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Consistent induction of donor‐specific unresponsiveness in the absence of continu‐
ous immunosuppressive therapy and toxic effects remains a difficult task in clinical 
organ transplantation. Transplant immunologists have developed numerous experi‐
mental treatments that target antigen‐presentation (signal 1), costimulation (signal 
2), and cytokine production (signal 3) to establish transplantation tolerance. While 
promising results have been obtained using therapeutic approaches that predomi‐
nantly target the adaptive immune response, the long‐term graft survival rates remain 
suboptimal. This suggests the existence of unrecognized allograft rejection mecha‐
nisms that contribute to organ failure. We postulate that trained immunity stimula‐
tory pathways are critical to the immune response that mediates graft loss. Trained 
immunity is a recently discovered functional program of the innate immune system, 
which is characterized by nonpermanent epigenetic and metabolic reprogramming of 
macrophages. Since trained macrophages upregulate costimulatory molecules (signal 
2) and produce pro‐inflammatory cytokines (signal 3), they contribute to potent graft 
reactive immune responses and organ transplant rejection. In this review, we sum‐
marize the detrimental effects of trained immunity in the context of organ transplan‐
tation and describe pathways that induce macrophage training associated with graft 
rejection.
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1  | INTRODUC TION

Transplantation is a therapeutic option that prolongs the life of thou‐
sands of patients with terminal organ failure. Patients who find a com‐
patible donor and receive a transplant are normally treated daily with 
immunosuppressive drugs that inhibit the activated immune system. 
The immune response occurs in 2 different phases and is mediated 
by different cells. The first phase of the immune response is mediated 
by the innate immune system. This response has a very rapid time of 
onset and is mediated by myeloid cells, including macrophages, neutro‐
phils, and dendritic cells. The second phase of the immune response is 
the adaptive response. This response occurs after the innate response, 
has a slower time of onset, and is mediated by lymphoid cells, includ‐
ing T and B lymphocytes. Conventional immunosuppressive therapies 
have only focused on the adaptive immune response. This is in part 
due to studies carried out by Miller in 1961, who demonstrated that T 
lymphocytes are necessary and sufficient to induce organ transplant 
rejection of skin allografts.1 Further confirmation of these results 
came from Pantelouris, who used recipient “nude” mice lacking T and 
B lymphocytes2 to confirm that the adaptive immune system mediates 
allograft rejection.3 Based on these studies and others, several lab‐
oratories aimed at preventing rejection by blocking T cell activation. 
This was accomplished by preventing signal 1 (antigen presentation), 2 
(costimulation), and/or 3 (cytokine production), which are all required 
to effectively prime T cells.4 Although promising results were achieved 
through the use of either antagonistic monoclonal antibodies or ag‐
onistic immunoglobulins,5 the long‐term transplant survival rates re‐
main suboptimal,6 underscoring the need for additional approaches to 
regulate the immune response.

Recent advances have highlighted the critical role of the innate 
immune system in initiating the immune response against the trans‐
planted allograft7,8 and mediating late, chronic rejection.9 These 
investigations are consistent with clinical data from more than 3 
decades ago showing that macrophages represent the majority of 
cells in the transplanted organ during episodes of severe rejection.10 
More recent data demonstrated that T cell–depleted human renal 
allograft recipients experience rejection characterized by infiltra‐
tion of the allograft with monocytes and macrophages,11 confirming 
that human monocytes initiate the alloimmune response.12 Despite 
progress in understanding the pathways by which macrophages pro‐
mote transplant rejection,13 the mechanisms by which these innate 
immune cells mediate the loss of the transplanted organ are not 
fully understood. Deciphering macrophage activation pathways that 
promote allograft immunity will promote the development of novel 
therapeutic paradigms to prevent allograft rejection.

