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Alveolar macrophage development in mice requires L-plastin for cellular
localization in alveoli
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Alfred H. J. Kim,® and Sharon Celeste Morley'2

"Division of Infectious Diseases, Department of Pediatrics, 2Division of Inmunobiology, Department of Pathology and Immunology, and Division of
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Alveolar macrophages are lung-resident sentinel cells that develop perinatally and protect
against pulmonary infection. Molecular mechanisms controlling alveolar macrophage
* A key transition from the generation have not been fully defined. Here, we show that the actin-bundling protein L-plastin
prea|veo|ar macrophage (LPL) is required for the perinatal development of alveolar macrophages. Mice expressing a
precursor to mature alveolar | conditional allele of LPL (CD11c.CreP*-LPL"") exhibited significant reductions in alveolar
macrophage is impaired in macrophages and failed to effectively clear pulmonary pneumococcal infection, showing that
neonatal mice lackin g LPL. immunodeficiency results from reduced alveolar n.u.!crophage nu_mbers. We next identifie_d tI?e
e Genetic impairment of phase of aIve?Iar macrophage developmt.ent requiring LPL. In mice, fetal monocytes arrive in
the lungs during a late fetal stage, maturing to alveolar macrophages through a prealveolar

neonatal alveolar . ) - -
macrophage intermediate. LPL was required for the transition from prealveolar macrophages
macro_phage .deYGIOp_ment to mature alveolar macrophages. The transition from prealveolar macrophage to alveolar
associates with impaired macrophage requires the upregulation of the transcription factor peroxisome proliferator-
clearance of a pulmonary activated receptor-y (PPAR-y), which is induced by exposure to granulocyte-macrophage
pathogen in adult animals. colony-stimulating factor (GM-CSF). Despite abundant lung GM-CSF and intact GM-CSF
receptor signaling, PPAR-y was not sufficiently upregulated in developing alveolar
macrophages in LPL™~ pups, suggesting that precursor cells were not correctly localized to the alveoli, where GM-CSF is produced. We
found that LPL supports 2 actin-based processes essential for correct localization of alveolar macrophage precursors: (1) transmigration into
the alveoli, and (2) engraftment in the alveoli. We thus identify a molecular pathway governing neonatal alveolar macrophage development

and show that genetic disruption of alveolar macrophage development results in immunodeficiency. (Blood. 2016;128(24):2785-2796)

Introduction

Alveolar macrophages are the first responders of the pulmonary
innate immune system,'™ protecting the host through elimination
of inhaled pathogens.>*® Alveolar macrophages represent a distinct
lineage of tissue-resident macrophages that mature during neonatal
development.”® During fetal development, monocytes migrate through
the bloodstream to seed the embryonic lungs and subsequently
upregulate CD11c and SiglecF, which identify them as mature alveolar
macrophages.'®'" Alveolar macrophage development requires the
growth factor granulocyte-macrophage colony-stimulating factor
(GM-CSF), which drives upregulation of the essential transcription
factor peroxisome proliferator-activated receptor-y (PPAR-y).® Alveo-
lar epithelial cells produce GM-CSF,'* and localization to the
alveolar microenvironment is required for precursors to differ-
entiate into alveolar macrophages.'? Under homeostatic condi-
tions, alveolar macrophages self-renew throughout the lifespan to
maintain a full complement, without repopulating from circulating
blood monocytes. Despite the importance of establishing a normal
complement of alveolar macrophages, key factors that regulate the

timing and localization of alveolar macrophage precursors during
neonatal development are incompletely described.

Here, we used mice with conditional or germ line deficiency in the
actin-bundling protein L-plastin (LPL) to mechanistically probe the
neonatal development of alveolar macrophages. LPL, a member of
the o-actinin family, is expressed in hematopoietic cells.'* The roles of
LPL in immune cell development and function vary with cell lineage.
In neutrophils, LPL is dispensable for migration, adhesion, and
spreading, but required for adhesion-mediated signaling to the oxidative
burst.'> In contrast, LPL is essential for normal lymphocyte motility and
trafficking."®*® In macrophages, LPL colocalizes with actin-supported
structures and is concentrated in podosomes, which are integrin-
anchored, actin-based complexes that support motility and adhesion.>'*>

Building on our prior observation of reduced alveolar macrophage
numbers in LPL ™'~ mice,® we now use these and newly generated
CD11c.CreP-LPL" mice to illuminate mechanisms of alveolar
macrophage development. Specifically, we identified the key transition
from prealveolar macrophage to the mature alveolar macrophage as
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Figure 1. Reduced alveolar macrophages in CD11c.Cre°s -LPL™ and CD11.Cre™ -LPL"* mice. (A) Vector design for generation of conditional allele of LPL, encoded
by gene Lcp1. A conditional allele was generated by flanking exon 2 of the gene encoding LPL, Lcp1, with loxP sequences. Exon 2 includes the ATG start site and was
targeted in the generation of the LPL '~ mice, in which expression of LPL is deleted in all cells.'® (B) Confirmation of deletion of LPL from CD11c* alveolar macrophages
sorted from adult CD11c.CreP*s-LPL"" mice, with alveolar macrophages derived from CD11c.Cre"-LPL"" mice shown as control. (C) Representative flow cytometry of
CD45" singlets from the BAL fluid from mice of indicated genotypes. Alveolar macrophages identified as CD11c " SiglecF* cells, confirmed as macrophages by the expression

of the pan-macrophage markers CD64 and MerTK.

