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SUMMARY

Induced pluripotent stem cell (iPSC)-derived hematopoietic cells represent a highly attractive source for cell and gene therapy. Given the
longevity, plasticity, and self-renewal potential of distinct macrophage subpopulations, iPSC-derived macrophages (iPSC-M¢) appear of
particular interest in this context. We here evaluated the airway residence, plasticity, and therapeutic efficacy of iPSC-M¢ in a murine
model of hereditary pulmonary alveolar proteinosis (herPAP). We demonstrate that single pulmonary macrophage transplantation
(PMT) of 2.5-4 x 10°iPSC-Me yields efficient airway residence with conversion of iPSC-M to an alveolar macrophage (AMo) phenotype
characterized by a distinct surface marker and gene expression profile within 2 months. Moreover, PMT significantly improves alveolar
protein deposition and other critical herPAP disease parameters. Thus, our data indicate iPSC-Mg¢ as a source of functional macrophages
displaying substantial plasticity and therapeutic potential that upon pulmonary transplantation will integrate into the lung microenvi-
ronment, adopt an AM¢ phenotype and gene expression pattern, and profoundly ameliorate pulmonary disease phenotypes.

INTRODUCTION

Induced pluripotent stem cells (iPSCs), and thereof derived
progeny, constitute a potentially unlimited, highly stan-
dardized source for cell and gene therapy (Takahashi and
Yamanaka, 2006). With regard to diseases of the hemato-
poietic system, hematopoietic stem cells (HSCs) tradition-
ally represent the prime target cells for transplantation
and gene therapy approaches (Naldini, 2015); however,
despite some recent success, the generation of transplant-
able HSCs from pluripotent cell sources remains problem-
atic (Sugimura et al., 2017; Suzuki et al., 2013). On the
other hand, transplantable and long-lived cells also exist
in the myeloid compartment and here, in particular
distinct tissue resident macrophage populations have
been identified. Moreover, the generation of functional

696 Stem Cell Reports | Vol. |1 | 696-710 | September 11,2018 | © 2018 The Author(s).
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

macrophages from iPSCs (iPSC-Me) already has been estab-
lished with considerable efficacy (Lachmann et al., 2015;
Mucci et al., 2016; van Wilgenburg et al., 2013). The capac-
ity of such iPSC-Me¢ to long-term engraft in different or-
gans and adopt an organ-specific tissue-resident macro-
phage (TRM)-like surface phenotype and gene expression
pattern has been demonstrated (Happle et al., 2018; Litvack
et al., 2016; Takata et al., 2017). Thus, iPSC-M¢ may serve
as an innovative and highly standardized source for cell
and gene therapy approaches.

Within the macrophage compartment, bone marrow-
derived cells established from monocytes circulating in
the blood stream have to be differentiated from TRM
populations. The majority of TRM populations including
microglia, Kupffer cells, Langerhans cells, and alveolar
macrophages (AM¢) recently have been demonstrated to
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differentiate from an early precursor in the yolk-sac blood
islands or the fetal liver, but independently from HSCs (Go-
mez Perdiguero et al., 2015; Guilliams et al., 2013; Hoeffel
et al., 2015). Under physiological conditions these TRM
populations sustain themselves throughout adult life,
and only after the loss of the primary population due to dis-
ease or damage (e.g., radiation, infections) are significant
amounts of TRMs replenished via peripheral blood mono-
cytes (Bleriot et al., 2015; Lavin et al., 2014), similar to the
process well established for cardiac or intestinal macro-
phages (Bain and Mowat, 2014; Epelman et al., 2014). In
addition to their longevity and self-renewal properties,
TRM populations are characterized by a substantial plas-
ticity, as has been convincingly demonstrated by the trans-
fer of distinct primary TRM populations into new tissue
and organ microenvironments (Lavin et al., 2014).

Hereditary pulmonary alveolar proteinosis (herPAP) con-
stitutes a rare life-threatening pulmonary disease caused by
mutations in the granulocyte macrophage colony-stimu-
lating factor (GM-CSF) receptor o or B chain genes (CSF2RA
and CSF2RB, respectively) resulting in defective AM¢, and
impaired capacity to clear the alveoli from surfactant factor
and other lipoproteins, and subsequently severe respira-
tory insufficiency (Martinez-Moczygemba et al., 2008; Su-
zukietal., 2011; Tanaka et al., 2011). Current treatment op-
tions are purely symptomatic and affected children rarely
survive to adulthood, thus new therapeutic options are ur-
gently required. To this point, two recent studies suggest
that pulmonary macrophage transplantation (PMT) may
constitute a suitable approach for cell-based gene therapy
in herPAP patients (Happle et al., 2014; Suzuki et al.,
2014a). Therefore, in the present study we evaluated a pul-
monary transplantation scenario employing iPSC-M¢ in
an established murine herPAP disease model based on
Csf2rb-deficient mice (Bc~/~; Bc knockout [KO]) (Nishina-
kamura et al., 1995). In addition to the therapeutic effect
we carefully monitored the contribution of progeny
derived from transplanted iPSC-M¢ to bronchoalveolar as
well as pulmonary cellularity and performed extensive
gene expression analysis in iPSC-M¢ progeny recovered
2 months following PMT.

