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Abstract: Long-term kidney transplant (KT) survival has remained relatively stagnant. Protocol
biopsy studies suggest that glomerulosclerosis is a significant contributor to long-term graft
failure. We previously demonstrated that podocyte loss in the 1°'year post-transplantation
predicted long-term allograft survival. However, whether increased podocyte loss continues over
the lifespan of a KT remains unclear. We performed a cross-sectional analysis of 1,182 urine
samples from 260 KT recipients up to 19-years after transplantation. Urine pellet mMRNAs were
assayed for podocyte (NPHS2/podocin and nephrin/NPHS1), distal tubule (aquaporin2), and
profibrotic cytokine (TGFbeta1). Multivariable generalized estimating equations were used to
obtain “population-averaged” effects for these markers over time post-KT. Consistent with early
stresses both podocyte and tubular markers increased immediately post-KT. However, only
podocyte markers continued to increase long-term. A role for hypertrophic stresses in driving
podocyte loss over time is implied by their association with donor BMI, recipient BMI and donor-
recipient BMI mismatch at transplantation. Furthermore, urine pellet podocin mRNA was
associated with urine TGFbeta1, proteinuria and reduced eGFR, thereby linking podocyte injury
to allograft fibrosis and survival. In conclusion we observed that podocyte loss continues long-

term post-KT suggesting an important role in driving late graft loss.
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Introduction

Current protocols that minimize early allograft injuries from ischemia-reperfusion, drug toxicities,
acute rejection, infections, recurrent disease, and technical factors have led to remarkable
improvements in short and intermediate-term allograft survival. However, these advances have
not been accompanied by comparable improvements in long-term graft survival." This raises the
question of whether, in addition to chronic microvascular injury, other underappreciated
mechanisms drive late graft loss ?°. In particular, the question of whether glomerulosclerosis
could be playing a role is brought to the forefront by two long-term surveillance biopsy studies.
Recently, Stegall and colleagues reported 10-year protocol allograft biopsy data showing that
global glomerulosclerosis was a significant pathologic feature. Rejection, advanced interstitial
fibrosis, and tubular atrophy were uncommon, leading the authors to conclude that, “By 10-
years after transplantation, much damage appears non-immunological, suggesting that newer
approaches are needed to decrease late injury”.* Similarly, Nankivell and colleagues, also found
global glomerulosclerosis to be a major pathologic feature in surveillance biopsies 6-10-years

after transplantation in diabetics whose diabetes had been cured by simultaneous pancreas

transplantation.®

As a result of the 2-kidneys (2K) to 1-kidney (1K) transition at transplantation, allografts
hyperfilter to a greater or lesser extent.® The degree of hyperfiltration depends on donor age
and nephron number determined in part by donor and recipient relative body/kidney sizes.
Brenner and colleagues originally suggested this concept of “dose” of the graft needed to
sustain long-term graft function. ® Therefore, a key question is whether long-term allograft loss
is driven at least in part by hyperfiltration-induced stresses that drive podocyte depletion,
thereby contributing to chronic glomerular injury that might also explain the observed

relationship of donor and recipient size mismatch on kidney allograft outcomes.*""

We have modeled hypertrophic podocyte stress induced by uni-nephrectomy in rats to prove

that hypertrophy per se can drive long-term kidney failure and that prevention of glomerular



enlargement prevents progressive glomerulosclerosis.'*'. Because kidney transplantation is
essentially a form of “reverse nephrectomy” we expected similar mechanisms to be operating in
humans. We first performed an observational study to document that accelerated podocyte loss
starts immediately after transplantation and persists long-term as would be expected if
glomerular injury was triggered by hypertrophic stress associated with the transplantation
process itself.”® The increased rate of podocyte loss was then modeled to demonstrate that this
level of increased podocyte loss could quantitatively account for the shorter-than-expected
allograft half-life at 15-years and the effect of donor age on allograft lifespan.’® Third, we
performed a prospective study where we observed that podocyte loss in urine in the first year
after transplantation is related to loss of allograft function over the subsequent 4.5-years,
thereby linking the amount of podocyte detachment in the first year to a loss of allograft function.
In that study, we also noted that body size difference between the donor and recipient (a
surrogate for kidney size and hypertrophic stress) strongly predicted the rate of podocyte loss,
thereby supporting the concept that hypertrophic stress might play a role."”” Taken together,
these reports are consistent with hypertrophic podocyte stress incurred at the time of
transplantation being a significant driver of allograft loss. However, they do not address the
question of whether podocyte detachment persists long-term to account for global

