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Introduction: Studies evaluating cell-free DNA (cfDNA) in kidney allograft

dysfunction have primarily focused on detection of rejection by donor-derived

cfDNA (ddcfDNA). The utility of ddcfDNA as a marker of longer-term

outcomes has not been examined.

Methods: This study investigated the prognostic value of plasma total cfDNA,

fractional ddcfDNA and absolute ddcfDNA, quantified in 49 adult kidney

transplant recipients (KTRs) at the time of indication allograft biopsy between

2014 and 2017. Primary outcomes were death, death-censored graft loss

(DCGL), and all graft loss (AGL).

Results: During a median follow-up of 6.3 years, 7 patients died, 7 experienced

DCGL, and 14 had AGL. Death was predicted by high total cfDNA [>4,034

copies/ml, hazard ratio (HR) 5.94, 95% CI 1.40–25.13, P=0.008] and low

fractional ddcfDNA (<0.67%, HR 10.85, 95% CI 1.32–1,408.19, P=0.03), and

DCGL was predicted by high fractional ddcfDNA (>0.72%, HR 4.93, 95% CI 1.12–

21.72, P=0.04), on univariate analysis. AGL was predicted by high total cfDNA

(>4,034 copies/ml, HR 642, 95% CI 1.15–3.56 × 105, P=0.045) on multivariate

analysis. Absolute ddcfDNA was not associated with survival outcomes.

Discussion: This study demonstrates potential prognostic utility of total cfDNA

and fractional ddcfDNA in KTRs with allograft dysfunction. Incorporation of

these biomarkers could enhance personalised care, beyond non-invasive

detection of rejection.
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1 Introduction

Studies concerning cell-free DNA (cfDNA) in kidney allograft dysfunction have

primarily focused on the performance of donor-derived cfDNA (ddcfDNA) to detect

prevalent rejection. The utility of ddcfDNA as a longer-term prognostic marker has not

been examined in kidney transplant recipients (KTRs).

Higher plasma ddcfDNA levels increase the likelihood of biopsy-proven allograft

rejection, and significantly elevated ddcfDNA levels strongly predict the presence of

antibody-mediated rejection (AMR) (1). Emerging evidence also suggests an association

between elevated ddcfDNA and de novo donor-specific antibody (DSA) (2). As AMR

and de novo DSA are predictors of long-term allograft outcomes, we hypothesised that

higher levels of ddcfDNA would associate with poorer allograft outcomes.

In addition to quantifying fractional ddcfDNA as a percentage of total cfDNA, our

approach measured the absolute concentrations of ddcfDNA and total cfDNA in copies

per millilitre of plasma. Studies of total cfDNA in non-transplant recipients have
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demonstrated elevation in many physiological and pathological

states, such as pregnancy, critical illness, sepsis, myocardial

infarction, and stroke (1). There is limited data in recipients of

solid organ transplants (SOTs). Extreme elevations have been

observed in KTRs with inflammatory illnesses including COVID-

19 (3), bacteraemia, cytomegalovirus (CMV) infection and

haemoptysis (4). As cardiovascular disease and infection are

major causes of death in transplant recipients, we further

hypothesised that higher total cfDNA levels would associate with

poorer patient outcomes in KTRs.

In this study, we aimed to evaluate the long-term prognostic

value of plasma absolute and fractional ddcfDNA and total

cfDNA in the cohort used for diagnostic validation of our

ddcfDNA quantification method (4). In the original study,

participants underwent ddcfDNA and total cfDNA assessment

immediately before indication kidney transplant biopsy,

providing a well-characterised cohort for assessing long-

term outcomes.

2 Patients and methods

2.1 Population and data collection

The original cohort included adult kidney transplant recipients

who underwent allograft biopsy to evaluate graft dysfunction,

indicated by a rise in creatinine or worsening proteinuria,

between 2014 and 2017. Singular cfDNA measurements were

performed on plasma samples collected at the time of biopsy.

cfDNA quantification and histopathological analysis were

described in the original paper (4). Absolute cfDNA and

ddcfDNA concentrations are presented as “one-copy” equivalents

per millilitre of plasma (cp/ml). Recipients who did not receive

transplant care at the primary institution were excluded from

this outcome analysis due to insufficient follow-up data

(Figure 1). Clinical information was retrospectively collected

from the electronic medical record. The study was approved by

the institutional human research ethics committee.

2.2 Outcome measures

Primary outcomes were death, death-censored graft loss

(DCGL, defined as living participants with failed grafts who had

recommenced dialysis), and all graft loss (AGL, encompassing

participants who died or experienced DCGL) (Figure 1).

Secondary outcomes included death with a functioning graft,

graft failure (defined as all participants who resumed dialysis,

regardless of subsequent death), and graft nephrectomy.

The study period began on the date of cfDNA assessment and

continued until a censoring event occurred. Participants had

follow-up until administrative censoring on 31 March 2022.

2.3 Covariates

Potential covariates analysed included age at the time of cfDNA

assessment, sex, primary kidney disease, transplant vintage (years

from transplantation to cfDNA assessment), kidney donor age,

donor category, donor HLA antigen mismatch, pre-existing DSA,

serum creatinine (µmol/L), urine protein-to-creatinine ratio

(PCR, mg/mmol), urine albumin-to-creatinine ratio (ACR, mg/

mmol), urine white cell count (WCC, ×106/L), urine red cell

count (RCC, ×106/L), plasma WCC (x109/L), plasma lymphocyte

count (x109/L), plasma neutrophil count (x109/L), CMV

DNAemia, BK viraemia, DSA detection, rejection episodes, and

immunosuppression. Time-varying covariates were recorded at 0,

1, 2, 4, and 5 years, as well as at the censoring or end date.

2.4 Statistical analysis

Baseline characteristics of the study cohort were expressed as

mean with SD, or median with interquartile range (IQR),

depending on the data distribution. Groups were compared using

the Mann–Whitney U test for non-parametric variables.

Correlations between continuous variables were assessed using

Pearson’s product-moment correlation.

