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Novel Soluble Mediators of Innate Immune System
Activation in Solid Allograft Rejection
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transplanted recipients’ outcomes.
(Transplantation 2022;106: 500-509).

Abstract. During the past years, solid allograft rejection has been considered the consequence of either cellular- or
antibody-mediated reaction both being part of the adaptive immune response, whereas the role of innate immunity has
been mostly considered less relevant. Recently, a large body of evidence suggested that the innate immune response and
its soluble mediators may play a more important role during solid allograft rejection than originally thought. This review will
highlight the role of novel soluble mediators that are involved in the activation of innate immunity during alloimmune response
and solid allograft rejection. We will also discuss emerging strategies to alleviate the aforementioned events. Hence, novel,
feasible, and safe clinical therapies are needed to prevent allograft loss in solid organ transplantation. Fully understanding
the role of soluble mediators of innate immune system activation may help to mitigate solid allograft rejection and improve

)

INTRODUCTION

The role of innate immunity in solid organ transplanta-
tion has been poorly studied in the past, but it is now
generally accepted that it represents a very early step in
allograft rejection that may guide to the development
of adaptive immune response. This is extremely impor-
tant in the light of the fact that immunosuppressive
drugs have efficiently contributed to halt the activation
of the adaptive immune response without affecting the
innate immune system.' Several experimental and clinical
data sustain the idea that the injury to the donor organs
occurring during/after transplantation in the recipient
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may sensitize and trigger the innate immune response,
thus initiating the alloimmune response.” Indeed, innate
immune responses can be triggered on as a consequence
of antigen-independent stimuli, such as ischemia/reperfu-
sion, surgical injury, inflammation, tissue destruction, cel-
lular damage, systemic stress, brain death, and microbial
infections occurring at the time of transplantation.’ These
events induce inflammation and oxidative stress favoring
the release of reactive oxygen species, inflammatory medi-
ators such as adhesion molecules, chemokines, cytokines,
and endogenous ligands.” The resulting immune effects
may enhance/activate a strong effector response that can
lead eventually to graft rejection.” Indeed, many stud-
ies conducted on murine models of allograft rejection
as well as some clinical trials have shown that blocking
innate immunity activation led to a significant reduction
in the rate of acute and chronic rejection.” Interestingly,
the activation of the innate immune system that precedes
the transplantation process is associated with the release
of soluble mediators such as cytokines, miRNAs, eATP,
PTX3, and sRAGE.* Here, we provide an overview on
these novel soluble mediators and their role as contribu-
tors to the activation of the innate immune response in
the context of solid allograft rejection.

