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Hereditary pulmonary alveolar proteinosis (hPAP) is a rare disorder of pulmonary surfactant accumu-
lation and hypoxemic respiratory failure caused by mutations in CSF2RA (encoding the granulocyte/
macrophage colony-stimulating factor [GM-CSF] receptor a-chain [CD116]), which results in reduced GM-
CSF-dependent pulmonary surfactant clearance by alveolar macrophages. While no pharmacologic therapy
currently exists for hPAP, it was recently demonstrated that endotracheal instillation of wild-type or gene-
corrected mononuclear phagocytes (pulmonary macrophage transplantation [PMT]) results in a significant
and durable therapeutic efficacy in a validated murine model of hPAP. To facilitate the translation of
PMT therapy to human hPAP patients, a self-inactivating (SIN) lentiviral vector was generated expressing a
codon-optimized human CSF2RA-cDNA driven from an EF1a short promoter (Lv.EFS.CSF2RAcoop), and a
series of nonclinical efficacy and safety studies were performed in cultured macrophage cell lines and primary
human cells. Studies in cytokine-dependent Ba/F3 cells demonstrated efficient transduction, vector-derived
CD116 expression proportional to vector copy number, and GM-CSF-dependent cell survival and prolifera-
tion. Using a novel cell line constructed to express a normal GM-CSF receptor b subunit and a dysfunctional a
subunit (due to a function-altering CSF2RAG196R mutation) that reflects the macrophage disease phenotype
of hPAP patients, it was demonstrated that Lv.EFS.CSF2RAcoop transduction restored GM-CSF receptor
function. Further, Lv.EFS.CSF2RAcoop transduction of healthy primary CD34+ cells did not adversely affect
cell proliferation or affect the cell differentiation program. Results demonstrate Lv.EFS.CSF2RAcoop re-
constituted GM-CSF receptor a expression, restoring GM-CSF signaling in hPAP macrophages, and had no
adverse effects in the intended target cells, thus supporting testing of PMT therapy of hPAP in humans.
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INTRODUCTION
HEREDITARY PULMONARY ALVEOLAR PROTEINOSIS (hPAP)
is a rare, life-threatening lung disease charac-
terized by progressive accumulation of surfactant
within alveoli and resulting hypoxemic respiratory
failure.1–3 It is caused by recessive homozygous
or compound-heterozygous mutations in genes
encoding the granulocyte/macrophage colony-

stimulating factor receptor (CSF2R), a hetero-
dimeric, high-affinity receptor composed of an
a-subunit (CSF2RA, GM-CSFRa, CD116) conferring
GM-CSF specificity and a b-subunit (CSF2RB, GM-
CSFRb, CD131) common to the receptors for in-
terleukin (IL)-3 and IL-5 and b subunit-associated
Janus kinase 2 (JAK2). Upon binding of GM-CSF
to the a-subunit, the intracytoplasmic portion of the
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b-subunit becomes phosphorylated by JAK2 and
initiates signaling through multiple pathways, in-
cluding phosphorylation of signal transducer and
activator of transcription 5 (STAT5).4 Disruption of
CSF2R-mediated GM-CSF signaling impairs alveo-
lar macrophage (AM) differentiation and function
but has no effect on other baseline hematopoietic
parameters.5 Without GM-CSF, AMs have a reduc-
tion in their ability to clear surfactant from the
alveolar surface, which slowly accumulates and
causes the cardinal clinical manifestation of hPAP,
progressive dyspnea of insidious onset.

Current therapy of hPAP is whole lung la-
vage (WLL), a procedure performed under gen-
eral anesthesia, with endotracheal intubation,
and mechanical ventilation of one lung while the
other is repeatedly filled with saline and drained to
remove the excess surfactant physically. Retro-
viral vector-mediated transfer of a normal Csf2rb
cDNA into Csf2rb–/– mouse hematopoietic stem/
progenitor cells (HSPCs) followed by bone-marrow
transplantation corrected GM-CSF signaling in
AMs and lung disease in Csf2rb–/– mice.6 Not-
withstanding the success of this approach in mice
and of bone-marrow transplantation in various
other diseases,7–9 it was unsuccessful in hPAP and
resulted in death from overwhelming infection,
presumably due to an inability to protect the lung
as a result of the disease-related immune defects
and the required preparative myeloablation.2

Recently, transplantation of macrophages or
monocytes into the lungs without myeloablation, a
new therapeutic approach known as pulmonary
macrophage transplantation (PMT), was shown to
be highly efficacious using either wild-type or gene-
corrected cells in murine hPAP models.10–12 These
and other results support the feasibility of trans-
lating PMT therapy of hPAP to humans using
autologous, patient CD34+ cell-derived, lentiviral
vector-mediated gene-corrected macrophages for
transplantation.

