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ABSTRACT

Several molecular mismatch assessment approaches exist, but data on their combined use are limited. In this study, we aimed to
define distinct risk groups for rejection based on the combination of three molecular mismatch assessment approaches (i.e., eplet
mismatch count, the number of highly immunogenic eplets and PIRCHE-II score) in 439 consecutive immunological standard
risk transplantations. For each molecular mismatch assessment approach, ROC analyses were used to define cut-offs for predic-
tion of (sub) clinical rejection according to Banff 2019 classification within the first year post-transplant as a reference. If all three
scores were below the cut-off, the patient was assigned to the low-risk group (19% of patients); if all three scores were above the
cut-off, the patient was assigned to the high-risk group (21% of patients). The one-year incidence of (sub) clinical rejection was 12%
in the low-risk group and 33% in the high-risk group (p=0.003). Internal validation of the assigned risk groups for prediction of
other outcomes revealed a high consistency: clinical rejection (6% vs. 24%; p =0.004), ATG-treated rejection (1% vs. 16%; p <0.001)
and development of de novo HLA-DSA at 5years post-transplant (6% vs. 25%; p=0.003). The molecular mismatch risk group was
an independent predictor for (sub) clinical rejection (high-risk vs. low-risk: hazard ratio 3.11 [95%-CI 1.50-6.45]; p=0.002). We
conclude that combining molecular mismatch approaches allows us to distinguish low- and high-risk groups among standard
renal allograft recipients. Independent validation in other patient populations and different ethnicities is required.

1 | Introduction transplants [4]. Between these two distinct groups, patients

Differences among the HLA molecules between the donor and
recipient are the major driving force for allograft rejection.
Patients having a kidney transplantation with a presumed HLA-
directed memory response inferred by the presence of donor-
specific HLA antibodies (HLA-DSA) are widely accepted as an
immunological high-risk group [1-3]. On the other end of the
immunological risk spectrum, HLA identical transplants clearly
have the lowest risk of rejection and are considered as low-risk

without preformed HLA-directed memory, but with at least one
HLA mismatch account for most of the transplantations and can
be regarded as immunological standard risk situations [3, 5, 6].
However, this group is still very heterogeneous. Further stratifi-
cation has been attempted by traditional HLA matching meth-
ods. However, this approach has a major limitation because it
does not assess differences of molecular structures on the HLA
molecules (i.e., epitopes), which are the true targets of the allo-
immune response [7-9].
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Two main molecular mismatch assessment approaches have
been developed during the last two decades (i.e., the eplet mis-
match analysis and the predicted indirectly recognisable HLA
epitopes [PIRCHE] II algorithm) [10, 11]. Both approaches were
investigated in many studies, showing a clear and independent
association with the development of de novo HLA-DSA, occur-
rence of rejection and graft loss [12-17]. A combination of both
approaches might improve risk prediction because the eplet
mismatch analysis and the PIRCHE II algorithm try to simu-
late the B cell- and T cell alloimmune response, respectively.
Indeed, two groups performed such analyses and described
some advantages when using two approaches together [18-20].
Theoretically, the eplet mismatch analysis could be further en-
hanced by adding information on the immunogenicity of indi-
vidual eplets. Recently, we and others provided first data on the
immunogenicity of eplets with an emphasis on the highly im-
munogenic ones [21-26].

The aim of this study was to explore three molecular mis-
match tools (eplet mismatch count, highly immunogenic eplet
count, PIRCHE II score) for prediction of rejection within
the first year post-transplant in a well-characterised stan-
dard risk cohort having contemporary immunosuppression
with tacrolimus-mycophenolate-prednisone and basiliximab
induction.

2 | Methods and Materials
2.1 | Patient Population

The retrospective observational cohort study was approved by
the local ethics committee (EKNZ 2023-01992). The patient
flow is summarised in Figure 1. All patients who had a kidney
transplantation between January 2014 and August 2022 at the
University Hospital in Basel were eligible for this study (n = 666).
We excluded 227 patients for the following reasons: (i) high im-
munological risk (n=152) such as pre-transplant HLA-DSA
determined by virtual crossmatching (n=79), husband-to-wife
transplantations with mutual children (n=27) and ABO-
incompatible transplants (n =46) [27, 28]; (i) no HLA-associated
immunological risk (n =22); (iii) no tacrolimus/mycophenolate-
based maintenance immunosuppression or no induction with
basiliximab (n=23); (iv) no high-resolution HLA typing of the
donor and recipient (n=21) and (v) death within the first year
post-transplant (n=9). Thus, the final population consisted of
439 patients considered as immunological standard risk having
an identical immunosuppression consisting of tacrolimus (Tac),
mycophenolate (MPA) and prednisone with basiliximab induc-
tion, as well as high-resolution HLA typing of the donors/recip-
ients and a minimal follow-up of 1year.

