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polymorphisms influence graft
survival, and response to therapy
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Background: Antibody-mediated rejection is a significant cause of kidney
transplant failure. Recent studies have shown that the MHC class | MICA gene
influences the transplantation outcome. However, the role of the primary MICA
receptor, NKG2D, has yet to be explored.

Aim: We aimed to investigate the correlation between recipient/donor MICA
allele matching and NKG2D genotype with the risk of antibody-mediated
rejection and their potential clinical effects and implications for organ
maintenance therapy.

Methods: Of the 524 patients who underwent transplantation, 387 were eligible
for the study. Complete MICA allele and two functional polymorphisms of
NKG2D (rs1049174C>G and rs2255336G>A) were analyzed in 148 transplanted
patients and 146 controls.

Results: Increased recipient/donor MICA allele mismatches correlate with an
elevated risk of antibody-mediated rejection (X = 6.95; Log-rank=0.031).
Notably, the rs1049174[GG] genotype contributes to a significantly increased
risk of antibody-mediated rejection (X* = 13.44; Log-rank=0.001 and X2 = 0.34;
Log-rank=0.84). The combined effect of two MICA allele mismatches and
rs1049174[GG] genotype shows the highest risk (X° = 23.21; Log-rank<0.001).
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Most importantly, patients with rs1049174[GG] and rs2255336[AA] genotypes
may respond less to mTOR inhibitor immunosuppressive therapy than
Calcineurin inhibitors (rs1049174[GG]; P=0.035; and rs2255336[AA]; P=0.002).

Conclusion: Recipient/donor MICA allele mismatches and specific NKG2D
variants, as well as their combinations, influence kidney transplant outcomes,
providing insights for personalized treatment and enhancing graft survival.

kidney transplant, antibody-mediated rejection, MICA, NKG2D, DSA

1 Background

Kidney transplantation is the best treatment for kidney function
in patients with advanced chronic kidney disease or end-stage kidney
disease (ESKD) (1, 2). Transplantation significantly reduces overall
mortality and improves the quality of life for patients with renal
disease (3, 4). However, kidney transplantation is a complex
procedure that relies on several pivotal immunological and non-
immunological factors that directly affect the graft’s survival and
functionality (5, 6).

Antibody-mediated rejection is undoubtedly the most
important factor that adversely affects the survival of the
transplanted kidney in the medium and long term (7, 8).

Antibody-mediated rejection (ABMR) constitutes organ injury
triggered by circulating donor-specific antibodies (DSA), which can
target either human leukocyte antigens (HLAs) or non-HLA
antigens (9). Identifying ABMR typically involves assessing the
levels of DSAs and performing a kidney biopsy that reveals features
such as microvascular inflammation (MVI) and C4d deposition in
the endothelium (10-12).

While the compatibility of HLA molecules between donor and
recipient has historically been the main focus in kidney
transplantation, recent studies suggest that incompatibilities at
other loci, such as MICA (major histocompatibility complex class
I-related chain A) and KIR genes and NKG2D (natural killer group
2 member D) (KLRK), can influence graft outcome (13-17).

Abbreviations: ABMR, antibody-mediated rejection; ATG, antithymocyte
globulin; AUC, area under the curve; CKTR, Chronic kidney transplant
rejection; CNI, Calcineurin inhibitors; CsA, cyclosporine A; DSAs, donor-
specific antibodies; eGFR, Estimated glomerular filtration rate; ESKD, end-
stage kidney disease; Evl, Everolimus; HWE, Hardy-Weinberg Equilibrium;
HvG, host-versus-graft; IRI, ischemia-reperfusion injury; KTPs, kidney
transplant patients; LD, linkage disequilibrium; MDRD, Modification of Diet in
Renal Disease; MFI, mean fluorescence intensity; MM, mismatches; MMF,
mycophenolate mofetil;, mTOR, mammalian target of rapamycin; MVI,
microvascular inflammation; PRA, Panel-reactive antibody; SCr, serum
creatinine; SGF, stable graft function; S, corticosteroids; Srl, sirolimus; Tac,

tacrolimus; TCMR, T-cell-mediated rejection.

Frontiers in Immunology

MICA acts as a ligand for NKG2D, an activating receptor
expressed on NK cells, NKT cells, ¥d T cells, and CD8+ afy T
cells (1, 18, 19). The binding of MICA ligands to NKG2D activates
NK cells, enhances their functions, and allows them to function as a
bridge between innate and adaptive immunity (20).

The pathogenic role of MICA-specific antibodies in kidney
transplantation remains controversial. However, recent studies
indicate that patients with MICA mismatches exhibit notably
diminished graft survival compared to those with MICA-matched
donors, with respective five-year graft survival rates of 88% and 96%
(15). Additionally, genetic variability of NKG2D also may influence
the receptor’s functional capacity, with at least two haploblocks
identified to affect receptor expression activity levels (21).

This study aims to 1) evaluate the impact of MICA
polymorphisms on kidney transplantation, focusing on the
incidence of antibody-mediated rejection and graft function
survival in the Sardinian population 2) Investigate how NKG2D
polymorphisms in combination with MICA compatibility may
influence immunological activity and assess their immunological
significance relative to the classic HLA system.

2 Materials and methods
2.1 Study population

From July 2012 to July 2022, 524 patients underwent kidney
transplantation at the Organ Transplantation Center of the G.
Brotzu Hospital in Cagliari, Italy. We excluded 1) cases lacking
patient/donor biological material or incomplete clinical data. 2)
patients who underwent a second transplant or had pre-transplant
donor-specific HLA antibodies (pre-Tx DSA) (Figure 1).

Of the remaining 387 eligible patients, 68 manifested ABMR
while 319 showed normal renal function. Out of these 319, 80
patients were randomly selected to be used as the stable graft
function (SGF) control group.

Moreover, the total number of SGF and ABMR patients (148)
was compared with a healthy cohort of 146 individuals of Sardinian
descent and underwent a systematic evaluation of clinical and
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immunological parameters significantly impacting transplantation
outcomes. These parameters included HLA class I (0-2 HLA-A, 0-2
HLA-B, 0-2 HLA-C) mismatches (score 0-6), HLA class II (0-4 HLA-
DRBI, HLA-DQBI) mismatches (score 0-4), recipient NKG2D
(KLRK1I) polymorphisms rs1049174 and rs2255336, MICA
mismatches (score 0-2). The analysis of MICA alleles matching was
performed considering two categories of mismatches: i) mismatches
in the host-versus-graft (HvG) direction where the donor but not the
recipient is mismatched, and ii) all types of mismatches, independent
of their directions. Additional factors examined included panel-
reactive antibodies (PRA) exceeding 5-10%, the duration of graft
cold ischemia, the type of induction therapy received, and the
immunotherapy administered post-transplant.

2.2 Allograft pathology

Kidney biopsies were performed when clinically justified due
to suspected graft dysfunction, such as unexplained changes in
graft function, new-onset proteinuria, rising serum creatinine, or
other deviations from the standard post-transplantation course.
These biopsies were carried out to promptly detect and address
any potential pathological alterations affecting graft function.

10.3389/fimmu.2024.1440887

Each specimen was assessed according to the standards from
the 15th Banff Conference held in 2019 (22). All samples were
reviewed by three independent renal pathologists. The analysis
included H&E, PAS, AFOG, and silver stain, along with
immunofluorescence for IgG, IgA, IgM, kappa, lambda, C3, C4,
Clq, and albumin, and immunohistochemistry for C4d, with
additional stains as required (e.g., SV40).

2.3 Donor-specific antibody

The presence of anti-MICA and anti-HLA class I and II
antibodies were determined in all pre-transplant patients. The
presence of anti-HLA DSA precluded kidney transplantation at
our center. Anti-HLA and MICA DSA levels: This assessment was
conducted using LAB Screen Single Antigen kits from One Lambda,
following the manufacturer’s instructions. Beads with a normalized
MEFI above 2500 for HLA or 1000 for MICA were considered
positive as reported in other work (23). According to the transplant
center’s operational standards, antibody testing was performed
during the one-year post-transplant follow-up, or earlier if the
patient showed clinical signs of rejection (renal injury/graft
impairment) within the first year.

Kidney Transplant from
01/07/2012 to 01/07/2022 N =524
N =524 l
!
* Donor/recipient DNA
- NO YES =
N=85 . =« Clinical data availability LS N=4%
* Renal biopsies at1-3ys post tx l
|
YES Pre-Tx DSA NO -
N=52 . — | Second allograft ——* -
* Non immuniological graft loss l
N =387
YES NO B
N=68 MVI(g+ pte22) | N=319
Patients with ABMR 4
included inthe stuy [ C4d Binding and/or ‘ Controls (SGF) |
;tI-HLA DSA\‘ N=80
MVI+, Cad+, MVI+, Cad+, MVI+, Cdd-, MVI-, C4d-,
DSA+ DSA- DSA- DSA-
N=12 N=34 N= 22 N =80

FIGURE 1

Selection process and characteristics of kidney transplant recipients in the study. Out of 524 patients who underwent kidney transplants over ten
years, 387 were enrolled for analysis based on specific criteria, including renal biopsies at 1 and 3 years after transplantation (as required for post-
transplant follow-up by the Cagliari transplant center), absence of second transplant and pre-transplant donor-specific HLA antibodies. Among
these, 68 patients (21.3%) experienced a progressive decline in graft function attributed to antibody-mediated rejection (ABMR), with histological
confirmation through renal biopsies. Some of these patients showed a mixed histological picture of ABMR and TCMR. The 68 patients with ABMR
presented with a histological picture of MVI+ (g+, ptc > 2). They were divided into three subgroups based on the presence or absence of C4d and
the presence or absence of DSA (MVI+, C4d+, DSA+;MVI+, C4d+, DSA-; MVI+, C4d-, DSA-). The remaining 319 patients never exhibited clinical,
histological, or laboratory signs of organ damage. Eighty patients (MVI-, C4d-, DSA-), randomly selected, were used as a control group (SGF). (ABMR,
antibody-mediated rejection; DSA, donor-specific HLA antibodies; MVI, microvascular inflammation; TCMR, T-cell-mediated rejection).
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2.4 Genetic analysis

HLA and MICA typing. Genomic DNA (gDNA) was isolated
from peripheral blood using QIAcube (Qiagen, Hilden, NW,
Germany) and the DNA Blood Mini kits according to the
manufacturer’s instructions. Isolated gDNA was HLA genotyped
using the AlloSeq Tx17 assay (Care Dx, Brisbane, CA) following the
recommended protocol. The AlloSeq Tx17 assay incorporates 17
specific probes designed to target HLA-A, HLA-B, HLA-C, HLA-E,
HLA-F, HLA-G, HLA-H, HLA-DRB1, HLA-DRB3, HLA-DRB4,
HLA-DRB5, HLA-DQA1, HLA-DQBI, HLA-DPA1, HLA-DPBI,
MICA, and MICB loci. Library quantification was performed
using the Qubit' " dsDNA HS Assay (Life Technologies, Carlsbad,
California, USA), and sequencing was performed on the Illumina
MiSeq platform (San Diego, CA) with 2x150 sequencing. MICA
allele matching/mismatching was analyzed based on the recipient-
versus-graft direction, where the donor, but not the recipient, is
mismatched. The codon position 129 of the MICA gene was
considered to determine the presence of Methionine (Met) or
Valine (Val) (rs1051792) and to evaluate recipient/donor MICA
mismatches. Allele frequencies of MICA were calculated using
direct gene counting.

