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Causes of Renal Allograft Injury in Recipients
With Normal Donor-derived Cell-free DNA
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Background. Donor-derived cell-free DNA (dd-cfDNA) is a noninvasive biomarker for the early detection of organ trans-
plant rejection and other causes of graft injury. For nonrejection renal injuries, there is little information about the performance
characteristics of this biomarker. We highlight some of the possible causes of kidney injury that may arise in patients with
normal dd-cfDNA levels. Methods. We performed a retrospective analysis of solitary renal transplant cases between
January 2017 and November 2019. Those who had an abnormal laboratory or pathological finding within 1 mo of a normal
dd-cfDNA test were selected. Subgroups were stratified for those who had normal or abnormal/rising serum creatinine, and
differences between the groups were analyzed. Results. Of 414 individuals who received a kidney transplant, 24 (7.5%)
had a total of 41 normal dd-cfDNA values and 51 abnormal laboratory tests or histologic findings. The most common graft-
injuring event was BK virus viremia (24 of 51). Other abnormal findings included urinary traction infections (n=4), CMV viremia
(n=4), and biopsies demonstrating antibody-mediated rejection (AMR) (n=2), T cell-mediated rejection (n=1), focal seg-
mental glomerulosclerosis (n=2), nondonor-specific antibody chronic AMR (n=1), and interstitial fibrosis and tubular atrophy
(n=7). Subgroup analysis of those with normal dd-cfDNA and normal/stable versus abnormal/rising creatinine showed that
BK virus viremia was the most common abnormal finding in both groups at 53% and 38% respectively. On biopsy, 1 case
of acute T cell-mediated rejection (1B and 2B) was seen with normal/stable creatinine, whereas 1 of nonspecific C4d focally
positive and 1 of nondonor-specific antibody AMR were seen with abnormal/rising creatinine. Conclusions. Low levels
of serum dd-cfDNA do not preclude detection of active graft-injuring events and that subclinical injuries may be developing.
Context is important in the interpretation of dd-cfDNA, so renal biopsy remains a part of the diagnostic pathway for allograft
dysfunction and maintenance of allograft health.
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Allograft rejection is a major cause of graft failure.! Thus,
timely and accurate diagnosis allows a significant number
of transplanted kidneys to be salvaged. However, other
etiologies of allograft dysfunction, such as acute tubular
necrosis (ATN), medication-induced nephrotoxicity, BK
virus (BKV) and cytomegalovirus (CMV) infections, and
recurrent glomerular kidney disease can present with simi-
lar biochemical patterns, such as elevated creatinine, pro-
teinuria, and new-onset or worsening hypertension.>* To
prevent allograft loss and minimize long-term graft injury,
discriminating between allograft rejection and other causes
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of graft injury is critical so appropriate treatment can be
administered.

Subclinical graft injury may occur despite normal serum
creatinine measurements, so improved methods to detect treat-
able causes of kidney injury could prevent irreversible graft
damage. Donor-derived cell-free DNA (dd-cfDNA) has been
developed as a noninvasive biomarker for the early detection
of organ transplant rejection.’ Using targeted amplification
and sequencing, the test can quantify DNA released by the
donor organ as a measure of graft injury without the variabil-
ity, inconsistency, or risks associated with graft biopsy. It may
also identify graft injury before there are measurable changes
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in the serum creatinine. Studies have demonstrated that serum
dd-cfDNA >1% may identify acute antibody-mediated rejec-
tion (AMR) especially in the setting of positive donor-specific
antibodies (DSAs).* dd-cfDNA may also help identify patients
with borderline T cell-mediated rejection (TCMR) 1A histol-
ogy who are likely to develop worsening kidney function if
the level is in the high-normal range (>0.5%).° Recent data
suggest that elevations in dd-cfDNA are also observed in
patients with DSA, BKV nephropathy, urinary traction infec-
tions (UTIs), and ATN.%” Although an abnormal dd-cfDNA
result does not replace renal biopsy yet, it offers a noninvasive
method to inform possible etiologies of allograft dysfunction
in specific recipients. Current indications for obtaining dd-
cfDNA tests include protocol and surveillance testing, abnor-
mal creatinine, and other abnormalities, such as increasing
proteinuria or newly elevated DSA.

Given dd-cfDNA’s potential in detecting other, no-rejection
kidney-injuring events, the determination of the sensitivity
and specificity of dd-cfDNA for these events is relevant both
to broadening and focusing its clinical applications. Thus,
identifying the histopathology and diagnosis in recipients with
normal dd-cfDNA levels will allow for a better understanding
of this biomarker’s performance in nonrejection scenarios.
Here, we present a case series of kidney transplant recipients
who had normal follow-up dd-cfDNA <1% in the presence of
abnormal histopathology findings found on screening investi-
gations and graft biopsies. We highlight some of the possible
causes of kidney injury that may arise in patients with normal
dd-cfDNA levels.