Percentage of alveolar macrophages shown in upper right corners of flow plots and event count of cells identified as

alveolar macrophages given in last panels. (D) Quantification of number of alveolar macrophages in recovered BAL fluid. Data from 4 independent experiments; n given below
graphs. *One outlier value of 89 070 not shown on graph but included in statistical analysis. Exclusion of this outlier does not alter the statistical significance of differences
between indicated groups. (E) Representative flow cytometry of whole lung homogenates from mice of the indicated genotypes. (F) Percentage of CD45" cells that were
alveolar macrophages (AMs), dendritic cells (DCs), or eosinophils (eos) obtained from whole lung homogenates from mice of indicated genotypes.
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Figure 2. Impaired pneumococcal clearance and
increased pneumococcal dissemination in CD11c. A BAL fluid B Blood culture
CreP°s -LPL™" and CD11c.CreP°s -LPL™* mice. (A)
Mice of indicated genotypes were challenged via intra- p=0.003
tracheal injection of 5 X 10* colony-forming units (cfu) of p=0.002
S pneumoniae serotype 3. After 24 hours, bacterial colony- p=0.04 p=0.0004
forming units in harvested BAL fluid were determined by = — 80 A
serial dilution. Number of mice shown along the x-axis; = 1051 —|_
data combined from at least 3 independent exper- G ;\? 60 -
iments. (B) Percentage of mice with positive blood cultures § 10% — T T :;
following pulmonary pneumococcal infection. 8 = 40 -
S 103 l =
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LPL dependent. This transition failed in LPL ™"~ pups due to impaired
upregulation of the essential transcription factor PPAR-y in macro-
phage precursors, despite abundant GM-CSF in whole lung and intact
in vitro GM-CSF receptor (GM-CSFR) signaling, suggesting restricted
exposure of these precursors to alveolar GM-CSF in vivo. We sub-
sequently found that LPL supported 2 processes critical to localizing
precursor cells to the alveolar microenvironment. First, LPL-deficient
monocytes were unable to traffic into the alveolar space; second,
intranasally transferred LPL-deficient fetal monocytes or mature
alveolar macrophages were impaired in engrafting into alveoli. Thus,
we identify LPL as a novel regulator of normal alveolar macrophage
development, as it enables localization of precursor cells to the alveolar
microenvironment. Furthermore, cell-specific deficiency of LPL in
alveolar macrophages increases susceptibility to pulmonary pneumo-
coccal infection, exemplifying that disruption in neonatal alveolar
macrophage generation imparts immunodeficiency.

Materials and methods

For details of procedures and sources of reagents, please see supplemental
Methods, available on the Blood Web site.

Mice

LPL™", CD11c.Cre”, and CDI1c.YFP" mice have been described.'>'">*
Mice expressing a conditional allele of LPL (LPL"" mice) were generated
through the Hope Center Transgenic Vectors Core Facility (Washington
University School of Medicine [WUSM], St. Louis, MO) and backcrossed to the
C57Bl/6 background. Mice were cohoused in specific-pathogen-free barrier
animal facilities, and all animal experiments were approved by the WUSM
Animal Studies Committee.

Cell isolation and media

Bronchoalveolar lavage (BAL) was performed as described,” and cells were
quantified by flow cytometry. Lungs and spleens were homogenized using
2.5 mg/mL Collagenase D in Hanks balanced salt solution + 3% fetal calf
serum.*>* Alveolar macrophages were cultured in D10 (Dulbecco’s modified
Eagle medium supplemented with10% fetal calf serum). Cells deprived of serum
prior to stimulation were incubated in serum-free D10 with 2% bovine serum
albumin.

Flow cytometry

Commercial antibodies (clones, fluorophores, and sources) are listed in the
supplemental Methods. Cells were acquired either on the BD Biosciences LSR

Fortessa or with a BD FACScan flow cytometer with DxP multicolor upgrades
by Cytek Development Inc (Woodland Park, NJ) and analyzed using FlowJo
software (FlowJo, Ashland, OR). Cells were sorted using a BD FACS Aria Fusion.

Infection

Mice were challenged intratracheally with 5 X 10* colony-forming units per
animal of Streptococcus pneumoniae (ATCC 6303; serotype 3) in 20 pL
Dulbecco’s phosphate-buffered saline as previously described.”* Mice were
euthanized 24 hours after challenge, and blood and BAL fluid were obtained for
culture.

Immunoblot

Immunoblots were performed as described."® Membranes were probed with
either anti-LPL (provided by Eric J. Brown, Genentech) or with anti-PPAR-y
(clone C26H12; Cell Signaling Technology, Danvers, MA). For comparison
across multiple experiments, PPAR-y levels were normalized to the loading
control (actin expression) of each sample and then to the expression of PPAR~y in
alveolar macrophages from neonatal wild-type (WT) mice in each experiment.

GM-CSF assay

Lysates of whole lung homogenates were prepared as described, 19 and GM-CSF
was quantified using the Mouse GM-CSF enzyme-linked immunosorbent assay
Ready-SET-Go! kit.

In vitro GM-CSF stimulation of cells

Rested cells were incubated in D10 = GM-CSF (20 ng/mL) for 15 minutes (for
induction of phosphorylated STATS [phospho-STATS5]) or overnight (for
induction of PPAR~y). After incubation with fluorescently labeled monoclonal
antibody (mAb) to visualize surface markers, cells were fixed, and intracellular
flow cytometry for phospho-STATS or PPAR-y was performed.

