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Pulmonary macrophage transplantation (PMT) is a gene and
cell transplantation approach in development as therapy for
hereditary pulmonary alveolar proteinosis (hPAP), a surfac-
tant accumulation disorder caused by mutations in CSF2RA/
B (and murine homologs). We conducted a toxicology study
of PMT of Csf2ra gene-corrected macrophages (mGM-Ra+

Mfs) or saline-control intervention in Csf2raKO or wild-
type (WT) mice including single ascending dose and repeat
ascending dose studies evaluating safety, tolerability,
pharmacokinetics, and pharmacodynamics. Lentiviral-medi-
ated Csf2ra cDNA transfer restored GM-CSF signaling in
mGM-Ra+Mfs. Following PMT, mGM-Ra+Mfs engrafted,
remained within the lungs, and did not undergo
uncontrolled proliferation or result in bronchospasm, pul-
monary function abnormalities, pulmonary or systemic
inflammation, anti-transgene product antibodies, or pulmo-
nary fibrosis. Aggressive male fighting caused a similarly low
rate of serious adverse events in saline- and PMT-treated
mice. Transient, minor pulmonary neutrophilia and exacer-
bation of pre-existing hPAP-related lymphocytosis were
observed 14 days after PMT of the safety margin dose but
not the target dose (5,000,000 or 500,000 mGM-Ra+Mfs,
respectively) and only in Csf2raKO mice but not in WT
mice. PMT reduced lung disease severity in Csf2raKO mice.
Results indicate PMT of mGM-Ra+Mfs was safe, well toler-
ated, and therapeutically efficacious in Csf2raKO mice,
and established a no adverse effect level and 10-fold safety
margin.
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INTRODUCTION
Mutations in either CSF2RA or CSF2RB, encoding the granulocyte/
macrophage colony-stimulating factor (GM-CSF) receptor, cause he-
reditary pulmonary alveolar proteinosis (hPAP), a recessive disorder
of alveolar macrophage dysfunction, pulmonary surfactant accumula-
tion, and hypoxemia, typically presenting as progressive dyspnea of
insidious onset in a previously healthy child.1–4 The natural history
also includes pulmonary fibrosis, respiratory failure, and death in
some individuals.5 Of the 55 people with hPAPdiagnosed globally since
it was first reported in 2008,1,2 CSF2RAmutations were causative in 44
(80%) andCSF2RBmutations in 11 (20%).Mice homozygous forCsf2ra
or Csf2rb gene ablation develop hPAP identical to the human disease
with respect to clinical, physiological, histopathological, and biochem-
ical abnormalities, disease biomarkers, and natural history.6–8 Myeloid
cells require constitutive stimulation by GM-CSF to maintain their
differentiated state and functions.3,9WithoutGM-CSF, alveolarmacro-
phageshave impaired clearance of surfactant-derived cholesterol,which
accumulates intracellularly, becomes esterified and sequestered in
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intracytoplasmic lipid droplets (as a cell protective mechanism), result-
ing in foamy-appearing macrophages with further impairment of sur-
factant clearance and other functions.9–12 Absence of GM-CSF
signaling also impairs neutrophil host defense functions13 and increases
susceptibility to a wide range of microbial pathogens.11,13–19

No Food andDrugAdministration (FDA)-approved specific therapy of
hPAP is available. Currently, hPAP is treated by periodic whole lung
lavage (WLL), a procedure to physically remove surfactant by washing
the lungs that does not correct themacrophage dysfunction or stop sur-
factant accumulation.20WLL requires general anesthesia, intubation of
each lung, andmechanical ventilation of the non-treated lung while the
other is washed with saline (up to 50 L per lung in adults). Although
some patients require WLL every 1–2 months,21 it is not widely avail-
able, especially at pediatricmedical centers, and ismoredifficult in small
children due to the unavailability of small double-lumen endotracheal
tubes.5,22 Inmice, hPAP was successfully treated by Csf2rb gene correc-
tion and bone marrow transplantation.23 In humans, lentiviral vector-
mediated complementation of CSF2RA mutations in hPAP patient-
derived induced pluripotent stem cell-derived macrophages restored
GM-CSF signaling and surfactant clearance in a laboratory setting,24

but gene therapy has not been attempted in vivo. Allogeneic bone
marrow transplantation, stem cell transplantation, and lung transplan-
tation have been performed with mixed results in part secondary to
complications from infection related to myeloablation and immuno-
suppression and from graft rejection.2,25–29

Pulmonarymacrophage transplantation (PMT) is a novel gene and cell
therapy approach involving direct pulmonary instillation of autologous
gene-corrected macrophages without myeloablation or immune sup-
pression.6 In mice, PMT of either wild-type (WT) or Csf2rb gene-cor-
rected macrophages in Csf2rbKOmice resulted in engraftment, replace-
ment of endogenous dysfunctional alveolar macrophages by
transplanted functional macrophages resulting in efficacious and dura-
ble correction of hPAP that increased survival and lifespan by 20%.6

Preclinical studies in Csf2raKO mice yielded similar results for PMT of
either WT or Csf2ra gene-corrected macrophages.8,30

We report a formal toxicology study conducted to support our inves-
tigational new drug (IND) application (no. 28593). Results inform the
preclinical safety of lentiviral vector-mediated Csf2ra gene correction
and PMT therapy of hPAP and establish a no observed adverse effect
level (NOAEL) and safety margin in mice.

RESULTS
Study design and rationale

This study evaluated PMT of congenic Csf2raKO bone marrow-
derived, Csf2ra gene-corrected macrophages (mGM-Ra+Mfs) in
Csf2raKO or WT recipients, without preparative myeloablation, and
included single ascending dose (SAD) studies conducted over 24 h
(SAD-001a) or 14 days (SAD-001b) and a repeat ascending dose
(RAD) study conducted over 6 months (RAD-002) (Figure 1;
Table S1). Both SAD studies included three groups each of Csf2raKO

and WT mice wherein each mouse received one administration of
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saline (50 mL) or mGM-Ra+Mfs at a dose of 500,000 or 5,000,000
cells/mouse—saline, PMT-500K, and PMT-5M groups, respectively.
The RAD study included two groups of Csf2raKO mice wherein
each mouse received three monthly intrapulmonary administrations
of saline (50 mL) or mGM-Ra+Mfs (at sequential doses of 26,000,
105,000, or 500,000 cells/mouse in 50 mL saline)—saline and PMT
groups, respectively. Room-specific and study-specific sentinel mice
were housed alongside and studied in parallel to ensure the adequacy
of housing and study conditions.

Production and characterization of recombinant Csf2ra-

expressing SIN-LV vector

A third-generation, self-inactivating lentiviral vector was constructed to
express the murine Csf2ra cDNA (mGM-Ra-LV) and was similar in
design (Figure 2A) to the vector31 for use in the human trial except for
inclusion of a species-specific transgene, which was necessary because
human and mouse GM-CSF are neither functionally interchangeable
nor immunologically cross-reactive.32–34 The vector was manufactured
by transient transfection,30 characterized extensively, and shown to have
no microbial contamination, minimal endotoxin, an adequate titer
(Table S2), and a DNA sequence identical to the reference vector (Fig-
ure S1) and to the human vector backbone (not shown).31

Production, characterization, and cryopreservation of mGM-

Ra+Mfs

ThemGM-Ra+Mfs used throughout this study were prepared from a
single manufacturing lot of Csf2raKO hematopoietic lineage negative,
Sca-1+, c-kit+ bone marrow cells by transduction with mGM-Ra-LV
(lot no. VPF-2907) followed by expansion and differentiation into
macrophages ex vivo using established protocols.30 Extensive charac-
terization demonstrated freshly harvested mGM-Ra+Mfs had a total
cell count of 1.4 billion cells, viability of >98%, macrophage
morphology of >98% (Figure 2B), good expression of macrophage
phenotypic markers (Figure 2C) and CD116 (Figure 2D), restoration
of GM-CSF signaling (Figure 2E), no baseline macrophage activation
(Figure 2F), an acceptably low endotoxin level, and no bacterial,
fungal, andmycobacterial contamination (Table S3). Transduction ef-
ficiency was determined by measuring the number of vector genome
copies per cell (vector copy number or VCN) as reported,30 which
was 2.09 following transduction and 4.35 in the harvested cell product
(Table S3). The mGM-Ra+Mfs were cryopreserved (as drug sub-
stance) at 4 or 10 million cells/mL and stored at �135�C to �190�C.

Thawing, stability, formulation, and characterization of mGM-

Ra+Mfs

On the day of administration, cryopreserved mGM-Ra+Mfs were
thawed, washed, resuspended in 0.9% sodium chloride (formulated
drug product) and evaluated. CD116 expression was readily detected
(Figure 2G) and potency was maintained as shown by short-term
(Figure 2H), long-term (Figure 2I), and in-use (Figure 2J) stability
studies. Formulated drug product was prepared on 17 occasions
with consistent results for (mean ± SD) cell viability (95% ± 1.9%
of cells), endotoxin content (all <0.011 ± 0.001 endotoxin units/
mL), Gram stain (all negative for microbial pathogens), and sterility
4



Figure 1. Schematic of the study design

(A) Schematic design of the single ascending dose (SAD) sub-studies evaluating Csf2raKO recipients (SAD-001a-1/b-1) or WT recipients (SAD-001a-2/b-2). In each, mice

received one intratracheal instillation of normal salinewithout or with 500,000 or 5,000,000mGM-Ra+Mfs (saline, PMT-500K, and PMT-5M groups, respectively). Recipients

were then evaluated over 24 h (SAD-001a) or 14 days (SAD-001b) using the indicated outcome measures and times. (B) Schematic design of the repeat ascending dose

(RAD-002) study evaluating Csf2raKO recipients after three intratracheal instillations of either normal saline or normal saline containing 26,000, 105,000, or 500,000 mGM-

Ra+Mfs, respectively, at 1-month intervals (saline and PMT groups, respectively). Recipients were then evaluated over 6 months using the indicated outcomemeasures and

times. (C) Numbers of male and femaleCsf2raKO andWTmice into each study and group. Ab, antibody; BAL, bronchoalveolar lavage; CBC, complete blood count; K, 1,000;

M, 1,000,000; Mfs, macrophages; PD, pharmacodynamics; PFTs, pulmonary function tests; PK, pharmacokinetics; PMT, pulmonary macrophage transplantation.
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determined by immersion culture in tryptic soy broth (TSB) medium
(all negative for microbial growth) (Table S4E). While 16 of the 17
formulations were negative by thioglycolate immersion culture, one
(formulated on October 12, 2018) was turbid on day 14 (but not
day 7) (Table S4D). Subsequent speciation identified Bacillus halosac-
charovorans as the probable genus (Table S4D). This formulation was
administered to WT mice (SAD-001b, sub-group 3), of which all
completed the study as planned and none exhibited evidence of
lung infection based on assessment of bronchoalveolar lavage
(BAL) cell differential cytology (Table 2) by Diff-Quick (Figure S2A)
Molec
and Gram staining (Figure S2B) or occurrence of adverse events
(AEs) related to cage-side observations, body weight, physical exam-
ination, hematologic indices, or proinflammatory cytokines.
Together, these results suggest the contamination may have occurred
during inoculation of the thioglycolate culture bottle and not during
formulation.

Pharmacokinetics

The formulated drug product (mGM-Ra+Mfs in 50 mL sterile saline)
or control intervention (50 mL of sterile saline) was administered via
ular Therapy: Methods & Clinical Development Vol. 32 June 2024 3
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endotracheal instillation as reported.30 The cell dose—engraftment
response, the relationship between the number of mGM-Ra+Mfs
administered and number of copies of the vector genome detected
in BAL cells, was similar in Csf2raKO and WT recipients at 24 h
(Figures 3A and 3B). In WT recipients, a cell dose—engraftment
response was present at 14 days but at reduced VCN (Figure 3C).
In Csf2raKO recipients 6 months after initiating PMT of mGM-Ra+-

Mfs as three sequential monthly escalating doses (26,000, 105,000,
or 500,000 cells/administration, respectively), engraftment remained
detectable (VCN = 1.560 ± 0.79; n = 19mice) and compared favorably
with values in Csf2raKO recipients 24 h after one 500,000k cell dose
(VCN = 0.728 ± 0.289; n = 10 mice; p = 0.003) (Figures 3A and
3D). These results are consistent with the differential effects of the
high level of GM-CSF in Csf2raKO (and Csf2rbKO) mice and the low
level in WT mice,6,8,30 the effects of GM-CSF on macrophage prolif-
eration,6,35 and the increased proliferation, engraftment, and persis-
tence of transplanted cells after PMT in Csf2raKO mice compared
with WT mice.30

Importantly, mGM-Ra+Mfs were not detected in any extrapulmo-
nary tissues in PMT-treated (Figure 3D, top) or in any tissues in sa-
line-treated mice (Figure 3D, bottom).

Safety

Study completion

Of all mice enrolled, 98.3% (227 of 231) completed their assigned sub-
study as planned including 98% of mice receiving saline, 98% of mice
receiving PMT at doses of up to 500,000 cells and 100% of mice
receiving a dose of 5,000,000 cells.

Lung function

All mice were closely monitored for bronchospasm by cage-side
observation after every administration of intervention. Of 86 saline-
treated and 145 PMT-treated recipients, none (0%) exhibited respira-
tory distress during the 30 min after administration (Tables 1, 2, and
3). Furthermore, there were no changes in either airway resistance or
dynamic lung compliance among saline- or PMT-treated Csf2raKO

recipients 24 h after administration (Table 1).
Figure 2. Characterization of the freshly manufactured and formulated mGM-R

(A) Schematic illustration of the proviral form of the murine Csf2ra-expressing, third-gene

macrophages from Csf2raKO lineage–Sca+Kit+ bone marrow cells (mGM-Ra+Mfs). (B–
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Molec
Biologic effects and AEs

All study mice were observed cage-side to identify biologic effects
related to appearance, behavior, movement, and viability. Observa-
tion of a single isolated biological effect event (BEE) without negative
consequences for the mouse, for example, ruffled fur, was considered
non-adverse. An observation comprising two or more biological ef-
fect events occurring simultaneously, for example, hunched back
body habitus and abnormal movement, was considered an AE. Mori-
bund behavior or death were considered serious adverse events
(SAEs). Fighting was observed before administration of intervention
in manymales but not in any females. Consequently, aggressive males
were separated and housed in isolation. Some females were housed
separately for management purposes. Housing in isolation was
balanced between saline- and PMT-treated mice (49% and 53%,
respectively).

In the 24-h SADstudy, BEEswere infrequent (<5%of observations) and
limited to instances of isolated ruffled fur; no PMT-related AEs
occurred (Table 1). Two saline-treatedWTmicedevelopeddehydration
due to water dispenser dysfunction, which was identified at study
completion; both mice exhibited decreased body weight (by 32% and
36%) and increased hematocrit (Hct) (to 46.7% and 49.9%, respec-
tively). Dehydration was independently confirmed by the study veteri-
narian (Table 1).

In the 14-day SAD study, BEEs were infrequent (<5% of observations)
and limited to instances of isolated ruffled fur; no PMT-related AEs
occurred (Table 2).

In the 6-month RAD study, 18,129 cage-side observations of 69 mice
made over 192 days resulted in health status data for 12,114 ‘mouse
study days’ reflecting the number of mice with observed BEEs, as
well as their nature, frequency, duration, and the simultaneous occur-
rence of multiple effects in the same mouse.

