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The donor-derived cell-free DNA (ddcfDNA) is found in the plasma and urine of
kidney transplant recipients and displays notable potential in diagnosing
rejection, specifically antibody-mediated rejection (ABMR). Nonetheless, the
quantitative methods of ddcfDNA lacking standardization and diverse detection
techniques can impact the test outcomes. Besides, both the fraction and
absolute values of ddcfDNA have been reported as valuable markers for
rejection diagnosis, but they carry distinct meanings and are special in various
pathological conditions. Additionally, ddcfDNA is highly sensitive to kidney
transplant injury. The various sampling times and combination with other
diseases can indeed impact ddcfDNA detection values. This review
comprehensively analyses the various factors affecting ddcfDNA detection in
kidney transplantation, including the number of SNPs and sequencing depths.
Furthermore, different pathological conditions, distinct sampling time points, and
the presence of complex heterologous signals can influence ddcfDNA testing
results in kidney transplantation. The review also provides insights into ddcfDNA
testing on different platforms along with key considerations.
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1 Introduction

Current diagnostic measures are unreliable in the early
detection of kidney graft injury, including acute, chronic and
subclinical rejection. Changes in plasma creatinine are most
commonly used to assess the function of transplanted kidney.
However, plasma creatinine is a result of glomerular function
rather than renal tissue damage with low specificity and
hysteresis. By the time an increase in plasma creatinine related to
rejection is evident, a significant degree of tissue damage has already
occurred within the kidney. Biopsy is regarded as the “gold
standard” for diagnosing graft injury. However, it is not a suitable
method because of its prohibitive cost and potentially serious
complications. In addition, sampling and interpretation errors
can also affect the accuracy of a biopsy.

Previous studies have evaluated the clinical validity of ddcfDNA
as a non-invasive biomarker for comprehensive monitoring of
allograft injury, including in kidney transplantation (KTx) (1-3). It
has shown great promise in the diagnosis of kidney transplant
rejection, particularly ABMR. This new approach could be useful in
personalizing immunosuppression and thereby improving outcomes.

The current methods of quantifying ddcfDNA concentration
are primarily based on Next-generation sequencing (NGS) or PCR
technologies, including droplet digital PCR (ddPCR) and real-time
PCR. These methods calculate the fraction of ddcfDNA by assessing
the proportion of low-frequency heterologous signals (LFHS) on
the homozygote single nucleotide polymorphisms (SNPs) of
recipients. Previous studies have used Y-chromosome specific
alleles to quantify the ddcfDNA, but this technique could only be
performed in gender-mismatched transplantation settings (4). The
application of ddPCR is limited by the number of SNP sites, and
detection results are prone to bias. It is important to note that
various detection techniques can influence test results to some
extent (1).

Furthermore, both the fraction and absolute value of ddcfDNA
have been reported as valuable markers for the diagnosis of
rejection. However, they carry distinct meanings and are specific
to different pathological conditions (e.g., lung or urinary tract
infection, parvovirus B19 infection, TCMR), which may
complicate interpretation of the results. For example, in some
situations the absolute ddcfDNA value may increase but the
fraction value remains stable. Cheng et al. have shown that the
ddcfDNA fraction is higher in ABMR than that in TCMR (5).
Previous studies identified the association between ddcfDNA and
renal allograft injury, which found that ddcfDNA level has an
obvious different manifestation in various renal allograft injuries
(6). Moreover, inflammatory load and macrophage extracellular
trap activity can increase the absolute values of ddcfDNA, but
decrease the plasma ddcfDNA fraction (7).

Lastly, ddcfDNA is very sensitive to renal transplant injury,
different sampling times (early post-transplant, post-steroid pulse,
within 12 h of biopsy, etc.) and the presence of third heterologous
signals (such as tumor carriage or transfusion status) can indeed
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affect ddcfDNA detection values. The median ddcfDNA level
increases at the initial time post-transplantation and remains at a
stable level till the seventh day post-transplantation (8). Moreover,
ddcfDNA test values are also elevated during the immediate post-
puncture period (9). While there is a significant decrease in plasma
ddcfDNA levels after rejection treatment (10), urine ddcfDNA
levels show a distinct pattern in BK virus-associated nephropathy
(BKVAN) patients (11). Therefore, it is crucial to adhere to precise
sampling requirements and select appropriate sampling times to
ensure accurate interpretation of ddcfDNA results.

