Engraftment of Marrow-derived Epithelial Cells

The Role of Fusion
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Contribution of transplanted bone marrow has, in many models,
led to the appearance of marrow-derived epithelial cells in a variety
of organs, including the lung. Following the initial descriptions of
these cells, many questions remain about the mechanisms by which
bone marrow adopts an epithelial phenotype in the murine lung.
Data from other epithelial lineages, such as those of the kidney
and colon, suggest that one mechanism is fusion of transplanted
marrow with host pneumocytes. This process appears to require
severe damage and may not be the only mechanism by which
mature lung epithelia can derive from marrow. This article discusses
the processes leading to the appearance of marrow-derived pneu-
mocytes and highlights the therapeutic potential of bone marrow
to fuse with or differentiate into epithelial cells of the lung.
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We and others have demonstrated that bone marrow—derived
cells (BMDCs) can develop into epithelial cells in the lung,
liver, gastrointestinal (GI) tract, and skin. These findings, initially
reported in laboratory animals, have also been reported in hu-
mans. It is not yet clear which subpopulation(s) of the bone
marrow (BM) has the ability to become epithelial cells. Another
unresolved question regarding this BM to epithelial transition
is the mechanism by which this occurs. Data suggest that cell-cell
fusion can occur but is not required. We hypothesize that both
the degree of epithelial engraftment and the mechanism by which
this occurs in the lung are dependent on the degree and type
of damage induced. Here, we review the data regarding the
mechanisms underlying the BM to epithelial transition with an
emphasis on the role of cell fusion. In addition, we present data
regarding the feasibility of using BM cells as a vehicle to deliver
gene therapy to the lung.

BM CELLS CAN DEVELOP INTO EPITHELIAL CELLS
IN MICE

In the earliest studies demonstrating marrow-derived epithelial
cells, Petersen and colleagues (1) and Theise and coworkers (2)
showed that female rats and mice that had been lethally irradi-
ated and transplanted with male BM developed Y chromosome-—
positive hepatocytes. These data were obtained by other labora-
tories as well, and the reported level of engraftment varied
widely, from 0.01 to 2%. This is likely due to multiple variables,
including the degree and type of injury induced in the liver, the
cell population transplanted, and the method of detection used.
BMDC:s have also been reported to take on the gene expression
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pattern of hepatocytes in vitro when cocultured with hepatocytes
(3) or with hepatocyte growth factor (4).

Methods of detection of marrow-derived epithelial cells have
improved since the earliest reports. In our initial studies, we
reported that more than 1% of hepatocytes were marrow derived
after lethal irradiation using Y chromosome fluorescence in situ
hybridization (Y-FISH) and immunofluorescence for cytokera-
tin as our detection methods (2). However, this may have been an
overestimation due to overlay of blood cells in the thin sections
analyzed. When we added anti-CD45 to the staining protocol
together with anticytokeratin and Y-FISH, the incidence of he-
patocytes that were marrow derived was approximately 1 in
1,000. In a mouse model of fatal hereditary tyrosinemia type I,
in which the gene for fumarylacetoacetate hydrolase (FAH) has
been knocked out, transplanted wild-type bone marrow cells
could comprise up to 30% of hepatocytes and save the mice
from liver failure as discussed in more detail below (5).

