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Background: The diagnosis of borderline rejection (BLR) ranges from mild inflammation
to clinically significant TCMR and is associated with an increased risk of allograft
dysfunction. Currently, there is no consensus regarding its treatment due in part to a
lack of biomarkers to identify cases with increased risk for immune-mediated injury.

Methods: We identified 60 of 924 kidney transplant recipients (KTRs) with isolated and
untreated BLR. We analyzed the impact of predicted indirectly recognizable HLA epitopes
(PIRCHE) score on future rejection, de novo DSA development, and recovery to baseline
allograft function. Additionally, we compared the outcomes of different Banff rejection
phenotypes.

Results: Total PIRCHE scores were significantly higher in KTRs with BLR compared to
the entire study population (p=0.016). Among KTRs with BLR total PIRCHE scores were
significantly higher in KTRs who developed TCMR/ABMR in follow-up biopsies (p=0.029).
Notably, the most significant difference was found in PIRCHE scores for the HLA-A locus
(p=0.010). PIRCHE scores were not associated with the development of de novo DSA or
recovery to baseline allograft function among KTRs with BLR (p>0.05). However, KTRs
under cyclosporine-based immunosuppression were more likely to develop de novo DSA
(p=0.033) than those with tacrolimus, whereas KTRs undergoing retransplantation were
less likely to recover to baseline allograft function (p=0.003).

Conclusions: High PIRCHE scores put KTRs with BLR at an increased risk for future
TCMR/ABMR and contribute to improved immunological risk stratification. The benefit of
anti-rejection treatment, however, needs to be evaluated in future studies.
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INTRODUCTION

The pathology diagnosis of borderline rejection (BLR) comprises
various histologic lesions, ranging from mild inflammation to
clinically significant T-cell mediated rejection (TCMR) (1).
Adding further complexity, inflammation (i) and tubulitis (t)
lesions can occur in the context of other graft injuries, such as
ABMR, polyomavirus-nephropathy, and other infections,
glomerulonephritis as well as acute kidney injury. The molecular
mechanisms driving TCMR have been demonstrated to be
responsible for developing the chronic histologic lesion of
interstitial fibrosis/tubular atrophy (IF/TA) (2), which has been
associated with graft failure (3, 4). Nankivell et al. showed that
despite anti-rejection treatment, BLR was often followed by acute
rejection episodes and increased de novo donor‐specific antibodies.
At the same time, the rate of spontaneous resolution of
inflammatory infiltrates without treatment was also high (5).
However, even with the resolution of inflammatory changes in
the subsequent biopsies, the BLR was associated with poorer
allograft function and survival (5). Thus, the clinical significance
of BLR is uncertain concerning the indication for therapy.

Only recently, the histopathologic criteria for the diagnosis of
BLR have been investigated. Accordingly, the Banff classification
was adjusted in 2019, the threshold for interstitial inflammation
in BLR was changed to “interstitial inflammation involving
10%-25% of the non-sclerotic cortex (Banff i1) with at least
mild tubulitis (Banff t>0)” (6). Contrary to the previous
definition of BLR in the 2018 Banff Classification with the
minimal lesion being “i0 t1”, the new definition of minimum
lesion reads “i1 t1”.

In the past, there have been numerous efforts to develop new
methods to diagnose potentially treatable graft injuries or predict
future rejection risks. A comprehensive review of current research
on immunologic and non-immunologic biomarkers was recently
published by Swanson et al. (7) The innovative methods span
across functional cell-based immunemonitoring [IFN-g-ELISPOT
(8–10)], analysis of peripheral blood and urine for gene expression
signatures by measuring mRNA (11–13), microRNA (14, 15), and
dd-cfDNA (16, 17), as well as molecular phenotyping of graft
biopsies [molecular microscope (MMDx)] (18), which is emerging
as a promising new tool in biopsy interpretation.

However, predictive biomarkers of BLR have not been
adequately studied, and there are no established histologic or
immunologic criteria to stratify the risk in diagnosis and
treatment of BLR. Furthermore, there are no consensus clinical
guidelines for BLR, and the long-term consequences of detecting
and treating subclinical inflammation remain controversial (19–
21). Thus, the clinical community is in dire need of a marker to
identify those cases with BLR that result in immune-mediated
Abbreviations: ABMR, antibody-mediated rejection; BKV, polyomavirus BK;
BLR, borderline rejection; CMV, cytomegalovirus; CNI, calcineurin inhibitor;
dd-cfDNA, donor-derived cell-free DNA; DGF, delayed graft function; dnDSA, de
novo donor-specific anti HLA-antibodies; GFR, glomerular filtration rate; HLA,
human leukocyte antigen; KTRs, kidney transplant recipients; MMDx, molecular
microscope diagnostic system; MMF, mycophenolate mofetil; MPA,
mycophenolic acid; PIRCHE, Predicted Indirectly ReCognizable HLA Epitopes;
TCMR, T-cell mediated rejection; TMA, thrombotic microangiopathy.
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injury, potentially leading to adverse immunological, function,
and histological events. Recently, measurement of dd-cfDNA has
been proposed as a complement marker for risk stratification in
BLR (22) and is under investigation in an ongoing trial in
combination with MMDx (Halloran PF, INTERCOMEX DD-
cfDNA-HLA-MMDx Study: Comparing the DD-cfDNA Test to
MMDx Microarray Test, Central HLA Antibody Test, and
Histology. 2021. In Proceedings from https://clinicaltrials.gov/
ct2/show/NCT04239703).

