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Hereditary pulmonary alveolar proteinosis (PAP) is a genetic
lung disease characterized by surfactant accumulation and res-
piratory failure arising from disruption of GM-CSF signaling.
While mutations in either CSF2RA or CSF2RB (encoding
GM-CSF receptor a or b chains, respectively) can cause PAP,
a chain mutations are responsible in most patients. Pulmonary
macrophage transplantation (PMT) is a promising new cell
therapy in development; however, no studies have evaluated
this approach for hereditary PAP (hPAP) caused by Csf2ramu-
tations. Here, we report on the preclinical safety, tolerability,
and efficacy of lentiviral-vector (LV)-mediated Csf2ra expres-
sion in macrophages and PMT of gene-corrected macrophages
(gene-PMT therapy) in Csf2ra gene-ablated (Csf2ra�/�) mice.
Gene-PMT therapy resulted in a stable transgene integra-
tion and correction of GM-CSF signaling and functions in
Csf2ra�/� macrophages in vitro and in vivo and resulted in
engraftment and long-term persistence of gene-corrected mac-
rophages in alveoli; restoration of pulmonary surfactant
homeostasis; correction of PAP-specific cytologic, histologic,
and biomarker abnormalities; and reduced inflammation
associated with disease progression in untreated mice. No
adverse consequences of gene-PMT therapy in Csf2ra�/� mice
were observed. Results demonstrate that gene-PMT therapy
of hPAP in Csf2ra�/� mice was highly efficacious, durable,
safe, and well tolerated.

INTRODUCTION
Hereditary pulmonary alveolar proteinosis (hPAP) is a disorder of
pulmonary surfactant homeostasis caused by mutations in either
CSF2RA or CSF2RB encoding the a and b subunits of granulo-
cyte-macrophage colony-stimulating factor (GM-CSF) receptors
present on the plasmamembrane of alveolar macrophages and other
cells.1–5 Surfactant normally comprises a layer of phospholipids,
cholesterol, and protein at the air-liquid-tissue interface, which
must be sufficient to reduce surface tension and prevent alveolar
collapse and be thin enough to permit gas diffusion across the alve-
olar wall.6 Homeostasis is maintained by balanced secretion of
surfactant from type II alveolar epithelial cells and clearance in
approximately equal proportions by these cells and alveolar macro-
phages.7,8 Pulmonary GM-CSF stimulates the survival, prolifera-
tion, and differentiation of alveolar macrophages and is critical for
regulating numerous macrophage functions, including removal of
excess surfactant from the alveolar surface.9 Binding to the GM-CSF
receptor a subunit activates Janus kinase 2 (JAK2) associated with
the b subunit and initiates signaling via multiple pathways,
including signal transducer and activator of transcription 5
(STAT5).10,11 Normally, signaling along the GM-CSF / PU.1 /

PPARg axis stimulates expression of ABCG1,12–16 which alveolar
macrophages require for efflux of surfactant-derived cholesterol to
high-density lipoproteins.13,17 In hPAP, disruption of GM-CSF
signaling reduces efflux of cholesterol from alveolar macrophages,
which esterify and store it in cytoplasmic droplets, resulting in the
formation of macrophage “foam” cells with reduced surfactant
clearance capacity.12 This reduces alveolar-macrophage-mediated
surfactant clearance, resulting in progressive accumulation of sur-
factant sediment within alveoli; displacement of alveolar air; and,
ultimately, hypoxemic respiratory failure.12 While recessive and
compound heterozygous mutations in either the a or the b subunit
of the GM-CSF receptor cause PAP with similar disease manifesta-
tions and natural history, the majority of patients reported to
date have mutations in the a subunit.1–5,18 In mice, disruption of
GM-CSF signaling by ablation of the genes encoding either Csf2ra
or Csf2rb causes hereditary PAP (hPAP) identical to the human
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Figure 1. Genetic Correction of GM-CSF Receptor

Signaling in Murine Macrophages

(A) Schematic of the third-generation, self-inactivating

(SIN) lentiviral vector expressing the murine Csf2ra

cDNA from the short elongation factor 1 promoter (EFS)

(mCsf2ra-LV). See Materials and Methods for details. (B)

STAT5 phosphorylation assay. Restoration of GM-CSF

signaling in mAM cells by lentiviral-vector-mediated

expression of both Csf2ra and Csf2rb demonstrated by

flow-cytometry-based measurement of GM-CSF-stimu-

lated STAT5 phosphorylation.
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disease with respect to clinical, physiological, cellular, biochemical,
and regulatory abnormalities.19,20

hPAP is currently treated by whole lung lavage, an invasive pro-
cedure performed under general anesthesia in which one lung is
mechanically ventilated while the other is repeatedly filled with
saline and drained while percussing the chest to emulsify and re-
move accumulated surfactant.18,21 This treatment results in incom-
plete removal of surfactant sediment but does not halt the under-
lying accumulation process and must be repeated, in some
patients, as frequently as every 1–2 months. In Csf2rb gene-ablated
mice, a validated model of hPAP, lethal irradiation followed by
administration of gene-corrected hematopoietic stem progenitor
cells (HSPCs) by bone marrow transplantation resulted in correc-
tion of the lung disease.22 However, bone marrow transplantation
in a child with hPAP caused by CSF2RA mutations was unsuccess-
ful, due to death from overwhelming infection prior to successful
engraftment, likely due to the myeloablative conditioning regimen
and immunosuppression required for bone marrow transplanta-
tion.2 Recently, we reported a novel cell therapy approach—
pulmonary macrophage transplantation (PMT)—which does not
require myeloablative conditioning or immunosuppression that
is based on direct intrapulmonary instillation of macrophages.19

However, no reports have evaluated the feasibility of correction
of hPAP caused by GM-CSF receptor a chain dysfunction in
human or mouse.

In the present study, we continue preparing for a human trial of gene-
PMT therapy of hPAP caused by CSF2RAmutations by conducting a
preclinical study evaluating the safety and efficacy of lentiviral-vector-
mediated Csf2ra gene correction and PMT therapy in a validated
Csf2ra�/� mouse model of hPAP. Results show that gene-PMT
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therapy of hPAP in Csf2ra�/�mice is well toler-
ated, safe, highly efficacious, and durable.

RESULTS
Construction and In Vitro Evaluation of a

Preclinical Vector to Correct GM-CSF

Receptor Function in Macrophages:

mCsf2ra-LV

We constructed a lentiviral vector (LV) express-
ing murine GM-CSF receptor a encoded by
the coding sequence (CDS) of Csf2ra (mCsf2ra-LV) to conduct
preclinical studies of gene-PMT therapy in Csf2ra�/� mice, a vali-
dated model of hPAP caused by CSF2RA mutations.20 The
design of mCsf2ra-LV (Figure 1A) is identical to our clinical grade
vector expressing human GM-CSF receptor a (pRRL.cPPT.EFS.
hCSF2RAcoopwpre)23 planned for use in a future human gene therapy
clinical trial and was constructed by replacing the human CSF2RA
cDNA with the murine Csf2ra cDNA. This was necessary because,
while human and murine GM-CSF regulate their respective myeloid
cell targets with remarkable similarity, they are neither functionally
interchangeable nor immunologically cross-reactive.24,25

To initially evaluate mCsf2ra-LV in vitro, we used mouse alveolar
macrophage (mAM) cells26 (which don’t express GM-CSF receptor
a or b chains) to create a cell line that expressed Csf2rb, but notCsf2ra,
by transduction with a vector expressing Csf2rb19 using routine
methods.27 The resulting mAM-GM-Rb+ cell line was used in GM-
CSF receptor complementation studies to evaluate mCsf2ra-LV by
measuring the phosphorylation of STAT5, a downstream target of
GM-CSF signaling. GM-CSF-stimulated STAT5 phosphorylation
was readily detectable in mCsf2ra-LV-transduced mAM-GM-Rb+

cells but not in mAM or non-transduced mAM-GM-Rb+ cells (Fig-
ure 1B). These results demonstrate that transduction by mCsf2ra-LV
can restore GM-CSF receptor function in cells expressing only the
GM-CSF receptor b.

