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Abstract: (1) Background: donor-derived circulating free DNA (dd-cfDNA) is an innovative biomarker with
great potential for the early identification and prevention of graft damage; (2) Methods: Prospective study to
analyze dd-cfDNA plasma levels in 30 kidney transplant patients during their post-transplant follow-up (15
days, 3, 6 and 9 months), to determine if the result could be of interest in the identification of possible adverse
events, specially allograft rejection. In addition, the aim is also to verify the obtained data on sensitivity,
specificity, NPV and PPV; (3) Results: Plasma levels of dd-cfDNA could be considered a novel biomarker of
graft rejection after first term post-transplant up to several months before its clinical presentation, mainly in
TCMR or ABMR. In this study, it appears to have no positive predictive value for borderline rejection or
TCMRIA. Our results show a low NPV of the technique because other pathologies or biological post-transplant
complications can also affect dd-cfDNA levels and they must be considered in the interpretation of the result.;
(4) Conclusions: dd ¢fDNA could allow, together with other additional biomarkers in the context of a future
score, avoid invasive biopsies in most cases, mainly in the case of suspected TCMR or ABMR.

Keywords: donor-derived circulating free DNA (dd-cfDNA); kidney transplant; graft rejection;
biomarker; Non Rejection (NR); antibody-mediated rejection (ABMR); borderline rejection (BR); T
cell mediated rejection (TCMR)

1. Introduction

In recent years, new biomarkers have emerged that allow the monitoring of the transplant
patient and that seem to be promising, especially in the case of kidney transplantation, with respect
to the time of anticipation in the detection of rejection compared to renal biopsy or other classic
serological/urinary biomarkers [1].

Biopsy is currently considered the "gold standard" in the monitoring of the transplanted organ.
In this way, biopsy has evolved to become an early detection method, which should meet the
fundamental criteria defined for screening procedures, which include safety and acceptability for the
patient, as well as the ability to detect the clinical condition to be combated at an opportune time in
order to modify its eventual course [2]. However, biopsy is far from being an ideal screening method,
as it presents important limitations for patient safety and acceptability due to its invasive nature,
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discomfort for the patient and the complications derived from it. Comprehensive studies in the field
of kidney transplantation reveal that around 1% of biopsies result in significant complications, with
a risk of gross hematuria exceeding 3.5% [3]. In addition, thanks to the new immunosuppressive
therapies that are currently available, the detection of subclinical rejection is infrequent enough to
justify such a risk, which has motivated many nephrology units to stop performing such routine
kidney biopsies [4].

As a result, there has been growing interest in the development of non-invasive strategies
capable of detecting graft failure or rejection. The ideal non-invasive technique would be one that can
be measured in plasma or urine, affordable enough for routine use, and sensitive and specific enough
to detect any damage to the graft. Currently, serum creatinine and urinary indicators of renal
function, such as the urinary albumin-to-creatinine ratio (UACR) are the ones that fulfill this role, as
they are inexpensive, relatively reliable and easily interpreted. However, its sensitivity and specificity
when it comes to detecting damage to the allograft are relatively poor [1,5].

There are also a number of other non-invasive methods for diagnosing and monitoring patients
with rejection, such as the detection of human leukocyte antigen (HLA) and non-HLA antibodies [6];
blood gene expression profiles such as Trugraf [7] or kSORT [8]; analysis of perforin, granzyme B,
and inducible protein mRNA by IFN-10 [9]; urinary chemokine levels (CXCL9 y CXCL10); proteomic
and peptide signatures of rejection in urine and blood samples; enzyme-linked immunospot assay
for IFN-gamma (ELISPOT) [10]; or metabolomic changes. However, these non-invasive methods
generally lack sufficient scientific evidence to support their clinical use, or they are too expensive to
implement.

In this context, donor-derived circulating free DNA (dd-cfDNA), an innovative biomarker with
great potential for the early identification and prevention of graft damage, is of crucial importance
[11]. This dd-cfDNA is present in the recipient's blood and comes from damaged cells in the
transplanted kidney [12]. When graft damage occurs, the number of cells affected increases, and
consequently the presence of dd-cfDNA in peripheral blood. In this way, identifying an early increase
in dd-cfDNA levels in the recipient would reduce the number of unnecessary biopsies, and it would
also provide for the clinician with essential information in order to modify immunosuppressive
therapy at the right time and prevent the progression of damage [13].