The risk of rejection is linked to HLA matching. The impact
of individual HLA mismatches between donor and recipient on
alloreactivity is strongly influenced by the amount of
immunogenic allo epitopes. Based on the mismatched donor
HLA type, the Predicted Indirectly Recognizable HLA Epitopes
(PIRCHE) score estimates the number of indirectly recognizable,
donor HLA derived T cell epitopes and predicts T cell-related
immune responses against the donor HLA-derived peptides. The
PIRCHE score - as a marker for the allo-immunogenicity of
donor-recipient HLA mismatch – was shown to be associated
with the risk for de novo (dnDSA) occurrence and long-term
kidney allograft survival in two large kidney transplant cohorts
(23, 24). Very recently, our own data showed, that high PIRCHE
scores were associated with an increased risk of rejection among
KTRs with low-level BKV-DNAemia (25). Being a novel method
to better assess the risk for cellular rejection, the PIRCHE score
has not been investigated so far as a biomarker in BLR. In the
present study, we attempted to address the following questions:
(1) Do HLA T-cell epitope mismatches predict acute rejection
(TCMR and ABMR) in subsequent biopsies in KTRs with BLR?
(2) Do HLA T-cell epitope mismatches predict recovery of
allograft function in KTRs with BLR? (3) Do HLA T-cell
epitope mismatches predict the development of dnDSA in
KTRs with BLR? (4) Is there a difference regarding the clinical
outcome in BLR depending on the applied histologic diagnostic
criteria of threshold lesion “i0 t1” vs. “i1 t1” (Banff classification
2018 vs. Banff classification Update 2019)?
MATERIALS AND METHODS

Patients
Our study was approved by the cantonal ethic commission
review board of Zurich, Switzerland (KEK-ZH-Number 2020-
02817) and has been conducted in compliance with the
declaration of Helsinki.

We performed a retrospective study of all 924 KTRs who
underwent kidney transplantation at the University Hospital of
Zurich between January 1, 2009, and December 30, 2019. During
the follow-up period of at least one year, 422 KTRs received at least
one kidney allograft biopsy. No biopsies during delayed graft
function (DGF) were included in this analysis. From this cohort,
we selected 108 KTRs with the diagnosis of BLR according to the
Banff classification of 2018. Only KTRs who were not treated for
BLR were included in the analysis. In total, 48 KTRs were excluded
from the analysis: 2 KTRs with combined stem cell
transplantation, 20 KTRs with concomitant ABMR, 13 KTRs
February 2022 | Volume 13 | Article 788818
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treated with specific immunosuppressive therapy for TCMR or
any other reason (relapse of FSGS, relapse of MPGN, suspected
rejection prior to biopsy), 9 KTRs with polyomavirus
nephropathy, and 4 KTRs with insufficient biopsy quality,
specifically lack v-lesion score (Figure 1). All KTRs had a
minimum follow-up period of one year. Further progression was
evaluated in terms of (1) occurrence of clinically relevant rejection
(TCMR ≥1A or/and ABMR) within 12 months after the first
biopsy, (2) significant deterioration of allograft function (defined
as an increase of baseline creatinine >20% during the 1st year after
diagnosis of BLR), and (3) development of dnDSA.

Post-transplant care was carried out according to a
standardized scheme with appointments in the outpatient
clinic twice a week at week 2 and 3, at week 4, 5, 6, 8, 10, 12,
at month 4, 5, 6, 8, 10 and 12, with at least 16 visits within the
first year after transplantation. Subsequently, quarterly check-
ups were performed in cooperation with the nephrologists close
to the patient’s home, with at least annual follow-up visits in our
outpatient clinic. Screening for CMV-DNAemia was performed
according to the CMV risk status of the KTR. Screening for
BKV-DNAemia was conducted monthly in the first six months,
at months 8, 10, 12, and 18, and any unclear deterioration of
kidney allograft function. The anti-HLA antibody testing was
performed with use of a Luminex based assay (One Lambda,
Canoga Park, CA, USA), on the day of transplantation, at
months 3, 6, 12, and annually after that, and at any other time
in case of unexplained deterioration of allograft function.
Frontiers in Immunology | www.frontiersin.org 3
Induction and Maintenance
Immunosuppression
The choice of induction therapy was based on immunological risk.
KTRs with a low-immunologic risk (no anti-HLA antibodies with
MFI >1000 at any time prior to transplantation) received IL2-
receptor blockade with basiliximab, and KTRs with a high-
immunologic risk (anti-HLA antibodies with MFI >1000 at any
time prior to transplantation or any DSA with MFI <1000)
received lymphocyte-depleting induction with thymoglobulin.
No transplantation with DSA and MFI >1000 are performed.