Preparation and Characterization of Gene-Corrected

Macrophages before PMT

Our clinical strategy for gene-PMT therapy of human hPAP will
utilize autologous, gene-corrected HSPC-derived macrophages.
Therefore, in this preclinical study, murine HSPCs (lineage-
negative [Lin�] Sca1+ c-Kit+ [LSK] cells) from Csf2ra�/� mice27
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Figure 2. Phenotypic Characterization of Csf2ra Gene-Corrected Macrophages before PMT

(A) Photomicrographs of BMDMs before and after Csf2ra cDNA transfer showing macrophage morphology (Diff-Quick stain; phase contrast) and vector-derived GM-CSF

receptor a expression (CD116 immunostaining, DAPI counterstain; immunofluorescence). Magnification, 63�. (B) Phenotypic analysis. Flow-cytometric analysis of cell-

surface markers on BMDMs before or after mCsf2ra-LV transduction (Csf2ra�/� or Csf2ra�/� + Csf2ra-LV, respectively) and culture in medium containing GM-CSF (n = 3).

Numbers indicate themean fluorescence intensity of cells in the indicated gate. (C) Clonogenic analysis. Hematopoietic progenitor colony count of CFU-GM, CFU-G, CFU-M,

CFU-GEMM, and BFU-E is plotted for WT Lin� cells and day-14 Csf2ra gene-corrected macrophages (n = 3). Scale: 100 pixels. (D) Representative photomicrographs of

typical hematopoietic progenitor colonies formed from wild-type lineage-negative cells (1,500 cells per well of a 6-well SmartDish) Scale: 100 pixels. (E) Representative

photomicrographs of the colonies (top) formed from Csf2ra gene-corrected macrophages (50,000 cells per well) and colony morphology assessed by cytospin (Diff-Quick

stain; phase contrast) Magnification, 40�. The colony-forming units were either CFU-GM or CFU-M.
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were transduced with mCsf2ra-LV as described earlier, expanded and
differentiated into macrophages (referred to as gene-corrected mac-
rophages hereinafter) using established methods,19 and the gene-
corrected macrophages were characterized in vitro. Csf2ra�/� mouse
LSK-cell-derived macrophages had the morphologic appearance
of macrophages that was not affected by mCsf2ra-LV transduction
(Figure 2A, top), and CD116 was detected on gene-corrected macro-
phages but not on non-transduced cells (Figure 2A, bottom). Pheno-
type marker analysis showed that gene-corrected macrophages had
increased expression of markers typical of mature macrophages
(CD11b, F4/80, and CD11c) (Figure 2B).

Compared to GM-CSF signaling-deficient macrophages, GM-CSF re-
ceptor gene correction confers a profound survival advantage, which
manifests as soon as transgene expression begins and complements
the GM-CSF receptor defect to restore GM-CSF responsiveness.19
While the early presence of GM-CSF in the culture medium during
transduction improves the overall production of gene-corrected mac-
rophages, it obfuscates determination of initial transduction efficiency,
since the newly transduced cells immediately begin to outcompete the
non-transduced cells. Thus, the initial LSK cell transduction rate is
difficult to measure accurately by use of vector copy number (VCN)
or clonogenic colony-forming units (CFU-Cs). Notwithstanding,
because such methods can provide an estimate of transduction rate,
we measured VCN data for the gene-corrected cell pool used for
PMT in this study and found it to be 2.40 ± 0.46 (mean ± SD; n = 6).

Analysis of hematopoietic progenitor CFUs in gene-corrected macro-
phages showed a complete absence of burst-forming unit-erythroid
(BFU-E), CFU-G, and multipotential progenitor cell (CFU-G, eryth-
rocyte, macrophage, and megakaryocyte [CFU-GEMM]) colonies
(Figure 2C). We did observe a very low rate of granulocyte and/or
Molecular Therapy Vol. 27 No 9 September 2019 1599
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Figure 3. Functional Characterization of Csf2ra Gene-Corrected Macrophages before PMT

(A) GM-CSF clearance assay. Vector-mediated Csf2ra expression in Csf2ra�/� BMDMs restores clearance of GM-CSF from culture medium. Groups include BMDMs from

wild-type mice (WT), Csf2ra�/�mice before or after mCsf2ra-LV transduction (Csf2ra�/� orCsf2ra�/� +mCsf2ra-LV, respectively), and medium without cells (No cells). Data

indicate mean ± SD of 3 independent LSK-derived macrophage preparations and transductions per condition at each time point. (B) STAT5 phosphorylation assay showing

that Csf2ra-LV transduction restores GM-CSF signaling in Csf2ra�/� BMDMs. (C) Phagocytosis assay. Flow-cytometry-based quantification of phagocytic internalization of

opsonized latex beads. Histogram peaks showing internalization of 1, 2, 3, etc., beads per cell (indicated) by Csf2ra�/� BMDMs before and after mCsf2ra-LV transduction

and culture in medium containing GM-CSF. The percentage of cells containing internalized latex beads is indicated for each condition (n = 3). (D) Surfactant clearance assay

(n = 3). The ability of BMDMs (non-transduced WT or Csr2ra�/�, or mCsf2ra-LV-transduced Csf2ra�/�) to clear surfactant was evaluated by measuring surfactant-derived

cholesterol content before or immediately after a 24-h “pulse” exposure to surfactant, or after pulse exposure, washing to remove extracellular surfactant, and culture for 24 h

to permit clearance of surfactant-derived cholesterol (indicated). *p < 0.05; **p < 0.01; ns, not significant.
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macrophage progenitor cell colony formation (CFU-granulocyte and
macrophage [CFU-GM] and CFU-macrophage [CFU-M] colonies)
(Figures 2C and 2E). These colonies were smaller (Figure 2E, top)
compared to the typical colonies derived from the hematopoietic pro-
genitor cells (Lin� cells; Figure 2D). The frequency of CFUs calcu-
lated based on Poisson statistics using L-Calc software (Stem Cell
Technologies, Vancouver, BC, Canada) was 1.0E�05 ± 5.3E�06
(n = 3). Morphologic characterization of the colonies formed from
gene-corrected macrophages confirmed that they were CFU-GM
and CFU-M colonies (Figure 2E, bottom). These results show that
LV-mediated Csf2ra gene-corrected macrophages derived from
Csf2ra�/�HSPCs are mature macrophages that are not contaminated
with transduced stem cells, precluding the probability of transduced
stem cells continuing to differentiate in the lung after PMT.

