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ABSTRACT

CLINICAL RESEARCH

Deceased donor kidneys with AKI are often discarded for fear of poor transplant outcomes. Donor biomarkers
that predict post-transplant renal recovery could improve organ selection and reduce discard. We tested
whether higher levels of donor urinary YKL-40, a repair phase protein, associate with improved recipient
outcomes in a prospective cohort study involving deceased kidney donors from ﬁve organ procurement
organizations. We measured urinary YKL-40 concentration in 1301 donors (111 had AKI, deﬁned as doubling of
serum creatinine) and ascertained outcomes in the corresponding 2435 recipients, 756 of whom experienced
delayed graft function (DGF). Donors with AKI had higher urinary YKL-40 concentration (P,0.001) and acute
tubular necrosis on procurement biopsies (P=0.05). In fully adjusted analyses, elevated donor urinary YKL-40
concentration associated with reduced risk of DGF in both recipients of AKI donor kidneys (adjusted relative
risk, 0.51 [95% conﬁdence interval (95% CI), 0.32 to 0.80] for highest versus lowest YKL-40 tertile) and recipients
of non-AKI donor kidneys (adjusted relative risk, 0.79 [95% CI, 0.65 to 0.97]). Furthermore, in the event of DGF,
elevated donor urinary YKL-40 concentration associated with higher 6-month eGFR (6.75 [95% CI, 1.49 to
12.02] ml/min per 1.73 m2) and lower risk of graft failure (adjusted hazard ratio, 0.50 [95% CI, 0.27 to 0.94]).
These ﬁndings suggest that YKL-40 is produced in response to tubular injury and is independently associated
with recovery from AKI and DGF. If ultimately validated as a prognostic biomarker, urinary YKL-40 should be
considered in determining the suitability of donor kidneys for transplant.
J Am Soc Nephrol 28: 661–670, 2017. doi: 10.1681/ASN.2016010091

Kidney transplantation provides patients with
ESRD improved quality of life and prolonged survival compared with continuing on dialysis.1,2 In
the United States, the number of kidney transplants
performed increased from 16,006 in 2004 to 17,108
in 2014.3 Despite the increase, the need for kidney
transplants is far outpacing the number of available
kidneys, necessitating efforts to maximize the use
of all viable organs.3 In an attempt to meet the
growing demand, transplant centers have broadened their selection criteria and started accepting
deceased-donor kidneys with AKI for transplant.4
J Am Soc Nephrol 28: 661–670, 2017

Nonetheless, procured AKI kidneys are discarded at
disproportionately high rates because of greater risk
for delayed graft function (DGF), prolonged hospital
stay post-transplant, and elevated serum creatinine at
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discharge.5,6 However, because of the remarkable ability of the
kidney to recover from injury, there is good long-term graft
survival among AKI donor kidneys that are transplanted.5 In
fact, in a previous study from our group, allograft function
was progressively better for recipients with DGF that received
kidneys from donors with increasing stages of AKI.6 A similar
relationship was seen in a smaller cohort of transplant recipients
of deceased-donor kidneys with AKI. Acutely injured kidneys
with subsequent DGF had signiﬁcantly better 5-year survival
compared with non-AKI donor kidneys with DGF.7 Nevertheless, the lack of good prognostic tools to predict renal recovery
has perpetuated high discard rates of potentially usable AKI donor kidneys because of concerns about poor outcomes.8
Because of the limitations of current methods to characterize
kidney quality, biomarkers associated with renal recovery could
facilitate the efﬁcient identiﬁcation of viable organs, thereby
minimizing unnecessary kidney discard and improving recipient
outcomes. Although some studies have investigated urinary injury biomarkers, no studies have looked at repair and recovery
biomarkers in deceased-donor kidney transplantation.3,9
YKL-40, known as breast regression protein-39 (BRP-39) in
mice, is a glycoprotein involved in inﬂammation, cytoprotection,
and repair.10 It is produced by a variety of cells including neutrophils, monocytes, and macrophages. YKL-40 inhibits oxidantinduced lung injury, limits apoptosis, stimulates reparative
(M2) macrophages, and contributes to tissue remodeling and
wound healing.10–12 Although YKL-40 was ﬁrst identiﬁed as a
mediator of lung repair, it is emerging as a valuable marker of
recovery from AKI.13,14 Recently, our group demonstrated that
BRP-39/YKL-40 is secreted by renal macrophages and promotes
kidney repair after ischemia/reperfusion injury in mouse models.13 In mice subjected to renal ischemia/reperfusion, the absence
of BRP-39 did not alter the initial tubular injury but markedly
reduced subsequent repair. We showed that BRP-39, signaling
through interleukin-13 receptor a2 (IL-13Ra2), plays a fundamental role in limiting tubular cell apoptosis and promoting proliferative repair, thus improving animal survival after kidney
injury. These preclinical data suggest that YKL-40 is an important
growth and survival factor for renal tubular cells, making it a
logical choice as a potential predictor of recovery from AKI episodes before transplantation. This is especially important in the
context of deceased-donor kidney selection and organ allocation.
We hypothesized that tissue injury leads to YKL-40 production and that increased donor YKL-40 levels would promote cytoprotection and adaptive repair responses that
beneﬁcially modulate subsequent kidney allograft function
in the recipient. Speciﬁcally, YKL-40 expression might facilitate recovery from donor AKI or prepare the kidney to adapt to
injury during reperfusion at transplantation. We tested this
hypothesis in a multicenter prospective study in which we
quantiﬁed urinary YKL-40 in a cohort of 1301 deceased donors
and tracked the outcomes for the corresponding 2435 kidney
transplant recipients. We ﬁrst determined whether tubular
YKL-40 expression corresponded with urinary YKL-40 excretion. We then assessed whether urinary YKL-40 levels were
662
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associated with deceased-donor AKI, the development of DGF,
6-month eGFR, and graft failure among the recipients of these
kidney transplants.

