








Figure 3. The process of corneal allograft EC replacement following rejection. A: The DA corneal allograft EC staining one week after rejection
onset is displayed. ECs were covering part of the graft endothelium (A1; magnification 100X). The arrows show that the immigrating cells
were crawling across the suture.ECs were covering part of the graft endothelium (A2; 400X). B: The DA corneal allograft EC staining three
weeks after rejection onset is shown. The whole endothelium was covered by ECs where the distribution and cell nucleus shape were not as
regular and the cell number was less than the normal level (B1-B3). The triangle shows a germinal center-like structure (B1,100X; B2: 200X;
B3: 400X). The bold arrow shows the cells were growing radially with an active proliferation state (B4; 100X). C: The DA corneal allograft
EC staining three and six months after rejection onset is displayed. Three months after rejection onset, a relatively intact ECs layer is shown,
although not yet perfect (C1; 100X). Six months after rejection onset, a relatively intact EC layer was shown (C2; 100X).
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corneal transplants became opaque. But interestingly, the
graft transparency recovered gradually. First, the grafts began
to regain clarity around one week after rejection, a fact
established by the observation that the opacity grade
decreased to 2. Then, the grafts reached total transparency
around 18 days after rejection. The time to transparency
recovery represents a process of endothelium repair. An
extended observation of up to six months showed that this
recovery exhibited a stable status, indicating that the corneal
structure was reconstructed with full function.

We then checked the EC status in the process of
transparency return and found that the dynamics of the EC
recovery were time-dependent. One week after rejection, the
regenerative ECs covered one-third of the area of the
endothelium with a similar value of EC density ratio.
Meanwhile, the graft function obtained a substantial
improvement from opaque to opacity grade 2. From the time
point of three weeks after rejection, the graft recovered
transparency, and the endothelium was fully recovered in the
whole observation up to six months. However, the EC density
showed an increase inconsistent with the area recovery,
exhibiting only half the level of the normal even up to six
months after rejection onset. Meanwhile, these ECs exhibited
irregular features in both their cell morphology and
distribution. Subtler factors influencing the EC regeneration
and proliferation and the reparative response against the

transplant-related injury must surely exist, a consideration that
should be further explored.

It is likely that the regenerative ECs developed mainly
from the host endothelium. First, the allograft ECs were lost
due to rejection, therefore no donor-derivation existed as
shown in Figure 1C. Furthermore, the staining results showed
three interesting histological observations. First, the
proliferating cells were crawling across the suture as shown
in Figure 2, A1. Second, the proliferating cells located
together to generate a germinal center-like structure with
irregular nuclear size (Figure 2, B1,B2,B3). Third, the
proliferating cells were growing radially, indicating an active
proliferation state as shown in Figure 2, B4. Although without
direct MHC haplotype evidence, it is suggested that the
regenerative cells are developed from the host’s adjacent
corneal endothelium. In other solid organ allografts, it has
been hypothesized that EC precursors are recruited from a
variety of sources depending on the severity and duration of
injury. During limited damage, neighboring ECs will provide
sufficient repair potential. More severe damage may signal in-
growth of ECs from adjacent host tissue, and severe damage
with a full rupture of layers will lead to recruitment via
circulation [11-13]. In this case, corneal allograft EC
reparative response shows its own features related to its severe
damage and cell derivation more so than other solid
transplants.

Figure 4. The kinetics of regenerative
ECs covering the endothelium. A: The
percentage of endothelium covered area
at different time points after rejection
onset is shown in the chart. The area of
recovered endothelium was calculated
after one week, three weeks, three
months, and six months. From three
weeks after rejection onset, the
recovered area reached 100% of the
normal level. B: The density and
percentage of the regenerative ECs
compared with normal cornea is shown
in the second chart. The EC density of a
normal DA cornea is 2882/mm2. At the
different time points, the density and
percentage of the regenerative ECs were
calculated. The density of the
regenerative ECs was 32.6% of the
normal level at one week after rejection
onset, and then gradually improved.
However, inconsistent with the area
recovery, the density reached only
55.8% of the normal level up to 6
months after rejection onset.
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The knowledge related to EC regeneration and
replacement is valuable because it not only influences our
understanding of graft characteristics but also helps in
determining effective treatment approaches for protecting the
graft. After transplantation, frequent therapy is the main
means used to protect the graft and/or modulate immune
response, a practice which could alter graft EC origin
[14-16]. However, there has until now been no treatment in
clinics for the lost transparency induced by rejection. We had
transferred graft-protective, adenovirus-mediated nerve
growth factor into the allograft ECs before transplantation in
the rat model, which diminished the expression of pro-
inflammatory cytokines, increased the expression of anti-
apoptotic molecules, prolonged the graft survival
significantly, and even resulted in zero rejection in some
transplants that retained transparency. Furthermore, no cell in
growth from the adjacent area was found at day 12 after the
transplant and only a small proportion of ECs was lost [8].
The results encourage further study on corneal allograft EC
repair and protection.

Our findings could contribute to establishing a proper
direction for corneal therapy such as enhancing the reparative
response and generating a functioning EC monolayer through
the initiation of proliferation and replacement of host-derived
ECs, protection of graft ECs, or building EC chimerism of
graft and recipient. Since corneas can be stored ex vivo for a
relatively long time before transplant, preconditioning
treatment to protect the ECs to construct an accommodation
status by using therapy such as local therapeutic gene
transfection is one option [8,17]. Furthermore, the corneal
graft is easily accessed following the operation so that topical
treatment initiating EC chimerism or replacement could be
applied locally not only on the graft but also on the recipient.

