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Background. Mesangial expansion (ME) is an understudied histologic lesion in renal allografts. The current Banff mm
score is not reproducible and may miss important ME features. The study aimed to improve the quantification of ME using
morphometry, assess changes over time, and determine its association with allograft loss. Methods. We studied ME in
1-y and 5-y surveillance biopsies in 835 kidney transplants performed between January 2000 and December 2013. ME was
assessed using the Banff mm score by a central pathologist and by morphometry. We derived 3 different morphometric meas-
ures: (1) %MEmm (%glomeruli with ME in >2 lobules, like Banff mm); (2) %MEany (%glomeruli with any ME lesion); and (3) %ME
area (sum of all ME areas/all glomerular tuft areas). Unadjusted and adjusted Cox models assessed the risk of death-censored
allograft loss. Results. From 1- to 5-y biopsies, the mean Banff mm score increased from 0.18 to 0.34, whereas %MEmm
increased from 2.5% to 13.3%. Banff mm score had modest correlations with morphometric ME measures. Moderate-severe
%MEmm was present in 20.1% of 5-y biopsies, whereas only 6.6% of Banff mm scores were. In general, higher ME on both
1- and 5-y biopsies was associated with a deceased donor, older recipient age, recipient diabetes/obesity (present in >50%
of severely affected biopsies), higher hemoglobin A1c at 5 y posttransplant, and recurrent kidney disease. Higher ME on 5-y
biopsies was associated with delayed graft function. A higher Banff mm score at 1-y biopsy and morphometry ME measures
at 5-y biopsy were associated with rejection during the first year posttransplant. Morphometric ME measures were associated
with allograft loss independent of Banff scores and all clinical characteristics, including kidney function and recurrent disease.
The model with %ME,  had the highest c-statistic (0.872). Conclusions. Banff mm score underestimates the pervasive-

ness of ME in 5-y biopsies. ME is common and associated with alloimmune and nonalloimmune causes of graft loss.
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mproving the long-term survival of renal allografts requires

a better understanding of the cause of late allograft loss.
Although alloimmunity and recurrent kidney disease are clearly
recognized causes of late allograft loss,"? recent studies suggest
that by 5 y after kidney transplantation, many grafts develop
a progressive increase in chronic lesions, such as glomerular
sclerosis and mesangial expansion (ME), that might represent
nonalloimmune mechanisms of late graft loss. For example, in
surveillance biopsies, moderate-to-severe ME scored by Banff or
Tervaert classification was common in patients with both dia-
betes and obesity and correlated with death-censored allograft
loss.? Similarly, a Japanese study of 89 patients with 7-y surveil-
lance biopsies showed that the presence of any ME by Banff
scoring predicted glomerular filtration rate (GFR) decline.*

ME is characterized by the aberrant proliferation of mesan-
gial cells and excess production of matrix proteins that has
been linked to diabetic nephropathy*¢ and kidney functional
decline.” The Banff mm score is defined as the percentage
of nonsclerosed glomeruli with at least moderate mesangial
matrix expansion.® However, because ME can be focal or per-
vasive, several ways exist to assess its severity.

Recently, we measured ME using morphometry and dem-
onstrated that both Banff mm score and morphometric
percentage of ME (%ME) area predicted death-censored
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allograft loss (DCGL) beyond 5 y.” Additionally, Banff mm
score suffers from poor interobserver reproducibility with
kappa values ranging from 0.19 to 0.37 when pathologists
used glass slides.!® Conversely, we showed that intraclass cor-
relation for %ME area between 2 trained morphometry read-
ers was 79.2%.°

The goals of this study were to (1) use computer-assisted
morphometry to measure ME in several ways, (2) assess the
relative prevalence of ME at 1 and 5 y after kidney transplan-
tation using surveillance biopsies,'" (3) identify risk factors
for ME, and (4) compare the correlation between the various
approaches to measuring ME including Banff mm score with
DCGL.