As part of a PMT clinical development program,
a state-of-the-art third-generation self-inactivating
(SIN) lentiviral vector construct was generated ex-
pressing a codon-optimized CSF2RA cDNA driven
by an internal elongation factor 1a (short; EFS)
promoter (Lv.EFS.CSF2RAcoop). This article reports
the results of nonclinical, in vitro safety and func-
tion studies for this vector in cultured macrophages
and primary human cells.

MATERIAL AND METHODS
Cell culture

Murine Ba/F3 cells were cultured in RPMI1640
(GIBCO; Life Technologies, Paisley, United King-

dom) supplemented with 10% fetal calf serum
(FCS), 100 IU/mL of penicillin/streptomycin (PAA,
Pasching, Austria), and 2 ng/mL of mIL-3 (Pepro-
tech, Hamburg, Germany) on suspension culture
plates. Murine alveolar macrophage (mAM) cells
were cultured in Dulbecco’s modified Eagle’s me-
dium (DMEM) containing 10% FCS, 10 IU/mL of
penicillin/streptomycin, 2 mM HEPES (PAA) on
adherent culture plates. All cell lines were cultured
in standard conditions at 37�C and 5% CO2. Human
CD34+ cells were isolated from umbilical cord blood
(purchased from Hannover Medical School). All do-
nors have given informed consent. After gradient
centrifugation of peripheral blood mononuclear
cells (PBMCs), CD34+ cells were enriched from
PBMCs by magnetic separation using CD34+ Mi-
croBead kit (Miltenyi Biotec, Bergisch-Gladbach,
Germany). Cells were cultured in StemSpan (STEM-
CELL Technologies, Vancouver, Canada) containing
100 IU/mL of penicillin/streptomycin, 2 mM of L-
glutamine (Thermo Fisher Scientific, Waltham,
MA), 100 ng/mL of hSCF, 100 ng/mL of hFlt3l, and
50 ng/mL of hTPO (Peprotech) at 37�C and 5% CO2.
For differentiation toward macrophages, CD34+

cells were transferred to RPMI1640 containing 10%
FCS, 100 IU/mL of penicillin/streptomycin, 100 ng/
mL of hM-CSF, 100 ng/mL of hGM-CSF, 100 ng/mL
of hFlt3l, 20 ng/mL of hIL-3, and 20 ng/mL of hIL-6
(Peprotech) for at least 10 days.

Lentiviral vector construction and production
Codon optimization of CSF2RA was performed

based on PUBMED NM_006140. Codon-optimized
CSF2RA cDNA was flanked by AgeI and SalI
restriction sites and synthesized by GeneScript
(Piscataway, NJ). Using restriction digestion (AgeI,
SalI), CSF2RA cDNA was inserted into a third-
generation self-inactivating lentiviral backbone
(pRRL.cPPT.EFS.GFP), which was used as a control
vector throughout the experiments. The final vector
pRRL.cPPT.EFS.CSF2RAcoop (Lv.EFS.CSF2RAcoop)
was sequence verified by DNA sequencing (GATC,
Konstanz, Germany). For production of viral parti-
cles, a transient four-vector transfection of HEK293T
cells was used, as previously described.13 HEK293T
cells were cultured in DMEM (PAA) containing 10%
FCS, 100 IU/mL penicillin/streptomycin, 20 mM of
HEPES (PAA), and 25 lM of chloroquine (Sigma–
Aldrich, Steinheim, Germany). Cells were trans-
fected using calcium phosphate precipitation in the
presence of 8 lg/mL of gag/pol, 5 lg/mL of pRSV-
Rev, 5 lg/mL of lentiviral vector plasmid, and
1.5 lg/mL of vesicular stomatitis virus glycoprotein
(VSVg). Viral supernatants were harvested 36 and
48 h post transfection, filtered, and concentrated
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by ultracentrifugation (Becton Dickinson, Krefeld,
Germany) for 16 h at 14,000 g and 4�C. Viral titers
were determined by several dilutions on SC-1 fi-
broblasts and flow cytometry analysis.

Lentiviral transduction
For lentiviral transduction, 100,000 mAM or

Ba/F3 cells were transferred to respective culture
medium containing 4 lg/mL of protamine sulfate.
Viral transduction was performed for 24 h. There-
after, cells were washed and transferred back to
standard culture medium. Transduction efficiency
was analyzed 72 h after transduction using flow
cytometry.

CD34+ cells were transduced using RetroNectin�

(Takara Bio, Inc., Shiga, Japan), with a multiplicity
of infection (MOI) of 20, according to the manufac-
turer’s instructions.