Monocyte migration

In vitro Transwell assay. Monocytes (5-7 X 10°) isolated from bone marrow
(Miltenyi Biotec) were incubated in medium (RPMI + 2% bovine serum
albumin, 1 mM N-2-hydroxyethylpiperazine-N’-2-ethanesulfonic acid) in the
upper chamber of Transwell inserts (3-wM pore) with CCL2 (10 ng/mL) in
the lower chamber. Transmigrated monocytes were enumerated following a
90-minute incubation. The percentage of cells transmigrated was normalized to
the maximum migration of WT cells (set at 100%) in each experiment.

In vivo alveolar trafficking. Either 50 nwg CCL2 or phosphate-
buffered saline (PBS; 20 nL) was injected intratracheally into anesthetized
mice. After 20 to 24 hours, mice were euthanized, and monocytes in BAL
were enumerated.

Competitive in vivo trafficking. Monocytes isolated from bone
marrow (adult WT or LPL™’~ mice) were mixed in a 1:1 ratio and
transferred retro-orbitally into congenically marked postnatal day 1 to
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Figure 3. Transition from prealveolar macrophage intermediate to mature alveolar macrophage requires LPL. (A) During embryogenesis, fetal macrophages (not
shown) derived from yolk-sac precursors are present in lung tissue. Around embryonic day 16, fetal monocytes migrate from the fetal liver to seed the lungs, presumably via
the bloodstream.'®"" During the final days of fetal development, these monocytes downregulate Ly6C and upregulate CD11c, leading to their designation as prealveolar
macrophages. Following birth, prealveolar macrophages upregulate SiglecF and are then identified as mature alveolar macrophages, which appear in the alveolar space
around PND1."° (B) Representative flow cytometry demonstrating gating scheme to identify fetal macrophages, fetal monocytes, prealveolar macrophages, and mature
alveolar macrophages. Whole lung homogenates from WT or LPL™'~ neonatal mice at indicated ages are shown. Percentages of each gate are given within each flow plot.
Flow cytometric gates for each experiment were established using samples obtained from contemporaneous adult WT control animals (supplemental Figure 3A). (C)
Quantification of percentage of CD45™ cells that were mature alveolar macrophages, prealveolar macrophages, fetal monocytes, or fetal macrophages from whole lung
homogenates isolated from WT or LPL™'~ pups. Age indicated as DOB, PND. Data for each age combined from at least 2 independent experiments; n of each sample given
on the x-axis.

20z aunr g0 uo 3senb Aq Jpd'z9650.P00Iq/¥098SE L/S8.Z/72/8T L /#Pd-Blo1e/po0|qABU"suoleDligndyse//:diy woly papeojumog



BLOOD, 15 DECEMBER 2016 - VOLUME 128, NUMBER 24

2 (PND1-2) WT pups. Pups were given CCL2 (5 pg) intranasally, and
percentages of lung monocytes derived from donors were determined by
flow cytometric analysis the next day. Data were presented as the ratio of
WT-derived monocytes to LPL ™/~ -derived monocytes. Input ratio was
used as control, as acquiring blood for analysis from neonatal pups was not
possible.

Clearing of lung tissue and 2-photon microscopy

PND7 CD11c.YFP-WT and CD11c.YFP-LPL ™/~ pups were euthanized,
and lungs were perfused with PBS (30 mL) and then with 4% para-
formaldehyde (Sigma; 30 mL). Lungs were removed and fixed overnight in
4% paraformaldehyde prior to clearing as previously described.?® Cleared
lungs were mounted and viewed using a custom-built 2-photon microscope
(2PM) available in the WUSM In Vivo Imaging Core. Autofluorescence
of lung tissue delineated alveoli. Image stacks were converted to 3-
dimensional reconstructions using Imaris software (Bitplane, Zurich,
Switzerland). A blinded observer manually counted round YFP™ cells that
were present either entirely within the alveoli (“alveolar localization™) vs
within the parenchyma.

Monocyte and alveolar macrophage engraftment

Fetal monocytes (>95% pure) were acquired via cell sorting of whole lung
homogenates from congenically marked DOB-PND2 WT and LPL™/~
pups. Mixed monocytes were transferred intranasally into congenically
marked WT DOB-PNDI1 pups. One week later, whole lung homogenates
from recipient pups were analyzed for donor origin of monocytes, prealveolar
macrophages, and alveolar macrophages.

Alveolar macrophages were acquired from Percoll gradient isolation of
cells from BAL of adult congenically marked WT and LPL ™'~ mice. Mixed
alveolar macrophages (input LPL™/7:WT ratio of 2:1) were transferred
intranasally into congenically marked PND1 pups. Whole lung homoge-
nates of recipient pups were prepared 24 hours and =72 hours after trans-
fer and analyzed for proportions of donor WT and LPL™' alveolar
macrophages.

Confocal imaging

Alveolar macrophages stimulated with D10 (30 minutes) were fixed with
4% paraformaldehyde, permeabilized, and stained with either anti-LPL or
anti-vinculin mAb followed by anti-mouse antibody conjugated to
DyLight594. F-actin was stained with phalloidin-AlexaFluor 488. Samples
were imaged using the Olympus FluoView FV1000 upright confocal
microscope fitted with X60 oil objective. Images were obtained using
synchronized scanning with a multiline argon laser (457 nm, 488 nm, and
514 nm) and 635-nm diode laser on FV10-ASW 3.0 software. Percentage of
cells with podosomes was determined by manual counting of images by a
blinded observer.