Functional Characterization of Csf2ra Gene-Corrected

Macrophages before PMT

Gene-correctedmacrophages rapidly clearedGM-CSF from the culture
media with kinetics similar to that of wild-type (WT) LSK-cell-derived
1600 Molecular Therapy Vol. 27 No 9 September 2019
macrophages, whereas non-transduced Csf2ra�/� LSK-cell-derived
macrophages did not (Figure 3A). Gene-corrected macrophages were
capable of GM-CSF-stimulated phosphorylation of STAT5, similar to
WT LSK-derivedmacrophages, while non-transduced Csf2ra�/�mac-
rophages were not (Figure 3B). Gene-corrected macrophages had
increased phagocytosis of opsonized, fluorescent microspheres,
compared to non-transduced macrophages (Figure 3C). Finally, we
evaluated the functional effects of restoring GM-CSF signaling in
Csf2ra�/� macrophages by measuring the surfactant clearance capac-
ity, which measures the GM-CSF-stimulated capacity to prevent
cholesterol accumulation following surfactant exposure by promoting
cholesterol excretion.12 Non-transduced Csf2ra�/� macrophages
accumulated more cholesterol following surfactant exposure than did
WT macrophages, but cholesterol clearance was normalized in
gene-corrected macrophages (Figure 3D). These results show that
mCsf2ra-LV transduction of Csf2ra�/� macrophages restored GM-
CSF receptora expression andGM-CSF receptor-dependent functions,
including binding and clearance of GM-CSF, GM-CSF-stimulated
STAT5 phosphorylation, phagocytosis, and cholesterol clearance.
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Engraftment Efficiency and Characterization of Alveolar

Macrophages after PMT in Csf2ra–/– Mice

The effects of gene-PMT therapy on the alveolar macrophage popu-
lation were determined after administering gene-corrected macro-
phages directly into the lungs of Csf2ra�/� mice (2 million cells per
mouse) by recovering bronchoalveolar lavage (BAL) at subsequent
times and evaluating engraftment, VCN, cytology, macrophage
morphology, expression of genes normally expressed in alveolar mac-
rophages, and alveolar macrophage biomarkers of PAP (reduced
levels of Pu.1, Pparg, and Abcg1 mRNA transcripts). The percentage
of donor-derived, gene-corrected macrophages recovered from the
BAL cells were 31% ± 3.7%, 30.1% ± 2.11%, and 40.1% ± 7.11% at
2, 6, and 12 months after PMT. The VCN in BAL cells was 1.43 ±

0.69, 1.82 ± 0.20, and 1.69 ± 0.32 at 2, 6, and 12 months after
PMT. Cytologic evaluation of BAL revealed gradual clearing of the
PAP-related abnormal surfactant sediment and cellular debris over
time in treated mice and progressive worsening in untreated mice
(Figure 4A). Alveolar macrophages acquired a normal macrophage-
like morphology in treated mice but remained large and foamy in
untreated mice (Figure 4A, insets). CD116 was readily detectible on
alveolar macrophages from gene-PMT-treated mice but not from
non-treated mice (Figure 4B). Consistent with these results, the
mean fluorescence intensity (MFI) of BAL cells after CD116 immu-
nostaining (Figures 4C and 4D), and cellular Csf2ra mRNA levels
(Figure 4E) were increased in gene-PMT-treated compared to
untreated mice. The Csf2ra RNA levels in Csf2ra�/� mouse BAL cells
at 2 and 6months were 0.17 ± 0.06 and 0.6 ± 0.09 of the normal levels,
respectively. Expression of mRNA for the unique alveolar macro-
phage marker Car4 was readily detected in BAL cells from WT
mice and treated mice but was undetectable in cells from non-treated
mice (Figure 4F). Further, cellular mRNA transcript levels for Pu.1,
Pparg, and Abcg1 were increased in alveolar macrophages from
treated mice compared to non-treated mice (Figures 4G–4I). Results
from these data show that PMT of gene-corrected cells in Csf2ra�/�

recipient mice resulted in stable, long-term engraftment and that
alveolar macrophages have a normalized morphological appearance,
express the Csf2ra transgene, and have increased expression of
GM-CSF signaling axis components. Based on these results, we antic-
ipate that PMT of LV-mediated CSF2RA gene-corrected human mac-
rophages will engraft, persist, and have an efficacious and durable
clinical benefit on the lung disease in children with hPAP.

Efficacy of Gene-PMT Therapy of hPAP in Csf2ra–/– Mice

The effects of gene-PMT therapy on the severity of hPAP lung disease
were determined by administering gene-corrected macrophages to
Csf2ra�/�mice as described earlier and evaluating lung histopathology
and the turbidity, cholesterol content, and levels of cytokine
biomarkers of PAP in BAL fluid recovered at subsequent times after
PMT. One year after PMT, the abnormal lung histopathology
observed in age-matched, non-treated Csf2ra�/� mice was completely
resolved in gene-PMT-treated mice, and the microscopic appearance
of the lung parenchyma was similar to that of age-matched, non-
treated WT mice (Figure 5A). We did not observe any evidence of
pulmonary fibrosis in PMT-treated or non-treated Csf2ra�/� mice
(Figure 5A, bottom). BAL turbidity (which reflects the extent of surfac-
tant accumulation globally across the entire lung surface) declined
over time and was within the normal range by 6 months after PMT
in gene-PMT-treated mice and increased progressively in untreated
mice (Figure 5B). Similarly, the cholesterol content of BAL was mark-
edly reduced in gene-PMT-treatedmice and increased progressively in
untreated mice (Figure 5C). The levels of GM-CSF andM-CSF in BAL
fluid also increased progressively over time in untreatedmice and were
significantly reduced at all times in gene-PMT-treated mice (Figures
5D and 5E). Finally, the level of MCP-1 in BAL fluid was increased
in untreated mice and markedly reduced in gene-PMT-treated mice
1 year after PMT (Figure 4F). Results frommultiple outcomemeasures
demonstrate that PMT of gene-corrected macrophages is highly
efficacious as therapy of hPAP in Csf2ra�/� mice.

Proliferation of Transplanted Macrophages in Response to

Pulmonary GM-CSF

The effects of pulmonary GM-CSF on the local proliferation of trans-
planted macrophages was determined by transplanting Csf2ra�/�

mouse LSK-cell-derived, Csf2ra-LV gene-corrected (i.e., CD116+)
macrophages (CD45.2+) (2 � 106 cells per mouse) into either
Csf2ra�/� (CD45.2+) or WT (CD45.1+) recipient mice. Age-
matched, untreated WT and Csf2ra�/� mice served as controls.
One month after PMT, mice were evaluated for the presence of
donor-cell-derived CD116+ alveolar macrophages, Ki67+ alveolar
macrophages, BAL turbidity (an excellent measure of global PAP
disease severity19), and levels of pulmonary GM-CSF and M-CSF
(biomarkers of PAP severity). Donor cell engraftment was measured
by flow cytometry using antibodies recognizing donor (CD45.2) or
recipient (CD45.1) cells (Figure 6A), and quantification was done
by determining the percentage of cells that were CD116+ (immuno-
fluorescence). Donor macrophage engraftment was 46.4% ± 5.1%
(mean ± SEM) in Csf2ra�/� and 4.4% ± 0.97% inWT recipients (Fig-
ure 6B). The percentage of Ki67+ alveolar macrophages in PMT-
treated mice was significantly higher compared to that in untreated
Csf2ra�/� mice (15.74% ± 2.80% versus 0.75% ± 0.48% respectively;
Figures 6C and 6D), consistent with proliferation of these cells in
response to the increased pulmonary GM-CSF (28.2 ± 9.5 pg/mL
versus 3.33 ± 0.58 pg/mL, respectively; Figure 6F) and the presence
of functional GM-CSF receptors in the gene-corrected donor macro-
phages. In contrast, PMT-treated and untreatedWTmice had similar
levels of Ki67+ immunostaining, consistent with the presence of func-
tional GM-CSF receptors on normal endogenous macrophages. The
pulmonary GM-CSF levels in PMT recipients were also reduced
significantly 1 month after PMT, consistent with clearance by the
transplanted, GM-CSF receptor-positive donor macrophages (Fig-
ure 6F). In contrast, 1 month after PMT, pulmonary M-CSF levels
had not yet declined significantly (Figure 6G). These results demon-
strate that PMT-derived Csf2ra gene-corrected macrophages prolifer-
ate in response to high levels of pulmonary GM-CSF.

