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STEM CELLS

Lung cell transplantation for pulmonary fibrosis

Irit Milman Krentsis'+, Yangxi Zheng1'r, Chava Rosen"z, Sarah. Shin3, Christa BIagdon’,
Einav Shoshan’, Yuan Qi?, Jing Wang4, Sandeep K. Yadav', Esther Bachar Lustig1, Elias Shetzen’,
Burton F. Dickey®, Harry Karmouty-Quintana*®, Yair Reisner'*

Idiopathic pulmonary fibrosis is a major cause of death with few treatment options. Here, we demonstrate the
therapeutic efficacy for lung fibrosis of adult lung cell transplantation using a single-cell suspension of the entire
lung in two distinct mouse systems: bleomycin treatment and mice lacking telomeric repeat-binding factor 1 ex-
pression in alveolar type 2 (AT2) cells (SPC-Cre TRF17%), spontaneously developing fibrosis. In both models, the
progression of fibrosis was associated with reduced levels of host lung progenitors, enabling engraftment of do-
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nor progenitors without any additional conditioning, in contrast to our previous studies. Two months after trans-
plantation, engrafted progenitors expanded to form numerous donor-derived patches comprising AT1 and AT2
alveolar cells, as well as donor-derived mesenchymal and endothelial cells. This lung chimerism was associated
with attenuation of fibrosis, as demonstrated histologically, biochemically, by computed tomography imaging,
and by lung function measurements. Our study provides a strong rationale for the treatment of lung fibrosis using

lung cell transplantation.

INTRODUCTION

Idiopathic pulmonary fibrosis (IPF) has an estimated prevalence of
13 to 20 per 100,000 people worldwide. About 100,000 people are
affected in the United States, and 30,000 to 40,000 new cases are di-
agnosed each year (World Health Organization) (1-4). Prognosis in
IPF remains poor, with a median survival of 3.5 years (5-8) from the
time of diagnosis, in adults aged 65 years or older. IPF is character-
ized by a typical interstitial pneumonia pattern on high-resolution
computed tomography (CT) scanning, as manifested by basal pre-
dominant reticulation, traction bronchiectasis, and honeycombing
(5, 9-14). Although the antifibrotic drugs pirfenidone (6, 7, 15-18)
and nintedanib (19-22) can slow disease progression to some ex-
tent, the only treatment with the proven capability to improve sur-
vival is lung transplantation (23). However, the shortage of lungs
suitable for transplantation and the high procedure-related mortal-
ity risk have led to an extensive search for lung stem cell populations
that could potentially offer alternative sources for transplantation
and less invasive treatment (24-32).

Recently, we showed that transplantation of fetal (33) or adult
(34) lung progenitors could potentially engraft and induce lung chi-
merism following naphthalene (NA) or cyclophosphamide-induced
(CY) lung injury (33, 35), provided that the lung stem cell niche
in the recipient is vacated of endogenous lung progenitors by ade-
quate conditioning. Following lung injury with NA or CY, the en-
dogenous host lung progenitors, which are generally quiescent,
exhibit a robust proliferative response, competing with donor progen-
itors, thereby preventing engraftment. However, these endogenous
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proliferating cells are radio-sensitive and can be eliminated by sub-
sequent sublethal 6-gray (Gy) total body irradiation (TBI) (33).
Thus, transplantation of fetal or adult lung cells following such con-
ditioning leads to extensive donor-derived “patches,” comprising
bronchiolar, alveolar, and endothelial cell lineages, and to substan-
tial improvement of lung function (33-35).

In the present study, we investigated the curative potential of this
approach for lung fibrosis. To that end, we used two distinct mouse
models: the bleomycin (BLM) chemical injury model (36) and the
genetic SPC-Cre TRF"! (37) model. BLM induces a fibrotic reac-
tion in mice within a short period (typically 3 weeks after adminis-
tration). It has often been observed that BLM-induced fibrosis is
partially reversible, and therefore, its use was largely limited to
short-term experiments assessing potential therapeutic agents with-
in 4 to 5 weeks after completion of BLM administration. BLM is
generally administered intratracheally (it) (38-43) using a single
dose that produces a bronchiolocentric distribution of fibrosis.
Alternatively, it can be administered intravenously (iv) (44, 45) or
intraperitoneally (ip) (46, 47). Prolonged intraperitoneal adminis-
tration of BLM was reported to be associated with a longer fibrosis
period (36, 48). In contrast, the SPC-Cre TREF" model (37), where
lung fibrosis occurs spontaneously following tamoxifen (TMX)
treatment, offers a more clinically relevant model of lung fibrosis
considering the occurrence of shortening of telomeres and senes-
cence of AT2 alveolar cells as has been implicated in patients with
IPF (11, 49).

In this model, deletion of telomeric repeat-binding factor 1
(Trfl) in surfactant protein C-positive (SPC™") alveolar type 2 (AT2)
cells leads to spontaneous fibrosis that progresses over a prolonged
period, thereby allowing assessment of the role of lung stem cell
transplantation at late time points after transplantation. Notably, in
both the BLM and SPC-Cre TREF"" models, we found that a mini-
mal level of fibrosis correlates with effective engraftment of donor-
derived patch-forming lung progenitors without the need for any
additional conditioning. Furthermore, we demonstrate in the BLM
model that this minimal level of fibrosis is associated with marked
elimination of endogenous patch-forming cells, in line with our hy-
pothesis that overcoming stem cell competition is a prerequisite for
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effective engraftment. Last, upon effective chimerism induction, we
demonstrate fibrosis attenuation and functional benefit in both
models. These results offer proof of concept for clinical use of lung
progenitor cell transplantation in patients with lung fibrosis.

RESULTS
Adaptation of a BLM mouse model for the evaluation of
stem cell therapy
Lung fibrosis induced in several previously described BLM mouse
models was shown to be reversible (44, 48, 50). It was therefore critical
to develop a more enduring model to enable the assessment of lung
stem cell transplantation efficacy, which requires a period of about 6
to 8 weeks after transplantation to arrest the deterioration of lung
function (33, 34). Thus, we adopted and optimized in the present
study the protocol described by Headley et al. (36) making use of low-
dose BLM administered systemically over a period of 4 weeks to in-
duce more stable lung fibrosis, which enables the benefit of the
transplanted cells to be assessed at relatively late time points following
cell transfer.

