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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)
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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
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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
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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.
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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
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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
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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)

10
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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
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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

12
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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

13
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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
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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

15
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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)
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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

21



DOI:10.14753/SE.2024.3064

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
,,®”: temperature ramps of controlled-rate freezer’s chamber; continuous line with ,, A”:

temperature ramps of sample

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).

24



DOI:10.14753/SE.2024.3064

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)

26



DOI:10.14753/SE.2024.3064

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)

30



4. Results

DOI:10.14753/SE.2024.3064

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: testing time points one, twelve and twenty-four weeks after
cryopreservation, respectively; dashed and continuous lines: lower (green), median
(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

(lower(green), median(black) and upper(red)) of native and cryopreserved samples (89)
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Figure 5. Time course of fibrin deposition in 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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Figure 6. Quartile-wise comparison of the platelet adhesion on cryopreserved and
native arterial allografts. CO: immediate testing time point after cryopreservation;
C1,C12,C24: testing time points one, twelve and twenty-four weeks after
cryopreservation, respectively; dashed and continuous lines: lower (green), median
(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

(lower(green), median(black) and upper(red)) of native and cryopreserved samples (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)
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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
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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.

50



DOI:10.14753/SE.2024.3064

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,
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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.

53



DOI:10.14753/SE.2024.3064

8. References

10.

11.

Turtiainen J, Hakala T. Surgical wound infections after peripheral vascular
surgery. Scand J Surg. 2014;103:226-31.

Turtiainen J, Saimanen E, Partio T, Kérkkdinen J, Kiviniemi V, Mékinen K, et al.
Surgical wound infections after vascular surgery: prospective multicenter
observational study. Scand J Surg. 2010;99(3):167-72.

Wilson WR, Bower TC, Creager MA, Amin-Hanjani S, O’Gara PT, Lockhart PB,
et al. Vascular graft infections, mycotic aneurysms, and endovascular infections: a
scientific statement from the American Heart Association. Circulation.
2016;134:e412-60.

Bir6 G, Szeberin Z, Nemes A, Acsady G. Cryopreserved homograft and
autologous deep vein replacement for infrarenal aorto and iliaco-femoral graft
infection: Early and late results. J Cardiovasc Surg. 2011;52(2):169-76.

Chakfé N, Diener H, Lejay A, Assadian O, Berard X, Caillon J, et al. Editor’s
Choice — European Society for Vascular Surgery (ESVS) 2020 Clinical practice
guidelines on the management of vascular graft and endograft infections. Eur J
Vasc Endovasc Surg. 2020;59(3):339-84.

Gharamti A, Kanafani ZA. Vascular graft infections: an update. Infect Dis Clin
North Am. 2018;32(4):789-8009.

Sidawy AN, Perler BA. Rutherford’s Vascular Surgery and Endovascular Therapy
10th Edition. Canada: Elsevier; 2023. 625-39 and 838-85.

O’Connor S, Andrew P, Batt M, Becquemin JP. A systematic review and meta-
analysis of treatments for aortic graft infection. J Vasc Surg. 2006;44(1): 38-45.
Batt M, Feugier P, Camou F, Coffy A, Senneville E, Caillon J, et al. A meta-
analysis of outcomes after in situ reconstructions for aortic graft infection.
Angiology. 2018;69(5):370-9.

Legout L, D’Elia P V., Sarraz-Bournet B, Haulon S, Meybeck A, Senneville E, et
al. Diagnosis and management of prosthetic vascular graft infections. Med Mal
Infect. 2012;42(3):102-9.

Ajdler-Schaeffler E, Scherrer AU, Keller PM, Anagnostopoulos A, Hofmann M,

Rancic Z, et al. Increased pathogen identification in vascular graft infections by

54



12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

DOI:10.14753/SE.2024.3064

the combined use of tissue cultures and 16s rRNA gene polymerase chain reaction.
Front Med. 2018;5:1-9.

Church DL, Cerutti L, Giirtler A, Griener T, Zelazny A, Emler S. Performance and
application of 16S rRNA gene cycle sequencing for routine identification of
bacteria in the clinical microbiology laboratory. Clin Microbiol Rev. 2020;33(4):
e00053-19.

Wensel CR, Pluznick JL, Salzberg SL, Sears CL. Next-generation sequencing:
insights to advance clinical investigations of the microbiome. J Clin Invest.
2022;132(7): 154944,

Antonello RM, D’Oria M, Cavallaro M, Dore F, Cova MA, Ricciardi MC, et al.
Management of abdominal aortic prosthetic graft and endograft infections. A
multidisciplinary update. J Infect Chemother. 2019;25(9):669-80.

NIH Human Microbiome Project [Internet]. 2023 [cited 2023 Oct 10]. Available
from: https://hmpdacc.org/.

Mansour B, Monyok A, Makra N, Gajdacs M, Vadnay I, Ligeti B, et al. Bladder
cancer-related microbiota: examining differences in urine and tissue samples. Sci
Rep. 2020;10(1):11042.

Paiss¢ S, Valle C, Servant F, Courtney M, Burcelin R, Amar J, et al
Comprehensive description of blood microbiome from healthy donors assessed by
16S targeted metagenomic sequencing. Transfusion. 2016;56(5):1138-47.
Sookoian S, Pirola CJ. Liver tissue microbiota in nonalcoholic liver disease: a
change in the paradigm of host-bacterial interactions. Hepatobiliary Surg Nutr.
2021;10(3):337-49.

Molina NM, Sola-Leyva A, Haahr T, Aghajanova L, Laudanski P, Castilla JA, et
al. Analysing endometrial microbiome: methodological considerations and
recommendations for good practice. Hum Reprod. 2021;36(4):859-79.