ABO desensitization included a single dose of rituximab before
transplantation and blood group-specific immunoadsorption. The
primary immunosuppression consisted of a triple-drug
combination of a calcineurin inhibitor (CNI), tacrolimus or
cyclosporine, antimetabolite (mycophenolate mofetil (MMF) or
mycophenolic acid (MPA) or azathioprine), and steroids. The
initial dose of tacrolimus was 0.2 mg/kg body weight/day, and
trough levels were maintained at 10-15µg/l until week 6, at 8-12 µg/
l until week 12, at 7-10 µg/l until month 12, at 6-8µg/l until month
24, and at 4-6 µg/l after that. The initial dose of cyclosporine was
8mg/kg body weight, and target trough levels were at 200-250 µg/l
until week 6, at 180-220 µg/l until week 12, at 150-200 µg/l until
month 12, at 80-120 µg/l until month 24, and at 60-100 µg/l after
that. The dosage of MMF was 2000 mg/day, and the dosage of
MPA was 1440 mg/day. Steroid tapering was performed over 12
weeks to a dose of 5 mg prednisone/day. According to
immunologic risk, steroid withdrawal was implemented.
FIGURE 1 | Patient inclusion and exclusion algorithm.
February 2022 | Volume 13 | Article 788818
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Assessment of Kidney Allograft Function
and Kidney Allograft Biopsies
To evaluate the kidney allograft function, we compared the
serum-creatinine baseline before the biopsy with the finding of
BLR, with the increase in serum-creatinine that led to the biopsy
and the creatinine baseline one year after the biopsy. The
creatinine baseline was calculated as the median of 3 lowest
creatinine values for both periods, respectively.

In total, 60 indication biopsies and 24 follow-up indication
biopsies were included in the analysis. The biopsies were
evaluated by an experienced renal pathologist, not blinded to
clinical information. The rejection was classified according to the
Banff 2018 reference guide (6). The scores for tubulitis (t) were
defined by the maximum number of mononuclear cells per
tubular cross-section or ten tubular epithelial cells as t0 for 0,
t1 for 1–4, t2 for 5–10, and t3 for>10, in not severely atrophic
tubules. The scores for inflammation in non-scarred cortex (i)
were defined by a degree of inflammation as i0 for<10%, i1 for
10%–25%, i2 for 26%–50%, and i3 for>50%. A diagnosis of BLR
required at least t1 and i0.

Calculation of Predicted Indirectly
ReCognizable HLA Epitopes (PIRCHE)
The HLA-derived mismatched peptide epitopes presented by
KTR’s HLA-molecules were calculated using the PIRCHE
algorithm. Presentation of both HLA class I (HLA-A, B, C) and
HLA class II derived peptides (HLA-DR, DQ) were calculated for
each HLA locus, and designated PIRCHE-A, B, C, DR, and DQ.
HLA typing of KTRs was achieved by serological and DNA-based
techniques. The PIRCHE algorithm is available online (https://
www.pirche.org).

Statistical Methods
Statistical analysis was performed using IBM SPSS Version 25
(SPSS, Chicago, IL, USA). For comparisons of study groups,
Mann–Whitney U-Test was used for nonparametric independent
samples. For comparisons between paired samples, a two-sided
Wilcoxon signed-rank test for nonparametric dependent samples
was used. Multiple linear regression models were used to
investigate independent risk factors. -Clinical characteristics were
compared across groups using Fisher’s exact test for categorical
variables. Boxplots show median, interquartile range (IQR), and
95th percentile.
RESULTS

Overall Patient Characteristics
From the cohort of 924 KTRs transplanted between January 2009
and December 2019, we identified 60 KTRs with BLR in a first
indication biopsy, who fulfilled the inclusion criteria (Figure 1).
Clinical characteristics and biopsy characteristics are shown in
Tables 1A, B. The median total PIRCHE score of 60 KTRs with
BLR was 86.78 (range: 17.37-195.43) with PIRCHE-A of 14.36
(0-69.37), PIRCHE-B of 15.12 (0-44.63), PIRCHE-C of 13.64 (0-
37.09), PIRCHE-DR of 14.77 (0-56.13), and PIRCHE-DQ of
Frontiers in Immunology | www.frontiersin.org 4
23.00 (0-60.13; Figure 2). The median total PIRCHE score of the
remaining study population of 864 KTRs was 71.99 (range: 0-
286.78) with PIRCHE-A of 14.53 (0-69.37), PIRCHE-B of 14.28
(0-72.72), PIRCHE-C of 12.93 (0-75.06), PIRCHE-DR of 12.47
(0-74.78), and PIRCHE-DQ of 19.00 (0-82.55). The 60 KTRs
with BLR showed higher total PIRCHE scores compared to the
remaining study population of 864 KTRs (p=0.016).

