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Abstract

Vascularized composite allotransplantation (VCA), which can effectively improve quality of life, is a promising therapy
for repair and reconstruction after face or body trauma. However, intractable issues are associated with VCA, such as
the inevitable multiple immunogenicities of different tissues that cause severe rejection, the limited protocols available
for clinical application, and the shortage of donor sources. The existing regimens used to extend the survival of patients
receiving VCAs and suppress rejection are generally the lifelong application of immunosuppressive drugs, which have side
effects. Consequently, studies aiming at tissue engineering methods for VCA have become a topic. In this review, we
summarize the emerging therapeutic strategies for tissue engineering aimed to prolong the survival time of VCA grafts,
delay the rejection and promote prevascularization and tissue regeneration to provide new ideas for future research on

VCA treatment.
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Introduction

Vascularized composite allotransplantation (VCA) is gen-
erally considered to comprise a variety of tissue compo-
nents, namely, nerve, muscle, bone, skin, and blood
vessels, that can be used to rebuild the form and function
of damaged tissue.! VCA has been widely used in face
transplantation, upper limb transplantation, uterus trans-
plantation, penis transplantation, abdominal wall trans-
plantation, and others.> Since the first successful hand
transplant in the world in 1998 and the first completed face
transplantin 2005%* the number of patients who are bene-
fitting from VCA is growing. A total of 86 VCAs were
performed in the United States from 2014 to 2021.2° In
contrast to solid organ transplantation (SOT), VCA has not
been identified as a life-saving treatment but rather a way
to improve the quality of life, thus, VCA is referred to as a
“life-enhancing” treatment® and has become an important
repair method for patients suffering from severe trauma or
burn.” By way of illustration, it is difficult for patients with
severe facial burns are difficult to achieve esthetic and
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Figure |. Several therapeutic strategies for tissue engineering
methods in vascularized composite allotransplantation (VCA).
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functional restoration through traditional surgical meth-
ods, but VCA represents a promising approach.®’
Correspondingly, according to statistics, in most of the
patients treated with hand transplantation, tactile sensation
and functional movement can be recovered.'? Nevertheless,
as the number of VCA cases has increases, the treatment
challenges have gradually been exposed. For instance,
since VCA involves a variety of tissue components,'! it is
difficult to ignore the high immunogenicity of these com-
ponents, which might cause different kinds of rejection
(Figure 1).1213

Allograft rejection frequently occurs in VCA patients
and can lead to graft injury and multiple complications that
adversely affect the prognosis of patients.'*'® Acute
immune rejection (AR) occurs most often in the early post-
transplant period,'” usually manifests as papules, ery-
thema, edema, and other skin lesions.'®!® This process is
mediated by T cells and antigen presenting cells (APCs)
from both donor and recipient responses to mismatched
MHCs,?® which depend on the recognition of damage-
associated molecular patterns by APCs and lead to the acti-
vation of CD4" and CD8™ T cells. In turn, inflammatory
cytokines secreted by effector T cells and recruited mac-
rophages contribute to the subsequent inflammatory
response and also promote graft apoptosis.”! AR can be
reversed with adequate prevention and treatment. Chronic
rejection (CR) due to a prolonged treatment time, increased
recurrence of AR, and irregular anti-immune rejection
therapy are also associated with VCA.?> CR mainly dam-
ages the skin and deep blood vessels, and histopathologi-
cally manifests as skin atrophy, fibrosis, and vascular
disease, which is jointly mediated by cell-mediated immu-
nity and humoral immunity.?* Unfortunately, the reversal

probability of CR is not clear, and the problem is often
solved by ultimately removing the graft.?* In recent years,
antibody-mediated rejection (AMR) mediated by the
donor-specific antibody (DSA) has also been reported in
human VCA,? confirming that AMR plays a significant
role in the long-term survival of grafts with preoperative
cross-matched positive VCA. There is an urgent need for
further research and improved treatment (Figure 2).

At present, the main treatment for preventing the loss of
VCA grafts is the lifelong application of immunosuppres-
sive drugs.?® The usage of immunosuppressive drugs is
almost similar to that of SOT,?’ so their application is lim-
ited due to a variety of unavoidable side reactions,’®?’ such
as opportunistic infections, malignant tumors, leukopenia,
abnormal renal or liver function and others. Although
some patients receive durable immunosuppressive ther-
apy, acute rejection cannot be completely avoided.’*3!
Fortunately, researchers are committed to developing new
types of therapeutic strategies, especially the therapies
related to tissue engineering, to avoid the risks of the life-
long application of immunosuppressive drugs. Therefore,
this review elucidates the emerging strategies for tissue
engineering in vascularized composite allotransplantation
to provide inspiration for the researchers (Table 1).

Cell therapy

Immune cell therapy

VCA cell therapy refers to a therapeutic method that uses
cells as functional components, namely, as mediators or
carriers in vivo or in vitro that guide immune tolerance
after transplantation in VCA. At present, this approach
mainly includes immune cell therapy and stem cell ther-
apy.’? Immune cell therapy is not uncommon in the treat-
ment of graft-versus-host disease (GVHD). Regulatory
immune cells, represented by regulatory T cells (Tregs),
regulatory dendritic cells (DCregs), regulatory B cells
(Bregs), and regulatory macrophages (Mregs), play a sig-
nificant role in maintaining immune homeostasis and pre-
venting overactivation of the immune system.?3—

Tregs account for 5%—-10% of the total number of T
cells and include a variety of subtypes, of which
CD4"CD25"Foxp3*pTregs have received the most atten-
tion.® Tregs can act on a variety of immune cells (such as
macrophages, CD4" T cells, CD8* T cells, and dendritic
cells) to realize negative immune regulation by expressing
CD25 molecules and releasing immunosuppressive
cytokines (such as IL-10) and so on.?” This property makes
the use of engineered Tregs for the treatment of rejection
after VCA transplantation a promising research direction.
In 2019, Ignacio Anegon and Carole Guillonneau designed
A2-CAR CD8*Tregs via lentiviral transfection. The intro-
duction of a chimeric antigen receptor (CAR) derived from
an HLA-A*02 antigen-specific antibody (A2-CAR) to
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Figure 2. lllustration of patterns of rejection in vascularized composite allotransplantation.

human CD81 Tregs, it has a targeted immunosuppressive
effect. Compared to nonengineered CAR CD8"Tregs,
A2-CAR CD8* Tregs were able to efficaciously and chron-
ically maintain intact skin grafts intact without showing
significant cytotoxicity.’® In particular, when the ratio of
peripheral blood mononuclear cells (PBMCs) to CAR-
Tregs is 1:1, rejection was inhibited in 100% of grafts.
This study introduced CAR-T cell therapy from the field
of tumor therapy to the field of post-VCA therapy and
adopted the measures of engineered cell editing measures
to achieve the precise treatment of anti-immune rejection
after VCA transplantation (Figure 3).

