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Abstract

Various cell-based therapies are currently investigated in an attempt to tackle the high morbidity and mortality associated with
heart failure. The need for these therapies to move towards the clinic is pressing. Therefore, preclinical large animal studies that
use non-autologous cells are needed to evaluate their potential. However, non-autologous cells are highly immunogenic and
trigger immune rejection responses resulting in potential loss of efficacy. To overcome this issue, adequate immunosuppressive
regimens are of imminent importance but clear guidelines are currently lacking. In this review, we assess the immunological
barriers regarding non-autologous cell transplantation and immune modulation with immunosuppressive drugs. In addition, we
provide recommendations with respect to immunosuppressive regimens in preclinical cardiac cell-replacement studies.
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Background

Ischemic heart disease, including myocardial infarction (MI),
results in permanent and progressive loss of myocardial con-
tractility. As a consequence of the reduced mortality after
acute Ml in the last decades [1], the prevalence of heart failure
with reduced ejection fraction (HFrEF) is increasing. With
more than 37.7 million patients, heart failure (HF), including
HFrEF, is a substantial clinical problem and currently the
fastest growing cardiovascular condition globally [2]. HF is
characterized by the reduced ability of the heart to pump and/
or fill with blood to support physiological circulation [3]. The
only prevailing “curative” treatment for end-stage HF is heart
transplantation. Unfortunately, there is a great discrepancy
between supply and demand of donor hearts [4] resulting in
many patients eligible for transplantation dying before receiv-
ing a matching donor organ [5]. Hence, current treatment op-
tions for HF are mostly aiming at reducing symptoms or
delaying disease progression at best [4].

Cell Sources for Cardiac Cell Transplantation

This lack of suitable treatment options emphasizes the need
for new therapeutic strategies. Repair and regeneration of
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viable, functional myocardial tissue hold great promise. For
this, several sources of cells have been explored, including
“first-generation” cell types (e.g., bone marrow-derived
mononuclear cells or mesenchymal stromal cells) of which
currently phase 3 trials are ongoing [6]. However, “second-
generation” cell types including cardiac-derived progenitor
cells (e.g., cardiospheres, Sca-1+ cardiac progenitor cells)
and pluripotent stem cells (e.g., ESCs and iPSCs)-cardiac de-
rivatives exhibit higher reparative potential [7]. Currently,
more advanced approaches with these cell sources are being
developed, such as cell sheets [8—10], cardiac aggregates [11,
12], and engineered heart tissue [13, 14], to increase cell re-
tention, survival, and boost therapeutic action.

Immunogenicity of the Transplanted Cells in
Preclinical Studies

Feasibility, safety, and efficacy of novel therapies have to be
tested in relevant large animal models. Most often, xenogeneic
cells are applied in such studies as human cell products are
more interesting from a clinical translation perspective and
autologous cell preparation is unrealistic regarding costs and
labor intensity [15]. However, one of the biggest challenges to
overcome is the host’s immunologic intolerance upon trans-
plantation. Non-autologous cells are recognized by the host’s
immune system as non-self, requiring immunosuppressive
therapy to prevent rejection and thus loss of function. Many
immunosuppression regimens have been reported with mixed
effects on cell transplant survival and treatment efficacy. As
most studies do not strictly monitor the level of immu-
nosuppression and it remains unclear whether the used
dose of immunosuppression is optimal and sufficient for
transplant survival.

Therefore, the aim of this review is to evaluate im-
munosuppressive protocols for cardiac cell transplanta-
tion in preclinical large animal heart failure models to
provide recommendations on the use of immunosuppres-
sion in preclinical studies.

Cell Transplant Imnmunology

Immune cells continuously patrol the body to search for in-
vading agents, differentiating between “self,” i.e., autologous
and “non-self,” i.e., non-autologous, to protect integrity and
health. Accordingly, transplantation of non-autologous cells
can result in immune reactions with high probability of rejec-
tion. This clearance is primarily caused by acute cellular re-
jection driven by T cell alloantigen recognition.

T cells recognize non-autologous cells by major histocom-
patibility complex (MHC) expression. MHCs are polymor-
phic cell surface glycoproteins that present peptide fragments,
i.e., antigens, derived from self and foreign proteins. MHC

