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ABSTRACT

Background: Cryopreserved allograft heart valves (CAHV) currently represent conduits of choice showing
longer event-free survival compared to other types of prostheses. However, almost all patients develop
early or late allograft failure. The exact mechanism of the failure and eventual role of cellular or antibody-
-mediated rejection remain uncertain. In this study, we targeted the microscopical structure of CAHV in
correlation to the duration of implantation, assessed the degree of degenerative changes and searched for
signs of cellular rejection.
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Methods: 24 patients with CAHV and one patient with xenograft heart valve who required conduit explan-
tation in the period of 11/2017-5/2020 were prospectively enrolled in the study. Age of the patients at the
time of implantation, duration of implantation, type of conduit, main diagnosis and number of previous
implantations were recorded. Conduits were subjected to light microscopy and the microscopic structure
was assessed using basic staining methods and immunohistochemistry.

Results: All conduits were completely non-vital, with areas of necrosis, hyalinization, calcification, meta-
plastic bone formation and pannus overgrowth. Foci of rejection-type inflammatory infiltrate were noted
in three cases. Three other patients showed perioperative and microscopical signs of subacute infective
endocarditis. Both severity of the microscopical changes and presence of rejection-type infiltrate were inde-
pendent of duration of implantation or any other clinical variable.

Conclusions: Histopathological assessment of explanted conduits may contribute to understanding of exact
pathogenic mechanisms of allograft failure. However, the microscopic appearance of long-term explants is
often non-specific and signs of cellular rejection are sparse. Examination of short-term and intermediate-

Rejection

-term explants may be more beneficial.

Introduction

Cryopreserved allograft heart valves (CAHV) represent
conduits of choice showing better hemodynamics, higher
resistance to infections, lower risk of thromboembolic
events and superior longevity compared to other types of
allografts.’ However, all implanted allografts inevitably
reach the failure requiring replacement or another form
of surgical intervention. Negative predictors of graft fail-
ure stem from clinical studies and include small age of
donor and recipient, low weight of recipient, small size
of allograft or aortic type of allograft.2® Histopathologi-
cal examination of explanted allografts is not a part of
routine biopsy practice and studies describing their mi-
croscopical appearance are limited in number. The exact
pathophysiological mechanism of allograft failure and an
eventual role of cellular or antibody-mediated rejection
thus remain uncertain.

In this study, we aimed at the microscopical structure
of the explanted allografts. We assessed the degree of
degenerative changes with regards to the duration of
implantation, evaluated the presence of rejection-type
inflammatory infiltrate and searched for any other his-
topathological variables that could alleviate the cause of
the graft failure.

Materials and methods

All patients with CAHV (ten pulmonary, seven aortic, and
eight not specified) and one patient with xenograft heart
valve implanted in the right ventricular outflow tract po-
sition, whom reached failure and required explantation
in our center in the period from November 2017 to June
2020 were prospectively enrolled in the study. Age of the
patients at the time of implantation varied from 1 month
to 24 years (mean 59, median 31, inter-quartile range
13-62 months). Duration of implantation ranged from 6
months to 23 years (mean 131, median 133, inter-quartile
range 68-197 months). Main diagnosis of the recipient
and number of previous implantations were also record-
ed. All the clinical details are summarized in Table 1.

The explanted conduits were fixed in 10% formalin
and decalcified. After that, they were dissected and sub-
mitted to histopathological evaluation by light micros-

copy. Specimens were embedded in paraffin blocks and
sections of 2 pym thickness were taken. All the microscopi-
cal slides were stained with hematoxylin and eosin. To
properly assess the degree of structural deterioration,
additional stains and immunohistochemistry highlight-
ing individual components of the arterial wall and val-
var cusps were performed. All samples were stained with
Masson'’s trichome highlighting smooth muscle cells and
fibrous tissue, Weigert’s resorcin fuchsin highlighting
the elastic fibers and alcian blue/periodic acid-Shiff stain
demonstrating the presence of glycosaminoglycans. For
the immunohistochemistry, 1-pum tissue sections were de-
paraffinized and specific primary antibodies were used:
anti-vimentin (DAKO, at dilution 1 : 100) highlighting
the overall cellularity of the sample, anti-h-caldesmon
(BioSB, at dilution 1 : 100) demonstrating smooth muscle
cells and anti-CD34 (BioGenex, at dilution 1 : 40) staining
the endothelial cells. To highlight signs of cellular-type
immune rejection, immunohistochemical stains of CD20
(DAKO, at dilution 1 : 300), CD3 (BioGenex, at dilution
1:100) and CD8 (DAKO, at dilution 1:200) antigens were
performed and the number of positive cells per 1 high
power field (x400) was counted. HRP/DAB PolyDetector
(Bio SB) was used as a detection kit for all the aforemen-
tioned antibodies.