2.4.1 NKG2D rs1049174 and
rs2255336 sequencing

Primer sets targeting specific regions were designed with the
assistance of Primer3 version 4.1.0 (24). The annealing temperature
was optimized for each primer set. The two SNPs located within the
NKG2D (KLRKI) gene rs1049174 and rs2255336 belong to two
different haplotype blocks (NKG2D hb-1 and hb-2), each of which
generates two major haplotypes associated with low (LNK) and
high natural cytotoxic activity (HNK) phenotypes as shown in
Table 1 (21). Several studies have demonstrated that high and low
natural cytotoxic activity haplotype alleles (HNK1 or LNKI1)
belonging to NKG2D haplotype blocks 1 (hb-1) may be
successfully predicted by only a single SNP (dbSNP: rs1049174)
and haplotype blocks 2 (hb-2) by dbSNP rs2255336 (25, 26).
Primers are reported in the Supplementary Table S1. The PCR
was performed according to the protocol supplied with AmpliTaq
Gold™ DNA Polymerase (Applied Biosystems/Thermo Fisher
Scientific, Waltham, MA). Sequencing was performed using the
BigDyeTM Terminator v3.1 Cycle Sequencing Kit (Applied
Biosystems, USA), with the same primers described previously
and cleaned up with CleanSEQ Dye-Terminator Removal Kit
(Beckman Coulter, Inc.). Capillary electrophoresis was performed
on the ABI 3500 Genetic Analyser (Applied Biosystems), and
sequences were analyzed with Sequencher 5.3 (© 2017 Gene
Codes Corporation).

TABLE 1 Haplotype blocks (NKG2D hb-1 and hb-2) are split into low and
high natural cytotoxic activity haplotypes.

Haplotype dbSNP Allele (Low) Allele (High)
NKG2D hb-1 751049174 G>C C G
NKG2D hb-2 752255336 A>G G A

Frontiers in Immunology
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2.5 Statistical analysis

Summary statistics were calculated for the clinical and
biochemical data of patients diagnosed with or without antibody-
mediated rejection: interquartile ranges (IQR), medians, means,
standard deviations (SD), and mean differences were calculated on
all continuous variables; percentages and odds ratios (OR) were
calculated on categorical data. P values and 95% confidence
intervals (95% CI) were obtained using Student’s t-test or Fisher’s
exact test, as appropriate. Statistical analysis was performed by
using R software version 4.3.2 (27). The frequencies of rs1049174
G>C and rs2255336 A>G SNPs in the NKG2D gene and MICA
alleles were compared between patients with ABMR, stable graft
function (SGF), and an appropriate group of Sardinian healthy
controls. The Hardy-Weinberg Equilibrium (HWE) of the SNPs
and allele frequencies was examined by computing X*** and P
values. Deviation from HWE was assessed using HaploView 4.2
software (28). The linkage disequilibrium (LD) between the
rs1049174 G/C and rs2255336 A/G haplotypes of the NKG2D gene
was evaluated in transplanted patients and healthy group controls.
The observed and expected frequencies in each sample were
compared using the chi-square test. LD was measured by the
parameters D (difference between the observed and expected
frequencies) and D’ (i.e., D normalized to one: -1 < D’ < 1). D’
was obtained using the normalization formulas proposed by
Lewontin (29) for two-loci haplotypes. We also computed the
parameter 1° expressing the correlation between the alleles at two
loci. To compare the LD in the control and patient groups or the
SGF and ABMR cohorts, we evaluated the P value associated with
the chi-square variable (with two degrees of freedom) given by the
difference between the chi-square variables in the two groups (with
one degree of freedom). Kaplan-Meier curves were used to illustrate
the cumulative incidence of antibody-mediated rejection from the
date of transplantation to the date of clinical, histopathological, and
immunohistochemical detection or the date of the last follow-up or
death with a functioning graft. Transplant recipients were stratified
into several groups according to genotypes and allele mismatches.
The log-rank test was used for comparisons of the different gene
profile combinations. Serum creatinine levels and glomerular
filtration rate were measured at 1, 6, 12, 36, and 72 months from
the date of transplantation. Comparison between groups of
stratified patients was performed by computing the area under
the curve (AUC) for the corresponding plots (30). AUC was
evaluated using the trapezium formula extended to include all
times at which serum creatinine and glomerular filtration rate
(eGFR) were measured. The Student’s t-test was used to confirm
statistical significance. A multivariate analysis was conducted to
determine the independence from donor age and gender of the
other clinical and genetic variables influencing rejection incidence
and graft function. In the multivariate comparison between patients
with SGF and ABMR, a logistic regression model was used to
compute P values (Py), odds ratios (ORy), and 95% confidence
intervals (95% Cly;) adjusted accordingly to age and gender and for
the potential confounder. The analysis included cold ischemia time,
R/D MICA alleles full mismatch (MICA 2MM), allelic mismatches
R/D HLA-DRBI1, HLA-DQBI (HLA II Class 1-2MM) and HLA class
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I (HLA-A, -B, -C > 3MM), genotypes NKG2D rs2255336 AA and
NKG2D rs1049174 GG, de novo DSA HLA Class I and II, and the
combination of MICA 2MM with the genotype NKG2D rs1049174
GG, which was confirmed to be strongly associated with rejection
incidence. The de novo DSA HLA Class I observations in the two
groups of patients were too few to yield fully reliable results for ORy
and 95% Cly.

3 Results
3.1 Patient selection algorithm

Between July 2012 and July 2022, 524 kidney transplant patients
(KTPs) were treated at the Brotzu transplant center in Cagliari
(Figure 1). Eighty-five patients (16.2%) were excluded due to
insufficient patient/donor biological material or incomplete
clinical data, including the lack of renal biopsy in the 1st and
3rd year of post-transplant follow-up. To accurately evaluate
the immunological impact of allelic MICA mismatch and NKG2D
genotype on long-term graft function, we further excluded
52 patients (9.9%) who underwent a second transplant or had
pre-transplant donor-specific HLA antibodies (pre-tx DSA). Out of
387 patients enrolled in the study, 68 (17.6%) had clinically
manifested a progressive decline in graft function attributed to
antibody-mediated rejection (ABMR), characterized by MVI+
(Banft score: g+, ptc = 2) as evidenced in all cases through renal
biopsies. They were divided into three subgroups based on the
presence or absence of C4d+ and the presence or absence of DSA
(12 patients were MVI+, C4d+, DSA+; 34 were MVI+, C4d+, DSA-;
and 22 were MVI+, C4d-, DSA-). The presence of calcineurin
inhibitor toxicity, hypertensive damage, BK virus, and bacterial
infections was ruled out. All patients were compliant with post-
transplantation immunosuppressive therapy. Three hundred
nineteen patients, who showed no clinical, histological, or
laboratory signs of organ damage, were included in the control
group (SGF), which consisted of 80 randomly selected patients
(MVI-, C4d-, DSA-).

3.2 Clinical characteristics of transplanted
patients and donors

The age, sex, clinical, and demographic characteristics of
recipient-donor pairs are detailed in Table 2. No significant
differences were observed between the two groups of patients with
SGF or ABMR in terms of the age and gender of the recipients. The
number of HLA Class I (HLA-A, -B, -C) mismatches (0-6), HLA
Class 1I (HLA-DRBI, HLA-DQBI) mismatches (0-4), and the
percentage of sensitized patients (PRA > 5%) (31), showed no
substantial differences between the SGF and ABMR groups.
Significantly, the cold ischemia time in the ABMR patient group
was notably more protracted than in the SGF group (747.5 + 211.5 vs.
590.3 + 22.9, OR = 157.2, 95% CI 74.0 - 590.3; P = 3.0 x 10°*).

After the transplant, only 1.3% (1/80) of patients with stable
graft function (SGF) developed de novo donor-specific antibodies
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(DSAs) with a MFI above 2500 for HLA or 1000 for MICA,
compared to 17.6% (12/68) of patients with antibody-mediated
rejection (ABMR) (OR = 16.9, 95% CI 2.1-134.0; P = 0.001). Most
of these DSAs were directed against HLA class II antigens.

Additionally, 17 out of 68 (25.0%) patients with ABMR had
MICA DSA alloantibodies (Supplementary Table S3). However,
most of these patients had a low MFI level (<1000). Only 4 of the
ABMR patients developed MICA DSAs with a mean fluorescence
intensity (MFI) > 1000 (ranging from 1100 to 4500). Three of these
patients had anti-MICA alloantibodies against the donor MICA-
129 Methionine antigen (MICA 18 and MICA 01), while one
patient had antibodies against both MICA-129 Methionine and
Valine antigens (MICA 01, 08). Overall, 5 out of 6 anti-MICA DSAs
with an MFI level > 1000 targeted Methionine at residue 129
(Supplementary Table S3).