Among the 60 KTRs, BLR was the only pathologic finding in
16 KTRs (26.7%). BLR was accompanied by other histologic
changes, namely acute tubular necrosis (ATN) in 15 KTRs,
arteriolar hyalinosis in 5 KTRs, recurrence of renal disease in 4
KTRs, CNI-associated toxicity in 3 KTRs, and pyelonephritis in 3
KTRs. In 2 KTRs the additional findings were TMA and IgA-
positivity of unclear clinical significance.

Impact of PIRCHE Scores on Acute
Rejection in Follow-Up Biopsies
Within 12 months after the diagnosis of BLR, allograft rejection
occurred in the follow-up biopsies of 8 KTRs. The majority of
cases (n=7) were classified as TCMR, while ABMR was reported
in one KTR. Clinical and biopsy characteristics are shown in
Tables 1A, B.

The median total PIRCHE score was significantly higher in
KTRs with subsequent rejection with a median of 124.40 (range
62.52-175.62; p=0.029; Figure 3A). Notably, among the
individual PIRCHE scores, the most significant difference was
found in the median PIRCHE-A with 31.15 (range 11.27-51.71)
in KTRs with rejection compared to 12.98 (range 0-69.37)
without rejection (p=0.001; Figure 3B) and less pronounced in
the median PIRCHE-DQ with 33.00 (15.11-60.13) compared to
22.84 (0-55.72; p=0.097). Upon multivariate analysis, PIRCHE-A
remained the only independent risk factor for the development
of acute rejection on follow-up biopsy (p=0.010). The PIRCHE
values and distribution range are illustrated in Figure 3. KTRs
with rejection showed a higher incidence of dnDSA at 37.5%
compared to 17.3% in KTRs without rejection. Concerning
allograft function one year after the first biopsy, no significant
differences were observed between the two groups (p=0.136).

Impact of PIRCHE Scores on Recovery of
Allograft Function
Of the 60 KTRs with BLR, 23 KTRs (38.3%) did not recover to
baseline creatinine within one year after the indication biopsy.
Instead, they showed serum-creatinine values >20% compared to
baseline before the biopsy indicating BLR. Clinical and biopsy
characteristics are shown in Supplement Tables 1A, B. The
median total PIRCHE score and individual scores for PIRCHE-
A, B, C, DQ, and DR did not differ between the two groups
(p>0.05; Supplement Tables 1A, B). At the same time, we
observed that KTRs who did not recover to baseline creatinine
more likely underwent re-transplantation (p=0.005) and more
often had preformed DSA (p=0.023). Upon multivariate analysis,
retransplantation remained the only independent risk factor not
to recover to baseline creatinine (p=0.003). In addition, in 23
KTRs who did not recover to baseline allograft function, the time
to biopsy was longer (median 14 months vs. two months), and
February 2022 | Volume 13 | Article 788818
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arteriolar hyalinosis was a more frequently described incidental
finding (17.5% vs. 2.7%).

Impact of PIRCHE Score on the
Development of dnDSA
Among the 60 KTRs, dnDSA was detected in 12 KTRs (20%).
Clinical and biopsy characteristics are shown in Supplement
Tables 2A, B. The median total PIRCHE score and individual
scores for PIRCHE-A, B, C, DQ, and DR did not differ between
the two groups (p>0.05; Supplement Table 2A). Notably, a more
significant proportion of KTRs with dnDSA received
cyclosporine-based immunosuppression (41.2%) compared to
those who did not develop dnDSA (12.5%; p=0.033).

Impact of the Banff Phenotype “i0 t1” vs.
“i1 t1” as the Threshold Lesion
In our cohort, the initial 60 and 24 follow-up biopsies were assessed
according to the current Banff classification. The Banff Update of
2019, which proposed the reclassification of the threshold lesion for
Frontiers in Immunology | www.frontiersin.org 5
BLR as “i1 t1,” was published in May 2020. With the last biopsy
performed on 27.02.2020, the previous Banff classification used was
that of 2018. Among the 60 KTRs, only 9 KTRs (15%) had an “i”-
lesion ≥1 and fulfilled the new definition of BLR. Clinical and biopsy
characteristics are shown in Supplement Tables 3A, B.