Macrophages are heterogeneous cells, whose phenotype and 
function are regulated by the microenvironment. Macrophage polar‐
ization refers to the process by which macrophages adopt a particular 
phenotypic and functional program (M1/M2) in response to specific 
signals such as interleukins, interferons, colony‐stimulatory factors, 
and tumor necrosis factors.14 Polarized macrophages undergo epigen‐
etic reprogramming, which leads to specific transcriptional changes 
associated with the secretion of effector molecules.15 Using an 

experimental mouse model of cardiac transplantation, we reported 
that macrophage polarization determines the outcome of the immune 
response. Graft‐infiltrating monocytes adopt an M1 pro‐inflammatory 
phenotype associated with organ rejection, while early macrophage 
polarization toward an M2 anti‐inflammatory state is characteristic of 
tolerance induction.16,17 Li's laboratory further extended these find‐
ings to report that macrophage polarization into M1 and M2 subsets 
was dependent on tumor‐necrosis factor receptor–associated factor 6 
(TRAF6) and mammalian target of rapamycin (mTOR), respectively.18 
While mice deficient for TRAF6 in macrophages were defective in M1 
polarization and developed severe transplant vasculopathy, deletion 
of mTOR from macrophages resulted in long‐term allograft survival 
without histological indications of chronic rejection, emphasizing the 
role of M2‐polarized macrophages for chronic allograft rejection.

More recently, we reported a previously unrecognized pathway 
of allograft rejection associated with macrophage activation.19 This 
novel mechanism involves long‐term functional reprogramming 
of myeloid cells and has been termed “trained immunity.” Trained 
immunity refers to the ability of innate immune cells to switch and 
maintain their functional, transcriptional, epigenetic, and metabolic 
programs after the engagement of specific pattern recognition recep‐
tors (PRR). This property explains classic epidemiological observa‐
tions of vaccines, such as Bacille Calmette‐Guérin (BCG), to provide 
protection not only against the target disease (Mycobacterium tuber‐
culosis), but also against other infections (Staphylococcus aureus and 
Candida albicans) and cancer.20 The term was originally defined as a 
form of “memory” of innate immunity in which myeloid cells, once 
exposed to certain ligands of infectious agents, undergo epigene‐
tic and metabolic changes, enabling them to generate stronger and 
more effective subsequent protective immune responses to new 
infections. Therefore, trained immunity involves secondary stimu‐
lation of previously polarized macrophages that are activated and 
trained through specific signaling pathways (Figure 1). The long‐last‐
ing effects of this protective immunity are explained by nonperma‐
nent histone modifications. Histones are proteins in the cell nuclei 
that are highly conserved across species around which DNA winds 
and histone modifications determine the accessibility of genes for 
transcription during the immune response. While the precise histone 
modifications that occur in trained macrophages are currently under 
investigation, the addition of 3 methyl groups to the lysine 4 on the 
histone H3 protein (H3K4me3) and the acetylation of lysine 27 on 
histone 3 (H3K27Ac) correlate with BCG‐induced trained immunity. 
The training hypothesis extends the concept of macrophage polar‐
ization to include secondary spatiotemporal stimulation associated 
with a greater pro‐inflammatory response.

In the context of organ transplantation, damage‐associated mo‐
lecular patterns (DAMPs) are released in the donor organ during 
ischemia‐reperfusion injury and bind to trained immunity‐associ‐
ated PRR. Consequently, these trained macrophages secrete higher 
quantities of pro‐inflammatory cytokines and more successfully ac‐
tivate the adaptive immune system than untrained macrophages, 
leading to allograft rejection.19 This may affect the long‐term func‐
tion of the transplanted organ, as the immune protective function 
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mediated by trained immunity is preserved for months in pa‐
tients.21 Although trained immunity has not been demonstrated in 
transplant patients, macrophages with the potential to contribute 
to allograft rejection may be trained through signaling pathways 
that involve (1) vimentin/HMGB1, (2) infection (NOD2), (3) oxidized 
low‐density lipoprotein (OxLDL), and (4) the NLRP3‐inflammasome 
(Figure 1). Here, we describe the potential implications of these 
trained immunity pathways in the context of organ transplantation.