RESULTS

Generation and Characterization of iPSC-Meo

To allow for the convenient in vivo tracking of iPSC-M¢ in
the CD45.2* Bc KO recipients, iPSC-M¢ were generated
from a congenic CD45.1* iPSC line. An embryoid body-
based differentiation procedure (Mucci et al., 2016; Pfaff
et al., 2012), followed by terminal differentiation with
M-CSE, was employed to yield cells displaying macro-
phage-typical morphology, surface marker expression
(CD45, CD11b, CD11c, and F4/80), as well as the capacity
to take up surfactant material from murine bronchoalveo-
lar lavage fluid (BALF) following GM-CSF stimulation (Fig-
ures 1A-1D). iPSC-Mo failed to form colonies in clonogenic
assays, thus excluding a significant contribution of he-
matopoietic progenitors (Figures 1E and 1F). Furthermore,
the overall differentiation process from iPSC to iPSC-M¢
was associated with an approximately 2-fold cell expansion
(Figure 1G), thereby facilitating the production of relevant
quantities of iPSC-M¢ for transplantation scenarios.

Airway Residence of iPSC-M¢ in Bc ™/~ Mice

Next, we performed transplantation experiments by
intra-tracheal administration of 2.5-4 x 10° iPSC-Mg¢
into the lungs of fc™/~ recipient mice. Two months later,
airway residence was evaluated in the lungs and BALF of
the animals. At this time point a distinct population of
CD45.1" cells was detectable in the lungs and BALF of re-
cipients with the efficacies of airway residence ranging
from 0.2% to 6% (1.3 + 1.9, mean + SD) CD45.1" cells
in the lungs and 0.2% to 15% (2.7 + 4.7, mean + SD)
in the BALF (Figures 2A and 2B). As evident from flow cy-
tometry and immunofluorescence staining of pulmonary
tissue sections, donor-derived cells localized predomi-
nantly within the alveolar spaces (Figure 2C), and upon
retrieval and characterization of these CD45.1% cells
from the lungs and BALF, cells displayed typical macro-
phage morphology on cytospins (Figures 2D and S1A),
confirming the persistence of donor-derived macro-
phages following PMT. CD45.1* cells also revealed co-
expression of the alveolar macrophage surface marker

Figure 1. Characterization of iPSC-M¢

(A) Schematic description of study design: generation of iPSCs was followed by differentiation in and embryoid body-based protocol into
macrophages, which are then transplanted in the lungs (PMT) of B KO mice.
(B) Typical Mo morphology of iPSC-M¢p, BM-M¢@, AM¢ in contrast to undifferentiated iPSC in May-Gruenwald/GIEMSA-stained cytospins.

Scale bars, 20 um.

(C) Surface markers expression of iPSC-M¢, BM-M, AM¢, and miPSC by flow cytometry (CD45, CD11b, CD11c, and F4/80, orange-filled line

unstained and blue line for marker expression).

(D) Representative picture of surfactant uptake visualized by oil red O staining. Scale bars, 50 and 20 um.
(Eand F) Clonogenic potential of iPSC-M¢o seeded (25,000 and 50,000 per mL) (E) and quantification of colony numbers compared with BM

control cells (F) (technical replicates n = 2; mean + SD).

(G) Differentiation efficiency of iPSCs into M (independent experiments n = 3, mean + SD).
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Figure 2. iPSC-M¢ Engraftment in Bc KO Mice upon PMT

(A) CD45.1" cells in the lungs and BALF of recipient mice (Bc KO + PMT) and CD45.1 WT and Bc KO controls.

(B) Corresponding percentage values for of all transplanted animals (independent experiments n = 6; 10 Bc KO + PMT mice, 8 Bc KO mice;
means) 2 months post transplantation.

(C) Localization and phenotype of recovered cells staining positive for CD45.1 (green), CD68 (red), and DAPI (blue) (immunofluorescence
analysis of cryopreserved lung section). Scale bar, 10 um.

(D) Macrophage morphology of recovered CD45.1" cells (May-Gruenwald/GIEMSA-stained cytospins). Scale bar, 20 um. Two months post
transplantation.

(legend continued on next page)
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Table 1. Airway Residence and Alveolar Protein Concentration
in Transplanted Mice 6 Months after Pulmonary Transplantation
of iPSC-M¢

Transplanted Engraftment Engraftment BALF Protein

Cell Number in Lung (%) in BALF (%) Concentration (ug/mL)

4 % 10° 0.002 0.009 920
4 x 10° 1.3 7.84 573
4 x 10° 0.63 0.52 927
4.8 x 10° 2.05 4.96 575
No cells 0.011 0.006 727.089

BALF, bronchoalveolar lavage fluid.

