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  Kidney transplant recipients require meticulous clinical and laboratory surveillance to monitor allograft health. 
Conventional biomarkers, including serum creatinine and proteinuria, are lagging indicators of allograft injury, 
often rising only after significant and potentially irreversible damage has occurred. Immunosuppressive medi-
cation levels can be followed, but their utility is largely limited to guiding dosing changes or assessing adher-
ence. Kidney biopsy, the criterion standard for the diagnosis and characterization of injury, is invasive and thus 
poorly suited for frequent surveillance.

  Donor-derived cell-free DNA (dd-cfDNA) is a sensitive, noninvasive, leading indicator of allograft injury, which 
offers the opportunity for expedited intervention and can improve long-term allograft outcomes. This article 
describes the clinical rationale for a routine testing schedule utilizing dd-cfDNA surveillance at months 1, 2, 3, 
4, 6, 9, and 12 during the first year following kidney transplantation and quarterly thereafter. These time points 
coincide with major immunologic transition points after transplantation and provide clinicians with molecular 
information to help inform decision making.
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Background

The United States kidney transplant wait list currently includes 
more than 90 000 candidates, with nearly 3000 more added 
every month. In 2019, only 23 401 kidney transplants were 
performed, exposing the dramatic gap between organ de-
mand and availability [Organ Procurement and Transplantation 
Network, September 2020]. Many patients will either die be-
fore getting a transplant or become too sick to remain listed. 
Furthermore, despite improvements in median allograft sur-
vival over the last decade, over 10% of donor organs will go 
to repeat transplant recipients every year. A variety of strate-
gies have been proposed to help address this imbalance, in-
cluding better donor-recipient matching and increased utiliza-
tion of marginal organs. The emergence of novel biomarkers 
such as donor-derived cell-free DNA (dd-cfDNA) may further 
aid in these efforts by allowing earlier identification and en-
hanced characterization of allograft injury.

Beyond the complications seen in the immediate postoperative 
period, attention turns to the multitude of threats to the long-
term survival of both patient and allograft, including drug tox-
icity, opportunistic infections, recurrence of primary disease, 
and acute rejection. Current strategies for monitoring allograft 
health in the posttransplant period are limited, with convention-
al biomarkers such as creatinine and proteinuria serving as ei-
ther lagging or nonspecific indicators of injury. Allograft tissue 
biopsy remains an integral part of posttransplant care, often 
being performed in response to clinical or laboratory changes 
suggestive of allograft dysfunction or as part of a routine sur-
veillance protocol. However, this invasive, resource-intensive 
procedure, although considered a criterion standard for the di-
agnosis of rejection, carries risks of complications and is subject 
to the variability of histologic interpretation [1]. Measurement 
of dd-cfDNA, which has a half-life of only 30 to 60 min and is 
derived exclusively from allograft cells, has the potential to dra-
matically expand the diagnostic arsenal of the transplant ne-
phrologist (Figure 1). Within transplantation, a growing body 
of evidence has shown the potential of the AlloSure dd-cfDNA 
test (CareDx, Brisbane, CA) to serve as an early indicator of al-
lograft injury and a reliable biomarker to rule out rejection [2].

To date, there has been a single prospective multi-center val-
idation study and 2 large ongoing registries evaluating the 
performance of AlloSure in posttransplant surveillance. The 
Diagnose Acute Rejection after kidney Transplant (DART) study 
(ClinicalTrials.gov identifier: NCT02424227) enrolled 384 renal 
transplant patients between April 2015 and May 2016 from 14 
centers, either at 1 to 3 months after transplant or at the time 
of biopsy [2]. The DART study validated the performance of the 
AlloSure test as a dynamic and accurate marker of allograft in-
jury. The demographics and clinical characteristics of the study 
cohort closely mirrored the United States transplant population, 