The median total PIRCHE score did not differ between the two
groups (p>0.05; Supplement Tables 3A, B). Interestingly, KTRs
with isolated tubulitis (i0 t≥1) showed higher PIRCHE scores for
the HLA-A locus (p=0.005; Figure 4), higher PIRCHE scores for
the HLA-B locus (p=0.014), and higher donor age (p=0.010)
compared to KTRs with inflammation and tubulitis (“i≥1 t≥1”).
Upon multivariate analysis, PIRCHE-A (p=0.027) and donor age
(p=0.031) remained the only independent factors associated with
“i0 t≥1” vs. “i≥1 t≥1”. KTRs with i0 t≥1 showed higher total
PIRCHE scores (p=0.0054) and higher PIRCHE scores for the
HLA-A locus (p=0.015) compared to the remaining study
population of 864 KTRs. No differences were observed between
KTRs with i≥1 t≥1 compared with the remaining study population
of 864 KTRs (p>0.05; Figures 4A, B).
TABLE 1A | Clinical characteristics of KTRs with/without acute rejection in follow-up biopsies.

Total (n = 60) No Rejection (n = 52) Rejection (n = 8) P value

Recipient Characteristics
Recipient age, years* 56.5 (19-74) 55.5 (19-74) 62 (53-72) 0.157
Renal disease, n (%)
Diabetic 7 (11.7%) 7 (13.5%) 0 0.424
Hypertensive 4 (6.6%) 3 (5.8%) 1 (12.5%)
PKD 7 (11.7%) 7 (13.5%) 0
Glomerular disease 24 (40%) 21 (40.4%) 3 (37.5%)
Others/unknown 18 (30%) 14 (26.9%) 4 (50%)

Recipient, male sex, n (%) 35 (58.3%) 31 (59.6%) 4 (50%) 0.708
Deceased donation, n (%) 46 (76.7%) 38 (73.1%) 8 (100%) 0.180
Living donation, n (%) 14 (23.3%) 14 (26.9%) 0 0.180
AB0 incompatible, n (%) 2 (3.3%) 2 (3.8%) 0 1
Retransplantation, n (%) 14 (23.3%) 13 (25%) 1 (12.5%) 0.666
Cold ischemia time, minutes* 565 (312-1197) 565 (316-1197) 561 (312-1195) 0.954
Immunosuppression
Induction IS, n (%) 1
Lymphocyte depletion 23 (38.3%) 20 (38.5%) 3 (37.5%)
IL-2 receptor blockade 34 (56.7%) 29 (55.8%) 5 (62.5%)
AB0 desensitization 2 (3.3%) 2 (3.8%) 0
Other 1 (1.7%) 1 (1.9%) 0
Maintenance IS, n (%)
Tacrolimus 49 (81.7%) 44 (84.6%) 5 (62.5%) 0.154
Ciclosporine 11 (18.3%) 8 (15.4%) 3 (37.5%) 0.154
MMF/MPA 59 (98.3%) 51 (98.1%) 8 (100%) 1
Azathioprin 1 (1.7%) 1 (1.9%) 0 1
Steroid free at 1 year, n (%) 28 (46.7%) 23 (44.2%) 5 (62.5%) 0.454
Donor Characteristics
Donor age, years* 56 (0-78) 54.5 (0-75) 65 (45-78) 0.054
Donor male sex n (%) 29 (48.3%) 24 (46.15%) 5 (62.5%) 0.465
Immunocompatibility 7 (2-10)
Total HLA Mismatches* 5.5 (1-10) 7 (2-10) 8 (5-9) 0.367
Total PIRCHE-Score* 86.78 (17.37-195.43) 79.10 (17.37-195.43) 124.40 (62.52-175.62) 0.029*
PIRCHE-A* 14.36 (0-69.37) 12.98 (0-69.37) 31.15 (11.27-51.71) 0.0099
PIRCHE-B* 15.12 (0-44.63) 13.61 (0-44.63) 21.33 (8.85-40.80) 0.177
PIRCHE-C* 13.64 (0-37.09) 13.64 (0-37.09) 16.24 (5.44-31.93) 0.564
PIRCHE-DR* 14.77 (0-56.13) 13.81 (0-56.13) 17.84 (6.47-34.0) 0.447
PIRCHE-DQ* 23.00 (0-60.13) 22.84 (0-55.72) 33 (15.11-60.13) 0.097
Preformed DSA, n (%)§ 18 (30%) 16 (30.8%) 2 (25%) 1
February 2022 | Volume 13 | Article
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DISCUSSION

The diagnosis of BLR involves a heterogeneous group of
histologic changes in the allograft and is associated with an
adverse functional outcome and an increased risk of rejection
(26). The diagnostic criteria for BLR have been changed in the
last Banff update (2019) to improve risk stratification (6).
However, the response to therapy is sometimes inconsistent
even in clinically significant TCMR (27), and consensus
guidelines regarding treatment for BLR are lacking. The results
of commonly accepted treatment strategies have been shown in
the recent comprehensive UNOS survey from kidney transplant
programs in the USA (28). The challenge to balance adequate
therapy to prevent allosensitization while avoiding over-
Frontiers in Immunology | www.frontiersin.org 6
immunosuppression often places clinicians at difficult
management decisions. Recent research has been striving to
find possible methods for risk stratification.