Among the many types of Treg cells, af-TCR*CD3*C
D4 CD8™ double-negative (DN) Treg cells have also been
shown to attenuate allogeneic and xenogeneic immune
responses, which can mitigate the anti-donor specificity of
CD4* and CD8" T cells and have strong therapeutic
potential for VCA.3** Previous studies have confirmed
that DN Tregs can be derived from peripheral CD4" T
cells in vitro, and can express a stable phenotype.*! A study
by the team of X.X. Zheng has developed a therapeutic
approach based on in vitro-induced DN Tregs combined
with ALS, Rapa, and an IL-2/Fc fusion protein applied to a
fully MHC-mismatched mouse VCA model. This treat-
ment can induce allograft receptor macrochimerism,
increase the percentage of CD4" Foxp3™ Tregs to approxi-
mately 15%-20% of peripheral CD4™ T cells (normally
5%—-10%) and ultimately achieve donor-specific graft

immune tolerance after VCA.*> These findings further
indicate that Treg cells are important for VCA treatment.
In addition to Tregs, T cell inhibitory coreceptors,
which are also known as “immune checkpoints”, play key
roles in maintaining the balance of the immune response.
When activated, they can mediate the inhibition of the T
cell proliferation and control inflammation. The common
T cell inhibitory coreceptors include CTLA4 and PD1.43 T
cell immunoglobulin and mucin domain-containing-3
(Tim-3) is an inhibitor coreceptor located on CD4* and
CD8* T cells, NK cells, and Foxp3™* Tregs that produces
IFN-y, which control the stability of T cells function.*
Yaojun Wang and Zhao Zheng used Tim-3-modified den-
dritic cells to explore the protective effect of Tim-3 on
composite tissue and the immunomodulatory functions of
allotransplantation. MDCs are generated from BM pro-
genitor cells and splenocytes and can be subsequently
transfected with recombinant vectors to express Tim-3.
Researchers have established an orthotopic hindlimb
allotransplantation mode to study the effects of mDCs that
have been modified by intraperitoneal injection of Tim-3.
After detection by laser speckle blood flow (LSBF) imag-
ing, ELISA, MTT assays, ELISPOT assay and flow
cytometry analysis, researchers found that Tim-3-modified
mDCs could effectively prolong graft survival and achieve
lower lymphocyte reactivity. Further studies showed that
Tim-3-modified mDCs induced an increase in CD4"
CD25" Foxp3™ Treg cells(8.54% in PBMCs). These



gineering

Journal of Tissue En

S|9A3] WislaWIYd ySiy

uoneue|dsue.n

Mmouew

‘e 39 Jaydepue.g 6107 “(sAep 7| <) [eAIAINS JeaBo|je WI-8uo| 9/g MO.LIBW BUOQ PIZIIBINISBA ‘9/19/S5D Oul D/qleg ‘DIl edey+ 8-V 11D + WA 2UO0q pazIIB|NISEA
uonejue|dsue.y
‘[e 39 ng £10T 1SIW @y3 8uojo.y upjs paziJe|nNdseA ‘9/1g/§D 03Ul 3/gTvg ‘I sdS-lgD3  sewkoous|ds uouoQ
‘[e 32 nLR|O 120T uonodaled .8 Aepq uonejue|dsuell qui| puly ‘simaT 03 ABMUION UMO.G ‘IeYy N PoALI9p-JouUOp jo uopneiue|dwi N Jouoq sPYO
Adeaay paseq
‘e 30 Suepp £70T 918 [eAIAINS paduojoud Apuedyiudis uonejue|dsue.y ad.-1WaS ‘(9/19/§D 0l 3/g7Vg ‘DI VNYPow Q-1 -VNYW payipoy Adessya
Adeaay | sjusuodwod
‘e 39 Zaney 810¢ [eAIAINS JyeaSo|e Suojodd  uonejue|dsuell qui| puly ‘SimeT 03Ul ABMUION UMO.G Yy S| suleseq+ d|-q|-nuy paseg-Apoqnuy [ea180j01g
‘e 39 I 120T 3MO0.SIN0 931INBU PUE UONILI|OId — 2NPUOd 2AIRU JaAeiq pasutidolq Q¢ Jiedau aAIRN|
sJlWe.90Iq
‘| 39 NAA £70T 9U0Q-03-UopuR) jo uonelauUaZRY [Spow (1 DY) Jea3 ynd Jo3elod 3qqey 93ed1|Is BUIURIUOD-O|/SDSINE/SDISL Jredau suog
[9pow s109)9p A3o1e08
‘e 32 ei88nuoy 70T uoneziie|ndseA-a4d pue uoneluswsiyg upfs ssaU2IY3 ||ny ‘s3eJ 03Uo §SIJ Uewny pajulid-olg $s3@ Bunuidoig g Jredau upjg 8unudoig g
‘[e 39 BjURIOD) 0202 skep 00z < [eAlAns Jye.o||e Buojo.y uonejue|dsuely qui| puly ‘simaT 03 ABMUION UMO.G ‘IeYy dIW-ausuwRINIRY
‘e 39 5p0|d 610C [eAIAINS 3jeUS 910WO.d uonejue|dsueay qui| puly ‘simaT 03 ABMUION UMO.G ‘Yey 145|-edey wa3shs
‘e 39 Suey 0202 sAep 0S| < ISW uonejuejdsueal quij puly ‘sima 01 ABMUION| UMO.G ‘IBY SIW VO Td-NNAd/AIWW/90SM4  paseg-apan.edodijy
uonejue|dsueilo|e quuija.0)
‘e 39 solLl4 610T [eAIAINS 3yeJd was1-3uoT s1dojoyaio ‘auims-luiw paydrewsiw adhiojdey sj8ulg 19804pAY DV 1-SWO L
‘e 39 adjedeuelen) ¥10T sAep Q0| < JO [BAIAINS JeuD)  Uonelue|dsUB.IO|[E qUIIIPULY ‘SIMST 03 ABMION] UMOUG 1By [9804pAYy DV 1-SWOL [9304pAH s|el1aeWOIg
Sp|ojyeds
uoneuws.Ioy LANTT paseq-|JD3 s3|qeud siye.s Jed uonezie|n||[a39p
‘e 39 3usIng 810¢ ApOqiue JOUOP-IIUE ‘OAIA Ul Pa3eJ9]03 g uoneiue|dw SNO3ULINOGNS ‘SIBJ IBISIAA OIUI UBLINH By UBLUNY JO UOIIBZIIE|N||999P-UOISN}ID -uolsnyiag
uoneJauada. anssn asodipe paziie|ndsea deyy asodipe/jew.iap (dvsa) uonezle|n|[@3a. Adeaay) ployeds
‘e 30 Sueyz 910T AlySiy ‘Buispowsd [ean3onas 939|dwo) 99.) JRNISBAOIDIW ‘SIBI DPNU OIUI i€ JaYdsl4 9By deyy onssi asodipe/upjs paziien||9o9p Juonezise|n|j@32Qq paziie|n||@aQg
SYNY!W
‘e 39 LInosuely 0t AHAD jo swordwids aya Suneirs||y [9PoWw gHADE ‘31| SOX3 DS Ul £7T-YIW PRALIBP-0X3-DSA|
LECETN 1202 s3yeJ8 YDA JO Wi [BAIAINS 93 3uojo.d sjue|dsue.l quIIpUlY ‘SIMST 03 ABMION UMOIG IBY  OX@-DSIAY 4O UoIdaful snousae.iul oxa-D5qQV Adeaaya sauy-|]9D
[BAIAINS YDA POPUIIXD
‘e 32 MouoIWRIS 1T0T  Pue wsliawiy> d8edUl|n|NW WI1-3u0| 2Inpu| sdejy uioa3 (1] Ly) s oaul (2] LY) 1DV 9BY  DINE PRIRqE|-2IqNOp L9HMN/ITHII ooya
‘e 39 uIpeIRD 810¢ uonodala. 93nde Jo 39suo Aejpg  uonelue|dsue.IO|[E GUUIIPUIY ‘SIMDT O3 ABMION UMO.g ey AISAIIBP SDSIN-ING OAIA X3 SOSIW-IWG
‘'3 1 610T DVA 21ouadoj[e jo swi] [eAlans aya Aejpg  dejy oLiseSids Jorsyul 3y3i ‘sima 031 AemUoN umoug ey L4DD/SDSVY
syue|dsueny
‘& 39 I9ZIPMUDS 0207 [BAIAINS YDA 99.4-uondafed “1a8uol %98 qui-puly 21do30yJ0 ‘SIMaT 03 ABMION] UMo.g By SOSW-AV+EI-V1LD+DVL+STV
‘|e 39 B3UBJIOD) £10T soueadenoe 3e.d wusl-8uol %09 sjuejdsue.l quIIpUIY ‘SIMaT 03 ABMION| umo.g Iy (jewnueys|j22 401) SOSW-AV SOSW-AVv
uonisodap sjue|dsue.ny
‘e 39 Jaydepuelg 810¢ PpD JO 9DUSPIAS INOYIIM SABP (€ < [BAIAING qui pury idoloyaio ‘simaT oaul INo8y e ‘wey snwijousel Ajlep+ | DSH d12uadukg 1DSH  Adesay |22 weig
|opow uopejug|dsue.io|e
‘e 32 nH 9102 [eanans yea3ojje Suojo.d quuiipuly idorolaio /gvg 03Ul 97195 I sOQW €-WIL soa
[9pow uoneiue|dsue.lofje SNOSURINI0AWOISO
‘e 39 8uayz €102 uonejue|dsue.y Ja3je skep g9< 01 dn pazZLIgNdSEA ‘9/19/5D 03Ul 7/vad 21 s3a4] NQ -8AD-¥AD
‘e 39 |opow Adeasyy
nesuuoj|Ing 610¢ 921W 3Y3 JO %G Ul uond3lad AqIYY| HAAD 221w paziuewny 31w HSN 03Ul uewny ‘1) s3] ,8AD YWVD-TV s3au ) 1193 aunwiw|
QouauRpey  (Jeak) aumesar 5129442 onnadesay | |19pPOlN poyIsly sajdwexy  sai8areass Adesay )

