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The CD226/TIGIT axis is involved 
in T cell hypo‑responsiveness 
appearance in long‑term kidney 
transplant recipients
Arnaud Del Bello1,2,3*, Anna Gouin1,2,3, Camille Chaubet3, Nassim Kamar1,2,3 & 
Emmanuel Treiner2,3,4,5*

T cell exhaustion refers to a dysfunctional state in which effector T cells present a decreased ability 
to proliferate and to produce cytokines, while the co-expression of inhibitory receptors increases. 
We investigated global and donor-specific T cell responses in a cohort of stable, living-donor kidney 
transplant patients that received similar immunosuppression. After transplantation, an increase in the 
ratio of TIGIT + /CD226 + in mCD4 + T cells (r = 0.47, p = 0.01), and a decrease of CD226 + TIGIT-mCD4 + T 
cells was observed (r = − 0.55, p = 0.001). This leads to an increase of dysfunctional T cells in patients 
far from transplantation. In mCD8 + T cells, a decrease of IL-2 production after mitogenic stimulation 
was observed far from transplantation. Phenotypic analyses revealed an increase of mCD8 + T cells 
co-expressing PD-1 and TIGIT over time (r = 0.51, p = 0.02). After donor-specific stimulation, the ability 
of CD4 + T cells to proliferate was decreased compared with third parties. CD4 + T cells expressing 
CD226 and TIGIT were correlated with allospecific CD4 + proliferation (r = 0.68, p = 0.04). Our study 
suggests that after kidney transplantation a T cell hyporesponsiveness appears over time, driven by 
a dysregulation of CD226/TIGIT axis in mCD4 + T cells, associated with an increase of PD1 + TIGIT + in 
mCD8 + T cells.

Abbreviations
Tex	� T cell exhaustion
HBV	� Hepatitis B virus
HCV	� Hepatitis C virus
CMV	� Cytomegalovirus
PBMCs	� Peripheral blood mononuclear cells
KTR	� Kidney transplant recipients
DSA	� Donor-specific antibodies
IR	� Inhibitory receptors
MLR	� Mixed lymphocyte reaction

Despite significant improvement, long-term kidney allograft survival rates remain disappointing1,2. Infectious 
and neoplastic-related complications represent major pitfalls after transplantation3, while the risk of rejection 
dictates the need to maintain immunosuppressive therapy4. Nonetheless, the phenotype of rejections evolves 
over time post-transplantation, with a decreased prevalence of acute T-cell mediated rejection, and an increase of 
chronic antibody-mediated rejection5,6. However, the immunological mechanisms underlying this phenomenon 
are being gradually unraveled6.

T cell exhaustion (Tex) refers to a dysfunctional state in which effector T cells present a decreased abil-
ity to proliferate, to secrete cytokines (e.g., interleukin [IL]-2, interferon [IFN]-γ, tumor or necrosis factor 
[TNF]-α), and co-express several inhibitory receptors (IRs) (e.g., programmed cell death protein 1 [PD-1], 

OPEN

1Nephrology and Organ Transplant Department, CHU Toulouse, 1 av Jean Poulhès, 31059  Toulouse Cedex 
9, France. 2Université Paul Sabatier Toulouse III, Toulouse, France. 3Toulouse Institute for Infectious and 
Inflammatory Diseases (Infinity), INSERM UMR1043-CNRS 5282, Toulouse, France. 4Laboratory of Immunology, 
Biology Department, CHU Toulouse, Toulouse, France. 5Infinity—Inserm UMR 1291-CNRS UMR5051, CHU Purpan, 
BP3028, 31024 Toulouse Cedex 3, France. *email: delbello.a@chu-toulouse.fr; Emmanuel.treiner@inserm.fr

http://crossmark.crossref.org/dialog/?doi=10.1038/s41598-022-15705-6&domain=pdf


2

Vol:.(1234567890)

Scientific Reports |        (2022) 12:11821  | https://doi.org/10.1038/s41598-022-15705-6

www.nature.com/scientificreports/

T cell immunoglobulin and mucin-domain containing-3 [Tim-3], 2B4, CD160, T cell immunoreceptor with 
Immunoglobulin and ITIM domains [TIGIT]) after chronic exposure to antigen stimulation7,8. High antigen 
load and prolonged antigen exposure are the main factors for the development of this dysfunctional state8. Tex 
was described in human persistent viral infection (mainly HCV9, HBV10, HIV11) and cancer12–14, leading to new 
revolutionizing therapies15,16. Differences in immunogenicity and microenvironment prevent the use of a univer-
sal signature of Tex8. Consequently, Tex must be studied in a situation-dependent manner. Among the different 
co-stimulatory and co-inhibitory receptor pathways, some of them were recently highlighted. For example, the 
dysregulation of the IR TIGIT and CD226 (a stimulatory receptor that shares CD112 and CD155 ligands with 
TIGIT) expression in T cells was recently suspected to be involved in severe forms of autoimmune diseases17,18, 
as well as in cancer and chronic viral infections19–21.

In solid organ transplantation, donor-reactive T cells from immunosuppressed recipients are chronically 
exposed to a high load of the transplanted organ, which is a prerequisite to the development of Tex. Some evi-
dence of a positive association between graft outcomes and Tex after transplantation was previously highlighted 
in murine models22,23. However, little is known concerning the development of exhaustion after transplanta-
tion in humans. Fribourg and colleagues24 previously found that exhausted CD4 + and CD8 + T cells increased 
during the first months’ post-transplantation, particularly in patients who received depleting induction. They 
also described a negative correlation between graft fibrosis and the percentage of exhausted cells. Our group 
previously investigated the expression of IRs and function of T cells in ABO and HLA-incompatible kidney 
transplant recipients and found that TIGIT was dramatically increased in HLA-incompatible recipients leading 
to alteration of T cell function25.

To date, the function and exhaustion-associated phenotype of T cells long after kidney transplantation have 
been poorly documented. In this study, we followed the progression of T cell phenotype and function with time in 
a cross-sectional cohort of stable living kidney transplant donors receiving standard immunosuppressive therapy, 
and uncovered the phenotype associated with the development of hyporesponsiveness in CD4 and CD8 T cells.

Patients and methods
Patient selection.  Kidney transplant recipients.  From 2008 to 2019, 357 first transplant, non-combined, 
living-donor kidney transplantations were performed in the Nephrology and Organ Transplant Department of 
CHU de Toulouse, France. Excluded were all patients with a history of graft rejection or reoccurrence of initial 
kidney disease, Donor-Specific Antibodies (preformed or de novo), post-transplant CMV or BK-virus viremia, 
patients that had received induction therapy with a B or T-cell depleting agent, as well as patients that had not 
received any immunosuppressive treatment with tacrolimus, mycophenolic acid, and steroids (n = 304). Hence, 
53 patients were included in the study. Among them, peripheral blood mononuclear cells (PBMCs) from the 
kidney donor were available for eight recipients.