The numbers of mice exhibiting BEEs were similar among saline-
treated and PMT-treated mice and among males or females within
each group (Table 3; Figure S3), but more frequent in males than
a+Mfs

ration, self-inactivating lentiviral vector used to manufacture Csf2ra gene-corrected

F) Characterization of the freshly manufactured mGM-Ra+Mfs (intermediate drug

cytocentrifugation, Diff-Quick staining, andmicroscopy at a magnification of 20� or

ection of macrophage cell surface phenotypic markers F4/80, CD11b, and CD11c

e photomicrograph showing expression of Csf2ra (CD116) on freshly manufactured

T macrophages (right). Original magnification, 20�; inset magnification, 40�. (E)

h mGM-Ra+Mfs and the absence of such stimulated expression in unmanipulated

GM-Ra+Mfs using a novel TNF-a release assay in intermediate drug substance.

ition of LPS or endotoxin (striped bar), cells in culture medium 24 h after addition of

ition of endotoxin at the indicated concentrations (gray bars). (G–J) Characterization

ine (formulated drug product). (G) Photomicrographs showing expression of Csf2ra

eks) and long-term (5 years) cryostorage, or short-term (3 h) in-use stability at room

osphorylation in the absence (clear histograms) or after addition (gray histograms) of

e macrophage colony-stimulating factor; LPS, lipopolysaccharide; pSTAT5, phos-

osis factor alpha; WT, wild-type.
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Table 1. Selected outcome measures evaluated 24 h after one administration of PMT of mGM-Ra+Mfs

Recipient Parametera Saline PMT-500K p valueb PMT-5M p valuec

Csf2raKO

Pharmacokinetics

VCN, vector genome copies/cell; median (IQR) [n] 0.000 (0.000–0.000) [10] 0.624 (0.470–0.986) [10] <0.0001 2.123 (1.152–2.964) [10] <0.001

Tolerability and safety

Biologic effect events, no. mice (no. occ./no. obs.)d [n] 0 (0/42) [21] 1 (44) [22] 0.331 0 (0/40) [20] 1.000

Acute respiratory distress, no. micee [n] 0 [21] 0 [22] 1.000 0 [20] 1.000

Cage-side observation-related AEs (any), no. mice (no. occ./no. obs.)f [n] 0 (0/42) [21] 0 (0/44) [22] 1.000 0 (0/40) [20] 1.000

Necropsy-related AEs, no. mice (no. occ./no. obs.)g [n] 0 (0/21) [21] 0 (0/22) [22] 1.000 0 (0/20) [20] 1.000

Body weight at end of study, g; mean ± SD [n] 22.8 ± 2.8 [21] 21.9 ± 2.5 [22] 0.255 22.3 ± 2.8 [20] 0.583

Lung airway resistance, cm H2O/mL/s; median (IQR) [n] 0.571 (0.517–0.592) [10] 0.564 (0.522–0.639) [10] 0.684 0.556 (0.490–0.573) [10] 0.436

Lung compliance, mL/cm H2O; median (IQR) [n] 0.032 (0.029–0.036) [10] 0.032 (0.025–0.036) [10] 0.927 0.034 (0.030–0.047) [10] 0.166

Lung neutrophilic histology score; median (IQR) [n] 2.00 (0.00–3.00) [11] 0.50 (0.00–1.75) [12] 0.210 2.00 (0.00–2.00) [10] 0.359

Lung lymphocytosis histology score; median (IQR) [n] 2.00 (1.00–3.00) [11] 2.00 (1.00–2.75) [12] 0.717 2.00 (2.00–2.00) [10] 1.000

Lung fibrosis, no. mice (%) [n] 0 (0.0) [11] 1 (8.3) [12] 1.000 1 (10) [10] 1.000

Unexpected gross or microscopic necropsy findings, no. mice (%) [n] 0 (0.0) [11] 0 (0.0) [12] 1.000 0 (0.0) [10] 1.000

Hematologic index-related AEs (any), no. mice (%) [n]h 0 (0.0) [11] 0 (0.0) [12] 1.000 0 (0.0) [10] 1.000

IL-1b, pg/mL BAL; median (IQR) [n] 26.9 (26.9–26.9) [10] 26.9 (26.9–26.9) [10] 1.000 26.9 (26.9–26.9) [10] 1.000

IL-6, pg/mL BAL; median (IQR) [n] 2.77 (2.07–5.07) [10] 5.51 (2.98–17.1) [10] 0.078 5.10 (4.09–9.27) [10] 0.036

TNF-a, pg/mL BAL; median (IQR) [n] 0.59 (0.33–0.97) [10] 1.29 (0.80–2.53) [10] 0.024 0.97 (0.53–1.79) [10] 0.214

Pharmacodynamics

Alveolar sediment score; median (IQR), [n] 2.00 (2.00–2.00) [11] 2.00 (2.00–2.00) [12] 1.000 2.00 (2.00–2.00) [10] 1.000

BAL turbidity, OD600nm; median (IQR) [n] 0.674 (0.609–1.124) [10] 0.811 (0.711–0.966) [10] 0.684 0.723 (0.493–1.00) [10] 0.796

SP-D, mg/mL BAL; median (IQR) [n] 3.46 (3.16–3.94) [10] 4.20 (3.83–4.92) [10] 0.017 3.22 (2.07–3.99) [10] 0.353

BAL GM-CSF, pg/mL BAL; mean ± SD [n] 20.9 ± 8.04 [10] 30.99 ± 16.3 [10] 0.102 10.4 ± 4.36 [10] 0.002

BAL M-CSF, pg/mL BAL; mean ± SD [n] 1.51 ± 0.67 [10] 3.23 ± 1.69 [10] 0.011 1.71 ± 1.25 [10] 0.662

BAL MCP-1, pg/mL BAL; median (IQR) [n] 63.1 (63.1–63.1) [10] 63.1 (63.1–63.1) [10] 0.737 80.3 (63.1–113.4.7) [10] 1.000

(Continued on next page)
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Table 1. Continued

Recipient Parametera Saline PMT-500K p valueb PMT-5M p valuec

Wild-type

Pharmacokinetics

VCN, vector genome copies/cell; median (IQR) [n] 0.000 (0.000–0.001) [12] 0.861 (0.623–1.013) [12] <0.001 1.882 (1.631–2.009) [10] <0.001

Tolerability and safety

Biologic effect events, no. mice (no. occ./no. obs.) [n]d 0 (0/24) [12] 1 (1/24) [12] 0.322 2 (2/20) [10] 0.131

Acute respiratory distress, no. mice (%) [n]e 0 (0.0) [12] 0 (0.0) [12] 1.000 0 (0.0) [10] 1.000

Cage-side observation-related AEs, no. mice (no. occ./no. obs.) [n]f 0 (0/24) [12] 0 (0/24) [12] 1000 0 (0/20) [10] 1.000

Necropsy-related AEs, no. mice (no. occ./no. obs.) [n]g 0 (0/12) [12] 0 (0/12) [12] 1.000 0 (0/10) [10] 1.000

Body weight at end of study, g; mean ± SD [n] 19.0 ± 3.1 [12] 20.0 ± 1.6 [12] 0.326 20.6 ± 1.7 [10] 0.150

Lung weight/body weight ratio, mean ± SD [n] 0.014 ± 0.002 [12] 0.015 ± 0.002 [12] 0.848 0.015 ± 0.002 [10] 0.914

BAL cell count, � 106/mouse; median (IQR) [n] 0.176 (0.129–0.216) [12] 0.200 (0.183–0.333) [12] 0.097 0.442 (0.245–0.534) [10] 0.001

BAL macrophages, %; median (IQR) [n] 100 (97.5–100) [12] 99 (98.0–100) [12] 0.509 99 (97.3–100) [10] 0.418

BAL neutrophils, %; median (IQR) [n] 0.0 (0.0–1.0) [12] 0.5 (0.0–1.0) [12] 0.893 0.8 (0.0–2.8) [10] 0.558

BAL lymphocytes, %; median (IQR) [n] 0.0 (0.0–0.0) [12] 0.0 (0.0–1.0) [12] 0.640 0.0 (0.0–0.6) [10] 0.699

SP-D, mg/mL BAL; mean ± SD [n] 0.18 ± 0.04 [12] 0.19 ± 0.03 [12] 0.340 0.35 ± 0.09 [12] <0.001

Hematologic index-related AEs (any), no. mice (%) [n]h 2 (16.7) [12] 0 (0.0) [12] 0.478 0 (0.0) [10] 0.481

IL-1b, pg/mL BAL; median (IQR) [n] 27.1 (27.1–27.1) [12] 27.1 (27.1–27.1) [12] 1.000 27.1 (27.1–27.1) [10] 1.000

IL-6, pg/mL BAL; median (IQR) [n] 1.81 (1.45–4.23) [12] 1.07 (1.07–1.82) [12] 0.078 2.00 (1.45–2.54) [10] 0.807

TNF-a, pg/mL BAL; median (IQR) [n] 0.31 (0.15–0.55) [12] 0.24 (0.12–0.40) [12] 0.318 0.33 (0.12–0.48) [10] 0.586

AE, adverse event; BAL, bronchoalveolar lavage; BEE, biologic effect event; cm H2O/mL/s, centimeters of water per milliliter per second; GM-CSF, granulocyte/macrophage colony-stimulating factor; IL, interleukin; K,
thousand; M, million; MCP-1, monocyte chemoattractant protein 1; M-CSF, macrophage colony-stimulating factor; mL/cm H2O, milliliter per centimeter of water; no., number; obs., observations; occ., occurrences;
PMT, pulmonary macrophage transplantation; resp., respiratory; SAD, single ascending dose; SPD, surfactant protein D; TEAE, treatment emergent adverse event; TNF-a, tumor necrosis factor alpha.
aMale and female Csf2raKO orWTmice received endotracheal intrapulmonary administration of either saline or PMT of 500,000, or 5,000,000 Csf2ra gene-corrected macrophages and were evaluated over the 24-h period as
described in the Materials and methods. Data are the number (no.) of mice with the indicated biologic effect event or adverse event (AE), the no. of observations identifying an event/total no. observations made on all mice)
for categorical data; mean ± standard deviation for parametric data, or median (interquartile range) for nonparametric data. The number of mice evaluated in each treatment group is indicated in square brackets.
bComparisons between the saline and PMT-500K groups were made using Fischer’s exact test (categorical data), Student’s t test (parametric data), or Mann-Whitney test (nonparametric data).
cComparison between the saline and PMT-5M groups were made using Fischer’s exact test (categorical data), Student’s t test (parametric data), or Mann-Whitney test (nonparametric data).
dIncluded ruffled coat, abnormal movement/reflexes, or hunched body habitus identified during cage-side observations made at 8 or 16 h after administration of the intervention.
eIncluded biologic effect events, respiratory distress, moribund appearance, or altered consciousness identified during continuous cage-side observation for 30 min after administration of intervention.
fIncluded cage-side observations with two or three concurrent biologic effect events, respiratory distress, moribund appearance, altered consciousness, or death identified during cage-side observations made at 8 or 16 h after
administration of the intervention.
gIncluded rapid/shallow respiration, ruffled coat, lacerations, mass, eye stupor/lacrimation-secretion/corneal opacification, reduced visual placing, oral or nasal membrane lacerations/erythema or overbite, pale skin, reduced
body tone/muscle strength, or abnormal movement/reflexes identified at necropsy.
hIncluded evaluations of white blood cell differential count (% neutrophils, %monocytes, % lymphocytes, % eosinophils, % basophils), red blood cell indices (red blood cell number, hemoglobin, hematocrit, mean corpuscular
volume, mean corpuscular hemoglobin, mean corpuscular hemoglobin concentration, red cell distribution width), and platelet count.
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Table 2. Selected outcome variables evaluated 14 days after one administration of PMT of mGM-Ra+Mfs

Recipient Parametera Saline PMT-500K p valueb PMT-5M p valuec

Csf2raKO

Tolerability and safety

Biologic effect events, no. mice (no. occ./no. obs.) [n]d 0 (0/40) [20] 1 (1/44) [22] 0.331 0 (0/40) [20] 1.000

Acute respiratory distress, no. mice (no. occ./no. obs.) [n]e 0 (0/10) [10] 0 (0/11) [11] 1.000 0 (0/10) [10] 1.000

Cage-side observation-related AEs, no. mice (no. occ./no. obs.) [n]f 0 (0/210) [10] 0 (0/228) [11] 1.000 0 (0/212) [10] 1.000

Weekly physical exam-related AEs, no. mice (no. occ./no. exams) [n]g 0 (0/20) [10] 0 (0/22) [11] 1.000 0 (0/20) [10] 1.000

Necropsy-related AEs, no. mice (no. occ./no. obs.) [n]h 0/10 [10] 0/11 [11] 1.000 0/10 [10] 1.000

Body weight at end of study, g; mean ± SD [n] 23.5 ± 2.6 [10] 24.1 ± 2.0 [11] 0.580 23.4 ± 2.5 [10] 0.904

Lung neutrophil histology score; median (IQR) [n] 0.00 (0.00–0.00) [10] 0.00 (0.00–1.00) [11] 0.214 2.00 (1.75–2.00) [10] <0.001

Lung lymphocytosis histology score; median (IQR) [n] 1.00 (1.00–2.00) [10] 1.00 (1.00–2.00) [11] 0.853 3.00 (1.75–3.00) [10] 0.015

Lung fibrosis, no. mice (%) [n] 0 (0.0) [10] 0 (0.0) [11] 1.000 0 0.0) [10] 1.000

Unexpected gross or microscopic necropsy findings, no. mice (%) [n] 0 (0.0) [11] 0 (0.0) [12] 1.000 0 (0.0) [10] 1.000

Hematologic index-related AEs (any), no. mice (%) [n]i 0 [10] 0 [11] 1.000 0 [10] 1.000

Pharmacodynamics

Alveolar sediment score; median (IQR) [n] 2.00 (2.00–2.00) [10] 2.00 (2.00–2.00) [11] 1.000 2.00 (2.00–2.00) [10] 1.000

Wild-type

Pharmacokinetics

VCN, vector genome copies/cell median (IQR) [n] 0.000 (0.000–0.000) [10] 0.141 (0.113–0.211) [12] <0.0001 0.414 (0.381–0.476) [12] <0.001

Tolerability and safety

Biologic effect events, no. mice (no. occ./no. obs.) [n]d 0 (0/20) [10] 1 (1/24) [12] 0.322 2 (2/20) [10] 0.131

Acute respiratory AEs, no. mice (no. occ./no. obs.) [n]e 0 [10] 0 [12] 1.000 0 [12] 1.000

Cage-side observation-related AEs, no. mice (no. occ./no. obs.)f [n] 0 (0/212) [10] 0 (0/252) [12] 0.903 0 (0/252) [12] 1.000

Weekly physical exam-related AEs, no. mice (no. occ./no. exams)g [n] 0 (0/20) [10] 0 (0/24) [12] 0.366 0 (0/24) [12] 1.000

Necropsy-related AEs, no. mice (no. occ./no. obs.)h [n] 0 (0/10) [10] 0 (0/12) [12] 1.000 0 (0/12) [12] 1.000

Body weight at end of study, g; mean ± SD [n] 23.7 ± 2.1 [10] 23.4 ± 2.6 [12] 0.778 23.6 ± 2.0 [12] 0.929

Lung weight/body weight ratio; mean ± SD [n] 0.014 ± 0.002 [10] 0.019 ± 0.004 [12] 0.007 0.015 ± 0.003 [12] 0.429

BAL cell count, � 106 cells/mouse; median (IQR) [n] 0.245 (0.127–0.279) [10] 0.273 (0.250–0.379) [11] 0.034 0.241 (0.230–0.292) [12] 0.710

BAL macrophages, %; median (IQR) [n] 100 (99.0–100) [10] 99.5 (97.3–100) [12] 0.242 99 (98.0–99) [12] 0.019

BAL neutrophils, %; median (IQR) [n] 0.0 (0.0–0.0) [10] 0.0 (0.0–1.0) [12] 0.286 0.0 (0.0–1.0) [12] 0.323

BAL lymphocytes, %; median (IQR) [n] 0.0 (0.0–1.0) [10] 0.0 (0.0–1.8) [12] 0.626 1.0 (0.0–1.8) [12] 0.147

SP-D, mg/mL BAL; median (IQR) [n] 0.15 (0.14–0.16) [10] 0.17 (0.16–0.19) [12] 0.007 0.17 (0.15–0.19) [12] 0.131

Hematologic index-related AEs (any), no. mice (%) [n]i 0 (0.0) [10] 0 (0.0) [12] 1.000 0 (0.0) [12] 1.000

IL-1b, pg/mL BAL; median (IQR) [n] 8.40 (8.40–8.40) [10] 8.40 (8.40–8.40) [12] 1.000 8.40 (8.40–8.40) [12] 1.000

(Continued on next page)
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Table 2. Continued

Recipient Parametera Saline PMT-500K p valueb PMT-5M p valuec

Wild-type
IL-6, pg/mL BAL; median (IQR) [n] 3.86 (3.86–3.86) [10] 3.86 (3.86–3.86) [12] 1.000 3.86 (3.86–3.86) [12] 1.000

TNF-a, pg/mL BAL; median (IQR) [n] 0.31 (0.31–0.31 [10] 0.31 (0.31–0.31 [12] 1.000 0.31 (0.31–0.31 [12] 1.000