1.1 | Vimentin and HMGB1

Macrophages adopt a long‐term pro‐inflammatory phenotype after 
stimulation through dectin‐1, which results in a nonspecific memory 

mediated by nonpermanent epigenetic reprogramming.22 Dectin‐1‐
stimulated macrophages become hyperresponsive to stimulation 
(are “trained”), and they upregulate their glucose metabolism while 
increasing their lactate production. Following a second stimulation 
through Toll‐like receptor 4 (TLR4), trained macrophages produce 
high levels of pro‐inflammatory cytokines, such as interleukin 6 (IL‐6) 
and tumor necrosis factor α (TNFα),20 which are associated with 
organ transplant rejection.23

In the context of solid organ transplantation, dectin‐1‐express‐
ing macrophages bind to vimentin, an endogenous protein involved 
in excisional wound healing.24 Vimentin is a dectin‐1 ligand 25 that 
is upregulated in the donor organ after transplantation and induces 
macrophage training early after transplantation and is associated 

F I G U R E  1   Trained immunity danger signals that compromise organ transplantation. Trained immunity–inducing agents, such as infection 
(viral, bacterial, and fungical), activation of the NLRP3 inflammasome, Western diet, sugar, OxLDL, and cell death are associated with 
increased morbidity and mortality in organ transplant patients. HMGB1, high mobility group box 1; IL, interleukin; mTOR, mammalian target 
of rapamycin; NOD2, Nod‐like receptor 2; NLRP, NOD‐like receptor pyrin domain‐containing‐3; OxLDL, oxidized low‐density lipoprotein; 
TLR4, Toll‐like receptor 4; TNFα, tumor necrosis factor α
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with acute rejection.19 In line with our results, Azimzadeh and col‐
leagues have previously demonstrated that vimentin is upregulated 
in nonhuman primate cardiac allografts during acute and chronic re‐
jection.26 Since apoptosis has been detected in acute and chronic 
rejection 27 and vimentin is exposed on the surface of apoptotic 
cells,28 Azimzadeh and colleagues hypothesized that apoptotic cells 
in the donor allograft expose immunogenic vimentin to the immune 
surveillance system to activate various pro‐inflammatory effector 
mechanisms. We additionally hypothesize that dectin‐‐express‐
ing macrophages, which are found in proximity to apoptotic tissue 
during rejection,29 become trained upon recognition of vimentin 
under sterile inflammatory conditions and secrete inflammatory 
cytokines that promote allograft rejection. Supporting this view, 
Rose and colleagues demonstrated accelerated rejection of cardiac 
allografts in vimentin‐immunized mice.30

Besides apoptosis, other danger signals released from dying cells 
in the donor allograft induce metabolic changes in innate immune 
cells when released into the extracellular compartment.31 Necrosis is 
induced during ischemia reperfusion injury (IRI)32 and necrotic cells 
release high mobility group box 1 (HMGB1) protein that mediates 
inflammation.33 Release of HMGB1 is induced in cardiac allografts 
during acute rejection, which is associated with an increase of the 
pro‐inflammatory cytokines IL6 and TNFα that are secreted by al‐
lograft‐infiltrated macrophages.34,35 Therefore, HMGB1 released 
from necrotic cells during IRI promotes the secretion of the pro‐in‐
flammatory cytokines by activated macrophages in the donor al‐
lograft. Upregulation of HMGB1 in the cardiac allografts may persist 
for at least 8 weeks posttransplantation, and is associated with ac‐
cumulation of inflammatory CD11b+Ly6Chi myeloid cells that medi‐
ate chronic allograft rejection.36 These results suggest that HMGB1 
represents a detrimental pro‐inflammatory signal after organ trans‐
plantation that is implicated in both acute and chronic rejection. To 
mediate its biological effects, HMGB1 binds to TLR4 in macrophages, 
which leads to the production of pro‐inflammatory cytokines.37 As 
discussed above, engagement of TLR4 induces epigenetic changes 
in trained macrophages that lead to pro‐inflammatory cytokine 
production.20 We therefore hypothesize that HMGB1‐mediated en‐
gagement of TLR4 induces training in graft‐infiltrating macrophages. 
Consistent with this view, Valdes‐Ferrer and colleagues observed 
that mouse splenocytes treated with HMGB1 produced higher TNFα 
when challenged with the TRL4 agonist lipopolysaccharide as a sec‐
ondary inflammatory signal.38 On the contrary, we reported that 
the HMGB1‐TLR4 interaction favors the induction of transplanta‐
tion tolerance under costimulatory blockade with anti‐CD40L mAb 
through the secretion of anti‐inflammatory IL‐10 by graft‐infiltrating 
macrophages.17 This suggests that the same endogenous DAMPs, 
such as HMGB1, may participate in both pro‐inflammatory and im‐
mune regulatory responses depending on the specific micro‐envi‐
ronmental stimuli. In addition, the same DAMP may bind through 
multiple receptors that trigger different immunological outcomes. In 
this respect, the danger signal HMGB1 secreted from necrotic cells 
was shown to associate with CD24 and Siglec‐G to reduce activation 
of nuclear factor κB and limit the inflammatory response.39 Thus, 