For survival analyses, optimal cut points for each cfDNA

parameter were determined by maximally selected rank statistics

to account for differences in follow-up times across participants

(5, 6). Total cfDNA and ddcfDNA (absolute and fractional

values) were classified as “low” or “high” based on these cut

points. Kaplan–Meier survival curves were generated for each

cfDNA parameter and stratified by these classifications. Statistical

differences between groups were evaluated using log-rank tests.

Hazard ratios (HRs) for outcomes were estimated using standard

Cox proportional hazards models. In the event of non-

proportional hazards, weighted Cox regression models were used

to determine average HRs and generalised concordance

probabilities (7).

Two multivariate Cox proportional hazards regression models

were constructed for each primary outcome to evaluate the

predictive value of total cfDNA and ddcfDNA. Model 1 included

clinically relevant covariates: age, transplant vintage, donor

category, HLA mismatch, and any rejection episode during

follow-up. For AGL and DCGL outcomes, pre-existing DSA was

additionally included as a covariate. Model 2 adjusted for

covariates that were statistically significant (P < 0.10) in

univariate analyses. Participants were stratified according to the

cfDNA and ddcfDNA cut points specific to each outcome.

The significance of individual predictors in multivariate

models was assessed using two-way analysis of variance.

Abbreviations

ACR, albumin-to-creatinine ratio; AGL, all graft loss; AKI, acute kidney injury;
AMR, antibody-mediated rejection; cfDNA, cell-free DNA; CI, confidence
interval; CMR, cellular-mediated rejection; CMV, cytomegalovirus; cp/ml,
copies per millilitre; ddcfDNA, donor-derived cell-free DNA; DCGL, death-
censored graft loss; DNA, deoxyribonucleic acid; DSA, donor-specific
antibody; HR, hazard ratio; IQR, interquartile range; KTR, kidney transplant
recipient; PCR, protein-to-creatinine ratio; RCC, red cell count; SD, standard
deviation; SOT, solid organ transplant; WCC, white cell count.
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Firth’s penalised likelihood method was applied in Cox

regression models where standard maximum likelihood

estimation failed to demonstrate convergence. Multivariate

models were compared using likelihood ratio tests. Collinearity

among covariates was evaluated through variance inflation

factor analysis, covering all time-independent covariates, total

cfDNA, absolute ddcfDNA, creatinine, WCC, rejection

episodes, and detectable DSA. Relevant covariates were

incorporated as time-dependent predictors to obviate

correlation with outcomes.

Statistical analyses were conducted using R Statistical Software

(v4.1.0; R Core Team 2021) with packages car, coxphf, coxphw,

ggplot2, gtsummary, rstatix, survival, and survminer.

3 Results

3.1 Demographics

The study cohort consisted of 49 kidney transplant recipients

with a median age of 55 years (IQR 42–62), over half of whom

were male (27, 55%). Six participants from the original cohort

were not included in the analysis as their follow-up occurred

elsewhere. Nearly half of the participants had immunological

primary kidney disease (23, 47%). The median follow-up

duration for study participants was 6.3 years (IQR 6.0–7.2).

Baseline patient and transplant demographic data is detailed

in Table 1.

FIGURE 1

Study cohort flow diagram and relationships between outcome subgroups. This outcome analysis included 49 of 55 participants in the original cohort;

six participants were excluded as their follow up occurred elsewhere. Fourteen participants experienced allograft loss, including 4 deaths with

functioning grafts, 3 deaths following allograft failure, and 7 participants with death-censored graft loss. Numbers in brackets represent number of

cases.
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Most participants (71%) had received transplants from

deceased donors, with a median transplant vintage of 2.6 years

(IQR 0.5–8.2) at the start of follow-up. Forty-seven participants

had primary allografts in situ. All transplant donors were blood

group compatible. Over two-thirds (68%) of participants had

fewer than four donor HLA loci mismatches. Detectable DSAs

were present in 11 participants (28%) prior to transplantation.

Maintenance immunosuppression at start of follow-up is

presented in Supplementary Table S1. Slightly over half the

participants (26, 53%) were maintained on standard triple

immunosuppression (prednisolone, mycophenolate and

tacrolimus). The mean number of immunosuppressive

medications per participant was three (range 1–3).

3.1.1 Histopathology

Primary histological diagnoses from the initial biopsy for each

participant were classified according to the Banff schema (8), and

are summarised in Table 2. Rejection was identified in one-third

of biopsies (16, 33%), 22 biopsies (45%) were histologically

normal, and the remaining 11 biopsies showed other pathologies.

The 16 initial biopsies indicating rejection comprised three

acute AMR, two acute cellular-mediated rejection (CMR), two

mixed acute AMR with acute CMR, six borderline CMR, two

borderline AMR, and one mixed borderline AMR with

borderline CMR. Acute AMR was therefore present in five

biopsies, acute CMR in four biopsies, and mixed rejection in

three biopsies. Data are presented in Supplementary Table S2.

During the follow-up period, 13 participants (27%)

experienced at least one rejection episode (total of 17 episodes),

including nine who had also experienced rejection in their initial

biopsy. Details of subsequent rejection subtypes are provided in

Supplementary Table S3. Across the study, 33 rejection episodes

were recorded in 20 participants, ranging from one to three

episodes per participant (mean 1.65, SD 0.75).

3.1.2 Cell-free DNA results
The median total cfDNA concentration for the cohort was

1,751 cp/ml (IQR 986–4,020). The median absolute ddcfDNA

concentration was 9 cp/ml (IQR 5–16), and the median fractional

ddcfDNA was 0.44% (IQR 0.18–0.81).

Total cfDNA increased with age (r = 0.33, P = 0.02), while

fractional ddcfDNA trended lower (r =−0.20, P = 0.16). Total

cfDNA was lower with increasing transplant vintage (r =−0.31,

P = 0.031), and fractional ddcfDNA trended higher (r = 0.21,

P = 0.14). There was no correlation between absolute ddcfDNA

and age or transplant vintage.

3.2 Patient and graft survival

During the study period, seven (14%) participants died,

including four with a functioning graft and three with prior

failed grafts (Figure 1). Participants who died were older at

enrolment than those who survived (median age 64 years vs.