RESULTS

We enrolled 1679 potential deceased kidney donors. Of these,
1301 donors and 2435 recipients were analyzed. A ﬂow diagram
of participant enrollment and exclusions is shown in Figure 1.
Baseline characteristics of the donors stratiﬁed by AKI status
are presented in Table 1. A total of 111 (8.5%) donors had AKI.
Mean donor age was 41 years and 60% were men. There was
considerable variation in organ quality as indicated by the
kidney donor proﬁle index, with a mean (SD) of 48 (27).
YKL-40 Expression in Human Kidney Tissue

YKL-40 was found on the surface of tubular epithelial cells,
consistent with either uptake of ﬁltered YKL-40 or tubular cell
secretion. YKL-40 was barely detectable in a renal biopsy from
a donor with urinary YKL-40 concentration of 0.76 ng/ml
(Figure 2A). In contrast, in biopsy samples from donors with
urinary YKL-40 values of 43 ng/ml and 97 ng/ml, respectively,

Figure 1. Enrollment of deceased kidney donors and recipients
into the study cohort.
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Table 1. Deceased donor characteristics stratiﬁed by AKI status
Donor Characteristics

All (n=1301)

AKI (n=111)

No AKI (n=1190)

Age, y
Male gender
Black race
Height, cm
Weight, kg
Hypertension
Diabetes
Cause of death
Stroke
Anoxia
Head Trauma
Other
Admission serum creatinine, mmol/L
Terminal serum creatinine, mmol/L
Admission creatinine . terminal creatinine
Expanded criteria donor
Donation after circulatory determination of death
Kidney donor risk index
Kidney donor proﬁle index, %
Kidneys transplanted
1
2
Biopsy performed with ATN status reported

41 (15)
785 (60%)
206 (16%)
171.17 (10.81)
83.32 (22.09)
399 (31%)
130 (10%)

39 (13)
67 (60%)
22 (20%)
171.83 (9.72)
87 (28.17)
36 (32%)
10 (9%)

42 (15)
718 (60%)
184 (15%)
171.11 (10.91)
82.98 (21.43)
363 (31%)
120 (10%)

428 (34%)
427 (34%)
396 (31%)
50 (4%)
97 (54)
104 (75)
624 (48%)
246 (19%)
206 (16%)
1.29 (0.41)
48.23 (27.33)

33 (30%)
48 (44%)
28 (26%)
2 (2%)
91 (57)
259 (148)
0 (0%)
20 (18%)
13 (12%)
1.36 (0.36)
54.75 (21.95)

395 (34%)
379 (33%)
368 (32%)
48 (4%)
97 (53)
89 (41)
624 (52%)
226 (19%)
193 (16%)
1.28 (0.42)
47.63 (27.71)

167 (13%)
1134 (87%)
392 (30%)

28 (25%)
83 (75%)
64 (58%)

139 (12%)
1051 (88%)
328 (28%)

Values reported are mean (SD) or n (%). Donor AKI was deﬁned as at least a doubling of serum creatinine from admission to the terminal value. Expanded criteria
donors include deceased donors over the age of 60, or donors over the age of 50 with two of the following: a history of hypertension, a creatinine at least 132.6
mmol/L, or stroke as cause of death.

there was increasingly strong YKL-40 staining in the renal
tubule (Figure 2, B and C).
Discard of Donor Kidneys

As shown in Supplemental Table 1, YKL-40 levels were significantly higher among discarded kidneys (P,0.001). The highest YKL-40 tertile was associated with an increased adjusted
relative risk (RR) of discard compared with the lowest tertile
(1.28 [95% conﬁdence interval (95% CI), 1.05 to 1.55]) (Supplemental Table 2).
Donor AKI

Because urinary BRP-39/YKL-40 was found to increase in direct
correlation with greater injury in our mouse model of ischemia/
reperfusion, we determined whether clinically assessed donor

renal injury correlated with increases in urinary YKL-40. As
shown in Figure 3, YKL-40 levels were signiﬁcantly higher
among donors with AKI (P,0.001). Compared with the lowest
YKL-40 tertile, the adjusted RR for AKI with the highest YKL-40
tertile was 6.84 (95% CI, 3.89 to 12.02) (Table 2). Urine YKL-40
had an area under the receiver operating characteristic curve of
0.77 with 70.3% sensitivity and 75.6% speciﬁcity at an optimal
cutoff value of 3.85 ng/ml (Supplemental Figure 1).
To examine whether urinary YKL-40 levels were independently associated with histologic acute tubular necrosis (ATN), we
analyzed YKL-40 relative to procurement biopsy-reported ATN
severity. Supplemental Table 3 shows that urinary YKL-40 concentration was signiﬁcantly associated with ATN severity
(P=0.05). However, there was considerable overlap in YKL-40
levels between groups.
Recipient Outcomes

