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Introduction
Major Barriers to Improving Long-term Renal Transplant Survival

Renal transplantation (RT) is the recommended treatment option for patients with end stage
renal disease who have no contraindication to the procedure or to post-transplant
immunosuppression. It is superior to any form of prolonged dialysis in regards to quality of life,
and overall survival, even after adjustment for waiting-list selection bias [1, 2]. In addition,

long-term cost effectiveness of RT is also better than that of intermittent hemodialysis [3].

Although RT is the therapy of choice in an adequately selected patient pool, there is a gap
between the average life expectancy of the transplanted patient population and the survival of
the transplanted organ [4]. The two major causes of premature graft loss are de novo/recurrent

non-alloimmune diseases [5, 6], and the alloimmune response against the renal transplant [7)].

Major improvements in the last four decades in the field of immunosuppression [8] resulted in
a significant change in the kinetics and typical patterns of the alloimmune injury. Previously,
the acute forms of rejection [especially acute T-cell mediated rejection (TCMR)] were
responsible for the majority of graft failures [9]. This had changed upon the introduction of T-
cell signaling pathway-antagonists [10], inhibitors of mechanistic target of rapamycin (nTOR)
[11], and T-cell metabolic toxins [12] that increased the 1 year graft survival to 90 % by the
early 2000’s [4, 9].

In contrast, the long-term renal allograft survival is still limited, approximately 50 % of the
transplanted patients lose their kidney within 10-12 years after transplantation [4]. While
chronic allograft dysfunction is multifactorial, the main reason of late allograft loss is chronic
antibody-mediated rejection (ABMR) [13] that triggers progressive injury of the graft
vasculature via donor-specific alloantibodies (DSAs) [14]. DSAs lead to injury, activation and
subsequent repair of the endothelial lining [15]. The net result of these events is luminal
narrowing of the graft arteries and the remodeling of the microcirculation [16]. The major

morphological change is glomerular double contours (transplant glomerulopathy - TxG) and



peritubular capillary basement membrane multilayering (PTCBMML) [17-20]. Clinically,
slowly declining graft function, and proteinuria develop that eventually lead to graft failure
[21].

Transplant Glomerulopathy - Prevalence and Prognosis

Transplant glomerulopathy is a long-term complication of renal transplantation. In a
dysfunctional biopsy series by Sis et al the light-microscopic diagnosis of TxG was established
ata median of 5.5 years post-transplant [16]. Most studies reported a prevalence of the condition
(as assessed by light microsopy) between 1.6 to seven percent in unselected biopsy series [22-
25]. The true prevalence is probably higher, since many patients with late-onset allograft
dysfunction do not undergo biopsy procedure. There is a strong connection between de novo
DSAs and TxG [26], furthermore, crossmatch positivity also increases the probability of the
condition [27].

Transplant glomerulopathy has a major impact on graft survival: Sellares et al studied 315 renal
allograft recipients prospectively. Among the 56 graft failures that occurred during the study
period, 46 percent of grafts showed TxG [13]. Kieran et al described a cohort of 78 patients
with late allograft dysfunction (more than 10 years after transplantation) and found the three
year post-biopsy graft survival to be 32 percent in patients with TxG compared to 82 percent in
patients without TxG [28]. Einecke and Sis studied more than 150 unselected renal transplant
patients prospectively who underwent for-cause biopsy [29]. They found that 26 percent of
grafts with dysfunctional biopsies over one year after transplantation progressed to failure
within three years after the biopsy. Sixty-three percent of the patients who lost their allograft
had microcirculation changes (including TxG) and were positive for DSA. Glomerulonephritis,
drug toxicity, acute TCMR were a lot less common cause of graft failure. [29]

While grafts with TxG have worse survival compared to those without, several co-factors can
modify outcomes for patients with the condition. Determinants of allograft failure once TXG is
established are: increased serum creatinine [30, 31] increased urine protein to creatinine ratio

[31, 32] presence and class of DSAs, [33-35] higher grades of interstitial fibrosis/tubular



atrophy [30, 31, 36], complement 4d (C4d) deposition around the peritubular capillaries [28,

34-36] and increased level of endothelial transcripts [32].

Pathomechanism of Transplant Glomerulopathy

Overview

Transplant glomerulopathy, although shows a strong pathogenic connection with DSAS, is not
specific to ABMR [18, 19]. The lesion is a pathologic pattern and not a disease entitiy and it is
considered to be the final common pathway of endothelial injury and remodeling due to a wide
variety of damaging effects. The most frequent non-alloimmune causes that lead to TxG are
thrombotic microangiopathy, and membranoproliferative glomerulonephritis [due to Hepatitis
C virus (HCV) infection or other causes] [37]. Since our work analyzes the prognostic factors
associated with TxG due to ABMR, only the pathomechanism of glomerular double-contouring

secondary to DSAs will be discussed in the following sections.
Effector Functions of the Alloantibodies

Donor-specific antibodies that are most often associated with the development of TXG are
directed against class Il Human Leukocyte Antigens (HLA) [38-40]. DSAs damage the
endothelial lining of the transplanted organ’s vasculature via three effector functions: (I)
activation of classical complement cascade, (Il) engaging Fc-receptors on myeloid and
lymphoid cells, and (111) cross-linking of HLA antigens, that triggers downstream activation of
the target cell [41].

Activation of the classical complement pathway starts with the binding of C1q to the Fc portion
of the DSA that is already bound to an allogenic HLA. This initiates the complement cascade
which results in the formation of the membrane attack complex leading to the (sub)lytic injury
of the cell [42], and the generation of complement fragments that stimulate inflammatory
responses (C5a, C4a, and C3a). Endothelial cells express complement regulatory proteins
(CD55/DAF, Crry, CD59) that inhibit the effects of the complement activity, while further
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cleavage products are generated (e.g. C4d and C3d). Complement 4d binds covalently to the
endothelial cell and its presence can be detected by immunohistochemistry (IHC) that serves as

an immunopathologic evidence of alloantibody action against the graft endothelium [43].

Fc receptors against different immunoglobulin (Ig) heavy chain classes can be found on a wide
variety of myeloid and lymphoid cells. Since DSAs prominently belong to the 1gG class, the
most relevant receptors in the context of alloimmune response are Fcy receptors (CD16, CD32
and CD64) that are expressed by members of the monocyte-macrophage system, neutrophil
granulocytes, and natural killer (NK) cells [41]. Upon interaction with the Fc portion, they
become cross-linked and induce intracellular signaling in the immune cell that leads to its
activation and maturation, and mediates effector functions [41]. An important effector function
is the alloantibody-dependent cellular cytotoxicity triggered by the interaction of CD16 and the
allogenic HLA-DSA immune-complex on the endothelial surface [44, 45]. This initiates
secretion of perforin and granzyme that leads to endothelial injury and interferon-y secretion
via T-bet activation [46, 47].

