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Organ transplantation remains the only treatment option for patients with end-
stage organ failure. The last decade has seen a flurry of activity in improving
organ preservation technologies, which promise to increase utilization in a
dramatic fashion. They also bring the promise of extending the preservation
duration significantly, which opens the doors to sharing organs across local and
international boundaries and transforms the field. In this work, we review the
recent literature on machine perfusion of livers across various protocols in
development and clinical use, in the context of extending the preservation
duration. We then review the next generation of technologies that have the
potential to further extend the limits and open the door to banking organs,
including supercooling, partial freezing, and nanowarming, and outline the
opportunities arising in the field for researchers in the short and long term.

KEYWORDS
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Organ transplantation remains the only treatment option for patients with end-stage
organ failure. If combined, the number of deaths due to organ failure exceeds cancer and
all other causes (1). The discrepancy between patient need and the number of organs
available results in a transplant waiting list of over 100,000 in the United States alone,
which is generally considered the tip of the iceberg for those in need. Geographic
differences in organ availability and other factors further lead to inequity in access to
transplant medicine (2). Although there has been rapid growth in organ transplantation
since 2013, and a record number of total solid organ transplants were performed in 2020,
the need for more transplantable grafts remains desperately high (2, 3).

Abbreviations

ALP, alkaline phosphatase; ALT, alanine aminotransferase; AST, aspartate aminotransferase; ATP, adenosine
triphosphate; cfDNA, cell-free deoxyribonucleic acid; COR, controlled rewarming; CPA, cryoprotective
agents; DBD, donor after brain death; DCD, donor after cardiac death; DHOPE, dual hypothermic
oxygenated machine perfusion; DMSO, dimethyl sulfoxide; EAD, early allograft dysfunction; ECD, extended
criteria donor; HA, hyaluronic acid; HMGB-1; high motility group box-1; HMP, hypothermic machine
perfusion; HOPE, hypothermic oxygenated machine perfusion; ICG, indocyanine green; IL-6,8; interleukin-
6,8; INR, international normalized ratio; IRI, ischemia-reperfusion injury; LDH, lactate dehydrogenase;
MPa, megapascal; MP, machine perfusion; NMP, normothermic machine perfusion; PEG, polyethylene
glycol; PVP, polyvinyipyrrolidone; ROS, reactive oxygen species; SCS, static cold storage; TNFo; tumor
necrosis factoro,, UW, University of Wisconsin; WI, warm ischemia; 3-OMG, 3-O-methyl glucose.
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FIGURE 1
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The evolution of machine perfusion. (A) Dr. Joseph Murray, while performing the first successful organ transplantation, 1954 (
). (C) Dr. Folkert Belzer's kidney perfusion machine (116).
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Clinical transplantation began with the pioneering work of
Joseph Murray, who performed the first successful organ
) (4). In 1967, Thomas Starzl
transplantation under

transplantation in 1954 (
first
immunosuppression, with survival exceeding 1 year ( )

performed the successful  liver
(5). Once a solution for immune rejection was identified,
preserving organs in a viable, transplantable condition for an
extended period became the key technological barrier for providing
access to this life-saving treatment (1). As noted by Southard and
Belzer, who developed the University of Wisconsin organ
preservation solution, preservation technology is “the supply line
for organ transplantation” (6). In its current state, organ
transplants can be described as a unique supply chain management
problem, where the stakes are simply the lives of the patients.

In the 1960s, Belzer developed the first hypothermic machine
perfusion (HMP) device that was clinically applicable ( )
and performed the first HMP-preserved human kidney
transplantation in 1967 (7). However, this method was considered
expensive and difficult to implement at the time. In 1969, Collins
et al. started the era of cold storage by demonstrating the successful
transplantation of canine kidneys after storage in a small box with ice
for 30 h (8). The introduction of the University of Wisconsin solution
in the 1980s by Belzer and Southard represented a breakthrough in
organ preservation (9). Static cold storage (SCS) replaced machine
perfusion and became the clinical gold standard, enabling organ
transplantation to be a vast success that can reach very high success
rates—unlike those early days when it was seen as a last resort.

The last decade has seen a flurry of activity in improving organ-
preservation technologies ( ): machine perfusion, abandoned
in the 1980s due to cost and practicality concerns, has made a
dramatic comeback and is now permeating into the operating
rooms (ORs) rapidly (10, 11). In parallel, there is a convergent
arch of major technological development in the field of
cryobiology, which was long limited to cells and reproductive
medicine, now offering many innovative alternatives for long-term
organ preservation in subzero temperatures. Perhaps, surprisingly,
these new cryobiology approaches critically leverage machine
perfusion as a platform technology and build on its success to
enable these next-generation methods. In this review, we present a

brief update on the developments, achievements, and innovations
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that have taken place in the field of extended organ preservation
over approximately the last 10 years. To make the task tractable,
we focus primarily on liver preservation. However, we have
allowed limited side notes to other organ systems where horizontal
translation of technologies appears obvious, where appropriate.

Cold storage has been an enabling technology that has allowed
transplantation to be an accessible treatment for organ failure. Even
though this method is very practical and cost-effective, it is
insufficient for the following three key reasons: (1) the organs
actively suffocate during storage, and even the high-quality organs
can only be stored for a few hours (12); (2) non-ideal donors
organs, particularly extended criteria donors (ECDs), have a higher
sensitivity to cold ischemia (13) exacerbating the ischemia-
reperfusion injury (IRI) (14). Briefly, when the organs are deprived
of oxygen, mitochondria function and adenosine triphosphate
levels decrease, resulting in cellular swelling and apoptosis. After
organs are reperfused, cell injury is aggravated by triggering the
formation of reactive oxygen species (ROS) and immune response,
which is associated with delayed graft function and primary graft
failure (15). In practice, this means that marginal organs often
present a higher risk of failure, and many of these are not used; (3)
since the organ is not fully functional at ice-cold temperatures, it is
difficult to assess if it will function as expected. To avoid the risk
of primary non-function, population statistics-based approaches,
such as the Donor Risk Index, are used to select higher-quality
donor organs. But, by their nature, these scoring systems are
conservative, and many potentially transplantable organs are not
used (16). These disadvantages led to the development of
alternative preservation techniques, leading to the rise of an old,
almost forgotten process that Murray himself had actually used.