Data analysis and statistics

Data were analyzed and graphed using Prism (GraphPad Software, Inc, La Jolla,
CA). Box-and-whiskers plots show boxes representing the 25th and 75th
percentiles of data, line at median, and whiskers showing minimum to maximum
values. P values were determined using unpaired, 2-tailed Mann-Whitney U tests
unless otherwise indicated.

Results

Cell-intrinsic requirement for LPL in alveolar
macrophage development

The cell-intrinsic requirement for LPL in generating normal numbers of
alveolar macrophages was established by analyzing newly generated
CD11c.CreP-LPL"" mice (Figure 1A-B). We selected CD11c.CreP™

L-PLASTIN SUPPORTS ALVEOLAR MACROPHAGE DEVELOPMENT 2789

mice because they were previously used to show the cell-intrinsic
requirement for PPAR-y in alveolar macrophage development.® We
confirmed that CD11c-driven Cre expression abrogated expression of
LPL in alveolar macrophages from CDI1c.CreP-LPL™ mice
(Figure 1B). Analysis of BAL fluid demonstrated a 75% reduction of
mature alveolar macrophages in CD11c.CreP*-LPLY mice, as
compared with that of CD11c.Cre®-LPL*"* mice (Figure 1C-D).
The conditional allele itself did not disrupt LPL expression or alveolar
macrophage numbers in CD11c.Cre™2-LPLY mice (Figure 1B;
supplemental Figure 1). Whole lung homogenates from adult
CD11c.CreP*-LPL™" mice also revealed reductions in mature
alveolar macrophages (Figure 1E-F). The decrease in numbers of
alveolar macrophages in BAL fluid and whole lung homogenates
of CD11c.CreP**-LPL"" mice was similar to that of LPL ™'~ mice
(Figure 1C-F; supplemental Figure 2A-B). Furthermore, mice
haploinsufficient for LPL in CD11c™ cells (CD11c.CreP*-LPL"*
mice) also revealed fewer alveolar macrophages recovered from
BAL fluid (Figure 1D). LPL is thus required in a cell-intrinsic
manner for the generation of normal alveolar macrophage numbers.

We did not find reductions in pulmonary dendritic cells or
eosinophils in CD11.CreP*-LPL™ or LPL™"" mice (Figure 1E-F;
supplemental Figure 1B). Analysis of WT and LPL /"~ mice revealed
no reductions in splenic macrophages or peripheral blood monocytes
(supplemental Figure 2C-D). Thus, other innate cells localize to the
lungs in LPL ™~ mice, and not all resident macrophage populations
require LPL during development.

Cell-intrinsic requirement for LPL in alveolar macrophages in
preventing dissemination of pulmonary
pneumococcal infection

The function of alveolar macrophages in controlling pulmonary
pneumococcal challenge is unclear.>**” LPL ™"~ mice, in which all
hematopoietic cells lack LPL, exhibited impaired pneumococcal
clearance and increased susceptibility to infection.® To distinguish a
cell-intrinsic requirement for LPL in alveolar macrophages from poten-
tial requirements in other immune cells (eg, neutrophils) during acute
bacterial pneumonia, we assessed bacterial clearance and dissemination
inCD!11c.Cre?-LPL"", CD11c.Cre®-LPL" ", CD11c.Cre”-LPL ™",
and control WT and LPL ™~ mice following intratracheal instillation of
S pneumoniae. CD11c.CreP-LPL" and CD11¢.CreP*-LPLY* mice
exhibited significantly higher pneumococcal burden in BAL fluid
24 hours after challenge, equivalent to the impaired clearance found in
LPL " mice (Figure 2A). Furthermore, dissemination of pneumococci to
the bloodstream within 24 hours of infection occurred exclusively in
CD11c.Cre?-LPL"", CD11c.CreP*-LPL"*, and LPL™/" mice
(Figure 2B). Impaired clearance and increased dissemination directly
correlated with the number of alveolar macrophages recovered from
the BAL of CD11¢c.Cre™-LPL"" and CD11c.Cre?-LPL"" mice
(Figure 1D), indicating a key role for alveolar macrophages in pathogen
elimination and in containing pneumococcal infection to the lung.

LPL is required during neonatal development as prealveolar
macrophages transition to mature alveolar macrophages

