidification. The ex-
ception to the M versus DC clade separation based on acidifi-
cation would be CD14~ DC, which relate to AM and CD14* DC,
yet show poor ability to internalize and acidify bacteria (Fig. 4A,
4B). One possibility is that CD14~ DC are not specialized for
internalization at all, and that BDCA3"CLEC9A™CDI14~ DC
within this population are responsible for the low levels of inter-
nalization seen. We observed a large separation between CD14~ DC
and the other two members of the M¢ clade along PC2 of our PCA
(Fig. 6A), which could represent the variable of internalization/
acidification. Supporting the idea of variations in acidification po-
tential between subsets is the observation that resting CD14" DC
and, especially, AM express higher mRNA levels of the lysosomal
proteins LAMP1 and LAMP2 compared with the other four lung
subsets (Fig. 7). If it were practical, we would isolate enough cells of
all the AARP subsets to perform manual counts of particle inter-
nalization, and thus determine the extent to which acidification

HUMAN AIRWAY AND ALVEOLAR PHAGOCYTE PROFILES

contributes to the differences we observed by flow cytometric PI
values. We can already infer that AM and CD14" DC are more
efficient at particle internalization (Fig. 4) compared with members
of the DC clade because they are slower to initiate maturation
pathways. Kiama et al. (78) have observed that immature mo-DC
possess a much greater phagocytic potential of polystyrene beads
compared with LPS-matured mo-DC, and that these mature mo-DC
were equally weak at phagocytosis compared with AM and blood
monocytes. Thus, our AM, which were consistently highest in their
flow cytometric PI values (Fig. 4), were likely most efficient at
internalization/acidification but also slowest in their triggering of
maturation. Our observations of minimal CD83 and CD86 upregu-
lation by AM and CD14* DC (Fig. 5) suggest that these two subsets
remain in an immature state longer, allowing uninhibited phagocy-
tosis of bacterial particles compared with the quick-to-mature DC
clade members.

The upregulation of CD83, CD86, and CCR7 with time in culture
was prominent in the DC clade but weak in the M¢ clade (Fig. 5).
These results were supported by increased mRNA expression of
these three molecules in the DC clade relative to the Md clade
(Fig. 7), and they agree with studies that show dermal Md¢ and
CD14" DC do not express CCR7, even after stimulation, whereas
dermal BDCA1"CD14~ DC do (33). Such natural clade differences
may be beneficial in minimizing the magnitude of potential proin-
flammatory responses in human airways. Anatomically, Md clade
members likely have temporal and spatial advantages of acquiring
inhaled particulates over DC clade members, due to their greater
numbers along alveoli (Fig. 1A, 1B). This suggests that the M clade
can “soak up” most inhaled particles without phagocyte activation. If
particle overflow occurs due to M¢ clade saturation, DC clade
members are then exposed, but to relatively few particles. Lower
exposure allows the DC clade to then upregulate CD83, CD86, and
CCRY7 in a controlled manner and initiate highly regulated immune
responses (wWhich would not occur if exposure occurred quickly at
extremely high dosages). Such sequestration of Ags has been shown
to take place in a rat model of bacterial inhalation (79), and we
suggest the same order of events occurs in human airways.

In human dermis, a lesser subset of CD14™ cells has been shown
to naturally express CDS83, but also to have decreased TLR-2
levels (29). We contend that BDCA1*CD14* DC are the airway
equivalent of these CD83"CD14"TLR-2" dermal cells, whereas
CD14" DC are equivalent to CD83~CD14"TLR-2"* dermal cells
with a higher capacity for TLR-2—dependent bacterial internali-
zation. Surface levels of CD83 and CD86 on BDCA1"CD14™~ DC
from blood are known to increase in response to S. aureus expo-
sure, but after 12 h of coincubation (63).

