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Chimerism on the parenchymal level has been shown
for several human allografts, including liver, heart,
and kidney, with the integrated recipient-derived
cells most likely originating from multipotent bone
marrow precursors. We investigated whether chimer-
ism also occurs within epithelial structures of the
lung. For this purpose archival tissue biopsies from
seven explanted human lung allografts were ob-
tained. We performed laser microdissection of the
target structures with subsequent short tandem re-
peat analysis to detect chimerism within the isolated
cells. We found integration of recipient-derived cells
in the bronchial epithelium, in type II pneumocytes
and in seromucous glands lying adjacent to larger
bronchi in all lung allografts studied. Quantitative
analysis revealed that the epithelial structures dis-
playing signs of chronic injury, such as squamous
metaplasia, showed a markedly higher degree of chi-
merism (24% versus 9.5%). We therefore conclude
that in human lungs, epithelial chimerism occurs at
least within bronchi, type II pneumocytes, and sero-
mucous peribronchial glands. Although a bone mar-
row origin of immigrating host-derived stem cells has
been suggested by previous studies in rodents, anal-
ysis of lung biopsies from bone marrow-transplanted
patients (n � 3) could not prove such delineation in
this study. The observation of an enhanced integra-
tion of recipient cells into chronically damaged epi-
thelial structures suggests that extrapulmonary pre-
cursor cells are able to contribute to pulmonary
regeneration. (Am J Pathol 2003, 162:1487–1494)

A continuously growing number of studies demonstrates
that adult cells are able to display far more differentiating
plasticity than previously thought. First investigated by
performing transplantation studies in rodents, injected
bone marrow-derived hematopoietic stem cells have

been shown to differentiate into adult parenchymal cells
of a wide range of tissue types including liver, kidney,
heart, intestine, skin, and brain1–8 as well as into most
mesenchymal tissues including muscle, bone, and carti-
lage.9,10 Furthermore, not only can bone marrow-derived
precursors give rise to many tissues, but cells originating
from muscle or brain seem to have the ability to turn back
into bone marrow.11,12 Therefore, bone marrow-derived
stem cells or stem cells in general are likely to be able to
cross the boundaries of the original embryonic cell layers
in the adult and may have the capacity to help restoring
damaged tissue in a variety of organs.

To determine whether such plasticity occurs also in
humans, gender-mismatched allografts were analyzed
for chimerism using Y-chromosome in situ hybridization.
In fact, chimerism within the graft was detected in all solid
organ transplants that have been analyzed. An integra-
tion of recipient-derived cells into the parenchyma was
observed for hepatocytes and cholangiocytes in the liv-
er,13–15 for tubular epithelial and endothelial cells in the
kidney,8,16 and for cardiomyocytes in the heart.17 In turn,
also an integration of donor-derived hepatic cells could
be detected thus leading to the conclusion that inte-
grated cells at least in the liver are most likely of bone
marrow origin.14

In the murine lung, engraftment of bone marrow-de-
rived cells could be found on the mesenchymal level as
fibroblast-like cells contributing to the stroma9 and on the
epithelial level as bronchial epithelial cells or type II pneu-
mocytes within the alveolar wall.6 The integrated cells
exhibited both the morphological and molecular pheno-
type of the airway epithelium, with the type II pneumo-
cytes expressing surfactant B mRNA. Recently, marrow-
derived type I pneumocytes were also detected within
the alveolar epithelium of mice after bleomycin-induced
lung injury.18

In this study we investigated whether in human lung
allografts recipient-derived cells are integrated into the
parenchyma and if so, whether these cells are of bone-
marrow origin. For this purpose, we studied both tissue
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from lung allografts that had been explanted because of
organ failure as well as lung tissue from patients who had
received therapeutic bone marrow transplantation. To
have access to all available specimens without being
limited to certain gender-mismatch constellations, we
combined laser-assisted microdissection of the cells of
interest with subsequent genotyping by short tandem
repeat (STR)-polymerase chain reaction (PCR) to deter-
mine whether cells are donor- or recipient-derived.