Dialysis patients.  Twenty-one patients on the waitlist for kidney transplantation but who had not received any 
immunosuppressive treatments were also analyzed.

All patients included in the study gave their informed consent (Nephrogen cohort (DC-2011-1388). All 
methods were carried out in accordance with relevant guidelines and regulations.

This study was approved by Toulouse University Hospital and confirm that ethic requirements were totally 
respected.

Isolation of PBMCs.  PBMCs were isolated from patients’ blood samples by centrifugation in density gradi-
ent medium (Ficoll-Paque). After washing, PBMCs were frozen in Dimethyl Sulfoxide (DMSO) at − 196 °C in 
liquid nitrogen and stored in the Centre de Ressources Biologiques (CRB) of the CHU of Toulouse, until further 
use.

Preparation of “third‑party donors”.  PBMC were isolated from buffy coats from four different healthy donors 
(obtained from the Etablissement Français du Sang (EFS). PBMC were mixed in equal numbers, and the pool of 
cells was aliquoted and frozen in liquid nitrogen until use.

Phenotypic analyses.  PBMC were thawed, washed and counted. Cell surface staining included an incuba-
tion with brilliant stain buffer (BD Biosciences), followed by a 30 min incubation at room temperature with the 
monoclonal antibodies at the appropriate concentration. For intracellular staining, cells were fixed and permea-
bilized with the transcription factor buffer set (BD Biosciences), followed by a 1-h incubation at 4 °C with the 
monoclonal antibodies at the appropriate concentration. After washing, cells were analyzed by flow cytometry. 
All patients were tested for exhaustion markers; when blood samples were available, T helper subsets, regulatory 
T cells, and differentiation panels were analyzed.

T cell functional analysis.  Polyclonal stimulation.  PBMC were thawed, washed, counted, and plated at 
a concentration of 107/ml in 96 well plates. Cells were then incubated in the absence or presence of 1 μg/ml 
phorbol 12-myristate 13-acetate and 2 μg/ml Ionomycin (both from Sigma-Aldrich) for 4 h, in the presence of 
Golgi plug (BD Biosciences). At the end of the incubation time, cells were harvested, and membrane staining was 
performed followed by fixation and permeabilization with the Fix/Perm kit as per the manufacturer’s instruc-
tions (BD Biosciences). Intracellular staining was performed at 4 °C with 1 h incubation with anti-IFNγ, TNFα, 
and IL-2 antibodies, followed by flow cytometry analysis.
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Mixed lymphocyte reaction.  Frozen PBMCs from graft donors or from the pool of healthy donors were thawed, 
washed, and resuspended in RPMI (ThermoFisher Medium). Cells were irradiated at 3000 rad, followed by a 
45 min incubation at 37 °C with CMFDA (Thermofisher) in AIM V medium (Thermofisher). After washes, cells 
were suspended in AIM V medium at 107/ml before use as stimulator cells.

Responder cells were prepared as follows: frozen PBMCs from transplant recipients were thawed, washed, 
and resuspended in RPMI-10% with FCS (ThermoFisher Medium). After counting, responding cells were incu-
bated for 10 min in pre-warmed PBS with Cell Trace Violet (Thermofisher), washed with pure SVF, and then 
resuspended in AIMV medium at 107/ml.

For the MLR, 250, 000 CTV-labeled responder cells and 250, 000 CMFDA-labeled, irradiated stimulators 
cells (donor-specific or third-party) were plated in a 96-well plate, and kept in an incubator at 37 °C 5% CO2 for 
7 days. In some selected cases, these cultures were performed in duplicates.

At the end of the MLR, one of the duplicates was used for phenotypic analysis as already described. Cells 
were harvested from the second duplicate, washed, and stimulated with PMA and ionomycin in the presence 
of Golgi Plug as already described. After 4 h, cells were stained for cell surface markers, followed by fixation/
permeabilization, and intracellular cytokine stainings with anti-IFNγ and anti IL-2 antibodies. Stained cells 
were analyzed by flow cytometry.

Flow cytometry.  Antibodies used for the different phenotypes and functional panel are listed in Supporting 
document 1.

Acquisitions were performed either on a Fortessa X18, a Fortessa X20 or a LSRII flow cytometer (BD Bio-
sciences, San Jose, CA, USA). Data were analyzed with FlowJo software (v10.7, BD Biosciences).

Clustering analyses.  We first clustered cells using the Phenograph algorithm26, and t-SNE27 to visualize 
high-dimensional data in two dimensions while preserving single-cell resolution. To minimize variability in 
measurement, our analysis strategy was structured as follows:

•	 Equal contribution of the samples: to avoid bias in Phenograph for the subsets present in the samples, we first 
extracted and analyzed separately memory CD4 + and CD8 + T cells and maintained an equal contribution 
in the number of cells from every sample determined by the sample with the lowest number of CD4 + or 
CD8 + T cells.

•	 Reiteration: to increase the power of the analyses for the cell subsets with a low number of events, we reiter-
ated the entirety of the sampling process and Phenograph, clustering up to 5 times to achieve robustness in 
the results.

Statistical analysis.  All statistical analyses were performed with Prism Software v8.1 (GraphPad, San 
Diego, CA, USA). Statistical tests used are reported in the figure legend. Unpaired parametric or non-parametric 
tests were chosen according to the Gaussian analysis of data. Spearman’s coefficient was used for correlation 
analyses. A P-value < 0.05 was considered statistically significant.

Results
Decreased polyclonal T cell responses in long‑term kidney transplanted recipients.  To inves-
tigate the possibility that kidney transplantation may induce a state of lymphocyte exhaustion, we undertook a 
cross-sectional study including 30 living-donor KTR studied at different times post-transplantation (Table 1). 
All patients were grafted with HLA-mismatched organs, and were under the same immunosuppressive regimen 
(excluding T cell-depleting agents). We also purposely selected only patients under stable conditions from the 
time of transplantation, i.e. without any history of cancer, active infection, CMV or BK virus replication, reoc-
currence of the initial kidney disease, presence of DSA, or transplant rejection.

We first analyzed the main circulating T lymphocyte subsets in patients at the time of study. The number of 
total CD3 + T cells, as well as CD4 + and CD8 + T cells, did not significantly vary with time from transplantation 
(Fig. 1A,B). Among CD4 + T cells, the proportion of memory cells remained steady (Fig. 1B and supporting 
Fig. 2A). Similarly, we analyzed the frequencies of CD4 + Tregs (Foxp3 + CD25hiCD127lo), of the various Thelper 
subsets (Th1, Th2, Th17 and Th17*, based on the relative expression of CCR6/CXCR3/CCR4), and of senes-
cent/terminally differentiated CD28-CD57 + and KLRG1 + cells (supporting Fig. 2B,C). Although some of these 
subsets showed a dramatic inter-individual variation, they did not correlate with the delay post-transplantation 
(supporting Fig. 2C,D). By contrast, the subset of follicular helper T cells (CD45RA-CCR7-CXCR5 + PD1 +) 
significantly increased with time post transplantation (Fig. 1C). Altogether, most T cell subsets varied indepen-
dently of the duration of contact between the graft antigens and the immune system of our patients.

