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Abstract: Acute and chronic transplant rejections due to alloreactivity are essential contributors to
graft loss. However, the strength of alloreactivity is biased by non-immunological factors such as
ischemia reperfusion injury (IRI). Accordingly, protection from IRI could be favorable in terms of
limiting graft rejection. Caveolin-1 (Cav-1) is part of the cell membrane and an important regulator
of intracellular signaling. Cav-1 has been demonstrated to limit IRI and to promote the survival of a
variety of cell types including renal cells under stress conditions. Accordingly, Cav-1 could also play
a role in limiting anti-graft immune responses. Here, we evaluated a possible association between
pre-transplant serum concentrations of Cav-1 and the occurrence of rejection during follow-up in a
pilot study. Therefore, Cav-1-serum concentrations were analyzed in 91 patients at the time of kidney
transplantation and compared to the incidence of acute and chronic rejection. Higher Cav-1 levels
were associated with lower occurrence of acute cellular tubulointerstitial rejection episodes.

Keywords: Caveolin-1; kidney transplantation; graft rejection; ischemia and reperfusion injury (IRI)

1. Introduction

The success of organ transplantation depends essentially on the control of acute and
chronic rejection of the graft. Suchlike alloresponses are initiated by the presentation of
disparate alloantigens by either the donor’s or the recipient’s antigen presenting cells to the
host’s immune system. Both pathways trigger the proliferation of allospecific T-cells and
B-cells producing donor-specific antibodies directed against the graft endothelium [1,2].
However, alloreaction is not a stereotypical process and its strength is influenced by several
non-immunological factors.

In particular, ischemia and reperfusion injury (IRI) plays a detrimental role in mod-
ulating adaptive and innate alloresponses [3-7]. This process is closely related to the
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up-regulation of Toll-like-receptor (TLR) expression in epithelial and endothelial cells
during IRI [8].

Caveolins are components of the plasma membrane invaginations called Caveolae,
which are engaged in endothelial cell function and signaling [9]. Caveolin signaling has
been demonstrated to protect several cell types from IRI [10,11]. Since IRI is closely related
to cell death, this effect might be due to the antiapoptotic function of Caveolin-1 [12]. In
particularly, for renal cells the survival-promoting function of Caveolin-1 (Cav-1) has been
demonstrated in response to apoptotic stimuli [13,14].

In addition, Cav-1-containing extracellular vesicles modulate cellular signaling path-
ways and crosstalk between endothelial cells and distal cellular system [15]. Therefore, we
speculated that the presence of Cav-1 in serum might be relevant in renal transplantation.

In order to address this question, we conducted a pilot study and analyzed Cav-1
serum concentrations in a cohort of 91 patients prior to kidney transplantation and exam-
ined its association with HLA-mismatches (A, B, DR), patient sex, age at the time when the
serum was drawn and histology, including histological features of graft rejection according
to the Banff-classification [16,17]. Elevated Cav-1-serum concentrations correlated signifi-
cantly with reduced incidence of cellular tubulointerstitial rejection episodes. Our data sug-
gest that pre-transplantation Cav-1 serum concentrations could be a useful indicator for the
identification of transplantation patients at risk of acute cellular tubulointerstitial rejection.

2. Results
2.1. Patients

Serum samples were collected between 2003 and 2017. Kidney biopsies were collected
between 2004 and 2018. The cohort consisted of 91 HLA-matched patients, males (1 = 60)
being the majority, females (1 = 31) the minority. A total of 77 patients received a first
renal transplant, whereas 13 underwent a second and one a third transplantation. Only
biopsies from the same kidney transplant with matching serum draw were considered.
The data were aggregated on patients’ level (one biopsy per patient) or on the biopsy
level (all biopsies). If more than one biopsy was available from the patient, those with the
highest acute rejection category was chosen for the patients’ aggregation. Data of age at
Cav-1 serum draw and kidney biopsies, Cav-1 serum level, active interstitial and tubular
inflammation, acute vascular rejection, acute glomerulitis, mesangial matrix expansion
and chronic interstitial scarring were available from all 91 patients. Data of transplant
glomerulopathy were available from 90 patients, transplant vasculopathy and chronic
tubular atrophy from 89 patients and HLA mismatches from 81 patients (HLA-A, -B and
-DR). The overview of the descriptive statistics is summarized in Table 1 for the patients’
clinical characteristics and in Table 2 for the histological parameters; patients” aggregation
first, biopsy aggregation second.

