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ABSTRACT

Background Tissue remodeling depends on mes-
enchymal cells (fibroblasts and myofibroblasts) and
is a prominent feature of chronic renal-transplant re-
jection. It is not known whether the mesenchymal
cells that participate in remodeling originate locally
or from circulating precursor cells.

Methods We obtained biopsy specimens of renal
allografts from six male recipients of an allograft
from a female donor, four female recipients of an al-
lograft from a male donor, two male recipients of an
allograft from a male donor, and two female recipients
of an allograft from a female donor. All the allografts
were undergoing chronic rejection. We used immu-
nohistochemical methods to identify mesenchymal
cells with smooth-muscle a-actin and in situ hybridi-
zation to identify mesenchymal cells with Y-chromo-
some DNA.

Results No Y-chromosome bodies were identified
in the case of the two renal-allograft specimens in
which both the donor and the recipient were female.
In the case of the two renal-allograft specimens in
which both the donor and the recipient were male,
approximately 40 percent of mesenchymal cells con-
tained a Y-chromosome body. In the case of the six
specimens in which the donor was female and the
recipient was male, a mean (=SD) of 34+16 percent
of mesenchymal cells in the neointima, 38+12 per-
cent of such cells in the adventitia, and 30+7 percent
of such cells in the interstitium contained the Y-chro-
mosomal marker, indicating that they originated from
the recipient rather than the donor. In the case of the
four renal-allograft specimens in which the donor was
male and the recipient was female, the respective
values were 24+15 percent, 33+9 percent, and 23+8
percent, indicating a persistent population of donor
mesenchymal cells.

Conclusions The presence of mesenchymal cells
of host origin in the vascular and interstitial compart-
ments of renal allografts undergoing chronic rejec-
tion provides evidence that a circulating mesenchy-
mal precursor cell has the potential to migrate to areas
of inflammation. (N Engl J Med 2001;345:93-7.)
Copyright © 2001 Massachusetts Medical Society.

ISSUE remodeling is central to the patho-
genesis of many chronic illnesses. In the vas-
cular narrowing of atherosclerosis,! the pro-
liferation of smooth-muscle cells and the
synthesis of matrix lead to the formation of a neoin-
tima. The same events in the adventitia? cause a con-
strictive fibrosis that prevents the vessel from dilating

N Engl ] Med, Vol. 345, No. 2 -

in response to the encroachment of the neointima
into the vascular lumen.! Tissue remodeling is also
important in chronic allograft rejection, which is the
chief limitation to the long-term success of organ
transplantation. The principal lesions in chronic re-
jection are vascular fibrointimal hyperplasia and inter-
stitial fibrosis.? The mesenchymal cells that synthesize
matrix in the vascular neointima are smooth-muscle
cells, whereas in the interstitium they are myofibro-
blasts.+-¢

It is commonly accepted that in allograft rejection
the mononuclear inflammatory cells derive from the
recipient,” whereas the mesenchymal cells that partic-
ipate in remodeling originate in the graft itself. How-
ever, it has been shown that collagen vascular grafts
are rapidly infiltrated and remodeled by smooth-mus-
cle cells into physiologically responsive neovessels, sug-
gesting that circulating smooth-muscle cells (or their
mesenchymal precursors) migrate to areas of tissue
remodeling and take part in the process.® Moreover,
studies in animal models®!! indicate that mesenchymal
cells involved in chronic rejection may originate from
the recipient.

To investigate the origin of mesenchymal cells in
tissue remodeling, we studied the infiltrating mesen-
chymal cells in sex-mismatched renal allografts that
were undergoing chronic rejection. We used combined
immunohistochemical techniques to identify mesen-
chymal cells with smooth-muscle a-actin and in situ
hybridization to determine whether Y-chromosome
DNA was present in biopsy specimens of renal al-
lografts.

METHODS
Patients and Biopsies

Our group routinely performs renal-allograft biopsies 1, 2, 3,
6, and 12 months after transplantation; the characteristics of 76
patients who were studied under this protocol have been described
previously.!213 All patients received cyclosporine, azathioprine, and
prednisone for immunosuppression after renal transplantation and
were in clinically stable condition at the time of biopsy. The bi-
opsy protocol was approved by the faculty committee on the use of
human subjects in research at the University of Manitoba, and all
patients gave written informed consent to participate.