Generation of mAM cell lines
The mAM cell line is a murine AM cell line pre-

viously derived from GM-CSF-deficient mice.14

The mAM-hGM-R cell line is a murine AM cell line
expressing functional human GM-CSF receptors
previously derived from mAM cells by retroviral-
mediated expression of normal human GM-CSF
a- and b-subunits (MIEG3-CSF2RA, MSCF2.1-
CSF2RB vectors, respectively).1 The mAM-hPAP
cell line is a murine AM cell line expressing non-
functional human GM-CSF receptors previously
derived from mAM cells by retroviral-mediated
expression of mutant human GM-CSF a and nor-
mal b-subunits (MIEG3-CSF2RAG196R, MSCF2.1-
CSF2RB vectors, respectively).1

Cell sorting
Before sorting, Ba/F3 cells were stained with

CD116 PE antibody for 45 min at 4�C and separated
on a XDP flow cytometer (Beckman Coulter, Kre-
feld, Germany). Single cells from high, medium, and
low expressing fractions were sorted and cultured,
as previously described.

Cell cytology
Approximately 50,000 cells were re-suspended

in 200 lL of phosphate-buffered saline and centri-
fuged onto glass slides using a medite Cytofuge�

(medite, Burgdorf, Germany) at 600 g for 7 min.
Glass slides were subsequently stained using Pap-
penheim staining.

hGM-CSF-dependent survival assay
After Ba/F3 cells had been cultured in X-VIVO

15 (Lonza, Basel, Switzerland) for 24 h without

cytokines, 100,000 cells per condition were trans-
ferred either to X-VIVO 15 only as a negative con-
trol or X-VIVO 15 (Lonza) supplemented with 2 ng/
mL of mIL-3 (Peprotech) as a positive control. In
addition, transduced cells were also cultured in the
presence of 5, 10, 20, 50, or 100 ng/mL of hGM-CSF
(Peprotech) and incubated for 72 h. The percentage
of surviving cells was analyzed using FSC/SSC
gating in flow cytometry analysis.

STAT5 phosphorylation assay
After cultivation of Ba/F3 cells in X-VIVO 15

without cytokines for 24 h, cells were stimulated for
15 min in X-VIVO 15 supplemented with either 2 ng/
mL of mIL-3 or 10 ng/mL of hGM-CSF (Peprotech).
Cells were harvested and lysed using RIPA buffer
with proteinase inhibitor cocktail. Cell lysates
were analyzed by Western blot using antibodies of
STAT5 (Santa Cruz, Dallas, TX), phospho-STAT5
(Millipore, Billerica, MA), and actin (Santa Cruz) as
a loading control.1

Quantitation of vector copy number
Genomic DNA was isolated using GeneElute

Mammalian Genomic DNA Miniprep Kit (Sigma–
Aldrich). Quantitative real-time polymerase chain
reaction was performed on a StepOnePlus light
cycler (Applied Biosystems, Foster City, CA) using
Fast SybrGreen reagent (Qiagen, Hilden, Ger-
many) and primers detecting either wPRE (Fwd:
GAGGAGTTGTGGCCCGTTGT; Rev: TGACAGGT
GGTGG-CAATGCC) or the polypyrimidine tract
binding protein 2 (PTBP2; Fwd: TCTCCATTCCC-
TATGTTCATGC; Rev: GTTCCCGCAGAATGGTG
AGGTG) sequence as the internal control, respec-
tively. Normalization was performed using a plasmid
standard harboring the relevant PTBP2 sequences.
Copy number calculations were performed by the
Pfaffl method.15

GM-CSF clearance assay
For GM-CSF clearance, 100,000 mAM cells were

seeded onto a 24-well plate in standard culture
medium. After 24 h, the medium was replaced by
X-VIVO 15 containing 1 ng/mL of hGM-CSF.
Medium samples were taken after 0, 1, 3, 6, 12, and
24 h of stimulation, and hGM-CSF concentration
was determined using a Human GM-CSF ELISA
Ready-SET-Go! Kit (Thermo Fisher Scientific).

Southern blotting analysis
Briefly, 10lg of genomic DNA was digested using

restriction enzyme AflII (Thermo Fisher Scientific).
Plasmid vector DNA (10 and 100 pg) Lv.EFS.CS-
F2RAcoop served as positive controls. Digested DNA
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was separated on a TAE agarose gel and trans-
ferred to a Biodyne B nylon membrane (Pall Life
Sciences, Portsmouth, United Kingdom). Blotted
DNA was analyzed with a P32-labeled EcoRI
fragment (*600 bp) of the woodchuck hepatitis
element (wpre) using the DecaLabel� DNA la-
beling kit (Fermentas/Thermo Fisher Scientific).
After alkaline stripping, the membrane was rehy-
bridized with a radioactively labeled BamHI frag-
ment (*900 bp) of the codon-optimized CSFR2RA
cDNA. Both probes were isolated from the
pEFS.hCSF2RAcoop plasmid vector. HindIII di-
gested P32-labeled bacteriophage lambda DNA
served as a size standard.