Considerable overlap in treatment regimens administered
before and after transplantation was observed between the two
groups (Table 2). It is noteworthy to observe that the maintenance
regimen based on mTOR inhibitors was statistically significantly
associated with a higher number of episodes of ABMR compared to
therapeutic regimens consisting of CNI [55.8% (48/86) vs. 32.3%
(20/62); P = 0.007; OR: 2.6 (1.3 - 5.6)].

3.3 MICA allele frequencies and recipient/
donor MICA alleles matching

MICA alleles were compared in 148 KTPs and 146 healthy
controls. The analysis revealed a few substantial differences in allele
frequencies between patients and healthy controls (Table 3). The
frequency of the MICA*002:01 was significantly lower in the kidney
transplant patient group compared to the control group [16.9% (50/
296) in KTPs vs. 24.0% (70/292) in controls; p-value: 0.040; OR:
0.65 (0.42 - 0.99)]. The other alleles did not exhibit substantial
differences and had comparable frequencies between controls
and patients.

Furthermore, when dividing the patients based on transplant
outcomes (ABMR or SGF), the most represented alleles in both
groups were MICA*001:01 and MICA*002:01 (Table 4). The
MICA*010:01 allele was more frequent in SGF patients [0.007%
(1/136) in ABMR, 0.05% (8/160) in SGF; P = 0.042; OR: 7.105
(0.877-57.548)]. Furthermore, ABMR and SGF groups were
compared based on each allele’s heterozygote and homozygote
frequencies. In particular, no significant differences were observed
in the frequencies of homozygotes and heterozygotes for the most
frequent allele: MICA*001:01, *002:01, *004:01, *008:01, *009:01 and
*010:01 (Table 4).

Figure 2A shows the 95% cumulative incidence curves over 120
months for antibody-mediated rejection (ABMR) in 148 patients,
stratified into three groups based on the number of MICA allele
mismatches with their donors. Of these, 24 R/D pairs (16.2%) were
matched (0 MM), 52 R/D pairs (35.1%) had one mismatch (1 MM),
and 72 R/D pairs (48.7%) had two mismatches (2 MM). The median
follow-up was 52.9 months for MICA-matched patients and 64.7
months for MICA-mismatched patients. At 5 years post-
transplantation, graft survival was 79.2% (19/24) for MICA-
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TABLE 2 Clinical and immunological characteristics of transplant patients.

SGF (N=80)

ABMR (N=68)

10.3389/fimmu.2024.1440887

P-value

OR or x2-x1?
(95% Cl)

Clinical characteristics at time of transplantation

Recipient
Age, years, median (IQR) 55.7 (47.0 - 65.0) 54.7 (47.5 - 63.0) 56.8 (46.5 - 69.0) 0.368 2.1 (-2.5; 6.7)
Male, n (%) 65 (43.9) 31 (38.8) 34 (50.0) 0.187 1.6 (0.8 - 3.2)
Causes for renal insufficiency, n (%)
Hypertension or renal vascular disease, n (%) 55 (37.2) 31 (38.8) 24 (35.3) 0.734 0.9 (0.4 - 1.8)
Glomerulonephritis, n (%) 42 (28.4) 21 (26.2) 21 (30.9) 0.585 1.3 (0.6 - 2.7)
Other, n (%) 51 (34.4) 28 (35.0) 23 (33.8) 1 0.9 (0.5 - 1.9)
Donor
Donor age, years, median (IQR) 45.0 (31.0 - 58.0) 37.5 (26.8 - 47.0) 51.0 (42.0 - 62.0) 1.2:10° 12.7 (7.8 - 17.6)
Male donors, n (%) 98 (65.5) 62 (76.3) 36 (52.9) 0.003 0.3 (0.2 -0.7)
Deceased, n (%) 144 (97.3) 79 (98.8) 65 (95.6) 0.334 0.3 (0.0 - 3.5)
Cytomegalovirus serostatus (r/d), n (%)
negative/negative 4(2.7) 2 (2.5) 2(29) 1 1.2 (0.1 - 16.7)
negative/positive 16 (10.8) 10 (12.5) 6 (8.8) 0.598 0.7 (0.2 - 2.2)
positive/negative 24 (16.2) 16 (20.0) 8 (11.8) 0.189 0.5 (0.2 - 1.4)
positive/positive 104 (70.3) 52 (65.0) 52 (76.5) 0.151 1.7 (0.8 - 3.9)
Immunologic characteristics at time of transplantation
HLA compatibility, (mean + SD)
Class I (HLA-A, B, C) allelic mismatch (0-6) 4.04 +1.28 4.24 +1.28 3.88 + 1.26 0.088 -0.36 (-0.77; 0.05)
Class IT (HLA-DRBI, -DQBI) allelic mismatch (0-4) 1.07 £ 0.72 1.10 + 0.67 1.03 + 0.80 0.563 -0.07 (-0.31; 0.17)
PRA (> 5%), n (%)
Anti-HLA Class I 16 (10.8) 6 (7.5) 10 (14.7) 0.190 2.1 (0.7 - 7.5)
Anti-HLA Class I 19 (12.8) 7 (8.8) 12 (17.6) 0.140 22 (0.7 - 7.1)
Anti-HLA Class I and 1T 4(2.7) 1(1.3) 3 (4.4) 0.334 3.6 (0.3 - 193.6)
Cold ischemia time, minutes (mean + SD) 660.2 + 230.6 590.3 + 222.9 747.5 + 211.5 3.0-10* 157.2 (74.0 - 590.3)
Immunosuppression
Induction therapy, n (%)
Antithymocyte globulins 56 (37.8) 27 (33.8) 29 (42.6) 0.309 1.5 (0.7 - 3.0)
Non-depleting induction 72 (48.6) 42 (52.5) 30 (44.1) 0.327 0.7 (0.4 - 1.4)
No induction treatment 20 (13.5) 11 (13.7) 9 (13.3) 1 0.9 (0.4 - 2.5)
Maintenance therapy, n (%)
CsA/Tac-Evl/Srl-S 103 (69.6) 57 (71.3) 46 (67.6) 0.721 0.8 (0.4 - 1.8)
CsA/Tac-MMF-$ 20 (13.5) 10 (12.5) 10 (14.7) 0.811 1.2 (04 - 3.5)
Evl/Srl 19 (12.8) 10 (12.5) 9 (13.2) 1 1.1 (04 - 3.1)
Other 6 (4.1) 3 (3.8) 3 (44) 1 1.2 (0.2 -9.1)
(Continued)
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TABLE 2 Continued

SGF (N=80) ABMR (N=68) P-value OR or x2-x1?

(95% ClI)

Transplantation outcome

Delayed graft function, days (mean + SD) 1.5+3.6 1.5+34 14 +4.1 0.871 -0.1 (-1.3; 1.1)
De Novo DSA, n (%)
HLA Class I antibodies (MFI > 2500) 4(27) 0 4(5.9) 0.042 0.0 (0.0 - 1.3)
HLA Class II antibodies (MFI > 2500) 11 (7.4) 1 (0.0) 10 (14.7) 0.003 13.6 (1.7 - 109.6)
HLA Class I and II antibodies (MFI > 2500) 3(2.0) 0 3 (44) 0.095 0.0 (0.0 - 2.0)
MICA antibodies (MFI > 1000) 4(2.7) 0 4 (5.9) 0.042 0.0 (0.0 - 1.3)
One-year graft survival, n (%) 2(1.4) 0 2(2.9) 0.209 0.0 (0.0 - 4.5)
eGFR® at 1 year, (mean + SD) 65.26 + 23.27 77.50 £ 17.51 49.19 + 19.76 2.2.107¢ -28.3 (-34.4; -22.3)
Serum creatinine® at 1 year (mean + SD) 1124 + 593 86.2 +17.6 1443 + 74.8 3.5.10° 58.1 (41.1 - 75.1)
eGFR® at 3 years, (mean + SD) 65.34 +26.74 81.02 + 21.19 46.82 £ 20.05 <2210 342 (-40.9; -27.5)
Serum creatinine at 3 years (mean * SD) 119.1 £111.8 81.0 = 185 175.1 + 151.4 1.5.107 94.1 (60.4 - 127.8)
eGFR" at 6 years, (mean + SD) 59.15 + 31.31 79.29 + 19.05 31.26 + 22.18 <2.2:10"¢ -48.0 (-54.7; -41.3)
Serum creatinine at 6 years (mean + SD) 169.9 + 188.3 86.2 +32.6 291.0 +247.3 1.4-.10" 204.8 (149.6 - 260.0)

(a) Mean differences (for continuous variables): x2 (patients with antibody-mediated rejection) - x1 (patients with stable graft function). (b) eGFR, calculated with the Modification of Diet in
Renal Disease formula. (¢) Serum creatinine was reported in pmol/L. ABMR, Antibody-mediated rejection; CI, Confidence Interval; CsA, Cyclosporin A; DGF, Delayed Graft Function; Evl,
Everolimus; GFR, Glomerular Filtration Rate; IQR, Interquartile range; MMF, Mycophenolate mofetil; OR, Odds ratio; PRA, Panel-reactive antibody; S, Corticosteroids; SGF, Stable Graft

Function; Srl, Sirolimus; TAC, Tacrolimus. All patients underwent their first kidney transplant and were negative for donor-specific antibodies (DSA) pre-transplantation.

Bold values denote statistical significance at the p < 0.05 level.

matched patients and 64.5% (80/124) for MICA-mismatched
patients (1 and 2 MM). Compared to MICA-mismatched
patients, those matched for MICA alleles exhibited a significantly
reduced risk of antibody-mediated rejection (X* = 6.95; Log-rank =
0.03). Indeed at 120 months post-transplantation, the incidence of
ABMR was only 20.8% (5/24) in MICA-matched patients,
compared to 49.1% (26/52) and 52.7% (38/72) in patients with 1
and 2 mismatches (1 MM and 2 MM), respectively.

In addition to a detailed exploration of the consequences of the
MICA mismatching model, we closely monitored renal function
through assessments of serum creatinine levels and glomerular
filtration rate (eGFR) (Supplementary Figures S2, S3). This
additional analysis further confirmed the impact of recipient/
donor (R/D) MICA allele matching on renal outcomes.