Clifford A, Hoffman GS. Evidence for a vascular microbiome and its role in vessel
health and disease. Curr Opin Rheumatol. 2015;27(4):397-405.

Potgieter M, Bester J, Kell DB, Pretorius E. The dormant blood microbiome in
chronic, inflammatory diseases. FEMS Microbiol Rev. 2015;39(4):567-91.
Ewald DR, Sumner SCJ. Human microbiota, blood group antigens, and disease.
Wiley Interdiscip Rev Syst Biol Med. 2018;10(3):e1413.

55



23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

DOI:10.14753/SE.2024.3064

Ruan W, Engevik MA, Spinler JK, Versalovic J. Healthy human gastrointestinal
microbiome: composition and function after a decade of exploration. Dig Dis Sci.
2020;65(3):695-705.

Chang C, Yuan X, Zhang X, Chen X, Li K. Gastrointestinal microbiome and
multiple health outcomes: umbrella review. Nutrients. 2022;14(18):3726.

Moreno I, Codofier FM, Vilella F, Valbuena D, Martinez-Blanch JF, Jimenez-
Almazan J, et al. Evidence that the endometrial microbiota has an effect on
implantation success or failure. Am J Obstet Gynecol. 2016;215(6):684—-703.
Kunlin J. Le traitement de I’artérite oblitérante par la greffe veineuse. Arch Mal
Coeur Vaiss. 1949;42:371-5.

Leal BBJ, Wakabayashi N, Oyama K, Kamiya H. Vascular tissue engineering :
polymers and methodologies for small caliber vascular grafts. Front Cardiovasc
Med. 2021;7: 592361.

Conte MS, Bradbury AW, Kolh P, White J V., Dick F, Fitridge R, et al. Global
vascular guidelines on the management of chronic limb-threatening ischemia. Eur
J Vasc Endovasc Surg. 2019;58(1):S1-S109.e33.

Aboyans V, Ricco JB, Bartelink MLEL, Bjorck M, Brodmann M, Cohnert T, et al.
2017 ESC guidelines on the diagnosis and treatment of peripheral arterial diseases,
in collaboration with the European Society for Vascular Surgery (ESVS). Eur
Heart J. 2018;39(9):763-816.

Lomas RJ, Dodd PDF, Rooney P, Pegg DE, Hogg PA, Eagle ME, et al. A
standardised protocol for the validation of banking methodologies for arterial
allografts. Cell Tissue Bank. 2013;14(3):495-503.

Nagy Z, Olah Z, Kokai J, Molnar AB, Laczkd A, Szabo GV, et al. Role of the
homograft bypass in extremity inferior's reconstructions [Homograftok szerepe az
also végtagi érrekonstrukciokban]. Magy Seb. 2017;70(1):5-12. [Hungarian]
Garbaisz D, Osztrogonidcz P, Boros AM, Hidi L, Sétonyi P, Szeberin Z.
Comparison of arterial and venous allograft bypass in chronic limb-threatening
ischemia. PLoS One. 2022;17(10):e0275628.

Garbaisz D, Szeberin Z, Hidi L, Sétonyi P. Use of allografts in vascular surgery
infections. Orv Hetil. 2023;164(32):1256-62.

Jashari R, Goffin Y, Vanderkelen A, Van Hoeck B, du Verger A, Fan Y, et al.

56



35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

DOI:10.14753/SE.2024.3064

European Homograft Bank: twenty years of cardiovascular tissue banking and
collaboration with transplant coordination in Europe. Transplant Proc.
2010;42(1):183-9.

Jashari R, Bouzet V, Alcaraz Blanco MJ, Oleffe A, Lecocq E, Mastrobuoni S.
Vascular allografts for clinical application in Europe: assessment of 30 years of
experience with vascular tissue banking in Brussels. Cell Tissue Bank.
2023;24(3):613-25.

Satam K, Fischer U, Schioppo D, Cardella J, Guzman RJ, Ochoa Chaar CI.
Aneurysmal degeneration of the hood of a cryopreserved vein allograft two years
after thrombosis. J Vasc Surg Cases Innov Tech. 2022;8(2):300—4.
Harlander-Locke MP, Harmon LK, Lawrence PF, Oderich GS, McCready RA,
Morasch MD, et al. The use of cryopreserved aortoiliac allograft for aortic
reconstruction in the United States. J Vasc Surg. 2014;59(3):669-74.

Hartranft CA, Noland S, Kulwicki A, Holden CR, Hartranft T. Cryopreserved
saphenous vein graft in infrainguinal bypass. J Vasc Surg. 2014;60:1291-6.
Minga Lowampa E, Holemans C, Stiennon L, Van Damme H, Defraigne JO. Late
fate of cryopreserved arterial allografts. Eur J Vasc Endovasc Surg. 2016;52:696—
702.

Singh K, Juneja A, Bajaj T, Voto C, Schor J, Zia S, et al. Single tertiary care center
outcomes after lower extremity cadaveric vein bypass for limb salvage. Vasc
Endovascular Surg. 2020;54:430-5.

Tatar AR, Derycke L, Cochennec F, Jaziri A, Desgranges P, Touma J. Unmet needs
in cryopreserved arterial allograft implantation for peripheral vascular graft
infections. Eur J Vasc Endovasc Surg. 2020;60:788-9.

Guevara-Noriega KA, Lucar-Lopez GA, Pomar JL. Cryopreserved allografts for
treatment of chronic limb-threatening ischemia in patients without autologous
saphenous veins. Ann Vasc Surg. 2019;60:379-87.