MATERIALS AND METHODS

This retrospective case series describes a group of adult kid-
ney transplant recipients who had undergone dd-cfDNA test-
ing (Allosure, CareDx, Brisbane, CA) between 0- and 31-mo
posttransplant at a single center. Both for-cause and surveil-
lance dd-cfDNA tests were performed. After obtaining insti-
tutional review board approval, all solitary renal transplant
recipients, between January 2017 and November 2019, who
underwent at least 1 dd-cfDNA test were reviewed. Correlation
between organ injury events and biomarkers is described in
the context of normal dd-cfDNA results. Exclusion criteria
included abnormal dd-cfDNA values, a history of previous
transplantation or multiorgan transplantation. An abnormal
dd-cfDNA result was defined as >1% and a high-normal dd-
cfDNA result was defined as >0.5%. Posttransplant follow-up
was scheduled as per institutional protocol, which included
routine dd-cfDNA, DSA, and BK viremia testing at 6 wk, then
3-, 6-,9-,and 12-mo posttransplant. Additional investigations
for allograft dysfunction were performed depending on the
clinical context.

We investigated kidney recipients who had an abnormal
routine laboratory value within 1 mo of a previous normal
dd-cfDNA test. Abnormal test results done before dd-cfDNA
testing were excluded to avoid treatment effects. Routine labs
used to investigate graft-injuring events included serum creati-
nine, urine albumin:creatinine ratio, blood and urine cultures,
serum BKV and CMYV loads, DSA specificity and mean fluo-
rescent index measured by Luminex, transplant doppler ultra-
sound, and renal biopsy results. Serum creatinine >2.0 mg/dL
or an increase in creatinine >20% from baseline was consid-
ered abnormal. Serum tacrolimus levels were used to assess for
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calcineurin inhibitor (CNI) nephrotoxicity. Bacterial UTT was
defined by the presence of >10° colony forming units based on
culture. Serum BKV and CMV loads are reported as copies/
mL and were considered abnormal whenever viral loads were
detectable. Abnormal ultrasound findings included hydrone-
phrosis, urothelial thickening, significant debris within the
collecting system, or abnormality in renal blood flow suspi-
cious for inflammatory events or vascular complications.
Renal biopsy identifying AMR or TCMR, BKV nephropathy,
recurrence of primary disease (such as focal segmental glo-
merulosclerosis [FSGS]), ATN, and chronic graft fibrosis were
all considered abnormal.

Statistics

Descriptive statistics were compared between those with
normal and abnormal creatinine levels in the setting of nor-
mal dd-cfDNA levels. Nominal variables were compared
using Chi-square tests and continuous variables compared
using Student’s #-test. All statistical analyses were performed
using GraphPad Prism 8.

RESULTS

Between January 2017 and November 2019, a total of
414 individuals received a kidney transplant at our center.
Forty-five were excluded because of a history of multio-
rgan transplant or retransplantation, and another 50 were
excluded for a positive dd-cfDNA result. Out of the remain-
ing 319 recipients, 24 individuals (7.5%) had a total of 41
normal dd-cfDNA tests associated with 51 laboratory tests
that identified lesions and pathologies that could be associ-
ated with graft injury (Figure 1). Mean dd-cfDNA level was
0.28% +0.79% and mean creatinine was 1.92=0.72mg/
dL. The mean number of days between a normal dd-cfDNA
level and a biopsy or biochemical measure revealing a cause
for graft injury was 10.53+9 d. The mean number of days
between a serum creatinine level and another test revealing
an abnormal result was 8.84+9.22 d. Of the 51 investiga-
tions with abnormal results, there were 4 pairs of blood tests
and biopsies that demonstrated BKV viremia and nephrop-
athy. BKV viremia was the most common graft-injuring
event observed (24 of 51); however, half (12 of 24) of these
tests detected only low viral loads (<1500 copies) (Table 1).
Other abnormal findings included UTIs (n=4), CMV viremia
(n=4), and biopsies demonstrating chronic AMR (n=4),
TCMR (n=1), recurrent FSGS (n=2), BKV nephropathy
(n=4), non-DSA AMR (n=1), focal C4d positivity (n=1),
and interstitial fibrosis and tubular atrophy (IF/TA) (n=6).
Interestingly, there was no DSA detected in any of the assays
included in this analysis, even if there was evidence of chronic
AMR on biopsy. There were also no histologic changes asso-
ciated with CMV viremia seen in biopsies. There were a total
of 4 dd-cfDNA levels in the high-normal range (>0.5%) asso-
ciated with 6 graft-injuring events, as 2 of the high-normal
dd-cfDNA were associated with 2 graft-injuring events each
(Figure 2). Graft-injuring events in this group include: BKV
viremia (n=2, <1500 copies and 7400000 copies), BKV
nephropathy (n=1), chronic active antibody-mediated allo-
graft rejection (n=2), and mild IF/TA (n=1). Further assess-
ment of the etiologies of IF/TA revealed a variety of causes
including resolving TCMR, chronic HIV infection, and
chronic thrombotic microangiopathy.
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FIGURE 1. CONSORT flow diagram of the study cohort. dd-cfDNA, donor-derived cell-free DNA.