Crosslinking of allogenic HLA by DSAs results in the activation of mTOR and mitogen-
activated protein kinase signaling [48]. These pathways promote cell survival [49, 50] and
prevent endothelial cells from cell death triggered by complement activation [51], respectively.
Cross-linked HLA-I also couples with integrin 4 that plays an important role in cytoskeletal
organization, cell adhesion, migration, and proliferation [52]. The consequence of these
functional-structural alterations is Janus-faced: while pro-survival and cell-growth signals are
effective in maintaining the endothelial barrier they may also contribute to the remodeling of
the intimal layer of the large vessels and of the microvascular basement membrane (BM). In
addition, the Ca-influx triggered by HLA cross-linking leads to the exocytosis of Weibel-Palade
bodies [53, 54, 55] and consequently to increased cell surface expression of von Willebrand
factor and P-selectin. The latter molecule plays an important role in leukocyte recruitment and
induces the accumulation and margination of leukocytes in the microvasculature [53, 54] that
manifests morphologically as glomerulitis and peritubular capillaritis (together referred to as
microvascular inflammation - MVI). In the large vessels, P-selectin can also mediate transmural

arteritis.
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Diagnosis and Pathologic Characteristics of Transplant
Glomerulopathy

Initial Morphologic Changes

In the presence of DSAs - even early after post-transplantation - ultrastructural signs of
endothelial activation (endothelial swelling, loss of fenestration, and endothelial serration) can
be seen by electron microscopy (EM) [56, 57]. Upon prolonged interaction between the DSAs
and the endothelium, subendothelial electrolucent widening occurs and new BMs start to form.
First, double contouring develops only focally and does not affect the whole circumference of
the capillary loop (Figure 1). As the process progresses the lesion becomes apparent by light
microscopy on sections stained with special stains that highlight the BMs (periodic acid-Schiff,

methenamine silver stain).

Figure 1. Early trans-
plant glomerulopathy by
electron microscopy.
Subendothelial ~ widen-
ing, focal loss of en-
dothelial cell fenest-
rations and partial dup-
lication of the glo-
merular basement
membrane (arrow-
heads). E - endothe-
lium, P — podocyte foot
processes (uranyl ace-
tate and lead citrate
stain, 9300x, courtesy of
Béla Ivanyi, University
of Szeged)

Overt Transplant Glomerulopathy

In well-developed cases usually multiple glomeruli are involved and several loops show double
contouring in the most severely affected glomerulus (Figure 2a and b) [17]. Mesangial matrix
deposition, sometimes mesangial cell hypercellularity coexist with these pathologies. At the

ultrastructural level, these changes can be accompanied by podocyte foot process effacement



and mesangial cell interposition.
New BM formation also can be
observed around the peritubular
capillaries (PTC) as circum-
ferential electrodense layers in
addition to the endothelial
changes similar to the glomeruli
[56]. By the time the lesion
becomes clinically apparent
(proteinuria,  declining  graft
function) other morphological
alterations also occur: intimal
fibrosis and luminal narrowing of
the arteries, arteriolar hyalinosis,

segmental or global glomerulo-

12

75 percent of the peripheral capillary loops showing double
contours (a). Asterisk — segmental sclerosis; methenamine
silver stain, 400x. Insert (b) shows glomerular double
contours along the entire capillary circumference
(arrowheads). Courtesy of Béla Ivanyi, University of Szeged.

sclerosis, interstitial fibrosis, and tubular atrophy can be detected [17]. Glomerulitis and

peritubular capillaritis can also be present both at an early and at more advanced stages (Figure

of inflammatory cells in the glomerular capillary loops (arrowheads), and peritbular capillaries
(arrows). Periodic acid-Schiff stain 600x. (b) Circumferential C4d positivity around the peritubular
capillaries (C4d stain, frozen section, 400x). Courtesy of Béla Ivanyi, University of Szeged.
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3a). As the pathomechanism of TxG due to ABMR is not immune complex (IC)-mediated,
IHC studies for 1gG, IgA, and C1q are negative. Infrequently, mild, mesangial/peripheral
positivity can be found for IgM and C3 in the glomerulus. Linear C4d positivity around the
PTCs (Figure 3b), as it have been discussed previously, indicates recent or ongoing DSA-
endothelium interaction, and as such, an important part of the diagnosis of chronic active
ABMR [58, 59].

Differential Diagnosis of Transplant Glomerulopathy Secondary to
Antibody-mediated Rejection

Membranoproliferative glomerulonephritis or other IC-mediated pathomechanisms that lead to
glomerular double contours can be excluded by IHC and EM. Chronic thrombotic
microangiopathy-mediated glomerular alterations due to calcineurin-inhibitor toxicity [60] or
other causes (thrombotic thrombocytopenic purpura/haemolytic uraemic syndrome,
antiphospholipide syndrome) are often times indistinguishable morphologically from transplant
glomerulopathy secondary to ABMR. In these cases, especially if the C4d staining is negative,
and there is no MVI, correlation of the morphological findings with the patient’s clinical
history, laboratory results, and previous biopsy reports from the same allograft is recommended
[37].

Histological Signs of Chronic Tissue Injury due to Chronic Active
Antibody-mediated Rejection

Diagnostic Criteria of Chronic Active Antibody-mediated Rejection

Diagnosis of chronic active ABMR relies on the standardized histological assessment of the
biopsy specimen as described by the Banff classification [61-67] (named after the Canadian
city, where the first consensus meeting of a group of pathologists, nephrologists, and transplant
surgeons was held on renal allograft pathology). The current version of the Banff scheme [67]
requires the following criteria for the diagnosis of chronic active ABMR: (I) presence of chronic

tissue damage due to alloantibodies (TxG or severe PTCBMML or arterial intimal fibrosis), (11)
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evidence of current/recent alloantibody interaction with the vascular endothelium (C4d
positivity, or at least moderate MV1, or increased expression of ABMR-related transcripts), and

(111) serologic evidence of DSAs.