class I molecules are expressed on almost all nucleated cells
and present intracellular peptides to CD8+ cytotoxic T cells.
MHC class II molecules are only expressed on antigen-
presenting cells (APCs) and present extracellular proteins
and pathogens to CD4+ T helper cells. A mismatch in MHC
class or non-self-antigens presented by MHC molecules can
be recognized via three distinct pathways: the indirect, direct,
and semi-direct pathway (Fig. 1). In the indirect pathway,
non-self-peptides are recognized by the T cell receptor
(TCR) after they have been internalized and presented on the
host APCs [16]. In the direct pathway, the TCR recognizes
non-self MHC molecules with bound peptides on the surface
of the transplanted cells or transplants APCs [16]. In semi-
direct allorecognition, donor MHC-peptide complexes are
captured by host APCs after MHC cross-presentation, which
is the transfer of preformed functional peptide-MHC com-
plexes from the surface of donor cells to recipient cells via
cell-cell contact or through extracellular vesicles [17, 18].
After alloantigen recognition, T cell is activated by two sig-
nals: interaction between the TCR—CD3 complex with the
MHC on the APC (signal 1) and interaction between co-
stimulatory signals, such as CD28 on the T cell with CD80
and CD86 on the APC (signal 2) [19, 20]. Proliferation and
polarization of the T cell require a third signal [20], which is
established through downstream signaling pathways follow-
ing T cell activation and secretion of cytokines by APCs.
Clinically, donor and recipient are matched as good as pos-
sible for blood group antigens and HLA to minimize the re-
jection risk [21]. Additionally, patients receive immunosup-
pressive drugs to further reduce immune responses. Our un-
derstanding of the complexity of inflammatory responses to
xenografts is increasing progressively and a lot can be learned
from the field of xenotransplantation [22]. With the develop-
ment of humanized models by gene editing, human cells may
be transplanted in animal models without the need for immu-
nosuppression in the future. Although great progress is made
in this area, the use of large transgenic animals is limited by
the difficulties of genome-editing technologies, the complex-
ity of generating healthy transgenic animals, costs, safety, and
ethical issues [23]. Therefore, immunosuppressive therapies
in preclinical animal studies yet remain of great importance.

Immunosuppression for Prevention
of Rejection

Preventing xeno-cell transplant rejection in large animal
models as much as possible demands efficient immunosup-
pressive regimens. As T cell allorecognition is the main con-
tributor to transplant rejection, clinical therapies targeting pe-
ripheral leukocytes are consequently effective in preventing
acute rejection and improving long-term graft survival and
patient outcomes [24].
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Fig. 1 Three distinct ways for T
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Indirect allorecognition Semi-direct allorecognition

cell allorecognition: direct,
indirect, and semi-direct. In the
direct pathway, transplant APC
interacts directly with recipient T
cells. In indirect recognition,
recipient APCs present processed
transplant peptides (alloantigen)
to recipient T cells. In the semi-
direct pathway, recipient APCs
acquired transplant HLA that
present peptides directly to recip-
ient T cells. APCs, antigen-
presenting cells; TCR, T cell re-
ceptor. Figure was created with
Biorender.com
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Immunosuppressive treatment can be separated in induc-
tion (strong immunosuppression in early postoperative phase),
maintenance (long-term prevention of acute and chronic re-
jection), and anti-rejection regimens (used to treat rejection).
The added value of induction therapy is however being
questioned, as no significant reduction of mortality, adverse
events, infection, or cardiac allograft vasculopathy has been
observed [25]. Clinical maintenance regimens apply high-
intensity immunosuppression in the first weeks after surgery
followed by decreasing doses. Such regimens are generally
based on combinations of several drugs at lower doses to
reduce the occurrence of unwanted side- and toxic effects.
Most commonly, calcineurin inhibitors, anti-proliferative
agents, and corticosteroids are combined for this purpose.
For a detailed overview, we refer to Wiseman et al. [26].
Here, we provide a concise overview of common convention-
al immunosuppression agents and their mode of action as
illustrated in Fig. 2.

Calcineurin Inhibitors

Calcineurin inhibitors, such as cyclosporin A (CyA) and ta-
crolimus, form the cornerstone of immunosuppressive therapy
in solid organ transplantation. Calcineurin plays a central role
in signal transduction upon TCR-ligand binding (signal 1).
Calcineurin dephosphorylates nuclear factor (NF) of activated
T cells (NFAT), enabling NFAT translocation from the cyto-
plasm to the nucleus, where it leads to transcription of its
target genes, including various pro-inflammatory cytokines
required for T cell proliferation and polarization, and for pro-
viding B cell assistance [27]. CyA forms a complex with
cyclophilin that subsequently binds to calcineurin thereby
inhibiting its activation [28, 29]. Tacrolimus inhibits the cal-
cineurin pathway one step upstream of cyclosporin, by bind-
ing to the immunophilin FK506 binding protein 12 (FKBP-
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12) and forming a complex of tacrolimus-FKBP-12, calmod-
ulin, calcium, and calcineurin [28, 29].

Both inhibitors have similar effects on cytokine release and T
cells but show different efficacy and side-effect profiles [28].
In vitro and in vivo, tacrolimus appeared more effective and
associated with lower allograft rejection rate compared to CyA
[30-33]. In addition, tacrolimus and CyA have different pharma-
cokinetic profiles with confounding factors like patient age,
transplant type, and other medication influencing their plasma
concentrations. Due to interpatient variability and narrow thera-
peutic index, determining optimal dosage to ensure sufficient
immunosuppression and minimizing side effects is crucial.
Therefore, monitoring of plasma levels has become a standard
practice for patients receiving calcineurin inhibitors and more
methods for routine monitoring are being developed [34].