2.2 | HLA Typing and Molecular Mismatch
Analyses

Two-field HLA typing of 11 loci was performed by next-
generation sequencing with the NGSgoMX11-3 kits from GenDx
(gendx.com). The eplet mismatch count was calculated using the
definition of HLA Eplet Registry (epregistry.com.br; accessed in
December 2023) as well as the definition of the HLAMatchmaker

Software Version 2.2. The definition of the top 10 immunogenic
eplets for each class/locus is based on an own study in a human
pregnancy model [21, 22], which was expanded for this study
to all loci and both eplet definitions (i.e., HLA Eplet Registry
and HLAMatchmaker Software Version 2.2). PIRCHE II scores
for all HLA loci were calculated using the software version 4.1
(Frost 1.1 binding prediction, 200% binding rank cut-off; pirche.
com).

The target outcome to be predicted by the molecular mismatch
analyses was the occurrence of clinical or subclinical rejection
within the first year post-transplant defined by the Banff 2019
classification based on the individual Banff scores [29]. We cal-
culated the area-under-the-curve (AUC) regarding this binary
outcome for all individual molecular mismatch scores. The best
AUC for each molecular mismatch score (i.e., eplet mismatch
count, Top 10 immunogenic eplet count, PIRCHE II score) was
determined, and its cut-off and sensitivity and specificity were
calculated. All possible combinations of individual molecular
mismatch scores were investigated as well.

2.3 | Investigated Outcomes

Besides the occurrence of clinical or subclinical rejection within
the first year post-transplant defined by the Banff 2019 classi-
fication to calibrate the molecular mismatch analyses, various
other outcomes were investigated as follows: (i) the incidence of
early clinical rejection within the first 30days post-transplant
as well as clinical rejection within the first year post-transplant,
defined by either the Banff 2015 or the 2019 classification;
(ii) the incidence of rejection requiring treatment with anti T-
lymphocyte globulin (ATG; either Thymoglobulin or Grafalon);
(iii) incidence of de novo HLA-DSA; (iv) estimated GFR at one-
year post-transplant calculated by the CKD-EPI 2021 equation;
(v) incidence of graft loss within the first year post-transplant
and (vi) incidence of triple immunosuppression at 1-year
post-transplant.

Overall, 269 clinical biopsies and 284 surveillance biopsies were
obtained within the first year post-transplant. One-hundred and
twenty-one of 439 patients (28%) did not have any allograft biop-
sies within the first year post-transplant. As mentioned previ-
ously, the individual Banff scores were used to define rejection
according to the Banff 2015 or 2019 classification, respectively.
Notably, the Banff 2015 and Banff 2019 classifications mainly
differ in the definition of borderline T cell-mediated rejection
(TCMR), which is the most common rejection phenotype in
immunological standard risk patients [30, 31]. De novo HLA-
DSA were assessed by single-antigen beads (OneLambda;
ThermoFisher) at one-year post-transplant in 388/439 patients
(88%) and every 2years thereafter. All 11 HLA loci were in-
cluded for the analysis and an MFI> 500 was considered as a
positive result.

2.4 | Immunosuppressive Drug Exposure
Target Tac trough levels were 10-12pg/L in the first-month

post-transplant, then 8-10ug/L until month 3 and 6-8ug/L
thereafter. We aimed for MPA trough levels >2mg/L unless
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All kidney transplantations from
01.01.2014 —31.08.2022 (n = 666)

v

Excluded (n=227)

Immunological high risk (n = 152)
- Pretransplant HLA-DSA (n = 79)
- Other immunological risk such as husband-to-wife
transplantation with mutual children (n = 27)
- ABO incompatible transplantation (n = 46)