Figure 1 gives an overview of the distribution of Cav-1 serum levels dependent on
the different items of the Banff classification scheme [17]. The data is aggregated on
patients’ level.

Table 1. Descriptive statistics of patients’ clinical values.

Clinical Data n Mean std Min 25% 50% 75% Max
Age at Serum Draw 91 47.90 14.39 7 39 50 59.5 72
Age at Biopsy 1 91 50.10 14.34 7 43 51 61 72
Age at Biopsy 2 18 46.06 16.52 12 37.25 49 55 75
Age at Biopsy 3 2 40.00 35.36 15 27.50 40 52.5 65
Age at Biopsy 4 1 69.00 69 69 69 69 69
Sum HLA-Mismatch 86 2.71 1.63 0 2 3 4 6
HLA-Mismatch A 86 0.79 0.74 0 0 1 1 2
HLA-Mismatch B 86 0.95 0.65 0 1 1 1 2
HLA-Mismatch DR 86 0.97 0.69 0 0.25 1 1 2
Caveolin Classifier (CC) 91 0.35 0.67 0 0 0 1 3




Molecules 2021, 26, 2648 3of11
Table 1. Cont.

Clinical Data n Mean std Min 25% 50% 75% Max
Cav-1(pg/mL) 91 1029.23 1180.46 3.57 117.39 586.65 1543.82 5882.83
Antibodies developed 86 017 0.38 0 0 0 0 1
(1 =yes, 0 =no)

Sex (m=1,f=2) 91 1.34 0.48 1 1 1 2 2
Table 2. Descriptive statistics of histological parameters.

Patient Aggregation n Mean std Min 25% 50% 75% Max
One biopsy per patient 91 1.09 0.38 1 1 1 1 4
i 91 0.48 0.77 0 0 0 1 3
t 91 0.60 0.89 0 0 0 1 3
v 91 0.16 0.45 0 0 0 0 2
g 91 0.26 0.68 0 0 0 0 3
ptc 69 0.29 0.67 0 0 0 0 2
ti 47 0.64 0.87 0 0 0 1 3
i-IFTA 46 1.17 1.10 0 0 1 2 3
C4d 75 0.48 0.92 0 0 0 1 3
cg 90 0.50 1.03 0 0 0 0 3
mm 91 0.58 0.91 0 0 0 1 3
ah 87 0.77 1.09 0 0 0 2 3
aah 63 0.59 1.09 0 0 0 1 3
cv 89 0.38 0.76 0 0 0 1 3
ci 91 0.62 0.77 0 0 0 1 3
ct 89 0.85 0.68 0 0 1 1 3
Age at Serum Draw 91 47.90 14.39 7 39 50 59.50 72
Age at Biopsy 91 50.31 14.33 7 43 51 61 72
Biopsy Aggregation n Mean std Min 25% 50% 75% Max
All Biopsies 112 1.00 0.00 1 1 1 1 1
CcC 112 0.39 0.69 0 0 0 1 3
Cav-1(pg/mL) 112 1099.64 1215.39 3.57 120.17 713.38 1625.97 5882.83
i 112 0.44 0.76 0 0 0 1 3
t 112 0.52 0.84 0 0 0 1 3
v 111 0.15 0.43 0 0 0 0 2
g 112 0.26 0.67 0 0 0 0 3
ptc 87 0.25 0.63 0 0 0 0 2
ti 51 0.63 0.85 0 0 0 1 3
i-IFTA 48 1.17 1.10 0 0 1 2 3
C4ad 88 0.45 0.91 0 0 0 0.25 3
cg 111 0.55 1.04 0 0 0 0.5 3
mm 111 0.64 0.95 0 0 0 1 3
ah 108 0.83 111 0 0 0 2 3
aah 74 0.69 1.17 0 0 0 1 3
cv 110 0.40 0.78 0 0 0 1 3
ci 112 0.71 0.80 0 0 1 1 3
ct 110 0.91 0.71 0 0 1 1 3
Age at Serum Draw 112 46.54 15.39 7 37.75 48 59 72
Age at Biopsy 112 49.44 15.07 7 40 51 61 75
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Figure 1. Bee-/Boxplots of Cav-1 serum levels in pg/mL vs. items according to the histological categories of the Banff
classification. (A) Acute interstitial rejection, (B) acute tubular rejection, (C) vascular rejection, (D) acute glomerulitis,
(E) acute peritubular capillaritis, (F) C4d positivity, (G) chronic transplant glomerulopathy, (H) mesangial matrix increase,
(I) arteriolohyalinosis, (J) CNI-type arteriolohyalinosis, (K) transplant-vasculopathy, (L) interstitial fibrosis, (M) tubular
atrophy, (N) total inflammation, (O) inflammation in scarred parenchyma.