A well-known side effect of both CyA and tacrolimus is
nephrotoxicity [30]. Hypertension and hyperlipidemia have
also been reported, but are more frequently observed for
CyA. On the other hand, patients treated with tacrolimus are
2-3 times more likely to develop new-onset diabetes mellitus
and this risk increases with higher dosages of tacrolimus [31].
Neurological side effects such as tremors are more common
with tacrolimus while CyA causes cosmetic side effects, such
as gum hyperplasia and abnormal hair growth [30, 31].

Glucocorticoids

Glucocorticoids exert immunosuppressive effects by reg-
ulating gene expression that affects several players of
the immune response, such as T and B cells, macro-
phages, eosinophils, and monocytes [26]. They are high-
ly effective both in prevention and treatment of acute
rejection and are therefore effective in post-
transplantation management.

The most commonly used glucocorticoids for immu-
nosuppression are prednisone and (methyl-)
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Fig. 2 Immunosuppressive agents targeting signaling pathways for T cell
activation, proliferation, and polarization. T cell activation results from
alloantigen recognition via the T cell receptor (TCR)-CD3 complex with
the MHC-II on the APC (signal 1) and a co-stimulatory signal from
CD28-CD80/CD86 on the APC (signal 2). Stimulation by IL-2 (signal
3) results in cell proliferation and polarization. Immunosuppressive
agents (shown in red boxes) exert their effects by inhibiting a number
of different targets. G1 (first growth phase), S (synthesis of DNA), G2

prednisolone. Prednisone is metabolized in the liver to
its active form prednisolone, which binds with high af-
finity to glucocorticoid receptors in the cytoplasm of
potential target cells [26]. Binding allows the glucocor-
ticoid receptor complex to translocate to the cell nucleus
where it inhibits transcription factors, such as NF-xf3
and activator protein-1 [35]. This results in reduced pro-
duction of a broad panel of pro-inflammatory cytokines,
including IL-1, IL-2, IL-5, and TNF-«, adhesion mole-
cules and chemotactic proteins.

Long-term glucocorticoid use can lead to serious side ef-
fects like osteoporosis [36], muscle atrophy [37], and multiple
endocrine-, metabolic-, cardiovascular-, and dermatologic
side effects (reviewed in [38]). Side effects may occur in over
90% of patients who take glucocorticoids for more than
60 days [39]. To reduce the probability of developing side
effects upon long-term use, glucocorticoids are started in high
dosage and are subsequently tapered to lower doses; often
discontinued within 1-year after transplant.

e

M

Cytokines (e.g. IL-2)

(second growth phase), and M (cell division) represent the phases of the
cell cycle. APC, antigen-presenting cell; CD, cluster of differentiation;
CDK, cyclin-dependent kinase; IL-2, interleukin-2; IL-2R, interleukin-2
receptor; MHC, major histocompatibility complex; MMF, mycopheno-
late mofetil; NFAT, nuclear factor of activated T cells; TCR, T cell re-

ceptor; TOR, target of rapamycin protein. Figure was created with
Biorender.com

Azathioprine
MMF

Anti-proliferative Inmunosuppressive Drugs

Another way to achieve immunosuppression is by inhibiting
proliferation and/or induces cell death. The most commonly
used cytostatic and anti-proliferative compounds used to this
end are azathioprine and mycophenolate mofetil (MMF).
Azathioprine belongs to the family of thiopurine com-
pounds that structurally resemble endogenous purines. As a
prodrug, it is rapidly converted by plasma esterases or non-
enzymatically by glutathione to 6-mercaptopurine, and finally
to several metabolites, including 6-thioguanine nucleotides
(6-TGN5s) [40]. TNGs are incorporated into DNA and RNA,
thereby inhibiting cell cycle progression [41, 42]. Apart from
that, azathioprine is also able to convert the co-stimulatory
signal of CD28 into an apoptotic signal by modulating Racl
activity and suppresses APC-T cell conjugation, thereby
preventing induction of T cell activation necessary in effective
immune response [43, 44]. Mycophenolate mofetil (MMF)
inhibits a key enzyme in guanine nucleotide synthesis: inosine
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monophosphate dehydrogenase. While other cell types can
synthesize purines via alternative pathways, proliferating lym-
phocytes are depending on this enzyme for DNA replication
[45], which makes MMF selective for lymphocytes.

Azathioprine can induce myelosuppression, leukopenia, and,
albeit less frequently, anemia and thrombocytopenia, as well as
hepatitis and pancreatitis [46], requiring dose reduction or drug
pausing. MMF is usually well-tolerated and therefore it has be-
come a preferred antimetabolite agent. Next to gastrointestinal
problems, MMF can lead to leukopenia dose-dependently [42],
but its bone marrow suppressive effects are much lower than
those of azathioprine. After heart transplantation, MMF in com-
bination with calcineurin inhibitor therapy has been shown to be
superior to azathioprine in preventing acute rejection episodes,
development of coronary allograft vasculopathy, and mortality
despite slightly higher infection rates [47, 48].

