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1. Introduction

The management of vascular infections is one of the significant challenges for vascular
surgery. Various bypass operations or surgical patch angioplasties reconstruct the target
vessel using autologous grafts, or in their absence, synthetic materials such as expanded
polytetrafluoroethylene (ePTFE) or polyethylene terephthalate (Dacron), as well as other
biological options like bioengineered, allo-, or xenografts. However, in the case of more
widely available artificial grafts, we still have to consider the surgical area and implanted
graft infection as a potential complication, despite modern sterilisation techniques, wound
treatments and antibiotic therapies. The main danger of vascular graft infection (VGI) is
that, in addition to local inflammation, it can cause graft occlusion, sepsis or even life-
threatening bleeding. Biological vascular grafts may be a solution to this problem, but
their availability and clinical experience are limited, not to mention their very high costs.
For the potentially or actually infected surgical area or the absence of a suitable
autologous vessel, an infection-resistant, biocompatible, durable, off-the-shelf material
would be the key to preventing and treating the above complications. However, the

optimal graft material is currently unavailable, although allografts are close.

1.1. Vascular infections
Vascular infection is a relatively rare but potentially life- or extremity-threatening
condition because of severe complications such as sepsis, bleeding or thromboembolic
events. The incidence of vascular wound infection ranges widely, from 3.5% to 32%, and
the risk of prosthetic graft infection is 0.25-6% after implantation. In addition, these
numbers may be higher in patients with predisposing factors to infection. (1-5) Incidence
and mortality of vascular graft infection depend on multifactorial circumstances (Table
1.); however, the location of the graft basically affects these. (5-7) The incidence and the
mortality of VGI affecting the thorax or abdomen-located grafts are 0.2%-6% and 10%-
75%, respectively, in the case of VGI with infrainguinally located graft, these numbers
are up to 6% and 17%, respectively. In contrast, the VGI of supra-aortic branches is much
rarer than the previous ones, the incidence of it is between 0.25%-0.5%, and the mortality
is even lower than that. (5-9) Although extracavitary VGI is associated with a lower

mortality rate, we have to count on a high extremity amputation rate of up to 40%. (5,6)



Table 1. Risk factors for vascular graft infection. (5)

Operative risk factors

pre intra post

post-operative wound
complications (infection,
skin necrosis,lymphocoele,
seroma, haematoma)

prolonged pre-operative

hospitalisation breach in aseptic technique

infection in a remote or

adjacent site prolonged operation time graft thrombosis
recent percutaneous concomitant
arterial access at the gastrointestinal or
implant site genitourinary procedure
emergency/urgent
procedure

re-intervention

lower limb infection
(ulcer, gangrene, cellulitis)

groin incision

Patient related risk factors

malignancy
lymphoproliferative disorder
immune disorders
corticosteroid administration
chemotherapy
malnutrition
diabetes mellitus/ peri-operative hyperglycaemia
chronic renal insufficiency/end stage renal disease
liver disease/cirrhosis

immunosuppression by non-suspended anti-tumour necrosis factor alpha




In addition, endovascular graft infection is less frequent, with about an incidence of 1%,
than of the grafts implanted by open surgery. However, the mortality rate of endovascular
graft infections is also high because of the common association with graft-bronchial, -
oesophageal or -enteric fistula. (5,7)

Many ways of diagnosing and classifying VGI have been described over the years.
Currently, the most accepted classifications are based on the extent of infection, as

Szilagyi, Samson and modified Bunt classification. (Table 2.)

Table 2. Classifications for wound and vascular graft infections with respect to

wound infection (Szilagyi, Samson) and to the extent of graft involvement (Bunt).

()

Szilagyi classification:

Grade I: cellulitis involving the wound
Grade II: infection involving subcutaneous tissue

Grade Il1I: infection involving the vascular prosthesis

Samson classification:

Group 1: no deeper than dermis

Group 2: subcutaneous tissue, no direct contact with the graft
Group 3: body of graft but not anastomosis

Group 4: exposed anastomosis, no bleeding, no bacteraemia

Group 5: anastomosis involved, bleeding, bacteraemia

Extent of graft involvement (Bunt classification modified)

Peripheral graft infection:
PO graft infection: infection of a cavitary graft

P1 graft infection: infection of a graft whose entire anatomical course is non-
cavitary

P2 graft infection: infection of the extracavitary portion of a graft whose origin
IS cavitary

P3 graft infection: infection involving a prosthetic patch angioplasty
Graft-enteric erosion
Graft-enteric fistula

Aortic stump sepsis after excision of an infected aortic graft




In establishing the diagnosis of VGI, the MAGIC (Management of Aortic Graft Infection
Collaboration) criteria developed primarily to identify aortic graft infections can be used
with good results. This criterion system is based on the clinical, radiological and
laboratory results. (Table 3.)

These classifications and diagnostic methods can guide us in everyday practice to

determine VGI and select the appropriate therapy.



Table 3. The MAGIC criteria. MAGIC=Management of Aortic Graft Infection

Collaboration;

CT=computed

tomography;

FDG-PET/CT=18F-fluoro-D-

deoxyglucose positron emission tomography/computed tomography (5)

Clinical/surgical

Radiology

Laboratory

Major criteria

Pus (confirmed by
microscopy) around graft
or in aneurysm sac at
surgery

Open wound with exposed
graft or communicating
sinus

Fistula development, e.g.,
aorto-enteric or
aortobronchial

Graft insertion in an
infected site, e.g., fistula,
mycotic  aneurysm, or
infected pseudo-aneurysm

Perigraft fluid on CT scan
> 3 months after insertion

Perigraft gas on CT scan >
7 weeks after insertion

Increase in perigraft gas
volume demonstrated on
serial imaging

Organisms recovered from
an explanted graft

Organisms recovered from
an intraoperative specimen

Organisms recovered from
a percutaneous,
radiologically guided
aspirate of perigraft fluid

Minor criteria

Localised clinical features

of graft infection, e.g.,
erythema, warmth,
swelling, purulent

discharge, pain

Fever >38°C with graft
infection as most likely
cause

Other, e.g., suspicious
perigraft gas/ fluid soft
tissue inflammation;
aneurysm expansion;
pseudo-aneurysm
formation: focal bowel
wall thickening;
discitis/osteomyelitis;
suspicious metabolic

activity on FDG-PET/CT,;
radiolabelled leukocyte
uptake

Abnormally elevated
inflammatory markers with
graft infection as most
likely cause, e.g.,
erythrocyte sedimentation
rate, C reactive protein,
white cell count

Blood culture(s) positive
and no apparent source
except graft infection




1.2. Microorganisms
1.2.1. Detection and identification
For vascular infections, the best outcome is achieved by the timely initiation of
appropriate antimicrobial therapy alongside surgical treatment. However, due to empiric
antimicrobial therapy already started at the time of sampling or inefficient detection
methods, negative culture results are often expected, that makes the selection of an
adequate, targeted antimicrobial treatment much more difficult. Although according to
the European Society for Vascular Surgery (ESVS) guideline, pathogens responsible for
VGI can be detected in approximately 75% of cases (5), it is essential to note that in the
majority of cases, 2-5 intraoperative samples or blood cultures are required for success
(10,11). Ajdler-Schaeffler et al. found that only 22% of 223 microbiological specimens
from 60 patients were culture-positive by conventional methods, allowing
microbiological identification of only 26 VGI. However, in addition to the conventional
culture method, 16S ribosomal ribonucleic acid (rRNA) gene polymerase chain reaction
(PCR) was used to detect pathogens in 12 additional cases. (11) These new molecular-
based detection methods, such as 16S rRNA gene PCR (12,13), allow more accurate
identification of microorganisms. Moreover, this method may provide better diagnostic
results for graft infections and improve the safety of sterility testing of allografts taken
during transplantation. However, the disadvantage of this method is that it does not
identify only living pathogens, so positive results are obtained even for microorganism
fragments or microorganisms present in healthy individuals. The method's strength would
be further enhanced by the knowledge of the healthy vascular and perivascular
microbiome.
1.2.2. Pathogens

The most common bacteria of VGI are Gram-positive ones such as Staphylococcus
aureus, coagulase-negative staphylococci (Staphylococcus epidermidis) and enterococci;
in more than half of the cases, they can be isolated. These are followed in occurrence by
Gram-negative ones such as Pseudomonas aeruginosa, Klebsiella pneumoniae,
Prevotella species and Salmonella species. In addition, anaerobic bacteria and fungi, such
as Candida and Aspergillus species, can cause VGI. (5,6,14) Infections can be
distinguished based on the time since graft implantation, such as early, within four

months, and late, after four months. While the former is usually caused by virulent species



such as Staphylococcus aureus and Gram-negative bacteria with pronounced
inflammatory responses, the latter is usually caused by less virulent ones such as members
of the skin flora or fungi with inferior symptoms and negative microorganism isolation.
(6)
1.2.3. Vascular microbiota

Thanks to the Human Microbiome Project (15), which enabled a better understanding of
the relationship between the human body and microorganisms, in addition to pathogenic
ones, it is increasingly important to know the entire ecosystem of the human body to
understand infectious and even non-infectious diseases better. Although internal organs
and blood are considered sterile, and the pathogens are thought to originate from an
external source, via surgical or endovascular procedure or hematogenous way, there is
growing evidence of microorganisms in various tissues of healthy and non-healthy
individuals. (16-19) Furthermore, some authors could identify biologically relevant
living microorganisms from tissues previously thought to be sterile (20,21) or found a
link between non-infectious diseases and the microbiome and its metabolites (22). The
mapping of the human microbiome opened up new horizons in many areas of medicine,
like gastroenterology (23,24), urology (16) and gynaecology (25), thanks to new
molecular-based detection methods. However, currently, vascular microbiota is

unexplored.

1.3. Vascular grafts

The first vascular grafts to be used in humans were so-called allografts during World War
I. (7) In 1948, Kunlin reported the first successful autogenous reversed great saphenous
vein (GSV) bypass in a patient with superficial femoral artery occlusion and consequent
non-healing foot ulcer. (26) Subsequently, bypass surgery evolved significantly and
synthetic grafts have appeared alongside biological grafts. Nowadays, there is increasing
research into the development of so-called tissue-engineered grafts, which are expected
to combine the positive properties of biological and synthetic grafts. (27) (Table 4.)
However, no graft with biological and biomechanical properties comparable to
autologous GSV grafts has been found or developed. Thus, in the absence of GSV or the
case of a calibre difference or vascular infection, we are forced to use less suitable graft
materials. (5,28,29)
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Table 4. Vascular grafts.

Biological grafts

Autografts Allografts Xenografts

Fresh allografts

Cryopreserved allografts

Synthetic grafts

Standard synthetic grafts Impregnated synthetic grafts

Expanded polytetrafluoroethylene (ePTFE) Silver-impregnated vascular grafts

Polyethylene terephthalate (Dacron) Collagen-impregnated vascular grafts

Poliurethan Rifampicin-impregnated vascular grafts

Tissue-engineered grafts

1.3.1. Allografts
Vascular allografts are blood vessels, in the case of transplantation of which donor and
recipient have different genotypes but belong to the same species. They are also called
allogeneic grafts or homografts. They can be derived from cadaveric donations, usually
from multiorgan donations of brain-dead donors. The most commonly used allografts are
GSV, superficial femoral vein, superficial femoral artery, thoracic and abdominal aorta
and aortic bifurcation with iliac arteries.
1.3.1.1.  Fresh allografts

Fresh grafts were the first representatives of vascular grafts. These grafts are implanted
within a few days after the explantation and stored in different solutions at +4°C until
then. They were tested in several animal experiments, and then, from the beginning of the
20th century, they were also used in human operations. However, they have several
disadvantages, such as immunogenicity and storage time of a few days or weeks,
significantly affecting their availability. Although many innovations have been made over
the years to improve these grafts, however, their poor clinical outcomes and newer storage
techniques have overshadowed their use. (7,30)

1.3.1.2.  Cryopreserved allografts

11



After harvesting, these allografts are subjected to a unique freezing process that allows
for long-term storage. Although there are many publications on cryopreserved allografts,
it is difficult to get a reliable picture of the real advantages and disadvantages of these
grafts in the absence of randomised controlled trials or because of the very different
aspects of existing studies, such as the site of application, allograft types and the method
of preparation used. Regarding the graft type, arterial grafts are generally preferred in the
aortoiliac region; however, in the case of lower limb reconstructions, there is no clear
position on the relative superiority of each allograft type, some consider cryopreserved
GSV grafts more suitable (7), and some prefer arterial allografts (31,32).

Cryopreserved allografts are widely used solutions for either aortic or lower limb vascular
infections due to their resistance to infection and low reinfection rate. (5,7,33) Based on
meta-analyses, there was no significant difference in reinfection when using autogenous
vein (2%), allograft (9%) or impregnated synthetic grafts (11%) for abdominal aortic
infection, but all of these were significantly better than ePTFE or Dacron grafts. (5) In
addition, their other outstanding feature is that nowadays, cryopreserved allografts are
readily available in a wide range of sizes thanks to their long-term storability in well-
organized homograft banks. These homograft banks provide the highest quality grafts
currently available, with standardised production protocols and a wide distribution among
users. (34,35) Despite these advantages and the highly increased production level,
allografts are still associated with many complications, such as bleeding, graft
degeneration, occlusion or aneurysm formation. (5,7,33) According to the guideline of
the ESVS, in the case of cryopreserved allografts for abdominal aortic infection, graft-
related complications can range up to 21%. In addition, the five-year reintervention rate
can reach up to 55% for the abdominal aorta and 33% for the lower limbs. (5) The exact
occurrence of the aneurysm/pseudoaneurysm formation of cryopreserved allografts has
yet to be discovered, as in some cases, they are already occluded, but their prevalence is
estimated to be between 3-33%. (7,36,37) Early (within 30 days) allograft occlusion
prevalence varies widely between 0-17%. (31,38-45) In a meta-analysis comparing
different graft materials implanted in the abdominal aortic position, the occlusion rates of
cryopreserved allografts, rifampicin-bonded synthetic grafts, standard synthetic grafts,
silver-coated synthetic grafts and autologous veins were found 13%, 11%, 10%, 7% and

2%, respectively. (9) Regarding lower extremity vascular infection, when cryopreserved
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GSV is used, the one-year primary and secondary patencies are approximately 13-87%
and 36-73%, respectively (7). In comparison, Randon et al. reported five-year primary
and secondary patency of 17% and 38%, respectively (46). In addition, our study
analysing lower limb allograft bypass reconstructions for chronic limb-threatening
iIschaemia found one-, three- and five-year primary patency rates of 59%, 44% and 41%
and secondary patency rates of 60%, 45% and 41%, respectively. (32) Although there are
relatively low patency rates of cryopreserved allografts, acceptable amputation rates of 1-
14% and limb salvage rates of 71% at two years and 64% at five years are reported. (7)
Due to the complications of allografts, their use requires caution. Moreover, regular
follow-up of implanted allografts is essential to achieve the best clinical results. (5)
Despite the issues associated with cryopreserved allografts, their important role in the
treatment of vascular infections is also shown by the fact that in the ESVS guideline for
vascular graft and endograft infections, the cryopreserved allografts are considered the
first choice graft material in the case of thoracic or thoracoabdominal aorta infection. In
the case of abdominal aorta or lower limb they can serve as a suitable alternative in the
absence of autologous venous grafts. (5)

1.3.1.2.1. Cryopreservation
CP, which involves freezing and thawing, is a potentially harmful procedure for grafts.
Homograft banks use several different production methods, but the advantages and
disadvantages of each still need to be fully understood. (39,41-45,47-49)
During CP, cells or tissues are treated with cryoprotective agents (CPA), the most widely
used of which is dimethyl sulfoxide (DMSO), to prevent cryoinjury caused by ice crystal
formation or osmotic shock. The cells or tissues are then cooled in a controlled freezing
process to a very low temperature below -80 °C, at which the cell's metabolic processes
are arrested to preserve structurally intact cells or tissues for an extended period. The two
primary methods of CP are conventional slow freezing and rapid freezing, known as
vitrification. These protocols require different CPA concentrations and use different
cooling rates. (Table 5.) (50-52)
During slow freezing, the temperature of the biological material is gradually reduced over
2-4 hours using a semi-programmable freezer employing vaporised nitrogen in the
presence of a low concentration of CPA so that ice crystals are formed slowly, and cell

damage can be minimised. Theoretically, if the cooling is slow enough, the intracellular
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water is effluxed rapidly enough to eliminate supercooling and thus prevent intracellular
ice formation. As a result of differences in the capacity of different cells to transport water
across the plasma membrane, the optimal cooling rate depends on the cell type. The slow
cooling process requires a cooling rate of approximately 1 °C/min in less than 1.0 M CPA.
The advantages of slow freezing include reduced risk of contamination and minimal
manipulation skills. However, slow freezing can cause serious freezing damage as ice can
accumulate outside the cells. (50-52)

Vitrification is a process whereby a suspension of cells is transferred directly from the
aqueous phase to the glass state following direct exposure to liquid nitrogen. The process
requires rapid cooling of the cells or tissues to cryogenic temperature with liquid nitrogen
after exposure to a high concentration of CPA (40-60% w/V) to avoid ice nucleation. A
significant advantage of vitrification is the low risk of freezing injury, thus ensuring a
sufficiently high cell survival rate. However, the potential for contamination with

pathogenic agents is high, and the technique requires good manipulation skills. (50-52)

Table 5. Comparison of slow freezing and vitrification methods. (50,51)

Characteristics Slow freezing Vitrification

Sample volume (uL) 100-250 1-2

Working time More than 3 hours Fast less than 10 min
Cost Expensive Comparatively cheaper
Concentration of CPAs Low High

Risk of toxicity of CPAs Low High

Ri_sk of contamination Low High

with pathogenic agents

Manipulation skills Easy Difficult

Past thaw viability High High

Status of system Closed system only Opened or closed system

14



In addition to freezing samples, another essential part of CP, in the case of slow freezing
and vitrification, is the pre-use thawing, which involves warming the sample and
eliminating CPAs from the biological material. This process can also have adverse effects
that can lead to cryoinjury. (50-52) While relatively well-developed protocols are
currently available for the freezing processes, there is no clear consensus on the optimal
procedure for thawing. Some authors recommend a single-phase fast (52,53) or slow (47)
thawing, others suggest a two-phase slow-fast process (54), and others found no
difference between the fast and slow methods (55).

It is essential to note that CP procedures were developed to conserve different isolated
cells (47), especially reproductive ones. However, in the case of tissues and organs, the
size and tissue composition, including different cells and extracellular matrix, of the
samples make the CP more complex and fundamentally determine the method and
success of it. (47,56-58) Although fragments of reproductive tissues can currently be
frozen with good results (59,60), their size and composition cannot be compared with
those of other tissues and organs. Now, tissue and organ CP are an unsolved area of
medicine; the optimal procedure is not known, although intensive research is in progress.
Miiller-Schweinitzer's review provides the most comprehensive picture of vascular tissue
CP currently available. According to this, the cryomedium should contain a permeable
and a non-permeable CPA in non-toxic concentration, for which RPMI (Roswell Park
Memorial Institute) medium containing 1.8 M DMSO and 0.1 M sucrose is appropriate.
Before freezing, the sample-cryomedium equilibrium rate depends on the tissue's wall
thickness and the working temperature but it should be at least 10-20 minutes. Freezing
and thawing should be performed slowly, preferably using a controlled-rate freezer at 1
°C/min for arteries and 0.6 °C/min for veins. Once the sample is cooled to approximately
-70 °C, it can be stored by vaporised liquid nitrogen at -196°C for a virtually indefinite
period. (47)

1.3.1.2.2. Frozen storage time

Although deep freezing can theoretically preserve cells and tissues indefinitely (47), there
are no well-designed studies with solid evidence on the upper limit of frozen storage time.
The European Homograft Bank sets the shelf life of cryopreserved allografts at five years,
according to the European Union Directive (35). Still, as others have highlighted, this

time interval is based on convention rather than validated studies (61). According to
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experiments with animal jugular veins, although no gross morphological abnormalities
were identified during three months of storage, microstructural changes such as focal
endothelial cell blebbing, cytoplasmic vacuolisation and disruption of cell-to-cell contacts
or mitochondrial swelling of smooth muscle cells, which were associated with
preservation time, were observed. (62,63) In addition, Malone et al. described, in parallel
to structural changes, a decreasing trend in endothelial cell function - fibrinolytic activity
- associated with storage time (63), as well as Cai et al. observed a significant dysfunction
of the human umbilical vein endothelial cells after 24 weeks of storage, especially in
excretory functions (64). In contrast, Mirabet et al. found no significant loss of cell
viability when studying heart valves and their associated vascular wall up to 13 years of
storage. (65) In studies of human allografts, there is inconclusive data on the relationship
between clinical outcomes and graft storage time. In a univariate analysis, Touma et al.
identified the storage time of aortic allografts as a predictive factor for mortality and
postoperative complications. However, it was not found to be an independent predictor
in a multivariate analysis. (66) In lower limb reconstructions with cryopreserved
allografts, Nagy et al. demonstrated an association between allograft storage time and
clinical outcomes, similar to the previous study. Their study showed that allografts with
less than six months of storage time improved patency and limb salvage. (31) In contrast,
Wang and al., who investigated living donor liver transplantation, found no differences
in the patency of vascular grafts for outflow reconstruction or the regeneration of liver
graft between iliac allografts with less or more than one-year CP storage time. (67)
Given the literature inconsistencies, we need help defining an optimal upper limit of
storage time for CP.
1.3.1.2.3. Structural and biomechanical properties

The main functions of the large and medium arteries are to serve as conduits for the
distribution of blood to different tissues (conduit function) and to compensate for the
pressure and flow pulsatility caused by intermittent ventricular ejections (buffer
function). These interrelated functions depend on the geometric and mechanical
properties of the arteries. (68) Arteries are complex structures, the arterial wall consisting
of three layers. The innermost luminal layer is the tunica intima, which extends from the
lumen to the internal elastic lamina. The luminal surface of the intima is lined by

endothelium, which is surrounded on its abluminal surface by a connective basement
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membrane. The middle layer, the tunica media, is composed mainly of smooth muscle
cells, collagen, elastin fibres and glucosaminoglycans and is usually the thickest layer.
The outermost layer, the tunica adventitia, anchors the blood vessel to the surrounding
tissue. This layer is a connective tissue, containing varying amounts of elastic and
collagen fibres. The connective tissue in this layer is quite dense where it is adjacent to
the tunica media; this dense layer is called the external elastic lamina. (7) The
biomechanical properties of the artery are determined primarily by the individual
contribution of the components of the vascular wall, such as collagen, elastin, smooth
muscle cells and endothelium, their relative proportions, structural geometry and
orientation, and the relationship between them, as well as the integrity and physiological
function of these components. (7,68,69) While the collagen and elastin network is
generally responsible for the passive mechanics of the artery, smooth muscle cells provide
active contraction (70); in addition, the endothelium plays a vital role as a regulator of
vasomotor tone. (7) As a central component of biomechanical properties, smooth muscle
cells contribute to structural, mechanical and functional changes in the arterial wall
through several processes, including cell growth, cell elongation and rearrangement, and
changes in the composition of the extracellular matrix. (69)