Safety of PMT Therapy of hPAP

Vector-related safety was evaluated by determining the stability of
the integrated provirus. This was accomplished using standard
Molecular Therapy Vol. 27 No 9 September 2019 1601
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Figure 4. PMT of Csf2ra-LV Transduced BMDMs Restores Alveolar Macrophage Functions

Csf2ra�/� mice received PMT of non-transduced or mCsf2ra-LV-transduced Csf2ra�/� BMDMs and were evaluated at several subsequent times. (A and B) Photomi-

crographs of primary alveolar macrophages 2months after PMT of the indicated BMDMs showing macrophage morphology (Diff-Quick stain; phase contrast) (A) and vector-

derived GM-CSF receptor a expression (CD116 immunostain, DAPI counterstain; immunofluorescence) (B). Magnification, 20�. Inset, 40�. (C) CD116 expression on

alveolar macrophages. Representative histogram of flow cytometry analysis stained with indicated antibody. (D) MFI of CD116 immunostaining of primary alveolar mac-

rophages recovered at the indicated times after PMT. (E–I) Measurement of mRNA transcript levels by real-time qPCR forCsf2ra (E),Car4 (F), Pu.1 (G), Pparg (H), and Abcg1

(I) in primary alveolar macrophages at the indicated times after PMT. In (D)–(I), symbols represent data from one mouse. Error bars indicate mean ± SD for n = 5–8 mice per

group (shown) evaluated at each time. *p < 0.05; ***p < 0.001; ****p < 0.001.
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protocols23 to transduce Csf2ra�/� LSK cells with mCsf2ra-LV fol-
lowed by culture in vitro to permit expansion and differentiation
into gene-corrected macrophages and structural analysis of the inte-
1602 Molecular Therapy Vol. 27 No 9 September 2019
grated vector backbone in genomic DNA using Southern blot anal-
ysis. LSK cells from Csf2ra�/� donors (n = 7) were isolated, and trans-
ductions were performed using three different lots of mCsf2ra-LV.
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Figure 5. Pulmonary Instillation of Csf2ra-LV Transduced BMDMs without Myeloablation Is Efficacious as Therapy of Hereditary PAP in Csf2ra–/– Mice

Csf2ra�/� mice received one intrapulmonary instillation of mCsf2ra-LV-transduced Csf2ra�/� macrophages and were evaluated after 2, 6, or 12 months in parallel with age-

matched, non-transduced WT or Csf2ra�/� mice as indicated. (A) Representative photomicrographs showing lung histology 1 year after PMT and staining with H&E (top),

periodic acid-Schiff staining (middle), or Masson’s trichrome staining (bottom). Magnification, 10�, Inset, 40�. (B) BAL fluid turbidity in PMT-treatedCsf2ra�/�mice and age-

matched, non-treated WT or Csf2ra�/� mice. (C) Total lung surfactant-derived cholesterol recovered BAL. (D–F) Total lung levels of GM-CSF (D), M-CSF (E), and MCP-1 (F)

recovered by BAL at 2, 6, and 12 months after one PMT. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.001; ns, not significant.
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Figure 6. Proliferation of Csf2ra Gene-Corrected

Macrophages in Response to Pulmonary GM-CSF

WT (CD45.1) and Csf2ra�/� mice received one intra-

pulmonary instillation of mCsf2ra-LV-transduced

Csf2ra�/� macrophages (CD45.2) and were evaluated at

1 month in parallel with age-matched, non-transplanted

WT or Csf2ra�/� mice as indicated. (A) Representative

flow plots showing donor macrophage (CD45.2)

engraftment in WT recipients (CD45.1) in BAL cells. (B)

Quantitation of donor macrophage engraftment in

Csf2ra�/� (assessed by number of CD116+ cells by

immunofluorescence) and WT (assessed by CD45.2

donor/CD45.1 recipient chimerism by flow cytometry)

recipients. (C) Ki67 (proliferation marker, DAB counter-

stain) staining in alveolar macrophages. Single black

arrows indicate Ki67� cells (blue nuclear stain), Double

black arrows indicate Ki67+ cells (crisp, dark brown nu-

clear stain) Scale bars, 100 mm (D) Quantification of Ki67+

alveolar macrophages in Csf2ra�/� and WT recipients

with or without PMT. (E) BAL fluid turbidity. (F) Total lung

levels of GM-CSF. (G) Total lung levels of M-CSF. *p <

0.05; ns, not significant.
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The transduced LSK cells were differentiated and expanded for
14 days to generate macrophages. Southern blot analysis of genomic
DNA resulted in detection of a single vector-specific, 3.9-kb Eco-R1
fragment in transduced cells and no detection of mCsf2ra-LV-con-
taining bands in non-transduced cells (Figure 7). These results
demonstrate the absence of large deletions and/or splicing and/or
recombination events during proviral integration, thus confirming
the presence of a stable provirus.

Overall safety and tolerability of gene-PMT therapy was evaluated by
monitoring the behavior of treated and non-treated age-matched
1604 Molecular Therapy Vol. 27 No 9 September 2019
Csf2ra�/� mice daily over the 1-year safety
monitoring period, which did not identify any
abnormal behaviors or differences between
the two groups. Further, the body weights
of gene-PMT-treated and non-treated age-
matched Csf2ra�/� mice were similar at 2, 6,
and 12 months after treatment (27.3 ± 1.74 g
per mouse [n = 7] versus 25.6 ± 0.94 g per
mouse [n = 12], p = 0.3478; 28.7 ± 1.60 g per
mouse [n = 8] versus 26.9 ± 1.00 g per mouse
[n = 6], p = 0.3821; and 31.4 ± 1.24 g per mouse
[n = 13] versus 31.3 ± 1.64 g per mouse [n = 10],
p = 0.9857, respectively).

PMT-related safety was evaluated by deter-
mining the organ distribution of gene-
corrected cells. This was accomplished by
administering gene-corrected macrophages to
Csf2ra�/� mice as described earlier, followed
by quantification of mCsf2ra-LV-specific
DNA (i.e., VCN) in organ-specific genomic DNA by real-time
PCR analysis. One year after PMT, vector-specific DNA was readily
detected in lung cells recovered by BAL in which the (mean ± SD)
VCN of mCsf2ra-LV was 1.69 ± 0.32 genomes per cell (Figure 8).
In contrast, vector-specific DNA was not detected in the circulation
(white blood cells), other hematopoietic organs (bone marrow,
spleen), organs involved in extramedullary hematopoiesis (kidney,
liver, lymph nodes), or non-hematopoietic organs (brain,
thymus, gonads) (Figure 8). These results show that gene-corrected
macrophages remain confined to the lungs after PMT in Csf2ra�/�

mice.



Figure 7. Stable Integration of mCsf2ra-LV in BMDMs

Csf2ra�/� donor-derived LSK cells (n = 7) were transduced with mCsf2ra�/�-LV at

differentMOIs, cultured for 21 days, and then evaluatedbySouthern blotting analysis.

A single band of 3.9 kb was observed in Csf2ra LV gene-corrected macrophages.
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The effects of gene-PMT therapy on hematologic indices in gene-PMT-
treated and non-treated age-matched Csf2ra�/�mice were evaluated 2,
6, and 12months after PMT.No differences were observed in red blood
cell indices (red blood cell count, hemoglobin, hematocrit) between
groups of treated and non-treatedmice at any time (Table 1). Red blood
cell volume (mean corpuscular volume [MCV]), hemoglobin (mean cell
hemoglobin [MCH]), and hemoglobin concentration (MCHC) were
also not different between treated and non-treated mice at 2, 6, and
12 months (p > 0.1069 for all comparisons; n = 7–13 mice per group
at each time point; data not shown). The total white blood count was
similar in treated and non-treated mice at 2 months but increased pro-
gressively in non-treatedmice thereafter andwas significantly increased
at 1 year after PMT innon-treated compared to gene-PMT-treatedmice
(Table 1). Similarly, the absolute counts of neutrophils, lymphocytes,
and monocytes followed a similar pattern and were similar in treated
and non-treated mice at 2 and 6 months but significantly increased in
non-treatedmice 12months after PMT (Table 1). In contrast, no differ-
ences between treated and non-treated mice were observed in absolute
counts of eosinophils, basophils, or platelets at any times (Table 1).