Our transcriptional profiling suggests that lung AARP subsets
can be grouped into Md and DC clades, but that immature or
mature mo-DC and mo-Md¢ are poor models for both clades.
Comparing relative mRNA expression of the chemokine receptors
CCR6 and CX3CRI provides specific examples of genes that are
highly expressed by the DC clade compared with both the Md
clade and monocyte-derived phagocytes (Fig. 7) (80). The tyrosine
kinase FLT3 is also specifically elevated in the DC clade, which
agrees with work by Waskow et al. (50) that highlights its im-
portance in murine peripheral DC development. Others have
shown that mo-DC differ considerably from lymph node-resident
DC at the transcriptional level (81), whereas more recent work has
grouped these in vitro cells closely with human inflammatory DC
that drive a Th17 response (82). Pathways upregulated specifically
by AM, such as PXR/RXR activation and the complement system,
agree with human dermal studies by McGovern et al. (33) that
suggest that both pathways are upregulated in dermal Md. The
overall close relatedness we observed between AM and CD14* DC
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was also observed in comparisons of skin-equivalent subsets by
this group. For example, we identified LYVE] as a unique gene
with increased expression in CD14" DC (Table II), as was seen in
dermal Md and CD14* DC. Our identification of NRIH3 (liver
X receptor «) as an upregulated gene by the M clade agrees with
its specificity to M in other human tissues (33) and also provides
a potential target for modulation of M¢ activity in inflammatory
diseases (83). Interestingly, the BDCA17CD14" DC subset we
analyzed does not have a definite counterpart in the blood or skin.
We suspected that expression of CD14 by this population would
mean a close transcriptional relationship with CD14" DC. How-
ever, BDCA1"CD14" DC actually grouped in the DC clade along
with Langerin® and BDCA1*CD14~ DC (Fig. 6). A possible
functionality of BDCA1"CD14* DC compared with the other two
true DC subsets may relate to IL-17A signaling (Table I), and
should be a focus of future research. BDCA1 expression alone
does not correlate with expression of the transcription factor IRF4,
as IRF4 was relatively elevated in BDCA1"CD14~ DC only
(Fig. 7). Although IRF4 has been implicated in directing Th17
immune responses by human BDCA1*CD14~ DC (49), this ob-
servation does not preclude the possibility that BDCA1*CD14*
DC stimulate Th17 responses through an alternate pathway that
does not involve IRF4. In comparison with CD14* DC, BDCA1™*
CD14* DC have upregulation of pathways related to the cell cycle
and mitosis (Table I), and thus they may have the ability to self-
renew in steady-state tissue, as has been suggested for LC in
human skin (84, 85). Importantly, pathways upregulated by the
DC clade were functionally expected of DC, including DC mat-
uration and lipid Ag presentation by CD1. As an example, the
chemokine receptor CX3CR1, which was uniquely upregulated by
the DC clade (Fig. 6D), is also highly expressed by resident renal
BDCAI* DC (86). Overall, Langerin®, BDCA1"CD14*, and
BDCA17CD14™ DC are the “true DC” of the human airways that
can be separated transcriptionally from AM, CD14"BDCA1~ DC,
and CD14~ BDCA1  DC of the M¢ clade.