Materials and Methods

Patient Material

Formalin-fixed, paraffin-embedded archival lung tissues
were obtained from the files of the Institute of Pathology of
the Hannover Medical School. We selected specimens from
a total of 10 patients for this study, 7 of them had received
lung transplantation for various reasons and the graft had
been removed later because of organ failure. The other
three patients had undergone therapeutic bone marrow
transplantation and bioptic or surgical lung specimens were
obtained from these patients after transplantation (Table 1).
One male patient who had received a female liver allograft
was also selected for control purposes.

Immunohistochemical Staining

For reliable identification of the target structure, ie, bron-
chial epithelial cells, pneumocytes, and mucous glands,
we performed a double-immunostaining procedure be-
fore microdissection. In a first staining reaction the epi-
thelial cells were labeled with the commercially available
pan-cytokeratin antibody KL-1 (Immunotech, Hamburg,
Germany) using diaminobenzidine as the first chromo-
gen. This led to an intense brown staining of all of the
epithelial structures that were under investigation. To
avoid false-positive results because of infiltrating leuko-
cytes within epithelia we performed a second immuno-
histochemical staining reaction on the same tissue sec-
tions now using a mixture of the antibodies recognizing
leukocyte common antigen (LCA) and CD68 (both DAKO,
Glostrup, Denmark) at equal parts. In this second reaction
Vector VIP (Vector Laboratories, Burlingame, CA) was the

visualizing substrate giving a dark-blue to violet color that
provided sufficient contrast to the brown color of the diami-
nobenzidine chromogen (Figure 1, A and B).

The whole immunoperoxidase-staining procedure was
performed with the R.T.U. Vectastain Universal Elite ABC-
Kit (Vector Laboratories, Burlingame, CA) according to
the manufacturer’s instructions. No predigestion steps for
antigen retrieval were necessary; all primary antibodies
were incubated at a dilution of 1:100.

Laser Microdissection

Laser-based microdissection of bronchial epithelium, pneu-
mocytes, and mucous glands was performed using the
PALM Laser MicroBeam system (P.A.L.M., Bernried, Ger-
many), essentially as described.19 Clusters of cells were
isolated and pooled together in samples containing �500 to
1000 cells for qualitative and at least 2000 cells for quanti-
tative analysis. Infiltrating leukocytes were either avoided by
the laser beam or laser-ablated (Figure 1; C to H).

Short Tandem Repeat PCR

For detection of recipient-derived cells within the isolated
epithelial structures, we used a PCR assay that analyzes
one highly polymorphic STR marker located within the hu-
man �-actin-related pseudogene, H-�-Ac-psi-2 (ACTBP2).
This marker is commonly known as SE33 and contains a
tetranucleotide repeat that displays considerable polymor-
phism and a fairly high heterozygosity rate of up to
93%.20,21 To increase sensitivity in amplifying partially de-
graded DNA from formalin-fixed tissue, we designed new
primers. Compared to the primers usually used to analyze
the SE33 locus, they reduce the length of the PCR products
by 85 bp to fragments ranging from 140 to 236 bp in length
(forward primer: 5�-AGAGAGAGAAAGGAAGGAAGG-3�;
reverse primer: 5�-CTACCGCTATAGTAACTTGC-3�). The
amplification reaction was performed in a final volume of 25
�l containing 200 nmol/L of each primer, 0.5 U Hot Start Taq
Polymerase (Qiagen, Hilden, Germany), 1.5 mmol/L MgCl2,
250 nmol/L of dNTP, and up to 10 �l of DNA lysate. The
forward primer is labeled with 6-FAM at the 5� end. The
reaction mixture was preheated at 95°C for 10 minutes,
followed by 35 cycles at 95°C for 30 seconds, 56°C for 30

Table 1. Clinical and Histopathological Data Regarding the Selected Cases

Type of
transplantation Patient Age

Reason for
transplantation

Time from
transplantation to
removal/surgery

Histopathological findings in
lung specimens

Lung
transplantation

1 31 Cystic fibrosis 7 years Chronic rejection

2 47 NA 6 years Chronic rejection
3 43 PPH 30 days Diffuse alveolar damage
4 42 AAD 210 days Bronchlolitis obliterans
5 51 AAD 32 days Bronchiolitis obliterans
6 26 Cystic fibrosis 20 days Interstitial fibrosing pneumonia
7 25 Cystic fibrosis 4 days Diffuse alveolar damage

Bone marrow 8 13 Agranulocytosis 246 days Aspergillosis
transplantation 9 5 Aplastic anemia 75 days Aspergillosis

10 57 CLL 313 days Interstitial pneumonia

Abbreviations: PPH, primary pulmonary hypertension; AAD, alpha-1-antitrypsin deficiency; CLL, chronic lymphocytic leukemia; NA, not available.
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seconds, and 72°C for 1 minute, with a final elongation step
at 72°C for 10 minutes.