MATERIALS AND METHODS

Study Population

This study was approved by the Mayo Clinic Institutional
Review Board (approval number 17-002391). The clinical
and research activities being reported are consistent with the
Principles of the Declaration of Istanbul as outlined in the
“Declaration of Istanbul on Organ Trafficking and Transplant
Tourism.” This study included 835 patients from a previously
described cohort who had received a solitary conventional
ABO and HLA compatible (negative cytotoxic crossmatch)
kidney transplant at Mayo Clinic, Rochester, MN, between
2000 and 2013; and had an adequate 5-y surveillance kidney
biopsy (at least 4 glomeruli)."

Donor and Recipient Clinical Characteristics

For the living donors, we obtained age and body mass
index (BMI) from the medical evaluation before kidney dona-
tion and for the deceased donors at the time of organ procure-
ment. For the recipients, baseline clinical characteristics were
obtained from the medical records at the time of transplanta-
tion. These characteristics included age, race, BMI, presence
of pretransplant diabetes, presence of pretransplant hyperten-
sion, delayed graft function (DGF), and the number of HLA
class 1 mismatches. At 1y posttransplant, we collected biopsy
data (n = 769) and determined whether any episodes of acute
rejection had occurred since the transplant. Clinical charac-
teristics collected at 5 y were estimated GFR, proteinuria, and
hemoglobin Alc (HbA1lc). Because of missing data, a win-
dow of HbA1lc values has been expanded to 90 d before or
after the 5-y biopsy. From the 1- and 5-y pathology reports,
we collected available Banff scores (mm, interstitial fibrosis
[c], tubular atrophy [ct], transplant glomerulopathy [cg], glo-
merulitis [g], arteriolar hyalinosis [ah], arterial fibrointimal
thickening [cv], peritubular capillaritis [p#c], inflammation
[7], tubulitis [¢], intimal arteritis [¢], and total inflammation
[#]) that were recorded according to Banff classification at the
time of biopsy.

ME by Pathologist

Per Banff, ME was scored as follows: m710—No more than
mild mesangial matrix increase in any glomerulus; mm1—at
least moderate mesangial matrix increase in up to 25% of
nonsclerotic glomeruli; mm2—at least moderate mesangial
matrix increase in 26% to 50% of nonsclerotic glomeruli;
and mm3—at least moderate mesangial matrix increase in
>50% of nonsclerotic glomeruli.® Because the Banff 7 score
was missing in many 1 and 5-y biopsies, a central pathologist
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(J.P.G.) reread Banff mm scores in all biopsies, masked to clin-
ical characteristics and outcomes.

Kidney Biopsy Morphometry

Periodic acid Schiff-stained slides were scanned into high-
resolution digital images at 20x (0.504 pm per pixels) mag-
nification (Aperio AT2 system scanner; Leica Microsystems
Inc, Buffalo Grove, IL; https://www.leicabiosystems.com/
us/digital-pathology/). Using ImageScope software (ver-
sion 12.4.3.7009 Aperio), an experienced morphometrist
(A.D.) magnified digital images onto a large computer tab-
let and manually traced all glomeruli (Figure 1A). Then,
within each glomerulus, if present, each discrete focus of ME
(Figure 1B-D) was traced.” Severely ischemic, segmentally
sclerosed, or globally sclerosed glomeruli were not used to
grade ME (Figure 1E). The ImageScope has a built-in tool that
records the area and count measurements of all annotations.
We required that an area of ME had to be at least 200 pm? to
be scored (slightly larger than the Banff requirement that ME
should be the size of at least 2 mesangial cells). We generated
3 morphometric ME measures: (1) %ME  —this metric was
designed to parallel the Banff 72 score by requiring at least 2
glomerular lobules to be affected by ME, and it represents the
percentage of nonsclerosed glomeruli that met this criterion;
(2) %ME, —this metric represents the percentage of nonscle-
rosed glomeruli with any ME foci (even if a single ME focus
was present) and was designed to assess the pervasiveness of
ME; (3) %ME area—the sum of all of the total area of ME
divided by the sum of the total area of all nonsclerosed glo-
meruli in the biopsy.” This metric was designed to assess the
severity of ME in the biopsy.