Data for engraftment of marrow-derived cells as lung epithe-
lial cells have been reported by our group as well as others
(6-14), and some forms of lung injury promote mobilization of
hematopoietic stem and progenitor cells from the BM into the
circulation (14, 15). There exists some controversy in this area,
because a number of investigators using alternate approaches
have found no evidence of BM contribution to epithelial repair
in the murine lung (16-18). All of these studies used a green
fluorescent protein (GFP) reporter gene to track marrow-
derived cells, and none of them used chromosomal analysis to
identify marrow-derived lung epithelium. Furthermore, in one
of the models used, the baseline reporter gene expression was
extremely low (16), and in another, no lung injury was induced
during the preconditioning phase (18). Because transgene ex-
pression has been shown to be relatively insensitive for the
identification of marrow-derived epithelial cells, and injury is
known to be a critical event for the appearance of these cells,
the significance of these negative data is unknown. However,
they do illustrate the need for rigorous and consistent study
design. Current standards in this field demand either confocal
or single-cell analysis of marrow-derived epithelial cells to rule
out the possibility of overlay. The addition of CD45 and/or other
hematopoietic antigens to staining protocols is appropriate in
many cases. Last, where technically feasible, phenotypic analysis
with cell-specific markers is indicated to ensure that the appear-
ance of epithelial cells derived from marrow is not the result of
microscopy artifact.

More in-depth analyses of the kinetics and degree of en-
graftment of marrow-derived epithelial cells were then per-
formed (19). We showed that BM engraftment as type II pneu-
mocytes occurred within 1 to 2 wk after intravenous infusion,
suggesting that these cells may have become part of the lung
architecture during recovery of the lung from the radiation-
induced pneumonitis. A greater understanding of how the lung
repairs itself after irradiation, including the clearance of apo-
ptotic cells and their replacement with newly formed epithelial
cells, will allow us to better understand how marrow-derived
cells become epithelial cells in the lung.
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BMDCs CAN DEVELOP INTO EPITHELIAL CELLS
IN HUMANS

We also examined whether BMDC:s could differentiate into he-
patocytes in humans (20). We obtained archived liver tissue
samples from two women who had undergone BM transplanta-
tion with marrow from a male donor, and from four men who
had undergone liver transplantation with livers from female do-
nors. In all six samples, Y chromosome—positive hepatocytes
were identified, with the highest numbers (12% in the periportal
regions) identified in the transplanted female-derived liver of a
male recipient who had been transplanted for hepatitis C and
who had developed recurrent hepatitis C in the transplanted
female liver. These findings not only confirmed that marrow-
derived cells could become hepatocytes in humans but also that
severe injury may increase the degree of engraftment of marrow-
derived hepatocytes.

Marrow-derived epithelial cells have also been reported in
human lungs (21-23). Consistent with the potential contribution
of circulating BMDC:s to lung injury repair, several studies have
shown that different forms of lung injury lead to high levels of
circulating hematopoietic and endothelial stem and progenitor
cells from the BM (24).

THE DEGREE OF LUNG EPITHELIAL CELL
ENGRAFTMENT FROM BMDCs IS DEPENDENT ON THE
DEGREE AND TYPE OF LUNG DAMAGE INDUCED

The level of engraftment of marrow-derived epithelial cells has
been assessed in response to different forms of lung damage.
As discussed above, lethal doses of irradiation (> 1,000 cGy)
result in engraftment of BM-derived epithelial cells. However,
until recently, no study had directly addressed the relationship
between lung tissue injury and the degree of epithelial cell en-
graftment from BMDCs. We performed such a study (25) based
on the following facts: (/) lung injury in response to irradiation
is dose dependent, with a threshold of approximately 750 cGy
necessary for lung damage, and (2) BM engraftment can be
attained using sublethal doses of irradiation. In this study, female
mice received male BM intravenously after being exposed to 0,
300, 600, or 1,000 cGy irradiation. As had been reported pre-
viously with high-dose irradiation, maximal lung damage was
apparent 3 to 4 d after 1,000 cGy irradiation, with resolution
by Day 7. We quantitated the lung damage by assessing the
percentage of cytokeratin-positive lung cells that were apoptotic
by TdT-mediated dUTP-biotin nick end labeling analysis. In
response to 1,000 cGy, approximately 30% of epithelial cells
were apoptotic on Day 3. In contrast, there was no increase in
the percentage of apoptotic epithelial cells above background
(0 cGy) in mice that received 300 or 600 cGy. Next, we assessed
the BM engraftment in mice that received different doses of
irradiation. All of the mice that received 300, 600, or 1,000
cGy had significant (> 80%) BM engraftment by 1 mo post-
transplant, consistent with previous reports. To determine the
percentage of marrow-derived lung epithelial cells, we analyzed
lung tissue sections and separate lung cells that had been digested
using collagenase/dispase, and then cytospun directly onto mi-
croscope slides to analyze discrete individual cells without the
risk of overlay artifact that could occur in tissue sections. In all
cases, we detected no marrow-derived epithelial cells in the lungs
of mice that had received 0, 300, or 600 cGy irradiation. In
contrast, approximately 0.2% of type II epithelial cells were
marrow derived in the mice that had received 1,000 cGy. These
data are important for several reasons. First, they show that a
threshold level of lung damage is necessary for engraftment of
lung epithelial cells from BMDCs, and second, they show that