Next, we measured the capacity of the patients CD4 + T cells to produce intracellular cytokines upon mito-
genic stimulation with PMA and Ionomycin. We separately analyzed the response of T cells from recently 
(< 3 months) or late (> 2 years) transplanted patients (Table 2). As shown in Fig. 2A, CD4 + T cells from late KTR 
showed a dampened IFNγ response compared with early KTR, that also translated into a dramatic drop of triple 
(IFNγ, TNFα, IL-2) cytokine producers.

Exhausted T cells usually express simultaneously multiple surface receptors involved in the regulation of 
immune responses, referred to as inhibitory receptors (IR). An increase in the frequency of cells CD4 + exhausted 
T cells increase after kidney transplantation co-expressing multiple IR could possibly explain the observed 
blunted response of CD4 + T cells. We chose to focus on five important IR: PD1, TIGIT, 2B4, CD160 and Tim3, as 
well as CD226, a co-stimulatory receptor binding to the same ligands than TIGIT. The frequency of cells express-
ing any combination of 2 to 5 IR remained stable with time post-transplantation (Fig. 2B). Nevertheless, unbiased 
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clustering analysis unraveled a time-dependent decrease in the frequency of cells expressing CD226 but none of 
the 5 IR included in the analysis (Spearman r = − 0.52, p = 0.02), (Fig. 2C). In other words, the frequency of cells 
expressing no IR decreases with time, which implies that expression of at least one of these IR must increase in 
a time-dependent fashion. Thus, we looked at the expression of specific IR. The expression of the 5 IR analyzed 
was similar between the whole cohort of Tx patients and dialysis controls (supporting Fig. 2E). However, we 
observed a time-dependent increase in the frequency of cells expressing TIGIT (T cell Immunoreceptor with 
Ig and ITIM domains) (Fig. 2D). TIGIT display multiple mechanisms to inhibit T cell responses. One of these 
involves the stimulatory receptor CD226, which is specific for the same ligands than TIGIT, but with lower 
affinity. CD226 expression tended to decrease with time post-transplantation (Fig. 2D). We observed that the 
increase in TIGIT expression with time involved both TIGIT + CD226- and TIGIT + CD226 + subsets, resulting 
in an increase in the ratio of TIGIT + /CD226 + cells among the CD4 + subset (Fig. 2D). Importantly, we found a 
negative correlation between TIGIT + cells and Th1 (Spearman r = − 0.44, p = 0.03) or Th17* (r = − 0.40, p = 0.05) 
subsets (both involved in T cell-mediated rejection), strongly suggesting that the expansion of TIGIT + cells 
dampens T cell-mediated Immunity in vivo (Fig. 2E).

We next asked whether TIGIT and/or CD226 expression was directly responsible for T-cell mediated hypore-
sponsiveness in late KTR. Intracellular production of IFNγ, IL-2 or TNFα after mitogenic stimulation was similar 
between TIGIT + and TIGIT-CD4 + T cells (Fig. 3A). However, IFNγ production by TIGIT + mCD4 + T cells was 
higher in early KTR comparing with late KTR (Fig. 3A). On the other hand, CD226 expression was associated 
with cytokine production (Fig. 3B). This was particularly observed in early KTR (Fig. 3B). When we analyzed 
the production of cytokines by CD226/TIGIT-defined subsets according to time post-transplantation, we found 
a significant drop in IFNγ production only in the TIGIT + CD226 + subset in late KTR (Fig. 3C). Altogether, our 
results strongly suggests that both TIGIT and CD226 expression regulates cytokine production in KTR, and 
that a dysregulation of this TIGIT/CD226 axis may be responsible for CD4 + hyporesponsiveness in late KTR.

CD8 + exhausted T cells increase after kidney transplantation.  We next turned to the CD8 + T cell 
compartment within the same cohort (Tables 1 and 2). The memory CD8 + T cell subsets, as well as the dif-
ferent Tc1, Tc2, Tc17, and Tc17* subsets or CD57, CD28, KLRG1 expression were stable over time (Fig. 4A, 
supporting Fig.  2F,G). Upon mitogenic stimulation, CD8 + T cells from late KTR produced significantly less 
IL-2 than recently transplanted patients (Fig. 4B). The expression of each individual IR did not differ with time 
post-transplantation or compared with patients under dialysis (Supporting Fig. 2H). However, the percentage 
of CD8 + T cells simultaneously expressing three IRs increased with time post-transplantation (Fig. 4C). After 
unbiased clustering strategy, we observed that PD1 + TIGIT + mCD8 + T cells increase over time post-transplan-
tation (Spearman r = 0.51, p = 0.02), (Fig. 4D).

Table 1.   Main characteristics of the 30 living-donor kidney transplant recipients included in the inhibitory 
receptors expression changes after transplantation. Tx Transplantation, GFR Glomerular Filtration Rate.

Variable Results

Recipient age (years), mean (± range) 52 ± 10

Recipient gender, male (%) 18 (60)

Donor age (years), mean (± range) 53 ± 13

Time between Tx-sample analysis (months), median (IQR 25–75) 39 (27; 71)

CKD-Epi estimated GFR at sample analysis, mL/min/1.73m2, mean (± range) 58 ± 21

Positive CMV serology, yes (%) 16 (53)

Positive EBV serology, yes (%) 30 (100)

Positive Toxoplasma Gondii serology, yes (%) 25 (83)

Initial kidney disease: n (%)

Glomerular 14 (47)

PKD 11 (37)

Vascular 1 (3)

Unknown 4 (13)

Donor-recipient HLA mismatches, mean (± range)

A, B mismatches 3.7 ± 2.4

DR, DQ mismatches 1.9 ± 1.3

A, B, DR, DQ mismatches 1.8 ± 1.4

Anti-HLA sensitization

Anti-class I 4 (13)

Anti-class II 2 (7)

Anti-class I and II 1 (3)

Donor-Specific Antibodies 0

Immunosuppressive therapy

Anti-CD25 at induction, yes (%) 12 (40)
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Thus, akin to CD4 + T cells, we observed that CD8 + T cell hypo-responsiveness develop in long-term KTR, 
and is associated with the expansion of an exhausted PD1 + TIGIT + subset.

Alloreactive CD4 + donor‑specific hyporesponsiveness after kidney transplantation is cor‑
related with CD4 + CD226 + TIGIT + Tim3‑PD1low2B4− T cells.  We wanted to investigate whether an 
antigen-specific phenomenon directly linked to chronic exposure to graft alloantigens, could be uncovered. 
Thus, we selected 11 stable patients grafted from living donors at different time post-transplantation (Table 3), 
and analyzed their T cell reactivity by Mixed Lymphocyte Reaction (MLR) against donor cells (donor-specific 
alloreactivity) and against third-party cells (non-specific alloreactivity) (supporting document 3A, 3B).