The PCR products were analyzed using a capillary
electrophoresis instrumentation (ABI310; Applied Biosys-
tems, Darmstadt, Germany). One �l of the PCR product
was mixed with 0.3 �l of size standard (GeneScan350,
Applied Biosystems) and 12 �l of formamide. This mix-
ture was heated for 2 minutes at 90°C and immediately
chilled on ice. The samples were placed in the sample
holder and the electrophoresis was started as described
in detail by the manufacturer. We routinely used an injec-
tion time of 5 seconds. Electropherograms displaying
size and intensity of the PCR products were created

using the software package supplied with the instrument
(GeneScan310 Analysis).

To be able to detect recipient-derived cells within the
microdissected tissue, first the allelotypes of both donor
and recipient had to be determined. We identified the
recipient’s alleles by analyzing tissue from the originally
explanted lung, whereas a mixture of recipient and donor
could be obtained by examining tissue from the ex-
planted lung allograft without microdissection. By sub-
tracting the already known recipient allelotype from the
PCR results of the mixed tissue, the donor’s alleles could
also be identified. In nontransplanted tissues never more
than two alleles were detected (data not shown).

Quantitative Analysis

For quantitative evaluation of the degree of chimerism
that was found in the microdissected samples, we con-
structed a calibration curve, essentially as described for
the determination of mixed chimerism in recipients of
bone marrow transplantation.22 Because of fragmenta-
tion of the DNA isolated from formalin-fixed tissue, PCR
analysis might show an impaired and unequal amplifica-
tion efficiency compared to DNA isolated from fresh tis-
sue. To minimize the distortion of quantification because
of these effects, we used for evaluation only the peak
height values corresponding to the shortest alleles and/or
the alleles lying closest together for donor and recipient.
Furthermore, every PCR was repeated five times.

For the generation of a calibration curve, we mixed
archival DNA from lung tissue of two different individuals
in varying ratios from 5 to 50%. For each PCR �2000
cells were used and the analysis was performed 10 times
for every mixture. We chose one allele from each individ-
ual according to the above-mentioned criteria and deter-
mined the ratio of the peak height of the minor to the
major fraction. A standard curve was calculated from the
mean values obtained for each defined mixture (Figure 2).

We determined the percentage of chimerism within the
different samples as follows: first the ratio of peak height
recipient versus peak height donor was calculated. Then,
starting from the y axis, the corresponding percentage
value was determined on the x axis. The results are
presented as percentage � a confidence interval of 95%.

Y-Chromosome Hybridization

For the detection of Y-chromosome-positive cells in trans-
planted organs we followed a modified version of the
CISH protocol described previously23 with a Y-chromo-
some-specific centromere probe (Appligene-Oncor,
Illkirch, France) in combination with standard immunohis-
tochemistry for cytokeratin (KL-1; Beckman-Coulter, Im-
munotech). Briefly, a 5-�m-thick tissue slide of the forma-
lin-fixed and paraffin-embedded liver biopsy was
deparaffinized, graded in alcohol and incubated with a
KL-1 antibody. For detection BCIP/NBT/INT (DAKO) was
used. After microscopic verification of the immunohisto-
chemical reaction, an overnight incubation with a DNA
probe for the centromeric region of the Y-chromosome

Figure 1. Double immunostaining and laser microdissection of epithelial
cells. Bronchial epithelial cells (A) and hyperplastic type II pneumocytes (B)
show dense cytoplasmic staining for pan-cytokeratin antibody KL-1 (diami-
nobenzidine, brown). On the same tissue sections leukocytes as well as
foamy macrophages within the air spaces are labeled with anti-LCA plus
anti-CD68 (VIP, blue) making them clearly detectable even within the epi-
thelium (arrows). For microdissection of bronchial epithelium, groups of
cells were first cut out with the laser beam (C) and then catapulted into the
lid of a reaction tube (D). E and F: Microdissection and catapulting of a small
group of type II pneumocytes lining the alveolar septae and partly protruding
into the lumina. G and H: Microdissection and catapulting of a small acinus
or seromucous glands lying near to a large bronchus. The dissected tissue
pieces shown in D, F, and H contain �30 to 50 cells each. The glands are
stained brown and the dense surrounding lymphocytic infiltrate is marked
blue. Original magnifications, �400.
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followed. The detection of the CISH signals was done
with a tyramide-induced amplification and staining with
AEC� (DAKO).

