










We have established a combination of assays that allow
for the quantification of this potential biomarker at
reasonable costs and within 1 working day, which are
necessary conditions for the routine clinical use of this
biomarker. The availability of devices that are capable
of doing automated digital PCR is required for the use
of such diagnostic tools in clinical laboratories.

There are 2 major factors limiting long-term out-
come in transplantation, namely, irreversible chronic
rejection and side effects of standard immunosuppres-
sion, such as nephrotoxicity, cardiovascular disease,
opportunistic infection, and malignancy. More than
50% of transplanted kidneys from deceased donors fail
within 10 years. Conventional KTx tests (e.g., creati-
nine) are often increased only after substantial tissue
damage has already occurred. Such delays in detection
can lead to late interventions, with graft damage that
can result in chronic rejection. Therefore, better (e.g.,
molecular) biomarkers are needed (18 ). Against this

background, numerous attempts have been made to
develop biomarkers that complement therapeutic drug
monitoring to achieve personalized immunosuppres-
sion. The main problem with therapeutic drug moni-
toring alone is that it does not precisely reflect the ef-
fects of immunosuppressive drugs on immune cells.
Reasons for this include the high between-person
variability in sensitivity to immediate and long-term
suppression of immune function and the lack of corre-
lation between plasma and intralymphocyte immuno-
suppressive drug concentrations. Thus, despite careful
monitoring, both over- and underimmunosuppres-
sion are still common. An exciting new approach for
noninvasive early detection of organ rejection is based
on the determination of circulating GcfDNA in the re-
cipient. Previous investigations in HTx recipients re-
ported that the percentage of GcfDNA increased sub-
stantially during long-term treatment at least 3 months
before biopsy-proven rejection (2 ). These data suggest

Fig. 3. Scheme of the workflow used to select informative assays and measure GcfDNA.

The first screening step is performed in a real-time PCR using the recipient’s genomic DNA (gDNA) as template. In this step all
SNP assays for which the recipient has a heterozygous genotype are eliminated, because they cannot be used in the
quantification ddPCR. In the next assay selection step, in which preamplified cfDNA is used as the template, the final informative
assay set for the individual patient is defined. This step is performed as ddPCR. An informative assay detects an SNP that is
homozygous in the recipient and either heterozygous or homozygous in the graft but heterologous between recipient and graft.
The latter are the preferred SNP assays for a patient (of which 5 should be found on average), because the relative amount of
the GcfDNA will be double compared to the first constellation. The percentages and numbers of assays given for each selection
step are calculated for a minor allele frequency of 0.5 and can vary between individual patients.
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that it may be possible to use such an assay for early
detection of subclinical rejection, which could allow an
individual adjustment of immunosuppressive therapy.
Conventional tests used in heart transplantation (e.g.,
echocardiography and cardiac biopsies) are either non-
specific and insufficiently sensitive or invasive, respec-
tively. There are no reliable laboratory biomarkers of
HTx rejection. Biomarkers used in KTx may not in-
crease until as much as 50% of organ function has al-
ready been lost (18 ). After LTx, several nonrejection
etiologies can increase the values of the commonly used
liver function tests used as rejection biomarkers. This
new cfDNA approach may be helpful to minimize or
even prevent rejection in many if not the majority of
organ transplants.

Monitoring GcfDNA has the advantage that it di-
rectly interrogates the health of the graft organ and,
therefore, could allow for the early detection of cellular
or antibody-mediated rejection. Although controlled
clinical trials will be needed, it is possible that this
methodology could enable effective early intervention
to prevent full-blown acute rejection. In our study, we
identified 1 LTx case with a complicated course leading
to organ rejection 5 weeks after transplantation. A fail-
ure of GcfDNA to fall below 15% by 10 days postsur-

gery as well as a very significant rise in the GcfDNA may
have been the earliest indicators of rejection. Whether
recurrence of hepatitis will also lead to substantial in-
creases of GcfDNA needs to be investigated in larger
numbers of patients. Nevertheless even a profound but
transient cholestasis did not result in changes in
GcfDNA, suggesting the test provides good discrimina-
tion between cholestasis and rejection in the initial dif-
ferential diagnosis.

Overall, the GcfDNA values observed here as well
as those reported using other, more complicated meth-
ods (2, 4 ) were all well above the method’s limit of
quantification, and critical changes were above the sen-
sitivity of the ddPCR method used. The relatively
higher GcfDNA amounts in stable LTx compared with
KTx and HTx that we report here may reflect the larger
graft volume and higher regeneration rate usually seen
for hepatocytes compared with heart and kidney cells.
Although controlled clinical trials are needed, it ap-
pears that this method of quantifying GcfDNA in the
recipient’s circulation has the potential to complement
or possibly even replace other approaches used for
posttransplant monitoring. The new test may also be
useful to monitor immunosuppression minimization,
because it might allow the early identification of pa-

Fig. 4. GcfDNA measured in the circulation of 9 stable KTx, 8 stable HTx, and 10 stable LTx patients (mean and SD
are given).

The number of ddPCR SNP assays used for each patient is given below the abscissa.
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tients in whom dosage decreases result in acute rejec-
tion. A further interesting possible use is the evaluation
of the reperfusion phase after transplantation. We ob-
served high GcfDNA concentrations up to approxi-

mately 95% in the first few days after surgery. Studies
are being done to examine whether these early mea-
surements of GcfDNA, when combined with the dy-
namics of the decline of these concentrations, reflect

Fig. 5. (A), The variance in the pattern of decrease of GcfDNA seen in 3 LTx patients during the first days
posttransplantation.

In 1 case there was a rapid decrease, in another there was an initial persistence at higher values, followed by a slightly delayed
sharp decrease, whereas the third patient (LTx8) showed a steady, but slow, decrease of GcfDNA. (B), Examples of 4 patients
with uncomplicated courses, having GcfDNA ratios usually below 15% after the first week post-LTx. The 1 higher single point
in patient LTx3 was accompanied by a transient, parallel increase of AST (not depicted).
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the severity of ischemia/reperfusion damage. At pres-
ent there is no definitive measure for the amount of
ischemia/reperfusion damage, which is thought to be
linked to ultimate long-term graft outcomes.

A novel cost-effective test based on automated
ddPCR with adequate same-day turnaround has been
developed and used for the first time. Clinical trials
need to be done to examine whether this test can be
used to improve the chances of long-term graft and
recipient survival. Measurement of the GcfDNA in
transplant recipients may also provide a helpful tool to
achieve personalized immunosuppression and help
shift the focus of transplant rejection monitoring from
postrejection reaction to earlier intervention and pre-
vention. Effective, noninvasive methods for direct in-
terrogation of transplanted organs may allow safer,
more effective therapeutic use of immunosuppressive
drugs and thereby reduce the morbidity, mortality, and
healthcare costs associated with organ transplantation.
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patent application 61/828,553.
Other Remuneration: E. Schütz, Chronix Biomedical.
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Fig. 6. (A), Time course of measurements in 1 LTx patient with rejection episodes.

GcfDNA content showed a marked and steady increase from day 31 onward, with an initial peak of approximately 60% at day
38. During this period, the conventional biomarker AST was more variable. (Note that the ordinate scale for the GcfDNA is
10-fold of Fig. 4.) (B), Late time course of patient LTx3: a late acute rejection episode was diagnosed at day 144 postsurgery.
The percentage of GcfDNA was 19% at day 145 and showed a steep increase to 55% at day 151. (C), The late time course
of patient LTx1 is shown, including an episode of cholestasis. It is noteworthy that GcfDNA did not rise despite increases in
conventional liver function tests.
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