Lejay A, Delay C, Girsowicz E, Chenesseau B, Bonnin E, Ghariani MZ, et al.
Cryopreserved cadaveric arterial allograft for arterial reconstruction in patients
with prosthetic infection. Eur J Vasc Endovasc Surg. 2017;54:636-44.

Noel AA, Gloviczki P, Cherry KJ, Safi H, Goldstone J, Morasch MD, et al.

Abdominal aortic reconstruction in infected fields: early results of the United

57



45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

DOI:10.14753/SE.2024.3064

States Cryopreserved Aortic Allograft Registry. J Vasc Surg. 2002;35(5):847-52.
Farber A, Major K, Wagner WH, Cohen JL, Cossman D V., Lauterbach SR, et al.
Cryopreserved saphenous vein allografts in infrainguinal revascularization:
analysis of 240 grafts. J Vasc Surg. 2003;38(1):15-21.

Randon C, Jacobs B, Ryck F De, Beele H. Fifteen years of infrapopliteal arterial
reconstructions with cryopreserved venous allografts for limb salvage. J Vasc
Surg. 2010;51(4):869-77.

Miiller-Schweinitzer E. Cryopreservation of vascular tissues. Organogenesis.
2009;5(3):97-104.

gpaéek M, Méficka P, Janousek L, Stadler P, Adamec M, Vlachovsky R, et al.
Current vascular allograft procurement, cryopreservation and transplantation
techniques in the Czech Republic. Adv Clin Exp Med. 2019;28:529-34.

Hruby J, Spunda R, Mericka P, Micek M, Pecha O, Splith K, et al. Influence of the
new standardized clinical cryopreservation/slow thawing protocol on
immunogenicity of arterial allografts in rats. PLoS One. 2020;15(3): €0230234.
Jang TH, Park SC, Yang JH, Kim JY, Seok JH, Park US, et al. Cryopreservation
and its clinical applications. Integr Med Res. 2017;6(1):12-8.

Jaiswal AN, Vagga A. Cryopreservation: a review article. Cureus. 2022;14(11):
e31564.

Aljaser FS. Cryopreservation Methods and Frontiers in the Art of Freezing Life in
Animal Models. In: Bozkurt Y, Numan Bucak M, editors. Animal Reproduction
[Internet]. Veterinary Medicine and Science. IntechOpen; 2022 [cited 2023 Oct
10]. Available from: https://www.intechopen.com/chapters/79909

Hwang S, Bae JH, Kim 10, Hong JJ. Current vascular allograft procurement,
cryopreservation and transplantation techniques in the Asan Medical Center Tissue
Bank. Ann Liver Transplant. 2021;1(1):79-85.

Gao HH, Li ZP, Wang HP, Zhang LF, Zhang JM. Cryopreservation of whole
bovine ovaries: comparisons of different thawing protocols. Eur J Obstet Gynecol
Reprod Biol. 2016;204:104—7.

Spagek M, Méticka P, Janousek L, Dalecka M, Benda A, Krs O, et al. Comparison
of different thawing protocols in human cryopreserved venous grafts. Ann Vasc
Surg. 2020;64:347-54.

58



56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

DOI:10.14753/SE.2024.3064

Pegg DE. The relevance of ice crystal formation for the cryopreservation of tissues
and organs. Cryobiology. 2020;93:3-11.

Ma X, Liu Y, Sun B, Fan W, Cui Z. Cryopreservation: Organ Preservation. In:
Moo-Young M, editor. Comprehensive biotechnology (third edition). Pergamon;
2019. p. 689-708.

Arav A. Cryopreservation by directional freezing and vitrification focusing on
large tissues and organs. Cells. 2022;11(7):1072.

Bahroudi Z, Zarnaghi MR, Izadpanah M, Abedelahi A, Niknafs B, Nasrabadi HT,
et al. Review of ovarian tissue cryopreservation techniques for fertility
preservation. J Gynecol Obstet Hum Reprod. 2022;51(2):102290.

Dolmans MM, von Wolff M, Poirot C, Diaz-Garcia C, Cacciottola L, Boissel N,
et al. Transplantation of cryopreserved ovarian tissue in a series of 285 women: a
review of five leading European centers. Fertil Steril. 2021;115(5):1102-15.
Heng WL, Albrecht H, Chiappini P, Lim YP, Manning L. International Heart
Valve Bank Survey: a review of processing practices and activity outcomes. j
transplant. 2013;2013:163150.

Faggioli GL, Gargiulo M, Giardino R, Pasquinelli G, Preda P, Fini M, et al. Long-
term cryopreservation of autologous veins in rabbits. Cardiovasc Surg.
1994;2(2):259-65.

Malone JM, Kischer CW, Gorge G. Endothelial fibrinolytic activity.
1980;222:209-22.

Cai G, Lai B, Hong H, Lin P, Chen W, Zhu Z, et al. Effects of cryopreservation on
excretory function, cellular adhesion molecules and vessel lumen formation in
human umbilical vein endothelial cells. Mol Med Rep. 2017;16(1):547-52.
Mirabet V, Carda C, Solves P, Novella-Maestre E, Carbonell-Uberos F, Caffarena
JM, et al. Long-term storage in liquid nitrogen does not affect cell viability in
cardiac valve allografts. Cryobiology. 2008;57(2):113-21.

Touma J, Cochennec F, Parisot J, Fialaire Legendre A, Becquemin JP, Desgranges
P. In situ reconstruction in native and prosthetic aortic infections using
cryopreserved arterial allografts. Eur J Vasc Endovasc Surg. 2014;48(3):292-9.
Wang CC, Lopez-Valdes S, Lin TL, Yap A, Yong CC, Li WF, et al. Outcomes of

long storage times for cryopreserved vascular grafts in outflow reconstruction in

59



68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

DOI:10.14753/SE.2024.3064

living donor liver transplantation. Liver Transplant. 2014;20:173-81.

