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Abstract For almost two decades, cell-based therapies
have been tested in modern regenerative medicine to either
replace or regenerate human cells, tissues, or organs and
restore normal function. Secreted paracrine factors are
increasingly accepted to exert beneficial biological effects
that promote tissue regeneration. These factors are called
the cell secretome and include a variety of proteins, lipids,
microRNAs, and extracellular vesicles, such as exosomes
and microparticles. The stem cell secretome has most com-
monly been investigated in pre-clinical settings. However,
a growing body of evidence indicates that other cell types,
such as peripheral blood mononuclear cells (PBMCs), are
capable of releasing significant amounts of biologically
active paracrine factors that exert beneficial regenerative
effects. The apoptotic PBMC secretome has been success-
fully used pre-clinically for the treatment of acute myo-
cardial infarction, chronic heart failure, spinal cord injury,
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stroke, and wound healing. In this review we describe the
benefits of choosing PBMCs instead of stem cells in regen-
erative medicine and characterize the factors released from
apoptotic PBMCs. We also discuss pre-clinical studies
with apoptotic cell-based therapies and regulatory issues
that have to be considered when conducting clinical tri-
als using cell secretome-based products. This should allow
the reader to envision PBMC secretome-based therapies as
alternatives to all other forms of cell-based therapies.

Keywords PBMC - Regenerative medicine -
Tissue regeneration - Paracrine - Secretome

Introduction

The concept of using paracrine factors in a therapeutic con-
text in regenerative medicine can be seen as a consequence
of the stem cell theory in the beginning of the twenty-first
century. Here we will discuss the beginnings of stem cell
research, with its promising initial results and subsequent
disillusion, followed by the development of the secretome
concept in regenerative medicine. We will discuss the term
“secretome”, characterize the components of the cell secre-
tome, describe its effects in pre-clinical and clinical studies,
and then outline the challenges and opportunities of secre-
tome-based therapies in regenerative medicine.

Development of the paracrine/secretome
hypothesis

The origin of modern cell-free therapies can be traced back
to the late nineteenth and early twentieth centuries. The
Swiss physician Paul Niehans (1882-1971) coined the term


http://crossmark.crossref.org/dialog/?doi=10.1007/s10495-016-1292-8&domain=pdf&date_stamp=2016-9-30

Apoptosis (2016) 21:1336-1353

1337

“cell therapy”. His cell therapy patients included celebri-
ties such as Winston Churchill, Pope Pius XII, Agha Kahn,
and Charles de Gaulle. Niehans extensively evaluated the
effects of endogene rejuvenation via injection of xenoge-
neic cell suspensions derived from the endocrine glands,
heart, kidney, liver, bone marrow, intestinal mucosa, and
reticulo-endothelial system into the corresponding organ,
studying whether normal function was restored. He also
studied blood enriched with leukocytes and hypothesized
that this form of treatment could be used for a myriad of
degenerative diseases and cancer. Niehans used either fresh
xenogeneic cells in suspension or lyophilized xenogeneic
cells (vacuum freeze-dried) derived from young animals,
such as sheep or animal fetuses, or human fetal cells [1].
Based on his experience with 3000 treated patients, Niehans
postulated that xenogeneic cell infusion was well tolerated
and not associated with any adverse reaction. Interestingly,
as early as 1954, Rietschel and Pischinger articulated their
reservations regarding the implantation of xenogeneic cells
based on their data that xenograft transplantation induces a
xenogeneic immune response, as well as the risk of trans-
mitting zoonosis [2, 3].

Prior to Niehans, physicians experimented with stem
cell-like cell types, including Alexander Maksimov in 1909
during his work on blood formation [4]. In addition, Elie
Metchnikoff, and later Alexander Bogomolets, worked on
the development of an adjuvant immunotherapy consist-
ing of cytotoxic sera thought to prolong life and attenuate
chronic diseases [5]. However, efficacy has not been sys-
tematically demonstrated, though these researchers were
enthusiastic proponents of their own theories and treat-
ment options. By modern standards, their results never
progressed beyond an expert opinion and the publication of
case reports. The lack of well-conducted studies in the field
of “cell therapies” was the cause of well-argued skepticism
throughout the twentieth century.

The current concept of using autologous or allogeneic
stem cells for replacing or engineering injured tissues to re-
establish normal biological function was re-envisioned in
the beginning of the twenty-first century in the clinical set-
ting of acute myocardial infarction (AMI) and chronic heart
failure (HF). Initially, it was thought that the human heart is
a post-mitotic and terminally developed organ with no cell
renewal capacity, but this dogma was refuted in 2001 when
enhanced myocyte cell proliferation was demonstrated fol-
lowing AMI [6] and then confirmed by other groups [7, 8].
Further studies revealed that a small number of extra-car-
diac progenitor cells are capable of migrating into the dam-
aged human myocardium following heart transplantation to
replace damaged cardiomyocytes [9]. A variety of pre-clin-
ical studies simultaneously showed striking results by using
different sources of stem cells for the treatment of acute
AMI. Human bone marrow-derived CD34-cells attenuated

myocardial infarction in athymic rats (impaired immune
system) when injected intravenously 48 h after vascular
ligation [10]. Orlic et al. showed that intramyocardial injec-
tion of murine ¢-KIT+ bone marrow-derived cells in mice
improves hemodynamic functions; the authors claimed that
these stem cells enhanced myocardial regeneration by de
novo generation of functional myocardium [11].

Based on these encouraging pre-clinical experiments,
several groups rapidly transferred the “stem cell potential”
to the realm of clinical application. Initial trials, such as the
randomized controlled trial TOPCARE-AMI, were able to
show minor improvements in left ventricular function fol-
lowing intracoronary injection of autologous progenitor
cells [12]. However, ambiguous results were published in
subsequent years without providing evidence that a single-
cell-based therapy has significant effectiveness [13]. How-
ever, three recent meta-analyses generated contradictory
results. Fisher et al. reported that autologous cell therapy
may reduce the risk of mortality and re-hospitalization in
patients with HF [14, 15]. Gyongydsi et al. showed that
intracoronary stem cell therapy following AMI provides no
clinical benefits or reduction in mortality [16]. Gyongy0si
et al. performed an individual participant data (IPD)-based
meta-analysis consisting of 12 randomized controlled trials
with 1252 patients and concluded that neither clinical data
nor left ventricular functions were significantly improved
by intracoronary cell therapy following AMI [16]. These
data highlight the lack of clinical efficacy of stem cell ther-
apy in the clinical setting of AMI and dampen the enthusi-
asm for resource-intensive research into cell-based therapy.
The controversial discussion on the efficacy of stem cell
therapy is ongoing, and the current BAMI trial funded by
the European Commission (ClinicalTrials.gov Identifier:
NCT01569178) will provide definitive answers in a well-
designed and controlled study.

How can we interpret the data generated during the last
two decades in stem cell research and, more importantly,
what lessons have been learned from these investigations?
Given that the injection of diverse types of stem cells can
promote cardiomyocyte cytoprotection/regeneration pre-
clinically, it was initially thought that these stem cells
incorporate into the injured organ and transdifferentiate into
cardiomyocytes [11]. Later, it was shown that mesenchymal
stem cells (MSCs) not only engraft and differentiate into
cardiomyocytes, but also stimulate the proliferation and
differentiation of endogenous cardiac stem cells [17], and
allogeneic MSCs stimulate the proliferation of endothelial
progenitor cells, restoring normal endothelial function [18].

In contrast, only a small percentage of injected stem
cells engraft in the heart [19]. Penicka et al. reported that
approximately 5 and 1% of stem cells remain in the human
myocardium 2 and 18 h after intracoronary infusion, respec-
tively [20, 21]. The vast majority of cells were sequestered
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in the spleen, liver, lung, bone marrow, and lymph nodes a
few hours after infusion [21, 22]. Subsequent studies could
not reproduce the stem cell differentiation into cardiac cells.
Specifically, c-KIT+ cardiac progenitor cells [23] were
unable to differentiate into cardiomyocytes or support myo-
cardial regeneration following myocardial infarction. Murry
et al. failed to identify any transdifferentiation of hemato-
poietic stem cells into cardiomyocytes in 145 transplants
into normal and injured adult mouse hearts [24].

If stem cells do not engraft in a biologically relevant
manner or demonstrate long-term survival in injured heart
[25], how can we explain the beneficial effects? Recent evi-
dence suggests that, instead of direct cell fusion or transdif-
ferentiation, paracrine factors released by injected cells are
responsible for the beneficial effects. Gnecchi, using in vivo
data, was one of the first to propose that infused stem cells
may exert their biological effects via the secretion of para-
crine factors in addition to cell—cell interactions. In 2005,
this group reported that conditioned medium from MSCs
under hypoxic stress significantly attenuated hypoxia-
induced cell death among adult rat ventricular cardiomyo-
cytes [26]. Gnecchi and Dzau demonstrated the importance
of paracrine factors derived from stem cells in tissue regen-
eration in several studies and reviews [27-30]. Another pio-
neer in the field is Prof. Dr. KC Wollert, who speculated in
2005 about the role of paracrine factors from stem cells in
regenerative medicine [31]. Interestingly, in 2008 the same
group showed that supernatants obtained from PBMCs have
only marginal differences from the stem cell secretome
regarding the ability to promote cell proliferation. In addi-
tion, ProteinChip and GeneChip analysis of paracrine fac-
tors revealed minor differences [32], supporting the study
of alternative mechanisms underlying nucleated stem cell
therapy in the field of regenerative medicine.

Death of the stem cell hypothesis

Cell necrosis-induced inflammatory reactions are an integral
part of the pathophysiology of myocardial ischemia. These
inflammatory processes augment cardiomyocyte dysfunc-
tion and ventricular remodeling. In 2005, Thum et al. pro-
posed that immunomodulatory signals released by injected
apoptotic stem cells may be responsible for the beneficial
effects observed in the initial clinical trials utilizing ex vivo
manipulated stem cells [33]. They drew attention to the
fact that 5-25 % of all injected stem cells are apoptotic [34]
and proposed that these dying cells attenuate inflammatory
reactions via the induction of anti-inflammatory cytokines
(e.g., TGF-B, IL-10) by macrophages. This hypothesis was
supported by the observation that apoptotic neutrophils aug-
ment TGF-B, prostaglandin E2 (PGE2), and platelet activa-
tion factor expression in phagocytes, whereas inflammatory
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mediators, such as IL-1p, IL-8, and TNF-a were inhibited
[35]. However, Thum et al. not only hypothesized that bene-
ficial local immune reactions are induced by apoptotic stem
cells, but also speculated that any other nucleated cell type
undergoing programmed cell death may improve myocar-
dial regeneration.