As shown in Fig. 1, intraperitoneal administration of BLM for
4 weeks (total of eight doses each of 0.035 U/g) led to marked lung
fibrosis, detected by CT (Fig. 1, A and B) and by the quantitative
hydroxyproline assay for collagen levels at 8 weeks after comple-
tion of BLM treatment (Fig. 1C). Furthermore, substantial fibrosis
was indicated by hematoxylin and eosin (Fig. 1D), trichrome
(Fig. 1E and fig. S1, A and B), alpha-smooth muscle actin (a-SMA)
(Fig. 1F and figs. S1C and S10A), fibronectin (Fig. 1G), collagen
IV (Fig. 1H), and hyaluronic acid (HA) staining (fig. S10A). Nota-
bly, analysis of lung function parameters measured by FlexiVent at
different time points after completion of BLM treatment revealed
maximal loss of function at 6 to 8 weeks following completion of
BLM administration (Fig. 1I). These results demonstrate that the
BLM-induced lung damage is stable over a prolonged period, al-
lowing the therapeutic effect of our suggested lung transplanta-
tion modality to be evaluated at 2 months after transplantation if
performed after 4 weeks of BLM administration.

Depletion of endogenous patch-forming progenitor cells by
BLM treatment

We previously demonstrated in NA- or CY-treated mice that en-
graftment and colonization of lung progenitors require subse-
quent conditioning treatment after 2 days with sublethal 6-Gy TBI
(33-35). As shown by fluorescence-activated cell sorting (FACS)
analysis, this transplant modality leads to robust lung chimerism at
6 months after transplant, exhibiting 48% donor-derived cells with-
in the CD45~ population (fig. S2, A and B). Single-cell RNA se-
quencing (scRNA-seq) analysis of sorted donor-derived CD45™ lung
cells (figs. S2, C to E, and S3, A to E) revealed a similar distribution
of various cell types in this fraction compared to control-sorted
CD45™ lung cells from untreated normal mice (fig. S3, D and E).
This similar distribution also revealed a reduced proportion of epi-
thelial cells in all the samples, likely associated with a selective loss
of these cells following the enzymatic process involved in the prepa-
ration of single-cell suspension (51). Notably, we previously demon-
strated in this mouse model that the pretransplantation conditioning
enables endogenous lung progenitors to be effectively vacated from
their niches, thereby reducing stem cell competition between host
and donor cells for these niches (33). Thus, we initially interrogated

Milman Krentsis et al., Sci. Adv. 10, eadk2524 (2024) 23 August 2024

the impact of BLM treatment on endogenous patch-forming cells.
To that end, we used our previously described transplantation assay in
which recipient mice are conditioned by CY and 6-Gy TBI. C57BL/6-
Tdtomato™ [B6.129(Cg)-Gt(ROSA)26Sor ™ ACTE-1dTomato-EGEP)Luo )
and C57BL/6-GFP* [C57BL/6-Tg (CAG-EGFP)10sb/J] mice (green
fluorescent protein), used as donors, were treated with BLM for 1, 2,
or 4 weeks, and thereafter, lung cells were harvested and trans-
planted in different doses (2 X 10%, 4 x 10, or 8 x 10° cells) into
recipient C57BL/6 mice conditioned with CY and 6-Gy TBI (Fig. 2A).
Donor-derived patches were determined in recipient mice at 64 days
after transplant. Considering that the TdTomato and GFP donor
mice are congenic to the recipient animals and might be rejected
to some extent, we used a 1:1 mixture of cells from both strains to
ascertain that strong engraftment is exhibited after transplantation
of lung cells from both types of donors. Also, because of the lim-
ited availability of fluorescent donor mice, this approach was useful
for attaining the large number of fluorescent donor cells required
for our extensive transplantation experiments. As shown in Fig. 2
(B and C), depicting typical immunohistology of donor-derived
patches and quantitative analysis of patch number per 2-mm” lung
tissue, respectively, high levels of patch-forming progenitors per-
sisted in donor mice following BLM treatment for 1 to 2 weeks,
while 4 weeks of BLM treatment markedly reduced the patch-
forming lung cells. These results strongly suggest that BLM treat-
ment alone is associated with the loss of endogenous patch-forming
lung progenitors and can make space for engraftment of donor-
derived patch-forming cells when used in recipient animals.

Successful engraftment of donor-derived progenitor cells in
the BLM mouse model without conditioning treatment

In line with the efficacy of progressive ablation of endogenous lung
patch-forming cells by BLM, we found that transplantation of
lung cells from TdTomato-positive donors into BLM-treated mice
(Fig. 3A) failed to induce substantial levels of donor-derived lung
patches following treatment of recipients for 1 to 2 weeks with BLM,
while BLM treatment for 3 weeks led to partial chimerism, and
treatment for 4 to 5 weeks enabled robust induction of donor-
derived lung patches. This was shown by quantitative analysis of the
number of donor-derived patches per 2-mm? lung area in the lungs
of recipient mice (Fig. 3, B and C). In addition, the different levels of
chimerism following transplantation after treatment with BLM for
different time periods are illustrated in two mice from each group by
views of large lung areas (Fig. 3D). Thus, following lung harvest and
before fixation and freezing, the whole-lung tissue was imaged by
immunofluorescence microscopy. Additional eight examples of such
large views depicting the variability of chimerism among 20 mice
transplanted after 4 weeks of BLM treatment are shown in fig. S4.
These results strongly support the concept of stem cell competition,
suggesting that the ablation of endogenous lung progenitors at-
tained following BLM treatment for 4 to 5 weeks allows for effective
engraftment and colonization of donor-derived lung patches with-
out additional conditioning with TBI or other toxic agents.