SIGLEC-F in flow cytometry at comparable levels to wild-
type (WT) cells (Figure 2E). Airway residence of CD45.1"
cells also was observed in the BALF (0.6%-7.8%) and
lungs (0.5%-2.0%) of three out of four mice analyzed
6 months after single transplantation of 4-4.8 x 10°
cells, with two of these mice demonstrating quite high
levels of airway residence (Table 1).

No iPSC-derived cells were detected in the bone marrow,
liver, lymph nodes, or spleen of recipient animals even
when sensitive, PCR-based methodology (detection limit
<10~%) was employed, indicating the high organ-specificity
of iPSC-Mo engraftment (Figures 2F and 2G). This highly
efficient, organ-specific engraftment most likely is caused
by the profoundly elevated pulmonary GM-CSF levels pre-
sent in Bc~/~ mice as well as PAP patients, which serve as
part of a feedback loop aiming at the correction of the defi-
ciency of AMe in herPAP (Suzuki et al., 2014a).

Influence of the Lung Microenvironment on the
Transcriptional Profile of Transplanted iPSC-M¢

To stringently characterize our iPSC-M¢ population before
and after pulmonary transplantation on a molecular level,
gene expression profiling was performed on (1) pre-trans-
plantation iPSC-Me, (2) Mg obtained by in vitro differenti-
ation of murine lineage-negative bone marrow cells
(BM-Mo), (3) non-differentiated CD45.1 iPSC, (4) murine
alveolar Mo (AMg) isolated from the BALF of healthy con-
trol mice, and (5) iPSC-M¢ recovered from the transplanted
animals 2 months after (PMT-M¢). For populations (4) and
(5) purities of 77.6% SIGLEC-F* and 88.4% CD45.1" cells,
respectively, were documented by flow cytometric analysis
after sorting (Figures S2A and S2B).

Whole transcriptome analysis revealed our iPSC-M¢o to
closely resemble BM-M¢ (Figure 3) despite the Myb-inde-
pendent, “embryonic type” nature of iPSC-M¢ docu-
mented in the current literature (Buchrieser et al., 2017; Lit-
vack et al., 2016; Takata et al., 2017). Thus, we regard the
transcriptional closeness between the iPSC-M¢ and the
BM-Me population primary as an in vitro cell culture artifact
reflecting the similar culture conditions under which these
two populations were generated. To gain further insights
into the ontogeny and transcriptional fingerprint of our
murine iPSC-M¢, we added a side-by-side analysis of iPSC-
Me and BM-Mo only, and performed gene set enrichment
analysis utilizing previously published gene sets for primi-
tive, yolk-sac-derived, or adult-type, bone marrow-derived
macrophages (Figures S3A and S3B) (Takata et al., 2017).
This analysis clearly demonstrates that our iPSC-derived
macrophages share more genes with yolk-sac-derived mac-
rophages (left panel) than BM-Mg (right panel).

Furthermore, iPSC-M¢ did not retain remnants of the
iPSC gene expression pattern and shared few similarities
with AM¢. Gene set enrichment analysis using the
mSigDB’s chemical and genetic perturbations collection
confirmed that iPSCs expressed embryonic stem cell genes
that were downregulated in iPSC-M¢. Upon transplanta-
tion, iPSC-M¢ acquired more similarities to AM¢ in their
transcriptional signature, while losing similarities to their
in vitro counterpart. Indeed, PMT-M¢ had 1,152 differen-
tially expressed genes compared with AM¢, while 2,332
genes changed expression levels from iPSC-Me. Based on
the differential gene expression between the five popula-
tions, six clusters were determined and aligned to enriched
gene sets according to the gene ontology (GO) gene set
collection (Table S1).

Cluster 1 was selectively expressed in undifferentiated
iPSCs, in such a cluster several pathways are involved in
cell cycle and cell proliferation and even in telomere and
DNA damage mechanisms, in line with the stemness of
these cells. AM¢ revealed upregulation of genes of cluster
2 involved in several pathways of circadian clock. BM-M¢
and iPSC-M¢ shared expression of cluster 3 that are
involved in several immune pathways. Both AM¢ and
PMT-M¢ downregulated genes of cluster 5, while only
PMT-Mg revealed increased expression of cluster 4. How-
ever, no gene set was significantly enriched in cluster 4.

Analysis of selected gene sets associated with Mg, AMe,
pluripotency, or self-renewal further confirmed the distinct
expression patterns of the investigated cell populations, as

(E) Co-expression of CD45.1 and SIGLEC-F on BALF cells measured by flow cytometry.
(F) Selective lung but no other organs engraftment assessed by genomic DNA PCR (independent experiments n = 3, 5 transplanted mice).
(G) flow cytometry (representative flow charts shown for CD45.1. WT, Bc KO + PMT 2 months post transplantation and non-transplanted Bc

KO animals).