glomerulosclerosis observed in long-term protocol kidney biopsies.*®

Podocytes are resident on the urinary space side of the glomerular basement membrane so that
as they detach they and their products can be identified in the urine, where can they serve as
markers for monitoring glomerular disease activity and response to treatment in real-time.'®"
To further test the hypothesis that accelerated podocyte loss in allografts can persist long-term

as a hypothetical driver of progressive glomerulosclerosis in allografts, we performed a cross-

sectional analysis of kidney transplant recipients up to 19-years post-transplantation..

Material and Methods:



The studies described were approved by the University of Michigan under IRB (HUM00118077
and HUMO0055525). The cross-sectional study design included all-comers immediately post-
transplantation and longer-term in the transplant clinic. In total, we collected 1,182 urine
samples from 260 kidney allograft recipients between day 0-19-years after transplantation from
Jan 1, 2016 to December 31, 2018. A previously reported healthy living donor cohort (n=87)

was used to establish control values.?°

Demographic data: Donor and recipient data were abstracted from the electronic medical
records. Donor information collected included age, race, body mass index (BMI), gender, and
type of the organ (living versus deceased). Recipient data included age, self-identified race,
gender, body mass index , serum creatinine, and estimated glomerular filtration rate (eGFR)

using the modified diet in renal disease (MDRD) formula at the time of urine sample collection.
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Urine sample processing and mRNA assay. Surplus urine sample produced by clinic
attendees was stored at 4°C in a plastic container for up to 8 hours. The urine container was
gently swirled to re-suspend all contents and then the available urine (10-50ml) was poured into
a 50ml plastic centrifuge tube for centrifugation at 4,000 rpm at 4°C for 15 minutes. 1.8-ml of
urine supernatant was transferred to a 2ml plastic tube and stored at -20°C for urine protein and
creatinine assay. After pouring off the remaining supernatant the pellet was suspended in 750ul
diethylpyrocarbonate-treated PBS at 4°C (DEPC-PBS) and then transferred to a 1.7 ml plastic
centrifuge tube. A second 750ul aliquot of DEPC-PBS was then used to wash the bottom of the
50ml centrifuge tube to recover any remaining pellet material, which was then added to the 1.7-
ml tube. The urine pellet in 1.5mlI DEPC-PBS was centrifuged at 12,000 rpm 5 minutes at 4°C.
The supernatant was discarded. To the remaining pelleted material was added 350ul of RLT
buffer containing B-mercaptoethanol at 10ul/ml according to the RNeasy Qiagen protocol

(Germantown, MD). The pellet was suspended in the RLT/B-mercaptoethanol buffer and then