Ethical considerations

Legal representatives of the patients signed an informed
consent form for inclusion into the study. The study was
approved by the Ethics Committee of Motol University
Hospital.

Results

At the gross examination, all the explanted conduits
appeared extensively calcified and fibrotic, with marked-
ly reduced valvar cusps. In three cases (patients number
11, 14, and 23), the perioperative macroscopic appea-
rance was suggestive for infective endocarditis. On the
microscopical level, all the conduits were completely
non-vital, with loss of original trilaminar structure. The-
refore, an exact quantification of individual histopatho-
logical changes by grading system was not possible. The-
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Table 1 - Clinical characteristics of the patients

Patient No. Sex Age at Duration of Site of
implantation  implantation  implantation
(months) (months)
1 M 25 20 RVOT
2 M 7 6 RVOT
3 F 51 64 RVOT
4 M 2 54 RVOT
5 F 25 142 RVOT
6 M 14 172 RVOT
7 F 15 88 RVOT
8 F 21 197 RVOT
9 F 1 54 RVOT
10 M 36 186 RVOT
1" M 211 97 RVOT
12 M 50 83 RVOT
13 F 59 69 RVOT
14 M 96 208 RVOT
15 M 7 1" RVOT
16 M N/A N/A RVOT
17 M 24 222 RVOT
18 M 1" 123 RVOT
19 F 122 202 RVOT
20 M 48 282 RVOT
21 M 38 197 RVOT
22 F 1 146 RVOT
23 M 289 254 RVOT
24 F Al m RVOT
25 F 193 157 RVOT

Graft type Pulmonary/ Main dia- Previous Infective
Aortic gnosis er:I)pIantations endocarditis
CAHV P TGA, VSD 2 No
CAHV A PA, VSD 0 No
CAHV P PA, VSD 2 No
xenograft N/A TA 1 No
CAHV A PA, VSD 1 No
CAHV P PA, VSD 1 No
CAHV P PA, VSD 1 No
CAHV A PA, VSD 1 No
CAHV N/A TA 1 No
CAHV N/A AS, ROSS 1 No
CAHV A TOF 2 Yes
CAHV N/A DORV 1 No
CAHV A TA 4 No
CAHV P TOF 0 Yes
CAHV N/A DORV 1 No
CAHV A TOF 0 No
CAHV N/A TA 2 No
CAHV P PA, VSD 1 No
CAHV P TOF 1 No
CAHV N/A DORV 1 No
CAHV A TGA, VSD 1 No
CAHV P PA, VSD 1 No
CAHV P TOF 1 Yes
CAHV N/A TOF 2 No
CAHV P TGA, VSD 1 No

A - aortic; AS - aortic stenosis; CAHV - cryopreserved allograft heart valve; DORV - double outlet right ventricle; F - female; M — male; P — pulmonary; PA - pulmonary
atresia; ROSS - Ross-Konno procedure; RVOT - right ventricular outflow tract; TA - tricuspid atresia; TGA - transposition of the great arteries; TOF - tetralogy of Fallot;

VSD - ventricular septal defect.

re were extensive degenerative changes with large areas
of necrosis, followed by fibrosis and hyalinization. Hya-
linized areas were hypocellular and consisted predomi-
nantly by collagenous extracellular matrix. Apart from
that, extensive nodular calcifications and even a meta-
plastic bone were focally present. Elastic fibers were nu-
merous in necrotic areas, but substantially fragmented
and crumbled. In fibrotic areas, elastic component was
markedly reduced. Deposits of glycosaminoglycans were
focally present. Valvar cusps were found only in a form
of small fibrotic and necrotic remnants. In all patients,
there was a fibrotic pannus overgrowth from the lumi-
nal surface. The immunohistochemical assessment of vi-
mentin antigen was negative in the wall of the conduit,
positive cells were found only in the fibrous tissue of
pannus and fibrous adhesions around the conduit. H-cal-
desmon stain was negative as well. CD34 antigen sho-
wed almost complete loss of endothelial layer, preserved
only in a few remnants. In one case (patient number 2),
the microscopical appearance was different. There was
a predominant necrosis affecting both the conduit wall
and the free valvar cusps. Fibrosis was less prominent,
and calcifications were small and delicate. Foci of re-

jection-type inflammatory infiltrate were noted only in
three cases (patients’ number 22, 24, and 25). The infla-
mmatory cells consisted mostly of CD8+ T-lymphocytes
with a smaller number of CD8 negative CD3+ T-cells and
CD20+ B-cells. Overall histopathological structure of ex-
planted conduits is demonstrated in Figures 1A-1J. Du-
ration of implantation did not substantially differ from
the rest of the patients. Patients with perioperative su-
spicion for infective endocarditis showed extensive are-
as of necrosis with rich histiocytic reaction around the
necrotic foci. Surfaces of the conduits were covered by
fibrinous and purulent exudate with clusters of Gram-
-positive cocci. The microscopical picture was thus consi-
stent with the clinical diagnosis.