This article provides a comprehensive review of various detection
technology platforms, different pathological conditions, distinct
sampling time points, and the presence of complex heterologous
signals, and how can they influence ddcfDNA testing results in
kidney transplantation. It also provides insights into ddcfDNA
testing in different platforms with important considerations.

2 Different testing
technology platforms

2.1 Donor genotype-dependent and
-independent methods

Differentiating donor and recipient signals primarily relies on
genetic markers like SNP and insertion-deletion (Indel). Donor
genotype-dependent methods require prior acquisition of both
recipient and donor genotype information to accurately identify
and quantify donor signals within the recipient’s cfDNA sample
(12). However, in cases where the donor genotype is unavailable,
direct calculation of the donor proportion is not possible as it is
challenging to determine whether LFHS at SNP positions are
erroneous, derived from the donor, or represent donor
homozygous or heterozygous signals. To address the limitation of
unavailable donor genotype information, the first step is to
determine the recipient’s genotype. This can be done by analyzing
leukocyte samples obtained from the low-depth cfDNA WGS data
(13, 14), or ddPCR data (15), or by inferring the recipient’s SNP
genotype through deep sequencing (16-18).Once the recipient’s
genotype is established, informative SNPs are identified. These are
SNPs where the recipient is homozygous, and LFHS are observed.
The probabilities of donor homozygous and heterozygous
genotypes at these informative SNPs are calculated based on the
SNP genotype frequencies in the population and the law of
independent assortment. These probabilities are then
incorporated into a binomial distribution probability model.
Finally, the quantification of ddcfDNA is achieved by applying
the maximum likelihood estimation method (18). For example,
when the recipient genotype at the informative SNP locus is “A/A”,

« »

and a minor signal “a” is detected, there are two possibilities for the
“a” signal: a/a or A/a. In addition, hundreds or thousands of such
low signals will form two signal proportions (Figure 1) and conform

to two laws: the signal values of a/a are twice as much as that of A/a
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FIGURE 1
Two signal distribution of a/a and A/a.

and the number of SNPs in the form of a/a is half of that in the A/
a form.

Additionally, “a” deviates from this law due to PCR or
sequencing errors (18). Donor-independent quantification relies
on the assumption that ddcfDNA content does not exceed 20% or
15% (19). To quantify ddcfDNA in the early post-transplantation
period (<8 days), simultaneous determination of the recipient
leukocyte genotype is critical, as the ddcfDNA often exceeds
20% (8).

2.2 The impact of nucleosome footprinting

Nucleosomes, which are fundamental units of DNA packaging
in eukaryotes, vary in positioning across organs (20, 21). This
results in heterogeneity of endonuclease cleavage reactions in
donor and recipient genomes and PCR primer binding bias
during amplification (Figure 2). Therefore, it is advisable to avoid
selecting SNPs on nucleosome footprinting specifically in kidney
tissue when using PCR platforms. Furthermore, when utilizing
ligation technology, SNPs can be detected regardless of cfDNA
fragment endpoints, thus decreasing nucleosome bias (Figure 2).
Moreover, the influence of nucleosome footprints is insignificant in
circulating tumor DNA and cell-free fetal DNA (cffDNA)
examinations as the focus is mainly on qualitative assessment
(22, 23).

2.3 How many target SNPs/Indels
are enough?

Determining the optimal number of target SNPs/Indels is
crucial. Research through the NGS platform uses hundreds or
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more SNPs. For example, Grskovic et al. (16) used 266 SNPs,
Sigdel et al. used 13392 SNPs (24), while Zhou et al. used 5800 SNPs
(18). In a study involving whole genome sequencing, 640 - 700K
SNPs were used (13), while research using the ddPCR technology
platform targeted dozens of SNPs (25), and qPCR detection also
used only a few indel polymorphisms loci (26). A larger number is
advantageous, but cost constraints demand a minimum. In
scenarios where donor genotype info is unavailable, obtaining at
least two LFHS (A/a and a/a) simultaneously is necessary. So, what
is the appropriate number of SNPs?