The effects of gene-PMT therapy onmolecular mediators of inflamma-
tion in the lungs were measured in treated and non-treated age-
matched Csf2ra�/�mice at 2, 6, and 12months after PMT as described
earlier. Interleukin (IL)-6, IL-1b, and tumor necrosis factor a (TNF-a)
were absent or present in trivial amounts in BAL fluid from treated and
nontreatedmice at 2 and 6months, and IL-6 andTNF-awere increased
in non-treated compared to treated mice at 12 months (Table 2).

Together, these results demonstrate that gene-PMT therapy of hPAP
was safe and well tolerated in Csf2ra�/� mice and prevented the in-
crease in cellular and molecular inflammation that occurs over time
in non-treated Csf2ra�/� mice.

DISCUSSION
In this report, we demonstrate that LV vector-mediated Csf2ra cDNA
expression in Csf2ra�/� macrophages complemented the GM-CSF
receptor a chain dysfunction and restored GM-CSF-dependent func-
tions, including binding and internalization of GM-CSF, phosphory-
lation of STAT5, expression of macrophage markers, phagocytic
uptake, and surfactant clearance. PMT of gene-corrected macro-
phages in Csf2ra�/� mice resulted in long-term engraftment of
gene-corrected macrophage in the lungs and demonstrated that
gene-PMT therapy of hPAP in Csf2ra�/�mice was highly efficacious,
durable, safe and well tolerated.

The extraordinary efficacy of gene-PMT therapy of hPAP observed
is supported by multiple findings, including restoration of GM-
CSF signaling and functions in Csf2ra�/� macrophages in vitro
and in vivo; pulmonary engraftment and long-term persistence
of gene-corrected macrophages; and correction of PAP-specific
cytologic, histologic, and biomarker abnormalities, indicating
that gene-PMT therapy restored pulmonary surfactant homeosta-
sis. Long-term engraftment is shown by the presence of vector-
derived Csf2ra mRNA and protein expression in alveolar
macrophages recovered 1 year after PMT of gene-corrected macro-
phages. This result is also supported by similar results seen after
PMT of WT macrophages in Csf2rb�/� mice19 and is consistent
with reports indicating that alveolar macrophages self-renew inde-
pendently of extrapulmonary myelopoiesis and/or extrapulmonary
recruitment28,29 under control by pulmonary GM-CSF via recip-
rocal feedback loop regulating population size.19 The re-establish-
ment of a functional alveolar macrophage population is supported
by the presence of morphologically normal alveolar macrophages
expressing Csf2ra, GM-CSF-dependent target genes (Pu.1, Pparg,
and Abcg1), and an alveolar macrophage-specific marker Car4.30

The progressive increase in Csf2ra mRNA level in BAL cells after
PMT indicates gradual replacement of endogenous alveolar
macrophage population by gene-corrected macrophages, as was
observed after PMT of WT macrophages in Csf2rb�/� mice, and
is consistent with the survival advantage demonstrated for
GM-CSF-responsive macrophages in vitro and in vivo.19 The
magnitude and durability of the treatment effect is demonstrated
by complete correction of PAP-related lung histopathology and
normalization of BAL turbidity (an excellent global measure of
pulmonary surfactant accumulation in PAP19) 1 year after a single
PMT of gene-corrected macrophages. Study limitations pertaining
to therapeutic efficacy include that the results did not establish a
minimum effective dose, maximum tolerated dose, and significant
dose-response relationship or exclude a possible contribution to
efficacy due to expansion of a progenitor cell population. Other
long-term studies are underway to address these limitations and
will be reported at a later date.

The progressive parallel increase in numbers of blood neutrophils,
lymphocytes, and monocytes and pulmonary IL-6, IL-1b, and
TNF-a in Csf2ra�/� mice is likely a manifestation of an innate im-
mune deficiency caused by the loss of GM-CSF stimulation of
myeloid cells accompanied by a secondary systemic inflammatory
process as a result of progressive worsening of lung disease over
time. The absence of these abnormalities in treated mice suggests
Molecular Therapy Vol. 27 No 9 September 2019 1605
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Figure 8. Localization of Transplanted

Macrophages after Intrapulmonary Administration

Csf2ra�/� mice received PMT of mCsf2ra-LV-transduced

Csf2ra�/� BMDMs, and the indicated tissues were

collected 1 year later and evaluated for the presence of

transplanted macrophages by measuring the amount of

mCsf2ra-LV vector DNA by qPCR using vector-specific

primers. Results are expressed as the number of vector

genomes per cell as described in Materials and Methods.

Each circle represents results for a separate PMT-treated

mouse. Error bars represent the mean ± SD vector copy

number for five mice per group.
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that gene-PMT therapy may improve innate immune lung host
defense. GM-CSF is well-known to stimulate multiple host
defense functions in human and murine alveolar macrophages
and circulating neutrophils, including cell adhesion, phagocytosis,
production of reactive oxygen species, and microbial killing.31,32

In humans, disruption of GM-CSF signaling by neutralizing auto-
antibodies is associated with increased infection-related morbidity
and mortality from opportunistic and common microbial patho-
gens.31 In mice, disruption of GM-CSF signaling also increases the
susceptibility to a broad range of microbial pathogens (reviewed
elsewhere33) and increases in infection-related mortality.34 Further
studies are needed to define this aspect of the potential therapeutic
benefit of gene-PMT therapy of hPAP.

Our clinical strategy incorporates several features intended to reduce
risk and improve safety, including use of a third-generation LV ex-
pressing the transgene from a weak physiological promoter, trans-
plantation of mature macrophages rather than stem cells, and no
use of myeloablative conditioning and immunosuppression. The
mCsf2ra-LV-mediated integration of the transgene into murine
HSPCs remained stable throughout in vitro macrophage differentia-
tion. The observation that gene-corrected macrophages remained
confined to the lungs after PMT reduces concern about potential risks
from germline transmission of recombinant vector-derived DNA.
Importantly, gene-PMT therapy did not result in parenchymal lung
damage, systemic inflammation, germline transmission of vector
DNA, or behavioral abnormalities. Safety-related study limitations
include that integration site analysis was not performed after gene-
PMT therapy. Further, the present study was focused on long-term
safety, not the potential for acute toxicity.

Formal mouse toxicology studies are now underway to address the
safety of gene correction and PMT and will be reported elsewhere.
Briefly, these include a single ascending dose (SAD) study with
evaluation at 24 h and 14 days to assess the potential for acute pul-
monary responses such as bronchospasm, inflammation, and pneu-
monia and anaphylaxis. Also ongoing is a repeat ascending dose
(RAD) study directly mimicking the planned clinical trial design
with evaluations at 6 months to assess the potential for adverse
clinical outcomes, gene-transfer vector-related safety, the bio-distri-
bution of gene-corrected cells, and anti-GM-CSF receptor antibody
responses.
1606 Molecular Therapy Vol. 27 No 9 September 2019
In conclusion, results of this non-clinical study in a validated
animal model demonstrate the safety, tolerability, and efficacy
of gene-PMT therapy of hPAP and support the feasibility of
testing this approach in humans with hPAP caused by CSF2RA
mutations.

MATERIALS AND METHODS
The procedures and assays utilized in this study have been described
previously19 and are summarized briefly in the following text.