The viability of smooth muscle cells and endothelium, as well as the integrity of elastin
and collagen fibres, contribute to the mechanical behaviour of the arterial wall. The
destruction of smooth muscle cells and endothelial cells and the fragmentation of
extracellular matrix fibres caused by ice formation can affect the mechanical properties
of the artery. (69) Cold storage can result in bulk redistribution of water, damage to the
collagen network by ice crystals and disruption of extracellular matrix cross-links.
Freezing temperatures can also impair cell functionality or cause complete lysis. These
various structural changes negatively affect the mechanical behaviour of the artery. (70)
CPAs, such as DMSO, have been used in several studies to protect cells from
cryodamage. These CPAs are usually added to the storage solution to reduce ice
formation in both the intra- and extracellular space by preventing cryoinjury of the tissue.
(69) However, despite CPAs, the changes mentioned earlier may be associated with
biomechanical damage, arterial dysfunction, and failure after implantation. (68)

1.3.1.24. Thrombogenicity
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The endothelium, among its many other functions such as vascular tone, cell adhesion,
smooth muscle cell proliferation and vascular wall inflammation regulator, plays a crucial
role in maintaining haemostasis. Its role is dual, with healthy endothelial cells expressing
platelet aggregation inhibitors and anticoagulants that prevent platelet aggregation and
fibrin formation, respectively. However, in the presence of vascular injury or endothelial
cell dysfunction, they induce mechanisms that promote fibrin formation, platelet adhesion
and aggregation, and pro-fibrinolytic pathways to control these processes. Overall, a
functional endothelium is essential to preserve haemostasis and prevent thrombosis.
According to the modern approach to coagulation, haemostasis is maintained by the
platelets, the vascular wall and the coagulation cascade in association. The subendothelial
collagen released when the vascular wall is damaged leads to platelet adhesion and
activation via the von Willebrand factor, and the cellular elements of the vascular wall
express tissue factor, which triggers the coagulation cascade, ultimately inducing initial,
amplification and finally propagation phases of blood coagulation. In addition to these,
endothelial cells produce a variety of anticoagulants such as tissue factor pathway
inhibitor, thrombomodulin, endothelial protein C receptor, heparin-like proteoglycans
and platelet inhibitors, such as nitric oxide and prostacyclin, are expressed and released,
keeping the blood clotting process under control. (71) Studies on the effects of CP have
reported morphological changes ranging from endothelial cell swelling to complete loss
of endothelium and damage of subendothelial layers. (72—76) Despite the morphological
alterations, few investigations found extreme thrombogenicity in cryopreserved
allografts. (75,76) However, little is known about the valid procoagulant-anticoagulant
properties of allografts and the role of the vascular wall layers in these effects.
1.3.1.25. Immunogenicity

Although most studies examining the relationship between blood type matching and
clinical outcomes suggest no difference between compatible and incompatible vascular
allograft transplantations (31,76,77), others found the opposite, raising an immunological
origin in the background of graft complications. (77) Increasing evidence suggests that
another major cause of allograft degradation/degeneration, beyond the CP procedure, is
considered to be immunological processes resulting from recipient-donor interaction.
Studies of allogeneic vascular grafts have revealed several inflammatory and immune

phenomena that, due to advanced fibrosis of the media and adventitia, loss and
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dysfunction of endothelium and increased proliferation of intimal smooth muscle cells,
lead to a deterioration of graft structure and function. (78-82) These structural changes
in the allograft are similar to changes in the small vessels of transplanted kidneys and
hearts and are attributed to chronic transplant rejection reactions. (78) Previously, it was
thought that CP might have an immunosuppressive effect (83), but several studies have
disproved this and demonstrated the same antigenicity and immune responses as fresh
grafts. This may be due to the preservation of functional living cells and graft viability,
by advanced CP techniques, as cellular components, especially endothelial cells as
antigen-presenting elements, play a central role in the immune response induced by donor
tissue. (81,84) This is confirmed by studies that have achieved lower inflammatory and
immune responses with decellularised or devitalised allografts. (79,82) Although several
studies have demonstrated a significant early cellular and late humoral immune response
induced by donor human leukocyte antigens (HLA) (78,80,84-86), which eventually
leads to complete structural remodelling, fibrosis and cell death of the grafts, the role of
these processes in graft degeneration/degradation is not clear, as no correlation has been
found between immune response-induced rejection and graft complications, clinical

outcomes. (86)

19



2. Objectives

In this work, we analyse the cryopreservation protocol of the Cardiovascular Biobank of
Semmelweis University, focusing on the direct and storage time-dependent effects of CP
on the thrombogenicity of arterial allografts. In addition, we analyse the human vascular
microbiota by examining arterial allografts as healthy vascular tissues.

Our research sought to answer the following questions:

I. Do cryopreservation and storage time alter the thrombogenicity of arterial allografts?
e fibrin deposition to the arterial wall

o platelet adhesion to the arterial wall

Hypothesis I.: The cryopreservation does not affect the thrombogenicity of arterial

allografts.
Hypothesis Il.: The six months storage time of cryopreservation does not affect the

thrombogenicity of arterial allografts.

I1. Does healthy human vascular tissue have a unique microbiota?
¢ developing a method for analysing the human vascular tissue microbiota

o characterising the healthy composition of the human vascular tissue microbiota

Hypothesis I11.: Healthy human vascular wall contains bacterial hereditary material.

Hypothesis IV.: Healthy human arterial wall has a unique microbiota.
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3. Methods

In our prospective studies, eleven human femoral arteries were analysed for
thrombogenicity, and fourteen human femoral arteries were examined to determine the
healthy human vascular microbiota. The arteries were harvested from eleven and
fourteen, respectively, different donors in multi-organ donations between October 2019
and February 2021 in Hungary. Samples for thrombogenicity testing were examined at
five time points: before the CP as a native sample (BC) and after the CP immediately
(C0), on the first (C1), twelfth (C12) and twenty-fourth (C24) week of storage after CP,

while native samples were used for the microbiota assay.

3.1. Inclusion and exclusion criteria of arterial allografts
The study's donor inclusion-exclusion criteria were established based on the national
guidelines and regulations for multi-organ donation. (87) In summary, the selection
process for donors involves assessing the risks associated with tissue usage. These risks
are identified through various examinations, including medical, biological, post-mortem,
and lifestyle assessments. If any of the following conditions apply, potential donors
should be excluded: unknown cause of death, presence of an unknown disease in medical
history, malignant disease, transmissible spongiform encephalopathies, untreated
infection at the time of donation, human immunodeficiency virus (HIV) infection,
autoimmune disease that may affect the transplanted organ, interventions that may impact
donor blood test results, potential transmitted diseases, poisoning, previous organ
recipient status, and recent vaccination with live virus. Additionally, donors above 65,
those with malignancies or positive bacterial-fungal culture or virus serology tests, and
allografts with negative evaluations from the performing vascular surgeon (such as

significantly injured or calcified allografts) were also excluded.

3.2. Ethical considerations, data collection
The study adhered wholly to the principles outlined in the national multi-organ donation
guidelines and the relevant international and national laws. The donor data, which
remained anonymous, was collected in advance from the electronic health information

system of the donation following the General Data Protection Regulation of the European
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Union. The study received approval from the institutional review board, specifically from
the Semmelweis University Regional and Institutional Committee of Science and
Research Ethics (approval number: 257/2018). Since the vascular tissues were obtained
from brain-dead donors as part of multi-organ donations, and the data was analysed

anonymously, individual consent was not obtained.

3.3. Harvesting, cryopreservation, storage and thawing of allografts
Femoral arteries were harvested in Budapest from brain-dead donors within multi-organ
donations organised by the Organ Coordination Office of the Hungarian National Blood
Transfusion Service. Before harvesting, all donors underwent serology tests to confirm
the absence of HIV, hepatitis B virus, hepatitis C virus, syphilis, active Epstein-Barr virus,
and active cytomegalovirus. The explantation of the femoral arteries (common and
superficial femoral artery) was performed under surgical asepsis and using principles of
sterile technique. The vascular surgeon, who performed the harvesting, assessed the
suitability of the grafts. Subsequently, the harvested arterial allografts were immediately
placed in a triple sterile plastic bag (Set of Transplantation Bags—sterile 80 00 61H,
Raguse GmbH, Ascheberg, Germany) in 500 ml transport solution (Sodium Chloride
0.9% “Baxter” Intravenous Infusion in Viaflo, Baxter Hungary, Budapest, Hungary)
containing 4 mg/ml cefazolin (Sandoz GmbH, Kundl, Austria) and 0.4 mg/ml fluconazole
(Fresenius Kabi Hungary, Budapest, Hungary) at 4°C. They were transferred to the
storage location in an organ transport box (IGL Box Organ Transporter, Institut Georges
Lopez, Lissieu, France) at 4°C. They were stored at a temperature of 4°C for 12 hours.
3.3.1. Thrombogenicity

The CP procedure occurred within 12 hours after the explantation in a controlled
environment. The clean room was classified as "A" with a background classified as "B,"
and a laminar airflow system was used. (88) After conducting a test to detect bacteria and
fungi and reassessing the grafts, five ring samples measuring 0.5 cm in width were taken
from each femoral artery. One of the five samples (BC) was placed in a plastic cryotube
containing isopentane (Merck Kft, Budapest, Hungary) and stored at -20°C until the
thrombogenicity measurements. The remaining samples (C0O, C1, C12, C24) underwent
the same CP procedure as the allografts. They were placed in cryo bags (TissueVault

Cryogenic Freezing Bag TV1430, Origen Biomedical, Austin, Texas, USA) in a 500 ml
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CP solution (Ringer Fresenius, Fresenius Kabi Deutschland GmbH, Bad Homburg,
Germany) containing 20 v/v% DMSO (Molar Chemicals Kft., Halasztelek, Hungary), 4
mg/ml cefazolin (Sandoz GmbH, Kundl, Austria) and 0.4 mg/ml fluconazole (Fresenius
Kabi Hungary, Budapest, Hungary) for 10 minutes. After that, these samples were
cryopreserved to -80-90°C according to a controlled freezing method (PC Interface for
Thermo ScientificTM CryomedTM Freezers, Version 3.0 and Thermo Scientific
CryoMed Controlled-Rate Freezer 7451, Thermo Fisher Scientific Inc., Waltham,
Massachusetts, USA) (Figure 1) using vaporised nitrogen (Messer Hungarogaz Kft.,
Budapest, Hungary), and they were stored at -80°C in a deep freezer (Taylor-Wharton K
Series Cryogenic Storage System 10K, Taylor-Wharton, Baytown, Texas, USA). After
different storage periods, the cryopreserved graft samples were thawed at 37°C until the
ice melted completely. They were washed three times with physiological salt solution
(Sodium Chloride 0.9% “Baxter” Intravenous Infusion in Viaflo, Baxter Hungary,
Budapest, Hungary) at 20°C to remove the CP medium.
3.3.2. Healthy human vascular microbiota

Samples for microbiota analysis were prepared within 24 hours after the explantation
under sterile conditions in a clean room classified “A” with a background classified “B”
using a laminar air flow system. (88) Three 3 mm3 samples were cut from each femoral
artery. The samples were placed into a sterile plastic tube (VWR Low Temperature
Freezer Vials, VWR International, LLC, Radnor, PA, USA) in physiological saline
solution (sodium chloride 0.9% “Baxter” Intravenous Infusion in Viaflo, Baxter Hungary,

Budapest, Hungary) and transported immediately for microbiota analysis at 4°C.
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Figure 1. Controlled freezing protocol of the cryopreservation. Continuous line with
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3.4. Measurement of thrombogenicity by immunofluorescence imaging

The flow-chamber model was used for testing the allograft samples as thrombogenic
surfaces. Frozen cross-sections (10 um) of allograft samples placed on poly-L-Lys-coated
slides were perfused at 0.5 ml/min flow rate in a 0.4-cm-wide and 0.12-mm-high parallel-
plate chamber with heparin-anticoagulated blood collected from healthy volunteers.
Assuming laminar flow conditions, the shear rate at the surface of the section was 900 s
—1, according to the formula 1.03*6 Q/(w*h2 ), where Q is the flow rate in ml s —1, w and
h are the width and the height of the flow path in cm, respectively. This intermediate shear
rate was chosen as an adequate model of the rheological situation in medium-sized
arteries, where deposition of both platelets and fibrin is enabled. Before the perfusion, the
sections were blocked with 2 w/v% bovine serum albumin (BSA) in 0.05 M Tris buffer
pH 7.4 containing 0.1 M NaCl and 0.02 w/v% NaN3 (TBS) for 45 minutes, and the 90-s
perfusion was followed by a 30-s wash with 1.5 mM KH2PO4, 8.1 mM Na2HPO4 buffer
pH 7.4 containing 137 mM NaCl and 2.7 mM KCI (PBS).
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fibrin platelet overlay

Figure 2. Platelet and fibrin deposition in arterial cross-sections detected by indirect

immunofluorescence. Blue colour: distribution of Gpllb/Illa; red colour: distribution of
fibrin; white line: internal and external elastic laminae - indicates the boundaries between

the wall layers; L: lumen; i: tunica intima; m: tunica media; a: tunica adventitia (89)

After that, the sections were fixed in acetone at 4°C for 10 minutes, and the deposited
platelets and fibrin were double-stained for indirect immunofluorescence microscopy.
Sections were blocked with BSA-TBS for 30 min, followed by platelet staining using the
mouse monoclonal antibody against human GplIb/Illa (4 pg/ml in BSA-TBS for 30 min,
sc-53417, Santa Cruz Biotech), followed by three times 5 min washes in TBS, and 30 min
incubation with the Goat-anti-Mouse 1gG-Alexa Fluor 633 secondary antibody (2 pg/ml
in BSA-TBS, Invitrogen, Budapest, Hungary). Double-staining was continued with the
fibrin staining after three times 5 min washes in BSA-TBS: 30 min incubation with the
primary rabbit polyclonal antibody developed against the N-terminal part of the gamma
chain fibrin(ogen) (20 pg/ml in BSA-TBS, PA5-29734, Invitrogen), followed by three
times 5 min washes in TBS, and 30 min incubation with the Goat-anti-Rabbit 1gG-Alexa

Fluor 546 secondary antibody (2 pg/ml in BSA-TBS, Invitrogen). Following the final
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washes in TBS, the stained sections were covered in 50% glycerol in TBS. Confocal
images were taken from the slides using a Zeiss LSM710 confocal laser scanning
microscope equipped with a 10 x 0.3 lens (Carl Zeiss, Jena, Germany) using 488 nm, 543
nm and 633 nm excitation laser lines, respectively. Emissions were detected in the ranges
of 500-530 nm, 565-585 nm and 650—690 nm, respectively. Each allograft vessel at each
sampling time point was perfused in duplicates or triplicates, and depending on the
section size, 5-10 different images were taken of each perfused cryosection to survey the
whole cross-sectional area of the vessel. Quantification of platelet and fibrin(ogen)
coverage of the vessel wall was performed with the Image J software (NIH, Bethesda,
MD, USA), selecting the region of interest, calculating its surface area in pixels and
setting a threshold intensity value for automatic identification of platelets or fibrin(ogen)

covered areas in percentage. (89) (Figure 2, Figure 3)
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Graft #1 Graft #2

intima/media media/adventitia intima/media media/adventitia

native
sample

cryopreserved samples

C12

C2

Figure 3. Time sequence of immunofluorescence images monitoring the deposition
of fibrin and platelets in different layers of the arterial wall. Images from two different
regions of interest in two different allografts are shown for each time point. CO: immediate
testing time point after cryopreservation; C1,C12,C24: testing time points one, twelve
and twenty-four weeks after cryopreservation, respectively; blue colour: immunostained
platelets; red colour: immunostained fibrin(ogen); green colour: autofluorescence of the
internal and external elastic laminae - indicates the boundaries between the wall layers; i:

tunica intima; m: tunica media; a: tunica adventitia (89)
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3.5. Identification of healthy human vascular microbiota: Deoxyribonucleic acid
isolation, 16S ribosomal ribonucleic acid gene library preparation and MiSeq
sequencing

Following the instructions, the deoxyribonucleic acid (DNA) isolation was performed
using the ZymoBIOMICS DNA Miniprep Kit (Zymo Research Corp., Irvine, CA, USA).
Before isolation, enzymatic dissolution was performed using ProtK at 56°C for 3 hours.
The isolated DNA samples were then stored at -80°C until further processing for PCR
amplification. The concentration of genomic DNA was measured using the Qubit2.0
Fluorometer with the Qubit dsSDNA HS Assay Kit (Thermo Fisher Scientific, Waltham,
MA, USA). For amplification of bacterial DNA, PCR was conducted using tagged
primers that targeted the V3-V4 region of the bacterial 16S rRNA gene. PCR and DNA
purification steps followed Illumina’s protocol. The PCR product libraries were evaluated
using the Agilent 2100 Bioanalyzer with the DNA 1000 Kit (Agilent Technologies,
Waldbronn, Germany). Equimolar concentrations of libraries were pooled and sequenced
on an Illumina MiSeq platform (Illumina, San Diego, CA, USA) using MiSeq Reagent
Kit v3 (600 cycles PE). Extraction-negative controls and PCR-negative controls were
included in each sequencing run to assess the potential contribution of extraneous DNA
from reagents. Each vascular tissue sample was independently subjected to DNA
extraction to ensure reproducibility. All analysis procedures were performed in triplicate
to minimise false results such as contamination using three different samples from each
donor. The raw sequencing data were obtained from the Illumina BaseSpace and analysed
using the CosmosID bioinformatics platform (CosmosID Metagenomics Cloud,
CosmosID Inc. Rockville, MD, USA). The resulting data included taxonomic names,
operational taxonomic unit IDs, frequency, and relative abundance. Among the three
samples from each donor, the sample with the highest read count was chosen for
comparative studies. Figures 8-12 were created based on filtered abundance score
matrices at the phyla or genus level from the CosmosID taxonomic analysis, utilising the
CosmosID-HUB bioinformatics pipeline. The Jaccard Principal Coordinates Analysis
(PCoA) biplot diagram in Figure 12b was generated using the Fathom Toolbox for
MATLAB, a multivariate data analysis software.
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The results of the current vascular samples were compared with the DNA amounts
obtained from faecal and nasopharyngeal samples in our previous studies (90,91). The

DNA isolation and 16S rRNA method were consistent across these studies. (92)

3.6. Statistical analysis
3.6.1. Thrombogenicity

Our study involved analysing arterial samples from 11 donors to measure platelet and
fibrin content. Since the number of data collected varied among the donors (ranging from
111 to 225), we used a fuzzy sample approach to assess the data. This method allowed us
to compare arterial samples from different donors effectively. We employed a specific
fuzzy estimation method and a fuzzy version of the invertible cumulative distribution
function estimator with the maximum count of nodes. These techniques helped us
estimate the data's median, lower, and upper quartile. To evaluate the impact of CP on
thrombogenicity, we performed an analysis by comparing coverage values at different
time points with those of the native graft. We conducted four Bootstrap one-tailed tests,
comparing the quartiles to test the null hypothesis (HO) that the quartiles are equal against
the alternative hypothesis (H1) that one quartile is greater than the other. To increase the
statistical power of the tests, we adopted a cluster approach to hypothesis testing. We
compared the four p-values to a predetermined significance level (o = 0.05) and rejected
the null hypothesis if at least two p-values were below a.

To analyse the effect of storage time on thrombogenicity, we examined the trends in the
median, lower quartile, and upper quartile of the thrombogenic factor abundance over
time. We constructed linear regressions for each quartile, using time as the independent
variable. These regressions were trained on a fuzzy sample of four triplets (time, quartile,
and degree of membership). We used a cluster of four fuzzy Bootstrap procedures to
determine the distribution of the predicted regression slope and the probability of the
slope being negative or non-negative (or positive or non-positive). We considered the
estimated regression slope significant if at least two of the four procedures indicated a
probability for non-negativity/non-positivity below the predetermined significance level
(o = 0.05). These probability-based estimates are more potent than p-values in
determining the significance of the slope sign. While p-values only provide the
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probability of being wrong when rejecting the null hypothesis, the probability estimates
calculate the probability of being right when accepting the alternative hypothesis. (89)
3.6.2. Healthy human vascular microbiota
Categorical variables are represented as counts and percentages, while continuous
variables are represented by the median and interquartile range (IQR). To determine
statistical significance between different groups of vascular samples, we used the
Wilcoxon Rank Sum test for Chaol Alpha diversity and the permutational multivariate
analysis of variance (PERMANOVA) analysis for Jaccard PCoA Beta diversity. These
statistical analyses were conducted using the CosmosID bioinformatics platform.
We utilised the Mann-Whitney U test to assess the significance of differences in DNA
amounts and amplified PCR products between the vascular and other frequently tested
samples (which were not normally distributed variables).

A p-value less than 0.05 was considered to indicate statistical significance. (92)
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4. Results

4.1. Donor characteristics

Table 6. Characteristics of donors included in the thrombogenicity (T) and

microbiota (M) studies.

Data are presented as number of donors(%) or

median(interquartile range); n=number of donors; BMI=body mass index;
COPD=chronic obstructive pulmonary disease
Characteristic T(n=11) M(n=14)
Trauma 3(27.27) 5(35.71)
Cause of death Cerebral ischaemia 2(18.18) 2(14.28)
Cerebral haemorrhage 6(54.55) 7(50)
Age (year) 45.00(17.50) | 49.50(9.50)
Female sex 3(27.27) 3(21.42)
BMI (kg/m2) 26.30(4.15) | 27.80(7.05)
Hypertension 3(27.27) 3(21.42)
Diabetes mellitus 1(9.09) 1(7.14)
Past medical history
Pulmonary disease (COPD) 1(9.09) 1(7.14)
Smoking 4(36.36) 7(50)
A 5(45.46) 5(35.71)
B 3(27.27) 2(14.28)
AB 0(0) 1(7.14)
Blood type 0 3(27.27) 6(42.85)
Rh+ 10(90.91) 12(85.71)
Rh- 1(9.09) 2(14.28)
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4.1.1. Thrombogenicity
The median age of the donors was 45.0(33.0;50.5) years. Three donors were female
(27.27%). The median body mass index (BMI) was 26.3(23.65;27.8) kg/m2. The leading
cause of death was cerebral haemorrhage (6 donors; 54.54%). All essential characteristics
of the donors are presented in Table 6..

4.1.2. Healthy human vascular microbiota
The median age of the donors was 49.5 (IQR:10) years. The male/female rate of donors
was 11/3. The median BMI was 27.8 (IQR:7.9) kg/m2. The leading cause of death was
cerebral haemorrhage (7 donors; 50%). All essential characteristics of the donors are
presented in Table 6..