No HLA-associated immunological risk (n = 22)
- Transplantation from HLA-identical sibling (n = 20)
- Prior stem cell transplantation from the same donor (n = 1)
- Zero high-resolution HLA mismatch (n = 1)

No standard immunosuppression as defined (n = 23)
- No Tacrolimus/Mycophenolate/Prednisone (n = 3)
- No induction with Basiliximab (n = 20)

No high-resolution HLA typing of donor and recipient (n = 21)
Death within 1%t year (n =9)

Immunological standard risk
with high-resolution typing
and one-year follow-up (n = 439)

\4

Molecular mismatch calculations and
assignment to risk groups

\ 4

Low risk molecular mismatch (n = 83)

- Total eplet mismatch count < 73 + top 10 immunogenic
eplet mismatch count < 4 + PIRCHE Il score < 93

\ 4

\4

Intermediate risk molecular mismatch (n = 262)

FIGURE1 | Patient flow.

High risk molecular mismatch (n =94)

- Total eplet mismatch count > 73 + top 10 immunogenic
eplet mismatch count >4 + PIRCHE Il score > 93
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clinical side effects required a dose reduction. Prednisone was
reduced to 0.1 mg/kg body weight by month 3 post-transplant
and withdrawn, if no prior clinical or subclinical rejection oc-
curred. To assess the exposure to Tac and MPA, all trough levels
measured within the first year post-transplant were retrieved
from the laboratory information system. Five of 439 patient (1%)
experiencing primary non-function had to be excluded from this
analysis. We calculated the frequency of trough levels below a
certain threshold by dividing the number of values below the
threshold by the total number of measurements.

Therapeutic interventions were based on the histological di-
agnosis according to the Banff 2013/2015 classification. Most
rejection episodes were treated with steroid pulses plus optimis-
ation of maintenance immunosuppression.

2.5 | Statistics

Categorical data are presented as count (percentage) and were
analysed by chi-square test or Fishers exact test as appropriate.
Continuous data are shown as median (interquartile range) and
compared by the Wilcoxon rank sum test unless stated other-
wise. For all tests, a two-tailed p value <0.05 was considered to
indicate statistical significance. Time-to-event analyses were per-
formed by the Kaplan-Meier method and compared by the log-
rank test. Multivariate analysis to assess independent predictors
for (sub) clinical rejection within the first year post-transplant was
performed by the Cox proportional hazard method, including co-
variates associated with rejection (e.g., recipient age, re-transplant,
delayed graft function). We used JMP Pro 16 for statistical analyses.

3 | Results

3.1 | Classification of the Molecular Mismatch
Risk Groups

The top 10 immunogenic eplets using the HLA Eplet Registry
definition are summarised in Figure 2A. First, we calculated the
AUC's for all different molecular mismatch scores regarding the
target outcome in all 439 patients (i.e., occurrence of clinical or
subclinical rejection within the first year post-transplant defined
by the Banff 2019 classification) without correction for other co-
variates. Among the eplet mismatch analyses using the HLA
Eplet Registry definition, the total count had the highest AUC
with 0.60. Among the top 10 immunogenic eplet analyses using
the HLA Eplet Registry definition, the total count had the high-
est AUC with 0.56. Among the PIRCHE II analyses, the total
score had the highest AUC with 0.60. When the calculation was
restricted to only those 318 patients having at least one allograft
biopsy within the first year post-transplant, the AUC and cut-off
were very similar (Figure 2B). The eplet mismatch and top 10
immunogenic eplet analyses using HLAMatchmaker Software
Version 2.2 revealed similar AUC of 0.60 and 0.56, respectively.

Next, we used the best cut-off of the three scores to classify the
cohort into low-/high-risk groups, as well as tertiles to classify
the cohort into low/intermediate/high-risk groups. A statistically
significant distinction could be seen for some individual scores.
Combinations of two of the three scores also revealed statistically

significant results, but either the intermediate-risk group aligned
with the low- or the high-risk group (Figure S1). Finally, we
combined all three scores together. Patients were assigned to the
low-risk group, if all three individual scores were below the cut-
off (total eplet mismatch count <73, top 10 immunogenic eplet
mismatch count <4, PIRCHE II score < 93) and to the high-risk
group, if all three individual scores were above the cut-off (total
eplet mismatch count > 73, top 10 immunogenic eplet mismatch
count >4, PIRCHE II score >93). The intermediate-risk group
consisted of all remaining patients, who did neither qualify for
the low- nor the high-risk group. This led to a better separation of
the risk groups regarding the target outcome (Figure 3A).