In the last years, dd-cfDNA has emerged as a novel,
promising biomarker to assess the probability of acute
rejection. Plasma levels of dd-cfDNA were repeatedly shown to
correlate with allograft rejection (29). In a recent multicenter
analysis, Stites et al. found that in KTRs with BLR and TCMR 1A,
elevated levels of dd-cfDNA >0.5% were predictive of a more
significant decline in GFR and a higher incidence of dnDSA, as
well as further episodes of rejection (22). According to previous
studies, however, dd-cfDNA levels were more reliable to
discriminate ABMR and had a limited performance in
detecting TCMR (30). However, dd-cfDNA is also released in
TABLE 1B | Outcomes of KTRs of KTRs with/without acute rejection in follow-up biopsies.

Total (n = 60) No Rejection (n = 52) Rejection (n = 8) P value

DGF, n (%) 12 (20%) 10 (19.2%) 2 (25%) 0.655
First allograft biopsy
Time after transplantation, months* 4.5 (0-74) 4.5 (0-74) 4 (0-58) 1
< 6 months, n (%) 34 (56.7%) 29 (55.8%) 5 (62.5%) 0.183
6-12 months, n (%) 11 (18.3%) 11 (21.2%) 0
13 - 60 months, n (%) 13 (21.7%) 10 (19.2%) 3 (37.5%)
> 60 months, n (%) 2 (3.3%) 2 (3.8%) 0

Indication for biopsy
Protocol, n (%) 3 (5%) 3 (5.8%) 0 0.480
eGFR/Proteinuria, n (%) 52 (86.7%) 45 (86.5%) 7 (87.5%)
BKV replication, n (%) 2 (3.3%) 2 (3.8%) 0
DSA, n (%) 3 (5%) 2 (3.8%) 1 (12.5%)

Biopsy Findings
Borderline only, n (%) 16 (26.7%) 14 (26.9%) 2 (25%) 0.975
Borderline and ATN, n (%) 15 (25%) 13 (25%) 2 (25%)
Borderline and arteriolar hyalinosis, n (%) 5 (8.3%) 4 (7.7%) 1 (12.5%)
Borderline and other†, n (%) 24 (40%) 21 (40.4%) 3 (37.5%)

i0 t≥1, n (%) 51 (85%) 44 (84.6%) 7 (87.5%) 1
i0 t1, n (%) 43 (71.7%) 36 (69.2%) 7 (87.5%) 0.272
i0 t2, n (%) 5 (8.3%) 5 (9.6%) 0
i0 t3, n (%) 3 (5%) 3 (5.8%) 0
i≥1 t≥1, n (%) 9 (15%) 8 (13.5%) 1 (12.5%) 1

i1 t1, n (%) 4 (6.7%) 4 (7.7%) 0 0.405
i1 t2, n (%) 3 (5%) 2 (3.8%) 1 (12.5%)
i1 t3, n (%) 1 (1.7%) 1 (1.92%) 0
i2 t1, n (%) 0 0 0
i3 t1, n (%) 1 (1.7%) 1 (1.92%) 0

De novo DSA, n (%)# 12 (20%)* 9 (17.3%) 3 (37.5%) 0.191
Time after first biopsy, months* 22 (3-48) 24 (8-48) 20 (3-35) 0.255
IgG Class I, n (%) 4 (6.7%) 3 (5.8%) 1 (12.5%) -
IgG Class II, n (%) 9 (15%) 6 (11.53%) 3 (37.5%) -

Viral infections
BKV replication at any time, n (%) 16 (26.7%) 14 (26.9%) 2 (25%) 1
BKV replication at time of biopsy, n (%) 12 (20%) 11 (21.2%) 1 (12.5%) 1

CMV replication at any time, n (%) 34 (56.7%) 27 (51.9%) 7 (87.5%) 0.122
CMV replication at time of biopsy, n (%) 11 (18.3%) 9 (17.3%) 2 (25%) 0.631