Proof and extension of Thum’s apoptosis
hypothesis

Thum’s hypothesis was proven by Ankersmit et al., who
sought to answer two major questions using a wild-type
rodent model of acute AMI: are PBMCs capable of attenu-
ating myocardial damage when injected intravenously after
coronary ligation and does the induction of apoptosis in
PBMCs prior to injection alter their biological activity?

Using in vitro assays, Ankersmit et al. were able to show
that gamma-irradiated apoptotic PBMCs attenuated lipo-
polysaccharide (LPS)-induced spillage of IL-6 and IL-1f in
co-cultured monocytes and PBMCs [36]. In addition, irradi-
ated PBMCs reduced T-cell proliferation in mixed lympho-
cyte reaction assays [36].

In in vivo experiments using a rodent model of acute
AMI induced by ligation of the left anterior descending
artery (LAD), the infusion of irradiated PBMC suspensions
(apoptotic PBMC-S) reduced infarct size compared to ani-
mals receiving non-irradiated PBMCs (living PBMC-S) or
cell culture medium alone. Functional parameters (ejection
fraction, end-systolic and end-diastolic diameters) were
improved in animals treated with apoptotic PBMC-S [36].
In line with these findings, qualitative and quantitative
changes were observed in myocardial cell infiltrates 72 h
after AMI in rats receiving apoptotic PBMC-S. In contrast,
rats receiving non-irradiated PBMCs or control media had a
mixed cellular infiltrate in the border zone (e.g., fibroblasts,
neutrophils, lymphomononuclear cells, macrophages/
monocytes, endothelial cells, and dystrophic cardiomyo-
cytes), and rats treated with irradiated PBMCs had a mas-
sive infiltration of CD68+ mononuclear cells (monocytes/
macrophages). These animals also had cells positive for
c-KIT+ (CD117) and vascular endothelia growth factor
receptor 2 (VEGF-R2) [36]. Ankersmit et al. also tested
whether conditioned medium from apoptotic PMBCs may
influence gene expression by fibroblasts and keratinocytes
in vitro. Surprisingly, the co-incubation of human primary
fibroblasts and keratinocytes with paracrine factors derived
from apoptotic PBMCs induced a massive upregulation
of MMP-9, VEGF, and IL-8. Thus, this study showed that
apoptotic PBMC secretome exerts anti-inflammatory effects
and reduce myocardial injury following AMI, and that the
supernatants from these cells induce the expression of pro-
angiogenic genes in vitro. Looking at the condition media
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data, it was obvious to us that the secretome of nucleated
apoptotic PBMC:s is the only explanation and easily obtain-
able solution in regenerative medicine.

Apoptosis and the rise of the Phoenix signaling
pathway

At first glance, the statement “Dying cells can augment
cell survival” seems contradictory, but after detailed con-
sideration has an evolutionary justification and rationale.
Apoptosis (Greek: apo=off, away+prosis=a falling)
was coined in 1972 [37] to represent an actively enforced
process during normal development and morphogenesis
throughout a lifetime with characteristic morphological
changes [38]. Apoptosis is an actively executed process and
highly diverse between different tissues. To illustrate the
magnitude of apoptosis as a physiological process aiming
to maintain constant cellular self-renewal and homeostasis,
every day 1x10'" human neutrophils undergo apoptosis
[39] and every second approximately 3000 erythrocytes
enter the apoptotic pathway and are degraded in the reti-
culo-endoplasmic system in the spleen and liver or are
phagocytosed by macrophages [40]. Up to 95% of all thy-
mocytes descending in the thymus are negatively selected
and undergo programmed cell death to remove autoimmune
T-cells [41]. Even organs with low cellular turnover, such
as the brain, discard 50 % of all cells during morphogenesis
[42].

Defects during these physiological processes cause
autoimmune diseases or macular degeneration in the eye
[43]. Apoptotic lymphocytes are known to play important
roles in the pathophysiology of several chronic inflamma-
tory diseases and are elevated following implantation of
left-ventricular assistance devices [44] or heart transplanta-
tion [45] and during hemodialysis [46, 47], sepsis [48-50],
COPD, and asthma (reviewed in [51]). Thus, from this his-
toric data set multiple pathological disease entities related to
augmented initiation of apoptosis in PBMCs in the immune
system can be deduced.

Apoptotic cells exert immunomodulatory effects either
by releasing active immune mediators directly or indirectly
via the modulation of phagocytes and dendritic cells [52].
The infusion of apoptotic cells attenuates systemic con-
centrations of inflammatory cytokines [53, 54], whereas
anti-inflammatory cytokines, such as IL-10 [55-57] and/or
TGF-p [53, 57], are released.

Apoptotic cells can also actively support regenerative
and cytoprotective pathways. Figuratively speaking, the
apoptotic cells alert surrounding cells of danger and help
protect and survive by entering the process of programmed
cell death in a kamikaze-like mission. Apoptotic cells
release growth signals that stimulate cell proliferation and

survival, such as nanovesicles [58], lipids [59], exosomes,
and proteins [60].

Pre-clinical application of nucleated apoptotic cells

Based on the immunomodulatory capacities of apoptotic
cells during the last decade, several pre-clinical studies
evaluated their usage for the treatment of autoimmune dis-
ease or organ transplantation (Table 1) (reviewed in [52]).

Gray et al. reported that the infusion of apoptotic thymo-
cytes attenuated the severity or prevented the development
of collagen-induced arthritis in mice via the modulation
of regulatory B cells and CD4+ T-cells [55]. Perruche et
al. published comparable results using streptococcal cell
wall-induced arthritis in rats. The intraperitoneal injection
of gamma-irradiated apoptotic thymocytes at the time of
immunization reduced disease severity [53]. In a murine
model of methylated BSA-induced arthritis, the application
of etoposide induced apoptotic dendritic cells, but LPS-
activated apoptotic dendritic cells inhibited arthritis [90]. In
addition, Grau et al. used an autoimmune mediated colitis
model to evaluate the effect of gamma-irradiated apoptotic
splenocytes or human apoptotic mononuclear cells. The
authors were able to show that apoptotic cells attenuated
pro-inflammatory cytokine release from macrophages and
the severity of colitis [67]. Several groups have investigated
the effects of injecting apoptotic cells in the transplant set-
ting. The injection of apoptotic splenocytes has been shown
to attenuate acute cardiac allograft rejection in rats [77] and
mice [91] and ameliorate chronic allograft vasculopathy in
mice [80]. In addition, gamma-irradiated splenocytes pro-
mote allogeneic bone marrow engraftment [83, 84, 92]. The
infusion of apoptotic leukocytes 7 days before the admin-
istration of allogeneic pancreatic islets has been shown to
improve transplant survival through the modulation of regu-
latory T-cells [81].

Similarly, Perotti et al. performed a clinical case study of
the use of allogeneic gamma-irradiated cord blood mononu-
clear cells in a patient with critical limb ischemia, reporting
improved wound closure and vascularity [93]. Holzinger et
al. chose an alternative approach; they harvested autologous
PBMCs from diabetic patients with venous foot ulcers and
stimulated them ex vivo with phytohemagglutinin. They
then applied these cell suspensions to the foot ulcers. The
clinical effect was significant enhancement of granulation
and epithelialization of the skin ulcers [94].

In an unrecognized citation, in 1970 Foldes et al. inves-
tigated whether the injection of anti-lymphocyte serum,
which induces apoptosis in PBMCs in vivo and vitro [95],
is able to attenuate experimental AMI [89]. In their historic
work, they were able to show that the injection of anti-lym-
phocyte serum immediately decreased ischemic myocardial

@ Springer



Apoptosis (2016) 21:1336-1353

1340

Kdoosoxoru Jy3iy

(¥71°H)

our] [joo erjoypido
uewny s9)Lo0ur
-Ay) osnouu {s[[90
jexIns [qeIA

(€1 10 9 Aep) 193] 109JJ0

Aq A3ojoydiow SNSIOA JUI| [[99-], ou {(uoneryur AseasIp uone[sut  (yuopuadopur-3y) (9/19L5D) Amfur s1soIqy
[0,—89] Jesponu 9% 0L~ UoIneIpRLI-A N jesIn( uewiny 19)Je sAep 7) LOIXT  [esyoenenuy UONIUAARI  3un| paonpur-urdAwoa|g Areuowrng
(o1ouagouox)
S[[99 SDINEd uewny
+Id %S> pue  ouojostupaid-Ayzouwr (o1ouo3uAs) (yuapuadopur-3y) (9/19LSD 10 9/9TVL)
[L9] LA-uxauue 9%,09< 10 (AD §) uonerpeiui-i S9)A00WAY L01X€-6T AT UONUIAdIJ SNI[0d PIdNPUI-SSA Nili{Je)
sod
SII9 4 Id % 118 pareanse-§d1
pue  A-urxouue toung “(sDQ) skep (9/14L$D) sniye
[99] %S.—09 oprsodoyg S[[99 onLIpuUsg 9ANNOASUOD € °,01 X T Al UOIRZIUNWWI JOYY  PIonpul-ySe Pore[AyIoN
SII93 gould
pue , A-urxouue opisodoa sAep (9/14LSD) snuye
[9s] % 08—09 10 QUOSEYJAWEXA( S9)K00WAY ], SATINDASUOD ¢ ;0 X € AT UOIRZIUNWWI IO PIonpul-ySe pACIAYIRA
3udVVL (uonosfur
pue , A-urxouue MDS Jo oun (syer1 s1maT)
[es] %5606  (£D G1) uoneIpeL-i sakoowky 01XT d1 J8) UORUDADIJ  SHLIYMIER PONPUI-M DS
JuaTOJou]
S[199 L 1d %S> 199139u JIoJSueI) QY OAIS
pue , A-urxauue Aq yyesp ‘(armno sAep aAnNoas -sed (1/vdd) (NXE/3) [opow 1ojsuen
[s9] 9% €1 93eIOAY ur) snosuejuodg S9)K00wAY ], -uod ¢ ‘rejoy Ul , 0 X ‘d110 AT VID uonudaald  qy daissed (1/vdd) VID SOLIYIY
S[[99 9130103U (oy10ads-3v) (8 +
K1epu0oas Kep pasnjur uaym (FAvd) snipe
SNSIOA ¢ A\ QUI| 199JJ9 ou Inq -Kwojeydoous
[199-1 o/9Tvd (,01Xx9 ‘€— 10 ‘p— ‘g— (9/14LSD) unwwroyne
[¥9 “€9] SN puesiiseq  Suissaidxo-DON UMM 10342 $S3)) 01X T ‘A1 Aep)uonuoadld GV PRONpu-<TEOON [euswutIadxg
[z9] SN uoneIpelIl-gA ] S[[oo ewoxns orud[dg YoM ¢ “AppPam (0] AT UOTIUIARIJ (@oN)
(oyroads-3y)
[19] SN uonerpel-gAN  [LN ‘oul] [[99 ejog syeom ¢ ‘Apeom (0] AT UOTUGAI] (@ON)  saroqerp [ od4L,
SOSBOSIP AIOjeWIlBul O1uOIY))
SO0URIJY 93e)s onoydody snnuns onoydody adKr 119D loqunu [[9)  uoneorddy  109p39 onnaderoy [opou [eyuSwWILIddX A3ojoyreq