4.2. Thrombogenicity
4.2.1. Fibrin deposition to the arterial wall

The generation of fibrin was evaluated quantitatively by measuring the percentage of area
covered by fibrin in the intima, media, and adventitia layers of immunofluorescent images
of the graft cross-sections. The statistical analysis showed no significant increase in fibrin
deposition in the cryopreserved samples compared to the fibrin levels detected in the
native (BC) samples across any of the three layers. Notably, all significant differences
between cryopreserved and native graft samples indicated a decrease in fibrin generation
(out of the twelve sets of CP data, three median, three bottom quartile, and six top quartile
values were lower than their BC counterparts). CP also tended to homogenise the
potential for fibrin generation across the artery wall layers, with narrower IQRs observed
in eight out of the twelve CP data sets. (Figure 4)

To investigate the hypothesis that storage time affects fibrin deposition in cryopreserved
grafts, we conducted a regression analysis of changes in fibrin coverage across the three
arterial wall layers over time. In seven out of the nine hypothesis tests performed, which
examined the temporal trend of fibrin coverage in the three quartiles of the wall layers, a
non-negative trend was excluded at a significance level of 0.05. In the remaining two
cases, namely the lower coverage quartile of the media and intima layers, there was a
probability of a non-negative trend of 20-22% and 14-28%, respectively. (Figure
5)Therefore, a robust statistical analysis of fibrin coverage data throughout the twenty-

four-week storage of arterial grafts definitely rules out the possibility of an increase in
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graft thrombogenicity over time and strongly supports a decrease in fibrin generation.
(89)
4.2.1. Platelet adhesion to the arterial wall

Platelet adhesion was evaluated by measuring the percentage of area covered by the
Gpllb/llla-related immunofluorescence signal in the intima, media, and adventitia layers.
Like fibrin deposition, the platelet coverage data within the IQR of the cryopreserved
grafts largely overlapped with the corresponding range of the BC samples. However,
unlike fibrin, in three out of the twelve datasets of cryopreserved samples, either all three
(CO and C1) or two (C12) quartile values of the media significantly exceeded the platelet
coverage level of the native samples (BC). In the early cryopreserved samples of the
intima (CO, C1, C12), there was a significant upward shift in the median of platelet
coverage. However, a significant change in the upper and lower quartiles did not
accompany this difference. Based on the data measured at week twenty-four, the values
for all three layers no longer exceeded the values of the native sample, and significantly
lower quartile values were obtained for the adventitia. (Figure 6)

Regression analysis of the changes in platelet coverage across the three arterial wall layers
over time excluded a non-negative trend at a significance level of 0.05 in seven of the
nine hypothesis tests performed on the platelet coverage of the three wall layers' three
quartiles. The two exceptions were the median and the lower coverage quartile of the
intima, where the probability of a non-negative trend was 5-11% and 7-18%, respectively.
(Figure 7) Therefore, the regression analysis of the platelet coverage data throughout the
twenty-four-week storage of arterial grafts definitely rules out the possibility of a time-
dependent increase in graft thrombogenicity and strongly supports a decline in platelet

adhesiveness. (89)
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Figure 4. Quartile-wise comparison of the fibrin deposition on cryopreserved and

native arterial allografts. CO: immediate testing time point after cryopreservation;

C1,C12,C24:

(black) and upper (red) quartiles of coverage data for the native samples and for the
cryopreserved samples, respectively; yellow shadow area: the interquartile range of the
cryopreserved samples; asterisks: significant differences between the respective quartiles
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Figure 7. Time course of platelet adhesion to cryopreserved allografts. The
explanatory strength of the correlation can be assessed on the basis of the adjusted R2
(adjR?) values that are shown only for the regression trends proven to be significant at
0.05 level by the statistical approach described in Methods. CO: immediate testing time
point after cryopreservation; C1,C12,C24: testing time points one, twelve and twenty-
four weeks after cryopreservation, respectively; lower (green), median (black) and upper
(red) quartiles of the coverage data are shown with dashed lines for the native samples,
circles with error bars (12.5%) for the cryopreserved samples and continuous lines for the
linear regression (89)
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4.3. Healthy human vascular microbiota

In total, forty-two samples from fourteen patients were tested. The median of isolated
DNA from vascular samples was 27.8 ng/uL (IQR: 21.4 ng/uL). From this starting
amount, which also contains human DNA, after 16S rRNA PCR, a median DNA amount
of 1.546 ng/uL (IQR: 0.762 ng/uL), after indexing PCR, a median DNA amount of 3.947
ng/uL (IQR: 1.996) was amplified. The average length of index PCR products was 667
base pair (bp) (standard deviation (SD): 55 bp). Negative controls and transport buffers
did not yield measurable amounts of DNA after DNA isolation or 16S rRNA PCR. 5.8
million valid sequences were obtained, resulting in 3.9 million high-quality reads. One
sample’'s median number of reads was 79,485 (IQR: 24,511).

The most prevalent phyla in the human vascular microbiota were Proteobacteria
(31.78%), Firmicutes (29.18%), and Actinobacteria (23.05%). (Figure 8) Based on the
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Figure 8. Heatmap of the most abundant phyla in human vascular samples with
sample clustering dendogram. (92)

abundance of these phyla, the samples were clustered into three major groups. At the
genus level, the most abundant taxa in the human vascular microbiota were
Staphylococcus, Pseudomonas, Corynebacterium, Bacillus, Acinetobacter, and
Propionibacterium. (Figure 9a) However, the proportions of these genera varied greatly

among individual samples, as depicted in the stacked bar graph. (Figure 9b)
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Figure 9. Stacked bar plot of the composition of the human vascular microbiota at
the genus level: a. overall results; b. results for each sample. (92)

The median Chaol alpha diversity of genera was 217.5(IQR: 107), indicating the
diversity of bacterial genera. Among the bacterial taxa indirectly associated with
atherosclerosis development, Porphyromonas gingivalis was found in two samples
(0.54%, 0.16%), Prevotella nigrescens in one sample (0.1%), and all samples contained
varying amounts of Enterobacteriaceae spp with a median of 2.25% (IQR: 1.46).
Comparatively, bacteria more commonly found in the intestinal flora of healthy
individuals than in patients with atherosclerosis included Roseburia, which was found in
eight samples (median: 0.13%, IQR: 0.08), and Ruminococcus, which occurred in thirteen
samples (median: 3.07%, IQR: 1.78). Helicobacter pylori and Chlamydophila
pneumoniae, bacteria directly implicated in the development of atherosclerosis, were not
detected in any of the samples.

To confirm its uniqueness, the human vascular microbiota was compared with human
stool and nasopharyngeal samples. Based on the Jaccard Beta Diversity PCoA analysis
(p=0.001), we found significant differences between the samples, suggesting notable
distinctions in the microbial composition between the vascular system and the
gastrointestinal tracts. (Figure 10)

The composition of the vascular microbiota did not show significant differences when
compared by age, sex or smoking habits, as observed in the Three-dimension PCoA
pictures. (Figure 11) However, significant differences in the Chaol alpha diversity of
microbiota were found between the O and A blood groups (p=0.0106) and between the O
and B blood groups (p=0.045) using the Wilcoxon Rank Sum test. The beta diversity of
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the microbiota was assessed using the Jaccard distance measure, and the PCoA biplot was
utilised for visualisation. PERMANOVA analysis revealed significant differences in the
Jaccard beta diversity values of the microbiotas between the O and A blood groups
(p=0.003), between the O and B blood groups (p=0.037), and between the A and B blood
groups (p=0.045). (Figure 12) (92)

@ Vascular
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Figure 10. Jaccard Beta Diversity Principal Coordinate Analysis of human vascular,

human stool and human nasopharyngeal samples. (92)
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5. Discussion

Despite significant advancements in our knowledge of cryopreserved allografts over the
past decades, numerous unanswered questions persist.

Many factors determine the success of vascular allograft transplantation, and our aim in
the present studies was to obtain information on changes in essential characteristics, such
as thrombogenicity, induced by CP and during storage time under in vitro conditions. In
addition, using allografts as healthy vascular tissues, another objective was to gain insight
into the human vascular microbiota, which, on the one hand, could significantly reduce
the risk of transmission of infections during transplantation, and, on the other hand, goes
well beyond the allograft issue, allowing a better understanding and treatment of vascular
diseases.

The primary role of CP is to preserve cells and tissues in their most intact form,
structurally and functionally. In the case of CP of a tissue or even an organ, we face much
more complex problems. We have to count on the freezing of much larger samples than
cell cultures, and this includes the problem that the CP must work at every single point of
the sample at the same time and that the ideal freezing parameters and cryoprotective
materials must be found for cells with different properties and even for the extracellular
matrix to preserve them and avoid the harmful ice formation. (56) We also have to
consider the possible damage to the grafts as the freezing storage time progresses,
although there is no clear evidence of it. (31,61-66)

Although Song et al. reported a very high survival of endothelial cells of rabbit common
carotid artery above 70% with an appropriate concentration of cryoprotectant and cooling
rate, they described morphological changes due to CP with preserved endothelium-
dependent relaxation, such as looser endothelium attachment to the basement membrane
or intracellularly appearing vacuoles. (73) In contrast, other studies investigating the
effects of CP have described significant morphological and functional damage of the
endothelium and low cell survival. (72,74) However, some other authors found no
significant hemocompatibility differences despite morphological alterations. (75,76) It is
essential to add that the role of the endothelium is not fully clarified in cryopreserved
allografts, as the donor endothelial lining disappeared within five days after implantation
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of vascular allografts, accompanied only by a marked decrease in fibrinolytic activity.
(76)

Our findings on thrombogenicity indicated that when arterial allografts were
cryopreserved and stored for up to 6 months, they maintained the ability to have
haemostatic potential comparable to the fresh native arterial wall. In addition, the fibrin
deposition and platelet adhesion to cryopreserved arterial allografts decreased over time,
potentially minimising the risk of thrombotic occlusion of allografts. Therefore, the CP
method used in our study provided a dual clinical advantage: retained haemostatic and
reduced thrombogenic potential of the allografts. The only temporary prothrombotic
change was observed in the media layer of the allografts, where platelet deposition
exceeded that of fresh native grafts within the initial twelve weeks after CP. When the
allografts are used during this early storage period, it may be reasonable to consider
antiplatelet therapy to prevent thrombotic events. (89)

Although we have not investigated the mechanism of the decreasing tendency in fibrin
generation and platelet adhesion over time, one hypothesised cause may be a reduction in
the inducing factors in the walls of the stored grafts. The tissue factor, the main trigger of
blood coagulation, is known to lose a significant part of its activity during storage in a
frozen state for six months. (93) The practical implication of this result is that graft
patency cannot be expected to improve with anticoagulant prophylaxis, as cryopreserved
grafts do not induce more robust fibrin generation than native artery walls. This finding
is consistent with others that warfarin has no significant effect on the primary patency of
cryopreserved saphenous vein allografts. (45) There is also evidence that endothelial von
Willebrand factor production decreases significantly with advancing freezing time, which
may explain the decrease in platelet adhesion observed in our experiments. (64)
Regarding the role of anti-platelet drugs in graft patency, previous studies have reported
conflicting results. Some authors have reported a positive effect of these drugs on graft
patency (94), while others did not (45). However, our latest results could reconcile these
inconsistencies. They suggest that an antiplatelet strategy may only be beneficial within
a specific time window, determined by the temporal variation of platelet adhesion to the
graft wall. In our study, platelet deposition in the media layer of cryopreserved grafts
exceeded that of fresh, non-cryopreserved grafts up to week 12. This suggests that

administering anti-platelet therapy during this storage period might be beneficial for

44



maintaining graft patency. However, platelet deposition remained consistent with pre-CP
levels beyond this timeframe and in the intima and adventitia layers at all time points.
This indicates that the graft's haemostatic function was expected, and there is no
justification for using antiplatelet medication. (89)

Although it may seem logical to examine only the intima for graft thrombogenicity, given
the potential for injury during CP and the observation by Street et al. that the endothelium
disappears within about five days after implantation (76), examination of the other layers
of the vessel wall is essential to obtain a complete picture of the thrombogenicity of the
grafts. In our study, therefore, because they are known to have different effects on
coagulation and platelet function, we assessed the thrombogenicity of the three arterial
wall layers separately. Our data revealed that the adventitia and intima layers showed
higher thrombogenic potential. In contrast, the media layer's relative platelet and fibrin
coverage was lower than that of the other two layers. (89) On the one hand, the reduced
procoagulant potential of the media layer could be explained by lower levels of tissue
factor protein and messenger ribonucleic acid (mMRNA) in this layer. (95) On the other
hand, regarding the relatively lower deposition of platelets in the media, our present
results are in agreement with previous studies using the same experimental setup, which
demonstrated limited von Willebrand factor-dependent platelet binding to native arterial
media and stronger adhesion to the adventitia. (96,97) In another experimental design,
the highest and lowest platelet deposition was observed in the adventitia, and the
subendothelium of normal, non-atherosclerotic vessel walls, respectively, and the tunica
media had intermediate adhesion. (98) Other studies, however, have found that the
subendothelium is also capable of rapid and more massive platelet activation than the
media (99,100), as we observed in our present work. Regardless of the differences in the
relative thrombogenicity of the three layers, its temporal changes after CP were invariably
favourable in all of them. Layer-dependent responses to CP were observed only in the
media layer, and these were limited to the three earliest storage times. (89)

Although most internal organs and blood are considered sterile, there is growing evidence
to disprove this by molecular detection of microorganisms in various tissues of both
unhealthy and healthy individuals. (16-19) Furthermore, some authors could identify
biologically relevant live microorganisms in traditionally considered sterile

environments. (20,21,25) These findings and the discovery of the human microbiome
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have fundamentally changed our understanding of certain diseases and their treatment.
(16,23-25) The new molecular-based detection methods, such as 16S rRNA gene PCR
(12,13), allow more accurate identification of microorganisms. As well as helping to map
the healthy human microbiome (15), these techniques can improve diagnostic results for
VGI (11) and increase the safety of sterility tests of allografts during transplantation
(101,102). However, these methods do not identify only living pathogens, so positive
results are obtained even for microorganism fragments or microorganisms in healthy
individuals. On the one hand, this can be a problem in cases where the aim is to identify
active pathogens. Still, in these cases, the diagnostic value could be significantly
increased with a healthy microbiota database initiated in the current research (92). On the
other hand, the detection of non-living micro-organisms or fragments thereof may also
have great potential as they may play a significant role in triggering certain
immunological processes, thus affecting the success of transplantations or may be the
cause of pathologies previously thought to be autoimmune or of unknown origin.
(22,103,104)

We have a growing knowledge of the microbiome of many tissues and organs. Still, more
is needed to know about the local vascular microbiota and its possible role in homeostasis
or pathological processes. The main reason is that it is virtually impossible to take
adequate vascular tissue samples from healthy people for testing. However, in our study,
we successfully developed a method for identifying the human vascular microbiota using
arterial allografts, which allowed us to determine the bacterial composition of vascular
samples from healthy individuals. Furthermore, we demonstrated the uniqueness of the
healthy vascular microbiota by comparing our results with physiological nasopharyngeal
and faecal microbiota. (92) Using the same isolation and sequencing methods, our
vascular samples contain less microbial DNA than physiological bacterial flora samples.
Median bacterial DNA amounts of vascular and stool samples after 16S rRNA PCR are
1.546 ng/ulL and 17.4 ng/uL, respectively. However, no significant difference is seen
between the mean lengths of the index PCR bacterial products, which are 667 bp and 662
bp, respectively. In addition, the composition of the vascular microbiota is significantly
different from physiological nasopharyngeal or faecal microbiota samples. (90,92) These

results suggest that the vascular microbiota is unique.
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Based on our data, the main phyla of the vascular microbiota are Proteobacteria
(31.78%), Firmicutes (29.18%), and Actinobacteria (23.05%). (92) Comparing our
results with the skin and gut microbiota, which are considered the two largest microbiota
in the body, the main phyla of the former are similar to those of the vascular microbiota:
Actinobacteria (36-51%), Firmicutes (24-34%), Proteobacteria (11-16%), and
Bacteroidetes (6-9%) (105), although their percentage composition shows a significant
difference between Proteobacteria and Actinobacteria, and the main constituents of the
gut microbiota show a complete divergence from the vascular microbiota, as Firmicutes
and Bacteroidetes phyla make up about 60-90%, and although Proteobacteria and
Actinobacteria are also present, their proportion is only a few per cent (90,106-108). At
the genus level, the most abundant taxa in the human vascular microbiota are
Staphylococcus, Pseudomonas, Corynebacterium, Bacillus, Acinetobacter, and
Propionibacterium. (92) In contrast, the most abundant genus in the skin and gut are
Propionibacterium, Staphylococcus, Corynebacterium, Cutibacterium (105,109) and
Lactobacillus, Bacillus, Clostridium, Enterococcus, Ruminicoccus, Bacteroides,
Prevotella, Bifidobacterium, Faecalibacterium, Blautia, Roseburia, Lachnospiraceae
(90,108,110), respectively. There is no apparent similarity between the microbiota at the
genus level. Still, there are several commonalities, such as the presence of a high
proportion of Staphylococcus, Corynebacterium and Propionibacterium genus similar to
the skin flora or Bacillus genus similar to the intestinal flora.

Blood, which is one of the primary cell-to-cell contacts in the body and tissue in direct
contact with the vasculature, also has its own microbiota, the most prominent
representatives of which are the Proteobacteria, Actinobacteria, Firmicutes and
Bacteroidetes phyla. (17,111) Three of them, Proteobacteria, Firmicutes and
Actinobacteria phyla, were identified as the most abundant phyla in the human vascular
microbiota. (92) These studies suggest that the two microbiota are related. However, their
exact composition may differ. While the main phylum in the blood is Proteobacteria,
with more than 80% (17), the main phyla in the arterial wall are Proteobacteria,
Firmicutes and Actinobacteria, with almost similar proportions. (92) This only partial
concordance is consistent with the relationship between the microbiota of other directly
contacting tissues and the spaces they border in the body. Several studies have shown that

the faecal microbiota only partially reflects the gut mucosa-associated microbiota
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(112,113), and the urinary microbiota is also different from the bladder tissue one (16).
These examples suggest that transient bacteria in the blood may also contribute to the
composition of the blood microbiota. Still, only a fraction of these bacteria may be
detected in the vascular wall. In addition, the results of blood microbiota tests can vary
widely even in patients who consider themselves healthy, e.g. the presence or absence of
periodontitis or other diseases can determine the quantity and quality of viable bacteria in
the blood (114,115).

The differences in the microbiota composition suggest that they may be distinct,
individual microbiota, but the many commonalities suggest these ecosystems may be
related and interact. To better understand the relationship between the human organism
and its microbiota and the similarities and differences between microbiota, further studies
are needed that simultaneously examine the microbiota of the sampled individuals.

In addition, several studies have found a link between cardiovascular disease and specific
bacteria in different body parts. (20,116-124) For example, several epidemiological
relationships were identified between cardiovascular disease and periodontal disease, in
which the pathogenic behaviour of the oral microbiota was demonstrated. (124) Increased
levels of Porphyromonas gingivalis, Tannerella forsythia, Prevotella intermedia,
Aggregatibacter actinomycetemcomitans, Treponema denticola, Prevotella nigrescens,
Fusobacterium nucleatum, Eikenella corrodens and Parvimonas micra in the oral cavity
may play a role in endovascular pathogenic processes by increasing systemic
inflammatory parameters. (125) Only two of our healthy vessel specimens contained P.
gingivalis, and only one contained P. nigrescens of the mentioned bacteria. Furthermore,
the gut microbiota may influence cardiovascular physiology through metabolites. The
causal effect of trimethylamine-N-oxide (TMAQ) on atherosclerosis has been
established, and TMAO-producing members of the Enterobacteriaceae family are found
in higher abundance in the gut microbiota of patients with symptomatic atherosclerosis
than in healthy controls. (119,123,124,126) In addition, bacteria of the short-chain fatty
acid (SCFA)-producing families Eubacterium, Roseburia, and Ruminococcaceae are
more abundant in the gut microbiota of healthy patients than in those with atherosclerosis.
(121,124) All of our samples contained varying small amounts of bacterial DNA from
members of the Enterobacteriaceae family. Roseburia and Ruminococcaceae species

were also abundant in small quantities in the samples. Assuming that the bacteria may
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enter the circulation from the patient's intestinal tract, the DNA detected from the vascular
wall provides indirect information that the patient's intestinal flora may contain short fatty
acid-producing strains. Bacteria shown to play an indirect role in vascular wall pathology
were not detected in the healthy vascular wall microbiome or were present in minimal
amounts. (92) The most important bacteria whose DNA was found in the atherosclerotic
plague and whose direct role in atheroma formation has been demonstrated were P.
gingivalis, A. actinomycetemcomitans, C. pneumoniae and H. pylori. (20,122,127) Of
these bacteria, only P. gingivalis was found in two cases in low abundance in our samples
of healthy human vascular wall microbiota. (92)

Even if the exact mechanism of these processes is not known, there is much evidence that
the composition of the gut and the additional microbiota influence the proper function of
the immune system and the success of organ transplants. (103,104) Certain bacteria can
induce allograft rejection by producing metabolites that activate host cell-mediated and
humoral immunity. (103,128-130) In addition, a strong correlation between transplant-
associated complications such as graft versus host disease development and the gut
microbiota and its metabolites was found during allogeneic hematopoietic stem cell
transplantation. (104) Vascular allograft transplants have many complications associated
with grafts, such as extensive calcification, thrombosis or aneurysmal degeneration. Since
the microbiota has been implicated in several organ transplant rejections and the proper
function of the immune system (103,104,128-130), it may also play a role in triggering
vascular graft failures. Further studies are needed to determine whether bacteria in the
vascular wall, their antigens or metabolites affect the outcome of vascular allograft
transplantation.

Our study found distinct donor microbiota groups based on the ABO blood grouping
system. (92) Although Davenport et al. found no association between ABO antigenic
status and gut microbiota composition in a large cohort of 1500 twin pairs (131),
Mikivuokko and Gampa reported similar results to our vascular results for the gut
microbiota (132,133).

Based on a 2018 review, there is ample evidence that microorganisms and blood group
antigens are linked in the background of some diseases and that glycans that make up
antigens are receptors for adhesion molecules of the assembled bacterial community,

ultimately determining which bacterial species find a supportive environment and which
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do not in the human body. (22) A genome-wide association study of 8956 German
individuals also identified an indirect effect of the ABO histo-blood group on the gut
microbiome (134). In addition, in a large mosaic pig population, deletion of the gene
encoding N-acetylgalactosaminyltransferase was associated with a lower prevalence of
Erysipelotrichaceae, bacteria capable of importing and catabolising N-
acetylgalactosamine, in  the gut microbiome. Since alpha  1-3-N-
acetylgalactosaminyltransferase and alpha 1-3-galactosyltransferase are the genes
determining the ABO blood group in humans, the molecular explanation provides
evidence for a link between gut microbiome composition and blood groups (135).

All this suggests that the antigenic status of the human body may also affect the vascular
microbiota and, consequently, susceptibility to and development of certain diseases.
Furthermore, this relationship may also impact the success of vascular transplantation.
However, while there is already molecular genetic evidence for a link between the gut
microbiota and ABO blood groups, the recently observed correlation between vascular
wall microbiota and blood group can only be confirmed after analysis of a more

significant number of healthy samples and investigating well-defined vascular diseases.
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6. Conclusions

6.1. Thrombogenicity
Our results showed that when arterial allografts were cryopreserved and stored for up to
6 months, their haemostatic potential remained within the variability range of the fresh
native arterial wall. In addition, the fibrin production and platelet adhesion of
cryopreserved arterial allografts also decreased over time, minimising the risk of
thrombotic occlusion of the grafts. Thus, the CP method showed a dual clinical benefit:
retained haemostatic and reduced thrombogenic potential of the grafts. The only transient
prothrombotic change was observed in the media of cryopreserved arterial allografts,
where platelet deposition exceeded that of fresh native grafts during the first twelve weeks
after CP. Antiplatelet treatment may be justified to prevent thrombotic occlusion if grafts
are used during this early storage period. The markedly favourable trend of changes in
the thrombogenicity of grafts over the six-month follow-up period of the current study
justifies a longer-term study of the storage period of cryopreserved arterial allografts to

optimise their thrombogenicity. (89)

Thesis I.: The cryopreservation affects the thrombogenicity of arterial allografts.
Although there was no difference in fibrin deposition between native and cryopreserved-
immediately-thawed samples, however a prothrombotic change was observed in the
media of cryopreserved arterial allografts, where platelet deposition exceeded that of

fresh native grafts.

Thesis I1.: The six months storage time of cryopreservation affects the thrombogenicity
of arterial allografts. The fibrin production and platelet adhesion of cryopreserved arterial

allografts decreased over time.