Changes in the tubules, interstitium, glomeruli, and vessels were
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assessed by a pathologist who was unaware of the clinical condition
of the patients. The pathologist assigned semiquantitative scores for
these changes using the standardized Banft classification.'* The Banff
criteria have accepted validity and reproducibility and are widely
used in the histologic analysis of transplants. We scanned our data
base of renal biopsies and selected samples from all sex-mismatched
grafts with a Banff grade of CV2 (indicating the presence of chronic
rejection with a moderately vascular neointima) or CV3 (indicat-
ing the presence of chronic rejection with severe vascular changes,
including narrowing of the vascular lumen by more than 50 per-
cent) and adequate tissue available for study. We identified such
biopsy specimens from six male recipients who had received an allo-
graft from a female donor and four female recipients who had re-
ceived an allograft from a male donor.

We then selected biopsy specimens from two female recipients
of an allograft from a female donor as a negative control and bi-
opsy specimens from two male recipients of an allograft from a male
donor as a positive control. As an additional control, we studied
nine sex-mismatched biopsy specimens with no evidence of rejec-
tion (from five male recipients of an allograft from a female donor
and four female recipients of an allograft from a male donor). In
no case did we study biopsy specimens that had been obtained from
a single patient at more than one time.

Combined Immunohistochemical Analysis
and in Situ Hybridization

We performed all immunohistochemical procedures using the
Microprobe apparatus (Fisher Scientific) with semiautomated capil-
lary staining to ensure that the results of staining were consistent
and reproducible. Formalin-fixed, paraftin-embedded blocks were
cut into sections that were 4 um thick, and the sections were placed
on microscope slides (ProbeOn Plus, Fisher Scientific) and incubat-
ed. Immunohistochemical analysis with use of an antibody against
smooth-muscle a-actin (M0851, Dako) as a marker for smooth-
muscle cells'® was performed essentially as described previously.16
DNA in situ hybridization for the human Y chromosome was im-
mediately performed with use of pHY2.1, a Y-chromosome repeat
marker labeled with digoxigenin (1558196, Boehringer Mann-
heim). The pHY2.1 fragment hybridizes with a 2000-copy tandem
repeat on the long arm of the Y chromosome.l” The slides were
dehydrated in ethanol, air dried, then incubated with hybridization
solution containing 2X saline sodium citrate (1X saline sodium cit-
rate is 0.15 M sodium chloride and 0.015 M sodium citrate), 50
percent formamide, 10 percent dextran sulfate, 1 mg of salmon-
sperm DNA per milliliter, and 1 ug of digoxigenin-labeled probe
per milliliter. Denaturation for 10 minutes at 72°C was followed by
incubation overnight at 37°C. The following morning, unbound
probe was washed oft with 2X saline sodium citrate at 37°C. Sub-
sequent detection steps were performed as described previously.!8
Nuclei were counterstained with methyl green, then the slides were
cover-slipped with light mineral oil in order to preserve both sol-
vent-soluble and water-soluble components.

Statistical Analysis

Each blue-stained nucleus was interpreted as indicating a mes-
enchymal cell (myofibroblast or smooth-muscle cell) if it was sur-
rounded by red-stained smooth-muscle a-actin. Staining for the
Y chromosome was considered to be positive if a clear dark blue—
black signal in the nucleus could be detected. The analysis was
performed by an observer who was unaware of the patients’ histo-
ries. The presence or absence of smooth-muscle a-actin and the
Y chromosome was recorded for each nucleus counted in the neoin-
tima, perivascular adventitia, and peritubular interstitium, for a to-
tal of up to 1000 cells. Differences between groups were analyzed
with use of a two-tailed unpaired t-test.

RESULTS

We studied 14 renal-biopsy specimens with the
typical vascular and interstitial changes of chronic re-
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TABLE 1. PERCENTAGE OF MESENCHYMAL CELLS THAT
WERE POSITIVE FOR THE Y-CHROMOSOME BoODY.*

SEX OF SEX OF No. oF Neo-  ADVEN-  INTER-

Donor RECIPIENT SPECIMENS INTIMA TITIA  sTITUM TUBULES
percentage of cells

Female Female 2 0 0 0 0

Male Male 2 38 31 43 41

Male Female 4 24*+15 33+9 23+8 44=*13

Female Male 6 34+16 38*12 30+7  4=*2f

*Plus—minus values are means *=SD.