52 years, P < 0.01), and all had received transplants from

deceased donors. For those who died, the median survival

from study inclusion was 1,562 days (IQR 792–1,696). Known

causes of death included infection (n = 3), cardiovascular

disease (n = 1), dialysis withdrawal (n = 1), and other (n = 2)

(Supplementary Table S4).

TABLE 1 Baseline demographic data.

Demographics and baseline characteristics

Characteristic N= 49

n (%)

Age (years)a 55.1 (41.8, 61.6)

Sex

Female 22 (45)

Male 27 (55)

Primary disease

Genetic 7 (14)

Immune 23 (47)

Structural 10 (20)

Other 9 (18)

Follow up duration (years)a 6.3 (6.0, 7.2)

Transplant vintage (years)a 2.6 (0.5, 8.2)

Donor category

Living 14 (29)

Deceased 34 (71)

Not documented 1

Transplant number

1 47 (96)

2 1 (2)

3 1 (2)

ABO compatible

Yes 47 (100)

No 0 (0)

Not documented 2

HLA mismatch

≤3 32 (68)

≥4 15 (32)

Not documented 2

Pre-existing DSA

Present 11 (28)

Absent 29 (73)

Not documented 9

DSA, donor-specific antibody; HLA, human leucocyte antigen.
aData presented as median (interquartile range).

TABLE 2 Primary histological diagnoses in original indication biopsies.

Initial indication biopsies

Diagnosis N= 49

n (%)

Normal 22 (44.9)

Rejection 16 (32.7)

CNI toxicity 5 (10.2)

Primary disease 3 (6.12)

BK nephropathy 1 (2.0)

Interstitial nephritis 1 (2.0)

Other 1 (2.0)

CNI, calcineurin inhibitor.
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Seven participants (17%) experienced DCGL, with two

subsequently undergoing graft nephrectomies. In total, 14

participants were classified as having AGL, including the four

participants (29%) who died with functioning grafts. Among

those with AGL, those with deceased donor transplants

(8 participants) were older than the median cohort and

significantly older than those with living donor transplants

(5 participants; median age 65 years vs. 42 years, P < 0.01).

The overall median graft survival from study inclusion was

2,247 days (IQR 1,876–2,520). When restricting analysis to

participants that survived, the median graft survival was 2,315

days (IQR 2,098–2,588) overall, 1,591 days (IQR 1,184–2,352) in

those who lost grafts, and 2,324 days (IQR 2,208–2,574) in those

with functioning grafts.

3.2.1 Cell-free DNA according to outcome

Median values for each cfDNA parameter by outcome are

provided in Supplementary Table S5, with boxplots for the

primary outcomes shown in Supplementary Figure S1. No

statistically significant differences in median cfDNA values were

observed for any parameter or outcome.

Among those who died, there was a trend towards lower

fractional ddcfDNA (0.26% vs. 0.52%, P = 0.07), compared to

those who survived. In participants who died with functioning

grafts, there was a trend towards higher absolute ddcfDNA

(10 vs. 4 cp/ml, P = 0.05), compared to those who died following

graft failure.

3.3 Survival analysis

3.3.1 Univariate analysis
Optimal cfDNA cut points for the outcomes of death (total

cfDNA 4,034 cp/ml, fractional ddcfDNA 0.67%, absolute

ddcfDNA 16 cp/ml), AGL (total cfDNA 4,034 cp/ml, fractional

ddcfDNA 0.09%, absolute ddcfDNA 21 cp/ml), and DCGL (total

1,265 cp/ml, fractional ddcfDNA 0.72%, absolute ddcfDNA

7 cp/ml) are presented in Supplementary Table S6. The table also

presents median survival times for each subgroup stratified by

cfDNA thresholds, and HRs derived from subgroup comparisons.

When stratifying the cohort by the relevant cfDNA threshold,

the probability of death was significantly higher in participants

with high total cfDNA (HR 5.94, 95% CI 1.40–25.13, P = 0.008)

and in those with low fractional ddcfDNA (HR 10.85, 95% CI

1.32–1,409.19, P = 0.03). For DCGL, the probability was increased

in participants with high fractional ddcfDNA (HR 4.93, 95% CI

1.12–21.72, P = 0.04). Corresponding Kaplan–Meier survival

curves are shown in Figure 2.

For AGL, the probability was increased in participants with

high total cfDNA, on weighted Cox regression analysis (average

HR 2.62, Wald test P = 0.0497; generalised concordance

probability 72.41%, 95% CI 50.03–87.31).

Stratification by absolute ddcfDNA did not yield statistically

significant differences in survival probabilities.

3.3.1.1 Time-independent covariates

On univariate analysis of time-independent covariates, only age

was significantly associated with death (HR 1.21, 95% CI 1.06–

1.37). Transplant vintage was significantly associated with both

AGL (HR 1.09, 95% CI 1.03–1.16) and DCGL (HR 1.13, 95% CI

1.04–1.23). For AGL, there was a trend towards association with

increasing age (HR 1.05, P = 0.08) and fewer than four HLA

mismatches (HR 6.32, P = 0.08). For DCGL, there was a trend

towards association with donor category (deceased donor HR

0.22, P = 0.07) and fewer than four HLA mismatches (penalised

Cox regression HR 7.39, P = 0.07).

3.3.1.2 Time-dependent covariates

Among the time-dependent covariates, increasing serum

creatinine, urine PCR, and urine WCC were associated with all

survival outcomes. Furthermore, increasing urine ACR was

associated with AGL and DCGL, increasing urine RCC was

associated with death, and decreasing blood lymphocyte count

was associated with AGL.

The results of the univariate Cox models for death, AGL, and

DCGL are presented in Supplementary Tables S7–S9, respectively.

3.3.2 Multivariate analysis
Two multivariate Cox models were constructed for each

primary outcome as described above, incorporating total cfDNA

and fractional ddcfDNA. Absolute ddcfDNA was not included in

multivariate models as it was not associated with primary

outcomes on univariate analyses. Model 1 adjusted for pre-

specified clinically relevant covariates, while Model 2 adjusted for

covariates that were statistically significant on univariate analysis.