Identification of donor-derived epithelial, endothelial, and
mesenchymal cells in the BLM mouse model

Next, we identified by immunohistology the different cell types
comprising the donor-derived patches following transplantation
into mice treated with BLM for 4 weeks. In these experiments, GFP*
donors were used for transplantation, and quantitative chimerism
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Fig. 1. Assessment of durable BLM-induced lung fibrosis. (A) Typical micro-CT 3D image of lung tissue from mice following treatment with phosphate-buffered saline (PBS; left)
and at 8 weeks after completion of intraperitoneal BLM administration for 4 weeks (total of eight doses, of 0.035 U/g, each). Fibrotic tissue is indicated in purple. (B) Percent fi-
brotic tissue (tissue volume area divided by the total lung volume) was calculated on the basis of the micro-CT scans 8 weeks after completion of BLM treatment. (C) Quantitative
determination of total collagen in the paraffin-embedded lung tissue measured by the hydroxyproline assay. (D to H) Representative lung staining 8 weeks after completion of
BLM treatment (bottom rows) compared to treatment with PBS (top row). (D) Hematoxylin and eosin (H&E), (E) trichrome, (F) alpha-smooth muscle actin (a-SMA), (G) fibronectin,
and (H) collagen IV staining. Scale bars, 500 pm (D to F, top and middle rows), 200 pm (D to F, bottom row), 200 pm (G and H, top and middle rows), and 50 pm (G and H, bottom
row). (I) Lung function assessment measured by FlexiVent at different time points after completion of BLM treatments. Results were taken from one transplantation experiment.
For the PBS control group and groups analyzed at 4,6, 9, 10, 12, and 16 weeks of BLM treatment, N= 18,5, 9, 6, 11,9 and 10, respectively. One-way ANOVA with Dunnett’s test was
usedin (I),and an unpaired t test was used in (B) and (C) for statistical analysis for comparison between BLM- and PBS-treated groups; **P < 0.002, ***P < 0.0002, and ****P < 0.0001.

analysis was assessed at 8 weeks after transplant. To quantitate
alveolar, endothelial, and mesenchymal cells, we used double stain-
ing for GFP and different cell markers for AT1 (AQP5), AT2 (LAMP3)
endothelial cells (CD31), and mesenchymal cells (PDGFRa). Typ-
ical staining for donor-derived cells stained with each of these
markers is illustrated in Fig. 4 and figs. S5 to S7. In addition,

considering that endothelial and AT1 cells are relatively thin
and can reside close to each other, we performed triple staining for
GFP, AQP-5, and CD31 to affirm the reliability of our staining. A
typical example of this staining, shown in fig. S5, demonstrates the
clear distinction between a donor-derived GFP*AQP-5TCD31~ or
GFP"AQP-5"CD31" cells and a host-derived GFP~AQP-5~ CD31*
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Fig. 2. Patch-forming lung progenitors in donor mice treated with BLM for different time periods. (A) TdTomato™ and GFP* C57BL/6 male mice (donors) were
treated with BLM for 1, 2, or 4 weeks, and thereafter, mice were euthanized, and a single-cell suspension derived from the lungs (1:1 mixture of both fluorescent donor
types) was transplanted at different cell doses (2 x 106, 4% 106, or8x 10° cells) into recipient mice conditioned with CY and 6-Gy TBI. Donor-derived patches were deter-
mined in the lungs of recipient mice at 64 days after transplantation. (B) Typical staining at 64 days after transplantation of donor-derived lung patches (TdTomato or
GFP-positive) in lungs of mice receiving lung cells from donors treated with BLM for 1, 2, or 4 weeks. Scale bars, 500 pm. (C) Quantitative analysis of the number of donor-
derived patches per 2-mm? lung area in the lungs of recipient mice at 64 days after transplantation (20 to 50 regions of 2 mm? were counted, from three to four mice in

each group).

or GFP~AQP-5" CD31" cells. Furthermore, as shown in fig. S7, donor-
derived AT1, AT2, and endothelial cells are incorporated into alveoli
and blood vessel structures. Quantitative analysis of the frequency of
each cell type within the GFP* lung patches of chimeric mice is shown
in Fig. 4 (column e). In this analysis, double staining of each cell type
was ascertained by its consistency along 3 mm of the z axis. Typical ex-
amples of z-axis analysis for the different cell types are shown in fig. S6.
Together, this analysis revealed marked levels of donor-derived
AT1, AT2, endothelial, and mesenchymal cells. As described above,
and in line with extensive literature (11, 49, 52-56), the robust AT1 and
AT?2 lung chimerism could be of particular relevance for IPF therapy.

Therapeutic efficacy of lung cell transplantation in the BLM
mouse model

The marked engraftment of donor-derived patch-forming lung pro-
genitors attained upon transplantation at 1 week, after 4 weeks of
BLM treatment (Fig. 5, A to C), was associated with reduced fibrosis

Milman Krentsis et al., Sci. Adv. 10, eadk2524 (2024) 23 August 2024

compared to BLM-treated mice that did not receive a lung cell trans-
plant (Fig. 5, D to G, and fig. S10A). Thus, the Ashcroft test measur-
ing trichrome staining (Fig. 5, D and E), the hydroxyproline assay
for collagen levels (Fig. 5F), a-SMA and HA staining (fig. S10A),
and CT analysis (Fig. 5G) revealed lower levels of fibrosis in the
transplanted compared to the non-transplanted group (P < 0.002
and P < 0.0001, respectively). Furthermore, the reduced level of fi-
brosis was also associated with improved lung function, measured
by forced expired volume (P < 0.0002), commonly used to assess
function in patients with IPE as well as resistance (P < 0.0002), tis-
sue damping (P < 0.002), and tissue elastance (P < 0.002) (Fig. 5H).

Successful engraftment of donor-derived progenitor cells in
the SPC-Cre TRF1"" mouse model without

conditioning treatment

Although the BLM mouse model is used extensively for testing new
potential agents for the treatment of lung fibrosis, a model more
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Fig. 3. Donor-derived patches after transplantation of TdTomato *lung cells into recipient mice treated with BLM for different periods. (A) Experimental scheme.
Recipient mice were treated with different numbers of BLM doses as indicated by the colored arrows. After completion of BLM treatment, the mice were transplanted with
8 x 10° TdTomato lung cells. The lungs were harvested and assessed for the level of donor-derived patches 8 weeks after transplantation. (B) Number of donor-derived
lung patches per 2-mm? lung area in recipient mice treated with BLM for different periods. Each dot represents an average number of patches per 2 mm? based on at least
10 measurements in each individual mouse. Serial sections, 12 um in thickness, were taken along the longitudinal axis of the lobe. A fixed distance (30 to 40 pm) between
the sections was maintained to allow analysis at different depths of the lung, analyzing at least 10 sections across the entire lung. Lung slices were analyzed by fluores-
cence microscopy. (C) Percentage of chimeric mice, defined by at least four visible donor-derived patches consisting of more than 20 donor cells each. For groups analyzed
after 1, 2, 3,4, and 5 weeks of BLM treatment, N=5, 9, 6, 5, and 5 mice, respectively. (D) Typical examples of donor-derived (red) lung patches in low magnification views
of the lung of recipient mice treated with BLM for different periods. Scale bar, 500 pm. The top and bottom panels show separate examples of two representative mice

from each group. *P < 0.05, **P < 0.002.

closely representing the IPF disease process was described recently
(37, 56). In this model, TRF1 is deleted specifically in AT2 cells upon
treatment with TMX (Fig. 6, A and B), thereby inducing senescence
in these cells, which, in turn, leads to progressive fibrosis, as shown
by CT (Fig. 6, C and D). Thus, this model simulates more closely the
fibrosis found in patients with IPE, in whom the disease is some-
times associated with defects in telomere maintenance (11, 49).