Building on this analysis, we further investigated the specific
role of MICA-129 mismatches and their potential interactions with
antibody-mediated rejection. We analyzed the cumulative incidence
curves over 120 months for ABMR based on the R/D MICA-129 1
or 2 mismatches (1 MM and 2 MM) as R/D: MM/MV, VV/MV,
MM/VV, VV/MM (Figure 2B). Two MICA-129 mismatches were
observed in 12 R/D pairs VV/MM (8.1%) and 10 R/D pairs MM/VV
(6.8%), while 1 MICA-129 mismatch was observed in 16 R/D pairs
MM/MV (10.8%) and 14 R/D pairs VV/MV (9.5%).

The median follow-up was 27.9 months for MICA-129 2
mismatched patients (VV/MM and MM/VV) and 60.6 months
for patients with 1 MICA-129 mismatch compared to the donor
(VV/MV and MM/MYV). Patients with 2 MICA-129 mismatches
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exhibited a significantly higher risk of antibody-mediated rejection
(X* = 20.05; Log-rank < 0.001).

At 5 years post-transplantation, graft survival was 100% (16/16)
for MICA-129 1 mismatch R/D MM/MV, and 85.7% (12/14) for
MICA-129 1 mismatch R/D VV/MV, while in the presence of 2
MICA-129 mismatches, graft survival decreased to 40% (4/10) for
R/D MM/VV pairs and to 33.3% (4/12) for R/D VV/MM pairs.

At 120 months post-transplantation, the cumulative incidence
of ABMR remained significantly higher in the pairs that presented
two MICA-129 mismatches, particularly in R/D VV/MM pairs
[66.7% (8/12)].

3.4 Association of recipient kNKG2D
rs1049174 (G>C) and rs2255336 (A>G)
polymorphisms and antibody-mediated
rejection risk

3.4.1 RNKG2D rs1049174 (G>C) and rs2255336
(A>G) Hardy—Weinberg equilibrium and linkage
disequilibrium analysis

The two index SNPs, rs1049174 (G>C) and rs2255336 (A>G),
located in the xRNKG2D gene, were analyzed in 146 healthy control
individuals and 148 kidney transplant patients stratified into two
groups: SGF and ABMR. The comparison did not reveal significant
differences in the frequencies of these SNPs. (Tables 5A, B). The
rs1049174 (G>C) variant was found to be in Hardy-Weinberg
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TABLE 3 MICA alleles their frequencies in the control population and kidney-transplant patients.

MICA Alleles Control Population (N=146) Kidney Transplant patients
(N=148)
2N=292 % 2N=296 % Odds Ratio p-value’

001:01 2 0.144 50 0.169 1.209 (0.756-1.943) 0.428
002:01 70 0.240 50 0.169 0.645 (0.420-0.986) 0.040
004:01 28 0.096 34 0.115 1.223 (0.698-2.159) 0.503
007:01 10 0.034 12 0.041 1.191 (0.463-3.132) 0.829
008:01 42 0.144 36 0.122 0.824 (0.495-1.366) 0.467
008:02 1 0.003 3 0.010 2975 (0.237-156.819) 0.624
008:04 2 0.007 5 0.017 2.488 (0.403-26.334) 0.450
009:01 22 0.075 20 0.068 0.890 (0.449-1.752) 0.751
009:02 6 0.021 2 0.007 0.325 (0.032-1.836) 0.174
010:01 4 0.014 9 0.030 2255 (0.621-10.136) 0.262
011:01 14 0.048 14 0.047 0.986 (0.427-2.278) 1

012:01 4 0.014 8 0.027 1.998 (0.528-9.168) 0383
012:02 1 0.003 3 0.010 2975 (0.237-156.819) 0.624
016:01 14 0.048 18 0.061 1.285 (0.591-2.852) 0.586
017:01 8 0.027 8 0.027 0.986 (0.318-3.060) 1

018:01 20 0.068 19 0.064 0.933 (0.487-1.787) 0.870
019:01 2 0.007 2 0.007 0.986 (0.071-13.688) 1

027:01 2 0.007 3 0.010 1.484 (0.169-17.878) 1

SP-values were calculated for comparisons between control population group and Kidney Transplant patients. OR, odds ratio; CI, confidence interval; %, allele frequencies expressed as decimals.
Bold formatting highlights values that have achieved statistical significance based on the applied tests or criteria.

TABLE 4 MICA alleles their frequencies in the group of antibody-mediated rejection patients and patients with stable graft function.

MICA Alleles

Odds Ratio p-value®

001:01 22 0.162 28 0.175 1.099 (0.571-2.137) 0.877
Hom 2 0.015 4 0.025 1.715 (0.241-19.230) 0.691

Het 18 0.132 20 0.125 0.937 (0.447-1.974) 0.863
002:01 20 0.147 30 0.188 1.337 (0.692-2.630) 0437
Hom 2 0.015 6 0.038 2.603 (0.456-26.797) 0.296

Het 8 0.059 18 0.113 2.024 (0.804-5.571) 0.148
004:01 20 0.147 14 0.088 0.557 (0.249-1.217) 0.143
Hom 4 0.029 0 0.000 0.000 (0.000-1.275) 0.044

Het 12 0.088 14 0.088 0.991 (0.408-2.440) 1
007:01 4 0.029 8 0.050 1.734 (0.452-8.049) 0.556
Hom 0 0.000 0 0.000 - 1

Het 4 0.029 8 0.050 1.734 (0.452-8.049) 0.556
008:01 18 0.132 18 0.113 0.832 (0.389-1.779) 0.722
Hom 2 0.015 0 0.000 0.000 (0.000-4.518) 0.210

(Continued)
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TABLE 4 Continued

MICA Alleles

Odds Ratio p-value’
Het 14 0.103 18 0.113 1.104 (0.495-2.508) 0.852
008:02 1 0.007 2 0.013 1.706 (0.088-101.495) 1
Hom 0 0.000 0 0.000 - 1
Het 1 0.007 2 0.013 1.706 (0.088-101.495) 1
008:04 4 0.029 1 0.006 0.209 (0.004-2.141) 0.184
Hom 0 0.000 0 0.000 - 1
Het 4 0.029 1 0.006 0.209 (0.004-2.141) 0.184
009:01 6 0.044 14 0.088 2.073 (0.722-6.781) 0.167
Hom 0 0.000 0 0.000 - 1
Het 6 0.044 14 0.088 2.073 (0.722-6.781) 0.167
009:02 1 0.007 1 0.006 0.850 (0.011-67.103) 1
Hom 0 0.000 0 0.000 - 1
Het 1 0.007 1 0.006 0.850 (0.011-67.103) 1
010:01 1 0.007 8 0.050 7.070 (0.928-317.112) 0.042
Hom 0 0.000 0 0.000 - 1
Het 1 0.007 8 0.050 7.070 (0.928-317.112) 0.042
011:01 8 0.059 6 0.038 0.624 (0.174-2.113) 0.422
Hom 0 0.000 0 0.000 - -
Het 8 0.059 6 0.038 0.624 (0.174-2.113) 0.422
012:01 4 0.029 4 0.025 0.847 (0.155-4.638) 1
Hom 0 0.000 0 0.000 - 1
Het 4 0.029 4 0.025 0.847 (0.155-4.638) 1
012:02 1 0.007 2 0.013 1.706 (0.088-101.495) 1
Hom 0 0.000 0 0.000 - 1
Het 1 0.007 2 0.013 1.706 (0.088-101.495) 1
016:01 8 0.059 10 0.063 1.066 (0.367-3.210) 1
Hom 0 0.000 2 0.013 - 0502
Het 8 0.059 6 0.038 0.624 (0.174-2.113) 0.422
017:01 4 0.029 4 0.025 0.847 (0.155-4.638) 1
Hom 0 0.000 0 0.000 - 1
Het 4 0.029 4 0.025 0.847 (0.155-4.638) 1
018:01 11 0.08 8 0.05 1.672 (0.653-4.284) 0.344
Hom 0 0.000 0 0.000 - 1
Het 11 0.081 8 0.050 0.599 (0.203-1.693) 0.344
019:01 1 0.007 1 0.006 0.850 (0.011-67.103) 1
Hom 0 0.000 0 0.000 - 1
Het 1 0.007 1 0.006 0.850 (0.011-67.103) 1
027:01 2 0.015 1 0.006 0.423 (0.007-8.201) 0.598
(Continued)
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TABLE 4 Continued

MICA Alleles

Odds Ratio p-value’
Hom ‘ 0 0.000 0 ‘ 0.000 - 1
Het 2 0.015 1 ‘ 0.006 0.423 (0.007-8.201) 0.598

ABMR, antibody-mediated rejection; SGF, Stable Graft Function; § p-values were calculated for comparisons between ABMR and SGF groups. OR, odds ratio; CI, confidence interval; % = allele
frequencies expressed as decimals. Bold values mean statistical significance. Bold formatting highlights values that have achieved statistical significance based on the applied tests or criteria.

equilibrium (HWE) within the control group population and the ~SGF and CR (D’= 0.74, ©* = 0.41; X> = 9.80, P =0.002 and
Stable graft function (SGF) group [X*"™* =0.1222; p = 0.726661 and ~ D’= 0.66, r* = 0.24; X* = 4.59, P =0.032, respectively).