Kdexayy (199 anoydode Jo sjopowt [eorur[oald [ dqeL

pringer

As



1341

Apoptosis (2016) 21:1336-1353

S[[00
gould % 01—6>

S[[00

(9/14LSD ot

pue , A-urxouue 9[qEIA IO J13010U (oygroads-touop)  o/gTve) uonejuejdsuen uonoafor
[08] %S$6—06 uoneIpeI-gA (] SNSIOA S[[90 Ud9[dS (x1 21033q L—Aep) ,01 AT UONUIARIJ o11I0® [BUTWOPQe-LIU] s1uoIy)
S[[99 9]qeIA pue
SONEd paw[dop
uoneIpel-)A N 9)Koouowr sns (x1 210J2q (oyroads-1ouop) SUOIRUIqUIOD UTRL)S Jel
[6L] SN 10 UIDAWONIN -IdA SOINA] sKep /) 401 10,01 501 N uonuaAdld  Judrdioal/Iouop JULIPIQ
S[[99
sould % 01—6> SuoTIRUIqUIOS
pue , A-urxouue S[[99 9130109U (oy10ads-1ouop) urens asnow juordioar
[8L] % S6—06 uoneIpel-gA ()  SNSIOA S[[99 ua9dg (xL 1oye £ Kep) 01 AT JUOWIBAL], /I0UOP JUIPI
S[[99 S[199
+1d % €> pue (ADS'1)  9IqeIA 1O 913010dU (ogroads-1ouop) SUOIRUIqUIOD UTRNS JBl
[LL] +A-uIxeuue %G~ uoneIpel-A 10 -gA()  SNSIOA S[[90 Ueddg (XL 210J0q L—Kep) ,01 X § AT uonjudAdIg  Judrdioar/Iouop JueIdfgl(q  uondefor anoy
ei3o[e orIpIe)
uonejue[dsuel],
(e3uareyo (s1190 pajdnod (9/14LSD)
S[[99 9130103U sadnue a10Joq [ — -dNLL ‘oyroads SEANL Suisn Ayanis  AanisuasiodAy
YA SN (AD ¢) uonerpeui-A  snsIdA s[[99 uad[dg Jo y— Kep) ,01 X [ AT -3v) uonuasalg -uos1adAy odA3-pakejog 108)U0D
(o/d1ve 10
S[199 “gould ™ 9/T4LSD) suneday jueu
pue , A-UIXouue J09J9 ou SBY O] X T (ad) (yuopuadopur-3y) -IwIny POONpPUI-UTWIE suneday
[L5] % S6—06 uoneIpell-gA N s[feo uoords  (L— 03 ¢— Aep) ,01 X ¢-1 NS UOIIUIAIJ -sojoefed-a snjd S41 jueurwn
4Tv4g utjunos
1[99 PONpaI yPIm
KemIre oy ut
(z015e A12A1[9p sojenyur rejn (9/T14L$D) uonew
[¥L ‘€L] SN uonelpell-g AN sOd  Aep o1 10 SIT WIM) 401 [eseuenuU]  -[99 JO UONUOAdIJ  -WeQul Sunj poonpul-§d|
SI[99 "5, AVVL (30930 2an99j01d)
pue | A-UIXoUUR S[[99 9130103U Qo1 (9/19L5D) sisdes a1my
[zL] %0010~ (KD 01) uonerpein-A  sns1oA s[(O ussds  ($— ABP @1039q) ,01 X § Al Ul [BAIAINS 9S10A\  -ound pue uonesi| [809)
(9/19L$D) sisdas
199130u aimound pue uonedi|
S[[99 £q yyeap ‘(aamyno (1oye Y $7 sorwul 990 {(9/1dLSD) Jooys
[¥s] onoydode o, o< ur) snosuejuodg spiydonnaN 109 °¢ ‘T 10 °0 Aep) ,01 AT [RAIAINS PISBAIOU] 91X0JOPUR PAINPUI-SJT
(vonemsur §47 101ye
Adoosororu S[[99 Je3jIn[ 9qeIA U 84-9¢) ,01 X8I uoneisut (¥D1) Sun pojernuuns
311 Aq £30 SNSIOA JUI| [[99-L, (uoneniur aseasIp [eayoRI uonRWIWERUL -§dT 10 wnouojad
[12] -roydiow o 08—09 uoneIpeLI-gA N jesn( uewIng Joye skep €) 01 Xt -opud "d'1 9Jnoe Jo UONN[OSY  PIAIR[NUIIS-2IB[OIA[SOIY ], sisdog
SOSBOSIP AJOjRWUIIBHUI NIy
SO0URIJOY 93e)s onoydody snnuns onoydody adKr 119D oqunu (o)  uoneorddy 109130 onnaderoy |, [opou [eyuWILIddX T A3ojoyreq

(penunuod) 1 a1qex,

pringer

As



Apoptosis (2016) 21:1336-1353

1342

uonejue[dsuen) x7 ‘[Auoydoniurn) JN 7 ‘pIoe SIUOJ[NS dUSZUSQONIULI-9‘L T SGN.L ‘(WU 0Ze—087) € 19[01ABIN §,1/) ‘I9[01ARIN 4] ‘UId0Z0Y)dom)s Z 1S ‘[[em [[99 [8090003don)s DS ‘utoa Jejrod
‘a°d “[[90 Jea[onuouow poolq [exoyduad Hgd ‘urungeao p40 ‘payroads jou g ‘oanedau Sap ‘opndad ursyo1dook[S a14001puspodijo urphw 0oy ‘urojord urejoidoaL|3 93Lo01puspoijo
urpPAw HO “Apoqnue [euopoucwt gy ‘oplieydoeskjododl] §477 ‘Jeouoitrddenur ‘d7 ‘SNOUSABIUL "4°7 ‘ASBASIP 1SOY-SNSIAA-]JRIS (FHAD ‘snijoAwoleydasus sunwwiome [ejuowidadxe gy
‘wnIpos 9jej[ns UBHXAP §S(J ‘S[[99 INLIPUIP (7 ‘SHLIYIIE PAdNPUI-UdFL[[0D F7) ‘UTWNG[e WNIAS dUIA0Q FSg ‘PINY 95eAR[ JB[OdA[B-0UOU0Iq /T ‘UINQO[3 91K00WAy)-1jue O ‘uanue 3y

(] woxy paydepe st 9[qes SIYL

wnos BIWYDST JO JOSUO Io)Je
[68] SN hooydwA-nuy sofooydwA] Y 8y +{¢ pue 910J0q 4 § AT jusuIeAI], uonedi qv11ey uonoreyUl
[88] SN DIV sojkooydwAT BIWAYDSI JO JSUO 10)) Y AT JUSUI)BAI], uone3I Qv ey [e1PIBO0AIN
S[I92 ,AVVL/+1d
%01> pue (Kyred SUOI)RUIqUIOD
LA-uIxauue payy quardroar (xLJo (yuopuadopur-3y) urens osnow juardoar  uonoalar yeId
[+8] %S8-0L  (AD 0F) uonerpeL-4 ‘1ouop) s[j20 useyds Aep oy 0 Aep) 4,01 X AT uonuaAdIg /I0UOP JUSRPIJ  I9YB qQY-O[[V
S[[9° ,AVVL/1d
%01> pue SUOIBUIqUIOD
LA-uIxauue (xLJo (og10ods-1ouop) urens asnowr Juardroox
[ss] %S8-0L  (£D () uonerpern-A s[[e0 uvardsg Aep oy ‘0 £ep) LOT XS AT UOLUSAdI] /I0UOP JUBIPIQ  HAD MOV
SUI[ [90-L yeyinf
S[[80 ,AVVL/41d (£D g¢) uon [uewny] orou
%0[>pue  -BIpeLI ABI X {Qywl -o3ouax {(Ayed SUOT)RUIQUIOD
LA-uIxauue se,] 10 ‘uoneIpell  payy Jo quardioar (xLJo (yuopuadopur-3y) urens asnowr Juardroox jusujeIduo
[L8—¢8] % S8—0L -dAN ‘(€D Op) —4  “10u0p) S99 ULIdS Kep ayy ‘0 Aep) 01X ¢ AT UONUAARIJ /Iouop JUIYIq  onerodojewd
uonejue[dsuen [[90 onorodojewoy
(eo1wr o/g TV
10 9/74LSO woxy
s[[00 uoa|ds SI9[ST 0ST—00C Ym
S[[09"5,,Id PUB o[qerA 10uop (xr (oyroads-rouop) 9/14LSD 10 9/41VE)
[28] LA-uIXauUUR 94 (09< uoneIpeI-g A  SNSIOA S[[90 ud[dg  d10§oq L—Aep) 0 X S'T AT UONUAARI S9JoqeIp padNpuI-Z 1S
S[I92 ,AVVL/+1d (oot gA 4 woxy
%01> pue SI9IST 000 1—00S yHm
- A-uIXouuR (XL 210529 (oy102ds-10u0p) 9/14LSD 10 /g TVE)
18] %$8-0L  (AD g¢) uonerpern-i s[[eo udaldg  L—A®p) 01X § 10 ;01 XS AT UORUIARIJ $2QUIp paonpur-ZIS  eIso[[e JaIs]
SOUAIRJOY 93eys onoydody sninuns onojdody adKy 19D nqunu ey  uonedddy 3090 onnaderay ], [opow [eyudWILIOdXH A3ojoyreq

(ponunuoo) | afqeL

pringer

As



Apoptosis (2016) 21:1336-1353

1343

damage and arrhythmia in experimental AMI. They attrib-
uted these effects to the immunosuppressive effects of the
anti-lymphocyte serum. This therapy concept was con-
firmed and extended by Lichtenauer et al. [88]. Lichtenauer
et al. injected the commercially available immunosuppres-
sive agent rabbit ATG (rATG, Thymoglobulin, Genzyme,
Germany) into rodents exposed to permanent LAD ligation
[88]. rATG is a successfully applied drug in clinical trans-
plant immunology that has a mechanism comparable to anti-
lymphocyte serum. Experimental in vivo ATG treatment
reduced the area of necrosis and improved myocardial func-
tion compared to control treatment. In vitro data confirmed
that ATG induced the release of several pro-angiogenic
proteins from rat and human PBMCs into the supernatant,
such as CXLC8 (IL-8). Furthermore, these paracrine factors
induced the down-regulation of p53 in cultured human car-
diomyocytes, suggesting a direct cytoprotective effect. The
authors concluded that, in vivo, ATG induces the apoptosis
of lymphocytes, which release paracrine factors that reduce
ventricular remodeling and improve cardiac function after
experimental AMI [88]. Relevant to this hypothesis is a case
report published in 2006, wherein a patient with giant cell
myocarditis (GCM), a rare and fatal disorder, presented with
ventricular arrhythmia and congestive HF with the primary
misdiagnosis of myocardial infarction. This patient was
saved by extracorporeal membrane oxygenation (ECMO)
and concomitant application of rATG (Thymoglobuline,
Sangstat) after histological proof of GCM. This was the first
report in the literature of complete remission in this fatal
disease and was the inspirational nidus and implicit valida-
tion for studying apoptotic PBMCs and conditioned media
(i.e., PBMC-S) in experimental myocarditis and other indi-
cations [96].