Figure 2. YKL-40 expression in deceased donor kidneys. Biopsy samples from
deceased donors with measured urinary YKL-40 levels of (A) 0.76 ng/ml, (B) 43 ng/ml,
and (C) 97 ng/ml. Urinary YKL-40 concentrations correspond with YKL-40 staining
intensity in renal tubular epithelial cells. The three samples were stained with
3,3-diaminobenzidine tetrahydrochloride and counterstained with hematoxylin.
Original magniﬁcations are 3400.
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Table 3 shows recipient characteristics
stratiﬁed by DGF, which occurred in 756
(31%) individuals. Mean recipient age
was 53 years and 61% were men.
Our mouse studies demonstrate that
Brp-39/YKL-40 functions to suppress tubular cell death and promote kidney repair.
We therefore analyzed the association of
donor urinary YKL-40 tertiles with recipient kidney function in patients with and
without donor AKI (Table 4). We found a
YKL-40 in Deceased Donor Transplantation
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adjusted RR for recipient DGF was 0.79
(95% CI, 0.65 to 0.97) for highest versus lowest donor YKL-40 tertiles.
We also conducted stratiﬁed analyses by
trends in serial donor serum creatinine by
identifying peak creatinine during hospitalization. Among recipients of kidneys
with downward trending creatinine, the
highest YKL-40 tertile was associated with
reduced risk of recipient DGF compared
with the lowest tertile in fully adjusted
analyses. Among recipients of kidneys with
peak creatinine similar to terminal creatinine, the highest YKL-40 tertile showed a
nonsigniﬁcant trend toward reduced risk
of DGF compared with the lowest tertile
in fully adjusted analyses (Supplemental
Table 4).
To determine the relationship between
YKL-40 and recovery from ischemia/
Figure 3. Donor YKL-40 concentrations stratiﬁed by AKI status. Box plot shows the reperfusion injury, donor YKL-40 tertiles
25th, 50th, and 75th percentile values for donor urinary YKL-40 by donor AKI status. AKI were analyzed with respect to recipient
was deﬁned as at least a doubling of serum creatinine from admission to the terminal 6-month eGFR (Table 5). There was a sigvalue. Outliers are not represented on the plots. Outliers were deﬁned as data points niﬁcant interaction between the highest
below the ﬁrst quartile by at least 1.5 times the interquartile range or above the third urinar y YKL-40 tertile and DGF on
quartile by at least 1.5 times the interquartile range. Y-axis is log transformed. The 6-month eGFR (Pinteraction=0.001). Thus,
horizontal dashed line indicates the cut-off for the third tertile of YKL-40.
we conducted stratiﬁed analyses by recipient DGF status. In the absence of DGF, the
highest tertile of donor YKL-40 was associTable 2. Association of YKL-40 tertiles with risk of donor AKI
ated with reduced 6-month eGFR compared
RR (95% CI) for AKI
with the lowest tertile (25.59 [95% CI, 28.64
Tertile (Range [ng/ml])
N
Rate of AKI (%)
to 22.55] ml/min per 1.73m2). However, this
Unadjusted
Adjusteda
association became nonsigniﬁcant after mulT1 (,0.61)
n1=460
14 (3)
1.0 (referent)
1.0 (referent)
tivariate adjustment for donor and recipient
T2 (0.61–3.31)
n2=443
19 (4)
1.41 (0.72 to 2.78) 1.51 (0.76 to 2.99)
characteristics (21.58 [95% CI, 24.38 to
T3 (3.33–432.78)
n3=398
78 (20)
6.44 (3.70 to 11.19) 6.84 (3.89 to 12.02)
1.22] ml/min per 1.73m2), and fully attenuDonor AKI was deﬁned as at least a doubling of serum creatinine from admission to the terminal value.
a
Donor variables used for adjustment: age (years), height (cm), weight (kg), black race, history of hyated after adjustment for severity of kidney
pertension, history of diabetes, stroke as cause of death, and donation after circulatory determination
injury using donor NGAL (0.13 [95% CI,
of death status.
23.29 to 3.54] ml/min per 1.73m2). In contrast, in the setting of DGF, elevated donor
YKL-40 was associated with higher 6-month eGFR adjusted for
signiﬁcant interaction between the highest urinary YKL-40
donor and recipient characteristics (5.93 [95% CI, 1.81 to 10.05]
tertile and AKI on the development of DGF (Pinteraction=0.05).
ml/min per 1.73m2 for highest versus lowest YKL-40 tertile), and
In recipients of AKI donor kidneys, the highest YKL-40 tertile
was associated with a reduced risk of recipient DGF compared adjustment for donor NGAL further strengthened this association
with the lowest tertile adjusted for donor and recipient char(6.75 [95% CI, 1.49 to 12.02] ml/min per 1.73m2). Sensitivity
acteristics (RR of 0.66 [95% CI, 0.47 to 0.91]). Because YKLanalyses imputing eGFR to 0 ml/min per 1.73m2 for recipients
40 is induced to a greater degree in the setting of more severe who experienced graft failure or death before 6 months showed
kidney injury, we used donor urinary neutrophil gelatinasecomparable results (Supplemental Tables 5 and 6).
associated lipocalin (NGAL, a marker of intrinsic renal damage)
The association of donor urinary YKL-40 tertiles with
to adjust for severity of donor kidney injury. This adjustment
recipient primary nonfunction (PNF) is shown in Supplemenunmasked a stronger link between donor urinary YKL-40 and
tal Table 7. PNF was a rare event that occurred in 33 (1%)
recipient kidney function, with an RR for DGF of only 0.51 (95%
recipients. The highest YKL-40 tertile was not signiﬁcantly asCI, 0.32 to 0.80) in recipients of AKI donor kidneys with the
sociated with PNF compared with the lowest tertile (RR of 1.73
highest tertile of urinary YKL-40 versus the lowest tertile. This
[95% CI, 0.71 to 4.23]). The association of donor urinary YKLeffect extended to non-AKI donor kidneys in which the fully 40 tertiles with recipient graft failure is shown in Table 6. There
664
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Table 3. Kidney transplant recipient characteristics, stratiﬁed by DGF