All multivariate models demonstrated statistically improved

predictive performance for death, AGL, and DCGL compared to

univariate prediction using total cfDNA or ddcfDNA. However,

neither total cfDNA nor fractional ddcfDNA were independently

predictive in any multivariate model. The results of these

analyses are presented in Supplementary Tables S10-S12.

3.3.2.1 Interaction effects

Given that all deaths occurred in older participants and that

age positively correlated with total cfDNA, an interaction term

combining age and total cfDNA was examined. On unadjusted

analysis, death was predicted by the combination of increasing

age and high total cfDNA (HR 1.36, 95% CI 1.03–1.80) and, to a

lesser extent, by increasing age and low total cfDNA (HR 1.21,

95% CI 1.01–1.45). However, on multivariate analysis, inclusion

of the interaction term did not improve prediction of death in

either Model 1 or 2.

The interaction of age and total cfDNA was not independently

predictive of AGL, despite a univariate trend towards increased

allograft loss with increasing age.

The interaction of transplant vintage with cfDNA parameters

was also examined, given the association between transplant

vintage and AGL. Without adjustment, the combination of high

total cfDNA and increasing transplant vintage was a stronger

predictor for AGL (HR 1.54, 95% CI 1.14–2.09) compared to low

total cfDNA and increasing transplant vintage (HR 1.14, 95% CI
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1.06–1.22). Similarly, high fractional ddcfDNA combined with

increasing transplant vintage predicted AGL (HR 1.12, 95% CI

1.05–1.19), while low fractional ddcfDNA combined with

transplant vintage showed no significant association. On

multivariate analysis, these interaction terms did not improve

prediction of AGL in Model 1 or 2.

To explore the observed association between AGL and donor

characteristics, an interaction term combining age and donor

category was added to the multivariate models. This significantly

improved prediction of AGL in Model 1 (P < 0.003). After

adjusting for fractional ddcfDNA, HLA mismatch, pre-existing

DSA, and rejection, AGL was independently predicted by high

total cfDNA (HR 642, 95% CI 1.15–3.56 × 105, P = 0.045),

increasing transplant vintage (HR 1.2, 95% CI 1.01–1.43,

P = 0.04), and the interaction of increasing age and donor

category (global P = 0.021). These results are summarised in

Table 3. Model 2 was not improved by addition of this

interaction term.

4 Discussion

This study evaluated survival outcomes in a single-centre

cohort of KTRs that was representative of the adult kidney

transplant population (9, 10). The overall patient and allograft

survival rates were consistent with local (9) and international

(10–13) reports, but the proportion of death with graft function

(29%) was lower than the national estimate of 50% (9).

Univariate analyses demonstrated that high total cfDNA and

low fractional ddcfDNA predicted death over 6 years of follow-

up. Elevated total cfDNA occurs in conditions such as critical

illness, sepsis, and acute cardiovascular events, reflecting disease

FIGURE 2

Survival according to cell-free DNA parameter. Kaplan–Meier survival curves for death stratified by total cfDNA (A) and fractional ddcfDNA (B), and for

DCGL stratified by fractional ddcfDNA (C). The probability of death was significantly higher in participants with high total cfDNA (P= 0.008) and low

fractional ddcfDNA (P= 0.025). The probability of DCGL was significantly higher in participants with high fractional ddcfDNA (P= 0.036). cfDNA, cell-

free DNA; DCGL, death-censored graft loss; ddcfDNA, donor-derived cfDNA.
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state at the time of measurement, due to its short half-life (∼2 h)

(1). cfDNA can therefore be considered as a non-specific

biomarker of health. However, its association with long-term

mortality in this study suggests prognostic utility beyond

immediate clinical status.

Similar associations between elevated cfDNA and mortality

have been reported in sepsis (14, 15), acute kidney injury (AKI)

(14, 16), trauma (17), haemodialysis (18), chronic obstructive

pulmonary disease (19), and the general population (20). In

SOTs, the prognostic validity of cfDNA has not been well

characterised. Studies in heart transplant recipients have linked

higher total cfDNA levels with cardiac arrest and mechanical

circulatory support (21), and both short- and long-term

mortality (22). A limited study of KTRs with COVID-19

infection suggested a correlation between cfDNA levels and

mortality (20). The current study is the first to specifically

evaluate the prognostic value of cfDNA in routine clinical

practice in KTRs, demonstrating the long-term prognostic value

of cfDNA measured at the time of indication biopsy as a

predictor of mortality.

This is also the first study to report associations between

cfDNA/ddcfDNA and allograft survival in KTRs. High total

cfDNA predicted all-cause allograft loss, while high fractional

ddcfDNA predicted DCGL. These findings align with reports

linking ddcfDNA with estimated glomerular filtration rate

changes and histological chronic injury in KTRs (2, 23). In heart

and lung transplantation, higher ddcfDNA levels have been

associated with allograft failure (24), cardiac allograft

vasculopathy (22), rejection, and death (25), suggesting these

analytes are not organ-specific predictors of adverse outcomes.

Mechanisms linking cfDNA to survival outcomes remain

unclear. Elevated cfDNA levels are associated with acute illness

and inflammation, which may serve as markers of general frailty

or multimorbidity, contributing to higher mortality risk. In this

study, the combination of high total cfDNA and low fractional

ddcfDNA, particularly evident in the death with a functioning

graft subgroup, may reflect a higher burden of

immunosuppression. Over two-thirds of deaths in KTRs with

functioning grafts are due to cardiovascular disease, infections,

and malignancy—consequences of prolonged or excessive

immunosuppression (9). This is further supported by the

observed association between AGL and decreasing blood

lymphocyte count, which can be attributed to both calcineurin

inhibitor and mycophenolate mofetil exposure (26).

Immunosuppression may increase total cfDNA through

enhanced white cell turnover, while simultaneously lowering

ddcfDNA by reducing allograft injury (26).