1This value probably represents infiltration by the recipients’ mono-
nuclear cells.

jection. Two specimens each were from female recip-
ients of an allograft from a female donor and from
male recipients of an allograft from a male donor,
four specimens were from female recipients of an al-
lograft from a male donor, and six specimens from
male recipients of an allograft from a female donor.
The underlying reason or reasons for transplantation
were diabetes mellitus in six patients, glomerulone-
phritis in six, polycystic kidney disease in four, hyper-
tensive nephrosclerosis in three, chronic pyelonephri-
tis in two, obstructive uropathy in one, and unknown
disease in one.

The results are summarized in Table 1. In renal-
allograft specimens from the four female patients with
male donors, we found clear evidence of infiltration of
the neointima, adventitia, and interstitium by mes-
enchymal cells of donor (male) origin. These allografts
also demonstrated a population of male mesenchy-
mal cells.

The Y-chromosome body was clearly distinguish-
able in approximately 40 percent of the tubular, inter-
stitial, and neointimal mesenchymal cells in the grafts
from male donors that had been transplanted into
male recipients (Fig. 1A and Table 1). Although the
analysis was performed in a blinded fashion, a kidney-
biopsy specimen from a male donor was immediate-
ly obvious on cursory inspection of the tubular-cell
nuclei. In renal-allograft specimens in which both the
donor and the recipient were female, the Y-chromo-
some body was always absent (Fig. 1B and Table 1).

In cases in which the donor was female and the re-
cipient was male, the presence of Y-chromosome bod-
ies in cells infiltrating the renal-allograft specimen was
also obvious. In such cases, a mean (=SD) of 34£16
percent of the neointimal smooth-muscle cells in the
renal-allograft specimens clearly expressed the Y-chro-
mosomal signal (Fig. 1C and Table 1). In cases in
which the donor was male and the recipient was fe-
male, a mean of 24*15 percent of neointimal smooth-
muscle cells in the renal-allograft specimens were of
male origin (Fig. 1D and Table 1).
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In cases in which the donor was female and the re-
cipient was male, a mean of 3812 percent of peri-
vascular interstitial smooth-muscle cells in the renal-
allograft specimens were of male origin, whereas in
cases in which the donor was male and the recipient
was female, a mean of 33+9 percent were of male or-
igin (Table 1). In specimens from male recipients of al-
lografts from female donors, the Y-chromosome body
was present in a mean of 307 percent of the smooth-
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muscle cells in the renal interstitium (Fig. 2A and
Table 1). In cases in which the donor was male and
the recipient was female, a mean of 23£8 percent of
mesenchymal cells in the interstitium of the renal-
allograft specimens showed the Y-chromosomal sig-
nal (Fig. 2B).

In cases in which both the donor and the recipient
were male or were female and in cases in which the
donor was male and the recipient was female, the tu-
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Figure 1. Results of Combined Immunostaining for Smooth-Muscle a-Actin (Red Cytoplasm) and in
Situ Hybridization for the Y-Chromosome Body (Black Nuclear Signal) (X325).

In Panel A, a renal-allograft specimen in which both the donor and the recipient were male shows the
Y-chromosome signal in tubular cells (black arrow) and interstitium (white arrows). Some cells did not
show Y-chromosome staining because the Y-chromosome body was not included in the section. In
Panel B, a renal-allograft specimen in which both the donor and the recipient were female shows no
Y-chromosome signal. In Panel C, a renal-allograft specimen in which the donor was female and the
recipient was male shows neointimal smooth-muscle cells (stained red), expressing a Y-chromosome
signal of host origin (arrows). In Panel D, a renal-allograft specimen in which the donor was male and
the recipient was female shows neointimal smooth-muscle cells (stained red), a few of which express

a Y-chromosome signal (stained black, arrow).
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bular cells in the renal-allograft specimens reflected
the sex of the donor. In cases in which the donor was
female and the recipient was male, a small number of
male cells (4+2 percent) were seen within the con-
fines of the tubular basement membrane in the renal-
allograft specimens. These cells were not positive for
smooth-muscle a-actin and resembled mononuclear
inflammatory cells morphologically. This result prob-
ably represents invasion of the tubule by the recipi-
ent’s immune cells (tubulitis).