Optimizing Immunosuppression Regimens

Here, we focused primarily on immunosuppressive com-
pounds inhibiting T cell activation, proliferation, and polari-
zation but several other promising targets exist to prevent
rejection against xeno-cell transplantation [26]. The ultimate
goal of post-transplantation management is to minimize im-
munosuppression and their complications without sacrificing
the efficacy of the therapy. Combining multi-drug therapies
may result in dose reduction without lowering the treatment
efficacy and potentially leads to less frequent or diminished
side effects. However, despite several randomized clinical tri-
als seeking to optimize immunosuppression regimens, there is
still no optimal and standardized immunosuppressive proto-
col. Optimal drug choice may vary between individuals and
the choice of regimen is dependent on different factors such as
efficacy, potential for drug interactions, and tolerability.
Hence, also for preclinical studies, we should aim for high
standards when performing immunosuppression.

Preclinical Cardiac Cell Transplantation
Studies

Survival of non-autologous cell grafts—and to that end also
the possible efficacy—of non-autologous cardiac cell trans-
plantation is dependent on the type, dose, or combination of
immunosuppressive drugs. Therefore, it is important to eval-
uate currently used immunosuppression regimens for cell
transplantation in preclinical large animal models. Here, we
focused specifically on the use of “second-generation” cardiac
cells in transplantation studies to induce cardiac repair upon
myocardial infarction. Although a lot of variabilities are seen,
we divided them into preclinical studies using mono- and
multi-drug therapies as an immunosuppressive regimen
(Tables 1 and 2).

@ Springer

Monotherapies

Preclinical studies using monotherapy with xeno-cell transplan-
tation all applied calcineurin inhibitors, predominantly cyclo-
sporine A [49-51] (Table 1). Treatment initiation and doses
showed large variations and so do the outcomes. For example,
human cardiosphere-derived cells (hCDCs) were transplanted
alone and together with a basic fibroblast growth factor-
incorporating hydrogel in the infarcted pig heart, while animals
received cyclosporin treatment of 5 mg/kg/day [50]. Retention
of hCDCs was significantly better when transplanted together
with the hydrogel, but more importantly, they observed graft
survival after 4 days and 4 weeks, engraftment of the
transplanted cells in recipients resident tissue (based on the pres-
ence of human Y chromosomes), and functional improvement.
In contrast, in a comparable pig model, human Sca-1+ cardio-
myocyte progenitor cells (CPCs) could be found back: however,
no functional improvement was observed 4 weeks post-infu-
sion, while animals received a higher dose of CyA (day —1,
800 mg; week 1, 2 X400 mg; weeks 2—4, 2 x 200 mg) [49].
An even higher CyA dose (15 mg/kg/day) was used in a study
from Ye et al., in which hiPSC-CM alone, hiPSC-CMs together
with hiPSC-ECs and hiPSC-SMC, and in combination within a
fibrin patch were transplanted in the post-infarcted pig heart
[51]. This resulted in graft survival and engraftment although
integration in the native tissue did not occur and functional
improvement was restricted to the patch group only.

Next to the different graft types and treatment regimens, the
route of graft administration (i.e., intracoronary vs.
intramyocardial) might have caused the observed inter-study
differences. However, previous studies have shown that en-
graftment does not depend on the administration route [52].
Interestingly, several studies, including the above, observed
higher retention rates when cells are transplanted in patches or
co-administered with hydrogels. When tacrolimus (0.6 mg/kg/
day) was given to mini-pigs that received hiPSC-CM sheets
post-MI [8], cell survival was observed 2 weeks post-
transplantation and cardiac function was improved compared
to control animals. However, almost no cell survival was seen
after 8 weeks.

Altogether, these studies yet remain inconclusive
concerning the efficacy of cyclosporine or tacrolimus to pro-
vide sufficient immunosuppression for xeno-cell transplanta-
tion applications as monotherapies.

Multi-drug Therapies

Recent preclinical studies mostly use a multi-drug approach
with a calcineurin inhibitor as one of the compounds
(Table 2). As second drug, corticosteroids are chosen frequently
[53, 54], and some studies add MMF [9], CTLA4-Ig, a drug for
rheumatoid arthritis that blocks the co-stimulatory signal (T cell
activation, signal 2) by binding both CD80 and CD86 [55-57] or



93

J. of Cardiovasc. Trans. Res. (2021) 14:88-99

ON

JuoueISud ON
quou jsowfe skep ¢ Py

skep 8 ‘sAep ¢

Tw/Su 07001

JO SUONENUIOUOD WINISS
ur10dso[o4o nq ‘payrodar JoN

uonejue|dsuen 210J9q sAep ¢

TO0FS9

38w ¢H0€

VY auriodsoo£)

TN Jeye Ut O¢
CIA/WNANG Ut

suonoafur [erpresoAwrenuy

plElieYvii)%

SOdAD-DSHY
LOT < 1

01

uone3I| JUSUBULIDJ
Aoxuowr sn3jowouk)

