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A B S T R A C T   

Immune checkpoint (IC) molecules modulate immune responses upon antigen presentation; the interaction be-
tween different IC molecules will result in the stimulation or, rather, the thwarting of such responses. Tumor cells 
express increased amounts of inhibitory IC molecules in an attempt to evade immune responses; therapeutic 
agents have been developed that bind inhibitory IC molecules, restoring tumor-directed immune responses and 
changing the prognosis of a number of cancers. Stimulation of inhibitory IC molecules could be beneficial in 
preventing rejection in the setting of solid organ transplantation (SOT), and in vivo as well as in vivo results 
obtained in animal models show this to indeed to be the case. With the exception of belatacept, a monoclonal 
antibody (mAb) in which an IgG Fc fragment is linked to the extracellular domain of CTLA-4, this has not yet 
translated into the generation of novel therapeutic approaches to prevent SOT rejection. We provide a review of 
state-of-the art knowledge on the role played by IC molecules in transplantation, confident that innovative 
research will lead to new avenues to manage rejection in solid organ transplant.   

1. Introduction 

Antigenic peptides presented in the cleft of a major histocompati-
bility complex (MHC) molecule initiate antigen-specific immune re-
sponses [1–3]. Whether such immune response will result in the 
activation of antigen-specific clones and their proliferation and differ-
entiation into effector cells, or rather if the signal will be a tolerogenic 
one depends on the interaction between a number of costimulatory 
molecules that are present on the surface of T lymphocytes and antigen 
presenting cells (APC). Thus, if the presentation of the antigenic 
peptide-MHC molecule binary complex to the T cell receptor (TcR) is 
within a molecular milieu in which co stimulatory proteins including 
CD40 and CD80/CD86 interact with CD40L and CD28, respectively, an 
activatory immune response will ensue [4]. If, instead, antigen presen-
tation will be accompanied by the interaction of inhibitory molecules 
such as programmed death 1 (PD-1) or galectin-9 (gal-9) with their 
respective ligands PD-L1 and Tim-3 and/or CEACAM-1, the resulting 
immune response will be hampered and antigen-specific tolerance will 

be favored [4]. 
The relative imbalance between inhibitory and activatory molecules, 

thus, will determine the quality of an immune response, as these mol-
ecules act as immune checkpoint (IC) modulating the nature of immune 
responses in physiologic and pathologic conditions. Hence, the presence 
of inhibitory IC molecules is fundamental in immune homeostasis, as 
these molecules, together with T regulatory cells, play a pivotal role in 
terminating immune responses and in the phenomenon of tolerance 
against self-antigens [5,6]. Inhibitory IC are also involved in the 
extremely complex scenario of fetal tolerance, as successful pregnancy is 
possible if fetal recognition by the maternal immune system is impeded 
[7,8]. 

Tumor cells have been shown to overexpress IC molecules, 
hampering the generation of protective anti-tumor immune responses 
by T lymphocytes [5]. Monoclonal antibodies that target inhibitory IC 
molecules, thus allowing the generation of efficient tumor-specific 
cell-mediated immune responses, have been developed and have been 
shown to be extremely efficient in drastically improving the prognosis 
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and survival of oncologic patients. The possible role of IC antibodies that 
stimulate inhibitory IC molecules in determining tolerance lymphocytes 
[9–11] or, on the other hand, impeding the initiation of graft rejection in 
solid organ transplantation recipients has been only marginally exam-
ined. In this mini-review we will briefly present literature data on the 
expression and function of the best characterized IC molecules in the 
setting of solid organ transplantation in animal models and in humans, 
in the attempt to summarize state-of-the-art knowledge on this topic. 

2. Main immune checkpoint pathways 

Co-stimulation driven by the ligation of different IC molecules on the 
surface of immune cells plays a pivotal role in determining T lympho-
cytes activation or anergy after antigen presentation. Initial analyses 
identified CD28 as a fundamental activatory molecule upon binding to 
CD80 or CD86. Interestingly, CD80/CD86 can also bind CTLA-4 and in 
this case the interaction results in the delivery of a potent inhibitory 
signal, as indicated by the observation that CTLA-4-deficient mice show 
a lethal phenotype characterized by a strong pro-inflammatory profile 
[12–14]. 

Other members of the B7 family molecules were subsequently 
identified, PD-L1 and its ligand PD-1, which are type I membrane pro-
teins that contain immunoglobulin (Ig) domains and are therefore 
classified as members of the Ig superfamily, were shown to play a major 
role in the induction of tolerance [15,16]. PD-1 is expressed as a 
monomer on activated T and B lymphocytes, thymocytes, and NK cells. 
Besides its fundamental role in shaping T cell repertoire in the thymus, 
PD-1 upon binding PD-L1 inhibits cell proliferation, reduces the pro-
duction of pro-inflammatory cytokines, and blocks cell cycle progression 
[16,17]. Furthermore, together with CTLA-4 and other, less well char-
acterized IC molecules, PD-1 regulates peripheral tolerance. PD-1 binds 
PD-L1 and PD-L2 in different tissues, with high levels of expression in 
placenta, low expression levels characterizing spleen, lymph nodes, and 
thymus, and a lack expression seen in the central nervous system. PD-L1, 
in particular, was shown to be constitutively expressed on APCs, and 
plays an active role in the induction and maintenance of T-cell anergy, 
down-regulating the effector phase of the cellular immune response. 