Having established a cell-intrinsic requirement for LPL in alveolar
macrophage generation and host defense, we next evaluated the
mechanism by which LPL supports alveolar macrophage production
(Figure 3). Alveolar macrophages develop in neonatal mice in a stepwise
program (Figure 3A).3'®!" Alveolar macrophage numbers were reduced
in CD11¢.CreP*-LPL"" mice, suggesting a requirement for LPL during
or after the prealveolar macrophage phase when CD11c is first expressed.
To define the developmental phase that requires LPL, we analyzed
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Figure 4. Developing alveolar macrophages in LPL™'~ pups do not upregulate PPAR-y despite abundant GM-CSF. (A) Representative immunoblot of PPAR-y from
prealveolar macrophages and alveolar macrophages sorted from whole lung homogenates of WT and LPL™~ neonatal (PND3) pups. Both PPAR-y1 and PPAR-y2 were
detected in prealveolar macrophages and alveolar macrophages, although only PPAR-y1 is found in the activated peritoneal macrophages used as a positive control. Positive
control contained lysate from thioglycollate-elicited peritoneal macrophages, and the negative control contained lysate from thioglycollate-elicited peritoneal macrophages
from PPAR-vy-deficient animals. Immunoblot of actin used as loading control. Density of PPAR-y band normalized first to actin, then to WT alveolar macrophage sample, set to
“1.” (B) PPAR-vy levels (normalized) from 4 independent experiments. Bar shows median of 4 values with interquartile range. (C) GM-CSF concentrations, measured by
enzyme-linked immunosorbent assay, from whole lung homogenates from WT (gray symbols) or LPL™/~ (black symbols) neonatal pups. Data normalized to lung weight
obtained prior to lysis. Each symbol represents data from 1 animal, line at median. Data from 3 independent experiments combined. (D) Flow cytometric analysis of CD131 on
alveolar macrophages from BAL fluid from adult WT (filled gray histogram) and LPL~/~ (solid line) mice. Cells that do not express CD131 shown as negative control (dotted
gray line). Representative of at least 3 independent experiments. (E) Flow cytometric analysis of phospho-STATS5 in cells incubated for 15 minutes with (solid line) or without
(filled gray histogram) GM-CSF. Prealveolar macrophages and alveolar macrophages from whole lung homogenates from WT and LPL™/~ neonatal pups (PND1-2) and in
alveolar macrophages from BAL fluid of adult WT and LPL™~ mice, defined by flow cytometric analysis as in Figure 3. Few fully mature alveolar macrophages were present in
neonatal WT and LPL™/~ pups. Percentage of cells positive for phospho-STATS5 given in each histogram. Representative of 2 independent experiments. (F) Intracellular flow
cytometric analysis of PPAR-y expression in cells from whole lung homogenates of WT and LPL ™~ neonatal pups (PND1-3), with cell types defined as in supplemental Figure 3C.
Median fluorescence intensity of each histogram is given. In lowest panel, cells were incubated overnight in vitro with GM-CSF (20 ng/mL); percentage and median fluorescence
intensity of cells with upregulated PPAR- y are given. Representative of 2 independent experiments. MW, molecular weight.

neonatal development in LPL ™~ mice (as excision of LPL in CD11c. We identified fetal macrophages, fetal monocytes, prealveolar
CreP*-LPL"" mice would not occur until Cre was expressed in macrophages, and mature alveolar macrophages of whole lung
prealveolar macrophages, precluding analysis of earlier precursors).  homogenates from WT and LPL ™'~ neonatal pups as previously
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Figure 5. Monocyte trafficking into alveoli requires LPL. (A) Monocytes isolated from the bone marrow of WT (light gray circles) and LPL™'~ (black circles) mice were
allowed to migrate across Transwell inserts for 90 minutes. The percentage of migrated cells was normalized to the maximum migration of WT monocytes stimulated with
CCL2 (10 ng/mL) within each experiment. Averages from duplicate samples from 3 independent experiments shown; P < .01 by Student t test. (B) Representative flow
cytometry of BAL fluid harvested 24 hours after intratracheal CCL2 challenge of adult WT and LPL™~ mice. Neutrophils and alveolar macrophages excluded using Ly6G and
SiglecF, respectively. Monocytes identified as CD45"CD11b*Ly6C™" cells. Total number of cells in BAL fluid shown in the upper right corner; the entire BAL sample was
acquired to enumerate cells. (C) Quantification of total number of monocytes recovered from BAL fluid and percentages of monocytes in whole lung homogenates from adult
WT (gray circles) or LPL™~ (black circles) mice challenged with intratracheal injection of CCL2 (or PBS control). Each symbol represents data from 1 animal; data from 2
independent experiments. (D) Ratio of WT to LPL™~ monocytes isolated from adult animals, mixed and cotransferred via retro-orbital injection into WT neonatal mice and
recovered 1 day following CCL2 intranasal challenge. Input ratio is used as the control. Data combined from 14 recipient mice in 3 independent experiments. (E) Examples of
images acquired via 2PM of cleared lungs from PND7 CD11c.YFP*-WT or CD11c.YFP*-LPL™/~ pups. PND7 mice were the smallest pups that could be consistently
thoroughly perfused. CD11c™ prealveolar macrophages or alveolar macrophages were easily distinguished as round, YFP+ (green/yellow) cells (white arrows) from the thin
and flat dendritic cells (yellow arrows). CD11c™ cells were also readily distinguished from many smaller, intensely autofluorescent bodies of unclear etiology located entirely
within the lung parenchyma, which were found in lungs of both CD11¢.YFP*-WT and CD11c.YFP*-LPL™'~ pups and may be artifact from the clearing process. Brightness
and contrast were adjusted using ImagedJ for display in print. Images representative of randomly selected fields from lungs of 9 CD11¢c.YFP™-WT and 9 CD11c.YFP*-LPL ™/~
pups from 2 independent experiments. Scale bar represents 50 pM. (F) Percentage of round CD11c™ cells localized entirely within alveoli as determined by a blinded observer
who scored Z-stacks from randomly selected fields from CD11c.YFP"-WT (gray circles) and CD11¢.YFP*-LPL ™'~ (black circles) pups. Data combined from 2 independent
experiments.
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established (Figure 3B).*'° We found equivalent frequencies of fetal
macrophages, fetal monocytes, and prealveolar macrophages in the lungs
from WT and LPL ™" pups euthanized on the DOB. Very few mature
alveolar macrophages were present in neonatal pups euthanized at DOB, as
expected (Figure 3B-C). Despite equivalent frequencies of precursor cells,
we consistently observed a 2-fold reduction in the percentage of mature
alveolar macrophages recovered from LPL ™ pups at PND3, PND4, and
PND7 (Figure 3C). Thus, efficient transition from prealveolar macro-
phages to mature alveolar macrophages required LPL.