****p < 0.0001 in Mann-Whitney test; BM, bone marrow; LN, lymph nodes.
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well as the alveolar phenotype acquired upon transplanta-
tion of iPSC-M¢. Whereas all macrophage populations ex-
pressed genes classically associated with this cell type, such
as Csf1, 2, and 3 receptors, Emrl or Mrcl (Figure 4A), AM¢
but also PMT-M¢ recovered from the animals showed
a more specific AM-type gene expression including
Ppary, Cd74, and Siglec5 (Figure 4B). Pluripotency, as well

Figure 3. Heatmap Comparing Transcrip-
tional Profiles

According to the RNA sequencing results,
the heatmap shows the expression profiles
of iPSCs, iPSC-derived macrophages prior to

| transplantation (iPSC-M¢), bone marrow-

[l 2 derived macrophages (BM-M¢), alveolar
macrophages isolated from WT animals

B 3 (AMo), and iPSC-Mo recovered from the

m 4 lungs of transplanted Bc KO animals (PMT-
Me). Six clusters were identified depending

ms o the populations expression profiles
(independent experiments n = 2).

()

as self-renewal-associated genes were primarily expressed
in iPSCs, although some genes that were recently described
in the context of TRM self-renewal, such as Myc and KIf-4
(Soucie et al., 2016), were expressed, particularly in AMe
(Figures 4C and 4D). Of note, PMT-M¢ also upregulated
genes associated with self-renewal upon their residence in
the specific microenvironment. This indicates how much
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Figure 4. Heatmaps of Selected Genes Involved in Macrophages, Alveolar Macrophages, Pluripotency, and Self-Renewal
Expression in iPSC, iPSC-Mo, BM-M¢o, and PMT-Me of selected genes characteristic of (A) macrophage functions, (B) alveolar macro-
phages, (C) involved in pluripotency, and (D) in self-renewal (independent experiments n = 2).

these cells can adapt to not only the specific functionality
of alveolar macrophages, but also their transcriptional
signature.

Principal component analysis of the different samples re-
vealed selective clustering of populations (Figure 5A), and,
in particular, undifferentiated iPSCs were clearly separated
from the differentiated cell types. As expected, iPSC-M¢
before transplantation clustered closely with BM-Me,
while after transplantation PMT-M¢ acquired more similar-
ities with AMo, suggesting tissue-specific adaptation of
these cells upon contact with the specific microenviron-
ment. When compared with iPSCs, evaluation of differen-
tially regulated genes within the macrophage populations
revealed major similarities between BM-Me, iPSC-Mo,
and PMT-Me, with 935 upregulated genes shared in all
populations (Figure 5B). These 935 upregulated genes are
mostly involved in biological processes of inflammatory
and immune response (Figure 5C, left). In addition, PMT-
Me shared 299 upregulated genes with AM¢g, with major
involvement in immune processes and antigen presenta-
tion (Figure 5C, right). A similar picture was obtained
when downregulated genes were analyzed, with 974 genes
similarly regulated between the three macrophage popula-
tions (Figure 5D). These genes that are downregulated
upon differentiation from iPSC are involved in cell cycle,
cell division, as well as DNA replication pathways (Fig-
ure 5E). Finally, specific analysis evaluating the changes
of gene expression upon differentiation from iPSC to

702 Stem Cell Reports | Vol. |1 | 696-710 | September 11,2018

iPSC-Mo, and upon transplantation toward AMe, identi-
fied 18 (Omics explorer) or 19 (Perseus) genes that change
in expression during this process (Figure SF). Clustering of
these genes confirms the close proximity of iPSC-Me to
BM-M¢ and of PMT-Meo to AMe (Figure 5G).

Therapeutic Efficacy of iPSC-M¢

Next, we analyzed the therapeutic effects of iPSC-M¢@-based
PMT in our Csf2rb-deficiency mouse model, i.e., the ability
to clear alveolar surfactant material and to improve critical
disease parameters. As a first evidence of therapeutic effi-
cacy we observed markedly reduced opacity and a signifi-
cant reduction of protein levels in the BALF 2 months after
transplantation when compared with non-treated controls
(Figures 6A and 6B). Profound improvements also were
observed in other parameters such as BALF levels of GM-
CSE, M-CSF, and surfactant protein D (Figures 6C-6E).
Moreover, computed tomography (CT) scans revealed
considerable improvements in lung densities in trans-
planted animals (Figures 6F and 6G) and, upon quantita-
tive histology of lung sections, a significant reduction of
intra-alveolar PAS-positive material was observed (Figures
6H and 6I).

Marked reduction in BALF and pulmonary protein levels
also was observed at 6 months after transplantation in
those two mice, with a high contribution of transplanted
cells to BALF and lung cellularity (Table 1). These data high-
light the capacity of the transplanted healthy cells to clear
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the deposited alveolar surfactant material and ameliorate
the disease phenotype in Bc KO mice. iPSC-Me transplan-
tation was well tolerated and no evidence of procedure-
related pathology such as teratoma formation was detected
in the lungs or other organs (Figure S1B). Furthermore, his-
tological analysis of various organs and tissues (liver,
spleen, sternum, kidney, brain, fat, muscle, and heart) of
transplanted animals revealed no signs of inflammation
or fibrotic reactions (Figure S1C), further endorsing the
clinical feasibility of our iPSC-M¢-based PMT approach.