6.2. Healthy human vascular microbiota
Our present investigation is the first methodological description suitable for studying the
healthy vascular wall microbiota. Based on it, the human arterial wall has a unique
microbiota, which differs significantly in composition from other microbiota of the

human body. The most important genera are Staphylococcus, Pseudomonas,

51



Corynebacterium, Bacillus, Acinetobacter and Propionibacterium, which occur in
variable but dominant abundance in all vessel wall samples. In addition, donors were
divided into distinct vascular microbiota clusters according to the ABO blood grouping
system, suggesting vascular microbiota diversity between individuals with different
antigenicity. The pathological or protective role of the microbiome in the background of
various diseases can only be demonstrated if we know the microbiota associated with the
healthy vascular wall. Our present study provides a basis for future research investigating
the direct role of the microbiota in vascular wall abnormalities and the success of allograft

transplantation. (92)

Thesis 1ll.: Healthy human vascular wall contains bacterial hereditary material. Our
methodology using 16S rRNA sequencing of the arterial samples from brain-dead donors
successfully identified bacterial hereditary material in healthy human vascular walls in
strict compliance with sterility rules.

Thesis IV.: Healthy human arterial wall has a unique microbiota. Compared to
physiological faecal and nasopharyngeal microbiota examined using the same gene
sequencing methodology as ours, the microbiota of the healthy vascular wall is
significantly different.
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7. Summary

Even with modern infection control strategies, 3.5-32% of vascular surgical procedures
are still associated with infection in the surgical site. The main risk of the inflammatory
process is the development of life- or limb-threatening complications. There is a long-
standing, unfulfilled demand for a surgeon-friendly, infection-resistant, biocompatible,
durable, off-the-shelf graft material to prevent or treat these conditions. Although
allografts come close to this, vascular allograft transplants are still associated with many
complications. The reasons for these are likely found in the processes of graft production
on the one hand and in the circumstances of the transplantation on the other.

In our work, we analysed the CP protocol of the Cardiovascular Biobank of Semmelweis
University, with particular emphasis on the direct and storage time-dependent effects of
CP on the thrombogenicity of arterial allografts. In addition, we analysed the human
vascular microbiota by examining arterial allografts as healthy vascular tissue. Our results
on thrombogenicity showed that arterial allografts preserved haemostatic properties
similar to fresh native arterial walls during CP with storage for six months. In addition,
fibrin deposition and platelet adhesion on cryopreserved arterial allografts decreased over
time, demonstrating a reduction in their thrombogenic potential. The only transient
prothrombotic change was observed in the media layer, where platelet deposition
exceeded that of fresh native grafts within the first twelve weeks after CP. In addition, in
our study, we successfully developed a method for identifying the human vascular
microbiota using arterial allografts, which allowed us to determine the bacterial
composition of vascular samples from healthy individuals. Furthermore, we demonstrated
the uniqueness of the healthy vascular microbiota by comparing our results with
physiological microbiota found elsewhere in the body.

Our thrombogenicity results demonstrate the effect of frozen storage time on allografts.
This prompts us to investigate longer storage times further to optimise the production of
cryopreserved allografts and the potential need for drug therapy. Besides, our
microbiological results, in addition to demonstrating the existence of a healthy vascular
microbiota, could form the basis for future research into the direct role of the microbiota

in vascular wall disorders and the success of allograft transplantation.
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Abstract

Introduction

Management of vascular infections represents a major challenge in vascular surgery. The
use of cryopreserved vascular allografts could be a feasible therapeutic option, but the opti-
mal conditions for their production and use are not precisely defined.

Aims
To evaluate the effects of cryopreservation and the duration of storage on the thrombogeni-
city of femoral artery allografts.

Methods

In our prospective study, eleven multi-organ-donation-harvested human femoral arteries
were examined at five time points during storage at -80°C: before cryopreservation as a
fresh native sample and immediately, one, twelve and twenty-four weeks after the cryopres-
ervation. Cross-sections of allografts were perfused with heparin-anticoagulated blood at
shear-rates relevant to medium-sized arteries. The deposited platelets and fibrin were
immunostained. The thrombogenicity of the intima, media and adventitia layers of the artery
grafts was assessed quantitatively from the relative area covered by fibrin- and platelet-
related fluorescent signal in the confocal micrographs.

Results

Regression analysis of the fibrin and platelet coverage in the course of the 24-week storage
excluded the possibility for increase in the graft thrombogenicity in the course of time and
supported the hypothesis for a descending trend in fibrin generation and platelet deposition
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on the arterial wall. The fibrin deposition in the cryopreserved samples did not exceed the
level detected in any of the three layers of the native graft. However, an early (up to week
12) shift above the native sample level was observed in the platelet adhesion to the media.

Conclusions

The hemostatic potential of cryopreserved arterial allografts was retained, whereas their
thrombogenic potential declined during the 6-month storage. The only transient prothrombo-
tic change was observed in the media layer, where the platelet deposition exceeded that of
the fresh native grafts in the initial twelve weeks after cryopreservation, suggesting a poten-
tial clinical benefit from antiplatelet therapy in this time-window.

Introduction

Despite modern sterilisation processes, antibiotic therapies and wound treatments, the man-
agement of vascular infections remained a major challenge for vascular surgery. The use of
cryopreserved vascular allografts could be a feasible therapeutic option in these cases. How-
ever, despite the clinical use, no strong evidence-based guidelines of the production and use of
cryopreserved vascular tissues have been issued so far. There are many different cryopreserva-
tional strategies, all assuming that the storage time is virtually infinite [1]. Limited data are
available concerning the relationship between the quality of allografts and their cryopreserva-
tion storage time. Wang and al., who investigated living donor liver transplantation, found no
differences in the patency of vascular grafts for outflow reconstruction or the regeneration of
liver graft between iliac allografts with less or more than one-year cryopreservation storage
time [2]. However, our earlier report on the use of allografts highlighted the superiority in
patency and limb salvage of the allografts stored for less than 6 months after cryopreservation
in arterial reconstruction of lower extremities [3]. To the best of our knowledge no data on the
relationship between allografts and their cryopreservation storage time is available in the litera-
ture other than the above two articles.

In addition, the occurrence of early occlusion (within 30 days) of the allografts varies in a
broad range between 0-17% [3-11], which could be traced back to effects of multiple factors,
such as anatomical location or quality of the allograft. The patency of the implanted grafts
strongly depends on the preservation of the inherent thromboresistance of the native arterial
wall, i.e. their capacity to prevent intravascular blood clot formation, the key companions of
which are platelets and fibrin [12]. However, platelet deposition and fibrin generation by the
plasma coagulation system are essential factors of the hemostatic function of the vascular wall
to prevent bleeding at the site of the implanted graft. Thus, the implementation of optimal
manufacturing and quality control of allografts in vascular surgery requires refined under-
standing of the balance of thrombogenic and hemostatic potential of the applied allografts.

In line with this timely demand, the aim of this study was to evaluate the effects of cryopres-
ervation and the duration of storage on the deposition of platelets and fibrin in the vessel wall
as indicators of the thrombogenicity of femoral artery allografts.

Materials and methods

In our prospective study eleven human femoral arteries, which were harvested from eleven dif-
ferent donors in multi-organ donations, were examined at five time points: before the
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cryopreservation as a native sample (BC) and after the cryopreservation immediately (C0), on
the first (C1), twelfth (C12) and twenty-fourth (C24) week of storage after cryopreservation.

Donor characteristics

The median age of the donors was 45.0(33.0;50.5) years. Three donors were female (27.27%).
The median body mass index (BMI) was 26.3(23.65;27.8) kg/mz. The leading cause of death
was cerebral haemorrhage (6 donors; 54.54%). All essential characteristics of the donors are
presented in Table 1.

Inclusion and exclusion criteria of allografts

Donor inclusion criteria of the study were based on the national multi-organ donation criteria
and rules [13]. The allografts from donors above 65 years, with malignancy or with positive
bacteria-fungal culture or virus serology test and the allografts with negative evaluation of the
vascular surgeon, who performed the explantation or cryopreservation, (e.g. significantly
injured or calcified allograft) were excluded.

Ethical considerations, data collection

The study was in full compliance with the principles of the national multi-organ donation and
the applicable international and national laws. The anonymous data of the donors were col-
lected prospectively from the electronic health information system of the donation according
to the General Data Protection Regulation of the European Union. The study was approved by
the institutional review board, by Semmelweis University Regional and Institutional Commit-
tee of Science and Research Ethics (approval number: 257/2018.). The consents were not
obtained, because the vascular tissues were harvested from brain-dead donors in multi-organ
donations and the data were analyzed anonymously.

Table 1. Donor characteristics.

Characteristic n=11
Cause of death trauma 3(27.27)
cerebral ischaemia 2(18.18)
cerebral haemorrhage 6(54.55)
Age (year) 45.00(33.00-50.50)
Female sex 3(27.27)
BMI (kg/m2) 26.30(23.65-27.80)
Past medical history Hypertension 3(27.27)
Diabetes 1(9.09)
Pulmonary disease (COPD) 1(9.09)
Smoking 4(36.36)
Blood type A 5(45.46)
B 3(27.27)
AB 0(0)
0 3(27.27)
Rh+ 10(90.91)
Rh- 1(9.09)

Data are presented as number of donors(%) or median(lower quartile-upper quartile). n: number of donors; BMI:

body mass index; COPD: chronic obstructive pulmonary disease.

https://doi.org/10.1371/journal.pone.0255114.t001
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Harvesting, cryopreservation, storage and thawing of allografts

Femoral arteries were harvested in Budapest from brain-dead donors in multi-organ dona-
tions organized by the Organ Coordination Office of the Hungarian National Blood Transfu-
sion Service. All donors had negative serology test of human immunodeficiency virus,
hepatitis B virus, hepatitis C virus, syphilis, active Epstein-Barr virus and active cytomegalovi-
rus. The explantation of the femoral arteries (common and superficial femoral artery) was per-
formed under surgical asepsis and principles of sterile technique. The suitability of the grafts
was evaluated by the vascular surgeon, who performed the harvesting. After the explantation
the allografts were placed immediately into a triple sterile plastic bag (Set of Transplantation
Bags-sterile 80 00 61H, Raguse GmbH, Ascheberg, Germany) in 500 ml transport solution
(Sodium Chloride 0.9% “Baxter” Intravenous Infusion in Viaflo, Baxter Hungary, Budapest,
Hungary) containing 4 mg/ml cefazolin (Sandoz GmbH, Kundl, Austria) and 0.4 mg/ml flu-
conazole (Fresenius Kabi Hungary, Budapest, Hungary) at 4°C. They were transferred in an
organ transport box (IGLBox Organ Transporter, Institut Georges Lopez, Lissieu, France) at
4°C to the site of storage and were stored for 12 h at 4°C.

The cryopreservation was performed within 12 h after the explantation in a clean room
classified “A” with a background classified “B” used laminar air flow system [14]. After per-
forming bacteria-fungal culture test and reevaluation of the grafts, five 0.5 cm wide ring sam-
ples were cut from each femoral artery. One of the samples (BC) was placed into a plastic
cryotube in isopentane (Merck Kft, Budapest, Hungary) and stored at -20°C. The rest of the
samples (C0, C1, C12, C24) underwent the same cryopreservation procedure used for the allo-
grafts. They were placed in cryobags (TissueVault Cryogenic Freezing Bag TV1430, Origen
Biomedical, Austin, Texas, USA) in a 500 ml cryopreservation solution (Ringer Fresenius, Fre-
senius Kabi Deutschland GmbH, Bad Homburg, Germany) containing 20 v/v% dimethyl sulf-
oxide (Molar Chemicals Kft., Halasztelek, Hungary), 4 mg/ml cefazolin (Sandoz GmbH,
Kundl, Austria) and 0.4 mg/ml fluconazole (Fresenius Kabi Hungary, Budapest, Hungary) for
10 minutes. Thereafter, these samples were cryopreserved to -80-90°C according to a con-
trolled freezing method (PC Interface for Thermo Scientific'™ Cryomed ™ Freezers, Version
3.0 and Thermo Scientific CryoMed Controlled-Rate Freezer 7451, Thermo Fisher Scientific
Inc., Waltham, Massachusetts, USA) (Fig 1) using vaporised nitrogen (Messer Hungarogaz
Kft., Budapest, Hungary), and they were stored at -80°C in a deep freezer (Taylor-Wharton K
Series Cryogenic Storage System 10K, Taylor-Wharton, Baytown, Texas, USA).

For the thrombogenicity measurements after various storage periods, the cryopreserved
graft samples were thawed at 37°C until the disappearance of the ice components and washed
three times with physiological salt solution (Sodium Chloride 0.9% “Baxter” Intravenous Infu-
sion in Viaflo, Baxter Hungary, Budapest, Hungary) at 20°C to remove the cryopreservation
medium.

Measurement of thrombogenicity with immunofluorescence imaging

The flow-chamber model described previously was used for testing the allograft samples as
thrombogenic surfaces [15, 16]. Frozen cross-sections (10 ym) of allograft samples placed on
poly-L-Lys-coated slides were perfused at 0.5 ml/min flow rate in a 0.4-cm-wide and
0.12-mm-high parallel-plate chamber with heparin-anticoagulated blood collected from
healthy volunteers. Assuming laminar flow conditions, the shear rate at the surface of the sec-
tion was 900 s™*, according to the formula 1.03*6 Q/ (w*h?), where Q is the flow rate in ml s,
w and h are the width and the height of the flow path in cm, respectively. This intermediate
shear rate was chosen as an adequate model of the rheological situation in medium-sized arter-

ies, where deposition of both platelets and fibrin is enabled [17]. Before the perfusion the
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Fig 1. Controlled freezing protocol of the cryopreservation. Temperature ramps of controlled-rate freezer’s
chamber: continuous line with “¢”; temperature ramps of sample: continuous line with “®”.

https://doi.org/10.1371/journal.pone.0255114.g001

sections were blocked with 2 w/v% bovine serum albumin (BSA) in 0.05 M Tris buffer pH 7.4
containing 0.1 M NaCl and 0.02 w/v% NaN; (BSA-TBS) for 45 minutes and the 90-s perfusion
was followed by a 30-s wash with 1.5 mM KH,PO,, 8.1 mM Na,HPO, buffer pH 7.4 containing
137 mM NaCl and 2.7 mM KCI (PBS). Thereafter the sections were fixed in acetone at 4°C for
10 minutes and the deposited platelets and fibrin were double-stained for indirect immunofluo-
rescence microscopy. Sections were blocked with BSA-TBS for 30 min followed by platelet
staining using the mouse monoclonal antibody against human GplIIb/IIIa (4 ug/ml in BSA-TBS
for 30 min, sc-53417, Santa Cruz Biotech), followed by 3 times 5 min washes in TBS, and 30
min incubation with the Goat-anti-Mouse IgG-Alexa Fluor 633 secondary antibody (2 pg/ml in
BSA-TBS, Invitrogen, Budapest, Hungary). Double-staining was continued with the fibrin
staining after 3 times 5 min washes in BSA-TBS: 30 min incubation with the primary rabbit
polyclonal antibody developed against the N-terminal part of the gamma chain fibrin(ogen)

(20 pug/ml in BSA-TBS, PA5-29734, Invitrogen), followed by 3 times 5 min washes in TBS, and
30 min incubation with the Goat-anti-Rabbit IgG-Alexa Fluor 546 secondary antibody (2 pg/ml
in BSA-TBS, Invitrogen). Following final washes in TBS, the stained sections were covered in
50% glycerol in TBS. Confocal images were taken from the slides using a Zeiss LSM710 confocal
laser scanning microscope equipped with a 10 x 0.3 lens (Carl Zeiss, Jena, Germany) using 488
nm, 543 nm and 633 nm excitation laser lines, respectively, and emissions were detected in the
ranges of 500-530 nm, 565-585 nm and 650-690 nm, respectively. Each allograft vessel at each
sampling time point was perfused in duplicates or triplicates and depending on the section size,
5-10 different images were taken of each perfused cryosection in order to survey the whole
cross-sectional area of the vessel. Quantification of platelet and fibrin(ogen) coverage of the ves-
sel wall was performed with the Image J software (NIH, Bethesda, MD, USA) selecting the
region of interest, calculating its surface area in pixels and setting a threshold intensity value for
automatic identification of platelets or fibrin(ogen) covered areas in percentage.

Scanning Electron Microscope (SEM) imaging

Two consecutive cryosections (10 um) of each allograft sample were placed on Thermanox
coverslips and perfused with heparinized whole blood as described for the immunofluorescent
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imaging above. The perfused sections were cut out of the plastic coverslips with scissors, fixed
and processed for scanning electron microscopy. Following repeated washes with 100 mmol/L
Na-cacodylate pH 7.2 buffer, samples were fixed in 1 v/v% glutaraldehyde for 16 h. The fixed
samples were dehydrated in a series of ethanol dilutions (20-96 v/v%), 1:1 mixture of 96 v/v%
ethanol/acetone and pure acetone followed by critical point drying with CO2 in E3000 Critical
Point Drying Apparatus (Quorum Technologies, Newhaven, UK). The specimens were
mounted on adhesive carbon discs, sputter coated with gold in SC7620 Sputter Coater (Quo-
rum Technologies, Newhaven, UK) and images were taken with scanning electron microscope
EVO040 (Carl Zeiss GmbH, Oberkochen, Germany) at 5000x magnification from the intima,
media and adventitia layer of each cross-section.

Statistical analysis

Because our immunofluorescence measurements were performed on arterial samples from 11
donors, in each of which we evaluated the platelet and fibrin content from different number of
collected data (in the range 111-225), we used a fuzzy sample approach [18] to evaluate the
data. This approach allows for the achievement of parity of the arterial samples from different
donors, as applied previously [19-21]. Here, we implemented a novel explicit fuzzy estimation
method and a novel fuzzy version of the invertible cumulative distribution function estimator
with maximum count of nodes [22] for the implicit estimation of the median, lower quartile
and upper quartiles of a random variable. A qualitative quartile-wise estimation of the effect of
cryopreservation on the thrombogenicity was based on comparisons of coverage values at each
time points and the native graft. In this qualitative analysis we tested the null hypothesis H,
(that the compared quartiles are equal) against the alternative hypothesis H, (that one of the
quartiles is greater than the other one) using four different Bootstrap one-tailed tests [23] with
modifications detailed in S1 File. A cluster approach to hypothesis testing was adopted to
increase the statistical power of the tests [24]: each of the four p-values were compared to the
predetermined significance level & = 0.05 and the null hypothesis was rejected, if at least two
out of the four p-values were less than . A quantitative analysis of the effect of storage time on
the thrombogenicity was based on the identification of the trends of changes in the median,
lower quartile and upper quartile of the thrombogenic factor abundance in the course of time.
For each of the three quartiles we constructed a linear regression with the time as independent
variable trained on a fuzzy sample containing four triplets in the form (time, quartile, degree
of membership) using a previously described analytical algorithm [25]. A cluster of four fuzzy
Bootstrap procedures described in S1 File were used to identify the distribution of the pre-
dicted regression slope and the probabilities for the slope to be negative and non-negative (or
positive and non-positive). We considered the negativity/positivity of the estimated regression
slope to be significant, if at least two of the four fuzzy Bootstrap procedures indicated probabil-
ity for non-negativity/non-positivity less than the preselected significance level o = 0.05. Such
estimates based on probabilities are in line, but superior to the p-values of any statistical test in
their power to determine the significance of the identified slope sign, because they calculate
the probability of being right when accepting the alternative hypothesis, whereas the p-values
provide only the probability of being wrong when rejecting the null hypothesis.

Results

We assessed the effects of our allograft-preservation method on the thrombogenicity of the
arterial allografts based on the adhesion of platelets and generation of fibrin in the three layers
of the grafts (adventitia, media, intima). When cross-sections of the grafts were perfused with
heparinized blood at shear rate equivalent to the wall shear rate in medium-size arteries,
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Fig 2. Platelet adhesion to arterial cross-sections. Cross-sections of the arterial grafts were prepared as described in the Materials and Methods (top left
panel) and perfused with heparinized blood. Following the perfusion, the cross-sections were fixated and processed for scanning electron microscopic
imaging. Isolated adhered platelets are seen in the intima and media layers, whereas larger aggregates are formed in the adventitia.

https://doi.org/10.1371/journal.pone.0255114.9002

platelets adhered to the arterial wall in a highly heterogeneous pattern, distinct in the three lay-
ers (Fig 2). In order to account for this heterogeneity in a quantitative manner, we applied a
confocal microscopic technique to detect the immunofluorescence signal of a platelet-related
antigen (GplIb/IIla receptor) on larger areas (lower magnification than SEM) and multiple
(5-10) regions of interest in each layer separately (Fig 3). Because the thrombogenic potential
of the arterial wall depends not only on the recruitment of platelets, but also on the activation
of blood coagulation, we evaluated the deposition of fibrin as an end-product of the blood clot-
ting cascade on the graft cross-sections with anti-fibrin antibody in the same immunofluores-
cence microscopic assay (Fig 3).

Fibrin deposition to the artery wall

In quantitative terms the generation of fibrin was assessed as percentage of area of the intima,
media and adventitia layers covered by fibrin in the immunofluorescent images of the graft
cross-sections (Fig 4). The statistical analysis did not support any significant increase of fibrin
deposition in the cryopreserved samples over the fibrin level detected in any of the three layers
of the native (BC) samples (Fig 5). The subset of fibrin coverage data in the interquartile range
of the cryopreserved grafts (yellow shadowed area, Fig 5) largely overlapped with the respective
band of the BC samples (the area between the red and green dashed lines, Fig 5) without any
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fibrin platelet overlay

Fig 3. Platelet and fibrin deposition to arterial cross-sections detected by indirect immunofluorescence. Cryosections of allograft samples were perfused with
heparinized whole blood and deposited platelets and fibrin were visualized with double immunofluorescence as detailed in Materials and Methods. Representative
images illustrate the uneven spatial distribution of GplIb/IIIa (blue) and fibrin (red) staining in the three layers of the perfused arterial cross-sections. For
quantitative evaluation platelet and fibrin surface coverage data were collected from 5-10 such images (original size of the presented images 850 um x 850 pm) to
survey the whole size of the perfused cross-section, and the intrinsic green autofluorescence of elastin (Fig 4, here indicated by the white lines) was used as a guide to
encircle the regions of interest and evaluate the three vessel wall layers separately. I: lumen; i: intima; m: media; a: adventitia.

https://doi.org/10.1371/journal.pone.0255114.9003

single significant deviation of a quartile boundary of a cryopreserved sample over a BC sample.
It is noteworthy that all significant differences between cryopreserved and native graft samples
indicated reduced fibrin generation (out of the 12 sets of cryopreservation data 3 median, 3
bottom quartile and 6 top quartile values were lower than their BC counterparts, Fig 5). Cryo-
preservation was associated also with a trend to homogenize the fibrin generation potential of
the artery wall layers (narrower interquartile range in 8 out of the 12 cryopreservation data
sets).

In order to test the hypothesis that the storage time affects the fibrin deposition to the cryo-
preserved grafts, we performed regression analysis of the changes in fibrin coverage on the
three arterial wall layers as a function of time (Fig 6). In seven out of the nine hypothesis tests
performed to check the temporal trend of the fibrin coverage in the three quartiles of the three
wall layers a non-negative trend was excluded at 0.05 significance level, whereas in the rest two
cases—the lower coverage quartile of the media and intima layers-the probability of non-
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Fig 4. A time lapse sequence of immunofluorescence images monitoring the fibrin and platelet deposition in different layers of the arterial wall. Cryosections of
allografts were immunostained for platelet (blue) and fibrin (red) antigen after whole blood perfusion as in Fig 3. The green autofluorescence of the internal and
external elastic lamina indicates the boundaries between the wall layers (i: intima; m: media; a: adventitia). Images from two different regions of interest in two different
allografts are shown for each time point.

https://doi.org/10.1371/journal.pone.0255114.9004

negative trend was 20-22% and 14-28%, respectively. Thus, the robust statistical analysis of
the fibrin coverage data in the course of twenty-four-week storage of the arterial grafts defi-
nitely excludes the possibility for increase in the graft thrombogenicity in the course of time
and strongly supports the decline in the fibrin generation.