6-month eGFR and reduced risk of graft
failure. Our results suggest that the meaRecipient Characteristics
All (n=2435) DGF (n=756) Non-DGF (n=1679)
surement of urinary YKL-40 at procureAge, y
53 (15)
55 (13)
52 (16)
ment could have prognostic utility in the
Male gender
1493 (61%)
496 (66%)
997 (59%)
selection and allocation of deceased-donor
Black race
959 (39%)
371 (49%)
588 (35%)
kidneys for transplantation.
Hispanic ethnicity
279 (11%)
79 (10%)
200 (12%)
Donor AKI
Our study is the ﬁrst to investigate repair
No AKI
1849 (76%)
517 (68%)
1332 (79%)
or recovery biomarkers in the setting of
Stage 1
392 (16%)
136 (18%)
256 (15%)
kidney transplantation. Our ﬁndings are
Stage 2
109 (4%)
53 (7%)
56 (3%)
consistent with preclinical evidence demStage 3
85 (3%)
50 (7%)
35 (2%)
onstrating the cytoprotective and reparative
Cause of ESRD
role of YKL-40. Studies with mice have
Diabetes
718 (29%)
231 (31%)
487 (29%)
shown that BRP-39 (murine homolog of
Hypertension
657 (27%)
227 (30%)
430 (26%)
human YKL-40) plays a critical role in repair
Other or unknown
504 (21%)
136 (18%)
368 (22%)
and tissue remodeling responses after pulGN
394 (16%)
109 (14%)
285 (17%)
monary insult. These studies also demonGraft failure
162 (7%)
53 (7%)
109 (6%)
strated that BRP-39 prevents oxidative
HLA mismatch level
0
153 (6%)
27 (4%)
126 (8%)
damage, stimulates reparative (M2) macro1
21 (1%)
11 (1%)
10 (1%)
phage activation, and inhibits apoptosis.10–12
2
83 (3%)
20 (3%)
63 (4%)
However, the effects of YKL-40 are not just
3
292 (12%)
91 (12%)
201 (12%)
limited to the lung. The potential impor4
644 (27%)
192 (25%)
452 (27%)
tance of YKL-40 signaling can also be seen
5
822 (34%)
270 (36%)
552 (33%)
in the large number of diseases in which
6
414 (17%)
144 (19%)
270 (16%)
elevated YKL-40 is observed, including
Panel reactive antibody
rheumatoid arthritis, cirrhosis, inﬂamma0%
1549 (64%)
501 (66%)
1048 (62%)
tory bowel disease, atherosclerosis, and di1%–20%
178 (7%)
59 (8%)
119 (7%)
abetes mellitus.10
21%–80%
326 (13%)
89 (12%)
237 (14%)
Recently, our group found that BRP-39
.80%
382 (16%)
107 (14%)
275 (16%)
Cold ischemia time, h
15.28 (7.09)
17.21 (7.14)
14.42 (6.90)
exerts a similar protective effect in primary
Preemptive transplant
274 (11%)
28 (4%)
246 (15%)
cultures of renal tubular cells. Pretreatment
Serum creatinine at transplant, mmol/L
686 (296)
746 (285)
659 (297)
of these cells with recombinant BRP-39
Values reported are mean (SD) or n (%). Stage 1 AKI was deﬁned as an increase in serum creatinine of
reduced reactive oxygen species–mediated
$26.5 mmol/L or an increase of 1.5-fold from admission to terminal value. Stage 2 was deﬁned as an
apoptosis by nearly one half. In that study,
increase of between two- and three-fold from baseline. Stage 3 was deﬁned as an increase of three-fold
we also showed that BRP-39 deﬁcient mice
from baseline or a serum creatinine of $354 mmol/L. HLA, human leukocyte antigen.
displayed impaired recovery after renal iswere 228 cases of graft failure over a median recipient follow-up chemia/reperfusion injury, as evidenced by more severe tubutime of 2.35 (interquartile range, 1.70–3.09) years. In the ab- lar damage and higher serum creatinine on day three after
injury as well as increased mortality.13 These preclinical obsence of DGF, there was no association between donor YKL-40
and graft failure. However, in the setting of DGF, the highest servations suggest that YKL-40 is mechanistically important in
YKL-40 tertile was signiﬁcantly associated with lower risk of renal tissue repair and therefore has the potential to serve as a
graft failure compared with the lowest tertile in both unadjusted
marker of cytoprotection and recovery in human diseases.
(hazard ratio, 0.61 [95% CI, 0.38 to 0.98]) and fully adjusted
In support of this hypothesis, we show that YKL-40
(hazard ratio, 0.50 [95% CI, 0.27 to 0.94]) analyses.
expression is present in human kidneys and that YKL-40
concentrations are raised in the urine of donors with renal
injury. These ﬁndings, combined with preclinical evidence,
suggest that YKL-40 might be upregulated by injured kidneys
DISCUSSION
to limit renal damage and promote adaptive repair mechanisms. Additionally, because YKL-40 is secreted into the
In this large prospective cohort study, we found that higher
tubular lumen and ultimately excreted into the urine, it has
donor urinary YKL-40 was signiﬁcantly associated with
the potential to serve as a noninvasive biomarker of tubular
improved recipient outcomes, particularly among high risk
injury and repair.
groups such as recipients of AKI donor kidneys and recipients
On the basis of the biology of AKI and YKL-40/BRP-39
who develop DGF. We demonstrated that in deceased donors
signaling, we believe that elevated YKL-40 correlates with both
with AKI, elevated YKL-40 levels were protective against the
the severity of initial kidney injury and the ability to repair that
development of DGF. Furthermore, in the event of DGF,
injury. Thus, any elevation in donor YKL-40 levels predicts an
elevated donor YKL-40 levels were associated with improved
J Am Soc Nephrol 28: 661–670, 2017
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Table 4. Association of donor YKL-40 with risk of recipient DGF, stratiﬁed by AKI status
RR (95% CI)
N