As shown in Fig. 5A, T cell proliferation measured at day 7 was lower after donor-specific stimulation com-
pared with third-party (non-donor specific). This hypo-responsiveness was observed in CD4 + T cells only, but 
not for CD8 + T cells (donor-specific/third-party proliferation ratio (median [IQR]): 0.24 [0.04; 1.02], 0.06 [0.02; 
0.92], 0.71 [0.03; 2.07] for CD3 + , CD4 + , CD8 + respectively). At the end of the MLR, PBMC were restimulated 
with PMA and Ionomycin for 4 h and analyzed for intracellular cytokine production (IFNγ, IL-2). No significant 
difference was observed with respect to cytokine production by CTVlow proliferating CD4 + and CD8 + T cells 
when comparing donor-specific or third party-stimulation (supporting Fig. 3C,D). Further, in either condition, 
intracellular cytokine production did not correlate with time post-transplantation (supporting Fig. 3C,D). We 

Figure 1.   (A–C) Phenotype analyses of mCD4 + T cells. (A) CD3 + T cell number after transplantation. (B) 
CD4 + proportion among CD3 + (left) and memory T cell subsets of CD4 + (right). (C) Circulating T follicular 
helpers (due to blood sample availability, only 24 patients were tested).
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also analyzed the expression of IR and CD226 by proliferating, i.e. CTVlow, T cells after MLR. As shown in Fig. 5B, 
a number of those receptors, mostly dominated by PD-1, CD226, TIGIT, and Tim3 are strongly expressed by 
proliferating cells However, there was strong inter-individual differences, but that did not correlate with time 
post-transplantation (Supporting Fig. 3E,F). Further, we found no significant differences between donor-specific 
and third-party MLR.

On the basis of an unbiased clustering analysis of recipient CD4 + and CD8 + exhaustion phenotype before 
MLR, the proportion of CD226 + TIGIT + Tim3-PD1low2B4− CD4 + cells was correlated with allospecific, but not 
third-party, CD4 + proliferation (Spearman r = 0.68, p = 0.04). This observation was mainly driven by two recently 
transplant patients with high proportion of proliferating cells after MLR (Fig. 5C).

Hence, we observed an allospecific T cell hyporesponsiveness after kidney transplantation, mainly in CD4 + T 
cells. Donor-specific CD4 + T cell proliferation was correlated with the percentage of CD226 + TIGIT + Tim3-
PD1low2B4− CD4 + T cells, suggesting a decisive role of the CD226/TIGIT axis in donor-specific response.

Discussion
In this study, we found that donor-specific T cell hyporesponsiveness prevails in CD4 + T cells after kidney trans-
plantation and was linked with CD226 + TIGIT + CD4 + T cells. We also pointed out that polyclonal CD4 + T cells 
from patients far from transplantation presented a reduced IFNγ response after mitogenic stimulation which sug-
gest a state of T cell exhaustion. Moreover, TIGIT expression increased in mCD4 + T cells after transplantation in 
stable conditions, at the expense of CD226 + TIGIT-mCD4 + T cells. As a result, we observed an altered function 
of this CD4 + T cell subset in recipients far from transplantation. The TIGIT/CD226 axis is a recently described 
pathway that regulates T cell function. Similar to other immune checkpoint pathways, such as CD28/CTLA4, 
CD226 presents a co-stimulatory function, that shares ligands with TIGIT which is a co-inhibitory receptor. 
Both of these receptors bind to two nectin and nectin-like proteins, CD155 (PVR) and CD112 (PVRL2). TIGIT 
is expressed on conventional αβ T cells, but also memory, regulatory, and follicular helper T cells28. TIGIT exerts 
an inhibitory function in several ways. TIGIT could regulate T cell responses via engagement in a cell-extrinsic 
manner via the ligation after homodimerization to CD155 in dendritic cells and macrophages (resulting in a shift 
of IL-12 production to IL-10), promoting a tolerogenic phenotype29,30. TIGIT could also exert an inhibitory func-
tion in a cell-intrinsic manner, by competing with CD226 for the binding of CD155, and interacting with CD226 
on the surface of T cells to disrupt CD226 homodimerization31. In conventional CD4 + T cells, TIGIT expression 
exerts a direct inhibitory effect on T cell proliferation with inhibition of cytokine production, predominantly 
on IFNγ32. We also observed a negative correlation in kidney transplant recipients between the expression of 
TIGIT in conventional T cells, and the proportion of Th1 or Th17 subsets. Th1 and Th17 cells play a key role in 
the initiation and development of T cell rejection33–35. Taken together, our data suggest that in triple, CNI-based 
immunosuppressive therapy, increased TIGIT expression could participate in CD4 + T cell hyporesponsiveness 
and the previously described disappearance of T cell rejection over time6. Conversely, TIGIT expression on 
tumor-Infiltrating Lymphocytes of melanoma patients or on peripheral blood T cells of gastric cancer patients 
was previously associated with poor outcomes36–38. A decrease in TIGIT + CD4 + T cells was associated with 
severe forms of autoimmune diseases such as multiple sclerosis, atopic dermatitis, ulcerative colitis, and systemic 
lupus39–42. Moreover, dysregulation of CD226 + TIGIT + CD4 + T cell functions was previously described in severe 
forms of dermatomyositis17 and primary Sjögren syndrome18. CD226 downregulation and high levels of TIGIT 
were previously described in cancer and chronic viral infections19–21. In the same way, we previously found in 
highly immunosuppressed HLA incompatible kidney transplant recipients known to present a high risk of infec-
tious complications43, higher levels of TIGIT expression, compared to ABO-incompatible recipients25. TIGIT was 

Table 2.   Main characteristics of the 15 living-donor kidney transplant recipients included in the functional 
analysis. eGFR, estimated Glomerular Filtration Rate.

Variable Early (n = 7) Late (n = 8) Results

Recipient age (years), mean (± range) 51 ± 13 52 ± 14 0.73

Recipient gender, male (%) 5 (71) 6 (75) 0.99

Donor age (years), (± range) 55 ± 19 46 ± 14 0.48

Donor-Recipient mismatches, mean (± range)

A, B mismatches 2.3 ± 0.5 3.0 ± 1.2 0.16

DR, DQ mismatches 1.9 ± 1.1 2.9 ± 0.9 0.11

A, B, DR, DQ mismatches 4.1 ± 0.9 5.9 ± 1.7 0.09

Initial kidney disease 0.45

Glomerular 4 2

PKDA/genetic 2 4

Unknown 1 2

Time between Tx-sample analysis (months) median (IQR 25–75) 1 (1; 1) 64 (50; 83) 0.001

CKD-Epi eGFR at sample analysis, mL/min/1.73m2, mean (± range) 49 ± 17 70 ± 18 0.08