Transplant Glomerulopathy - the Cardinal Phenotype of Chronic Active
Antibody-mediated Rejection

Transplant glomerulopathy (catalogued by the Banff group as cg) has long been acknowledged
as a potential morphological sign of late-onset alloimmune response. In the first iteration of the
Banff classification, the diagnosis of “chronic rejection” was based on the presence of cg and

new onset arterial intimal fibrosis (cv lesion) [61].

Transplant glomerulopathy is one of the most specific manifestations of chronic tissue damage
due to DSAs [18]. Based on the Banff classification, it is graded by the percentage of involved
capillary loops in the most affected non-sclerotic glomerulus. The lesion is mild (cgl) if the
double contouring affects less than 25 percent of the capillary loops, moderate if it involves 26
to 50 percent, and severe if more than 50 percent of the glomerular loops display the lesion. In
2013, the Banff classification introduced cgla that was defined as no glomerular BM (GBM)
double contours by light microscopy but GBM reduplication (incomplete or circumferential) in
at least three glomerular capillaries by EM, with associated endothelial swelling and/or
subendothelial electrolucent widening. Simultaneously, Banff cgl was renamed to Banff cglb
[65]. Although the role of the ultrastructural examination in the early diagnosis of TXG was
extensively studied [56, 57], little is known about the prognostic relevance of electron
microscopic changes seen in TxG.

Arterial Intimal Fibrosis - a Morphological Sign of a Wide Variety of
Conditions

Banff cv can be assessed by light microscopy on routinely stained sections. The lesion is mild
if the narrowing does not reach 25 percent of the total luminal area, moderate if it is between

26 and 50 percent, and severe if it is above 50 percent (Figure 4). It is the least specific amongst



15

2 the signs of chronic

ABMR and can be a
result of hyper-
tension or aging,
most frequently as
an imported lesion.
Presence of additi-

onal internal elastic

S S e @ ‘ | laminas high-
&‘m‘fr E Crhud i Y (‘ﬁ%' ‘ f : ; | . ( g.
Figure 4. Severe arterial luminal narrowing due to new onset intimal  lighted Dby elastic

fibrosis. (periodic acid-Schiff stain, 200x). Courtesy of Béla Ivinyi,  stain) supports

University of Szeged )
hypertension as the

main cause of luminal narrowing. In addition, assessment of the implantation biopsy sample is
crucial, and only Banff cv of new onset can be considered (after excluding other causes) as an
antibody-mediated change [68]. There are morphologic alterations that favor the alloimmune
nature of the lesion amongst which the most prominent is the presence of leukocytes within the
fibrotic intima (fibrosing intimal arteritis) [43, 63]. The lesion can be seen in chronic ABMR
and it is the defining lesion of chronic active TCMR. However, its impact on graft function and

survival has not been studied yet.

Peritubular Capillary Basement Membrane Multilayering - an
Ultrastructural Lesion with a Debated Threshold

Peritubular capillary basement membrane multilayering has to be assessed by EM and the lesion
can only be used as a sign of antibody-mediated chronic tissue injury in the Banff classification
if seven or more layers in one cortical PTC and five or more in two additional capillaries can
be detected (severe PTCBMML) [65]. This “strict’ threshold is based on a study by Liapis et al
[69].
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However, less pronounced PTCBMML may

also be indicative of chronic ABMR in the
appropriate morphologic context. When the |
lesion was validated in 2000 as a potential
ultrastructural marker of chronic ABMR, the

number of circumferential BMs around each

displaying TxG and/or arterial intimal
fibrosis, and control biopsies [70]. The study

concluded that if one PTC with seven or

Figure 5. Peritubular capillary basement
membrane multilayering by electron microscopy.
The endothelium is non-fenestrated and
thickened, indicating endothelial activation;
tissue damage (‘intermediate’ threshold). the capillary basement membrane is

more layers or at least three PTCs with five
to six layers were noted, the lesion could be

regarded as a marker of ABMR-induced

Subsequent studies found [71, 72] that if |aminated and split (asterisk). Top: a
capillary profile with five to six basement

membrane layers (6000x); bottom: a profile
with nine to ten layers (8000x). Lumen —

thrombotic microangiopathy or obstructive
uropathy (the main causes of PTCBMML

lumen of the peritubular capillary,
Interstitium — narrow peritubular inter-
stitium.

other than the alloimmune response) can be
excluded clinically, even one PTC with five
to six layers was indicative of ABMR-
induced injury (‘permissive’ threshold). The diagnostic importance of less pronounced
PTCBMML was also emphasized by Roufousse and her co-workers who found that a PTCcirc
value of 2.5 layers or greater predicted the development of TXG in patients with de novo DSA
(p = 0.001) [73, 74]. However, it is not known whether these different thresholds for DSA-
induced PTCBMML represent early or advanced stage of chronic ABMR and their utility in

routine diagnosis has not yet been clarified.
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AIms

To better understand the clinicopathologic relevance of macro-, and microvascular changes
associated with TxG, we set the following research goals and designed three retrospective
studies:

To analyze the prognostic relevance, morphological characteristics and the immunophentoype
of fibrosing intimal arteritis concurrent to TxG and to investigate its relationship to other
morphological alterations associated with chronic ABMR.

To describe the microvascular lesions related to TxG at the ultrastructural level by using
morphometry tools and to explore the utility of the ultrastructural metrics in graft survival
prognostication.

To study whether the current Banff threshold or previously proposed cut-off values for DSA-
induced PTCBMML corresponds best to an early stage of chronic ABMR, and to establish a
PTCcirc value typical of early and fully developed chronic ABMR.
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Material and Methods

General Aspects

Renal Biopsy Sample Handling

Renal biopsy cores for light microscopic analysis were fixed in 10 percent neutral buffered
formalin and embedded in paraffin. Paraffin blocks were cut, and serial, two um thick sections
were stained with haematoxylin and eosin, and with further special stains [periodic acid-Schiff
(PAS), methenamine silver-periodic acid (Jones stain) or alternatively PAS-silver, Masson’s

trichrome, and elastic stain].

For immunofluorescence (IF) microscopy, serial sections were cut at three to four um in a
cryostat from the tissue cores submitted for freezing. Direct IF with fluorescein-labeled
antibodies was performed against C3, fibrinogen, and albumin, or C3, IgG, IgA, IgM, and HLA-
DR (depending on the protocol used for the particular study). Complement 4d was detected by
indirect IF method with fluorescein-labeled anti-IgG secondary antibody and was part of both

IF panel.