suggesting broad applicability of these findings [2]. Two ongoing 
studies include the Kidney Allograft Outcomes AlloSure Registry 
(KOAR) and the Outcomes of KidneyCare on Renal Allografts 
(OKRA) (ClinicalTrials.gov identifier: NCT03326076) registries, 
together enrolling a total of 4000 patients to evaluate the safety 
and efficacy outcomes in renal transplant recipients undergoing 
posttransplant surveillance with either AlloSure or KidneyCare. 
The latter is a multi-modality platform that includes AlloSure 
with AlloMap Kidney, a peripheral gene expression profiling 
assay currently in development, and iBox, a machine learning 
risk-stratification algorithm developed by the Paris Transplant 
Group [3]. All 3 studies (DART, KOAR, and OKRA) measure dd-
cfDNA in accordance with the AlloSure Routine Testing Schedule 
(ARTS) at 1, 2, 3, 4, 6, 9, and 12 months in the first year after 
transplantation and then quarterly thereafter (Figure 2). The 
objective of this manuscript is to provide the clinical rationale 
and evidence for these time points, which were selected to co-
incide with major immunologic transition points during the first 
year after transplantation and subsequently with the timing of 
other typically ordered surveillance testing.

Immunosuppression	in	the	First	Year	After	
Transplantation

Almost all patients undergoing kidney transplantation will re-
ceive induction therapy and maintenance immunosuppression. 
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Figure 1.  Graphic depicting the potential added value of donor-
derived cell-free DNA (dd-cfDNA) surveillance for 
augmenting clinical decision making in posttransplant 
management. SCr – serum creatinine; DSA – donor-
specific antibodies; PRA – panel reactive antibodies; 
IS – immunosuppressive therapy.
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Induction therapy administered prior to or during transplanta-
tion involves either a T-cell depleting agent (rATG/Thymoglobulin 
or alemtuzumab) or interleukin (IL)-2 receptor blockade (basi-
liximab), usually in combination with high-dose steroids. 
Maintenance immunosuppression can vary considerably based 
on center preference and a patient’s individual risk for rejec-
tion. Commonly, a combination of 3 drugs is used, including 
a calcineurin inhibitor (CNI), an antimetabolite agent (myco-
phenolic acid or azathioprine), and steroids. For patients at 
low immunologic risk, co-stimulation blockade with belata-
cept is also considered as an alternative to CNI. A variety of 
other CNI-sparing and steroid-sparing strategies exist for pa-
tients at increased risk for CNI-related adverse events or those 
at low immunologic risk [4].

The first year after transplantation represents a series of ma-
jor immunologic transition points, driven partly by the gradu-
al reduction in the intensity of immunosuppression. In the im-
mediate posttransplant period, steroids are tapered utilizing 
a variety of center-specific protocols, either to a low mainte-
nance dose or off entirely. The goal trough levels for CNIs are 
adjusted downward after the first 8 to 12 weeks after trans-
plantation. Finally, when T-cell-depleting induction therapies 
are used, their immunosuppressive effect begins to wane at 
4 to 6 months [5]. The incidence of viral reactivation, includ-
ing polyomavirus BK and cytomegalovirus as well as other op-
portunistic infections, is also highest immediately after trans-
plantation, when the immune system is most suppressed. 
Addressing infectious complications can require further re-
duction of immunosuppression, necessitating a careful bal-
ancing act between enabling the host immune response and 
avoiding allograft rejection. The latter is a particularly impor-
tant consideration during this time, with 7% to 8% of all recipi-
ents experiencing an episode of acute rejection during the first 

year after kidney transplantation according to the most recent 
Organ Procurement and Transplantation Network data [6]. These 
challenges are compounded by the limitations of convention-
al surveillance strategies and highlight the need for dynam-
ic, noninvasive biomarkers that could inform clinical decision 
making during this critical period and beyond. The proposed 
dd-cfDNA surveillance protocol aims to account for both the 
complexity of posttransplant surveillance and the variation in 
clinical practice across transplant centers in the United States.

Rationale of dd-cfDNA Surveillance Time 
Points

Month 1: The immediate posttransplant period is a proinflam-
matory state characterized by healing after surgical interven-
tion, early immune recognition of the allograft, the presence 
of a foreign body (ureteral stent), and the potential for a broad 
array of early postoperative medical and surgical complica-
tions. Although dd-cfDNA levels can be measured as early as 
2 weeks after transplantation, waiting for the 1-month mark 
can be preferable to allow for ureteral stent removal (which 
typically occurs anywhere from 2 to 6 weeks after transplan-
tation) as well as recognition and resolution of common com-
plications, including delayed graft function, impaired surgical 
wound healing, anastomotic leaks, urinomas, hematomas, 
ureteral obstruction, hydronephrosis, and lymphoceles [7,8]. 
Several ongoing studies evaluating dd-cfDNA levels in the con-
text of these complications are ongoing and may offer addi-
tional insight on the interpretation and utility of the assay dur-
ing this early period [9].