Rate of
DGF (%)

Unadjusted

Adjusted for
Donor Variablesa

Adjusted for Donor,
Transport, and
Recipient Variablesb

Adjusted for Donor,
Transport, Recipient
Variables, and Donor NGALc

n1=853
n2=796
n3=592

240 (28)
226 (28)
187 (32)

1.0 (referent)
1.01 (0.86 to 1.20)
1.13 (0.95 to 1.34)

1.0 (referent)
0.93 (0.80 to 1.09)
0.96 (0.82 to 1.14)

1.0 (referent)
0.92 (0.79 to 1.08)
0.91 (0.77 to 1.07)

1.0 (referent)
0.88 (0.75 to 1.03)
0.79 (0.65 to 0.97)

n1=23
n2=32
n3=139

16 (70)
14 (44)
73 (53)

1.0 (referent)
0.64 (0.39 to 1.06)
0.76 (0.53 to 1.08)

1.0 (referent)
0.63 (0.39 to 1.01)
0.65 (0.46 to 0.93)

1.0 (referent)
0.59 (0.38 to 0.91)
0.66 (0.47 to 0.91)

1.0 (referent)
0.57 (0.37 to 0.89)
0.51 (0.32 to 0.80)

Tertile of YKL-40
(Range [ng/ml])
Donors without AKI
T1 (,0.61)
T2 (0.61–3.31)
T3 (3.33–432.78)
Donors with AKI
T1 (,0.61)
T2 (0.61–3.31)
T3 (3.33–432.78)

Donor AKI was deﬁned as at least a doubling of serum creatinine from admission to the terminal value. There was a signiﬁcant interaction between the highest
urinary YKL-40 tertile and AKI (P=0.05) in unadjusted analyses.
a
Donor variables used for adjustment: age (years), height (cm), weight (kg), black race, history of hypertension, history of diabetes, terminal serum creatinine, stroke
as cause of death, and donation after circulatory determination of death status.
b
Includes all variables listed above plus the following transport and recipient variables: cold ischemia time (hours), age (years), black race, gender, previous kidney
transplant, diabetes as the cause of ESRD, number of human leukocyte antigen mismatches, body mass index (kg/m2), duration of dialysis before transplant
(months), and panel reactive antibody (%).
c
Includes all variables listed above plus log base 2–transformed donor urine NGAL.

Table 5. Association of donor YKL-40 with 6-month eGFR, stratiﬁed by DGF status
Tertile of YKL-40
(Range [ng/ml])
Recipients without DGF
T1 (,0.61) (referent)
T2 (0.61–3.31)
T3 (3.33–432.78)
Recipients with DGF
T1 (,0.61) (referent)
T2 (0.61–3.31)
T3 (3.33–432.78)

N

Unadjusted

Adjusted for Donor
Variablesa

Adjusted for Donor,
Transport, and
Recipient Variablesb

Adjusted for Donor,
Transport, Recipient Variables,
and Donor NGALc

n1=620
n2=588
n3=471

62.09 (59.97 to 64.21)
22.29 (25.19 to 0.61)
25.59 (28.64 to 22.55)

54.81 (51.82 to 57.80)
20.15 (22.66 to 2.36)
22.19 (25.00 to 0.62)

56.26 (52.87 to 59.65)
0.50 (22.01 to 3.01)
21.58 (24.38 to 1.22)

55.69 (52.23 to 59.15)
1.17 (21.43 to 3.76)
0.13 (23.29 to 3.54)

n1=256
n2=240
n3=260

46.06 (42.97 to 49.15)
0.04 (24.52 to 4.59)
3.55 (20.71 to 7.81)

41.15 (37.46 to 44.84)
3.17 (20.93 to 7.27)
5.25 (1.19 to 9.32)

40.28 (35.84 to 44.72)
3.48 (20.63 to 7.59)
5.93 (1.81 to 10.05)