Abnormal investigations in patients with normal dd-cfDNA

BK viremia Number of abnormal results (n=>51)
Low-viral load 12 (23)
High-viral load 12 (23)

CMV viremia 4(8)

uTl 4(8)

Biopsy
TCMR 1(2)
AMR 4(8)
Recurrent FSGS 24
BK nephropathy 4(8)
IF/TA 6(12)
Non-DSA AMR 1(2)
Focal C4d deposition 12

Data presented as n (%).

AMR, antibody-mediated rejection; CMV, cytomegalovirus; dd-cfDNA, donor-derived cell-free
DNA; DSA, donor-specific antibody; FSGS, focal segmental glomerulosclerosis; IF/TA, interstitial
fibrosis and tubular atrophy; TCMR, T cell-mediated rejection; UTI, urinary tract infection.

Subgroup analysis of graft-injuring events was performed
with the cohort divided into events occurring with normal
(n=30) versus abnormal creatinine (n=21) and normal dd-
cfDNA level. Donor and recipient characteristics of the 2
groups were similar (Table 2). Creatinine drawn at the time
dd-cfDNA level was significantly different between the 2
groups (1.40 versus 2.58 mg/dL, P<0.001), whereas there
was no difference in serum FK levels (6.88 versus 6.62ng/
mL, P=0.70) (Table 3). There was no significant difference in

dd-cfDNA levels (0.26 versus 0.27%, P=0.88) when patients
were stratified by creatinine.

In those with normal dd-cfDNA and normal/stable cre-
atinine, 53% of abnormal test results were BKV viremia
(16 of 30), of which 44% (7 of 16) had low viral loads
(<1500 copies) (Figure 3). Serum BKV loads otherwise ranged
between 1600 and 679 950 copies. There were 2 cases of low
viral load CMV infection and 3 cases of bacterial UTI. Among
the 9 abnormal biopsy results in this group, 1 was TCMR,
1 was chronic active AMR along with low level BKV repli-
cation (4100 copies), and 1 was recurrent FSGS. Minimally
active BKV nephropathy was seen in 2 of the biopsies (520
and 75000 copies), and mild IF/TA without a specific etiology
was observed in 4 biopsies.

In patients with normal dd-cfDNA and abnormal creati-
nine, BKV viremia made up 38% (8 of 21) of the abnormal
investigation results, whereas abnormal biopsies consisted of
nearly half of the results (10 of 21). BKV loads ranged from
660000 to 7400000 copies in 4 of 9 patients, whereas the
remainder demonstrated low viral loads (<1500 copies). Two
recipients had CMYV infections with low viral loads, and 1
had a bacterial UTL On histology, 2 biopsies revealed active
or pattern B BKV nephropathy. Three biopsies demonstrated
chronic AMR, 1 had thrombotic microangiopathy that was
attributed to non-DSA chronic AMR, and 1 had recurrent
FSGS. The remaining abnormal biopsy findings did not have
clear clinical diagnoses or etiologies, including 1 with focal
C4d deposition without microvascular inflammation, and 2
with IF/TA.
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FIGURE 2. dd-cfDNA level (%) associated with graft-injuring event. The dashed line (- -) represents the threshold between low-normal and

high-normal dd-cfDNA levels. dd-cfDNA, donor-derived cell-free DNA.