AE, adverse event; BAL, bronchoalveolar lavage; BE, biologic events; IL, interleukin; K, t macrophage transplantation; resp., res-
piratory; SAD, single ascending dose; SP-D, surfactant protein D; TEAE, treatment eme
aMale and female Csf2raKO or WT mice received on endotracheal intrapulmonary admin ages and were evaluated over the 14-day
period as described in theMaterials andmethods. Data are the number (no.) of mice with t event/total no. observations made on all
mice) for categorical data; mean ± standard deviation for parametric data, or median (in nt group is indicated in square brackets.
bComparisons between the saline and PMT-500K groups were made using Fischer’s exa rametric data).
cComparison between the saline and PMT-5M groups were made using Fischer’s exact etric data).
dIncluded ruffled coat, abnormal movement/reflexes, or hunched body habitus identified days and holidays).
eIncluded biologic effect events, respiratory distress, moribund appearance or altered co ation of intervention.
fIncluded cage-side observations with two or three concurrent biologic effect events, respi -side observations conducted twice daily
(weekdays) or once daily (weekend days and holidays).
gEvaluations made weekly during the 14-day period following administration of the inte ), skin (ruffled coat [scruffy fur], lacera-
tion(s)/scratches, mass), eyes (stupor, lacrimation, secretion [cleanliness], corneal opac rs and toes (pale skin), musculoskeletal
(reduced body tone, reduced muscle strength), movement and reflexes (abnormal move
hIncluded rapid/shallow respiration, ruffled coat, lacerations, mass, eye stupor/lacrimation /erythema or overbite, pale skin, reduced
body tone/muscle strength, abnormal movement/reflexes identified at necropsy.
iIncluded evaluations of white blood cell differential count (% neutrophils, %monocytes, % moglobin, hematocrit, mean corpuscular
volume, mean corpuscular hemoglobin, mean corpuscular hemoglobin concentration, re
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rgent adverse event; TNF-a, tumor necrosis factor alpha.
istration of either saline or PMT of 500,000, or 5,000,000 Csf2ra gene-corrected macroph
he indicated biologic effect event or adverse event (AE), the no. of observations identifying an
terquartile range) for nonparametric data. The number of mice evaluated in each treatme
ct test (categorical data), Student’s t test (parametric data), or Mann-Whitney test (nonpa
test (categorical data), Student’s t test (parametric data), or Mann-Whitney test (nonparam
during cage-side observations conducted twice daily (weekdays) or once daily (weekend

nsciousness identified during continuous cage-side observation for 30 min after administr
ratory distress, moribund appearance, altered consciousness, or death identified during cage

rvention include (system/assessment [specific AE]): respiratory (rapid/shallow respiration
ification, reduced visual placing), mouth (lacerations, membrane/lips, nares; overbite), ea
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Figure 3. Engraftment and biodistribution of

transplanted macrophages after PMT

Detection of vector DNA was assessed in multiple tissues

using qPCR. (A) VCN /cell in BAL cells of Csf2raKO re-

cipients (saline [n = 10], PMT-500K [n = 10], and PMT-5M

[n = 10]) 24 h after PMT. (B) VCN /cell in BAL cells of WT

recipients (saline [n = 12], PMT-500K [n = 12], and PMT-

5M [n = 10]) 24 h after PMT. (C) VCN /cell in BAL cells of

WT recipients (saline [n = 10], PMT-500K [n = 12], and

PMT-5M [n = 12]) 14 days after PMT. (D) Biodistribution of

Csf2ra gene-corrected macrophages was assessed in

multiple organs 6 months (RAD study) after PMT

in Csf2raKO recipients. The bottom graph shows VCN in

multiple organs from Csf2raKO recipients that received

saline intervention. The number of mice evaluated per/

organ is indicated within parentheses. NS, not significant;

****p < 0.0001. BAL, bronchoalveolar lavage fluid; K,

thousand; L, left; M, million; n, number of mice; PMT,

pulmonary macrophage transplantation; R, right; VCN,

vector copy number; WT, wild-type.

Molecular Therapy: Methods & Clinical Development
SAEs

SAEswere infrequent, affected only 4 of 231 the enrolledmice, occurred
only in males and in a similar number of saline- and PMT-treated mice
(Tables 1, 2, and 3). SAEs did not occur in any SAD study. In the
6-month RAD study, 6% (2 of 33) saline-treated mice and 5.5% (2 of
36) PMT-treated mice exhibited an SAE (one mouse, ID: 3D90, was
found dead on day 6 and three mice, IDs: F634, 584B, and 3226, were
found moribund on days 4, 11, and 92, respectively, and euthanized).
Thus, the rate of SAEs was similar among saline- and PMT-treated
mice (Table 3; Figure S6). All four mice with SAEs were observed to
be fighting before administration of intervention and were separated
and housed in isolation and following comprehensive evaluations, all
SAEs were judged to have resulted from fighting-related injuries (Nec-
ropsy reports S1–S4, supplemental appendix, Figures S19–S25).

Lung inflammation

In the 24-h SAD study, histologic findings inCsf2raKO recipients (Fig-
ure S10) were hPAP-related, occurred at levels (Figures S11–S13)
similar to untreated, age-matched Csf2raKO mice,8 and were similar
in saline- and PMT-treated mice (Table 1). Among Csf2raKO recipi-
ents, the lung neutrophil and lymphocyte scores were not different
in comparisons of PMT-500K or PMT-5M groups to the saline group
(Table 1). The potential for lung inflammation was evaluated in WT
recipients by enumeration of BAL cells and differential cytology.
Compared with the saline group, the BAL total cell count was numer-
ically (but not significantly) increased in the PMT-500K group and
10 Molecular Therapy: Methods & Clinical Development Vol. 32 June 2024
significantly increased in the PMT-5M group
while the percentages of macrophages, neutro-
phils, and lymphocytes were similar (99%–
100%, 0%–0.5%, and 0%, respectively) (Table 1)
consistent with administration of mGM-Ra+-

Mfs 1 day earlier.
In the 14-day SAD study, histologic findings in Csf2raKO recipients
(Figure S14) were typical of untreated, age-matched Csf2raKO

mice.8 Among Csf2raKO recipients, the respective lung neutrophil
and lymphocyte scores were not different in the PMT-500K group,
and both were increased in the PMT-5M group, both compared
with the saline group (Table 2). Among WT recipients, the BAL total
cell count was increased in the PMT-500K group but not in the PMT-
5M group compared with the saline group (Table 2). The respective
percentages of lung neutrophils and lymphocytes were similar in all
groups, while, compared with the saline group, the percentage ofmac-
rophages was similar in the PMT-500K and decreased trivially in the
PMT-5M group (100% vs. 99%, respectively) (Table 2).

In the 6-month RAD study, histologic findings in Csf2raKO recipients
(Figure 5) were typical of untreated, age-matched Csf2raKO mice8 and
lung histology-based neutrophil and lymphocytes scores were similar
in the saline and PMT groups (Table 3).

Lung fibrosis

In the 24-h SAD study, pulmonary fibrosis was trivial and not statisti-
cally different among saline- andPMT-treatedmice (Table 1); one small
perivascular focus was observed in one lobe in one PMT-500K-treated
mouse and in one PMT-5M mouse. In the 14-day SAD study, pulmo-
nary fibrosis was not detected in any mice (Table 2). In the RAD-002
study, pulmonary fibrosis was trivial and not statistically different
among saline- and PMT-treated mice (Table 3); small perivascular



Table 3. Selected outcome variables evaluated during and 6 months after repeated administration of PMT in Csf2raKO mice

Parametera Saline group PMT group p valueb

Pharmacokinetics

VCN, vector genome copies/cell median (IQR) [n] 0.000 (0.000–0.002) [17] 1.373 (1.021–2.047) [20] <0.0001

Cage-side observation-related biologic effect eventsc

Any biologic effect event, number (no.) of mice affected (%) [n] 20 (61) [33] 27 (75%) [36] 0.301

Any biologic effect event in females, no. mice (%) [n] 6 (40%) [15] 7 (47%) [15] 1.000

Any biologic effect event in males, no. mice (%) [n] 14 (78%) [18] 20 (95%) [21] 0.162

Ruffled fur, no. mice (no. occ./no. obs.) [n] 16 (320/8707) [33] 26 (584/9422) [36] 0.052

Abnormal movement/reflexes, no. mice (no. occ./no. obs.) [n] 9 (18/8707) [33] 8 (21/9422) [36] 0.781

Hunched-back body habitus, no. mice (no. occ./no. obs.) [n] 5 (12/8707) [33] 9 (14/9422) [36] 0.378

Cage-side observation-related adverse events

Acute respiratory distress, no. mice (no. occ./no. obs.)d [n] 0 (0/96) [33] 0 (0/108) [36] 1.000

Any AE, no. mice, (%), [n] 7 (21%) [33] 12 (33%) [36] 0.293

Any AE in female mice, (%), [n] 0 (0%) [15] 3 (20%) [15] 0.224

Any AE in male mice, (%), [n] 7 (47%) [18] 8 (73%) [21] 1.000

Serious AEs, no. mice, (%), [n]e 2 (6%) [33] 2 (5.5%) [36] 1.000

Female mice, (%), [n] 0 (0%) [15] 0 (0%) [15] 1.000

Male mice, (%), [n] 2 (11) [18] 2 (9.5%) [21] 1.000

Physical exam-related biologic effect events and AEsf

Rapid/shallow respiration, no. mice (no. occ./no. obs.) [n] 1 (1/846) [33] 1 (1/916) [36] 1.000

Ruffled fur, no. mice (no. occ./no. obs.) [n] 15 (96/846) [33] 21 (127/916) [36] 0.339

Skin lacerations/scratches, no. mice (no. occ./no. obs.) [n] 4 (4/846) [33] 4 (4/916) [36] 1.000

Ocular stupor, no. mice (no. occ./no. obs.) [n] 2 (4/846) [33] 0 [(0/916)36] 0.225

Ocular secretions, no. mice (no. occ./no. obs.) [n] 0 (0/846) [33] 1 (1/916) [36] 1.000

Corneal opacification, no. mice (no. occ./no. obs.) [n] 4 (21/846) [33] 1 (1/916) [36] 0.186

Reduced muscle tone, no. mice (no. occ./no. obs.) [n] 1 (1/846) [33] 0 (0/916) [36] 0.478

Reduced muscle strength, no. mice (no. occ./no. obs.) [n] 1 (1/846) [33] 1 (1/916) [36] 1.000

Abnormal movement/reflexes, no. mice (no. occ./no. obs.) [n] 3 (3/846) [33] 1 (1/916) [36] 0.343

Laboratory test-related AEs at end of study (6 months)

Serum chemistry-related AEs, no. mice (%) [n]g 0 (0%) [33] 0 (0%) [33] 1.000

Hematologic index-related AEs (any), no. mice (%) [n]h 0 (0%) [33] 0 (0%) [36] 1.000

Necropsy-related AEs at end of study (6 months)i

Physical exam-related AEs, no. mice (%) [n] 0 (0%) [31] 0 (0%) [34] 1.000

Organ weight/body weight ratio abnormalities, no. mice (%) [n] 0 (0%) [31] 0 (0%) [34] 1.000

Extramedullary hematopoiesis, no. mice, (%), [n] 0 (0%) [33] 1 (2.8%) [34] 1.000

Lymph node hyperpigmentation, no. mice, (%), [n] 1 (3%) [33] 0 (0%) [34] 1.000

Lymph node enlargement, no. mice, (%), [n] 0 (0%) [33] 1 (2.8%) [34] 1.000

Lung lymphocytosis histology score, median (IQR) [n] 2.00 (2.00–2.75) [16] 2.00 (2.00–3.00) [15] 0.849

Lung neutrophilic histopathology score; median (IQR) [n] 1.50 (0.00–2.00) [16] 2.00 (0.00–2.00) [15] 0.357

Lung fibrosis, no. mice [n] (%) 2 (12.5) [16] 0 (0.0) [15] 0.484

IL-1b, pg/mL BAL; median (IQR) [n] 8.73 (8.73–8.73) [15] 8.73 (8.73–8.73) [19] 1.000

IL-6, pg/mL BAL; median (IQR) [n] 4.79 (1.06–15.96) [15] 2.25 (0.82–7.00) [19] 0.196

TNF-a, pg/mL BAL; median (IQR) [n] 0.57 (0.44–0.89) [15] 0.48 (0.34–0.72) [19] 0.170

Liver inflammation histopathology score at EOS; median (IQR) [n] 1.00 (0.00–1.00) [31] 1.00 (0.00–1.00) [34] 1.000

Body weight at end of study, g; median (IQR) [n] 29.3 (25.3–33.7) [31] 29.9 (26.0–34.6) [34] 0.325

(Continued on next page)
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Table 3. Continued

Parametera Saline group PMT group p valueb

Change in body weight (EOS, baseline), g; median (IQR) [n] 7.2 (6.10–10.10) [31] 8.4 (6.40–10.90) [34] 0.312

Anti-GM-CSF receptor a antibodies at EOS, ng/mL; median (IQR) [n] 0 (0-0)j [31] 0 (0-0)j [34] 1.000

Pharmacodynamics

Lung weight/body weight ratio; mean ± SD 0.021 ± 0.003 [15] 0.018 ± 0.002 [19] 0.008

Alveolar sediment score; median (IQR) [n] 4.00 (4.00–4.00) [16] 2.00 (1.00–4.00) [15] <0.001

BAL turbidity, OD600 nm; median (IQR) [n] 1.347 (1.187–1.752) [15] 0.817 (0.464–0.957) [19] <0.001

SP-D, mg/mL BAL; mean ± SD 8.53 ± 1.36 [15] 2.93 ± 1.74 [19] <0.001

Lung GM-CSF, pg/mL BAL; median (IQR) [n] 22.03 (14.63–31.97) [15] 7.99 (3.93–14.20) [19] <0.001

Lung M-CSF, pg/mL BAL; median (IQR) [n] 2.01 (1.58–4.49) [15] 1.06 (0.68–2.23) [19] 0.026

Lung MCP-1, pg/mL BAL; median (IQR) [n] 41.88 (28.94–49.04) [15] 28.94 (28.94–28.94) [19] 0.023

AE, adverse event; BAL. bronchoalveolar lavage; BE, biologic events; EOS, end of study; GM-CSF, granulocyte/macrophage colony-stimulating factor; IL, interleukin; IQR, interquartile
range; MCP, monocyte chemoattractant factor; M-CSF, macrophage colony-stimulating factor; no., number of mice evaluated; n, number of mice; occ., occurrences; obs., observations;
PMT, pulmonary macrophage transplantation; RAD, repeat ascending dose (study); resp., respiratory; SAE, serious adverse event; SD, standard deviation; TEAE, treatment emergent
adverse event; TNF-a, tumor necrosis factor alpha.
aCsf2raKO mice received three monthly endotracheal intrapulmonary administrations of either saline or Csf2ra gene-corrected macrophages (at sequentially escalating doses of 26,000,
105,000, and 500,000 cells per mouse) and were evaluated over a 6-month period as described in the Materials and methods.
bComparisons of mice in the PMT and saline groups for the indicated outcome measure were made using Fischer’s exact test (categorical data), Student’s t test (parametric data), or
Mann-Whitney test (nonparametric data) as appropriate.
cBiologic effect events included ruffled coat, abnormal movement/reflexes, hunched body habitus identified during cage-side observations conducted twice daily (weekdays) or once
daily (weekend days and holidays).
dIncluded assessment of biologic effect events (hunched body habitus, ruffled coat, abnormal movement/reflexes), respiratory distress, moribund appearance or altered consciousness
during 30 min after administration.
eThese (and other) male mice were observed engaged in fighting before administration of intervention and subsequently either died spontaneously (n = 1) or became moribund (n = 3)
due to fighting-related injuries requiring euthanasia.
fIncluded assessment for rapid/shallow respiration, ruffled coat, lacerations, mass, eye stupor/secretion/corneal opacification, reduced visual placing, oral or nasal lacerations/erythema,
overbite, pale skin, body tone/muscle strength, movement/reflexes during weekly exams.
gIncluded blood urea nitrogen, creatinine, glucose, aspartate aminotransferase, alanine transaminase, total protein, total bilirubin, and lactate dehydrogenase.
hIncluded evaluations of white blood cell differential count (% neutrophils, % monocytes, % lymphocytes, % eosinophils, % basophils), red blood cell indices (red blood cell num-
ber, hemoglobin, hematocrit, mean corpuscular volume, mean corpuscular hemoglobin, mean corpuscular hemoglobin concentration, red cell distribution width), and platelet
count.
iIncluded rapid/shallow respiration, ruffled coat, lacerations, mass, eye stupor/lacrimation-secretion/corneal opacification, reduced visual placing, oral or nasal membrane lacerations/
erythema or overbite, pale skin, reduced body tone/muscle strength, abnormal movement/reflexes identified at necropsy.
jAll measurement results were below the lower limit of quantitation and censored to zero to enable between-group statistical comparison.
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foci were detected in 1 or 2 lobes, respectively, in 2 of 16 saline-treated
mice (Figure S15) and none of 15 PMT-treated mice.