Platelet adhesion to the artery wall

Platelet adhesion was assessed as percentage of area of the intima, media and adventitia
layers covered by the GplIIb/IIla-related immunofluorescence signal. Similar to fibrin
deposition, the platelet coverage data in the interquartile range of the cryopreserved grafts
(yellow shadowed area in Fig 7) largely overlapped with the respective band of the BC
samples. In contrast to fibrin, however, in 3 out of the 12 datasets of cryopreserved sam-
ples all three (CO and C1 of the media) or two (C12 of the media) of the quartile values
exceeded the respective platelet coverage level of the native samples (BC) (Fig 7). In the
early cryopreserved samples of the intima (C0, C1, C12), the median of the platelet cover-
age moved upward, but this difference was not accompanied by a shift in the upper quar-
tile. The interquartile range of these samples largely overlapped with the BC interquartile
range. Thus, the early changes in the platelet adhesiveness of the intima can be interpreted
as resulting in moderate rearrangements in the platelet coverage within the variability of
the non-cryopreserved grafts.

The regression analysis of the changes in platelet coverage of the three arterial wall lay-
ers as a function of time excluded a non-negative trend at 0.05 significance level in seven
out of the nine hypothesis tests performed on the platelet coverage of the three quartiles of
the three wall layers (Fig 8). The two exceptions were the median and the lower coverage
quartile of the intima, where the probability of non-negative trend was 5-11% and 7-18%,
respectively. Thus, the regression analysis of the platelet coverage data in the course of
twenty-four-week storage of arterial grafts definitely excludes the possibility for time-
dependent increase in the graft thrombogenicity and strongly supports the decline in the
platelet adhesiveness.
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the basis of the adjusted R* (adjR?) values that are shown only for the regression trends proven to be significant at 0.05 level by the statistical approach described
in Materials and Methods.
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Discussion

The incidence of vascular surgical wound infection has a wide range, between 3.5% and 32%,
and the risk of a prosthetic graft infection is 0.25-6% after the implantation. Moreover, these
numbers can be higher in patients with infection-predisposing wound complications and in
certain locations of the surgery [26-30]. In these cases, an optimal therapeutic modality would
be a biocompatible, infection-resistant, easily accessible vascular graft. Autologous superficial
veins are ideal solution for such implantations and they can give the best results for the recon-
struction of the lower extremities, but 20-45% of the patients do not have any appropriate
veins [7, 28, 31, 32]. In the absence of autologous veins, the cryopreserved allografts can be an
alternative solution for the management of the vascular infection. However, because of the
lack of evidence-based guidelines for the production and use of cryopreserved vascular tissues,
characterization of the biomechanical, biochemical and immunological properties of the allo-
grafts are essential for the implementation of optimal manufacturing and quality control pro-
cesses. The cryopreservation strategy is a crucial point of the investigation of allografts.
Harvesting, cryopreservation, thawing are potentially harmful procedures for the grafts. There
are many different methods by allograft banks, but their advantages and disadvantages are not
fully elucidated [1, 4-6, 8, 10, 11, 33, 34].

The cryopreservation protocol applied in the current study maintained the procoagulant
properties of the stored grafts at the level of their fresh native counterparts. In addition, a
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Fig 7. Qualitative quartile-wise comparison of the platelet adhesion on cryopreserved and native arterial allografts. Platelet coverage of the separate arterial
wall layers was measured as illustrated in Fig 3. Lower (green), median (black) and upper (red) quartiles of the measured coverage data are shown with dashed
lines for the BC and continuous lines for the cryopreserved samples. The interquartile range of the cryopreserved samples is shadowed in yellow. Symbols
indicate significant differences between the respective BC and cryopreservation quartiles according to the cluster statistical approach described in Materials and
Methods.

https://doi.org/10.1371/journal.pone.0255114.g007
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moderate, but consistent trend for time-related decline in fibrin deposition was observed.
Although we did not investigate the mechanism of this anticoagulant trend, a hypothetic cause
could be reduction of blood clotting triggers in the wall of stored grafts. Tissue factor, the
major trigger of blood coagulation is known to lose a significant fraction of its activity during a
six-month storage period in frozen state [35]. A practical implication of this result is that one
cannot expect to improve the graft patency with anticoagulant prophylaxis, because the cryo-
preserved grafts do not trigger more massive fibrin formation than the native artery wall. This
finding is in line with the lack of significant effect of warfarin on the primary graft patency of
cryopreserved saphenous vein allografts reported by others [11].

Concerning the role of anti-platelet medication in graft patency, controversial results have
been reported in previous studies. A definite benefit to patency from the anti-platelet therapy
was seen in an animal model with saphenous vein allografts [36], but not in patients undergo-
ing infrainguinal revascularization procedure [11]. Our current findings help the interpreta-
tion of this controversy. We propose that an anti-platelet strategy could be of advantage only
within a certain time-window determined by the temporal pattern of changes in the platelet-
adhesiveness of the stored cryopreserved grafts. In the early storage period in our study (up to
12 weeks after cryopreservation) platelet deposition in the media layer exceeded that of the
media in fresh, non-cryopreserved grafts. This is probably the time frame of storage, when
anti-platelet medication could be of benefit for the patency of the implanted graft. Out of this
time window and in the intima and adventitia layers at all time-points the platelet deposition
remained at the level observed prior cryopreservation, which implies a normal hemostatic
function of the graft and does not justify any anti-platelet medication.

An important aspect of the current study is that we evaluated separately the thrombogeni-
city of the three layers of the artery wall, because these are known to exert differential effects
on blood clotting and platelet function. According to our data the adventitia and intima layers
showed a higher thrombogenic potential, while the media layer’s relative platelet and fibrin
coverage lagged behind the other two layers. On the one hand, the decreased procoagulant
potential of the media layer can be explained by the lower levels of tissue factor protein and
mRNA in this layer, as reported earlier [37]. On the other hand, concerning the relatively
lower platelet deposition in the media, our current findings are in agreement with earlier stud-
ies applying the same experimental setup that showed a limited von Willebrand factor-depen-
dent binding of platelets to native media of arteries and the strongest adhesiveness of the
adventitia [15, 16]. In a different experimental setup, the adventitia of normal, non-
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atherosclerotic vessel walls was observed similarly with the highest platelet deposition, but the
subendothelium had the lowest one and the tunica media had an intermediate adhesiveness
[38]. However, other studies established that the subendothelium can also cause a rapid and
massive platelet activation more pronounced than the media [39, 40], as seen in our current
and earlier work. Independently of the differences in the relative thrombogenicity of the three
layers, following cryopreservation its time-related changes were invariably favourable in all of
them. Layer-dependent response to cryopreservation was observed only in the media layer and
these were restricted to the three earliest times of storage.

The limitations of this study could be the in vitro design, however it is the optimal first part
of further investigations at a such multifactorial and undiscovered field for identification of
the main issues. The most frequently used allograft material in vascular surgery is the great
saphenous vein, especially by revascularization on lower extremities, nevertheless, we have
chosen the arteries based on our previous study [3], in which arterial allografts had better
patency results, than veins.

Conclusions

Our results revealed that if arterial allografts were cryopreserved and stored for a period of up
to 6 months, their hemostatic potential remained within the variability range of the fresh
native arterial wall. In addition, both the fibrin generation and the platelet adhesiveness of the
cryopreserved artery allografts declined in the course of time, minimizing the risk for throm-
botic occlusion of the implanted grafts. Thus, the applied cryopreservation method demon-
strated a twofold clinical benefit: retained hemostatic and reduced thrombogenic potential of
the grafts. The only transient prothrombotic change was observed in the media of the cryopre-
served artery allografts, where the platelet deposition exceeded that of the fresh native grafts in
the initial twelve weeks after cryopreservation. If the grafts are to be used in this early storage
period, antiplatelet therapy may be justified to prevent thrombotic occlusion.

The definite favorable trend of changes in the thrombogenicity of the grafts during the six-
month monitoring period of the current study justifies a longer-term investigation for optimi-
zation of the storage period of cryopreserved arterial allografts in terms of thrombogenicity.
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Discovery of human microbiota is fundamentally changing our perceptions of
certain diseases and their treatments. However little is known about the human
blood vessel microbiota, it may have important effects on vascular pathological
lesions and vascular homograft failure. In our prospective survey study fourteen
femoral arteries, harvested from donors in multi-organ donations, were
examined using the V3-V4 region 16S rRNA sequencing method. The most
abundant phyla in the human vascular microbiota were Proteobacteria,
Firmicutes and Actinobacteria. At the genus level, the most abundant taxa
were Staphylococcus, Corynebacterium, Pseudomonas, Bacillus,
Acinetobacter and Propionibacterium. Of the bacterial taxa that have an
indirect effect on the development of atherosclerosis, we found
Porphyromonas gingivalis, Prevotella nigrescens and Enterobacteriaceae spp.
with different abundances in our samples. Of the bacteria that are more
common in the intestinal flora of healthy than of atherosclerosis patients,
Roseburia and Ruminococcus occurred in the majority of samples. The human
arterial wall has a unique microbiota that is significantly different in composition
from that of other areas of the body. Our present study provides a basis for
ensuing research that investigates the direct role of the microbiota in vascular
wall abnormalities and the success of vascular allograft transplantations.
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Introduction

Traditionally, most of the internal organs and blood are
considered sterile. However, recent evidence has challenged
this dogma by molecular-based detection of microorganisms in
different tissues of healthy and non-healthy individuals (Paisse
et al., 2016; Mansour et al., 2020; Molina et al., 2021; Sookoian
and Pirola, 2021). Moreover, some authors could identify
biologically relevant living microorganisms in these “sterile”
regions (Clifford and Hoffman, 2015; Potgieter et al., 2015;
Moreno et al., 2016). These insights, and the discovery
of human microbiota, can fundamentally change our
perceptions of certain diseases and their treatments.

The vascular system has been also considered a sterile
environment. However, microorganisms can be detected in
some vascular diseases in the arterial wall (aneurysm,
atherosclerosis, vasculitis) (Blanchard et al., 1993; Kozarov
et al., 2005; Rosenfeld and Campbell, 2011; Clifford and
Hoffman, 2015). While microbiota research of gut and other
traditionally non-sterile areas is in an advanced stage, little is
known about the vascular wall tissue microbiota. We
have collected a growing pool of knowledge about the
cardiovascular effects of intestinal microbiota’s metabolites (Jie
et al., 2017; Liu et al., 2019; Verhaar et al., 2020; Jin et al., 2021).
However, little information is available on the local vascular
microbiota and its possible role in homeostasis or pathological
processes. It is often argued that detected bacterial DNA in
sterile areas of the human body is just a residual fragment of
dead bacteria. However, biologically active metabolites and
antigens derived from the same bacteria also present may play
important roles in various pathological or autoimmune
processes. In addition, the relationship between outcome of
liver or renal transplantation and the gut, oral or urinary
microbiota has been repeatedly reported (Campbell et al,
20205 Dery et al,, 2020). At this point, we have no information
about relationship of vascular allografts and any microbiota,
although vascular graft failures are common and have no clear
explanation (Chakfe et al., 2020). On one hand, knowledge about
the human vascular microbiota can help understand the
pathoetiology of the vascular diseases in more detail. On the
other, the information gathered through this process can
increase the success of vascular transplantation.

In reviewing current reports, we have not found any example
that would describe a possible method for identifying healthy
human vascular wall tissue microbiota or results characterizing
the composition of the human blood vessel microbiota. The aim
of our study was to develop a hands-on method for analysing the
human vascular wall tissue microbiota and to characterize its
healthy composition.
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Methods

In our prospective survey study fourteen human femoral
arteries, harvested from fourteen different donors in multi-organ
donations between October 2019 and February 2021 in Hungary,
were examined to identify the healthy human vascular microbiota.

Donor characteristics

The median age of the donors was 49.5 (IQR:10) years. Male/
female rate of donors was 11/3. The median body mass index
(BMI) was 27.8 (IQR:7.9) kg/mz. The leading cause of death was
cerebral haemorrhage (7 donors; 50%). All essential
characteristics of the donors are presented in Table 1.

Inclusion and exclusion criteria of
allografts

Donor inclusion criteria of the study were based on the
national multi-organ donation criteria and rules (Hungarian
National Blood Transfusion service., 2020). Briefly, the selection
criteria for donors are based on an analysis of the risks associated
with the use of tissues. Signs of these risks must be identified
through a medical examination, medical history, lifestyle,
biological examination, post-mortem examination and any
other suitable examination. Donors should be excluded from

TABLE 1 Donor characteristics.

Characteristic n=14
Cause of death trauma 5(35.71)
cerebral ischaemia 2 (14.28)
cerebral haemorrhage 7 (50)
Age (year) 49.5 (IQR:10)
Female sex 3(21.42)
BMI (kg/m2) 27.8 (IQR:7.9)
Past medical history Hypertension 3(21.42)
Diabetes 1(7.14)
Smoking 7 (50)
Blood type A 5(35.71)
B 2 (14.28)
AB 1(7.14)
0 6 (42.85)
Rh+ 12 (85.71)
Rh- 2 (14.28)

Data are presented as number of donors (%) or median (IQR). n, number of donors; BMI,
body mass index.
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donating if any of the following criteria apply:The cause of death
is unknown., Unknown disease in medical history., Malignant
disease., Transmissible spongiform encephalopathies., Any
untreated infection at the time of donation., HIV, Any
autoimmune disease that may affect the transplanted organ.,
Any intervention that may modify the results of the donor’s
blood tests., Any potencial transmitted disease., Poisoning., The
donor was a former recipient., Vaccination with live virus. The
allografts from donors above 65 years, with malignancy or with
positive bacterial-fungal culture or virus serology tests and the
allografts with negative evaluation of the vascular surgeon, who
performed the explantation (e.g. significantly injured or calcified
allograft), were excluded.

Ethical considerations, data collection

The study was in full compliance with the principles of the
national multi-organ donation and the applicable international
and national laws. The anonymous data of the donors were
collected prospectively from the electronic health information
system of the donation according to the General Data Protection
Regulation of the European Union. The study was approved by
the institutional review board, by Semmelweis University
Regional and Institutional Committee of Science and Research
Ethics (approval number: 257/2018).

Harvesting of allografts and preparing
of samples

Femoral arteries were harvested in Budapest from brain-
dead donors in multi-organ donations organized by the Organ
Coordination Office of the Hungarian National Blood
Transfusion Service. All donors had negative serology test of
human immunodeficiency virus, hepatitis B virus, hepatitis C
virus, syphilis, active Epstein-Barr virus and active
cytomegalovirus. The explantation of the femoral arteries
(common and superficial femoral artery) was performed under
surgical asepsis and sterile techniques. The suitability of the
grafts was evaluated by the vascular surgeon, who performed the
harvesting. Immediately after explantation, the allografts were
placed into a triple sterile plastic bag (Set of Transplantation
Bags - sterile 80 00 61H, Raguse GmbH, Ascheberg, Germany)
in 500 mL transport solution (Sodium Chloride 0.9% “Baxter”
Intravenous Infusion in Viaflo, Baxter Hungary, Budapest,
Hungary) containing 4 mg/mL cefazolin (Sandoz GmbH,
Kundl, Austria) and 0.4 mg/mL fluconazole (Fresenius Kabi
Hungary, Budapest, Hungary) at 4°C. They were transferred in
an organ transport box (IGLBox Organ Transporter, Institut
Georges Lopez, Lissieu, France) at 4°C to the site of storage and
were stored for 12 h at 4°C.
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The samples for microbiota analysis were prepared within 24 h
after the explantation under sterile conditions in a clean room
classified “A” with a background classified “B” used laminar air
flow system (European Commission, 2022). From each femoral
artery three 3 mm?® samples were cut. The samples were placed into
a sterile plastic tube (VWR Low Temperature Freezer Vials, VWR
International, LLC, Radnor, PA, USA) in physiological saline
solution (sodium chloride 0.9% “Baxter” Intravenous Infusion in
Viaflo, Baxter Hungary, Budapest, Hungary) and transported
immediately for microbiota analysis at 4°C.

DNA isolation, 16S rRNA gene library
preparation and MiSeq sequencing

DNA isolation was performed by ZymoBIOMICS DNA
Miniprep Kit (Zymo Research Corp., Irvine, CA, USA)
according to the manufacturer’s instructions, after enzymatic
dissolution with ProtK (56°C, 3 h). Isolated DNA samples were
placed at —80°C until polymerase chain reaction (PCR)
amplification. Concentration of genomic DNA was measured
using a Qubit2.0 Fluorometer with Qubit dsSDNA HS Assay Kit
(Thermo Fisher Scientific, Waltham, MA, USA). Bacterial DNA
was amplified with tagged primers covering the V3-V4 region of
the bacterial 16S rRNA gene. PCR and DNA purifications were
performed according to Illumina’s protocol. PCR product
libraries were assessed using DNA 1000 Kit with Agilent 2100
Bioanalyzer (Agilent Technologies, Waldbronn, Germany).
Equimolar concentrations of libraries were pooled and
sequenced on an Illumina MiSeq platform (Illumina, San
Diego, CA, USA) using MiSeq Reagent Kit v3 (600 cycles PE).

In order to evaluate the contribution of extraneous DNA from
reagents, extraction negative controls and PCR negative controls
were included in every run. To ensure reproducibility, each
vascular tissue sample was independently extracted. To avoid
false results (e.g.: contamination) and to increase the reliability of
the study, all analysis procedures were done in triplicate from 3
different samples of each donor. Raw sequencing data were
retrieved from the Illumina BaseSpace and the data were
analysed by the CosmosID bioinformatics platform (CosmosID
Metagenomics Cloud, app.cosmosid.com, CosmosID Inc.
Rockville, MD, USA, www.cosmosid.com) described elsewhere
(Yan et al, 2019). Briefly: The raw reads from paired-end fastq
files were processed through read trimming (DADA2) to remove
adapters as well as reads and bases of low quality. The forward and
reverse overlapping pairs were joined together; and with the
supplementing unjoined R1 and R2 reads were than used as
input for OTU picking. OTUs are identified against the
CosmosID curated 16S database using a closed-reference OTU
picker and 97% sequence similarity through the QIIME
framework. The final results contain taxonomic names, OTU ids,
frequency, and relative abundance. Of the 3 samples from each
donor, the sample with highest read quantity were selected for
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comparative studies. Figures 1-5 were generated from the phyla or
genus-level filtered abundance score matrices from the CosmosID
taxonomic analysis using the CosmosID-HUB bioinformatics
pipeline (app.cosmosid.com/comparative). Software for
multivariate data analysis of Fathom Toolbox for MATLAB was
used to create the Jaccard PCoA biplot diagram of Figure 4B
(Jones, 2017).

Statistical analysis

Categorical variables are described as counts of cases and
percentages. Continuous variables are described as median with
interquartile range. Statistical significance between cohorts of
vascular samples were implemented Wilcoxon Rank Sum test for
Chaol Alpha diversity and PERMANOVA analysis for Jaccard
PCoA Beta diversity using the statistical analysis support
application of CosmosID bioinformatics platform.

We compared the results of current vascular samples with
the DNA amounts of faecal and pharyngeal samples from our
previous studies (Szabo et al.,, 2021), obtained using the same
DNA isolation and 16S rRNA method. The levels of statistical
significance for the differences between the amounts of isolated
DNA or amounts of amplified and tagged PCR products — not
normally distributed variables - measured in the vascular
samples or other frequently tested samples was calculated by
the Mann-Whitney U test.

A value of p<0.05 was considered significant.

Results

From each common-superficial femoral artery samples three
smaller pieces were processed separately, for a total of forty-two

10.3389/fcimb.2022.1056319

tested samples from fourteen patients. The median of isolated
DNA from vascular samples was 27.8 ng/uL (IQR: 21.4 ng/pL).
From this starting amount, which also contains human DNA,
after 16S rRNA PCR a median DNA amount of 1.546 ng/uL
(IQR: 0.762 ng/uL), after indexing PCR a median DNA amount
of 3.947 ng/uL (IQR: 1.996) was amplified. The average length of
index PCR products was 667 bp (SD: 55 bp). From the
simultaneously processed transport buffers of samples, as from
negative controls neither DNA isolation nor 16S rRNA PCR
resulted in measurable amounts of DNA.

A total of 5.8 million valid sequences were obtained,
resulting in 3.9 million high-quality reads; the median number
of reads within one sample was 79485 (IQR: 24511).

The most abundant phyla in the human vascular microbiota
were Proteobacteria (31.78%), Firmicutes (29.18%) and
Actinobacteria (23.05%) (Figure 1). The samples are clustered
into three major groups according to the rate of the three most
relevant phyla. At the genus level, the most abundant taxa in the
human vascular microbiota were Staphylococcus, Pseudomonas,
Corynebacterium, Bacillus, Acinetobacter and Propionibacterium
(Figure 2A). However, the stacked bar graph clearly shows that
the individual samples contained very different proportions of
these genera (Figure 2B). The median of the Chaol alpha
diversity of genera was 217.5 (IQR: 107).

Of the bacterial taxa that have an indirect effect on the
development of atherosclerosis, we found Porphyromonas
gingivalis in two samples (0.54%, 0.16%), Prevotella nigrescens in
one sample (0.1%) and all samples contained different amounts of
Enterobacteriaceae spp with a median of 2.25% (IQR: 1.46). Of the
bacteria that are more common in the intestinal flora of healthy
people than in patients with atherosclerosis, Roseburia was found
in 8 samples (median: 0.13%, IQR: 0.08) and Ruminococcus
occurred in 13 samples (median: 3.07%, IQR: 1.78). Helicobacter
pylori and Chlamydophila pneumoniae, bacteria that can play a

FIGURE 1
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direct role in development of atherosclerosis, were not detected in
any of the samples.

Due to the low number of cases, we grouped donors based on
only a few individual traits and examined differences in microbiota
composition. Three-Dimension Principal Component Analysis (3D
PCoA) pictures fails to show any significant difference i) between
the vascular microbiota of male and female patients (Figure 3A), ii)
in smoker and non-smoker patients (Figure 3B), iii) according to
age distribution (Figure 3C).

There were significant differences in the Chaol alpha
diversity of microbiota between the O and A blood groups
(p=0.0106) and between the O and B blood groups (p=0.045)
(Figure 4A) using the Wilcoxon Rank Sum test. Jaccard distance
measure was used for assessing the beta-diversities of the
microbiota and Principal Coordinate Analysis (PCoA) biplot
for visualizing microbiotas (Figure 4B). There were significant
differences using PERMANOVA analysis in the Jaccard beta-
diversity values of the microbiotas between O and A blood
groups (p= 0.003), between O and B blood groups (p=0.037) and
between A and B blood groups (p=0.045).

Compared to previous results of our study group (Szabo
et al,, 2021), Figure 5 shows significant differences with Jaccard
Beta Diversity PCoA between human vascular and human stool
(p=0.001) or human nasopharyngeal (p=0.001) samples.

Discussion

In the case of visceral tissues previously considered sterile, it has
been repeatedly shown that they contain microbial genetic material
(Aagaard et al, 2014; Ghaemi et al., 2021; Sookoian and Pirola,
2021). Indeed, hereby we could detect these from healthy arterial
wall. We managed to develop a usable protocol for the identification
of healthy vascular microbiota by which we were able to
characterize the composition of the human blood vessel microbiota.
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It is impossible to collect an artery wall sample from a living,
healthy person for research purposes, so no one has previously
characterized the microbiome composition of a healthy blood
vessel wall. Access to this special, unique test material was only
possible by processing a small piece of a blood vessel section
removed from a dead person intended for vascular
allograft transplantation.