3.2 | Baseline Characteristics

Based on the combined molecular mismatch score, we as-
signed the 439 patients into a low-risk group (n=2383; 19%), an
intermediate-risk group (n=262; 60%) and a high-risk group
(n=94; 21%). The baseline characteristics among these groups
are detailed in Table 1. We observed no statistically significant
differences regarding major donor and recipient variables, ex-
cept a higher frequency of prior kidney transplantation in the
low-risk group (percentage of re-transplants: 13.3% vs. 7.3% vs.
3.2%; p=0.04). As expected, the number of high-resolution HLA
mismatches, the eplet mismatch count, the top 10 immunogenic
eplet mismatch count and the PIRCHE II scores were signifi-
cantly different among the three groups.

High-resolution HLA typing mismatches correlated with the
total eplet mismatch count (+*=0.62; p<0.001), the top 10 im-
munogenic eplet mismatch count (r>=0.26; p<0.001) and the
PIRCHE II score (r?=0.44; p<0.001). The three molecular
mismatch scores also correlated strongly with each other (12
between 0.21 and 0.42; all p<0.001). The relationship among
the three molecular mismatch scores, the high-resolution HLA
typing mismatches and molecular mismatch risk groups are de-
tailed in two correlation plots (Figure S2).

3.3 | Outcomes

The target outcome (i.e., incidence of subclinical or clinical
rejection within the first year after transplantation using the
Banff classification 2019), which was used to classify the pa-
tients based on the molecular mismatch scores, occurred in
10/83 (12.0%) patients of the low-risk group, in 54/262 (20.6%)
patients of the intermediate-risk group and in 31/94 (33.0%) pa-
tients of the high-risk group (p=0.01) (Table 2 and Figure 3A).
The rejection phenotypes were mainly TCMR (84/95; 88.4%),
while antibody-mediated rejection (AMR) was rarely observed
(11/95; 11.6%). The incidence of (sub) clinical TCMR was sig-
nificantly different among the three groups (12.0% vs. 17.2% vs.
30.9%; p=0.008), but the incidence of (sub) clinical AMR was
similar (0% vs. 3.4% vs. 2.1%; p=0.26). The incidence of clinical
rejection among the three groups was significantly different (6%
vs. 12% vs. 23%; p=0.006) (Figure 3B). When the analysis was
restricted to only those 318 patients having at least one allograft
biopsy within the first year post-transplant, the incidence of re-
jection was higher as expected, but the separation among the
three groups was identical (Figure S3).
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A ABC DR DQ DP
Eplet Residues Eplet Residues Eplet Residues Eplet Residues
417 417 4Q 4Q 45EV 45EA6VATY 8V 8V
62GK 62G66K 11STS |9E10Y11512T13S 52PQ 53Q089G90I 11L 8V11L
62GE 62G63E 375 37538V 55R 55R 31Q 31Q
71TN 71T77N 70R 70R71R 55PPD 55P56P57D 50R 50R
76VDT |  76V77D80T 71A 70Q71A73A 55pp 55P56P S6E 55D56E
80l 80l 96HK | 96H98K120S 61FT 61F64TS5R 76V 76V
82LR 82L83R 96Y 96Y 76V 76V26547Q187T 84DEAV | 84D85E86A87V
144TKH | 142T144K145H 98E 98E 84QL | 84Q86E87L8ITIOT125A 96K 96K170I
145KHA | 144K145H149A 98ES 98E1205 86A 86A 127p 127P160V
163LW 163L167W 142M 142M 125G 125G 160V 160V
B All patients Only patients with
(n=439) 21 biopsy (n=318)
( A A4 A N\
AUC (se?;;(s):ec) AUC (seii;(;:)fec)
Total score 0.60 | 93(56/61) | 0.60 | 93 (56/62)
A score 0.57 0.56
B score 0.56 0.57
— Cscore 0.53 0.52
& | DRB1score 0.54 0.55
& |DRB345 score 0.53 0.54
& DQA1 score 0.59 0.60
DQB1 score 0.58 0.59
DPA1 score 0.51 0.50
DPB1 score 0.56 0.55
Total count 0.60 | 73(42/74) | 0.60 | 66 (53/64)
Antibody-verified count 0.59 0.58
Class | count 0.57 0.56
DR count 0.54 0.55
% DR single molecule 0.54 0.56
S |DpQcount 0.57 0.57
DQ single molecule 0.55 0.55
DR+ DQ count 0.57 0.57
DP count 0.56 0.54
Class Il count 0.58 0.58
a o |Top 10 immunogenic total count 0.56 4 (83/24) 0.55 6 (66/43)
'9 = Top 10 immunogenic antibody-verified count | 0.55 0.55