Thus, most of these studies injected apoptotic spleno-
cytes or thymocytes, and only two studies induced leuko-
cyte apoptosis in vivo. The proposed mechanisms for these
cell-based therapies include immunomodulatory effects
induced by the clearance of apoptotic cells by phagocytes
and characterized by the direct release of immunosuppres-
sive factors (e.g., IL-10, TGF-f) [52]. Whether the injection
of nucleated cells or their released factors is sufficient to
induce the immunomodulatory systemic reactions has not
yet been studied.

Paradigm changes in tissue repair—validation of
the PBMC secretome

Initially, Ankersmit’s group was able to show that the injec-
tion of paracrine factors released from apoptotic PBMCs
attenuates myocardial damage and preserves myocardial
function following AMI in a wild type rodent model and
clinically more relevant porcine large animal model [97].

Pigs receiving apoptotic cell secretome had an ejection
fraction (57.0 versus 40.5 %), improved cardiac output (4.0
versus 2.4 L/min), and reduced infarct area (12.6 versus
6.9 %) compared to controls (see Table 2). Lichtenauer et al.
showed that cardiomyocytes exposed to apoptotic PBMC-
S increased pro-survival proteins (AKT, ERK1/2, CREB,
c-Jun) and anti-apoptotic genes (Bcl-2, BAG1), and pre-
vented starvation-induced cell death in primary cultured
human cardiomyocytes. These in vitro data indicated that
apoptotic PBMC-S enhances endogenous myocardial pro-
tection and repair following AMI [97]. The production pro-
cess of these paracrine factors is illustrated in Fig. 1.

Hoetzenecker et al. showed that, in addition to an effect
on intracellular myocardial signaling cascades, apoptotic
PBMC-S preserved porcine epi/myocardial microvascular
perfusion in a closed chest reperfusion infarction model
[99]. Microvascular obstruction was measured by functional
magnetic resonance imaging (fMRI) and cardiac catheter-
ization in treated animals. Both methods revealed improved
microvascular blood flow in treated animals. In addition,
apoptotic PBMC-S induced up-regulation of eNOS, iNOS
in cultured HUVECs, and vasodilator-stimulated phos-
phoprotein (VASP) activation in platelets [99]. These data
indicate that apoptotic PBMC-S not only caused direct cyto-
protective effects in injured hearts, but also induced sys-
temic effects on circulating platelets and endothelial cells.

This work was extended by Pavo et al., who were able
to demonstrate that apoptotic PBMC-S exerts regenerative
effects in a latent porcine chronic post-myocardial infarc-
tion model [102]. In these experiments, pigs were subjected
to a 90-min occlusion followed by reperfusion of the mid-
left ventricular descending coronary artery. 30 days later,
the animals received either apoptotic PBMC-S or control
medium in the border zone after myocardial infarction via a
NOGA catheter. On day 60, they were able to show that sec-
retome-treated animals had a significantly reduced infarct
size and improved cardiac index compared to controls.
Transcriptional gene analysis of the myocardium revealed
higher expression of protective myogenic factor Mefc2 and
reduced expression of pro-apoptotic genes in treated pigs
[102]. These data led the authors to conclude that apop-
totic PBMC-S promotes curative gene signatures as late as
30 days after the application of PBMC-S in animals with
chronic ischemic left ventricular dysfunction.

The pathophysiology and molecular processes follow-
ing ischemic stroke are somewhat similar to those of AMI.
Following vascular obstruction due to a ruptured athero-
sclerotic plaque or arterial thrombus, the downstream cells
become hypoxic and eventually apoptotic/necrotic. As
in myocardial infarction, immediate restoration of blood
flow is the first line treatment in patients with acute isch-
emic stroke. Altmann et al. showed that, in a rodent model
of cerebral stroke, the administration of apoptotic cell

@ Springer



1344

Apoptosis (2016) 21:1336-1353

Table 2 Pre-clinical and clinical application of apoptotic PBMC-S

Species Experimen- Effects on disease Application Concentration =~ PBMC source Apoptotic References
tal model at cultivation stimulus
Rat AMI Reduced infarct size,  i.v. 25%10° Syngen y-irradiation [98]
improved functional (60 Gy)
Pig AMI parameters iv. 25%10° Syngen y-irradiation [97]
(60 Gy)
Pig AMI iv. 25%10° Syngen y-irradiation [99]
(60 Gy)
Mice EAM Resolution of acute i.p. 25%x10° Syngen y-irradiation [100]
inflammation (60 Gy)
Mice Dermal Improved wound Topical 25x%10° Syngen y-irradiation [101]
wound healing (60 Gy)
Pig Chronic HF Improved functional im. 25%10° Syngen y-irradiation [102]
parameters (60 Gy)
Rat Stroke Reduced infarct size, iv. 25%10° Syngen/ y-irradiation [103]
improved neurologi- human (60 Gy)
cal parameters GMP viral
cleared
Rat SCI Reduced trauma size,  i.p. 25%10° Human GMP  y-irradiation [104]
improved neurologi- viral cleared (60 Gy)
cal parameters
Pig Dermal Improved wound Topical 25%x10° Human y-irradiation [105]
wound healing (60 Gy)
Pig AMI Reduced infarct size, Lv. 25%10° Syngen GMP  y-irradiation [60]
improved functional viral cleared (60 Gy)
parameters
Human Dermal Safety and tolerability =~ Topical 25%10° Autologous  y-irradiation ClinicalTrials.
wound GMP (60 Gy) gov Identifier:
NCT02284360°

AMI acute myocardial infarction, EAM experimental autoimmune myocarditis, HF heart failure, SC/ spinal cord injury, i.v. intravenous, i.p.

intraperitoneal, i.m. intramuscular

#Study report—synopsis: http:/www.aposcience.at/fileadmin/user_upload/MarsyasI-Clinical_study-Study_report_Synopsis.pdf

secretome reduced the ischemic area by 36 % and improved
the functional neurological outcome [103]. In vitro assays
revealed enhanced sprouting of human neurons and the up-
regulation of pro-survival proteins (CREP, ERK1/2, c-Jun,
Hsp27) in primary cultured astrocytes and Schwann cells.
Interestingly, the intraperitoneal application of human
apoptotic PBMC-S in naive rodents massively increased the
secretion of rat brain-derived neurotrophic factor (BDNF), a
neuroprotective peptide alluded to neurogenesis. These data
further support apoptotic PBMC-S having not only direct
regenerative/cytoprotective effects on injured organs, but
also systemic effects, overcoming tissue damage and cell
death in the acute phase of hypoxia.

Similar to stroke, the neurological damage following
acute spinal cord injury initiates a short initial trauma
followed by a second injury caused by the endogenous
immune response to the traumatic injury. This second
undesirable phase of spinal cord injury consists of a mul-
tilayered and complex combination of inflammatory path-
ways that are thought to drive ongoing tissue damage via
enzymatic degradation, oxidative stress, and blood—brain

@ Springer

barrier dysfunction [106]. Haider et al. investigated the
role of the apoptotic cell secretome in a rodent spinal
cord injury model [104]. Rats treated with paracrine fac-
tors from irradiated PBMCs had significantly improved
neurological function compared to the control group. His-
tological evaluation of spine sections revealed a smaller
spinal cord cavity, reduced axonal damage, and improved
vascularity index around the lesion. The PBMC secretome
enhanced angiogenesis in aortic ring assays and spinal
cord tissue. The authors also tested whether an immuno-
logical mechanism may be involved in neuroprotection.
The secretome-treated animals exhibited enhanced recruit-
ment of CD68-positive cells with parallel reduction in the
levels of iINOS 3 days after injury. These data indicate that
the PBMC secretome increases the presence of cells with
known beneficial anti-inflammatory effects after spinal
cord injury that accelerate the clearance of immunologi-
cal disturbances, attenuating the secondary damage after
spinal cord injury [104].

The PBMC secretome has been shown to enhance wound
healing in vivo and in vitro [101, 105]. Mice with artificial
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Fig. 1 Schematic workflow of the preparation of apoptotic PBMC
secretome. PBMC-enriched blood bags are obtained by blood banks
and used for the generation of paracrine factors. The PBMCs are fur-
ther purified using Ficoll-paque centrifugation. Apoptosis is induced
by 60 Gy gamma-irradiation. The PBMCs are then cultivated at 37 °C
in 5% CO/5% CO, for 24 h. The cells are removed by centrifugation

dermal wounds were treated with emulsion containing either
PBMC secretome or control medium. 6 days after injury,
wound closure was significantly enhanced in secretome-
treated animals compared to control animals. Histologi-
cal evaluation showed accelerated re-epithelialization and
neo-angiogenesis. In line with these in vivo data, experi-
ments with keratinocytes and fibroblasts showed enhanced
proliferation and up-regulation of pro-survival signaling
pathways after co-incubation with PBMC secretome [101].
In a clinically relevant pig skin burn model, Hacker et al.
reported that PBMC secretome accelerated wound quality,
augmented neo-angiogenesis, and decreased the number of
mast cells [105].