Lower tacrolimus exposure is associated with lower total

cfDNA and higher fractional ddcfDNA in clinically stable KTRs

(26). Over 1–5 years post-transplant, absolute ddcfDNA

concentrations were stable, but total cfDNA steadily decreased,

along with reducing tacrolimus concentrations (26). This

correlation suggests that weaning of tacrolimus over time is

associated with lower total cfDNA. Additional evidence

supporting a relationship between tacrolimus and ddcfDNA

includes high fractional ddcfDNA in liver transplant recipients

with subtherapeutic tacrolimus levels in the first month after

transplant (27), higher fractional and absolute ddcfDNA in KTRs

with lower tacrolimus levels in the first year after transplant (28),

higher fractional ddcfDNA in lung transplant recipients with

“non-therapeutic” tacrolimus levels in the first two years after

transplant (29), and higher fractional ddcfDNA in KTRs with

highly variable tacrolimus levels in the first year after transplant

(30). Longer follow up periods would permit investigation of

relationships between total cfDNA/ddcfDNA and chronic

sequelae of immunosuppression exposure.

An alternative explanation for the association between cfDNA

and survival outcomes may involve the pathogenic effects of

cfDNA itself. In addition to circulating freely, cfDNA is

contained within extracellular vesicles and neutrophil

extracellular traps, which can act as damage-associated molecular

patterns (31). Studies in animal models and humans have shown

that cfDNA activates pattern recognition receptors, triggering

increased cytokine production, prolonging neutrophil viability

(31), and contributing to tissue injury and cell death.

Furthermore, cfDNA has been linked to disruptions in

coagulation and fibrinolysis (31), as well as endothelial damage

(20), suggesting a potential role in microvascular injury within

kidney allografts. In murine models, cfDNA has been shown to

provoke AKI through additional mechanisms, such as

mitochondrial cfDNA-induced oxidative injury to kidney tubular

cells in sepsis (32), and platelet activation leading to neutrophil

extracellular trap formation in ischaemia reperfusion injury (33).

TABLE 3 Multivariate Cox model for graft loss, adjusted for clinically
relevant covariates, incorporating age and donor category interaction.

Graft loss

Multivariate model (n = 9)

Covariate HR 95% CI P

Total cfDNA (cp/ml)

Low – –

High 641.55 1.15, 3.56 × 105 0.045

Fractional ddcfDNA (%)

Low – –

High 5.38 0.32, 90.50 0.24

Transplant vintage (per year) 1.20 1.01, 1.43 0.038

HLA mismatcha

≥4 – –

≤3 1.12 × 108 0.00, Inf >0.99

Pre-existing DSA

Absent — —

Present 0.10 0.01, 1.74 0.11

Rejectiona 0.00 0.00, Inf >0.99

Donor categoryb

Living — —

Deceased 4.32 0.11, 176.91 0.44

Age (per year) + donor category 0.021

Age + living donor 0.70 0.51, 0.97 0.029

Age + deceased donor 1.09 0.82, 1.45 0.54

cfDNA, cell-free DNA; CI, confidence interval; DSA, donor specific antibody; HR,

hazard ratio.
aHLA mismatch and rejection did not converge on penalized Cox regression.
bFor recipients aged 55 years (median age of cohort).
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The predictive ability of cfDNA and ddcfDNA observed in

univariate analyses in this study was not retained in all

multivariate models, likely due to limited statistical power from

the small cohort size, low event rates, and inclusion of multiple

predictors. Nevertheless, an increasing body of literature supports

the prognostic value of total cfDNA. Interestingly, other

established predictors of death and allograft loss, such as

recipient age, primary kidney disease aetiology, donor category,

HLA mismatches, and rejection (12, 13, 34–36), were also not

significant in this analysis. This finding may reflect model

overfitting, which could obscure the effects of both cfDNA and

these recognised risk factors. Larger cohort studies with more

survival events are required to distinguish between

underpowering, confounding, model overfitting, and statistical

artefact as potential explanations for the observed discrepancies

between univariate and multivariate results.

The multivariate model for AGL, incorporating the interaction

term between recipient age and donor category, suggests a complex

relationship between age, baseline allograft quality, allograft

survival, and cfDNA concentration. While acknowledging the

limitations of potential model overfitting, it is important to

recognise the heterogeneity within transplant populations and the

myriad factors influencing individual risk of adverse outcomes.

No single biomarker can fully capture the complexity of

prognostication. However, this study highlights the value of total

cfDNA and ddcfDNA in enhancing predictions of allograft

failure and mortality in a personalised manner. Additionally, the

dynamic nature of cfDNA enables assessment of intervention

effects, such as immunosuppression adjustments, through serial

measurements, offering an advantage over static unmodifiable

risk factors like donor category.

This study has several limitations. The small, single-centre

cohort limits the development of robust prediction models. Only

KTRs with clinical allograft dysfunction were included,

precluding assessment of cfDNA prognostication in stable

allograft function. The use of cut points for continuous

numerical biomarkers reduces data granularity, potentially

limiting interpretation in individual cases. However, cut points

are often necessary for generalisation to larger cohorts and

practical application in clinical settings, especially given

variability among cfDNA assays from different manufacturers.

Validation in larger, independent cohorts is needed to confirm

these findings and to refine optimal cut point thresholds. Such

studies would also address potential resubstitution bias due to

the absence of a separate validation cohort. Lastly, most

commercially available ddcfDNA assays do not quantify total

cfDNA, requiring separate assays for measurement. This

introduces additional costs, logistical challenges, and potential

incompatibility with independently obtained ddcfDNA levels,

complicating replication of this analysis.

This study demonstrates that absolute quantification of total

cfDNA and fractional ddcfDNA (%) are predictive of mortality

and allograft failure in adult KTRs with clinical allograft

dysfunction over a 6-year follow-up period, whereas absolute

quantification of ddcfDNA (cp/ml) is not predictive of survival

outcomes. While ddcfDNA is an established biomarker of

allograft rejection in SOT recipients, this study highlights the

potential prognostic utility of total cfDNA and fractional

ddcfDNA for long-term outcomes in KTRs. The association

between elevated cfDNA and survival outcomes may reflect its

pathogenic potential or serve as a marker of immunosuppression

burden. Similar findings have been reported in heart and lung

transplantation. We recognise the emergence of sophisticated

multivariate prognostic tools that include other clinical and

histological predictors of allograft failure (37, 38), but these tools

are not universally accessible to transplant centres.