Mice

The generation of the Csf2ra�/� mice has been described
previously.20 Briefly, Csf2ra�/� mice were created in C57BL/6J
background (express the Ptprcb [CD45.2 or Ly5.2] allele) using
standard CRISPR/Cas9 genome editing technology35 in the Trans-
genic Animal and Genome Editing Core (TAGE) at CCHMC. Sin-
gle-strand guide RNA (sgRNA) targeting sequences were designed
to recognize exon 2 (positions 1160–1179 bp) and exon 3 (posi-
tions 1322–1341) of the mouse Csf2ra gene and resulted in a dele-
tion of 220 bp spanning DNA encoding most of the signal peptide
and part of the mature protein encoded in exons 2–3. These mice
do not express a functional Csf2ra protein. Congenic strain
B6.SJL-PtprcaPepcb/BoyJ (stock no. 002014/B6 Cd45.1) mice were
used as PMT recipients in WT transplant experiments. All animals
used in this study were bred and experiments were conducted
in the Cincinnati Children’s Hospital Research Foundation Vivar-
ium using standard institutional animal care protocols and appro-
priate institutional animal care and use committee (IACUC)
approvals.

Cell Lines

The cell line created to complement the Csf2ra gene defect was
derived from an alveolar macrophage cell line, mAM, which was pre-
viously isolated from Csf2-deficient mice as described.26 Briefly,
mAM cells were created without transformation by culturing Csf2-
deficient mAMs in DMEM supplemented with mouse L929 cell-
conditioned medium. While mAM cells do not express GM-CSF
receptors and, therefore, do not undergo GM-CSF-stimulated differ-
entiation, they spontaneously secrete M-CSF, which supports autolo-
gous cell survival and proliferation, making them useful for creating
cell lines to test either Csf2ra or Csf2rb gene complementation, as
we have previously reported.23



Table 1. Effects of Intrapulmonary Instillation of mCsf2ra-LV-Transduced Macrophages on Hematological Indices in Csf2ra–/– Mice

Hematologic Parameter Normal Range Time after PMT (Months) Untreated Median [IQR] (n) PMT Median [IQR] (n) p Value

RBC count, � 106/mL 8.32–11.2

2 8.02 [7.70–8.76] (7) 8.05 [7.73–8.51] (12) 0.8208

6 7.78 [7.053–8.26] (8) 7.87 [7.44–8.35] (6) 0.7546

12 8.48 [7.89–8.94] (13) 8.29 [7.64–8.42] (10) 0.3670

Hemoglobin, g/dL 14.8–16.3

2 13.4 [13.0–15.2] (7) 13.9 [13.6–14.2] (12) 0.7260

6 11.7 [10.2–12.2] (8) 11.6 [10.5–11.9] (6) 0.9201

12 12.1 [11.7–13.5] (13) 12.35 [12.0–13.0] (10) 0.8180

Hematocrit, % 40.9–54.6

2 38.3 [36.9–43.8] (7) 39.9 [38.35–41.68] (12) 0.7575

6 37.7 [33.3–49.78] (8) 38.2 [36.4–41.0] (6) 0.6620

12 40.4 [37.0–42.1] (13) 38.5 [37.6–39.8] (10) 0.2500

WBC, � 103/mL 1.18–14.7

2 3.00 [2.44–4.12] (7) 3.69 [2.67–4.79] (12) 0.6061

6 2.97 [2.52–3.44] (8) 3.19 [2.55–3.55] (6) 0.6600

12 4.68 [2.84–5.70] (13) 1.78 [1.28–1.78] (10) <0.0001

Neutrophils, � 103/mL 0.08–2.27

2 0.15 [0.07–0.26] (7) 0.20 [0.06–0.26] (12) 0.4192

6 0.19 [0.12–0.27] (8) 0.25 [0.21–0.46] (6) 0.0636

12 0.87 [0.62–2.07] (13) 0.34 [0.14–0.58] (10) 0.0015

Lymphocytes, � 103/mL 0.74–12.6

2 2.34 [1.98–3.4] (7) 3.03 [2.17–3.88] (12) 0.4824

6 2.29 [2.01–2.74] (8) 1.96 [1.82–2.44] (6) 0.1419

12 2.31 [1.62–3.54] (13) 1.27 [0.85–1.66] (10) 0.0011

Monocytes, � 103/mL 0.0–0.19

2 0.36 [0.24–0.47] (7) 0.38 [0.25–0.48] (12) 0.7263

6 0.34 [0.26–0.46] (8) 0.33 [0.28–0.59] (6) 0.9757

12 0.44 [0.37–0.90] (13) 0.18 [0.3–0.26] (10) 0.0003

Eosinophils, � 103/mL 0.01–0.48

2 0.01 [0.01–0.02] (7) 0.02 [0.00–0.04] (12) <0.9025

6 0.03 [0.01–0.05] (8) 0.01 [0.01–0.17] (6) <0.8415

12 0.08 [0.02–0.18] (13) 0.05 [0.18–0.08] (10) 0.2480

Basophils, � 103/mL 0.0–0.06

2 0.00 [0.00–0.01] (7) 0.00 [0.00–0.01] (12) 0.8808

6 0.00 [0.00–0.01] (8) 0.00 [0.00–0.02] (6) >0.9999

12 0.03 [0.01–0.55] (13) 0.02 [0.01–0.03] (10) 0.2457

Platelets, � 103/mL 749–2,828

2 615 [554–822] (7) 695 [598–729] (12) 0.4824

6 687 [613–857] (8) 1059 [531–1,059] (6) 0.9497

12 943 [747–986] (13) 841 [686–929] (10) 0.3758

Csf2ra�/� mice received intrapulmonary instillation of mCsf2ra-LV transduced macrophages (2 � 106 cells per mouse) (PMT) once, and at 2, 6, and 12 months later, blood was
obtained from PMT-treated and age-matched, untreated Csf2ra�/�mice. Data are presented as medians (interquartile range [IQR]), and between-group comparisons were done using
non-parametric methods (Mann-Whitney rank-sum test) for consistency, since results for some groups were either not normally distributed or of unequal variance. Normal ranges for
C57BL6 mice spanning a broad range of ages from a large cohort of mice including young and old mice through 1 year are provided from the Jackson Laboratory Mouse Phenome
Database (n = 93). RBC, red blood cell, WBC, white blood cell. p values < 0.05 were considered significant.

www.moleculartherapy.org
LVs, LSK-Cell Transduction, and Differentiation and Expression

of Transduced Macrophages

The CDS (1,167 bp) for mouseCsf2ra (NCBI: NM_009970.2) was syn-
thesized by GenScript (Piscataway, NJ, USA) with BspE1 and SalI re-
striction endonuclease sites included at the 50 and 30 ends, respectively,
for cloning purposes. This CDS was inserted into a third-generation,
self-inactivating LV (pRRL.cPPT.EFS.hCSF2RAcoopwpre)23 construct
expressing a codon-optimized CSF2RA CDS driven by an internal
elongation factor 1a (short; EFS) promoter, by digesting the plasmid
using the restriction enzymes SgrA1 and SalI (New England Biolabs
[NEB], Ipswich, MA, USA). This digestion step removes the hCSF2RA
cDNA from the vector backbone. Using T4 DNA ligase (NEB) the
BspE1 and SalI digestion product was ligated to the vector backbone
in place of the hCSF2RA CDS. The cloned mouse Csf2ra LV vector
exactly resembles the human clinical vector, except for the mouse
Csf2ra CDS replacing the human CSF2RA CDS. This mouse vector
permits evaluation of the safety and efficacy of the Csf2ra transgene
in Csf2ra�/�mouse model. The sequence of the cloned vector plasmid
(EFS.mCsf2ra-LV) was verified by DNA sequencing (DNA
Sequencing and Genotyping Core, CCHMC). LV production was
done by transient transfection of 293T cells in a 100-mm cell-culture
dish using the calcium chloride and 2� hepes buffered saline (HBS)
Molecular Therapy Vol. 27 No 9 September 2019 1607
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Table 2. Effects of Intrapulmonary Instillation of mCsf2ra-LV-Transduced Macrophages on Lung Proinflammatory Cytokine Levels in Csf2ra–/– Mice