PROCEEDINGS OF THE AMERICAN THORACIC SOCIETY VOL 3 2006

overlay with marrow-derived hematopoietic cells, which were
present at equally high levels in mice that received 300, 600 or
1,000 cGy, was not causing a false-positive interpretation of
marrow-derived epithelial cells.

A SINGLE BMDC CAN DIFFERENTIATE INTO BLOOD
AND EPITHELIAL CELLS IN VIVO

In an effort to determine which BMDC subpopulation is capable
of becoming epithelial cells, our laboratory collaborated with
that of Saul Sharkis at Johns Hopkins (7). Sharkis had already
published data showing that hematopoietic stem cells could be
fractionated using elutriation, and that hematopoietic stem cells
home to the BM of lethally irradiated recipients within 48 h of
intravenous infusion. In our collaborative work, he showed that,
if BM cells are elutriated (E), then depleted of lineage committed
blood cells (L), and then transplanted into a lethally irradiated
recipient and recovered after homing (H) to the BM, one can
obtain a population of cells that is highly enriched for hematopoi-
etic stem cells. A single one of these ELH cells can long-term
reconstitute the hematopoietic system when transplanted into a
lethally irradiated recipient (together with a population of short-
term hematopoietic reconstituting cells). In our studies, we used
female recipient mice that had undergone BM transplantation
with a single male-derived ELH cell together with 20,000 female-
derived short-term reconstituting cells, and achieved long-term
(11 mo) hematopoietic reconstitution with Y chromosome-
positive cells. If we could detect Y chromosome—positive epithe-
lial cells in these mice, then it would mean that a single marrow-
derived cell could engraft not only hematopoietic cells but also
as nonhematopoietic cells. Analysis of tissue using triple staining
for cytokeratin, CD11b, and the Y chromosome revealed mar-
row-derived epithelial cells in the lung (including rare bronchio-
lar epithelial cells), liver, GI tract, and skin of these mice. In
these mice, marrow-derived type II pneumocytes were identified
by morphology, cytokeratin expression, and the detection of
both transcription centers for surfactant protein-B (SP-B) as
well as the Y chromosome. The potential mechanisms underlying
this engraftment are discussed below.

MARROW-DERIVED EPITHELIAL CELLS
ARE FUNCTIONAL

To determine whether marrow-derived epithelial cells can func-
tion normally, we showed that marrow-derived epithelial cells
in the murine GI tract express the cystic fibrosis transmembrane
regulator (Cftr) mRNA and protein, and can restore chloride
transport through this channel (26). In collaboration with Dr.
Marie Egan from the Department of Pediatrics at Yale School
of Medicine, Dr. Emanuela Bruscia transplanted BM from GFP*
mice that had the wildtype Cftr gene into Cftr-null mice. Cftr,
as its name implies, is a membrane channel that is not functional
in patients with cystic fibrosis (CF). CF is a genetic disease in
which the loss of CFTR-dependent Cl~ transport from the apical
membrane of epithelial cells in the airway and GI tract (as well
as other organs) leads to hyperviscous secretions that cause
pathology in the respiratory and GI tracts.