Since the PD1≈PD-L1 engagement can negatively regulate autor-
eactive T- and B-cells and plays a pivotal role in the maintenance of 
tolerance, it is not surprising that an imbalance between positive and 
negative signals was shown to contribute to the onset of a variety of 
autoimmune and hypersensitivity diseases [18–20]. Situations charac-
terized by impaired immune responses, on the other hand, take advan-
tage of the PD-1/PD-L1 pathway-mediated suppression of immune 
activation regulation in a detrimental way. Thus, tumor cells upregulate 
PD-L1 to evade T-cell recognition, and PD-L1 was observed to be highly 
expressed by many human carcinomas, including those of the breast, 
cervix, lung, ovary and colon, promoting tumor growth and apoptosis of 
tumor-reactive T-cells [21,22]. As indicated above, though, 
PD1≈PD-L1-mediated dampening of immune responses is also involved 
in the extremely complex and only partially clarified phenomenon of 
feto-maternal tolerance to paternally inherited alloantigens during 
gestation. Thus, PD-L1 is abundantly expressed by villous syncytio-
trophoblasts and cytotrophoblasts during the second trimester of normal 
pregnancy, when chorionic villi come in direct contact with maternal 
blood, indicating a role for these IC molecules in the immunological 
protection of the fetus from maternal immune system [7,23]. 

T-cell immunoglobulin domain and mucin domain-3 (TIM-3), also 
known as HAVCR2, is another immune checkpoint molecule with a 
fundamental role in physiological and pathological conditions in 
humans. TIM-3 is an activation-induced inhibitory molecule playing a 
fundamental role in tolerance and is a negative regulator of immune 
responses upon binding its ligand, Galectin-9 (Gal-9). TIM-3/Gal-9 
interaction results in the dampening of T cells responses and induces 
the apoptosis of T lymphocytes and their phagocytosis by monocytes and 
macrophages [24,25]. The TIM-3/Gal-9 pathway thus, is considered to 

be a pure immune system inhibitor: it promotes differentiation of reg-
ulatory T cells (Tregs), reduces T-helper 17 (Th17) and Th1 cells acti-
vation, and induces CD8+ T cell apoptosis, resulting in suppression of 
excessive immunity and inflammation. The Tim-3/Gal-9 pathway is 
endowed with physiological functions as well, including cell growth, 
differentiation, adhesion and communication [6,26]. Analogously to 
what is seen in the PD-1/PD-L1 pathway, the immunosuppressive fea-
tures of these IC molecules can by high jacked in pathological situations. 
Thus, Gal-9 increased expression can be seen in tumors, is associated 
with the tumor occurrence or metastasis, and was shown to promote the 
colony formation of melanoma cells [27–29]. Notably, another ligand 
for TIM-3 has been identified: carcinoembryonic antigen cell adhesion 
molecule 1 (CEACAM-1). Similar to what is seen with Gal-9, TIM-3 
ligation of CEACAM promotes TIM-3-mediated inhibition and apoptosis 
of antigenic-specific T lymphocytes. The reciprocal interactions between 
TIM-3 and CEACAM-1 are complex as CEACAM-1 enhances the surface 
expression of TIM-3. Thus, CD4+ T lymphocytes from transgenic mice 
that lack CEACAM-1 (Tim3Tg CEACAM-1-/-) exhibit low cell surface 
expression of TIM-3. 

The TIM-3-Gal-9/CEACAM pathway has been associated with sus-
ceptibility to the development and the severity of multiple autoimmune 
diseases, including autoimmune colitis and experimental autoimmune 
encephalitis (EAE), in murine models [30–32]. Notably, the use of a 
CEACAM-1-Fc fusion protein in the same models resulted in the atten-
uation of disease activity, further reinforcing the idea that this pathway 
plays a fundamental role in regulating immune responses. 

3. Immune checkpoint molecules in solid organ transplantation: 
animal models 

The beneficial effect of molecules that block immune checkpoint (IC) 
molecules interaction in improving the efficacy of tumor-directed im-
mune responses in oncology has been established by a remarkably 
robust body of work cells [5,11,33,34]. The possibility of intervening in 
the opposite way, i.e. stimulating IC interaction to down-regulate im-
mune responses directed toward the MHC antigens expressed on the 
surface of the transplanted organ to favor induction of tolerance has 
been much less explored. Indeed, whereas a number of IC-blocking 
monoclonal antibodies (mAbs) has been developed and are clinically 
available; many fewer IC-stimulating mAbs are at hand. The success of 
IC blockade in cancer patients has nevertheless stimulated research and 
industrial development to envision novel therapeutic pathways based on 
IC manipulation. 

