Ex Vivo Perfusion Research in a Transplant Setting | Encyclopedia.pub

Ex Vivo Perfusion Research in a Transplant
Setting

Subjects: Transplantation

Contributor: Carolina Campos Pamplona , Cyril Moers , Henri G. D. Leuvenink , L. Leonie van Leeuwen

Given the importance of renal vasculature and the consequences of vascular injury during renal transplantation, it
would be extremely helpful if the condition of the renal vasculature could be assessed and potentially improved
before transplantation. Ex vivo perfusion, whether it is hypothermic (HMP) or normothermic (NMP), may offer the
possibility to assess kidney function prior to transplantation and could provide a treatment platform in a controlled
and isolated environment. Therefore, investigating and assessing vascular damage during machine perfusion could
provide a better understanding of its underlying mechanisms, which could potentially be translated into assessment
or treatment techniques.

kidney transplantation ex Vvivo perfusion endothelial cells vascular viability

| 1. Real-Time Assessment of Vasoactivity during NMP

A healthy endothelium is responsible for modulating the vascular tone according to pressure, flow, and oxygenation
conditions. Signals from endothelial cells (ECs) are received by the smooth muscle cells (SMCs) to either relax or
contract, therefore creating vasodilation and vasoconstriction. An impaired vasomotor response can be the result of
either dysfunction in endothelial signaling to smooth muscle cells or primary dysfunction of SMCs. Therefore, it is
important to assess both endothelial-dependent and -independent vasoactive responses LBl |t would be
valuable to explore different techniques known from other fields of research. For example, there are several
methods for examining endothelial viability and capillary dysfunction in cardiovascular research [ that could be
implemented in combination with ex vivo perfusion with just some minor adjustments. One of the most common
techniques used to assess endothelial-dependent function involves monitoring the vasomotor response to a certain

stimulus, while the lack of or diminished response would be an indicator of poor function &,

1.1. Endothelial Vasoactive Response Evaluation

A simple technique that could be implemented during NMP is to administer boluses of vasoactive substances
during perfusion and observe flow variations. Those drugs could be directed at a certain vessel layer or vasoactive
pathway of interest, and viable vessels should be capable of responding to such stimuli. A more accurate
assessment could be achieved by, for example, using ultrasound to measure vessel diameter or laser speckle
contrast imaging (LSCI) to observe changes in perfusion profiles @4, |n 2018, Bath et al. & reported that long
warm ischemia times (WIT) directly affect vasodilation capacity after administering vasoactive boluses during NMP,

suggesting irreversible endothelial injury, and cold ischemia time (CIT) further diminished that potential. The study
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indicates that influencing vasoactivity during perfusion could provide a measurement of vascular injury and,
therefore, viability.

1.2. lontophoresis

Another technique that could be implemented during NMP is iontophoresis, which assesses the nitric oxide (NO)
availability in the microvasculature 2], While similar to the previously mentioned technique, iontophoresis is a less
systemic approach and has not yet been adapted for an ex vivo setting. In the clinic, the principle consists of
placing two watertight chambers on the forearm skin that conduct an electrical current to transfer positive or
negatively charged vasoactive agents through resistance vessels locally, and the delivery rate depends on the
density and strength of the current. Acetylcholine and sodium nitroprusside are the most common agents used in
this technique. To measure the vascular changes, laser doppler flowmetry (LDF) or laser doppler imaging (LDI) can
be used. LDF and LDI are similar techniques, differing on the size of the scanned area—LDF measures perfusion
over a single point, and LDI scans a whole area [&. With some adaptation and validation, this technique could be
implemented during NMP to assess the dynamic vascular response to vasoactive stimuli. In this way, evaluation
can be performed in a localized manner without affecting the whole organ, and it would offer real-time results. In
addition to doppler techniques, LSCI could be an alternative option for imaging, as it has high special and temporal

resolution and has already been validated in perfusion models for microvascular perfusion assessment 4,
1.3. Venous Occlusion Plethysmography

Venous occlusion plethysmography could also be applied during NMP with appropriate adaptation/validation.
Normally, this technique is used in the forearm, and it entails stopping venous return while there is arterial inflow.
This flow occlusion causes the forearm to increase in volume over time in proportion to the incoming arterial flow 2
. Two strain gauges are placed high on the forearm and the wrist, one to cause venous occlusion and one to
exclude the hand from the measurement. An automated device (plethysmograph) is connected to the forearm cuff
and controls the in- and deflation of the gauges respecting the maximum venous filling. The increase in forearm
volume is picked up by the machine, as the increase in length of the strain gauge causes a change in electrical
resistance, therefore representing an increase in forearm blood flow [, In principle, healthy resistance vessels
should be able to retain more flow by inducing vasodilation and quickly respond to the strain gauge removal and
restore venous return by adjusting vasodilation . This technique could be seen as more aggressive compared to
others, but if validated, it could still provide extra real-time information on vascular adaptation capacity during

perfusion when testing different protocols or drugs, as it might correlate with other parameters.
1.4. Arterial Stiffness