Figure 2 gives an overview of the distribution of acute and/or chronic cellular and
humoral rejection categories and grades according to the latest Banff classification together
with Cav-1 serum levels on the patients” aggregation level. A table with the corresponding
descriptive statistic is provided in the supplement (Supplemental Table S1). The acute
T-cell-mediated tubulointerstitial rejection (ATCMR IA,B) score was classified as either no
cellular rejection, borderline (suspicious for) TCMR or manifest ATCMR IA,B, which were
defined through the Banff classification scheme. Accordingly, 41 patients did not show
a cellular tubulointerstitial rejection, 34 patients displayed a borderline status, 8 patients
showed a manifest ATCMR IA,B and 12 patients displayed an acute cellular vascular
rejection/ ATCMR IIA,B,III (Figure 2A). Some patients showed chronic rejection-associated
damage, e.g., transplant vasculopathy was observed in 23 patients (Figure 2B), whereas
fewer patients displayed acute and/or chronic humoral rejections (Figure 2C).
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Figure 2. Overview of Banff categories/grades compared to Cav-1 serum levels. Boxes correspond to the 25% and 75%

percentile, median line inside the box, whiskers display the rest of the distribution, outliers are outside the whiskers.
(A) Acute cellular rejections: NCR = no cellular rejection; BTCMR = borderline (suspicious for) T-cell mediated rejection;
ATCMR = acute T-cell mediated rejection; ATCMR IA,B = acute T-cell mediated rejection of grade IA,B (tubulointerstitial
rejection); ATCMR IIA,B,III = acute T-cell mediated rejection of grade IIA,B,III (cellular vascular rejection). Values were

available from all 91 patients. (B) Chronic damage: CA-TCMR = chronic and active T-cell mediated rejection (values

were available from 46 patients); CTxV = chronic transplantation vasculopathy (cumulative and separated by intensity

of fibrointimal narrowing from low/CTxV1 to high/CTxV3; values were available from 89 patients). (C) Antibody

mediated rejection: A-ABMR = acute antibody mediated rejection; CA-ABMR = chronic active antibody mediated rejection;

CI-ABMR = chronic inactive antibody mediated rejection. Values were available from 62 patients.