Understanding the underlying pathogenic mechanisms and

prognostic implications of cfDNA and ddcfDNA could improve

personalised care for SOT recipients via a more widely available

test, by facilitating titration of immunosuppression and screening

for complications of over-immunosuppression. Further validation

in larger cohorts is warranted to confirm these findings and

optimise clinical application.

Data availability statement

The original contributions presented in the study are included

in the article/Supplementary Material, further inquiries can be

directed to the corresponding author.

Ethics statement

The studies involving humans were approved by Austin Health

Office for Research, Reference Number: Audit/19/Austin/143. The

studies were conducted in accordance with the local legislation and

institutional requirements. Written informed consent for

participation was not required from the participants or the

participants’ legal guardians/next of kin because approval was

granted for the study to be conducted as a clinical audit,

involving the collection, use and disclosure of the data in a de-

identified format.

Author contributions

AG: Formal analysis, Writing – review & editing, Methodology,

Data curation, Writing – original draft, Investigation. DP:

Conceptualization, Supervision, Funding acquisition, Resources,

Writing – review & editing. JW: Supervision, Methodology,

Writing – review & editing, Conceptualization, Funding

acquisition, Resources.

Funding

The author(s) declare that financial support was received for

the research and/or publication of this article. AG was supported

by a Research Training Program Scholarship, provided by the

Australian Commonwealth Government and the University of

Melbourne. JW received funding support from the Bernie Sweet

Graver et al. 10.3389/frtra.2025.1624291

Frontiers in Transplantation 08 frontiersin.org

https://doi.org/10.3389/frtra.2025.1624291
https://www.frontiersin.org/journals/transplantation
https://www.frontiersin.org/


Clinical Research Fellowship, Austin Health Medical Research

Foundation.

Conflict of interest

JW is a non-inventive contributor to the development and

validation of a diagnostic method for quantification of donor-

derived cell-free DNA (WO/2013/049892).

The remaining authors declare that the research was conducted

in the absence of any commercial or financial relationships that

could be construed as a potential conflict of interest.

Generative AI statement

The author(s) declare that no Generative AI was used in the

creation of this manuscript.

Any alternative text (alt text) provided alongside figures in this

article has been generated by Frontiers with the support of artificial

intelligence and reasonable efforts have been made to ensure

accuracy, including review by the authors wherever possible. If

you identify any issues, please contact us.

Publisher’s note

All claims expressed in this article are solely those of the

authors and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed

or endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found

online at: https://www.frontiersin.org/articles/10.3389/frtra.2025.

1624291/full#supplementary-material

References

1. Graver AS, Lee D, Power DA, Whitlam JB. Understanding donor-derived cell-free
DNA in kidney transplantation: an overview and case-based guide for clinicians.
Transplantation. (2023) 107(8):1675–86. doi: 10.1097/TP.0000000000004482

2. Bu L, Gupta G, Pai A, Anand S, Stites E, Moinuddin I, et al. Clinical outcomes
from the assessing donor-derived cell-free DNA monitoring insights of kidney
allografts with longitudinal surveillance (ADMIRAL) study. Kidney Int. (2022)
101(4):793–803. doi: 10.1016/j.kint.2021.11.034

3. Reusing JO Jr, Yoo J, Desai A, Brossart K, McCormick S, Malashevich AK, et al.
Association between total cell free DNA and SARS-CoV-2 in kidney transplant
patients: a preliminary study. Transplant Proc. (2022) 54(6):1446–54. doi: 10.1016/j.
transproceed.2022.02.027

4. Whitlam JB, Ling L, Skene A, Kanellis J, Ierino FL, Slater HR, et al. Diagnostic
application of kidney allograft-derived absolute cell-free DNA levels during
transplant dysfunction. Am J Transplant. (2019) 19(4):1037–49. doi: 10.1111/ajt.15142

5. Tustumi F. Choosing the most appropriate cut-point for continuous variables. Rev
Col Bras Cir. (2022) 49:e20223346. doi: 10.1590/0100-6991e-20223346-en

6. Lausen B, Schumacher M. Maximally selected rank statistics. Biometrics. (1992)
48(1):73–85. doi: 10.2307/2532740

7. Dunkler D, Ploner M, Schemper M, Heinze G. Weighted cox regression using the
R package coxphw. J Stat Softw. (2018) 84(2):1–26. doi: 10.18637/jss.v084.i02

8. Haas M. The revised (2013) Banff classification for antibody-mediated rejection of
renal allografts: update, difficulties, and future considerations. Am J Transplant. (2016)
16(5):1352–7. doi: 10.1111/ajt.13661

9. Mulley W, Davies C, Au E, Bateman S, Chen J, Hurst K, et al. 46th Report,
Chapter 7: Kidney Transplantation. Adelaide, Australia: Australia and New Zealand
Dialysis and Transplant Registry (2023).