In conclusion, corneal allograft EC replacement
represents a reparative response to transplant-related injury
rather than a constant mechanism of tissue maintenance that
depends on the regenerative features of ECs. These new
findings should be beneficial for developing new strategies
for corneal therapy.

ACKNOWLEDGMENTS
The authors would like to thank Ms. Sylvia Metzner, MBA,
for her excellent help for the technique of endothelium
staining. Professor Xiaoping Chen and Dr Nianqiao Gong
contributed equally to the research project and can be
considered co-corresponding authors.

REFERENCES
1. Pleyer U, Dannowski H, Volk HD, Ritter T. Corneal allograft

rejection: current understanding. I. Immunobiology and basic
mechanisms. Ophthalmologica 2001; 215:254-62. [PMID:
11399931]

2. Niederkorn JY. Immunology and immunomodulation of
corneal transplantation. Int Rev Immunol 2002; 21:173-96.
[PMID: 12424842]

3. George AJ, Larkin DF. Corneal transplantation: the forgotten
graft. Am J Transplant 2004; 4:678-85. [PMID: 15084160]

4. Engelmann K, Bednarz J, Valtink M. Prospects for endothelial
transplantation. Exp Eye Res 2004; 78:573-8. [PMID:
15106937]

5. Qu L, Yang X, Wang X, Zhao M, Mi S, Dou Z, Wang H.
Reconstruction of corneal epithelium with cryopreserved
corneal limbal stem cells in a rabbit model. Vet J 2009;
179:392-400. [PMID: 18023216]

6. Gong N, Pleyer U, Volk HD, Ritter T. Effects of local and
systemic viral interleukin-10 gene transfer on corneal
allograft survival. Gene Ther 2007; 14:484-90. [PMID:
17093506]

7. Ardjomand N, McAlister JC, Rogers NJ, Tan PH, George AJ,
Larkin DF. Modulation of costimulation by CD28 and CD154
alters the kinetics and cellular characteristics of corneal
allograft rejection. Invest Ophthalmol Vis Sci 2003;
44:3899-905. [PMID: 12939307]

8. Gong N, Pleyer U, Vogt K, Anegon I, Flügel A, Volk HD, Ritter
T. Local overexpression of nerve growth factor in rat corneal
transplants improves allograft survival. Invest Ophthalmol
Vis Sci 2007; 48:1043-52. [PMID: 17325145]

9. Ardjomand N, McAlister JC, Rogers NJ, Tan PH, George AJ,
Larkin DF. Modulation of costimulation by CD28 and CD154
alters the kinetics and cellular characteristics of corneal
allograft rejection. Invest Ophthalmol Vis Sci 2003;
44:3899-905. [PMID: 12939307]

10. Barcia RN, Dana MR, Kazlauskas A. Corneal graft rejection is
accompanied by apoptosis of the endothelium and is
prevented by gene therapy with bcl-xL. Am J Transplant
2007; 7:2082-9. [PMID: 17614980]

11. Lin Y, Weisdorf DJ, Solovey A, Hebbel RP. Origins of
circulating endothelial cells and endothelial outgrowth from
blood. J Clin Invest 2000; 105:71-7. [PMID: 10619863]

12. Rafii S, Lyden D. Therapeutic stem and progenitor cell
transplantation for organ vascularization and regeneration.
Nat Med 2003; 9:702-12. [PMID: 12778169]

13. Hillebrands JL, Onuta G, Rozing J. Role of progenitor cells in
transplant arteriosclerosis. Trends Cardiovasc Med 2005;
15:1-8. [PMID: 15795157]

14. Hillebrands JL, Klatter FA, van den Hurk BM, Popa ER,
Nieuwenhuis P, Rozing J. Origin of neointimal endothelium
and alpha-actin-positive smooth muscle cells in transplant
arteriosclerosis. J Clin Invest 2001; 107:1411-22. [PMID:
11390423]

15. Hu Y, Davison F, Zhang Z, Xu Q. Endothelial replacement and
angiogenesis in arteriosclerotic lesions of allografts are
contributed by circulating progenitor cells. Circulation 2003;
108:3122-7. [PMID: 14656919]

16. Religa P, Bojakowski K, Bojakowska M, Gaciong Z, Thyberg
J, Hedin U. Allogenic immune response promotes the
accumulation of host-derived smooth muscle cells in
transplant arteriosclerosis. Cardiovasc Res 2005; 65:535-45.
[PMID: 15639493]

17. Gong N, Ecke I, Mergler S, Yang J, Metzner S, Schu S, Volk
HD, Pleyer U, Ritter T. Gene transfer of cyto-protective
molecules in corneal endothelial cells and cultured corneas:
analysis of protective effects in vitro and in vivo. Biochem
Biophys Res Commun 2007; 357:302-7. [PMID: 17416348]

Molecular Vision 2009; 15:654-661 <http://www.molvis.org/molvis/v15/a67> © 2009 Molecular Vision

660

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=11399931
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=11399931
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=12424842
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=12424842
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=15084160
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=15106937
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=15106937
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=18023216
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=17093506
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=17093506
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=12939307
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=17325145
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=12939307
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=17614980
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=10619863
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=12778169
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=15795157
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=11390423
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=11390423
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=14656919
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=15639493
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=15639493
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=abstract&list_uids=17416348
http://www.molvis.org/molvis/v15/a67


Molecular Vision 2009; 15:654-661 <http://www.molvis.org/molvis/v15/a67> © 2009 Molecular Vision

The print version of this article was created on 28 March 2009. This reflects all typographical corrections and errata to the article
through that date. Details of any changes may be found in the online version of the article.

661

http://www.molvis.org/molvis/v15/a67