Data of medication were available for 89 patients in the induction phase, which
comprised Cyclosporine A, Corticosteroids, Mycophenolate, Tacrolimus or Sirolimus:
38 patients received Cyclosporine, 83 Corticosteroids, 82 Mycophenolate, 43 Tacrolimus,
3 Sirolimus and 1 Azathioprine. 75 patients received a triple combination of Corticosteroids,
Mycophenolate and Tacrolimus or Cyclosporine A or Azathioprine (1 patient). A total
of 12 patients received a doublette consisting of Corticosteroids and/or Mycophenolate
and/or Tacrolimus. One patient received only Tacrolimus, and one did not receive an
induction therapy.

In the maintenance phase, medication data were available for 86 patients. Twenty-
seven received Cyclosporine A, 74 Corticosteroids, 77 Mycophenolate, 50 Tacrolimus, 6
Sirolimus, 1 Leflunomide and 1 Azathioprine (which was not the same patient as in the
induction phase). In total, 67 patients received a triple therapy combining the same medi-
cation as mentioned before. Thirteen patients received a doublette consisting of either Cy-
closporine A, Corticosteroids, Mycophenolate, Tacrolimus, Sirolimus or Leflunomide. The
patient with Leflunomide received Cyclosporine A, the patient with Azathioprine received
Corticosteroids and Tacrolimus. One patient received only Corticosteroids, one did not
receive a maintenance therapy (which was not the same patient as in the induction phase).

Eight patients underwent a change of the maintenance therapy, using the aforemen-
tioned immunosuppressive drugs. Azathioprine and Leflunomide were not used in this
subgroup. One patient received a quadruple therapy, six patients received a triple therapy
and one patient received a doublette.

2.2. Cav-1 Serum Concentration in Patients Prior to Kidney Transplantation and Its Correlation
with Patients” Medication

Serum concentration varied in the range of 3.6 to 5882.8 pg/mL which is in the range
of findings in a previous report on healthy individuals [18]. The mean concentration
and median were 1029.2 pg/mL and 586.7 pg/mL, respectively. Cav-1 serum levels
were categorized in a four-tiered Cav-1 classifier (CC0-CC4) to harmonize the scale to the
Banff classification scheme (see also Materials and Methods). According to the CC, the
distribution was as follows: nccg = 67, nccy = 18, nccr =4, necs = 2.

As one patient in the CC1 group (induction phase) and one patient in the CC2/3 group
(maintenance phase) were treated with Azathioprine, significant positive correlations exist
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between CC1, CC2/3 and Azathioprine in the induction and in the maintenance phase
(r=0.212 for CC1 and r = 0.396 for CC2/3). No further significant correlations could be
observed between the immunosuppressive medication and CCO, CC1 and CC2/3.

2.3. Higher Caveolin Serum Levels Are Associated with Lower Intensities of Acute Cellular
Tubulointerstitial Rejections (ATCMR IA,B) but Not Acute Vascular Rejection, Acute Humoral
Rejection and Chronic Damage

Histological items classified according to the Banff classification scheme [17] were
correlated with the CC, using the Spearman rho correlation coefficient. For analyses, data
were aggregated (I) on patients” (nmax = 91) and (II) on biopsy levels (nmax = 112). (I)
Higher CCs are associated with lower ATCMR IA,B scores (ATCMR IA,B vs. CC: r =-0.213,
p = 0.043; n = 91) but not with higher or lower ATCMR IIA,B,III scores (ATCMR IIA,B,III vs.
CC:r=—0.004, p = 0.97). The CC positively correlates with the Tx age, measured in days
from the serum draw to the biopsy (CC vs. days r = 0.213, p = 0.043, n = 91), indicating
that higher CC is associated with higher Tx age. Therefore, a Kaplan-Meier analysis was
conducted to display the time from serum draw to borderline or manifest ATCMR IA,B in
the different CC groups (Figure 3), which significantly confirms the findings.
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Figure 3. Kaplan-Meier curves of time from serum draw to ATCMR IA,B in the different Cav-1 classifier (CC) groups.
(A) The eight events of ATCMR IA,B only occurred in the lowest CC group (CCO), p < 0.005 (logrank test). (B) Event was
defined as borderline or ATCMR IA,B. The 42 events only occurred in the lower CC groups (CC0,1), p < 0.005 (multivariate

logrank test).