Positive CMV serology, yes (%) 5 (71) 4 (50) 0.61

Positive EBV serology, yes (%) 6 (86) 8 (100) 0.47
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also previously identified in kidney biopsies as one of the most specific transcript changes (with other costimu-
lation -related transcript) during pure T-cell mediated rejection, compared with other disease44. Finally, we 

Figure 2.   (A–E) Functional and phenotypic analyses of mCD4 + T cells. Comparisons were performed by 
an unpaired Mann–Whitney t-test. Statistical correlation was performed using a Spearman correlation test. 
(A) IFNγ, IL-2 and TNFα, and IFNγ + IL-2 + TNFα + production in mCD4 + T cells in unstimulated (UNS) or 
after PMA-ionomycin stimulation in early (< 3 months) and late (> 2 years) transplant patients. (B) Percentage 
of memory CD4 + T cells expressing 0, 1, 2, 3, 4, or 5 inhibitory receptors. (C) Unbiased clustering analysis 
of inhibitory receptor expression and CD226 expression in mCD4 + T cells after transplantation. (D) TIGIT, 
TIGIT + CD226 + expression in mCD4 + T cells (left) and TIGIT/CD226 expression ratio in memory CD4 + T 
cells. (E) Correlation between percentage of CXCR3 + CCR6- (Th1), and CXCR3 + CCR6 + (Th17*) subsets and 
percentage of TIGIT + CD4 + in memory CD4 + T cells.
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observed that donor-specific T cell (but not third-parties) response involved preferentially CD226 + TIGIT + cells. 
The dysfunctional state observed in these cells far from transplantation could contribute to the donor-specific 
hyporesponsiveness observed after transplantation. Thus, exploring the TIGIT/CD226 after kidney transplanta-
tion could be a promising tool for monitoring the balance of immunosuppression after transplantation.

Conversely, we did not observe any increase of other inhibitory receptors such as PD-1, or any combination 
of inhibitory receptors (using clustering analyses), over time post-transplantation. In a mouse model of chronic 
rejection after heart transplantation, Sarraj and colleagues previously demonstrated an association between graft 
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Figure 3.   (A–C) Functional analyses according to TIGIT and CD226 expression in mCD4 + T cells in early 
(< 3 months) and late (> 2 years) kidney transplant patients. Comparisons were performed by an unpaired 
Mann-Whitney t-test (*p < 0.05, ** p < 0.01, ***p < 0.001). (A) Comparison of IFNγ, IL2 and TNFα production 
in mCD4 + T cells according to the expression of TIGIT in patients recently transplanted and those far from 
transplantation. (B) Comparison of IFNγ, IL2 and TNFα production in mCD4 + T cells according to the 
expression of CD226 in patients recently transplanted and those far from transplantation. (C) Comparison 
of IFNγ production in mCD4 + T cells according to the expression of TIGIT and CD226 in patients recently 
transplanted and those far from transplantation.



9

Vol.:(0123456789)

Scientific Reports |        (2022) 12:11821  | https://doi.org/10.1038/s41598-022-15705-6

www.nature.com/scientificreports/

Figure 4.   (A–D). Phenotype and functional analyses of mCD8 + T cells. Comparisons were performed by 
an unpaired Mann-Whitney t-test. Statistical correlation was performed using a Spearman correlation test. 
(*p < 0.05). (A) Memory CD8 + subsets over time post-transplantation. (B) Comparison of IFNγ, IL2, and 
TNFα production in mCD8 + in the recently transplanted and those far from transplantation. (C) Percentage 
of mCD8 + T cells that express 3 inhibitory receptors over time post-transplantation. (D) Unbiased clustering 
analysis of the different inhibitory receptors.
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survival and CD4 + T cell exhaustion phenotype in the periphery, while Zou and colleagues23 demonstrated in 
a skin transplant model that donor antigen abundance is a main factor of T cell exhaustion development. In 
humans, Fribourg and colleagues previously found during the first 6 months post-transplantation, an increase 
of exhausted CD4 + T cell subsets, mainly represented by PD1 + TIGIT + 2B4-Tim3-cells. They also observed a 
negative correlation between CD4 + Tex and the development of graft fibrosis. Unlike the Fribourg study, we 
only included recipients that had not received T cell depleting agents, in order to avoid biases related to the 
expression of some inhibitory receptors during T cell reconstitution. Moreover, in our study, patients were far 
from transplantation and exposed to long-term use of immunosuppressive treatments. It was previously sug-
gested in mouse models that T cell exhaustion could be prevented by calcineurin inhibitors45,46. Hence, it could 
be argued that CNI-based immunosuppression after transplantation could interfere with the development of 
exhaustion-induced hyporesponsiveness.

We also observed an increase of PD1 + TIGIT + CD8 + T cells after kidney transplantation. In cancer, 
TIGIT + PD1 + CD8 + cells were previously found to be upregulated and to present altered function47,48. Our 
results are consistent with those of Fribourg24 In their study, they found an increase of CD8 + Tex clusters 
mainly represented by PD1 + TIGIT + 2B4 + cells. They also found a correlation between graft fibrosis during 
the first months post-transplantation and the proportion of CD8 + Tex. Given these observations, monitoring the 
PD1 + TIGIT + CD8 + after transplantation could thus be an interesting path of investigation toward individual-
izing immunosuppression in the treatment of infections and cancer, or graft rejection and fibrosis.

Our study presents several limitations. First, we analyzed a relatively small sample of recipients. This was 
mainly driven by the ambition to homogenize patients: all transplant recipients included here received the same 
immunosuppressive treatment, did not present viral replication in blood, graft rejection, or reoccurrence of 
kidney disease. Moreover, despite the low number of patients, we were able to highlight some major changes in 
CD4 + and CD8 + T cell compartments after transplantation. Second, we were not able to investigate all previously 
described inhibitory receptors. We decided to focus on the main inhibitory receptors, associated with exhaustion 
development. Consequently, we cannot eliminate different signatures, with other IR after transplantation. For 
example, TOX was recently described as a major transcription factor for exhaustion in the mouse49 and should be 
investigated in future prospective studies. Nonetheless, using only the principal 5 IRs we described a dysregula-
tion of the CD226/TIGIT axis and an increase of PD1 + TIGIT + CD8 + T cells. Conversely, a main strength of 
our study was the investigation of donor-specific T cell response according to exhaustion. Nonetheless, since 
exhausted T cells present by definition a lower ability to proliferate, investigating exhaustion in alloreactive T 
cells remains difficult today. Moreover, some of IRs are induced upon activation as a negative feedback loop, and 
our observations may be the result of a lower activation signal received by stimulated cells. Epigenetic marks of 
exhaustion, that could resist to stimulation50 could in the future help to a better understanding of allospecific T 
cell exhaustion after transplantation.

In conclusion, our study reveals that after kidney transplantation, a donor-specific T cell hyporesponsiveness 
develops after transplantation. The dysregulation of the CD226/TIGIT axis, with the increase of TIGIT over time 
leads to a decrease of CD4 + T cell response. Moreover, CD8 + PD1 + TIGIT + exhausted T cells increase with 
time, and participate in the decrease of T cell response after kidney transplantation. Future studies that include 
these subsets as biomarkers to monitor clinical endpoints or over- or underimmunosuppression are needed.