DISCUSSION

We here efficiently generated functional murine Mo from
an iPSC source, which, upon intra-tracheal transplantation,
were able to engraft in the recipients’ lungs, adapt to the pul-
monary microenvironment, and improve critical disease pa-
rameters in a well-established murine herPAP disease model.
Single applications of 2.5-4 x 10° iPSC-M¢ yielded engraft-
ment for up to 6 months exclusively to the lung microenvi-
ronment, with rapid conversion of transplanted iPSC-M¢ to
an AMo-like phenotype characterized by the surface
markers CD45.1, SIGLEC-F, and CD68 (macrosialin), clas-
sical macrophage morphology, and a distinct gene expres-
sion profile. Moreover, profound amelioration of the disease
phenotype was observed in mice analyzed at the 2-month
time point, and alveolar protein content also was improved
in two of four mice analyzed after 6 months.

Of note, in our hands, profound improvements in her-
PAP symptoms were obtained, although the transplanted
iPSC-M¢ population showed considerable differences to
AMe¢ by gene expression analysis, whereas cells recovered
at the 2-month time point closely resembled AM¢. These
data demonstrate the substantial plasticity of iPSC-M¢
resembling the properties previously described for other
Me populations and, over time, allowing them to adopt
classical functions of AMe, such as surfactant clearance
from the alveoli (Hussell and Bell, 2014). Importantly,
despite the close molecular relationship of our iPSC-M¢
to the BM-M¢ population, we consider our IPSC-derived
macrophages as a Myb-independent, embryonic-type pop-
ulation in accordance with the current literature on this

topic (Buchrieser et al., 2017; Litvack et al., 2016; Takata
etal., 2017), whereas we regard the molecular similarity be-
tween iPSC-M¢e and BM-Mo, as displayed in the non-hier-
archical clustering analysis, primarily as an in vitro cell cul-
ture artifact reflecting the similar culture conditions
(including long-term M-CSF exposure) employed to
generate these two populations. The Myb-independent,
embryonic ontogeny of our iPSC-M¢ was supported by
side-to-side gene set enrichment analysis of iPSC-M¢ and
BM-Me. This consistency of our data argues for homolog
cell populations used for array analysis despite a purity of
only 78%-88% displayed by flow cytometry.

With respect to the therapeutic effect, it bears consider-
able interest that progressive improvement of PAP symp-
toms for more than a year, and prolonged survival, have
been described following the PMT of BM-Me¢ (Suzuki
et al., 2014a). Given the profound overlap in phenotype,
gene signature, and functionality between iPSC-M¢ and
BM-Meo, we anticipate similar long-term therapeutic effi-
cacy also for PMT strategies employing iPSC-M¢. Moreover,
local or systemic administration of iPSC-M¢ also might
represent a new approach to other macrophage- or TRM-
related congenital diseases such as heme oxygenase-1 defi-
ciency (Kovtunovych et al., 2014), adrenoleukodystrophy
(Biffi et al., 2011; Cartier et al., 2014), autosomal recessive
osteopetrosis (Neri et al., 2015), Gaucher disease (Sgambato
et al., 2015), mucopolysaccharidosis type I (Viana et al.,
2016), or severe combined immunodeficiency secondary
to adenosine deaminase deficiency (Litvack et al., 2016).
Clinical translation of iPSC-Me-based treatment ap-
proaches in these diseases most likely will involve the trans-
plantation of genetically corrected, autologous iPSC-M¢
populations. In this regard, gene correction of PAP patient-
derived iPSCs already has been demonstrated to reverse, at
least in vitro, not only the PAP phenotype but also the asso-
ciated functional defects (Lachmann et al., 2014; Suzuki
et al., 2014b). While this work employed a lentiviral vec-
tor-based gene addition approach, modern designer nucle-
ases even allow for the site-specific correction of defective
genes, thus preserving physiologic gene regulation and
avoiding the risk of insertional mutagenesis (Xu et al.,
2015). In this context, a major advantage of iPSC-M¢ over
BM-Me¢ constitutes their almost unlimited potential for

Figure 5. RNA-Seq-Based Comparison of Cells Recovered from PMT 2 Months Post Transplantation

(A-C) (A) Principal-component analysis (PCA) of RNA-seq data, (B) Venn diagram of upregulated genes overlap between iPSC-M¢p, AMo,
and PMT-M¢ compared with iPSC, and (C) the gene ontology analysis for biological processes for the 935 genes concomitantly upregulated
in all the three populations (left, significance <5% false discovery rate [FDR]) and for the 299 genes upregulated in both PMT-M¢ and

AMe (right, red line indicates a significance <5% FDR).