Bia D, Pessana F, Armentano R, Pérez H, Graf'S, Zdcalo Y, et al. Cryopreservation
procedure does not modify human carotid homografts mechanical properties: an
isobaric and dynamic analysis. Cell Tissue Bank. 2006;7(3):183-94.

Virues Delgadillo JO, Delorme S, El-Ayoubi R, DiRaddo R, Hatzikiriakos SG.
Effect of freezing on the passive mechanical properties of arterial samples. J
Biomed Sci Eng. 2010;03(07):645-52.

Chow MJ, Zhang Y. Changes in the mechanical and biochemical properties of
aortic tissue due to cold storage. J Surg Res. 2011;171(2):434-42.

Yau JW, Teoh H, Verma S. Endothelial cell control of thrombosis. BMC
Cardiovasc Disord. 2015;15:130.

Novotny R, Mericka P, Chlupac J, Matejka R, Kristek J, Marada T, et al. The effect
of different thawing rates on cryopreserved human iliac arteries allograft’s
structural damage and mechanical properties. Biomed Res Int
2020;2020:6545190.

YC Song, DE Pegg CH. Cryopreservation of the common carotid artery of the
rabbit: optimization of the dimethyl sulfoxidee concentration and cooling rate.
Cryobiology. 1995;32:405-21.

Pegg DE, Wusteman MC, Boylan S. Fractures in cryopreserved elastic arteries.
Cryobiology. 1997;34(2):183-92.

Huber AJT, Brockbank KGM, Riemann I, Schleicher M, Schenke-Layland K,
Fritze O, et al. Preclinical evaluation of ice-free cryopreserved arteries: structural
integrity and hemocompatibility. Cells Tissues Organs. 2012;196(3):262—70.
Street DL, Russ GA, Ricotta JJ. Platelet avidity of cryopreserved veins:
thrombogenicity of cryopreserved veins. J Surg Res. 1988;45(4):363-9.

Zehr BP, Niblick CJ, Downey H, Ladowski JS. Limb salvage with CryoVein
cadaver saphenous vein allografts used for peripheral arterial bypass: role of blood
compatibility. Ann Vasc Surg. 2011;25(2):177-81.

Gabriel M, Kostrzewa A, Sobieska M. Immune response after cryopreserved aortic
allograft replacement for major vascular infection. Transplant Proc.
2002;34(2):713-4.

Muratov R, Britikov D, Sachkov A, Akatov V, Soloviev V, Fadeeva I, et al. New

60



80.

81.

82.

83.

84.

85.

86.

87.

88.

DOI:10.14753/SE.2024.3064

approach to reduce allograft tissue immunogenicity. Experimental data. Interact
Cardiovasc Thorac Surg. 2010;10(3):408-12.

Tomita Y, Yoshikawa M, Zhang QW, Uchida T, Nakashima Y, Sueishi K, et al.
Immune and non-immune factors in cryopreserved tissues. J Hear Lung
Transplant. 2003;22(5):560-7.

Solanes N, Rigol M, Khabiri E, Castella M, Ramirez J, Roqué M, et al. Effects of
cryopreservation on the immunogenicity of porcine arterial allografts in early
stages of transplant vasculopathy. Cryobiology. 2005;51(2):130-41.

Lehr EJ, Rayat GR, Chiu B, Churchill T, McGann LE, Coe JY, et al.
Decellularization reduces immunogenicity of sheep pulmonary artery vascular
patches. J Thorac Cardiovasc Surg. 2011;141(4):1056-62.

Oei FBS, Stegmann APA, Vaessen LMB, Marquet RL, Weimar W, Bogers AJJC.
Immunological aspects of fresh and cryopreserved aortic valve transplantation in
rats. Ann Thorac Surg. 2001;71(5):S379-84.

Carpenter JP, Tomaszewski JE. Human saphenous vein allograft bypass grafts:
immune response. J Vasc Surg. 1998;27(3):492-9.

Mirelli M, Buzzi M, Pasquinelli G, Tazzari PL, Testi G, Ricchi E, et al. Fresh and
cryopreserved arterial homografts: immunological and clinical results. Transplant
Proc. 2005;37(6):2688-91.

Gonzalez-Gay M, Lopez-Martinez R, Busto-Suarez S, Riedemann-Wistuba ME,
Menéndez-Herrero MA, Alvarez-Marcos F, et al. Immunological aspects involved
in the degeneration of cryopreserved arterial allografts. Front Surg.
2020;7:616654.

Hungarian National Blood Transfusion Service. Legislation of organ and tissue
transplantation [Internet]. 2011 [cited 2023 Oct 10]. Available from:
https://www.ovsz.hu/en/organ-coordination-office/legislation;
https://www.ovsz.hu/hu/oco/jogszabalyok

European Comission. EudralLex - The rules governing medicinal products in the
european union: Volume 4 - EU guidelines to good manufacturing practice
medicinal products for human and veterinary use; Annex 1 - Manufacture of sterile
medicinal products (corrected version) [Internet]. 2008 [cited 2023 Oct 10].

Available from: https://www.gmp-

61



89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

DOI:10.14753/SE.2024.3064

compliance.org/files/guidemgr/annex%2001[2008].pdf

Hidi L, Komorowicz E, Kovacs GI, Szeberin Z, Garbaisz D, Nikolova N, et al.
Cryopreservation moderates the thrombogenicity of arterial allografts during
storage. PL0S One. 2021;16(7):e0255114.

Szabo H, Hernyes A, Piroska M, Ligeti B, Fussy P, Zoldi L, et al. Association
between gut microbial diversity and carotid intima-media thickness. Medicina.
2021;57(3):195.