Our vascular samples contain less microbial DNA than
samples containing physiological bacterial flora. Using the
same isolation and sequencing methods the difference is
significant - in contrast with our previous results (Szabo et al,
2021) - after 16S rRNA PCR the median bacterial DNA amount
is 1.546 ng/uL from vascular samples and 17,4 ng/uL in stool
samples (p= 0,002). However, there is no significant difference
between the average length of index PCR bacterial products 667
bp in vascular samples and 662 bp in stool samples (Szabo et al.,
2021). The microbiota of the human vessel forms a well-defined
cluster that is significantly distinct from the microbiota of other
human samples. The composition of the vascular microbiota is
uniquely and significantly different from either nasopharyngeal
or faecal microbiota samples.

Recent accounts report on the blood microbiota of healthy
donors with Proteobacteria, Actinobacteria, Firmicutes and
Bacteroidetes phyla as the largest representatives (Paisse et al,
2016; Castillo et al., 2019). Three of them, Proteobacteria,
Firmicutes, and Actinobacteria phyla were also identified by us
as the most abundant phyla in the human vascular microbiota.
Based on these studies, we can assume that the two microbiotas
are related to each other. However, their exact composition
could be different. While the main phylum of the blood was
Proteobacteria, over 80% (Paisse et al., 2016), the main phyla of
the arterial wall were Proteobacteria, Firmicutes, and
Actinobacteria with almost similar proportions. The result,
that there can be a difference between the microbiome of the
blood vessel wall and the microbiome of the circulating blood is
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not surprising. Numerous studies have proven that faecal
microbiota only partially reflected the gut mucosal-associated
microbiome (Flemer et al., 2017; Yang et al., 2020), and the urine
microbiome also differs from the bladder tissue microbiome
(Mansour et al., 2020). Based on these examples, we can assume
that bacteria transiently present in the blood are also added to
the blood microbiome composition, but only a part of them can
be detected in the vessel wall. Furthermore, the results of blood
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microbiome tests can be very different even for patients who
consider themselves to be healthy, the presence or absence of e.g.
periodontitis or other disorders determines the quantity and
quality of viable bacteria in the blood (Damgaard et al., 2015;
Damgaard et al., 2021). The vessels we examined did not contain
any viable bacteria, because samples with positive culture results
were excluded from the study. All of these can result in
differences in blood and blood vessel wall microbiome results.
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In addition to the microbes circulating in the blood, those
microbes whose DNA content can be detected in the vessel
wall can have a direct effect on the function or pathological
changes of the vessel wall with their metabolic products or
antigens derived from them.

Numerous studies have found association between
cardiovascular diseases (coronary, cerebrovascular or peripheral)
and specific bacteria in different sites of body (Blanchard et al.,
1993; Kozarov et al., 2005; Caula et al., 2014; Ahmed and Tanwir,
2015; Clifford and Hoffman, 2015; Jie et al., 2017; Liu et al., 2019;
Verhaar et al, 2020; Jin et al., 2021). Increased amounts of
Porphyromonas gingivalis, Tannerella forsythia, Prevotella
intermedia, Aggregatibacter actinomycetemcomitans, Treponema
denticola, Prevotella nigrescens, Fusobacterium nucleatum,
Eikenella corrodens and Parvimonas micra in the oral cavity
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FIGURE 5

may play a role in endovascular pathogenic processes by
enhancing systemic inflammatory parameters (Caula et al,
2014; Tapashetti et al., 2014; Ahmed and Tanwir, 2015;
Damgaard et al, 2017). Only two of our healthy vascular
samples contained P. gingivalis and only one sample contained
P. nigrescens from the bacteria mentioned above. Gut microbiota
can also impact the cardiovascular physiology with the produced
metabolites that enter the blood (Verhaar et al., 2020). A causal
effect of Trimethylamine-N-Oxide (TMAO) on atherosclerosis
has been established (Eshghjoo et al, 2021), and the TMAO
producer members of Enterobacteriaceae family have higher
abundance in the gut microbiota of patients with symptomatic
atherosclerosis compared to healthy controls (Jie et al., 2017).
Nevertheless, Short Chain Fatty Acid (SCFA) - producing bacteria
from the Eubacterium, Roseburia, and Ruminococcaceae families
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have higher abundance in the gut microbiota of healthy patients
than in atherosclerosis ones’ (Liu et al., 2019). Each of our samples
contained different low amounts of bacterial DNA from members
of the Enterobacteriaceae family, and the occurrence of Roseburia
and Ruminococcaceae species in the samples was also common in
small amounts. Assuming that bacteria may enter the circulation
from the intestinal tract of the patients, the DNA detected from
the vascular wall is an indirect information that the intestinal flora
of the patient may contain short fatty acid-producing strains. The
bacteria that have been proven to play indirect role in the
pathological changes of the vessel wall were not detectable, or
only in minimal amounts, in the healthy vessel wall microbiome.

The most important bacteria whose DNA have been found
in the atherosclerotic plaque and whose direct role in the
development of atheromas has been demonstrated are P.
gingivalis, A. actinomycetemcomitans, C. pneumoniae and H.
pylori (Kozarov et al, 2005; Rosenfeld and Campbell, 2011;
Clifford and Hoffman, 2015). Of these bacteria, only P. gingivalis
occurred in 2 cases in low amounts in our healthy human vessel
wall microbiota samples.

In our study, the donors were divided into well-separated
vascular microbiota clusters according to ABO blood group
system. Mékivuokko and Gampa reported similar results for
gut microbiota (Makivuokko et al., 2012; Gampa et al., 2017).
However, Davenport et al. found no association between ABO
antigen status and gut microbiota composition in a large cohort
of 1500 twins (Davenport et al, 2016). In a genome-wide
association study in 8956 German individuals an indirect
influence of ABO histo-blood groups on gut microbiome was
also identified (Ruhlemann et al.,, 2021). In a large mosaic pig
population, the deletion in the gene encoding N-acetyl-
galactosaminyl-transferase was associated with lower
abundance of Erysipelotrichaceae- bacteria that can import and
catabolize N-acetyl-galactosamine -in gut microbiome. Since
alpha 1-3-N-acetylgalactosaminyltransferase and alpha 1-3-
galactosyltransferase are the genes determining the ABO blood
group in humans, a molecular explanation proves the
connection between the gut microbiome composition and the
blood groups (Yang et al, 2022). There is already molecular-
genetic proof of the relationship between the gut microbiome
and ABO blood groups, but the recently detected blood vessel
wall microbiome - blood group correlation can only be
confirmed after examining a larger number of samples.

The composition of the intestinal and additional microbiotas
influences the success of organ transplantations. Certain bacteria
could precipitate allograft rejection by producing metabolites that
activate host cell-mediated and humoral immunity (Mitchell,
2019; Baghai Arassi et al., 2020; Campbell et al.,, 2020; Dery
etal., 2020). Vascular allograft transplantation has a high number
of graft-related complications such as extended calcification or
aneurysmal degeneration, the exact cause of which is unknown
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despite extensive research of the last decades (Chakfe et al., 2020).
However, as the role of the microbiota has arisen in case of a series
of organ-graft rejection, it could be also one to induce vascular
transplantation-failures. Further studies are needed to determine
whether antigens or metabolites of bacteria in the blood vessel
wall affect the outcomes of vascular allograft transplantation.

The limitations of this study could be the low number of the
donors, however the number of multi-organ donations are
limited and there is no other ethical way for harvesting
healthy vascular samples. The concept of “healthy” is a
difficult one to define. However, multi-organ donations have
very strict criteria, which can ensure the structural and
functional health of the harvested organs despite possible
comorbidities. Nonetheless, future studies investigating
subgroups of donors with different comorbidities could
be useful.

Summarizing the results of our research the human arterial
wall has a unique microbiota that is significantly different in
composition from that of other areas of the human body. The
most important genera were Staphylococcus, Pseudomonas,
Corynebacterium, Bacillus, Acinetobacter and Propionibacterium,
which were found in variable but dominant quantities in all vessel
wall samples. In addition, the donors were divided into well-
separated vascular microbiota clusters based on ABO blood group
system. Follow-up studies with a larger number of samples are
needed to reveal the relationship between the microbiome
composition of the vessel wall and the success of
transplantation. Our present study is the first methodological
description that can be used to examine the microbiome of the
vessel wall. The pathological role of a microbe in the damaged
vessel wall can only be proven if we know the microbiome
associated with the healthy vessel wall. Our present study
provides a basis for following research that investigates the
direct role of the microbiota in vascular wall disorders and the
success of allograft transplantations.
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Abstract

Introduction

Femoro-popliteal bypass with autologous vascular graft is a key revascularization method in
chronic limb-threatening ischemia (CLTI). However, the lack of suitable autologous conduit
may occur in 15-45% of the patients, necessitating the implantation of prosthetic or allogen
grafts. Only little data is available on the outcome of allograft use in CLTI.

Aims
Our objective were to evaluate the long term results of infrainguinal allograft bypass surgery

in patients with chronic limb-threatening ischemia (CLTI) and compare the results of arterial
and venous allografts.

Methods

Single center, retrospective study analysing the outcomes of infrainguinal allograft bypass
surgery in patients with CLTI between January 2007 and December 2017.

Results

During a 11-year period, 134 infrainguinal allograft bypasses were performed for CLTI [91
males (67.9%)]. Great saphenous vein (GSV) was implanted in 100 cases, superficial femo-
ral artery (SFA) was implanted in 34 cases. Early postoperative complications appeared in
16.4% of cases and perioperative mortality (<30 days) was 1.4%. Primary patency at one,
three and five years was 59%, 44% and 41%, respectively, while secondary patency was
60%, 45% and 41%, respectively. Primary patency of the SFA allografts was significantly
higher than GSV allografts (1 year: SFA: 84% vs. GSV: 51% p = 0,001; 3 years: SFA: 76%
vs. GSV: 32% p = 0,001; 5 years: SFA: 71% vs. GSV: 30% p = 0.001). Both primary and
secondary patency of SFA allograft implanted in below-knee position were significantly
higher than GSV bypasses (p = 0.0006; p = 0.0005, respectively). Limb salvage at one,
three and five years following surgery was 74%, 64% and 62%, respectively. Long-term sur-
vival was 53% at 5 years.
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Conclusion

Allograft implantation is a suitable method for limb salvage in CLTI. The patency of arterial
allograft is better than venous allograft patency, especially in below-knee position during
infrainguinal allograft bypass surgery.

Introduction

Infrainguinal autologous conduit bypass surgery is a key revascularization method in chronic
limb threatening ischemia (CLTI). The most suitable autologous vascular graft is the ipsilateral
single-segment great saphenous vein (GSV), but contralateral GSV, upper limb vein, or small
saphenous vein are also suitable for use. Some 15-45% of patients [1-3] require an alternative
vascular graft for surgery, due to the lack (earlier coronary or lower limb bypass surgery, vari-
cectomy) or inadequacy (varicosity, insufficient graft diameter or length, structural alterations,
earlier thrombophlebitis) of the autologous conduit. An alternative vascular graft may be a
prosthetic graft or an allograft.

Following the implantation of prosthetic grafts, lower patency rates were reported, com-
pared to autologous venous bypass, particularly in below-knee bypasses. Alternative autolo-
gous veins—such as arm vein conduit-emerges as a potential choice for infrainguinal bypass,
however its primary patency is low, 23% at 5 years [4]. The five-year primary patency rate was
38% following below-knee heparin-bonded polytetrafluoroethylene (PTFE) bypasses. [5].
Considering the poor patency rates of synthetic grafts, the high risk of synthetic graft infection
due to ulcer or gangrene commonly occurring in CLTI, the use of allografts in limb salvage
surgery may be promising.

An allograft is a biological vascular graft, which is explanted during multiple organ dona-
tions. In most cases, GSV and/or superficial femoral artery (SFA) are explanted during the
donation. Since allografts are classified as biological grafts, using them is more advantageous
than prosthetic grafts in situations such as infection, septic condition, ischemic ulcer, and gan-
grene, since it has appropriate resistance to infection. Moreover, allograft has other advantages,
such as very similar compliance and flow dynamics as autologous conduit.

The results following allograft implantation in cases of CLTT are still unclear.

Our aim was to conduct a retrospective analysis of the outcomes of infrainguinal allograft
bypass surgery in patients with CLTI over a period of 11 years, and to compare SFA and GSV
allografts from the perspectives of graft patency, limb salvage, as well as survival.

Materials and methods

We conducted a retrospective single-centre observational study of patients with CLTI exposed
to infrainguinal allograft bypass surgery between January 2007 and December 2017 with the
help of a computerized patient record system and patient follow-up.

Allograft implantation was performed if there was a lack or inadequacy of the ipsilateral or
contralateral GSV autologous conduit, taking into account the recommendations for graft
selection based on international guidelines [6].

Our study inclusion criteria:

« Infrainguinal femoro-popliteal bypass
o Graft material: allograft
« Indication for surgery: CLTI (Fontaine stage ITII-IV; Rutherford stage 4-5-6)
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o TASC C or D femoro-popliteal lesions

Our study exclusion criteria:
« Indication for surgery: septic condition, graft infection
o Graft material: composit (autologous vein + allograft)

Patients undergoing allograft implantation due to graft infection were excluded.

During femoro-popliteal allograft bypass surgery, the proximal anastomoses were placed
on the common femoral artery, and the distal anastomoses on the above- or below-knee
position.

In every case, the implanted allograft was single-segment SFA or GSV. All of the GSV allo-
grafts implanted in reverse position. SFA or GSV was choosen by the surgeon intraoperatively
depending on the available grafts that matched the required diameter and length. Patients with
composite graft (prosthesis+allograft) implantations were excluded.

The implanted allografts were removed from brain-dead donors—with complete donor
anonimity—who were found suitable for multi-organ donation conducted by the Hungarian
National Blood Transfusion Service, Organ Coordination Office in accordance with the inter-
national rules and asepsis guidelines. None of the transplant donors were from a vulnerable
population. The consents were not obtained, because by Hungarian law, any person who dies
of brain death and fits in the criterias of multi-organ transplantation is considered as a donor
and does not require his or her consent in his or her lifetime.

Following explantation by an experienced vascular surgeon, the grafts were placed into a
special transport solution [500 ml transport solution: Sodium Chloride 0.9% “Baxter” Intrave-
nous Infusion in Viaflo, (Baxter Hungary, Budapest, Hungary); 4 mg/ml cefazolin (Sandoz
GmbH, Kundl, Austria), 0.4 mg/ml fluconazole (Fresenius Kabi Hungary, Budapest, Hun-
gary)] into a triple sterile plastic bag (Set of Transplantation Bags-sterile 80 00 61H, Raguse
GmbH, Ascheberg, Germany), kept at 4°C, and delivered to the Allograft Tissue Bank of the
Semmelweis University, Department of Vascular and Endovascular Surgery, Budapest, Hun-
gary, where they were prepared carefully and frozen within 24 hours [7].

During graft conservation, the cryopreservation was performed in a clean room classified
“A” with a background classified “B” used laminar air flow system and the grafts were frozen
in a cryopreservation solution (500 ml cryopreservation solution (Ringer Fresenius, Fresenius
Kabi Deutschland GmbH, Bad Homburg, Germany) containing 20 v/v% dimethyl sulfoxide
(Molar Chemicals Kft., Halasztelek, Hungary), 4 mg/ml cefazolin (Sandoz GmbH, Kundl, Aus-
tria) and 0.4 mg/ml fluconazole (Fresenius Kabi Hungary, Budapest, Hungary), and stored at
-80°C. At the beginning of the surgery, the graft to be implanted was thawed in a water bath at
20-25°C and then implanted after preparation. We did not consider blood type and we did
not administer any immunosuppressive drugs.

Regarding limb salvage, only major amputations at the below-knee or above-knee levels
were taken into consideration. Graft patency were investigated only in cases where the follow-
up time was complete. Primary and secondary patency were defined according to the Society
for Vascular Surgery (SVS) definitions [8].

Long term patient follow-up was performed by the operating surgeon at 1, 6, and 12
months and then annually after the surgery. If there was suspicion for stenosis or occlusion of
the allograft during the clinical examination, duplex US was performed.

Graft infection was definied according to Szilagyi classification [9].

Statistical analysis of the data was performed using the GraphPad Prism software (Graph-
Pad Software, Inc., La Jolla, CA, USA). Student t-test, Fisher’s method, multivariable Cox-
regression and Kaplan-Meier analysis were used. We checked the distribution of the variables
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by using the Shapiro-Wilk normality test and presented continuous data as mean with stan-
dard deviation or median with interquartile ranges, as appropriate. Categorical data were
described as event numbers with percentages. A 95% confidence interval was considered to be
statistically significant (p <0.05).

During the course of our study, data were handled in accordance with the valid legal regula-
tions and the work was carried out with the permission of the Regional, Institutional Scientific
and Research Ethics Committee of Semmelweis University (#SE TUKEB 132/2015). All data
handling and data processing met the requirements of Act LXIII of 1992 on the Protection of
Personal Data and Disclosure of Data of Public Interest and Act XLVII of 1997 on the Process-
ing and Protection of Medical and Other Related Personal Data. Before surgery, all patients
received adequate information about both the surgery and the use of their personal data in
medical research. Written and oral medical information was given to all patients. Written
informed consent was obtained from all patients participating in the study, in accordance with
the approved Institutional Review Board (IRB) protocols.

Results
Patient characteristics, operative details

Between January 2007 and December 2017 a total of 134 cases of infrainguinal allograft
implantations due to CLTI were performed. The mean age of the patients was 66.4 + 9.9 years,
with the majority of them being males (91 patients, 67.9%).

GSVs were implanted in 100 cases (74.6%), SFAs in 34 cases (25.4%).

Grafts were implanted at above-knee position in 35 cases (26.1%) and at below-knee posi-
tion (popliteal, tibioperoneal trunk) in 99 cases (73.9%).

The main cardiovascular risk factors detailed in Table 1.

Postoperative outcomes

The mean length of hospital stay was 13.6 + 5.6 days.

Early postoperative complications (<30 days) occurred in 16.4% of the cases, among which
significant cardiovascular complications occurred in 2 cases (1.4%): stroke in one patient and
acute myocardial infarction in another patient. Hematoma and wound infection requiring
reoperation occured in 4 (2.9%) and 6 (4.4%) cases, respectively. (Table 2).

Reoperations (open surgery) were performed in 26.1% of cases. (Table 3) Graft infections
developed in 2 cases (1.4%). Both graft infections were Grade III infections according tot he

Table 1. Demographic data and comorbidities.

Features Mean+SD
Age (years) 66.4+9.9
Cases (N) %

Male 91 67.9
Comorbidities

Smoking 107 79.8
Hypertension 121 90.2
Hyperlipidemia 106 79.1
Coronary diseases 49 36.5
Diabetes 56 41.7
Stroke 16 11.9
COPD 14 10.4
Renal failure 2 1.4

https://doi.org/10.1371/journal.pone.0275628.t001
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Table 2. Early postoperative complications.

Complication Cases (N) %
Occlusion 10 7.4
Hematoma 4 2.9
Wound infection 6 4.4
Stroke 1 0,7
AMI 1 0.7

https://doi.org/10.1371/journal.pone.0275628.t002

Szilagyi classification. In one case, graft ligation was performed due to septic bleeding followed
by combined antibiotic therapy. In the other case, wound exploration, lavage and necrectomy
were performed, followed by combined antibiotic therapy.

Neither early postoperative complications nor reoperations were significantly affected by
homograft type and the location of the distal anastomosis (early postoperative complications
vs. location of the distal anastomosis: p = 0.21; vs. allograft type: p = 0.14; early reoperations vs.
location of the distal anastomosis: p = 0.55; vs. allograft type: p = 0.68; late reoperations vs.loca-
tion of the distal anastomosis: p = 0.34; vs. allograft type: p = 0.97.

Structural changes (aneurysm or dilatation) occurring in the graft, which were distant from
the anastomosis, were described in 2 cases (1.4%). In one case, the entire segment of the allo-
graft was dilated, resulting in prosthetic graft replacement. In the other case, an aneurysm
(d =22mm) formed on the distal segment of the allograft, which was occluded and no surgery
was performed.

The perioperative mortality rate was 1.4% (2 cases). Long-term survival at one, three and
five years after surgery was 85%, 68% and 53%, respectively (Fig 1).

Graft patency, limb salvage

Primary patency of the entire group was 59% after one year, 44% after three years, and 41%
after 5 years. Secondary patency of the entire group after 1, 3 and 5 years was 60%, 45% and
41%, respectively (Fig 2). SFA allograft patency rate was significantly higher compared to the
GSV allograft patency rate (1 year: SFA: 84% vs. GSV: 51% p = 0.001; 3 years: SFA: 76% vs.
GSV:32% p = 0.001; 5 years: SFA: 71% vs. GSV: 30% p = 0.001) (Fig 3). Both primary and sec-
ondary patency rate of SFA allografts were significantly higher than GSV allografts in the
below-knee position (primary patency at 1 year: SFA: 89% vs. GSV: 46% p = 0.0006; 3 years:
SFA: 84% vs. GSV: 32% p = 0.0006; 5 years: SFA: 78% vs. GSV: 32% p = 0.0006). The secondary
patency results at 1 year: SFA: 89% vs. GSV: 46% p = 0.0005; 3 years: SFA: 84% vs. GSV: 32%
p = 0.0005; 5 years: SFA: 78% vs. GSV: 32% p = 0.0005) (Fig 4). Neither primary, nor second-
ary patency rate of SFA allografts were significanty different from GSV allografts implanted at
the above-knee position (p = 0.78; p = 0.79).

Limb salvage rates at one, three and five years after surgery were 74%, 64% and 62%, respec-
tively (Fig 5). Neither the allograft type (3 years: SFA: 35% vs. GSV: 38%; p = 0.679) nor the

Table 3. Reoperations.

Early (<30 days) (n = 14) Late (>30 days) (n = 21)

Graft occlusion (n = 10) Graft occlusion (n = 18)

Graft lesion-bleeding, hematoma (n = 3) Graft dilatation (n = 1)

Wound infection (n = 1) Proximal anastomosis pseudoaneurysm (n = 1)

Graft infection (n = 1)
https://doi.org/10.1371/journal.pone.0275628.t1003
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Fig 1. 5-year survival.

https://doi.org/10.1371/journal.pone.0275628.g001

location of the distal anastomosis (3 years: below-knee: 38% vs. above-knee: 40%; p = 0.907)
affected limb salvage significantly.

Discussion

Even nowadays there are a significant number of patients with CLTI who need to undergo vas-
cular surgery. The estimated annual incidence is 220-3500 cases per 1 million people with a
prevalence of 1% in the adult population [10,11]. Twenty percent of patients require amputa-
tion and 25% die within a year after the onset of critical limb ischemia [12]. The best method
of revascularization, meaning either open or endovascular intervention, is key to limb salvage.

In case of open surgery, the first method of choice is autologous GSV femoro-popliteal
bypass, which has the most favorable patency compared to alternative graft types [13,14]. In
the absence of an autologous conduit or in case of unsuitability, an alternative vascular graft
has to be chosen, which, in most cases, would be a prosthetic graft or an allograft.

Prosthetic bypass grafts are not ideal for patients with Fontaine IV gangrene or ulcer due to
the potential risk of infection and in addition such grafts have poor patency rates [15]. Uhl
et al. [16] investigated the patency of below-knee femoro-popliteal bypass surgery with autolo-
gous vein compared to heparin-bound PTFE grafts, and found that the use of an autologous
vein continues to be the first choice for revascularization surgery below the inguinal ligament.