(D and E) Venn diagram of downregulated genes between the three cell types compared with iPSC (D) and corresponding gene ontology

analysis of the shared 974 genes (E).

(F) Heatmap of genes successively upregulated during differentiation from iPSC to Mo and after transplantation.
(G) PCA clustering of the identified genes represented in the heatmap (independent experiments n = 2).
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Figure 6. Therapeutic Efficacy of iPSC-M@-Based PMT

(A) Opacity of BALF from CD45.1 WT, Bc KO + PMT, and Bc KO mice.

(B) Total protein concentration in BALF (independent experiments n = 6; 10 Bc KO + PMT mice, 9 CD45.1 WT mice, and 8 Bc KO control mice;

mean + SD).

(C-E) GM-CSF (C), M-CSF (D), and SP-D (E) levels in BALF (independent experiments n = 3; 6 mice per group; mean + SD).
(F and G) Representative pictures of CT scan (F) and quantification of lung density during inspiratory and expiratory phase (G) (inde-

pendent experiments n = 3; 5 mice per group; mean + SD).

(H and I) Lung histology after staining with PAS (H) (scale bars, 1 mm and 100 pum) and quantification of PAS-stained surfactant material
(I) (independent experiments n = 3, 5 mice per group; mean + SD; *p < 0.05, **p < 0.01, ***p <0.001, ****p < 0.0001, respectively, in

one-way ANOVA test; ns, not significant).

genetic modification at the pluripotent level. If exploited in
a modular fashion this would allow for the generation of
macrophages displaying multiple new efficacy and safety
features upon differentiation. In addition, iPSCs can in prin-
cipal be expanded indefinitely ex vivo, and we and others
recently have developed in vitro differentiation protocols,
which, at least in the human system, allow to continuously
generate large quantities of macrophages of defined quality

as an important first step toward clinical application of these
cells (Buchrieser et al., 2017; Lachmann et al., 2015). Clin-
ical application of iPSC-M¢ also should benefit from the
fact that organotropic transplantation, in contrast to alloge-
neic bone marrow transplantation or HSC-based gene ther-
apy approaches, can be performed without prior chemo-
and/or radiotherapeutic conditioning of the recipient.
Although successful HSC-based gene therapy has been
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demonstrated in fc KO mice (Kleff et al., 2008), in the clin-
ical setting the severely damaged lungs of PAP patients
represent a considerable risk factor during the conditioning
procedure (Martinez-Moczygemba et al., 2008).

In summary, we here introduce iPSC-M¢ as an innova-
tive, well-characterized, and abundant cell source, with
long-term engraftment capacity and significant clinical ef-
ficacy in macrophage-related diseases such as herPAP, thus
reiterating the profound clinical potential of iPSC-based
treatment strategies.

EXPERIMENTAL PROCEDURES

Mice

B6.SJL-Ptprc®-Pep3®/Boy] (CD45.1 WT) control mice were ob-
tained from the central animal facility of Hannover Medical
School. Csf2rb~/~ BL/6 mice (Bc KO) were obtained from The Jack-
son Laboratory and held in the central animal facility of Hannover
Medical School. The Lower Saxony State animal welfare committee
approved all animal experiments.

Differentiation of Murine iPSCs into Macrophages
CD45.1iPSCs were maintained in pluripotent state as described pre-
viously (Ackermann et al., 2014). Differentiation was performed af-
ter passaging the cells for 2 days in feeder-free conditions on a
gelatin-treated plate in an IMDM medium (Thermo Fisher Scienti-
fic) containing 10% fetal calf serum (FCS; Millipore), 1 mM peni-
cillin-streptomycin, 150 uM monothioglycerol, and 10* U/mL leu-
kemia inhibitory factor (pre-culture medium). For embryoid body
formation, single cells were seeded at a density of 10,000 cells/mL
in differentiation medium I: IMDM medium with 15% pre-tested
FCS (ES-Cult FBS, STEMCELL Technologies), 1 mM penicillin-strep-
tomycin, 1 mM L-glutamine, 50 ng/mL ascorbic acid (Sigma-Al-
drich), and 150 mM monothioglycerol (Sigma-Aldrich). After
5 days, the medium was supplemented with 10 ng/mL murine inter-
leukin-3 and 30 ng/mL murine stem cell factor (PeproTech) (Mucci
etal., 2016; Pfaff etal., 2012). After 7 days, the embryoid bodies were
dissociated into single cells using collagenase IV (250 U/mL, Life
Technologies) and transferred into a suspension-culture plate with
differentiation medium II: RPMI medium (Thermo Fisher Scientific)
supplemented with 10% FCS, 1 mM L-glutamine, 1 mM penicillin-
streptomycin, and 30% supernatant of L929 producer cells (Ladner
et al., 1988) as a source of M-CSE.