An initial question in developing IC-stimulation based approaches to 
tolerance induction is whether it could be sufficient to directly stimulate 
ICs or if it would be necessary to combine IC stimulation with inhibition 
of CD4 T lymphocyte-mediated help. At least from a theoretical point of 
view, the combination of IC stimulation (e.g. PD1≈PD-L1) and the 
simultaneous inhibition of immune costimulatory pathways (e.g. 
CD80≈CD28) would result in an optimal tolerance-inducing synergistic 
effect. [35,36] Notably, blocking of costimulatory pathways, leading to 
reduced CD4+T helper help, is one of the conditions inducing T 
lymphocyte exhaustion of CD8+ T lymphocytes; this would surely 
contribute to the induction of immune tolerance [37]. The possibility to 
reduce or prevent rejection of solid organ transplantation has been 
analyzed in mice, rats and non-human primates (NHP) models using a 
cadre of different IC-stimulating molecules. 

The best characterized IC pathway is the one involving CD80/86 and 
CD28/CTLA4; it is thus somehow logical that amongst the first Abs 
produced with potential use in the clinical world were Abs with an 
agonist or an antagonist effect on this pathway. Initial results in animal 
models showed that the use of CTLA4 Ig was associated with long-term 
xeno and allograft survival in murine models [38]. Subsequent results 
with an improved molecule with higher molecular affinity (belatacept) 
resulted in significantly prolonged allograft survival in kidney trans-
plant models in NHPs [39,40]. The interaction between CD80/CD86 and 
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CTLA4 results in the inhibition of immune responses, the one between 
CD80/CD86 and CD28 instead triggers T cells activation; thus at least in 
theory the same effect: inhibition of an immune response, can be 
reached by stimulating CTLA4 or by blocking CD28. The idea of inter-
vening on CD28 rather than on CTLA4 is more recent and has led to some 
promising results. Thus, the use of an anti-CD28 mAb was shown to 
results in prolonged allograft survival and inhibition of donor-specific 
antibodies in a model of NHP kidney allotransplantation [35,36,41]. 

Early results showed that manipulation of another important IC 
pathway, CD40≈CD40L could prolong cardiac allograft survival in both 
naive and sensitized mice [42,43]. Additional data confirmed that the 
use of an anti-CD40L molecule significantly prolonged kidney, skin, and 
heart allograft survival in NHPs [34]. The observation that anti-CD40L 
monoclonal antibodies: 1) can activate platelets directly, as these 
blood elements express CD40L on their surface [44], and 2) can form 
immune complexes with soluble CD40L, that can indirectly activate 
platelets through the Fc-γ receptor IIA (FCGR2A) [45], justified the 
observation that thromboembolic complications could be observed upon 
the use of these antibodies. This led to the development of engineered 
IgG1 that are devoid of Fc-binding and complement-fixing effector 
functions; this new molecule was shown to prolong kidney allograft 
survival in NHPs in the absence of thromboembolic complications [46]. 

Another IC pathway that is potentially interesting from a therapeutic 
point of view is the ICOS≈ICOSL pathway. The observation that ICOS is 
expressed upon T lymphocyte activation but is not present of naïve T 
cells raised the hypothesis that the effect of its modulation could syn-
ergize with that of molecules that are instead constitutionally expressed 
on immune cells (e.g.CD80/86) [47]. Results, though, were disap-
pointing as ICOS≈ICOSL blockade using a novel ICOSIg did not increase 
kidney allograft survival in NHP models, either when used alone or 
when combined with belatacept [48]. A similar rationale is at the basis 
of the idea of modulating the OX40≈OX40L pathway: also in this case, 
these molecules are expressed on activated but not on naïve T lym-
phocytes. Recent results showed that the use of anti-OX40L in combi-
nation with belatacept resulted in a significantly prolonged survival of 
kidney allograft in NHPs [49]. 

PD-1, PD-L1, and PD-L2 were described to be upregulated in murine 
models of allogenic cardiac transplantation during rejection [50]; 
interestingly, the use of PD-L1 Abs resulted in increased tolerance with 
an improved transplant acceptance and, in some cases, permanent 
engraftment [50]. In murine models of kidney graft, rejection was 
shown to be modulated by the PD1≈PD-L1 pathway. Thus, the majority 
of CD4+ and CD8+T lymphocytes were observed to express PD1 during 
the initial phase of immune responses directed toward the transplanted 
organ [51]. In animal models, the use of PD-L1-blocking Ab caused acute 
rejection whereas the employment of a PD-L1 molecule anchored onto 
the surface of rat glomerular endothelial cells [52] reduced T cell graft 
infiltration and increased the infiltration of Treg cells upon binding 
PD-1, with a beneficial effect on organ survival. In the setting of lung 
transplantation, seminal observations showed that CD8+ T lymphocytes 
expressing PD1 are pivotal in mediating tolerance. Thus: 1) 
co-stimulation blockade-mediated tolerance after lung transplantation 
was observed to be dependent on PD-1 expression on CD8+ T cells, and 
2) if PD-1 expression is deficient, the differentiation of CD8 T lympho-
cytes was detected to be skewed towards an effector memory phenotype, 
resulting in acute lung rejection [53]. Very recently, the administration 
of PD-L1-recombinant proteins was demonstrated to decrease inflam-
matory cytokine production and down-regulate CD4+ T-cell prolifera-
tion, significantly reducing allograft airway fibrosis and inhibiting 
rejection in a heterotopic tracheal allograft model of lung trans-
plantation [54]. 