Liver and spleen histology

In the 6-month RAD study, mild mononuclear and neutrophilic in-
flammatory infiltrates of varying degrees (Figure S16) were observed
in the livers of 61% (19 of 31) saline-treated mice and 62% (21 of 34)
PMT-treated mice (Figure S17) and were of similar severity as deter-
mined by the liver inflammation score (Table 3).

Spleen histology was unremarkable in all 31 saline-treated mice and 33
of 34 PMT-treated mice (Figure S18). Extramedullary hematopoiesis
was observed in one PMT-treated mouse. No vector DNA was present
in the spleen of this mouse, but moderate inflammation was present
(Necropsy report S5, supplemental appendix, section S3.5, Figure S23).
This finding was judged to be related to the impaired host de-
fense11,13,17 and increased risk of infection caused by disruption of
GM-CSF signaling14–16,19,38,39 and unrelated to the intervention.
12 Molecular Therapy: Methods & Clinical Development Vol. 32 June 20
Cytokines

BAL was evaluated for proinflammatory cytokines interleukin-1beta
(IL-1b), IL-6, and tumor necrosis factor alpha (TNF-a) in all studies
to assess molecular evidence of inflammation. Cytokines were pre-
sent at trivial levels in all studies and no important between-group
differences were observed at 24 h, 14 days, or 6 months (Tables 1, 2,
and 3).

Unexpected gross and microscopic findings

Unexpected gross or microscopic findings were not observed in
Csf2raKO or WT mice in either SAD study and were similarly infre-
quent among saline- and PMT-treated mice in the RAD study
(Table 3). In the 6-month study, one PMT-treated mouse had a
dark-colored lymph node caused by excess melanin pigmentation
(Necropsy report S6, Figure S24) and another had an enlargedmesen-
teric lymph node with benign histology (Necropsy report S7, supple-
mental appendix, section S3.7, Figure S25). Following extensive eval-
uations, both were judged to be unrelated to the intervention.
24



Figure 4. Antibodies to the Csf2ra transgene were

not detected after PMT in Csf2raKO mice

Detection of anti-GM-CSF receptor a chain (CD116) an-

tibodies in the plasma of Csf2raKO recipients after PMT of

Csf2ra-expressing macrophages. Data from saline inter-

vention and PMT intervention at four time points (days)

after the initiation of the interventions are represented.

Time points evaluated were 24 h after second PMT dose,

24 h and 14 days after third PMT dose, and at the end of

the study. The number of mice evaluated is indicated

within parentheses. Filled bars are anti-CD116 antibody

reference standards.
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No anti-GM-CSF receptor a (CD116) antibody response

Because Csf2raKO mice do not express CD1168,30 but it is abundantly
expressed on the mGM-Ra+Mfs (Figures 2D and 2G) administered
to Csf2raKO recipients, we evaluated recipients for development of
anti-CD116 antibodies. Despite administration of mGM-Ra+Mfs by
PMT on three separate occasions at 1-month intervals and measure-
ments four times over a 6-month period (on study days 30, 59, 72,
and 178–192), no PMT-treated mice developed detectable anti-
CD116 antibodies (Figure 4).

Pharmacodynamics

Progressive accumulation of surfactant, a cardinal manifestation of
hPAP in humans3,5 and mice,8,30 is caused by disruption of GM-CSF
signaling in alveolar macrophages8 and can be corrected by PMT.6,8,30

Consequently, the degree of alveolar surfactant accumulation was eval-
uated in saline- and PMT-treated mice using multiple methods as re-
portedpreviously.6,8,30 In the 24-h SADstudy, nobetween-groupdiffer-
ences were observed in the microscopic appearance of the lungs
(Figure S10), alveolar sediment score, BAL turbidity, or BAL concentra-
tions of M-CSF, or MCP-1 (Table 1). Interestingly, BAL GM-CSF con-
centration was reduced in the PMT-5M group compared with saline
group but not in the PMT-500K group (Table 1) consistent with the
larger GM-CSF clearance from a larger number of GM-Ra+Mfs
administered in the former. In the 14-day SAD study, similar compar-
isons did not identify between-group differences in the microscopic
appearance of the lungs (Figure S14) or in the alveolar sediment score
(Table 2). In the 6-month RAD study, comparisons to saline-treated
controls demonstrated PMT-treated Csf2raKO recipients had a signifi-
cantly reduced extracellular surfactant sediment within alveoli and
increased numbers of alveolar macrophages containing internalized
sediment, aswell as significant reductions in the alveolar sediment score,
lung to body weight ratio, BAL turbidity, and BAL concentrations of
SP-D, GM-CSF, M-CSF, and MCP-1 (p < 0.05 for all between group
comparisons) (Figures 5A–5K; Table 3).

DISCUSSION
This toxicology study, conducted after consultation with the United
States FDA, evaluated the safety, tolerability, pharmacokinetics, and
pharmacodynamics of PMT of mGM-Ra+Mfs in Csf2raKO mice, a
Molecu
validated model of human hPAP, and WT mice, a model without
hPAP-related lung abnormalities. Myeloablation was not used due
to the strong survival advantage of mGM-Ra+Mfs over Csf2raKO

macrophages.6 Congenic Csf2raKO donor macrophages modeled
autologous cell transplantation and eliminated the need for immune
suppression. SAD and RAD studies permitted assessments at imme-
diate, acute, intermediate, and late times. A target dose of 500,000
cells was chosen as the lowest dose with efficacy indistinguishable
from higher doses6 and a dose of 5,000,000 cells permitted assessment
of a 10-fold safety margin. Administration of three escalating
monthly doses modeled the split-dose administration into an
increasing number (1, 4, 14) of lung segments planned for the human
trial. Saline controlled for PMT administration and study-specific and
room-specific sentinel mice controlled for the study environment. Re-
sults demonstrate PMT of mGM-Ra+Mfs was not associated with
bronchospasm, lung function abnormalities, pulmonary inflamma-
tion, vector-related genotoxicity, uncontrolled proliferation of trans-
planted cells, or an antibody response to the “novel” transgene prod-
uct. Transplanted macrophages engrafted and remained confined to
the lungs. Pharmacodynamic effects included restoration of GM-
CSF signaling in gene-corrected macrophages and, following PMT,
reduction in pulmonary surfactant accumulation and multiple pul-
monary biomarkers of hPAP lung disease.

Absence of a safety signal for the target dose (500,000 cells/mouse) is an
important finding of the study supported by multiple lines of evidence.
A “safety margin” dose (5,000,000 cells/mouse) was well tolerated in
both Csf2raKO and WT mice and associated with only a transient
increased pulmonary neutrophilia and exacerbation of pulmonary
lymphocytosis in Csf2raKO mice at 14 days that was not present at
24 h or at 6 months. None of the PMT-treatedWTmice exhibited pul-
monary neutrophilia or lymphocytosis at any time in any study.
Furthermore, proinflammatory cytokines were not increased in the
lungs of Csf2raKO or WT mice at either dose or any time. SAEs result-
ing in early termination were uncommon, occurred only in males, were
attributable to aggressivemale fighting, observed before administration
of the intervention, and balanced in the saline and PMT groups.40 A
NOAEL dose was established at 631,000 cells/mouse. These studies
establish a target dose, NOAEL dose, and safety margin dose.
lar Therapy: Methods & Clinical Development Vol. 32 June 2024 13
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Figure 5. Pharmacodynamics of PMT of Csf2ra gene-corrected macrophages

Lung histology after staining with hematoxylin and eosin (H&E) and BAL PAP biomarker analysis of Csf2raKO mice receiving either saline or PMT in the RAD-002 study. (A)

Low-power view of the lung of a saline-treated mouse illustrating the typical histopathology of hPAP caused by GM-CSF signaling deficiency including well-preserved walls,

intra-alveolar accumulation of eosinophilic surfactant (inset), and focal parenchymal lymphocytosis (arrows). (B) High-power view of the saline-treated mouse lung showing

the primarily extracellular location of the eosinophilic intra-alveolar sediment (inset). (C) Low-power view of the lung of a PMT-treated mouse showing well-preserved alveolar

walls, intra-alveolar accumulation of eosinophilic sediment (inset), and focal parenchymal lymphocytosis (arrows). (D) High-power view of a PMT-treatedmouse lung showing

the eosinophilic material is primarily located within enlarged foamy macrophages with little present as extracellular material (inset). Original magnification, 10� (left panels),

40� (right panels). (E) Alveolar PAP sediment score. (F) Lung-body weight ratio. (G) BAL turbidity measured at OD 600 nm. (H) SP-D levels. (I) GM-CSF levels. (J) M-CSF

levels. (K) MCP-1 levels. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. BAL, bronchoalveolar lavage; GM-CSF, granulocyte macrophage colony-stimulating factor;

M-CSF, macrophage colony-stimulating factor; MCP-1, monocyte chemoattractant protein-1; PMT, pulmonary macrophage transplantation; S, saline; SP-D, surfactant

protein D.
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Absence of an antibody response to the transgene product was unex-
pected given that CD116 is not expressed in Csf2raKO mice and
CD116+ mGM-Ra+Mfs were administered three times at 1-month
intervals with multiple evaluations done over 6 months.41,42 Potential
explanations include (1) mild immune deficiency due to absence of
GM-CSF signaling13,14,38 in any cells other than mGM-Ra+Mfs,
(2) impaired antigen presentation due to the lack of GM-CSF
14 Molecular Therapy: Methods & Clinical Development Vol. 32 June 20
signaling in dendritic cells,43 (3) absence of circulating CD116 or mo-
lecular fragments due to lack of receptor shedding,44,45 and (4) “hid-
ing” of CD116 epitopes due to unfavorable cell-surface positioning
resulting in steric hindrance to immune receptors.46 GM-CSF-defi-
cient mice have impaired T cell responses to ovalbumin, delayed
immunoglobulin G generation, T cell proliferation, and lower inter-
feron-gamma (IFN-g) production in response to limpet hemocyanin
24
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exposure.47 They also produce less IFN-g in response to lipopolysac-
charide exposure,48 which is partly explained by reduced IL-12 and
IL-18 secretion.18 Furthermore, homeostatic expansion of B cells
following pharmacologically induced lymphopenia was blocked by
anti-GM-CSF antibodies in passively immunized non-human pri-
mates.49 Additional studies will be needed to determine why PMT
does not elicit an antibody response to the transgene product.

Important pharmacokinetic observations included that transplanted
macrophages engrafted, persisted long-term, and remained confined
to the lungs. These observations are supported by prior studies of
PMT of WT or gene-corrected macrophages in Csf2rbKO and
Csf2raKO mice demonstrating transplanted macrophages remain in
the lungs for at least 1 year and possibly for the life of the mouse.6,8,30

They are also consistent with the concept of alveolar macrophage as a
self-renewing cell population,50–52 the size of which is regulated by the
pulmonary GM-CSF concentration.6 The observation that vector
DNA was not detected in gonadal tissue suggests PMT has a low
risk of transmission of the vector DNA to germline tissues.

Although focused to safety, results demonstrated effective comple-
mentation of the Csf2ra gene defect in Csf2raKO macrophages.
Furthermore, although pharmacodynamic effects were not observed
at 24 h or 14 days after PMT in Csf2raKO recipients, by 6 months,
marked improvement was seen across multiple measures of hPAP
lung disease including reduction in pulmonary surfactant burden,
lung to body weight ratio, and BAL turbidity, SP-D, GM-CSF,
M-CSF, and MCP-1, consistent with prior reports.6,30

Study limitations included use of a single animal species (although both
Csf2raKOmice8 andWTmouse models were studied), the mouse vector
used here was not identical to the human vector50 to be used in the clin-
ical trial (they differ only in the species-specific transgene), VCN in mu-
rine gene-corrected macrophages (4.3 vector copies per cell) is antici-
pated to be slightly higher than in human gene-corrected macrophages
(VCN = 1.44 ± 0.53), based on our unpublished preliminary studies
and the absence of any evidence of clonal expansion, myeloproliferation,
or leukemia, vector insertion site analysis was not performed (because
uncontrolled proliferation of mGM-Ra+Mfs was not observed).

In conclusion, results demonstrate PMTwas well tolerated and safe in
Csf2raKO andWT recipient mice and establish a total dose of 631,000
mGM-Ra+Mfs as the NOAEL in mice. Based on the lowest effective
total murine cell dose (500,000 mGM-Ra+Mfs), the human equiva-
lent dose for a 70 kg adult human is 778,000,000 CSF2RA gene-cor-
rected human macrophages (hGM-Ra+Mfs), which is well below
the calculated human equivalent NOAEL dose (981,836,000) and
safety margin dose (7,780,000,000) for a 70 kg adult human. Together,
these results support translational testing of PMT of CSF2RA gene-
corrected macrophages in humans with hPAP.

MATERIALS AND METHODS
This section is an excerpt of the toxicology report submitted to the
FDA in support of our IND application (no. 28593). Study-related
Molecu
source data have been retained by the principal investigator/sponsor
(B.C.T.).

Study design, rationale, and oversight

The study of Csf2ra gene complementation and PMT therapy in
Csf2raKO and WT mice was designed after consultation with the FDA
to support a first-in-human clinical trial (NCT05761899). These ani-
mals were chosen because: (1) mice are an acceptable species for toxi-
cology studies, (2) Csf2raKO mice develop hPAP6–8 with the same
clinical, physiological, histopathological, and biochemical manifesta-
tions, disease biomarkers, and natural history as children with
hPAP,1–4,6,8,20,30,51 (3)GM-CSFdeficiency-related alveolarmacrophage
and neutrophil dysfunction is strikingly similar in humans and
mice,10,13 and (4) in humans, hPAP is caused more commonly by mu-
tations inCSF2RA thanCSF2RB (B.C.C. and B.C.T., unpublished data).
Mice homozygous for WT Csf2ra alleles (WT mice) were included to
permit evaluation of potential lung inflammation in the absence of
the pulmonary manifestations of hPAP in Csf2raKO mice (alveoli filled
with granular eosinophilic (surfactant) sediment, fragile foamy alveolar
macrophages, uncleared apoptotic neutrophils, uncleared necrotic cell
debris, and marked peribronchiolar/perivascular lymphocytosis8,30).

SAD sub-studies were conducted over 24-h (SAD-001a) and 14-days
(SAD-001b) to evaluate potential acute and intermediate safety asso-
ciated with administration of Csf2ra gene-complemented macro-
phages (mGM-Ra+Mfs) by PMT to Csf2raKO (SAD-001a/b-1) or
WT (SAD-001a/b-2)mice, respectively. Each SAD sub-study included
3 groups of Csf2raKO mice and 3 groups of WT mice receiving saline,
PMT of 500,000 or 5,000,000 mGM-Ra+Mfs—saline, PMT-500K,
and PMT-5M groups, respectively. A RAD study was conducted
over 6 months (RAD-002) to mimic the planned clinical trial. The
RAD-002 study included 2 groups of Csf2raKO mice each receiving
PMT of 26,000, 105,000, or 500,000 mGM-Ra+Mfs (each suspended
in 50 mL of sterile saline) or saline alone (50 mL of sterile saline without
cells) at 1-month intervals (Figure 1; Tables S1A–S1E).

The study was conducted in the Translational Pulmonary Science Cen-
ter (TPSC) at Cincinnati Children’s Hospital Medical Center
(CCHMC) in collaborationwith the CCHMCVector Production Facil-
ity, Viral Vector Core, Pathology Research Core, andDivision of Veter-
inary Services, FlowCytometryCore, Translational TrialsDevelopment
and Support Lab, Pathology Department, and Office of Clinical and
Translational Research. The study strictly adhered to a sponsor-
approved protocol approved by the Institutional Animal Care and
Use Committee, which was compliant with the Final Rules of the Ani-
malWelfare Act regulations (9 CFR: parts 1, 2, and 3) and theGuide for
the Care and use of Laboratory Animals (National Research Council,
National Academy Press, Washington, D.C., Copyright 2011). The vi-
varium was accredited by the Association for the Assessment and
Accreditation of Laboratory Animal Care. All procedures involving
cell manufacturing, animal manipulations, exposures, and assessments
were performed using standard operating procedures (SOPs) or written
procedures (Figure S5) approved by the sponsor (B.C.T.). All animals,
animal-derived specimens, investigational product and specified
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records were accounted for in written records retained at the testing
facility.