Results

Comparison of STR Analysis after
Microdissection and Y-Chromosome
Hybridization for the Detection of Chimerism

To ensure that our newly developed method (STR geno-
typing after laser microdissection) and the more fre-
quently used sex chromosome in situ hybridization both
give concordant results, we compared directly these dif-

ferent methodological approaches. We restricted this
comparison to the analysis of female grafts in male re-
cipients thereby looking for the presence of Y-chromo-
some-positive parenchymal cells. (In the case of a male
graft in a female recipient, one has to look for Y-chromo-
some-negative parenchymal cells, which is much less
reliable.) Figure 3A demonstrates the presence of distinct
Y-chromosome signals in several nuclei of cholangio-
cytes. The genotyping of laser-microdissected cholan-
giocytes revealed all four alleles (two from the donor and
two from the recipient) confirming the establishment of a
chimeric cholangiocyte population in this transplanted
liver. (Unfortunately, biopsies from female lungs in male
recipients were not available. Therefore, we had to per-
form the comparison in a different organ.) A lymphocytic
infiltrate dissected from the stroma of this organ revealed,
as expected, predominantly the recipient’s genotype
(Figure 3B, bottom).

Bronchial Chimerism in Lung Allografts

To answer the question whether chimerism of epithelial
cells occurs in human lung allografts, different types of
lung epithelial cells (bronchial epithelium, type II pneu-
mocytes, seromucous glands) were isolated by laser-
assisted microdissection and the genotype (ie, donor’s or
recipient’s origin) was determined subsequently by PCR
as described previously.15 Formalin-fixed and paraffin-
embedded biopsies from seven lung allografts were re-
trieved from the archives of the Institute of Pathology. All
lung allografts analyzed were removed because of organ
failure. Compared to trans-bronchial biopsies that nor-
mally contain only very limited amounts of parenchyma,
these surgical specimens provided enough tissue to ex-
amine bronchial epithelium, pneumocytes, and also the
seromucous glands lying adjacent to the large bronchi.
Where possible we examined the larger bronchi sepa-
rately, otherwise we collected all bronchial epithelium
that was available from one lung specimen into one sam-
ple. Each microdissected tissue contained �500 to 1000
cells, which was sufficient for qualitative analysis of chi-
merism. The immunohistochemical double staining pro-

Figure 2. Calibration curve for quantitative STR analysis. DNA from formalin-
fixed lung tissue from two individuals was mixed in defined ratios to con-
struct a calibration curve. This calibration curve relates the extent of chimer-
ism and the measured peak ratios after STR-PCR. Every measurement was
performed 10 times and each individual measurement is represented by one
square. For the quantitative determination of the chimerism in an unknown
sample, the peak ratio for the alleles most similar in DNA length was
calculated. Subsequently, using the calibration curve the extent of chimerism
was determined. The calibration curve is shown together with the 95%
confidence interval represented by the two lines paralleling the calibration
curve (see also Materials and Methods).

Figure 3. Comparison of Y-chromosome hybridization and STR-PCR after microdissection. A: Detection of Y-chromosome-positive cholangiocytes in a female
liver transplanted into a male recipient (arrows). One to five percent of cholangiocytes were positive for the Y-chromosome. Y-chromosome-positive infiltrating
leukocytes (immunohistochemically labeled with anti-LCA and anti-CD68) are also clearly discernible (arrowheads). Leukocytes are stained by blue cytoplasmic
dye. No nuclear counterstain, which could mask Y-chromosome hybridization signals, was performed. B: Genotyping of the whole section and laser-
microdissected cholangiocytes. A dissected leukocyte infiltrate displayed, as expected, predominantly the recipient’s genotype whereas the laser-microdissected
cholangiocytes show clear chimerism.
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vided distinct labeling of the epithelial structures and at
the same time specific identification of infiltrating leuko-
cytes lying within the epithelium (Figure 1). In cases with
marked inflammatory reaction, this was particularly im-
portant to avoid false-positive results because of infiltrat-
ing leukocytes (which predominantly are of recipient’s
origin).