An exciting biotechnological advance was recently developed that 
combines IC modulation with the use of “classical” immunosuppressive 
drugs. Thus, cell membrane-derived PD-L1 nanovesicles were engi-
neered to carry low doses of rapamycin. Results showed that such 
nanovesicles inhibited T-cell activation and proliferation by enhancing 

the PD-1≈PD-L1 immune co-inhibitory signaling, down-regulated acti-
vation of the mTOR pathway, and favored the induction of splenic Treg 
cells; this resulted in allograft tolerance in a mouse skin transplantation 
mode [55,56]. Finally, porcine neonatal islets overexpressing PD-L1 
were shown to be characterized by better engraftment and reduced 
rejection in a humanized mouse model, suggesting that the 
IC-modulating approach could also be useful in the scenario of xeno-
tranplantation. [57,58] 

Another possibility which has been explored in several animal 
models is to modulate SOT rejection by interfering with the 
CD40≈CD40L pathway. The most consistent and promising results stem 
from studies performed in NHP undergoing kidney transplantations 
[59]. Both CD40– and CD40L (CD154)-specific mAbs could reduce the 
severity of acute and long-term graft rejection, with a more potent effect 
observed in animals receiving CD154-specific mAbs. Unpredicted target 
toxicity due to Fc effector function binding to platelets [60,61]tempo-
rarily stopped clinical development of this approach. 

Data on other IC molecules are scarcer. To summarize results ob-
tained in a series of experiments performed in murine models focusing 
on the Tim-3≈Gal-9 IC pathway : (1) blocking Tim-3 accelerates acute 
rejection whereas Tim-3 overexpression delays the onset of liver rejec-
tion; and (2) upregulation of Gal-9 prolongs survival of islet trans-
plantation [62], as well as that of liver [63], skin [64], and cardiac 
allografts [65], indicating the likelihood that this IC pathway could be a 
used in developing novel therapeutic approaches in transplantation. 

BTLA, a molecule belonging to the CD28 superfamily was also shown 
to play a role in the acceptance of partially mismatched heart and kidney 
allografts in mice. [66–68] Finally, TIGIT agonists were observed to 
protect against rejection and to induce the polarization of APC toward 
an anti-inflammatory M2 phenotype [69] in a murine model of skin 
grafting (minor antigenic mismatch). It is important to observe that the 
beneficial effect of these IC agonists on preventing rejection was often 
potentiated by the concurrent manipulation of the CD80/86≈CTLA4 
interaction, a major co-stimulatory pathway, with belatacept [40], 
underlining the possible need to interfere with multiple immune path-
ways to obtain a beneficial synergistic effect. 

Finally, despite not being classified as an IC molecule, modulation of 
CD26 was shown to result in the abrogation of acute rejection and 
prolongation of allograft survival in a rat cardiac transplantation model. 
Even more recently, inhibition of CD26 was observed to attenuate 
rejection by suppressing T-lymphocyte activation in an experimental 
mouse model of lung transplantation. CD26 is an immune molecule 
expressed on hematopoetic, epithelial, and endothelial cells whose 
stimulation results in increased IL-2 production. CD26 inhibition is 
associated with suppression of T cell proliferation and reduced Ab pro-
duction, justifying how CD26 antagonist have a beneficial effect on 
transplantation, at least in the animal model [70]. 

Taken together these data confirm the pivotal role played by the 
modulation of immune cells on the outcome of solid organs trans-
plantation, indicating the need to design in-depth analyses to generate 
results that could lead to the development of novel therapeutic ap-
proaches to prevent organ rejection. 

4. Immune checkpoint molecules in solid organ transplantation: 
clinical results 

Data stemming from clinical trials aiming at verifying the possibly 
beneficial effects of IC stimulation-based therapies on preventing solid 
organ rejection are limited and are mostly based on the use of belata-
cept. An indirect proof of the importance of IC in inducing tolerance 
comes from the numerous observations that immune checkpoint 
inhibitors-based therapies in transplanted patients who developed ma-
lignancies favors the development of rejection and graft loss, supporting 
the idea that the modulation of immune checkpoint molecules modu-
lates allograft tolerance [71]. 

As briefly indicated above, belatacept is a mAb in which the Fc 
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fragment of a human IgG1 is linked to the extracellular domain of CTLA- 
4; this mAb binds CTLA-4 with very high avidity and potently inhibits T- 
lymphocytes-mediated immune responses in vitro and in vivo [72]. 

Results of an initial phase II clinical trial in kidney transplanted 
patients showed that the efficacy of belatacept-based therapy was 
similar to that of cyclosporine in preventing rejection and improving 
allograft function at 1 year [73]. These results were confirmed in a phase 
III trial, BENEFIT, with a longer follow up (7 years), in which the of 
belatacept was shown to result in improved renal function, reduction in 
cardiac and metabolic toxicities, and a survival advantage at compared 
to cyclosporin [74]. Results of the BENEFIT trial led the FDA to approve 
belatacept for the prevention of rejection in kidney transplantation and 
the drug, in combination with corticosteroids and mycophenolic acid 
(MPA), is currently indicated for the prophylaxis of graft rejection in 
adults undergoing renal transplantation. These results notwithstanding, 
it has to be underlined that the use of belatacept is associated with an 
increased risk of lymphoproliferative disease in Epstein-Barr virus 
(EBV)-seronegative kidney recipients [21] and with a still unexplained 
higher rate of early acute cell-mediated rejection [20]. 