‘uonejue|dsue.nolje aisodwod pazitendseA ul 3uliaauISua anssn Joy saidaeuds Suidiawy *| djqeL



Ren et al. 5
a d PBMC
Do D+1 D+2 D+3 D+7 D+14
‘CAR expression induction res
*sorting +Lentivus +Lentivirus +AB serum CAR+ cell sorting
+CD3/CD28 +aCD3/CD28
4 P
Fi % 3 .-F
e @ 0e0 e’
1x10°6 cells/1ml/Sem? X106 ceHs/2mW Ucm at diy 7 .
RPMI+AB serum 5% RPMIH+AB s¢
L2 1000U/ml 2 |000L|lml
1L15 10ng/ml IL15 10ng/mi
(b) — A2-CAR CD8*Tregs, =7

Human
healthy volunteer
HLA-A"02

1,5¢107 CAR*Tregs or
CAR*Teffs
1.6
: 95 4
Weghtloss 1 p & 901
= 85

tiv. transfer

HLA-A*02°1g p.q Do
NSG mice

—— A2-CAR CD8"Teffs, n=3

1104
105 4
100 4

body weight

Involucrin
80

80 100

Days after PBMCs injection

0 20 40 60

Days after injection L2

2 €

(C) CD8" Treg sorting —&- PBMC, n=0 8 s
CAR transduction #- PBMC: A2CARCDE" Tregs 3it,n=6 | | =

HLA- ’: 02- expansion -&~ PBMC : Her2-CAR CD8* Tregs 3:1, n=3 x _

el —51,7%10 or 5x10° GAR Tregs ¥ PBIMC : A2-CAR CD8"Tregs 1:1, n=4 | S5
.  Hera- s R ?

P b, SO HLAAOL ] ~@- PBIIC : Her2-CAR CD8*Tregs 1:1, n=4 a2

PBMC Hv#2 1 100 <2

'1 = Q E

i iv. co-transfer £ 7 PRl

HLA-A"02* HLA-A02* ___ = po

Healthy * skin va i W g 80
voluser _ g
Gnalt survival _j> & 95 (i)
NSGmceDSD Do o+ o

0 20 40 &0 80 100
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Reproduced by permission of Guillonneau et al.3®

results suggest that Tim-3 is a potential T cell inhibitory
coreceptor for the treatment of VCA rejection.*® As one of
the key celltypes involved in the regulation of VCA rejec-
tion, Tregs have great therapeutic potential, and additional
Treg-related therapeutic strategies should be developed.