(-pnuu “sA -ouour)
810C 'Te 10 nyz

dnoi3 yoyed +
S[[00 PaUIqUIOd AJUO INQ ‘SO A

ONSSI) dAIRU UI A[oIel JusuyjeISusg

SO

SYOIM

pauodar JoN

uonejue|dsuen 210J0q sAep ¢

€1~

3yBw ¢
v aurodso[ok)
I Jeye utt ¢
1-4DI1 yim sayored utiqy 1o
uonoafur [erpresoAwenuy
plelieY0ie) Y%
yojed ur paurquiod s[[o)
pauIquiod DINS-SOH- ‘SIND-DSd

Suore SIND-DSd
N0 x T

paurop A[Iea|d 10N
uoIsSN[o90 ('] Urtu-(9

s31d

V10T Te 19 24

SOX

JIqISIA JuSWRISUY

SSI] INQ ‘SAA SYIM § JOYY
SoA sKep ¢ 1Yy

SYOIM

payodar jJoN
uonejueldsuen) 010Joq sAep ¢

paytodar JoN

SyBw ¢

v auodso[ok)

RIREIES L
[9S01pAYy Sunerodioour-
(4DAQ) 10198} YIMOIT JSB[qOIqL

1SBq UI UONI(UT [eIpIEdOATIRIU]

plelieY0i=)'%

sOAdY
LT xT

6
uoIsN[o20 (V'] Ultu-(6

s31d

800C Te 10 BleyayE],

SOX
JUSWIRISUS 1004
QUOU JSOW[E SYIM § IOPY

SOK s)Pom 7 1YY

SyooM §

pauodar JoN

uonejueldsuen 210J0q sAep ¢

§T0¢C

Sy/Bw 970

SNUIIOIdE ],

I Jo)e seam
)09y Jo uonejue[dsuer],

J1oueoudy

$1990S SIND-SdT
LOT xST

9
VT 10)O1ISUOD PIOIdUTY

sSid-rury

Z10T Te 10 BInwemey|

ON
JudwAoIdwr [euonoun{

3[oBq PUNOJ S[[90 ON
JUOUIJRISUS/[BATAING

SyooM t

(uonosfur-jsod) dn-mofjoy Jo uoneing

77/3U 0] ] PUe Of USIMIOq ‘SO X

uorssaxddns sunuur Jo uoneneAqy
uonejue|dsuen 210j0q Aep |

uorssarddnsounuruut 3re)g

7'SFS'89

(3 up) 1ySom

8w 00T x T ‘7T 1M

Sw 00 x T T oM

Sw 008 ‘T — Aeq

(Aep 12d) uorssarddnsounwwur Jo S[OAYT
v auodso[ok)

uorssarddnsounuuruy

I 1oye s3eam 4
Sgd Ul uoIsnjul Areuolodoenuy
(Surum + 9)nox) uoNENSIUIWPY
piliey0i)%

Jouoq

$OdD ,1-80S uBWNE]
90T x0T

2dAy + Junowre [[o)

8

S[[99 (I P3)Jea1) JO ON
UoISN[00 (V'] UI-()6
[opou jorejuy

s31d

[ewuy

G10 T& 10 SIOD[I0T JO udsue[
SOOUIYIY

uonejuejdsuen [[90-ouax Aq uorssarddnsounuur 10§ Aderoyouowr Juisn sAPNIS [BUWIUR [BIIUI[IAI] | d|qel

pringer

Qs



J. of Cardiovasc. Trans. Res. (2021) 14:88-99

94

(8 un) 1ySrom
Syoom 7 syPom 7 A10Ad S[-4VT1LD
Quo| A19A9 S[-4VT1LD 38w g7 wd)-1— Aeq
-ostupardjAyjow /8w ¢ g1 - Aeq QuUO[OSTU syeam 7 A10A9 S[-4V1LD
qewrxijiseq sw ([ :—0) A 8w 671 JuojostupaidjAyow -pardiAypow 8y/8uwr ¢ :ue)-g7 Aeg 8y/8uwr ¢z wd)-1— Keq
quo[osIu we)-7 Aeq Sw ¢z ‘w1 Aeq Quojo quojostupaidjAyjour
-paxrdjAypowr 3y/8wr | wey-() Aeq Quo| quojostupaxdjApowr 3w Gz 03 roduwre) yum -stupardjAypow 338w 9 ] Aeq Sy/8w G 1-1°0 -1 JM
quojosrupaidjAyjowr JNIN Sw 00§ -ostupaxdjAyjow 38w [ wo)-¢ Aeq quojostupaidjAyjouwr Quojo quojostupaidjAyour
Sw oG :[— Ae@ uojostupaid Sw sz i1 ke quojostupardjAypour Sw 067 p1—0 Aeq -smupaidjAypowr 3y/8w ¢ :J— Aeq 3w 0S :1— Aeq
Tuwy/Su 0SZ—001 JO S[OAI] Sw gz Vv ouuodso[okd 38w o7 :z-1- Aeq Vv ourodso[oko 1/31 0S7—00T JO S[oA9] /31 0S7—00T JO S[PAJ]
WNISS OBl 0} ‘Y duLI0dso[oko SNuII[0Io.) Sw 00y x ¢ snuwIoIoe) 38w 91— x T WIS [oral 0 Y duLIodso[oko WIS [oeal 0) ‘Y QuLIodso[okd
/8w GH—(¢ wI)-G— Aeg /8w 610 wR)-g— Ao Sy/Bwr 170 rwey-g— Aeq WIQ)-G— AB@  JO 9SO UMOUNUN :Wd}-G— AB(]  JO 9SOp UMOUNUN :ULId)-G— A
(Aep 10d) uorssaxddnsounuuur Jo S[OAST
qewirxijiseq dNIN SI-4VILD SI-HVILD SI-vVILD
suojostupardiAypoN QUOOSIUPaId  QuojosIupaIdiAyoN JuojostupardiAyoN JuojostupaidiAyoN suojostupardiAypoN JuojostupardiAyo
Vv oulodso[ok) snuroIe ], v auriodso[oA) snwioIe], vV auriodso[oA) vV ouLodso[ok) Vv outodso[ok)
uorssaxddnsounuruy
IN
[N 1oge Ul ¢  JOYe SYOIM I 1oye syoam g I 1oye syoam g I 1oye soam ¢ I 1oye soom g I Joye Syoam ¢