molecules that activate danger signaling pathways that trigger im‐
mune responses may also participate in the negative regulation of 
TLR responses as a control for excessive inflammation. Moreover, 
the same receptor that participates in training, such as dectin‐1, may 
exert opposing immunological functions according to the specific 
cell type that expresses this C‐type lectin‐like receptor.40 The above 
studies provide critical information for the design of future therapies 
that negatively regulate trained immunity. We conclude that graft‐
infiltrating macrophages expressing dectin‐1 and TLR4 are trained 
by vimentin and HMGB1 in the donor allograft under sterile inflam‐
matory conditions that occur during organ transplantation. These 
trained macrophages may represent an overlooked mechanism of 
allograft rejection that is not impacted by current clinical immuno‐
suppressive regimens.

1.2 | Infection and NOD2

Multiple pathways induce epigenetic and metabolic innate im‐
mune memory.41 Early studies demonstrated that the BCG induces 
Nod‐like receptor 2 (NOD2)‐dependent nonspecific protection to 
secondary infections, which occurs via epigenetic reprogramming 
of monocytes.42 Trained macrophages were shown to increase the 
trimethylation of histone H3 at lysine (H3K4me3) at the IL‐6 and 
TNFα promoters, which were associated with an increased secretion 
of these pro‐inflammatory cytokines. NOD2 is an intracellular PRR 
and represents a general sensor for the bacteria cell wall component 
muramyl dipeptide43 and viral RNA.44 This has critical impact in solid 
organ transplantation because immunosuppressed recipients face 
continuous risk of infections that are associated with graft rejec‐
tion episodes.45 This is, in part, due to heterologous immunity, which 
describes the process by which T cell immunity to a previously en‐
countered viral infection is directed against an organ allograft by the 
recognition of cross‐reactive allogeneic MHC complexes and which 
represents a significant barrier to tolerance induction.46

Using an experimental murine model of bacterial infection, ele‐
gant studies by Chong and colleagues demonstrated that infection 
with S. aureus at the time of transplantation prevents the induction 
of skin allograft acceptance induced by costimulatory blockade.47 
Rejection was dependent on innate immune recognition and IL‐6 
signaling, since MyD88‐, RAG‐, or IL‐6‐deficient recipients pro‐
longed their skin allograft survival despite infection. Interestingly, 
T cell–directed therapy with either cyclosporine or sirolimus was 
unable to prevent graft loss, suggesting a critical role for the innate 
immune system in response to bacterial infection in transplant re‐
cipients. Previous work demonstrated that trained macrophages 
produce large amounts of pro‐inflammatory cytokines upon restim‐
ulation with S. aureus.48 While macrophages mediate potent cyto‐
kine responses upon NOD2 recognition of S. aureus,49 which confers 
nonspecific protection to secondary infections, this represents a 
potential risk in the context of solid organ transplantation, because 
an excessive inflammatory immune response may lead to graft loss. 
Similar results were obtained by Chong and colleagues using the 
intracellular enteric pathogenic bacteria Listeria monocytogenes. 
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NOD2 is also involved in sensing intracellular L. monocytogenes,50 
and infection with L. monocytogenes at the time of transplantation 
prevented both skin and heart allograft tolerance induced by costim‐
ulatory blockade.51