CYTOKINES

Cytokines represent an important subset of soluble
mediators of innate immunity released during/after solid
allotransplantation involved in the development of the
inflammatory response. The complexity and redundancy
of the cytokine cascades activated during the alloimmune
response make it difficult to fully dissect their relative
functions. During solid organ transplantation, cytokines
are usually released as a result of tissue damages, which is
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able to activate cellular components of the innate immune
system in the early posttransplant phase and may there-
fore induce an inflammatory response.”” Dendritic cells,
mast cells, natural killer cells, macrophages, and other spe-
cialized cells of the immune system are responsible for the
production of cytokines.® The release of proinflammatory
cytokines, such as interleukin (IL)-6, IL-17, tumor necrosis
factor alpha (TNF-a), IL-1f, granulocyte-macrophage col-
ony-stimulating factor, interferon-y, and monocyte chem-
otactic protein-1, is predominantly associated with the
rapid influx of neutrophils, macrophages infiltration, and
subsequent activation of mononuclear cell subsets within
the graft.”!° The migration and infiltration of neutrophils
to the site of acute inflammation following an increase in
specific cytokines such as IL-8 and IL-17A occur rapidly
(within min to h) with subsequent recruitment of addi-
tional cells of the immune system.'"'? Once at the graft
site, they undergo degranulation with the production of
highly reactive oxygen metabolites contributing to graft
rejection in solid organ transplantation.'™" Earlier stud-
ies conducted in toll-like receptor 4—deficient mice that
received syngeneic heart transplantation showed lower
rate of graft infiltration, reduced neutrophil infiltration as
well as a decrease in the serum levels of proinflammatory
cytokines including TNF-a, IL-6, monocyte chemotactic
protein-1, and IL-1 (Table 1).'* Other seminal studies have
reported that in response to proinflammatory cytokines
such as IL-1 and IL-6, macrophages are also recruited to
the graft site, where they release degradative enzymes and
reactive oxygen species contributing thus to acute and
chronic allograft rejection.'>!'® Natural killer cells activated
by IL-15 have been described to reject major histocompat-
ibility complex mismatched allografts directly, without the
involvement of other cell subsets of the adaptive immune
system.!” Proinflammatory cytokines such as TNF-a play a
key role in early inflammatory responses after transplanta-
tion, TNF-a inhibition has been shown to decrease histo-
logical evidence of inflammation by reducing neutrophil
migration into cardiac allografts.'® In the initial stages of
transplantation, IL-12 and IL-23 produced by antigen-pre-
senting cells facilitate the differentiation of alloreactive T
cells' and IL-12 and IL-23 antagonists prolonged cardiac
allograft survival in mice.”” Inflammatory cytokines such
as IL-1a and IL-1f play a determinant role in mediating
acute inflammation after transplantation.”! The proof of
concept of targeting the aforementioned cytokines has
been established in autoimmune diseases. For instances,
IL-12/IL-23 inhibitors ustekinumab and briakinumab have
been studied in patients with psoriasis, psoriatic arthritis,
and Crohn’s disease, with cellulitis being the most reported
serious infection.”> Several studies showed a beneficial
effect of IL-1f blockade by canakinumab, which led to a
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reduction in neutrophilic inflammation in the graft.****

IL-17A antagonists such as secukinumab or ixekizumab
may prevent allorecognition of the donor allograft and the
mounting of immune response against the allograft.”> A
major target for therapeutic intervention is IL-6 that has
led to development of several strategies that target either
the cytokine directly, anti-IL-6 mAb (eg, clazakizumab) or
its receptor, anti-IL6R mAb (eg, tocilizumab).*® Recently, a
phase 2 randomized pilot trial on kidney transplant recipi-
ents was used to evaluate the safety and efficacy of clazaki-
zumab in late antibody-mediated rejection. Clazakizumab
treatment was associated with decreased donor-specific
antibodies and with reduction in the expression of rejec-
tion-related gene.?” In a single-center, observational study,
tocilizumab was used for treatment of acute antibody-
mediated rejection in kidney-transplanted patients, further
studies are needed to better define the benefit of IL-6 tar-
geting.”?” Hence, clinical trials in the context of trans-
plantation are needed to confirm the possible outcomes,
whereas the appearance of some related-collateral effects
warrants further attention for their potential safety and
efficacy>** (Table 2). The studies ascribed here indicate
that cytokines are important contributors to solid allograft
rejection and represent a relevant tool for the diagnosis
of clinical rejection episodes, although some controversy
remains. Particularly, for a cytokine-based immunosup-
pressive strategy to be successful, likely multiple cytokines
should be targeted simultaneously, and this may limit this
approach.

miRNA

Micro RNAs (miRNAs) represent an additional class of
molecules that participate in connection with the innate
immune activation during the inflammatory process fol-
lowing transplantation, leading to early allograft rejection.
miRNAs described as short noncoding, single-stranded
RNAs, have the ability to regulate critical cellular processes
at the posttranscriptional level by inhibiting translation
and inducing degradation of its target mRNA, depending
on the degree of complementarity and accessibility of the
binding sites.*” Emerging data support the findings that
miRNAs can also be stably found in a variety of body flu-
ids, such as sera, saliva, urine, and blood, either packaged
within exosomes, extracellular vesicles, or in complexes
with RNA-binding proteins.’’ The presence of miRNAs in
sera has been demonstrated as valuable biomarkers indicat-
ing heart allograft rejection and heart failure. In a recent
clinical study (NCT02672683) reported by Xavier et al,
the level of miR-10a, miR-155, miR-31, and miR-92a was
found to be significantly different in the sera of patients
with allograft rejection as compared to those without

TABLE 1.