Colony-forming assay
In order to evaluate clonogenic potential of CD34+

cells, 1,500 cells/mL were seeded in methylcellulose
(R&D Systems, Minneapolis, MN) HSC003 con-
taining Epo, GM-CSF, IL-3, and SCF in 8.8 cm2 cell
culture dishes with a 2 mm grid (Thermo Scientific
Nunc� cell culture) and cultured for 7 days in the
incubator at standard culture conditions in a sepa-
rately closed humid chamber. The overall number of
colonies was counted after 7–10 days.

Statistical analysis
Statistical analysis was performed using Prism

6 software (GraphPad, La Jolla, CA). Unless oth-
erwise noted, analysis of variance (ANOVA) with
respective post hoc testing (see figure legends) was
used. All data were reproducible and were per-
formed as a minimum of three independent
experiments.

RESULTS
Lentiviral vector design and restoration
of GM-CSF receptor function in murine
Ba/F3 cells

To lay the foundation for a human gene therapy
approach using HSPC-derived macrophages, a SIN-
LV backbone equipped with an EFS promoter was
utilized to constitutively express a codon-optimized
cDNA of CSF2RA (Lv.EFS.CSF2RAcoop; Fig. 1a). As

a control vector, the same vector architecture was
used to express a green fluorescent protein instead
of CSF2RA (Lv.EFS.GFP; Fig. 1a). To enable gene
transfer into both human and murine hematopoietic
cells, the lentiviral vectors were pseudotyped with
VSVg.

To evaluate the functionality of transgenic hu-
man CSF2RA expression, the murine mIL3/mGM-
CSF-dependent pro B cell line Ba/F3 was used.
Physiologically, GM-CSFRa initiates GM-CSF-
dependent signaling by extracellular binding to
GM-CSF. Upon pairing with GM-CSFRb, high-
affinity binding of GM-CSF is induced, which
in turn is necessary for intracellular GM-CSF-
dependent signal transduction.16 The same process
has been described for the interaction of murine
GM-CSFRb, and human GM-CSFRa in the pres-
ence of hGM-CSF,16 highlighting their suitability
to study proliferation and cell survival directly af-
ter lentiviral transduction. To test the functional-
ity of the preclinical vector, Ba/F3 cells were
transduced with an MOI of 1, and GM-CSFRa ex-
pression (CD116) was analyzed by flow cytometry.
In contrast to non-transduced control cells, CD116
was detectable on >80% of Lv.EFS.CSF2RAcoop-
transduced cells (Fig. 1b). Next, the functionality of
CSF2RA in Lv.EFS.CSF2RAcoop and Lv.EFS.GFP
transduced cells was assessed by culturing them in
the presence or absence of hGM-CSF. Maintenance
culture of transduced Ba/F3 cells in the presence of
mIL3 had no effect on cell viability, irrespective
of the construct (Fig. 1c). In contrast, withdrawal of
mIL3 resulted in <10% viable cells after 3 days in
culture. Similar observations were made when
Lv.EFS.GFP transduced Ba/F3 cells were cultured
in the presence of accelerating concentrations of
hGM-CSF. Similar to the cultures without cyto-
kines, administration of hGM-CSF could not res-
cue cell viability (Fig. 1c). The opposite effect was
observed when Ba/F3 cells were transduced with
Lv.EFS.CSF2RAcoop. Expression of GM-CSFRa
was able to rescue hGM-CSF-dependent growth in
Ba/F3 cells in a concentration-dependent manner.
While only 30% of cells could be rescued by 5 ng/mL