XPWE = 0.8765; p = 0.34916 respectively] (Tables 5A, B). Only

patients with ABMR had frequencies deviating from HW  3.4.2 Association of xNKG2D rs1049174 (G>C)
expectations [X*™F = 11.0717; p= 0.000877] (Table 5B). polymorphisms and antibody-mediated
Consequently, the entire group of kidney transplant patients lost  rejection risk

the HWE [X*"F = 9.0317; p = 0.002653] (Table 5A). In contrast, Figure 3 depicts the cumulative incidence of ABMR over 120
1s2255336 (A>G) was in HWE within the control population group  months in patients categorized based on the three genotypes of
and kidney transplant patients [X*"™" = 1.828; p = 0.1763 and 151049174 (G>C) in the NKG2D gene (GG, CG, and CC). Thirty-
XPWE = 0.0587; p = 0.8080 respectively] (Table 5A) and the due  four patients (23%) had the rs1049174 [GG] genotype, 54 (36.5%)
subgroup ABMR and SGF [X*""* = 0.2369; p = 0.626 and X*"™" = yyere heterozygous [CG], and 60 (40.5%) were homozygous [CC].
0.7405; p = 0.3895 respectively] as shown in detail in (Table 5B). At 5 years post-transplantation, graft survival was only 38.2% (13/
Moreover, these two SNPs in the NKG2D gene, despite being a few  34) for patients with the rs1049174 [GG] genotype, compared to
thousand bases apart (21), do not show strong linkage disequilibrium  70.4% (38/54) and 91.7% (49/60) for patients with the rs1049174
in all examined groups (Supplementary Tables S2A-C).The only  [CG] and rs1049174 [CC] genotypes, respectively.

observed association pertains to the SNPs rs1049174G with Patients with the rs1049174 [GG] genotype exhibited a
1s2255336A, which exhibit weak LD in the patient group (D= 0.70,  significantly increased risk of antibody-mediated rejection (X* =
P = 032 X*> = 14.87, P =0.0001) including the two subgroups  13.44; Log-rank= 0.001). Indeed, at 120 months post-

Kidney ABMR and MICA alleles R/D Match Kidney ABMR and MICA-129 R/D Mismatches
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FIGURE 2

(A) Cumulative incidence for antibody-mediated rejection according to recipient-donor (R/D) MICA allele mismatches. The cumulative incidence of
rejection events is graphically presented for a cohort of 148 patients observed over 120 months. Patients were categorized based on three groups of
patients stratified according to donor-recipient MICA allele mismatches [OMM (black), 1IMM (green), 2 MM (red)]. P-values were calculated using the
two-sided Log-rank test without correction. x2: Chi-square. MM: Mismatches. (B) Cumulative incidence for antibody-mediated rejection according
to recipient-donor (R/D) MICA-129 allele mismatches. The cumulative incidence of rejection events is graphically presented for a cohort of 148
patients observed over 120 months. Patients were categorized on four groups of patients stratified according to recipient-donor MICA allele
mismatches based on substitution of valine (V) with methionine (M) at position 129 (MICA-129) of the MICA protein: [R/D VV/MM (Red), R/D MM/VV
(blue), R/D MM/MV (green) and R/D VV/MV (black)]. P-values were calculated using the two-sided Log-rank test without correction. %2, Chi-square.
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TABLE 5A Allele and Genotype distribution of rs1049174 and rs2255336 in the control population and kidney-transplant patients.

Allele and Genotype distribution

Control population

Kidney transplant

(n=146) patients (n=148)
Allele (%) X’HWE (%) X’HWE
G 0.6615 0.1222, 0.412 9.0317,
C 0.3385 p = 0.726661 0.588 p=0.002653
NKG2D 151049174 (G>C) Genotype (%) (%)
GG 16 (0.108) 34 (0.230)
GC 67 (0.462) 54 (0.368)
cC 63 (0.431) 60 (0.405)
Allele (%) X’HWE (%) X’HWE
A 0.2911 1.8284, 0.3108 0.0587,
G 0,7089 p=0.1763 0.6892 p = 0.808
NKG2D rs2255336 (A>G) Genotype (%) (%)
AA 9 (0.0616) 14 (0.095)
AG 67 (0.462) 61 (0.405)
GG 70 (0.479) 73 (0.493)

X2HWE, Hardy-Weinberg equilibrium Chi square value; p, Hardy-Weinberg equilibrium p value; %, allele frequencies expressed as decimals.
Bold values denote statistical significance at the p < 0.05 level.

TABLE 5B Allele and Genotype distribution of rs1049174 and rs2255336 in the kidney-transplant patients.

Allele and Genotype distribution

SGF
(n=80)
Allele (%) X’HWE (%) X’HWE
G 0.3875 0.8765, 0.4412 11.0717,
C 0.6125 p = 0.349162 0.5588 p = 0.000877
NKG2D rs1049174 (G>C) Genotype (%) (%)
GG 14 (0.175) 20 (0.294)
GC 34 (0.425) 20 (0.294)
cC 32 (0.400) 28 (0.412)
Allele (%) X’HWE (%) X’HWE
A 0.3125 0.2369, 0.3088 0.7405,
G 0.6875 p=0.626 0.6912 p = 0.389501
NKG2D rs2255336 (A>G) Genotype (%) (%)
AA 6 (0.075) 8 (0.118)
AG 35 (0.438) 26 (0.382)
GG 39 (0.488) 34 (0.500)

X2HWE, Hardy-Weinberg equilibrium Chi square value; p, Hardy-Weinberg equilibrium p value; %, allele frequencies expressed as decimals. ABMR, antibody-mediated rejection; SGF, Stable.

Bold values denote statistical significance at the p < 0.05 level.

Frontiers in Immunology

11

frontiersin.org


https://doi.org/10.3389/fimmu.2024.1440887
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Littera et al.

£=1344
Log Rank = 0.01

RS1049174 GG (n=34)

RS1049174 GC (n=54)

Cumulative incidence

RS1049174 CC (n=60)

Time (months)

Time
(Months)
NKG2D [CC)
NKG2D [GC]

20 40 60 80 100 120

60 46 35 33 19 16 16
54 39 29 25 9 5 3
34 18 10 7 5 3 3

Number at
risk.

NKG2D [GG|

FIGURE 3

Cumulative incidence for antibody-mediated rejection according to
NKG2D rs1049174 (G>C) genotype. The cumulative incidence of
rejection events is graphically presented for a cohort of 148 patients
observed over 120 months. Patients were categorized into three
groups based on their NKG2D genotype for rs1049174 (G>C) [GG
(red), GC (green), CC (black)]. This allele is linked to the haplotype
blocks NKG2D hb-1, which produces NKG2Dg with low (rs1049174
[CCI; LNK) or high (rs1049174 [GGI; HNK) natural cytotoxic activity
phenotypes. P-values were calculated using the two-sided Log-rank
test without correction. x2, Chi-square.

transplantation, the cumulative incidence of ABMR was higher
(61.8% (21/34)) in the group of patients with the rs1049174 [GG]
genotype compared to 42.6% (23/54) and 40.0% (24/60) in patients
with the 751049174 [CG] and 51049174 [CC] genotypes, respectively.

This evidence was also confirmed by the trends in renal
function, as assessed through serum creatinine levels (SCr) and
glomerular filtration rate (eGFR). Difference in eGFR was already
evident at 12 months [(57.90 + 25.98 mL/min/1.73 m*> [GG] vs
63.34 + 22.74 mL/min/1.73 m? [CG] vs 71.22 + 21.93 mL/min/1.73
m?* [CCJ; P = 0.085], at 36 months [(52.42 + 23.22 mL/min/1.73 m*
[GG] vs 58.23 + 26.92 mL/min/1.73 m* [CG] vs 77.60 + 24.74 mL/
min/1.73 m* [CC]; P = 0.007], and continued to rise at 72 months
[(42.60 + 27.43 mL/min/1.73 m?* [GG] vs 63.18 + 30.48 mL/min/
1.73 m*[CG] vs 64.02 + 31.50 mL/min/1.73 m? [CC]; P = 0.037]
after transplantation. The P,yc was also statistically significant
(Pauc = 0.002), (Supplementary Figure S4).

Concurrently, in patients with the rs1049174 [GG] genotype,
mean SCr levels were worse than those of patients with the other
two genotypes, rs1049174 [CG] and rs1049174 [CC]. In fact, they were
significantly higher at 12 months [(128.65 + 64.52 pmol/L [GG] vs
121.20 + 73.37 umol/L [CG] vs 99.28 + 28.67 umol/L [CC]; P = 0.046],
at 36 months [(140.14 £ 65.93 umol/L [GG] vs 122.52 + 57.24 umol/L
[CG] vs 92.55 + 35.97 umol/L [CC]; P = 0.009], and continued to
increase at 72 months [(195.58 + 121.70 umol/L [GG] vs 137.80 +
168.75 umol/L [CC] vs 125.87 + 89.65 umol/L [CC]; P = 0.042].
Similarly to the eGFR curves, the P5yc for mean SCr levels was also
statistically significant (Poyc = 0.023), (Supplementary Figure S5).

Frontiers in Immunology

12

10.3389/fimmu.2024.1440887

Moreover, it is noteworthy that the influence exerted by the NKG2D
rs1049174 GG polymorphism on the transplant outcome remains
independent of other clinical and genetic variables, as elucidated by
the multivariate logistic regression analysis (Supplementary Table $4).

3.4.3 Association of kNKG2D rs2255336 (A>G)
polymorphisms and antibody-mediated
rejection risk

The cumulative incidence over 120 months of antibody-
mediated rejection (ABMR) in patients divided based on the three
genotypes (AA, AG, and GG) of the other haploblock NKG2D
identified by the rs2255336 (A>G) as highlighted in Figure 4. Twelve
(8.2%) patients had the 52255336 [AA] genotype, 68 (45.9%) were
heterozygous [AG], and 68 (45.9%) were homozygous [GG]. At 5
years post-transplantation, graft survival was only 33.3% (4/12) for
patients with the rs2255336 [AA] genotype, compared to 63.9% (43/
68) and 69.1% (47/68) for patients with the rs2255336 [AG] and
rs2255336 [GG] genotypes, respectively. Patients with the rs2255336
[AA] genotype exhibited a significantly increased risk of antibody-
mediated rejection. At 120 months after transplantation, the
incidence of antibody-mediated rejection was 66.7% (8/12) in
these patients, while in patients with 752255336 [AG] and
rs2255336 [GG] genotypes, it was 41.2% (28/68) and 47.1% (32/
68), respectively. However, the Mantel-Cox log-rank test did not
reach statistical significance (X* = 0.34; Log-rank= 0.84).
Interestingly, this polymorphism appears to influence the eGFR
of transplanted patients over time. Individuals with the rs2255336
[AA] genotype exhibited lower eGFR values compared to patients
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FIGURE 4