FIGURE2 | Molecular mismatch analyses. (A) Top 10 immunogenic eplets for each class/locus. (B) Receiver-operating characteristic analyses of
individual molecular mismatch approaches.

As an internal validation, the three risk groups were also as- of early clinical rejection within 30days post-transplant and
sessed regarding other pertinent outcomes. We found signifi- the incidence of clinical rejection within the first year post-
cant differences among the three groups regarding the incidence transplant, for both Banff 2015 and 2019 classifications (Table 2).
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(Sub)clinical rejection

Clinical rejection

60% 60%
Overall p=0.01
50% | p 50%- Overall p = 0.006
40% 40%
3 8
c 33% c
S 3 30%
(@) _ 'C
= p=0.003 k= 'y 23%
20%
=002 p=0.004
12% y
10%
} p=0.17 v 6%
O% T T T T T I T T T T T T O% ™ T T T T T T T T T T T
0 60 120 180 240 300 36 0 60 120 180 240 300 360
Days postransplant Days postransplant
n at risk n at risk
—_ 94 68 60 —_ 94 74 68
— 262 216 200 — 262 232 222
— 83 76 71 — 83 78 76
ATG-treated rejection De novo HLA-DSA
100% 60%
9%
50% - Overall p=0.01
8%
70% 40% -
60% p<0.001 g
50% 5 30%-
Q
40% £ 25%
20% -
0% - o p =0.003
20% 10% - .
10% - AN 6%
0% 0% T T T T T
Low Intermed  High 0 1 2 3 4 5 6
(n=83) (n=262) (n=94) Years postransplant
n at risk
— 75 68 56 44 30 20 7
— 235 224 169 144 110 71 47
— 78 77 57 44 38 28 20

== |ow risk (n = 83)

== |ntermediate risk (n = 262)

== High risk (n = 94)

FIGURE 3 | Pertinent outcomes among the three molecular mismatch risk groups. (A) Incidence of clinical or subclinical rejection within the
first year post-transplant defined by the Banff 2019 classification. (B) Incidence of clinical rejection within the first year post-transplant defined by
the Banff 2019 classification. (C) Frequency of ATG-treated rejection (thymoglobulin or grafalon). (D) Incidence of de novo HLA-DSA up to 5Syears

post-transplant.
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TABLE1 | Baseline characteristics.
Low risk Intermediate High risk p across all plow vs

Parameter (n=83) risk (n=262) (n=94) 3 groups high risk
Recipient sex female 23 (28%) 78 (30%) 27 (29%) 0.93 1.00
Recipient age 56 (44-63) 55 (43-64) 56 (47-64) 0.79 0.57
Deceased donor 50 (60%) 174 (66%) 70 (74%) 0.12 0.05

Cold ischemia time [h] 6.3(2-9.1) 7.8 (2.1-10.6) 8 (2.6-10.3) 0.05 0.02
Donor age 57 (43-67) 58 (47-64) 56 (47-64) 0.87 0.74
Renal disease

Polycystic kidney 14 (16.9%) 43 (16.4%) 23 (24.5%) 0.62 0.42

disease

Diabetic nephropathy 4 (4.8%) 26 (9.9%) 9 (9.6%)

Glomerulonephritis 30 (36.1%) 93 (35.5%) 27 (28.7%)

Interstitial nephropathy 5(6%) 14 (5.3%) 7 (7.5%)

Vascular nephropathy 12 (14.5%) 26 (9.9%) 10 (10.6%)

Other nephropathies 13 (15.7%) 33(12.6%) 9 (9.6%)