Cytokine in BAL Fluid Time after PMT (Months) Untreated Median [IQR] (n) PMT Median [IQR] (n) p Value

IL-6, pg/mL

2 0.00 [0.00–16.0] (8) 0.00 [0.00–0.00] (8) 0.4667

6 0.00 [0.00–0.00] (8) 0.00 [0.00–0.00] (6) >0.9999

12 17.8 [6.70–68.5] (13) 5.28 [1.35–19.9] (10) 0.0436

IL-1b, pg/mL

2 0.00 [0.00–8.12] (8) 0.00 [0.00–2.67] (8) 0.8825

6 0.00 [0.00–0.00] (8) 0.00 [0.00–0.00] (6) >0.9999

12 1.05 [0.00–10.7] (13) 7.39 [0.00–22.5] (10) 0.4308

TNF-a, pg/mL

2 3.30 [1.11–5.02] (8) 3.04 [0.04–4.45] (8) 0.5717

6 0.00 [0.00–0.00] (8) 0.00 [0.00–0.00] (6) >0.9999

12 8.26 [5.28–16.3] (13) 4.65 [4.22–7.33] (10) 0.0223

Csf2ra�/� mice received intrapulmonary instillation of mCsf2ra-LV-transduced macrophages (2 � 106 cells per mouse) (PMT) once and at 2, 6, and 12 months later. BAL fluid was
obtained from PMT-treated and age-matched, untreated Csf2ra�/� mice and evaluated as described in Materials and Methods. Data are presented as medians (interquartile range
(IQR), and between-groups comparisons were done using non-parametric methods (Mann-Whitney rank-sum test) for consistency since results for some groups were either not nor-
mally distributed or of unequal variance. p values < 0.05 were considered significant.
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precipitation method, with 8 mg LV plasmid, 10 mg codon-optimized
short form of Gag/Pol, and 3 mg vesicular stomatitis virus glycoprotein
(VSVg). The supernatant containing the lentivirus was harvested 36
and 48 h post-transfection and was concentrated to 800- to 1,000-
fold by ultracentrifugation for 1.5 h at 25,000 rpm and 4�C. To obtain
high-titer lentivirus purification, the ultracentrifugation step was car-
ried out on a 20% sucrose gradient (Viral Vector Production Facility,
CCHMC). Viral titers were determined in a mAM cell line26 derived
from GM-CSF-deficient mice, after transduction with serially diluted
virus and measuring the percentage of mAM cells expressing
CD116+ cells by flow cytometer (BD Biosciences, San Jose, CA, USA).

STAT5 Phosphorylation Assay

Restoration of GM-CSF receptor function after LV transduction in
Csf2ra�/� LSK-derived macrophages was tested using a GM-CSF-
stimulated STAT5 phosphorylation assay following staining using
anti-phospho STAT5 antibody (47/Stat5(pY694); BD Biosciences)
by flow cytometry.19 The increase in the MFI of phosphorylated
STAT5 after GM-CSF stimulation is a measure of GM-CSF receptor
signaling activity.

Bone Marrow-Derived Macrophages (BMDMs)

The LSK cell isolation, transduction, expansion, and differentiation
were performed using culture conditions optimized to generate mac-
rophages as reported previously.19

CFU Assay

Murine bone marrow Lin� cells or LSK-derived Csf2ra gene-
corrected macrophages were evaluated for the presence of hemato-
poietic progenitor cells using Methocult methylcellulose-based
medium. The cells (1,500–50,000) were seeded in completeMethocult
GF M3434 (STEMCELL Technologies, Vancouver, BC, Canada) that
contains recombinant mouse stem cell factor (rm SCF), rm IL-3, re-
combinant human (rh) IL-6, rh insulin, and human transferrin (iron
saturated) to detect formation of erythroid progenitor cells (BFU-E),
granulocyte and/or macrophage progenitor cells (CFU-GM, CFU-G,
1608 Molecular Therapy Vol. 27 No 9 September 2019
and CFU-M), and multipotential progenitor cells (CFU-GEMM) and
were scored for CFUs following 12 days of incubation. The colonies
were plated on a SmartDish (6-well) plate (STEMCELL Technolo-
gies), and Stemgrid-6 (STEMCELL Technologies) was used during
the colony-counting procedure. The colonies were scored using a
Zeiss microscope-Axiovert 25 (Ziess, Jena, Germany). The colonies
from the day-14 Csf2ra gene-corrected macrophages were plucked,
and cytospins were done to assess the cell morphology.

GM-CSF Clearance Assay

Receptor-mediated GM-CSF clearance was evaluated as described
previously.1 Briefly, WT, Csf2ra�/�, and Csf2ra gene-corrected
macrophages were seeded at a concentration of 3–4 � 105 cells
per milliliter in 24-well plates. At time 0, GM-CSF (1 ng/mL)
was added to the culture dishes. The culture medium was collected
at subsequent time points (4, 12, 24, 48, 72, and 96 h) and analyzed
for the remaining GM-CSF levels over time by ELISA (R&D Sys-
tems). The levels of GM-CSF remaining at different time points
are plotted as a percentage in comparison to the initial GM-CSF
concentration input.

Flow Cytometry

BAL cells were stained with F4/80 and mouse CD116. LSK-derived
macrophages were stained to detect surface expression of F4/80
(BM8), CD11c (HL3), and CD11b (M1/70). The antibodies were pur-
chased from eBioscience (Waltham, MA, USA). The macrophage
phenotype was assessed using the BD FACSCanto I (Becton Dickin-
son), and the results were analyzed using BD FACSDiva software. The
donor (Csf2ra-LV, CD45.2) cells were distinguished from the BoyJ
(CD45.1) recipient cells in the BAL by differential expression of alleles
of the CD45 pan-leukocyte surface marker CD45.1/CD5.2. BAL cells
were stained with F4/80 monoclonal antibody, clone BM8, APC; anti-
mouse CD45.1 Pacific Blue, clone A20 (BioLegend, San Diego, CA,
USA); and CD45.2 anti-mouse FITC (fluorescein isothiocyanate),
clone 104 (BD PharMingen, San Jose, CA, USA) according to manu-
facturer’s instructions and acquired with a BD FACS Canto II
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instrument. Donor engraftment in BAL was analyzed by first gating
on F4/80+ alveolar macrophages followed by assessing CD45.2
(donor) chimerism inWT (CD45.1) PMT recipients using BD FACS-
Diva software.

Phagocytosis Assay

The phagocytic capacity of Csf2ra�/� and gene-corrected macro-
phages was assessed by exposing the cells to opsonized, fluorescent
Nile red beads as previously described12 and measuring the relative
bead uptake using a flow cytometer (BD FACSCanto I).

Surfactant Clearance Assay

The surfactant clearance assaywas performed as previously described.36

Briefly, 3–4 � 105 macrophages (non-transduced WT or Csf2ra–/–, or
mCSF2ra-LV-transduced Csf2ra–/– BMDMs) were exposed to PAP pa-
tient surfactant for 24 h to allow uptake of surfactant. After 24 h, the
macrophages were washed with prewarmed PBS to remove the loaded
surfactant and incubated for another 24 h to assess the surfactant clear-
ance capacity. Cellular lipids were extracted from the macrophages by
adding 100% isopropanol to the wells. The cholesterol levels were
measured using the Amplex Red Cholesterol Assay Kit (Thermo Fisher
Scientific) and were normalized to the cellular protein content (Pierce
BCAProteinAssayKit, ThermoFisher Scientific) at baseline (no surfac-
tant exposure), 24-h surfactant exposure (surfactant load), and 24 h
post-surfactant exposure (surfactant clearance).