As mentioned above, heterologous immunity refers to the immu‐
nity that can develop to one antigen after the host has had exposure 
to a different antigen through cross‐reactivity. Heterologous immu‐
nity has been well described as a potent barrier to transplantation 
tolerance regimens in animal models, since viral‐specific T cells are 
cross‐reactive with alloantigen.46 There are few murine models of 
human chronic viral infections. Of the few existing models, the mu‐
rine cytomegalovirus chronic infection model (mCMV) provides an 
excellent platform for trying to understand the pathology and graft 
loss associated with viral infections, which are manifested mainly in 
immunosuppressed hosts.52 Given that CMV activates NOD253 and 
that mCMV DNA is present only in cells of the myeloid lineage of 
latently infected mice,54 we hypothesize that mCMV infection may 
induce cytokine production by trained macrophages, such as IL‐6, 
which participate in the stimulation of viral‐specific T cells and/or 
antibody‐mediated responses that may cross‐react with the allograft 
in transplant recipients.55‐57 Supporting this hypothesis, latent infec‐
tion with mCMV prior to transplantation prevented the induction 
of prolonged allograft survival in heart transplant recipients.58 We 
argue that infectious agents represent a risk factor in organ trans‐
plant rejection due to the mechanisms associated with trained im‐
munity‐mediated immune responses.

1.3 | Oxidized low‐density lipoprotein and the 
NLRP3‐inflammasome

Monocytes primed with OxLDL switch to glycolysis and exhibit 
increased pro‐inflammatory cytokine production upon restimula‐
tion.59 OxLDL is DAMP that binds to the receptor CD36 expressed in 
myeloid cells and induces trained immunity.60 This represents a risk 
in organ transplantation because OxLDL present in transplant recipi‐
ents is associated with an increased probability of graft rejection.61

A vast majority of transplant patients (40%‐80%) are reported 
to have hyperlipidemia.62 Circulating low‐density lipoprotein (LDL) is 
enhanced in transplant patients and high LDL content is associated 
with increased susceptibility to LDL oxidation.63,64 Consequently, 
kidney transplant recipients exhibit increased levels of OxLDL after 
transplantation.65 OxLDL has been associated with development of 
chronic rejection in transplant recipients66 and represents a prog‐
nostic marker of transplant‐associated chronic allograft nephropathy 
and coronary artery disease.67,68 Mechanistically, OxLDL promotes 
transplant interstitial fibrosis and arteriosclerosis through the stim‐
ulation of collagen production69,70 and the development of autoanti‐
bodies.71,72 This has a critical impact on the management of transplant 
patients because cyclosporin A is one of the most widely used immu‐
nosuppressive agents in organ transplantation, but at blood levels 
>100 ng/mL it is associated with increased OxLDL levels in kidney 
transplant recipients.73 This argues for the use of alternative immu‐
nosuppressive agents, such as tacrolimus or azathioprine, to reduce 

the OxLDL levels in these patients.74,75 Additionally, inhibitors of the 
hydroxy‐methyl‐glutaryl coenzyme A (HMG‐CoA) reductase, the 
rate‐limiting step in cholesterol biosynthesis, are used to lower the 
serum levels of LDL and reduce the damage caused by OxLDL, such 
as transplant atherosclerosis.76,77 Interestingly, inhibitors of HMG‐
CoA have been shown to prevent trained immunity by epigenetic re‐
programing of macrophages through downregulation of H3K4me378 
and to reduce vessel wall inflammation in atherosclerotic mice.79 
However, in a therapeutic setting, statins are not able to reverse 
induction of trained immunity.80 This suggests that OxLDL induces 
trained macrophages that secrete pro‐inflammatory cytokines60 
that may be involved in the development of atherosclerosis during 
chronic rejection.81 The dual effect of OxLDL may be explained by 
the NOD‐like receptor pyrin domain‐containing‐3 (NLRP3), which 
plays a pivotal function in distinct immunological scenarios. On the 
one hand, a Western‐type diet increases the OxLDL levels that favor 
the formation of cholesterol crystals and promote trained immunity 
through NLRP3 activation. This results in a long‐lasting inflamma‐
tory response characterized by release of IL‐1β and other pro‐inflam‐
matory cytokines.82,83 On the other hand, internalization of OxLDL 
following CD36 engagement leads to the formation of cholesterol 
crystals that activate the NLRP3 inflammasome in macrophages that 
promote atherogenesis.84 Therefore, it is plausible to hypothesize 
that trained macrophages contribute to allograft fibrosis and arterio‐
sclerosis, which promote chronic rejection.