Tissue for EM was fixed in three percent phosphate-buffered glutaraldehyde. Postfixation was
performed in one percent osmium tetroxide. The tissue pieces were embedded in epoxy resin,
and ultrathin (90-100 nm) sections were cut and stained with lead citrate and uranyl acetate.
Sections were examined by transmission EM (Tecnai G2, FEI, Hillsboro OR, USA or JEM-
1400Plus, JEOL, Tokyo, Japan). Images were acquired using digital cameras (Hamamatsu

Orca-HR or Ruby by JEOL) and archived as tiff files for subsequent analysis.

Sample Adequacy

Only patients with adequate samples were included in the studies. Sample adequacy criteria
were adopted from the Banff classification [61] and required at least seven non-sclerosed

glomeruli and one interlobular artery for light microscopy, at least four glomeruli in frozen
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sections for IF microscopy, and at least one non-sclerosed glomerulus with more than 10
periglomerular PTCs for EM. If a given patient had more than one biopsy displaying TxG, the

first biopsy in which cg was recorded (index biopsy) was analyzed.

Panel Reactive Antibody and Donor-specific Alloantibody Assessment

The panel reactive antibody (PRA) level was measured via a complement-dependent
lymphocytotoxicity assay based on recommendations by Terasaki and McClelland [75, 76],
using an in-house cell panel. DSAs were identified from the recipients’ serum samples with a
multiplexed assay that uses HLA antigens coupled to fluorescent beads to characterize an
individual’s alloantibody repertoire (Single antigen bead method). Over 120 core HLA
antibodies were measured using this technology (Luminex XMAP) according to the
manufacturer’s recommendations (One Lambda, Canoga Park, CA, USA). The results were
expressed as adjusted mean fluorescence intensity (MFI), threshold to call antibodies was equal
to or larger than 1000 MFI. The sample of a given patient was collected at the time of the biopsy
procedure or if no such sample was available, then a sample taken at any time after the
transplantation. Because of the retrospective design of our studies, testing for DSAs were not

available for all cases.

Histological Assessment

All enrolled biopsy samples were assessed and graded semi-quantitatively from 0 to 3 by 2
independent observers for the presence and severity of acute and chronic lesions in the arteries,
arterioles, glomeruli, PTCs, interstitium and tubuli. In the event of disagreement, a consensus
score was agreed on. For the complete list of lesions and the thresholds of severity grades we
refer to the 2015 Banff classification [66]. Here, we only highlight two microvascular
alterations that have diagnostic relevance in chronic active ABMR in addition to Banff cg and
cv. Glomerulitis (Banff g) is graded as gl if at least a single glomerulus but not more than 25
percent of the glomeruli show leukocytic infliltrate in their capillary loops, g2 if 25 to 75 percent
of the glomeruli are affected and g3 if more than 75 percent are involved. Peritubular capillaritis

(Banff ptc) can be diagnosed if more than 10 percent of the PTCs show inflammatory cell
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accumulation and the most severely affected capillary has at least 3-4 cells (ptcl), 5-10 cells
(ptc2), or more than 10 cells (ptc3). Minor modifications to the Banff 2015 lesion and grading
catalogue were applied depending on the context of the particular study, these are discussed in

the sections presenting the specific features of the particular project.
Statistical Methods

Statistical analyses were performed with versions 20.0, 22.0, and 24.0 of SPSS software (IBM,
Armonk, NY, USA). Continuous variables were expressed as medians with interquartile range
(IQR, 25 percentile to 75 percentile) if they deviated from a normal distribution (tested by the
Shapiro-Wilk test), or mean + standard deviation. Categorical variables were presented as the
count of cases. Independent samples t-test, Mann-Whitney U test, Kruskal-Wallis test, and chi-
square test were used where applicable. The problem of multiple comparisons was counteracted
with the Bonferroni correction. Value of p < 0.05 was considered significant. The

morphological lesions were correlated according to Spearman’s rank order.

The graft survivals were tested by medians of Kaplan-Meier curves. Graft failure was defined
as the restarting of dialysis. Patient censoring was performed either at the end of the follow-up
of the given study or because of death with a functioning graft or removal of the functioning

graft due to reasons unrelated to the alloimmune response.

Morphologic Features and Clinical Impact of Arteritis Concurrent
with Transplant Glomerulopathy

In this retrospective study, 59 patients with TxG were analyzed who underwent for-cause
biopsy procedure between 2001 and 2011. The biopsy samples were selected from the renal
transplant biopsy inventory of the Department of Pathology, University of Szeged based on

sample adequacy and presence of glomerular double contours.

The evaluation of chronic arterial changes were modified compared to the Banff classification.
We defined three categories: (I) fibrosing intimal arteritis with mononuclear cell infiltration
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(cvmo), (I1) intimal fibrosis without inflammatory cell infiltrate (cvie), and (I11) intimal
fibroelastosis (cvirg, related to aging/hypertension). Intimal fibroelastosis was defined as two
layers or more of internal elastic laminas seen on elastic staining. The lesions were graded based
on the Banff thresholds for the cv lesion. Hierarchical cluster analysis (HCA) was used to
explore the class relationships among the newly defined lesions and those part of the Banff

classification [77].

Serial sections consecutive to the section in which the arteritis lesion was found were stained
for CD3 (pan T-cell marker), CD68 (macrophage marker), CD8, and T-cell intracellular
antigen-1 (TIA-1, marker of cytotoxic T-cells). The intimal area of the inflamed arteries was

measured with an eyepiece graticule to assess inflammatory cell density in the intima.

In addition to the modifications in the light microscopic assessment, we also used a three-tired
grading system for PTCBMML.: with thresholds of three to four layers, five to six layers, and
equal to or more than seven layers per PTC. Tubular HLA-DR expression, upregulated in acute
TCMR [78, 79], was assessed on the basis of whether it was observed in at least four tubular
profiles or not (scores 1 or O, respectively).

To assess the impact of arteritis on renal function and graft survival, two groups were defined
for statistical analysis: cg with arteritis and cg without arteritis. The demographic, clinical,
morphological and graft survival data of the two groups were compared. To analyze the
estimated glomerular filtration rate (eGFR) means over time in the two groups, we compiled
the results of eGFR measurements from 36 months pre-biopsy (or, if the transplantation was
performed within 36 months before the biopsy, from the time of transplantation) to 24 months
post-biopsy (or, if graft failure occurred within 24 months, to the point of graft failure). Since
some data were missing from our data set, the two-way mixed ANOVA model was used with
time as the repeated-measures (within-subject) factor and group as the between-subject factor.
Pairwise comparisons were performed on estimated marginal means by taking into account the
presence of interaction. Holm-Sidak method was used for p-value correction. The interval

between the repeated measures was three months. Measurements performed within one month
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before or after the time of the enrolled biopsy were also included. Graft survival was tested as

described under ‘General aspects’.