In biopsy specimens obtained from patients with-
out chronic rejection, there was no vascular neointima
to examine. In cases in which the donor was male and
the recipient was female, 30 percent of smooth-mus-
cle cells in the interstitium of the renal-allograft spec-
imens demonstrated a Y-chromosome body. In cases
in which the donor was female and the recipient was
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Figure 2. Results of Combined Immunostaining for Smooth-
Muscle a-Actin and in Situ Hybridization for the Y-Chromosome
Body in Tubulointerstitium (Xx400).

In Panel A, a renal-allograft specimen in which the donor was
female and the recipient was male shows many mesenchymal
cells (stained red) expressing a Y-chromosome signal (black ar-
rows) of host origin. In Panel B, a renal-allograft specimen in
which the donor was male and the recipient was female shows
a few interstitial mesenchymal cells (stained red) expressing a
Y-chromosome signal (black arrow).
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male, 10 percent of the smooth-muscle cells in the
interstitium of the renal-allograft specimens demon-
strated a Y-chromosome body; this value was signif-
icantly less than the value found in the corresponding
group with chronic rejection (10 percent vs. 30 per-
cent, P<0.001).

DISCUSSION

We found that recipient-derived mesenchymal cells
infiltrated the neointima, adventitia, and tubulointer-
stitial compartments of renal transplants undergoing
chronic rejection. These results provide evidence that
a circulating mesenchymal cell has the potential to col-
onize an allograft. This information may lead to the
development of ways to prevent and treat chronic re-
jection.

In chronic renal-allograft rejection, the vascular
neointima consists of an infiltrate of lymphoid and
mesenchymal (smooth-muscle) cells. As is the case in
atherosclerosis in native organs, medial smooth-mus-
cle cells are thought to migrate through breaks in the
internal elastic lamina to the neointima.’ In animal
models of aortic and femoral-artery transplants, the
neointimal smooth-muscle cells found during chronic
rejection of these grafts are of host origin.!%!! Our
study shows that in humans with chronic rejection,
smooth-muscle cells of host origin are also present in
the vascular neointima of the renal allograft. Whether
these cells derive from precursors that migrate direct-
ly into the neointima or initially colonize the adven-
titia or perivascular interstitium before they migrate
through the media to the neointima is unknown.

Another critical lesion in chronic rejection is inter-
stitial fibrosis, the development and progression of
which require smooth muscle thought to derive from
local sources.52° Our data show that mesenchymal cells
of host origin infiltrate not only the neointima but also
the perivascular and interstitial components of an allo-
graft undergoing chronic rejection.

Whether the mesenchymal cells of the donor are
entirely replaced by those of the recipient over time,
as has been shown in untreated animal allografts,?!
is unknown. We found that a large proportion of the
mesenchymal cells in allografts undergoing chronic
rejection were of donor origin. The persistence of do-
nor mesenchymal cells may be due to immunosuppres-
sion with cyclosporine.2! In our study, all but two of
the biopsy specimens were obtained within six months
after transplantation, at which time cyclosporine lev-
els are relatively high. Alternatively, the persistence of
donor cells in the vessels and interstitium may be re-
lated to the short interval between transplantation and
the biopsy.