Preclinical studies on soluble mediators

Target Intervention Effect References

Cytokines TLR4-deficiency Lower rate of graft infiltration Kaczorowski et al,"* 2007
Cytokines TNF-o. antagonists Reduction in neutrophilic migration into allograft Ishii et al,"® 2010
Cytokines IL-12 and IL-23 antagonists Prolong allograft survival Wang et al, 2 2012
miRNA miR-155 antagomir Attenuate rejection Van Aelst et al,*' 2016

IL, interleukin; miRNA, micro RNA; TLR, toll-like receptor; TNF, tumor necrosis factor.
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TABLE 3.

Clinical trials on soluble mediators: miRNAs and eATP

Phase

Status Study type

NCT no.
NCT04413916

Condition or disease

Mediator

Title

Observational

Completed

Kidney transplant failure and rejection

miRNA
miRNA
mMiRNA

miRNA in kidney transplantation: association with kidney graft function and disease process
Noninvasive detection of cardiac allograft rejection by circulating microRNAs (MIRRACLE)

NA
NA
NA

Observational

NA
NA
NA

NCT02672683
NCT02091973
NCT02082821

Cardiac transplantation

Interventional

miRNA profiles
Cardiac allograft vasculopathy

MicroRNA expression in everolimus-based vs tacrolimus-based regimens in kidney transplantation

A P2X7R single nucleotide mutation promotes chronic allograft vasculopathy

Observational

eATP

eATP, extracellular ATP; miRNA, micro RNA; NA, not applicable.
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rejection.®” Importantly, the 4 aforementioned miRNAs
(miR-10a, miR-155, miR-31, and miR-92a) were reported
to be associated with inflammatory pathways, cardiomyo-
cytes/interstitial cells, and endothelial cells.”* It is not sur-
prising to see that circulating miRNAs play a key role in
the overall inflammatory response toward graft rejection,
as an increasing number of studies have demonstrated that
circulating miRNAs play a direct role in the immune sys-
tem.>® For example, circulating miR-21 is known to affect
innate immune system by acting as ligands to toll-like recep-
tor (TLR)7 and TLRS, thus promoting the release of TNF-a.
and IL-6 by macrophages.'®** Circulating miR-223 has been
described to play a determinant role during vesicle-induced
monocyte maturation and to be part of a feedback mecha-
nism inducing the differentiation of recruited monocytes
and an increased release of vesicles as a local response acti-
vating the innate immune system.”® The crosstalk between
dendritic cells has also been implied in different and spe-
cific biological roles, such as the increase in the release of
miR-155 enhances the inflammatory response, whereas
miR-146a reduces it by mediating target gene repression
and reprogramming the response to endotoxins.*® Hence,
monitoring the circulating levels of miR-133a, miR-208a,
miR-499, and miR-133b at different time points posttrans-
plantation could provide valuable information in predict-
ing graft dysfunction and damage.””*® A study by Feng et
al, showed that circulating miR-133a, miR-142, miR-146a,
miR-208a, miR-34a, and miR-122 induce an inflammatory
response in innate immune cells and cardiac myocytes.®”
The authors reported that miR-133a and miR-146a induced
neutrophil and monocyte recruitment and further identified
a pivotal role for TLR7 and MyD88 signaling in mediating
miRNA proinflammatory effects that led to the conclusion
that miRNAs are potent TLR7 ligands contributing to the
activation of an innate immune response.”” Indeed, some
of these miRNAs could not only be biomarkers but also
therapeutic target, as they are able to induce an inflamma-
tory response and therefore activate innate immune cells.*”
miRNAs might represent potent TLR7 ligands contribut-
ing to the activation of an innate immune response,” and
it is well known that TLRs and MYD88 are instrumen-
tal in the development of acute and chronic rejection.*’
Hence, miRNA-based therapeutic strategies could prove
to be a viable option that might improve transplantation
outcomes. One such study in which miRNA inhibitors
with 2’-Omethyl modification have inhibited TLR7/8 these
have the capacity to exhibit dual activities on inflammation
through steric miRNA sequestration and TLR7/8 inhibi-
tion.>* Other groups have already applied such methods in
which an antagomir, a synthetically derived oligonucleo-
tide sequence that complementary binds to the miRNA,
was able to suppress miR-155 activity and attenuate allo-
graft rejection in mice*! as well as miR-208a was demon-
strated to have an effect in abrogating other conditions*
(Table 1). Recently, our group demonstrated that miR-
21 is the most highly expressed miRNA in transplanted
hearts with allograft vasculopathy and that targeting
miR-21 delays chronic allograft vasculopathy onset by
reprogramming macrophages metabolism.'® However,
the diagnostic and therapeutic potential of miRNAs as
biomarkers in the clinical setting are limited, as methods
used for the detection of miRNAs from serum, plasma,
and urine samples need to be standardized. Furthermore, a