39.95 (35.34 to 44.55)
3.74 (20.48 to 7.97)
6.75 (1.49 to 12.02)

Values are estimated mean eGFR (95% CI) for referent tertile (T1), and estimated mean difference (95% CI) for the other tertiles (T2 and T3). There was a signiﬁcant
interaction between the highest urinary YKL-40 tertile and DGF (P=0.001) in unadjusted analyses.
a
Donor variables used for adjustment: age (years), height (cm), weight (kg), black race, history of hypertension, history of diabetes, terminal serum creatinine, stroke
as cause of death, and donation after circulatory determination of death status.
b
Includes all variables listed above plus the following transport and recipient variables: cold ischemia time (hours), age (years), black race, gender, previous kidney
transplant, diabetes as the cause of ESRD, number of human leukocyte antigen mismatches, body mass index (kg/m2), duration of dialysis before transplant
(months), and panel reactive antibody (%).
c
Includes all variables listed above plus log base 2–transformed donor urine NGAL.

increased risk of AKI, which independent of YKL-40 portends a
higher risk of DGF. However, our data suggest that among those
donor kidneys with clinically deﬁned injury before transplantation, the ones with the greatest YKL-40 levels have the
best chance of successfully regaining function. This dichotomous role of YKL-40 is consistent with the observation that in
recipients who experienced DGF (and must undergo successful
repair to re-establish GFR), the highest levels of donor YKL-40
predicted a better 6-month eGFR compared with the lowest
YKL-40 levels; whereas among those recipients that did not
experience DGF, a high donor YKL-40 level (reﬂecting some
degree of underlying donor kidney injury) corresponded with a
slight reduction in 6-month eGFR.
In our previous study by Reese et al. we determined the
association between donor kidney injury biomarkers and
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recipient outcomes.3 We found a modest association between
donor urinary NGAL and recipient DGF. In addition, in recipients
without DGF, donor urinary NGAL and L-FABP were modestly
associated with lower 6-month eGFR. All other donor urinary
biomarkers measured (KIM-1, IL-18, microalbumin) added no
signiﬁcant value in predicting recipient allograft function. The
addition of donor urinary NGAL, the best injury biomarker measured in this cohort, to our clinical model strengthened the association between donor urinary YKL-40 and improved recipient
outcomes across all our analyses. These ﬁndings suggest that, independent of the effect of tubular injury, YKL-40 promotes adaptive repair in the setting of deceased donor transplantation.
Another explanation for these results involves local ischemic preconditioning. According to this hypothesis, ischemic
injury in donors during hospitalization may result in the
J Am Soc Nephrol 28: 661–670, 2017
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Table 6. Association of donor YKL-40 with graft failure, stratiﬁed by DGF status
Hazard Ratio (95% CI)
Tertile of YKL-40
(Range [ng/ml])

N

Recipients without DGF
T1 (,0.61)
n1=620
T2 (0.61–3.31)
n2=588
T3 (3.33–432.78) n3=471
Recipients with DGF
T1 (,0.61)
n1=256
T2 (0.61–3.31)
n2=240
T3 (3.33–432.78) n3=260

Graft Failure
Graft
Rate Per 1000
Failure
Events (%) Patient Years

Unadjusted

Adjusted for
Donor Variablesa

Adjusted for
Adjusted for
Donor, Transport, Donor, Transport,
and Recipient
Recipient Variables,
Variablesb
and Donor NGALc

42 (7)
40 (7)
31 (7)

27.41
27.57
27.27

1.0 (referent)
1.0 (referent)
1.02 (0.66 to 1.57) 0.95 (0.63 to 1.43)
0.99 (0.61 to 1.61) 1.00 (0.60 to 1.66)

1.0 (referent)
1.00 (0.64 to 1.55)
1.13 (0.65 to 1.95)

1.0 (referent)
1.01 (0.63 to 1.61)
1.15 (0.60 to 2.19)

43 (17)
44 (18)
28 (11)

76.62
87.94
46.03

1.0 (referent)
1.0 (referent)
1.14 (0.74 to 1.74) 1.06 (0.68 to 1.64)
0.61 (0.38 to 0.98) 0.56 (0.34 to 0.94)

1.0 (referent)
1.11 (0.71 to 1.74)
0.57 (0.33 to 0.98)

1.0 (referent)
1.07 (0.67 to 1.70)
0.50 (0.27 to 0.94)

Donor AKI was deﬁned as at least a doubling of serum creatinine from admission to the terminal value.
a
Donor variables used for adjustment: age (years), height (cm), weight (kg), black race, history of hypertension, history of diabetes, terminal serum creatinine, stroke
as cause of death, and donation after circulatory determination of death status.
b
Includes all variables listed above plus the following transport and recipient variables: cold ischemia time (hours), age (years), black race, gender, previous kidney
transplant, diabetes as the cause of ESRD, number of human leukocyte antigen mismatches, body mass index (kg/m2), duration of dialysis before transplant
(months), and panel reactive antibody (%).
c
Includes all variables listed above plus log base 2–transformed donor urine NGAL.