Stem cell therapy

Stem cells, including totipotent stem cells, pluripotent
stem cells, and specialized stem cells, have good potential
for renewal, differentiation, and regulation. Stem cell ther-
apy has been applied in SOT, and stem cells can regulate
immune function and induce tolerance through intercellu-
lar interactions and cytokine release, which are tolerogenic
cell therapies.** Hematopoietic stem cells and mesenchy-
mal stem cells, such as HSCs, AD-MSCs, and BM-MSCs,
have been widely used in the field of immune tolerance in
transplantation.*’

As early as 1953, researchers discovered that the pres-
ence of donor hematopoietic cells can promote the devel-
opment of immune tolerance after transplantation in the
recipient.*® Subsequently, Howard D. Wang and Samuel
A.J. Fidder tested hematopoietic stem cells through synge-
neic hematopoietic stem cell transplantation (HSCT),
which can prevent AMR in VCA and achieve desensitiza-
tion. The researchers created a sensitized model by

transplanting back flaps from Dark Agouti (DA) rats onto
the backs of Lewis rats. Syngeneic Lewis rats were treated
with HSCT and tacrolimus after TBI and fludarabine pre-
treatment in the experimental group and tacrolimus alone
in the control group. They verified that the survival of the
grafts significantly improved (100% graft survival for
>30days) after the combination of HSCT with conven-
tional immunosuppression.*’

Compared with other types of MSCs, AD-MCSs,
which are important therapeutic materials in the field of
plastic surgery and reconstruction, have more sources for
extraction and better immunomodulatory functions.’**! In
2017, Jan A Plock MD laid the foundation for the applica-
tion of AD-MSCs in VCA. They transplanted the hind
limbs of Brown Norway rats into Lewis rats and used
repetitive AD-MSCs treatments in combination with ALS
and FK-506 after surgery. The results showed that repeti-
tive AD-MSCs treatment could prolong allograft survival
and induce a significant upregulation of Tregs, which fur-
ther suppressed T cell function. Surprisingly, AD-MSCs
were also able to inhibit the development of vascular
lesions in long-term survivors with grafts.>> This study
provides insights into the development of more efficient
AD-MSCs therapies in the future. In addition, Riccardo
Schweizer’s team published a treatment regimen using
AD-MSCs in combination with ALS, tacrolimus, and
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CTLAA4-Ig to promote the long-term survival of VCA
grafts. The researchers divided the completely mis-
matched rat hind limbs into four groups: CTRL, ASC,
ASC-CYP, and ASC-ALS. The experimental results indi-
cated that the survival of VCA grafts without rejection
was longer in the ASC-ALS group. This finding further
emphasized that the ASC-ALS group was also associated
with continuous mixed chimerism of donor cells and ele-
vated Treg numbers in the recipient, which further
explained the mechanism of immune tolerance induced by
this treatment approach.®? In addition, to deliver AD-MSCs
more precisely and improve treatment efficacy, the
Beijing Key Laboratory of Neuropsychopharmacology
developed an AD-MSCs delivery system targeting sec-
ondary lymphoid organs (SLOs). Previous studies have
shown that CC chemokine receptor 7 (CCR7) can guide
cells to immune organs, which contributes to immune
tolerance.’* As a consequence, the team used a lentivirus
to introduce the CCR7-GFP gene into hAD-MSCs to
construct hASCs/CCR?7, which could target SLOs. A sig-
nificant prolongation of VCA graft survival was achieved
after  intravenous infusion of  hASCs/CCR7
(MST=14.38 = 1.51 days), and alterations in the Thl/
Th2 and Treg/Th17 axes in SLOs may underlie the
downregulation of rejection.

As a kind of MSCs, bone marrow-derived mesenchy-
mal stem cells (BM-MSCs) also have functions such as
pluripotency, immunosuppression, and angiogenesis stim-
ulation.”*>’ Accordingly, researchers have attempted to
use BM-MSCs as alternative treatment options for VCA.
Studies have confirmed that BM-MSCs can increase the
ratio of CD4%/CD25" and CD4+'Foxp3* T cells in
grafts.®® In 2018, a team from NYU Langone Health
attempted to evaluate the therapeutic effect of BM-MSCs
activated by inflammatory and hypoxic microenviron-
ments on rejection after VCA in vitro. They used a rat
hindlimb allograft model, followed by perioperative infu-
sion of ex vivo-expanded receptor-derived BM-MSCs.
Through subsequent observations and experiments, the
team found that in vitro delivery of donor-derived
BM-MSCs could delay the onset of acute immune rejec-
tion of grafts and ameliorate graft perfusion. BM-MSCs
could also be activated by inflammatory and hypoxic
microenvironments and play a role in preventing alloreac-
tivity, so stimulation before ex vivo perfusion could
become an optimized treatment modality.*

Donor recipient chimeric cells

Experimental research has validated that BMT therapy is
useful for the induction of mixed chimerism and reduction
of rejection after VCA® which is also valuable for identi-
fying  donor-recipient chimeric cells (DRCCs)."?
Additionally, Maria Siemionow’s group designed a treat-
ment to induce DRCCs by in vitro cell fusion. PKH26/

PKH67 double-labeled BMCs were obtained by mixing
BMCs derived from ACI rats (PKH26) and Lewis rats
(PHK67) followed by PEG-mediated fusion. After VCA of
the inguinal region with the ACI rat as the donor and the
Lewis rat as the recipient, the rats were treated with
2-4 X 10° doses of DRCCs in combination with 7 days of
the anti-afTCR monoclonal antibody and CsA immuno-
suppressive regimen. After 21days of observation, flow
cytometric analysis and other assays revealed that DRCC
treatment prolonged the survival of VCA grafts to
79.3 £ 30.9 days and induced long-term mixed chimerism.
The authors also highlighted the important role of the
DRCCs in the thymus and spleen in the induction of long-
term mixed chimerism, which inspired us to investigate
this topic further.®!

To sum up, cell therapy as a popular treatment method,
also play a part in the treatment for the rejection after VCA
transplantation. In summary, cell therapy, a popular treat-
ment method, also plays a part in the treatment of rejection
after VCA. Further clinical evaluation and safety evalua-
tions are needed to improve the treatment, and more accu-
rate preparation methods and dosages will be more
conducive to the progress of cell therapy in for VCA.

Cell-free therapy

Cell-free therapy refers to a new strategy for treatment
using extracellular vesicles (exosomes, apoptotic bodies,
and ectosomes) secreted by cells.®> Compared with cell
therapy, cell-free therapy can prevent the risk of an immune
response and differentiation of cells and is easier to admin-
ister to the treatment area.®> At the same time, extracellular
vesicles are more conducive to transport and preservation,
which are important features.** According to previous
studies, EVs can participate in the process of immune rec-
ognition or tolerance in allogeneic tissue and organ trans-
plantation. However, the mechanism and regulatory
components of EV-induced tolerance are still unclear. We
know that it is affected by many factors, such as the nature
of EVs, the type of APC that acquires them, and the pro-
cess of antigen presentation.®

Exosomes from donor-derived AD-MSCs (ADMSC-
exos) have biological activity similar to that of AD-MSCs.%
Furthermore, they are also nontumorigenic, do not induce
a host immune response, are rich in origin, are stable, and
can be preserved for a long time. Accordingly, ADMSC-
exos could be a better alternative. Professor Qifa Ye led the
team to corroborate that donor-derived ADMSC-exos can
prolong the survival of VCA grafts safely and effectively.
The experimental team extracted ADMSC-exos from the
adipose tissue of the donors by ultracentrifugation, trans-
planted the hind limbs of the donor Brown Norway rats
into the Lewis rats, and intravenously injected ADMSC-
exos in combination with short-term immunosuppression.
The control group was treated with phosphate buffered
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saline combined with short-term immunosuppression.
Similar to AD-MSCs, ADMSC-exos induced donor cell
chimerism, promoted the growth of Trl cells and Tregs
(14.80%£7.39% in PBMCs) in vivo, and the decreased of
CD4* T cells and Thl cells, thereby lengthening the sur-
vival of the VCA grafts (MST >58 days).%” This study pro-
vides inspiration for the application of cell-free therapy in
VCA, and the development of engineered extracellular
vesicles against VCA immune rejection is a direction that
could be explored.