Figure 1. Vector design and functionality in the Ba/F3 cell line. (a) Schematic picture of the third-generation self-inactivating (SIN) lentiviral constructs
Lv.EFS.CSF2RAcoop expressing the human codon-optimized cDNA of CSF2RA (upper picture) and Lv.EFS.GFP control vector (lower picture). (b) Human CD116
expression in untransduced (left) and Lv.EFS.CSF2RAcoop non-sorted transduced (right) Ba/F3 cells. (c) Human granulocyte/macrophage colony-stimulating
factor (hGM-CSF)-dependent survival of Lv.EFS.GFP and Lv.EFS.CSF2RAcoop transduced and non-sorted Ba/F3 cells with mIL-3 as positive control, without
cytokines as a negative control and increasing hGM-CSF concentrations (5–160 ng/mL; n = 3; two-way analysis of variance [ANOVA] using Sidak’s post hoc
testing). (d) Representative plots analyzing mCD131 and hCD116 expression in untransduced and Lv.EFS.CSF2RAcoop transduced Ba/F3 cells with defined vector
copy numbers (VCNs) of 1, 2, and 4. (e) Mean fluorescence intensity (MFI) analysis of hCD116 expression in untransduced and Lv.EFS.CSF2RAcoop transduced
Ba/F3 cells with defined VCNs of 1, 2, and 4 (left), and a bar graph depicting the CD116 MFI (right; n = 3; one-way ANOVA using Dunnett’s post hoc testing).
(f) hGM-CSF-dependent survival of Lv.EFS.CSF2RAcoop transduced Ba/F3 cells with defined VCNs of 1, 2, and 4 (n = 3; one-way ANOVA using Dunnett’s post hoc
testing). *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001; ns, not significant. Color images available online at www.liebertpub.com/hgtb
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of hGM-CSF, administration of 160 ng/mL was able
to provide cell survival in >60% of the cells (Fig. 1c).
Moreover, constitutive overexpression of CSF2RA
in Ba/F3 cells did not lead to any differences in
cell proliferation (Supplementary Fig. S1a and
b; Supplementary Data are available online at
www.liebertpub.com/hgtb) or apoptosis (Supple-
mentary Fig. S1c and d). After evaluating CSF2RA
functionality in non-sorted bulk cell densities, single
cell sorting of Lv.EFS.CSF2RAcoop cells was per-
formed to establish individual cell clones harboring
one, two, or four vector copies (vector copy num-
ber [VCN] 1, 2, or 4). Evidence of stable CSF2RA
expression was present in >99% of cells in all es-
tablished lentiviral vector-transduced cell clones
(Fig. 1d). Further, the level of transgene expression
increased in proportion to VCN, as shown by the
mean fluorescence intensity (MFI) after CD116
immunostaining: VCN = 1 / MFI = 374; VCN = 2 /
MFI = 720; VCN = 4 / MFI = 1,252 (Fig. 1e). Of
note, expression of murine Csf2rb was not affected
by overexpression of CSF2RA (Fig. 1d). In order to
discriminate VCN-dependent functionality in cells
transduced with Lv.EFS.CSF2RAcoop, the individ-
ual clones were cultured in the presence or absence
of hGM-CSF. As expected, maintenance culture in
the presence of mIL-3 had no effect on cell survival,
irrespective of the VCN. In contrast, a concentration
of 5 ng/mL of hGM-CSF was sufficient to rescue
>50% of the transduced cells harboring a VCN of >2,
which was similar to the observation in bulk cells.
However, a more pronounced GM-CSF dose depen-
dency of cell growth was observed for cells harboring
a VCN of 1. Although 60% of the cells could be res-
cued by 10 ng/mL of of hGM-CSF, only 20% of viable
cells could be detected in 5 ng/mL of hGM-CSF
cultures (Fig. 1f). Similar results occurred when the
Lv.EFS.CSF2RAcoop vector was compared to SIN-
lentiviral vectors expressing wild-type CSF2RA
from either the EFS (Lv.EFS.CSF2RA) or phos-
phoglycerate kinase (PGK; Lv.PGK.CSF2RA) pro-
moters (Supplementary Fig. 2a). Individual clones
of Ba/F3 cells transduced with either Lv.EFS
.CSF2RA or Lv.PGK.CSF2RA exhibited VCN-
dependent expression of CSF2RA (Supplementary
Fig. 2b). Comparison of all three vectors revealed
the highest expression of CSF2RA for Ba/F3 cells
transduced with Lv.EFS.CSF2RAcoop (Supplemen-
tary Fig. 2c). The increased expression of the
CSF2RAcoop cDNA was reflected in GM-CSF-
dependent Ba/F3 cell survival. Lv.EFS.CSF2RAcoop-
transduced cells accumulated to slightly higher
numbers in response to GM-CSF compared to the
other vector constructs (Supplementary Fig. 2d).
These data indicate that the Lv.EFS.CSF2RAcoop

lentiviral vector restores GM-CSF receptor signal-
ing function in Ba/F3 cells.