Szabo D, Ostorhazi E, Stercz B, Makra N, Penzes K, Kristof K, et al. Specific
nasopharyngeal Corynebacterium strains serve as gatekeepers against SARS-CoV-
2 infection. GeroScience. 2023.

Hidi L, Kovacs GI, Szabé D, Makra N, Pénzes K, Juhasz J, et al. Human blood
vessel microbiota in healthy adults based on common femoral arteries of brain-
dead multi-organ donors. Front Cell Infect Microbiol. 2022;12:1056319.
Gokmen BG, Ozcan O, Taslak H, Ipar N, Tunali-Akbay T. Effect of freezing time
on tissue factor activity and macronutrients of human milk. Protein J.
2020;39(5):591-7.

Miller VM, Bergman RT, Gloviczki P, Brockbank KGM. Cryopreserved venous
allografts: effects of immunosuppression and antiplatelet therapy on patency and
function. J Vasc Surg. 1993;18:216-26.

Wilcox JN, Smith KM, Schwartz SM, Gordon D. Localization of tissue factor in
the normal vessel wall and in the atherosclerotic plaque. Proc Natl Acad Sci USA.
1989;86:2839-43.

Komorowicz E, McBane RD, Fass DN. Physical and enzymatic perturbation of the
architecture of the tunica media destroys its inherent thromboresistance. Thromb
Haemost. 2002;88:827-33.

Wohner N, Keresztes Z, Sétonyi P, Szabd L, Komorowicz E, Machovich R, et al.
Neutrophil granulocyte-dependent proteolysis enhances platelet adhesion to the
arterial wall under high-shear flow. J Thromb Haemost. 2010;8:1624-31.

Toschi V, Gallo R, Lettino M, Fallon JT, David Gertz S, Fernandez-Ortiz A, et al.
Tissue factor modulates the thrombogenicity of human atherosclerotic plaques.
Circulation. 1997;95:594-9.

Vlodavsky I, Eldor A, HyAm E, Atzom R, Fuks Z. Platelet interaction with the

62



100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

DOI:10.14753/SE.2024.3064

extracellular matrix produced by cultured endothelial cells: a model to study the
thrombogenicity of isolated subendothelial basal lamina. Thromb Res.
1982;28:179-91.

Fauvel-Laféve F. Microfibrils from the arterial subendothelium. Int Rev Cytol.
1999;188:1-40.

SaBTO - Advisory committee on the safety of blood, tissues and organs.
Microbiological safety guidelines, previously known as guidance on the
microbiological safety of human organs, tissues and cells used in transplantation —
Version 2.1 [Internet]. 2023 [cited 2023 Oct 10]. Available from:
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attac
hment_data/file/1143058/SaBTO-microbiological-safety-guidelines.pdf

Fishman JA. Infection in Organ Transplantation. Am J Transplant.
2017;17(4):856-79.

Baghai Arassi M, Zeller G, Karcher N, Zimmermann M, Toenshoff B. The gut
microbiome in solid organ transplantation. Pediatr Transplant. 2020;24(7):e13866.
Chang CC, Hayase E, Jenq RR. The role of microbiota in allogeneic hematopoietic
stem cell transplantation. Expert Opin Biol Ther. 2021;21(8):1121-31.
Carmona-cruz S, Orozco-covarrubias L, Sa M. The human skin microbiome in
selected cutaneous diseases. Front Cell Infect Microbiol. 2022;12:834135.
Polidori 1, Marullo L, lalongo C, Tomassetti F, Colombo R, Gaudio F, et al.
Characterization of gut microbiota composition in type 2 diabetes patients: a
population-based study. Int J Environ Res Public Health. 2022;19(23):15913.
Yang X, Xie L, Li Y, Wei C. More than 9,000,000 unique genes in human gut
bacterial community : estimating gene numbers inside a human body. PL0S One.
2009;4(6):6074.

Rinninella E, Raoul P, Cintoni M, Franceschi F, Abele G, Miggiano D, et al. What
is the healthy gut microbiota composition ? A changing ecosystem across age,
environment, diet, and diseases. Microorganisms. 2019;7(1):14.

Byrd AL, Belkaid Y, Segre JA. The human skin microbiome. Nat Publ Gr.
2018;16(3):143-55.

Piquer-esteban S, Ruiz-ruiz S, Arnau V, Diaz W, Moya A. Exploring the universal

healthy human gut microbiota around the World. Comput Struct Biotechnol J.

63



111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

DOI:10.14753/SE.2024.3064

2022;20:421-33.

Castillo DJ, Rifkin RF, Cowan DA, Potgieter M. The healthy human blood
microbiome: fact or fiction? Front Cell Infect Microbiol. 2019;9:148.

Yang M, Hong G, Jin Y, Li Y, Li G, Hou X. Mucosal-associated microbiota other
than luminal microbiota has a close relationship with diarrhea-predominant
irritable bowel syndrome. Front Cell Infect Microbiol. 2020;10:515614.

Flemer B, Lynch DB, Brown JMR, Jeffery 1B, Ryan FJ, Claesson MJ, et al.
Tumour-associated and non-tumour-associated microbiota in colorectal cancer.
Gut. 2017;66(4):633-643.

Damgaard C, Magnussen K, Enevold C, Nilsson M. Viable bacteria associated
with red blood cells and plasma in freshly drawn blood donations. PLoS One.
2015;10(3):e0120826.

Damgaard C, Sekmose SG, Nilsson M, Kilian M, Nielsen CH, Holmstrup P.
Periodontitis increases risk of viable bacteria in freshly drawn blood donations.
Blood Transfus. 2021;19(5):376-383.