Study animals

Rationale for the animal species and models chosen

In most hPAP patients, the lung disease is caused by biallelic func-
tion-disrupting mutations in CSF2RA—about four times more
common than mutations in CSF2RB.20 Consequently, our planned
gene/PMT therapy of human hPAP patients will comprise adminis-
tration of autologous CSF2RA gene-complemented macrophages
(hGM-Ra+Mfs). Accordingly, Csf2raKO mice, a validated model of
human hPAP caused by CSF2RA mutations,8,30 was chosen to serve
as recipients of the interventions to be administered.

In some sub-studies (see below, SAD-001a-2, SAD-001b-2), WT con-
genic mice were used to ensure the accuracy of the assessment of po-
tential lung inflammation assessed by evaluation of lung leukocytes
obtained by BAL—for two reasons. First, the excess alveolar surfac-
tant in the lungs of Csf2raKO mice hinders the enumeration and dif-
ferential counting of lung leukocytes obtained by BAL. Second, we
wanted to evaluate potential lung inflammation independent of the
lung pathology associated with PAP.

Origin

WTmice expressing the leukocyte marker CD45.2 (Ly5.2) on a C57BL
background (C57BL/B6.SJL-Ptprcb) were purchased from Charles
River Laboratories (C57BL/6NCrl). Mice lacking GM-CSF receptor a
chain expression (Csf2raKO) mice were created at the Translational
Pulmonary Science Center (TPSC) as reported previously.8,30 In brief,
C57BL/6.SJL-Ptprcb mice (Charles River Laboratories) were used to
introduce a 220 nucleotide (nt) deletion in the Csf2ra gene encompass-
ing the 30 end of the signal peptide and 50 end of the mature peptide
(encoded by Csf2ra exons 2 and 3) by gene editing. Csf2raKO mice
were genotyped by qualitative polymerase chain reaction (qPCR)
amplification to detect the 220 nt Csf2ra gene deletion identified by
gel electrophoresis resulting in a 157 nt band for the Csf2raKO allele
and a 382 nt band for the WT allele.8

Housing and environmental conditions

WT mice quarantined and acclimated in the CCHMC Vivarium for
5–7 days before enrollment in this study. Csf2raKO mice were bred
according to a SOP (Table S5). All mice were maintained in the
CCHMC Vivarium under a protocol approved by our Institutional
Animal Care and Use Committee (IACUC2016-0079). Mice were
housed in gas-sterilized polycarbonate, microisolator cages lined
with premium corncob bedding on racks in rooms maintained at
temperatures between 18�C and 26�C, humidity between 30% and
70%, and a night/day cycle that included 14 h of light per day ac-
cording to a SOP (Table S5). Males and females were maintained
separately at a density of not more than four mice per cage. Any
mice initially housed together that exhibited aggressive fighting
behavior (typically only males) were separated and housed in indi-
vidual cages for the duration of the study to minimize fighting-
related injury.
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Food and water

Mice had continuous access to food (Purina PicoLab Rodent diet no.
5053 pellets sterilized by irradiation) dispensed from the microisola-
tor cage lid food tray. Mice also had continuous access to water
(municipal water sterilized by ultraviolet light) dispensed from a
tube (Lixit) fitted to each microisolator cage. Food and water dis-
pensers were checked daily, replenished and/or maintained by vivar-
ium staff according to a SOP (Table S5).

Monitoring

All mice were monitored daily to ensure access to food and water and
to evaluate health and well-being. In addition, all mice also underwent
study-specific monitoring twice daily (weekdays) or daily (weekends
and holidays). TPSC staff performed cage-side observations to
monitor for BEEs, AEs, or SAEs related to appearance, movement/re-
sponses to stimuli, and body habitus. All mice underwent weekly
physical examinations to assess appearance, body weight, vital signs,
changes in fur/coat, eyes, ears, mouth, mucous membranes, signs of
respiratory, circulatory, or neurological dysfunction, and muscle
strength and tone.

Sentinel mouse program

A program including both room-specific and study-specific sentinel
mice was instituted to ensure the adequacy of environmental condi-
tions for this study. Study sentinels comprised male and female
Csf2raKO mice that were housed (same room and rack) together
with study mice (in separate cages), were evaluated in parallel with
study mice by TPSC staff and underwent additional serological
screening surveillance for a range of microbial pathogens according
to a SOP (Table S5). Study sentinels underwent necropsy in parallel
to study mice with retention of tissues for potential future analyses.
At necropsy, blood was drawn from study sentinels and sent for
detailed mouse serology by multiplex fluorometric immunoassay,
which was performed at Charles River Laboratories after confirming
that each specimen contained an adequate amount of immunoglob-
ulin for valid screening testing. Serological screening for microbial
pathogens included Sendai virus, pneumonia virus of mice, mouse
hepatitis virus, minute virus of mice, mouse parvo virus (MPV-1,
MPV-2), parvovirus NS-1 (NS-1), murine norovirus, Theiler’s mu-
rine encephalomyelitis virus (GDVII), reovirus, murine rotavirus
EDIM (ROTA-A) and mycoplasma pulmonis. Results from the eval-
uation of study sentinels are included with the source documents
maintained by the sponsor. Room sentinels comprised 3- to
6-week-old male and female Swiss Webster or CD1 mice that were
housed in the same room as study mice but were evaluated separately
from study mice by CCHMC Vivarium staff as part of their routine
facility monitoring practice. Room sentinels were evaluated for the
same microbial pathogens as described for study sentinels. Results
from the evaluation of room sentinels are included with the source
documents maintained by the sponsor.

Identification of study animals

Prior to assignment to an intervention group, Study mice were redun-
dantly marked using an ear tag (or ear punch) and a subcutaneous
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radio-frequency identification chip. The identity of each mouse was
checked by delegated staff according to a SOP (Table S5).

Assignment of animals to intervention groups and identification

marking

Mice were weighed and underwent clinical evaluation 2 to 4 days
before assignment to intervention groups (and sub-groups), which
was done via stratification by age, body weight, and gender to ensure
the comparability of the mice in each group. The sequence of events
was as follows. First, the mouse colony was genotyped to confirm that
the mice for enrollment were of Csf2raKO genotype. Second, the age of
the mice was calculated using the date of birth listed on the cage cards.
Third, eachmouse underwent a comprehensive clinical evaluation for
general appearance, body weights, vital signs, spontaneous activity,
muscle strength, movement, changes in fur/coat, eyes, ears, mouth,
mucous membranes, signs of respiratory, circulatory, or neurological
dysfunction. Fourth, the mice that passed the clinical evaluation and
whose weights were within the normal range for the corresponding
age/gender were chosen. Fifth, the selected mice were grouped under
four equivalent weight classes obtained from the weight range that
corresponds to the age/gender of the mice by dividing the weight
range into four smaller weight classes (bins). The temporary cage
assignment per weight class is termed as “bin.” Sixth, once the alloca-
tion of animals was completed, the mice were randomly selected from
the bin representing each weight class into clean cages based on the
study group assignments (saline, PMT intervention groups and study
sentinels). Seventh, additional mice were included in each group to
serve as replacement mice, in the event of unanticipated death(s),
ensuring complete data collection from an adequate number of
mice according to a SOP (Table S5). Finally, the cages with male
mice were monitored daily for any fighting behavior. The males
that were found fighting were reassigned to separate cages according
to the CCHMC Vivarium guidelines.

Design, production, characterization, and certification of the

lentiviral vector

Lentiviral vector design and construction

The lentiviral vector (SIN-EFS-mCsf2ra-LV (full name), mGM-
Ra-LV (short name)) used in this toxicology study was identical to
the vector (hGM-Ra-LV)31 planned for use in the human clinical trial
except for inclusion of amouse homolog (Csf2ra) of the human vector
transgene (CSF2RA), a difference required because human andmouse
GM-CSF are neither functionally interchangeable nor immunologi-
cally cross-reactive32–34—even though the species-specific homologs
regulate their respective myeloid cell targets with striking similarity.10

The rationale for using the mouse vector instead of the human vector
in this study is that it permitted a more full evaluation of the toxi-
cology of gene/PMT therapy because the “therapeutic” molecule
(mouse GM-CSF receptor a chain) would be biologically active in
mice while the human homolog would not be. Furthermore, availabil-
ity of mice with homologous ablation of the Csf2ra gene (Csf2raKO

mice) permitted the evaluation of safety (and efficacy) in a validated
model of the human disease caused by biallelic, function-disrupting
CSF2RA mutations.8
Molecu
The self-inactivating (SIN) lentiviral vector backbone and the tran-
sient four-plasmid transfection system used to create mGM-Ra-LV
has been described.52 Both mouse and human vectors do not
contain any enhancer elements/enhancer elements, and the self-in-
activating design ensures no viral transcriptional regulatory ele-
ments are inserted into the host genome upon integration of the
vector. The third-generation lentiviral vector backbone contains
no intact genes encoding viral structural proteins and thus replica-
tion competent lentiviral virus cannot be produced. The vector con-
tains chimeric Rous sarcoma virus-human immunodeficiency virus
50 long terminal repeat (LTR), and a simian virus 40 polyadenyla-
tion signal and origin of replication inserted downstream of the 30

LTR. A post-transcriptional regulatory element (PRE) from wood-
chuck hepatitis virus (WPRE) was inserted into the 30 untranslated
region downstream of the transgene expression cassette to increase
vector titer and transgene expression. To enhance safety, the
WPRE* element included point mutations disrupting all open
reading frames of 25 codons or more in length.30 Expression of
the vector transgene is driven from a shortened elongation factor
1a short promoter (EFS).

The pRRL.cPPT.EFS.mCsf2ra.pre* vector genome plasmid was
created by removing the human CSF2RA mRNA coding sequence
from pRRL.cPPT.EFS.hCSF2RAcoopwpre31 and inserting the murine
Csf2ra protein-coding sequence. This was accomplished by incu-
bating the human vector plasmid with the restriction enzymes
SgrA1 and Sal1 (New England Biolabs, Ipswich, MA) to remove the
hCSF2RA cDNA from the vector backbone. The vector transgene, a
cDNA fragment including 1,167 bp of the mouse Csf2ra mRNA pre-
cisely including the entire coding sequence of GM-CSF receptor a
chain (GenBank: NM_009970.2), was synthesized by GenScript (Pis-
cataway, NJ); restriction endonuclease cleavage sites (BspE1 and Sal1)
were included (at 50 and 30 ends, respectively) to facilitate cloning. Af-
ter cleaving the transgene DNA with BspE1 and Sal1, the Csf2ra pro-
tein coding fragment was inserted into the vector backbone using T4
DNA ligase (New England Biolabs).

Vector production

The vector (mGM-Ra-LV) was produced by the CCHMC VPF. The
materials and processes used to produce the vector were similar to
those used for production of the clinical vector planned for use in
the human clinical trial. The raw materials were either residual mate-
rials from Good Manufacturing Practice-compliant production of the
human vector or the same material but of different grade (i.e., IND
grade plasmid vs. research grade plasmid). Manufacturing was
performed according to a documented bench protocol. In brief,
vector-related plasmids (pEFS.mCsf2ra, pD8.9-short optimized,
pRSV-REV, and pVSVg) were transfected into 293T cells by calcium
phosphate transfection, and 6L of vector supernatant were collected,
clarified, and processed using Mustang Q Membrane chromatography
(Mustang Q XT5, PALL Life Sciences) and tangential flow filtration
(TFF) (MIDIKROS D02-S500-05-S TFF system, Spectrum). The final
concentrated material was subjected to diafiltration and formulated
in X-vivo 10 media (Lonza) with 1% human serum albumin (Baxter)
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added to a final concentration of 1% (vol:vol), and transferred to cryo-
vials (250 mL/vial), tested or stored (�80�C) until use.

Vector certification

Aliquots of the vector product were tested for mycoplasma, sterility,
endotoxin, infectious titer (IU), and physical titer. Mycoplasma was
evaluated by the Translational Trials Development and Support Lab
(TTDSL) using PCR-based detection of mycoplasma DNA according
to a SOP (Table S5). Sterility was evaluated by Quality Control Labo-
ratory via a 14-day culture method using fluid thioglycolate medium
(FTM) and tryptic soy broth (TSB) culture medium to detect aerobic,
facultative anaerobic and fungi according to SOP (Table S5). Endotoxin
levels were evaluated by TTDSL using the LAL detection assay accord-
ing to a SOP (Table S5). The infectious titer was expressed as infectious
units (IU) per mL and determined in a human embryonic kidney
(HEK) cell line (American Type Culture Collection), after transduction
with serially diluted virus and measuring the percentage of HEK293
cells expressing CD116+ (R&D Systems) by TPSC study staff in the
CCHMC Research Flow Core by using fluorescence-activated cell sort-
ing (FACS) Canto I (BD Biosciences, San Jose, CA). The physical titer
was expressed as the quantity of p24 (in ng per mL) and was deter-
mined by TTDSL using an ELISA (Alliance, HIV-1 p24 Elisa Kit, ref
NEK050B001KT, PerkinElmer) according to a SOP (Table S5). Infec-
tivity was calculated as the ratio of IU/ng of p24. The sequence of the
cloned vector plasmid and provirus was verified by DNA sequencing at
the DNA Sequencing and Genotyping Core (Table S6).

Production, storage, and certification of Csf2ra gene-corrected

macrophages

Gene-corrected macrophages (mGM-Ra+Mfs) were manufactured,
certified, cryopreserved, thawed, formulated, and reevaluated for
viability, sterility, purity, and potency using procedures closely similar
to those used to prepare the human cell product (hGM-Ra+Mfs) for
clinical use.

Hematopoietic stem/progenitor cells

Bonemarrow lineage negative (Lin–), Sca-1+, c-kit+ (LSK) hematopoi-
etic stem/progenitor cells were obtained fromCsf2raKOmice30 accord-
ing to SOPs (Table S5). In brief, bonemarrow cells were obtained from
7 to 10-week-old Csf2raKO donor mice (n = 24, 12 males/12 females,
body weight = 17.6–27.5 g) by removing and crushing the pelvic iliac
crests, tibias, and femurs in IMDM media (Corning) containing 2%
heat-inactivated fetal bovine serum (FBS), and 1% penicillin/strepto-
mycin solution (Gibco). Mononuclear cells were hematopoietic
lineage depleted with biotin-conjugated mouse lineage antibodies:
mousemonoclonal CD5 (clone 53-7.3; BDPharmingen), CD8a (clone
53-6.7; BD Pharmingen), CD45R/B220 (clone RA3-6B2; BD Phar-
mingen), CD11b (clone M1/70; BD Pharmingen), Gr-1 (clone
RB6-8C5; BD Pharmingen), and TER-119 (BD Pharmingen) followed
bymagnetic bead separation (Dynabeads Sheep anti-Rat IgG, Invitro-
gen). After removing lineage-positive cells, the remaining cells
were stained with 7-aminoactinomycin D (7-AAD) (Invitrogen),
Streptavidin-FITC (fluorescein isothiocyanate), Sca-1 (clone D7)-PE
(R-Phycoerythrin), andCD117/c-kit (clone 2B8)-APC (allophycocya-
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nin) antibodies (BD Biosciences) and Lin� c-Kit+ Sca-1+ cells were
sorted using a FACS Aria II (BD Biosciences) gated on live cells (7-
AAD negative).

Transduction, expansion, commitment, and differentiation

TPSC staff manufactured the mGM-Ra+Mfs. LSK cells were pre-
stimulated overnight (day 1) in StemSpan (STEMCELL Technolo-
gies) medium containing 2% FBS (Corning), 1% penicillin/strepto-
mycin (Thermo Fisher Scientific), murine stem cell factor (mSCF)
(50 ng/mL; R&D Systems), murine interleukin-3 (mIL-3) (10 ng/
mL; R&D Systems), human Flt-3-ligand (hFlt3-L) (50 ng/mL;
PeproTech), and murine GM-CSF (mGM-CSF) (10 ng/mL; R&D
Systems). The following day (day 2) LSK cells (1.2 � 106) were trans-
duced on retronectin-coated plates (TaKaRa) with the mGM-Ra-LV
vector at a virus concentration of 3.5� 107 IU/mL/transduction30 ac-
cording to a SOP (Table S5) for two 12-h periods. During transduc-
tion, LSK cells were incubated in StemSpan medium containing 2%
FBS, 1% penicillin/streptomycin, mSCF (100 ng/mL), mIL3 (10 ng/
mL), hFlt3-L (50 ng/mL), and mGM-CSF (10 ng/mL).