Discussion

All patients with implanted conduit develop graft dys-
function or failure requiring surgical intervention. The
cause of the failure is most likely multifactorial, with
contribution of both immune and non-immune mecha-
nisms. However, a direct causative effect of the immu-
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Fig. 1 - Microphotographs showing the histopathological appea-
rance of explanted conduit. (A) The wall of the conduit shows
extensive necrosis with dystrophic calcium deposits and frag-
mented elastic fibers (hematoxylin and eosin, 100x). (B) Focus
of calcification in the wall of the conduit (hematoxylin and eo-
sin, 200x). (C) Necrotic wall of the conduit with fibrous pannus
overgrowth from the luminal side (hematoxylin and eosin, 200x).
(D) Necrotic wall of the conduit with fragmented elastic fibers
and fibrous pannus overgrowth (Weigert's resorcin fuchsin, 200x).
(E) Acellular remnant of valvar cusp with fibrotic overgrowth
(hematoxylin and eosin, 200x). (F) Immunohistochemical assess-
ment of vimentin antigen is negative in the necrotic wall of the
conduit and focally positive in fibroblasts of the pannus (on the
top) and fibrous adhesions (at the bottom) (100x). (G) Imnmunohis-
tochemical assessment of h-caldesmon antigen showing absence
of smooth muscle cells in the wall of the conduit (200x). (H) Im-
munohistochemical assessment of CD34 antigen demonstrating
complete absence of endothelial cells (200x). (I) Focus of rejec-
tion-type inflammatory infiltrate in the wall of the conduit (he-
matoxylin and eosin, 200x). (J) The inflammatory infiltrate con-
sists mostly of CD8+ lymphocytes (200x).

ne reaction is still not confirmed. Some authors suggest
that early graft failure might be immune-mediated,
while the failure of long-term implants may be caused
predominantly by non-immune degenerative process.
Stronger immune response can be expected also in pe-
diatric patients. Basket et al.> proposed that frequent
occurrence of early graft dysfunction between 6 and
12 months after implantation in pediatric patients is
probably immunologically driven. Vogt et al.” assessed
conduits from both adult patients and infants explan-
ted between 8 months and 9 years after implantation.
All pediatric cases showed signs of cellular rejection,

but in the adult group it was only 9%. In a study by
Koolbergen et al.,® the authors assessed 40 explanted
conduits with mean recipient age 18 years. During first
year after implantation, all conduits lost their internal
trilaminar structure and developed substantial loss of
cellularity. 78% of the grafts also showed signs of ce-
[lular rejection.

The level of immunogenicity of the graft is probably
related to the degree of cellular preservation, since more
preserved grafts keep higher amounts of viable immuno-
genic cells. This led to the introduction of decellularized
allografts. Decellularization represents a promising way
to eliminate valve tissue viability as a possible reason for
the accelerated allograft deterioration due to immune
related factors.® Data from our previous work (not pub-
lished yet) support this premise, since we demonstrated
an association between reduced cellular component of
cryopreserved allografts and decreased number of an-
tigen-presenting dendritic cells. On the other hand, in-
volvement of cellular rejection in a graft failure is still not
fully elucidated and therefore using immunosuppression
in high-risk patients (i.e. children or patients who under-
went several graft transplantations) in the form of short
course low dose postoperative therapy cannot be justi-
fied_10,‘|1

A significant contribution to understand the immune-
mediated process of graft deterioration stem from the
assessment of the valves acquired from hearts trans-
planted as a whole organ. Neves et al."”> compared mi-
croscopical appearance of five such valves with seven
explanted conduits. Valves excised from whole hearts
had almost normal microscopic structure, showing only
mild fibrous thickening on the free edges of the cusps.
On the other hand, the explanted conduits demonstrated
marked degenerative changes with extensive areas of
hyalinization, calcifications and loss of original trilaminar
structure. Rejection-type inflammatory infiltrates were
found in three conduits. Mitchell et al.'® described similar
findings in their study on 33 explanted conduits and 16
whole hearts. The microscopical appearance of valves ex-
cised from transplanted hearts had almost physiological
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histological appearance, even in patients who developed
heart failure due to acute rejection. One of the possible
explanations may be a different microvasculature of the
myocardium decelerating the blood flow and enhanc-
ing the possibility of mononuclear cell binging. A faster
laminar blood flow on the surface of the heart valves may
serve as a possible protective mechanism against the mar-
gination of the inflammatory cells.™

A contribution of antibody-mediated rejection in graft
failure remains obscure. Koolbergen et al.® found no de-
posits of IgG nor C3 in any of the explanted conduits in
their study. However, they described a transient elevation
of ICAM leukocyte adhesive molecule expression on the
valvar cusps of the conduits explanted up to 1 year af-
ter implantation. Antibody-mediated rejection thus may
manifest as an early and short-term phenomenon.