It is important to note that, in Cftr-null (CFTR™Y") mice,
the lungs are relatively normal, presumably due to the expression
of a redundant chloride channel in mice, that does not compen-
sate for CFTR loss in humans. However, Cftr-null mice do have
severe GI tract pathology that closely resembles the GI epithe-
lium dysfunction in patients with CF. Therefore, we focused our
studies on the ability of marrow-derived GI epithelial cells to
express functional Cftr. Our results have been very promising.
We have shown that Cftr-null mice (n = 13) that receive BM
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from donors that are wild type at the Cftr locus have detectable
levels of Cftr mRNA throughout their GI tracts, including the
small and large intestines. We also occasionally observed Cftr
mRNA in the lungs of recipient mice. To assess for Cftr protein
expression in the transplanted Cftr-null mice, we analyzed tissue
from the GI tract by co-immunofluorescence for GFP and Cftr.
Although these cells were rare, they were found in most of the
Cftr-null recipients. In contrast, none of the untransplanted Cftr-
null mice had any Cftr mRNA or protein detected. Similarly,
control Cftr-null mice that underwent BM transplantation with BM
from Cftr-null donor mice also had no Cftr mRNA or protein.

With these exciting data on Cftr mRNA and protein expres-
sion, the next step was to assess for Cftr activity. Because Cftr*
epithelial cells line the GI tract, it is possible to assess for Cftr
activity in vivo in mice by using a probe to measure the cyclic
AMP-induced chloride channel activity in the rectum and distal
colon. This allowed us to measure the Cftr activity in individual
mice over time. We also performed in vitro electrophysiology
assays (Ussing chamber analyses) on the mucosal surfaces of
multiple organs harvested at the time of death. Some of the
Cftr-null mice had a partial recovery of functional Cftr channel
activity in the distal colon by 5 wk post-BM transplantation,
which was maintained for up to 5 mo. Ussing chamber analysis
confirmed that there was Cftr-specific channel activity in the
large intestine of these transplanted Cftr-null mice, as well as in
the small intestine, including the duodenum, jejunum, and ileum.
Specificity of the channel activity was demonstrated not only by
its characteristic response to agents that elevate intracellular
cAMP levels but also by the loss of activity when a specific
blocker of Cftr activity was administered. As for the expression
data presented above, control mice, including Cftr-null mice that
received Cftr-null BM (n = 7), showed no Cftr activity in vivo
or in vitro. It is not clear why we were able to detect Cftr channel
activity with the very low levels of engraftment of Cftr* cells.
Possibilities include that we are assessing the electrophysiologic
function of a very large number of cells, that there is cell-cell
communication that enhances channel activity along the epithe-
lium, or that the levels of engraftment are underestimated by
the detection approaches that we have used (e.g., transgene
expression, Y-FISH, and immunofluorescence).

POTENTIAL MECHANISMS UNDERLYING THE BM TO
EPITHELIAL CELL TRANSITION

Several mechanisms may be responsible for the appearance of
epithelial cells derived from BM. These are all applicable to the
lung and are not mutually exclusive. In one scenario, BM with
the ability to directly differentiate into nonhematopoietic cell
types contains an unidentified population of pluripotent cells
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not yet committed to becoming blood. Alternative mechanisms
feature “committed” cells that differentiate from one cell type
to that of a completely different cell type either directly or with
an intervening de-differentiated state. To date, none of these
processes has been definitively shown. The only proven mecha-
nism for the generation of epithelial cells from BM is the fusion
of a BMDC with a tissue cell.

Cells arising from membrane fusion have at least three fates.
Those that retain both nuclei are termed “heterokaryons” if the
two initial cells were not identical. Other fused cells can develop
a single fused nucleus and are termed “synkaryons.” A third
possibility is that the cell could lose one nucleus or a fraction
of its chromosomal material through reductive division. Only
recently have cells from the BM been shown to fuse with nonhe-
matopoietic cells, a process that leads to changes in gene expres-
sion. In the absence of therapeutic amplification strategies, the
initial frequency of fused cells in any organ is very low.