Oil Red O Staining

iPSC-M¢ were pre-stimulated for 5 days with GM-CSF, and subse-
quently 200 pL of BALF (1:5 dilution) from herPAP mice was added
to the medium. Twenty-four hours later, cells were collected, spun
down, and stained with oil red O (Sigma-Aldrich). In brief, oil red O
powder was solved in 99% 2-propanol (Roth). Fresh working solu-
tion was prepared by diluting 3 parts of oil red O in 2 parts of water.
Cells were fixed in 10% formaldehyde (AppliChem) for 30 min and
then treated with 60% 2-propanol for 5 min. Oil red O staining was
performed for 10 min, and then the cells were washed and counter-
stained with hematoxylin.
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RNA Sequencing

To isolate in-vivo-derived alveolar Mg, C57BL/6 CD45.1 mice were
sacrificed and bronchoalveolar lavage was performed to isolate
SIGLEC-F* cells via fluorescence-activated cell sorting (FACS).
PMT-M¢ were recovered from transplanted animals based on
CD45.1 expression by FACS from BALF and lungs. In addition,
iPSCs, BM-, and iPSC-Me¢ from in vitro differentiation were har-
vested by trypsinization. For all cells, RNA was isolated using the
RNAeasy Plus Micro Kit (QIAGEN). Total RNA (10 ng) was amplified
using the Ovation RNA-Seq System v.2 (NuGEN) according to the
manufacturer’s protocol. The libraries were prepared with the
Nextera XT DNA Sample Preparation Kit (Illumina) and the con-
centrations were measured using the Qubit dsDNA HS (High Sensi-
tivity) assay. The size of the libraries for each sample was measured
using the Agilent HS DNA chip. The libraries were sequenced on an
[llumina HiSeq 2500 in Rapid Mode, generating 20 million or more
high-quality 75-base-paired long end reads per sample in the Gene
Expression Core Facility and DNA Sequencing Core in Cincinnati
Children’s Hospital Medical Center.

RNA Sequencing Analysis

Sequence data were analyzed using the Cufflinks suite v.2.2.1
(Trapnell et al., 2012). Reads were mapped to the mouse reference
genome (mm10) using TopHat v.2.0.13 (mouse gene annotations
from GENCODE v.M2), with Bowtie v.2.2.3, quantified using Cuff-
quant, then analyzed for differential expression using Cuffdiff.
Heatmaps of gene expression across the four conditions were
generated using the R package pheatmap (Kolde, 2015); genes
were clustered based on the Jensen-Shannon divergence metric
described previously by Trapnell et al. (2010, 2012), and all heat-
maps were row-scaled. Genes differentially expressed between
iPSCs and iPSC-M¢ (q < 0.05) were identified, and gene set enrich-
ment analysis was performed with the piano R package (Varemo
et al.,, 2013) using MsigDB’s chemical and genetic perturbation
gene set collection, and using mean as the statistical gene set anal-
ysis method. The piano package was also used to identify GO terms
enriched in the annotated heatmap gene clusters (q < 0.1) using a
one-tailed Fisher’s exact test. Principal component analysis (PCA)
was conducted using Omics Explorer (Qlucore v.3.1). PCA data
were visualized with RStudio (v.3.3.1) and the scatterplot3d pack-
age (v.0.3-40). To identify genes that are successively upregulated
over time during transition from iPSC stage to iPSC-M¢, and
further following PMT-iPSC, two different strategies were applied:
(1) two group comparisons for iPSC < iPSC-M¢ and iPSC-M¢ <
PMT-Mo (p < 0.05) were performed using Omics Explorer and (2)
the profile plot tool in Perseus (Tyanova et al., 2016) was applied
(reference profile: iPSC = -5, iPSC-M¢ = 0, PMT-M¢ = 5). Cell sort-
ing purity is shown in Figures S3A and S3B. The identified sets of
genes were visualized in a heatmap using Omics Explorer and a
PCA, including the respective data from isolated BM-M¢ and
AMe. The processed RNA sequencing dataset was deposited in
the Array Express database under accession number Array Express:
E-MTAB-6442.

Pulmonary Transplantation
iPSC-M¢ (2.5-4 x 10°) were transplanted into the lungs of each
mouse as described previously (Happle et al., 2014).



CT Scan and Quantification of Lung Opacity
Micro-chest CT images were acquired on a small-animal scanner
(eXplore CT120, TriFoil Imaging) in spontaneously breathing,
continuously warmed animals anesthetized with 1.0%-1.5% iso-
flurane. For maximal inspiration and expiration gating, respiratory
monitoring was performed. CT acquisition parameters were set to
80 kV, 50 mA, 16-ms exposure time, 386 views, and 0.5° increment
angle. For reconstruction, filtered back-projection with a binning
of 2 was performed, resulting in isotropic voxel dimensions of
98.3 mm. Post-processing of the in- and expiratory micro-CT data-
sets was performed on a workstation using the software Visage
7.1.7 (Visage Imaging, Pro Medicus) by two radiologists who
were blinded with regard to animal groups as well as in- and expi-
ratory phase imaging. Separate manual segmentation of the right
and left lung was performed on representative images, and an
interpolation algorithm was applied for the interleaved images.
The result was manually refined, assessing the lung contours in
the axial, coronal, and sagittal planes. Consensus reading of the
segmentation volumes was obtained and, based on these final seg-
mentation volumes, the following data were obtained separately
for left and right lung: volume (cm®), mean density, SD maximum
density, and minimum density (all Hounsfield units). The mean
density of the whole lung was calculated.