The considerable diagnostic and prognostic potential of this innovative biomarker has prompted
its inclusion in numerous and extensive multicenter trials. Among them, the following stand out:
Allosure with CareDx, Prospera with Natera y Trac with Viracor-Eurofins [14-16]. These trials have
precisely defined the thresholds that discriminate the presence or absence of rejection (cfDNA >1%),
as well as the associated values of sensitivity, specificity, negative predictive value (NPV) and
positive predictive value (PPV) linked to this technique.

In the present prospective study, we show the results of 30 kidney transplant patients, in whom
dd-cfDNA levels have been evaluated during their post-transplant follow-up, to determine if the
information provided by dd-cfDNA could be of interest in the identification of possible adverse
events. In addition, the aim is to verify whether the data on sensitivity, specificity, NPV and PPV
obtained in our series are consistent with the values referenced in the most consolidated literature,
considering that reactive renal biopsies or clinically indicated renal biopsies are performed in our
center, but not prospective biopsies by protocol.

2. Materials and Methods

Our prospective study included patients undergoing kidney transplantation between 2020 and
2023 from the Hospital Clinico Universitario Virgen de la Arrixaca and Biomedical Research Institute
of Murcia (IMIB) (Murcia, Spain) within the framework of the PI19/01194 National Research Project
funded by the Carlos III Health Institute (Madrid, Spain) and the AP183152023 Project funded by the
Madrid Mutual Foundation.

Given the high volume of patients (greater than 150) and the logistical and economic limitations,
exclusion and inclusion criteria were implemented to select a sample of 30 patients representative
of the population to be studied.
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On the one hand, an exhaustive analysis of the medical records of the patients included in the
study was carried out, with the aim of identifying and including the maximum number of patients
with rejection, suspected rejection or other relevant adverse effects and who had completed
monitoring in the first year after transplantation. However, only 12 patients with these characteristics
could be included, and the study was completed with the first 18 patients enrolled in the trial who
had not experienced any type of adverse event during their post-transplant period and who had
completed follow-up.

Finally, dd-cfDNA levels were determined in 30 patients undergoing kidney transplantation
with a mean age of 49.84+9.86 years and a percentage of 64% males, who were classified into groups
according to their post-transplant clinical evolution, taking as a reference the Banff classification
[17,18] for subsequent study.

Blood samples from patients were collected both at the time before transplantation and at 15
days, 3, 6 and 9 months post-transplant. A tube was removed Streck-Cell-Free DNA BCT® de 10 ml
from each patient. The plasma was then isolated using a double-centrifugation protocol at 1600xg for
10 minutes at room temperature. The plasma collected was frozen at -80 °C until the time of use.

The extraction of dd-cfDNA from the plasma samples of the selected patients was performed
using the commercial kit AlloSeq-cfDNA (CareDx, Brisbane, CA) following the specifications
provided by the manufacturer. The analysis using next-generation sequencing (NGS) was carried out
using the "MiSeq TM System" (Illumina, San Diego, CA). The analysis of NGS outputs was performed
with the Alloseq cfDNA software v.1.0 (ASCFS 1.0). The data and results obtained from each patient
were collected in an anonymized database with coding that prevented their identification. Data
analysis was performed using the Microsoft Office Excel software and IBM SPSS Statistics v.22
software.

The results of the analysis of quantitative variables were expressed as Mean and Standard
Deviation or as Median and Interquartile Range. Qualitative variables were expressed as percentages.
For the contrast of means, the Student's t-test of independent and paired samples was used when the
distribution was normal, or the Wilcoxon and U-Mann-Whitney test (post-hoc) for the contrast of
medians in case of non-normal distributions. For multiple comparisons, the parametric ANOVA and
Tukey test (post hoc), or the non-parametric Friedman test, were used. The contrast of percentages
was performed using Pearson's Chi-Square test. The level of statistical significance was established
for values of p<0.05.