We could detect recipient-derived parenchymal cells
within bronchi of all seven lung allografts under study.
The establishment of this intragraft in situ chimerism is a
very early event (already detectable after 4 days in case
7, and persisting for up to 7 years in case 1).

Chimerism of Type II Pneumocytes and
Seromucous Glands

In cases in which sufficient material was available, we
also studied alveolar lining cells and seromucous glands
lying adjacent to large bronchi. Both cellular compart-
ments are also intensely labeled with the KL-1 antibody,
which made it possible to perform microdissection of
these structures on the same tissue sections from which
bronchial epithelial cells had already been isolated.

As the alveolar lining cells are normally very flat and
difficult to define morphologically, the isolation of pneu-
mocytes was only possible in cases in which marked type
II hyperplasia occurred as an unspecific sign of alveolar
damage. In these cases, type II pneumocytes are lining
the alveolar septae as cuboid epithelia protruding into the
lumina (Figure 1, E and F), facilitating identification and
microdissection.

Seromucous glands and type II pneumocytes were
analyzed only in a subset of cases, because not every
lung was suitable for this purpose. Chimerism of the
target structures was detectable in all four cases in which
pneumocytes could be obtained as well as in all four
cases in which seromucous glands could be isolated.

Quantitative Analysis of in Situ Microchimerism

To analyze the in situ microchimerism quantitatively and
to correlate the extent of chimerism to histomorphological
findings, we developed a quantitative genotyping assay
(see Figure 2 and Materials and Methods). In comparison
to the strictly qualitative assay, for quantitative PCR more
cells have to be used per sample. In addition, every
measurement was performed five times to get reliable
quantitative results. Therefore, more cells had to be col-
lected and not all lung specimens could be analyzed.

Nevertheless, in a second set of experiments, bron-
chial epithelium (n � 4), type II pneumocytes (n � 3), and
glands (n � 4) were dissected from those biopsies in
which enough cells were available. All together, the de-
gree of chimerism was similar in all three different cellular
compartments ranging from 6 to 26% in the bronchi
(5.7 � 2.5% to 25.5 � 0.9%), from 9 to 20% in the
pneumocytes (9.1 � 2.3% to 20.0 � 1.5%), and from 9 to
24% in the seromucous glands (9.1 � 2.3% to 24.2 �
1.3%).

Interestingly, the degree of chimerism seemed to be
related to the extent of injury. Although the number of
cases was too small for sound statistical analysis, the two
lungs with the highest proportion of recipient cells within
the bronchi (cases 4 and 5) also suffered from severe
chronic and acute bronchitis that had led to marked
squamous metaplasia of the bronchial epithelial cells
(Figure 4A). Also loss of goblet cells and vanishing of
ciliae on the luminal surface of the airway epithelium was
apparent in these cases. In the two cases where none of
these features of injury were detectable, chimerism
reached a degree of only 9.5% or less (Table 2). Similar
observations were made concerning the peribronchial
glands. In case 5 the seromucous glands surrounding
the damaged bronchi were also affected by chronic in-
flammation and thus displayed histological signs of
marked dysplasia. Accordingly, in this case the highest
extent of gland chimerism was found (24% versus 14% or
less in cases without inflammation).

To validate these observations, two bronchi from the
same lung specimen, but displaying remarkably different
degrees of damage, were analyzed separately using the
quantitative chimerism assay. In fact, the bronchus with
extended squamous metaplasia exhibited 24% chimer-
ism (24.2 � 1.3%), whereas the other one with mild
changes and preserved columnar arrangement of the
epithelium contained only 9.5% (�2.5%) of recipient-
derived parenchymal cells (Table 2, case 4).

Concerning the type II pneumocytes, no histological
differences could be observed between the specimens
available for analysis. Therefore, no correlation between
histology and extent of chimerism could be analyzed for
this cellular compartment.