upregulation of anti-ischemic regulatory proteins. In particular, ischemic events before procurement may induce YKL-40
expression, which could protect the allograft from subsequent
reperfusion injury. Prior research has suggested that DGF is
often a manifestation of severe ischemia/reperfusion injury in
transplant recipients. Ischemic preconditioning would therefore explain the observation that kidneys from donors in which
AKI is accompanied by a marked increase in urinary YKL-40
are at decreased risk of DGF. Furthermore, ischemic preconditioning may prompt a successful long-term adaptive repair
response among kidneys that experience DGF, explaining the
progressively better graft function with increasing donor YKL40 seen in recipients that had DGF.
The strengths of this study include the prospective, multicenter design, large sample size, high quality data collection
methods, and careful adjustment for multiple donor and
recipient characteristics. We acknowledge that there are also
some limitations of the study. One limitation is that we only
measured YKL-40 at the time of organ procurement, limiting
our ability to assess recovery and biomarker trends after
transplantation. We adjusted for multiple donor and recipient
characteristics, but confounding is still possible given that
transplant centers accept or reject organs on the basis of clinical
judgment. For example, transplant centers were more likely to
biopsy and subsequently discard donor kidneys with AKI. If
these discarded kidneys had instead been transplanted, it is
possible that those recipients might have had worse graft
function than observed in this study. In addition, our analyses
were limited to recipient characteristics recorded in the UNOS
(United Network for Organ Sharing) database. The UNOS
deﬁnition of DGF (the need for any dialysis in the week posttransplant) may be confounded by transplant center practice
patterns, and the limitations of the UNOS database prevent us
from assessing the association of YKL-40 and more robust
J Am Soc Nephrol 28: 661–670, 2017

outcomes such as the need for two or more dialysis sessions. We
also acknowledge that, although our results demonstrate
statistical and clinical signiﬁcance, they will need to be validated in other cohorts.
The shortage of donor kidneys has led transplant centers to
consider organs with AKI for transplantation. However, these
organs are often discarded for fear of poor transplantation
outcomes. Currently available clinical models to evaluate
allograft quality utilize donor clinical attributes, terminal
serum creatinine, and occasionally kidney biopsy data, but these
measures have limited accuracy in predicting recovery of
individual organs.15 Donor biomarkers measured at the time
of organ procurement that predict post-transplant renal recovery could help reduce unnecessary organ discard, increase organ availability, and improve recipient outcomes.
Our results show that elevated donor urinary YKL-40 was
able to predict graft function beyond donor, transport, and
recipient characteristics, especially among recipients at high
risk for poor outcomes. For potential kidney donors with AKI,
it may be possible to reduce discard while maintaining good
allograft function by selecting those kidneys with elevated
urine YKL-40 for transplantation. Further research still needs
to be done before YKL-40 is applied to clinical decisionmaking. If these clinical studies prove successful, the measurement of urinary YKL-40 at procurement could help
evaluate the viability of kidneys for transplantation.
Finally, these ﬁndings point to YKL-40 signaling as a
potential target for the prevention and treatment of ischemia/
reperfusion injury. To date, no treatments have been shown
successfully to be effective in preventing or alleviating ischemia/reperfusion injury, an inevitable part of organ transplantation. These results should inform the development of
novel renoprotective therapies, and future research should
focus on extending these ﬁndings to other disease settings.
YKL-40 in Deceased Donor Transplantation
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CONCISE METHODS
Study Design and Participants
We conducted a prospective cohort study involving deceased kidney
donors from ﬁve organ procurement organizations (OPOs) in the
United States. Between May of 2010 and December of 2013, donors
whose surrogates provided consent were enrolled in the study.
Participants who did not have at least one biomarker measurement,
were missing admission or terminal serum creatinine values, and/or
were ,16 years of age were excluded. Donor characteristics were
obtained from the OPO donor charts, and recipient characteristics
were obtained from the UNOS database through August 2015. The
scientiﬁc review committees of the participating OPOs and the institutional review boards of the participating investigators approved
the research protocol.

Histology and Immunohistochemistry
The OPOs performed wedge biopsies for selected donors immediately
after organ procurement, which were evaluated by the individual
pathology services associated with these OPOs. As described previously, we retrospectively evaluated biopsy reports for the presence or
absence of ATN. For descriptive purposes, we then categorized the
severity of ATN as mild, moderate, or severe if the tubular involvement
was reported as ,25%, 25%–50%, or .50%, respectively.16
We stained for YKL-40 in tissue specimens from three randomly
selected deceased donors with available procurement kidney biopsy slides
– one each with low, medium, and high urine YKL-40 levels. To assess
YKL-40 expression, the tissue sections were deparafﬁnized and rehydrated in distilled water. After antigen retrieval, the sections were blocked
with 1% H2O2 in phosphate-buffered saline at room temperature for 1
hour. Then, the samples were incubated in YKL-40 primary antibody
(murine anti-human YKL-40 monoclonal antibody generated by immunization of an epitope of YKL-40 [RGATVHRILG]) overnight at 4°C.
IgG-horseradish peroxidase conjugate and 3,3-diaminobenzidine tetrahydrochloride were used to visualize antibody binding. The sections were
counterstained with hematoxylin.