Respect to ethical-legal aspects, this study was evaluated and approved with a favorable opinion
by the Research Ethics Committee of the IMIB-Arrixaca. All participants signed an informed consent
that allowed the research team to use the data and results anonymously for research purposes.
Finally, none of the participating members declared any conflict of interest.

3. Results

Levels of dd-cfDNA (%) was determined in 30 kidney transplant recipients from Virgen de la
Arrixaca University Hospital, with a mean age of 49.84+9.86 and 70% were men vs 30% women. The
demographic and clinical characteristics of the patients included in this study are shown in Table 1.

Table 1. Demographic and clinical characteristics of the transplant patients included in the study.

NR BR ABMR TCMR TOTAL
(Banff 1) (Banff 3) (Banff 2) (Banff 4)
Patients (N, %) 18, 60% 5,13.33% 3,10% 4,16.66% 30, 100%
Recipient Age (Average+ SD, y.0) 51.38+7.63 51.75+¢8.25  45+3.33 42.4+9.52 49.3+8.01
Recipient Sex (% men/% women) 66.6 /33.3 75 /25 66.6 /33.3 80 /20 70 /30

Base pathology or indication for
transplant (N, %)
CKD 13 (72.22%) 2 (50%) 3 (100%) 5 (100%) 23 (76.66%)
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TIN 1(5.55%) 0 (0%) 0 (0%) 0 (0%) 1(3.33%)

GN 1(5.55%) 0 (0%) 0 (0%) 0 (0%) 1(3.33%)

PKD 1(5.55%) 2 (50%) 0 (0%) 0 (0%) 3 (10%)

IgAN 2 (11.11%) 0 (0%) 0 (0%) 0 (0%) 2 (6.66%)

Previous infections (N, %)

CMV 12 (66.66%) 2 (50%) 3 (100%) 4 (80%) 21 (70%)
EBV 5 (27.77%) 1(25%) 0 (0%) 2 (40%) 8 (26.66%)
BKV 1 (5.55%) 0 (0%) 0 (0%) 1 (20%) 2 (6.66%)
HIV 1(5.55%) 0 (0%) 1(33.33%) 0 (0%) 2 (6.66%)
HBV 0(0 %) 1(25%) 0 (0%) 0 (0%) 1(3.33%)
HSV 0 (0%) 1(25%) 0 (0%) 0 (0%) 1(3.33%)
Negative Serology 3 (16.66%) 0 (0%) 0 (0%) 0 (0%) 3 (10%)
Preformed anti-HLA antibodies (%) 11.1% 25% 0% 0% 10%
Previous transplants (%) 11.1% 25% 0% 20% 13.3%
Previous transfusions (%) 5.55% 25% 33.3% 0% 10%
Pregnancies (% women) 50% 0% 0% 0% 33.3%

Other pathological history (N, %)

Obesity 3 (16.66%) 0 (0%) 1 (33.33%) 1 (20%) 5 (16.66%)
DM I 2 (11.11%) 0 (0%) 1(33.33%) 1(20%) 4(13.33%)
DMII 5 (27.77%) 1(25%) 0 (0%) 2 (40%) 8 (26.66%)
HBP 13(7222%) 4 (100%) 3 (100%) 4 (80%) 24 (80%)
Dyslipidemia 8 (44.44%) 2 (50%) 0 (0%) 2 (40%) 12 (40%)
Hyperuricemia 5 (27.77%) 1 (25%) 1 (33.33%) 0 (0%) 7 (23.33%)
Donor age (Average+ SD, y.o) 46.41+11.21 49.25+6.25  48.33+2.22 37.8+£9.12 45.58+9.98
Donor Sex (% men/% women) 70.5/29.5 50 /50 33.3/66.6 100 /0 68.96 /31.04

Cause of death (N, %)

Asystole 0 (0%) 1(25%) 0 (0%) 0 (0%) 1(3.33%)
Brain Death 1(5.55%) 1(25%) 1(33.33%) 1 (20%) 4(13.33%)
STK 7 (38.88%) 1(25%) 0 (0%) 3 (60%) 11 (36.66%)
TBI 8 (44.44%) 0 (0%) 1(33.33%) 1(20%) 10 (33.33%)
SAH 0 (0%) 0 (0%) 1(33.33%) 0 (0%) 1(3.33%)
Severe Traumatic Injuries 0 (0%) 1 (25%) 0 (0%) 0 (0%) 1(3.33%)
Cerebral hypoxia 2 (11.11%) 0 (0%) 0 (0%) 0 (0%) 2 (6.66%)
Donor-Recipient Incompatibilities  6.64 +2.79 6.25+2.50 8.33+1.52 6.4+3.42 7.39+1.72