For the calculation, assuming m as the population’s probability

« _»

of the “A” genotype and 1-m for “a” genotype, three scenarios

can occur:
1)P1 = P(R = AA, D = aaorR = aa,D = AA) = 2 x m* x (1-m)?
2)P2 = P(R = AA, D = Aa orR = aa, D = Aa) = 2m — 6m> + 8m> — 4m*

3)P3=1- Pl - P2

The expected number of SNPs for at least one occurrence of
scenario 1 (L1 ) can be calculated as Eq. 1, considering: 1) There is
a probability (P1) of scenario 1 happening in the current SNP; 2)
There is a probability (P2 + P3) of either scenario 2 or 3 happening
in the current SNP, and in that case, starting over with one more
SNP (1 +L,00). By solving this equation, L, oo = 1/P1. Similarly,
Ligo = i/P1, and Ly jo = j/P2.

Ligo = Pl x1 + (P2 + P3)x (1 + L) (1)

Similarly, the expected number of SNPs necessary for scenario 1
to happen i times and scenario 2 to occur j times (L;j) can be
calculated using Equation 2:

Lijo = PLX(Lisyjo + D+ P2Xx (Lijop + 1)+ P3X(Lijo+ 1)

14+P1XLiyjo+P2XLij 10

S Lijo= P1+P2

)

Practically, for m = 0.4, L, is approximately 10, and L, is
approximately 13. This indicates that on average, about 13 SNPs need
to be observed for one instance of “A/a” and two instances of “a/a” to
occur. The above calculations are carried out on the assumption that
there is no relationship between the donor and the recipient.

2.4 How many sequencing depths
are needed?

Sequencing depth is crucial for %ddcfDNA detection. For one SNP
(homozygous recipients, homozygous donors, and with different
genotypes), the actual %ddcfDNA of p, y follows a binomial
distribution which refers to the number of reads observed, LFHS, at
depth n. Considering that the probability of the observed %ddcfDNA
(p’ = y/n) falling within a relative error range of the actual %ddcfDNA
should not be less than 90%, # is calculated by Equation 3.
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The impact of nucleosome footprinting and detection methods on targeted selected SNPs (A, B). In the nucleosome-wrapped regions, there is a
higher coverage of cfDNA. Additionally, at certain positions in the genome, there exist differences in the distribution of nucleosomes between the
donor and recipient in organ transplantation (A). Nucleosome cutting typically occurs outside the nucleosome-wrapped regions, resulting in cfDNA
fragments carrying the same SNP exhibiting different fragmentation patterns. When the SNP is located within the recipient’s nucleosome wrapping
region rather than the donor’s nucleosome wrapping region, it may lead to a decrease in the donor SNP signal, causing ddcfDNA detection values to
be lower than the actual values (B). When the SNP is biased towards one end of the cfDNA fragment, the conventional PCR approach tends to
overlook specific cfDNAs bearing SNPs because they require both forward and reverse primers to bind simultaneously for double-stranded
amplification, leading to an underestimation of the target quantity. However, Ligation PCR facilitates the capture of these cfDNA fragments by
adding PCR primer adapters to the cfDNA. This ensures that conventional PCR primers can easily capture these cfDNA fragments without being
biased towards a specific end due to SNP presence, thereby increasing the accuracy of detection (C).
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Figure 3A specifies the necessary sequencing depth for various
%ddcfDNA (ranging from 0.2% to 3%) with a relative error.
Notably, when the actual %ddcfDNA is 0.2%, a minimum
sequencing depth of 135,853X is needed with a relative error of
10%. As the actual %ddcfDNA increases, the minimum required
sequencing depth gradually decreases. For instance, at %ddcfDNA
of 3%, only 8,803X is required.

In kidney transplantation, %ddcfDNA diagnostic threshold is
1%. Therefore, it is desirable for the actual concentration to range
between 0.2% and 1.5% (considering an absolute error of 0.001),
resulting in a depth range of 5,435X to 40,225X. Similarly, for an
expected %ddcfDNA of 1.5% to 3% (considering an absolute error
of 0.005), the depth range is 1,609X to 3,169X. Thus, under the
assumption of a homozygous donor and recipient with differing
genotypes at the known locus, a reasonable sequencing depth
should be around 50,000X. Figure 3B illustrates the relative errors
at various %ddcfDNA within a 90% confidence interval when the
sequencing depth is set at 50,000X. Whereas, the relative error rate
for ddPCR is around 35-40% when the %ddcfDNA is 0.5% (27).
Moreover, in diagnosing TCMR, newer reports are employing

Frontiers in Immunology

diagnostic thresholds lower than 1%, indicating that we may
actually need higher sequencing depth.