frozen at -80°C. The total urine pellet RNA was isolated using the RNeasy Mini Kit protocol
(catalog no. 74106; Qiagen). RNA purity was assessed using the A260/A280 ratio with a value
of 1.8 used as a cut-off. Samples were reverse transcribed to cDNA using High-Capacity cDNA
reverse Transcriptase Kit (Applied Biosystems, Foster City, CA) and stored at -20°C until use.
Quantitation of the absolute nephrin, podocin, TGF-beta1, and aquaporin-2 cDNA abundance
was performed using the 7900 HT Fast Real-Time PCR System (Applied Biosystems) using
TagMan Fast Universal PCR MasterMix, with sample cDNA in a final volume of 25ul per
reaction. TagMan Probes (Applied Biosystems) used are as follows: human NPHS1 (nephrin;
catalog no. s00190446_m1), human NPHS2 (podocin; catalog no. Hs00922492 m1), human
aquaporin2 (cat. no. Hs00166640_m1); and human TGF-beta1 (cat. no. Hs99999918 m1). The
primer sets used span one or more introns to minimize DNA replication. All data were from 2ul
samples of the reverse-transcribed cDNA measured in duplicate. Standard curves using were
constructed for each assay using serially diluted cDNA standards. Assays were accepted only if
the R? was 20.97 for standard curves using SDS 2.2.2 software (Applied Biosystems). cDNAs of
known sequence and concentration are used as standards for all assays. Following RT-PCR
quantitation all values were first corrected for the volume of urine used by expressing the
measured cDNA amount per ml of initial urine used. As a second step to correct for variation in
24hr urine volume the cDNA per ml was divided by the creatinine concentration and expressed
as cDNA per g creatinine. We have previously shown that the quality and quantity of total RNA
recovered from the urine pellet is quite variable and does not provide useful additional
information in relation to interpretation of the amount of podocyte transcript detected.”? We
therefore do not routinely measure RIN values for urine samples and we do not provide this

information for the current dataset. The coefficient of variation of the assay is 35%.'®

Urine mRNA assay interpretation: We utilized the two quantitated podocyte markers
(Podocin and Nephrin mRNA) and a tubular marker (Aquaporin2 mRNA) normalized to urine
creatinine (all as continuous variables) to assess nephron segment specific patterns of injury.

Urine TGFbetalwas used as a non-specific marker of innate immune activation and profibrotic



activity. Podocyte hypertrophic stress leads to relative downregulation of nephrin versus
podocin mRNA expression and thus an increasing UPod:Neph ratio is suggestive of podocyte
stress.?® The urine podocin mRNA to aquaporin mRNA ratio (UPod:Aqp2) was used to assess
evidence of preferential glomerular versus tubular injury.?® Spot urine protein to creatinine ratio

was used (UProt:CR) as a measure of urinary protein loss rate.

Statistics: Descriptive statistics were computed for the study cohort. Continuous variables were
summarized by the mean and standard deviation. Categorical variables were reported as
proportions of the total for that variable. Since our focus was on estimating the “population-
averaged” effect, we used a generalized estimating equation (GEE). This statistical model also
allows us to account for correlation of values of urine markers in individuals with one or more
samples.?*? Given the nonlinearity of urine markers in the long-term, as noted in figures 1 and
2, we included restricted cubic splines using 4 knots based on the data's distribution. Knots
were placed at 14 days (2 weeks), 216 days (~ 6 months), 630 days (~ 2 years), and 3716 days
(~10 years) post-transplant. The placement of knots was driven by the distribution of the data
and the best fit. For the multivariable GEE analysis to determine factors associated with long-

term changes in the urine mMRNA markers

, we used a priori defined variables that included donor BMI, recipient BMI, the interaction of
donor and recipient BMI, and the time post-transplantation. The relationship between podocin
mRNA with proteinuria and eGFR at the time of sample collection given the different sampling

numbers was assessed using linear mixed models. (Table 5A and 5B).

Plots: Figures 1 and 2 were constructed using fractional polynomial prediction plots to obtain
the predicted mean level of urine markers (y variable) from the estimation of a fractional
polynomial (2nd degree) of the time post-transplant (x variable) along with its 95% confidence

interval. Contour plots were used in Figure 3 to understand the effect of interaction of donor



and recipient BMI on individual urine mRNA markers.

Missing data: Donor BMI associated with 7.5% of the urine values was missing, while recipient
BMI was missing for 1.9% of the values. We thus singly imputed missing values of donor BMI to
the sample mean donor BMI. A comparison of results was then performed between the imputed
dataset, and the original data set (complete case analysis) revealed no differences in the
significance of the results. We thus used the imputed dataset to maximize urine marker data.