Study Variables
Donor AKI was deﬁned as at least a doubling of serum creatinine from
admission to the terminal value, corresponding to AKI Network Stage
2 or higher (urine output was not used for AKI assessment).17 PNF was
deﬁned as dialysis dependence from the time of transplant to the last
follow-up. DGF was deﬁned in accordance with UNOS (at least one
dialysis session within the ﬁrst week after transplantation). Sixmonth eGFR was calculated from the serum creatinine recorded
for the 6-month UNOS follow-up form using the CKD Epidemiology
Collaboration equation.18 We imputed 6-month eGFR as 10 ml/min
per 1.73m2 for recipients with graft failure before 6 months (which
included those with PNF). For recipients who died before 6 months
with a functioning allograft, we carried forward their last reported
serum creatinine to calculate eGFR. Sensitivity analyses were carried
out by imputing eGFR as 0 ml/min per 1.73m2 for recipients with
graft failure or death.
This study used data from the Organ Procurement and Transplantation Network (OPTN). The OPTN data system includes data on
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all donor, wait-listed candidates, and transplant recipients in the
United States, submitted by the members of the OPTN, and has been
described elsewhere.19 The Health Resources and Services Administration, US Department of Health and Human Services provides
oversight to the activities of the OPTN contractor.

Biomarker Measurement
As per study protocol, 10 ml of urine was collected from donors just
before organ procurement. The samples were transported on ice to the
OPO and stored at 280°C until monthly batch shipment to Yale
University. After one freeze-thaw cycle, urine NGAL was measured
using the Architect platform that is clinically approved for use in
Europe (Abbott Laboratories, Alameda, CA). Urine YKL-40 was measured using the Meso Scale Discovery platform (Meso Scale diagnostics, Gaithersburg, MD), which employs electrochemiluminescence
detection combined with patterned arrays. The coefﬁcient of variation for this assay was ,10%. Laboratory personnel performing biomarker measurements were blinded to clinical information about the
participants.

Statistical Analyses
Descriptive statistics were reported as mean (SD) or median
(interquartile range) for continuous variables and as frequency
(percentage) for categorical variables. Continuous variables were
compared with Wilcoxon rank sum tests or Kruskal–Wallis tests, and
categorical variables were compared via chi-squared or Fisher exact
tests as appropriate. We determined the kidney donor risk index as
described previously.20 Then, we derived the kidney donor proﬁle
index from the kidney donor risk index relative to all United States
deceased donors from 2010 according to standard conventions.21
The sensitivity and speciﬁcity of YKL-40 to identify patients with
AKI was determined using receiver operating characteristic analysis.
We ﬁt multivariable modiﬁed Poisson regression models to estimate
the RR of AKI.22 We divided our cohort into tertiles using donor
urinary YKL-40 values. The RR of AKI was calculated for each tertile,
with the lowest tertile serving as the reference group. We also used
modiﬁed Poisson regression models to determine the association of
donor YKL-40 tertiles with recipient PNF. In addition, we used modiﬁed Poisson regression models to determine the association of donor
YKL-40 tertiles with recipient DGF stratiﬁed by donor AKI status.
Subsequently, we ﬁt multivariable linear regression models to test for
the association between donor YKL-40 tertiles and recipient 6-month
eGFR stratiﬁed by recipient DGF status. The estimated mean (95%
CI) eGFR was reported for the reference tertile (lowest or T1) and the
estimated mean difference (95% CI) for the middle (T2) and highest
(T3) tertiles. We used Cox proportional hazards regression to examine the association between YKL-40 tertile and graft failure from time
of transplant stratiﬁed by recipient DGF status. The hazard ratio for
graft failure was calculated for each tertile, with the lowest tertile
serving as the reference group. We used Schoenfeld residuals to verify
the proportional hazards assumption.
These models, except for the outcome of PNF, were adjusted for
variables previously shown to be associated with recipient graft
function.23 No variables were adjusted for in the PNF model; because
of the very small number of events, the addition of variables would

J Am Soc Nephrol 28: 661–670, 2017

www.jasn.org

run the risk of overﬁtting the model. All other regression models were
adjusted for the following donor factors: age (years), height (cm),
weight (kg), black race, history of hypertension, history of diabetes,
stroke as cause of death, and donation after circulatory death status.
Regression models for the recipient outcomes of DGF and eGFR were
further adjusted for donor terminal serum creatinine and the following transport and recipient variables: cold ischemia time (hours), age
(years), number of human leukocyte antigen mismatches, black race,
gender, previous kidney transplant, diabetes as the cause of ESRD,
body mass index (kg/m2), duration of dialysis before transplant
(months), panel reactive antibody (%), and log base 2–transformed
donor urine NGAL. Collinearity among predictor variables was assessed by Pearson correlation and variation inﬂation factor. The only
covariate that was highly correlated (r.0.5) with urinary YKL-40 was
urinary NGAL, with a correlation of r=0.65. All variation inﬂation
factors were ,10, indicating that there was no signiﬁcant multicollinearity in the models. In addition, all regression models were clustered at the level of the kidney donor.
For analyses of DGF, we ﬁt prespeciﬁed stratiﬁed models according
to donor AKI status and performed tests for effect modiﬁcation
between donor YKL-40 and AKI on DGF. For analyses of eGFR, we ﬁt
prespeciﬁed stratiﬁed models according to recipient DGF status and
performed tests for effect modiﬁcation between donor YKL-40 and
DGF on 6-month eGFR.
Analyses were conducted using SAS version 9.3 (SAS Institute Inc.,
Cary, NC), Stata version 13.0 (StataCorp., College Station, TX), and R
version 3.1.2 (R Foundation for Statistical Computing, Vienna, Austria).
All tests of signiﬁcance were two-sided with P,0.05 considered signiﬁcant.
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