Unknown nephropathy 5(6%) 27 (10.3%) 9 (9.6%)
Renal replacement therapy

Preemptive 20 (24.1%) 39 (14.9%) 13 (13.8%) 0.27 0.19

transplantation

Haemodialysis 55 (66.3%) 175 (66.8%) 65 (69.2%)

Home haemodialysis — 2(0.8%) 1(1.1%)

Peritoneal dialysis 8 (9.6%) 46 (17.6%) 15 (16%)
Sensitising events

any 35 (42.2%) 99 (37.8%) 42 (44.7%) 0.46 0.74

prior kidney 11 (13.3%) 19 (7.3%) 3(3.2%) 0.04 0.01

transplantation

pregnancies 13 (15.9%) 51 (19.7%) 20 (21.3%) 0.63 0.36

blood transfusions 23 (29.1%) 54 (20.9%) 22 (23.9%) 0.32 0.44
Current cPRA (11 loci) [%] 5.4 (0-46.4) 1.6 (0-30.4) 1.5 (0-28.8) 0.57 0.29
High-resolution HLA 7(5-9) 10 (8-13) 14 (12-15) <0.001 <0.001
typing mismatches
Total eplet mismatch 35(26-44) 58 (46-69) 84 (77-91) <0.001 <0.001
count
Top 10 immunogenic 2(0-3) 7 (5-10) 11 (8-14) <0.001 <0.001
eplet mismatch count
PIRCHE II score 45 (25-67) 80 (56-110) 127 (113-150) <0.001 <0.001

Abbreviation: cPRA, calculated population-reactive antibodies.

Furthermore, the incidence of ATG-treated rejection was signifi-
cantly different among the three groups (1.2% vs. 6.1% vs. 16.0%;
p<0.001) (Table 2 and Figure 3C).

The incidence of de novo HLA-DSA at one-year post-transplant
was not statistically different among the three groups (1.3%
vs. 4.2% vs. 5.3%; p=0.32). Six of 15 (40%) de novo DSA were

against class I, 8/15 (53%) against class II and 1/15 (7%)
against class I +II. The median MFI was 1264, and 12/15 de
novo DSA were detected at the one-year routine screening. At
Syears post-transplant, we noticed a significantly different in-
cidence of de novo DSA among the three groups (6% vs. 11%
vs. 25%; overall p=0.01; low- vs. high-risk group p=0.003)
(Figure 3D).
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TABLE 2 | One-year outcomes.
p low
Low risk Intermediate High risk pacrossall  vshigh
Outcome (n=83) risk (n=262) (n=94) 3 groups risk
Rejection according to Banff 2019 classification
clinical rejection <30days post-transplant 3(3.6%) 23 (8.8%) 14 (14.9%) 0.03 0.01
clinical rejection within 1% year 5(6.0%) 32(12.2%) 22 (23.4%) 0.003 0.001
clinical or subclinical rejection within 1 year 10 (12.1%) 54 (20.6%) 31 (33.0%) 0.003 0.001
Other one-year outcomes
rejection treated with ATG 1(1.2%) 16 (6.1%) 15 (16.0%) <0.001 <0.001
graft loss within 1% year 2(2.4%) 4 (1.5%) 6 (6.4%) 0.05 0.20
triple immunosuppression at 1year (n =427) 28/81 (34.6%)  91/258 35.3%)  46/88 (52.3%) 0.01 0.02
eGFR (n=427) 53 (39-72) 54 (41-68) 54 (41-71) 0.82 0.67
eGFR <25mL/min at 1year (n=427) 2/81 (2.5%) 7/258 (2.7%) 4/88 (4.6%) 0.68 0.47
Urine protein/creat ratio [mg/mmol] (n =417) 12 (8-20) 12 (7-20) 14 (7-24) 0.65 0.77
de novo HLA-DSA at 1year (n = 388) 1/77 (1.3%) 10/236 (4.2%)  4/75 (5.3%) 0.32 0.16
Rejection according to Banff 2015 classification
clinical rejection <30days post-transplant 6 (7.2%) 48 (18.3%) 21 (22.3%) 0.01 0.005
clinical rejection within 1% year 13 (15.7%) 66 (25.2%) 29 (30.9%) 0.05 0.02
clinical or subclinical rejection within 1% year 24 (28.9%) 121 (46.2%) 52 (55.3%) 0.001 <0.001

Abbreviations: ATG, anti T-lymphocyte globulin (thymoglobulin or grafalon); eGFR, estimated glomerular filtration rate; HLA-DSA, donor-specific HLA-antibodies.