(ABCDRDQ) (Average+ SD)

Post-transplant anti-HLA DSAs (N, %)

HLA-I 1(5.55%) 1(25%) 0 (0%) 0 (0%) 2 (6.66%)
HLA-II 5 (37.77%) 1(25%) 2 (66.66%) 1(20%) 9 (30%)
HLA-I+HLA-TI 0 (0%) 0 (0%) 0 (0%) 0 (0%) 0 (0%)

Post-transplant therapy (N, %)

Tacrolimus 18 (100%) 4(100%) 3 (100%) 5(100%) 30 (100%)
Cyclosporine 13 (72.22%) 3 (75%) 3 (100%) 3 (60%) 22 (73.33%)
MMF 5 (27.77%) 1(25%) 2 (66.66%) 1 (20%) 9 (30%)
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Everolimus 6 (33.33%) 1 (25%) 2 (66.66%) 0 (0%) 9 (30%)

Post-transplant complications (N, %)

No adverse events 9 (50%) 0 (0%) 0 (0%) 0 (0%) 9 (30%)
DGF 4(22.22%) 3 (75%) 0 (0%) 0 (0%) 7 (23.33%)
Acute cellular rejection 0 (0%) 0 (0%) 1 (33.33%) 5 (100%) 6 (20%)
Borderline acute rejection 0 (0%) 4 (100%) 0 (0%) 0 (0%) 4 (13.33%)
Chronic humoral rejection 0 (0%) 0 (0%) 3 (100%) 0 (0%) 3 (10%)
UTI 2 (11.11%) 0 (0%) 0 (0%) 0 (0%) 2 (6.66%)
Cyclosporine nephrotoxicity 1(5.55%) 0 (0%) 0 (0%) 0 (0%) 1(3.33%)
Tacrolimus neurotoxicity 0 (0%) 0 (0%) 1(33.33%) 0 (0%) 1(3.33%)
Interstitial nephritis 1 (5.55%) 0 (0%) 0 (0%) 0 (0%) 1(3.33%)
Hemorrhagic colitis 1 (5.55%) 0 (0%) 0 (0%) 0 (0%) 1(3.33%)
Pyelonephrosis 0 (0%) 0 (0%) 1 (33.33%) 0 (0%) 1 (3.33%)

NR, non rejection; ABRM, antibody-mediated rejection; BR, borderline rejection; TCMR, T cell mediated
rejection; SD, standard deviation; CKD, chronic kidney disease; TIN, tubulointerstitial nephritis; GN,
glomerulonephritis; PKD, polycystic kidney disease; IgAN, IgA nephropathy; CMV, cytomegalovirus; EBV,
Epstein-Barr virus; BKV, BK viremia; HIV, human immunodeficiency virus; HBV, hepatitis B virus; HSV, herpes
simplex virus; STK, stroke; TBI, traumatic brain injury; SAH, subarachnoid hemorrhage; DM I, Type 1 Diabetes
Mellitus; DM, Type 2 Diabetes Mellitus; HBP, high blood pressure; DGF, Delayed graft function; UTI, urinary
tract infection; MMF, mycophenolate mofetil.

Patients were divided into groups based on their post-transplant clinical course and results for
each group are shown in Figure 1.
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Figure 1. Plasma levels of (a) dd ¢fDNA (median of %) and (b) creatinine (mean, mg/ml) during post-
transplantation period studied in each group. NR: Non Rejection, BR: Borderline Rection, ABMR:
Antibody Mediated Rejection, TCMR: T Cell Mediated Rejection.

The detailed analysis of these results for each patient included in each group is shown in Figure
2 (a-d).
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Figure 2. dd cfDNA levels (%) during post-transplantation period in (a) patients with no signs of graft
rejection (Group 1), (b) patients with borderline rejection (Group 2), (c) patients with Antibodies
Mediated Rejection (Group 3 - ABMR) and (d) patients with T Cell Mediated Rejection (Group 3 -
TCMR).