Follow-up biopsy
Time after first biopsy, months* 4 (0-12) 5 (0-12) 3 (1-10) 0.265
Rejection in follow-up biopsy, n (%) 8 (13.3%) – 8 (100%) -
TCMR 1A and 1B, n (%) 1 (1.7%) – 1 (12.5%) -
TCMR 2A and 2B, n (%) 6 (10%) – 6 (75%) -
ABMR, n (%) 1 (1.7%) – 1 (12.5%) -
Feb
ruary 2022 | Volume 13 | Article
*median (range).
†Other: recurrence of renal disease (1 KTR with FSGS, 3 KTRs with IgAN), 3 KTRs with CNI-associated toxicity, 1 KTR with interstitial fibrosis, 2 KTRs with TMA, 2 KTRs with necrotic
lesions, 2 KTRs with obstruction, 3 KTRs with pyelonephritis, 1 KRT with adenovirus-associated acute tubulointerstitial nephritis, 1 KTR with oxalate crystals, 2 KTRs with IgA-positivity with
unclear clinical significance, 1 KTR with presumable Foscarnet-associated changes.
#1 KTR has developed de novo DSA for both class I and II.
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non-alloimmune processes associated with allograft injury or
systemic conditions. As such, increased levels of dd-cfDNA are
not specific for any form of rejection, including TCMR.

HLA epitope matching algorithms presumably offer a more
precise assessment of HLA compatibility and have lately
enhanced the conventional molecular donor/recipient HLA
mismatch calculation. In addition, PIRCHE is supposed to
estimate the immunological potential for indirect CD4+ T-cell
alloreactivity – a mechanism, which is thought to be crucial in
the progression of alloreactivity and rejection in organ
transplantation. Finally, the cohort analysis of more than
65,000 KTRs from the Collaborative Transplant Study
suggested that PIRCHE scores might be a strong predictor of
5-year death-censored graft loss (31).
Frontiers in Immunology | www.frontiersin.org 7
Inherent to the molecular principle of HLA-epitope
recognition in PIRCHE, it is highly likely that high PIRCHE
scores are associated with the development of circulating donor-
specific T cells and subsequent TCMR (32, 33). Taking these
observations into account, our study has sought to evaluate the
correlation between PIRCHE scores and the prognosis of BLR. To
our knowledge, this is the first study to investigate the impact of
PIRCHE scores as a biomarker for the risk stratification in BLR.

Firstly,weobserved thehighestPIRCHEscores inKTRswithBLR
who experienced clinically relevant rejection, primarily acute TCMR
in subsequent biopsies. This finding suggests that PIRCHE scores
could have possible utility as a prognostic biomarker for risk
assessment in KTRs with BLR. Since in the early phase after
transplantation the diagnosis of BLR may be further complicated
by other histopathological changes such as ATN, the PIRCHE score
appears to be of even greater importance as a biomarker for risk
stratification of T-cell alloreactivity. In our study, the incidence of
rejection was associated with disproportionately higher PIRCHE
scores for HLA class I. These findings support observations that
early acute rejection result fromCD4T-cell dependent cytotoxicCD8
T cell responses directed against HLA-class I allo-antigens generated
by indirect pathway presentation (34). This finding contrasts with
that byWiebe et al., who showed a strong correlation betweenHLA‐
DR/DQ molecular mismatch category and TCMR, including BLR
(35). However, Wiebe et al. used HLAMatchmaker for the analysis.
The two methods of HLA epitope matching follow different
principles, making direct comparison difficult. Tomosugi et al.
showed only a moderately positive correlation between the
PIRCHE and the HLA Matchmaker scores in individual recipient
and donor pairs (36). More importantly, the HLA Matchmaker
algorithmpredicts epitopes (eplets) involved in the humoral immune
response, and only epitopes that are accessible toHLA antibodies are
considered eplets. In contrast, the PIRCHE algorithm estimates the
number of indirectly recognizable T cell epitopes and predicts T cell-
related immune responses. Therefore, the PIRCHE algorithm
appears more reasonable to stratify the risk of T-cell mediated
injury as in BLR and TCMR (37).
FIGURE 2 | Distribution of total PIRCHE scores compared to total HLA-mismatches.
PIRCHE scores and the number of HLA-mismatches were calculated fromHLA class I
(HLA-A, B, C) and HLA class II (HLA-DR, DQ) mismatches. Median PIRCHE
scores for 4, 5, 6, 7, 8, 9, and 10 HLA-mismatches were 76.15, 81.07, 77.63,
101.97, 94.66, 114.56, and 112.45, respectively.
A B