(II) Considering all biopsies, higher CCs are associated with lower ATCMR IA,B scores
(ATCMR IA,B vs. CC: r = —0.244, p = 0.009; n = 112), lower acute interstitial rejection
scores (i vs. CC: r = —0.19, p = 0.045; n = 112), lower acute tubular rejection scores (t vs.
CC:r=—-0.189, p = 0.046; n = 112), but not with acute vascular rejection scores (ATCMR
IIA,B,III vs. CC: r = —0.066, p = 0.49). In contrast to these findings, analysis based on the
Banff classification vs. the CC did not reveal any significant correlations for acute humoral
rejections or parameters of chronic damage such as interstitial fibrosis or tubular atrophy,
neither in the patients’ aggregation, nor in the correlation analysis comprising all biopsies.
In the patients’ aggregation, a trend for a positive correlation between higher CCs and
higher arteriolohyalinosis scores could be observed (ah vs. CC: r = 0.209, p = 0.052; n = 87).

A detailed list of the respective correlation coefficients together with p-values and
numbers is given in the Supplemental Table S2, which also contains ratios of parameters
over time. Significant positive correlations exist between acute interstitial, acute tubular
and acute vascular rejections, respectively, either on the patients” aggregation level or com-
prising all biopsies. Peritubular capillaritis significantly correlates both with parameters of
acute cellular rejection and acute humoral rejection. Parameters of acute tubulointerstitial
rejection do not significantly correlate with chronic tubulointerstitial atrophy/scarring.
Acute glomerulitis significantly correlates with chronic lesions as transplant glomerulopa-
thy and mesangiofibrosis (Supplemental Table S2).
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2.4. Pre-Transplant Cav-1 Serum Levels Are Superior Indicators to Pre-Transplant HLA
Mismatches for the Prediction of Acute Cellular Tubulointerstitial Rejections in the
Posttransplant Setting

Data of HLA mismatches were available from 86 patients. None of the HLA mis-
matches (HLA-A, -B, -DR) significantly correlated with acute cellular rejections, which
was also true for the sum of HLA mismatches (Supplemental Table 52). HLA-B mismatch
negatively correlates with chronic transplant vasculopathy in the patient and biopsy-based
aggregation (HLA-B mismatch vs. cv: r = —0.26, p = 0.017; n =84 and r = —0.213, p = 0.03;
n =104). Positive correlations exist between sum of HLA-mismatches and age at serum
draw and age at biopsy (Supplemental Table S2). To exclude biases due to differing scale
levels or non-monotonic relations, the data including HLA-mismatch parameters were ex-
amined on patients” aggregation level in an entropy reduction-based decision tree analysis
as multivariable analysis to predict the classifiers “no ATCMR IA,B”, “borderline (suspi-
cious for) ATCMR” or “ATCMR IA,B” (max. depth = 4, min. samples per leaf =5, n =79)
including the following items: ‘HLA-mismatch A’, 'HLA-mismatch B’, 'HLA-mismatch
DR’, ‘Sum mismatches’, ‘Cav-1 (pg/mL)’, ‘Sex (m = 1, f = 2)’, ‘Number of transplantations’,
‘Patient age at serum draw’, ‘Patient age at biopsy’, ‘Days between serum draw and biopsy’,
v, g, ‘cg’,'mm’, ‘cv’, ‘ci’ and ‘ct’. The only HLA mismatch playing a role in our cohort was
sum of HLA-mismatches as a level 3 predictor to separate no ATCMR IA,B and borderline
ATCMR. Cav-1 serum level < 2592.07 pg/mL was a level 1 predictor to separate no acute
vascular rejection and no ATCMR IA, B (Supplemental Figure S1). To summarize, lower
Cav-1 serum levels are superior indicators of ATCMR IA, B vs. HLA-mismatches, keeping
in mind that the kidney transplantations in our cohort were performed under conditions of
minimal HLA-mismatch between graft and host.