Table 3.   Main characteristics of the 11 patients included for the donor-specific response analyses. *One 
patient provided blood samples for investigation at 0.5, 1-, and 3-months post-transplantation, and one other 
patient provided blood samples for investigation at 3- and 6-months post-transplantation.

Variable Result

Recipient age at Tx (median), IQR (25–75) 42 ± 17

Recipient sex, male yes (%) 3 (38)

Recipient CMV serology positive (%) 4 (50)

Recipient EBV serology positive (%) 7 (88)

Time between Tx-blood sample analysis (months), IQR (25–75) * 3 (3; 11)

Anti-class I/II anti-HLA sensitization, yes (%) 2 (25)

Donor-Specific Antibodies at blood sample analysis, yes 0

Anti-CD25 induction therapy, yes (%) 4 (50)
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Data availability
The datasets used and/or analysed during the current study available from the corresponding author on reason-
able request.

Figure 5.   (A–C) Donor -specific and third-parties responses. (A) Proliferation of CD3 + , CD4 + and CD8 + T 
cells after autologous, allospecific, third-parties, and mitogenic stimulation. Comparisons were performed by an 
unpaired Mann–Whitney t-test. *: p < 0.05, ** p < 0.01, *** p < 0.0001. (B) Expression of each Inhibitory receptor 
in CTVlow CD4 + (left) and CD8 + (right) proliferating cells. (C) Unbiased clustering analysis of T cell phenotype 
before MLR, and correlation with donor-specific and third -party stimulation.



12

Vol:.(1234567890)

Scientific Reports |        (2022) 12:11821  | https://doi.org/10.1038/s41598-022-15705-6

www.nature.com/scientificreports/

Received: 31 January 2022; Accepted: 28 June 2022

References
	 1.	 Coemans, M. et al. Analyses of the short- and long term graft survival after kidney transplantation in Europe between 1986 and 

2015. Kidney Int. 95(5), 964–973 (2018).
	 2.	 Lodhi, S. A., Lamb, K. E. & Meier-Kriesche, H. U. Improving long-term outcomes for transplant patients: Making the case for 

long-term disease-specific and multidisciplinary research. Am. J. Transplant. 11(10), 2264–2265. https://​doi.​org/​10.​1111/j.​1600-​
6143.​2011.​03713.x (2011).

	 3.	 Cohen-Bucay, A., Gordon, C. E. & Francis, J. M. Non-immunological complications following kidney transplantation [version 1; 
referees: 3 approved]. F1000Research. https://​doi.​org/​10.​12688/​f1000​resea​rch.​16627.1 (2019).

	 4.	 Loupy, A. & Lefaucheur, C. Antibody-mediated rejection of solid-organ allografts. N. Engl. J. Med. 379(12), 1150–1160. https://​
doi.​org/​10.​1056/​nejmr​a1802​677 (2018).

	 5.	 Sellarés, J. et al. Understanding the causes of kidney transplant failure: The dominant role of antibody-mediated rejection and 
nonadherence. Am. J. Transplant. 12(2), 388–399. https://​doi.​org/​10.​1111/j.​1600-​6143.​2011.​03840.x (2012).

	 6.	 Halloran, P. F. et al. Disappearance of T cell-mediated rejection despite continued antibody-mediated rejection in late kidney 
transplant recipients. J. Am. Soc. Nephrol. 26(7), 1711–1720. https://​doi.​org/​10.​1681/​ASN.​20140​60588 (2015).

	 7.	 Wherry, E. J. & Kurachi, M. Molecular and cellular insights into T cell exhaustion. Nat. Rev. Immunol. 15(8), 486–499. https://​doi.​
org/​10.​1038/​nri38​62 (2015).

	 8.	 Blank, C. U. et al. Defining ‘T cell exhaustion’. Nat. Rev. Immunol. https://​doi.​org/​10.​1038/​s41577-​019-​0221-9 (2019).
	 9.	 Gruener, N. H. et al. Sustained dysfunction of antiviral CD8 + T lymphocytes after infection with hepatitis C virus. J. Virol. 75(12), 

5550–5558. https://​doi.​org/​10.​1128/​jvi.​75.​12.​5550-​5558.​2001 (2001).
	10.	 Ye, B. et al. T-cell exhaustion in chronic hepatitis B infection: Current knowledge and clinical significance. Cell Death Dis. 6(3), 

e1694. https://​doi.​org/​10.​1038/​cddis.​2015.​42 (2015).
	11.	 Shankar, P. et al. Impaired function of circulating HIV-specific CD8+ T cells in chronic human immunodeficiency virus infection. 

Blood 96(9), 3094–3101. https://​doi.​org/​10.​1182/​blood.​v96.9.​3094 (2000).
	12.	 Baitsch, L. et al. Exhaustion of tumor-specific CD8+ T cells in metastases from melanoma patients. J. Clin. Invest. 121(6), 2350–

2360. https://​doi.​org/​10.​1172/​JCI46​102 (2011).
	13.	 Matsuzaki, J. et al. Tumor-infiltrating NY-ESO-1-specific CD8+ T cells are negatively regulated by LAG-3 and PD-1 in human 

ovarian cancer. Proc. Natl. Acad. Sci. U.S.A. 107(17), 7875–7880. https://​doi.​org/​10.​1073/​pnas.​10033​45107 (2010).
	14.	 Zhang, Y., Huang, S., Gong, D., Qin, Y. & Shen, Q. Programmed death-1 upregulation is correlated with dysfunction of tumor-

infiltrating CD8+ T lymphocytes in human non-small cell lung cancer. Cell Mol. Immunol. 7(5), 389–395. https://​doi.​org/​10.​1038/​
cmi.​2010.​28 (2010).

	15.	 Pardoll, D. M. The blockade of immune checkpoints in cancer immunotherapy. Nat. Rev. Cancer. 12(4), 252–264. https://​doi.​org/​
10.​1038/​nrc32​39 (2012).

	16.	 Ledford, H. Melanoma drug wins US approval. Nature 471(7340), 561. https://​doi.​org/​10.​1038/​47156​1a (2011).
	17.	 Li, W. et al. Expansion of circulating peripheral TIGIT+CD226+ CD4 T cells with enhanced effector functions in dermatomyositis. 

Arthritis Res. Ther. https://​doi.​org/​10.​1186/​s13075-​020-​02397-4 (2021).
	18.	 Deng, C. et al. Alteration of CD226/TIGIT immune checkpoint on T cells in the pathogenesis of primary Sjögren’s syndrome. J. 