Recently, Hoetzenecker et al. investigated the capacity
of apoptotic PBMC-S to modulate myocardial inflamma-
tion in a CD4-positive T-cell-dependent murine model of
autoimmune myocarditis. Mice receiving apoptotic PBMC—
S at the clinical onset of disease had reduced lymphocytic
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and ultrafiltration. The remaining cell culture supernatant containing
the paracrine factors is subjected to methylene blue viral clearance.
The viral cleared supernatant is then lyophilized to remove all soluble
factors. The remaining solid compartments are subjected to a second
viral clearance step and irradiated with 30k Gy, eventually yielding the
final product produced in accordance with GMP

infiltrate, offering a novel treatment option in an experimen-
tal myocarditis model. The authors showed that PBMC-S
induced caspse-8-dependent apoptosis of autoreactive CD-
4-positive T-cells, leading to remission of the decorative
autoimmune processes [100] in a well-defined myocarditis
model.

The immunomodulatory effects of PBMC-S were further
evaluated by Kasiri et al. [107]. In this study the authors
were able to show that PBMC-S contains significant
amounts of antimicrobial peptides. In vitro experiments
revealed antimicrobial activity against Gram-negative bac-
teria and Gram-positive bacteria. In addition, intravenous
application of apoptotic PBMC-S in rats increased de novo
endogenous AMP production in vivo. The authors deduced
that PBMC-S has direct and indirect positive effects on the
immune system.

Based on these data, we concluded that apoptotic PBMC-
S initiates multiple modes of action (MOAs) that eventually
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lead to cytoprotection and prevention of hypoxic tissue in
vivo.

The quest for the biologically active component(s)
of apoptotic PBMC secretome

A plethora of unresolved questions are still unanswered
regarding which component(s), concentration(s), and
mode(s) of delivery are responsible for the effects of the
PBMC secretome. A single molecule may regulate a broad
spectrum of different processes, including platelet inhibi-
tion, vasodilation, neo-angiogenesis, and cytoprotection.
Another option is a pleiotropy of factors alone or in combi-
nation that orchestrate different molecular cascades, leading
to the beneficial effects. In order to determine the MOA of
the PBMC secretome, we first have to define the secretome
itself.

Using a systemic approach, Beer et al. tried to classify
the secretome components of gamma-—irradiated apoptotic
PBMCs [108] based on their principle molecular character-
istics in proteins (e.g., cytokines and growth factors), extra-
cellular vesicles (e.g., microparticles and exosomes), and
lipids (Fig. 2). Lichtenauer et al. performed cytokine mem-
brane arrays using supernatant from irradiated and non-irra-
diated PBMC:s; particularly when stressed, the supernatants
contained high amounts of chemokines (e.g., CXCLS,
CXCL5, CXCL1, CCL5, VEGF) [97]. We also utilized a
bioinformatics-based approach in in vitro cultured PBMCs
and irradiated PBMCs. A total of 213 putative actively
secreted proteins were identified in the transcriptome of
irradiated PBMCs and 167 transcripts in non-irradiated
PBMC:s [60], highlighting that irradiation causes PBMCs to
become a highly active “bioreactor” while undergoing pro-
grammed cell death.

A growing body of evidence indicates that lipids released
from apoptotic cells exert paracrine biological activity [109,
110]. Using the PBMC secretome, we focused on oxidized
phospholipids because this group of lipids has pleiotropic
biological effects ranging from the induction of endothelial
cell proliferation and angiogenesis, to the attenuation of
Toll-like receptor (TLR)-induced inflammation and the inhi-
bition of oxidative burst in neutrophil granulocytes. Using
high pressure lipid chromatography we measured increased
concentrations of oxidized phospholipids in supernatant
from irradiated PBMCs, especially PLPC-OOH, PAPC-
OOH, SGPC, and PGPC [60].

In addition to proteins and lipids, the cell superna-
tant contains extracellular vesicles that can be isolated
using an ultracentrifugation protocol, ultrafiltration, or
immunoprecipitation technologies with antibody-tagged
magnetic beads [111]. Extracellular vesicles are classi-
fied mainly based on the diameter, molecular weight, and

@ Springer

surface markers. Particles with a diameter of 100—-1000 nm
are called microvesicles (MV) or microparticles, whereas
particles with a diameter <100 nm are called exosomes
(reviewed in [112]). MVs originate from plasma membrane
shedding and contain high amounts of phosphatidylserine,
selectin, integrin, and CD40. In contrast, exosomes are gen-
erated intracellularly and stored in the multivesicular bodies
until fusion with the plasma membrane and exocytosis of
the vesicles. Almost all cell types, including immune cells
[113], cancer cells [114], and stem cells [115], are capable
of releasing exosomes. Importantly, exosomes contain a set
of proteins, lipids, messenger RNA (mRNA), and micro
RNA (miRNA) that is distinct to the cytosolic compartment
responsible for intercellular signaling [112].

Using both ultracentrifugation and a magnetic bead-based
protocol, Beer et al. characterized exosomes and micropar-
ticles of irradiated and non-irradiated PBMCs. Gamma-irra-
diation induced the release of exosomes and microparticles
and altered the exosomal protein content. Functional analy-
sis revealed that exosomes and proteins are the two major
biological components that induce keratinocyte and fibro-
blast migration and the secretion of pro-angiogenic proteins.

Although the principle components released from apop-
totic PBMCs have been characterized, there are questions
yet to answer. What is the biologically active component?
Which factors interact with each other, whose separation
would abolish the biological activity. Based on the com-
plexity of pathological changes during an ischemic injury, it
seems rather plausible to target variable pathological path-
ways using multifaceted drug compounds, such as apoptotic
PBMC-S, instead of focusing on one single aspect. The
identification of a specific cause and effect relationship on
a cellular level is a matter of systems biology rather than
to define a drug compound that is potentially able to treat
multiple indications of unmet need.

From bench to bedside—the potential benefit and
safety of secretome-based therapy

Basic science and pre-clinical research should ultimately
aim to transfer knowledge into clinical practice. Though
stem cell-based clinical trials at the beginning of the twen-
tieth century have paved the way for regenerative medicine,
the first clinical trials utilizing the PBMC secretome will
successfully provide proof-of-concept in humans for sev-
eral indications with unmet need. Diabetic foot ulcer, AMI,
stroke, and spinal cord injury are the first such indications.
Ankersmit’s group recently finished a phase I study utilizing
autologous GMP PBMC secretome (“Marsyas 17, EudraCT
Nr.: 2013-000756-17).

In addition to these clinically oriented issues, funda-
mental basic research has to be done in order to identify
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Fig. 2 Components, mode

of action, and indication of
paracrine factor-based therapies.
The cell secretome consists of
multiple paracrine factors that
can be categorized into different
biological classes. The best
investigated components are
proteins, lipids, and exosomes,
which have been shown to
exhibit in vitro and in vivo
biological activity. Due to the
complexity of paracrine factors
present in the cell secretome, it
is likely that other factors exert
biological activity. Paracrine
factors derived from apoptotic
PBMCs have been shown

to induce angiogenesis and
vasodilation, exert antimicro-
bial activity, enhance re-
epithelialization, inhibit platelet
coagulation, induce M1-M2
polarization, augment the
release of neurotropic factors,
exhibit cytoprotective capaci-
ties due to the up-regulation of
anti-apoptotic proteins, and act
in an immunomodulatory man-
ner. Based on these biological
effects, the PBMC secretome
has been successfully tested in
animal models to treat acute
myocardial infarction, chronic
heart failure, myocarditis, skin
ulcer, stroke, and spinal cord
injury
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the biologically active components in the cell secretome
and the mode of action (MOA) of these forms of therapy.
For example, exosomes are currently an intensively inves-
tigated component of the cell secretome. Future research
should focus on a detailed description of the composition
of exosomes, including exosomal lipids, mRNAs, miRNAs,
proteins, and surface receptors. We should try to understand
the biological distribution of systemically injected paracrine
factors to further characterize their organ-specific function.

In addition, whether apoptosis-induced lipid release has
any beneficial effect in regenerative medicine is currently
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unknown. Oxidized phospholipids exert diverse biological
functions in vitro and in vivo, suggesting that this class of
lipids is responsible, at least in part, for the beneficial effect
of cell secretome-based therapies.

Moving towards clinical application, physicians, non-
clinical researchers, and investors have collaborations
with reciprocal advantages for each discipline. Clinically
oriented researchers and non-clinical scientists are cur-
rently in fast-moving environments that provide great
opportunities for both the development and implemen-
tation of novel therapeutic modalities [116]. However,
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closer cooperation between the disciplines is needed to
transform basic science into clinical applicability that is
in line with GMP guidelines and regulatory constraints.
For example, most clinically oriented scientists do not
know that the regulators differentiate between so-called
advanced therapy medicinal products (ATMPs) and “bio-
logics” (Fig. 3). Paracrine-based therapies belong to the
latter and are subjected to specialized regulatory restric-
tions if used in clinics. In Fig. 3, the different step-by-
step regulatory requirements for the approval of cell-free
therapies are depicted starting from extensive pre-clinical
research via identification of the MOA to toxicological
studies, stability assays, potency assays, and viral clear-
ance steps, eventually resulting in clinical testing in phase
I and II studies. All of these manufacturing and regula-
tory steps, including ethics approval and trial registration,

PARACRINE PHARMACEUTICAL
Cell Based
Medicinal Product APOSEC™
(ATMP)
. Produced by
Drug Product Living cells living cells
Mediated by Mediated by

Mode of Action

Manufacturing
Starting Material

more than one
active ingredient

Human cells/tissue
Origin:
autologous /
allogenic

Methods of
Viral Clearance
not possible

multiple paracrine
factors

Human PBMCs
Origin:
autologous/
allogenic

Viral Clearance
possible

Fig. 3 Regulatory issues for cell-free therapies. To enable regulatory
approval for testing paracrine factor-based therapy, several regulatory
issues have to be fulfilled. First, cell-free therapies have to be dis-
criminated from cell-based medicinal products (ATMP). ATMPs deal
with living cells, whereas paracrine factor-based therapies, such as
APOSEC™, contain only factors produced by living cells. In cell thera-
pies, the mode of action is thought to be mediated by the cells or their
paracrine factors, whereas in cell-free therapies multiple paracrine
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should be completed successfully before venturing into
the clinic.

In particular, knowledge of the MOA of a substance helps
with regulatory approval. However, based on our experi-
ence in cell-based and paracrine research, a simplification
of the monocausal effect of pleiotropic paracrine factors is
considered absurd. Cell-free and cell-based therapies have
multiple different molecular targets, and it is thought that
only the interactions of these different effects lead to the
beneficial clinical impacts observed in multiple pre-clinical
studies.

Thus, a closer interaction between blood banks that know
all of these regulatory issues with major pre-clinical driving
forces could accelerate scientific progress.