Blanchard T, Bailey R, Holland M, Mabey D. Chlamydia pneumoniae and
atherosclerosis. Lancet. 1993;341(8848):825.

Ahmed U, Tanwir F. Association of periodontal pathogenesis and cardiovascular
diseases: a literature review. Oral Health Prev Dent. 2015;13(1):21-7.

Caula AL, Lira-Junior R, Tinoco EM, Fischer RG. The effect of periodontal
therapy on cardiovascular risk markers: a 6-month randomized clinical trial. J Clin
Periodontol. 2014;41(9):875-82.

Jie Z, Xia H, Zhong SL, Feng Q, Li S, Liang S, et al. The gut microbiome in
atherosclerotic cardiovascular disease. Nat Commun. 2017;8(1):845.

Jin L, Shi X, Yang J, Zhao Y, Xue L, Xu L, et al. Gut microbes in cardiovascular
diseases and their potential therapeutic applications. Protein Cell. 2021;12(5):346—
59.

Liu H, Chen X, Hu X, Niu H, Tian R, Wang H, et al. Alterations in the gut
microbiome and metabolism with coronary artery disease severity. Microbiome.
2019;7(1):68.

Kozarov EV, Dorn BR, Shelburne CE, Dunn WA, Progulske-Fox A. Human

atherosclerotic plaque contains viable invasive Actinobacillus

64



123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

DOI:10.14753/SE.2024.3064

actinomycetemcomitans and Porphyromonas gingivalis. Arterioscler Thromb
Vasc Biol. 2005;25(3):e17-18.

Verhaar BJH, Prodan A, Nieuwdorp M, Muller M. Gut microbiota in hypertension
and atherosclerosis: a review. Nutr. 2020;12(10):2982.

Rahman MM, Islam F, Mamun AA, Rahaman MS, Islam MM, Meem AFK, et al.
The gut microbiota (microbiome) in cardiovascular disease and its therapeutic
regulation. Front Cell Infect Microbiol. 2022;12:903570.

Zou Y, Huang Y, Liu S, Yang J, Zheng W, Deng Y, et al. Periodontopathic
microbiota and atherosclerosis: roles of TLR-mediated inflammation response.
Oxid Med Cell Longev. 2022;2022:9611362.

Eshghjoo S, Jayaraman A, Sun Y, Alaniz RC. Microbiota-mediated immune
regulation in atherosclerosis. 2021;26(1):179.

Rosenfeld ME, Campbell LA. Pathogens and atherosclerosis: update on the
potential contribution of multiple infectious organisms to the pathogenesis of
atherosclerosis. Thromb Haemost. 2011;106(5):858-67.

Campbell PM, Humphreys GJ, Summers AM, Konkel JE, Knight CG, Augustine
T, et al. Does the microbiome affect the outcome of renal transplantation? Front
Cell Infect Microbiol. 2020;10:558644.

Dery KJ, Kadono K, Hirao H, Gorski A, Kupiec-Weglinski JW. Microbiota in
organ transplantation: an immunological and therapeutic conundrum? Cell
Immunol. 2020;351:104080.

Mitchell AB. The lung microbiome and transplantation. Curr Opin Organ
Transplant. 2019;24(3):305-10.

Davenport ER, Goodrich JK, Bell JT, Spector TD, Ley RE, Clark AG. ABO
antigen and secretor statuses are not associated with gut microbiota composition in
1,500 twins. BMC Genomics. 2016;17:941.

Gampa A, Engen PA, Shobar R, Mutlu EA. Gut microbiota in health and disease
relationships between gastrointestinal microbiota and blood group antigens.
Physiol Genomics. 2021;49(11):473-83.

Mikivuokko H, Lahtinen SJ, Wacklin P, Tuovinen E, Tenkanen H, Nikkila J, et
al. Association between the ABO blood group and the human intestinal microbiota
composition. BMC Microbiol. 2012;12:94.

65



134.

135.

DOI:10.14753/SE.2024.3064

Rithlemann MC, Hermes BM, Bang C, Doms S, Moitinho-Silva L, Thingholm LB,
et al. Genome-wide association study in 8,956 German individuals identifies
influence of ABO histo-blood groups on gut microbiome. Nat Genet.
2021;53(2):147-55.

Yang H, Wu J, Huang X, Zhou Y, Zhang Y, Liu M, et al. ABO genotype alters the
gut microbiota by regulating GalNAc levels in pigs. Nature. 2022;606(7913):358—
67.

66



DOI:10.14753/SE.2024.3064

9. Bibliography of the candidate’s publications

9.1. List of publications related to the topic of the thesis
Garbaisz D, Szeberin Z, Hidi L, Sotonyi P. Use of allografts in vascular surgery
infections [Homograftok haszndlata érsebészeti fertdzésekben]. Orv  Hetil.
2023;164(32):1256-1262. [Hungarian]

Hidi L, Kovacs GI, Szabo D, Makra N, Pénzes K, Juhasz J, Sotonyi P, Ostorhazi E.
Human blood vessel microbiota in healthy adults based on common femoral arteries of
brain-dead multi-organ donors. Front Cell Infect Microbiol. 2022;12:1056319.

Garbaisz D, Osztrogonacz P, Boros AM, Hidi L, Sotonyi P, Szeberin Z. Comparison of
arterial and venous allograft bypass in chronic limb-threatening ischemia. PLoS One.
2022;17(10):e0275628.

Hidi L, Komorowicz E, Kovacs GI, Szeberin Z, Garbaisz D, Nikolova N, Tenekedjiev
K, Szab6 L, Kolev K, Sotonyi P. Cryopreservation moderates the thrombogenicity of
arterial allografts during storage. PLoS One. 2021;16(7):1-16.