Prealveolar macrophages in LPL~'~ mice do not upregulate
PPAR-y despite abundant GM-CSF

The alveolar microenvironment provides cues necessary to promote
alveolar macrophage differentiation from monocyte precursors.'> GM-
CSF is produced by alveolar epithelial cells and induces expression of
PPAR-vy, which enables the transition from prealveolar macrophage to
alveolar macrophage ®'®'? Because this transition was impaired in
LPL ™'~ pups, we analyzed PPAR-y expression in fetal monocytes,
prealveolar macrophages, and alveolar macrophages from WT and
LPL ™"~ pups. As expected, fetal monocytes from WT or LPL ™/~ pups
minimally expressed PPAR-y detectable by immunoblot (data not
shown). PPAR-y was upregulated in prealveolar macrophages
compared with monocytes, and in mature alveolar macrophages as
compared with prealveolar macrophages. The expression of PPAR-y
was reduced in alveolar macrophages from LPL ™~ mice as compared
with alveolar macrophages from WT mice (Figure 4A-B), consistent
with impaired transition from prealveolar macrophages to alveolar
macrophages.

PPAR-y upregulation requires exposure to GM-CSE.® We therefore
tested 5 nonexclusive possible mechanisms for reduced PPAR-y
upregulation in LPL-deficient alveolar macrophages: (1) reduced
GM-CSF production; (2) reduced expression of GM-CSFR; (3) reduced
signaling through GM-CSFR; (4) reduced localization of precursor cells to
the alveoli, where GM-CSF is produced; and (5) reduced alveolar
retention of alveolar macrophages or precursor cells.

Analysis revealed that GM-CSF concentrations were significantly
elevated in lungs from LPL ™"~ pups compared with that of WT pups
(Figure 4C), eliminating the first scenario. The second mechanism was
also eliminated because the 3 chain of the GM-CSFR, CD131, was
expressed equivalently on alveolar macrophages in adult WT and
LPL™" mice (Figure 4D). To test whether LPL was required for
signaling through GM-CSFR, we evaluated both induction of STATS5
phosphorylation®® and upregulation of PPAR-y following exposure to
GM-CSF in vitro (Figure 4E-F). We observed a similar increase in
phospho-STATS in prealveolar and alveolar macrophages in WT
and LPL ™'~ neonatal mice and in alveolar macrophages from WT
and LPL ™/~ adult mice following in vitro exposure to GM-CSF
(Figure 4E).

Next, we used intracellular flow cytometry to measure upregulation
of PPAR-y in cells stimulated with GM-CSF in vitro (Figure 4F). As
observed by immunoblot, expression of PPAR-y was reduced in
LPL-deficient alveolar macrophages. However, alveolar macrophages
from LPL ™~ mice upregulated PPAR-y to the same extent as did
alveolar macrophages from WT mice after overnight incubation
with GM-CSF (Figure 4F). Thus, we eliminated impaired GM-CSFR
signaling as a possible mechanism.

Monocyte trafficking into the alveoli requires LPL

Because localization to the alveolar microenvironment is required for the
acquisition of the alveolar macrophage phenotype, we evaluated a
possible requirement of LPL for precursor cell migration into alveoli. We
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first tested the requirement for LPL in monocyte motility using a standard
in vitro Transwell assay with the well-established monocyte chemokine
CCL2.% We observed significant in vitro reduction in CCL2-mediated
migration of bone marrow monocytes from LPL ™~ mice (Figure 5A). To
assess the in vivo requirement for LPL in monocyte migration into
alveoli, we performed intratracheal instillation of CCL2%* in WT and
LPL ™~ mice. CCL2 administration recruited monocytes into BAL
fluid and whole lung homogenates in WT mice, whereas significantly
fewer monocytes were recruited in LPL ™ mice (Figure 5B-C).

We confirmed a cell-intrinsic requirement for LPL in monocyte
migration in a competitive in vivo assay (Figure 5D). Monocytes were
isolated from the bone marrow of congenically marked WT and
LPL™/~ mice, mixed, and cotransferred IV into neonatal WT
mice. These neonatal mice then underwent intranasal instillation
of CCL2. Analysis revealed a significant increase in the ratio of
WT:LPL ™'~ monocytes found within the lungs, compared with
the ratio of WT:LPL ™/~ monocytes injected (Figure 5D). Thus,
LPL is required in a cell-intrinsic manner for CCL2-directed
migration of monocytes from the circulation into lung tissue.

The hypothesis that LPL supports alveolar transmigration
predicts that fewer CD11c™ cells (representing prealveolar or
alveolar macrophages) would be present in alveoli of neonatal
LPL™'" mice. We therefore generated CD11c.YFP-LPL ™'~
mice, because alveolar macrophages can be visualized using 2PM
of lung tissue from CD1lc.YFP" animals.' A blinded observer
determined the percentages of round YFP™ cells localized entirely
within alveoli in randomly selected Z-stack sections of cleared lungs
harvested from PND7 CD11c.YFP-WT and CD11c.YFP-LPL ™~ pups
and viewed as 3-dimensional projections (Figure SE; supplemental
Videos 1-4). Alveolar macrophages (or prealveolar macrophages) were
easily distinguished from CD11c " dendritic cells on the basis of distinct
morphologies: macrophages are large, round cells (Figure SE white
arrows), whereas dendritic cells are long, thin, and stellate (Figure SE
yellow arrows).”! We compared the frequencies of round YFP™ cells
present entirely within the alveoli of each imaged section, not absolute
numbers, because the penetrance of YFP expression on CDI1lc*
alveolar macrophages varied among mice (supplemental Figure 3D).
We found a decreased frequency of round YFP™ cells entirely within the
alveoli in CD11c.YFP-LPL ™'~ pups (Figure 5F), consistent with
the proposed mechanism that alveolar transmigration is impeded in
the absence of LPL.

