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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. 
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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 . It 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 . In 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. Iontophoresis

Another technique that could be implemented during NMP is iontophoresis, which assesses the nitric oxide (NO)

availability in the microvasculature . 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 .

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 

. 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 . In 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 . 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 . 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 . 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 . 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 . 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 .

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 . 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 . However, it is important to note that different (donor)

kidneys can express these markers in different proportions , 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 . 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 . 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.) . Several studies have

been performed to assess renal vascular viability and architecture using murine models .

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 . Additionally, 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 . 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.
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Technique Previous
Application Advantages Disadvantages

Response to
vasoactive stimuli

Cardiovascular
research and ex vivo

perfusion
Real-time evaluation Affects the whole organ

Iontophoresis Clinically used
Real-time evaluation; local

effect

Requires validation and
placement of chambers on the

kidney surface

Ultrasound/Laser
doppler

Clinically used Already clinically used; Real-
time evaluation;

No generalized assessment
possible; Microvasculature not
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Technique Previous
Application Advantages Disadvantages

visible; Requires placement of
probe on kidney surface;

Laser speckle
imaging

Ex vivo perfusion

Real-time evaluation; Already
validated during ex vivo

perfusion; microvasculature
more visible

Needs a specific dark chamber
for scanning; Only superficial

visualization is possible

Venous occlusion
plethysmography

Clinically used
Real-time evaluation; No
need to administer drugs

More aggressive; Affects the
whole organ by occlusion of

outflow

Arterial stiffness Clinically used

Real-time evaluation; No
need to administer drugs;

Could possibly be measured
in the tubing

Requires validation and
possible placement of probes

on the kidney surface

Flow cytometry
Human, murine

studies
Specific analysis/labeling of

desired cells/proteins

Not a real-time assessment;
Antibody availability could be

difficult;

Lightsheet
microscopy

Murine, zebrafish,
organoid studies, etc.

Three-dimensional analysis
of sample; Specific

analysis/labeling of desired
cells/proteins

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

Microcomputed
tomography

Murine in vivo and ex
vivo

Three-dimensional analysis
of sample; Possible to

visualize small structures;
Not lengthy; In vivo scanning

in small animal models

Not a real-time assessment;
Not possible to perform

functional analysis

Magnetic
resonance imaging

Clinically used and
ex vivo perfusion

Possible to perform
anatomical and functional

analysis; Already applied to
ex vivo perfusion; Real-time

assessment

Still under study for
interpretation during ex vivo

perfusion; Logistically
cumbersome

Targeted treatment
and nanoparticles

Human, porcine, and
murine studies, ex

vivo perfusion

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

No long-term assessment is
possible during ex vivo

perfusion; Drug dosage needs
validation and tested for

toxicity

siRNA and/or
miRNA treatment

Cardiovascular
research, murine and
human studies, and

ex vivo perfusion

Treatment is delivered to the
isolated organ; Treatment

can have an effect even after
transplantation

No long-term assessment
possible during ex vivo

perfusion; Drug dosage needs
validation and tested for

toxicity
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2.3. Imaging Renal Microvascular Architecture with Microcomputed Tomography

Microcomputed tomography (micro-CT) is a relatively new technology that can be applied to image samples inside

and out in a non-destructive way and acquire high-resolution images with fast 3D cross-section reconstruction. This

technique has been applied in in vivo studies for the assessment of longitudinal treatment effects  and in ex vivo

research studies analyzing various organs, such as renal microvasculature architecture imaging and glomerular

quantification . Voxel sizes can be adjusted to image microvasculature in rodent and porcine models, and

structures as small as afferent/efferent arterioles can be visualized. Studies have reported that early structural

changes can be detected by micro-CT, and vascular rarefaction, increased microvascular density, and

microvascular remodeling have been correlated to early stages of pathological processes such as polycystic kidney

disease, hypercholesterolemia, and increased oxidative stress in stenotic kidneys, respectively . In addition,

alterations in vascular molecular mechanisms, such as expression of HIF-1α ad VEGF have been associated with

changes in vascular structure in polycystic kidneys after micro-CT imaging .

The advantages of micro-CT are that full geometric structures can be analyzed, glomerular and peritubular

capillaries can be distinguished, and the spatial density and tortuosity of vascular beds can be visualized in a

relatively fast manner . However, unlike other imaging modalities, no functional assessments can be

performed; this technique requires radiation, and without any modifications to the machine, kidneys cannot be

imaged while perfused. Therefore, this technique would be restricted as a post-perfusion analysis in porcine and

human discarded kidney models, but observed changes could be correlated to other molecular and/or real-time

parameters. In rodent transplantation studies involving ex vivo perfusion as a platform for targeted treatment,

micro-CT has the potential to evaluate in vivo vascular response longitudinally for post-transplant monitoring,

therefore offering insight into outcomes.