Statistical Analyses

Weighted Cohen’s kappa test was used to assess the inter-
observer reproducibility between the original Banff mm
scores from the pathology reports and mm rescores (central
pathologist) in 552 5-y biopsies. A subset of 45 5-y biopsies
with various degrees of ME was used to assess the reproduc-
ibility of 3 morphometric ME measures between 2 investiga-
tors masked to each other’s measures (A.D. and M.V.M.). The
reproducibility was assessed using the pairwise, 2-way intra-
class correlation coefficient (ie, the proportion of variation
that occurs not because of measurement error). The Wilcoxon
rank-sum test was used to compare the Banff mm score and
morphometric ME measures by the allograft status and the
presence/absence of pretransplant diabetes. Spearman’s cor-
relations compared the Banff 7m score and morphometric
ME measures, and Banff mm score and 3 morphometric ME
measures with donor and recipient clinical characteristics at
both 1 and 5 y. Because of the high correlation between pre-
transplant diabetes and HbA1¢, we assessed their correlations
with the Banff mm score and morphometric ME measures
after adjusting for each other using partial Spearman correla-
tions.!> Cox proportional hazards models assessed the risk of
death-censored allograft loss for Banff 7m score and 3 mor-
phometric ME measures at 5-y biopsy. In all Cox models, we
used a time to an event that started from the date of the 5-y
biopsy and stopped at 5-y following 5-y biopsy. Censoring
was performed at the last follow-up (obtained from the medi-
cal record) or patient’s death. We used unadjusted and several
multivariable-adjusted models in all patients. One multivari-
able model adjusted for Banff scores that were significant
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FIGURE 1. Representative images of a 5-y surveillance biopsy that was scored to have Banff mm=2, and how different measures of ME can
be calculated. Morphometrist traced every ME lesion with an area of at least 200 um? (all black areas). A, An example of a PAS-stained section
with 2 cores used in morphometric analysis of mesangial expansion. Magnifications show (B) a glomerulus (traced in cyan) that has no more
than a mild ME, which was not traced, (C) a glomerulus (traced in blue) that has a single focus with ME and at least 3 mesangial cells in that
area, (D) a glomerulus (traced in red) that has 3 foci with ME, and (E) a severely ischemic and a globally sclerosed glomeruli that were not used in
this analysis. Percent morphometric ME measures can be obtained by dividing the number of affected glomeruli by morphometry with the total
number of all assessed glomeruli: (1) count only glomeruli with at least 2 affected lobules (in red traces), mimicking Banff mm score; or (2) count
all affected glomeruli (in red and blue traces). From all ME areas and all 11 glomerular tuft areas, we can calculate the %ME area. ME, mesangial

expansion; PAS, periodic acid Schiff.

in unadjusted analyses. In 3 other models, we added 1 mor-
phometric ME measure at a time. These analyses were then
repeated in a subset of 412 patients with available C4d scores.
Five additional sensitivity unadjusted Cox models were per-
formed: (1) the first model was performed in a subset of 698
biopsies with at least 7 glomeruli on the biopsy, (2) the second
model was performed in a subset of 137 biopsies with <7 glo-
meruli, (3) the third model was performed in a subset of 791
biopsies with no chronic glomerulopathy (cg score = 0), (4)
the fourth model was performed in a subset of 753 biopsies
with no glomerulitis (g score = 0), and (5) the fifth model was
performed in a subset of 779 biopsies with no diagnosis of
recurrent disease. For each of the multivariable-adjusted Cox
models, we calculated the c-statistic and a mean 10-fold cross-
validated c-statistic. We also performed a series of multivari-
able Cox models where the Banff 7 score and each of the 3
morphometric ME measures were adjusted for baseline donor
and recipient characteristics, and then for recipient kidney
function and HbAlc at 5 y. We have tested the assumption
of proportional hazards for Cox models using the Schoenfeld
residuals. We have also performed Fine-Gray modeling of
subdistribution hazards to account for the competing risks of
death with a functioning graft and graft failure. For Kaplan-
Meier survival plots, the risk of death-censored allograft loss
was assessed by the 4 grades of a Banff mm score and 4 grades

of morphometric ME measures. Both %ME _ ~and %ME_
were converted into 4 grades using thresholds for Banff nm
score (0: 0, 1: €25%, 2: 26%-50%, 3: >50% of affected glo-
meruli). Finally, the %ME area was converted into a 0-3 score
using a priori chosen thresholds (0: 0%, 1: <5%, 6 %-10%, 3:
>10%). All statistical analyses were performed using BlueSky
Statistics software version 7.40 (BlueSky Statistics LLC,
Chicago, IL) and R (RStudio) version 4.1.2.