On culture day 3, the mGM-Ra-LV-transduced Csf2raKO LSK cells
were plated for colony-forming unit cell (CFU-C) assays according to
a SOP (Table S5) and the remaining cells were cultured using a three-
step protocol for progenitor expansion, lineage commitment, and
macrophage differentiation to generate the mGM-Ra+Mf cell product
according to a SOP (Table S5). For CFU-C assays, cells were plated
(1,500 cells/well) in triplicate in complete Methocult GF M3434
(STEMCELL Technologies, Vancouver, Canada) medium on a
SmartDish (6-well) plate (STEMCELL Technologies) and incubated
in a humidified incubator (37�C, 5% CO2) for 12–14 days according
to a SOP (Table S5). At the end of the incubation period, the colonies
were harvested, and genomic DNA was extracted for VCN evaluation
according to a SOP (Table S5) to determine initial transduction effi-
ciency. Quantitative real-time PCR (qPCR) analysis to determine
VCN per cell was conducted using primers (mouse-ApoB forward:
5ʹ>CGT GGG CTC CAG CAT TCT A; mouse-ApoB reverse: 5ʹ>TCA
CCA GTC ATT TCT GCC TTT G; R-U5 forward: 5ʹ>GAA CCC
ACT GCT TAA GCC TCA A; R-U5 reverse: 5ʹ>ACA GAC GGG
CAC ACA CTA CTT G) and probes (mouse-ApoB: VIC 5ʹ>CCT
TGA GCA GTG CCC GAC CAT TC/TAMRA; R-U5 probe: FAM
5ʹ>AAAGCTTGCCTTGAGTGC/TAMRA) that detect the R-U5 re-
gion of integrated provirus in Applied Biosystems ABI7900HT Fast
Real-Time PCR system (Thermo Fisher Scientific). The R-U5 copies
were normalized to the mouse ApoB gene copies as described previ-
ously.53 The remaining mGM-Ra-LV-transduced Csf2raKO LSK cells
were used to generate the final mGM-Ra+Mf cell product.6 In brief,
mGM-Ra-LV transducedCsf2raKO LSK cellswere expanded inprogen-
itor expansion medium containing mSCF (50 ng/mL), hFlt3-L (50 ng/
mL), andmGM-CSF (10 ng/mL) for 4 days (day 3–7). This stepwas fol-
lowed by macrophage lineage commitment in medium containing
mSCF (1 ng/mL), hFlt3-L (1 ng/mL), mGM-CSF (10 ng/mL), and mu-
rine macrophage colony-stimulating factor (M-CSF) (5 ng/mL; R&D
Systems) for 3 days (day 8–10). Macrophage differentiation was carried
out in medium containing mGM-CSF (10 ng/mL) and mM-CSF
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(10 ng/mL) for 4 days (day 11–14). DMEM with 10% FBS, 50 U/mL
penicillin, and 50 mg/mL streptomycin was the base medium for the
progenitor expansion, macrophage lineage commitment, and differen-
tiation stages according to a SOP (Table S5). Cells were collected using
TrypLE (Gibco) + 0.3% pluronic acid treatment (Gibco) for 20–30min
at 37�C ± 1�C in a tissue culture incubator. TrypLE was neutralized us-
ing IMDM (Corning) containing 10% FBS, washed with dPBS (Lonza,
Bio Whittaker).

Characterization of themanufacturedmGM-Ra+Mf cell product

Freshly manufactured mGM-Ra+Mfs were counted via trypan blue
(Gibco) exclusion using a hemacytometer according to a SOP
(Table S5) and evaluated for morphologic appearance, complementa-
tion of the Csf2ra gene defects, macrophage phenotypic markers,
GM-CSF receptor signaling, macrophage activation state, and endo-
toxin contamination. VCNwas determined by quantitative PCR detec-
tion of transgene sequences in TTDSL according to a SOP (Table S5).
CD116 expression was measured during fluorescence microscopy by
enumerating CD116+ and DAPI+ cells among 300 cells in five or
more random 20� fields and expressing results as a percentage
(CD116+ cellsODAPI+ cells� 100).Macrophage phenotypic cell sur-
face markers (F4/80, CD11b, and CD11c) were analyzed by TPSC staff
using flow cytometry according to a SOP (Table S5). In brief, mGM-
Ra+Mfs was stained to detect surface expression of F4/80 (clone
BM8), CD11c (clone HL3), and CD11b (clone M1/70) (eBioscience).
7-AAD was used to distinguish the live and dead cell populations and
phenotype was gated on the viable 7-AAD� population. The gating
strategywas determined using samples stainedwith appropriate isotype
control antibodies. The macrophage phenotype was assessed in the
CCHMC Research Flow Core using FACS Canto 1 (Beckman Coulter)
and the results were analyzed using FACS Diva software. Csf2ra recep-
tor function was assessed by evaluatingGM-CSF-stimulated phosphor-
ylation of STAT5 (pSTAT5) according to a SOP (Table S5) by TPSC
staff. GM-CSF receptor function in mGM-Ra+Mfs was tested using
a GM-CSF stimulated (10 ng/mL murine GM-CSF for 30 min at
37�C) phosphorylation assay followed by staining using anti-phos-
pho-STAT5 antibody (clone 47/Stat5 [pY694]) (BD Biosciences).6

STAT5 phosphorylation was assessed in the CCHMC Research Flow
Core using FACS Canto 1 (Beckman Coulter) and the results were
analyzed using FACS Diva software. Macrophage activation state was
assessed by TNF-a ELISA (R&D Systems)6 according to a SOP
(Table S5) by TPSC staff. Proinflammatory cytokine secretion capacity
was measured after culturing cells in DMEM containing 10% FBS,
10 ng/mL recombinant murine GM-CSF, and 10 ng/mL recombinant
murine M-CSF in the presence or absence of LPS (0.001, 0.01, 0.1,
1.0, 10, and 10 ng/mL) or endotoxin (0.5, 1, 2.5, 5, and 50 Endotoxin
units/mL) for 24 h and measuring TNF-a released into the media by
ELISA (R&D Systems). Culture medium was tested for the presence
of bacteria via gram stain by the Pathology and Laboratory Medicine
Microbiology Laboratories according to a SOP (Table S5), endotoxin
by endo-SAFE nexgen PTS LAL detection assay in TTSDL according
to SOP (Table S5), and mycoplasma using a qPCR method in TTDSL
according to SOP (Table S5). Sterilitywas evaluated by theTranslational
Core Laboratories aseptic processing laboratory via a 14-day culture
Molecu
method using FTM and TSB culture medium to detect aerobic, faculta-
tive anaerobic and fungi according to a SOP (Table S5).

Cryopreservation and storage of mGM-Ra+Mfs

The mGM-Ra+Mf cell product was cryopreserved according to a
SOP (Table S5) in animal component-free, defined cryopreservation
medium with 10% DMSO (Cryostor CS10 media [Biolife Solutions])
at cell concentrations of 4–10 million cells/mL in a total of 67 cryo-
vials in vapor phase liquid nitrogen (�135�C to �190�C).

Formulation of the mGM-Ra+Mfs

Upon confirmation that the frozen mGM-Ra+Mfs met the pre-
defined release criteria, TPSC staff thawed the cryopreserved
mGM-Ra+Mfs at 37�C ± 1�C only until a little icicle remained in
the thawing cryovial. Warm (37�C) DMEM with 10% FBS (1 mL)
was then added to the cryovial, and cells were transferred into 40–
45 mL of DMEM with 10% FBS to achieve a final DMSO concentra-
tion of%0.5%. After centrifugation, the supernatant was removed by
aspiration, the cells were washed with pharmaceutical grade 0.9% sa-
line (Baxter) and resuspended in preservative-free 0.9% saline. Viable
cells were enumerated using trypan blue exclusion in a hemacytom-
eter (Hausser Scientific) according to a SOP (Table S5). The number
of cells to be formulated for administration for each sub-group was
calculated based on the number of mice to be transplanted, the
PMT dose each mouse was to receive, and the cell viability according
to a SOP (Table S5).

Characterization of the formulated mGM-Ra+Mfs

Immediately before administration, the formulated cell product was
evaluated for microbial contamination, endotoxin, and sterility.
Gram stain and endotoxin assays were done at CCHMC and Charles
River Laboratories, respectively, according to standard procedures
(Table S5). Sterility was evaluated by 14-day immersion culture in
FTM and TSB medium at the CCHMC Translational Core Quality
Control Laboratory according to a SOP (Table S5). Restoration of
GM-CSF receptor function was evaluated by measuring GM-CSF-
stimulated phosphorylation of STAT5 as we have reported.1,3,6,30 Cell
activation state was assessed by measurement of lipopolysaccharide
or endotoxin-stimulated TNF-a secretion by ELISA (R&D Systems).6

SAD studies

SAD-001a-1 was a 24-h study evaluating one PMT administration in
63 Csf2raKO recipients (31 males, 32 females) 6–10 weeks old and
weighing 17.5–27.8 g at enrollment (Figures 1A and 1C). Each
received one endotracheal administration of mGM-Ra+Mfs
(500,000 [500K] or 5,000,000 [5M] cells/mouse) or saline alone—
PMT-500K, PMT-5M, and saline groups, respectively. Following
PMT, mice were monitored for 30 min for alterations in respiration
and/or behavior to assess tolerability and cage-side assessments
were made at 8, 16, and 24 h to assess safety. Outcome measures
included mortality, anaphylaxis, cage-side clinical observations
(appearance, movement, and behavior), body weight, hematologic
indices (including number of red blood cells [RBCs], hemoglobin
[Hb], Hct, mean corpuscular volume [MCV], mean corpuscular
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hemoglobin [MCH], mean corpuscular hemoglobin concentration
[MCHC], red cell distribution width [RDW], platelets, and white
blood cell [WBC] total and differential counts), pulmonary function
(airway resistance, lung compliance, and lung elastance), macrophage
engraftment, BAL biomarkers (turbidity, GM-CSF, M-CSF, MCP-1,
SP-D, IL-1b and IL-6, TNF-a), and lung histopathology.

SAD-001a-2 was similar to SAD-001a-1 except mGM-Ra+Mfs or sa-
line were administered by PMT to 34 WT recipients (18 males, 16 fe-
males) 8 weeks old and weighing 17.2–21.1 g at enrollment
(Figures 1A and 1C). The intervention groups, administrations, and
tolerability assessment were also similar. Outcome measures included
mortality, anaphylaxis, cage-side clinical observations (appearance,
movement, and behavior), body weight, hematologic indices
(including number of RBCs, Hb, Hct, MCV, MCH, MCHC, RDW,
platelets, andWBC total and differential counts), total BAL cell count
and differential, macrophage engraftment, BAL biomarkers
(turbidity, GM-CSF, M-CSF, MCP-1, SP-D, IL-1b, IL-6, TNF-a),
and “wet” lung weight.

SAD-001b-1 was a 14-day study evaluating one administration of
cells or saline via PMT in 31 Csf2raKO mice (16 males, 15 females)
7–9 weeks old and weighing 18.5–25.6 g at enrollment (Figures 1A
and 1C). The intervention groups, administrations, and tolerability
assessment were similar to SAD-001a-1 and SAD-001a-2. Cage-side
assessments and body weight were evaluated daily over the 14-day
period. Outcome measures included mortality, anaphylaxis, cage-
side clinical observations (appearance, movement, strength, behavior,
and well-being), body weight, hematologic indices (including number
of RBCs, Hb, Hct, MCV, MCH, MCHC, RDW, number of platelets,
and number ofWBCs and theWBC differential cell count for neutro-
phils, lymphocytes, monocytes, eosinophils, and basophils), and lung
histopathology.

SAD-001b-2 was similar to SAD-001b-1 except mGM-Ra+Mfs or
saline were administered by PMT to 34 WT recipients (17 males,
17 females) 7–9 weeks old and weighing 17.6–24.4 g at enrollment
(Figures 1A and 1C). The intervention groups, administrations, and
tolerability assessment were similar to SAD-001a-1, SAD-001a-2,
and SAD-001b-1. Cage-side assessments occurred daily over the
14-day period. Outcome measures included mortality, anaphylaxis,
body weight, daily cage-side clinical observations (appearance, move-
ment, strength, behavior, and well-being), body weight, hematologic
indices (including number of RBCs, Hb, Hct, MCV, MCH, MCHC,
RDW, number of platelets, andWBC total and differential count), to-
tal BAL cell count and differential, macrophage engraftment, BAL
biomarkers (GM-CSF, M-CSF, MCP-1, SP-D, IL-1b, IL-6, TNF-a),
and “wet” lung weight.

RAD study

RAD-002 was a 6-month study evaluating repeat administration of
PMT in 69 Csf2raKO mice (39 males, 30 females) 6–9 weeks old
and weighing 17.0–27.2 g at enrollment (Figures 1B and 1C).
Csf2raKO mice were bred in house at CCHMC. Each Csf2raKO mouse
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received three sequential endotracheal instillations of mGM-Ra+Mfs
(26,000, 105,000, and 500,000 cells/mouse, respectively, formulated in
saline) or saline alone at 1-month intervals, PMT and saline groups,
respectively (Figure 1B). Following PMT, mice were monitored for a
period of 30 min for alterations in respiration and/or behavior to
assess tolerability. Cage-side assessments occurred daily over the
6-month period. Hematologic indices and anti-GM-CSF receptor
antibody levels were evaluated 1, 2, 2.5, and 6 months following the
initial PMT procedure. Other outcome variables were evaluated
6 months after PMT included mortality, anaphylaxis, body weight,
daily cage-side clinical observations (appearance, movement,
strength, behavior, and well-being), body weight, hematologic indices
(including number of RBCs, Hb, Hct, MCV, MCH, MCHC, RDW,
number of platelets, and number of WBCs and the WBC differential
cell count for neutrophils, lymphocytes, monocytes, eosinophils, and
basophils), clinical chemistries, macrophage engraftment, BAL bio-
markers (turbidity, GM-CSF, M-CSF, MCP-1, SP-D, IL-1b, IL-6,
TNF-a), organ weights, biodistribution of mGM-Ra+Mfs, histolog-
ical evaluation of the lungs, liver, and spleen, and collection of organs
for histologic evaluation, if needed.

Study procedures

Administration of the interventions

The interventions included sterile normal saline (50 mL) alone or con-
taining mGM-Ra+Mfs (26,000, 105,000, 500,000, or 5,000,000 cells
suspended in 50 mL of sterile normal saline) and were administered
by endotracheal instillation as described.6,8,30 Mice received endotra-
cheal administration of saline or mGM-Ra+Mfs according to a SOP
(Table S5).54 In brief, mice received controlled light anesthesia by iso-
flurane inhalation and were suspended on a flat board by a rubber
band placed across the upper incisors and placed in a vertical, semi-
recumbent (45�) position with the ventral surface and rostrum facing
upward. Using a curved blade Kelly forceps, the tongue was gently
and partially retracted rostrally. Macrophages were suspended in
0.9% saline (50 mL) and administered using a micro-pipette with the
tip positions in the posterior oral cavity. Cells were inhaled into the
lungs by subsequent respiratory efforts under direct visualization and
mice were returned to their cages for routine care and handling. A
similar procedure was used to administer saline without cells to mice
that received only saline administration control.

Cage-side observations

All mice in this study weremonitored periodically for the occurrence of
BEEs and AEs by cage side clinical observations and physical examina-
tions by TPSC staff and detailed findings were recorded in source data
records according to a SOP (Table S5). CCHMC Veterinary Services
staff also performed routine daily health checks on all study mice.
Cage side clinical observation evaluated animal viability, general
appearance (fur/coat appearance, body habitus), and behavior (move-
ment, agility, and response to stimuli). Physical examinations evaluated
general appearance, body weight, vital signs, changes in fur/coat, eyes,
ears, mouth, mucous membranes, signs of respiratory, circulatory, or
neurological dysfunction, and muscle strength and tone according to
a SOP (Table S5). All mice receiving intervention (gene/PMT therapy
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or saline) underwent cage side clinical observations for potential devel-
opment of abnormal respiration and behavior for a period of 30 min
immediately following administration of the intervention. In the 24-h
safety study, mice underwent cage side clinical observation approxi-
mately every 8 h following administration of the intervention. In the
14-day and6-month studies,mice underwent cage side clinical observa-
tion twice daily (before 10:00 a.m. and after 2:00 p.m.) on weekdays
(Monday through Friday) and once daily on weekend days and holi-
days. Physical examinations were also performed on the day mice
were assigned to intervention groups, once weekly (14-day and
6-month studies), and at the end of each study. Animals observed to
have ruffled fur, hunched back body habitus, dyspnea, self-mutilation,
reduced spontaneousmovement and/or reluctance tomove upon stim-
ulation were considered to be in poor health and underwent humane
euthanasia as prespecified in the study protocol.