As the number of ideal organs is insufficient to meet the
transplant demand, marginal organs, particularly those from
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FIGURE 2
Key organ preservation techniques and the interplay of temperature and metabolic rates. Metabolic rates are estimated based on the van't Hoff rule, which
estimates the metabolic rate approximately doubles with every 10°C increase in temperature (115).

donors after cardiac death (DCD), have become one approach
to expand the donor organ pool. For DCD organs, the method
for preservation is more important than heart-beating donor
organs [donors after brain death (DBD)] because there is
already an existing level of warm ischemic injury and a
higher risk for graft malfunction (17). Machine perfusion
continuously provides oxygen and nutrients, which enables
the graft to restore tissue energy (18), thus allowing a
certain amount of repair and recovery of an ischemic organ
(19). As a
preservation modality, it also allows full organ functional

ex situ before transplantation functional
assessment, in contrast to SCS, which effectively only slows
the rate of ischemic injury. The operation temperature of
machine perfusion can be simplistically divided into three
categories: HMP at 4°C-10°C;
machine perfusion (SNMP; also referred to as mid-thermic
perfusion) at 20°C-33°C;
perfusion (NMP) at 36°C-38°C, depending on the species
used in the study (a more rigorous breakdown including

main subnormothermic

and normothermic machine

recommendations for standardized terminology can be found
in Karangwa et al. (20)). Since perfusion is synergistic with
all extended preservation approaches, and itself allows
significant opportunities to extend preservation beyond the
current clinical limits, we first summarize key recent studies

in liver machine perfusion (Table 1).
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3.1. Hypothermic machine perfusion

Notably, there are multiple liver perfusion protocols that

employ hypothermic temperatures and oxygenation; for
simplicity in presentation, we refer to all of these as HMP, with
brief comments to their differences where needed.

HMP relies on decreased cellular metabolism at lower
temperatures (4°C-10°C). HMP of the kidneys, but without
oxygenation, has become standard practice in kidney perfusion,
but with limited benefits compared to SCS (21). Guarrera et al.
reported the first successful human liver transplantation after
HMP (22), without active oxygenation. With HMP protocols
featuring active oxygenation, studies have shown that despite
lower temperatures, HMP helps organs to restore ATP levels
(23), leading to reduced post-transplant complications (24). A
similar study where DCD livers were treated with a short period
of dual HMP (termed DHOPE) at the end of the ischemic
period showed a reduced IRI of the biliary tree (25). Short-term
(2h) end-ischemic oxygenated HMP after SCS has also been
shown to result in better endothelial cell function of ECD livers
compared to SCS preservation alone (26). Clinical trials have
shown superior transplantation outcomes of DCD livers after
end-ischemic HMP (HOPE) compared to untreated DCD and
DBD liver transplants: Schlegel et al. demonstrated higher 5-year

graft survival (27), and Mueller et al. demonstrated reduced

frontiersin.org


https://doi.org/10.3389/frtra.2023.1156845
https://www.frontiersin.org/journals/transplantation
https://www.frontiersin.org/

10.3389/frtra.2023.1156845

frontiersin.org

04

Ozgur et al.