We observed no differences among the three groups regarding
graft loss, eGFR and proteinuria at one-year post-transplant.
Interestingly, patients in the high-risk group were more often on
triple immunosuppression (52.3% vs. 35.3% and 34.6%, respec-
tively; p=0.01) (Table 2).

3.4 | Exposure to Immunosuppression

The overall Tac and MPA exposure in the whole cohort reflected
the intended protocol and is shown in Figure S4. We observed no
differences among the three risk groups regarding the number
of Tac and MPA measurements, as well as the frequency of mea-
surement below specific trough levels (Table S1). Considering
intra-patient Tac level variability as a potential proxy for adher-
ence did not correlate with de novo HLA-DSA (data not shown).

3.5 | Multivariable Analysis

In the multivariable cox regression analysis, the molecular mis-
match risk group was an independent risk factor (high-risk vs.
low-risk hazard ratio 3.11 [95%-CI 1.50-6.45]; p = 0.002) for clin-
ical or subclinical rejection within the first year post-transplant.
In addition, the percentage of Tac levels below 3 pug/L increased
the risk of rejection, while older age was associated with a lower
risk of rejection. The donor source (deceased vs. living donor),
repeated transplantation or delayed graft function were not in-
dependent risk factors (Table 3). Due to a significant collinear-
ity of the total eplet mismatch count, the top 10 immunogenic

eplet mismatch count, the PIRCHE II score and the molecular
mismatch risk group, these four parameters could not be evalu-
ated in a combined model. The corrected Akaike's Information
Criterion and the Bayesian Information Criterion assessed in
the Cox model for all individual parameters are similar, and all
are independently associated with clinical or subclinical rejec-
tion within the first year post-transplant (data not shown).

4 | Discussion

To our knowledge, this is the first study exploring an enhanced
risk stratification based on the combination of three individ-
ual molecular mismatch approaches. It highlights that this
approach can distinguish low- and high-risk patients among
immunological standard-risk transplants. Indeed, patients hav-
ing scores below the threshold for all three molecular mismatch
algorithms are at very low risk to experience an immunological
event within the first year post-transplant. In contrast, patients
demonstrating elevated scores in all three molecular mismatch
assessment approaches have a three times increased risk to de-
velop rejection, and about half of them require treatment with
ATG. In addition, these patients have a four-fold higher inci-
dence of de novo HLA-DSA at 5years post-transplant.

The number of top 10 immunogenic eplets alone was not signifi-
cantly associated with the development of rejection. However,
the cut-off of 4 had a rather high sensitivity of 83%, which
helped in combination with the total eplet mismatch count
and the PIRCHE II score to better delineate low-risk patients
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TABLE 3 | Multivariable cox regression analysis for clinical or subclinical rejection (n =95) within the first year post-transplant according to the

Banff 2019 classification.

Parameter Hazard ratio (95% CI) 4]
Molecular mismatch risk group

Low risk (reference) — —

Intermediate risk 1.73 (0.88-3.43) 0.11

High risk 3.11 (1.50-6.45) 0.002
Recipient age per decade older 0.82(0.70-0.96) 0.01
Recipient female sex 1.27 (0.82-1.96) 0.28
Deceased donor source 1.09 (0.65-1.83) 0.75
Donor age per decade older 1.05 (0.94-1.19) 0.38
Re-transplant 1.23(0.56-2.72) 0.60
Delayed graft function 1.30(0.78-2.15) 0.31
% of tacrolimus trough levels below 3 ug/L 1.13 (1.00-1.26) 0.03
% of mycophenolate trough level below 1 mg/L 1.01 (0.99-1.02) 0.27

(Figure S1G,I). This observation also indicates that the defini-
tion of the immunogenicity of eplet is still incomplete and needs
further refinements [25, 26, 32, 33]. Theoretically, one highly
immunogenic HLA epitope could induce a strong alloimmune
response, leading to allograft rejection [32, 33].