Results obtained in a different clinical setting, lung transplantation, 
were more controversial. Thus, initial results obtained in 11 lung re-
cipients who failed calcineurin inhibitors-based therapies showed that 
after belatacept conversion rapid graft decline or loss from acute 
rejection were not observed and no treatment limiting adverse events 
occurred [75]. These results, though, were not confirmed by a subse-
quent study in which 27 lung recipients were randomized to receive 
either “classical” (tacrolimus, mycophenolate mofetil and prednisone) 
or belatacept-based immunosuppression (tacrolimus, belatacept, and 
prednisone). Five patients in the belatacept arm died compared to none 
in the “classical arm” [76]. Notably, conversion to belatacept was re-
ported to result in severe acute cellular rejection of in fulminant acute 
respiratory distress syndrome in two other cases in patients who un-
derwent lung transplantation [77,78]. 

Taken together these results leads to the decision to reconsider the 
use of belatacept in these patients. Similar discouraging results were 
obtained in liver-transplanted patients. Thus, results of a clinical trial 
comparing belatacept- and tacrolimus-based therapies showed that the 
percentage of patients meeting primary end points (acute rejection, graft 
loss, death by month 6) was higher in the belatacept group, in whom a 
higher number of deaths and grafts losses was observed as well [73,79]. 

Curiously, on the other hand (no pun intended…), results of a case 
report showed that acute rejection could be resolved upon conversion 
from a tacrolimus, mycophenolate mofetil and steroids-based to a 
belatacept and sirolimus-based therapy in a hand transplant recipient 
[80]. 

PD-1 and its ligands, PD-L1 and PD-L2, constitute the inhibitory 
regulatory pathway with the highest potential therapeutic use to prevent 
rejection of solid organs. A series of results obtained in the clinical 
setting support this possibility. Thus, PD-L1, PD-L2, and PD-1 expression 
was shown to be upregulated in biopsies of patients with renal allograft 
rejection [81]. In samples of human transplanted hearts, acute cellular 
rejection was demonstrated to be associated with decreased PD-L1 
expression [82,83]. 

We focused our attention on lung transplantation (LTx), analyzing 
both rejected organs, trans-bronchial biopsies (TBB), and plasma. Re-
sults obtained in rejected lungs showed the presence in the organs of 
increased percentages of PD-1-, PD-L1-, and CTLA4- expressing T lym-
phocytes; in these same lungs exhausted PD-1-expressing T lymphocytes 
(PD-1pos/TOXpos) and exhausted Treg (PD-1pos/FOXP3pos) T lym-
phocytes were significantly reduced [71]. PD-1-expressing T lympho-
cyte should result in dampening of immune responses, it is thus 
apparently counterintuitive that the detection of these cells was asso-
ciated with worst clinical outcomes in LTx. A possible explanation is that 
the accumulation of PD-1- and PD-L1-expressing cells in organs that are 
rejected is a late and futile attempt to prevent such process. Of course, in 
rejected organs we can only analyze the final portion of the cascade of 

events leading to rejection, studies in animal models designed to 
perform longitudinal follow-up of immunological responses after SOT 
would be extremely informative, but are difficult to design. In TBB we 
observed that the presence of high amounts of PD-1-expressing T cells 
was associated with a higher likelihood to develop chronic rejection and 
the presence of a restrictive allograft syndrome (RAS) phenotype [20, 
71]. Also in this case, consecutive samples from the same patients during 
post-LTx surveillance will be needed to shed light on the timing of im-
mune checkpoint molecules activation after SOT. Finally, in plasma we 
observed that soluble Galectin9 (sGAL9) concentration was greatly 
reduced in patients undergoing acute or chronic rejection [84]. These 
results are complex and need to be interpreted and understood, they 
nevertheless unequivocally confirm that IC are involved in solid organ 
rejection. 

To our knowledge, with the exception of the trials using belatacept 
and of an anti-CD40L study in kidney transplantation that was halted by 
the FDA because of thromboembolic complications, results of other IC- 
based clinical trial in the setting of solid organ transplantation are not 
available. 

5. Conclusions 

The identification of IC molecules shed light on the intricacies of 
immune stimulation/tolerance and led to the design of novel, extremely 
useful molecules currently used in oncology. Results obtained in animal 
models of solid organ transplantation clearly demonstrate that such IC 
molecules play a fundamental role in acceptance or lack thereof of solid 
organs; these results have not yet translated into the clinical scenario. 
More science, more experiments, more research in ampler cohorts of 
patients undergoing transplantation and enrolled in longitudinal studies 
are needed to advance our understanding of how the different IC path-
ways interact in determining the clinical outcome of transplanted pa-
tients. Doubtlessly, though, and accordingly to what has happened in 
oncology, IC based therapies are the future of therapy in transplantation. 
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[23] B. Kurt, C. Hepokur, Z.D. Şahin İnan, İ. Küçükyıldız, Does the use of low-molecular- 
weight heparin during pregnancy change the expression of PD-1 and PDL-1 in 
women with recurrent pregnancy loss? Tjod 20 (2023) 269–274, https://doi.org/ 
10.4274/tjod.galenos.2023.95769. 