Arterial stiffness is also a principal factor to consider when studying vascular viability I |n vivo, with each
heartbeat, pressure waves travel through the vasculature, and compliant arteries dampen these pressure
oscillations to deliver blood flow in a smooth manner. At branching points, these pressure waves are reflected, and
the stiffer an artery is, the faster these waves travel back. Increased stiffness can be caused by reduced NO

production by the endothelial cells, loss of SMC tone, excessive collagen deposition in the vessel wall, and
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atherosclerosis I8l There are a few techniques available to assess arterial stiffness, the most common being
pulse wave analysis (PWA) and pulse wave velocity (PWV), which have been previously associated with coronary
microvascular endothelial function 219 Both methods are similar, only differing in the number of measured
locations (PWA uses a single point, and PWV uses two points simultaneously). The arterial pressure wave is
measured with a transducer by flattening an artery—but not occluding it. Then, the difference between peak
readings is calculated as a percentage, and the higher the number, the stiffer the artery. In an NMP setup, a
transducer could be easily placed either on the renal artery or on the silicone tubing from the circuit to acquire PWA
or PWV data, and arterial stiffness could potentially be measured during perfusion 2. However, measurement

readings would still need to be calibrated and validated for the setup.

2. Exploring New Techniques to Unravel Molecular
Mechanisms of Vascular Injury

Most of the assessment techniques explored above focus on the real-time contractility of the renal vasculature.
However, there is still a knowledge gap in general ex vivo physiology, and there are currently no predictive
biomarkers for ex vivo renal viability 2. Since vasculature stability is crucial for maintaining homeostasis and
optimal renal function, new techniques should be explored to further understand and investigate its
(patho)physiology in an ex vivo manner, as in vivo and ex vivo vascular responses might differ considerably.
Although cumbersome, more elaborate and extensive techniques should not be overlooked, as they might be key
to unveiling basic ex vivo vascular physiology so that, in the future, they can be simplified and perhaps correlated

to more real-time parameters currently in use.
2.1. Quantifying Endothelial Cell Shedding with Flow Cytometry

Previous studies have shown that EC damage derived from renal graft injury causes EC shedding, leading to an
increase in circulating endothelial cells (cEC) in blood, which correlates with plasma markers such as vWF and E-
selectin 22, During machine perfusion, the presence of cECs could potentially be an indicator of vascular injury.
The major advantage of measuring cECs is that their presence is not dependent on EC activation (measured by
VWF and E-selectin levels). In that sense, endothelial damage can be differentiated from dysfunction and could

therefore aid in graft viability monitoring (121,

Various human and murine studies have used flow cytometry to identify endothelial cells, and a plethora of markers
have been studied to identify cells coming from different tissues and vessel sizes Q231415 The main antibody
that is used to detect cECs in human blood is CD146, but other markers such as CD31, CD144, CD146, CD105,
Lectins, VEGF-2, PV-1, VWF, Tie-2/TEK, and HLA-II could be used to phenotype endothelial cells further down to
their location within the kidney and vessel size [1213114]i15] However, it is important to note that different (donor)
kidneys can express these markers in different proportions 14, thus making analysis a complicated process to

understand and standardize.
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So far, no studies have been performed to investigate the presence of cEC as a vascular viability assessment
during machine perfusion. One of the reasons could be that many experimental transplantation studies are
performed in pigs due to their similar physiology to humans. Porcine endothelial cells have barely been studied,
and the general availability of porcine antibodies is scarce 2. For flow cytometry analysis, (renal) endothelial-
specific pre-labeled primary porcine antibodies are inexistent. Secondly, NMP experiments followed by
transplantation are limited due to high costs and little availability of centers for porcine research. As for the clinical
situation, quantifying cECs in HMP perfusate is easily applicable as HMP is already standard clinical care.
However, since NMP is only barely implemented clinically, flow cytometry during NMP will take some time to
initiate. Furthermore, most perfusion studies do not generate post-transplant data as the kidneys are not

transplanted, hence correlating cEC numbers with transplant outcomes has not been established.