Blood bank and transfusion units should not just fol-
low urgent changes in clinical settings, but be actively

REGULATORY
ELEMENTS

Tox - Incremental dose

Tox LNA
Tox IRWIN

Tox — Repeated dose in two species

Phase |

Phase Il / Proof of concept

factors are thought to exert the biological activity. The starting mate-
rial in both therapies are cells of human origin, either autologous or
allogeneic. An important difference between these two types of thera-
pies is that viral clearance is not possible in ATMPs, but viral clearance
steps can be applied in cell-free therapies such as APOSEC™. In the
right side of the figure, the different regulatory steps that have to be
performed during the development of a cell-free therapy are depicted,
starting from pre-clinical studies and leading to Phase I/Phase 11 studies
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Fig. 4 Ethical, economic, and safety considerations of stem cell-based
and paracrine factor-based therapies. In contrast to stem cell-based
therapies, paracrine factor-based therapies can be seen as an economic,
ethical, and fully acceptable therapeutic strategy lacking significant
safety issues and restrictions in production capacity. Viral clearance
methods are not possible in stem cell-based therapies containing myo-
blasts, bone marrow stem cells (BM-SCs), peripheral blood stem cells
(PB-SCs), adipose tissue-derived stem cells (AT-SCs), mesenchymal
stem cells (MSCs), cardiac stem cells (Cardiac-SCs), embryonic stem
cells (ESCs), and induced pluripotent stem cells (iPSCs). In addition,

incorporated into the process because they are familiar with
GMP policy; they are familiar with handling inspections and
experienced in testing biological samples [116]. Detailed
knowledge of the risk involved with transfusion and trans-
plantation, as well as avoiding microbial contamination, is
crucial in setting up cell-free therapies, but these regula-
tions are not well known by medical professionals except
transfusion physicians. Blood banks could establish and
run a cell-free therapy unit according to GMP. Thus, in the
future, cooperation between clinically orientated scientists
and blood banks could accelerate the inclusion of investors,
as the certification of a validated GMP facility would result
in significant (financial) risk reduction. This will eventually
introduce a novel chapter in the evolution of regenerative
medicine, from cell-based therapies to cell-free therapies,
from stem cell therapy to white blood cell therapy, and from
limited source therapy (e.g., stem cells) to an easily obtain-
able cell source, such as PBMCs, which are a current waste
product in transfusion units.

ESC- and iPSC-based therapies are associated with high costs for
cell manufacturing and low cell numbers. Stem cell-based therapies
with ESCs, and especially iPSCs, also have ethical and safety con-
cerns because these cells have on embryonic source or bear a risk of
malignant transformation. In contrast, paracrine factors derived from
PBMCs or MSCs, including exosomes, proteins, and lipids, can be
subjected to viral clearance methods, guaranteeing a viral-free medical
drug. In addition, paracrine factors, especially from peripheral blood
mononuclear cells (PBMCs), can be produced and stored in high
amounts with low costs

Conclusion

The use of human PBMCs as bioreactors for secretome-
based therapies can be seen as an extension of the origi-
nal concept of stem cell-based therapies to enable clinical
applications. A large number of studies of transplanted stem
cells have failed to show any significant integration and dif-
ferentiation of injected cells into mature (cardiac) cells. In
addition, there is a considerable loss of injected cells imme-
diately after translation. Using apoptotic PBMC-S instead of
stem cells, we could promote tissue repair and regeneration
in multiple pre-clinical indications with the identification of
a variety of MOAs. However, as stem cells are rare, their
isolation and cultivation in large numbers is neither simple
nor practical. Therefore, a more easily obtainable source of
cells as the “bioreactor” for the secretome may facilitate the
introduction of this new secretome-based medicine.
PBMCs release pleiotropic paracrine factors that aug-
ment tissue regeneration, and their usage has the following
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advantages (Fig. 3): (I) PBMCs are a current waste prod-
uct from each red blood donation, so their amount is unre-
stricted compared to any stem cell population used thus
far; (II) PBMCs are obtained from mainly healthy persons,
avoiding any disease- or age-dependent disadvantage in
the PBMC secretome; (I11) allogeneic samples with pooled
PBMC factor from many individuals can be used instead of
a strict autologous stem cell therapy approach; and (IV) the
use of PBMCs does not comprise significant ethical prob-
lems, unlike the use of fetal stem cells (Fig. 4).

In conclusion, the PBMC secretome may potentially rev-
olutionize regenerative medicine when appropriate proof
of concept studies in humans that meet the requirements of
regulating agencies are finished.

Acknowledgments We thank Daniela Leitner for the design of
the figures and investors HJIA, MP, KF, IP, and HPH for their finan-
cial support. Research on the PBMC secretome was financed by the
Christian Doppler Laboratory for Diagnosis & Regeneration in Tho-
racic Diseases (2009-2015) under group leader HJA and FFG-Grant
“APOSEC” (#852748;2015-2018). We also are indebted to Prof. Wal-
ter Klepetko and Prof. Michael Gnant, as well as all of the diploma/
PhD students and scientific colleagues involved in the studies. Special
thanks to Prof. Meinrad Peterlik, former head of the Department of
Pathophysiology at the medical faculty of the University of Vienna
(1984-2006).

Compliance with Ethical Standards

Conflict of Interest The Medical University of Vienna has claimed
financial interest. Aposcience AG holds patents related to this work
(EP20080450198 and EP20080450199). HJA is a shareholder of
Aposcience AG. All other authors declare no potential conflicts of
interest.

Open Access This article is distributed under the terms of the
Creative Commons Attribution 4.0 International License (http://cre-
ativecommons.org/licenses/by/4.0/), which permits unrestricted use,
distribution, and reproduction in any medium, provided you give
appropriate credit to the original author(s) and the source, provide a
link to the Creative Commons license, and indicate if changes were
made.

References

1. Niehans P (1952) 20 Jahre Zellular-Therapie. Urban & Schwar-
zenberg, Berlin

2. Rietschel H (1954) Gefahren der Frischzellentherapie. Dtsch
Med Wochenschr 79:1671-1673

3. Rietschel H (1955) Frischzellentherapie und ihre Gefharen. Wie-
ner Med Wochenschr 46:949-957

4. Maximow AA (1909) Der lymphozyt als gemeinsame stammzelle
der verschiedenen blutelement in der embryonalen entwicklung
und im postfetalen leben der sdugetiere. Folia Haematologica 8

5. Metchnikoff II (2004) The prolongation of life: optimistic stud-
ies. Springer, New York

6. Beltrami AP, Urbanek K, Kajstura J et al (2001) Evidence that
human cardiac myocytes divide after myocardial infarction. N
Engl J Med 344:1750-1757

@ Springer

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

Bergmann O, Bhardwaj RD, Bernard S et al (2009) Evidence for
cardiomyocyte renewal in humans. Science 324:98-102

. Bergmann O, Zdunek S, Felker A et al (2015) Dynamics of cell

generation and turnover in the human heart. Cell 161:1566-1575
Laflamme MA, Myerson D, Saffitz JE, Murry CE (2002) Evi-
dence for cardiomyocyte repopulation by extracardiac progeni-
tors in transplanted human hearts. Circ Res 90:634-640

Kocher AA, Schuster MD, Szabolcs MJ et al (2001) Neovascular-
ization of ischemic myocardium by human bone-marrow-derived
angioblasts prevents cardiomyocyte apoptosis, reduces remodel-
ing and improves cardiac function. Nat Med 7:430-436

Orlic D, Kajstura J, Chimenti S et al (2001) Bone marrow cells
regenerate infarcted myocardium. Nature 410:701-705

Assmus B, Schachinger V, Teupe C et al (2002) Transplantation
of progenitor cells and regeneration enhancement in acute myo-
cardial infarction (TOPCARE-AMI). Circulation 106:3009-3017
Behfar A, Crespo-Diaz R, Terzic A, Gersh BJ (2014) Cell therapy
for cardiac repair—Iessons from clinical trials. Nat Rev Cardiol
11:232-246

Fisher SA, Doree C, Mathur A, Martin-Rendon E (2015) Meta-
analysis of cell therapy trials for patients with heart failure. Circ
Res 116:1361-1377

Fisher SA, Doree C, Taggart DP, Mathur A, Martin-Rendon E
(2016) Cell therapy for heart disease: trial sequential analyses of
two cochrane reviews. Clin Pharmacol Ther 100(1):88-101
Gyongyosi M, Wojakowski W, Lemarchand P et al (2015) Meta-
Analysis of Cell-based CaRdiac stUdiEs (ACCRUE) in patients
with acute myocardial infarction based on individual patient data.
Circ Res 116:1346-1360

Hatzistergos KE, Quevedo H, Oskouei BN et al (2010) Bone mar-
row mesenchymal stem cells stimulate cardiac stem cell prolif-
eration and differentiation. Circ Res 107:913-922

Premer C, Blum A, Bellio MA et al (2015) Allogeneic mesen-
chymal stem cells restore endothelial function in heart failure by
stimulating endothelial progenitor cells. EBioMedicine 2:467-475
Hodgkinson CP, Bareja A, Gomez JA, Dzau VJ (2016) Emerging
concepts in paracrine mechanisms in regenerative cardiovascular
medicine and biology. Circ Res 118:95-107

Losordo DW, Schatz RA, White CJ et al (2007) Intramyocardial
transplantation of autologous CD34+ stem cells for intractable
angina: a phase I/Ila double-blind, randomized controlled trial.
Circulation 115:3165-3172

Mansour S, Roy DC, Bouchard V et al (2010) COMPARE-AMI
trial: comparison of intracoronary injection of CD133+ bone
marrow stem cells to placebo in patients after acute myocardial
infarction and left ventricular dysfunction: study rationale and
design. J Cardiovasc Transl Res 3:153—-159

Chen SL, Fang WW, Ye F et al (2004) Effect on left ventricu-
lar function of intracoronary transplantation of autologous bone
marrow mesenchymal stem cell in patients with acute myocardial
infarction. Am J Cardiol 94:92-95

Balsam LB, Wagers AJ, Christensen JL, Kofidis T, Weissman IL,
Robbins RC (2004) Haematopoietic stem cells adopt mature hae-
matopoietic fates in ischaemic myocardium. Nature 428:668—673
Murry CE, Soonpaa MH, Reinecke H et al (2004) Haematopoi-
etic stem cells do not transdifferentiate into cardiac myocytes in
myocardial infarcts. Nature 428:664—668

Nguyen PK, Lan F, Wang Y, Wu JC (2011) Imaging: guiding
the clinical translation of cardiac stem cell therapy. Circ Res
109:962-979