Organs Preparation

BALF was collected from the right lung by flushing 3 x with 400 puL
PBS. Organs for flow cytometry, as well as genomic DNA isolation,
were homogenized through a 150-um mesh filter (right lung, bone
marrow, spleen, liver, and lymph nodes). Left lungs were either cry-
opreserved or fixed in formalin for immunofluorescence or histol-
ogy, respectively, and the other organs (liver, spleen, sternum,
brain, fat, muscle, kidney, and heart) were fixed in formalin for
histology.

Flow Cytometry and FACS

Cells derived from the different organs were blocked with Fc Block
(eBioscience) for 20 min at 4°C and then stained with the CD45.1
APC antibody (eBioscience, 17-0453), and or Siglec-F PE antibody
(BD Pharmingen, 552126) for 45-60 min at 4°C. CD45.1* cells of
lungs and BALF where then sorted by FACS.

PCR on Genomic DNA

Genomic DNA was isolated from the different organs using the
GenElute Mammalian Genomic DNA Miniprep Kit according to
the manufacturer’s instructions. Purified genomic DNA (200 ng)
was used to perform a specific PCR on the 3’ LTR of the integrated
reprogramming cassette present in the iPSCs using previously
described primers (1 and 3 [Kuehle et al., 2014]), (annealing tem-
perature: 69°C, 40 cycles). Positive internal control PCR utilizing
primers described from genotyping of mice (Jackson Laboratory)
(annealing temperature: 63°C, 28 cycles).

Clonogenic Assay

A total of 1,500 primary bone marrow-derived lineage-negative
cells, and 25,000 or 50,000 iPSC-M¢, were seeded in a methylcellu-
lose medium (HSC007, R&D Systems) and allowed to grow for
7 days before colonies containing more than 50 cells were counted.

Cytospins
Cells (500-50,000) were spun onto a glass and stained using May-
Gruenwald/GIEMSA.

ELISA

The concentration of surfactant protein D (SP-D) and cytokines
(GM-CSF and M-CSF) in BALF was measured by ELISA as described
(Suzuki et al., 2014b).

Total Protein Concentration

Protein concentrations were measured using a Pierce BCA Protein
Assay Kit (Thermo Fischer Scientific) according to the manufac-
turer’s instructions.

Periodic Acid-Schiff Staining

Cryopreserved lungs were completely cut in sequential slides
(4 pm). Systematic uniform random sampling was applied to
randomly select slides to quantify PAS-positive material (total of
8-10 slides per lung). Periodic acid-Schiff (PAS) staining was per-
formed, following the provider’s protocol, with a PAS staining kit
(Merck) and hematoxylin (Sigma-Aldrich) as nuclear counterstain-
ing. Slides were automatically scanned with an AxioScanZ.1 (Carl
Zeiss), and random subsampling (10% fraction) at 20x magnifica-
tion was automatically done with NewCAST system software (Vio-
siopharm A/S). Subsampled images were quantified by superim-
posing a test system (point grid) using the stereological tool
Stepanizer (Tschanz et al., 2011), and PAS-positive material was
quantified as a fraction of total lung tissue by point counting.

Immunofluorescence

Slides from cryopreserved lungs were fixed and permeabilized for
10 min in 100% ice-cold methanol. Following rehydration in
PBS (10 min at room temperature [RT]), blocking was performed
with 10% swine serum (Dako, Glostrup, Denmark) in PBS for
30 min. Incubation with antibodies anti-mouse CD68 PE-
Cyanine7 (1:200) (eBioscience, 25-0681) and anti-mouse CD45.1
APC (1:200) (eBioscience, 17-0453) was performed for 2 hr at RT.
Nuclear counterstaining with DAPI (1:10,000) (Molecular Probes),
and pictures were taken with a fluorescence microscope Leica
DM6000B (Leica Microsystems).

Histology

Tissues were fixed in 4% paraformaldehyde for at least 24 hr, dehy-
drated (Shandon Hypercenter XP), and subsequently embedded in
paraffin (TES, Medite). Bones were decalcified (0.4 M EDTA
[pH 7.2], 4°C for 4-5 days) prior to paraffin embedding. Sections
(2-3 pm thick, Reichert-Jung 2030 Microtom) were deparaffinized
in xylene and H&E stained according to standard protocols.
Blinded evaluation (Axioskop 40 microsope, Zeiss) was performed
by a trained pathologist and representative microphotographs
were taken (AxioCam MRc, Zeiss).

Statistics

Values for statistical significance have been calculated using
GraphPad Prism. The respective method used is given in the figures
legends.
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