It is worth noting that when hybrid capture sequencing depth
reaches high, the presence of a certain proportion of off-target reads
can result in high costs. In such cases, the sequencing cost can be
reduced by increasing the number of SNPs. In binomial
distribution, 50,000X depth at one SNP equals to 2,000X at 25
SNPs. As mentioned in Section 2.3, L, 50, is around 231. Thus, 231
SNPs with the average depth of 2,000X is recommended. With this
approach, it should identify effective SNPs where the recipient is
homozygous, the donor is homozygous, and their genotypes are
different among the 231 SNPs. Utilizing the sum of small signal
reads across all effective SNPs divided by the total sequencing depth
at these SNPs, it is possible to estimate the %ddcfDNA. This
estimation provides a 90% confidence interval for relative error
ranging from 0.04 to 0.017.

Second, the effective sequencing depth is also related to the
amount of cfDNA extraction (28, 29). If the total extraction amount
of ¢fDNA is 20 ng/mL plasma, on average 1 copy of genome
equivalent is about 6.6 pg, then 20 ng cfDNA will be equal to 3030
genome equivalents. Hence, the highest effective sequencing depth
is 3030X. Since the cfDNA extraction volume can impact low-
frequency heterogeneous SNPs detection, it is necessary to ensure
the extraction of optimal cfDNA amount in heart transplantation
because the cfDNA derived from stable allograft is usually less than
0.2% (30). For kidney transplant recipients, studies have reported a
median ddcfDNA of 0.33% for non-rejection group as diagnosed
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via molecular sign-out (31). In order to detect small signals from
donor alleles on informative SNP loci, the detection accuracy needs
to reach 0.165%. Considering that hybridization capture methods
typically exhibit a coefficient of variation of 25% (32), and assuming
the coverage of SNP loci follows a normal distribution, a minimum
cfDNA amount of 8 ng is required in kidney transplant to ensure
that 95% of SNPs meet the detection criteria.

3 Fraction and absolute values
of ddcfDNA

Approximately 80% of plasma cfDNA is derived from the
apoptosis and necrosis of white blood cells (WBC), commonly
referred to as leukocyte-derived cfDNA. The next highest fraction
comes from liver, with the remaining cfDNA originating from
various organs in the body (33, 34).

The fraction value of ddcfDNA refers to the proportion of
ddcfDNA in relation to the total cfDNA (Eq. 4). It is relatively less
influenced by internal experimental factors, such as cfDNA
preservation and extraction steps. The diagnostic utility of
ddcfDNA fraction values in the context of renal allograft rejection
has been extensively validated (35). The absolute value of ddcfDNA
represents the amount of ddcfDNA per millilitre of plasma or urine
(expressed in ng or genome copies, Equation 5) (36). The
calculation formulae are as follows:

Q donor
9 NA = 4
% ddefD Q donor + Q recipient )
ng  copies
ddcfDNA (mL or il )
= ddcfDNA % X cfDNA extraction volume (5)

Several studies have suggested that the absolute value of
ddcfDNA is of greater diagnostic significance for rejection (25,
37). It is speculated that in various clinical conditions characterized
by minor fluctuations in leukocyte-derived c¢fDNA, the absolute
value of ddcfDNA may be less influenced by factors such as sepsis,
urinary tract infection, methylprednisolone pulse therapy, degree of
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renal tubular and interstitial inflammation, including vigorous
physical activity, among others. Both fraction and absolute values
have their respective advantages and disadvantages (Table 1). The
efficacy of ddcfDNA fraction and absolute values is investigated in
different pathological conditions.

3.1 TCMR, ABMR and BKVN

The value of ddcfDNA in the diagnosis of ABMR has been
recognized by researchers (38), while the value of ddcfDNA in the
diagnosis of T-cell-mediated rejection (TCMR) is currently
controversial. Some studies show little significance (35), while
others report significance, especially in the case of absolute values.
Oellerich’s research suggests that ddcfDNA can effectively diagnose
rejection, including TCMR and ABMR. When diagnosing
borderline TCMR, the significance p-value of ddcfDNA absolute
values (p < 0.0001) is much better than fraction values (0.0006) (25).
Bunnapradist et al. found that combining the absolute and fraction
values of ddcfDNA improved the diagnosis of rejection. Specifically,
introducing an absolute ddcfDNA threshold (=78 copies/mL)

TABLE 1 Comparison of advantages and disadvantages between
absolute and fraction values.