We identified several upregulated genes in AM that relate to
canonical degradation pathways (Tables I, II). These results agree
with the notion that M¢ specialize in rapid, complete proteolytic
degradation, whereas DC favor a delayed and incomplete process
to generate immunogenic peptides (75, 87). Other pathways up-
regulated specifically by AM, such as PXR/RXR activation and
the complement system, agree with recent human skin studies that
suggest that both pathways are upregulated in dermal Md and
CD14* cells (33). It is no surprise that AM yielded the greatest
number of DEGs compared with the other APC subsets (Table II),
as they likely self-renew in the lung tissue (88), as opposed to
steady-state replenishment from circulation. In contrast, CD14"
DC, at least in the skin, have been transcriptionally classified as a
transient population whose precursors are blood monocytes (33,
44). Had we further separated our CD14" DC based on CD16
positivity, CD14*CD16~ cells may have appeared more distantly
related to AM than CD14"CD16" cells. It is possible that the
CD14*CD16™ cells, resembling “classical monocytes” (34), reg-
ularly transit to the airways and back to draining lymph node
without phenotypic transformation characteristic of Md or DC.
Such an occurrence has been observed in a murine model (35) and
theoretically could occur in humans as well. In contrast, a CD14*
CD16" monocytic subset in the airways may differentiate from
CDI16" interstitial Md, but in the process of crossing the alveolar
epithelium lose their expression of CD206 (89, 90). Indeed, rel-
ative mRNA levels suggested that CD206 was highest in AM and
comparatively much lower in the other five APC subsets (Fig. 7).
However, CD16 mRNA, although highest in our CD14* DC, was
also relatively elevated in BDCA1*CD14* DC and CD14~ DC.
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The small number of specific upregulated genes identified be-
tween members of the DC clade (as opposed to the much larger
number of upregulated genes of all its members compared with the
M¢ clade) points to the close relationships between the “true DC”
subsets (Figs. 6, 7, Table II). It may also point toward plasticity
between these DC subsets according to the constant changes oc-
curring in the microenvironment of the airways. Indeed, others
have recently determined that dermal and lung Langerin™ DC can
express BDCA1, and also that blood BDCA1" DC can be induced
to express Langerin when cultured with TGF-3 (28). This cyto-
kine has been measured at high concentrations in human BALF
(91) and is likely produced by epithelial cells along the airways
(92) to maintain an anti-inflammatory environment in response to
regularly inhaled particulates. We recognize that the stringency of
our comparisons may be eliminating some genes that are indeed
upregulated by specific members of the DC clade in the steady-
state. In our transcriptional analyses, we removed donor effects, so
that the DEGs identified had to be statistically upregulated in
subsets of all seven donors. Had we collected samples from ad-
ditional donors, we may have been able to test for outlier profiles
and identify more subset-specific DEGs, especially for the DC
clade members. This idea is supported by our relative expression
comparisons (Fig. 7), in which certain genes such as CDIA,
SIRPBI, NRIH3, XCRI, CDI1IC, IRF4, and IRF8 were clearly
elevated in one specific APC subset relative to the other five
subsets. These genes likely did not appear in the subset-specific
DEQG lists (Table II) because in at least one donor, they were not
upregulated. In contrast, the results of Fig. 7 are not filtered by
certain expression criteria or significance values, and thus they can
mask a single donor outlier. Comparison of the relative expression
levels may actually be more relevant for functionally differenti-
ating the AARP subsets, because we chose the genes to analyze
based on existing literature of DC and Mé.

Microenvironmental differences between sites such as the skin
and lung preclude complete overlap between gene signatures of
equivalent cell types. One avenue of future investigation would be to
identify equivalent airway subsets between humans and mice by
transcriptional profiling. Others have taken a similar path comparing
human blood and skin BDCA1* and BDCA3" DC to mouse
lymphoid-resident and nonlymphoid DC subsets (44, 49, 81). We
propose taking this a step further by comparing human airway cells
to those of the mouse airways to allow microenvironmental dif-
ferences to be accounted for between species. Our identified gene
signatures of the M¢ and DC clades, along with individual subset
signatures, also provide means of further characterizing these cells
functionally based on protein expression of these DEGs.
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Supplemental Data