Quantitative Changes of the Renal Microvasculature in Transplant
Glomerulopathy

This was a retrospective cohort study carried out at the Departments of Pathology, University
of California, San Francisco (UCSF), and University of Szeged. Between 2007 and 2012, 164
patients admitted to UCSF who was subjected to a for-cause biopsy were found to have TxG.
From these subjects, 47 patients met the sample adequacy criteria as detailed above and were
not disqualified by the exclusion criteria: 1) concomitant IC glomerulonephritis or
nodular/advanced diabetic glomerulosclerosis 2) history of or concurrent thrombotic

thrombocytopenic purpura/haemolytic uremic syndrome 3) seropositivity for HCV.

To explore the severity of the ultrastructural lesions in TxG they were compared with normal
protocol biopsies. Eleven such sample were enrolled from two transplant centers: from UCSF,
five, 6-month protocol biopsies were chosen while from the Department of Pathology,
University of Szeged, three 3-month, two 12-month and one 24-month protocol biopsies were

selected.

In addition to the routine diagnostic workup, a detailed electron microscopic analysis of the
glomeruli and the PTCs was performed in both the TxG and the protocol groups. One to two
glomeruli were analyzed per sample. The median number of capillary loops/glomerulus
analyzed by EM was 10 [interquartile range (IQR) = 0]. Glomeruli that were sclerosed,
incomplete, or ischemic were disregarded. First, two to three, randomly selected peripheral
capillary loops adjacent to each other were photographed (this area was considered to be the
‘12 o’clock position’ of the glomerular tuft). Further photographs were taken on other sets of
loops at 3, 6, and 9 o’clock positions. The entire peripheral (i.e. non-mesangial) segment of
each selected loop was photographed. We adopted the definition of mesangium from
Wavamunno et al. [56]
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On each photograph, the length of the
\ peripheral segment of each capillary loop
(GBM) was measured (Figure 6), along with
the portion of the GBM affected by
epithelial or endothelial  detachment
(GBMgep, GBMgen respectively). We
counted each filtration slit (FS) manually
and defined FS frequency/loop (Figure 6.)
as:

SFS
GBM, — GBMg,,

Figure 6. Glomerular ultrastructural Glomerular endothelial fenestra (EFg) count
measurements 1. Length of the peripheral
segment of the capillary loop was measured
(wavy line). Each endothelial fenestra (white ~ (Figure 6) was calculated as:

arrowheads) and filtration slit (white EF,

arrowheads with black outline) was identified GBM, — GBM,,,

by the examiner and was counted, 9300x. CL

— capillary lumen, E — endothelium, M —

mesangium, US —urinary space, WBC —white  Mean harmonic GBM thickness (8cem) Was
blood cell. Asterisk — original lamina densa
layer, Double arrow — mesangial border.

was also recorded and EFg4 frequency/loop

measured with the orthogonal intercept
method (Figure 7) [80]. First, a 3000 x 3000
nm line grid placed randomly on the digital
image. An intercept point was defined as the intersection of the gridlines and the endothelium’s
membrane segment facing towards the GBM. The total BM thickness was defined as the
distance from the intercept point to the epithelial cell plasma membrane in a line perpendicular
to the plane of the GBM. The width of lamina rara interna was defined as the segment of the
orthogonal intercept between the intercept point and the inner border of the newly formed
lamina densa-like material or if such structure was not present, the original lamina densa. Mean
harmonic endothelial thickness was measured by the extension of the orthogonal intercepts
towards the luminal segment of the endothelium membrane (Figure 7).
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Figure 7. Glomerular ultrastructural
measurements I1. A 3000 nm by 3000 nm line
grid was placed on each image to measure the
glomerular basement membrane (double
arrows) and endothelial thickness (segments
on top of double arrows). 9300x. CL —
capillary lumen, E — endothelium, GBM -
glomerular basement membrane, M -
mesangium, US — urinary space, WBC — white
blood cell.

Peritubular capillaries in the non-scarred
cortex were sampled from a random
periglomerular
sample size = 10 PTC/biopsy, IQR = 1), and

were analyzed for the same parameters listed

starting point (median

~ above (where it was applicable) with four

adjustments:
1. An intercept point was defined as
between a

every second intersection

‘ randomly placed 3000 x 3000 nm line grid

and the PTC endothelium.

2. The orthogonal intercept was
defined as the shortest distance between
the intercept point and the outer border of
the outermost lamina densa layer of the
PTC basement membrane (PTCBM).

3. PTCBMML was expressed as mean
PTCcirc

following formula:

in each case, based on the

PTC,_, X2+ PTC3_4, X4+ PTCs_¢ X 6 + PTC,_g X8 + PTCo X9

PTCeipc =

PTCTOTAL

where PTC1»...PTCy are the counts of PTCs with the given number of PTCBMs, and

PTCroraL is the count of all capillaries that were examined in a given case. Only those

BM layers that were observed in more than 60% of the capillary circumference

(circumferential BM layer) were counted. Counting was performed in the narrow

peritbular interstitium and avoided portions cut tangentionally and fibrotic areas.

4. The distance between the intercept point and the innermost PTCBM layer was defined

as subendothelial space.
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HCA was used to establish clinicopathologically distinct TxG subgroups based on the above-
described ultrastructural parameters. The input ultrastructural variables for HCA were selected
based on earlier studies that have demonstrated that reduced eGFR in nephrotic syndrome is
due to reduction in the overall ultrafiltration coefficient (Ks) [81, 82]. Kt is the product of the
hydraulic permeability of the glomerular capillary wall and the total capillary surface area.
While calculating the actual Kr was beyond the scope of our study, we hypothesized that by
using ultrastructural variables that influence the permeability of a given glomerular capillary
wall component, an ultrastructurally distinct TxG subgroup with worse prognosis can be
identified statistically. Therefore, EFg frequency, mean harmonic glomerular endothelial

thickness, 6eem, and FS frequency were chosen for HCA of the TxG group.