Furthermore, some studies have shown that mesenchy-
mal stem cell-derived exosome (MSC-exo)-derived miR-
NAs also regulate immune responses. Zheng et al. tested
this theory in an acute GVHD mouse model. The authors
selected the highly expressed miR-223 in MSC-exos by
high-throughput sequencing and bioinformatics analysis.
In vivo and in vitro experiments demonstrated that it could
inhibit the migration and adhesion of T cells, reduce the
expression of the inflammatory cytokines IFN-y, TNF-a,
and IL-17, and reduce the infiltration of T cells, thereby
alleviating the symptoms of GvHD in mice.®® Moreover,
the application of MSC-exo-derived miRNAs in the treat-
ment of chronic cutaneous GvHD has also been reported.®’
Therefore, the results of this study can also be applied to
the treatment of immune rejection caused by VCA.

Decellularized scaffold therapy

Decellularizatied/recellularizatied engineered
tissue

The decellularization/recellularization of engineered tis-
sue is a kind of treatment in which native cells are removed
to produce extracellular matrix (ECM) scaffolds through
the introduction of sources of cells from healthy patients,
combined with proliferation after reconstruction of the tis-
sue microstructure.”®”" According to this scheme, Qixu
Zhang designed an engineered vascularized composite soft
tissue flap-a decellularized skin/adipose tissue flap
(DSAF). DSAF retains the 3D nanostructure of the ECM
in the VCA graft, the complete vascular system and neural
network, and even well-preserved cytokines. The research-
ers obtained free flaps from donor rats, after which human
adipose-derived stem cells (hASCs) and human umbilical
vein endothelial cells (HUVECs) were recellularized in
vitro. Finally, the DSAFs were transplanted into the recipi-
ent nude mice. This study demonstrated that DSAFs
achieved vascularization in the recipient within 7 days and
that complete structural remodeling and highly vascular-
ized adipose tissue regeneration were achieved within
3 months, while DSAFs regulated the immune system by
activating M2 macrophages. The use of engineered tissue,
as an alternative to autologous tissue sources, can avoid
the toxic side effects caused by immunization and drug

use.”? The decellularization/recellularization method vali-
dated through DSAFs has great potential in the field of
engineering composite tissue transplantation.

Perfusion-decellularization of human ear grafts

Due to the esthetic and functional importance of the exter-
nal ear, auricle reconstruction has been a challenging treat-
ment in the field of plastic surgery.”> Compared with
autogenous grafts, the application of VCA for auricle
reconstruction is a promising method in the case of total
ear defects.”* To avoid the adverse effects of the applica-
tion of immunosuppressive agents, the team of Jérome
Duisit designed a kind of decellularized human ear graft
that can be used as an ECM-based scaffold in VCA.” The
decellularized human ear ECM scaffold was constructed
according to the SDS/polar solvent protocol. HE staining
and DAPI staining revealed that the antigens and cells
were removed, while the collagen and three-dimensional
structure of the ECM were preserved. In this way, it not
only has the reconstructive function of the scaffold but
also reduces immunogenicity. According to the in vivo
biocompatibility evaluation, no adverse events occurred
after transplantation. This study further broadens the appli-
cation of decellularized scaffolds in VCA; however, allo-
graft experiments were not performed, and the effective
reduction in rejection was not verified. Further improve-
ment in these areas would help to verify the possibility of
applying this strategy for VCA (Figure 4).

Biomaterials
Hydrogels

Biomaterials have become common in various medical
disciplines in recent years,’® and VCA is no exception. The
common application forms of biomaterials include hydro-
gels, nanoparticles, etc., which can be loaded with various
bioactive components to achieve different functions. For
example, Thusitha Gajanayake and Radu Olariu developed
an enzyme-reactive hydrogel that carries TAC at a single
topical dose. The hydrogel is composed of a biodegradable
glycolide-co-clatide-co-caprolactone polymer, which can
target the release of tacrolimus by proteolytic enzymes in
the inflammatory environment of rejection. Injection of
the hydrogel on the first day after transplantation pro-
longed the survival of VCA grafts to more than 100 days,
and only mild cellular infiltration was observed histologi-
cally.”” Moreover, C. Anton Fries designed a graft-
implanted, enzyme responsive, TAC-eluting hydrogel.
This hydrogel is constructed of amphiphilic triglycerol
monostearate (TGMS) and releases TAC into grafts upon
the activation of matrix metalloproteinases (MMPs).
Notably, this research used mismatched porcine orthotopic
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permission of Duisit et al.”®

forelimb transplantation as the VCA model to assess the
safety and effectiveness of the treatment more accurately.
Different doses of TAC were used in the experiments, and
the effect and tolerance of the hydrogel were evaluated by
histopathological evaluation, blood concentration evalua-
tion, and animal behavior changes. Consequently, they
confirmed that graft-implanted, enzyme-responsive, TAC
hydrogel can delay the immune rejection and prolong the
graft survival after VCA with mismatched large animals.”®
We are looking forward to the development of more kinds
of immunosuppressant-loaded active hydrogels that can
achieve controlled release and targeted delivery in VCA.