RESULTS

Study Population

Of the 1465 solitary kidney transplants performed in the
study period (2000-2013), 835 met the criteria for analysis.
We excluded 497 patients who did not return for a follow-
up visit or who had graft failure/death before 5 y, and 133
patients with missing or inadequate 5-y surveillance biopsy.!?
Among 835 patients, a subset of 769 also had a prior 1-y
surveillance biopsy. The donors were on average 43.6 y old
and had a mean BMI of 27.7kg/m? (Table 1). At the time of
transplantation, the recipients were on average 52.7 y old,
92% were White, 82% received a living donor transplant,
27.5% had pretransplant diabetes, and 97% had hyperten-
sion. Posttransplant, 4.6% had a DGE, and 10.8% had a
rejection episode (acute T cell-mediated, including borderline,



4 Transplantation DIRECT m 2024

Clinical and biopsy characteristics of the study population

Donors’ characteristics Value
Donor’s age, y 43.6 (12.8)
Donor’s BMI, kg/m? 27.7 (4.9
Living donor, n (%) 684 (81.9)

Recipients’ characteristics
Recipient’s age, y 52.7 (13.0)
White race, n (%) 766 (91.7)
BMI at transplant, kg/m? 28.5(6.0)
Pretransplant diabetes, n (%) 230 (27.5)
Pretransplant hypertension, n (%) 810 (97.0)

No. of HLA mismatches? 31(1.8)
Delayed graft function, n (%) 38 (4.6)

Posttransplant characteristics, n (%)

Any rejection in the first year 90 (10.8)
Borderline 26 (3.1)
Acute T cell-mediated rejection 58 (6.9)
Antibody-mediated rejection 2(0.2)
Mixed or other rejection 4(0.5)

HbA1c,” 6.4 (1.5)

Characteristics at 5 y
eGFR at 5y, mL/min/1.73 m? 52.9 (17.3)
24-h urine protein at 5 y,7mg 108 (63-211)
Recurrent disease at 5-y biopsy 74 (8.9%)

Outcomes

Qverall follow-up time, y 12.5(10.0-15.4)

Graft failure, n (%) 58 (6.9%)
Mesangial expansion measures at 1-y biopsy

Banff mm score 0.18 (0.45)

%ME,,, 2.5(7.3

%MEW 7.4(12.2)

%ME area 0.3(0.7)
Mesangial expansion measures at 5-y biopsy

Banff mm score 0.34 (0.63)

%ME,, 13.3(20.7)

%ME,,, 20.4 (26.2)

%ME area 2.13.6)

Data shown as mean (SD), n (%), or median (IQR) for skewed data.

4Data missing in 1 patient.

"Data missing in 197 patients.

‘Data missing in 2 patients.

“Data missing in 62 patients.

BMI, body mass index; eGFR, estimated glomerular filtration rate; IQR, interquartile range; %ME,
percentage of mesangial expansion.

antibody-mediated, mixed rejection) during the first year
posttransplant. The mean estimated GFR at 5 y was 52.9mL/
min/1.73 m?, and the median 24-h urine protein was 108 mg.
Overall median follow-up time was 12.5 y; however, to study
the early effects of ME on the outcome, we truncated follow-
up time at 5 y after the 5-y biopsy. Within this time frame,
there were 58 allograft losses after a median of 2.4 y (inter-
quartile range, 1.4-3.9).

Reproducibility

The Banff mm score on 5-y biopsy from the pathology
reports was available in 552 (66.1%) cases. The kappa statis-
tic between these original Banff #m scores and mim re-reads
was 0.32. In a subset of 45 cases with various degrees of ME,
the intraclass correlations between two morphometrists were
85.4% for %ME . 84.5% for %ME_, and 83.5% for
%ME area.

any?
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ME by Pathology and Morphometry

ME by both pathology and morphometry was minimal on
1-y biopsy and increased from 1- to 5-y biopsies (Table 1).
By Banff scoring (central pathologist), most 5-y biopsies had
mild or no mm: 614 (73.5%) mm = 0, and 166 (19.9%) mm
= 1. Only 55 (6.6%) biopsies had moderate-to-severe Banff
mm score.