Metric Advantages Disadvantages

Absolute | 1) Not influenced by 1) Poor comparability between
value fluctuations in WBC-derived different experimental platforms
cfDNA levels; (plasma/urine cfDNA
2) Not affected by variations in | preservation devices, extraction
the extent of inflammation in kits, etc.);
different pathological 2) Long-term storage of plasma/
conditions; urine samples, even on the same
3) Not influenced by recipient experimental platform, can also
cell lysis during blood drawn. impact results.
Fraction 1) Not influenced by total 1) Prone to fluctuations in WBC
value cfDNA degradation and levels, such as in the case of
extraction reagents; rejection detection during
2) Strong comparability infection states.
between different
experimental platforms.
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alongside the fraction threshold (> 1%) corrected false-negative
results in 2 cases of TCMR (39).

In Bunnapradist et al.’s study, it was found that the proportion
of TCMR (excluding mixed rejection) accounts for 83.3% of the
active rejection group (39). However, according to Gohh’s research,
a high absolute value does not provide any further discriminatory
power over ddcfDNA fraction in detecting allograft rejection, with
TCMR (excluding mixed rejection) accounting for only 60% (40).
TCMR is primarily associated with T-cell inflammation, and the
apoptosis and necrosis of inflammatory cells could increase
leukocyte-derived c¢fDNA, which would lead to lower fraction
values (1). Therefore, the absolute values of ddcfDNA appear to
have greater significance in diagnosing TCMR compared to fraction
values. However, due to differences in cohort selection between
these two studies, the former employed a retrospective for-cause
ddcfDNA test, while the latter utilized a prospective for-surveillance
ddcfDNA test, with variation in sample sizes between them.
Therefore, further research is needed to assess the diagnostic
value of absolute values in TCMR.

Chen et al. documented seven cases of probable BK virus
nephropathy (BKVN), defined by the presence of a sustained
plasma BKV DNA load >10° copies/mL in two measurements
within three weeks, coupled with negative anti-SV40-T THC
staining on renal biopsy. These 7 patients had a high urinary %
ddcfDNA (mean value = 91%), and their absolute values were not
significantly different from the proved-BKVN group but showed a
significant difference compared to the resolving group (11).

It was hypothesized that these 7 patients were most likely in the
early stages of BKVN with a low degree of tubulitis and interstitial
inflammation. According to another study, the BKVN-pure group,
which indicates patients with proven BKVN who had no
histological evidence of rejection according to the Banff 2017
criteria, also had a higher fraction value than the BKVN-proved
and TCMR groups, but the absolute value was not higher than the
BKVN-proved group. This BKVN-pure group also shows mild
tubulitis (41).

Similarly, Whitlam et al. reported an increased fraction value of
ddcfDNA in patients with chronic active ABMR (caABMR), while
the absolute value was low (37). This suggests that under the
pathological condition of caABMR, although there is rejection
injury, the degree of inflammation is mild.

Overall, when the degree of inflammation is low, the fraction
value will be higher (Equation 4). Meanwhile, when the degree of
inflammation is greater, the WBC will release more cfDNA, and the
amount of donor source will be further diluted, and the fraction
value will be low (Equation 4).

3.2 Infection

3.2.1 Lung infection

Lung infections can elevate WBC levels, resulting in an increase
of leukocyte-derived cfDNA in plasma (42, 43). Consequently,
infection dramatically increases the total plasma cfDNA extracted
and increases the “Q recipient” value in Eq.4, causing a decrease in
the fraction value of ddcfDNA. However, the absolute value of
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ddcfDNA remains unaffected. When the fraction value of ddcfDNA
drops to the limit of detection (e.g., 0.1% - 0.2% for NGS), the Q
recipient value increases, but the fraction value of ddcfDNA no
longer decreases. Therefore, calculating the absolute value using the
fraction value of ddcfDNA is not feasible at this time.

In a study, thirteen patients with sepsis were enrolled and their
plasma ddcfDNA was measured. It was found that the fraction
value of ddcfDNA at the onset of sepsis was not different from that
after treatment and in stable state, but the absolute value was
increased, indicating that kidney damage was still present in
sepsis (36).

Another study found that three patients who experienced
rejection were also infected with pathogens and their %ddcfDNA
was below the cut-off value (44). Jose et al. found that renal
transplant patients infected with COVID-19 had elevated levels of
total plasma cfDNA (7.9 multiples of median [MoM]). Two patients
with biopsy-confirmed acute cellular rejection had ddcfDNA
fractions below the 1% cut-off for rejection (0.20% and 0.78%),
but the total cfDNA levels elevated to 7.9 MoM and 4.8 MoM,
respectively (45).