Cumulative incidence for antibody-mediated rejection according to
NKG2D rs2255336 (A>G) genotype. The cumulative incidence of
rejection events is graphically presented for a cohort of 148 patients
observed over 120 months. Patients were categorized into three
groups based on their NKG2D genotype for rs2255336 (A>G) [AA
(light blue), AG (green), GG (red)]. This allele is linked to the
haplotype blocks NKG2D hb-2, which produces xRNKG2D with low
(rs2255336 [GGI; LNK) or high (rs2255336 [AA]; HNK) natural
cytotoxic activity phenotypes. P-values were calculated using the
two-sided Log-rank test without correction. 2, Chi-square.
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with the other two genotypes, rs2255336 [AG] and rs2255336 [GG],
already at 12 months [(55.60 + 32.13 mL/min/1.73 m? [AA] vs
63.40 + 23.58 mL/min/1.73 m*[AG] vs 69.41 + 21.31 mL/min/1.73
m? [GG]; P = 0.194]. This difference reached statistical significance
at 36 months [(39.31 + 20.38 ml/min [AA] vs 60.45 + 28.05 mL/
min/1.73 m? (AG) vs 73.53 + 24.29 mL/min/1.73 m* [GG]; P =
0.047] and continued to rise at 72 months [(26.34 + 20.32 mL/min/
1.73 m* [GG] vs 62.10 + 31.89 mL/min/1.73 m? [AG] vs 61.45 +
29.28 mL/min/1.73 m* [GG]; P = 0.015] after transplantation. In
this case, the P,yc also reached statistical significance (Payc =
0.028), (Supplementary Figure S6). SCr levels also appear to be
significantly influenced by the three genotypes of RNKG2D
152255336 (Pauc = 0.030), (Supplementary Figure S7). Higher
values are observed in the presence of the rs2255336 [AA]
genotype and tend to progressively increase over time: at 12
months [(154.13 + 89.45 umol/L [AA] vs 119.19 + 67.38 umol/L
[AG] vs 100.31 + 27.70 umol/L [GG]; P = 0.073], at 36 months
[(189.38 + 68.47 umol/L [AA] vs 148.80 + 154.93 umol/L [AG] vs
95.95 + 35.32 umol/L [GG]; P = 0.307] and continued to increase at
72 months [(286.55 + 154.16 umol/L [AA] vs 170.28 + 216.80
umol/L [AG] vs 152.21 + 165.73 pmol/L [GG]; P = 0.160].

3.5 Combined effect of R/D MICA allele
mismatch and RNKG2D genotypes of
rs1049174 (G>C) on kidney transplantation

The curve of cumulative incidence over 120 months of ABMR
highlights the effect of different combinations of R/D MICA allele
mismatch with the three genotypes of rs1049174 (G>C) in the
NKG2D gene (GG, CG, and CC). The six curves (Figure 5) are well
distinct and show a gradient of ABMR risk: 2MM/GG+ (91.6%, 11/
12) > IMM/GG+ (62.5%, 10/16) > IMM/GG- (55.5%, 20/36) >
2MM/GG- (38.3%, 23/60) > OMM/GG+ (33.3%, 2/6) > OMM/GG-
(11.1%, 2/18). Therefore, the highest risk of rejection occurs in the
patients with the rs1049174 GG+ genotype transplanted with a
donor with complete MICA allele mismatch (2MM/GG+).
Conversely, patients with rs1049174 GG- and MICA allele match
with the donor (OMM/GG-) present a minimal incidence of ABMR
(X? = 23.21; Log-rank < 0.001).

Renal function, monitored through SCr levels and eGEFR,
appears to be closely influenced by the combination of R/D
MICA allele mismatch with the three genotypes of rs1049174
(G>C) in the NKG2D gene (Supplementary Figures S8, S9
respectively). Moreover, the adverse effect exerted by the 2MM/
GG+ combination on the kidney transplant outcome is observed in
the subgroup of patients with HLA-DRBI and HLA-DQBI match
with the donor and those with HLA II class mismatch.

In patients with HLA-DRBI and HLA-DQBI full match, the
cumulative incidence curve over 120 months illustrates that the
highest risk of rejection occurs in individuals with the 2MM/GG+
and IMM/GG+ combinations (83.3%, 10/12). Conversely, no
patients with OMM/GG+ and OMM/GG- (0%, 0/8) show episodes
of ABMR (X2 = 13.59; Log rank = 0.001; Figure 6). Similar results
are observed when analyzing the remaining and more numerous
subgroups of patients with 1 or 2 HLA-DRBI and HLA-DQBI allele
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mismatches with the donor (X2 = 14.81; Log-rank= 0.002;
Supplementary Figure S10).

It's well known that there is linkage disequilibrium between
MICA and HLA-B due to the proximity of these genes. To better
determine the contribution of MICA allele mismatches in the
development of ABMR, we analyzed the HLA-B full-match D/R
pairs separately. In this small cohort of patients (n=12), the
cumulative incidence curve over 120 months illustrates that the
highest risk of rejection occurs in individuals with the 1-2MM/GG+
and I-2MM/GG- combinations (80.0%, 4/5). Conversely, no
patients with OMM/GG+ and O0MM/GG- (0%, 0/7) show episodes
of ABMR (X2 =19.00; Log rank < 0.001; Figure 7).

This data suggests that the effect of the different combinations of
these polymorphisms is independent of HLA class I and class
II matching.

Furthermore, the effect exerted by the 2MM/GG+ combination
on the kidney transplant outcome is also independent of other
clinical and genetic variables, as highlighted by the multivariate
logistic regression analysis (Supplementary Table S3).

Finally, since the R/D MICA-129 mismatches were significant
in the previous analysis, we examined it in combination with
the rs1049174 [GG] polymorphism of the NKG2D receptor
(Supplementary Figure SIA). The cumulative incidence curves over
120 months for ABMR based on R/D MICA-129 1 or 2 mismatches (1
MM and 2 MM) and the NKG2D rs1049174 [GG] polymorphism, were
categorized as R/D: MM/MV, VV/MV, MM/VV, and VV/MM
(Supplementary Figure S1A). Two MICA-129 mismatches were
identified in 8 R/D pairs with the VV/MM/GG+ genotype (15.3%)
and 4 R/D pairs with the MM/VV/GG+ genotype (7.7%), while 10
patients with 2 mismatches did not carry the NKG2D rs1049174 [GG]
polymorphism (4 R/D pairs VV/MM/GG- (7.7%) and 6 MM/VV/GG-
(11.5%). Among patients with one mismatch, there were 16 R/D pairs
MM/MV/GG- (30.8%) and 14 R/D pairs VV/MV/GG- (26.9%). The
median follow-up was only 15.3 months for patients with 2 MICA-129
mismatches and the presence of NKG2D rs1049174 [GG] (VV/MM/
GG+ and MM/VV/GG+), while it was 35.1 months for those with 2
MICA-129 mismatches and absence of NKG2D rs1049174 [GG] (VV/
MM/GG- and MM/VV/GG-). In contrast, in patients with one MICA-
129 mismatch the median follow-up was 79.3 months for MM/MV/
GG- and 60.6 months for VV/MV/GG-.

At 5 years post-transplantation, for patients with 1 MICA-129
mismatch and rs1049174 [GG-], graft survival was 100% (16/16) for
R/D pairs MM/MV/GG- and 85.7% (12/14) for R/D pairs VV/MV/
GG-. In the presence of 2 MICA-129 mismatches and rs1049174
[GG+], graft survival was 87.5% (7/8) for R/D pairs VV/MM/GG+
and 0% (0/4) for R/D pairs MM/VV/GG+. When 2 MICA-129
mismatches were associated with rs1049174 [GG-], 5-year graft
survival was 50% (2/4) in R/D pairs VV/MM/GG- and 66.7% (4/6)
for R/D pairs MM/VV/GG-.

Patients with 2 MICA-129 mismatches and the presence of
NKG2D 51049174 [GG] showed a significantly higher risk of
antibody-mediated rejection (X* = 27.33; Log-rank < 0.001).

Notably, at 120 months post-transplantation, the cumulative
incidence of ABMR was 100% in patients with 2 MICA-129
mismatches combined with the rs1049174 [GG] genotype (MM/
VV/GG+ and VV/MM/GGH+). In contrast, in the absence of the
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Cumulative incidence for antibody-mediated rejection according to NKG2D rs1049174 [GG] genotype and MICA allele mismatches. The cumulative
incidence of rejection events is graphically presented for a cohort of 148 patients observed over 120 months. Patients were categorized based on their
NKG2D genotype GG for and rs1049174 in combination with the donor-recipient MICA allele mismatches. The rs1049174 [GGI, which produces RNKG2D
with high natural cytotoxic activity phenotypes, has been correlated with donor-recipient MICA allele mismatches. Six groups were formed based on the
number of MICA allele mismatches and the presence or absence of the GG (rs1049174) genotype: 1. Two MICA R/D allele mismatches and rs1049174
rRNKG2DIGG] (purple) 2. One MICA R/D allele mismatches and rs1049174 RNKG2DI[GG] (green) 3. One MICA R/D allele mismatches and rs1049174 RNKG2D
[GG] (red) 4. Two MICA R/D allele mismatch and rs1049174 xRNKG2D[CGJ and [CC] (light blue) 5. MICA R/D alleles match and rs1049174 RNKG2D[GG]
(orange) 6. MICA R/D alleles match and rs1049174 xNKG2D[CG] and [CC] (black). P-values were calculated using the two-sided Log-rank test without

correction. x2, Chi-square. MM, mismatches.

rs1049174 [GG] genotype (VV/MM/GG- and MM/VV/GG-), the
cumulative incidence of rejection decreased to 50% (2/4) and 33.3%
(2/6), respectively (Supplementary Figure S1A).