The Banff mm score and 3 morphometry ME measures
on 5-y biopsy had a modest correlation with each other (7, =
0.45-0.47, P < 0.0001 for all; Figure 2A-C). Another way to
compare Banff #m scores to morphometric %ME_is to con-
vert the continuous %ME = measure into the Banff categories.
This showed that 168 (20.1%) of biopsies had moderate-
to-severe scores in contrast to the 55 (6.6%) scored by the
pathologist.

The central pathologist had a general agreement with mor-
phometry when morphometric measures were stratified into
4 grades (kappa statistic was 0.30). For example, 84% of the
time, they both called a case none-to-mild ME, and 70% of
the time, they both scored a case as moderate-to-severe ME
(Table S1, SDC, http://links.lww.com/TXD/A661). Many of
the discrepancies were those close to the categorical cutoffs
and those with mild ME by morphometry. Mild ME was com-
mon with 464 (55.6%) of biopsies having at least 1 focus
of ME (%ME_  >0). However, severe lesions were less com-
mon. Only 38 (4.6%) of biopsies had >10% of the glomerular
area affected by ME. Morphometry allowed us to measure
both the severity of ME (increasing total area of %ME area)
and the pervasiveness (%ME_ ). Importantly, the correlation
between these 3 continuous measurements was very high (r, =
0.94-0.98, P < 0.0001 for both; Figure 2D and E). However,
the shape of the scatterplot suggests that ME was not always
evenly distributed among glomeruli. At higher levels of
%ME__, %ME area varied a lot, suggesting different severity
of ME at the same level of pervasiveness. A similar high cor-
relation was found between %ME area and %ME .

Baseline and Posttransplant Clinical Characteristics
and ME

Opverall, the Banff mm score and morphometric ME meas-
ures on both 1- and 5-y biopsies similarly associated with a
deceased donor and higher recipient BMI (Table 2). Compared
with the Banff mm score, morphometric ME measures on
both 1- and 5-y biopsies had stronger associations with older
recipient age, pretransplant diabetes, and HbAlc. All ME
measures on 1- and 5-y biopsies by Banff and morphometry
associated with recurrent kidney disease. All ME measures on
5-y biopsy by Banff and morphometry were associated with
DGE Only the Banff #m score on 1-y biopsy and %ME_
and %ME on 5-y biopsy were associated with rejection epi-
sodes in the first year.

We found a high correlation between pretransplant dia-
betes and HbAlc (r,=0.51, P <0.0001), and therefore, we
assessed their correlations with ME measures after adjust-
ing for each other. After adjusting for HbAlc, pretrans-
plant diabetes was no longer associated with Banff mm
score (r, = 0.07, P = 0.07) but still strongly associated with
all 3 morphometric ME measures (r,=0.27, P < 0.0001 for
all). Conversely, after adjusting for pretransplant diabetes,
HbAlc is no longer associated with Banff mm score or 3
morphometric ME measures (P > 0.05 for all). Finally, we
compared the 28 patients with diabetes at transplant who
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FIGURE 2. Banff mm scores show a significant but modest correlation with 3 morphometric ME measures: (A) mm score vs %ME__, (B) mm

score vs %ME,_, (C) mm score vs %ME area, (D) %ME area vs ME__, and (E) %ME area vs ME

The full circles represent patients with graft

loss, and the empty circles represent patients with still functioning grafts. Gray-shaded areas andagotted lines represent the ranges for the Banff

mm score. %ME, percentage of mesangial expansion.

had HbAlc levels >9% around the time of the 5-y biopsy
to the 202 patients with diabetes with lower HbA1c levels.
The higher HbAlc group had a higher %ME_ (43.5% ver-
sus 31.1%, P =0.04), suggesting that worsening diabetic
control correlated with the increasing prevalence of ME.
Interestingly, pretransplant hypertension was the only char-
acteristic associated with 5-y Banff mm score but not with
morphometry ME measures.