3.2.2 Urinary tract infection

Urinary tract infections can lead to an increase in recipient
immune cells in the urinary tract following immune activation,
resulting in increased levels of cfDNA derived from WBC (46).
Recipients with pyuria had a lower urinary ddcfDNA fraction than
no-pyuria (p = 8.0 x 107*) (47). Patients with tubulitis and

interstitial inflammation also show immune cell activation.

3.2.3 B19 virus infection

The fraction value of ddcfDNA in patients with B19 virus
infection was lower than the reported cut-off value for rejection.
However, its absolute value was significantly higher than the
reported cut-off value (data to be published). The B19 virus
primarily infects precursor of red blood cells (nucleated cells)
where it induces cell cycle arrest in the G1 phase through NSI,
leading to apoptosis and damage of the precursor of red blood cells
(48, 49), and subsequent increase in the release of total cfDNA.

In summary, both absolute and fractional values need to be
evaluated in the detection of ddcfDNA, and different combinations
of absolute and fractional values represent different meanings.

4 Effects of different sampling
time points

4.1 Effects of early ischemia-reperfusion
after transplantation

Studies have shown that early postoperative ischemia-
reperfusion injury (IRI) increases the detection value of
ddcfDNA, which gradually decreases to less than 1% by about the
7" day after surgery (8). Studies of ddcfDNA levels in early
postoperative rejection patients showed that there was no
significant difference in ddcfDNA levels between the rejection and
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non-rejection groups within 10 days of surgery. Between 11 and 180
days after surgery, ddcfDNA levels were significantly higher in the
rejection group than that in the non-rejection group (p < 0.05) (50).
When using ddcfDNA testing to diagnose the risk of rejection, it is
important to avoid samples collected within the first 10 days after
transplantation. This limitation indicates that ddcfDNA may not be
effective in detecting rejection shortly after transplantation.

4.2 Effects of deletional induction or
rejection therapy

Studies have reported a rapid decrease in %ddcfDNA in both
TCMR and ABMR patients after treatment for rejection. It has been
suggested that ddcfDNA could serve as a potential biomarker for
real-time monitoring of response to therapy (51). Shen et al. found
that %ddcfDNA decreased within 3 days post injection of
methylprednisolone sodium succinate in 28 patients with acute
renal rejection (from 2.566% to 0.773%, p < 0.001) (10). The
decrease in ddcfDNA is thought to be non-specific as the half-life
of cfDNA is very short (16 min - 2 h). It should be noted that there
is a rapid decrease in inflammatory cells after steroid pulse therapy,
especially methylprednisolone pulses, which may also contribute to
the decrease in ddcfDNA. It was thought that recipients treated with
deletional induction or rejection therapies (multi-doses of
Thymoglobulin or long lasting alemtuzumab) may impact overall
leukocyte numbers and cfDNA fraction calculations. Therefore, it is
advisable to obtain samples prior to treatment for rejection or
during the stable period after treatment when utilizing ddcfDNA.

4.3 Effects of renal biopsy

Whitlam et al. found that there were no statistically significant
differences in the distribution of ddcfDNA absolute value (p = 0.19),
total ¢fDNA (p = 0.55), and ddcfDNA fraction value (p = 0.7)
measurements between before and after renal biopsy (37). Here
“before” refers to the time before the puncture, “after” refers to the
day after the puncture, since the half-life of cfDNA is very short, this
interval is relatively long, and the results may not reflect the effect of
renal biopsy on ddcfDNA. Kyeso et al. found that the ddcfDNA
levels increased at 20 min (p = 0.0022) and 2h (p = 0.0138) after
biopsy in 16 renal transplant patients and there was no significant
change at 24 - 48 h after biopsy (p = 0.2846) (9). Further research
can be further subdivided into 2 - 24 h, suchas2-6and 6 - 24 h
after surgery.

4.4 Effects of strenuous exercise and
high BMI

Exercise can induce the formation of neutrophil extracellular
traps (NETSs). After NET rupture, cfDNA in NETs is released into
the extracellular space. One study showed that the amount of
cfDNA could increase significantly (from 3.3 ng/mL to 28.9 ng/
mL, p = 0.002) during exhaustive exercise (at a speed corresponding
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to 70% of their personal VO,max) (52). The amount of plasma
cfDNA was also significantly increased to 7.0-fold (p < 0.001) in the
incremental exercise state (53), and cfDNA was also significantly
increased after high-intensity interval exercise (p = 0.047).
Therefore, it is important to maintain the resting state as much as
possible before blood collection, e.g. it may be advisable for the
patient to have complete bed rest after climbing stairs.