Peritubular Capillary Basement Membrane Multilayering in Early
and Advanced Transplant Glomerulopathy: Quantitative Parameters
and Diagnostic Aspects

This retrospective study was performed at the Department of Pathology, University of Szeged
and its patient population and that of the first study partially overlapped. Here, enrollment
criteria included morphological signs of DSA-endothelium interaction in addition to TxG.
Furthermore, the surveyed period was extended until 2014, and patients seropositive for HCV

were excluded. Based on these modifications, fifty-seven patients were selected for this study.

We defined two study cohorts to explore the diagnostic utility of the different thresholds
(permissive, intermediate and strict) for DSA-mediated PTCBMML and to examine what mean
PTCcirc values are typical of early and fully developed chronic ABMR. The definition of mean
PTCcirc was the same as in the previous study. The subgroup of mild TxG included cases with
a Banff score of cgla-b, while the subgroup of moderate-to-severe TxG consisted of patients
with a Banff score of cg2-3. The difference between the cohorts for clinical, and demographic
parameters, and for graft survival was tested. The capacity of the different PTCBMML thresholds
to discriminate between cgl vs cg2-3 were expressed using the sensitivity and the specificity of
the thresholds for the cg2-3 lesion. An optimal cutoff value of PTCcirc for the same purpose

was determined by performing a receiving operator characteristic (ROC) curve analysis [83].
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Results

Morphologic Features and Clinical Impact of Arteritis Concurrent
with Transplant Glomerulopathy

Demographic and Clinical Data

The median age of the study population was 44 years (IQR = 23). Thirty-two percent of the
patients were female. Median time to biopsy from transplantation was 58 months (IQR = 67).
At the time of the biopsy, two-third of the patients were in stage IV or V chronic kidney disease
[84]. All but two recipients received a deceased donor kidney, and in all cases both donors and
recipients were Caucasians. No ABO-incompatible transplantation was performed. 75 percent
of the patients were on a calcineurin inhibitor (CNI)-based maintenance immunosuppressive
regimen. One patient was tested for the presence of DSAs, the result was positive for class Il
HLA alloantibodies. The demographic and clinical characteristics in the two study groups at

the time of the biopsy did not differ significantly.
Biopsy Findings in the Study Groups

Transplant glomerulopathy was identified by light and electron microscopy in 53 biopsies and
exclusively by EM in 6 biopsies. In 16 biopsy samples TxG was accompanied by arteritis. Nine
out of these 16 cases were C4d positive, six were C4d negative with at least moderate MVI,
and one had no signs of activity. The arteritis lesion involved the intima of the interlobular
arteries, and consisted of mononuclear cells with occasional foam cells. In 15 samples, the
inflammatory cells were scattered throughout the fibrously thickened intima and were
associated with severe (Figure 8) moderate or mild luminal narrowing in 10, four and one

samples, respectively (cvmo lesion).
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The cell density within the inflamed intima

: - was between 50-500 CD3+ cells/mm?. In the
' biopsy of a patient with documented

. noncompliance, the infiltrate was also

accompanied by insuded fibrinoid material.

The mean ratio of involved arteries per

" - Dbiopsy was 62 percent.

Figure 8. Features of fibrosing intimal
arteritis in adjacent sections. (a): Scattered
mononuclear cells are located in the
fibrously thickened intima; the vessel lumen
is markedly narrowed. PAS, magnification
x40. (b): the majority of the mononuclear
cells proved to be T-lymphocytes. CD3
immunostain, 40x.

The grade of luminal

The immunophenotyping of arteritis

revealed the presence of CD3 positive,
 CD8/TIA-1 positive, and CD68 positive

cells in 15, 10 and five cases, respectively.
Only T-cells were found in 11 cases, while

. in five cases macrophages could also be

identified. CD68+ cells were the dominant
cell type in two cases. Five of the 10 samples
with intimal cytotoxic T-cells displayed
concurrent TCMR, and three of that 10
exhibited concurrent borderline changes and
tubular HLA-DR expression. Biopsies with
arteritis had significantly more severe
interstitial inflammation (Table 1).

Table 1. Comparison of median values of Banff scores describing

narrowing was more the severity of interstitial inflammation in the study groups.

severe in biopsies with TxG without arteritis | TxG with arteritis | p-value
) B (n=43) (n=16)

CVmo (median score = 3) i 1 15 0.038

than in biopsies with cvie | j-IF/TAP 1 1.5 0.027

or cvire (median score = 1, | ti° 1 2 0.018

p < 0.001). Forty-three anterstitial infiltrate in the nonscarred cortex, “Interstitial infiltrate in the

patients did not show

scarred cortex, Interstitial infiltrate in the entire cortex
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arteritis lesion. Eighteen of them were C4d positive, 22 cases showed at least moderate MV without
C4d positivity, and three cases were negative for both MVI and C4d. There was no significant

difference for the distribution of coinciding pathologies between the study groups (Table 2).

Table 2. Distribution of coinciding lesions in the index biopsies of the study groups (n of
patients showing a particular lesion in each group are indicated).

TxG without arteritis TxG with arteritis
(n = 43) (n = 16) p-value

T-cell mediated rejection 8 5 0.311
Borderline changes 13 6 0.755
Tubular HLA-DR positivity 18 11 0.242
Calcineurin inhibitor toxicity 16 6 1

Glomerulonephritis 4 4 0.194
HCV positivity 3 2 0.606

Statistical association of cvmo, cVir, and cvire With the Banff lesions

Luminal narrowing due to cvmo correlated with the severity of interstitial inflammation in the
scarred cortex (rs= 0.365, p = 0.005) and total interstitial inflammation (rs = 0.352; p = 0.006).
PTCBMML showed association with cvis (rs = 0.419, p = 0.001). Intimal fibroelastosis did not
correlate with other variables. HCA revealed three groups of the morphological alterations

Figure 9. Hierarchical

Dendrogram using Average Linkage (Between Groups) cluster analysis diagram of

Rescaled Distance Cluster Combine

0 5 10 15 20 25 the morphological vari-
HFTA 11 ables. The first group
i 12J comprised inflammation in

scarred areas (i-IF/TA),

i 3
total inflammation  (ti),
t 4

inflammatory infiltrate (i),
HLA-DR 10 tubulitis (t), tubular HLA-
ptc 5 DR expression, peritubular
ci C capillaritis (ptc), interstitial
o TJ fibrosis (ci), cvmo, C4d

positivity, and glomerulitis
cvmo 13 (@). The second group
Cad 1 | — consisted of peritubular
g 2 capillary basement memb-
ptebmm! 9 rane multilayering
w1 ] (ptcbmml), cvif, cg and

arteriolar hyalinosis (ah).
#h 8 Cvife did not group with
ovife 15 other lesions.
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(Figure 9). The three chronic arterial changes clustered separately: while cvmoe was grouped with
mostly acute lesions, cvir was coupled with chronic vascular alterations, and cvite remained

separate.