(panuyuod)
uorsnyzod
ySry sem sarsdorq uorsnyradisod Sunmp pasnyur azom urpAoesord pue ‘sjfes
Ul U298 SISOIDAU JO [2A3] oy ‘Surperd ASor0351 aq1q ‘urreday ‘uornjos uonmnu [erdjuared
[e9180[03STY 19)J2q [JIM P3I[ALI0D cuondumsuod uaBixo [E10], "UOIN[OS PIO[[BISAId pUE S[[2d urw $96 | uIw G| I9AT] (09)
Apueoyrudrs sem uononpord afig <aye1oe] ‘uononpord g JINN | poofq par payped apqueduwos dnoid poojg ype -08C —-¢ | uewmnpy €1 | L10T ‘e 32 1980/
dWN
a3uer reordoforsdyd oty
urgim A[JUBISUOD 9I9M S[IAI] UIQNI[TY
‘s 01 paredwod uonejuerdsuen 1oye
S[PAJ] JTV PUB ISV paseardd -aSuer I9AT] 9¢)
[eUWLIOU 3Y) UT SeM [2A3] ISV aresnyrag | ASofoisty ‘urqnaiq ‘qTv LSV (Do€€) dIANS | sa1hooryihro S1d paysem pue uonnjos uadg ye¢ qe¢ - | oumiog 8| 9107 | e 192 19[z39dS
AUOSTI1000IpAY
uonpnpoid a1q paseanur quuod | urunqre “edn ‘uononpoid afiq unfwoydans/uroruad urmsur I9AT] (z¢)
JdLV pue ayerdn uadfxo pasordwry | gLy 9reioe] oyerdn uadfxQ (Do17) dINNS M pajuowa[ddns g wnIpajy  SWerIpm ye¢ U Gg9 | umw gz | uewnpy £ | w107 | TR 10 eWSUIMIg
(060¢)
NS T dnoxn 2u0s110501pAY ‘Qururein|d Yy g dnorp $< iz dno1n
are1 ayeydn waghxo o (0,07) | -T ‘ukwoydans/uroruad ‘urreday ‘urmsur (+9)
SY99M § I9)JE [BAIAINS 04001 | 93X UONAIAS A[Iq ‘I'TV ISV | dIANS ‘1 dnoin | ‘sahooryifia snoSojone ‘wnipawr swerim Y6 :1 dnoin - Y1 | 1oAl yeY $<Z i1 dnoiny | 1oz | e 30 wooqjo],
06€’€8 SEM [BAIAINS (JUOUX 0
-1 “1aa1] 8/ 01 sem uondnpoid apg urredoy pue QuOsNI000IpAY ‘Qururenid dnoxp 9 iz dnorn
0600T SEM [BATAINS YJUOUI-] PUE ‘S[2AI] uonpnpoxd -7 ‘unfwoydans/uroruad ‘urmsur qr:l (8¢) Te 3@
LTV 22481y ‘IM SuLmp paysturuip 41y 3[1q €0 LTV ISV ‘d1V (Do17) dINNS s pajuswalddns § WINIPIJA WM qe - | dnoip | xear ey 91 dnoxs | z10T uaspua1ag
dWNS
dnoid swoipuss uorsnjrodansod
$D ) 03 paredwod (9%g1) dWOIpuLs aaneradoenur ‘uonouny
uorsnyradonsod pue (9%9) sanorns pue Lm(ur Areriqojeday (D,01) suoryien(3 ym pajyuswaiddns (uerpaur) | (uerpaur) ToAT[ (67)
ATeI[Iq O)OWO)SEUL-UOU JO YSLT JOMO] Jo sdjrew winids | (AdOHA) dINH ‘uonnjos uorsnjiad aurydrWr I9Z[PY PIOD urw g yg | ur 11 9 - | uewnp 8L | 120z | ‘Te 1o ulny uep
sown) uoneArdsard
19110ys 0} paredurod uorsnjradar
I9)JE SISOIDdU 2IOW UT J[NSAT JOU PIP T
0y dn 105 (dOHA) dIH ey} pa[eandx
ewAypuared 19A1] Jo sisATeue [ed130[0)STH
(IdOHA) dNH papuaixe 4q
Ppajeads jou axam djesnyrad ayy ur YN £3o[o3s1y 12AT[
10 ‘T-gDINH LTV JO s[4 "uorsnyadar | pue 9onp a[1q “YNQP “OINL u¥e ¢ dnoxp 9 ¢ dno1p
Jo pua ay3 e sdnoid e ur zepruts | ‘9-[ ‘I-GOWH ‘HAT LTV 20 %001 yim pajeuadixo 49 ¢ dnoip ToAT[ 9 i dnoxp (05) e 3
a1aM (T pue ‘@euoqredrq ‘Hd Arerig 9s0on[S eouereap ajee] | (IJOHA) JINH uonnos uorsnjrad surydRW M) 19Z[g y ¢ :1 dno1n yg | unwog | aumiog 9:1 dnoin | ozoz | pamuaddnig
Jomo[ Apueoyrudis a1om sIaIeur Teaf |
Am(ur wnias ‘suorestdurod IBNOSeA | pue [JUOW | e [eAIAINS JjeId
ou ‘S[o1U0d Ul 967 'sa dnoid JIWH a3 | pue juaned pue ‘uonounysAp
ur 96 a1am sayer uondunysAp jyexSope | yeiSopre Ajres ‘uonouny-uou SIOJE[IPOSEA PUE ‘Sa)er)sqns uru g9 IOAT] (22)
Apreq ‘uonpunj-uou Arewrid jo sased oN | Arewrtid jo saouapUl URdN | (Do9-Dob) dINH | OI[OQEIAW ‘S)ULPIXONUE PIPPE [JLM [0SOSEA Y60FEY | YTITFV6| TFEFP| uewny 0C | 0107 | °‘[e 32 e1direns)
dWH
O od 0.1b A3
9WIO O odp aJnjeladwa 9le 9 pa1eusabAXQ od oled1|day  Jed 0 o

'sainjesadwa) bunesado uo paseq paziiobajyed uoisnyiad JaAn Ul salpnys A3y jo Alewwns jaliq v T 319VL

Frontiers in Transplantation


https://doi.org/10.3389/frtra.2023.1156845
https://www.frontiersin.org/journals/transplantation
https://www.frontiersin.org/

10.3389/frtra.2023.1156845

Ozgur et al.

‘dWN ‘OheJ pazijewou |euoneusaiul “YN|

"BILUBYDS| WIBM ‘|A\ ‘uoisnpiad sulydew dluwayiouwIougns ‘dwWNS ‘obeiols pjod oness ‘SsOS ‘uoisnyad sulydew diwiaLyowou
‘uoisnyiad aulyoew dlwiayyodAy ‘dWH ‘p1oe dluoinjeAy ‘yH ‘uoisnyad auiydew payeusbAxo dlwiayiodAy 1enp ‘JdOHQ ‘2beiois p1od ‘SO Bulwiemal pa)jouod ‘YOD ‘YN 9944-1190 ‘YNOP