At the 1-month mark, obtaining the first dd-cfDNA level offers 
an opportunity to both establish an early baseline level and 
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Figure 2.  Time points and rationale for donor-derived cell-free DNA (dd-cfDNA) testing for the proposed AlloSure Routine Testing 
Schedule (ARTS). AS – AlloSure; CNI – calcineurin inhibitor; MPA – mycophenolic acid; DSA – donor-specific antibodies.
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identify subclinical molecular injury. Significant elevations in 
dd-cfDNA levels at this juncture can signify evolving acute re-
jection, ongoing injury due to unidentified/uncorrected sur-
gical complications, or early recurrence of primary disease.

Month 2: By the end of the second month, several changes 
to maintenance immunosuppression regimens have usually 
occurred. Most programs utilizing steroids will have tapered 
them to a maintenance dose by 4 weeks after transplantation, 
and most patients on CNIs will have been stabilized on the 
doses required to achieve the target levels in this early peri-
od [10]. Obtaining a repeat dd-cfDNA level at this time point 
is thus useful to validate the previously established baseline, 
evaluate for subtle changes in molecular injury patterns after 
adjustments to maintenance immunosuppression, and poten-
tially identify early rejection. Acute rejection is common in the 
first year after transplantation and is associated with recur-
rent rejection, alloimmunization, and adverse long-term out-
comes [11,12]. The performance of dd-cfDNA in this respect 
far exceeds that of serum creatinine, making it an exception-
ally helpful marker for early identification and intervention in 
these patients [2].

Month 3: At the 3-month mark, programs that use CNIs as part 
of their maintenance regimens may decrease goal drug con-
centration levels, reducing the overall intensity of immunosup-
pression. An analysis of the DeKAF study showed this reduc-
tion was associated with an increased risk of acute rejection 
in the subsequent 3 months, highlighting the potential utility 
of dd-cfDNA surveillance in patients crossing this posttrans-
plant time point [13]. For the minority of programs that per-
form protocol biopsies at the 3-month mark, dd-cfDNA levels 
could provide adjunctive information, helping risk stratify pa-
tients with borderline or nonspecific histologic changes [14]. 
For those programs not routinely performing protocol biopsies, 
dd-cfDNA levels at this time point would be even more valu-
able, identifying those patients with ongoing molecular injury 
during this critical period of immunosuppressive de-escalation.

Month 4: The total dose of rATG or alemtuzumab administered 
as part of pretransplant induction is highly heterogeneous. 
Depending on the dose given, the effects of this induction 
can last anywhere between 4 to 6 months [5]. Given the high 
cost of rATG, it is not surprising that transplant centers have 
gradually reduced the total dose over time (from 10 mg/kg to 
3 mg/kg in low-risk patients), hoping to minimize cost with-
out affecting rejection rates. However, as patients transition 
from the protective immunosuppression offered by induction 
therapy to the coverage offered by oral medications alone, the 
risk of rejection rises, making this an important time point for 
assessment of molecular injury using dd-cfDNA, now easily 
comparable to well-established baseline levels over the pre-
ceding 3 months.

Month 6 and Month 9: Antibody-mediated rejection (AMR) is 
increasingly recognized as the leading cause of late transplant 
failure [15]. De novo donor-specific antibodies (dnDSA) have 
an established relationship with both acute and chronic AMR. 
Protocol-based surveillance for dnDSA is usually performed 
at least once between 3 and 12 months after transplantation, 
commonly at 6 and 9 months; testing can also be indicated fol-
lowing changes in immunosuppression, when there is concern 
for non-adherence, or in evaluating allograft dysfunction [16].