Body weight

Body weight was recorded for all mice before assignment to treatment
groups, during weekly physical examinations throughout the study,
and at end of study (before necropsy) according to a SOP (Table S5).

VCN to evaluate engraftment, persistence, and biodistribution

To evaluate for the potential presence of mGM-Ra+Mfs in organs
and tissues, PCR amplification was used to quantify the number of
vector DNA copies and mouse genomic DNA and expressed as the
number of vector genomes per mouse genome—i.e., the VCN per
cell according to a SOP (Table S5). DNA was prepared for PCR by
extraction from BAL cells or tissue specimens according to a SOP
(Table S5). Following cell/tissue lysis and protein removal, DNA
was isolated by alcohol precipitation and resuspended in hydration
buffer. qPCR amplification was performed by TTDSL staff using
primers designed to detect the R-U5 region of the integrated provirus
using an Applied Biosystems ABI7900HY Fast Real-Time PCR Sys-
tem (Thermo Fisher Scientific) (Table S5). PCR cycle threshold
(Ct) values for detection of vector R-U5 DNA were normalized to
the Ct values for detection of mouse ApoB gene, an endogenous con-
trol gene to measure genomic DNA concentration.

Engraftment and persistence of transplanted mGM-Ra+Mfs in the
lungs was determined by measuring VCN in BAL cells in 24-h,
14-day, and 6-month studies. Biodistribution of transplanted
mGM-Ra+Mfs was determined by measuring VCN in WBCs,
bone marrow, brain, gonads, gross lesions/tumor, kidneys, liver,
lymph nodes, spleen, and thymus in the 6-month study.

Phlebotomy

Blood was collected frommice by Comprehensive Mouse and Cancer
Core staff by retroorbital phlebotomy or inferior vena cava/cardiac
puncture according to SOPs (Table S5). In 24-h and 14-day studies,
blood was collected by inferior vena cava/cardiac puncture into potas-
sium ethylene diamine tetraacetate acid (EDTA) tubes (BD Biosci-
ences) at the time of scheduled necropsy. In the 6-month study, blood
was collected by retroorbital phlebotomy into EDTA tubes 24 h after
administration of the second intervention (nominally, 1 month), 24 h
Molecu
and 14 ± 2 days after administration of the third intervention (nomi-
nally, 2 months, and 2.5 months, respectively), and by inferior vena
cava phlebotomy immediately before necropsy at end of study (nomi-
nally, 6 months).

Complete blood count

A complete blood count was performed using a fully automated He-
mavet 859 (Drew Scientific) on all blood specimens obtained accord-
ing to a SOP (Table S5). Hematological indices assessed included Hb,
RBC, Hct, MCH, MCV, MCHC, WBC, WBC differential count (i.e.,
the absolute number of neutrophils, lymphocytes, monocytes, eosin-
ophils, and basophils), and platelet counts. Specimens observed to
have a visible clot were re-evaluated.

Clinical chemistry

In the 6-month study, serum clinical chemistry parameters were
measured by CCHMC Nephrology Clinical Lab staff using a Siemens
Dimension Clinical Chemistry system (Siemens Healthcare Diagnos-
tics) per manufacturer’s protocol. Measured parameters included
blood urea nitrogen, creatinine, glucose, aspartate amino transferase
(AST), alanine amino transferase (ALT), total protein, total bilirubin,
and lactate dehydrogenase.

Anti-GM-CSF receptor antibody

Plasma anti-GM-CSF receptor a (CD116) antibody levels were
measured by TPSC staff in the CCHMC Research Flow Cytometry
Core using a novel flow cytometer-based assay to measure antibody
captured by CD116-expressing HEK cells according to a SOP
(Table S5). In brief, an anti-CD116 antibody “capture cell” line was pre-
pared by transduction ofHEK cells withmGM-Ra-LV. An anti-CD116
antibody reference standard was prepared by serial dilution of an anti-
CD116 monoclonal antibody (R&D Systems) to achieve an antibody
reference standard ranging from 62.5 to 0.001 ng/tube. Capture cells
were incubated with mouse plasma or reference standards, washed,
and then incubated with secondary “detection” antibody (allophyco-
cyanin-conjugated anti-Rat IgG; 62.5 ng/tube; R&D Systems). After
staining, cells were fixed in 2% paraformaldehyde. The mean fluores-
cence intensity of the stained cells was acquired using a FACS Canto
1 (Beckman Coulter). The concentration of mouse anti-GM-CSF re-
ceptor a antibody in plasma specimens was determined from the refer-
ence standard curve. As a negative control, CD116-expressing HEK
cells were stained with a monoclonal Rat IgG2A isotype control
(R&D Systems) instead of the reference standard followed by incuba-
tion with the detection antibody and evaluated by flow cytometry.
The lower limit of quantification (LLoQ) for the assay was 5 ng/mL
plasma, the limit of detection (LOD) was 1.14 ng/ml plasma, and the
limit of blank (LOB) was 0 ng/ml plasma. In the 6-month study,
anti-GM-CSF receptor a antibody concentration was measured in
plasma from blood collected at the times indicated above.

Lung mechanics

Lung mechanics were measured in vivo in anesthetized mice using a
Flexivent (SCIREQ, Montreal, Canada) according to a SOP
(Table S5). In brief, mice were anesthetized, placed in a supine position,
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a ventral,midline rostral-caudal incisionwasmade in the neck, followed
by a small incision of the ventral inter-cartilaginous tracheal membrane
into which a tracheal cannula was inserted. The Flexivent was attached
via tubing to the tracheal cannula, and lung mechanics were measured
during mechanical ventilation according to a predefined ventilation
profile. Lung function parametersmeasured included airway resistance,
compliance, and elastance.

BAL cell and fluid collection

Lung epithelial lining fluid and cells contained therein were collected
by TPSC staff by BAL according to a SOP (Table S5) as we reported
previously.14 In brief, mice were anesthetized with pentobarbital, the
neck was incised and the trachea cannulated (as described in the pre-
vious section), and five 1-mL aliquots of phosphate buffered saline
(PBS) containing 0.5 mM EDTA were instilled into the lungs through
the cannula using a 1-mL syringe and then immediately recovered by
aspiration to collect the BAL. The five BAL aliquots recovered from
each mouse were pooled and gently mixed by inversion of the tube
to ensure a homogeneous suspension of cells and sediment. In the
24-h (SAD-001a-1, SAD-001a-2), 14-day (SAD-001b-2), and
6-month (RAD-002) studies, BAL was performed at the end of study
before necropsy.

BAL turbidity

BAL turbidity was determined by TPSC staff as the optical density of
BAL fluid at a wavelength of 600 nm according to a SOP (Table S5). In
brief, 1 mL of BAL was placed in a plastic cuvette and the optical
density was measured in a DU640B spectrophotometer (Beckman
Coulter). Turbidity of the BAL specimens was also obtained after
dilution (250 mL of BAL plus 750 mL PBS [pH 7.4]). The optical
density at 600 nm was remeasured and the result multiplied by the
dilution factor to obtain the specimen turbidity. In the 24-h (SAD-
001a-1) and 6-month (RAD-002) studies, BAL turbidity was
measured at the end of study before necropsy.

BAL cell counts and differentials

The total number of lung leukocytes recovered by BAL was deter-
mined by TPSC staff by enumerating cells in an aliquot of BAL using
a hemacytometer and multiplying the result by the ratio of the total
volume of BAL. BAL cytology was evaluated after sedimentation (Cy-
tospin, Shandon; 400 revolutions per minute [rpm], 4 min, room tem-
perature [room temp]) onto glass microscope slides and staining with
Diff-Quick, (Fisher) according to a SOP (Table S5).49 The differential
count (macrophages, neutrophils, and lymphocytes) of a minimum of
100 BAL cells/slide was determined by an American Board of Pathol-
ogy-certified pathologist at CCHMC blinded for intervention groups
by microscopic examination of Diff-Quick-stained BAL cells. In the
24-h (SAD-001a-2) and 14-day (SAD-001b-2) studies, BAL total
cell counts, and BAL cell differential counts (percentage of total)
were determined at the end of study before necropsy.

PAP biomarkers and inflammatory cytokines in BAL fluid

Proinflammatory cytokines (IL-1b, IL-6, and TNF-a) and hPAP bio-
markers (GM-CSF, M-CSF, and MCP-1) in BAL fluid were measured
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by CCHMC Research Flow Cytometry Core staff using a Luminex
magnetic bead-based multiplex assay platform (Mouse Magnetic Lu-
minex Assay, R&D Systems)1 using a premixed multianalyte kit
(LXSAMSM-06) according to the manufacturer’s protocol. In brief,
BAL fluid and cells were separated by low-speed centrifugation
(room temp, 285� g, 10 min) by TPSC staff and BAL fluid was stored
at�20�C until evaluation. BAL fluid (50 mL) was mixed with the anti-
cytokine antibody-coated bead cocktail (50 mL) in a 96-well micro-
plate and incubated with shaking (room temp, 2 h, 800 ± 50 rpm),
washed 3 times using a microplate washer (BioTek, Winooski, VT),
50 mL of diluted biotin-antibody cocktail was added to each well,
plates were incubated with shaking (room temp, 1 h, 800 ±

50 rpm), washed again, streptavidin-phycoerythrin (50 mL) was
added to each well, and plates were incubated (room temp, 30 min,
800 ± 50 rpm). After shaking plates for 5 min, cytokines were
measured using a Milliplex Analyzer (MilliporeSigma, Darmstadt,
Germany). Cytokine concentrations in specimens were determined
from measurements made using recombinant cytokine reference
standards and results were expressed in pg/mL. Surfactant protein
Dwasmeasured by TPSC staff in BAL by enzyme-linked immunosor-
bent assay (ELISA) (R&D Systems) as described previously49 accord-
ing to a SOP (Table S5). The concentration of hPAP biomarkers in
epithelial lining fluid was determined by first measuring the urea con-
centrations in blood and BAL fluid and adjusting the cytokine con-
centrations measured by ELISA in BAL by multiplying by the ratio
of urea concentrations in blood and BAL according to a SOP
(Table S5). Proinflammatory cytokines (TNF-a, IL-1b, IL-6) and
lung biomarkers of hPAP (SP-D, GM-CSF, M-CSF, and MCP-1)
were measured in BAL after PMT at 24 h in SAD-001a-1 and SAD-
001a-2, 14 days in SAD-001b-2, and 6 months in the RAD-002
studies. In the latter study, the concentrations of lung biomarkers
of hPAP in lung epithelial fluid were calculated by the serum/BAL
urea-dilution method.6

End of study necropsy and organ weights

At the end of study (and early withdrawal), mice underwent clinical
observation and physical examination and were then sacrificed by
intraperitoneal administration of sodium pentobarbital (150 mg/kg
body weight) followed by exsanguination by inferior vena cava phle-
botomy according to a SOP (Table S5).

A complete necropsy was performed as described in the protocol,
including examination of body habitus, integument (fur/coat, eyes,
ears, mouth, mucous membranes), and the cranial, thoracic, abdom-
inal and pelvic cavities and organs therein, with collection of organs
and abnormal masses.

In the 24-h (SAD-001a-2) and 14-day (SAD-001b-2) studies, lung
weights were measured. In the 6-month study (RAD-002), the
following tissues were collected: bone marrow, blood, sternum,
esophagus, brain, reproductive organs (male: testes, epididymis, pros-
tate, seminal vesicle, and coagulating glands; female: ovaries, cervix,
and vagina), stomach, duodenum, jejunum (including Peyer’s
patches), ileum, cecum, colon, pancreas, kidneys, liver, lung, lymph
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node, salivary glands (parotid, sub-mandibular and sub-lingual),
spleen, thymus, heart. Any gross tissue lesions/tumors were noted,
and the abnormal tissue was collected. Organ weights were obtained
for the brain, kidneys, liver, gall bladder, lymph nodes, lungs, spleen,
heart, thymus, gonads, and tumor, or grossly abnormal tissue. Organ-
to-body weight ratios were calculated.

Tissue collection and processing

For animals prescheduled for histopathologic examination of the
lungs, following sacrifice a ventral, midline, sagittal incision was
made in the skin of the neck and blunt dissection was performed to
expose the trachea. A small (�1 mm) transverse incision of the
ventral tracheal membrane was made between adjacent tracheal rings
(avoiding the thoracic inlet to preserve the integrity of the lung and
pleura). A cannula was inserted caudally through the trachea incision
and ligated with a circumferential suture to ensure a tight seal be-
tween the tracheal lumen and catheter. The cannula was connected
to a reservoir of fixative (10% neutral buffered formalin) under a hy-
drostatic pressure of 25 cm. A ventral, midline, sagittal incision was
made through the sternum and continued through diaphragm in a
ventral to dorsal direction avoiding the lung and visceral pleura (to
avoid puncture), the ribs were abducted, and careful blunt dissection
was used to separate the lungs and visceral pleura from the chest wall
and parietal pleura. The trachea was fully transected above the cannu-
lation site, and the lungs and heart were carefully removed en bloc,
submerged in fixative, the trachea was sealed (by circumferential liga-
ture under 25 cm of hydrostatic pressure while removing the canula)
and incubated at 4�C to fix the tissues. After 24 h, the lung lobes were
separated and removed from the tissue block, cut into 5-mm-thick sli-
ces along the long axis of each lobe, washed in cold PBS, dehydrated,
embedded in paraffin, and 5-mm sections were prepared on glass
slides. Other tissues (thymus, gallbladder, brain, kidneys, lymph
nodes, heart, gonads, esophagus, stomach, pancreas, duodenum,
jejunum [including Peyer’s patches], ileum, cecum, colon, salivary
glands and reproductive organs) were fixed in 10% neutral buffered
formalin, processed and stored in 70% alcohol for microscopic eval-
uation as necessary. Paraffin blocks of lungs, liver, spleen and any
abnormal tissue were used to prepare 5-mm sections according to a
SOP (Table S5), stained with hematoxylin and eosin according to a
SOP (Table S5) and examined microscopically. In the 24-h (SAD-
001a-1), 14-day (SAD-001b-1), and 6-month (RAD-002) studies, tis-
sues were collected during necropsy and prepared for histological
examination.

Microscopy

BAL cells and tissues from the lungs, liver, and spleen of study mice
were examined microscopically by an American Board of Pathology-
certified pathologist blinded to the intervention groups.

Statistical analysis plan

Overview

An intention-to-analyze approach was taken in the design and execu-
tion of this protocol, meaning all mice enrolled in an intervention
group were accounted for in the analysis performed. All tolerability,
Molecu
safety, pharmacokinetic, and pharmacodynamic results were summa-
rized using descriptive statistics. Numbers of events, mean, SD, me-
dian, first quartile, and third quartile were calculated for the contin-
uous numeric variables. Frequency and percentages were used to
summarize categorical variables.

Protocol amendments, dates, and rationale for changes

This statistical analysis plan was based on the initial study protocol as
approved by the sponsor (B.C.T.) and study director (P.A.) on
February 26, 2018, and on Protocol Amendment 1 (approved on
April 6, 2018), Amendment 2 (approved on October 2, 2018), and
Amendment 3 (approved on April 25, 2022).

Sample size determination

The total number and numbers of male and female mice per interven-
tion group were as recommended in FDA guidance on the conduct of
toxicology studies in rodents including 10 mice including at least 5
males and 5 females in each group.

Hypotheses to be tested

Hypothesis 1. One administration of mGM-Ra+Mfs by PMT at a
dose of 500,000 cells/mouse in either Csf2raKO or WT recipients
will be associated with a similar frequency and profile of AEs or
SAEs compared with mice receiving one administration of saline.

Hypothesis 2. Repeated administration of PMT of mGM-Ra+Mfs
by PMT at sequential one-monthly doses of 26,000, 105,000, and
500,000 cells/administration will result in a similar frequency and
profile of AEs or SAEs compared with mice receiving three, one-
monthly administrations of saline control.

Assignment of mice to intervention study groups

Both Csf2raKO and WT mice were assigned to intervention groups
based on gender, age, and body weight to achieve a balanced represen-
tation of each variable in each study group.