Post-biopsy management and graft survival

All 13 patients with a histological diagnosis of acute TCMR received steroid pulse therapy. In
two cases with arteritis and concurrent acute TCMR, anti-thymocyte globulin and
plasmapheresis were also administered. For the patients who had concurrent borderline
changes, the immunosuppression was intensified. Different therapeutic approaches were
applied in the cases of isolated arteritis: two patients received steroid pulse therapy, one patient
participated in intensified immunosuppression, and two patients continued the same therapeutic

regimen as in the pre-biopsy period.

The median duration of the post-biopsy follow-up was 20 months (IQR = 25.50). There was no
significant difference for the means of eGFR between the TxG with vs without arteritis groups
at the time of biopsy, as opposed to the eGFR measurements at three, six, and 12 months post-

biopsy which differed significantly (Figure 10).

60

~i— TxG without arteritis

—#—  TxG with arteritis

Mean eGFR value (ml/min/1.73m?)

0 -

w m o
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Time before (-) and after (+) biopsy (Bx) (months)

Figure 10. Mean estimated glomerular filtration rates in the transplant glomerulopathy
groups with vs without arteritis. The renal function in the former group was significantly
worse than that in the latter at 3, 6 and 12 months post-biopsy (value pairs indicated by *).
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Forty-two graft failures were attributed to rejection. From among the 17 censored cases, nine
patients died with a functioning allograft and three functioning grafts had been removed, in two
patients due to sepsis, and in one patient because of massive bleeding after the biopsy puncture.
The median graft survival of the patients with arteritis was 7.5 months [95 percent confidence
interval (Cl), 2 to 13], significantly lower than that of those without arteritis [29 months (95
percent Cl, 17 to 41), p=0.001, Breslow method, Figure 1l1a)]. After the cases with
glomerulonephritis had been excluded, the median graft survival in the arteritis group remained
significantly worse [six months (95 percent Cl, 2 to 10)] compared to patients without arteritis
[32 months (95 percent ClI, 22 to 42), p < 0.001]. In addition, the median graft survival was
significantly lower for patients with arteritis [six months (95 percent Cl, 2 to 10)] than for those
non-arteritis patients who had TCMR [35 months (95 percent Cl, 1 to 69), p=0.010]. Further,
grafts with cvme had a worse median survival than grafts with cvir, or cvire [7.5 months (95
percent Cl, 3 to 12) vs 21 months (95 percent CI, 11 to 31) vs 35 months (95 percent CI, 21 to
49), respectively (p<0.001) (Figure 11b).

1.0 a 1,07 b
0,81 0,81
E | E 0 6—
= 0,6 g Y
5 5
w w
E 04 E o4 CVIFE
0.4 , » 0.4
3" TxG without arteritis| 9
0,21 . " 0,27 V
TXG with arteritis CVmo CVIF
0,04 p = 0.001 001p =0.001
0 12 24 36 48 60 72 84 0 12 24 36 48 60 72 84

Figure 11. Graft survival estimates: TXG with arteritis had a worse prognosis than TxG
without arteritis: (a) all patients (n=59). Fibrosing intimal arteritis (Cvmo, N = 15) has the
worst prognosis compared to intimal fibrosis (cvie, n =11) and intimal fibroelastosis (cvirg,
n = 20) (b).
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Quantitative Changes of the Renal Microvasculature in Transplant
Glomerulopathy

Demographic and clinical characteristics of the TxG and the Protocol groups

There was no significant difference between the Protocol and the TxG groups for the main
demographic, and serologic parameters (Table 3). Testing for DSA was performed in 60 percent
of the TxG patients and 61 percent of those tested were positive. All but one patient in each
group were on a CNI-based maintenance immunosuppressive regimen at the time of the biopsy.
Median time-to-biopsy was significantly longer, while median eGFR was significantly lower
in the TG group relative to the protocols (Table 3). In addition, more than two-third of the
TXG patients had severe proteinuria (as defined by Kidney Disease — Improving Global

Outcomes initiative [85]), while none of them had in the protocol cohort (Table 3).
Histological features of the TxG and the Protocol group

Forty percent of the TxG patients met the histological criteria of C4d-positive chronic active
ABMR as defined by the Banff 2015 classification [66]. Diffuse or focal C4d positivity was
present in 12.5 percent and 27.5 percent of the cases, respectively. Forty-seven percent of the
patients had the morphological requisites of chronic active C4d negative ABMR, while 13
percent of them did not show morphological signs of activity. Glomerular double contouring
was mild (cglb) in 13 cases, moderate (cg2) in 20, and severe (cg3) in 14 cases. Severe

PTCBMML was present in nine percent of the cases.

In regards to the concurrent lesions, 22 TxG cases showed borderline changes while six had
TCMR. On previous biopsies from the same allograft, 17 TxG patients were diagnosed with
various severity of cell-mediated alloimmune response, seven with acute ABMR, two with
acute pyelonephritis and seven with at least moderate interstitial fibrosis and tubular atrophy.
The control group —by study design- showed only minor non-specific light microscopic

changes.
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Table 3. Demographic data and clinical characteristics of the study groups at the time of the
biopsy procedure. Pairwise comparison for each listed parameter was performed by Mann-

Whitney U test, significant p-values are in bold.

Protocol (n=11) | TxG? (n=47) p-value
Donor female gender (n) 5 22 1.00
Donor age (years) 41 (20)° 41 (17) 0.76
Form of transplantation (n)
living unrelated 1 3 1.00
living related 1 14 0.26
deceased donor 9 29 0.30
pancreas-kidney 0 1 1.00
Recipient female gender (n) 6 17 0.31
Recipient age (years) 45 (15) 50 (16) 0.85
Recipient race, non-black (n) 11 38 0.18
HLA mismatch (n) 3(2) 4(2) 0.06
Pre-transplant panel reactive antibodies (n of 1 22 <0.005
patients with >0 %o)
DSAC° profile
Patients only with Class | DSA (n) n.a. 4 n.a.
Patients only with Class 1l DSA (n) n.a. 9 n.a.
Patients with Class | and 11 DSA (n) n.a. 4 n.a.
No DSA was detected (n) n.a. 11 n.a.
Class | DSA MFI® n.a. 4215 (7038) n.a.
Class Il DSA MFI n.a. 9392 (11343) n.a.
Post-transplantation time (months) 10 (6) 54 (66) <0.005
eGFR' level (ml/min/1.73 m?) 75 (43) 33 (21) <0.005
Urine Protein/Creatinine ratio (mg/g) 130 (50) 890 (1910) <0.005

Transplant glomerulopathy, PInterquartile ranges are in brackets, ‘Donor-specific antibody, 9not
applicable (DSA was not measured in normal protocol cases), *Mean fluorescent intensity, ‘Estimated

glomerular filtration rate
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Ultrastructural parameters of the protocol biopsies were similar to the findings reported in
previous studies on normal, native kidney specimens [82, 86, 87]. The TxG group showed
statistically significant changes relative to the Protocols in regards to all three components of
the filtration barrier and the PTCs (Table 4).