2.4. Visualizing Renal Perfusion Profile with Magnetic Resonance Imaging

Magnetic resonance imaging is a technique commonly used in the clinic for non-invasive real-time organ

morphological and functional assessment. Several studies published by Schutter et al.  reveal that functional

MRI (fMRI) imaging during renal NMP can be used to unveil renal ex vivo physiology and as a reliable and

independent viability assessment tool. The combination of NMP and fMRI could prove of extreme value to
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investigate the impact of relevant events in the transplant process (warm/cold ischemia times), as well as opening

doors to adding an extra set of variables to organ quality prediction models.

During NMP, fMRI acquires information on vascular parameters such as general vessel architecture and regional

blood flow. Arterial spin labeling (ASL), for example, is a sequence that tracks inflowing protons while they travel

through the kidney, which offers insight into flow distribution . However, as an unexpected result from Schutter’s

experiments, ex vivo perfused kidneys showed low cortical flow and high medullary flow for the first two hours, after

which it returned to in vivo physiological characteristics. These data highlight once more how different kidneys

might behave in vivo and ex vivo. With that in mind, further research into vascular-specific fMRI sequences is

needed to investigate and understand renal ex vivo responses, and results should be carefully interpreted.

3. Treating Vascular Injury in an Ex Vivo Setting

Last but not least, ex vivo machine perfusion can provide a unique opportunity to treat kidney grafts whilst outside

of the body. Machine perfusion itself may already offer superior protection against IRI-related vascular damage, but

specific drug targeting to repair or prevent additional injury could further improve the preservation of (suboptimal)

donor kidneys.

3.1. Targeting Hypoxia via the HIF Pathways

An inevitable consequence of ischemia and organ storage is tissue hypoxia, which is most commonly activated via

the HIF pathways. With vascular dysfunction and damage, vasoconstriction, inflammation, and thrombosis are

phenomena that further lead to lower oxygen delivery to the tissue . The HIF signaling cascade is intended to

protect the organ from excessive hypoxic damage, but it has been reported that continuous and non-specific

activation of HIF pathways can have detrimental consequences. As hypoxia response is very heterogenous even

within the same organ—and since the kidney is the most vulnerable to hypoxia damage—it is essential to

investigate further the importance of these renal responses in an ex vivo machine perfusion setting.

Several attempts have been made to counteract hypoxia by pre-treating the donor in an experimental setting.

Animal studies have reported that pre-treatment of donors by enhancing HIF-1α or inhibiting PHD has a positive

effect on post-transplant outcomes, and human observational studies indicated that non-rejected and better-

functioning grafts presented with higher HIF-1α levels post-transplant . However, in a clinical setting, pre-

treatment of the donor is very difficult for ethical reasons. Therefore, an ex vivo model could be of significant impact

on the ectopic studying and conditioning of kidneys prior to transplantation by directly or indirectly enhancing HIF-

1α activity. In 2017, a study by Hollis et al.  used renal HMP to deliver PHD inhibitors to investigate whether

there was an anaerobic metabolic shift after ischemic injury. Even though a normothermic functional assessment of

the kidneys was not performed in the study, the group could show that inhibitor administration during HMP alone

could alter the metabolic phenotype of the kidneys. To our knowledge, PHD inhibitors have not yet been tested in a

normothermic machine perfusion setup. This would be relevant to examine as PHD inhibitor kinetics could work

best under physiological temperatures and, therefore, more protective for the kidney vasculature.
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3.2. Targeting Angiogenesis via the VEGF Pathway

Another potential vascular treatment pathway is the VEGF pathway. In the face of tissue hypoxia and cellular injury,

the vasculature turns to angiogenesis in an attempt to repair its structure and restore homeostasis, and this

process is tightly regulated between proangiogenic and antiangiogenic factors . The VEGF pathway has been a

focus of various studies in recent years, and enhancement of this pathway in early ischemic processes has shown

promise in maintaining vascular viability . Once ex vivo angiogenic physiology is unraveled, treatment of

kidneys prior to transplantation during perfusion could be an interesting approach to avoid chronic injury. With this

setup, similar to HIF pathway interventions, donor treatment is avoided, and the organ would be treated individually

without systemic effects. Target agents could be administered momentarily or even associated with microparticles

for a longer local effect post-transplant.