Inclusion of dd-cfDNA testing at these time points has signif-
icant value for several reasons. Testing at the 6-month mark 
allows reassessment of the baseline dd-cfDNA levels following 
the loss of the immunosuppressive effect provided by induc-
tion therapy. In addition, recent data has highlighted the rela-
tionship between dd-cfDNA levels and dnDSA. In a paper pub-
lished in 2018, it was demonstrated that among DSA-positive 
transplant recipients, the combination of positive DSAs and 
an AlloSure level >1% had an 81% positive predictive value for 
AMR, rising to 89% when AlloSure levels exceeded 2.9% [17]. In 
a retrospective analysis of the DART cohort data presented at 
the American Transplant Congress, the same group also dem-
onstrated that elevated AlloSure levels were an independent 
risk factor for dnDSA formation [18]. The associations between 
inflammation and alloimmunization are well known; however, 
these data highlight the potential of dd-cfDNA as a sensitive 
biomarker to characterize these processes on a molecular lev-
el, identifying patients at risk of developing dnDSA or those 
with subclinical allograft injury in the context of existing DSAs.

Month 12: The end of the first posttransplant year is accom-
panied by clinical evaluation and another round of extensive 
laboratory testing. For those centers not performing surveil-
lance biopsies at the 1-year mark, the addition of dd-cfDNA 
testing helps provide reassurance that less sensitive param-
eters like serum creatinine and urine proteinuria assess-
ment are not overlooking subclinical molecular injury or early 
evolving rejection. For those centers that do include histolog-
ic assessment at this stage, dd-cfDNA levels can help strati-
fy and provide insight as to the long-term clinical significance 
of the borderline or subclinical histological changes that can 
be identified [14]. Eventually, dd-cfDNA data collected during 
the first posttransplant year could provide further risk strati-
fication, helping predict long-term outcomes in kidney trans-
plant recipients together with other metrics currently utilized 
for this purpose [19].

Quarterly	Surveillance:	Year	2	and	Beyond

Most posttransplant patients continue to have blood work 
at 3-month intervals after the first year, allowing clinicians 
to detect changes in allograft function, monitor levels of 
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immunosuppressive agents, identify drug toxicities, and de-
tect rejection. The addition of dd-cfDNA to this regimen em-
powers clinicians by providing them with an accurate, sensi-
tive, and noninvasive biomarker of allograft injury, facilitating 
earlier identification of evolving rejection when scores are ris-
ing and the relative certainty of immune quiescence when dd-
cfDNA scores are low. In addition, we believe evidence is build-
ing for other applications of dd-cfDNA levels in the longitudinal 
management of transplant recipients.

Among these is a retrospective analysis of the DART cohort 
which demonstrated that an elevated dd-cfDNA level (³1.0%) 
during the first year after transplantation was associated with 
a significant decline in eGFR (median change of -25%) and an 
eGFR <30 mL/min in the second year [20]. This association is 
particularly important as declines in eGFR have been shown 
to correlate well with hard outcomes in kidney transplanta-
tion and are often utilized as surrogate endpoints in clinical 
trials [21]. Taken together with previously described evidence 
linking dd-cfDNA levels and dnDSA formation, the role of mo-
lecular injury and inflammation in driving adverse transplant 
outcomes becomes increasingly clear, as does the consider-
able potential for dd-cfDNA-guided risk stratification and lon-
gitudinal surveillance of transplant recipients. It is not diffi-
cult to envision dd-cfDNA levels one day being utilized to tailor 
immunosuppressive regimens much in the same way we use 

trough levels to adjust CNI dosing today, a strategy that could 
reduce the incidence of adverse effects associated with im-
munosuppression. Larger, well-designed studies exploring the 
utility of dd-cfDNA in these settings are needed, but emerging 
evidence is very encouraging.

Conclusions

The rationale for routine dd-cfDNA surveillance is grounded in 
the utility of evaluating molecular injury patterns at key im-
munologic transition points following kidney transplantation. 
The frequency and timing of testing accounts for the increased 
risk of rejection in the early posttransplant period and the add-
ed value of molecular information, when combined with oth-
er routine testing throughout the life of the allograft. Ongoing 
large-scale studies utilizing the proposed regimen are expect-
ed to provide additional insight into the impact of dd-cfDNA 
surveillance on important clinical outcomes among kidney 
transplant recipients.
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