Stata 15 I/C (College Station, TX) was used for all analyses.

Results

Table 1 shows the demographic data for the 260 allograft recipients from whom 1,182 urine
samples were collected. Table 2 shows normal ranges obtained from 87 healthy kidney donors
(before donation) previously reported.” Timing of urine collections after transplantation was left-
skewed, given the higher frequency of patient contact in the first post-transplant year. The
median time of follow-up was 390-days with a 5th percentile value of 14-days and 95"
percentile value of 3,705-days (~10-years) post-transplant and ranged from 0-6,879 days (~19-
years). Samples were collected over three years, with the average number of samples from any

one allograft recipient being 4, ranging from 1-18.

Urine markers in relation to time after transplantation. Figure 1 shows urine pellet (UP)
data from allograft recipients presented as individual data points with the estimated mean and
95% confidence interval. Figures 2 show these data as the estimated mean and 95%
confidence interval up to 19 years post-transplant. The mean and 95% confidence intervals

derived from healthy living donors are also shown in Figure 2 to allow for comparison.

A marker of distal tubular loss: UPAquaporin2 creatinine ratio (UPAgp2CR) increases initially
post-transplant and then stabilizes over time to a level not significantly different from the 2K

controls. (Figures 1 and 2, panel A)



Markers of podocyte loss: UP Podocin mRNA creatinine ratio (UP PodCR) as an estimate of
podocyte loss increases rapidly after transplantation reflecting initial post-transplant-associated
hypertrophic stresses on the podocyte. The average UP PodCR then trends towards the 2K
control but then, in contrast to the tubular marker, steadily increases over the long term.

(Figures 1 and 2, panel B).

A marker of preferential glomerular vs. tubular injury: Immediate after transplantation the UP
PodAgp2 mRNA ratio was at the lower limit of the normal range reflecting somewhat greater
initial loss of aquaporin2-containing tubular cells versus podocin-containing glomerular cells.
However, beyond 3-years post-transplant, the UP PodAqgp2 ratio steadily increases, reflecting
preferential glomerular versus distal tubular compartment injury over time (Figures 1 and 2,

panel C)

A marker of podocyte hypertrophic stress: Early after transplantation UP NephrinCR remains
below the normal 2 K values (Figures 1 and 2, panel D) while the podocin mRNA signal is
increased above normal, reflecting increased podocyte loss. When shown as the ratio of the two
podocyte-specific markers this remains very high immediately after transplant but stabilizes to a

2-fold higher level than the 2K controls (Figures 1-2, panel E).

A marker of innate immune activity and profibrotic activity: UP TGFbeta1CR increased
immediately after transplant and continued to remain above baseline in the long-term, reflecting

ongoing diverse injury processes (Figures 1-2, panel F).

Proteinuria: UProtCR was highest (32-fold above control levels) immediately post-transplant
(Supplemental figure 1). This likely reflects the increased protein leak from native kidneys
present in recipients before transplantation in addition to early post-transplant hypertrophic
stresses. The UProtCR rapidly decreases to reach a level about 4-fold above 2K control by 1-
year post-transplant, reflecting a combination of decreasing residual native kidney urine

production and adaptations by the allograft. However, by 1-year post-transplant, the UProtCR
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(Figure 2G) begins to steadily increase over time, paralleling the UP PodCR (Figure 1 and 2,

panel B) that signals progressive glomerular injury.

Hypertrophic stress as a potential mechanism responsible for causing persistent
podocyte loss in allografts. Based on model systems, we hypothesized that hypertrophic
stresses inherent in the single kidney state drives allograft failure and that urine podocyte
markers report these stresses. Although all allografts hyperfilter as a result of their transition
from the 2 kidneys to the 1 kidney state at the time of transplantation, the degree of hypertrophic
stress experienced will be either amplified or mitigated as a result of the relationship between
the body size of the recipient and donor where body mass index is a surrogate for kidney size.
Thus, if the hypothesis that hypertrophic stress is a driver of accelerated podocyte loss in
allografts is correct, then a larger recipient body size in relation to a smaller donor body size
would be expected to be associated with greater podocyte loss, and vice versa. To test this
hypothesis, we estimated a “population averaged” effect for each urine marker and tested its

relationship to donor and recipient kidney size mismatch.