LPL required for engraftment of monocytes and alveolar
macrophages into alveoli

Finally, we tested if LPL was required for retention of precursor cells
and/or alveolar macrophages within alveoli. Because adoptive transfer
of monocytes into the airways of recipient mice induces differentiation
into alveolar macrophatges,w’32 we evaluated a requirement for LPL in
monocyte engraftment by performing competitive intranasal adoptive
transfers of monocytes derived from neonatal WT and LPL ™"~ pups, as
previously described (Figure 6A).'° One week after adoptive transfer
of mixed donor monocytes, lungs were harvested from recipient pups
and analyzed for alveolar macrophages derived from donor cells
(Figure 6B). Mature alveolar macrophages derived from donor WT
monocytes were readily identified (Figure 6B-C). However, we could
not detect any population—monocyte, prealveolar macrophage, or
alveolar macrophage—derived from the cotransferred LPL ™~ precur-
sors (Figure 6B-C; data not shown). Thus, there was marked impair-
ment in the ability of monocyte precursors from LPL ™'~ neonatal
donors to engraft and generate mature alveolar macrophages in recipient
animals following adoptive transfer into the airways.
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Figure 6. LPL is required for engraftment into the
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alveolar space. (A) Schematic of competitive transfer A

experiment. Fetal monocytes were sorted from the

lungs of congenically marked WT (CD45.1*/CD45.2") M\/ﬁ

and LPL™'~ (CD45.2%) neonatal pups. Precursors LPL" donor

were mixed in equal proportions and transferred by CD45.2+ PND1
intranasal (i.n.) administration into congenically ' . A
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PND8 harvest
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alveolar macrophages and determination of origin.
Flow cytometry plots showing controls for gating of

CD45.1, CD45.2, and CD45.1/CD45.2 populations
shown in supplemental Figure 2. (C) Percentage of
alveolar macrophages derived from either WT (gray
circles) or LPL™'~ (black circles) donor pups. Each
symbol represents data from 1 recipient animal from
2 independent experiments. (D) Schematic of compet-
itive transfer experiment in which alveolar macro-
phages were isolated from BAL fluid of congenically
marked adult WT and LPL™/~ mice, mixed and
coinjected intranasally into marked recipient PND1
pups. After 24 or =72 hours, lungs were harvested and
analyzed for alveolar macrophages derived from donor D
mice. (E) Representative flow cytometric analysis of a
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To test if alveolar macrophages required LPL for engraftment, we
performed competitive adoptive transfer assays using alveolar macro-
phages from congenically marked adult WT and LPL ™"~ mice and
neonatal recipients (Figure 6D). Flow cytometric analysis of recipient
lungs 24 hours after transfer revealed that alveolar macrophages from
WT and LPL '~ donors could be detected (Figure 6E). We deliberately
delivered more alveolar macrophages from LPL '~ mice than WT (to
ensure detection after transfer) with a median ratio of LPL ™ -derived:
WT-derived cells of ~2:1 (Figure 6F). Analysis of recipient lungs
=72 hours after transfer revealed a significant decline in alveolar
macrophages from LPL ™~ donors (Figure 6E-F). Our data thus support
the hypothesis that another mechanism by which LPL supports alveolar

macrophage development is through enabling retention of cells within
alveoli.

LPL is essential for podosome formation

Monocyte/macrophage migration and adhesion rely upon the forma-
tion of podosomes,** which are visualized as bright F-actin dots
surrounded by integrin-associated proteins such as vinculin. LPL was
previously reported to be concentrated in macrophage podosomes. ¢
Here, imaging of fixed alveolar macrophages from WT mice revealed
colocalization between F-actin and LPL, including in podosomes
(Figure 7A, arrows). To determine whether LPL was required for
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Figure 7. LPL is essential for alveolar macrophage
podosome formation. (A) Alveolar macrophages from
adult WT mice were applied to glass coverslips and
fixed. F-actin was illuminated by staining with phalloidin-
AlexaFluor 488 (green), and LPL was labeled with anti-
LPL mAb followed by DyLight594 (red). LPL colocalizes
with F-actin in podosomes (white arrows). Scale bar
shows 20 pM. (B) Confocal image analysis demon-
strating podosome formation in alveolar macrophages
from adult WT animals (white arrow) with a podosome
defined as an actin dot (green) surrounded by anti-
vinculin staining (red). Podosomes did not form well, if
at all, in alveolar macrophages from adult LPL™'~ mice
(yellow arrow). Scale bar shows 5 nM. (C) Percentage

overlay of alveolar macrophages with podosomes from adult
WT (gray bar) or LPL™/~ (black bar) mice. Data from 3
independent experiments combined; the standard
p = 0.0008 errors of the mean of the proportions are shown and
. - were calculated using the formula standard error =
2 4 \/(p*(1 — p)/n), where p represents proportion and n
“; represents the number of samples; P value was
g 3 determined using Fisher’s exact test.
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podosome formation, freshly isolated alveolar macrophages from WT
or LPL™~ mice were examined by confocal microscopy (Figure 7B).
Podosomes were defined as vinculin-encircled F-actin punctae (Figure
7B, white arrow, WT). Alveolar macrophages from LPL ™/~ mice
exhibited significantly reduced podosome formation (Figure 7B-C,
yellow arrow), offering a molecular explanation for impaired
migration and engraftment.