Analysis sets

All animals receiving any intervention were evaluated for all outcome
measures that could be performed in the samemouse because of tech-
nical compatibility. Some outcome measures were technically incom-
patible (e.g., BAL cytology and lung histology) because the perfor-
mance of one would interfere with results obtained for the other if
performed in the same mouse.

Tolerability analysis set

All animals receiving any intervention were evaluated for tolerability,
which included 231mice (163Csf2raKO, 68WT) that received 369 ad-
ministrations of either saline (152 instillations) or PMT (217 instilla-
tions; 36, 36, 93, or 52 instillations of 26,000, 105,000, 500,000, or
5,000,000 cells/mouse, respectively).

Pulmonary function analysis set

All 30 Csf2raKO mice receiving any intervention in the SAD-001a-1
study underwent lung function testing including 10 saline-treated
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mice, 10 mice receiving PMT of 500,000 mGM-Ra+Mfs, and 10
receiving PMT of 5,000,000 mGM-Ra+Mfs.

General safety analysis set

All animals receiving intrapulmonary instillation of either saline or
mGM-Ra+Mfs were evaluated for all outcome measures of safety
except those that were incompatible.

Lung histology analysis set

All animals receiving intrapulmonary instillation of either saline or
mGM-Ra+Mfs not subjected to BAL underwent microscopic exam-
ination of lung tissues and those subjected to BAL did not. BAL is
incompatible with histopathologic examination of lung tissues due
to technical interference. Both outcome measures cannot be per-
formed on the same mouse due to procedural interference that intro-
duces artifacts.

BAL cytology analysis set

All animals receiving any intervention that were not subjected to
microscopic examination of lung tissues underwent BAL and micro-
scopic examination of BAL cytology because BAL and microscopic
examination of lung histopathology cannot be performed on the
same mouse due to procedural incompatibility.

Pharmacokinetics analysis set

All animals receiving intervention and that underwent BAL were eval-
uated for pulmonary engraftment by measurement of VCN in BAL
cells including 30 Csf2raKO mice evaluated at 24-h (SAD-001a-1), 34
WT mice evaluated at 24 h (SAD-001a-2), 34 WT mice evaluated at
14 days (SAD-001b-2), 69 Csf2raKO mice evaluated at 6 months
(RAD-002) after administration of intervention. Furthermore, 69
Csf2raKO mice were evaluated at 6 months (RAD-002) after adminis-
tration for biodistribution of mGM-Ra+Mfs bymeasuringVCN in ex-
trapulmonary organs including blood (WBCs), brain, thymus, lymph
nodes, liver, spleen, kidneys, ovaries, testes, and bone marrow.

Pharmacodynamics analysis set

All animals receiving any intervention that underwent microscopic
examination of lung histology were evaluated for histopathology-
based evaluation of biologic effects of the intervention (alveolar sedi-
ment score, lymphocytosis score, neutrophilia score). This included a
total of 95 mice evaluated at 24 h (33 mice), 14 days (14 mice), or
6 months (31 mice) after the administration of intervention.

All animals receiving any intervention that underwent BALwere eval-
uated for BAL-based evaluation of the biologic effects of the interven-
tion (BAL turbidity, and SP-D, GM-CSF, MCSF, MCP-1 concentra-
tions; lung weight to body weight ratio (before BAL was done). This
included a total of 130 mice evaluated at 24 h (30 mice), 14 days (31
mice), or 6 months (69 mice) after the administration of intervention.

Definitions

The definitions of no observed adverse effect level, NOAEL, lowest
observed effect level, AE, non-adverse effect, and biologically signifi-
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cant effect are as originally defined by the United States Environ-
mental Protection Agency,55 updated by Hays and co-workers,56

and summarized by Lewis and co-workers.57

Biologic effect event. A biochemical, morphological, or physiologic
change (in response to a stimulus) in an animal (e.g., mouse) or bio-
logic system (e.g., mGM-Ra+Mfs) that is not necessarily considered to
have substantial or noteworthy effects (positive or negative) on the
well-being, growth, development, or lifespan of the animal or biolog-
ical system, or its ability to respond to an additional environmental
challenge. This designation does not indicate or imply the change is
associated with any statistical significance.

Significant biologic effect event. A biochemical, morphological, or
physiologic change (in response to a stimulus) in an animal (i.e.,
mouse) or biologic system (e.g., mGM-Ra+Mfs) that is considered
to have a substantial or noteworthy effect (positive or negative) on
the well-being, growth, development, or lifespan of the animal or bio-
logical system, or its ability to respond to an additional environmental
challenge. This definition does not indicate or imply any the change is
associated with any statistical significance. Significant biologic effect
events can be a normal or physiologic response to the treatment,
for example, reduction in accumulated surfactant burden after
PMT of GM-CSF-responsive, functional macrophages.

Non-adverse biological effect event. A biochemical, morphological
or physiological change (in response to a stimulus) in an animal
(e.g., mouse) or biologic system (e.g., mGM-Ra+Mfs) that is not
considered to have a detrimental effect on the well-being, growth,
development, performance, lifespan, and/or ability to respond to an
additional environmental challenge.

AE. A biochemical, morphological or physiological change (in
response to a stimulus) in an animal (e.g., mouse) or biologic system
(e.g., mGM-Ra+Mfs) that either singly or in combination is consid-
ered to have a detrimental effect on the well-being, growth, develop-
ment, performance, lifespan, and/or ability to respond to an addi-
tional environmental challenge. This includes events considered to
exacerbate a pre-existing condition, for example, pulmonary lympho-
cytosis or alveolar sediment accumulation. This definition does not
indicate or imply a causal relationship to any study-related interven-
tion or procedure.

SAE. A SAE is defined as any AE that results in moribund health
status (i.e., markedly reduced movement/impaired reflexes, poor/no
oral food and/or water intake), persistent significant disability or in-
capacity, or results in death.

NOAEL. The highest exposure level at which there are no statistically
or biologically significant increases in the frequency or severity of AEs
between the exposed population (e.g., PMT-treated mice) and the
appropriate control (e.g., saline-treated mice). Some biologic events
may be produced at this level, but they are not considered to be
adverse or precursors to adverse effects.
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Outcome measures

This toxicology study involved evaluation of biologic events of
relevance to the third-generation lentiviral vector (mGM-Ra+-LV)
used for Csf2ra gene correction, intermediate drug substance
(freshly harvested mGM-Ra+Mfs prior to cryopreservation), drug
substance (cryopreserved mGM-Ra+Mfs), or formulated drug
product (thawed mGM-Ra+Mfs after washing and resuspension
in saline).

Planned vector certification of acceptance tests

� Culture sterility: tryptic soy broth
� Culture sterility: thioglycolate media
� DNA sequence (provirus)
� Endotoxin level
� Mycoplasma
� Titer: physical
� Titer: infectious
� Infectious to physical titer ratio

Unplanned BAL assessment measure

� BAL Gram stain

Cell product certification measures

� Activation state (cell product)
� Cell number (cell product)
� Cell viability
� Endotoxin level
� Gram stain
� Morphological appearance (cell product)
� Mycoplasma (cell product)
� GM-CSF receptor signaling
� Macrophage phenotypic marker: F4/80 detection
� Macrophage phenotypic marker: CD11b
� Macrophage phenotypic marker: CD11c
� Transduction efficiency: initial, after transduction (day 3) (inter-
mediate cell product)

� Transduction efficiency: final, after culture (day 14) (final cell
product)

Intervention-related outcome measures

� AEs
� Anti-CD116 antibodies
� BAL GM-CSF concentration
� BAL IL-1b concentration
� BAL IL-6 concentration
� BAL macrophage count
� BAL lymphocyte count
� BAL M-CSF concentration
� BAL MCP-1 (CCL-2) concentration
� BAL neutrophil count
� BAL SP-D concentration
� BAL TNF-a concentration
� BAL total leukocyte count
� BAL turbidity
Molecu
� Biologic effect events
� Body weight
� Bronchospasm assessment
� CD116 expression
� Cage-side observation: ruffled fur
� Cage-side observation: hunched body habitus
� Cage-side observation: abnormal movement
� Cage-side observation: death
� Cage-side observation: moribund appearance (lacking vitality or
vigor, at point of death)

� Hematologic indices: WBC count
� Hematologic indices: neutrophil %
� Hematologic indices: lymphocyte %
� Hematologic indices: monocyte %
� Hematologic indices: eosinophil %
� Hematologic indices: basophil %
� Hematologic indices: RBC count
� Hematologic indices: Hb
� Hematologic indices: Hct
� Hematologic indices: MCV
� Hematologic indices: MCH
� Hematologic indices: MCHC
� Hematologic indices: RDW
� Hematologic indices: platelet concentration
� Lung weight to body weight ratio
� Lung histological neutrophilia score
� Lung histological lymphocytosis score
� Lung histological alveolar sediment score
� Organ histologic inflammatory cell accumulation
� Physical exam (PE)-related respiratory distress (rapid/shallow res-
pirations)

� PE-skin lacerations
� PE-ocular stupor
� PE-ocular secretions
� PE-corneal opacifications
� PE-muscle tone reduction
� PE-strength reduction
� PE movement/reflex abnormality
� Serum chemistry: sodium
� Serum chemistry: potassium
� Serum chemistry: chloride
� Serum chemistry: blood urea nitrogen
� Serum chemistry: glucose
� Serum chemistry: creatinine
� Serum chemistry: AST
� Serum chemistry: ALT
� Serum chemistry: total protein
� Serum chemistry: lactate dehydrogenase
� Serum chemistry: total bilirubin
� SAEs
� VCN

Descriptive summary statistics

Numeric data were summarized using descriptive statistics
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Observational biologic effect events, AEs, and SAEs

Biological effect events are defined above and were identified by cage-
side observation, physical examination, physiologic testing, routine
laboratory tests, necropsy, and microscopic examination of tissue
specimens.

Determining the relationship of biologic effect events to the

intervention

Biologic effect events were examined for a relationship to the inter-
vention by comparison of results for a treatment intervention group
(PMT-500K or PMT-5M group in SAD studies or PMT group in
RAD study) to results for the appropriate control (corresponding sa-
line groups in SAD and RAD studies). Statistically significant be-
tween-group differences were further analyzed by evaluating the re-
sults for the outcome variable for gender-related differences
independent of the assigned intervention group and among either
males or females in the treatment or control groups.

Discriminating factors supporting the interpretation that a relation-
ship exists between a biologic effect event and treatment intervention
(PMT) include: (1) an obvious dose-response, (2) it is not due to find-
ing(s) in one or more animals that could be considered outlier(s), (3)
the outcome measure under evaluation is inherently precise, (4) the
result is outside the normal range of biologic variation, i.e., it is not
within range of historical control values or other reference values,
(5) there is biological plausibility—i.e., a result consistent with class
effects, mode of action, or what is otherwise known or expected of
the intervention (mGM-Ra+Mfs administered by PMT).

Determining biologic effect events as non-adverse or adverse

Biological effect events were evaluated to determine if theywere adverse
(or beneficial). Discriminating factors supporting the interpretation as
adverse include: (1) there is alteration in the well-being, growth, devel-
opment, performance, lifespan of the recipient mouse, and/or its ability
to respond to an additional environmental challenge, or the event is (2)
not an adaptive response, (3) not transient, (4) severity is not limited or
is above a threshold of concern, (5) not isolated or independent
(changes in other parameters usually associated with the effect of
concern were also observed), (6) a precursor or part of a continuum
of changes known to progress with time to an established AE (e.g.,
moribund behavior leading to death), (7) not secondary to another
adverse effect, (8) not a consequence of the experimental model.

Determining the severity of events

The severity of a biologic effect event or AE was determined by
criteria specific to each outcome measure. Cage-side observations:
BEEs for this outcome measure focused to abnormalities of the ani-
mal’s coat (i.e., ruffled fur), movement (i.e., slow/no movement in
response to an auditory stimulus created by tapping the cage), or
body habitus (i.e., hunched back). Cage-side observations were
made twice daily on weekdays and once daily on weekends and hol-
idays in both SAD studies and the RAD study. In the 6-month-long
RAD study, a DHS was calculated for each mouse on each day of
its participation in the study. The severity of the DHS was determined
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according to the scale of 0–4 as follows. BEEs associated with a DHS
of 0 or 1 were judged to be non-adverse with “0” referring to no
abnormal BEE observed during a specific cage-side observation. A
DHS score of 1 refers to only one BEE identified during a specific
cage-side observation. BEEs associated with a DHS of 2–4 were
judged to be adverse and to have a severity increasing in proportion
to the DHS as mild, moderate and severe, respectively. “Mild” refers
to two BEEs identified during a specific cage-side observation. “Mod-
erate” refers to three BEEs identified during specific cage-side obser-
vation or moribund habitus identified during a specific cage-side
observation. “Severe” refers to moribund appearance or spontaneous
death identified during a specific cage-side observation. The DHS for
each day was determined as the highest value determined based on all
cage-side observations made on that day. Physical examinations:
BEEs identified during physical examinations were identified as
adverse and the severity determined by the Study Investigator and
confirmed by the Study Sponsor. Laboratory measurements: a labora-
tory test result was identified as a biological event if it was different
from the range of values observed in saline-treated control mice,
and the severity was determined by how far outside the control range
the value was observed to be. For liver function tests (aspartate amino-
transferase, alanine transaminase, bilirubin), increased values were
judged to be mild, moderate, or severe AEs if they were increased
and <3�, <5�, or R 5� the upper limit of the range in control
mice respectively. For hematologic indices (WBC, RBC, Hb, Hct,
MCV, MCH, MCHC, RDW, number of platelets, and the WBC dif-
ferential cell count for neutrophils, lymphocytes, monocytes, eosino-
phils, and basophils), increased values were judged to be mild, mod-
erate, or severe AEs if they were increased by <110%, <130%, or
R130% of the upper limit of the range in control mice, respectively.

Tolerability analysis

Tolerability of administering mGM-Ra+Mfs by PMT was assessed
through cage-side observation for signs of AEs for 30 min immedi-
ately after each administration of intervention. Comparisons were
made between results for each SAD treatment group (PMT-500K
or PMT-5M) or the RAD treatment group (PMT) and the corre-
sponding appropriate saline intervention control group.

Safety analysis

Analyses of safety-related data were performed by comparing the
measurements of outcome variables made in mice receiving the treat-
ment intervention (PMT-500K or PMT-5M group in SAD studies or
PMT group in RAD study) to those made in mice receiving the con-
trol intervention (saline) in corresponding control groups. The bio-
logic effect events were evaluated in two steps, first for between-group
differences to determine if a relationship to the treatment interven-
tion exists, then by determining if the event was adverse, and finally
by determining the severity of the event. An important determination
was the identification of the highest level of exposure to mGM-Ra+

Mfs (administered by PMT) at which there are no statistically or bio-
logically significant increase in the frequency or severity of AEs be-
tween mice exposed to PMT or to pulmonary instillation of sa-
line—the no adverse effect level or NOAEL.
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Pharmacokinetic analyses

The presence and relative number of mGM-Ra+Mfs in various tis-
sues was determined by measuring the VCN relative to genomic
mouse DNA in PMT-treated mice and compared to saline-
treated mice.

Pharmacodynamic analyses

The biologic effects of PMT were determined by measuring outcomes
relevant to the clinical manifestations of hPAP in the lungs including
lung weight to body weight ratio, histologically determined alveolar
sediment score, BAL turbidity, BAL SP-D, BAL GM-CSF, BAL
M-CSF, BAL MCP-1 (also known as CCL2). Biological effect events
were identified by comparison of the results from PMT-treated
mice with those of saline-treated mice.

Statistical methods

Numeric data were evaluated for normality using the Shapiro-Wilk
test, for equal variance using the F test, and were presented as
mean ± SD (parametric data) or median and interquartile range
(nonparametric data). Statistical comparisons were done using Stu-
dent’s t test (parametric data of equal variance), Student’s t test
with Welch’s correction (parametric data of unequal variance),
Mann-Whitney test (nonparametric data) or Fisher’s exact test (cat-
egorical data) as appropriate. p values of %0.05 were considered to
indicate statistical significance. No adjustment was made for multiple
testing. Analyses were done by TPSC staff using Microsoft Excel
(v.16.61) and GraphPad Prism software (v.9.1). Oversight was pro-
vided by the University of South Florida Health Informatics Institute.
Individual animal listings and group mean data listings are included
in the tables section of the report. Analysis of safety parameters were
performed on animals surviving to the end of study.
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