2.2. Lightsheet Fluorescence Microscopy

Lightsheet fluorescence microscopy (LSFM) is an ex vivo tissue microscopy technique, and its imaging principle
consists of horizontal fluorescent tissue excitation and vertical scanning 8. This technique enables optical
sectioning of the sample while still in a three-dimensional architecture, therefore enabling whole organ imaging in
small animal models. Murine, zebrafish, and organoid models are the most commonly used LSFM during analysis,
and their organs of interest vary (hearts, lungs, kidneys, eyes, etc.) [17I18]119][201[21][22](23]24][25] Seyeral studies have

been performed to assess renal vascular viability and architecture using murine models [221251[26]

During HMP or NMP, the administration of antibodies against endothelial markers—such as CD31, lectins, and
glycocalyx components—could potentially help identify the vasculature during LSFM and highlight areas of
shedding [14125121]125][26] - Aqditionally, this technique could be used to identify inflammatory activation/infiltration
sites along the vessels and overall vascular architecture and even offer insight into capillary rarefaction 28, As
seen in Table 1, the need for tissue fixation limits this technique to retrospective analysis, but it could still be of
great help in studying the localized vascular impact of machine perfusion and its potential treatment targets. Since
whole porcine and human organs do not fit in the imaging chamber of the microscope, biopsies could be collected

and analyzed using LSFM.

Table 1. Summarized view of previous applications and (dis)advantages of suggested techniques.

Previous

L TUG R Application

Advantages Disadvantages
Cardiovascular
research and ex vivo

perfusion

Response to

) N Real-time evaluation
vasoactive stimuli

Affects the whole organ

lontophoresis Clinically used

Ultrasound/Laser
doppler

Clinically used

Real-time evaluation; local
effect

Already clinically used; Real-
time evaluation;

Requires validation and
placement of chambers on the
kidney surface

No generalized assessment
possible; Microvasculature not
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Technique

Laser speckle
imaging

Venous occlusion
plethysmography

Arterial stiffness

Flow cytometry

Lightsheet
microscopy

Microcomputed
tomography

Magnetic
resonance imaging

Targeted treatment
and nanoparticles

siRNA and/or
miRNA treatment

Previous
Application

Ex vivo perfusion

Clinically used

Clinically used

Human, murine
studies

Murine, zebrafish,
organoid studies, etc.

Murine in vivo and ex
Vivo

Clinically used and
ex vivo perfusion

Human, porcine, and
murine studies, ex
vivo perfusion

Cardiovascular
research, murine and
human studies, and
ex vivo perfusion

Advantages

Real-time evaluation; Already
validated during ex vivo
perfusion; microvasculature
more visible

Real-time evaluation; No
need to administer drugs

Real-time evaluation; No
need to administer drugs;
Could possibly be measured
in the tubing

Specific analysis/labeling of
desired cells/proteins

Three-dimensional analysis
of sample; Specific
analysis/labeling of desired
cells/proteins

Three-dimensional analysis
of sample; Possible to
visualize small structures;
Not lengthy; In vivo scanning
in small animal models

Possible to perform
anatomical and functional
analysis; Already applied to
ex vivo perfusion; Real-time
assessment

Treatment is delivered to the
isolated organ; Nanoparticles
allow long-term drug delivery

Treatment is delivered to the
isolated organ; Treatment
can have an effect even after
transplantation

Disadvantages

visible; Requires placement of
probe on kidney surface;

Needs a specific dark chamber
for scanning; Only superficial
visualization is possible

More aggressive; Affects the
whole organ by occlusion of
outflow

Requires validation and
possible placement of probes
on the kidney surface

Not a real-time assessment;
Antibody availability could be
difficult;

Not a real-time assessment;
Not possible to do whole organ
analysis in large animal/human

models; Sample needs to be

fixed and cleared; Lengthy

Not a real-time assessment;
Not possible to perform
functional analysis

Still under study for
interpretation during ex vivo
perfusion; Logistically
cumbersome

No long-term assessment is
possible during ex vivo
perfusion; Drug dosage needs
validation and tested for
toxicity

No long-term assessment
possible during ex vivo
perfusion; Drug dosage needs
validation and tested for
toxicity
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Previous

LD Application

Advantages Disadvantages
Murine, porcine, and
human studies, ex
vivo perfusion
studies

Long-term assessment
possible; Multiple drugs can
be tested in a single organ

Full organ functionality not

Precision-cut slices . . .
possible; Prone to infections

, 302.

Human and porcine Treatment is delivered to the
Fibrinolysis transplant studies, ex  isolated organ; Avoids further
vivo perfusion graft damage

Post-transplant consequences 1s in
need more extensive study

4. Heeman, W.; Maassen, H.; Calon, J.; Van Goor, H.; Leuvenink, H.G.D.; van Dam, G.M.; Boerma,
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The last step of renal injury is fibrosis. This process is the result of irreparable damage to the vasculature and renal
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https://encyclopedia.pub/entry/46577 9/9