Sowiod1INQ

sjujodpug

aJmesadwia |

91esnyad

swi} uoisnyad
pa1eusbAxQ

Ayyedorduejop juejdsuen
-150d jo suSts [eorurp padopasp £0DHEN pue ‘utreday ‘urmsur ouoryeins (oun (payuerdsuen
sey syuardar ay Jo auou ‘sfep 61 Jo dn uondumsuod usafixo JINN-YOD | SIUdLNNU “Urjozejad 9[ozepruorldw ‘urwnqge | uoisnjiad surydew | (Uerpaw) | UIW G¢ IOAT] 1M (99)
~MOJ[0F URIPAW ® ¢ [eAlaIns Je18 9001 | LTV ‘wononpoid afiq ojesoe] | -(IdOHA) dWH | ‘oursmyos yum pajuswarddns 107-DOGH | [e303) UIW £IS-€87 | UIW 68T ~€7 | UPWNY | SPA AP JOG) L | 6107 | e 1P SAMA 2Q
dnoi3 qWH a3 ym pareduros 1omof (Do2T JaAY[ (17)
SI9M SPPAJ] VH PUe ‘HAT LSV YL VH ‘dLV ‘HAT ISV | 03 Do¥ Wox) YOO uonnios MN v Uy | umwr(Q9 | dumlod T | 910T | 'Te 30 LoyNINg
£19A00021 d139819Ud
19113q pamoys porrad Suruonipuosax
31} JO PUD 3} J& SIPNIOIPNU dUTUIPE
Te10) pue eydsoydin aursouspe ansst
JO JUDWAINSEIIN YD I9)Je 1oMO[ SeM 6 6 asedses Jo Lyanoe oy (0,02 (N-Torpoisny) uornjos uoreArasaid I9AT] (29)
asedsed [erzpuoypojw 3 Jo A1Anoe YL, | ‘dLV ‘wononpoid I[Iq ISV | 03 DO,8 Wox) YOO arereinigoroy ueydordAn surpnsiy ye q8I - | ouniog 9| o107 ‘e 39 1240y
40D
£1581ms 199JR SYjUOW ] ParensUOWIP
syonp a11q dnedayenur paatssard
ANy pue SISOI2U OU ‘9IN}dANIYdIE pasnyur a1om [ouaisordodas pue urrydajloyd
Jorjur A[QRIOU LM UOT)RUIUIR[JUT uofeon(3 urmsur uewny ‘UnAUIodULA
JO 20UdSqE JQENIBWAI & PIILI)SUOWIP cwouadorow ‘urdunjodses ‘proe aiq
uonejuerdsuen e L3ojosty ‘uoninu [emuared ‘urreday ‘9reuoqresiq
derpawwy “djesnjiad ayy ur (9-71) ASoj01sTY ‘stsaYIULS (DoL€) AN duojostupa1d[AYISAl 907 urnqe q 89 ‘uaYL,
S[OAS] AUD{0)AD AINDB MO ‘SISBUTIESUEI) A 10108 ‘9-[ ‘uondnpoid (De8-D uBWNY pUE ‘9)eNUIIU0D 3)400qUIOIY) IOAT] (29)
PaseaIdap 9)elde[ JO 2OURIEI ISB] 3[Iq 918108 ‘ITV ISV | o9) (HdOH) dINH | ‘euse[d uazoiy ysaij S[[2d poo[q par paxded urw O 4 g I qI - | uewny 1| zgoz | e 10 udtAR)
surwe)IAnmu
[earaIns juardioar pue urmsur M pajuswalddns 9sonxap
%€°66 Sem dJel [ealans | juejdsuen-jsod ‘suonestdwod %01 PUe SPIDE OUIWE %} JO UONIN[OS
juerdsuen-isod yuow-auQ ‘dnoid Areriq oruwayost JUSLINU € JO UOISNJUT SNONUTIUOD ‘SINOIqIUe
a3e10)s p[od dSTwWAYDST YIIM paredurod JO DUIPIOUT “QWOIPULS wnpoads-peolq yim pajuswarddns
V4 JO 90UapIOUI ) UT 9sea1d9p | uorsnj1adar Jo puaixe (qVH) pue s[[ad poo[q pa1 paxyoed jo syun I9AT] (77) Te R
JuedYTUSIS ‘S[9AI] 218I0R PAsSLAIdI uonpunysAp yeioye Areg JIAN | §—¥ ‘utunge ‘uonnjos 2)4[01123[0 parayng urw 9'9/g | urw y's/1 - | uewny 161 | 20T UURUD[IRIA
uorsnjiad
%66 Sem Ieak T Ioje Suump pasnyur a1om wonmnu [erjuared
[BATAINS eI *SDS 0) pareduwod 1omof 221J-18J pue ‘sjfes a[iq ‘urpAoeisord ‘urmsur (papaeasip
Sem [249] UIqnIIY %6 £q paonpax uTuyEa1d ‘unreday ‘sonorquuy “s[[p3 poo[q pax paxded AT SI9AT] 9T (87)
sem oam Js1yy o) Surmp ISV Yead AN 918)0%[ ‘UIqnIIIq ISV (DoLE) AINN PaYDIBW-I0UOP JO SHUN € PUB JUISNJO[ID) u 6 g 11 - | umu g | uewny ‘LT T®103) 12T | 810T | 'Te 19 e[easeN

sdnoib Aoy

LM | 3dAL | ui s31edyday

panunuo) 1 318VL

frontiersin.org

05

Frontiers in Transplantation


https://doi.org/10.3389/frtra.2023.1156845
https://www.frontiersin.org/journals/transplantation
https://www.frontiersin.org/

Ozgur et al.

cancer recurrence in liver recipients who presented with
hepatocellular before the transplant (28). A key
randomized controlled trial of HMP for DCD livers has shown a
lower risk of non-anastomotic biliary strictures compared with

cancer

SCS (6% in the machine-perfusion group vs. 18% in the control
group) (29).

In terms of using HMP to extend the duration of preservation,
one study tested HMP (DHOPE) for up to 24 h with success (30).
The viability assessment at 24 h of HMP (DHOPE) was similar to
the assessment of livers perfused for 2 and 6 h, and superior to
24-h Overall, these clearly
demonstrated the utility of HMP and its superiority to SCS in
most cases. The fact that HMP allowed ATP recovery of the
grafts was somewhat surprising given the low temperature, where

cold-stored  livers. studies

mitochondrial activity was assumed to be minimal at best.
Indeed, many investigators explored a selection of warmer
temperatures to enable improved mitochondrial function.