As shown in Fig. 6 (E to G), the degree of chimerism induction
after transplantation in the SPC-Cre TRF1"" model, similar to the
BLM model, correlates with the progression of fibrosis. Lung cell
transplantation at 2 or 4 weeks after completion of the TMX course
(total of 8 to 10 weeks from the initiation of the experiment) did not
lead to notable chimerism, while transplantation at 6 to 8 weeks af-
ter completion of TMX treatment (total of 12 to 14 weeks) resulted
in marked levels of donor-derived patches without the need for any
additional conditioning.

The time course of host progenitor ablation was shown by quan-
titative analysis of the number of donor-derived patches per 2-mm”
lung area in the lungs of recipient mice (Fig. 6, F and G). Also, the

Milman Krentsis et al., Sci. Adv. 10, eadk2524 (2024) 23 August 2024

different levels of chimerism following transplantation at different
time points following completion of TMX treatment are illustrated
per group by low power views of the lung (Fig. 6E). Additional eight
examples of such views representing the variability of chimerism
among 16 mice transplanted 7 weeks after completion of TMX treat-
ment are shown in fig. S8.

Identification of donor-derived epithelial, endothelial, and
mesenchymal cells in the SPC-Cre TRF1"" mouse model
To assess engrafted donor-derived patches obtained following trans-
plantation at 14 weeks after initiation of TMX treatment, mice were
transplanted with lung cells from C57BL/6-GFP* donors. As described
for the BLM model, quantitative chimerism was assessed at 8 weeks
after transplantation. Typical double staining of different donor-
derived lung cell types is shown in Fig. 7 (A to D), and further verifica-
tion of staining along 3 mm of the z axis was used to rule out potential
errors in tracking the boundaries of each donor-derived cell (fig. S9).
To quantitate alveolar, endothelial, and mesenchymal cells, we
used staining for GFP and different cell markers, as illustrated in
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Fig. 4. Cell composition of GFP* donor-derived patches in the lungs of transplanted mice following treatment with BLM for 4 weeks. (A to D) Typical immunohis-
tological staining of different lung cell types including (A) AQP5* AT1 alveolar cells, (B) LAMP3™ AT2 alveolar cells, (C) CD31" endothelial cells, and (D) PDGFRa™ mesenchy-
mal cells. For each staining, low magnification (left column a; scale bars, 10 pm) shows a donor-derived GFP* patch (green), followed by high magnification of the
indicated area within each patch (right columns b to d; scale bars, 3 pm) showing typical staining with different markers. Column b: Double staining GFP expression plus
indicated marker (magenta). Column c: Indicated marker (magenta) plus nuclear staining (cyan). Column d: GFP (green) and nuclei (Hoechst, cyan). Column e: Distribution
of average percentages of different cell types in donor-derived lung patches. To quantitate donor-derived AT1, AT2, endothelial, and mesenchymal cells, we used double
staining for GFP with different cell markers, as illustrated in (A) to (D) or in figs. S5 and S6. To rule out potential errors in tracking the boundaries of each donor-derived cell
in this quantitative analysis, verification of staining along 3 mm of the z axis (at 1-mm intervals) (as illustrated in fig. S6) was performed for every counted cell. Cells exhib-
iting staining that was not consistent across the z axis were not included in the final percentage analysis of donor-derived lung cell subpopulations. The figure represents
a minimum of 20 patches for each staining obtained from three to six chimeric mice.

Fig. 7 (A to D) and fig. $9. In addition, verification of staining along
3 mm of the z axis (as illustrated in fig. S9) was performed for every
counted cell in this quantitative analysis to rule out potential errors
in tracking the boundaries of each donor-derived cell. Cells exhibit-
ing staining that was not consistent across the z axis were not
included in the final quantitation of the donor-derived lung cell sub-
populations. The figure represents a minimum of 20 patches for
each staining obtained from three to five chimeric mice.

Therapeutic efficacy of lung cell transplantation in the
SPC-Cre TRF1"" mouse model

Last, transplanted SPC-Cre TRFI mice also exhibited an arrest
in progression of lung fibrosis as indicated by the Ashcroft test
(Fig. 8G), the hydroxyproline assay for collagen levels (Fig. 8H), a-
SMA and HA staining (fig. S10B), and tests of lung function (Fig. 8I).

Milman Krentsis et al., Sci. Adv. 10, eadk2524 (2024) 23 August 2024

These experiments further demonstrate the curative potential of in-
travenous administration of single-cell suspensions of lung tissue in
the treatment of lung fibrosis.

DISCUSSION

Despite the emergence of innovative compounds for the treatment
of patients with IPF, lung transplantation remains the only “cura-
tive” option, albeit with a low 5-year mean survival rate following
transplantation. These poor outcomes highlight the urgent need for
pioneering therapies. Our present study, investigating the efficacy of
lung stem cell transplantation in two distinct models of lung fibro-
sis, clearly shows that lung cell transplantation is efficacious histo-
logically, biochemically, radiographically, and physiologically. Our
studies involved three independent transplantation experiments in