Autoimmun. https://​doi.​org/​10.​1016/j.​jaut.​2020.​102485 (2020).
	19.	 Weulersse, M. et al. Eomes-dependent loss of the co-activating receptor CD226 restrains CD8+ T cell anti-tumor functions and 

limits the efficacy of cancer immunotherapy. Immunity 53(4), 824–839. https://​doi.​org/​10.​1016/j.​immuni.​2020.​09.​006 (2020).
	20.	 Yeo, J., Ko, M., Lee, D. H., Park, Y. & Jin, H. S. Tigit/cd226 axis regulates anti-tumor immunity. Pharmaceuticals. 14(3), 1–20. 

https://​doi.​org/​10.​3390/​ph140​30200 (2021).
	21.	 Sanchez-Correa, B. et al. Decreased expression of DNAM-1 on NK cells from acute myeloid leukemia patients. Immunol. Cell Biol. 

90(1), 109–115. https://​doi.​org/​10.​1038/​icb.​2011.​15 (2012).
	22.	 Sarraj, B. et al. Impaired selectin-dependent leukocyte recruitment induces T-cell exhaustion and prevents chronic allograft 

vasculopathy and rejection. PNAS 111(33), 12145–12150 (2014).
	23.	 Zou, D. et al. T cell exhaustion is associated with antigen abundance and promotes transplant acceptance. Am. J. Transplant. 20(9), 

2540–2550. https://​doi.​org/​10.​1111/​ajt.​15870 (2020).
	24.	 Fribourg, M. et al. T-cell exhaustion correlates with improved outcomes in kidney transplant recipients. Kidney Int. 96(2), 436–449. 

https://​doi.​org/​10.​1016/j.​kint.​2019.​01.​040 (2019).
	25.	 Del Bello, A., Kamar, N. & Treiner, E. T cell reconstitution after lymphocyte depletion features a different pattern of inhibitory 

receptor expression in ABO- versus HLA-incompatible kidney transplant recipients. Clin. Exp. Immunol. https://​doi.​org/​10.​1111/​
cei.​13412 (2020).

	26.	 Levine, J. H. et al. Data-driven phenotypic dissection of AML reveals progenitor-like cells that correlate with prognosis. Cell 162(1), 
184–197. https://​doi.​org/​10.​1016/j.​cell.​2015.​05.​047 (2015).

	27.	 van der Maaten, L. Accelerating t-SNE using tree-based algorithms. J. Mach. Learn. Res. 15, 3221–3245 (2014).
	28.	 Dougall, W. C., Kurtulus, S., Smyth, M. J. & Anderson, A. C. TIGIT and CD96: New checkpoint receptor targets for cancer immu-

notherapy. Immunol. Rev. 276(1), 112–120. https://​doi.​org/​10.​1111/​imr.​12518 (2017).
	29.	 Yu, X. et al. The surface protein TIGIT suppresses T cell activation by promoting the generation of mature immunoregulatory 

dendritic cells. Nat. Immunol. 10(1), 48–57. https://​doi.​org/​10.​1038/​ni.​1674 (2009).
	30.	 Liang, R. et al. TIGIT promotes CD8+T cells exhaustion and predicts poor prognosis of colorectal cancer. Cancer Immunol. 

Immunother. https://​doi.​org/​10.​1007/​s00262-​021-​02886-8 (2021).
	31.	 Harjunpää, H. & Guillerey, C. TIGIT as an emerging immune checkpoint. Clin. Exp. Immunol. 200(2), 108–119. https://​doi.​org/​

10.​1111/​cei.​13407 (2020).
	32.	 Lozano, E., Dominguez-Villar, M., Kuchroo, V. & Hafler, D. A. The TIGIT/CD226 axis regulates human T cell function. J. Immunol. 

188(8), 3869–3875. https://​doi.​org/​10.​4049/​jimmu​nol.​11036​27 (2012).
	33.	 Romagnani, S. Th1/Th2 cells. Inflamm. Bowel Dis. 5(4), 285–294. https://​doi.​org/​10.​1097/​00054​725-​19991​1000-​00009 (1999).
	34.	 Heidt, S., San, D., Chadha, R. & Wood, K. J. The impact of Th17 cells on transplant rejection and the induction of tolerance. Curr. 

Opin. Organ Transplant. 15(4), 456–461. https://​doi.​org/​10.​1097/​MOT.​0b013​e3283​3b9bfb (2010).
	35.	 Szczepanik, A., Iasella, C. J., McDyer, J. F. & Ensor, C. R. Cytokine-targeted therapy for the management of solid organ transplant 

recipients. Hum. Immunol. 80(3), 184–190. https://​doi.​org/​10.​1016/j.​humimm.​2018.​12.​006 (2019).
	36.	 Tang, W. et al. Clinical significance of CD8+ T cell immunoreceptor with Ig and ITIM domains+ in locally advanced gastric cancer 

treated with SOX regimen after D2 gastrectomy. Oncoimmunology. https://​doi.​org/​10.​1080/​21624​02X.​2019.​15938​07 (2019).
	37.	 Lee, W. J. et al. Expression of lymphocyte-activating gene 3 and T-cell immunoreceptor with immunoglobulin and ITIM domains 

in cutaneous melanoma and their correlation with programmed cell death 1 expression in tumor-infiltrating lymphocytes. J. Am. 
Acad. Dermatol. 81(1), 219–227. https://​doi.​org/​10.​1016/j.​jaad.​2019.​03.​012 (2019).

https://doi.org/10.1111/j.1600-6143.2011.03713.x
https://doi.org/10.1111/j.1600-6143.2011.03713.x
https://doi.org/10.12688/f1000research.16627.1
https://doi.org/10.1056/nejmra1802677
https://doi.org/10.1056/nejmra1802677
https://doi.org/10.1111/j.1600-6143.2011.03840.x
https://doi.org/10.1681/ASN.2014060588
https://doi.org/10.1038/nri3862
https://doi.org/10.1038/nri3862
https://doi.org/10.1038/s41577-019-0221-9
https://doi.org/10.1128/jvi.75.12.5550-5558.2001
https://doi.org/10.1038/cddis.2015.42
https://doi.org/10.1182/blood.v96.9.3094
https://doi.org/10.1172/JCI46102
https://doi.org/10.1073/pnas.1003345107
https://doi.org/10.1038/cmi.2010.28
https://doi.org/10.1038/cmi.2010.28
https://doi.org/10.1038/nrc3239
https://doi.org/10.1038/nrc3239
https://doi.org/10.1038/471561a
https://doi.org/10.1186/s13075-020-02397-4
https://doi.org/10.1016/j.jaut.2020.102485
https://doi.org/10.1016/j.immuni.2020.09.006
https://doi.org/10.3390/ph14030200
https://doi.org/10.1038/icb.2011.15
https://doi.org/10.1111/ajt.15870
https://doi.org/10.1016/j.kint.2019.01.040
https://doi.org/10.1111/cei.13412
https://doi.org/10.1111/cei.13412
https://doi.org/10.1016/j.cell.2015.05.047
https://doi.org/10.1111/imr.12518
https://doi.org/10.1038/ni.1674
https://doi.org/10.1007/s00262-021-02886-8
https://doi.org/10.1111/cei.13407
https://doi.org/10.1111/cei.13407
https://doi.org/10.4049/jimmunol.1103627
https://doi.org/10.1097/00054725-199911000-00009
https://doi.org/10.1097/MOT.0b013e32833b9bfb
https://doi.org/10.1016/j.humimm.2018.12.006
https://doi.org/10.1080/2162402X.2019.1593807
https://doi.org/10.1016/j.jaad.2019.03.012


13

Vol.:(0123456789)

Scientific Reports |        (2022) 12:11821  | https://doi.org/10.1038/s41598-022-15705-6

www.nature.com/scientificreports/

	38.	 Stålhammar, G., Seregard, S. & Grossniklaus, H. E. Expression of immune checkpoint receptors Indoleamine 2,3-dioxygenase and 
T cell Ig and ITIM domain in metastatic versus nonmetastatic choroidal melanoma. Cancer Med. 8(6), 2784–2792. https://​doi.​org/​
10.​1002/​cam4.​2167 (2019).