[24] Y. Wolf, A.C. Anderson, V.K. Kuchroo, TIM3 comes of age as an inhibitory receptor, 
Nat. Rev. Immunol. 20 (2020) 173–185, https://doi.org/10.1038/s41577-019- 
0224-6. 

[25] L. Zhao, S. Cheng, L. Fan, B. Zhang, S. Xu, TIM-3: an update on immunotherapy, 
Int. Immunopharmacol. 99 (2021) 107933, https://doi.org/10.1016/j. 
intimp.2021.107933. 

[26] Z. Li, Z. Ju, M. Frieri, The T-cell immunoglobulin and mucin domain (Tim) gene 
family in asthma, allergy, and autoimmunity, Allergy Asthma Proc. 34 (2013) 
21–26, https://doi.org/10.2500/aap.2013.34.3646. 

[27] I.M. Yasinska, S.S. Sakhnevych, L. Pavlova, A. Teo Hansen Selnø, A.M. Teuscher 
Abeleira, O. Benlaouer, I. Gonçalves Silva, M. Mosimann, L. Varani, M. Bardelli, 
R. Hussain, G. Siligardi, D. Cholewa, S.M. Berger, B.F. Gibbs, Y.A. Ushkaryov, 
E. Fasler-Kan, E. Klenova, V.V. Sumbayev, The Tim-3-Galectin-9 pathway and its 
regulatory mechanisms in human breast cancer, Front. Immunol. 10 (2019) 1594, 
https://doi.org/10.3389/fimmu.2019.01594. 

[28] N. Pang, X. Alimu, R. Chen, M. Muhashi, J. Ma, G. Chen, F. Zhao, L. Wang, J. Qu, 
J. Ding, Activated Galectin-9/Tim3 promotes Treg and suppresses Th1 effector 
function in chronic lymphocytic leukemia, FASEB J. 35 (2021), https://doi.org/ 
10.1096/fj.202100013R. 

[29] Y. Lv, X. Ma, Y. Ma, Y. Du, J. Feng, A new emerging target in cancer 
immunotherapy: galectin-9 (LGALS9), Genes Dis. 10 (2023) 2366–2382, https:// 
doi.org/10.1016/j.gendis.2022.05.020. 

[30] F. Piancone, M. Saresella, I. Marventano, F. La Rosa, D. Caputo, L. Mendozzi, 
M. Rovaris, M. Clerici, A deficit of CEACAM-1–expressing T lymphocytes supports 
inflammation in primary progressive multiple sclerosis, J. Immunol. 203 (2019) 
76–83, https://doi.org/10.4049/jimmunol.1801625. 

[31] A.D. Salama, T. Chitnis, J. Imitola, M.J.I. Ansari, H. Akiba, F. Tushima, M. Azuma, 
H. Yagita, M.H. Sayegh, S.J. Khoury, Critical role of the programmed death-1 (PD- 
1) pathway in regulation of experimental autoimmune encephalomyelitis, J. Exp. 
Med. 198 (2003) 71–78, https://doi.org/10.1084/jem.20022119. 

[32] J. Pinkert, H.-H. Boehm, M. Trautwein, W.-D. Doecke, F. Wessel, Y. Ge, E. 
M. Gutierrez, R. Carretero, C. Freiberg, U. Gritzan, M. Luetke-Eversloh, S. Golfier, 
O. Von Ahsen, V. Volpin, A. Sorrentino, A. Rathinasamy, M. Xydia, R. Lohmayer, 
J. Sax, A. Nur-Menevse, A. Hussein, S. Stamova, G. Beckmann, J.M. Glueck, 
D. Schoenfeld, J. Weiske, D. Zopf, R. Offringa, B. Kreft, P. Beckhove, J. Willuda, 
T cell-mediated elimination of cancer cells by blocking CEACAM6–CEACAM1 
interaction, Oncoimmunology 11 (2022) 2008110, https://doi.org/10.1080/ 
2162402X.2021.2008110. 

[33] A. Del Bello, E. Treiner, Immune checkpoints in solid organ transplantation, 
Biology (Basel) 12 (2023) 1358, https://doi.org/10.3390/biology12101358. 

[34] P.M. Schroder, Z.W. Fitch, R. Schmitz, A.Y. Choi, J. Kwun, S.J. Knechtle, The past, 
present, and future of costimulation blockade in organ transplantation, Curr. Opin. 
Organ Transplant. 24 (2019) 391–401, https://doi.org/10.1097/ 
MOT.0000000000000656. 

[35] N. Poirier, A.M. Azimzadeh, T. Zhang, N. Dilek, C. Mary, B. Nguyen, X. Tillou, 
G. Wu, K. Reneaudin, J. Hervouet, B. Martinet, F. Coulon, E. Allain-Launay, 
G. Karam, J.-P. Soulillou, R.N. Pierson, G. Blancho, B. Vanhove, Inducing CTLA- 
4–dependent immune regulation by selective CD28 blockade promotes regulatory 
T cells in organ transplantation, Sci. Transl. Med. 2 (2010), https://doi.org/ 
10.1126/scitranslmed.3000116. 