Kwak BR, Mach F (2005) Paracrine action accounts for marked
protection of ischemic heart by Akt-modified mesenchymal stem
cells. Nat Med 11:367

Mirotsou M, Zhang Z, Deb A et al (2007) Secreted frizzled related
protein 2 (Sfrp2) is the key Akt-mesenchymal stem cell-released


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

Apoptosis (2016) 21:1336-1353

1351

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

paracrine factor mediating myocardial survival and repair. Proc
Natl Acad Sci 104:1643-1648

Gnecchi M, Melo LG (2009) Bone marrow-derived mesenchy-
mal stem cells: isolation, expansion, characterization, viral trans-
duction, and production of conditioned medium. Methods Mol
Biol 482:281-294

Gnecchi M, Zhang Z, Ni A, Dzau VJ (2008) Paracrine mechanisms
in adult stem cell signaling and therapy. Circ Res 103:1204-1219
Gnecchi M, Danieli P, Malpasso G, Ciuffreda MC (2016) Para-
crine mechanisms of mesenchymal stem cells in tissue repair.
Methods Mol Biol 1416:123-146

Wollert KC, Drexler H (2005) Mesenchymal stem cells for myo-
cardial infarction promises and pitfalls. Circulation 112:151-153
Korf-Klingebiel M, Kempf T, Sauer T et al (2008) Bone marrow
cells are a rich source of growth factors and cytokines: implica-
tions for cell therapy trials after myocardial infarction. Eur Heart
129:2851-2858

Thum T, Bauersachs J, Poole-Wilson PA, Volk HD, Anker SD
(2005) The dying stem cell hypothesis: immune modulation as a
novel mechanism for progenitor cell therapy in cardiac muscle. J
Am Coll Cardiol 46:1799-1802

Wollert KC, Meyer GP, Lotz J et al (2004) Intracoronary autolo-
gous bone-marrow cell transfer after myocardial infarction: the
BOOST randomised controlled clinical trial. Lancet 364:141-148
Fadok VA, Bratton DL, Konowal A, Freed PW, Westcott JY, Hen-
son PM (1998) Macrophages that have ingested apoptotic cells
in vitro inhibit proinflammatory cytokine production through
autocrine/paracrine mechanisms involving TGF-beta, PGE2, and
PAF. J Clin Invest 101:890-898

Ankersmit HJ, Hoetzenecker K, Dietl W et al (2009) Irradiated
cultured apoptotic peripheral blood mononuclear cells regenerate
infarcted myocardium. Eur J Clin Invest 39:445-456

Kerr JF, Wyllie AH, Currie AR (1972) Apoptosis: a basic biologi-
cal phenomenon with wide-ranging implications in tissue kinet-
ics. Br J Cancer 26:239-257

Nikoletopoulou V, Markaki M, Palikaras K, Tavernarakis N
(2013) Crosstalk between apoptosis, necrosis and autophagy.
Biochim Biophys Acta 1833:3448-3459

Stark MA, Huo Y, Burcin TL, Morris MA, Olson TS, Ley K
(2005) Phagocytosis of apoptotic neutrophils regulates granulo-
poiesis via IL-23 and IL-17. Immunity 22:285-294

Erwig LP, Henson PM (2007) Immunological consequences of
apoptotic cell phagocytosis. Am J Pathol 171:2-8

Palmer E (2003) Negative selection—clearing out the bad apples
from the T-cell repertoire. Nat Rev Immunol 3:383-391

de la Rosa EJ, de Pablo F (2000) Cell death in early neural
development: beyond the neurotrophic theory. Trends Neurosci
23:454-458

Vollrath D, Yasumura D, Benchorin G et al (2015) Tyro3
modulates Mertk-associated retinal degeneration. PLoS Genet
11:¢1005723

Ankersmit HJ, Tugulea S, Spanier T et al (1999) Activation-
induced T-cell death and immune dysfunction after implantation
of left-ventricular assist device. Lancet 354:550-555

Ankersmit H, Moser B, Teufel I et al (2001) Increased death
inducing receptors in vivo and activation-induced T-cell death
by anti-thymocyte antibody treatment of stable cardiac transplant
recipients. ] Heart Lung Transplant 20:187

Ankersmit HJ, Deicher R, Moser B et al (2001) Impaired T cell
proliferation, increased soluble death-inducing receptors and acti-
vation-induced T cell death in patients undergoing haemodialysis.
Clin Exp Immunol 125:142-148

Moser B, Roth G, Brunner M et al (2003) Aberrant T cell acti-
vation and heightened apoptotic turnover in end-stage renal
failure patients: a comparative evaluation between non-dialysis,

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

haemodialysis, and peritoneal dialysis. Biochem Biophys Res
Commun 308:581-585

Roth GA, Krenn C, Brunner M et al (2004) Elevated serum lev-
els of epithelial cell apoptosis-specific cytokeratin 18 neoepitope
m30 in critically ill patients. Shock 22:218-220

Brunner M, Krenn C, Roth G et al (2004) Increased levels of sol-
uble ST2 protein and IgG1 production in patients with sepsis and
trauma. Intensive Care Med 30:1468-1473

Roth G, Moser B, Krenn C et al (2003) Susceptibility to pro-
grammed cell death in T-lymphocytes from septic patients: a
mechanism for lymphopenia and Th2 predominance. Biochem
Biophys Res Commun 308:840-846

Szondy Z, Garabuczi E, Joos G, Tsay GJ, Sarang Z (2014)
Impaired clearance of apoptotic cells in chronic inflammatory
diseases: therapeutic implications. Front Immunol 5:354

Saas P, Daguindau E, Perruche S (2016) Concise review: apop-
totic cell-based therapies-rationale, preclinical results and future
clinical developments. Stem Cells 34(6):1464—1473

Perruche S, Saas P, Chen W (2009) Apoptotic cell-mediated sup-
pression of streptococcal cell wall-induced arthritis is associ-
ated with alteration of macrophage function and local regulatory
T-cell increase: a potential cell-based therapy? Arthritis Res Ther
11:R104

Ren Y, Xie Y, Jiang G et al (2008) Apoptotic cells protect
mice against lipopolysaccharide-induced shock. J Immunol
180:4978-4985

Gray M, Miles K, Salter D, Gray D, Savill J (2007) Apoptotic cells
protect mice from autoimmune inflammation by the induction of
regulatory B cells. Proc Natl Acad Sci USA 104:14080-14085
Notley CA, Brown MA, Wright GP, Ehrenstein MR. (2011) Natu-
ral IgM is required for suppression of inflammatory arthritis by
apoptotic cells. J] Immunol 186:4967-4972

Zhang M, Xu S, Han Y, Cao X (2011) Apoptotic cells attenu-
ate fulminant hepatitis by priming Kupffer cells to produce
interleukin-10 through membrane-bound TGF-B. Hepatology
53:306-316

Sirois I, Raymond MA, Brassard N et al (2011) Caspase-3-depen-
dent export of TCTP: a novel pathway for antiapoptotic intercel-
lular communication. Cell Death Differ 18:549-562

Huang Q, Li F, Liu X et al (2011) Caspase 3-mediated stimulation
of tumor cell repopulation during cancer radiotherapy. Nat Med
17:860-866

Beer L, Zimmermann M, Mitterbauer A et al (2015) Analysis of
the secretome of apoptotic peripheral blood mononuclear cells:
impact of released proteins and exosomes for tissue regeneration.
Sci Rep 5:16662

Xia C-Q, Peng R, Qiu Y, Annamalai M, Gordon D, Clare-Salzler
MJ (2007) Transfusion of apoptotic -cells induces immune toler-
ance to f-cell antigens and prevents type 1 diabetes in NOD mice.
Diabetes 56:2116-2123

Xia C-Q, Qiu Y, Peng R-H, Lo-Dauer J, Clare-Salzler MJ (2008)
Infusion of UVB-treated splenic stromal cells induces suppres-
sion of B cell antigen-specific T cell responses in NOD mice. J
Autoimmun 30:283-292

Miyake Y, Asano K, Kaise H, Uemura M, Nakayama M, Tanaka
M (2007) Critical role of macrophages in the marginal zone in
the suppression of immune responses to apoptotic cell-associated
antigens. J Clin Invest 117:2268-2278

Qiu C-H, Miyake Y, Kaise H, Kitamura H, Ohara O, Tanaka M
(2009) Novel subset of CD8a+ dendritic cells localized in the
marginal zone is responsible for tolerance to cell-associated anti-
gens. J Immunol 182:4127-4136

Gray M, Miles K, Salter D, Gray D, Savill J (2007) Apoptotic
cells protect mice from autoimmune inflammation by the induc-
tion of regulatory B cells. Proc Natl Acad Sci 104:14080-14085

@ Springer



1352

Apoptosis (2016) 21:1336-1353

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

71.

78.

79.

80.

81.

82.

3.

Notley CA, Brown MA, McGovern JL, Jordan CK, Ehrenstein
MR (2015) Engulfment of activated apoptotic cells abolishes
TGF-p—mediated immunoregulation via the induction of IL-6. J
Immunol 194:1621-1627

Grau A, Tabib A, Grau I, Reiner I, Mevorach D (2015) Apoptotic
cells induce NF-kB and inflammasome negative signaling. PLoS
One 10:¢0122440

Yoon Y, Kim S, Kim M, Lim J, Cho M, Kang J (2015) PPARy
activation following apoptotic cell instillation promotes resolu-
tion of lung inflammation and fibrosis via regulation of efferocy-
tosis and proresolving cytokines. Mucosal Immunol 8:1031-1046
Lee Y-J, Moon C, Lee SH et al (2012) Apoptotic cell instillation
after bleomycin attenuates lung injury through hepatocyte growth
factor induction. Eur Respir J 40:424-435

Yoon Y-S, Lee Y-J, Choi J-Y, Cho M-S, Kang JL (2013) Coordi-
nated induction of cyclooxygenase-2/prostaglandin E2 and hepa-
tocyte growth factor by apoptotic cells prevents lung fibrosis. J
Leukoc Biol 94:1037-1049

Huynh M-LN, Fadok VA, Henson PM (2002) Phosphatidyl-
serine-dependent ingestion of apoptotic cells promotes TGF-
B1 secretion and the resolution of inflammation. J Clin Invest
109:41-50

Hotchkiss RS, Chang KC, Grayson MH et al (2003) Adoptive
transfer of apoptotic splenocytes worsens survival, whereas adop-
tive transfer of necrotic splenocytes improves survival in sepsis.
Proc Natl Acad Sci 100:6724-6729