As shown in Table 3A, the tubular marker (UP Aqp2CR) was not significantly associated with
the donor or recipient's BMI. In contrast, Table 3B and 3F shows that the urine podocyte marker
(UP PodCR) and UP TGFbeta1CR were both significantly positively associated with the

recipient's BMI and negatively associated with the donor BMI.

Figure 3A shows graphically how the recipient and donor BMI interact to determine the degree
of podocyte loss. The higher the recipient BMI (x-axis) and the lower the donor BMI (y-axis), the

greater the podocyte loss, and vice versa. Figure 3B shows parallel data for TGFbeta1.

Are podocyte loss and TGFbeta1 related to one another? To assess the effect of podocyte
loss on the UP TGFbeta1 signal, we added UP PodCR as a dependent variable to the BMI
variables analysis (Table 4). We observed that UP PodCR (podocyte loss) per se is associated

with UP TGFbeta1CR independent of donor BMI, recipient BMI and recipient/donor mismatch.
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Relationship of podocyte loss to eGFR and proteinuria: Table 5A shows the relationship
between UP PodCR with eGFR accounting for differences in sampling numbers between
patients. Given that averaged eGFR was 58 ml/min/1.73 m2, we tested this relationship at
eGFR >= 45, <45 and eGFR <30 respectively and noted a significant association at lower eGFR
ranges. Table 5B shows the association between UP PodCR and proteinuria a well-known

surrogate of long-term outcomes.”

Discussion

The approach taken evaluated all allograft recipients in a cross-sectional study design of all-
comers in a transplant clinic irrespective of allograft function. This heuristic approach offers a
non-invasive approach to test the role of podocyte depletion in relation to long-term allograft
outcomes in the general kidney transplant population which would otherwise require a 15-20-
year study period. We tested the hypothesis that glomerular stresses resulting in accelerated
podocyte loss into the urine that are initiated immediately following transplantation continue
throughout allograft lifespan reflecting a putative glomerular injury process that could drive long
term allograft failure. We observed evidence of accelerated podocyte loss throughout 17-19-
years post-transplantation consistent with the previously reported high prevalence of
glomerulosclerosis in long-term (as opposed to short term) protocol allografts biopsies.*®
Furthermore, hypertrophic stress (as indicated by donor and recipient body size mismatch) at
the time of transplantation was strongly associated with long-term podocyte loss and podocyte
stress. Finally, podocyte loss was related to increased urine TGFbeta1, lower eGFR, and

proteinuria, thereby linking long-term podocyte loss with allograft survival.

The most obvious mechanism that could cause the observed changes in podocyte stress and
loss starting immediately after transplantation and persisting long-term is the hyperfiltration and
rapid compensatory kidney growth processes inherent in kidney transplantation where a single

kidney has to take up the functions that would normally be performed by two kidneys. This
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concept is also supported by finding that both donor and recipient BMI were significantly
associated with podocyte loss but not with the tubular marker. Furthermore, the interaction
between smaller donor and larger recipient BMI magnified the impact of either alone. Donor BMI
and recipient BMI and donor and recipient kidney size mismatch (using BMI and BSA as
surrogates) have long been recognized as having the potential to drive long term transplant
outcomes as originally suggested by Brenner and colleagues.?”?® Consistent with this concept,
recipient to donor body size mismatch has also been associated with more proteinuria and

glomerulosclerosis. "

Immediately post-transplantation, both glomerular and tubular compartments of the allograft
undergo various stresses related to well-accepted causes of early graft dysfunction (ischemia-
reperfusion, drug toxicities, and immune activation). However, while tubular loss markers return
to normal, those associated with podocyte injury and stress continue to increase. Furthermore,
the ratio of podocyte marker to tubular marker, increases over time compatible with preferential

glomerular injury over tubular injury with an increasing amount of time post-transplantation.