[36] S.J. Suchard, P.M. Davis, S. Kansal, D.K. Stetsko, R. Brosius, J. Tamura, 
L. Schneeweis, J. Bryson, T. Salcedo, H. Wang, Z. Yang, C.A. Fleener, O. Ignatovich, 
C. Plummer, S. Grant, S.G. Nadler, A monovalent anti-human CD28 domain 
antibody antagonist: preclinical efficacy and safety, J. Immunol. 191 (2013) 
4599–4610, https://doi.org/10.4049/jimmunol.1300470. 

[37] E.B. Thorp, C. Stehlik, M.J. Ansari, T-cell exhaustion in allograft rejection and 
tolerance, Curr. Opin. Organ Transpl. 20 (2015) 37–42, https://doi.org/10.1097/ 
MOT.0000000000000153. 

[38] P.S. Linsley, P.M. Wallace, J. Johnson, M.G. Gibson, J.L. Greene, J.A. Ledbetter, 
C. Singh, M.A. Tepper, Immunosuppression in vivo by a soluble form of the CTLA-4 
T cell activation molecule, Science 257 (1992) 792–795, https://doi.org/10.1126/ 
science.1496399. 

[39] F. Vincenti, L. Rostaing, J. Grinyo, K. Rice, S. Steinberg, L. Gaite, M.-C. Moal, G. 
A. Mondragon-Ramirez, J. Kothari, M.S. Polinsky, H.-U. Meier-Kriesche, S. Munier, 
C.P. Larsen, Belatacept and long-term outcomes in kidney transplantation, N. Engl. 
J. Med. 374 (2016) 333–343, https://doi.org/10.1056/NEJMoa1506027. 

[40] H. Zhang, Z. Wang, J. Zhang, Z. Gui, Z. Han, J. Tao, H. Chen, L. Sun, S. Fei, 
H. Yang, R. Tan, A. Chandraker, M. Gu, Combined immunotherapy with belatacept 
and BTLA overexpression attenuates acute rejection following kidney 
transplantation, Front. Immunol. 12 (2021) 618737, https://doi.org/10.3389/ 
fimmu.2021.618737. 

[41] D. Liu, S.M. Krummey, I.R. Badell, M. Wagener, L.A. Schneeweis, D.K. Stetsko, S. 
J. Suchard, S.G. Nadler, M.L. Ford, 2B4 (CD244) induced by selective CD28 
blockade functionally regulates allograft-specific CD8+ T cell responses, 
J. Experim. Med. 211 (2014) 297–311, https://doi.org/10.1084/jem.20130902. 

[42] C.P. Larsen, E.T. Elwood, D.Z. Alexander, S.C. Ritchie, R. Hendrix, C. Tucker- 
Burden, H.R. Cho, A. Aruffo, D. Hollenbaugh, P.S. Linsley, K.J. Winn, T.C. Pearson, 
Long-term acceptance of skin and cardiac allografts after blocking CD40 and CD28 
pathways, NatureNature 381 (1996) 434–438, https://doi.org/10.1038/ 
381434a0. 

[43] H. Sun, V. Subbotin, C. Chen, A. Aitouche, L.A. Valdivia, M.H. Sayegh, P.S. Linsley, 
J.J. Fung, T.E. Starzl, A.S. Rao, Prevention of chronic rejection in mouse aortic 
allografts by combined treatment with CTLA4-IG and anti-CD40 ligand monoclonal 
antibody1,2, Transplantation.Transplantation. 64 (1997) 1838–1843, https://doi. 
org/10.1097/00007890-199712270-00035. 

[44] F. Langer, S. Ingersoll, A. Amirkhosravi, T. Meyer, F. Siddiqui, S. Ahmad, J. Walker, 
M. Amaya, H. Desai, J. Francis, The role of CD40 in CD40L- and antibody-mediated 
platelet activation, Thromb. Haemost. 93 (2005) 1137–1146, https://doi.org/ 
10.1160/TH04-12-0774. 

[45] L. Robles-Carrillo, T. Meyer, M. Hatfield, H. Desai, M. Dávila, F. Langer, M. Amaya, 
E. Garber, J.L. Francis, Y.-M. Hsu, A. Amirkhosravi, Anti-CD40L immune 
complexes potently activate platelets in vitro and cause thrombosis in FCGR2A 
transgenic mice, J. Immunol. 185 (2010) 1577–1583, https://doi.org/10.4049/ 
jimmunol.0903888. 

[46] A. Shock, L. Burkly, I. Wakefield, C. Peters, E. Garber, J. Ferrant, F.R. Taylor, L. Su, 
Y.-M. Hsu, D. Hutto, A. Amirkhosravi, T. Meyer, J. Francis, S. Malcolm, 
M. Robinson, D. Brown, S. Shaw, R. Foulkes, A. Lawson, O. Harari, T. Bourne, 
A. Maloney, N. Weir, CDP7657, an anti-CD40L antibody lacking an Fc domain, 
inhibits CD40L-dependent immune responses without thrombotic complications: 
an in vivo study, Arthritis Res. Ther. 17 (2015) 234, https://doi.org/10.1186/ 
s13075-015-0757-4. 