CIA/WHNA
ur suonodfur [erpredoAuwenuy

S)33Ys JO
uonejue[dsuer],

Sdd ut suonoofur

[eIpIedOATIEIU]

[1e35[000 TeAraIns-oxd ur
uonoafur [erpredoAwenuy

[1e35[000 TeAraIns-oxd ur
uonosfur [erpresoAwenuy

[1eR[009 TeAraIns-oxd
ur uonod(ur [erprecoAuwrenuy

[1eR[009 TeAraIns-oxd
ur uonod(ur [erpredoAuwrenuy

(Surun + 9)NOI) UOHENSIUTWPY

pielieylvie)'e BiEelieYvie) % J1ua30udY J1uado[ Y J1ua30udY J1ua30udY pielierivie)'e
Jouoq

(6= u) dejg

Wnuawo

+SPAYS 9D (S=u) SOSIY (T=u) SND-OSd!
(8=1u) 9NOT x 00T+ paydeusiu-oHN
1994s [1°D SOSOY V0T < 1 (S =u) SND-OSd!

SOdAD-OSdY  “pamodar jou (S=u PpayaeW-DHIN SIND-DOSdY SIND-DSdY SIND-DSdY
LvOT x [ S[[90 JO junowry SOSOY 9VOT x 1 80T x v 6v0T x [ 90T x0SL 601 x 1
adA) + junowre o)
Cl L1 0l L 9 S 4
S[[90 YIIM PAjean) JO 'ON

avi

J10JOLISU0D uoIsn[od0

uonesI| JUSUBULIDJ prorowry dv1um-gg uoIsn[odo Qv Ww-(8]  UOISN[000 (V'] UIW-(6 uoIsn[o00 (1 Ww-)g| uoIsn[o00 (V'] Ulw-06
[opouu Jo1ejuy
Kaxuowr snF[owWouk)) s31d-rurpy s31d Kosuowr sn3jowouk) s31d anbeoewr payre;-3id anbeoewr payre;-3ig
ewiuy

(-nnuw ‘sA -ouour) L10T 'Te 19
810C '[e e nyz eInWeMey €107 e 10 SWelIm 910T Te 1 BqryS 610 '[e 0 o[jonuSewoy 810C '[e 1 nI' 10€ Te 10 Suoy)
Q0UAIYY
uonejuejdsuen [[90-oudx Aq uorssarddnsounuuur 10§ sarderoyy Snip-ninuw Juisn SAIPNYS [BWIUL [BIIUNOAL] 7 d|qel

pringer

Qs



95

J. of Cardiovasc. Trans. Res. (2021) 14:88-99

SO X

sAep (0§ Joye jou Inq ‘so X

sKep (Ot |

sAep 87
SAep ¢

S[OAQ]
WINIOS U0 PIseq UONENSIuTpe
unodso[o4o Jnq ‘paurodar JoN

qeuiXI[Iseq
uonejuedsuen a103oq 4 g

QuojostupaidiAyowr
uonejuejdsuen a10joq Aep |
Vv dunodso[oAo
uonejuejdsuen a10joq sAep ¢

TOFY9

SOX

SOK

syjuowr ¢

pawuodar JoN

uonejue|dsuern
210J0q SAep G

3 sz0t

SOK

SOA

SyooM

parodar S[oAd[
our10dso[o4od ‘so X

Juo|
-ostupardjAypowr
uonejuedsuen
Jo Kep ay1 uQ
ouriodso[o4Ad
uonejuedsuen
210J0q SAEp

3 0t—s¢

SOX

ou

SIND-DSd! paydjewsiw
-DHIN ‘S& SND

-DSd! paydrew-DHN

SIND-DSd!

patoreW-DHIN S¥09M 7|

SIND-DSd! paydrewsiu
-OHIN SYooMm

parrodar S[oAd[
snupjoioe) 8 Aep ‘so X

Nilsiii(ealal
uonejuedsuen
210J2q SA®p T
suojostupaidjAyouwr
uonejuedsuen
a10J0q Aep |