3.2. Subnormothermic machine perfusion

SNMP offers a balance between reducing the metabolic needs
of the tissue and allowing the mitochondria to work and
). Another reason behind the
development of SNMP has been operational simplicity. At

replenish ATP stores (31,

normothermic temperatures, an oxygen carrier is required to
meet the oxygen demands of the tissue, whereas at 21°C,
supraphysiological levels of oxygenation suffice (33). Further,
SNMP eliminates the need for a secondary dialysis circuit that is
necessary for NMP to provide additional nutritional supply and
removal of liver by-products (34). Multiple studies using animal
or human liver models suggest that SNMP can positively affect
liver viability and predict post-transplantation graft function
(35-37). SNMP has also been shown to be equal to NMP in
terms of allowing resuscitation of 1-h warm ischemic rat livers to
transplantability (34, 38). A more thorough metabolomic analysis
has shown that SNMP is superior in terms of faster recovery of
ATP levels to nominal compared to NMP, but at the cost of
somewhat increased oxidative stress, as indicated by depletion of
glutathione and its precursors (39, 40).

NMP has specifically been tested to extend the preservation
duration in an end-cold-storage mode (12), where it was shown
to allow the doubling of total preservation time for rat livers (to
48 h) with 100% transplant success. SNMP of discarded human
livers after a duration of cold ischemia resulted in remarkable
improvement in liver viability factors (32). Another SNMP study
demonstrated lower AST, LDH, and HA levels than HMP
controls in perfused porcine livers (41).

3.3. Normothermic machine perfusion

At the most basic level, NMP aims to mimic physiological
conditions precisely by maintaining body temperature (36°C-38°C),
providing essential substrates for cellular metabolism—oxygen and

nutrition (42)—and avoiding the cold ischemia, which, for marginal
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grafts, leads to an increased risk of graft failure and post-transplant
mortality (43, 44). An additional benefit is that the organ is fully
functional, and various markers can be readily measured and easily
compared to in vivo function levels to gauge graft viability before
transplantation (45, 46). NMP also allows pharmacological options
on grafts to enhance graft repair (47), whereas, with HMP and
SNMP, the reduced activity may render such pharmacologic
compounds inactive. The first key randomized controlled trial
demonstrated successful 12h NMP for DCD livers: NMP DCD
livers showed superior outcome data compared to DCD and DBD
livers preserved with SCS (48). In another recent multicenter
randomized controlled clinical trial, livers were preserved by either
ischemic cold storage or NMP; the results showed remarkably
better clinical outcomes and a higher use of DCD livers for
transplantation in the NMP group (51% in the NMP group vs.
26% in the SCS group) (44).

NMP itself has shown significant potential in extending
preservation durations. Even in the first clinical trials, the
participating surgeons indicated they felt comfortable leaving
the graft on the pump for a few more hours to better plan the
surgeries (48). Studies have shown human livers successfully
preserved at normal metabolic rates for 24 h (49, 50), with one
preclinical study showing maintenance in a functional state for
up to 1 week as assessed by bile production, ATP levels, and
synthesis of blood proteins (51). A recent single clinical case by
Clavien et al. showed long-term NMP for 68 h with successful
transplantation, three times longer than in previous studies (52).

The concerns with NMP are that, at 37°C, the grafts are going
at “full speed”, and, as sophisticated as an NMP system is, it does
not capture and recapitulate the entire human body. Therefore, one
concern is that extended NMP may exacerbate any shortcomings of
the perfusion system. Other concerns include cost and lack of
failsafe options should a pump failure occur, which has been one
motivating factor behind controlled rewarming (COR).

3.4. Controlled rewarming and mixed
perfusion modalities

Given that each temperature seems to have its advantages and
drawbacks, one alternative approach is to use a combination
therapy to prepare the graft more gently for transplant. COR
aims to achieve this by starting the perfusion with SCS or HMP
and linearly increasing the temperature to NMP. A key
advantage is that during the initial cold preservation, a more
straightforward protocol and the use of a device that is likely less
costly and effort-intensive and minimizes the risk of technical
issues with the pump. Moreover, should the pump fail, the
fallback is SCS, which will occur in the same container without
any user intervention.

Assuming everything goes as expected during the cold period,
where the transportation of the graft to the recipient site is
completed, the temperature is gently increased, presumably
striking a balance similar to SNMP, but ramping up to NMP,
where the graft can be easily assessed and is prepared for
function in vivo. Indeed, better hepatic functions and increased
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bile production are achieved with a period of COR after the initial
HMP (53). In one study, COR was compared with NMP for the
resuscitation of liver grafts after cold storage. COR resulted in
better energetic recovery and a higher bile production (37).
Hoyer et al. demonstrated successful transplantation of human
livers after COR with a 100% post-transplant survival rate at 1
and 3 years and a 93.8% survival rate at 5 years (54).

A similar approach is to sequence HMP and NMP. Treating
DCD livers with HMP (DHOPE) before NMP has shown
excellent results in several studies (23, 55). Using sequential HMP
(DHOPE) and NMP, Porte et al. reported 100% graft survival
after 197 days of follow-up without any post-transplant biliary
complications (56). This protocol also increased the number of
transplantable livers from rejected high-risk livers by 20% (57).

To our knowledge, COR or sequenced modalities have not been
directly tested to extend preservation. However, sequencing static
storage with a warm perfusion to recover from the cold and
prepare the graft for transplantation has been the key pillar of
which

subzero organ storage,

preservation durations.

specifically aims to extend

4. Subzero organ preservation

Cryopreservation is the use of low temperatures, traditionally
defined as —80°C (solid carbon dioxide) or —196°C (liquid
nitrogen), to preserve structurally intact biological systems for
periods in the order of years (58). It is an enabling technology
with many medical applications, such as bone marrow
transplantation, blood transfusion, artificial insemination, and
in vitro fertilization (59).

TABLE 2 Novel subzero approaches in organ preservation.