Supplemental Table I. Lung Cell Donor Demographics

Lung Donor Demographics

Donor Peak Final Chest X-Ray
# Age | Gender | PaOy/FiO, | PaOy/FiOs Results Smoking History
1 29 | Male 4380 438.0 Normal except for. scattered areas .o.f nodularity within Never smoked.
right lung suggestive of bronchiolitis.
Normal except for right basilar atelectasis or infiltrate. Ex-smoker for 13 yrs.
2 68 | Female 341.0 320.0 Prior <1 ppd for 39
VIS.
Normal except for stable left basilar infiltrate with Never smoked
3 57 | Male 540.3 382.5 layering pleural effusion and stable right mild basilar ’
infiltrate.
4 35 | Male 363.0 261.7 Normal except for stable right pleural effusion and Ex.-smoker for 11 yrs.
volume loss in right lung base. Prior 2 cpd for 7 yrs.
Normal except for persistent pneumomediastinum, and Ex-smoker for 5 yrs.
5 52 | Female 244.0 138.6 persistent soft tissue gas in the neck and left chest wall. Prior 1 ppw for 16
VyIS.
Normal except for mild bilateral parahilar and basilar Ex-smoker for 16 yrs.
6 34 | Male 329.0 321.0 infiltrates. Prior 0.5 ppd for 4
VIS.
Normal except for increasing retro cardiac density,
7 48 | Male 344.0 242.5 blunting in the region of the left costophrenic angle, and Never smoked.
exclusion of the right costophrenic angle.
Lung Donor Cell Yields and HLA Types
Donor Cell Yield HLA Class I-Type HLA Class II-Type
# A B C DRBI1 DRA DQBI DQAI1 DPB1 DPAI
1 562 x 10° 02:01 44:03 03:03 15:03 01:01 05:02 01:02 04:02G | 02:02
68:02 58:02 06:02 16:02 01:01 06:02 01:02 85:01G | 03:01
) 408 x 10° 11:01 40:02 02:02 13:01 01:01 06:03 01:03 01:01G | 02:01
32:01 51:01 07:01 13:01 01:01 06:03 01:03 05:01G | 02:02
3 461 x 10° 29:02 53:01 04:01 13:01 01:01 06:02 01:02 01:01G | 01:03
33:03 78:01 16:01 15:03 01:01 06:04 01:03 04:02G | 02:02
4 6.02 x 10° 02:01 18:01 02:02 01:02 01:01 05:01 01:01 01:01G | 02:01
36:01 53:01 04:01 11:01 01:01 06:02 01:02 17:01G | 02:02
5 336 x 10° 01:01 13:02 06:02 07:01 01:01 02:02 02:01 02:01G | 01:03
68:01 44:02 07:04 11:01 01:01 03:01 05:05 03:01G | 01:03
6 730 x 10° 02:01 07:02 04:01 13:01 01:01 06:02 01:02 02:01G | 01:03
02:01 35:01 07:02 15:01 01:01 06:09 01:02 04:01G | 01:03
7 701 x 10° 01:01 08:01 04:01 03:01 01:01 02:01 01:02 04:01G | 01:03
) 02:01 35:01 07:01 15:01 01:01 06:02 05:01 04:02G | 01:03
Bronchoscopy Volunteer Demographics
Donor # Age Gender Smoking History Cell Yield
1 28 Male Never smoked 17.60 x 10°
2 34 Female Ex-smoker for 5 yrs. Prior 5 cpd for 15 yrs. 24.96 x 10°
3 26 Male Never smoked 5.26 x 10°
4 39 Female Never smoked 3.56 x 10°
5 30 Female Ex-smoker for 7 yrs. Prior 1 ppw for 5 yrs. 3.52x 10°
6 21 Male Never smoked 8.27 x 10°

2 Pa0O,/Fi0, = partial pressure arterial oxygen / fraction of inspired oxygen.
b ppd, ppw, cpd = packs per day, packs per week, cigarettes per day.

¢ HLA, human leukocyte antigen.
4G in DPBI column indicates only typing of exon 2 was performed.




Supplemental Table II. Antibodies and viability dyes used for FACS and flow cytometry