It is likely that hypertrophic stress would also promote other pathologic processes that could
shorten allograft lifespan. For example, hypertrophic stresses in the allograft could promote HLA
system proteins' expression in the graft that triggers host immune responses to cause rejection.
Indeed, in animal models of transplantation, reduced nephron mass is reported to be associated
with increased expression of ICAM-1 and MHC class Il antigens, cellular infiltration, and
expression of all T cell and associated macrophage products, thereby offering evidence that
reduced nephron mass might amplify immune-mediated injury.”® In the current study, we also
observed a strong association of donor BMI, recipient BMI and their interaction with increased
urinary TGFbeta1, thereby supporting a potential role of hypertrophic stress in driving immune-
mediated injury. Thus, mitigating the impact of hypertrophic stress might also impact immune-
mediated allograft injury that together with glomerular disease is thought to be a leading cause

of late graft failure.>>*
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While our approach provides an approximation of patterns of nephron segment-specific injury in
kidney allografts over time, it has inherent weaknesses. We used aquaporin2 as a marker
representing the distal nephron farthest downstream for comparison to the upstream
glomerulus. In the allograft, proximal tubular cells are a major target of ischemia-reperfusion
injury, drug toxicities, and immune injury. Thus, the aquaporin2 distal tubular marker does not
directly report proximal tubular cell injuries, although nephron death from any cause will also
result in detachment of distal tubular cells. We, therefore, cannot conclude from these data that
persistent proximal tubular injury is not occurring at some level sufficient to impact survival in
long-term allografts. RNA quality was not measured in the urine pellet samples because it has
not proven to be a useful parameter * however, by comparing the ratio of two transcripts
measured in the same urine pellet sample by the same method at the same time the possibility
that variation in RNA quality or quantity over time after transplantation could be responsible for
the observed result is minimized. It is also important to note that there remains an inherent
survivor bias in our study, and on average allografts evaluated had mean eGFR of 58
ml/minute. However, despite this selection bias towards surviving allografts with better function,
we still observed evidence of podocyte stress and detachment thereby supporting the
hypothesis that there is ongoing subclinical glomerular injury even with relatively normal kidney
function, although worse function was associated with higher podocyte loss rate as previously
reported.”” Confirmation of findings from this cross-sectional study will require a longitudinal
study of individual patients over a 15-20-year period. It is also important to note that association
does not prove causality, although, most of our findings related to urinary pellet mRNA markers
are in line with what we have observed in model systems of nephrectomy induced glomerular
and renal disease progression where causation has been established.”'**** Lastly although
podocyte loss was associated with TGFbeta1, the directionality of this association remains

unclear.

In summary, the data presented are consistent with the hypothesis that injury to the glomerulus

is initiated immediately post-transplant driven in part by hypertrophic stresses caused by
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transitioning to a single kidney state that is inherent in the transplantation process itself, and that
these stresses persist throughout the lifespan of the allograft. The impact of hypertrophy, as
opposed to other potential mechanisms, is suggested by the finding that the signal was
amplified by a larger size mismatch between recipient and donor, and vice versa. If this concept
is correct, then extending the average allograft lifespan beyond the current average 15-years
will require mitigation of hypertrophic stress-induced glomerular injury in addition to ongoing

efforts to reduce immune mediate microvascular injury.
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Table 1