Low subzero

Slow Vitrification

freezing

Nanowarming

Application

e Scientist, G

84 ©3)

10.3389/frtra.2023.1156845

When it comes to applying traditional cryopreservation to vital
organs, there are a variety of challenges that the field has struggled
with for decades. When large (up to 2-3 L of volume in the case of
the liver) and three-dimensional structures are cooled below
freezing point, ice can immediately form (60). This ice directly
damages cells, as intracellular formation can rupture cells and
extracellular formation can cause severe mechanical stress (61).
The standard approaches to mitigate cryoinjury include the
following: (1) the use of cryoprotectants (e.g., DMSO, glycerol,
sorbitol, 2,3-butanediol) that modulate the thermodynamic
properties of the sample (freezing point depression, altering the
type of ice that forms, dehydration of cells before freezing, etc.)
(59); and (2) careful tuning of cooling and rewarming rates to
allow some spatiotemporal control of ice formation (62). Cooling
too fast can cause insufficient dehydration of cells and increases
the risk of lethal ice formation (63), whereas cooling too slowly
means an extended period of ischemic injury. Similarly, for the
re-warming stage, rapid thawing at 37°C-40°C is considered
crucial (64) to prevent ice reformation and other mechanisms of
damage to the cells. However, there have been few, if any,
successes in scaling up traditional cryopreservation—which we
define as any method that involves allowing ice formation in the
range of —80°C to —196°C.

Recent research efforts have taken very different paths, either
avoiding ice altogether or aiming to achieve temporal control
using novel nature-inspired techniques. For the purposes of clarity
in presentation, we will delineate the approaches into two
categories (Figure 2): high subzero, meaning the range of —4°C to
—30°C and covering supercooling, isochoric, and partial freezing;
and low subzero storage, meaning vitrification at —196°C,
particularly

involving nanowarming. Table 2 depicts key

High subzero

Supercooling partial freezing Isochoric subzero

Description Storage below | Rapid cooling Rapid and uniform Storage below freezing point Storage below freezing point | Constant volume ice-free
freezing point | into glass phase | rewarming with without ice formation with controlled ice storage
and ice without ice nanoparticles without
formation formation ice
Key component | CPA mix CPA mix SPIONs and CPA mix | 3-OMG and PEG PEG, 3-OMG, Snomax Constant volume
Temperature —120°C to —196°C —4°C to —6°C —10°C to —15°C —5°C to —30°C
range
Thermodynamic | Equilibrium Non-equilibrium | Technically non- Non-equilibrium Equilibrium Equilibrium
state equilibrium but for all
purposes of transplant
stable
Storage time Years Days to weeks Weeks to months
Main problem Ice damage CPA toxicity, Technically Unstable, limited storage size Ice damage Technically challenging
devitrification challenging

CPA, cryoprotective agents.
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developments in this new field. , in turn, provides an
extended summary of all key extended preservation studies,
including both subzero preservation and machine perfusion. It
should be noted that the technological readiness level of the
approaches described here are at a much earlier stage compared to
machine perfusion overall, with only one of them having been
scaled to human livers already. In a few cases, the initial
development efforts have focused on kidneys, but we have opted
to include them in this discussion as efforts in translation to livers

have already been described.

4.1. High subzero storage

4.1.1. Supercooling

Ice nucleation is a stochastic event; under atmospheric
pressure, the probability of ice nucleation becomes nonzero at 0°
C and increases as the temperature is reduced. This means it is
possible for biological systems to stay below the freezing point,
called
supercooling just below the freezing point can be remarkably

which s supercooling. Contrary to expectations,
stable. Indeed, supercooling is employed as a preservation
technique by multiple animals in nature, including one crocodile.
), which is

known to have core temperatures of —8°C in a supercooled state.

Still, the poster child is the arctic ground squirrel (

Given that every 10°C drop in temperature roughly halves the
metabolic rates, a doubling of preservation time is relatively easy
by reducing the storage temperature from ice-cold (2°C-8°C
effective in the organ depending on the point of measurement)
to a relatively easy to attain —5°C, while avoiding the
complications and injuries induced by phase change (66).

The basic idea of utilizing supercooling in the transplantation
field goes back at least to the 1960s (67). However, it appears to
have been abandoned in the transplantation field since the
advent of SCS. Recent developments, however, demonstrated that
supercooling improved the preservation of primary hepatocytes
(68), which was then scaled to rat livers with this success (69):
The investigators demonstrated that SCS allowed only 24 h of
storage of rat livers with transplant success, with 100% survival
at 30 days. At 2 days, success fell to only 50%; at 3 days or
longer, there was no survival. Machine perfusion alone was
shown to double preservation to 2 days with excellent success
but failed to push beyond (0% survival at 3 days) (12). The
tandem use of subzero storage at —6°C, machine perfusion
(SNMP), and two select preservative agents 3-O-methyl glucose
(3-OMG) (70) and polyethylene glycol (PEG) have allowed
transplantations with success at 3 days, with 4 days supercooled
storage possible but a reduction in survival (69). The technique
was then scaled up to whole human livers in a preclinical study,
with success demonstrated when five human livers were
preserved ice-free for 27 h at —4°C and followed by SNMP (71,