Obesity may also increase the release of total cfDNA, possibly
due to the generation of free radicals and oxidative stress, which are
associated with cellular and molecular damage in cell injury (54).
Among patients with a BMI > 24 kg/m?, there is a significant
increase in total cfDNA levels compared to those with a BMI < 24
kg/m* (p = 0.0008) (55). The increase in total cfDNA may dilute
ddcfDNA, but the specific magnitude of this effect is still unknown.
Research on the fetal fraction of cell-free DNA (ficfDNA) in the
plasma of obese pregnant women suggests that the decrease in
ficfDNA may be due to obesity being associated with reduced
release of cfDNA from the placenta. Further research is needed to
fully understand the impact of obesity on ddcfDNA.

5 Impact of confounding signals

The current technology for detecting ddcfDNA is primarily a
“donor-independent method”. When using NGS detection
technology, there are two important considerations: 1) The
donor-independent technique assumes that the signal ratio of the
donor organ is less than 15-20% (19). If the actual signal from
donor is above this threshold, it can lead to biased quantification
when the donor genotype is independent, therefore liver
transplantation must simultaneously genotype the leukocyte DNA
of the recipient. 2) It is difficult to distinguish the individual kidney
signal when there are other confounding signals, especially those
with signal values higher than the background noise of sequencing.

5.1 Multi-organ transplantation

In renal transplant patients with combined organ transplantation,
the donor signal has two sources: the donor kidney and other
combined organs. Because most of the time, the joint organ comes
from the same donor, and their genomes are the same, it is difficult to
distinguish the individual signal sources of the donor kidney via
SNP typing.

In cases of simultaneous pancreas-kidney transplantation, 40%
of patients with rejection will have concurrent rejection. If kidney
biopsy is performed alone, 26.5% of the pancreas rejections may be
missed (56), but pancreatic rejection is difficult to diagnose in terms
of pathological or serological indicators. Thus, ddcfDNA can be
used as a non-invasive marker for detecting pancreatic rejection. In
a study of ddcfDNA on simultaneous pancreas-kidney
transplantation, it was found that the ddcfDNA value at one-
month post-transplantation was higher than KT alone (0.9 +
1.1% VS 0.49 = 0.4%) (57). Baseline ddcfDNA levels among
normal PTx (25 SPKT and 3 PT alone) recipients show a median
level of <1.0% (similar to KT alone), but a higher mean within one-
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month post-transplantation (1.00 £ 0.9%) (58). In the condition of
rejection, Ventura-Aguiar et al. discovered the fraction value (0.83%
versus 0.30%; p = 0.006) and absolute value (81.3 versus 35.3 cp/mL;
p =0.001) of ddcfDNA were elevated compared to the stable group
after 45-day posttransplant. However, as it is not possible to
differentiate the signal source from which donor organ
specifically, determining whether it is a case of kidney or pancreas
rejection remains unfeasible (59).

For other combined kidney transplants, such as combined liver-
kidney transplants, liver-derived cfDNA accounts for more than 10%
(60, 61), while the level of cfDNA from donor kidney is low (~ 1%), and
the cfDNA from donor kidney accounts for about 1/10 of the
transplanted liver. Therefore, in combined liver-kidney
transplantation, the diagnosis of transplanted liver rejection is not
affected (cutoff value is 10%), but the diagnosis of transplanted kidney
rejection is very difficult. At this time, conducting tissue-specific fDNA
methylation sequencing is a potential avenue for future exploration.

5.2 Dual kidney transplantation

Dual kidney transplantation (DKT) allows for the use of
marginal kidneys that are not suitable for single kidney
transplantation. The amount of ¢fDNA, which is derived from
apoptotic cells of transplanted kidneys, is theoretically higher in
DKT compared to single kidney transplantation. A study on
median dd-cfDNA levels at one-month post-surgery showed that
patients undergoing dual kidney transplantation (1.10%, n = 3) had
higher median dd-cfDNA levels compared to patients undergoing
single kidney transplantation (0.31%), but the difference exhibited
no statistical significance (62). Thus, dual kidney transplants may
contribute to increased basic levels of ddcfDNA.