Lung Specimens of Bone Marrow-Transplanted
Patients

Several lines of evidence support the hypothesis that the
parenchymal cells of recipient’s origin found in trans-
planted organs are bone marrow derived.1,4,6,7 There-
fore, we analyzed lung biopsies from three recipients of
bone marrow transplantation searching for parenchymal
cells with the genotype of the bone marrow donor. In all
three specimens no donor-derived DNA could be de-
tected (see Figure 5B).

These negative results also provide an excellent neg-
ative control excluding the possibility of contamination of
samples by cellular fragments lying underneath the dis-
sected cells. These negative results also rule out infiltrat-
ing leukocytes as a source of false-positive results, be-
cause all three lung specimens from bone marrow
recipients showed inflammatory reaction toward the
bronchi (Figure 5A). The careful microdissection pro-
cess, supported by immunohistochemical labeling of tar-
get and unwanted bystander cells, ensures the recovery
of pure cell preparations for the genotyping.

Chimerism of the Lung 1491
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Discussion

In this study we report for the first time that recipient-
derived cells are integrated into pulmonary epithelia of
human lung allografts after transplantation. Immunohisto-
chemically labeled epithelial structures were isolated by

laser-assisted microdissection from lung transplants that
had been removed because of organ failure. By subse-
quent use of STR-PCR for the identification of recipient
cells within the graft, we detected chimerism in bronchial
epithelium, hyperplasia type II pneumocytes lining the
alveolar septae and seromucous glands surrounding
larger bronchi.

As already demonstrated in our previous study,15 the
simultaneous immunohistochemical labeling of the cells
of interest (cytokeratin-positive epithelial cells) and infil-
trating leukocytes (CD68� and LCA�) excluded reliably
false-positive results because of contaminating leuko-
cytes of recipient’s origin. It also facilitated the identifica-
tion and microdissection of epithelial cells in a pure and
homogeneous form (Figure 1). Furthermore, the modified
quantitative chimerism assay proved to be sufficiently
reproducible for archival material when performing sev-
eral replicates per measurement. For a given sample only
peaks with similar size were compared to reduce distor-
tion of the quantification because of differences in PCR
product size.

Figure 4. Increased chimerism in chronically injured epithelium. A: The chimerism in the bronchial epithelium observed in case 5 with squamous metaplasia is
compared to case 2 without metaplasia. The higher degree of chimerism in case 5 is obvious from the electropherogram at the bottom. The top electropherogram
represents pure recipient’s genotype from the explanted lungs. B: Comparison of the chimerism in peribronchial glands in case 5, in which the glands display
reactive epithelial changes, with peribronchial gland chimerism in case 1, which exhibits glands with inflammatory infiltrates but a quite normal morphology of
ducts and acini. Top: The morphological appearance of the bronchial and glandular epithelium, respectively. The top electropherograms show the recipient’s
allelotype for each case. The bottom electropherograms display representative results obtained for the different cases after laser microdissection. Within the
frames are the alleles selected for quantitative evaluation. Black peaks, recipient; hatched peaks, donor; small empty peaks, so called “stutter bands” caused
by sliding of the Taq polymerase along the repetitive sequence during the amplification process.

Table 2. Quantitative Analysis

Case no.

Percentage of recipient-derived cells

Bronchi Pneumocytes Glands

1 8.0 � 2.2 9.1 � 2.3
9.5 � 2.5
8.5 � 2.1
5.7 � 2.5

2 5.7 � 2.5 14.1 � 2.1
9.5 � 2.5

3 9.1 � 2.3 12.2 � 2.1
4 24.2 � 1.3 20.0 � 1.5

24.1 � 1.3
9.5 � 2.5

5 25.5 � 0.9 24.2 � 1.3
6 12.0 � 2.0
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Analysis of more than 100 of nontransplantation sam-
ples with the same STR assay for the purpose of identi-
fication never did exhibit more than two alleles. Also the
absence of chimerism in the analysis of lung specimens
from three bone marrow-transplanted patients (Figure 5
and below) demonstrates the specificity of the method-
ology that obviously does not show false-positive results.
Therefore, the unknown donor-derived alleles could be
extrapolated from the additionally occurring STR-PCR
products in the transplant that did not match the alleles
identified in the recipient’s own lung (see “Materials and
Methods”).