FUSION UNDERLIES THE CURATIVE EFFECT OF
BM TRANSPLANTATION IN A MOUSE MODEL
OF TYROSINEMIA

The first in vivo evidence of fusion was presented in an investiga-
tion of marrow-derived hepatocytes in FAH-null mice (27, 28).
In these studies, a complicated system of sex-mismatched hema-
topoietic stem cell (HSC) transplantation showed that the vast
majority of marrow-derived hepatocytes contained chromo-
somal material from both the host and the donor. This was
shown either through gene expression (27) or abnormal karyo-
types (26). A small fraction of these hepatocytes did not appear
to have arisen through fusion, though it was not determined
whether reductive divisions had given rise to 2N hepatocytes in
this model. Later work found that the marrow-derived cells with
this ability are likely macrophages (29). The high number of
fused cells detected in the FAH model is likely due to clonal
proliferation of marrow-derived hepatocytes carrying a wild-
type FAH gene. We have independently confirmed these data
in our laboratory (Figure 1C).

Data from the kidney (30) and the GI tract (31) as well as
our own unpublished data show that fusion of marrow with
mature epithelial cells can be followed by reductive divisions.
The intracellular events governing this process as well as its
stability and safety require further investigation but it appears
that fusion is an effective means of gene transfer and cytotherapy.

FUSION IS NOT REQUIRED FOR BM TO
EPITHELIAL TRANSITION

Although fusion is clearly sufficient for the appearance of
BM-derived hepatocytes, it is not clear whether it is required.

Figure 1. (A) Alveolar tissue from a female
recipient of male marrow stained for thyroid
transcription factor 1 (TTF-1) (green) and Y
chromosome (red), and counterstained with
4',6-Diamidino-2-phenylindole (DAPI) (blue).
The apparent colocalization of TTF-1 and Y
gives the appearance of two marrow-derived
type Il pneumocytes. However, as B demon-
strates, addition of CD45 staining shows that
these cells are covered by two blood cells and
cannot be considered to be donor-derived

epithelial cells. This artifact is termed “overlay.” (C) Two hepatocytes isolated from the livers of female FAH-null recipients of wild-type male marrow
that have undergone fluorescence in situ hybridization (FISH) for both the X and Y chromosomes. In this image, the characteristic autofluorescence
of the liver cell is shown in yellow, the Y chromosome in red, the X chromosome in green, and the nucleus is counterstained with DAPI (blue). The
cell on the left contains three X chromosomes and one Y chromosome, indicating that it arose through a fusion event. The cell on the right
contains one X and one Y, indicating either differentiation or fusion followed by reductive division and loss of one set of sex chromosomes.
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We sought to address this question using a relatively simple
approach. By performing BM transplantation of Cre reporter
strain marrow into mice that ubiquitously express the Cre recom-
binase, we could track the appearance of fused cells by reporter
gene expression. Our approach was similar to that of Alvarez-
Dolado and colleagues (32), but we took the extra step of looking
for false-negative results based on transgene silencing.

In our study (33), the Cre reporter strain was Z/EG. In the
Z/EG mouse, the lac Z gene is driven by the B-actin promoter
and followed by three SV40 poly-A tracts and in-frame stop
codons. This construct is flanked by two lox P sites, and the GFP
gene is located just 3 of this loxP flanked cassette. When intact
(i.e., in the absence of Cre recombinase), the lacZ gene is ex-
pressed constitutively, and the GFP is off since it is downstream
of the stop codons. However, in the presence of the Cre recombi-
nase, the loxP flanked DNA is excised such that the eGFP gene
is under control of the ubiquitous B-actin promoter. Because,
in this approach, the only way that GFP can be expressed is on
the introduction of the host Cre recombinase into the nucleus
of the donor Z/EG construct, detection of this reporter gene
would imply fusion. Marrow-derived cells that formed by differ-
entiation without cell fusion would contain unrecombined DNA
and thus express lacZ. This strategy is illustrated in Figure 2.