Our findings suggest the existence of a circulating
mesenchymal precursor cell. Indeed, Bucala et al. have
provided evidence of the existence of a circulating fi-
broblastic stem cell.22 In their study, subcutaneous
wound-viewing chambers became colonized with a
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circulating population of CD34+ fibrocytes. More-
over, other investigators have shown that smooth-
muscle cells can be generated by human stromal cell
lines derived from bone marrow,?? and human mes-
enchymal progenitor cells have been transferred by
bone marrow transplantation.2* Myofibroblasts that
appear soon after the onset of an episode of asthma
are thought to originate from a circulating pool?® or
to be the result of the activation or proliferation of
a local precursor cell.2¢

Our study raises the question whether controlling
the migration of smooth-muscle cells may prevent
or ameliorate chronic rejection. An interesting pos-
sibility in this regard is the inhibition of local signaling
of hyaluronan to smooth-muscle cells. These signals
control proliferation and motility mediated through
CD44 and the receptor for hyaluronan-mediated
motility in smooth-muscle cells.2”28 This receptor is
widely expressed in renal allografts undergoing chron-
ic rejection, and in these allografts, the sequestration
of hyaluronan alters the fibrotic response that fol-
lows tissue injury.2%-30 These mesenchymal signaling
molecules may represent targets for the blockade of
smooth-muscle—dependent remodeling processes.

Supported by grants from the Baxter Extramural Grant Program of the
National Institutes of Health (National Institute of Diabetes and Digestive
and Kidney Diseases [R21 DK53610-01] and National Institute of Allergy
and Infectious Diseases [RO1-AI43655-02]) and by the Children’s Hospi-
tal of Winnipeg Research Foundation. Dr. Nickerson is the recipient of a
Medical Research Council of Canada Scholarship.

We are indebted to Stacey Benzick, B.Sc., and Myr. John Tutt for
invaluable and creative technical assistance.

REFERENCES

1. Pethig K, Heublein B, Wahlers T, Haverich A. Mechanism of luminal
narrowing in cardiac allograft vasculopathy: inadequate vascular remodel-
ing rather than intimal hyperplasia is the major predictor of coronary artery
stenosis. Am Heart ] 1998;135:628-33.

2. Shi Y, Pienieck M, Fard A, O’Brien J, Mannion JD, Zalewski A. Adven-
titial remodeling after coronary arterial injury. Circulation 1996;93:340-8.
3. Solez K. International standardization of criteria for histologic diagnosis
of chronic rejection in renal allografts. Clin Transplant 1994;8:345-50.

4. Katoh Y, Periasamy M. Growth and differentiation of smooth muscle
cells during vascular development. Trends Cardiovasc Med 1996;6:100-6.
5. Pedagogos E, Hewitson TD, Walker RG, Nicholis KM, Becker GJ. My-
ofibroblast involvement in chronic transplant rejection. Transplantation
1997;64:1192-7.

6. Salomon RN, Hughes CC, Schoen FJ, Payne DD, Pober JS, Libby D.
Human coronary transplantation-associated arteriosclerosis: evidence for a
chronic immune reaction to activated graft endothelial cells. Am J Pathol
1991;138:791-8.

7. Andersen CB, Ladefoged SD, Larsen S. Cellular inflammatory infiltrates
and renal cell turnover in kidney allografts: a study using in situ hybridiza-
tion and combined in situ hybridization and immunohistochemistry with
a Y-chromosome-specific DNA probe and monoclonal antibodies. APMIS
1991;99:645-52.

8. Huynh T, Abraham G, Murray J, Brockbank K, Hagen PO, Sullivan S.

N Engl ] Med, Vol. 345, No. 2 -

Remodeling of an acellular collagen graft into a physiologically responsive
neovessel. Nat Biotechnol 1999;17:1083-6.

9. Akyiirek LM, Paul LC, Funa K, Larsson E, Fellstrom BC. Smooth mus-
cle cell migration into intima and adventitia during development of trans-
plant vasculopathy. Transplantation 1996;62:1526-9.

10. Brazelton T, Adams B, Shorthouse R, Morris R. Chronic rejection:
the result of uncontrolled remodelling of graft tissue by recipient mesen-
chymal cells? Data from two rodent models and the eftects of immunosup-
pressive therapies. Inflaimm Res 1999;48:Suppl 2:5134-S135.

11. Plissonnier D, Nochy D, Poncet P, et al. Sequential immunological tar-
geting of chronic experimental arterial allogratt. Transplantation 1995;60:
414-24.

12. Rush DN, Henry SE, Jeffery JR, Schroeder TJ, Gough J. Histological
findings in early routine biopsies of stable renal allograft recipients. Trans-
plantation 1994;57:208-11.