	39.	 Kurita, M. et al. Expression of T-cell immunoglobulin and immunoreceptor tyrosine-based inhibitory motif domain on CD4 + T 
cells in patients with atopic dermatitis. J. Dermatol. 46(1), 37–42. https://​doi.​org/​10.​1111/​1346-​8138.​14696 (2019).

	40.	 Lavon, I., Heli, C., Brill, L., Charbit, H. & Vaknin-Dembinsky, A. Blood levels of co-inhibitory-receptors: A biomarker of disease 
prognosis in multiple sclerosis. Front. Immunol. 10, 835. https://​doi.​org/​10.​3389/​fimmu.​2019.​00835 (2019).

	41.	 Fuchs, S. et al. High-dimensional single-cell proteomics analysis identifies immune checkpoint signatures and therapeutic targets 
in ulcerative colitis. Eur. J. Immunol. 49(3), 462–475. https://​doi.​org/​10.​1002/​eji.​20184​7862 (2019).

	42.	 Zhou, H. et al. Dysregulated T cell activation and aberrant cytokine expression profile in systemic lupus erythematosus. Mediators 
Inflamm. https://​doi.​org/​10.​1155/​2019/​84509​47 (2019).

	43.	 Ko, Y. et al. Acute rejection and infectious complications in abo- and hla-incompatible kidney transplantations. Ann. Transplant. 
25, e927420. https://​doi.​org/​10.​12659/​AOT.​927420 (2020).

	44.	 Venner, J. M., Hidalgo, L. G., Famulski, K. S., Chang, J. & Halloran, P. F. The molecular landscape of antibody-mediated kidney 
transplant rejection: Evidence for NK involvement through CD16a Fc receptors. Am. J. Transplant. 15(5), 1336–1348. https://​doi.​
org/​10.​1111/​AJT.​13115 (2015).

	45.	 Alfei, F. et al. TOX reinforces the phenotype and longevity of exhausted T cells in chronic viral infection. Nature https://​doi.​org/​
10.​1038/​s41586-​019-​1326-9 (2019).

	46.	 Yao, C. et al. Single-cell RNA-seq reveals TOX as a key regulator of CD8+ T cell persistence in chronic infection. Nat. Immunol. 
20(7), 890–901. https://​doi.​org/​10.​1038/​s41590-​019-​0403-4 (2019).

	47.	 Fourcade, J. et al. CD226 opposes TIGIT to disrupt Tregs in melanoma. JCI Insight. https://​doi.​org/​10.​1172/​jci.​insig​ht.​121157 
(2018).

	48.	 Liu, X. et al. PD-1+ TIGIT+ CD8+ T cells are associated with pathogenesis and progression of patients with hepatitis B virus-related 
hepatocellular carcinoma. Cancer Immunol. Immunother. 68(12), 2041–2054. https://​doi.​org/​10.​1007/​s00262-​019-​02426-5 (2019).

	49.	 Khan, O. et al. TOX transcriptionally and epigenetically programs CD8+ T cell exhaustion. Nature https://​doi.​org/​10.​1038/​s41586-​
019-​1325-x (2019).

	50.	 Beltra, J. C. et al. Developmental relationships of four exhausted CD8+ T cell subsets reveals underlying transcriptional and epi-
genetic landscape control mechanisms. Immunity 52(5), 825-841.e8. https://​doi.​org/​10.​1016/j.​immuni.​2020.​04.​014 (2020).

Author contributions
A.D.B., N.K., E.T. designed the study. A.D.B., A.G., C.C., E.T. performed experiments. A.D.B. and E.T. analyzed 
the data and wrote the paper. N.K. reviewed the paper.

Funding
The Fondation de l’Avenir provided a donation allowing this research to be carried out. This study was funded 
by Fondation de l’Avenir pour la Recherche Médicale Appliquée (Grant no. AP-RM 19-026).

Competing interests 
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://​doi.​org/​
10.​1038/​s41598-​022-​15705-6.

Correspondence and requests for materials should be addressed to A.D.B. or E.T.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access   This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

© The Author(s) 2022

https://doi.org/10.1002/cam4.2167
https://doi.org/10.1002/cam4.2167
https://doi.org/10.1111/1346-8138.14696
https://doi.org/10.3389/fimmu.2019.00835
https://doi.org/10.1002/eji.201847862
https://doi.org/10.1155/2019/8450947
https://doi.org/10.12659/AOT.927420
https://doi.org/10.1111/AJT.13115
https://doi.org/10.1111/AJT.13115
https://doi.org/10.1038/s41586-019-1326-9
https://doi.org/10.1038/s41586-019-1326-9
https://doi.org/10.1038/s41590-019-0403-4
https://doi.org/10.1172/jci.insight.121157
https://doi.org/10.1007/s00262-019-02426-5
https://doi.org/10.1038/s41586-019-1325-x
https://doi.org/10.1038/s41586-019-1325-x
https://doi.org/10.1016/j.immuni.2020.04.014
https://doi.org/10.1038/s41598-022-15705-6
https://doi.org/10.1038/s41598-022-15705-6
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	The CD226TIGIT axis is involved in T cell hypo-responsiveness appearance in long-term kidney transplant recipients
	Patients and methods
	Patient selection. 
	Kidney transplant recipients. 
	Dialysis patients. 

	Isolation of PBMCs. 
	Preparation of “third-party donors”. 

	Phenotypic analyses. 
	T cell functional analysis. 
	Polyclonal stimulation. 
	Mixed lymphocyte reaction. 

	Flow cytometry. 
	Clustering analyses. 
	Statistical analysis. 

	Results
	Decreased polyclonal T cell responses in long-term kidney transplanted recipients. 
	CD8 + exhausted T cells increase after kidney transplantation. 
	Alloreactive CD4 + donor-specific hyporesponsiveness after kidney transplantation is correlated with CD4 + CD226 + TIGIT + Tim3-PD1low2B4− T cells. 

	Discussion
	References