3 Sy e9T

ON

SOX

SYoOM

pauodar JoN

S[-V1LD pue
quojostupaidiAyow
uonejue[dsuen
Jo Aep oy uQ
ouriodso[oAo
uonejuedsuen
210J9q SAEp §

31 0¢-0¢

sosuodsarx
SOA SlqeHeA
JuawsAoxdurr [euonoun,g

SO X SOk
JUOUIJLISUS/[EAIAING

(1= u) skep 18

(z=u) skep 18 (¢=u) skep 8¢

(g=u) skep 8¢ (1=u) skep 1
(uonoafur-sod) dn-mofjoj jo uoneinq

S[oA9] S[OAQ]

WINIOS U0 PIseq UONENSIUIpe WIS U0 PAseq UONensIunupe
un10dso[o4o 1nq ‘pantodar JoN unodso[o4o Jnq ‘partodar JoN
uorssaxddns ounurwr jo uonenfeAy

S-4V1LD

pue duojostupaidiAyowr
uonejuejdsuen a10joq Aep |
Juuodsooko Junodso[o4o
uonejuedsuen 210Joq sAep ¢ uonejuejdsuen a10joq sAep ¢
(uonejuerdsuen 210j0q) uorssarddnsounurur 1re)g

3 9TI-TS I ETI98

SI-yVILD
pue suojostupaIdj Ao
uonejuejdsuen a10joq Aep |

(ponunuod) g J[qeL,

pringer

Qs



96

J. of Cardiovasc. Trans. Res. (2021) 14:88-99

basiliximab, a monoclonal antibody that targets the IL-2 receptor
(T cell proliferation, signal 3) [58]. Although these studies were
done in different animal models, including pigs, pig-tailed ma-
caque, and cynomolgus monkeys, with different follow-up time,
and different immunosuppressive drugs and doses of immuno-
suppression, all show survival of xeno-transplanted cells at ter-
mination of the experiment.

In two landmark papers of the Murry group [55, 56], pig-
tailed macaques received intramyocardial injections of hESC-
CM while being treated with cyclosporine A, methylpredniso-
lone, and CTLA4-Ig. Extensive survival and remuscularization
were seen in all macaques, with graft sizes ranging from 0.7 to
5.3% [55] and 1.1-3.4% of the left ventricle [56]. The lack of B
and T cell accumulation around the hRESC-CM grafts suggests
that this specific combination and dose effectively prevent graft
rejection [55]. Unfortunately, details of used dose regimens, at
least for cyclosporine, were not clear. The notion of using this
multi-drug approach is further supported by hESC-CMs trans-
plantation in pigs (2x daily 10-16 mg/kg cyclosporine A,
10 mg/kg methylprednisolone with tampering to 5 mg/kg and
12.5 mg/kg CTLA4-Ig every 2 weeks) [57], which resulted in
remuscularization with sparse immune cell infiltration.

One of the few studies comparing a mono- vs multi-drug
approach was published in 2018 [58]. Here, hESC-derived
cardiovascular progenitors (hRESC-CVPC) were transplanted
intramyocardially into the infarcted heart of cynomolgus mon-
keys receiving either cyclosporine A alone (30—45 mg/kg), or
a combination of cyclosporine (30-45 mg/kg/day), methyl-
prednisolone (1 mg/kg/day with loading dose of 500 mg),
and basiliximab (1.5 mg/kg/day from day 1 till day 4).
hESC-CVPC transplanted in animals receiving monotherapy
treatment almost completely disappeared 3 days post-
transplantation and the areas around the injection sites were
dominated by immune cells. Upon combination therapy,
hESC-CVPCs were still present at the site of administration
with significantly less immune infiltration. Moreover, al-
though less hESC-CVPC were detectable after 28 days, better
recovery of left ventricular function and less apoptosis of na-
tive cardiac cells was seen in groups that received the multi-
drug approach. However, no transplanted cells could be de-
tected in either group after 140 days follow-up. Nevertheless,
this study showed superior efficacy of multi-drug approaches
compared to a monotherapy, albeit even the applied multi-
drug regimen was not able to prevent long-term rejection.

Not all preclinical studies applied xeno-cell transplantation.
Allogeneic iPSC-CM was transplanted in cynomolgus monkeys
receiving a combination of tacrolimus (0.1 mg/kg/day) and meth-
ylprednisolone (day 1-3 10 mg/kg/day, from day 3 forward
1 mg/kg/day) [53]. Here, MHC-matched or MHC-mismatched
iPSC-CMs were injected intramyocardially 2 weeks after IR.
Animals receiving MHC-matched iPSC-CMs showed graft sur-
vival after completion of the follow-up period (12 weeks), with
no evidence of immune rejection. In addition, MHC-matched
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iPSC-CMs improved contractile function and were structurally
and electrically integrated into the heart. In contrast, MHC-
mismatched iPSC-CMs were rejected and T cell infiltration
was evident after 4 weeks of transplantation [53]. This has been
confirmed by others after subcutaneous transplantation of MHC-
matched iPSC-CM and tacrolimus monotherapy (2 mg/kg/day)
or no immune-suppressive drugs applied. Here, a host immune
response to the graft was still induced in the monotherapy group
[59] and graft survival therefore be designated to the immuno-
suppressive regimen.