Copyright © 2021 Wolters Kluwer Health, Inc. Unauthorized reproduction of this article is prohibited.
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better insight is needed into mechanisms involved in post-
transcriptional regulation of miRNAs as well as into the
pathways responsible for the rejection process since their
expression does not always correlate perfectly with that
of host genes. Additionally, large-scale multicentered clini-
cal studies are needed before they can be used in clinical
practice. One of the many challenges of miRNA-based
therapeutics is their unique chemistry, which makes them
susceptible to degradation devoid of any selective uptake
or any off-target effects. Many miRNAs that might be con-
sidered as therapeutic targets are also involved in other
disease processes, such as oncogenesis. Nonetheless, sig-
nificant advances have been made in the area*’; nanoparti-
cle delivery is possible and miRNA mimics and inhibitors
can be used in combination with nanoparticles.** Several
miRNA-based clinical trials are taking place, including
those for hepatitis C, type II diabetes mellitus, and oth-
ers, which warrants further attention®® (Table 3). Taken
together, these studies pave the way for the development
of miRNA-based therapeutic strategies in transplantation
aiming at suppressing innate immunity and at inducing
immune tolerance.

Extracellular ATP

Similar to miRNAs, extracellular ATP (eATP) and sub-
sequent purinergic signaling might to be considered as
inflammatory mediator in solid organ transplantation
acting as an extracellular signal promoting immune cell
activation and infiltration. In fact, endogenous ATP (ATP)
is highly released during allotransplantation and may act
as a danger signal. ATP can be released as eATP during
ischemia reperfusion or upon the activation of immune
cells or by necrotic/apoptotic cells during the peritrans-
plant period.*® eATP is recognized by specific cell sur-
face nucleoside receptors or the ionotropic P2X as well
as by metabotropic P2Y purinergic receptors, particularly
P2X7R.*” During organ transplantation, eATP/P2X7R
signaling has been evidently reported as an important
interplayer during allograft rejection and the resulting
alloimmune response.*® Furthermore, ATP release might
provoke additional graft damage, a process that self-sup-
ports the antigraft immune response.*® eATP release into
the circulation during cellular injury could activate innate
immune receptors and signaling pathways and therefore
promote inflammation as it might also possibly lead to
host tissue damage.*” Upon binding of extracellular ATP
to P2X or P2Y receptors might trigger a wide range of
immune and inflammatory effects on leukocytes. eATP
signaling contributes to other fundamental functions such
as cytokine production, phagocytic activity, and migra-
tion modulation by monocytes, neutrophils, eosinophils,
dendritic cells, and macrophages.’® In the context of solid
organ transplantation, the direct relevance of eATP has
been extensively addressed by our group in which P2X7R,
found predominantly expressed on immune cells (eg, mast
cells, macrophages, and dendritic cells), and its signaling
through eATP has been described to affect the outcomes
of allogenic transplantation.’’ Indeed, ATP secreted by
damaged/ischemic grafts engages P2X7R on antigen-pre-
senting cells, thereby creating a proinflammatory milieu
that may, in turn, facilitate direct allorecognition, repre-
senting thus a barrier to tolerance in allotransplantation.