Kushwah R, Oliver JR, Zhang J, Siminovitch KA, Hu J (2009)
Apoptotic dendritic cells induce tolerance in mice through sup-
pression of dendritic cell maturation and induction of antigen-
specific regulatory T cells. J Immunol 183:7104-7118

Zhang M, Xu S, Han Y, Cao X (2011) Apoptotic cells attenu-
ate fulminant hepatitis by priming Kupffer cells to produce
interleukin-10 through membrane-bound TGF-B. Hepatology
53:306-316

Griffith TS, Kazama H, VanOosten RL et al (2007) Apoptotic
cells induce tolerance by generating helpless CD8+ T cells that
produce TRAIL. J Immunol 178:2679-2687

Ferguson TA, Herndon J, Elzey B, Griffith TS, Schoenberger
S, Green DR (2002) Uptake of apoptotic antigen-coupled
cells by lymphoid dendritic cells and cross-priming of CD8+
T cells produce active immune unresponsiveness. J Immunol
168:5589-5595

Sun E, Gao Y, Chen J et al (2004) Allograft tolerance induced by
donor apoptotic lymphocytes requires phagocytosis in the recipi-
ent. Cell Death Differ 11:1258-1264

Wang Z, Larregina A, Shufesky W et al (2006) Use of the inhibi-
tory effect of apoptotic cells on dendritic cells for graft sur-
vival via T-cell deletion and regulatory T cells. Am J Transplant
6:1297-1311

Kleist C, Sandra-Petrescu F, Jiga L et al (2015) Generation of
suppressive blood cells for control of allograft rejection. Clin Sci
128:593-607

Wang Z, Shufesky WJ, Montecalvo A, Divito SJ, Larregina AT,
Morelli AE (2009) In situ-targeting of dendritic cells with donor-
derived apoptotic cells restrains indirect allorecognition and ame-
liorates allograft vasculopathy. PLoS One 4:¢4940

Mougel F, Bonnefoy F, Kury-Paulin S et al (2012) Intravenous
infusion of donor apoptotic leukocytes before transplantation
delays allogeneic islet graft rejection through regulatory T cells.
Diabetes Metab 38:531-537

Wu C, Zhang Y, Jiang Y et al (2013) Apoptotic cell administra-
tion enhances pancreatic islet engraftment by induction of regula-
tory T cells and tolerogenic dendritic cells. Cell Mol Immunol
10:393-402

de Carvalho Bittencourt M, Perruche S, Contassot E et al (2001)
Intravenous injection of apoptotic leukocytes enhances bone

Springer

84.

8s.

86.

87.

88.

89.

90.

91.

92.

93.

94.

9s.

96.

97.

98.

99.

100.

101.

marrow engraftment across major histocompatibility barriers.
Blood 98:224-230

Perruche S, Kleinclauss F, Bittencourt Mde C, Paris D, Tiberghien
P, Saas P (2004) Intravenous infusion of apoptotic cells simul-
taneously with allogeneic hematopoietic grafts alters anti-donor
humoral immune responses. Am J Transplant 4:1361-1365
Kleinclauss F, Perruche S, Masson E et al (2006) Intravenous
apoptotic spleen cell infusion induces a TGF-B-dependent regula-
tory T-cell expansion. Cell Death Differ 13:41-52

Bonnefoy F, Masson E, Perruche S et al (2008) Sirolimus
enhances the effect of apoptotic cell infusion on hematopoietic
engraftment and tolerance induction. Leukemia 22:1430
Bonnefoy F, Perruche S, Couturier M et al (2011) Plasmacytoid
dendritic cells play a major role in apoptotic leukocyte-induced
immune modulation. J Immunol 186:5696-5705

Lichtenauer M, Mildner M, Werba G et al (2012) Anti-thymocyte
globulin induces neoangiogenesis and preserves cardiac function
after experimental myocardial infarction. PLoS One 7:¢52101
Foldes 1, Varkonyi S, Solti F, Kocze A (1970) Effect of antilym-
phocyte serum on experimental myocardial infarction. Experien-
tia 26:741-743

Notley CA, Brown MA, McGovern JL, Jordan CK, Ehrenstein
MR. (2015) Engulfment of activated apoptotic cells abolishes
TGF-beta-mediated immunoregulation via the induction of IL-6.
J Immunol 194:1621-1627

Wang Z, Larregina AT, Shufesky WJ et al (2006) Use of the inhibi-
tory effect of apoptotic cells on dendritic cells for graft survival via
T-cell deletion and regulatory T cells. Am J Transplant 6:1297—-1311
Bonnefoy F, Masson E, Perruche S et al (2008) Sirolimus
enhances the effect of apoptotic cell infusion on hematopoietic
engraftment and tolerance induction. Leukemia 22:1430-1434
Perotti C, Arici V, Cervio M et al (2013) Allogeneic lethally irra-
diated cord blood mononuclear cells in no-option critical limb
ischemia: a “box of rain”. Stem Cells Dev 22:2806-2812
Holzinger C, Zuckermann A, Kopp C et al (1994) Treatment of
non-healing skin ulcers with autologous activated mononuclear
cells. Eur J Vasc Surg 8:351-356

Ankersmit H, Moser B, Zuckermann A et al (2002) Activation-
induced T cell death, and aberrant T cell activation via TNFR1
and CD95-CD95 ligand pathway in stable cardiac transplant
recipients. Clin Exp Immunol 128:175-180

Ankersmit H, Ullrich R, Moser B et al (2006) Recovery from
giant cell myocarditis with ECMO support and utilisation of
polyclonal antithymocyte globulin: a case report. Thorac Cardio-
vasc Surg 54:278-280

Lichtenauer M, Mildner M, Hoetzenecker K et al (2011) Sec-
retome of apoptotic peripheral blood cells (APOSEC) confers
cytoprotection to cardiomyocytes and inhibits tissue remodelling
after acute myocardial infarction: a preclinical study. Basic Res
Cardiol 106:1283-1297

Lichtenauer M, Mildner M, Baumgartner A et al (2011) Intrave-
nous and intramyocardial injection of apoptotic white blood cell
suspensions prevents ventricular remodelling by increasing elas-
tin expression in cardiac scar tissue after myocardial infarction.
Basic Res Cardiol 106:645-655

Hoetzenecker K, Assinger A, Lichtenauer M et al (2012) Secre-
tome of apoptotic peripheral blood cells (APOSEC) attenuates
microvascular obstruction in a porcine closed chest reperfused
acute myocardial infarction model: role of platelet aggregation
and vasodilation. Basic Res Cardiol 107:292

Hoetzenecker K, Zimmermann M, Hoetzenecker W et al (2015)
Mononuclear cell secretome protects from experimental autoim-
mune myocarditis. Eur Heart J 36:676-685

Mildner M, Hacker S, Haider T et al (2013) Secretome of periph-
eral blood mononuclear cells enhances wound healing. PLoS One
8:¢60103



Apoptosis (2016) 21:1336-1353

1353

102.

103.

104.

105.

106.

107.

108.

Pavo N, Zimmermann M, Pils D et al (2014) Long-acting ben-
eficial effect of percutaneously intramyocardially delivered sec-
retome of apoptotic peripheral blood cells on porcine chronic
ischemic left ventricular dysfunction. Biomaterials 35:3541-3550
Altmann P, Mildner M, Haider T et al (2014) Secretomes of apop-
totic mononuclear cells ameliorate neurological damage in rats
with focal ischemia. F1000Res 3:131

Haider T, Hoftberger R, Ruger B et al (2015) The secretome of
apoptotic human peripheral blood mononuclear cells attenuates
secondary damage following spinal cord injury in rats. Exp Neu-
rol 267:230-242

Hacker S, Mittermayr R, Nickl S et al (2016) Paracrine factors
from irradiated peripheral blood mononuclear cells improve skin
Regeneration and angiogenesis in a porcine burn model. Sci Rep
6:25168

David S, Zarruk JG, Ghasemlou N (2012) Inflammatory path-
ways in spinal cord injury. Int Rev Neurobiol 106:127-152
Kasiri MM, Beer L, Nemec L et al (2016) Dying blood mono-
nuclear cell secretome exerts antimicrobial activity. Eur J Clin
Invest. doi:10.1111/eci.12667

Beer L, Seemann R, Ristl R et al (2014) High dose ionizing radia-
tion regulates micro RNA and gene expression changes in human
peripheral blood mononuclear cells. BMC Genom 15:814

109.

110.

111.

112.

113.

114.

115.

116.

Boland K, Flanagan L, Prehn JH. (2013) Paracrine control of tis-
sue regeneration and cell proliferation by Caspase-3. Cell Death
Dis 4:e725

Lauber K, Bohn E, Krober SM et al (2003) Apoptotic cells induce
migration of phagocytes via caspase-3-mediated release of a lipid
attraction signal. Cell 113:717-730

Gallina C, Turinetto V, Giachino C (2015) A new paradigm in
cardiac regeneration: the mesenchymal stem cell secretome. Stem
Cells Int 2015:765846

Raposo G, Stoorvogel W (2013) Extracellular vesicles: exo-
somes, microvesicles, and friends. J Cell Biol 200:373-383
Okoye IS, Coomes SM, Pelly VS et al (2014) MicroRNA-con-
taining T-regulatory-cell-derived exosomes suppress pathogenic
T helper 1 cells. Immunity 41:89-103

Costa-Silva B, Aiello NM, Ocean AJ et al (2015) Pancreatic can-
cer exosomes initiate pre-metastatic niche formation in the liver.
Nat Cell Biol 17:816-826

Shabbir A, Cox A, Rodriguez-Menocal L, Salgado M, Van Badia-
vas E (2015) Mesenchymal stem cell exosomes induce prolifera-
tion and migration of normal and chronic wound fibroblasts, and
enhance angiogenesis in vitro. Stem Cells Dev 24:1635-1647
Gabriel C (2014) How to establish and run a cell therapy unit in a
blood bank. ISBT Sci Ser 9:155-159

@ Springer


http://dx.doi.org/10.1111/eci.12667

	﻿Peripheral blood mononuclear cell secretome for tissue repair
	﻿Abstract
	﻿Introduction
	﻿Development of the paracrine/secretome hypothesis
	﻿Death of the stem cell hypothesis
	﻿Proof and extension of Thum’s apoptosis hypothesis
	﻿Apoptosis and the rise of the Phoenix signaling pathway
	﻿Pre-clinical application of nucleated apoptotic cells
	﻿Paradigm changes in tissue repair—validation of the PBMC secretome
	﻿The quest for the biologically active component(s) of apoptotic PBMC secretome
	﻿From bench to bedside—the potential benefit and safety of secretome-based therapy
	﻿Conclusion
	﻿References