Microparticle-based systems

Microparticle-based systems (MSs) are frequently used as
drug delivery vehicles in the design of bioactive materi-
als.” Clinically, the commonly used immunosuppressive
strategy in VCA treatment, standard triple therapy, which is
a regimen of TAC, MMF, and steroids, is usually applied
through systemic delivery,®® so it can cause many inevitable
side effects. Therefore, Jun Yang and Binbin Sun designed
a microbead system equipped with FK506/MMF/predniso-
lone (PDNN) based on triple therapy. This FK506/MMF/

PDNN-PLGA MS can be injected locally into the grafts of
a rat hind limb transplantation model. Compared with oral
administration, the application of FK506/MMF/PDNN-
PLGA MSs can significantly prolong graft survival while
maintaining a higher drug concentration in VCA tissue and
preventing systemic side effects.®! Other kinds of immuno-
suppressants can also be used as components of micropar-
ticle-based systems. For example, a team from Bern
University Hospital also attempted to develop a PLGA-
based in-situ forming implant (ISFI) loaded with rapamy-
cin. This ISFI was demonstrated to induce an immune
microenvironment and increase the proportion of Tregs in
the VCA graftas well as to suppress immune rejection and
prolong the survival time of the VCA grafts (Figure 5).82
We have previously shown that Tregs are a type of cell
that negatively regulates the immune system, and research-
ers are working to develop a biological material that can
recruit Tregs. Work by teams from the University of
Pittsburgh and Wake Forest School of Medicine offers a
solution. CCL22 is a chemokine of Tregs that can recruit
Tregs in vivo through its corresponding chemokine recep-
tor (CCR4).%%% In this study, synthetic CCL22 was loaded
into a poly(lactic-co-glycolic acid) (PLGA) microparticle
system (recruitment-MP), which is biodegradable and
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controllable and allows the gradual release of CCL22 in
vivo. The results demonstrated that recruitment-MP could
recruit CD4*CD25*Foxp3*Tregs, extend the survival of
VCA grafts, decrease the levels of TNF-a, IFN-y, IL-17A,
and perforin-1, and promote the construction of immune
tolerance.®® As we have shown, more efficient drug deliv-
ery systems can alleviate the side effects and dosage of
drugs that doctors are concerned about and provide more
options for VCA treatment.

3D bioprinting strategy

The successful implementation of VCA requires a com-
plex process. In addition to coping with the immune sys-
tem, the regeneration of nerves, muscle, bone, skin, and
blood vessels is also crucial due to the shortage of donors.
However, 3D bioprinting strategies are expected to play a
role by creating biomimetic structures through computer
technology-assisted simulation of biological structures
and functions.¢

In recent years, in terms of skin regeneration, 3D bio-
printing methods have been used to create mature bionic
skin. This kind of bionic skin can reproduce full-thickness
skin structures and skin appendages and can also induce
vascularization after skin transplantation.®’ For instance,
Luca Pontiggia’s group has developed a new robotic plat-
form, “SkinFactory”, to generate a prevascularized and
pigmented dermo-epidermal skin substitute (DESS) com-
posed of a variety of human-derived cells.®® This DESS
contains fibroblasts, blood and lymphatic endothelial cells,
keratinocytes, melanocytes, and collagen type I hydrogels,
and can maintain pigmentation and reconstruct complete
capillary and lymphatic networks in vivo. This finding is
expected to solve the two major problems of skin 3D bio-
printing, which is a promising achievement for application
in VCA.

In VCA, it is also difficult to reconstruct bone and mus-
cle tissue defects by traditional grafting methods, while 3D
bioprinting is also effective for preparing bioactive substi-
tutes.®* Zhiguang Huan led the team to design a biomi-
metic ink capable of mimicking tendon/bone tissues for
3D bioprinting.”® This biomimetic ink consists of
Mo-containing silicate as the active ingredient to induce
the differentiation of tendon stem/progenitor cells (TSPCs)
and BMSCs and GelMA as the scaffold. It can promote the
regeneration of tendon-to-bone interfaces in a rabbit rota-
tor cuff tear injury model. This invention provides insights
into the application of 3D bioprinting in complex compos-
ite tissue transplantation.

Similarly, 3D bioprinting has led to new breakthroughs
in nerve injury repair. At present, artificial nerve conduits
with three-dimensional structures can be manufactured by
3D bioprinting, which is expected to be useful for filling
nerve defects during VCA. This method mainly involves
using stem cells and neural cells as bioinks, combining

them with growth factors and biocompatible biomaterials,
and finally printing them with a suitable 3D printer.’!
Therefore, the preparation of artificial nerve conduits with
good biological and mechanical properties has become an
important issue. To address this problem, Yin et al. devel-
oped a bilayer nerve conduit using multinozzle addition-
lathe 3D bioprinting technology. This bilayer nerve conduit
is composed of an inner layer of GelMA/BMSCs and an
outer layer of GeIMA/PEGDA. Experimental results have
shown that it has good mechanical properties and pro-
motes the differentiation and proliferation of PC12 cells,
which has the potential to promote nerve regeneration.’? In
summary, 3D bioprinting is a promising technology to
compensate for the shortage of VCA donors, and the gen-
eration of safer and more stable 3D bioprinting products
that can replace real human tissue is the direction of future
research.

Biological components therapy

Antibody-based therapy

IL-1P plays an important role in the rejection of composite
tissue allograft transplantation.® In rejection, inflamma-
tion, and ischemia-reperfusion injury after transplantation,
pathogen-associated molecular patterns (PAMPs) and
damage-associated molecular patterns (DAMPs) are usu-
ally released. IL-1f is activated through a series of effects,
starting with the recognition of PAMPs and DAMPs by
TLRs and inflammasomes-NLRP3 and subsequently trig-
gering the activation of T cells and the recruitment of
monocyte-macrophages to the graft.”* Therefore, subcuta-
neous administration of a neutralizing IL-13 antibody has
been attempted to prolong the posttransplant survival of
VCA patients. The Daniel Swarovski Research Laboratory
used an orthotopic allogenic rat hind-limb transplantation
model with Brown Norway rats as donors and Lewis rats
as recipients. The graft survival time (partially reached
POD 100) and rejection level were also evaluated. Taken
together, the results demonstrated that intragraft injection
of an IL-1B antibody (1mg/kg weekly) effectively
improved graft survival and reduced rejection, while there
was no significant difference in cell infiltration.”
Therefore, the mechanism of IL-13 antibody treatment
needs to be further explored.

Modified mRNA-based therapy

Messenger ribonucleic acid (mRNA)-based therapy is an
emerging gene therapy strategy that can replace DNA gene
therapy to achieve translation in the cytoplasm to play a
specific role.”® Compared with DNA gene therapy, mRNA
therapy avoids the risk of genome integration, but it still
has the problems of immunogenicity and instability that
have challenged researchers, and it is difficult to use as an
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effective component of therapy.”” Therefore, modified
mRNAs that can improve stability and reduce immuno-
genicity through structural modifications have gained
increasing interest. Modified mRNA has higher transfec-
tion efficiency and a longer half-life period, which is more
conducive to its use as a therapeutic method.”® In fact,
COVID-19 mRNA vaccines that have received regulatory
approval are also based on modified mRNA technology.”
This promising technology has also been applied to VCA.
Aline Yen Ling Wang’s team designed a therapeutic
approach applying IL-10 modRNA based on the immu-
nomodulatory function of IL-10.'% Previous studies have
shown that IL-10 can promote the differentiation of naive
T cells to Tregs, further supporting its role in negative
immune regulation.!’! The experiments showed that the
IL-10 modRNA developed by the team could express
functional IL-10 in vitro. Moreover, repeated low-dose
local injections of IL-10 modRNA around the graft signifi-
cantly prolonged the survival of the grafts in a face trans-
plantation mouse model. The researchers also found that
local lymphocyte infiltration was reduced after the injec-
tion of IL-10 modRNA, while the proportion of
CD4*CD25"Foxp3*Tregs in CD4*T cells was signifi-
cantly increased. Moreover, an assessment of the expres-
sion of proinflammatory factors in grafts revealed that the
levels of IL-12, TNF-a, and IL-2 were significantly
reduced, confirming the suppression of the inflammatory
response in the face transplant group. Further studies
showed that IL-10 modRNA could also induce elevated
levels of mixed chimerism, thereby protecting the graft
from rejection (Figure 6).' This study demonstrated the
possibility of using modRNA technology in VCA, and
modRNA based on additional mechanisms to inhibit
immune rejection need to be further developed.