Group 1 (N=18) included patients with no signs of graft rejection without a biopsy or with a
negative biopsy, who correspond to Category 1 of Banff Classification (Figure 2a)., showed means
and medians of cfDNA percentage of dd-cfDNA<1%, which represented a negative value of dd-
cfDNA for kidney transplant, but only in 11 patients. The rest of them (n=7) exhibited dd-cfDNA
levels >1%, which could be explained by other pathologies/biological processes. In this sense, the
analysis of seven patients with elevated dd-cfDNA values with no apparent relation to
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immunological causes of rejection revealed that recurrent autoimmune pathologies in the post-
transplant period and other pathologies or complications like diabetes mellitus, obesity, viral
infections (CMV, EBV or HIV) and immunosuppressive drugs toxicity, may have an influence on dd-
cfDNA levels, although the existence of statistically significant differences in the variables analyzed
was not demonstrated due to the small sample size.

Group 2 (N=3) included patients who had borderline graft rejection (Category 3 of Banff
Classification), all of them with levels of dd-cfDNA<1% (Figure 2b).

Group 3 (N=9) included patients with graft rejection both ABMR (Category 2 of Banff
Classification) and TCRM (Category 4 of Banff Classification), and showed different profiles
depending on the type of rejection.

In ABMR group (N=5), three patients showed values of dd-cfDNA>1% in post-transplants
determinations corresponding with the date of rejection diagnosis by kidney biopsy or by clinical
diagnosis with initiation of treatment for ABMR. In one patient, values of dd-cfDNA <1% were
observed, but on the date of the rejection diagnosis showed an increased level of dd cfDNA=0,81%.
The last patient in this group had an early ABMR rejection and the treatment was started before the
first dd-cfDNA determination, so it was considered a false negative (Figure 2c).

Respect to TCMR group (N=4), all patients except one showed elevated values (dd-cfDNA
>0,5%) at 15 days post-transplant and positive values (dd-cfDNA>1%) for determinations made at 3,
6 and 9 moths during post-transplant period (Figure 4d). Only one patient with a diagnosis of TCMR
- IA by biopsy six months post-transplant showed negative values of dd-cfDNA. Moreover, patients
with a diagnosis of rejection (ABMR or TCRM) after 3 months (66%) showed dd-cfDNA levels >1%,
anticipating at least 1 month the graft rejection diagnosis.

These results of dd-cfDNA were also compared with the presence of donor specific antibodies
(DSAs) in transplant patient against HLA molecules from kidney graft (Figure 3), and similar profiles
were observed with dd-cfDNA levels that barely reached 0.5% in the groups of patients who did not
present DSAs and in those who had DSAs but without ABMR. However, patients with ABMR
(DSAs+) showed elevated dd-cfDNA levels>0.5% in all post-transplant determinations.

1.5
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H3m

H6m

DD CF DNA (%)

bt
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|_Einl
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Figure 3. dd-cfDNA levels (%) during post-transplantation period in patients considering the
presence of anti-HLA DSAs and development of ABMR.

Finally, the results of the diagnostic validity test are shown in Table 2 and Figure 4. Regarding
rejection in general, sensitivity for the technique of 50% was observed in our study, in accordance
with the data that has been reported in the studies carried out to date. However, a specificity value
of 61% was lower than those reported in the literature reviews. Accordingly, PPV and NPV were also
low. However, when these parameters were analyzed for each type of rejection, an improvement in
NPV was observed, especially in TCMR.

Table 2. Results of validity study for dd cf DNA as rejection biomarker in general a nd for each type
of rejection. .

Rejection BR ABMR TCRM
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Sensibility 50% 0% 50% 80%
Specificity 61,11% 61,11% 61,11% 61,11%
PPV 46,11% 0% 22,22% 36,33%
NPV 64,70% 78,57% 84,61% 91,66%

PPV: positive predictive value, NPV: negattive predictive value, , BR: Borderline Rection, ABMR: Antibody
Mediated Rejection, TCMR: T Cell Mediated Rejection.