Evaluation of vector function in murine AM
cell lines expressing normal and abnormal
human GM-CSF receptors

In order to study potential effects of transgene-
mediated CSF2RA overexpression, an AM cell line
was utilized previously created from GM-CSF–/–

AMs (mAM) that lacks expression of functional
GM-CSF receptors and does not respond to mu-
rine or human GM-CSF14 and a derivative cell line
(mAM-hGM-R) that was transduced to express
normal human GM-CSF receptors conferring re-
sponsiveness to human GM-CSF.17 Both mAM and
mAM-hGM-R cells had similar macrophage mor-
phology (Fig. 2a) and comparable growth charac-
teristics (not shown). Human CD116 expression
was detected on mAM-hGM-R but not mAM cells
(Fig. 2b). Stimulation by human but not mu-
rine GM-CSF resulted in STAT5 phosphorylation
in mAM-hGM-R cells, while mAM cells did not re-
spond to either (Fig 2c). As controls, murine
RAW264.7 cells responded to murine but not hu-
man GM-CSF, while human monocytes responded
to human but not mouse GM-CSF, as measured
by STAT5 phosphorylation (Fig. 2c). The GM-CSF
receptor signaling response of mAM-hGM-R cells,
as measured by STAT5 phosphorylation, was
dose dependent (Fig. 2d), detectable at 5 min, and
peaked 15 min after exposure to human GM-CSF
(10 ng/mL; Fig. 2e). These results support the utility
of mAM cells in studies evaluating the function of
human GM-CSF receptor subunits.

To begin to study the effects of transgene over-
expression, another mAM cell-derived cell line
(mAM-hPAP) was used, which was previously cre-
ated (by T.S. and B.C.T., unpublished results) to
express a dysfunctional a-subunit and a normal
b-subunit mimicking the precise GM-CSF receptor
alleles in an index hPAP patient (CSF2RAG196R,
CSF2RBNormal).1 These cells also had typical mac-
rophage morphology (Fig. 3a) and no detectable cell-
surface GM-CSFRa (Fig. 3b). First, mAM-hPAP
cells were transduced with Lv.EFS.CSF2RAcoop

while varying the MOI between 0.1 and 10 infec-
tious particles per cell shown to exhibit GM-CSF
receptor a-subunit expression that increased with
MOI (MOIs of 0.1, 0.5, 1, or 10 resulted in VCNs of
0.8, 3.4, 5.4, or 16.3, respectively; Fig. 3c and d).
Further, transgene product expression was highly
correlated in direct linear fashion with VCN
(Fig. 3e). Southern blotting with CSF2RA- (Fig. 3f)
or vector-specific (Supplementary Fig. 3a and b)
probes demonstrated integration of the vector into
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mAP-hPAP cell chromosomal DNA in a MOI-
dependent fashion across a broad MOI, ranging
from 5 to 25. Vector-mediated restoration of GM-
CSF receptor function was evaluated by measur-
ing the capacity of cells to clear human GM-CSF
from the culture media, as previously reported.1

Lv.EFS.CSF2RAcoop-transduced mAM-hPAP cells
cleared human GM-CSF similar to mAM-hGM-R
cells (which have functioning GM-CSF receptors),
while no GM-CSF clearance was observed in non-
transduced cells (which do not have functioning
GM-CSF receptors; Fig. 3g). These results show that
Lv.EFS.CSF2RAcoop transduction of an AM cell
line mimicking the genetic defect of hPAP patient
cells results in vector dose-dependent transduction,

transgene expression, and restoration of GM-CSF
receptor signaling.

Evaluation of vector safety
Primary human CD34+ cells (the cell type that

will be transduced in a future clinical trial) were
used to address potential side effects of transgene-
mediated CSF2RA expression. Cells transduced
with Lv.EFS.CSF2RAcoop exhibited readily detect-
able expression of the GM-CSF receptor a-subunit
in contrast to Lv.EFS.GFP-transduced cells (Fig
4a). The potential effects of overexpression were
evaluated in transduced CD34+ cells and derived
by evaluating proliferation using the eFluor670
method.13,18 Lv.EFS.CSF2RAcoop-, Lv.EFS.GFP-,