6of 14



SCIENCE ADVANCES | RESEARCH ARTICLE

A 4*106 C57BL-GFP + B c Ashcroft test
4*10° C57BL-TdTomato _—
Donor lung cells b NE 0]
== Q g
BLM, 0.035 U/, v Lung $E 9
ip,twiceaweek ¥ function o f 2
i °
—_— assessment e E
o 4 i
o o ,'/_f Q,% S o
Week 2 4 6 13 o
F . , . , .
Percent fibrotic tissue Resistance (R)  Tissue damping (G)  Tissue elastance (H) Forced expired
volume measured by CT volume (FEV 4)
150 - 157 ook sonk Tk = 8 .
= bk 4k 3 - il . 15 ok ook
E . EQ £ o =" : =
EXSIEEE | : £ i g
c 22 ] 8 8 @
g S o N I 5 I
® 0nc I
= 2 3 £ £ £
[<] == (3] )
(6] ° o
0 0
o N & 9 & @
NAPOYIRS 2 & @ P D & 2 & @ R )
o & & & & &S &

Fig. 5. Attenuation of fibrosis and functional benefit in the BLM mouse model 8 weeks after transplantation of lung cells. (A) Experimental scheme. Mice were
treated with BLM and transplanted with 4 x 10° GFP* and 4 x 10° TdTomato™ lung cells. (B) Fluorescence imaging of transplanted lung tissue 8 weeks after transplantation
of a 1:1 mixture of TdTomato* and GFP* C57BL donor-derived lung cells. Scale bar, 200 pm. (C) Chimerism level defined by the average patch number per 2-mm? lung area.
Mice exhibiting less than an average of four patches per 2-mm? lung tissue (purple) were excluded from further comparisons. Data were pooled from two independent
experiments. (D) Trichrome staining of lung treated with vehicle (PBS), BLM, or BLM with transplantation of 8 x 10° donor-derived cells (Trans). Scale bars, 200 pm. All
groups were examined for fibrosis 13 weeks after initiation of BLM treatment. (E) Ashcroft test comparing fibrosis levels based on trichrome staining. Mice were pooled
from two independent transplantation experiments. For the PBS group, N = 8; for BLM alone, N = 11; and for BLM plus transplantation, N = 15 mice. (F) Quantitation of
total collagen in the paraffin-embedded lung tissue by hydroxyproline assay, from one transplantation experiment. For PBS, N = 14; for BLM alone, N = 11; and for chime-
ric mice (Trans), N = 12. (G) Percent fibrotic lung tissue out of the total lung volume by CT. Results were pooled from two independent transplantation experiments. For
PBS, N = 15; for BLM alone, N = 15; and for chimeric mice (Trans), N = 17. (H) Functional parameters measured by FlexiVent (one-way ANOVA with Dunnett’s test;
##P < 0.002 and *##*P < 0.0001). The lung function of mice was pooled from two independent transplantation experiments. For PBS, N = 15; BLM alone, N = 19; and for

chimeric mice, N = 19.

each model, including at least two for functional analysis. Thus, we
found in most transplanted mice that donor-derived patches occupy
a substantial volume of the lungs, with more than 12 donor-derived
patches per 2-mm? lung area, following transplantation of a lung cell
suspension into mice exhibiting moderate levels of lung fibrosis. Im-
munohistochemical analysis showed that in both fibrosis models,
the numerous donor-derived patches comprise AT1 (AQP5") and
AT2 (LAMP3") alveolar cells, as well as endothelial (CD31") and
mesenchymal (PDGFRa™) cells. Furthermore, functional analysis
measuring lung tissue resistance, elastance, and forced expired vol-
ume shows that this robust chimerism is associated with improved
lung function in all parameters. Pathological analysis of the tissue
also revealed a notable reduction in fibrotic tissue compared to non-
transplanted mice.

Notably, the progression of lung fibrosis is associated with marked
depletion of endogenous patch-forming lung progenitors in the re-
cipients, thereby rendering them receptive to donor cell engraft-
ment without any need for further conditioning. This unexpected
finding further supports our earlier suggestion that, as in bone mar-
row transplantation (BMT), stem cell competition for lung stem cell
niches represents a major barrier to attaining lung chimerism fol-
lowing lung stem cell transplantation. The lack of stem cell competi-
tion along the progression of fibrosis in our two mouse models is
reminiscent of BMT in patients with severe combined immunodefi-
ciency. These patients bear genetically defective T cell progenitors
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that are unable to compete with donor-derived normal progenitors,
which can develop in the recipients thymus following transplanta-
tion, without any need for host stem cell ablation (57, 58). Thus, in
the BLM model, the optimal time for engraftment was found at 3 to
4 weeks after initiation of BLM treatment (total of six to eight ad-
ministrations of BLM), and in the SPC-Cre TRFF" model, at 6 to
7 weeks following completion of knockout of TRF1 expression (total
of 12 to 14 weeks from TMX treatment initiation). In contrast, only
poor lung chimerism was observed in either model at earlier time
points. Moreover, using CT analysis, we show that a level of fibrosis
occupying about 15% or more of the lung is likely required for effec-
tive engraftment and colonization of the lung by donor-derived
patch-forming lung progenitors (Fig. 6D). This level of fibrosis is
similar to that found by CT in patients with IPF with moderate fi-
brosis (59, 60). Such patients are likely to benefit from initiation of
cellular therapy, and by that stage, the disease is on an invariably
fatal trajectory.

Together, our results in two mouse models of pulmonary fi-
brosis offer a proof of concept for a simple and effective approach
to lung repair. Notably, in patients with IPE subclinical injury of
the epithelium is associated with AT2 cell attrition and the pres-
ence of a subset of dysfunctional AT2 cells. Furthermore, AT2 cells
in IPF exhibit a pro-fibrotic phenotype likely leading to the activa-
tion of fibroblasts, mesenchymal cell expansion, and ECM deposi-
tion. All these changes are associated with the failure of AT2 cells
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tively. One-way ANOVA with Dunnett’s test; *P < 0.05, **P < 0.002, ***P < 0.0002, and ****P < 0.0001.

to differentiate into AT1 alveolar cells and the disruption of the
epithelial-mesenchymal interface (49, 61). It is increasingly believed
that AT2 cell erosion leads to opportunistic expansion of fibroblasts,
which further compromises the gas exchange properties of the lung
surface (61, 62).

Several preclinical studies suggesting the potential use of AT2
cell transplantation in the BLM fibrosis rat model have resulted in
marked attenuation of the fibrogenic process (63, 64). A phase 1/2
clinical trial indicated that allogenic AT2 lung cells can be adminis-
tered safely via the trachea in patients with moderate progressive
IPF under tacrolimus-based immune suppression (64). However, no
evidence was presented for durable donor-derived lung chimerism,
and further data regarding the clinical benefit of this cell therapy
modality were not provided. Moreover, this approach requires re-
peated intratracheal infusions of AT2-enriched lung cell popula-
tions generated by prolonged ex vivo culture (64).