). Given that organs only rejected for transplant are available
for research, viability was tested using a matched non-inferiority
trial comparing the state of the livers before and after as assessed
during SNMP, followed by a simulated transplant step including
reperfusion with reconstituted whole blood. The key changes in
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the human protocol are additional cryoprotective agents (CPAs)
of glycerol and trehalose to enable stable, non-frozen storage and
a multi-temperature perfusion protocol to enable homogenous
loading of CPAs and their safe removal before rewarming (72).
As supercooling is not an asymptotically stable state by
thermodynamic standards, it is often assumed that there is a
significant risk of ice formation in the organ over the durations
of storage practical for transplantation. In an elegant study,
Huang et al. demonstrated that the risk of freezing is effectively
zero so long as the heterogenous nucleation is prevented by
). In
this work, the air/water interface was eliminated using an oil

eliminating air/liquid interfaces that induce ice formation (

sealant such that a large volume of water (100 ml) can be kept at
—16°C for up to 100 days without freezing, and, similarly, red
blood cells in 30-ml suspensions can be readily preserved at —13°
C for up to 365 days. The same approach has also succeeded in
preserving adipose-derived stem cells at —13°C and —16°C (74).
This approach, dubbed deep supercooling, comes close to
eliminating  heterogeneous nucleation and leaves only
homogenous nucleation as a possible risk for ice formation.
Notably, the homogenous freezing temperature of water, i.e., the
point where it becomes thermodynamically feasible for H,O
molecules to form crystals in the absence of a catalyst such as an
air-liquid interface, is —20°C (75), which therefore is the actual
thermodynamic limit of supercooled storage.

Of the subzero approaches, supercooling is the most advanced
in terms of technological readiness, with success in preclinical
human studies already demonstrated. The key advantage it
possesses is the absence of a need to deal with the consequences
of phase change, be it glass or ice. Similarly, the CPAs used are
very benign and are required in low concentrations compared to
many alternatives. In terms of equipment, it is equivalent to a
standard perfusion pump plus one chiller, which is technically
not difficult to combine. All these advantages make it of higher
value from a translational perspective, but avoiding phase change

also limits the attainable preservation duration.

4.1.2. Partial freezing

While the homogenous nucleation temperature thus limits
supercooling, many organisms in nature can handle ice
formation and use it as a method of survival over harsh winters.
The classic example of this approach is the wood frog, Rana
Sylvatica (76,

frozen state in lab conditions. A key aspect is that the ice does

), which is known to survive over 200 days in a

not occur randomly, but its formation is carefully controlled
both spatially and temporally; the result is that the animal’s
blood is completely frozen, but the parenchyma remains in a
non-frozen subzero state similar to supercooling. In a study
using a microfluidic model of capillaries, a similar spatiotemporal
control was first shown to be possible using Snomax, a well-
known ice-inducer that is used to create artificial snow for ski
(78).

demonstrated the successful partial freezing of rodent livers for 5

resorts Leveraging these findings, the same group
days at temperatures as low as —15°C (79). The study further
demonstrated that the main limitation was the freezing-thawing

process, and it may be possible to extend the storage duration
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biomaterial is an amorphous solid and can be cryogenically stored
without any destructive ice formation. The first major biological
and physical success of vitrification and rewarming was achieved
with mouse embryos in the 1980s (92), thereby opening up the
field of assisted reproductive medicine. The extension of
vitrification to organs was shown by Fahy and colleagues in the
mid-1980s, when they showed that rabbit kidneys that had been
perfused with sufficiently concentrated CPA solutions could be
cooled to an ice-free vitrified state. Vitrification of other organs,
including rat kidneys (93), hearts (94, 95), livers (96), porcine
blood vessels (97), and ovaries (98), has also been demonstrated
more recently.

However, rewarming vitrified organs while preserving viability
and function remains challenging. To rewarm them, the rate of
warming must be fast enough to avoid ice formation during
warming. That rate, the critical warming rate (CWR), is always
greater than the critical cooling rate (CCR; the rate to achieve
vitrification), which is already incredibly high for physiologic
solutions (>107°C/min) which cannot be reached for any but the
smallest size specimens (99). Fortunately, CPA cocktails have
been developed that reduce the CWR to achievable values (100,

). However, these CPAs can be toxic to cells and tissues.
Thus, there is a critical balance between achieving sufficient CPA
concentration in tissue and avoiding the toxicity of those agents.
The equilibration of CPA in the tissue or organ increases the
CPA exposure time, which can be toxic to cells (102).
Combining multiple CPAs with similar thermodynamic effects
but different underlying toxicity mechanisms, or lowering the
CPA exposure temperature, are options commonly pursued to
reduce the toxicity.

Further, the rewarming of organs must be uniform. Boundary
heating, such as convection during immersion in a water bath, fails
in organs and other larger biomaterials. This is because the
temperature gradient from the warmed surface to the relatively
cooler core creates significant thermal stresses that can fracture
the organ system. Thus, successful rewarming of vitrified
organs must be fast (to avoid ice) and uniform (to prevent
cracking or fracture)—two challenges that are difficult to achieve
in combination.

4.2.2. Nanowarming
Several approaches to rewarming vitrified organs have been

attempted, including convective warming (103), dielectric heating

(104), and even microwave heating ( ). However, these
have yet to achieve sufficiently rapid and uniform heating to
restore full function in samples greater than several milliliters in
size. To overcome these limits, a new electromagnetic approach
called “nanowarming” was developed (108) and deployed on an
80-ml system (97). It was then generalized to the kidneys (and
later other organs) that could be perfused with CPA and
biocompatible iron oxide nanoparticles (109) and then heated
(93). The CPA diffuses throughout the but the

nanoparticles remain intravascular. The organs are then rapidly

tissue,
cooled to a vitrified state and stored at an ultralow temperature

(i.e., —150°C) until needed. To rewarm them, the organs are
transferred to a radiofrequency (RF) coil that induces heat
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generation through hysteresis losses from oscillating magnetic
dipoles in the nanoparticles. Rewarming is both rapid and uniform.

Since RF waves penetrate biomaterials efficiently, and the
nanoparticles are distributed throughout the vasculature, the
process of nanowarming is essentially independent of system size
and can scale from rodent to human organs. The physical
success of this approach has been demonstrated for the blood
~97).

However, future work will be needed to minimize CPA toxicity

vessels, heart, kidney, and liver in animal models (

for improved organ function and scaling various aspects of the
protocols to human organ size.