Figure 2. Characteristics of the new murine alveolar macrophage cell line (mAM). (a) Morphology of the mAM parental line mAM (left) and mAM-hGM-R
line expressing the human GM-CSFR (right); scale bar: *100 lm. (b) Representative histogram depicting hCD116 expression of mAM and mAM-hGM-R
cells. (c) Western blot analysis of overall STAT5 expression and phosphorylated STAT5 in response to human and murine GM-CSF in mAM and mAM-hGMR
cells to confirm species-specific response. No addition of cytokines (–) served as a negative control, human PBMCs as a positive control for hGM-CSF, the
mouse cell line RAW264.7 as a positive control for mGM-CSF, and actin expression as loading control. (d) Western blot depicting dose-dependent
phosphorylation of STAT5 in response to hGM-CSF (0–1,000 ng/mL) with actin expression as loading control. (e) Western blot depicting time-dependent
phosphorylation of STAT5 after stimulation with hGM-CSF (0, 5, 15, 30, and 60 min of stimulation) with actin expression as loading control. PBMC, peripheral
blood mononuclear cells; STAT5, signal transducer and activator of transcription 5; pSTAT5, phosphorylated STAT5. Color images available online at
www.liebertpub.com/hgtb
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Figure 3. Vector analysis in the mAM cell line. (a) Morphology of the mAM-hPAP line expressing the mutated GM-CSFRa (mAM-hPAP); scale bar: *100 lm.
(b) Representative histogram depicting hCD116 expression of mAM, mAM-hGM-R, and mAM-hPAP cells. (c) mAM-hPAP cells were transduced with
Lv.EFS.CSF2RAcoop using multiplicities of infection (MOIs) of 0.1, 0.5, 1, and 10. Representative plots depicting hCD116 expression of mAM-hPAP and mAM-
hPAP transduced with Lv.EFS.CSF2RAcoop. (d) MFI bargraph of hCD116 expression summarizing three independent transductions (n = 3; one-way ANOVA using
Dunnett’s post hoc testing). (e) Correlation between hCD116 MFI and VCN indicating a linear relationship between VCN and CD116 expression. (f) Southern
blot analysis using a CSF2RAcoop probe to trace the transgene integrated to the genome of mAM-hPAP cells transduced with Lv.EFS.CSF2RAcoop. No transgene
expression is detectable in mAM-hPAP cells, whereas the signal is increasing with higher MOIs (5, 10, 15, and 25) used to transduce the cells. Lentiviral
transfer plasmid in different concentrations was used as a positive control. k/H M = HindIII digested P32-labeled bacteriophage lambda DNA marker. (g) hGM-
CSF uptake from cell culture medium. mAM and mAM-hPAP cells were not able to clear hGM-CSF from the cell culture supernatant, whereas mAM and mAM-
hPAPLv.EFS.CSF2RAcoop cells efficiently cleared hGM-CSF over a period of 72 h. A well with no cells was used as a negative control. bp, base pairs. *p < 0.05;
****p < 0.0001. Color images available online at www.liebertpub.com/hgtb
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or mock-transduced cells had a similar cell
proliferation-related dye-dilution profile, indicating
a lack of effect of transgene expression on CD34+

cell proliferation (Fig. 4b). Using a standard meth-
ylcellulose assay,19,20 these three cell populations
gave rise to similar total colony counts (Fig. 4c),
and both Lv.EFS.CSF2RAcoop- and Lv.EFS.GFP-
transduced cells gave rise to CFU-GM/GEMM or
BFU-E colonies (Fig. 4d), indicating transduction
did not affect cell proliferation or multi-lineage
differentiation potential. These three cell popula-
tions also had similar cellular proliferation kinetics

during cytokine-mediated macrophage differentia-
tion in vitro over 14 days (Fig. 4e), a similar mac-
rophage appearance (Fig. 4f), and similar pattern
of macrophage cell-surface markers (Fig. 4g). Im-
portantly, Lv.EFS.CSF2RAcoop transduction did
not affect the level of GM-CSF-stimulated STAT5
phosphorylation, indicating that CSF2RA over-
expression did not increase the magnitude of GM-
CSF signaling significantly (Fig. 4h and i) in CD34+

cell-derived macrophages. These studies did not
identify adverse effects of Lv.EFS.CSF2RAcoop

transduction on CD34+ cells or their ability to

Figure 4. Transduction of primary CD34+ cells and macrophage differentiation. (a) Analysis of hCD116 expression in primary CD34+ cells, transduced with
Lv.EFS.CSF2RAcoop (red), Lv.EFS.GFP (green), or mock-treated cells (black). Non-transduced and unstained CD34+ cells have been used as negative controls
(gray). (b) Proliferation of transduced CD34+ cells, as determined by dilution of eFluor670. Mean fluorescent intensity values of e670 have been normalized to
day 0 time point. (c) Total colony numbers per 1,500 input cells cultivated in methylcellulose containing human SCF, GM-CSF, IL-3, and Epo for 7–10 days.
(d) Representative pictures of clonogenic cells observed after 7–10 days in methylcellulose-based assays. (e) Increase in overall cell number during
differentiation of Lv.EFS.CSF2RAcoop (red), Lv.EFS.GFP (green), or mock treated cells (black) toward macrophages for 14 days in the presence of IL-3, IL-6, FLT3,
M-CSF, and GM-CSF. (f) Representative bright-field images of macrophages on day 14 of differentiation. (g) Phenotypic analysis of macrophages on day 14 of
differentiation by flow cytometry. Histograms are shown as overlays of mock-treated (blue), Lv.EFS.CSF2RAcoop (black), and Lv.EFS.GFP (green) cells.
(h) Functional analysis of transduced macrophages in the presence of hGM-CSF. Histograms show phosphorylation of STAT5 in the absence (gray) or
presence (black) of hGM-CSF. (i) Relative amount of pSTAT5 after stimulation of transduced macrophages with hGM-CSF. Values are calculated and
normalized to non-stimulated conditions. Color images available online at www.liebertpub.com/hgtb
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proliferate and differentiate into mature, function-
ing macrophages.