II il .1
NR B

R ABMR TCRM
B dd cfDNA negative ~ mdd cfDNA positive

12

10

[e)}

'

N

Figure 4. Frecuencies of negative and positive pacientes for dd-cfDNA leves in each group. NR:
Non Rejection, BR: Borderline Rejection, ABMR: Antibody Mediated Rejection, TCMR: T Cell
Mediated Rejection.

4. Discussion

In the present study, we have observed in 30 patients with a kidney transplantation that shows
levels of dd-cfDNA>1% in 6 of 9 of them with active rejection (ABMR or TCMR) and elevated values
(>0,5%) in other 2 patients into this group. Taking into account the main studies and clinical trials
published to date [5,11-16], our results are consistent with regard to patients with ABMR, where 60%
of patients presented positive values coinciding with the diagnosis by biopsy and with the detection
of DSA.

However, a finding that differentiates our study from other describing dd-cfDNA as a better
biomarker to predict ABMR than TCMR, was the behavior of dd-cfDNA levels observed in 3 of the 4
patients diagnosed with TCMR, since they showed values above 1% from the third post-transplant
month and were maintained throughout the follow-up period, regardless of the date of diagnosis of
cell rejection (+4 months, +12 months and +8 months, respectively), anticipating diagnosis by 1 to 3
months. In fact, these patients are the ones who show the highest levels of dd-cfDNA in our series.
In addition, in these 3 patients, the dd-cfDNA determination performed at 15 post-transplant days
was greater than 0.5%, which was considered as elevation. The only patient in this group who had
levels below 1% was diagnosed with TCMR-IA, and this result is consistent with other studies, where
they obtain values similar and even more similar to those obtained for patients with borderline
rejection, and in this sense, it appears to have no positive predictive value for borderline rejection or
TCMR-IA.

Respect to low plasma levels in patient with no rejection signs, most important studies about the
predictive value of dd-cfDNA of kidney graft rejection like DART (Diagnosis Acute Rejection in
Kidney Transplant) [15] report that the high NPV of dd-cfDNA is the main factor to consider as a
biomarker with an essential role in avoiding unnecessary biopsies. However, our results show a low
NPV of the technique because other pathologies or biological post-transplant complications can also
affect dd-cfDNA levels and must necessarily be considered in the interpretation of the obtained
result. Specifically, we found 7 patients with no signs of rejection with dd-cfDNA values>1%, among
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which the following were observed: 2 with obesity, 3 with recurrent autoimmune pathologies and 2
suffering infections.

On the other hand, some studies [5,11-16,19], in addition to relating dd-cfDNA levels with
biopsy results and verifying that this biomarker turned out to be more effective than creatinine in
defining clinical and subclinical rejection used in routine clinical routine, have reported an association
of dd-cfDNA values>0.5% with an increase in developing DSA antibodies.

Nevertheless, dd-cfDNA, could allow together with other biomarkers in the context of a future
score, avoid invasive biopsies in most cases, mainly in the case of suspected TCMR or ABMR.

This present article has several interesting limitations that should be indicated and appointed.
Further addittional research, including a more extensive cohort and more thorough follow-up, will
be required to validate our preliminary results and evaluate the connection between dd-cfDNA,
allograft rejection and kidney transplant outcome in future studies. Another eventual limitation of
our study is the low number of rejection episodes in our recipients, although it should be taken into
account the shorter follow-up period of this study. Finally and in conclusion, increasing the number
of analyzed kidney transplants is strictly necessary to corroborate and validate our obtained results
and also more extended follow-up periods are also required.

5. Conclusions

Plasma levels of dd-cfDNA could be considered a novel biomarker of graft rejection after first
term post-transplant up to several months before its clinical presentation, mainly in TCMR or ABMR.
In the present study, it appears to have no positive predictive value for borderline rejection or TCMR
IA. Our results show a low negative predictive value of the technique because other pathologies or
biological post-transplant complications can also affect dd-cfDNA levels and they must necessarily
be considered in the interpretation of the obtained results. However, dd-cfDNA, could allow together
with other biomarkers in the context of a future score, avoid invasive biopsies in most cases, mainly
in the case of suspected TCMR or ABMR.
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