Baseline characteristics of recipients with normal dd-cfDNA and normal creatinine vs abnormal creatinine

Normal creatinine Abnormal creatinine

(n=14) (n=10) P

Sex (n=) Male (%) 8 (57) 7(70)

Female (%) 6 (43) 3(30)
Race (n=) Caucasian (%) 7 (50) 1(10) 0.05

African American (%) 5 (36) 8 (80)

Asian (%) 2(14) 0

Other (%) 0 1(10)
Recipient age (y, mean) 61.7 52.8 0.06
Donor age (y, mean) 46.5 44.4 0.81
KDPI (%, mean) 69 73 0.76
Type of dialysis (n=) Preemptive (%) 4(29) 0 0.10

HD (%) 9 (64) 10 (100)

PD (%) 1(7) 0
Duration of dialysis (y, mean) 5.1 6 0.59
Induction immunosuppression (n=) Alemtuzumab 5 (36) 6 (60) 0.32

Antithymocyte globulin 2(14) 2 (20)

Basiliximab 7 (50) 2 (20)

Values expressed as mean when applicable. Data are presented as mean or n (%). Student -test for continuous variables; 2 test for binary or categorical variables (global P value).
dd-cfDNA, donor-derived cell-free DNA; HD, hemodialysis; KDPI, kidney donor profile index; PD, peritoneal dialysis.

DISCUSSION

Allograft biopsy remains the current standard for diagnosis
of graft dysfunction. However, substantial graft injury may
occur before clinical evidence that would prompt a for-cause
graft biopsy. For this reason, some centers utilize surveillance
kidney biopsy for the early identification of allograft rejec-
tion. The opportunity to develop a sensitive and reproduc-
ible measure of graft injury before the development of graft
dysfunction could improve the opportunity to prolong graft
life.®* dd-cfDNA was developed as a noninvasive assay to
identify donor genetic material released into serum from
graft-injury events such as rejection. Data from the DART
study showed that a dd-cfDNA threshold of 1% yielded

59% sensitivity and 85% specificity in detection of rejection.
However, dd-cfDNA has been noted to be elevated in numer-
ous other conditions!®'? including nonrejection acute kidney
injury.'? Although the DART study determined 1% dd-cfDNA
to be a threshold of reasonable sensitivity and specificity for
detection of rejection, more recent assessment has shown that
TCMR and borderline rejection can be identified at a lower
threshold of dd-cfDNA of 0.5%.° The utility and interpreta-
tion of dd-cfDNA in detecting other graft-injuring events have
not been fully defined.

In this series, we described graft-injuring events in the set-
ting of dd-cfDNA level <1%. Most of these dd-cfDNA levels
were low, at <0.5%, with only 6 of 51 between 0.5% and
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TABLE 3.

Characteristics of graft-injuring events with normal
dd-cfDNA and normal creatinine vs abnormal creatinine

Normal Abnormal
creatinine  creatinine
(n=30) (n=21) P
Serum creatinine (mg/dL) 1.41 2.58 <0.001
Allosure (%) 0.26 0.27 0.88
Mean time from transplant to event (y) 0.81 0.81 0.99
Tacrolimus level (ng/mL) 6.88 6.62 0.70
Maintenance immunosuppression (n=) 0.31
Tacro + MPA + steroid 13 9
Tacro + MPA 13 7
Tacro + steroid 2 4
Sirolimus + leflunomide 2 0
Sirolimus + leflunomide + steroid 0 1

Values expressed as mean when applicable. Student t-test for continuous variables; 2 test for
binary or categorical variables (global P value).
dd-cfDNA, donor-derived cell-free DNA; MPA, mycophenolic acid; Tacro, tacrolimus.

1.0%. The graft-injuring events included TCMR and chronic
AMR, BKV, and CMYV infections, recurrent primary renal
disease, and bacterial UTTs. These observations demonstrate
that even with low levels of dd-cfDNA released into the
serum, there may be an underlying pathologic process that

Xie et al

could cause long-term injury to the graft.!*"* Even though
the mechanisms of cfDNA release into blood have not been
fully elucidated, the most common proposed pathways are
through apoptosis, necrosis, and active DNA release.!® These
pathways are all initiated by an injury that prompts a cas-
cade of DNA fragmentation and subsequent release into the
blood. The half-life of ¢fDNA is short at approximately 30
min, so detection of dd-cfDNA is consistent with ongoing cel-
lular injury and death. The risk of irreversible damage from
these pathologies reinforces the need to continue to perform
for-cause and surveillance tests posttransplant. A single assay
or biomarker alone, such as dd-cfDNA, is not sufficient to
detect all cell-injuring events. Hence, there is need for surveil-
lance with DSA, BKV, and CMYV, especially during the first-
year posttransplant.