With this rationale, we performed sex-mismatched BM trans-
plantation of Z/EG marrow into Cre mice. At the time of death,
organs from the recipient mice were analyzed for GFP on the
mRNA and protein levels. Reverse transcriptase—polymerase
chain reaction on the GI, kidney, liver, lung, diaphragm, skeletal
muscle, and heart failed to detect GFP expression with a sensitiv-
ity of 1/10° cells. No GFP protein was detected by immunohisto-
chemistry on liver, lung, and skin. Nor was GFP detected by
fluorescence-activated cell sorter analysis on isolated lung epi-
thelia. Marrow-derived epithelia were detected by combining
immunohistochemistry for epithelial markers with lacZ or
Y-FISH. Using this approach, low frequencies of marrow-
derived epithelia were detected in the liver, lung, and GI tract.
In addition, the donor-derived lung cells were found to contain
only one copy of each sex chromosome. Taken together, these
data demonstrate that fusion is not required for the appearance
of marrow-derived epithelia.

Because this experimental system relied so heavily on trans-
gene expression, we performed a number of systematic controls
to rule out transgene failure as a cause of false-negative results.

. .

Z/EG Donor

O @-—

Cre Recipient

Blue =
no fusion

(:reen

Fusion

Figure 2. Simplified schematic of fusion events leading to GFP expres-
sion. When Z/EG marrow is transplanted into an ubiquitously expressing
Cre mouse, differentiation and fusion can be determined based on
reporter gene expression. In the case of a differentiation event, the
Z/EG construct remains intact and lacZ is expressed (top right, blue).
In the case of a fusion event, the Cre recombinase is introduced into
a Z/EG-containing cell and loxP sites are excised, leading to activation
of the GFP reporter transgene (bottom right, green).
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This included adenoviral assays for the presence of functional
Cre recombinase, the ability of the Z/EG construct to undergo
postembryonic recombination on exposure to Cre, and the ability
of this system to detect in vivo fusion events following secondary
injury after BM transplantation. These controls attest to the
specificity in the use of this approach to detect fusion and showed
that secondary injury after transplantation is sufficient to induce
fusion events between marrow-derived cells and epithelial cells.

CAN BM-DERIVED CELLS BE USED TO DELIVER GENE
THERAPY TO THE LUNG?

One potential clinical application of these findings is that, theo-
retically, marrow-derived cells could be used as vehicles for
targeted transgene expression in epithelial cells of the lung.
Such an approach could be used clinically in diseases caused by
single-gene mutations, such as surfactant deficiencies, CF, or o;-
antitrypsin deficiency. Dr. Joanna Grove performed experiments
to directly address the question of whether autologous cells
could be modified to deliver a gene to lung epithelial cells (34).
For these studies, which were performed in collaboration with
Drs. Don Kohn and Carolyn Lutzko from the Children’s Hospi-
tal of Los Angeles, wild-type BM cells from male mice were
infected with a retrovirus encoding the GFP transgene expressed
on the constitutively active retroviral long terminal repeat pro-
moter. The cells were transplanted into lethally irradiated female
recipients, and GFP* marrow-derived epithelial cells were de-
tected using immunohistochemistry for GFP and cytokeratin, as
well as Y-FISH and SP-B-FISH. Between 1 and 7% of cytokeratin-
positive cells with the appearance of type II cells expressed GFP,
indicating that the retroviral transgene was still expressed after
the conversion of BMDC:s to type II epithelial cells in the lung.

FUTURE STUDIES

Current and future work in our laboratories is focused on defin-
ing the functional phenotype of the marrow-derived epithelial
cells, the mechanisms that underlie the BM to epithelial transi-
tion, and the development of feasible molecular approaches to
amplify engraftment to levels that would be therapeutic for use
in respiratory disorders.
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