In summary, although most studies are difficult to compare
due to the mentioned variations in treatment regimens and
doses, the evidence suggests that xeno-cell survival and en-
graftment is more likely when applying a multi-drug immu-
nosuppressive approach.

Discussion/Recommendations

Cell-based therapies are intensively investigated to reduce mor-
bidity and mortality associated with HF. “Second-generation”
cardiac cell products have great therapeutic potential, but trans-
lation from preclinical studies towards clinical studies is ham-
pered by several major barriers, including low retention, engraft-
ment, and survival rates of transplanted cells. Novel approaches
enhancing cell retention or cell delivery are elaborately investi-
gated today. Still, immunological intolerance of cell transplants
in preclinical studies poses a challenge. Although all preclinical
cell transplantation studies using xenografts or allografts
discussed in this review use some form of immunosuppression,
unawareness of the necessity of immunosuppression still exists
and there are no clear immunosuppression guidelines to date.

This is illustrated by the many different immunosuppressive
regimens summarized in Tables 1 and 2. Mono- and multi-drug-
therapies use various immunosuppressive compounds and differ-
ent dosages, while triple immunosuppression after organ trans-
plantation has been used in clinical practice for years. Targeting
different pathways has been shown to yield better results and
increase treatment efficacy while limiting adverse side effects.
The study from Zhu et al. 2018, showed the strength of a
multi-drug regimen over monotherapy use [58]. The combina-
tion of cyclosporine A, methylprednisolone, and basiliximab was
more effective in terms of improved cell survival over 28 days
compared to no survival with cyclosporine treatment only.
Nonetheless, no cells survived after 140 days. To the best of
our knowledge, this is the longest follow-up period for preclinical
cell therapies so far. The limited efficacy of monotherapy as
evidenced by the low survival also favors multi-drug approaches.
Therefore, we recommend using multi-drug therapies for optimal
immunosuppression.

Another issue concerns adequate dosing to reach and maintain
therapeutic plasma concentrations. Immunosuppressive agents
have distinct pharmacokinetic and pharmacodynamic profiles that
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affect both efficacy and tolerance. This stresses the importance to
contemplate inter-species variability in pharmacokinetics and -dy-
namics. Hence, human doses of immunosuppressive compounds
cannot simply be transferred one-to-one to other animal species.
Already in 1988, it was shown that the same CyA and predniso-
lone doses per kilogram body weight resulted in significantly low-
er plasma concentrations in pigs than in humans [60]. In order to
obtain comparable drug concentrations as in humans, cyclosporine
doses needed to be doubled and prednisolone doses had to be 10-
fold higher in pigs. This was even more pronounced for oral
administration, where pigs required a 4—6-fold cyclosporin dose
and a 31-fold higher prednisolone dose. These inter-species differ-
ences were attributable to an increased distribution volume, in-
creased clearance, and reduced systemic availability due to incom-
plete absorption and first-pass metabolism in pigs [60]. As a result,
proper immunosuppressive regimens for preclinical cell transplan-
tation studies require perhaps different dosing to have functional
effects. Determining the optimal dosing regimens from excising
preclinical studies remains complicated as information regarding
drug administration route (i.e., intravenous vs. oral) and plasma
target levels is scarce. Hence, adequate reporting is essential.
Higher doses also increase the likelihood of adverse side effects
and toxicity which are usually not reported, probably due to the
generally limited treatment duration, but should be evaluated.
Furthermore, different responses to specific immunosuppressive
compounds have been reported within the same species, e.g., in
pigs. Despite administering the same CyA dose to all animals,
plasma levels ranged from 30 to 110 ng/L [49], stressing the
relevance of drug monitoring once more. Accordingly, we advise
to first design a sufficient immunosuppressive regimen in the
envisioned model. This then needs to be evaluated in a pilot study
where the regimen efficacy is demonstrated (e.g., by in vivo assays
focusing on immune cell infiltrates in easily accessible areas (sub-
cutaneous)) and should be reported accordingly. As immunosup-
pressive regimes may also affect the disease itself, proper controls
(e.g., diseased animals treated with immunosuppressive agents
alone) should be included to evaluate their outcome on disease.
In addition, we recommend to carefully evaluate and perform close
plasma concentration monitoring of immune suppressants when
performing preclinical animal experiments.

In conclusion, due to the lack of clear guidelines for immu-
nosuppressive regimens, preclinical studies show substantial
variability in the use of immunosuppression (compounds used,
administration route, and dosage). Applying immunosuppres-
sion without careful evaluation for efficacy in the model of
interest increases the risk of translational failure. This calls for
generalized and high-quality standards for immunosuppression
when performing preclinical cell transplantation studies. Our
recommendations for designing proper immunosuppressive
regimens include using a multi-drug approach of which the
efficiency is demonstrated for the model of interest and perform
close plasma concentration monitoring of immune suppressants
during preclinical animal experiments.
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