Banff mm Score, and Morphometry Measures of ME
by Graft Status and Pretransplant DM

Allografts that failed had higher mean Banff mm scores
but similar %ME . %ME_ , and %ME area on 1-y biopsy
and had a higher mean Banff mm scores, %ME _ , %ME
and %ME area on S-y biopsy (Table S2, SDC, http://links.
lww.com/TXD/A661). Recipients with pretransplant diabetes
had similar Banff mm scores on 1-y biopsy, higher Banff mm
scores on 5-y biopsy, and higher %ME,_, %ME_ ,and %ME
area at both 1- and 5-y biopsies.

Graft and Patient Survival

Banff mm score and all morphometric ME measures pre-
dicted allograft loss in unadjusted and analyses adjusted for
other Banff scores (Table 3). Results did not substantively
change when limited to 412 biopsies with available C4d
(Table S3, SDC, http:/links.lww.com/TXD/A661). However,

in all 3 models where we added one of each morphometric
ME measure, the Banff mm score was no longer associated
with graft loss. Of the 4 multivariable models, the model with
%ME_  is most optimally associated with allograft loss as
evidenced by the highest c-statistic (0.872). When stratified
by scores, grafts with the worst Banff »#m or morphomet-
ric ME scores had worse graft survival (Figure 3) with graft
failure rates of 20%-30% within the 5 y following the 5-y
biopsy.

The associations between Banff mm score and morpho-
metric ME measures with graft loss were similar in sensitivity
analyses limited to 698 patients with at least 7 glomeruli on
a biopsy, 137 patients with <7 glomeruli on a biopsy, 791
patients with ¢g = 0, and 753 patients with g =0 (Table S4,
SDC, http://links.lww.com/TXD/A661). To assess the possi-
bility that death with function might be a competing event
with graft loss, we performed Fine-Gray Cox Models and
found that Banff 7m score and 3 morphometry ME measures
had a similar performance (Table S5, SDC, http://links.lww.
com/TXD/A661).

Finally, after adjusting for baseline donor and recipient
characteristics, recipient kidney function, and recurrent dis-
ease at 5 vy, Banff mm score and all morphometry ME meas-
ures are still associated with graft loss (Table 4). The only
exception was that after adding HbAlc at 5 vy, the Banff mm
score was no longer significant.
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FIGURE 3. Cumulative incidence of allograft failure increased with (A) higher Banff mm score, (B) higher morphometric %ME,_ score, (C)
higher morphometric %MEany score, and (D) higher %ME area score on 5-y surveillance biopsy (log rank P < 0.0001 for all). %ME, percentage

of mesangial expansion.

Risk Factors for Severe ME

The quartile (n =209) of biopsies with the highest/worst
%ME _ measures (>19.4% of affected glomeruli) was used
to determine what putative risk factors were presented in the
most severe cases. Of 209, 133 patients (63.6%) had diabetes
and/or obesity (BMI >30). Of 76 patients who had neither
diabetes nor obesity, 27 biopsies (35.5%) had some history or
histologic findings associated with alloimmunity (any rejec-
tion in the first year, cg > 0 or g > 0); 19 biopsies (25%) had
no alloimmunity evidence but had DGE, deceased donor or
Y%ischemic glomeruli >25%; and 30 biopsies (39.5%) had no
known risk factors. Findings were largely similar when we
looked at the distribution of risk factors among 209 biopsies
with the worst %ME_ .

Graft survival varied by the presence of risk factors. In 64
biopsies (30.6%) with the worst %ME_  (quartile 4) with
some history or histologic findings of alloimmunity, with or
without diabetes and/or obesity, the graft survival in the next
S5y was 71.8%. In 96 patients (45.9%) who had diabetes
and/or obesity without evidence of alloimmunity, the graft
survival in the next 5 y was 84.2%. Finally, in 49 (23.4%)

biopsies in recipients with no diabetes/obesity without any
evidence of alloimmunity, the graft survival in the subsequent
Sy was 87.7%.