Individual microscopical changes appearing during
the process of graft degeneration can be reconstructed
from previous studies. One of the first observed changes
is a loss of endothelium. Due to its high sensitivity to
ischemia and traumatization, endothelial cell break-
down starts already at the time of multiorgan harvest
and continues during the cryopreservation, subsequent
thawing and handling of the conduit.”>'* Goffin et al."
described a substantial loss of endothelia in conduits
explanted a few hours after the implantation, accom-
panied by small stromal hemorrhages and influx of
neutrophils. Since the endothelium represents a highly
immunogenic structure, its absence may decrease the
immunogenicity of the graft.’® On the other hand, un-
protected surface of the valve may enhance an influx
of plasma proteins and subsequent alteration of its ex-
tracellular matrix. The process may resemble the devel-
opment of atherosclerosis, with endothelial dysfunction
and subsequent fibrosis and calcification.® In next days,
process of the cellular lysis and structural deterioration
with progressive loss of interlayer demarcations and loss
of interstitial cells continues. Mural thrombi and stromal
mononuclear inflammatory cell infiltration may be pres-
ent.’ During the second week after implantation, signs
of early healing process may be seen, with recipient fi-
broblasts proliferating from fibrous anulus towards the
free edges of the cusps.” Such a pannus overgrowth
is highly variable. It may develop because of previous
insult, represent a foreign body reaction or appear as
a result of thrombus organization. As a non-thrombotic
layer, it may decrease the risk of mural thrombosis. On
the other hand, it may lead to valve dysfunction." Inter-
mediate-term implants (up to 1 year after implantation)
show marked deterioration of the internal structure of
the conduits with fragmentation and loss of elastic fi-
bers. Valvar cusps are markedly flattened and reduced,
containing almost no vital cells.’ Long-term implants
(years after implantation) are non-vital, with undistin-
guishable layers, substantial loss of the elastic compo-
nent, marked reduction of valvar cusps, presence of nod-
ular calcifications and variable pannus overgrowth.” At
the end, there is very little of donor-derived interstitial
cells in such implants. O'Brien et al.”” were able to cul-
tivate small amount of donor fibroblasts even 9 years
after the implantation. However, such a small group of
cells is unlikely to contribute to anatomically appropri-

ate cellularity capable of functional matrix remodeling.
It is likely that a durability of the grafts largely depends
on the quality of the original collagenous skeleton.

In our study, all explanted conduits were markedly
degenerated, with complete loss of cellular elements
and extensive areas of necrosis, fibrosis, calcifications
and pannus overgrowth. The changes were uniform in
all patients except for one conduit, which was explanted
6 months after implantation and showed earlier signs
of degeneration with predominant necrotic areas. We
can speculate that the development of necrosis precedes
a process of fibrosis and calcification. However, calcifica-
tion may develop also as a direct consequence of disrupt-
ed extracellular matrix, which may serve as a nucleation
center.’® Due to uniformity of the histopathological
findings, no association could be found with any of the
clinical variables such as main diagnosis of the recipient,
age at implantation, duration of implantation, type of
the valve or number of previous implants. Rejection-type
inflammatory infiltrates were apparent in three cases.
With regards to the small overall age of the patients in
the study (mean age was 4 years and 11 months), we
could expect more cases with microscopic signs of cel-
lular rejection. However, a vast majority of the conduits
were long-term explants, with average 10 years and 11
months duration of implantation. It is presumable that
specific morphological signs that could eventually allevi-
ate an etiopathogenetic mechanism of the graft failure
had ceased or were covered by extensive degenerative
changes.

The study has several limitations. It is a descriptive,
single center study with small number of patients. In
addition, the predominance of long-term explants with
advanced degenerative changes and paucity of rejec-
tion-type inflammatory infiltration did not allow exact
objectivization and grading of individual microscopical
changes.

Conclusions

Graft failure is an inevitable phenomenon with invol-
vement of both immune and non-immune mechanisms.
Histopathological assessment of explanted conduits may
contribute to our understanding of exact pathogenic
mechanisms. However, the microscopical appearance of
long-term explants is often non-specific and signs of ce-
llular rejection are sparse. Examination of short-term and
intermediate-term explants may be more beneficial.
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