More recently, additional study in the field demonstrated prog-
ress in efforts aiming to generate lung progenitors from murine
PSCs to form self-renewing lung epithelial progenitors able to engraft
into the injured distal lung epithelium of immunocompetent, synge-
neic mouse recipients (32). After transplantation, these progenitors
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mature in the distal lung, assuming the molecular phenotypes of
AT2 and AT1 cells. These donor-derived cells retain their mature
phenotypes, as characterized by scRNA-seq, histologic profiling,
and functional assessment demonstrating the continued capacity of
the engrafted cells to proliferate and differentiate. However, while
showing a low but substantial level of chimerism in BLM-treated
mice, there was no assessment of functional improvement following
transplantation. Also, considering the transient nature of fibrosis
in this mouse model, this approach should be further interrogated
in long-term fibrosis models such as the TRE-SPC*® model used in
our study.

Another advancement in lung regeneration by cell therapy has
been described very recently by Wang et al. (65) who performed an
open-label clinical trial of ex vivo expanded autologous P63* lung
progenitor cells for the treatment of patients with chronic obstruc-
tive pulmonary disease. Cells were collected during bronchoscopy,
expanded over several weeks, and were then administered back into
the patient’s lungs, by repeat bronchoscopy. The treated group
showed improvements in the diffusing capacity of the lung for car-
bon monoxide and in a 6-min walk distance at a 24-week follow-up.
One advantage of this approach is in its use of syngeneic lung
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Fig. 7. Typical cell composition of C57BL/6-GFP* donor-derived patches in the lung of SPC-Cre TRF1"7 mice transplanted 14 weeks after TMX treatment initia-
tion and harvested 8 weeks after transplantation. (A to D) Typical immunohistological staining of different lung cell types including (A) AQP5* AT1 alveolar cells,
(B) LAMP3™ AT2 alveolar cells, (C) CD31* endothelial cells, and (D) PDGFRa* mesenchymal cells. For each staining, low magnification (left column a; scale bars, 10 pm)
shows a donor-derived GFP* patch (green), followed by high magnification of the indicated area within each patch [right columns b to d; scale bars, 4 (B) and 3 um (A, C,
and D)] showing typical staining with different markers. Column b: Double staining GFP expression plus indicated marker (magenta). Column c: Indicated marker (ma-
genta) plus nuclear staining (cyan). Column d: GFP (green) and nuclei (Hoechst, cyan). Column e: Distribution of average percentages of different cell types in donor-

derived lung patches.

progenitors not requiring posttransplant immune suppression. How-
ever, further clinical trials are required to ascertain its full potential
for clinical use. Notably, the major advantage of the transplant
modality presented in the present study is in its simplicity using
freshly isolated lung cells without any need for prolonged ex vivo
expansion, which could potentially be associated with some risk
for tumorigenicity and is also more difficult for extension to other
medical centers.

Thus, our study demonstrates that infusion of a lung cell suspen-
sion can lead to robust regeneration of both donor-derived AT2 and
AT1 alveolar cells, as well as endothelial cells. This multi-lineage en-
graftment could be particularly valuable and may offer a substantial
advantage for lung function repair, considering that all major fibrot-
ic diseases of the lung not only involve epithelial injuries but are also
associated with vascular and endothelial damage, leading to poor
oxygen exchange in the lungs. It should also be noted that while the
robust regeneration of AT2 and AT1 alveolar cells is consistent with
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the prevention of fibrosis progression, the therapeutic impact in
our mouse models was attained in the marked presence of donor-
derived PDGFRa" mesenchymal progenitor cells. Further analysis
of the potential individual contribution of donor-derived AT1 ver-
sus AT2, endothelial or mesenchymal progenitors cells, using donor
mice expressing inducible diphtheria toxin under the lineage-
specific promoter for each cell type, should shed light on the contri-
bution of different donor-derived cell types to the attenuation of
fibrosis progression in these models.

Together, our results strongly suggest that this transplantation mo-
dality could be successfully applied without any conditioning to pa-
tients exhibiting moderate fibrosis of the lungs, as documented by
CT. In particular, our two distinct models suggest clinical potential for
the treatment of lung fibrosis resulting from chemotherapy-induced
lung injury or genetic susceptibility to progenitor depletion in IPF.

Considering that the application of this approach will potentially in-
volve the use of allogeneic lung cells from major histocompatibility
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Fig. 8. Fibrosis attenuation and functional benefit in the SPC-Cre TRF1"" mouse model transplanted 14 weeks after initiation of TRF1 knockout. (A) Induction of
TRF1 KO in AT2 cells by TMX treatment. Mice were transplanted with lung cells from C57BL/6-GFP* and TdTomato™ donors 14 weeks after initiation of TMX treatment.
(B) Fluorescence imaging of transplanted lung tissue 8 weeks after transplantation of a 1:1 mixture of TdTomato* and GFP* C57BL donor-derived lung cells following
14 weeks of host preconditioning. Scale bar, 200 pm. (C) Chimerism level defined by the average patch number per 2-mm? lung area. Mice exhibiting less than four
patches per 2-mm? lung tissue (purple) on average were excluded from further comparisons. Results show that mouse data were pooled from two independent trans-
plantation experiments. (D) Left: Typical fibrosis determined by trichrome staining 14 weeks after initiation of TMX induction. Right: Higher magnification of the area in
the square (scale bars, 500 and 100 pm, respectively). (E and F) Two examples of fibrosis determined by trichrome staining 22 weeks after initiation of TMX induction
(scale bars, 200 and 100 pm, respectively). (G) Ashcroft test comparing fibrosis levels in different groups of mice based on trichrome staining. Vehicle (oil)-treated group
N =7 mice; TMX alone, N = 13 mice; and TMX plus transplantation, N = 7 mice. (H) Quantitation of total collagen in the paraffin-embedded lung tissue, measured by the hy-
droxyproline assay. Data were pooled from two independent transplantation experiments; in the vehicle (oil)-treated group, N = 13 mice; in TMX alone, N = 12 mice; and
for TMX plus transplantation, N = 12 mice. (I) Improved lung functional parameters measured by FlexiVent. Data in mice were pooled from two independent transplanta-
tion experiments. In the vehicle (oil)-treated group, N = 21 mice; in TMX alone, N = 14 mice; and in TMX plus transplantation, N = 18 mice. One-way ANOVA with Dunnett’s
test was used for statistical analysis; **P < 0.002, *##P < 0.0002, and **##P < 0.0001.

complex disparate cadaveric donors, we expect that posttransplan-
tation immune suppression, similar to that previously used safely in
transplantation of AT2 cells (64), will be required. Clearly, T cells
that are present in the donor lung suspension could induce harmful
graft versus host disease; thus, the lung cell preparation protocol
should include depletion of T cells by state-of-the-art methodologies
commonly used in BMT.