3. Discussion

In this work, we show that high serum concentrations of Cav-1 at the time of trans-
plantation are associated with a reduced occurrence of acute cellular tubulointerstitial
rejection (ATCMR IA,B) of renal grafts. Furthermore, we found a negative correlation
between ATCMR IA,B and patients’ age at serum draw and biopsy, indicative of ATCMR
IA,B being more frequent in “younger” patients of our cohort (Supplemental Table S2).

IRI has been shown to modulate both innate and adoptive immune responses and
to promote long term graft damage [3—7]. One mechanism of action is the up-regulation
of allogenic cell surface markers including MHC I and II, which may promote T-cell
responses [19,20]. IRI also promotes the expression of toll-like receptors (TLRs) on epithelial
and endothelial graft cells, which are in turn activated by endogenous ligands [8]. TLR
recruitment has been demonstrated to be a major determinant of allograft damage and
abrogation of TLR pathways induces rejection tolerance [21].

The resulting graft damage can be amplified by unmasking cryptic autoantigens
released as vesicle-packed apoptotic particles, which are subsequently presented and
trigger autoantibody production [22]. Indeed, a number of antibodies besides anti-HLA
have been described to contribute to the complexity of allorecognition. The deleterious
effects of non-HLA antibodies have been confirmed in patients with rejection and might
explain the poor outcome even in the absence of HLA-donor specific antibodies (DSA) [23].
Accordingly, apoptosis protection of the graft could be factorable in terms of limiting allo-
and autoimmune responses. Indeed, therapies enabling protection from IRI have been
promising in attenuating anti-graft immune responses, thereby reducing the incidence of
transplant complications [24].

Cav-1 has been demonstrated to protect renal cells from undergoing apoptosis under
stress conditions [13,14]. One mechanism by which Cav-1 might exert its graft protective
function is its negative effect on TGF-3-mediated signaling [25]. Particularly in renal cells,
TGF- amplifies apoptosis under stress conditions [26]. Of note, TGF-f3 has also been
shown to promote fibrosis, a common complication after kidney transplantation [27].

In addition, the observation of attenuated T-cell mediated rejection might provoke the
question of a potential immunosuppressive role of Cav-1 in T-cell activation. However, to
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the knowledge of the authors, this has not been addressed in the literature to the date of
this submission.

Our findings raise the question as to how a host-derived protein can impact the
survival of the transplanted tissue. One hint to answer this question might be the recent
finding of intercellular trafficking of Cav-1 between distant cellular types such as adipocytes
and endothelial cells [15]. This idea provides an attractive model as to how endogenous
Cav-1 could be incorporated into the graft endothelium and subsequently execute beneficial
functional effects to protect the graft.

Cav-1 has already been evaluated as a therapeutic target in several disease
models [28-32]. In the context of the present work, it should be noted that a recombi-
nant protein containing the caveolin scaffolding domain (CSD) protected renal endothelial
cells from damage induced by angiotensin II (AT-II) [33]. This is of particular interest for
patients with HLA-DSA negative humoral rejections, since AT-II type 1-receptor activating
antibodies are strong inducers of allograft rejection and vasculopathy in patients without
detectable HLA-DSA [34].

Our data propose Cav-1 serum concentrations as a potential tool for the identification
of patients at increased risk of acute graft rejection. However, this study does not include a
detailed analysis of the underlying kidney disease impacting transplant outcome. Further-
more, a higher temporal resolution and standardized manor of serum draws would lead to
a better understanding of the kinetics of factors mediating transplant damage, as kidney
biopsies might not be taken under these conditions due to ethical restrictions. It should
be stressed as well, that a higher temporal resolution could better unveil non-monotonic
relations, which could explain the discrepancy between factors of humoral rejection in the
Spearman correlation (not significant) vs. the decision tree analysis (relevant to predict
acute cellular rejection and stable over 10,000 runs).