Lastly, we also analyzed cumulative incidence curves over 120
months for ABMR based on combination R/D MICA-129 1 or 2
mismatches (1 MM and 2 MM) and the other NKG2D
polymorphism (752255336 [AA]), categorized as R/D: MM/MYV,
VV/MV, MM/VV, and VV/MM (Supplementary Figure S1B). Two
MICA-129 mismatches were identified in 2 R/D pairs with the MM/
VV/AA+ genotype (3.8%), while 20 patients with 2 mismatches did
not carry the NKG2D rs2255336 [AA] polymorphism (12 R/D pairs
VV/MM/AA- (23.1%) and 8 MM/VV/AA- (15.4%)). Among
patients with one mismatch, there were 16 R/D pairs MM/MV/
AA- (30.8%) and 14 R/D pairs VV/MV/AA- (26.9%). The median
follow-up was 29.1 months for patients with 2 MICA-129
mismatches and the presence of rs2255336 [AA] (MM/VV/AA+),
while it was 27.8 months for those with 2 MICA-129 mismatches
and absence of 152255336 [AA] (VV/MM/AA- and MM/VV/AA-).
Instead, patients with only 1 MICA-129 mismatch and absence of
rs2255336 [AA] (VV/MV/AA- and MM/MV/AA-) had a longer
follow-up period (60.6 months).

At 5 years post-transplantation, graft survival was 0% (0/2) for
R/D pairs with 2 MICA-129 mismatches and 152255336 [AA+]
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(MM/VV/AA+), 333% (4/12) for R/D pairs with 2 MICA-129
mismatches and 752255336 [AA-] (VV/MM/AA-), and 50.0% (4/8)
for MM/VV/AA-. Instead, patients with just one MICA-129
mismatch the graft survival was 100% (16/16) for MM/MV/AA-
and 85.7% (12/14) VV/MV/AA-.

A significantly higher risk of antibody-mediated rejection was
associated with the combination of 2 MICA-129 mismatches and
the presence of NKG2D rs2255336 [AA] (X* = 20.32; Log-
rank < 0.001).

3.6 Correlation between maintenance
therapy and the onset of ABMR based on
the genetic profiles of kidney

transplant recipients

Table 6 highlights how the effectiveness of maintenance
regimens in countering graft rejection is correlated with the two
genotypes RNKG2D rs1049174 GG and rs2255336 AA. In patients
exhibiting these two genotypes, immunosuppressive therapy
based on mTOR inhibitors appears to be less effective in
preventing ABMR compared to maintenance therapies based on
CNIs [rs1049174 GG: 75.0% (15/20) mTOR vs. 35.7% (5/14) CNT;
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FIGURE 6

Cumulative incidence for antibody-mediated rejection in patient’s
HLA-DRBI1 and HLA-DQBI1 match R/D according to NKG2D
genotype and MICA allele mismatches. The cumulative incidence of
rejection events is graphically presented for a cohort of 33 patients
with HLA-DRB1 and HLA-DQBI1 match R/D observed over 120
months. Patients were categorized into three groups based on the
following criteria: 1. R/D MICA alleles match independently of the
NKG2D rs1049174 genotype (black). 2. R/D MICA alleles 1-2
mismatches with NKG2D rs1049174 CG or CC genotype (marked as
GG-) (green). 3. R/D MICA alleles 1-2 mismatch with NKG2D
rs1049174 GG genotype (red). P-values were calculated using the
two-sided Log-rank test without correction. x2, Chi-square.

MM, mismatches; R/D, recipient-donor.

P= 0.035; OR: 0.2 (0.0 - 1.0) and 752255336 AA: 66.6% (8/14)
mTOR vs. 0% (0/4) CNI; P = 0.002; OR: 0.0 (0.0 - 0.3)].
Maintenance therapy does not appear to be influenced by the R/
D 2 allele MICA mismatch (2MM), which nonetheless seems to
have a synergistic effect in combination with the rs1049174 GG
genotype (2MM/GG+), further reducing the efficacy of mTOR
inhibitor-based therapy [2MM/GG+: 100.0% (10/10) mTOR vs.
0% (0/2) CNI; P = 0.015; OR: 0.0 (0.0 - 0.7)]. The limited number
of patients did not allow for analysis regarding the combination of
R/D 2 allele MICA mismatch (2MM) with the rs2255336 AA
genotype (2MM/AA+).

4 Discussion

Despite the remarkable advancements in clinical and
pharmacological fields in recent years, achieving complete graft
tolerance remains challenging in solid organ transplantation.
Antibody-mediated rejection stands as the primary immunological
barrier, progressively compromising renal function, thus heightening
the risk of morbidity and mortality in transplant recipients (32).

Extensive evidence supports that a higher level of compatibility
between HLA class I and IT in the recipient and donor correlates with
improved graft function and survival (33). Moreover, MHC class I

Frontiers in Immunology

15

10.3389/fimmu.2024.1440887

2
% =19.00
Log Rank < 0.001

MICA 1-2 MM / NKG2D GG+ or GG- (n=5)

Cumulative incidence

MICA Match / NKG2D GG+ or GG- (n=7)

0 20 40 60 80 100 120
Time (months)
Time (Months) 0 20 40 60 80 100 120
MICA 1- 2 MM / NKG2D GG+ =
or GG- 5 4 3 2 1 1 1 g 2
: E
MICA Match / NKG2D GG+ or 7 7 7 7 7 ;

FIGURE 7

Cumulative incidence for antibody-mediated rejection in patient’s
HLA-B match R/D according to NKG2D genotype and MICA allele
mismatches. The cumulative incidence of rejection events is
graphically presented for a cohort of 12 patients with HLA-B match
R/D observed over 120 months. Patients were categorized into two
groups based on the following criteria: 1. R/D MICA alleles match
independently of the NKG2D rs1049174 genotype (black). 2. R/D
MICA alleles 1-2 mismatch independently of the NKG2D rs1049174
genotype (red). P-values were calculated using the two-sided Log-
rank test without correction. 2, Chi-square. MM, mismatches;
R/D, recipient-donor.

chain-related molecules A (MICA) may also play a significant role in
kidney transplant outcomes, as recently highlighted by Carapito et al.
(15) Our study provides a comprehensive and in-depth analysis of the
genetic profile of these molecules in transplant patients, exploring
their correlation with one of their main receptors: NKG2D.

An interesting finding that emerges from the study is the
substantial overlap in MICA allele frequencies in transplanted
patients compared to the control population, except for the
MICA*002:01 allele, whose frequency is lower in patients (16% vs
24%). In the Sardinian population, this allele is in strong linkage
disequilibrium (LD) (D’ = 1) with HLA-B*58:01, and both are part
of the extended haplotype HLA-A*02:05, B*58:01, C*07:01,
DRBI1*03:01, which has a protective effect against microbiological
infections, particularly SARS-CoV-2 infection (34). Furthermore,
studies conducted in the Taiwanese population have shown that
MICA*002 and MICA*009 play a protective role against the
development of psoriasis and rheumatoid arthritis (35, 36).
Therefore, the absence of this allele may have implications for the
onset and progression of specific types of kidney diseases with an
immunological dysregulation background.

Patients experiencing antibody-mediated rejection showed a
significantly lower frequency of the MICA*010:01 allele (10 times
less) compared to those with SGF. This allele is characterized by a
proline-to-arginine substitution at position 6 of the alpha-1
domain, resulting in an unstable protein fold and the absence of
cell surface expression (36, 37).
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TABLE 6 Correlation between maintenance therapy and the onset of antibody-mediated rejection (ABMR) based on the genetic profiles of kidney-
transplanted patients.

Comparisons of

. . . Total
Gene profiles of trans- Patients Maintenance R ela ABMR ABMR vs SGF
planted patients (N = 148) therapy (ﬁ - 148) (N=80) (N=68) P (95%
= (@]
value Cl)
CsA/Tac + MMF + § 32 18 14 06
MICA alleles 2MM 72 0.477 1.6 4'4
Evl/Stl + MMEF + § 40 18 2 -44)
CsA/Tac + MMF + § 14 9 5 ©0
151049174 GG 34 0035 | 02 N
Evl/Stl + MMF + S 20 5 15 -10)
CsA/Tac + MMF + S 4 4 0 0.0
1$2255336 AA 12 0002 00 :
EvI/Stl + MME + S 12 0 8 -03)
CsA/Tac + MMF + § 2 2 0 00
MICA 2MM + rs1049174 GG 12 0015 00 o
Evl/Stl + MMF + S 10 0 10 - 07)
CsA/Tac + MMF + § 0 0 0
MICA 2MM + 152255336 AA 2 Not available
Evl/Stl + MMEF + § 2 0 2

CNI, Calcineurin inhibitors; mTOR, mammalian target of rapamycin; S, corticosteroids; CsA, cyclosporine A; Tac, tacrolimus; MMF, mycophenolate mofetil; Evl, Everolimus; Stl, sirolimus.
Bold values denote statistical significance at the p < 0.05 level.

It has been shown that this protein remains trapped  antibody-mediated rejection (39, 40). The expression of MICA
intracellularly, preventing the expression of functional MICA,  antigens may promote the development of “de novo” anti-MICA
whether in soluble or membrane-bound form (36). One possible ~ DSA, contributing to the onset of antibody-mediated rejection
explanation for this frequency imbalance between ABMR and SGF  episodes and the progressive loss of graft function. Most likely
is that, due to its lack of expression, the MICA 10 peptide is unable  these antibodies activate NK cells through the interaction with the
to interact with the NKG2D receptor, thereby limiting immune  CD16 receptor (15).
response activation. This lack of activation may have a protective However, the implications of MICA mismatch in solid organ
effect, as observed in Han Chinese populations carrying MICA*010  transplantation require further investigation. This necessity arises
alleles, who exhibited a lower incidence of systemic lupus  partly from the high polymorphism of MICA alleles, which can
erythematosus (SLE) (36). encode both membrane-bound forms and soluble isoforms.