FIGURE 3 | (A, B) Higher total PIRCHE scores (A) and PIRCHE scores for HLA-A locus mismatches (B) among KTRs with BLR who develop future TCMR/ABMR.
Boxplots show median, interquartile range (IQR), and 95th percentile. ** significance level p<0.01.
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Secondly, inourstudyofKTRswithBLR,PIRCHEscoreswerenot
associated with the development of dnDSA. This finding is
inconsistent with current research that the number of PIRCHE is
linked to an increased risk for the development of dnDSA (24).
However,PIRCHEscoreshavenotbeenevaluatedinacohortofKTRs
with clearly definedBLR so far. In addition, follow-up timemay have
been too short for adequately investigating the development of
dnDSA. Notably, a significantly greater proportion of KTRs with
dnDSA received cyclosporine as maintenance immunosuppression,
which may have contributed to this finding. This is in line with the
current body of experience since the pivotal Symphony trial, which
demonstratedsuperioroutcomes intermsofbothacuterejectionrates
and GFR for KTRs with tacrolimus-based regimen compared with
cyclosporine- or sirolimus-based maintenance immunosuppression
(38). Thus, although some experts recommend increasing
maintenance immunosuppression in KTRs with BLR, a switch to a
tacrolimus-basedregimeappears reasonableconcerningourfindings.

Thirdly, we observed that KTRs who did not recover to
baseline allograft function were more likely to have preformed
DSA. These findings at least suggest an ongoing smoldering
immune-related injury that may benefit from anti-rejection
treatment. Finally, KTRs with preformed allosensitization have
been shown to have alloreactive T-cells in addition to alloreactive
antibodies (10, 32). These preformed alloreactive T-cells may be
responsible for the observed decline in kidney allograft function.

Fourthly, KTRs with isolated tubulitis (“i0,t≥1”) showed
higher total PIRCHE scores and higher PIRCHE scores for the
HLA-A locus compared to the entire study population and
compared to KTRs with inflammation and tubulitis (“i≥1
t≥1”). This finding is highly interesting. Although the recent
Banff 2019 update suggests that isolated tubulitis is no longer
included in the category of BLR (6), our findings strongly
show, that isolated tubulitis in KTRs who underwent an
indication biopsy, mostly for deterioration of kidney allograft
function, is associated with a biomarker for T-cell alloreactivity.
Frontiers in Immunology | www.frontiersin.org 8
These findings suggest that isolated tubulitis may not be
unspecific, at least in a subgroup of KTRs, but may represent an
immune-related injury pathophysiologically based on the high
number of HLA-epitope mismatches. Our findings show that the
subgroup with the highest number of HLA-epitope mismatches is
at the greatest risk for progression to TCMR/ABMR. Although,
Wiebe et al. very recently reported no difference in dnDSA free
survival or allograft survival in KTRs with isolated Banff i0 t1
phenotype versus KTRs without tubulitis, our study suggests
PIRCHE as a new biomarker to identify those KTRs with
isolated tubulitis at increased risk for immune-related injury (35).

Our finding that KTRs with isolated tubulitis but not
inflammation and tubulitis are identified by higher PIRCHE
scores suggests, that the immune-related injury in these KTRs
(“i≥1 t≥1”) may be based on other risk factors than high
numbers of HLA-epitope mismatches. These risk factors may
particularly involve preformed donor-reactive T-cells that
have been detected in almost one third of all KTRs (39) or
insufficient immunosuppression.

Our study has a few limitations, the main being the lack of
protocol biopsies inmostKTRs. Future studies should investigate the
influence of the PIRCHE score especially in KTRs with subclinical
BLR also in the context of protocol biopsies, as the data situation and
recommendations regarding therapy are even more unclear in these
cases. Secondly, the cohort size was comparatively small with limited
number of events, and the hypothesis needs to be validated in amuch
larger cohort. Thirdly, the results might have been limited by
retrospective design and single‐center approach.

Our study has several strengths. We included excellently
characterized KTRs over ten years. A standardized immuno
suppressive protocol and close functional/clinical monitoring
post-transplant enabled us to obtain a very high data density.
The kidney biopsies were read by the same renal pathologist,
which minimized the interpersonal variability of histopathologic
evaluation and uniformly scored by the Banff 2018 classification.
A B

FIGURE 4 | (A, B) Higher total PIRCHE scores (A) and PIRCHE scores for HLA-A locus mismatches (B) among KTRs with isolated tubulitis compared to KTRs with
inflammation and tubulitis. Boxplots show median, interquartile range (IQR), and 95th percentile. * significance level p<0.05; ** significance level p<0.01.
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In summary, it is imperative to identify thoseKTRswithBLRwho
are at increased risk for future immunologic events and who would
potentially benefit from additional immunosuppressive therapy. The
principal findings of our study are that KTRs with BLR show higher
PIRCHE scores compared to the entire study population and that
among KTRs with BLR a higher PIRCHE score is associated with
rejection in follow-up biopsies. Thus, total PIRCHE scores may
contribute to improved immunological risk stratification and help
to personalize management in KTRs with BLR.
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