General Assay

Lun Microsco Functional | Monocyte- | Lung &
Marker Dye Clone Company Liveg Sortingpy Lung FC derivg’ctl Blo%)d
Sorting Analyses Cells Cell ID
Viability | Zombie n/a BioLegend i . N ) N
Aqua
Viability | Propidium | n/a BioLegend
! + - - + -
lodide
CD3 PE-Cy5 HIT3a BioLegend + + + - +
CD19 PE-Cy5 HIB19 BioLegend + + + - +
CD20 PE-Cy5 2H7 BioLegend + + + - +
CD56 PE-Cy5 HCD56 | BioLegend + + + - +
HLA-DR | Pacific L243 BioLegend n n n ) n
Blue
CDllc PE-Cy7 3.9 BioLegend + + + - +
Langerin | APC 10E2 BioLegend + + + - +
CD14 AF700 HCD14 | BioLegend + + + + +
BDCA1 | PE L161 BioLegend + - - - +
BDCA1 | PerCP- L161 BioLegend
- + + - -
Cy5.5
BDCA3 | PerCP- MS80 BioLegend
- - - - +
Cy5.5
BDCA3 | BV605 MS80 BioLegend - - - +
CLEC9A | PE 8F9 BioLegend - - - - +
CD123 BV605 6H6 BioLegend - - - - +
CD83 PE HB15e BioLegend - - + + -
CD86 PE-Cy5 1T2.2 BioLegend - - - + -
CD86 BV605 1T2.2 BioLegend - - + - -
CCR7 APC-Cy7 | G043H7 | BioLegend - - + - -
DC- FITC 9E9AS BioLegend i ) i n )
SIGN
CDla APC-Cy7 | HI149 BioLegend - - - + +
CD80 APC 2D10 BioLegend - - - + -




mo-DC and mo-M®

Monocytic

Cells

SSC-A

FSC-A

CD1a Expression

% of Max

e —
CD1a

CD80 Expression

Live/Dead Stain

GM-CSF
IL-4

GM-CSF

Mature

Immature

Isotype

0

% of Max

Median (MF1)
. E 8 8 B

% of Max

CD80

CD86 Expression

CD80

mo-M@

=] mo-DC

Mature

[ |
[ irmeire

Immature

Isotype

% of Max

CD86

CD83 Expression

% of Max

Median (MFI)
. & § &

CD86

mo-DC Mature

Immature

ud

% of Max

Isotype

DC-SIGN

CD14

DC-SIGN

8000
o *
= 5000 —
=
8 4000
k-1
7}
= 2000

o

mo-DC mo-Mac

mo-DC mo-Mac

mo-DC mo-Mac

6000

Median (MF1)

mo-DC mo-Mac

Supplemental Figure 1. Distinct
populations of monocyte-derived DC
and M® can be generated, which
increase in their expression of
standard activation and maturation
markers upon exposure to LPS.

(A) Flow cytometry of monocytes
purified from freshly isolated buffy
coats and exposed to either GM-CSF
alone, or GM-CSF and IL-4 for 6 days
in culture. Plots represent gating
strategy used to identify and sort
monocyte-derived DC (mo-DC) and
M® (mo-M®) on day 6 post culture.
After initial exclusion of dead cells,
mo-DC were identified as DC-SIGN™*
CD14" cells, while mo-M® were
identified as DC-SIGN- CD14" cells.
Representative plots from treated
monocytes from 6 different blood
donors are shown.

(B-E) Flow cytometry of mo-DC and
mo-M® sorted at day 6 post-culture
(immature, blue) or at day 9 post-
culture following 3 days of LPS
exposure  (mature, red). Flow
cytometry plots are representative of 6
sets of mo-DC and mo-M® from
different blood donors, and are
compared to isotype controls (gray) for
the surface markers indicated. Right:
Composite graphs with mean + SEM
of median fluorescence intensities of
the markers indicated from 6 sets of
donor monocytes. *p < 0.05, One-
tailed Wilcoxon matched-pairs signed
rank test.

(B) MFI of CD1a.

(C) MFI of CD80.

(D) MFI of CD86.

(E) MFI of CD83.
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Supplemental Figure 2. Closely-related
subsets within the M® and DC clades can be
separated by upregulated DEGs.

Numbers of upregulated DEGs between specific
pairwise comparisons of lung APC subsets.
Comparisons include members from within the
M® (blue and blue arrows) and DC (red and red
arrows) clades and between the two clades. DEGs
were used for pathway analyses represented in
Table I.