DISCUSSION

The current study is the largest study to examine ME on
both 1- and 5-y kidney transplant surveillance biopsies to
determine its incidence, putative risk factors, and impact on
graft survival within the first 5 y after the 5-y surveillance
biopsy. We found that ME measured by pathologist or mor-
phometry increased from 1 to 5y, and by 5y, 55.6% of biop-
sies had at least 1 focus of ME. Severe ME (>50% of affected
glomeruli) was less common; however, 20.1% of biopsies had
at least 25% of their glomeruli affected by ME (generally cor-
relating with moderate-to-severe Banff 7 scores). The corre-
lation between 3 morphometric ME measures was very high;
however, at the higher percentage of ME, the total area of
ME significantly varied, suggesting that these 2 morphometric
ME measures provide 2 dimensions of this lesion, severity and
pervasiveness.
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Measures of mesangial expansion as predictors of graft loss during the first 5 y after the 5-y biopsy. Several multivari-
able models were performed: (1) adjusted for baseline donor and recipient clinical characteristics, (2) adjusted for recipi-
ent kidney function at 5 y, and (3) adjusted for recipient kidney function and HbA1c at5y.

Adjusted for baseline characteristics?

Adjusted for characteristics at 5 y’

Further adjusted for HbA1c at 5 y©

HR HR HR
(95% CI) P (95% CI) P (95% Cl) P
mm score 1.99 <0.0001 1.34 0.006 1.25 0.08
(1.69-2.34) (1.09-1.65) (0.97-1.61)
%ME,_ 2.00 <0.0001 1.35 0.009 1.36 0.02
(1.66-2.40) (1.08-1.69) (1.06-1.74)
%ME,, 2.49 <0.0001 1.64 <0.0001 167 0.0005
(1.99-3.11) (1.29-2.10) (1.25-2.22)
%ME area 1.90 <0.0001 1.25 0.02 137 0.01
(1.63-2.22) (1.04-1,51) (1.08-1.75)

“iving donor, recipient age, recipient BMI, pretransplant diabetes, delayed graft function, and any rejection in the first year.

beGFR, 24-h protein and recurrent disease.
Analysis limited to 638 patients with available HbA1c.

BMI, body mass index; Cl, confidence interval; eGFR, estimated glomerular filtration rate; HbA1c, hemoglobin A1c; HR, hazard ratio; %ME, percentage of mesangial expansion.

A higher level of ME was associated with increased rates
of allograft loss in both unadjusted and adjusted analyses,
which accounted for other Banff scores. Of all ME measures,
%ME__most optimally predicted allograft loss. Most of these
surveillance biopsies were in well-functioning kidneys and the
overall survival in the cohort was 92.6% by 10 y posttrans-
plant. However, allografts with the highest ME scores had
graft failure rates of 20%-25% by 10 y.

Baseline clinical characteristics that associated with ME
included older recipient age, pretransplant diabetes, obesity,
DGE, deceased donor, and a history of rejection. It has been
previously shown that ME increases with aging.'*!” This may
be because of multiple factors including gene expression alter-
ations, the presence of comorbid conditions, such as hyper-
tension and diabetes, and excessive caloric intake.'® These
changes may be exacerbated in the single kidney model in the
kidney transplantation because years after the transplant, glo-
merular features are more reflective of recipient’s than donor’s
characteristics.”> Almost all biopsies most severely affected
by ME had at least 1 of these putative risk factors. In kid-
ney allografts, ruling out alloimmunity as a cause of injury
is difficult, and we found that 30.6% of the biopsies with
the worst quartile of %ME _ had some history or histologic
findings associated with alloimmunity. However, almost half
of the most severely affected biopsies had only diabetes or
obesity as the major risk factor, and these had lower graft
survival compared with a similar cohort with mild or no ME.
The association between DGF and ME is a novel finding.
There is a link between DGF and cellular damage in tubular
compartment because of ischemic/reperfusion injury'®; how-
ever, the long-term sequelae of ME in glomeruli are currently
unclear. Studies have shown that tubular epithelial cells and
mesangial cells in glomeruli can express toll-like receptors
without the complement system as a response to ischemic
injury.'?® Another study demonstrated that a single nucleo-
tide polymorphism in toll-like receptor 3 was more prevalent
in patients with DGE?! Thus, it is possible that a combination
of all donor-derived (ischemic injury, inflammatory signaling)
and recipient-derived contributors (reperfusion injury, innate
and/or adaptive immune response)'® over a long period of
time leads to an increase in ME. Taken together, these data