10. Stel VS, Boenink R, Astley ME, Boerstra BA, Radunovic D, Skrunes R, et al. A
comparison of the epidemiology of kidney replacement therapy between Europe and
the United States: 2021 data of the ERA registry and the USRDS. Nephrol Dial
Transplant. (2024) 39(10):1593–603. doi: 10.1093/ndt/gfae040

11. Bicalho PR, Requiao-Moura LR, Arruda EF, Chinen R, Mello L, Bertocchi APF,
et al. Long-term outcomes among kidney transplant recipients and after graft failure: a
single-center cohort study in Brazil. Biomed Res Int. (2019) 2019(1):7105084. doi: 10.
1155/2019/7105084

12. Pinto-Ramirez J, Garcia-Lopez A, Salcedo-Herrera S, Patino-Jaramillo N,
Garcia-Lopez J, Barbosa-Salinas J, et al. Risk factors for graft loss and death among
kidney transplant recipients: a competing risk analysis. PLoS One. (2022) 17(7):
e0269990. doi: 10.1371/journal.pone.0269990

13. Beviá-Romero Á, Quereda-Flores F, Díaz-Carnicero J, Gómez-Palomo F, Ramos-
Cebrián M, Espinosa-Vañó J, et al. Kidney transplant: survival analysis and prognostic
factors after 10 years of follow-up. Mathematics. (2023) 11(7):1640. doi: 10.3390/
math11071640

14. Dennhardt S, Ceanga IA, Baumbach P, Amiratashani M, Kroller S, Coldewey
SM. Cell-free DNA in patients with sepsis: long term trajectory and association
with 28-day mortality and sepsis-associated acute kidney injury. Front Immunol.
(2024) 15:1382003. doi: 10.3389/fimmu.2024.1382003

15. Charoensappakit A, Sae-Khow K, Rattanaliam P, Vutthikraivit N, Pecheenbuvan
M, Udomkarnjananun S, et al. Cell-free DNA as diagnostic and prognostic biomarkers
for adult sepsis: a systematic review and meta-analysis. Sci Rep. (2023) 13(1):19624.
doi: 10.1038/s41598-023-46663-2

16. Xu F, Tan X, Wang J, Lu S, Ding H, Xue M, et al. Cell-free DNA predicts all-
cause mortality of sepsis-induced acute kidney injury. Ren Fail. (2024)
46(1):2273422. doi: 10.1080/0886022X.2023.2273422

17. Gogenur M, Burcharth J, Gogenur I. The role of total cell-free DNA in
predicting outcomes among trauma patients in the intensive care unit: a systematic
review. Crit Care. (2017) 21(1):14. doi: 10.1186/s13054-016-1578-9

18. Einbinder Y, Shnaider A, Ghanayem K, Basok A, Rogachev B, Lior Y, et al.
Elevated circulating cell-free DNA in hemodialysis-treated patients is associated with
increased mortality. Am J Nephrol. (2020) 51(11):852–60. doi: 10.1159/000510771

19. Ware SA, Kliment CR, Giordano L, Redding KM, Rumsey WL, Bates S, et al.
Cell-free DNA levels associate with COPD exacerbations and mortality. Respir Res.
(2024) 25(1):42. doi: 10.1186/s12931-023-02658-1

20. Kananen L, Hurme M, Jylha M, Härkänen T, Koskinen S, Stenholm S, et al.
Circulating cell-free DNA level predicts all-cause mortality independent of other
predictors in the health 2000 survey. Sci Rep. (2020) 10(1):13809. doi: 10.1038/
s41598-020-70526-9

21. Zangwill SD, Deshpande SR, Simpson PM, Liang HL, Zhang L, Dasgupta M,
et al. Increase in nuclear cell-free DNA is associated with major adverse events in
adult and pediatric heart transplant recipients. Clin Transplant. (2022) 36(1):
e14509. doi: 10.1111/ctr.14509

22. Scott JP, Ragalie WS, Stamm KD, Mahnke DK, Liang HL, Simpson PM, et al.
Total cell-free DNA predicts death and infection following pediatric and adult heart
transplantation. Ann Thorac Surg. (2021) 112(4):1282–9. doi: 10.1016/j.athoracsur.
2020.08.006

23. Huang E, Gillespie M, Ammerman N, Vo A, Lim K, Peng A, et al. Donor-derived
cell-free DNA combined with histology improves prediction of estimated glomerular
filtration rate over time in kidney transplant recipients compared with histology alone.
Transplant Direct. (2020) 6(8):e580. doi: 10.1097/TXD.0000000000001027

24. Sorbini M, Aidala E, Carradori T, Vallone FEMS, Togliatto GM, Caorsi C, et al.
Donor-derived cell-free DNA evaluation in pediatric heart transplant recipients: a
single-center 12-mo experience. Transplant Direct. (2024) 10(10):e1689. doi: 10.
1097/TXD.0000000000001689

25. Agbor-Enoh S, Wang Y, Tunc I, Jang MK, Davis A, De Vlaminck I, et al. Donor-
derived cell-free DNA predicts allograft failure and mortality after lung
transplantation. EBioMedicine. (2019) 40:541–53. doi: 10.1016/j.ebiom.2018.12.029

Graver et al. 10.3389/frtra.2025.1624291

Frontiers in Transplantation 09 frontiersin.org

https://www.frontiersin.org/articles/10.3389/frtra.2025.1624291/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/frtra.2025.1624291/full#supplementary-material
https://doi.org/10.1097/TP.0000000000004482
https://doi.org/10.1016/j.kint.2021.11.034
https://doi.org/10.1016/j.transproceed.2022.02.027
https://doi.org/10.1016/j.transproceed.2022.02.027
https://doi.org/10.1111/ajt.15142
https://doi.org/10.1590/0100-6991e-20223346-en
https://doi.org/10.2307/2532740
https://doi.org/10.18637/jss.v084.i02
https://doi.org/10.1111/ajt.13661
https://doi.org/10.1093/ndt/gfae040
https://doi.org/10.1155/2019/7105084
https://doi.org/10.1155/2019/7105084
https://doi.org/10.1371/journal.pone.0269990
https://doi.org/10.3390/math11071640
https://doi.org/10.3390/math11071640
https://doi.org/10.3389/fimmu.2024.1382003
https://doi.org/10.1038/s41598-023-46663-2
https://doi.org/10.1080/0886022X.2023.2273422
https://doi.org/10.1186/s13054-016-1578-9
https://doi.org/10.1159/000510771
https://doi.org/10.1186/s12931-023-02658-1
https://doi.org/10.1038/s41598-020-70526-9
https://doi.org/10.1038/s41598-020-70526-9
https://doi.org/10.1111/ctr.14509
https://doi.org/10.1016/j.athoracsur.2020.08.006
https://doi.org/10.1016/j.athoracsur.2020.08.006
https://doi.org/10.1097/TXD.0000000000001027
https://doi.org/10.1097/TXD.0000000000001689
https://doi.org/10.1097/TXD.0000000000001689
https://doi.org/10.1016/j.ebiom.2018.12.029
https://doi.org/10.3389/frtra.2025.1624291
https://www.frontiersin.org/journals/transplantation
https://www.frontiersin.org/