In many aspects, transplantation is a story of moving from one
extreme to another. The starkest contrast is the extremes found
between death due to organ failure and a decade or more of life
a transplant can provide. The immunosuppression required
enables transplant but increases the risk of cancer and infection.
The preservation methods have oscillated between warm and
cold and warm again, and as this review of recent developments
indicates, the next-generation techniques are evidently returning
to cold.

Prolonged ex vivo machine liver perfusion has been explored
clinically, with one major study showing success with up to 3
days (52), and prior clinical experience also suggests using it to
optimize scheduling. A storage time of 3 days itself is a major
improvement, which could transform the current clinical practice
by making transplant an elective surgery. As to the type of
perfusion modality, it is difficult to suggest the best approach,
since there are very few detailed comparative studies. Each
temperature has its advantages and challenges; NMP keeps the
livers fully functional and allows the most straightforward way
for viability assessment before transplant. The low temperature of
HMP provides low metabolic rates with decreasing cellular
metabolic need. SNMP, as well as COR, offer a balance between
these two approaches, and there appears to be some evidence
suggesting that a gentler approach may be the ideal option.
Rigorous studies comparing these alternatives, ideally in a
clinically relevant large animal model, could answer many key
questions and inform the field. On the other hand, it is unclear
who would fund such a comparative study. The end result may
be that each transplant center will have its preferred protocol,
likely based on the cost aspects, and the comparison will have to
wait until there are enough data to perform a retrospective study.

For the subzero approaches in development, the literature
indicates there is a variety of techniques in development, all with
promising results, with different strengths and weaknesses in
terms of potential storage duration vs. complexity. The likely
near-term trajectory is that these techniques will be developed
towards clinical testing in order of technological readiness levels.
It is possible to envision a future where there are multiple
preservation techniques employed based on need: for ideal
organs with a recipient in close proximity, SCS can be perfectly
adequate; for organs that need repair, some form of perfusion
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would allow ex vivo treatment, which would further allow
allocation of organs in an expanded area such as within the
continental USA. For international exchanges and allocation and
short-term banking in the order of months, for instance to
provide back-up livers to be used in case of Primary
Nonfunction (PNF) and acute liver injury, high subzero organ
banking would be the solution. For very long-term banking,
which would allow off-the-shelf readiness for organs, low subzero
approaches would be the real solution. Isochoric approaches
could either boost one of these or be completely enabling by, for
instance, allowing a specific approach to be practical without the
need for using toxic levels of CPA. Whether these options can
simultaneously be viable commercially will depend on cost,
practicality, and efficacy, which are yet to be determined.

For the clinical translation of the novel techniques described
here, the economics of the technology are a key aspect of
widespread adoption. Cold storage is simple and cheap compared
to the cost of the graft, not to mention the total cost of the
transplant procedure, including postoperative patient care. The
latter component, the cost of patient care, can more than double
the cost of the graft and surgical procedures, since it involves
the
outcomes. When these costs are included, machine perfusion is

intensive care, extending significantly depending on
cost-effective considering the significantly decreased rates of
transplant complications, reduced length of hospital stay, and
). It can be

readily envisioned that similar benefits will also be true for new

consequent benefits to the transplant waiting list (

techniques for organ preservation. It is too early to make a cost
comparison between various subzero approaches. However, the
financial structure of how those costs are paid and how risk is
balanced between the organ procurement organization, transplant
centers, and insurers must be determined. These structures are
also likely to vary between countries with different laws,
healthcare systems, and ethical and cultural views on organ
transplantation. Technology, as it often does, will likely push a
closer alignment of such structures globally.

The most extreme aspect of new biopreservation technologies
will be their impact on our unique system for allocating scarce
but lifesaving resources. The existing organ availability and
allocation system is predicated upon an organ’s time-limited
viability when outside the body. However, as technology modifies
that barrier, the system must change. Significantly prolonging ex
vivo viability would permit greater flexibility with candidate
identification for a transplant and better candidate preparation,
permitting safer transplant procedures. There will also be “new”
variables entered into the assessment of organ quality. Will
medical judgment continue as the final tool to assess organ
quality? Introducing complex physical and chemical organ
manipulation will likely exceed clinical expertise. Oversight,
required to assure public trust, will be challenged with expanded
definitions for organ quality and safety. Questions about
allocating organs equitably and ethically will become more
prominent, and more complicated because it is rapidly becoming
practical to share donor organs across countries, if not globally.
The legal and ethical questions raised by the prospect of sharing
organs without borders can be daunting to the extreme for some,

Frontiers in

12

10.3389/frtra.2023.1156845

but new allocation systems enabled by exciting new technology
carry the promise of increasing access to this unique, lifesaving
treatment, and a second transplant revolution.

It should be obvious that this work has its limitations. While
extending the review to organs beyond the liver would have been
preferrable in terms of completeness, we realized the scope grew
beyond tractability, and we therefore refrained from discussing other
organs with very few exceptions where translational technology
transfer was obvious and provided insights. We similarly limited the
) and ECMO (112)
are technologies that provide options to retain multiple organs in

scope of the review to isolated organs: NRP (

situ in the donor body, in a viable state for procurement at an ideal
point in time. These techniques are exciting new options that would
also enable addressing the unmet need for transplants and deserve
their own separate review and discussion.

Recent studies have demonstrated that a variety of new
strategies in preservation promises to enable longer storage times
and recover marginal donor organs. Machine perfusion has the
potential to be the clinical standard for transplant and is
evolving rapidly before our eyes. Tomorrow will belong to next-
generation preservation techniques, which may be advanced
perfusion or subzero or isochoric, or something else that is
brewing on a lab bench. What is clear is that transplantation is
the of
technologies, and the future will be very different from what is
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the current clinical standard across the world.
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