Based on our pilot study, one could hypothesize that prospective Cav-1 measures
could be useful to identify patients at risk for acute cellular tubulointerstitial rejection
e.g., with only poorly matched organs. Limiting factors concern the patient numbers of
our cohort with missing histological parameters due to historical reasons and lacking
structured clinical data about the immunosuppressive regimen.

4. Materials and Methods
4.1. Patients” Characteristics

The patients included in this study take part in the Collaborative Transplant Study
(CTS) conducted by the Institute of Immunology, Heidelberg University, Germany, which
includes written informed consent, ethical approval and allows subsequent analyses.
Kidney transplantations were performed and serum samples were taken between 2003 and
2017 at the Medical Center Freiburg, Germany.

HLA typing data were taken from the ENIS database (Eurotransplant). According
to Eurotransplant rules, HLA-antigen mismatches for HLA-A and -B were calculated
based upon broad antigens and HLA-DR on split HLA antigens with the exception of
DR17/DR18, which were regarded as broad DR3 antigen.

4.2. Caveolin Serum Analyses

Sera from patients of the study cohort with matching FFPE tissue samples in the
pathological department (1 = 91) (Institute for Surgical Pathology, University Medical Center
Freiburg) were analyzed for Cav-1 levels by ELISA. ELISA was performed using the Human
Cav-1 ELISA Kit (DEIA-XYA351V2) (Creative Diagnostics, New York, NY, USA). To increase
the sensitivity, the assay was combined with the ELAST ELISA Amplification System
(Perkin-Elmer; Waltham, MA, USA) following the manufacturer’s recommendations.

4.3. Histological Analyses

Periodic acid Schiff (PAS)-stained sections of 1.5 um thickness were analyzed micro-
scopically (Leica DM 2500; Leica, Wetzlar, Germany) and scored according to the Banff
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meeting report from 2015 where no previous classification was available from the reports
(Loupy, Haas et al. 2017). All histological sections were derived from indication biopsies.

4.4. Statistical Analysis

Scientific data were collected in Microsoft Excel (Office 365 package). As the data were
not normally distributed, statistical testing was performed by Spearman test for correlations
coefficients, using a Python based solution (Python 3.7, Pandas, Numpy and SciPy package;
script can be provided upon request by the authors). With respect to possible analytic
conflicts due to different scales of the correlated categories (four possible stages in the
Banff classification vs. theoretically unlimited positive stages in the values of Cav-1 serum-
levels), a Cav-1 classifier (CC) was defined, reducing the number of different stages to four,
as defined by the range of the Cav-1 serum-levels (min 3.6 pg/mL, max 5882.8 pg/mL):
<1500 pg/mL = 0, 1500-2999 pg/mL = 1, 3000-4499 pg/mL = 2, >4499 pg/mL = 3. The
number of days between serum draw/timepoint of transplantation and ATCMR IA,B was
used to perform the Kaplan-Meier analysis (Python 3.7, Pandas, Matplotlib and Lifelines
package). For multivariable analysis, an entropy-based decision tree classification was
performed to look for non-monotonic relationships and/or relationships between variables
of different scales (Python 3.7, Pandas, Numpy and SKlearn package). Parameters were
included to predict the ATCMR IA,B as either “no cellular tubulointerstitial rejection”,
“borderline (suspicious for) TCMR” or “acute TCMR grade IA,B”. Therefore, the values
of active interstitial (i) and tubular (t) inflammation according to the Banff classification
(Loupy, Haas et al. 2017) were summarized as square roots, which allows a clear numerical
separation of the borderline categories.

Supplementary Materials: The following are available online, Figure S1: Decision tree analysis for
acute T-cell mediated rejection (ATCMR IA,B); Table S1: Descriptive statistics of acute, chronic and
combined rejections; Table S2: Spearman rho correlation coefficients, p-values and numbers.
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