BAL Collection and Turbidity Measurement

Epithelial lining fluid and non-adherent cells were collected from the
experimental mice by BAL, as described previously.1 Briefly, 1 mL
PBS containing 0.5 mM EDTA was instilled into the lungs of the
mice and aspirated back 4–5 times to collect the BAL cells. This
step was repeated an additional 4 times. The BAL aliquots were
pooled and gently mixed to ensure a homogeneous suspension. The
BAL turbidity measurements were performed by diluting 250 mL
BAL with 750 mL PBS; optical density was measured at a wavelength
of 600 nm with a DU 640B spectrophotometer (Beckman Coulter),
and the results obtained were multiplied by the dilution factor.

PMT

Age-matched Csf2ra�/� mice of both sexes were enrolled and were
randomly assigned to the experimental groups. The PMT procedure
was performed as described previously using a dose of 2 million
Csf2ra gene-corrected macrophages.19 The mice were monitored un-
til recovery after the PMT procedure and were returned to cages for
routine care and handling. The mice were monitored daily for behav-
ioral, morbidity, and mortality assessments.

RT-PCR

Total RNA was extracted from the BAL cells using TRIzol reagent
(Life Technologies, Carlsbad, CA, USA) according to the manufac-
turer’s instructions. cDNA synthesis was performed using Super-
Script III First-Strand Synthesis System (Thermo Fisher Scientific).
100 ng cDNA was used for real-time qPCR runs to measure
the relative expression of target genes Pu.1 (Mm00488142_m1),
Ppar-g (Mm01184322_m1), Abcg1 (Mm00437390_m1), Car4
(Mm00483021), and Csf2ra (Mm00438331_g1). The target gene
expression was normalized to the 18S RNA (4310893E) expression.
The primer probe sets were purchased from Thermo Fisher Scientific.
The real-time qPCR runs were performed on an ABI 7300 Real-Time
PCR System (Thermo Fisher Scientific). Data are expressed as fold
change of the mean relative to gene expression of Csf2ra�/� mice.

Lung Histology

Lung inflation and fixing were performed using standard methods as
described previously.1 Briefly, fixed lungs were processed for histol-
ogy sections, and the slides were stained with H&E, Periodic acid-
Schiff (PAS), or Masson Trichrome.

Immunostaining for GM-CSF Receptor Alpha (CD116)

Immunostaining forCD116was performedbyfixing the BAL cells sedi-
mented onto cytospin slides for 10 min in 4% paraformaldehyde solu-
tion. The slides were washed thrice with PBS and blocked for 1 h in PBS
containing 0.25% Triton X-100 (Sigma, St. Louis, MO, USA) and 5%
normal goat serum (PBST). After blocking, the slides were incubated
with anti-mouse GM-CSF receptor a-PE at a dilution of 1:50 in
PBST. The slides were incubated in dark conditions at room tempera-
ture for 4 h or at 4�C overnight. The slides were then washed 3 times
with PBS by incubating for 10 min between subsequent washes. Coun-
terstaining was done with DAPI (Vector Laboratories, Burlington, CA,
USA) before visualization in a Zeiss Axioplan 2 microscope (Zeiss).
Photographs were taken at 10�, 20�, and 40� magnifications using
AxioVision software. The quantification of CD116-stained BAL cells
were determined by counting CD116+ and DAPI+ cells in five or
more random 20� fields for every mouse analyzed. The percentage of
CD116+ cells from transplanted mice were estimated by dividing the
number of CD116+ cells by the total number of DAPI+ cells in all fields
and multiplying the resulting number by 100.

In Vivo Evaluation of Proliferation of Transplanted Macrophages

Immunostaining for Ki67+ cells was performed on the BAL cells sedi-
mented onto cytospin slides by the CCHMC Pathology Core Facility
using anti-Ki67 antibody-Clone 30-9 (Roche Diagnostics, Basel,
Switzerland). The slides were counterstained with species-specific
secondary antibodies and detected with the OptiView DAB Kit
(Roche). Photographs were taken at 20� and 40� magnification us-
ing a Leica DM2700 M bright-field microscope (Leica Microsystems,
Buffalo, Grove, IL, USA). The quantification of Ki67+ alveolar macro-
phages was performed by counting the number of Ki67+ (brown nu-
clear staining) AMs and the total number of alveolar macrophages in
five or more random 20� fields for every mouse. The percentage of
CD116+ cells from transplanted mice was estimated by dividing the
number of Ki67+ cells by the total number of AM in all fields and
multiplying the resulting number by 100.

BAL Cholesterol

The total cholesterol levels in the BAL were measured using the
Amplex Red Cholesterol Assay Kit (Thermo Fisher Scientific) as
per the manufacturer’s protocol.12
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ELISA

The concentrations of GM-CSF, M-CSF, and MCP-1 (PAP bio-
markers), and inflammatory cytokines IL-6, IL-1b, and TNF-a were
measured in the BAL by ELISA using the mouse quantikine kits
from R&D Systems as described previously.1

Southern Blotting Analysis

Genomic DNA was isolated from Csf2ra�/� LSK-derived macro-
phages and LV-mediated Csf2ra gene-corrected macrophages (ob-
tained from seven independent transductions) using the QIAGEN
DNA lysis and protein precipitation method and recovered by pre-
cipitation with alcohol and dissolved in hydration buffer. Briefly,
10 mg genomic DNA from the macrophages were digested with AflII
(Thermo Fisher Scientific). Day-14 macrophages from non-trans-
duced Csf2ra�/� LSK cells served as negative controls. EFS.mCsf2ra
LV plasmid DNA (50 pg) served as a positive control. The
woodchuck hepatitis virus posttranscriptional regulatory element
(wPRE) sequence-specific probe was used for the detection of
labeled DNA. The digested DNA was resolved on a Tris base, acetic
acid, and EDTA (TAE) agarose using procedures described
previously.23

Hematological Analysis

Blood was collected from superior vena cava, and 25 mL blood was
used to perform a complete blood count using a fully automated
Hemavet.850 (Drew Scientific).

Systemic and Organ-Specific Localization of PMT-Derived Cells

Genomic DNA was extracted from BAL cells; white blood cells; and
single-cell suspensions of liver, spleen, gonads, lymph nodes, bone
marrow, brain, kidneys, and thymus using standard procedures
(described in Southern Blotting Analysis, earlier in the Materials
and Methods section). VCN was assessed in these tissues to detect
the presence of Csf2ra gene-corrected macrophages after PMT pro-
cedure. qPCR was performed using primers that detect the R-U5 re-
gion of integrated provirus in the Applied Biosystems ABI7900HT
Fast Real-Time PCR System (Thermo Fisher Scientific). The Ct values
were normalized to the levels of mouse ApoB gene as described in
detail previously.1

Statistical Analysis

Numeric data were evaluated for normality and variance using the
Shapiro-Wilk and Levene median tests, respectively, and presented
as mean ± SD (parametric data) or median and interquartile range
(nonparametric data). Statistical comparisons were made with the
Student’s t test, one-way ANOVA, or Kruskal-Wallis rank-sum test
as appropriate; post hoc pairwise multiple comparison procedures
were done using the Student-Newman-Keuls or Dunn’s method as
appropriate. p values % 0.05 were considered to indicate statistical
significance. All studies used male and female mice by randomly as-
signing mice housed in the same cage to separate experimental groups
but without formal randomization or blinding. Analyses were done
using Prism software (v7.0d). All experiments were repeated at least
twice, with similar results.
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