While the major source for allogenic lung cell transplantation is
currently limited to cadaveric lungs, it might be possible in the future
to expand the patch-forming lung progenitors in culture, to enable
harvesting of sufficient cells from lung biopsies of family members.
Furthermore, as shown previously, induction of lung chimerism can
be attained in mismatched recipients without any need for chronic
immune suppression, by combining lung cell transplantation with
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BMT from the same donor (35, 66). However, considering that the
collection of sufficient numbers of hematopoietic stem cells from ca-
daveric lungs is difficult, this approach might be more feasible using
live donors for the collection of ex vivo expanded lung progenitors, in
conjunction with freshly isolated hematopoietic stem cells. In sum-
mary, our results provide a proof of concept for the use of intrave-
nous infusion of lung cell suspensions for the treatment of lung
fibrosis in patients with IPF and chemotherapy-induced lung injury.

MATERIALS AND METHODS

Experimental design

We previously showed that following adequate host conditioning
with NA or CY, and sublethal 6-Gy TBI, transplanted lung progenitors
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present in a single-cell lung suspension can integrate and engraft in
the host lung tissue and can differentiate to epithelial (AT1 and AT2)
and endothelial cells. In the present study, we evaluated the curative
potential of intravenous lung cell transplantation in lung fibrosis.
Thus, we successfully established and tested two mouse models of
lung fibrosis, namely, the BLM and the TRE-SPC* (SPC-Cre TRF'f)
models. The impact of lung cell transplantation was evaluated in
both models at 8 weeks after transplantation by lung function assay,
CT imaging, and biochemical and histological analysis.

Mice

Animals were maintained under conditions approved by the Insti-
tutional Animal Care and Use Committee (TACUC) at MD Ander-
son Cancer Center (protocol nos. 1976 and 1819). Mouse strains
used included the following: C57BL/6, C57BL/6-TRF1 (B6-129P2-
Terf1"™21") "and B6-SPC-Cre [B6.129S-Sftpc ™ (e ERT2BIN] "o vyell
as donor mice for transplantation experiments including C57BL/6-
Tg(CAG-EGFP)10sb/Jand B6.129(Cg)-Gt(ROSA) 268 or ™ ACTE-
tdTomato-EGFP)Luo/j Thege latter mice express GFP or TdTomato,
respectively, in all lung cells. All mice were used at 6 to 30 weeks of
age. Mice were kept in small cages (up to five animals in each cage)
and fed sterile food and water. Animals of the same age, sex, and
genetic background were randomly assigned to treatment groups.
Pre-established exclusion criteria were based on the IACUC guide-
lines and included systemic disease, respiratory distress, refusal to
eat and drink, and substantial (>15%) weight loss. For BLM experi-
ments, only male mice were used as hosts because male mice de-
velop lung fibrosis to a greater degree than female mice (67). For
experiments using the SPC-Cre TRFI™" model, mice of both gen-
ders were used as hosts. A minimum of five mice per group were
used in all experiments.

Generation of the SPC-Cre TRF17f genetic model
C57BL/6-TRF1 (B6-129P2-Terfl™>™) were received from JAX Labs
after cryo-recovery and backcrossed in our laboratory with C57BL/6
for four generations to ensure a clean C57BL/6 background. Mice
homozygous for the Lox insertion were mated with transgenic mice
that express Cre-ERT protein under the control of the lung surfac-
tant promoter (SFTPC)-B6-SPC-Cre [B6.129S-Sftpctm1(cre’ERTz)Blh].
The first generation of heterozygous B6-TRF" /-°* SPC-Cre-ERT mice
was backcrossed within the group until we attained a strain of B6-SPC-
Cre-ERT TRFP" mice. To activate the Cre protein, mice were injected
intraperitoneally with 50 mg of TMX per kilogram (Sigma-Aldrich) for
6 to 7 weeks, three injections per week. TMX was freshly dissolved in
corn oil to a concentration of 10 pg/pl before each administration.

Induction of fibrosis by bleomycin

C57BL/6 male mice (67) aged 9 to 10 weeks were administered BLM
(0.035 U/g; Hikma or Teva) by intraperitoneal injection twice a
week for 1 to 5 weeks. Control groups were administered phosphate-
buffered saline (PBS) vehicle. Mice were weighed twice a week, and
those who lost weight were fed with extra high-fat food. Weight loss
of more than 20% led to euthanizing the mice.

Preconditioning of host C57BL/6 mice

before transplantation

To test the level of patch-forming lung progenitors after BLM treat-
ment, we used an assay that we previously described (35) based on
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the conditioning of recipient mice with CY and 6-Gy TBI. On
day —3 before transplantation, the C57BL/6 host mice were treated
with an intraperitoneal injection of CY (200 mg/kg; Sandoz or Bax-
ter) dissolved in PBS. On day —1 before transplantation, the mice
were treated with 6-Gy TBI in an XRad320 biological x-ray irradia-
tor. On day 0, the mice were transplanted with various cell popula-
tions, as indicated in Fig. 2.

Preparation of single-cell lung suspension

Single-cell suspensions were obtained from enzymatically treated
adult mouse lungs, as previously described (34, 35). Briefly, lung
tissue was dissociated by mincing tissues with fine scissors in the
presence of collagenase (1 mg/ml), dispase (2.4 U/ml), and deoxyri-
bonuclease I (1 mg/ml) (Roche Diagnostics) diluted in CaJngJr
PBS. Cells were dissociated by GentalMax (Miltenyi Biotec) incuba-
tion for 30 min at 37°C. Nonspecific debris was removed by sequen-
tial filtration through 100- and 70-pm filters. The cells were then
washed with PBS (Ca*? and MgJr2 free) with 2% bovine serum albu-
min, antibiotics, and 2 mM anticoagulant citrate dextrose solution
A. Before intravenous injection, the donor cells were filtered again
through a 40-pm filter. Host mice were transplanted with 2 x 10°
to 8 X 10° adult lung cells, labeled with either B6-GFP™ or B6-
TdTomato™. Transplanted cells were introduced by intravenous cell
injection (intravenous) into the tail vein.