26. Schutz E, Asendorf T, Beck J, Schauerte V, Mettenmeyer N, Shipkova M,
et al. Time-dependent apparent increase in dd-cfDNA percentage in
clinically stable patients between one and five years following
kidney transplantation. Clin Chem. (2020) 66(10):1290–9. doi: 10.1093/clinchem/
hvaa175

27. Oellerich M, Schutz E, Kanzow P, Schmitz J, Beck J, Kollmar O, et al. Use of
graft-derived cell-free DNA as an organ integrity biomarker to reexamine effective
tacrolimus trough concentrations after liver transplantation. Ther Drug Monit.
(2014) 36(2):136–40. doi: 10.1097/FTD.0000000000000044

28. Oellerich M, Shipkova M, Asendorf T, Walson PD, Schauerte V, Mettenmeyer
N, et al. Absolute quantification of donor-derived cell-free DNA as a marker of
rejection and graft injury in kidney transplantation: results from a prospective
observational study. Research support, non-U.S. Gov’t. Am J Transplant. (2019)
19(11):3087–99. doi: 10.1111/ajt.15416

29. Charya A, Jang M, Mutebi C, Luikart H, Shah P, Matthews J, et al. Cell-free
DNA to monitor immunosuppression adequacy in lung transplantation. J Heart
Lung Transplant. (2021) 40(4S):62. doi: 10.1016/j.healun.2021.01.1891

30. Kopfman M, Brokhof M, Patel S, Fu D, Olaitan O. High intrapatient tacrolimus
variability and increased cell-free DNA in kidney transplant recipients. Prog
Transplant. (2024) 34(4):204–10. doi: 10.1177/15269248241288559

31. Tsuji N, Agbor-Enoh S. Cell-free DNA beyond a biomarker for rejection:
biological trigger of tissue injury and potential therapeutics. J Heart Lung
Transplant. (2021) 40(6):405–13. doi: 10.1016/j.healun.2021.03.007

32. Tsuji N, Tsuji T, Ohashi N, Kato A, Fujigaki Y, Yasuda H. Role of mitochondrial
DNA in septic AKI via toll-like receptor 9. J Am Soc Nephrol. (2016) 27(7):2009–20.
doi: 10.1681/ASN.2015040376

33. Jansen MP, Emal D, Teske GJ, Dessing MC, Florquin S, Roelofs JJ. Release of
extracellular DNA influences renal ischemia reperfusion injury by platelet activation
and formation of neutrophil extracellular traps. Kidney Int. (2017) 91(2):352–64.
doi: 10.1016/j.kint.2016.08.006

34. Abeling T, Scheffner I, Karch A, Broecker V, Koch A, Haller H, et al. Risk factors
for death in kidney transplant patients: analysis from a large protocol biopsy registry.
Nephrol Dial Transplant. (2019) 34(7):1171–81. doi: 10.1093/ndt/gfy131

35. Zhang Y, Deng D, Muller S, Wong G, Yang JYH. A multi-step precision pathway
for predicting allograft survival in heterogeneous cohorts of kidney transplant
recipients. Transpl Int. (2023) 36:11338. doi: 10.3389/ti.2023.11338

36. Foroutan F, Friesen EL, Clark KE, Motaghi S, Zyla R, Lee Y, et al. Risk factors for
1-year graft loss after kidney transplantation: systematic review and meta-analysis.
Clin J Am Soc Nephrol. (2019) 14(11):1642–50. doi: 10.2215/CJN.05560519

37. Aubert O, Divard G, Pascual J, Oppenheimer F, Sommerer C, Citterio F, et al.
Application of the iBox prognostication system as a surrogate endpoint in the
TRANSFORM randomised controlled trial: proof-of-concept study. BMJ Open.
(2021) 11(10):e052138. doi: 10.1136/bmjopen-2021-052138

38. Klein A, Loupy A, Stegall M, Helanterä I, Kosinski L, Frey E, et al. Qualifying a
novel clinical trial endpoint (iBOX) predictive of long-term kidney transplant
outcomes. Am J Transplant. (2023) 23(10):1496–506. doi: 10.1016/j.ajt.2023.04.018

Graver et al. 10.3389/frtra.2025.1624291

Frontiers in Transplantation 10 frontiersin.org

https://doi.org/10.1093/clinchem/hvaa175
https://doi.org/10.1093/clinchem/hvaa175
https://doi.org/10.1097/FTD.0000000000000044
https://doi.org/10.1111/ajt.15416
https://doi.org/10.1016/j.healun.2021.01.1891
https://doi.org/10.1177/15269248241288559
https://doi.org/10.1016/j.healun.2021.03.007
https://doi.org/10.1681/ASN.2015040376
https://doi.org/10.1016/j.kint.2016.08.006
https://doi.org/10.1093/ndt/gfy131
https://doi.org/10.3389/ti.2023.11338
https://doi.org/10.2215/CJN.05560519
https://doi.org/10.1136/bmjopen-2021-052138
https://doi.org/10.1016/j.ajt.2023.04.018
https://doi.org/10.3389/frtra.2025.1624291
https://www.frontiersin.org/journals/transplantation
https://www.frontiersin.org/

	Plasma total and donor-derived cell-free DNA predict survival in kidney transplant recipients
	Introduction
	Patients and methods
	Population and data collection
	Outcome measures
	Covariates
	Statistical analysis

	Results
	Demographics
	Histopathology
	Cell-free DNA results

	Patient and graft survival
	Cell-free DNA according to outcome

	Survival analysis
	Univariate analysis
	Time-independent covariates
	Time-dependent covariates

	Multivariate analysis
	Interaction effects



	Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Conflict of interest
	Generative AI statement
	Publisher's note
	Supplementary material
	References