NLRP3 inflammasome is also triggered by necrotic cells.85 
Different forms of cell death, including necrosis, are upregulated in 
the donor allograft due to ischemia‐reperfusion injury during the 
organ transplant procedure.86 This suggests that trained immunity 
may be triggered by graft‐infiltrating macrophages that encounter 
NLRP3 derived from necrotic cells under sterile inflammatory condi‐
tions. Additionally, recent data have documented that extracellular 
release of ATP from apoptotic cells attracts phagocytes.87 Using an 
experimental model of skin transplantation, Pelegrin and colleagues 
demonstrated that extracellular ATP represents a danger signal that 
contributes to allograft rejection. More specifically, the study re‐
vealed that under allogeneic transplant conditions, large amounts of 
ATP bound to the macrophage cell surface purinergic receptor P2X7. 
Activation of P2X7 led to the production of the pro‐inflammatory 
cytokines through NLRP3‐dependent pathways that were associ‐
ated with graft rejection. Interestingly, the study demonstrated that 
P2X7 blockade decreased extracellular ATP concentrations and in‐
creased graft survival.88 We postulate that activation of the NLRP3 
inflammasome through Western diet and cell death (discussed 
above) represents a potential risk for organ rejection in transplant 
patients because all these pathways have been demonstrated to in‐
duce macrophage training and promote potent immune responses.41

2  | DISCUSSION

While lifelong immunosuppressive therapy has dramatically im‐
proved the short‐term results of organ transplantation, their side 
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effects and toxicity compromise long‐term outcomes.89 As a result, 
the median survival time of a transplanted kidney from a deceased 
donor is 10 years.90 The pressing need for less toxic and more specific 
transplantation therapeutic treatment represents an elusive goal in 
organ transplantation. To prevent metabolic toxicity and other un‐
desirable side effects of continuous immunosuppression,91,92 novel 
therapeutic therapies that target the adaptive immune response are 
currently being evaluated in the clinic. These approaches include 
costimulatory blockade,93 lymphodepletion,94 in vivo induction of 
regulatory T cells,95 and bone marrow chimerism.96,97 While promis‐
ing results have been obtained using these methodologies, the in‐
duction of consistent, toxicity‐free, donor‐specific unresponsiveness 
remains elusive98 and underscores the need for novel approaches in 
the development of tolerance‐inducing protocols.

While most therapeutic approaches for the induction of indefi‐
nite allograft survival aim at targeting the adaptive immune response, 
recent data from the Fadi Lakkis laboratory demonstrated that the 
innate immune system initiates allogeneic nonself recognition and 
graft rejection. The study demonstrated that monocytes recall cell‐
associated primary immunization and are able to mount an immune 
response up to 4 weeks after the initial stimuli, demonstrating that 
monocytes exhibit features of immune memory.8 Similarly, trained 
immunity is characterized by nonpermanent epigenetic reprogram‐
ming of macrophages that persists for weeks‐to‐months after the 
elimination of the initial stimulus.20,22 This form of inflammation was 
originally described as a defense mechanism against nonself‐derived 
exogenous bacterial‐ and fungal‐derived components that represent 
pathogen‐associated molecular patterns (PAMPs). This ancient mech‐
anism of immunological defense is also triggered by DAMPs that are 
released during tissue injury. Both PAMPs and DAMPs are recognized 
through PRRs expressed by macrophages, which activate the immune 
response leading to increased inflammatory cytokine production.