5.3 Renal transplant patients with tumors,
bone marrow transplantation, blood
transfusion treatment or in

gestational period

Tumors, pregnant women, bone marrow transplantation and
blood transfusion will all introduce heterologous cfDNA (63, 64).
Currently, NGS-based ddcfDNA detection methods are employed in
kidney transplantation, of which most of them are donor genotype-
independent (16, 18, 24), and directly calculates low heterologous
signals to obtain the proportion of donors. Therefore, factors that affect
the proportion of heterologous signals will affect the fraction of
ddcfDNA. If the patient’s condition is unclear, the presence of the
other type of heterologous signal can be evaluated from several aspects:
1) How many informative SNPs can be detected? According to
Mendel’s laws, when the donor and the recipient are unrelated, the
number of informative SNPs is theoretically accounting for 37.5% of
the total SNP. When the donor and recipient are siblings or parent/
child, the informative SNPs are accounting for 21.875% and 25%. 2) In
addition, there may also be abnormalities in quantitative value, e.g
kidney transplantation recipient diagnosed with liver cancer will exhibit
chromosome copy variation (CNV) on haploids in tumor cells which
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can disrupt the law of genotype distribution frequency. This can result
in higher ddcfDNA values, since cfDNA derived from liver cancer cells
often exceeds 15% in blood. In our empirical observations, patients
diagnosed with liver cancer often displays a plasma ddcfDNA test value
of 20%, significantly higher than that observed among kidney injury
patients. Under these conditions, it is viable to increase sequencing
depth and isolate the two signal sources, that is, the heterologous signal
proportions between the donor kidney and the liver cancer, which may
manifest as two ddcfDNA value cluster.

6 Outlook

ddcfDNA shows promise as a biomarker for assessing renal
allograft injury, but further considerations must be taken into
account when utilising ddcfDNA testing.

1. The current high-throughput sequencing technology allows
for donor-genotype-independent quantification and
convenient operation. Retesting patients no longer
requires specific PCR primers and probes for each
patient, while also eliminating the impact of nucleosome
mapping on the heterologous signal bias at specific SNP
sites. To reduce background noise in tests, such as the
ddcfDNA test for heart transplant patients, the
polymorphic Indel site on the human genome could be
used in the future. Unlike SNP, it is less susceptible to
sequencing errors and can serve as a new biomarker. It is
recommended to draw over 10 mL of blood for cfDNA
extraction to improve the identification of LFHS and ensure
adequate absolute copy number detection.

2. The detection of renal allograft injury is improved by
considering both the absolute and fraction values of
ddcfDNA. Therefore, interpretation of ddcfDNA results
requires evaluation of both parameters. However, it is crucial
to recognize that absolute values of ddcfDNA are not readily
comparable across different laboratories. Furthermore, on the
same ddcfDNA testing platforms, comparing absolute values
obtained from samples with different cryopreservation times is
also challenging due to the degradation of ¢fDNA during
prolonged cryopreservation (65-67). Additionally, it should
be considered that the amount of cfDNA extraction may be
affected by using different blood preservation tubes (68).

3. The diagnostic value of plasma and urine ddcfDNA for
transplanted kidney injury varies. Plasma ddcfDNA levels
are mainly associated with glomerulonephritis and PTC
scores in Banff scores (7). However, in cases of TCMR or
BKVN, the primary indication of injury is renal tubular and
interstitial damage (Banff 2019). Urine DNA detection
methods are becoming increasingly matured (69), and it
may be advantageous to measure ddcfDNA levels in both
plasma and urine when detecting both rejection and BKVN
risk simultaneously (6, 41). If a renal transplant patient is
complicated by tumor, bone marrow transplantation/blood
transfusion therapy, or pregnancy, detection through SNP
is more challenging due to the signal of a confounding
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second heterologous DNA. In such cases, tissue-specific
methylation detection may be required.

4. One of the main challenges confronting organ transplantation,
aside rejection and post-transplant infection, is the availability
of suitable donors. Increasing donor pool to clear the backlog
of recipients on the waiting list has been of interest to
physicians. Transplant using organs from ‘foreign’ species is
therefore becoming a common practice due to advances in
heterogenous donor-recipient compatibility even though
rejection and zoonotic infection remain a challenge in this
field. The potential of circulating xenograft derived cfDNA as
a marker of rejection is least explored and should be
investigated as a safe, effective and non-invasive method for
continuous monitoring of graft status in xenotransplantation.
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