Other treatments

Donor-derived lymph nodes

In addition to the above categories, lymphatic organs are
also important targets for immune tolerance therapy for
VCA, thus, lymphatic targeted therapy has become a new
treatment method.!? Recent studies have confirmed that
the implantation of donor-derived lymph nodes (LNs) at
the same time as VCA transplantation can delay immune
rejection after transplantation.'* The models were divided
into three groups: VCA receiving donor LNs, VCA elimi-
nating donor LNs, and VCA using the lymph angiogenesis
inhibitor VEGFR3. The results showed that VCA of donor
LNs could effectively delay the occurrence of rejection
(median rejection onset time 5.0) and accelerate lymph
angiogenesis, which was related to the enrichment of
VEGF-C in the skin. However, the travel of tertiary lym-
phoid organs (TLOs) was not affected by LN transplanta-
tion, and there was no significant delay in graft survival.!®
This study suggested that LNs and VEGF-C have

promising applications in VCA therapy, but maximizing
their functions is an urgent issue. Moreover, the specific
underlying mechanism is not clear, which indicates the
need for further research.

Donor splenocytes

As early as 2008, researchers proposed that ECDI-fixed
allogeneic splenocytes (ECDI-SPs) can prolong allograft
survival after islet transplantation by inducing antigen-
specific tolerance.'® EDCI is a cross-linking agent that
can couple peptides to the cell membrane and thus can
achieve specific tolerance of antigens by linking them to
splenocytes. In subsequent studies, it has also been con-
firmed that this method has an effective protective effect
on allogeneic heart transplantation in mice,'®> and the
mechanism is related to the induction of anergy of T cells
and the promotion of Treg production. Whether ECDI-SPs
affect the induction of immune tolerance in VCA has
attracted the interest of researchers; accordingly, Shuzhong
Guo’s team applied ECDI-SPs combined with rapamycin
to allogeneic vascularized skin transplants in a mouse
model. The model used C57BL/6 mice as the recipients
and BALB/c mice as the donors, which were then tested in
vivo and in vitro. ECDI-SPs were extracted and prepared
from donor splenic tissue and applied to the recipient by
injection of a single-cell suspension. The results of in vitro
experiments showed that ECDI-SPs stimulated increases
in IL-10 and TGF-f levels and induced the decreases in
IL-1B and TNF-a levels. More importantly, ECDI-SPs
also increased the proportion of CD4*Foxp3* Tregs,
which was further confirmed by in vivo experiments. In
vivo, infusion of ECDI-SPs effectively prolonged the
MST of vascularized skin grafts to 28 days, confirming
that this regimen is not only feasible for islet and heart
transplantation but also has the same efficacy for
VCA.'% In summary, the use of ECDI-SPSs, a relatively
safe treatment method, has many advantages over previ-
ous immunosuppressive protocols used in the clinic,
such as no requirement for overall depletion of T-cells
depletion or comprehensive costimulation blockade;
consequently, ECDI-SPSs have good potential for clini-
cal application.'?’

Vascularized bone marrow

Conventional bone marrow transplantation (CBMT)
involves continuous supply of donor-derived hematopoi-
etic stem cells.'® Tt can induce mixed chimerism in
costimulation blockade-based therapy, which is currently a
widely accepted method at present. The vascularized bone
marrow component (VBM) is a tissue engineering treat-
ment based on CBMT. In contrast to CBMT, VBM pre-
serves the bone marrow microenvironment, provides
nutritional support for the proliferation of bone marrow
cells, and has potential for immune regulation. A team of
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researchers based their treatment on costimulation block-
ade. They compared the efficacy of VBM transplantation
with that of low-dose CBMT in the treatment of rejection
after VCA in mice and reported that VBM transplantation
was associated with a longer survival of up to 20days, a
higher chimerism level of 3.8% in circulating donor leuko-
cytes, and a greater proportion of Treg/Teff cells and a
lower proportion of CD4" and CD8" T cells.'”® The pro-
posal of VBM provides more options for the therapy
involving the combination of VCA with BMT, which can
be further engineered with vascularized tissue. However,
the bioactive components of VBM and the mechanism by
which it controls rejection need to be further studied
(Figure 7).

Strategies for prevascularization

In addition to therapies targeting immune rejection, tissue
engineering strategies that facilitate prevascularization
will also contribute to the success of VCA and should be
considered by researchers. The prevascularization strategy
usually refers to the formation of a vascular network in
grafts before transplantation.'”® Microvessels are an
important part of blood circulation and play a role in mate-
rial exchange via anastomosis with host vessels after trans-
plantation."® Here, we present some tissue engineering
strategies for prevascularization that have the potential to
be used in VCA.

Finding a suitable source of microvessels has always
been an important challenge in prevascularization applica-
tions. Recently, the role of human induced pluripotent
stem cell (hiPSC)-derived microvessels in angiogenesis,
which is achieved by their differentiation into pericytes
and vascular smooth muscle cells, has attracted increasing
attention. Li Liao’s group recently successfully constructed
an hiPSC-derived microvascular system (iMV). Through
the induction of small molecules and growth factors, hiP-
SCs can differentiate into blood vessels and eventually
generate iMVs. Experiments on various models, such as
muscle injury models and skin wound models, have shown
that iM Vs have potential for angiogenesis and tissue repair.
The results of this study provide new ideas for prevascu-
larization strategies in the VCA.!!!