In our study, the total eplet mismatch count and the total
PIRCHE II scores had higher AUC's compared to the analyses
of individual classes or loci (e.g., class IT or DR/DQ). At first
sight, this is surprising and contradictory to many pertinent
studies reporting a strong association with DR/DQ eplet mis-
match counts or DR/DQ PIRCHE II scores and the development
of de novo DR/DQ-DSA as well as TCMR and AMR [13, 15]. Our
data do not argue against this well-established observation, but
it suggests that the alloimmune response within the first year
post-transplant, which is very often detectable as a TCMR phe-
notype, can be induced by all HLA molecules, either alone or in
combination.

Wiebe et al. clearly demonstrated in a very well characterised
cohort that the development of de novo DR/DQ-DSA is driven
by a high DR/DQ eplet mismatch count, low Tac levels, younger
age and poor adherence [34, 35]. Our multivariable Cox regres-
sion model is fully in line with the first three parameters de-
scribed by Wiebe et al., but unfortunately, we had no reliable
data on the adherence of the patients in our study.

How can we use the molecular mismatch risk grouping clini-
cally? Patients in the low-risk group could be ideal candidates
for immunosuppression minimisation protocols or tolerance
induction studies performed in HLA mismatched situations.
Patients in the high-risk group might benefit from an intensi-
fied induction therapy (i.e., ATG) and an increased mainte-
nance immunosuppression. In addition, such high-risk patients
can enrich studies aiming to explore novel treatments against
allograft rejection. The clinical application of the molecular mis-
match risk grouping requires (i) high-resolution HLA typing of

the donor and recipient and (ii) the availability of the molecular
mismatch assessment tools. For living donor kidney transplan-
tation, both requirements can easily be fulfilled. For deceased
donor transplantations, high-resolution HLA typing of the
donor is currently almost never available before transplantation
and would have to be imputed from intermediate-resolution
data. This will lead to some errors in the calculations of the mo-
lecular mismatch scores [36, 37]. Notably, recent advances in the
nanopore sequencing method will likely resolve this problem
very soon because it is possible to generate high-resolution HLA
typing data within 4-6h [38].

Our study has some advantages compared to other study as-
sessing molecular mismatch assessment approaches [18-20].
The population consists only of patients having an HLA-
associated risk but no preformed HLA-DSA. In addition, the
cohort has a standardised immunosuppression and a reason-
able frequency of the target outcome (n=95) to facilitate the
generation of risk groups. Furthermore, the target outcome to
develop the risk grouping (i.e., clinical or subclinical rejection
within the first year post-transplant) is clinically important
and precedes the occurrence of de novo HLA-DSA. In fact,
unresolved and persisting rejection starting within the first
year post-transplant is strongly associated with later develop-
ment of de novo DSA [39].

We acknowledge several limitations of this study. First, it is a
single-centre study with almost exclusively Caucasian patients.
Therefore, it requires validation in other cohorts with more di-
verse ethnicities. As an alternative to external validation, we
investigated the robustness of the grouping by assessment of var-
ious other outcomes, which were not used for the development
of the risk grouping, such as the incidence of clinical rejection
according to different Banff classification schemas and the inci-
dence of ATG-treated rejection. The validity of the risk grouping
is also supported by the clear association with the development
of de novo HLA-DSA, as has been shown by many large studies
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[13-15]. Second, the study population is not large, but it was still
sufficient to detect statistically significant results. Third, the defi-
nitions of eplets and the PIRCHE II algorithms are evolving and
still have significant limitations [40]. In addition, the determina-
tion of the immunogenicity of individual eplets depends on the
characteristics and the HLA background of the investigated co-
hort. Interestingly, both investigated eplet definitions (version 2.2
and the most recent from the HLA Eplet Registry) revealed very
similar results, suggesting that the total eplet mismatch count is
a quite robust parameter despite significant changes between the
two versions. Forth, we cannot demonstrate the statistical superi-
ority of the combined molecular mismatch risk group compared
to the individual scores. However, the molecular mismatch risk
groups showed a more distinct internal separation, and we assume
that categorical risk groups will have a better clinical applicability.

In conclusion, a combination of molecular mismatch approaches
allows to distinguish low- and high-risk groups among immuno-
logical standard-risk renal allograft recipients. This might help
to better tailor immunosuppression to the individual needs of
patients. However, it requires validation in independent cohorts
and ultimately a prospective randomised trial to investigate
whether such an enhanced risk stratification improves clinical
outcomes.
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