n Mean * 1SD or % Range
Total n for all transplanted 260
subjects
Recipient data
Recipient Age at transplantation 260 47.2+15.1 18-75
(years)
Recipient gender (% female) 259 33.7 NA
Recipient race (% white) 259 75.4 NA
Recipient eGFR at time of urine 1182 58.8 £ 26.5 5.4-183.2
sampling (ml/min/1.73 m?)
Serum creatinine at the time of 1182 1.60 £ 0.83 0.6-10.02
urine sampling (mg/dl)
Recipient BMI at transplant 253 28.7+5.8 17.2-46.1
(kg/m?)
Class 1 PRA pre-transplant 225 11.2+26.5 0-100
Class 2 PRA pre-transplant 242 13.7 £ 28.9 0-100
Donor data
Donor Age (years) 194 412+ 111 7-64
Donor gender (% female) 247 65.9 NA
Donor race (% white) 184 58.1 NA
Donor type (% living donor) 260 67.3 NA
Cold ischemia time (hours) 248 6.8+7.22 0.42-34.4
Donor BMI (kg/m?) 189 269+54 13.7-47.9

Table 1 legend: Clinical characteristics of the transplant recipient and donor cohorts. The
values for n <260 represent missing data. Donor data was frequently missing due to incomplete
data capture for deceased donors. Data is reported as Mean + SD for continuous variables and
% for categorical variables. eGFR, estimated glomerular filtration rate; BMI, Body mass index;
PRA, panel reactive antibodies
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Table 2

Mean £ 1SD
n 87
Age (years) 43.5+12.5
Female Gender 59.8%
White Race 78%
BMI (kg/m?) 27.0+4.7
Serum Creatinine (mg/dl) 0.83+0.16
eGFR (CKD-EPI) ml/min/1.73 m? 97.3+15.6

Table 2 legend: Clinical characteristics of the control cohort.
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Table 3

Coef. Robust P 95% Confidence
Intervals
Std. Err. value
A. Log2 UP Aquaporin2 mRNA Creatinine Ratio
Donor BMI -0.076 0.080 0.344 -0.233 0.081
Recipient BMI 0.043 0.074 0.559 -0.101 0.187
B. Log2 UP Podocin mRNA Creatinine Ratio
Donor BMI -0.199 0.075 0.008 -0.347 -0.051
Recipient BMI 0.136 0.069 0.050 0.000 0.273
C. Log2 UP Podocin Aquaporin2 mRNA Ratio
Donor BMI -0.112 0.081 0.165 -0.272 0.046
Recipient BMI 0.078 0.079 0.306 -0.072 0.230
D. Log2 UP Nephrin mRNA Creatinine Ratio
Donor BMI -0.157 0.060 0.009 -0.275 -0.039
Recipient BMI 0.087 0.056 0.120 -0.023 0.196
E. Log2 UP Podocin Nephrin mRNA Ratio
Donor BMI -0.045 0.060 0.453 -0.162 0.072
Recipient BMI 0.047 0.055 0.389 -0.060 0.154
F. Log2 UP Transforming Growth Factor beta1 Creatinine Ratio
Donor BMI -0.479 0.118 <0.0001 -0.711 -0.247
Recipient BMI 0.401 0.115 <0.0001 0.176 0.626
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G. Log2 Urine Protein Creatinine Ratio

Donor BMI -0.133 0.088 0.134 -0.307 0.041

Recipient BMI 0.093 0.086 0.284 -0.077 0.262

Table 3, legend. Multivariable Generalized Estimating Equation (GEE) with restricted
cubic splines were used to model non-linear time-dependent changes (A through G). The
regression is adjusted for donor BMI, recipient BMI and the interaction between donor
and recipient BMI and also accounts for the within-patient correlation of values. The order
of Table 3A through 3G is the same as that shown in Figures 1-3. Donor and recipient BMI are
represented in kg/m?. Restricted cubic splines to model for non-linearity were constructed with
knots at 14 days (2 weeks), 216 days (~ 6 months), 630 days (~ 2 years), and 3716 days (~10
years) days post-transplant. Table 3H shows correlation coefficients for Log2 UP TGFbeta1 in
relation to the Log2 UP PodCR and both donor and recipient BMI.
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Table 4

Coef. Robust P-value 95% Confidence

Intervals
Std. Err.