In addition, there are prevascularization strategies that
combine microvascular networks with porous scaffolds.
Geraldine M Mitchell’s group achieved this by seeding
primary human lymphatic (hLEC) and blood endothelial
cell (hBEC)-induced lymphatic capillary networks and
capillary networks in a 3D porous polyurethane scaffold,
which has unique functions for lymphangiogenesis and
prevascularization in vivo. The use of porous scaffolds
provides mechanical support for the generation of vascular
networks and is also a strategy worthy of reference.''”
Ying-Chich Chen’s team also developed a prevasculariza-
tion strategy by encapsulating angiogenic cells (HUVECs,

MSCs) in methacrylate collagen (CMA) hydrogels, which
promoted the prevascularization of the implant by hydro-
gels with different vascular densities. The results were
validated in the volumetric muscle loss (VML) model.'"3
In addition, there are other options for prevascularization.
For instance, one of the in situ engineering strategies used
in angiogenesis and lymphangiogenesis is called the arte-
riovenous loop, which induces the formation of vascular-
ized structures by forming a circular arteriovenous
fistula, 4115

The application of the above prevascularization strate-
gies has made significant progress. Of course, some new
mechanisms have yet to be proposed. Recently, the role of
mechanobiology in vascularization, which has the poten-
tial to be developed into innovative therapeutic strategies,
has also begun to be recognized. Mechanobiology has
received increasing attention in related research on frac-
ture healing. It is generally believed that mechanobiology
can stimulate the repair of bone tissue to a certain extent. It
has been proposed that mechanical loading further regu-
lates the biological functions of bone cells by stimulating
mechanoreceptors.''® After being stimulated by mechani-
cal load, osteoblasts and osteocytes can promote the prolif-
eration and migration of endothelial cells through the
secretion of extracellular vesicles (EVs), thereby regulat-
ing angiogenesis.!'” The discovery of new mechanisms
provides new ideas for the development of prevasculariza-
tion strategies. The effects of mechanically activated oste-
ocyte-derived EVs on prevascularization in VCA need to
be further verified (Table 2).

Limitations and prospects

Even though VCA is an important part of transplantation,
research on VCA has more limitations than that on SOT.
There are many unavoidable problems in the study of
VCA, such as complex immunogenicity, rapid and severe
rejection, inefficient drug delivery, few clinical cases, long
experimental periods, and the immature legislation.
Systemic administration of immunosuppressive agents
has been indispensable in VCA treatment even though the
shortcomings of these drugs are well known. Certainly, in
the field of tissue engineering for VCA, researchers have
also developed a variety of treatment modalities, such as
stem cell therapy and some kinds of bioactive materials.
However, compared with those for bone tissue repair or
wound healing,''®'2° tissue engineering strategies for
VCA are still limited. For instance, genetic engineering
and bioactive materials have developed particularly rap-
idly in recent years, resulting in the development of a vari-
ety of efficient, targeted, and precise treatments. In
contrast, research on VCA is still limited by the more com-
mon strategies that have been used before. In mechanistic
research, the role of Tregs in the immune regulation of
VCA has been frequently mentioned, but the underlying
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Table 2. Strategies for prevascularization of vascularized composite allotransplantation.
Therapy strategies Method Effects Literature (year) Reference
hiPSC-derived Injection of iMVs-VCs Reconstruction of blood vessels 2022 Lietal'"
microvascular system and modulation of the immune
microenvironment
Engineering transplantable ~ hLEC/ hBEC == hvSMC seeded = Formation of lymphatic and 2022 Mitchell
lymphatic/blood capillary in 3D porous scaffold blood capillary networks etal'?
networks
Vascularized cell-laden Encapsulating HUVECs/ Enhance host neovascularization 2023 Chen
hydrogel MSCs in methacrylate CMA etal'l
hydrogels
Arterio-venous loop In vivo scaffolds generated Conducive to lymphangiogenesis 2023 Huang
from different blood stimuli etal!l

molecular mechanism has not yet been fully elucidated,
and further research on the application of Tregs needs to be
conducted. On the other hand, it is more difficult to con-
duct clinical research on VCA than on SOT. Due to the
limited number of clinical cases, the causes of trauma vary,
and the operation mode varies greatly because of differ-
ences between individuals, making it difficult to unify. In
addition, the donor source for VCA is still a tricky matter.
Currently, solid organ donation has been accepted by many
people, and there is a stable source of donors. Nevertheless,
the donor source for VCA is relatively limited, and the
acceptance of VCA by the public is lower,'?! which limits
the development of VCA.

Moreover, ethical and legal issues are inevitable topics
for both SOT and VCA. In particular, hand transplantation
and face transplantation have special clinical characteris-
tics that can change the identification factors of recipients,
which has led people to pay more attention to regulations.
Therefore, it is important to improve the legislation of
VCA and clarify the supervision content for scientific and
technological progress. Since 2014, the United States has
implemented the supervision of VCA through the Organ
Procurement and Transplant Network (OPTN), including
the transplant process, donor authorization, recipient allo-
cation, and other content.'®!%> Nevertheless, in the face of
emerging clinical problems, such as treatment procedures
in the posttransplantation period and the application of tis-
sue engineering methods, updated regulations are still
lacking, which is conducive to both basic research and
clinical trials.

At the same time, whether the emerging tissue engi-
neering methods for VCA can achieve a balance between
the efficacy and cost is also a significant question. Even if
some of the current research protocols are novel, but they
are expensive, complicated to operate, and have limited
sources of materials, which may lead to unaffordable
expenses after clinical transformation. Therefore, how to
achieve the feasibility of transformation is also a topic that
needs to be considered.

Notably, these limitations are not irremediable. The
development of tissue engineering for VCA still has broad
prospects and great clinical significance for overcoming
the drawbacks of immune rejection and vascularization.
Although public perceptions and policy support for VCA
will not change quickly, biomaterials, 3D printing technol-
ogy and engineered autologous tissues have the potential
to promote innovation. Moreover, immunity and rejection
are hot research fields, and new mechanistic findings could
emerge rapidly because of the development of bioinfor-
matics technology. In addition to solid organ transplanta-
tion therapy, the introduction of gene engineering
technology, such as CRISPR-Cas9, for the treatment of
VCA rejection is also a new strategy to explore.

Finally, the translation of the aforementioned studies
into clinical application is difficult, and several problems
must be solved. First, experimental animal models of
VCA need to be standardized, reproducible, and repre-
sentative to ensure that clinical trials are conducted.
Second, technologies should be developed with the goal
of achieving commercial production so that the balance
between development costs and therapeutic efficacy can
be maintained. The clinical translation of emerging tech-
nologies may be difficult due to the high cost and uncer-
tainty of effectiveness, so the integration of new
technologies with established treatments is also an
option. At the same time, the number of VCA cases in
different countries is not comparable, so high-quality
multicenter studies should be carried out to promote the
clinical transformation of tissue engineering treatment
strategies for VCA.

In summary, if more researchers in the fields of trans-
plantation, plastic surgery, and tissue engineering focus on
the related aspects of VCA, it will be of great help to the
development of VCA. Moreover, allograft rejection and
related immune regulation are very important topics.
Researchers can conduct more in-depth discussions on this
issue, which is conducive to more effectively solving these
problems.
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