We found recipient-derived cells in the bronchi of all
seven lungs under study as well as within pneumocytes
and the glandular epithelium of all of the selected cases
that were investigated for these cellular compartments.

Our results differ from those obtained by a previous study
in 1991,24 which could not detect chimerism within the
bronchial and alveolar epithelium. Yousem and Sonmez-
Alpan24 used sex chromosome in situ hybridization. With
the exception of one case, they analyzed male grafts in
female recipients thereby looking for the absence of Y-
chromosome in parenchymal cells in the transplanted
organ. In this sex-mismatch constellation it is very difficult
to discriminate between true female cells and male cells
artificially negative for the Y-chromosome because of
tangential nuclear sectioning. Moreover, in that study
only trans-bronchial biopsy specimens were investigated
that in most cases contain only very limited amounts of
suitable lung tissue and that are at the same time con-
siderably damaged by the sampling procedure.

Our control experiments illustrated in Figure 3 demon-
strate that our newly developed methodology and the
more widely used Y-chromosome hybridization provide
identical results. Therefore, the different results may be
primarily because of case selection or suitability of biop-
sies for molecular studies.

The survival times of the examined grafts ranged from
4 days to 7 years, demonstrating that the engraftment
both takes place very early after transplantation and per-
sists for a long time. In this respect, the results obtained
in this study for parenchymal chimerism of the lung are
consistent with those found for other transplanted organs
such as liver, heart, and kidney8,14,17 where chimerism
occurred very early, persisted very long, and was de-
tected in all specimens. Also the engraftment rates are
quite similar ranging from 2 to 30%.

As suggested by previous studies, which demon-
strated the engraftment of bone marrow-derived stem
cells into the lung parenchyma in mouse models of he-
matopoietic stem cell transplantation,6,18 we expected to
find this engraftment also in the lungs of human recipients
of bone marrow transplantation. There are two possible
explanations why we could not find donor-derived cells in
any of the samples that we obtained from three patients in
this study. First, under normal conditions the engraftment
rate for bronchial epithelium described in mouse model
systems is quite low (�4%).6 This may be too low for
detection using the chimerism assay described here-
in.25,26 Second, the lung tissue that was available from
recipients of bone marrow transplantation was limited
concerning size and quality, which certainly impaired the
detection sensitivity. For the same reason, only a few
bronchial epithelia and no pneumocytes or glands could
be analyzed. Taken together, our negative results cannot
rule out the bone marrow origin of the engrafted cells in
human transplants, which was suggested by studies in
rodents.6,18

The quantitative chimerism analysis of the lung allo-
grafts revealed that the two cases that displayed histo-
logical signs of severe chronic injury both of the bronchi
as well as of peribronchial glands also exhibited in-
creased engraftment rates of recipient cells within these
cellular compartments. This may suggest that chimerism
after transplantation is increased by cellular damage with
elevated cell turnover. We have made a similar observa-
tion in our previous work on hepatic chimerism, where

Figure 5. Analysis of bronchi from recipients of bone marrow transplanta-
tion. A: Representative bronchial epithelium from one patient who had
received therapeutic bone marrow transplantation. Note the infiltration of
single lymphocytes into the epithelial layer (arrows). B: Electropherograms
demonstrating the absence of chimerism within microdissected bronchi.
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engraftment seemed to be remarkably higher in liver
transplants with recurrent hepatitis.15 Further support for
this hypothesis comes from studies on rodents. After
hematopoietic stem cell transplantation and consecutive
induction of extensive liver damage by toxic agents, up to
50% of the liver was repopulated by bone marrow-de-
rived hepatocytes.3,4 Similar effects could be observed
for alveolar epithelium after bleomycin-induced lung in-
jury. Also, injected bone marrow cells were even able to
restore two-thirds of infarcted myocardium. Whether the
integration of parenchymal cells originating from outside
the respective organ also takes place under physiologi-
cal conditions has recently been questioned.27 In this
study we provide evidence that at least in the case of
severe organ damage extrapulmonary stem cells are
recruited to the lung. If nonpulmonary cells can substan-
tially contribute to lung regeneration, this may create new
therapeutic options with great potential.
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