Predictors of Log2 UP Transforming Growth Factor beta1 Creatinine Ratio

Log2 UP PodCR 0.588 0.052 <0.0001 0.486 0.689

Table 4 Legend. Relationship between urine pellet transforming growth factor beta 1
mMRNA in urine with podocyte loss (UP PodCR). The model was adjusted for donor BMI,
recipient BMI and donor and recipient size mismatch.

Table 5 A:
Coef. Robust P-value 95% Confidence
Std. Err. Intervals
Entire eGFR spectrum
Log2 UP PodCR -0.12 0.22 0.54 -0.54 0.29
eGFR >= 45 ml/min/1.73 m*
-0.22 0.25 0.37 -0.71 0.27
eGFR <45 ml/min/1.73 m*
Log2 UP PodCR -0.39 0.20 0.05 -0.79 -0.00
eGFR <30 ml/min/1.73 m*
Log2 UP PodCR -0.61 0.27 0.02 -1.14 -0.09

Relationship of eGFR with urine podocin mRNA across eGFR strata that takes within
patient variation and different sampling numbers into account.

Table 5 B:

Log2 UPCR Coef. Robust P-value 95% Confidence

Intervals
Std. Err.
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Log2 UP PodCR 0.23 0.022 <0.0001 0.190 0.277

Relationship of urine podocin mRNA with proteinuria that takes within patient variation
and different sampling numbers into account.
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Figure legends
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Figure 1. Urine pellet mRNA markers in relation to time after transplantation (Panels A-F).
Panel G shows urine protein to creatinine ratio while panel H shows the spread of
eGFRs across all time points. Individual data points are shown. The predicted mean and its
95% confidence interval are shown by the bold line and grey area respectively.
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Figure 2. Predicted mean values and 95% confidence intervals for urine markers from
allografts by time after transplantation up to 17-19 years derived from Figure 1 and
compared to the normal range obtained from kidney donors. Panel G shows urine
protein to creatinine ratio while panel H shows eGFRs across all time points. UP
Agp2:CR, Urine pellet aquaporin2 mRNA to creatinine ratio; UP PodCR, Urine pellet podocin
mMRNA: creatinine ratio; UP PodAgp2, mRNA ratio Urine pellet podocin to aquaporin2 transcript
ratio; UP NepCR, Urine pellet nephrin mRNA to creatinine ratio; UPPodNep, Urine pellet
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podocin mRNA to Nephrin mRNA transcript ratio; UP TGFbeta1CR, Urine pellet transforming
growth factor betal mRNA to creatinine ratio; UProtCR, Urine protein to creatinine ratio. LCL,
Lower confidence limit; UCL, upper confidence limit.
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Figure 3. The contour plot explores the interaction of recipient and donor body mass
index on UP PodCR, Urine pellet podocin mRNA: creatinine ratio (Panel A), and UP
TGFbeta1CR, Urine pellet transforming growth factor beta1l mRNA to creatinine ratio (Panel B).
As an example (panel A), a recipient with BMI>35 kg/m? is likely to have higher levels of
podocyte loss (red) if they were to get a kidney from a donor with a BMI of <25 kg/m? but
relatively lower levels of loss if donor BMI >32-33 kg/m?.
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Supplemental Figure 1: Predicted mean values and 95% confidence intervals for urine
markers from allografts by time after transplantation up to 28 days derived from Figure 1
and compared to the normal range obtained from kidney donors. UP Agp2CR, Urine pellet
aquaporin2 mRNA to creatinine ratio; UP PodCR, Urine pellet podocin mRNA: creatinine ratio;
UP PodAgp2 mRNA ratio Urine pellet podocin to aquaporin2 transcript ratio; UP NepCR Urine
pellet nephrin mMRNA to creatinine ratio; UP PodNep, Urine pellet podocin mRNA to Nephrin
MRNA transcript ratio; UP TGFbeta1CR, Urine pellet transforming growth factor betal mRNA to
creatinine ratio; UProtCR, Urine protein to creatinine ratio. LCL, Lower confidence limit; UCL,
Upper confidence limit.
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