3.3. Targeting Coagulation with Fibrinolytics

In a healthy situation, the endothelium possesses fibrinolytic, anticoagulant, and antithrombic properties. Damage

to ECs negatively impacts their protective effects against inflammation and thrombus formation, making the

vascular environment prone to those processes. The exposition of the EC basal membrane activates vWF and

factor XII, which stimulates the extrinsic and intrinsic coagulation pathways, respectively. From then on,

glycoprotein receptors promote platelet aggregation, and platelet degranulation catalyzes it even further .

Putting effort into exploring inflammatory and coagulation pathways ex vivo could improve current perfusion

protocols to avoid extreme endothelial activation, which can be greatly beneficial for maintaining homeostasis and

avoiding further graft damage. As an example, a few previous porcine and human transplant studies have shown

that inducing fibrinolysis ex vivo during flush or HMP to actively remove clots from the circulation and prevent

further endothelial damage was beneficial for organ functioning, thus improving graft viability post-transplant .

3.4. Using siRNA and miRNA to Attenuate Inflammation

Since endothelial cells are responsible for initiating inflammatory, immunologic, coagulatory, and even graft

rejection processes , modifying ECs during ex vivo perfusion by reducing or even inhibiting the

expression of certain pathways can benefit organ (vascular) viability without further compromising the recipient’s

system . This (temporary) cellular reprogramming could possibly be achieved by the administration of small

interfering RNAs (siRNA), micro RNAs (miRNA), or even micro/nanoparticles loaded with certain therapeutic

agents .

A study by Cui et al. , for example, pre-treated human epicardial coronary arteries with siRNA-loaded

biodegradable poly(amine-co-ester) (PACE) nanoparticle against class II transactivator (CIITA) via NMP. CIITA is a

positive regulator for the transcription of class II major histocompatibility complex (MHC-II) molecules, and it

induces temporary unresponsiveness to interferon (IFN)-γ-mediated induction of MHC-II molecules. Isolated

arteries were perfused for 6 hours at 37 °C with PACE nanoparticles resuspended in M199 medium. Afterward,

these vessels were transplanted into the infra-renal aorta of immunodeficient SCID/beige mice and monitored for 6

weeks. After 1 week, nanoparticles were not detected in other mouse organs, and after 6 weeks of transplant, pre-
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treated arteries still showed some level of MHC-II expression inhibition. Moreover, treated arteries retained a more

favorable endothelial cell coverage, smooth muscle cell function, and reduced T-cell infiltration. The study also

reported that the flow rate during perfusion is an important factor for optimal distribution and kinetics of the

nanoparticles, as their association decreased in the face of increased shear stress.

Micro RNAs could be used as a therapeutic target by administering miRNAs systemically or locally to either inhibit

or enhance certain transcript functions. Their efficacy has been reported in studies targeting cancer, hepatitis C,

heart abnormalities, kidney disease, pathologic fibrosis, etc. . Administration of certain miRNAs during ex vivo

perfusion could be beneficial in more than one way. Firstly, ex vivo perfusion would serve as a pre-transplant

treatment platform to prevent excessive damage or enhance repair. Secondly, it would be a platform to deliver such

treatments in an isolated manner, therefore avoiding any systemic responses post-transplant.

3.5. Targeting Fibrosis via the TGF-β Pathway
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approach to prevent its onset due to persistent inflammation after IRI and to allow the vasculature to repair and re-

vascularize prior to the no-return point. Avoiding vascular injury and rarefaction is crucial to avoiding further

fibrinogenesis.

Drugs to target such pathways could be easily administered in an HMP or NMP perfusate . However, fibrosis is

a slow process that cannot be observed within only a few hours, so other techniques need to be explored in

addition to machine perfusion alone. Recent studies by van Furth et al.  and van Leeuwen et al.  have

proposed the use of precision-cut kidney slices as a model for the long-term evaluation of drug effect and IRI

molecular mechanisms. This model has the benefit of being able to use a single organ to test various drugs

simultaneously, and it is also an upgrade from cell culture as it maintains part of the tissue’s architecture, therefore

allowing evaluation of cell-cell and cell-matrix interactions. Using this technique after administering drugs during ex

vivo perfusion could open doors to investigating long-term effects (24–48 h) of fibrosis in renal tissue. Ultimately,

they have shown that fibrosis can be attenuated by targeting the TGF-β pathway.
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