suggest that most cases of moderate-to-severe ME are asso-
ciated with 3 processes: diabetes/obesity, alloimmunity, and
ischemic injury. In addition, these data agree with our prior
studies suggesting that diabetes is a risk factor for graft loss
and extend the concept that ME is one of the major histologic
findings associated with graft loss in patients who, at the time
of transplant, were diabetic and/or obese. Moreover, in several
multivariable models, we showed that ME scored by either
pathologist or morphometry associated with allograft loss
independently of baseline clinical characteristics, as well as
kidney function and HbAlc at 5 y. Thus, %ME at 5 y might
be used as a surrogate endpoint for therapeutic interventions
in patients with diabetes or obesity aimed at improving out-
comes and deserves further study. Future studies are needed to
explore pathophysiology in nearly 40% of biopsies with the
worst ME measures that had no known risk factors.

It is well recognized that the interobserver reproducibility
of Banff mm scores is poor to modest, with kappa values up
to 0.37,'° similar to the reproducibility found in this study.
In clinical practice, the mm score may be overscored because
of the presence of other histologic features or because it is
influenced by clinical history/presentation. In contrast, it is
difficult to identify early mesangial matrix expansion, espe-
cially in cases with 220 glomeruli, which may lead to under-
scoring. In a routine clinical setting, a pathologist needs to
review 10 slides per case on average and does not have time to
closely inspect every glomerulus for ME lesions. Conversely,
the interobserver intraclass correlation of 3 morphometric
ME measures was around 84%. Our proof-of-concept study
supports the notion that a more quantitative assessment of
mesangial matrix may be more sensitive in identifying early
mesangial matrix expansion. Similarly, the outcomes analysis
indicates that these early lesions are associated with adverse
allograft survival.

This study had several potential limitations. First, our
study population was predominantly White, so we could
not meaningfully study race differences. Morphometry was
performed only on a single Periodic acid Schiff-stained
slide, compared with the traditional review of up to 10
diagnostic slides in usual pathology practice. Electron
microscopy and immunofluorescence were not available in
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these biopsies. Despite better interobserver reproducibility
of morphometric ME measures, there is still a possibil-
ity that individual ME lesions were not always precisely
annotated, as it is sometimes difficult to ascertain what is
mesangium and what is not, and when does the ME stop
and the endothelium or glomerular basement membrane
begins. Nevertheless, this imprecision would affect the
measure of %ME area but not the other 2 ME measures
that quantify the percentage of affected glomeruli. We did
not distinguish between cellular mesangial proliferation
and mesangial matrix expansion, as this would significantly
extend the time required to perform manual morphometry.
Morphometry takes about 10 min to complete 1 case; thus,
as such morphometry is impractical for routine clinical
practice. However, it is necessary to take an interim step
to better understand the importance of ME lesions, and
it is a permanent record that can be used for the train-
ing of future deep learning models?*?’ which is designed to
reduce the analysis time. Despite the extensive follow-up of
transplant recipients, we could not assess rejection episodes
after 1y, and whether recurrent or de novo immune com-
plex diseases, posttransplant immunologic (donor-specific
antibody) or nonimmunologic (drug toxicity) events were
associated ME. Finally, findings cannot be generalized to
all transplant biopsies, including indication biopsies. The
most notable strengths of our study are: (1) this is the larg-
est study to date that investigated ME in such detail on 5-y
surveillance biopsies and its effects on graft survival within
the first 5 y; and (2) detailed follow-up on many patients
allowing careful graft outcome analyses.

In summary, ME increased from 1- to 5 y, and is relatively
common at 5 y after kidney transplantation. Scoring using
a more quantitative morphometric method is more accurate
than visual estimation by a pathologist and better predicts
graft failure after adjusting for other Banff scores and kidney
function. Although ME appears related to alloimmune-
mediated damage in some instances, it could also be an impor-
tant biomarker to study nonalloimmune causes of graft loss,
such as long-term diabetes. These data suggest that improving
long-term renal allograft survival may benefit from the proto-
cols aimed to prevent or ameliorate ME.
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