www.transplantjournal.com

Particularly, P2X7R inhibition or conditional deficiency
on dendritic cells was found associated with reduced sever-
ity of graft-versus-host disease.’> In fact, eATP-P2X7R
signaling in antigen-presenting dendritic cells has led to
an increased expression of some costimulatory molecules
such as CD80 and CD86 in vitro and in vivo and acti-
vated a cascade of proinflammatory events.’> Dendritic
cells, macrophages, neutrophils, and eosinophils were also
found also to express different P2Y receptors, which regu-
late cytokine production, antigen capture, cell maturation,
and migration, thus promoting the inflammatory response
and tissue damage.*®’*** P2YRs have been studied as a
pharmacological target for the treatment of inflamma-
tion given their major role in the acceptance or rejection
of the allograft.*>*® In particular, the expression of P2Y1
and P2Y2R on immune cells is deemed important for
immunomodulation and inflammation, which occur after
organ transplantation.”®” Grafted tissues are affected by
ischemia/reperfusion that promotes immune cell activa-
tion and infiltration. Growing evidences have revealed that
targeting P2Y receptors such as P2Y2, P2Y4, and P2Y11
may be beneficial thereby conferring cardiac protection by
reducing cardiac fibrosis and neointima formation.’®*°
Although the targeting of P2Y receptor signaling may be
beneficial for graft rejection, several challenges need to be
addressed, including the development of subtype-highly
specific P2YR antagonists. Furthermore, understand-
ing the involvement of the different components of the
purinergic system in organ transplantation will pave the
way for designing therapeutic strategies aimed at targeting
the purinergic system and at blocking the eATP signaling
in solid organ transplant (Table 3).

OTHER SOLUBLE MEDIATORS

The experimental and clinical studies described above
underlined a crucial role for cytokines, miRNAs, and
eATP in the activation of the innate immune system dur-
ing solid organ transplantation. Moreover, other soluble
mediators may be involved in the activation of the immune
innate system. Pentraxin 3 (PTX3) and soluble receptor
for advanced glycation end products (sSRAGE) are mul-
tifunctional proteins with complex regulatory roles in
inflammation and extracellular matrix organization and
remodeling. They play key roles in initiating, maintaining,
and resolving tissue inflammation, as well as in the func-
tioning of the innate immune system, with a likely role in
allograft injury and protection. PTX3 and sRAGE may be
defined as novel soluble mediators for their potential use
as diagnostic/prognostic factors since their plasma levels
might reflect the extent of tissue damage and might predict
the risk of mortality. Furthermore, PTX3 and sSRAGE may
represent potential targets for future therapeutic strategies
aimed at the regulation of inflammation and at the rever-
sal of vascular abnormalities in the setting of solid organ
transplantation (Figure 1).

Pentraxin 3

Pentraxin 3 (PTX3) is produced at the sites of inflam-
mation or injury and plays a major role in innate
immunity.®' PTX3 is a multifunctional soluble pattern rec-
ognition receptor identified as the more recently discov-
ered long pentraxin.®” PTX3 blood levels are low under
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normal conditions but increase rapidly and dramatically
in response to inflammatory stimuli.®* PTX3 has been
described to exert regulatory functions on innate immu-
nity and during inflammation.®* Preclinical studies using
PTX3-transgenic mice showed exacerbated inflammatory
response following ischemia-reperfusion injury associated
with higher inflammatory response and lethality rates due
to the enhanced production of proinflammatory mediators,
including nitric oxide and TNF-.%® Some in vitro stud-
ies suggested that PTX3 might influence the expression of
CD86 and MHC class I/Il by human-derived macrophages
and by dendritic cells or the upregulation of tissue factor
expression in human monocytes upon its stimulation by
lipopolysaccharides.®®*® The function of PTX3 in solid
organ transplantation has not been studied in details, but
recent studies reported significant increase in plasma levels
of PTX3 and changes in PTX3 expression in graft biopsies
after lung and kidney transplantation. These changes in
PTX3 were associated with worst outcomes and the devel-
opment of prlmarg graft dysfunction and acute renal allo-
graft rejection.®””” Other studies have been carried out to
further investigate the influence of PTX3 on macrophages,
which seems to favor the release of TGF-B.®” PTX3 might
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also inhibit phagocytosis of late apoptotic cells by mac-
rophages and dendritic cells.””! A study using a PTX3
KO mice in a murine model of lung transplantation under-
lined that PTX3 may be also protective in the long-term of
chronic.”* The ambiguous role of endogenous PTX3 war-
rants further attention and investigation before its poten-
tial translation.”*”> PTX3 could be potentially involved in
multiple physiological function and fully understanding its
role may facilitate the development of targeted therapeutic
approaches in solid organ transplantation.®*’%"”