The sensitivity of dd-cfDNA can be augmented when used
in combination with other assays. Jordan et al demonstrated
that detection of AMR was improved when used in combina-
tion with DSA." In our recipients with normal dd-cfDNA,
we assessed if serum creatinine could help adequately dif-
ferentiate the presence or absence of graft-injuring events.
The 2 groups stratified by serum creatinine had similar serum
tacrolimus levels at the time of serum creatinine sampling,
indicating those with elevated creatinine had acute kidney
injury due to a cause other than CNI toxicity. In the group
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FIGURE 3. Graft-injuring events seen on laboratory investigations and histology in patients with normal dd-cfDNA broken down by normal and
abnormal creatinine. ABMR, antibody-mediated rejection; CMV, cytomegalovirus; dd-cfDNA, donor-derived cell-free DNA; DSA, donor-specific
antibody; FSGS, focal segmental glomerulosclerosis; IFTA, interstitial fibrosis and tubular atrophy; UTI, urinary tract infection.
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with normal dd-cfDNA and normal creatinine, there was
only a slightly higher incidence of UTIs (3 of 30 events) com-
pared with those with abnormal creatinine (1 of 21 events).
Rejection was seen on biopsy equally in both groups. Both
TCMR and chronic active AMR were seen in the group with
normal serum creatinine, and only AMR in the group with
abnormal creatinine. Although BKV viremia was present in
both groups (normal creatinine n=16, abnormal creatinine
n=38), normal creatinine was less likely to be associated with
high BKV loads of >10° copies (n=1) versus abnormal cre-
atinine (n=3). Active or pattern B BKV nephropathy was
only seen with an abnormal creatinine. This suggests that
serum creatinine along with dd-cfDNA could differentiate
early versus advanced BKV infection. Low BKV viral load
was not expected to cause an elevation of dd-cfDNA levels,
unlike high BKV viral load, which could result in graft injury.
Interestingly, 9 of 16 participants with high BKV viral load
still had a normal dd-cfDNA and serum creatinine levels,
which could reflect low degree of graft injury. Given the small
sample size, no statistical conclusions can be made; however,
we demonstrated that all types of graft-injury events were
seen in both groups.

Although the effect of rejection on dd-cfDNA has been
studied, there is little understanding of how other etiologies
of graft injury affect the amount of dd-cfDNA. Graft-injuring
events have been shown to cause changes in gene expres-
sion and impact long-term graft outcomes, even if histologic
changes found on biopsy do not correlate with a specific diag-
nosis.'® Transplantation and posttransplant infections alter
recipients’ gut and urinary microbiota,'”?® and studies show
that changes in the microbiota can affect immunosuppression
dosing and modulate immune response to graft injury.?* In
this study cohort, there were several biopsies that demon-
strated only IF/TA without a specific etiology. Normal lev-
els of dd-cfDNA suggested minimal, if any, cellular injury,
however, alterations in epigenetic or microbiota activities
could influence long-term changes. Unfortunately, without a
specific cause for graft dysfunction and in the absence of a
defined etiology, the management would remain continued
surveillance. The future of diagnosis of graft health or graft
dysfunction could involve a combination of tests, including
dd-cfDNA, gene expression profiling of pathways involved
in rejection,” and microarray analysis of tissue samples to
better diagnose graft injury, predict outcomes, and provide
early treatment.

This report is limited by the small sample size and its
retrospective nature. Although more recipients during the
study period were diagnosed with graft-injuring events,
there were many cases in which the dd-cfDNA assay was
not done simultaneously or within the 30-d window we
defined for our analysis. The time interval between dd-
cfDNA testing and detection of cell-injuring events was
set relatively long as there was no protocol for repeating
dd-cfDNA when a cell-injuring event was identified. Thus,
some of the events that were identified with low dd-cfDNA
levels could have been low because the injury occurred
after the dd-cfDNA test and repeat testing was simply not
done. Conversely, out of the 295 recipients with normal dd-
cfDNA levels without additional testing, there were likely
recipients with subclinical graft-injuring events that were
never detected because of a lack of other indications for
investigation. The follow-up period varied between a few
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months to 2.5 y, which increased the heterogeneity of the
data, and during that time period clinical practice for test-
ing for graft-injuring events may have changed. The variety
of abnormal findings with normal dd-cfDNA levels, both
acute and chronic, further supports the nonspecific nature
of serum testing and that no single test can provide a defini-
tive diagnosis. To eliminate treatment effects that would
alter the dd-cfDNA level, our study only included abnor-
mal assays performed after the normal dd-cfDNA test.
Because of this time interval, it is possible the graft injury
started after the dd-cfDNA assay was obtained. The results
do indicate that even in the setting of a normal dd-cfDNA
level and normal serum creatinine, there can be signifi-
cant histologic changes from allograft injury. Until there is
improvement in interpretation of biomarkers, renal biopsy
along with other testing will need to remain a part of the
diagnostic pathway for allograft dysfunction and mainte-
nance of allograft health.
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