9.2. List of publications unrelated to the topic of the thesis
Téth E, Beinrohr L, Gubucz I, Szabd L, Tenekedjiev K, Nikolova N, Nagy Al, Hidi L,
Sétonyi P, Szikora I, Merkely B, Kolev K. Fibrin to von Willebrand factor ratio in arterial
thrombi is associated with plasma levels of inflammatory biomarkers and local abundance
of extracellular DNA. Thromb Res. 2022;209:8-15.

Hidi L, Pomozi E, Boros AM, Legeza P, Barczi Z, Szeberin Z. Long-term results of open
surgical repair of non-infrarenal abdominal aortic aneurysms [Nem infrarenalis

lokalizaci6ju hasi aortaaneurysmak miatt végzett nyitott mutétek hosszu tdva adatainak

elemzése]. Orv Hetil. 2022;163(37):1472-80. [Hungarian]

Hidi L, Lengyel B, Legeza P, Szeberin Z. Initial experiences with the use of covered
stents in endovascular treatment of aortoiliac stenoocclusive diseases [Aortoiliacalis

stenoocclusiv betegség fedett sztentekkel végzett endovascularis ellatdsdval szerzett

kezdeti tapasztalataink]. Orv Hetil. 2022;163(39):1553-58. [Hungarian]

67



DOI:10.14753/SE.2024.3064

Berczeli M, Osztrogonacz P, Hidi L, Szeberin Z. Initial experiences with percutaneous
endovascular aortic reconstruction [Percutan endovascularis aortareckonstrukcidval

szerzett kezdeti tapasztalataink]. Orv Hetil. 2022;163(33):1318-23. [Hungarian]

COVIDSurg Collaborative; GlobalSurg Collaborative. SARS-CoV-2 infection and
venous thromboembolism after surgery: an international prospective cohort study.
Anaesthesia. 2022;77(1):28-309.

COVIDSurg Collaborative; GlobalSurg Collaborative. Effects of pre-operative isolation
on postoperative pulmonary complications after elective surgery: an international
prospective cohort study. Anaesthesia. 2021;76(11):1454-64.

COVIDSurg Collaborative, GlobalSurg Collaborative. SARS-CoV-2 vaccination
modelling for safe surgery to save lives: data from an international prospective cohort
study. Br J Surg. 2021;108(9):1056-63.

Hidi L, Pal D, Boros AM, Kovats T, Menyhei G, Szeberin Z. Analysis of data from the
National Vascular Registry on infrarenal aortic aneurysms (2010-2019) [Infrarenalis
aortaaneurysma-miitétek orszagos eredményeinek elemzése a Nemzeti Ersebészeti

Regiszter alapjan (2010-2019)]. Orv Hetil. 2021;162(31):1233-43. [Hungarian]

COVIDSurg Collaborative; GlobalSurg Collaborative. Timing of surgery following
SARS-CoV-2 infection: an international prospective cohort study. Anaesthesia.
2021;76(6):748-58.

Hidi L, Csobay-Novak C, Juhasz V, Suhai F, Szeberin Z, Sétonyi P. Endovascular
treatment of the persistent false lumen of post-dissection aneurysms with "candy-plug"
technique [Postdissectiés aortaaneurysma endovascularis kezelése ,,candy-plug”

technikaval perzisztalo allumen esetén]. Orv Hetil. 2020;161(11):437-39. [Hungarian]

Mihaly Zs, Hidi L, Suhai F, Tarcza Zs, Nemes B, Sotonyi P. Nyaki ver6ér atipusos,
fokalis, fibromuscularis dysplasiajanak képalkot6 diagnosztikai nehézségei. Magy Rad.
2020;94:70-74.

Farkas AZ, Farkas VJ, Gubucz I, Szab6 L, Balint K, Tenekedjiev K, Nagy Al, Sotonyi P,
Hidi L, Nagy Z, Szikora I, Merkely B, Kolev K. Neutrophil extracellular traps in thrombi
retrieved during interventional treatment of ischemic arterial diseases. Thromb Res.
2019;175:46-52.

68



DOI:10.14753/SE.2024.3064

Hidi L, Csobay-Novak C, Nemes A, Nemes B, Olah Z, Pal D, Sotonyi P. Nellix: New
possibilities in the treatment of the aorto-iliac aneurysm - our initial experiences [Nellix:
uj tavlatok az aortoiliacalis aneurysmak kezelésében — kezdeti tapasztalataink]. Magy
Seb. 2017;70(1):18-23. [Hungarian]

Németh BT, Matyas C, Olah A, Lux A, Hidi L, Ruppert M, Kellermayer D, Kokény G,
Szabd G, Merkely B, Radovits T. Cinaciguat prevents the development of pathologic
hypertrophy in a rat model of left ventricular pressure overload. Sci Rep. 2016;6:37166.

Olah A, Németh BT, Matyas C, Hidi L, Lux A, Ruppert M, Kellermayer D, Sayour AA,
Szabd L, Torok M, Meltzer A, Gellér L, Merkely B, Radovits T. Physiological and
pathological left ventricular hypertrophy of comparable degree is associated with
characteristic differences of in vivo hemodynamics. Am J Physiol Heart Circ Physiol.
2016;310(5):H587-97.