Inflammation compromises the outcome of the transplanted 
organ, and inflammatory responses associated with the innate im‐
mune system may have been historically underappreciated. This may 
be due to the accepted dogma that suggests that the innate immune 
system does not recall an immune response and does not have antigen 
specificity. However, early studies from William Hildermann and col‐
leagues demonstrated transplantation immunity with a specific mem‐
ory component in lower invertebrates that lack adaptive immunity. 
Second set of transplants is rejected significantly faster than first‐set 
transplants in corals (MST 22.0 first vs 11.6 second transplant) and 
in sponges (MST 9.0 first vs 3.8 second transplant), demonstrating 
that specific memory was induced upon secondary contact.99,100 
Interestingly, when duration of the alloimmune memory was evalu‐
ated by second sets of grafting pairs at different time points, reactivity 
was shown to fade considerably after 4 weeks of the first transplant. 
This suggests that the innate immune memory, which mediates organ 
transplant rejection, is not permanent. These studies are in line with 
the concept of trained immunity, which argues in favor of nonperma‐
nent epigenetic remodeling of the innate immune system as a critical 
component of alloimmune memory events. Consistent with this view, 
Thomson and colleagues demonstrated that second‐set murine liver 

transplants were rejected by nonparenchymal MHC class II+ cells of 
hematopoietic origin (presumptive dendritic cells),101 and recent data 
from Li’s laboratory demonstrated that macrophages reject alloge‐
neic cells in presensitized hosts.102 Collectively, the data confirm the 
traditional role of macrophages as inflammatory cells and further ex‐
pand the mechanistic view by which macrophages contribute to the 
immunological memory. While trained immunity is associated with 
a negative outcome (rejection), it is important to highlight that epi‐
genetic modifications also promote immune regulatory function of 
macrophages that may favor a positive outcome (graft survival).103 
Moreover, immunological memory may also be associated with tol‐
erance, as data from Chong’s laboratory demonstrated that trans‐
plantation tolerance is restored following infection‐mediated acute 
rejection, suggesting that memory of allograft tolerance dominates 
over the memory of transplant rejection.104

Immune metabolic pathways are associated with epigenetic re‐
wiring of the innate immune system and trained immunity.78 At the 
center of different metabolic pathways associated with trained im‐
munity, the mTOR plays a critical role. Prevention of transplant 
rejection can be achieved by daily rapamycin treatment, but its 
systemic administration affects various different cell types includ‐
ing podocytes, epithelial cells, endothelial cells, myeloid cells, B 
cells, T cells, NK, and NKT cells.105 In addition, poor water solu‐
bility and low bioavailability of rapamycin makes its systemic ad‐
ministration difficult106 and leads to life‐threatening toxic effects 
when used chronically in transplant recipient patients. To inhibit 
trained immunity and at the same time prevent the detrimental ef‐
fects of lifelong rapamycin therapy, our laboratories developed a 
novel immune therapy based on nanobiologics. These nanobiolog‐
ics are composed of apolipoprotein A‐1 obtained from the blood 
that together with phospholipids encapsulate the mTOR inhibitor 
rapamycin (mTORi‐nanoimmunotherapeutic). Our nanoimmuno‐
therapeutic was able to prevent the induction of trained immunity 
in macrophages and promoted the acceptance of heart allografts 
in mice.19 This novel approach prevents the innate immune mem‐
ory response and represents a new strategy for the development 
of future clinical treatments that aim at eliminating the need for 
continuous immunosuppression in transplant patients. Future ex‐
periments will determine whether the mTORi‐nanoimmunother‐
apeutic also prevents other trained immunity–related scenarios, 
including infection (viral, bacterial, and fungal),41 activation of 
the NLRP3 inflammasome in type 2 diabetic patients,97 or other 
chronic inflammatory conditions107 that are associated with in‐
creased morbidity and mortality in organ transplant patients.

Trained immunity is a recent term that describes the ability of 
innate immune cells, including monocytes and macrophages, to 
mount intensified immune responses that protect against patho‐
genic secondary stimuli. Murine studies demonstrated that organ 
transplantation induces macrophage training and represents a pre‐
viously unrecognized mechanism that contributes to allograft re‐
jection. Investigations to determine the precise locations (allograft, 
secondary lymphoid organs, bone marrow…), duration (days, weeks, 
months…), and participating innate immune cells (macrophages, NK 
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cells, endothelial cells…) in trained immunity will provide valuable 
information to design more effective treatments in transplantation. 
In this respect, immunologic, metabolic, and epigenetic approaches 
that prevent trained immunity may be considered as synergistic 
therapeutic options to promote optimal long‐term survival rates in 
nonhuman primates and humans.
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