In the absence of autologous conduit allograft is an alternative option for a vascular graft.
Most ot the available literature on femoro-popliteal allograft bypass surgeries involve the use
of allografts for graft infection. There are only a few data available on the results of allograft
implantations in CLTL

In this retrospective analysis, we studied the data of patients who underwent femoro-popli-
teal allograft bypass surgery due to CLTI, and we compared the results of the two most com-
monly used allograft types, SFA and GSV, in terms of graft patency, limb salvage, and survival.
There are relatively few centers in Europe using allografts and most of their earlier reports
present a small number of cases.
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Fig 2. 5-year primary and secondary patency.
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The majority of the implanted allografts were GSVs (74.6%), SFAs were implanted in 25.4%
of the cases. There are hardly any reports that compare the results of venous and arterial allo-
grafts. The vast majority of publications report the results of venous allografts [17-21], with
fewer studies presenting the results of arterial allograft implantations [22,23].

The possibility of graft degeneration is important when considering the use of an allograft,
which may question its use as opposed to prosthetic graft. In our study, graft degeneration was
detected in only 2 out of the 134 cases. Masmejan et al. [22] reported graft degeneration in one
of 42 cases, and Albertini et al. [24] found 4 cases among 165 bypasses. Our results support the
literature data, according to which there are a negligible number of degenerations in case of
allografts. Careful explantation of grafts from the donor, cautious tissue conservation and
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Fig 3. 5-year primary patency of GSV (great saphenous vein) and SFA (superficial femoral artery).
https://doi.org/10.1371/journal.pone.0275628.9003

preoperative preparation, as well as strict adherence to basic vascular surgical principles are
important issues in relation to the prevention of graft degeneration.

One year after the implantation, the allograft showed a primary patency rate of 59%, and
41% at five years. Secondary patency rates did not differ significantly from the primary patency
rates. The reason for the high number of occlusions was the high occlusion rate of venous
grafts, we therefore examined the patency of GSV and SFA allografts. One, three, and five
years after surgery, the patency of SFA allografts was significantly higher as compared to the
GSV allografts. Masmejan et al. [22] studied 42 cases of arterial allografts during a 10-year
period, finding graft patency rates of 60% at 1 year and 26% at 5 years. Lejay et al. [25] reported
a primary patency rate of 59% at 5 years when studying 28 arterial allograft implantations.
Investigating the outcomes of infrainguinal allograft bypass surgeries after one year, O’Banion
etal. [18] reported a primary patency rate of 35%, Ziza et al. [20] of 47% and Randon et al. [17]
of 56%. Our results are in accordance with the literature findings, and are in line with previous
studies on the graft patencies of venous and arterial allograft types. Better patency rates of SFA
allograft owing to the below-knee patency results, where SFA allograft shows significantly
higher patency rates than GSV allograft.

The higher occlusion rate of venous allografts may be explained by the smaller vessel diame-
ter, the weaker structure of the vessel wall-thus being liable to degeneration-and the more vul-
nerable intimal layer, making it prone to thrombosis. In their study of 1404 patients who
underwent lower limb bypass surgery due to CLTI, Schanzer et al. [13] found that grafts with
smaller vessel diameters had negative effects on subsequent graft patencies.

Arterial allografts may be anatomically and physiologically more suitable than venous
grafts, owing to the more resistant mechanical properties when exposed to arterial blood flow
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Fig 4. 5-year primary and secondary patency of GSV (great saphenous vein) and SFA (superficial femoral artery)
implanted in below-knee position.

https://doi.org/10.1371/journal.pone.0275628.g004

and blood pressure. Walden et al. [26] denoted that matching graft and artery elastic properties
resulted in higher patency rates. According to Pukacki et al. [27], cryopreservation maintains
the elastic properties of arterial allografts, which is mostly the same as the elasticity of the recip-
ient vessel.

The site of distal anastomosis—above-knee or below-knee-may have a considerable impact
on graft patency. Earlier studies proved that below-knee distal anastomosis showed lower
patency rates than in case of proximal bypass [13,28]. In our analysis, although below-knee
bypasses showed somewhat lower patency rates, we could not detect significant differences
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between the patencies of above- and below-knee anastomoses. O’Banion et al. [18] reported
similar results. Better patency rates have been described in allograft bypasses for the superficial
femoral artery or the above-knee section of the popliteal artery than for the below-knee section
of the popliteal artery or for distal anastomosis located at the crural arteries, however, no sig-
nificant differences could be confirmed.

In our study, the allograft occlusion rate was found to be high, but limb salvage showed an
acceptable rate. Five years after surgery, 62% of the operated limbs were still viable. Similarly
to our results, Randon et al. [17] reported a limb salvage rate of 65% at 5 years with a primary
patency rate of 11.1% and a secondary patency rate of 38.5%. The reason for the acceptable
long-term amputation rate is that during bypass graft patency, the distal limb tissues in even
Fontaine stage IV patients received a sufficient amount of blood flow for the ischemic ulcer or
gangrene to heal. In the event of early graft occlusion, wound healing contributes to long-term
limb survival.

The low rate of long-term survival- 53% at 5 years—is in accordance with the literature data
according to which patients with CLTT have a 5 year survival rate of 50-60% [29,30]. The high
mortality rate is not directly caused by the peripheral vascular disease or surgery, but rather by
comorbidities and risk factors related to diffuse cardiovascular disease with negative effects on
survival.

Our study has its limitations, which may influence the obtained results and restrict actual
prediction outcomes. In this retrospective nonrandomized study, all pre-, intra-, and postoper-
ative assessments, methods and decisions were at the discretion of the operating surgeon, we
did not follow a specific, strict protocol. Implanted arterial and venous allografts were not ran-
domized due to the nature of the retrospective study and the limited availability of allografts.

Conclusions

In our retrospective analysis involving a large number of cases, we analysed the results of infra-
inguinal allograft bypass surgery in patients with CLTL
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Allograft implantation is known to be a good alternative to prosthetic graft, showing prom-
ising results in case of risk of infection, which is a common morbidity after bypass procedures
for CLTL

Our results showed the patency rates to be low, but acceptable. Our study is the first to
report that SFA allograft is a better option than GSV at below-knee position in patients with
CLTIL, since both primary and secondary patency of SFA graft was found to be significantly
higher.

Further prospective randomized studies are needed in order to evaluate allograft bypass
surgeries performed in case of CLTL

Our results call attention to the fact that during femoro-popliteal bypass surgery in patients
with CLTI, allograft implantation—-often as a last resort for limb salvage-seems to be a suitable
method for revascularization in the absence of an autologous conduit.
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Homograftok hasznalata
érsebészeti fertdzésekben

Garbaisz David dr. = Szeberin Zoltan dr. = Hidi Laszl6 dr. = Sétonyi Péter dr.

Semmelweis Egyetem, Altaldnos Orvostudomanyi Kar, Varosmajori Sziv- és Ergyégyaszati Klinika,
Ersebészeti és Endovaszkularis Tanszék, Budapest

Az érsebészeti graftinfekcidk és a fert§zott szoveti kornyezetben végzett érrekonstrukeiok is jelentds morbiditdssal és
mortalitassal jiré allapotok, melyek komoly kihivast jelentenek az operald érsebész szamara. A szeptikus érsebészet-
ben nincs egységes allaspont sem az operativ stratégiat, sem az érpotldsra hasznalt graft anyagat illetGen. Az ajanlasok
alapjan az els6ként vilasztandé a beteg sajat szervezetébdl szarmazo, un. autoldg graft hasznalata, azonban ennek
hidnya vagy alkalmatlansiga esetén igéretes lehet a szervdonorbdl explantalt, in. homograft alkalmazasa. Célunk az
elmault 7 év soran megjelent, érsebészeti szeptikus kérdllapotokban felhasznilt homograftokkal foglalkozé szakirodal-
mi kozlemények attekintése volt. Az adatgydjtés a 2016. januar 1. és 2022. december 31. kozotti idGszakot dttekint-
ve tortént. A PubMed és Medline adatbazisokban szisztematikus keresés soran az érsebészeti szeptikus koérallapotok-
ban alkalmazott, krioprezervilt homograft beiiltetésének eredményeirdl beszamol6 kdzleményeket vilasztottuk ki és
elemeztiik. A publikicidk eredményeinek elemzése a kovetkezd végpontok alapjan tortént: a vizsgalat jellege, demog-
rfiai adatok, mortalitdsi ardny, a grafthoz kothet szovédmények és a reopericié ardnya, a graft nyitva maradasa,
végtagmentési ardny, graft-tjrafert6z&dési arany és talélési ardny. A szisztematikus keresést kovetGen 16 kozlemény
adatait dolgoztuk fel. A publikdcidkat két csoportra osztottuk: aortin végzett érmiitétek (aorta) és periférids ercken
végzett érmiitétek (periférids). Az aortacsoportba 12 koézlemény keriilt, melyek 542 beteg adatait dolgoztak fel.
A korai haldlozasi ardny (<30 nap) 2,8% ¢s 42,8% kozotti, a homografttal kapcsolatos reoperaciés ardny 5,9% és 29%
kozotti, mig a graft-tjrafert6z6dési arany 10% alatti volt. A periférids csoportba 4 vizsgalat keriilt, amelyek 252 beteg
adatait fedik le. A korai haldlozasi ardny (<30 nap) 2,0% és 38% kozotti, az allografttal kapcsolatos reoperacids ardny
4,0% és 55% kozotti (korai és késSi), mig a graft-Gjrafert6zédési arany 4% koriili volt. Osszefoglalé kozleményiink
adatai alapjdn az érsebészeti fertGzések sordn felhasznalt homograftokkal végzett beavatkozdsok mortalitasa és reope-
raciés aranya nem itélhetd meg egyértelmien, azonban az alacsony Gjrafert6z6dési ardnybdl és az elényos biologiai
tulajdonsigokbdl adéddan megteleld valasztis lehet érrekonstrukeidk sordn.

Orv Hetil. 2023; 164(32): 1256-1262.
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Use of allografts in vascular surgery infections

With the growing number of patients with vascular endografts, the number of patients with graft infections has also
increased. Septic conditions and the choice of grafts are an important challenge in vascular surgery. The aim of this
study was to review the literature of the last 7 years showing allograft use in septic conditions in vascular surgery
which helps provide insight into the current results of vascular allografts. Data were collected between 1st January
2016 and 31st December 2022. A systematic search was conducted for publications of cryopreserved allograft usage
for vascular infection in PubMed and Medline databases. The results of the publications were reviewed based on the
following key endpoints: study design, patient’s characteristics, mortality rate, graft related complication and reinter-
vention rate, graft patency, limb salvage, graft reinfection rate and survival rate. After a systematic search, 16 publica-
tions were included. The articles were divided into two groups: aortic and peripheral. The aortic group included 12
studies covering the data of 542 patients. Early mortality rate (<30 days) was between 2.8% and 42.8%. Allograft-
related reintervention rates ranged between 5.9% and 29% (early and late). The rate of graft reinfection was below
10%. 4 studies were included in the peripheral group covering the data of 252 patients. Early mortality rate (<30
days) was between 2.0% and 38%. Allograft-related reintervention rates ranged between 4.0% and 55% (early and
late). Reinfection rate was around 4%, but only poor quality data were available. Infections in vascular surgery remain
a challenging problem, however, cryopreserved allografts show low reinfection rate and reasonable durability, thus,
allografts may be an acceptable option for reconstruction.
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Roviditések

ESVS = (European Society for Vascular Surgery) Eurépai Erse-
bészeti Tarsasig; MESH = (Medical Subject Headings) orvos-
tudomdnyi tirgyszogytjtemény; PRISMA = (Preferred Re-
porting Items for Systematic Reviews and Meta-Analyses)
metaanalizisek és rendszeres attekintések javasolt kiértékelési
szempontjai

Az érsebészeti graftinfekciok kezelése és a fert6zott szo-
veti kornyezetben végzett érrekonstrukciok a legnehe-
zebb feladatok kozé sorolhatok az érsebészetben. Ermii-
téteket kovetSen a graftinfekcié incidencidja 0,5-6%
kozott viltozik, a graft anyagdtdl és a beiiltetett graft
lokalizaci6jatol fuggden [1, 2]. A szeptikus vascularis
szovédmények magas morbiditist és mortalitisd kor-
képek, ezenkiviil a nehéz helyzetet gyakran sulyosbitja a
mittétre keriill6 betegcsoport rossz dltalinos dllapota és
a szamos kisér§ betegség egyidejl fenndllasa. Habdr a
probléma igen jelentds, napjainkig nincs egységes szak-
mai allaspont az idedlis m@téti kezelésr6l. A fert6zott
érprotézis teljes vagy részleges kimetszése, a széles kord
débridement, a drendzs és az in situ vagy extra anatomi-
kus rekonstrukeié a szeptikus allapot fajtdjatél és salyos-
sagatol fuggden mind elfogadott kezelési lehetGségek.
Az in sitw rekonstrukcié tovibbi veszélyekkel jirhat,
mivel fennall a graft vagy a kornyez§ szovetek Gjraferts-
z6désének veszélye, mely akar életveszélyes szovod-
ményekhez (az érgraft elzardddsa, szeptikus vérzés
anastomosiselégtelenség miatt, generalizlt szepszis,
szeptikus sokk) vezethet, azonban sok érgyogyaszati
kozpontban ez az dltalinosan elfogadott kezelési mod-
szer.

A hasi féver6érrel kapesolatos fert6zés a szeptikus ér-
sebészet egyik legstlyosabb allapota, melynek kezelése
komplex, nagy szakmai jartassigot igénylS feladat. Az
aortafertézésnek két f6 megjelenési formaja ismert: a
szeptikus nativ aortaaneurysmak (incidencia: 0,7-2,6%)
és a hasi aortagraft vagy endovascularis graft fert6zései
(incidencia: 0,2-3,0%; 0,1-1,2%) [3, 4]. Az infekcids
(mycoticus) aneurysmak mortalitisa magas [5]. Az aor-
tagraft-fertézések rendkiviil rossz prognodzist koérilla-
potok, melyek kiemelked6en nagy morbiditasi és 10—
50%-os mortalitasi arannyal jirnak [6]. Az aortafert6zés
— akdr mGér-, akir mycoticus aneurysma — a fert6zott
aneurysma vagy miér excizidjaval/explanticidjaval,
majd extraanatomikus bypass képzésével vagy — a fert6-
zésnek ellenall6 grafttal — in situ rekonstrukcioval kezel-
het8. A kezelési stratégiat limitdlja, hogy aortapozici6-
ban — a jelentds éraitméré-kilonbség miatt — az dltalano-
san elfogadott autoldg vena (v.) saphena magna érpotlas
nem lehetséges.

A szeptikus érsebészet masik, jelentGs nehézséggel
jaré teriiletét a peritérias vascularis infekciok jelentik,
amelyek tobbnyire az als6é végtagi érrendszert, ritkin a
tels6 végtagi vagy nyaki ereket is érinthetik. Az artérids
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érrekonstrukei6 fert6zott szovetek kozott és a miérfer-
t6zés egyarant komoly kihivids elé dllitjak az érsebészt.
A definitiv sebészi terdpia minden fert6zott szovet kiter-
jedt kimetszését, drendzst és a keringés folytonossaganak
helyredllitasat jelenti akdr extraanatomikus, akar in situ
rekonstrukcioval. A periférids graftinfekcié el6fordulasa
femorofemoralis mdérrel végzett bypasst kovetSen 2,5%,
femoropoplitealis mutérrel végzett bypasst kovetSen
2,8% [7-9].

Ersebészeti infekcidk esetén nincs egységes szakmai
allispont az idedlis graft anyagat illetGen. Tobbféle gratt-
tipus dll rendelkezésre az in situ rekonstrukcio elvégzé-
séhez, habar szamos irodalmi adat alitamasztja, és a
szakmai allaspont is egységes annak tekintetében, hogy a
beteg sajit érrendszerébdl szarmazéd autoloég érgraft
(autograft) a legjobb valasztas. Autograft-betiltetésre al-
kalmas lehet az azonos vagy ellenoldali v. saphena mag-
na, v. saphena parva, v. femoralis és akdr a fels§ végtagi
vénak. Az autograft elégtelensége (nem megfelel anato-
mia, visszérbetegség) vagy hianya (korabbi visszérmdtét,
korabbi bypassmdtét — cardialis /vascularis) esetén alter-
nativ graftként szolgdlhat a rekonstrukcié elvégzéséhez
az eziistionokkal impregnalt, an. ’silver’ mtérgraft, anti-
biotikummal (rifampicin) kezelt m@érgraft, allati ere-
detd, Gn. xenol6g graft (xenograft — marhapericardium)
és a krioprezervilt allogén graft (allograft, homograft).

A homograft a bioldgiai érgraftok kozé sorolhatd,
amely tobbszervi transzplanticié sordn keril explanti-
lasra szervdonorbdl. Az érsebészetben a homograftok a
20. szizad masodik felétdl kezdtek megjelenni. Az els
humén aortahomograft-betiltetést Gross végezte [10].
DeBakey és mtsai el6szor alkalmaztak aortahomograftot
okkluziv aortabetegségben [11].

A transzplantacié sordn a v. saphena magna, az arteria
femoralis superficialis és az aortoiliacalis rendszer is exp-
lantalhaté és graftként hasznalhat6. A graftkivételt kove-
téen a graftok konzervildsa érdekében krioprezervicio
torténik, melynek eredményeként a graftok —-80 °C-os
mélyhiitben kertilnek tdroldsra egy specidlisan erre a fel-
adatra létrehozott érhomograftbankban.

Mivel a homograft bioldgiai graftnak mindsiil, tulaj-
donsagaibdl addédodan ellendllobb lehet a fert§zésekkel
szemben. Alkalmazdsa elényosebb lehet a mtiérgraftok
betiltetésénél olyan helyzetekben, mint a graftinfekcié,
szeptikus dllapot, ischaemids fekély vagy gangraena jelen-
léte. Ezenkiviil a homograftnak mas elényei is vannak,
mint példdul az autolég gratthoz nagyon hasonlé felépi-
tés és aramldsi dinamika [12].

A jelen tanulmdny célja az elmult 7 év soran megje-
lent, érhomograftok szeptikus dllapotokban torténé al-
kalmazasaval foglalkozé szakirodalmi kozlemények atte-
kintése, amely segithet betekintést nydjtani a vascularis
homograftok jelenlegi eredményeibe. Vizsgalatunk se-
githet az egységes konszenzus kialakitdsiban a grafttipu-
sok szeptikus érsebészetben torténd felhaszndlasarol,
amelyrdl jelenleg nincs egységes allaspont.
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Irodalomkutatas

Az adatgy(jtés a 2016. januar 1. és 2022. december 31.
kozotti idészakot attekintve tortént. A PubMed és
Medline adatbdzisokban szisztematikus keresés soran az
érsebészeti szeptikus korallapotokban alkalmazott, krio-
prezervilt homograft betiltetésének eredményeirdl be-
szamol6 kozleményeket vilasztottuk ki és elemeztiik.
Az irodalmi Osszefoglalashoz felhasznalt kozlemények
kivilasztasa a PRISMA (Preferred Reporting Items for
Systematic Reviews and Meta-Analyses) irdnyelv szabd-
lyai alapjan tortént.

Az adatbazis-elemzés a MESH (Medical Subject
Headings) szojegyzék kifejezései szerint, a kovetkezd
kulcsszavak felhasznaldsaval tortént: ,vascular” [All
Fields], ,,allograft” [ All Fields], ,,homograft” [ All Fields]
mcryopreserved” [All Fields], ,infection” [All Fields].
A keresési beallitaisokban a kovetkez6 szlirSket dllitottuk
be: 7 éves idGszak, teljes szoveg és absztrakt elérhetd,
angol nyelvi kozlemény, eredeti kozlemény.

Az elemzés soran azokat a kozleményeket valasztottuk
ki, amelyekben az aorta vagy a periférids alsé végtagi
erek, nativ vagy mdr kordbban beiiltetett graft fertGzése
miatt tortént rekonstrukcié krioprezervalt aorta vagy ar-
térids/vénas homograftok felhaszndldsaval. Kizartuk
azokat a publikdcidkat, amelyek egy vizsgilaton beliil
tobb grafttipus felhaszndldsit és egyiittes eredményeit
mutatjik be. Tovibbi kizarasi kritériumok voltak: kozle-
mények, amelyeknek kizarélag az absztraktjuk érhets el,
nem angol nyelvi kozlemények, osszefoglalé (review)
tanulmanyok, konferenciaabsztraktok, kutatéi levelek
(research letter) és esetbemutatasok. A vizsgilatba nem
vontuk be azokat a kozleményeket sem, amelyekben a
homograft-felhasznalds indikici6ja nem egyértelmtien az
infekci6 volt.

A publikicidk eredményeinek elemzése a kovetkezd
végpontok alapjan tortént: a vizsgalat jellege (retrospek-
tiv/prospektiv), demogrifiai adatok, mortalitdsi ardny,
grafthoz kothetd szovédmények és a reoperacié aranya,
graft-nyitvamaradas, végtagmentési arany, graft-tjrafer-
t6z8dési arany és talélési arany.

A kozlemények keresését, kivilasztasat és adatelemzé-
sét két vizsgald végezte.

Az adatbazis-keresés — a korabban részletezett kulcs-
szavakkal és sztirGbeallitisokkal — 65 potencialisan alkal-
mas kozleményt eredményezett. A tovabbi cim- és abszt-
raktittekintést kovetSen 27 felelt meg osszefoglald
kozleményiink  keresési  kritériumkovetelményeinek.
A Kkizérasi kritériumaink alapjan torténd Gjabb elemzés
soran 11 kozleményt zirtunk ki a kovetkez6 okok miatt:
osszefoglald kozlemény, esetbemutatas, tobb grafttipus
eredményeinek egyiittes elemzése. A fennmaradé 16
kozleményt vontuk be az elemzésbe, melyek teljes mér-
tékben megfeleltek a bevonasi kritériumoknak. A vizsgalt
publikdcidkat két csoportra osztottuk a cikkek témdjat
tekintve: aorta és periférids. 2 cikk alkalmas volt mindkét
csoportba torténd besoroldsra, mindkét esetben a vizs-

galat felépitése alapjan tortént a besorolds. A bevont
kozlemények adatait tiblizatban foglaltuk 6ssze, melyet
héttéradatbazisban helyeztiink letétbe.

Az adatbdzis-keresés sordn taldlt kéziratok kis szama
azt mutatja, hogy a krioprezervalt homograftok alkalma-
zisa érsebészeti fertézések sorin az érsebészetnek egy
kevésbé kutatott tertilete. A rendelkezésre dll6 kozlemé-
nyek tobbnyire egyetlen kozpont eredményeit dolgoz-
zik fel retrospektiven, kis betegszammal. Nagy randomi-
zalt, multicentrikus vizsgilatok nem allnak rendelkezésre.
Ez lehet az egyik oka, hogy a mai napig nincs erds bizo-
nyiték és ennek megfelel6en szakmai irdnyelv szintjén
megvalosuld egységes dllaspont az érsebészeti fert6zések
soran alkalmazott graft tipusardl azokban az esetekben,
amikor nem 4ll rendelkezésre autolég ér a rekonstruk-
ci6hoz. A homograft-betiltetés korabbi valtozé eredmé-
nyei tovabbra is szakmai vita targyat képzik, rdaddsul a
viligszerte kevés homograftbank miatt a homograftok-
hoz még mindig nehéz hozziférni. Tovibb neheziti a
homograftok clérhetGségét a megfelels, specidlis infra-
struktarat és szakértelmet igényl$ begytjtésiik, konzer-
valasuk, kezelésiik és logisztikajuk, melyek a homograft-
betiltetést Osszességében koltséges terdpids eszkozzé
teszik. A fentickben részletezett nehézségeket tiikrozi a
szakmailag iranyadé Eurépai Ersebészeti Térsasig
(ESVS) legfrissebb iranyelve is az érsebészeti fert&zése-
ket illetGen [9]. A szakmai irdnyelv akar centralis (aorta),
akdr periférids szinten eléforduld érsebészeti fert6zés
esetén krioprezervalt homograft hasznalatit IIa/IIb
ajanlassal, ,,C” evidenciaszinttel ajanlja. Ennek megfele-
l6en az irdnyelv a hatékonysidgot ellentmonddsos bizo-
nyitékok és/vagy eltéré vélemények szerint értékeli, és
az ajanldsok a szakért6k véleményének konszenzusin
és/vagy kis elemszamt tanulmanyokon, retrospektiv
vizsgalatokon, adatbdzisokon alapulnak.