Hidi L, Menyhei G, Kovats T, Dobai A, Szeberin Z. Report of the Hungarian Vascular
Registry's data of infrarenal aortic aneurysms (2010-2014) [Magyarorszagon végzett
infrarenalis aortaaneurysma-miitétek eredményei az Ersebészeti Regiszter adatai alapjan
(2010-2014)]. Orv Hetil. 2015;156(49):1991-2002. [Hungarian]

Matyas C, Németh BT, Olah A, Hidi L, Birtalan E, Kellermayer D, Ruppert M, Korkmaz-
Icoz S, Kokény G, Horvath EM, Szabd G, Merkely B, Radovits T. The soluble guanylate
cyclase activator cinaciguat prevents cardiac dysfunction in a rat model of type-1 diabetes
mellitus. Cardiovasc Diabetol. 2015;14:145.

Olah Z, Hidi L, Entz L, Szeberin Z. A medialis visceralis rotacio szerepe a suprarenalis
aorta sebészetében. Magy Seb. 2015;68(4):167-72. [Hungarian]
Olah A, Németh BT, Matyas C, Horvath EM, Hidi L, Birtalan E, et al. Cardiac effects of

acute exhaustive exercise in a rat model. Int J Cardiol. 2015;182:258-66.

Szeberin Z, Hidi L, Kovats T, Menyhei G. Report of the 2013 data of the Hungarian
Vascular Registry [Az Ersebészeti Regiszter 2013-as adatainak elemzése]. Magy Seb.
2014;67(6):362-71. [Hungarian]

Radovits T, Olah A, Lux A, Németh BT, Hidi L, Birtalan E, Kellermayer D, Matyas C,

Szabd G, Merkely B. Rat model of exercise-induced cardiac hypertrophy: hemodynamic

69



DOI:10.14753/SE.2024.3064

characterization using left ventricular pressure-volume analysis. Am J Physiol Heart Circ
Physiol. 2013;305(1):H124-34.

70



DOI:10.14753/SE.2024.3064

10. Acknowledgements

I would like to thank everyone, my colleagues and my collaborators, who have supported
me in my work and contributed to the success of this research.

First of all, I would like to thank my mentor, Professor Peter Sétonyi, who made me
become a vascular surgeon and who showed me that research is part of the whole of a
profession, because it is the way to develop, and however small this step is, it contributes
to progress.

Thank you very much to all the colleagues at the Department of Biochemistry and the
Institute of Medical Microbiology at Semmelweis University who have helped me in my
work. Special thanks to Professors Déra Szabo and Krasimir Kolev, and to Eszter
Ostorhazi and Erzsébet Komorowicz for giving me an insight into the biochemical and
microbiological aspects of vascular medicine, showing that everything is connected.
Thank you very much to Gergdé Kovacs, my student, who inspired me with his interest.

I would like to thank my family, my friends and my fiancée for supporting and inspiring
me all the way. Thank you to them for the time | took from them to complete this work.
Finally, I thank God for the perseverance and the people who have been by my side, so
that even though | have faced many difficulties, | have had the strength to accomplish the

goals | have set.

71



PLOS ONE

DOI:10.14753/SE.2024.3064

Check for
updates

G OPEN ACCESS

Citation: Hidi L, Komorowicz E, Kovécs Gl,
Szeberin Z, Garbaisz D, Nikolova N, et al. (2021)
Cryopreservation moderates the thrombogenicity
of arterial allografts during storage. PLoS ONE
16(7): €0255114. https://doi.org/10.1371/journal.
pone.0255114

Editor: Stanislaw Stepkowski, University of Toledo,
UNITED STATES

Received: April 12, 2021
Accepted: July 9, 2021
Published: July 22, 2021

Copyright: © 2021 Hidi et al. This is an open
access article distributed under the terms of the
Creative Commons Attribution License, which
permits unrestricted use, distribution, and
reproduction in any medium, provided the original
author and source are credited.

Data Availability Statement: All relevant data are
within the manuscript and its S1 File and S1 Data.

Funding: This work was supported by the Higher
Education Institutional Excellence Programme of
the Ministry of Human Capacities in Hungary for
the Molecular Biology thematic programme of
Semmelweis University (KK;STIA-2020-0TKA/
137209;Semmelweis University;https:/
semmelweis.hu/english/) and by the
Supplementary Research Fellowship for Excellence
of Semmelweis University (LH;EFOP-3.6.3-VEKOP-

RESEARCH ARTICLE

Cryopreservation moderates the
thrombogenicity of arterial allografts during
storage

Laszl6 Hidic'*, Erzsébet Komorowicz?, Gergely Imre Kovacs', Zoltan Szeberin’,
David Garbaisz', Natalia Nikolova®*, Kiril Tenekedjiev®*, Laszl6 Szab6%5,
Krasimir Kolev®?¥, Péter Sétonyi'*

1 Department of Vascular and Endovascular Surgery, Heart and Vascular Center, Semmelweis University,
Budapest, Hungary, 2 Department of Biochemistry, Semmelweis University, Budapest, Hungary,

3 Department of Information Technology, Nikola Vaptsarov Naval Academy, Varna, Bulgaria, 4 Australian
Maritime College, University of Tasmania, Launceston, Australia, 5 Department of Functional and Structural
Materials, Institute of Materials and Environmental Chemistry, Research Centre for Natural Sciences,
Hungarian Academy of Sciences, Budapest, Hungary

I These authors share senior authorship on this work.
* drhidilaszlo@gmail.com

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

PLOS ONE | https://doi.org/10.1371/journal.pone.0255114  July 22, 2021 5/16


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

PLOS ONE

DOI:10.14753/SE.2024.3064 Thrombogenicity of cryopreserved arterial allografts

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

PLOS ONE | https://doi.org/10.1371/journal.pone.0255114  July 22, 2021 7/16


https://doi.org/10.1371/journal.pone.0255114.g002
https://doi.org/10.1371/journal.pone.0255114

PLOS ONE DOI:10.14753/SE.2024.3064 Thrombogenicity of cryopreserved arterial allografts

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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