Flow cytometry

Cell samples were stained with conjugated antibodies or matching
isotype controls according to the antibody manufacturer’s instruc-
tions. Antibodies were purchased from e-Bioscience and BioLegend.
The complete list of antibodies used in the study is provided in ta-
ble S1. Data were acquired on BD FACSCanto II or BD LSRFortessa
flow cytometer and analyzed using the Flow]Jo software (version 9 or
version 10).

Immunostaining

Mice were euthanized at different time points following trans-
plantation; the lungs were inflated with a 4% paraformaldehyde
(PFA) solution introduced through the trachea under a constant
pressure of 20 cm H,O. Then, the lungs were immersed in fixative
overnight at 4°C. The next day, the lungs were split into two
halves—the first half was preserved in 30% sucrose for an addi-
tional 24 hours before snap-freezing in isopentane precooled by
liquid nitrogen in the presence of optimal cutting temperature
(OCT) compound (Sakura Finetek USA Inc., Tissue-Tek., prod-
uct code #4583). The second half was preserved with 70% ethanol
before paraffin embedding. The samples for frozen sections were
harvested and inflated with a 1:1 mixture of OCT and PBS and
snap-frozen in isopentane precooled by liquid nitrogen. Frozen
samples were cut into 6- to 12-pm sections and stained. The list
of antibodies used in this study is provided in table S1. All sec-
ondary antibodies were purchased from Jackson Laboratories or
Abcam. The evaluation of stained samples was performed using
an upright Olympus BX51 fluorescent microscope with 4x, 10X,
and 20X air and 40X and 100X oil objectives and an Olympus
digital camera (DP70). Confocal microscopy was performed on
an Olympus 3000FV laser scanning confocal microscope, using
cell sense software (Olympus). The images were processed, ren-
dered, and reconstructed in 3D in Imaris software (Bitplane AG,
Switzerland, www.bitplane.com).
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Trichrome staining and Ashcroft test for fibrosis assessment
The lower-mid part of the right lungs, which were fixed by PFA, was
deparaffinized and stained with Masson’s trichrome using Masson
Trichrome Staining Kit (Thomas Scientific) according to the manu-
facturer’s instructions. More than 20 bright-field images per mouse
were taken, using 20-fold magnification. The fields were chosen ran-
domly by moving the stage controls of the microscope blindly and
photographing the resulting field without further stage adjustments.
The image files were coded and given to three different observers,
blinded to the experimental groups. The observers were provided
with a copy of the scoring scheme and a set of different grade ex-
amples. Each observer scored all the images from 0 to 8 using the
specific criteria described in the paper by Ashcroft et al. (68) and
Hubner et al. (10). All scores were then pooled, and the average was
calculated per field and per mouse, and then per group with differ-
ent treatments. The results were also divided into three scoring bins:
A score of 0 to 3 represents normal lung tissue; a score of 4 to 5 in-
dicates mild damage; and a score of 6 to 8 represents severe fibrotic
damage. Results were analyzed using the PRISM software. Large
field images were taken using ImageXpress Micro Confocal.

CT scan and calculation of fibrotic area

In vivo micro-CT scans were performed by high-resolution SKY-
SCAN 1276 (Bruker BioSpin Corporation, MA) at 30-um resolu-
tion, 135-ms exposure time, 0.5-mm filter, and with the use of a
1008 X 672 matrix. Mice were anesthetized with 0.5% oxygen and
1.5% isoflurane. 3D images and fibrosis percentage calculations were
performed using a 55/255 threshold. Lung volume (LV) and fibrosis
volume (FV) were measured. The percent fibrosis (FV/LV) was cal-
culated as the percent of FV out of total LV (69).

Quantitative assay for total collagen levels

To evaluate total collagen levels, we used an assay based on a colo-
rimetric readout for free hydroxyproline (70). Briefly, paraffin-
embedded lung samples were weighed and hydrolyzed overnight
and then assessed by the color reaction for the amount of collagen
using the QuickZyme kit (QuickZyme, Biosciences, Netherlands)
according to the manufacturer’s instructions.

Assessment of lung function

Respiratory system mechanics and P-V relationships were measured
using the FlexiVent apparatus (SCIREQ, Montreal, QC, Canada),
as previously described (36, 71, 72). Briefly, mice were anesthetized
using Avertin, tracheotomized using a 19-gauge metal cannula
(Brico), connected to the FlexiVent via endotracheal cannula, and
ventilated at a respiratory rate of 150 breaths/min and tidal vol-
ume of 10 ml/kg against a positive end-expiratory pressure of 3 cm
H,O. FlexiVent software was used to perform the forced measure-
ments and P-V loops.

The linear single-frequency forced oscillation technique (FOT)
was used to assess total respiratory system resistance I, compliance
I, and elastance I. The broadband FOT was used to determine New-
tonian resistance (Ry), tissue elastance (H), and tissue dampening
(G). Volume-driven P-V loops were formed by incrementally inflat-
ing the lungs to 40 ml/kg from functional residual capacity, which
was defined as 3 cm H,O. After the delivery of each volume incre-
ment, the airway opening pressure was recorded. The area of the
P-V curve was calculated using FlexiVent software to provide data
for quantitative analysis of the elastic properties. All measurements
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of respiratory system mechanics were conducted in mice with intact
chest walls. Upon completion of the measurements, anesthetized
animals were euthanized by cervical dislocation. Results were ana-
lyzed using the PRISM software.

Statistical analysis

Differences between groups were evaluated using one-way variance
analysis (ANOVA) and Dunnett’s post hoc test for calculating the P
value between three or more different groups, or unpaired ¢ test for
comparison of two groups only, using the Prism software. For each
dataset, means + SD or means + SEM was calculated and is pre-
sented in the Results section of the main text. P < 0.05 was consid-
ered statistically significant.
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