Aortainfekcid

Az aortacsoportba 12 kozleményt vontunk be, amelyek
mindegyike a krioprezervalt homograft beiiltetésének
eredményeit targyalja infekcids eredet hasi aortaaneu-
rysma rekonstrukcidja vagy aortagraft/endograft infek-
ci6 soran. A tobbnyire retrospektiv adatgytjtésre éptls
vizsgalatok dontd hanyada egy kozpont eredményét dol-
gozza fel. 4 kozlemény prospektiven gydjtott adatokat
mutat be. A publikdciok dltal vizsgalt id6szak az 1997 és
2022 kozotti id6ben viltozik. Az értékelt cikkek Osszes-
ségében 511 beteg eredményeit dolgozzik fel. A leg-
tobb tanulmany alacsony betegszam alapjan elemez, ha-
bar 3 kutatis nagyobb volumend beteganyagot mutat
be: 71 [13],96 [14] és 200 [6] beteg.

A cardiovascularis betegségek demogrifiai adataival
osszhangban a betegek dontd hanyada férfi, atlagéletko-
ruk 64,2 és 72,8 év kozé tehetd.

A korai haldlozasi ardny (<30 nap) 2,8% és 42,8% kozé
tehetd. 5 tanulmany 10% alatti korai haldlozasrél szamol
be [13, 15-17], 3 vizsgalat 10% és 25% kozotti ardnyt
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emlit [18, 19], és 1 kozlemény irja le a haldlozasi aranyt
40% felettinek [20]. Az utébb emlitett publikicié korai
halalozdsi eredménye extrém magas, az irodalmi adatok-
ban azonban taldlunk ezzel 6sszhangban 1évS, hasonléan
magas haldlozasi adatokrél beszamold cikket. Cosells és
mtsai polietilén-tereftalait (Dacron) mdérgraft és krio-
prezervalt homograft implantacidjat végezték thoracalis
aortainfekciéban, és hasonldéan magas mortalitdsi ada-
tokrél szdmoltak be (42%) [21]. Fontos megiéllapitani,
hogy a homograft hasznalatinak eredményeit mindkét
vizsgdlat thoracalis aortainfekcié allapotiban mutatja be:
err6l onmagaban is ismert, hogy nagyon magas mortali-
tast korkép, mely a klinikai megjelenésétél fiiggen akdr
75% lehet [9]. A késdi haldlozds hozzivetSlegesen meg-
egyezik a korai haldlozasi adatokkal, mely 2,8% és 42%
kozotti. 6 kozlemény is 20% vagy ezen érték feletti kés6i
halalozasi adatokat ir le, mely igen magasnak tekinthetd.
A magas mortalitis magyardzata, hogy az aorta/aorta-
graft infekcié 6nmagaban jelentds haldlozassal jaréd, nagy
kihivast jelentd, igen rossz prognozisa kérkép. A haldlo-
zasi adatokat befolydsolja, hogy a szeptikus érsebészeti
betegek gyakran multimorbid, rossz dltalinos dllapota
betegek, és a szeptikus allapot 6nmagiban a haldlozds
egy fliggetlen rizikdfaktora. Az aorta/aortagraft infekci-
Ok sokszor siirgGsségi, akar életmentd beavatkozast je-
lentenek, mely szintén noveli a haldlozds esélyét. Aorto-
enteralis, aortooesophagealis vagy [éguti fistula jelenléte
— mely gyakran 4ll a szeptikus aortagraft-fert6zés hatte-
rében — igen rossz prognosztikai faktornak tekinthetd
[22]. A magas virulencidja, rezisztens vagy multirezisz-
tens kérokozék — melyek gyakran megjelennek aorta-
graft-infekciok soran — szintén csokkentik a talélési esé-
lyeket.

Azok a publikiciok, amelyek a homografthoz kothetd
reoperacios aranyt emlitik, annak értékét 5,9% és 29%
kozé teszik (korai és kés6i). Ben Abmed és mtsai 3%-os
korai letalis homograftanastomosis-elégtelenségi arany-
rol szamolnak be, viszont nem talaltak homograft-dege-
neraciét egyik beteg esetén sem [13]. Ezen adatokhoz
hasonléan, Bossi és mtsai nem irnak le homograft-dege-
nerdciét vagy -reinfekciot [18]. Weiss és mtsai relative
magas, homografthoz kothet$ szovédményaranyt {rnak
le [16]. Vizsgalatukban a korai szovédményariny 12%, a
kés6i pedig 29%, mely adatok magukban foglaljak a
graftstenosist (16%), -elzarédast (13%) és az alaneurys-
ma-képzSdést (10%). A homografttal Osszefiiggd szo-
védmények megjelenését kovetkeztetéseik szerint riasz-
ténak gondoljak, azonban a szovédmények megjelené-
sével kapcsolatban meghatirozénak tartjak a homograft-
konzervalé eljaras tipusat. Couture és mtsai kozleménye
alapjan a homografthoz kothets szovédmények megje-
lenése 7,5% (korai) és 12,5% (kés6i), mely adatokbol arra
kovetkeztetnek, hogy a homografthoz kéthet6 kozépta-
vi szovédményrita gyakori [6]. A legtobb publikicié
szerint a homograft-explanticié és a konzervald eljards
technikdja és folyamata, valamint a preoperativ kezelési
technika kiemelt jelentGségli a homografthoz kothetd
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szovédmények elkeriilésében. A tanulminyok tobbsége
arra a kovetkeztetésre jutott, hogy a grafthoz kothetd
szovédmények kisebb ardnyban fordulnak el6 kriopre-
zervaciotr kovetSen. Egységes az allaspont azt illetGen,
hogy a krioprezervicié egyfajta védéfaktort jelent a be-
iltetend§ graft eredményességére és tartdssigira nézve.
A megtelel§ technikidval krioprezervilt homograftok
jobb kollagénszerkezettel rendelkeznek, jobb a mechani-
kai stabilitisuk [23, 24]. Ezenfelil a krioprezervacié
nem befolydsolja a muscularis artériak viszkoelaszticita-
sat és az elasztikus artéridk falszerkezetét [25].

Az elemzett kozlemények mindegyike megkozelitGen
azonos talélési adatokat kozolt, fokuszalva az 1 és 3 éves
talélési aranyra. 1 évet kovetSen 70-80%, 3 évet kovets-
en 60-70% a talélés. Néhdny cikk kozol 5 éves talélési
adatokat, melyek 54% és 66% kozotti értékeket mutat-
nak. A talélési arany értékelésekor szintén figyelembe
kell venni azt a tényt — mely a haldlozasi adatokat is meg-
hatirozza —, hogy az érsebészeti szeptikus fertézésben
szenvedS betegek gyakran rossz altalanos allapottal és
tobb tarsbetegséggel rendelkeznek.

A graftinfekci6 /graftreinfekcié rettegett és jelentds
sz6védmény a szeptikus érsebészetben. Az irodalmi ada-
tok alapjan — melyben a szakmai dllaspont is egységes — a
legjobb wjrafert6z&dési arany autologgraft-potlassal ér-
hetd el [9, 26], azonban a kordbban részletezett okok-
nak megfelelGen autograft nem érheté el minden eset-
ben, tehat ezekben az esetekben alternativ grafttipus
felhaszndlisa sziikséges. Mdérgraft fertézése sordn anti-
biotikummal impregndlt Dacron graft cseréjét kovetSen
11%-os reinfekciés aranyrél szaimolnak be, mig homo-
graftcserét kovetGen ugyanez az ariny 4%-ra tehetd [14].
Az 0sszefoglald kozleménytlinkben elemzett cikkek alap-
jan a reinfekciés arany minden esetben 10% alattinak bi-
zonyult az aortaszakaszon el6fordulé fert6zések tekinte-
tében. Tobb kozlemény is arrél szamol be, hogy egyik
vizsgalt esetben sem fordult el reinfekci6 [17-20]. Osz-
szesen 1 publikicié emlit magasabb reinfekcids aranyt,
mely 8,5% volt [6].

A homograft-betiltetést kovet§ graft-Gjrafert6z6dés
minimalizdldsira a publikiciok multimodalis sebészeti
megkozelitést javasolnak: a fert6zott graft teljes eltavoli-
tasdt, a graft koriili fert6zott szovetek agressziv débride-
ment-jét, a betiltetett homograft Iehet6ség szerinti fedé-
sét csepleszlebennyel, majd szoros utinkovetést és
mikrobiolégiai tenyésztés alapjan végzett tartds, célzott
antibiotikumterapiat. Ez a kezelési stratégia Osszhang-
ban all az ESVS ajinldsaival is. A homograft a biolégiai
graftok kozé sorolhat6 grafttipus, igy a mérrel ellentét-
ben a felszine nem kedvez a patogén mikrobak megtele-
pedésének, tehat fertézott kornyezetbe betiltetve a rein-
tekcié kockazata is joval alacsonyabb lehet.

A vizsgalt publikicidk egyetértenek abban, hogy a ho-
mograft-betiltetés megtelels vilasztas lehet aorta(graft-)-
fert6zés esetén, mely elfogadhato és viszonylag alacsony
morbiditasi és mortalitasi kimenetellel rendelkezik. Csak
1 cikk szimol be gyakrabban el6forduld, homografttal
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Osszefiiggd szovédményekrdl, mely ezdltal konklazid-
ként felhivja a figyelmet arra, hogy a homograft-betilte-
tést fenntartasokkal kell kezelni [16]. Altalénosségban
elmondhatd, hogy krioprezervilt homograft betiltetését
kovetSen alacsony a graftdegeneracié el6forduldsa és a
grafttal Osszefiiggd szovédmények fellépése. Szamos ta-
nulmdny emliti a homograft-konzervalas, -kezelés (tiro-
l4s, elGkészités) és -beiiltetés soran alkalmazott mutéti
technika fontossigat a jobb mttéti eredmények elérése
érdekében.

Az aortacsoportba sorolt kozlemények egységesen
emlitik azt az altalinos problémat, hogy viligszerte ala-
csony szimd homograftbank taldlhato, és a legtobb érse-
bészeti centrum szamara nehéz a homograftok elérhetd-
sége.

Periférias érinfekcio

A periférids csoportba 4 tanulmdnyt vontunk be, melyek
megfeleltek minden kritériumnak a periférids vascularis
graftinfekcié vagy a fertézott teriileten végzett érmdtét
soran betiltetett krioprezervalt homograft témdjaban.

Az elemzett kozlemények kozil 1 vizsgalat timasz-
kodik prospektiven gyGjtott, retrospektiven elemzett
adatokra, és 3 tanulmdny teljes mértékben retrospektiv
adatokat kozol. Az 6sszes publikicié egycentruma vizs-
gilatot mutat be. A publikiciék éltal vizsgalt idGszak az
1992 ¢és 2018 kozotti idében valtozik. Az értékelt cikkek
Osszességében 252 beteg eredményeit dolgozzik fel.
A kozlemények dont6 hanyada kis betegszammal dolgo-
zik, 1 vizsgalat kozli tobb, 118 beteg [27] bevondsat.

A cardiovascularis betegségek demogrifiai adataival
osszhangban a betegek dontS hanyada férfi, atlagéletko-
ruk 61 és 69 év kozé tehetd.

Ebben a betegcsoportban az elemzés kritériumainak
megfeleld kisszamu kozlemény miatt a vizsgalatok ered-
ményeit a kovetkezSkben kiilon targyaljuk, majd kovet-
keztetéseiket egytittesen értékeljiik.

Lejay és misni méérgraft fert6zése miatt betiltetett
krioprezervalt artérids homograftokat vizsgaltak [28].
A beteganyagot két csoportra osztottdk. Az elsé csoport-
ba az aortoiliacalis szinten végzett rekonstrukcié betegei
kertiltek (47%), a masodik csoportba a ligyékszalag alat-
ti, periférids szinten végzett mitéteket soroltik (53%).
Tanulmanyuk alapjan hangsalyozzik, hogy az eredmé-
nyeik nem olyan kedvez6ek, mint ahogyan azt remélték.
Az 5 éves, homografthoz kothetd reopericios ardny az
elsé csoportban 55%, mig a masodik csoportban 33%
volt. Kiemelték, hogy a homografttal kapcsolatos reope-
raciés adatok ellentmondasosak, ami a krioprezervilt ar-
térids homograftkezelés soran felléps technikai kiilonb-
ségeknek tudhat6 be. A homograft konzervildsa, a graft
kezelése és a mttéti technika befolyasolhatja a hossza
tava operativ eredményeket. Hasonl6képpen ellentmon-
dé6 eredményekrdl szamolnak be a homograft-reinfekcid
kapcsan. Hangstlyozzak, hogy a graftfert6zés diagnosz-

tizalasiban és kezelésében nagyon fontos a korai multi-
diszciplindris dontéshozatal.

Furlough és mtsai Krioprezervalt artérids homografttal
végzett periférids artérids rekonstrukcié eredményeit ta-
nulmanyoztik infekcios esetekben [29]. Kiemelik, hogy
a homograft-beiiltetés egyik 6 elénye az alacsony Gjra-

e

tert6z6dési ardny. Vizsgalatukban a graftreinfekcié ard-
nya 3,5% volt, szemben a mérgraftokkal, amelyeknél ez
az irodalmi adatok alapjan 10% [30, 31]. A graftreinfek-
ci6 megel6zésére olyan addiciondlis sebésztechnikai elja-
rasokat végeztek, mint a szelektiv izomlebenyfedés és
negativ nyomast sebkezelG6 rendszer felhelyezése.
Az utébbi moédszerek széles korben haszndlatosak a
szeptikus érsebészetben, habir hatékonysigukat nagy,
randomizalt, multicentrikus tanulmanyok nem bizonyi-
tottdk. Az ESVS ajinlasai kozott 11a/C-B ajanlassal és
evidenciaszinttel rendelkeznek [9]. Kiemelten alacsony
amputaciés aranyrdl szamoltak be, a kozleményiikben
osszesen egy, grafthoz kothetd amputiciot emlitenek.
A homograft-konzervilé eljirdsnak és a graftkezelésnek
nagy jelentéséget tulajdonitanak, melyek alapvetSen
meghatarozzak a grafthoz kothetd szovédmények meg-
jelenését. Két, homografthoz kothets szovédményt ir-
nak le, melyek egyike graftthrombosis, a masik pedig
graftdegeneraci6 volt. Osszegezve, eredményeik nagyon
kedvezéek, de figyelembe kell venni, hogy kovetkezteté-
seik kis betegszdmon alapulnak.

Mestres és mtsai htiszéves tapasztalatrol szimolnak be a
krioprezervalt allograftok alkalmazasat illetGen érsebé-
szeti infekcids esetekben [27]. Kozleményiikben 38%-os
rovid tava mortalitast irnak le, amely magasabb az iro-
dalmi adatokban emlitett szamoknal [31, 32]. Rossz
eredményiiknek az a magyarizata, hogy a mttétek fele
stirgGs mutéti indikaci6 alapjan tortént, és a betegek je-
lent6s részének olyan tovabbi tirsbetegségei is voltak,
amelyek a perioperativ id6szakban végzett, nem vascula-
ris beavatkozdsokat is igényeltek. Kovetkeztetéseikben
két f6 nehézséget emelnek ki. Az egyik, hogy igen nehéz
a homograftokhoz torténé hozzijutds, a masik pedig,
hogy nincs egységesen elfogadott konszenzus az érferts-
zések kezelésérSl. Sok vascularis kozpontban nem all
rendelkezésre a homograft, f6leg siirgGsségi esetekben.

Heinola és mtsai krioprezervalt vénds homograftokat
vizsgaltak suprainguinalis rekonstrukci6 soran [33]. Ta-
nulmanyukban csak a vénds homograftokat vizsgaltik,
mivel kordbbi tapasztalataik alapjan az artérids homog-
raftok kapcsan tobb szovédmény jelentkezett. Akut
graftthrombosis és atheroscleroticus degenericié az ar-
térids homograftok esetén sokkal gyakrabban fordult el.
A kutatocsoport hangsulyozza, hogy a krioprezervacios
eljaras soran az endothelfunkcié nem marad meg, ezaltal
sikertil megel6zni a kilonboz6 immunolégiai reakcid-
kat, melyek hozzajarulhatnak az érelzarédashoz. Fontos
kiemelni, hogy szintén hangsutlyozzak az alacsony graft-
reinfekcids ardnyt, mely eredményeikben 4%. Arra a ko-
vetkeztetésre jutottak, hogy a krioprezervalt vénds ho-
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mograftok a fert6zésekkel szemben ellendlld és
biztonsagos rekonstrukciés graftanyagnak téinnek.

Az érhomograftok hasznalata periférids szeptikus érse-
bészeti kérképekben még kevésbé vizsgalt teriilete a
szeptikus érsebészetnek, a centrilis — aorta- — infekcidk-
hoz viszonyitva. Ez abbdl a ténybdl is addédhat, hogy a
periférias vascularis infekcidk szaima nagyobb, mint az
aortainfekciok elSfordulasa, viszont kevésbé vezetnek
kozvetlentl életet veszélyeztetd dllapothoz. Tobb kozle-
mény is emliti, hogy a homografthoz valé hozzajutds
nchézségekbe titkozik, tehdt a nagyobb szdmu, de az
aortafert6zéshez viszonyitva altaliban kevésbé salyos pe-
riférids ér/graft fertézések esetén alacsonyabb szidmban
alkalmaz homograftot a szakma, igy a vizsgilatukra is
kevésbé tokuszal. A vascularis graftinfekcié eléfordulasa
femorofemoralis m(iér-bypassmttéteket kovetSen 2,5%
[7], femoropoplitealis mtiér-bypassmttétek utin 2,8%
[8]. Ezzel szemben a hasi aortagraft-infekcio incidencia-
ja nyitott mitétet kovetSen 0,19%, endovascularis miité-
tet kovetSen 0,16% [34]. Nehézségként meriil fel a cik-
kek alapjan, hogy nincs egységes allaspont a kezelési
stratégiat illetGen, amit a szakmai irdnyelv gyengébb ala-
pokon 4ll6 ajdnldsai is alitdmasztanak. Szinte minden
kozlemény kiemeli a homograft-konzervilas és -tarolds
jelentGségét és a preciz perioperativ kezelés fontossagat.
A halidlozasi adatokat nagymértékben befolyasolja a
szeptikus érsebészeti kérallapotokban szenvedd betegek
rossz dltalinos dllapota és sokszor a kiséré betegségek
jelenléte.

Kovetkeztetés

Az irodalmi attekintés alapjan kovetkeztetésként levon-
hato, hogy a fert6zések tovibbra is stlyos problémat je-
lentenek az érsebészet szamara. Erés evidencian alapul6
ajanlas nem all rendelkezéstinkre, igy nincs egységes
szakmai allaspont a szeptikus esetek kezelését illetGen,
kilonosen a rekonstrukcidk sordn hasznalt graft anyagat
és tipusit tekintve. Idedlis grafttipus /graftanyag az auto-
l6g érgraftokon kiviill mind a mai napig nem létezik.
A krioprezervalt homograft elfogadhat6 és igéretes va-
lasztas lehet mind aortafert6zések, mind periférias szep-
tikus érszovédmények esetén, habir az elemzett vizs-
galatok alapjan az eredmények ellentmondasosak.
A publikaciok eredményei alapjin a f6 kovetkeztetések,
hogy a krioprezervalt homograftoknak alacsony az tjra-
tert6z6dési aranyuk és elfogadhaté a szerkezeti tartossa-
guk. A graft-nyitvamaradas eredményei — mely az érsebé-
szeti rekonstrukciok egy kiemelt indikitora —, illetve a
mortalitasi adatok ellentmondasosak.

A kozlemények dont6 hanyada kiemeli a krioprezer-
valt homograttok konzervilasi és kezelési technikdinak
fontossagat, amelyek alapvetéen meghatirozhatjak a
grafttal kapcsolatos szovédmények el6forduldsat. Jelen-
leg nincs egységesen elfogadott tartdsitdsi moédszer, mely
napjainkban is intenziv kutatds targyit képezi. A jelen
osszefoglald kozlemény egyik fontos megallapitasa, hogy
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a konzervilasi-krioprezervalasi médszerek és a graft-
kezelési technika fejlesztése és szabvanyositdsa fontos fel-
adat a jovore nézve, mellyel tovabb javithatok a homo-
graft-beiiltetés eredményei.

A homograft-betiltetés eredményességét nagyban ja-
vitja, hogy az elmult évek kutatasi eredményei hozzaja-
rultak a graftkezelési és -konzervélasi technikik finomo-
désihoz, de még mindig sok a megvalaszolatlan kérdés.

Az egyik f6 nehézség — amelyet a legtobb kozlemény
emlit — a vilagszerte nehezen hozzatérhet6 homograft-
bankok hidnya és igy a homograftok nehéz elérhetGsége.
Ennek kovetkezménye, hogy kevés kutatas folyik a krio-
prezervalt homograftokkal kapcsolatban, és kevés a jo
mindGségl publikicié, melyekbdl egyértelmd kovetkezte-
téseket lehetne levonni. Raadasul a legtobb tanulméany
kis esetszamu vizsgilatokon alapul, ami megneheziti a
szilird alapokra helyezhet6 kovetkeztetések levondsat.
Tanulmanyunk felhivja a figyelmet a homograftbankok
és ezaltal a tudomanyos kutatasok fejlesztésének fontos-
sagara.

Az egységes szakmai konszenzus létrejottének tovabbi
fontos akadilya, hogy a legtobb tanulmany egy-egy koz-
pont kutatdsi eredményeit foglalja magaban. Fontos len-
ne multicentrikus, randomizélt vizsgilatok végzése, me-
lyek segitenék az egységes szakmai dlldspont kialakitasat,
a nemzetkozi szakmai irdnyelvek fejlédését. Osszefoglald
tanulmdnyunkkal hangstlyozzuk a nemzetkozi érsebé-
szeti szakmai egytittmiikodés kialakitisinak fontossagat
ezen az érsebészeti teriileten.

Anyagi tamogatds: A kozlemény megirisa és a kapcsolo-
do kutatébmunka anyagi timogatisban nem részesilt.

Szerzoi munkamegosztas: G. D.: A kézirat, a tiblazatok és
az 4bra elkészitése és szerkesztése. G. D., H. L.: Iroda-
lomkutatas. G. D., S. P., Sz. Z.: A tanulmany megterve-
zése. S. P., Sz. Z., H. L.: A kézirat szakmai véleményezé-
se, végleges formajanak kialakitdsa. A kozlemény végleges
valtozatat valamennyi tarsszerz$ elolvasta és jovahagyta.

Erdekeltségek: A szerzGknek nincsenek érdekeltségeik.
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