Discussion

The ontogeny of alveolar macrophages is unique among macrophage
lineages.***° Recent work has defined a perinatal progression during
which yolk sac—derived monocytes arrive in fetal lungs, progress to a
prealveolar macrophage phase in the days preceding birth, and evolve
as amature alveolar macrophage phenotype following birth 81041 oy
work illuminates 2 mechanisms by which LPL expression in neonatal
precursor cells is critical for their transition to alveolar macrophages.
In addition, reduced numbers of LPL-deficient alveolar macro-
phages recoverable from the bronchoalveolar space directly correlated
with impaired pulmonary clearance and enhanced dissemination of
pneumococci, showing that genetic disruption of alveolar macrophage
generation results in immunodeficiency.

LPL supports podosome formation in alveolar macrophages.
Podosomes are integrin-based, complex multimolecular organelles that
consist of a branched F-actin core surrounded by unbranched, bundled
F-actin.*****> Podosomes enable monocyte and macrophage migra-
tion and adhesion,** and LPL was previously shown to be a major
component of podosomes.>**3¢38 Podosome formation was disrupted
in LPL-deficient alveolar macrophages, as measured by colocalization
of actin and vinculin. Podosome disruption in alveolar macrophages was
more profound than that observed in LPL-deficient peritoneal macro-
phages, in which vinculin and F-actin colocalization occurred

34,42

efficiently,® indicating that this function of LPL varies with
macrophage lineage.

Podosome disruption could underlie the observed migration and
retention defects. First, monocyte precursors relied on LPL for normal
migration into alveoli. Although LPL was previously shown to be
required for normal motility in lymphocytes,'”'## it was dispensable
for motility in neutrophils.'® The defect in monocyte alveolar
transmigration in LPL ™/~ mice was more profound than that of
monocyte trafficking into the peritoneum,*® suggesting that different
tissues present distinct environments for cellular migration.

Although precursor cells must localize to the alveoli to terminally
differentiate into alveolar macrophages, it is not currently clear whether
monocytes, prealveolar macrophages, or both, transmigrate perinatally
to give rise to alveolar macrophages. We employed numerous
techniques to further specify the histological location of precursors,
but lung tissue autofluorescence, difficulty in perfusing and aerating
neonatal murine lungs, and thin alveolar walls made such identification
technically impracticable. Using the recently described lung-clearing
technique?® and 2PM with CD11c.YFP™ reporter mice, we were able to
visualize whether prealveolar/alveolar macrophages were entirely
within alveoli or partially embedded in parenchyma in PND7 pups. A
lower frequency of CD11c-YFP* cells were entirely within the alveoli
inCD11c.YFP'-LPL™/~ mice, consistent with a model in which LPL
promotes efficient transmigration of cells into alveoli.

Second, monocytes from LPL™’" mice did not engraft, and
alveolar macrophages from LPL ™'~ mice were lost more quickly than
those from WT donors, following intranasal transfer into alveoli.
These observations suggest that LPL-supported podosomes also
enable retention of precursors and alveolar macrophages within
alveoli. Localization of precursors to the alveolar niche exposes them
to the growth factor GM-CSF, which is secreted by alveolar epithelial
cells and induces PPAR-y.®'%13394% GM.CSF production was
significantly elevated in neonatal LPL ™'~ mice, consistent with a
previously hypothesized feedback loop, centered in the alveoli, in
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Figure 8. LPL is required for the generation of alveolar macrophages and
supports transmigration of cells into alveoli and retention within the
alveolar microenvironment. Our data suggest a model in which LPL is required
for transmigration of alveolar macrophage precursors into the alveoli during
development. Our data also show that LPL is required for engraftment of monocytes
and/or mature alveolar macrophages into alveoli.

which alveolar epithelial cells sense and respond to reduced numbers
of maturing alveolar macrophages by upregulating GM-CSF."?
Reduced PPAR-y expression in alveolar macrophages in LPL™/~
pups, despite abundant GM-CSF and apparently intact GM-CSFR
signaling, strongly suggests reduced exposure to GM-CSF, which we
propose is secondary to impaired trafficking into and/or engraftment
within the alveolar microenvironment (Figure 8).

Our data also highlight the narrow temporal window that exists for
alveolar macrophage development. Despite a paucity of alveolar
macrophages and increased GM-CSF levels, prealveolar macrophage
generation terminated in LPL ™'~ mice between PND3 and PND4.
These data indicate that lung factors beyond GM-CSF restrict alveolar
macrophage development to the early neonatal period. Closure of this
developmental window prevents LPL ™'~ pups from ultimately
attaining a normal alveolar macrophage population, and as a result,
these mice remain susceptible to pulmonary bacterial infection into
adulthood.

Defining a defect in alveolar macrophage generation, based on
reduced transmigration and/or alveolar retention of precursors, as a
predisposing risk factor for pneumococcal susceptibility offers a
new paradigm for exploring novel risk factors in human pop-
ulations. Although antecedent viral infections, smoking, alcohol-
ism, and advanced age have been identified as risk factors for severe
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pneumococcal pneumonia, many apparently otherwise healthy
people are also susceptible.**~! Here, we demonstrate that even
haploinsufficiency of an actin-bundling protein impairs alveolar
macrophage generation and results in lifelong susceptibility to
pulmonary pneumococcal challenge. These results hint that genetic
variance in a class of cytoskeletal modulators not previously
associated with immunodeficiency could influence susceptibility to
pneumonia in the human population.
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