[47] A. Hutloff, A.M. Dittrich, K.C. Beier, B. Eljaschewitsch, R. Kraft, 
I. Anagnostopoulos, R.A. Kroczek, ICOS is an inducible T-cell co-stimulator 
structurally and functionally related to CD28, Nature 397 (1999) 263–266, https:// 
doi.org/10.1038/16717. 

[48] D.J. Lo, D.J. Anderson, M. Song, F. Leopardi, A.B. Farris, E. Strobert, S. Chapin, 
B. Devens, E. Karrer, A.D. Kirk, A pilot trial targeting the ICOS–ICOS-L pathway in 
nonhuman primate kidney transplantation, Am. J. Transpl. 15 (2015) 984–992, 
https://doi.org/10.1111/ajt.13100. 

[49] W.H. Kitchens, Y. Dong, D.V. Mathews, C.P. Breeden, E. Strobert, M.E. Fuentes, C. 
P. Larsen, M.L. Ford, A.B. Adams, Interruption of OX40L signaling prevents 

I. Righi et al.                                                                                                                                                                                                                                     

https://doi.org/10.1038/s41467-021-21099-2
https://doi.org/10.1038/s41467-021-21099-2
https://doi.org/10.1095/biolreprod.102.010058
https://doi.org/10.3389/fimmu.2023.1163633
https://doi.org/10.3389/fimmu.2023.1163633
https://doi.org/10.1038/s41577-020-0275-8
https://doi.org/10.1038/s41577-020-0275-8
https://doi.org/10.1038/s41392-022-01136-2
https://doi.org/10.1038/s41392-023-01522-4
https://doi.org/10.1038/nri727
https://doi.org/10.1038/35105024
https://doi.org/10.1038/nri1131
https://doi.org/10.1038/nri1131
https://doi.org/10.1016/S1471-4906(01)01888-9
https://doi.org/10.1016/S1471-4906(01)01888-9
https://doi.org/10.1084/jem.192.7.1027
https://doi.org/10.1084/jem.192.7.1027
https://doi.org/10.1002/j.1460-2075.1992.tb05481.x
https://doi.org/10.1002/j.1460-2075.1992.tb05481.x
https://doi.org/10.2174/156652412799218903
https://doi.org/10.2174/156652412799218903
https://doi.org/10.4049/jimmunol.0901038
https://doi.org/10.4049/jimmunol.0901038
https://doi.org/10.3389/fimmu.2022.1024021
https://doi.org/10.1186/s13045-020-01027-5
https://doi.org/10.1186/s13045-020-01027-5
http://refhub.elsevier.com/S0165-2478(24)00034-8/sbref0022
http://refhub.elsevier.com/S0165-2478(24)00034-8/sbref0022
https://doi.org/10.4274/tjod.galenos.2023.95769
https://doi.org/10.4274/tjod.galenos.2023.95769
https://doi.org/10.1038/s41577-019-0224-6
https://doi.org/10.1038/s41577-019-0224-6
https://doi.org/10.1016/j.intimp.2021.107933
https://doi.org/10.1016/j.intimp.2021.107933
https://doi.org/10.2500/aap.2013.34.3646
https://doi.org/10.3389/fimmu.2019.01594
https://doi.org/10.1096/fj.202100013R
https://doi.org/10.1096/fj.202100013R
https://doi.org/10.1016/j.gendis.2022.05.020
https://doi.org/10.1016/j.gendis.2022.05.020
https://doi.org/10.4049/jimmunol.1801625
https://doi.org/10.1084/jem.20022119
https://doi.org/10.1080/2162402X.2021.2008110
https://doi.org/10.1080/2162402X.2021.2008110
https://doi.org/10.3390/biology12101358
https://doi.org/10.1097/MOT.0000000000000656
https://doi.org/10.1097/MOT.0000000000000656
https://doi.org/10.1126/scitranslmed.3000116
https://doi.org/10.1126/scitranslmed.3000116
https://doi.org/10.4049/jimmunol.1300470
https://doi.org/10.1097/MOT.0000000000000153
https://doi.org/10.1097/MOT.0000000000000153
https://doi.org/10.1126/science.1496399
https://doi.org/10.1126/science.1496399
https://doi.org/10.1056/NEJMoa1506027
https://doi.org/10.3389/fimmu.2021.618737
https://doi.org/10.3389/fimmu.2021.618737
https://doi.org/10.1084/jem.20130902
https://doi.org/10.1038/381434a0
https://doi.org/10.1038/381434a0
https://doi.org/10.1097/00007890-199712270-00035
https://doi.org/10.1097/00007890-199712270-00035
https://doi.org/10.1160/TH04-12-0774
https://doi.org/10.1160/TH04-12-0774
https://doi.org/10.4049/jimmunol.0903888
https://doi.org/10.4049/jimmunol.0903888
https://doi.org/10.1186/s13075-015-0757-4
https://doi.org/10.1186/s13075-015-0757-4
https://doi.org/10.1038/16717
https://doi.org/10.1038/16717
https://doi.org/10.1111/ajt.13100


Immunology Letters 267 (2024) 106860

6

costimulation blockade–resistant allograft rejection, JCI. Insight 2 (2017), https:// 
doi.org/10.1172/jci.insight.90317. 
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