DISCUSSION

This article reports on the creation of a third-
generation SIN lentiviral vector expressing a codon-
optimized CSF2RA cDNA (Lv.EFS.CSF2RAcoop)
and its evaluation in multiple cell lines and primary
human CD34+ cells. Transduction of murine Ba/F3
cells resulted in VCN-dependent human CSF2RA
expression and GM-CSF-dependent proliferation
without adverse effects on cell survival or prolifer-
ation. Transduction of a murine AM cell line (ex-
pressing abnormal a and normal b human GM-CSF
receptor subunits) restored GM-CSF receptor func-
tion, as measured by STAT5 phosphorylation and
receptor-mediated GM-CSF clearance. Transduc-
tion of primary healthy human CD34+ cells did not
result in any adverse effects on cell survival, cell
proliferation, or hematopoietic differentiation po-
tential. These non-clinical results support the fea-
sibility of evaluating Lv.EFS.CSF2RAcoop in human
clinical trial of autologous gene-correction/PMT
therapy of hPAP.

With respect to clinical translation, a third-
generation SIN-lentiviral vector architecture was
used, since inclusion of a self-inactivating mu-
tation into the gamma-retroviral or lentiviral vec-
tor (SIN-LV) backbones greatly reduce the risk
of insertional mutagenesis,21,22 which has been
observed in some hematopoietic stem cell gene
therapy (HSCGT) clinical trials employing gamma-
retroviral vectors.23,24 This choice is of clinical
importance, since lentiviral vectors do not show
preferential integration in or near enhancer and
promoter elements as do gamma-retroviral vectors.
To this end, HSCGT using SIN-LVs for the treat-
ment of Wiskott–Aldrich syndrome (WAS), meta-
chromatic leukodystrophy (MLD), X-linked severe
combined immunodeficiency (SCID-X1), or most
recently beta-thalassemia major could restore
functionality of a patient’s cells in vivo without any
sign of adverse events.22,25–27

Similarly, different promoter enhancer elements
have been optimized in order to avoid transgene
expression from the long terminal repeat (LTR)
region by inserting endogenous promoter ele-
ments. The human EFS promoter was used to ex-
press the CSF2RA transgene constitutively. The
use of lentiviral vectors equipped with an EFS
promoter could demonstrate sustained transgene
expression in murine and human hematopoietic
cells, and no signs of genotoxicity could be observed
when this vector combination was analyzed in an

in vitro immortalization assay.22,28,29 Similar to the
aforementioned data, constitutive overexpression
of CSF2RA by the EFS promoter showed no ad-
verse effects on CD34+ cells with regard to their
proliferation and differentiation potential to-
ward macrophages. Moreover, CSF2RA-transgenic
macrophages showed similar functionality as their
mock-treated or control-transduced counterparts.
While these data are reassuring, far more detailed
studies of the functional and safety characteristics
of this vector construct will be mandatory prior to
clinical use. In addition, some of these studies may
have to be performed in patient-derived CD34+

cells and thereof derived macrophages. As an al-
ternative to this lentiviral-based gene therapy
approach, precise genome editing tools using de-
signer nucleases such as TALEN or CRISPR/Cas9
might also be employed to induce site-specific DNA
repair. While the CRISPR/Cas9 methodology is
frequently applied to induce gene disruption by
the non-homologous end-joining machinery,30 re-
cent studies using primary HSPCs have also pro-
ven its suitability to correct the disease-causing
gene.31–33

As patients suffering from CSF2RA deficiency
are very rare, CD34+ cells and macrophages de-
rived from patient-specific induced pluripotent
stem cells (iPSC) may be utilized as an intermedi-
ate step.34 The potential to use this technology has
already been demonstrated in previous studies
using hPAP patient-specific iPSC. Here, lentiviral
vectors have been used in order to correct the hPAP
phenotype in iPSC-derived macrophages.35,36 Si-
milarly, iPSC technology has been used to gain
insights into CSF2RB-deficiency using hemato-
poietic differentiation of murine iPSC from Csf2rb-
deficient mice.37

In summary, here a SIN lentiviral vector
(Lv.EFS.CSF2RAcoop) is introduced, which would
be suited to express the CSF2RA transgene in
CD34+ patient cells in order to restore GM-CSF-
mediated downstream signaling. No adverse effect
of CSF2RA expression in cell lines or in primary
CD34+ cells were observed in this study, high-
lighting the suitability of the presented lentiviral
architecture for future efforts to correct hemato-
poietic cells with CSF2RA-deficiency.
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