13. Rush DN, Nickerson P, Gough J, et al. Beneficial effects of treatment
of early subclinical rejection: a randomized study. ] Am Soc Nephrol 1998;
9:2129-34.

14. Solez K, Axelsen RA, Benediktsson H, et al. International standardi-
zation of criteria for the histologic diagnosis of renal allograft rejection: the
Banff working classification of kidney transplant pathology. Kidney Int
1993;44:411-22.

15. Skalli O, Vandekerckhove J, Gabbiani G. Actin-isoform pattern as a
marker of normal or pathological smooth-muscle and fibroblastic tissues.
Differentiation 1987;33:232-8.

16. Grimm PC, McKenna R, Nickerson D, et al. Clinical rejection is dis-
tinguished from subclinical rejection by increased infiltration by a popula-
tion of activated macrophages. ] Am Soc Nephrol 1999;10:1582-9.

17. Cooke HJ, Schmidtke J, Gosden JR. Characterisation of a human

Y chromosome repeated sequence and related sequences in higher pri-
mates. Chromosoma 1982;87:491-502.

18. Grimm PC, McKenna RM, Gospodarek EM, Jeftery JR, Rush DN.
Low frequency of infiltrating cells intensely expressing T cell cytokine
mRNA in human renal allograft rejection. Transplantation 1995;59:579-84.
19. Geraghty JG, Stoltenberg RL, Sollinger HW, Hullett DA. Vascular
smooth muscle cells and neointimal hyperplasia in chronic transplant rejec-
tion. Transplantation 1996;62:502-9.

20. Ng YY, Huang TP, Yang WC, et al. Tubular epithelial-myofibroblast
transdifferentiation in progressive tubulointerstitial fibrosis in 5/6 ne-
phrectomized rats. Kidney Int 1998;54:864-76.

21. Brazelton T, Shorthouse R, Huang X, Morris R. Efficacy of immuno-
suppressive agents corresponds to their ability to maintain donor tissue
phenotype in allografted tracheas. ] Heart Lung Transplant 1997;16:72.
22. Bucala R, Spiegel LA, Chesney J, Hogan M, Cerami A. Circulating
fibrocytes define a new leukocyte subpopulation that mediates tissue repair.
Mol Med 1994;1:71-81.

23. LiJ, Sensebé L, Hervé P, Charbord P. Nontransformed colony-derived
stromal cell lines from normal human marrows. II. Phenotypic character-
ization and differentiation pathway. Exp Hematol 1995;23:133-41.

24. Horwitz EM, Prockop DJ, Fitzpatrick LA, et al. Transplantability and
therapeutic effects of bone marrow-derived mesenchymal cells in children
with osteogenesis imperfecta. Nat Med 1999;5:309-13.

25. Gizycki MJ, Adelroth E, Rogers AV, O’Byrne PM, Jeffery PK. Myofi-
broblast involvement in the allergen-induced late response in mild atopic
asthma. Am J Respir Cell Mol Biol 1997;16:664-73.

26. Elias JA, Zhu Z, Chupp G, Homer R]J. Airway remodeling in asthma.
J Clin Invest 1999;104:1001-6.

27. Jain M, He Q, Lee W-S, et al. Role of CD44 in the reaction of vascular
smooth muscle cells to arterial wall injury. J Clin Invest 1996;97:596-603.
28. Savani RC, Wang C, Yang B, et al. Migration of bovine aortic smooth
muscle cells following wounding injury: the role of hyaluronan and
RHAMM. J Clin Invest 1995;95:1158-68.

29. Routledge MW, Rush D, McKenna R, et al. The receptor for hyaluro-
nan-mediated motility is expressed in human renal allografts and is correlated
with Banff chronic rejection scores. Transplant Proc 1997;29:2603-4.

30. Savani RC, Khalil N, Turley EA. Hyaluronan receptor antagonists alter
skin inflammation and fibrosis following injury. Proc West Pharmacol Soc
1995;38:131-6.

Copyright © 2001 Massachusetts Medical Society.

July 12,2001 - www.nejm.org - 97

Downloaded from www.nejm.org on November 10, 2009 . For personal use only. No other uses without permission.
Copyright © 2001 Massachusetts Medical Society. All rights reserved.