sRAGE

The receptor for advanced glycation end products
(RAGE) is involved in several processes including tissue
regeneration, inflammatory response, and modulation of
alloimmune response. RAGEs can be expressed as a solu-
ble form; sRAGE is likely to act as a decoy molecule that
binds excess RAGE ligand.”®”” Recent studies indicate that
sRAGE possesses both anti-inflammatory and proinflam-
matory properties depending on the cellular composition
and on the availability of ligands in the tissue environ-
ment.”® The protective effect of sSRAGE was demonstrated
in a murine model of heart transplantation, which procured
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a protection to the graft from I/R by attenuating the inflam-
matory response and reducing neutrophil infiltration.®’ In
vitro studies demonstrated that sSRAGE may bind directly
to phagocytes and lead to the activation of Akt, Erk, and
NF-xB signaling pathways, thus promoting their survival,
migration, and even differentiation into macrophages.”®"
Additional studies have reported that sSRAGE treatment
may induce human monocyte and neutrophil recruitment/

www.transplantjournal.com

migration’® or prime them to release several proinflam-
matory cytokines and chemokines.?’ To date, only few
associations between the levels of sSRAGE and trans-
plantation have been described. A single study described
that after liver transplantation, the levels of circulating
sRAGE decreased by day 7 posttransplantation suggest-
ing thus that sSRAGE might exert inhibitory effects on
RAGE, where decreased levels of SRAGE may contribute
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to enhanced RAGE-mediated proinflammatory signaling
after transplantation and during /R injury.> Moreover,
elevated plasmatic levels of SRAGE in transplant recipi-
ent and mainly 24 h after reperfusion were associated with
the development of lung primarz graft dysfunction within
the first 72h after transplant.”> Hence, improving our
understanding of the precise function of sSRAGE will likely
provide better therapeutic approaches for the treatment of
RAGE-related events.”® In fact, further studies are needed
to link the levels of sSRAGE to the status or severity of the
disease. No available evidence is solid enough to conclude
that sSRAGE levels are associated with disease risk. It is
predictable that SRAGE will be used more as a therapeu-
tic target rather than just a biomarker, but long-term pro-
spective clinical studies are required to test this hypothesis.
Moreover, whether there might emerge some side effects
after long-term treatment with RAGE or soluble RAGE
antagonists and whether these approaches exert delete-
rious effects remains to be fully determined.®* Blockade
of RAGE signaling itself represents the most reasonable
approach to be pursued as therapeutics.® Given their
involvement in the regulation of the immune system, how-
ever, circulating SRAGE deserves a place in future research,
mainly in the context of solid organ transplantation.®

CONCLUSION

Available clinical and experimental data established that
multiple events including brain donor death, ischemia-
reperfusion injury, surgical injury, inflammation, tissue/cell
damage, and infection have led to the activation of innate
immune response and in turn direct adaptive immunity
response leading to solid allograft rejection. Particularly the
activation of the innate immune system in the early phase
after solid organ transplantation is mainly a nonspecific
response to tissue damage. This review supports the view
that this process is mediated via signaling through secretion
of various soluble factors such as the cytokines, miRNAs,
eATP, PTX3, and sRAGE by killing the donor cells or by
promoting and amplifying deleterious inflammatory adap-
tive immune responses. Production of these soluble factors
activates a cascade that generates a variety of effector mol-
ecules that can harm the graft, favor antigen presentation,
and combine the innate and adaptive immune responses.
For some types of transplant, it is reasonable that donor
tissue may produce and release soluble factors locally in the
graft, thus potentially amplifying the early response to the
transplant. Improving our understanding of how soluble
factors are involved in the activation of innate immune sys-
tem may be very relevant to the search of new therapeutic
strategies employing agents designed to suppress such fac-
tors to mitigate solid allograft rejection. Hence, strategies
based on blocking the deleterious signaling of these soluble
factors will likely improve allograft outcomes and allow for
the minimization of systemic immunosuppressive therapies;
hence, controlling the innate response might be an effective
method of preventing solid allograft rejection (Figure 2).
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