However, the significance of this finding is limited by the fact ~ Consequently, different MICA alleles can exert varying biological
that Sardinia is a genetic isolate, and its population exhibits very  functions by modulating the cytotoxic activity of NK cells and
homogeneous genetic characteristics, which are markedly different  specific subsets of T cells in divergent ways (41). These variations
from Caucasian and American populations in the allele frequencies  can significantly impact graft rejection.
of both HLA class I and II, as well as MICA and MICB (38). For example, the MICA*008 allele is characterized by the

In line with the compelling work by Carapito et al. (15), this  release of MICA molecules in exosomes, which downregulates
study underscores the significance of R/D MICA-allele matching to  the NKG2D receptor in NK cells. In contrast, alleles such as
both the occurrence of ABMR episodes and the stable graft =~ MICA*009 and MICA*002 encode antigens that are released via
function. Graft survival is significantly affected by the number of  proteolytic cleavage and act as potent activators of NK cells
MICA mismatches, with more mismatches correlating with  through the NKG2D receptor (35, 36). Additionally, MICA*010
progressively worse outcomes (0 > 1 > 2 MM). Specifically, the  is not present on the cell membrane, suggesting its direct role in
highest cumulative incidence of ABMR (52.7%) was observed in  organ rejection may be limited. Indeed, in our study, this allele was
patients with two R/D MICA mismatches (Figure 2A, Log-rank= found to be 10 times more frequent in patients with SGF
0.03). Additionally, graft function deteriorated more rapidly in the ~ compared to those with ABMR.
presence of two MICA mismatches. This was evidenced by a more The study of MICA molecule mechanisms is further
pronounced decline in eGFR, which achieved statistical significance ~ complicated by the fact that MICA alleles can encode molecules
at a later stage (P = 0.04 at 72 months post-transplantation)  with methionine at position 129 (instead of valine) in the o2
(Supplementary Figures S2, S3). domain. These methionine-encoded molecules exhibit a stronger

These data are consistent with the findings in other studies,  binding affinity for the NKG2D receptor, leading to increased NK

including multicenter cohorts of kidney transplants, indicating that  cell alloreactivity (42, 43).
MICA allelic mismatches are associated with reduced graft survival Indeed, in our study, the highest risk of rejection was observed
and increased rejection (15). MICA antigens are not usually  in R/D pairs with 2 MICA mismatches, particularly when both
expressed in normal cells; however, they are overexpressed in  mismatches were represented by MICA-129 Methionine alleles (R/
renal, pancreatic, and heart allografts that undergo acute or  D: VV/MM; Log Rank < 0.001), (Figure 2B).
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In these cases, donor MICA-129 methionine homozygosity
appears to lead to high NK cell alloreactivity in the recipient
(39, 40), negatively influencing transplant outcomes by increasing
the incidence of ABMR (Supplementary Figures S1A, B).

The detrimental effect of the MICA-129 methionine
polymorphism on kidney transplantation is further supported by
the analysis of anti-MICA DSAs, which were found in 25% of
patients who developed ABMR. In fact, the highest anti-MICA DSA
titers (expressed as MFI > 1000) were observed for MICA antigens
with Methionine at position 129. Specifically, in this study, the
antigens that appear to be the most immunogenic are MICA 18 and
MICA 01. A similar finding has been reported in previous studies,
in which over 80% of patients with acute heart allograft rejection
presented anti-MICA antigen-specific antibodies (measured by
cytotoxicity) against MICA 01, followed by MICA 04, 11, and 18
(27.3%) (39).

A key finding of this study is the identification of a strong
correlation between the high-cytotoxic RNKG2D genotypes
(51049174 [GG] and rs2255336 [AA]) and the worst renal
outcomes, including the increase of cumulative incidence of ABMR
and detrimental post-transplant renal function (Figures 3, 4). The
effect of the rs1049174 [GG] genotype on the incidence of ABMR
appears more significant than that of the 52255336 [AA] genotype
(X* = 13.44; Log-rank = 0.001 vs X* = 0.34; Log-rank = 0.84). The
152255336 [AA] genotype has a frequency of less than 8.1% in
transplanted patients, which likely leads to an underestimation of
its impact due to the limited number of patients carrying
this polymorphism.

Moreover, the detrimental effect on graft function from both
polymorphisms (51049174 [GG] and rs2255336 [AA]) is markedly
evident in the eGFR (P5uc = 0.002 and P,yc= 0.028, respectively)
and serum creatinine (SCr) (Pauc = 0.023 and Pyc= 0.030,
respectively) curves. Both of these SNPs are associated with high
levels of NK cell cytotoxic activity mediated by the NKG2D receptor
(43). However, their mechanisms differ: the rs1049174
polymorphism enhances NKG2D mRNA transcription, leading to
increased NKG2D expression in vitro (44), while the rs2255336
substitution increases the receptor’s affinity for the DAP10 adaptor
molecule when binding to NKG2D ligands (44, 45).

The heightened activation of the NKG2D receptor leads to
increased cytotoxic activity by NK cells and specific T cell subsets,
including NKT cells, CD8+ TCR-03, and CD4+ TCR-yd T cells.
Consequently, it is highly plausible that these specific genotypes
play a substantial role in shaping the outcome of kidney
transplantation, as indicated by the findings in this study. In
hematopoietic stem cell transplantation (HSCT) also, the NKG2D
receptor plays a significant role in NK cell cytotoxicity, influencing
the transplantation outcome by causing complications such as
graft-versus-host disease (GvHD) and post-transplant infections,
as well as contributing to the beneficial graft-versus-leukemia (GvL)
effect (43, 46, 47).

From a clinical perspective, the most exciting aspect of the study
is evident from the analysis of the NKG2D/MICA pathway, which
allowed the identification of specific patient categories at a higher
risk of antibody-mediated rejection and rapid deterioration of renal
function (Figure 5; Supplementary Figures S8, S9).
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Indeed, patients at the highest risk of ABMR were those with
homozygosity for the RNKG2D rs1049174 [GG] variant, in
combination with either 2 MICA mismatches (2MM/GG+), or 1
MICA mismatch (IMM/GG+), (cumulative incidence 91.6% and
62.5% respectively). Conversely, the combination of MICA
matching and the absence of the RNKG2D rs1049174 [GG]
variant (OMM/GG-) characterized patients with the lowest risk of
ABMR (OMM/GG-: cumulative incidence 11.1%) (Figure 5).

It is important to note that the significant cytotoxic effect
generated by the 2MM/GG+ combination (two MICA R/D
mismatches and homozygosity at rs1049174G variant) manifests
independently of R/D HLA II class match, as evidenced by
analyzing the subgroup of patients with HLA-DRBI and
HLADQBI full match (X = 13.59; Log-rank = 0.001; Figure 6).

Furthermore, the impact of the 2MM/GG+ combination on the
kidney transplant outcome remains independent of other clinical
and genetic variables associated with antibody-mediated rejection,
as highlighted by the multivariate logistic regression analysis
(Supplementary Table S4). The two genetic variants, represented
by the presence of two MICA R/D mismatches and homozygosity at
rs1049174 [GG] allele, exert such a pronounced synergistic effect on
NK cell-mediated alloreactivity that it reaches high statistical
significance despite the limited number of examined patients.

In addition, it should be considered that MICA mismatches do
not all have the same effect on NK cell activity. The presence of
Methionine at codon position 129 (MICA-129) creates mismatches
with high affinity for the NKG2D receptor, significantly influencing
the alloreactivity of NK cells, including some subsets of T cells. This
effect becomes evident when analyzing R/D MICA-129 mismatch
combinations with the two high cytotoxic potential NKG2D
receptor genotypes (rs1049174 [GG] and rs2255336 [AA])
(Supplementary Figures S1A, B). In fact, graft survival is rapidly
compromised when R/D presents 2 MICA-129 mismatches (R/D
VV/MM, MM/VV) and the recipient is NKG2D GG+ and/or AA+
(Log-Rank <0.001). These results are highly significant, but they are
limited by the small number of patients and need to be validated in
larger cohorts.

Although it has been addressed only marginally, one of the most
exciting aspects of the study is the high risk of ABMR observed in
patients with the genetic profiles rs1049174 [GG] and rs2255336
[AA] of the NKG2D gene (Table 6) when treated with maintenance
regimens based on mTOR inhibitors (rapamycin, Everolimus)
compared to the use of calcineurin inhibitors (cyclosporine
and tacrolimus).

Treatment with mTOR inhibitors appears to be less effective in
controlling alloreactivity induced by NKG2D receptors when they
are more expressed (rs1049174 [GG] and rs2255336 [AA]
genotypes) or have high affinity for their ligands (44, 45). This
reduced efficacy in countering antibody-mediated rejection with
maintenance therapy based on mTOR inhibitors is even more
apparent in the patient subgroup 2MM/GG+ (P = 0.015, Table 6).

Rapamycin and its derivatives, such as Everolimus, are allosteric
inhibitors of mTOR, representing one of the main pathways for the
proliferation, differentiation, and activation of NK cells (48-50).

Therefore, in our study, we would have expected a more
effective immunosuppressive effect from maintenance therapy
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based on mTOR inhibitors. However, the reduced efficacy of mTOR
inhibitors found in the study can be explained by the fact that
NKG2D binding with its MICA ligand activates NK cells “via” the
DAP10 signaling molecule. This cascade involves several molecular
pathways (51), most independent of the mTOR signaling pathways
mediated by phosphatidylinositol 3-hydroxy kinase PI3K (51). This
hypothesis is supported by in vitro studies indicating that mTOR
inhibitors are less effective than CNIs, both in reducing the
expression of the C-type lectin receptors (NKG2A and NKG2D)
and in the production and secretion of INF-gamma and other pro-
inflammatory cytokines (50).

This could result in a progressive and continuous
immunological insult to the graft caused by the activation of NK
cells and some subsets of T cells such as NKT cells, CD8+ TCR-0,f3,
and CD4+ TCR-Yd T cells (52). In conclusion, the NKG2D/MICA
combination appears to influence the outcome of kidney
transplantation strongly. The study of the two polymorphisms,
rs1049174 and rs2255336, of the NKG2D gene and the molecular
typing of MICA associated with screening for anti-MICA antibodies
should be included in pre-transplant assessments. In patients with
the NKG2D rs1049174 [GG] genotype at high risk of antibody-
mediated rejection, special attention is necessary, and, where
possible, efforts should be made to avoid transplantation with
donors mismatched for both MICA alleles. Additionally, mTOR
therapy seems less effective in limiting rejection onset in patients
with this specific genetic profile (2MM/GG+). This observation
could open the possibility of tailoring the immunosuppressive
therapy scheme to prolong graft survival in the long term. The
potential clinical and therapeutic implications are significant,
underscoring the importance of confirming these results through
multicenter studies conducted on larger and genetically diverse
patient cohorts, especially considering the Sardinian population’s
limited genetic polymorphism as a genetic isolate.
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