Table 4. Medians of the ultrastructural parameters of the study groups. Mann-Whitney U test

was used for pairwise comparisons, all tests proved to be significant (p < 0.0005, interquartile

ranges are in brackets).

Protocol TxG
Mean harmonic glomerular basement membrane thickness (nm) 319 (90) | 890 (520)
Filtration slit frequency (unit/mm) 1490 (280) | 1110 (410)
Endothelial fenestrae frequency, glomerulus (unit/mm) 2160 (120) | 720 (640)
Mean harmonic endothelial thickness, glomerulus (nm) 100 (20) | 220 (160)
Peritubular capillary basement membrane multilayering (n of layers) | 1.1 (0.44) | 2.8 (1.31)
Endothelial fenestrae frequency, peritubular capillary (unit/mm) | 1390 (160) | 230 (210)
Mean harmonic peritubular basement membrane thickness (nm) 148 (30) | 424 (110)
Mean harmonic endothelial thickness, peritubular capillary (nm) 102 (40) | 360 (160)
Correlations between the ultrastructural alterations and the labora-

tory/serological parameters

Estimated GFR showed the strongest correlation with mean harmonic endothelial thickness in the

PTCs, while the strongest association of urine protein/creatinine ratio was with deem (Table 5).

Table 5. Rho values of Spearman’s rank correlation tests between ultrastructural variables and
laboratory-serological parameters (p-value for each rs is shown below the corresponding

correlation coefficient).

EF° ; EF
frequency | Oenp FS® ¢ | frequency | Oenp
Scem® glom.° glom. | frequency SprCEM PTCY PTC
eGFR -0.565 0.355 -0.467 0.417 -0.499 0.641 -0.713
<0.001 0.006 <0.001 0.001 <0.005 | <0.001 | <0.001
Urine protein/ 0.626 -0.527 0.56 -0.347 0.416 -0.392 0.569
creatinine ratio | <0.001 <0.001 | <0.001 0.008 0.001 0.002 <0.001

smean harmonic GBM thickness, Pendothelial fenestra, ‘glomerulus, Ymean harmonic endothelial

thickness, ®filtration slit, ‘/mean peritubular capillary basement membrane thickness, 9peritbular capillary
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Associations between serological and ultrastructural parameters were also tested in a subgroup
of patients, where DSA data were available (n = 28). Patients tested negatively for DSA had
significantly lower PTC endothelial thickness (270 nm, IQR = 170) than those with Class Il
DSA in combination with Class | or alone (350 nm, IQR = 200, p = 0.047). In addition, PTC
EF frequency was higher in DSA negative patients (310 unit/1 mm PTC, IQR =510) compared
to the Class Il DSA positive group (220 unit/1 mm PTC, IQR =210, p = 0.035).

Hierachical Cluster Analysis of the Transplant Glomerulopathy Patients

Hierarchical cluster analysis based on EFq frequency, glomerular endothelial width, 6csm, and
FS frequency separated the TxG patients into two subgroups (Figure 12).

Figure 12. Hierarchical cluster analysis of transplant glomerulopathy patients. Two
subgroups (Cluster 1 and Cluster 2) could be identified based on glomerular ultrastructural
parameters. Patients’ individual study IDs are shown on the x-axis.
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There was a significant difference for the glomerular ultrastructural parameters and PTC
endothelial thickness between the two subgroups: in summary, “Cluster 1” (n = 27) was
characterized by more subtle ultrastructural alterations, while “Cluster 2” (n = 20) was more

deviant from the Protocol group’s measurements (Table 6).
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Table 6. Median values and interquartile ranges of selected ultrastructural parameters in the
transplant glomerulopathy subgroups identified by hierarchical cluster analysis. Pairwise

comparisons were performed by Mann-Whitney U test, significant p-values are in bold.

TG TG p-value
Cluster 1 | Cluster 2
Mean harmonic GBM? thickness nm (nm) 660 (310) | 1295 (380) | <0.0005
Filtration slit frequency (unit/mm) 1020 (670) | 470 (340) | <0.0005
Endothelial fenestrae frequency, glomerulus (unit/mm) | 170 (70) | 320 (120) | <0.0005
Mean harmonic endothelial thickness, glomerulus (nm) | 1160 (220) | 860 (420) 0.002
Mean harmonic endothelial thickness, PTC® (nm) 330 (160) | 400 (200) 0.03

3glomerular basement membrane, Pperitubular capillary

The light microscopic characteristics of the TxG subgroups were comparable (Table 7), as well
as the basic demographic, and serologic data (Table 8). Renal function parameters in “Cluster
2” were inferior relative to “Cluster 1” at the time of the diagnosis and at two years after the

biopsy procedure (Table 8).

Table 7. Histological characteristics of the transplant glomerulopathy subgroups identified by
hierarchical cluster analysis: median values of Banff scores and coinciding lesions.

Interquartile ranges are in brackets, no significant p-values were found.

TxG Cluster 1 TxG Cluster 2 p-value
(n=27) (n=20)

Glomerulitis (g) 2(2) 2 (1.75) 0.644
Peritbular capillaritis (ptc) 1(2) 2 (1.75) 0.680
Interstitial infiltrates (i) 1) 1(1.75) 0.872
Tubulitis (t) 1(1) 1(1) 0.830
Aurteritis (v) 0(0) 0(0) not applicable
Transplant glomerulopathy (cg) 2(1) 2 (1.75) 0.164
Interstitial fibrosis (ci) 1(1) 2 (1.75) 0.137
Tubular atrophy (ct) 1) 1.5() 0.681
Acrterial intimal fibrosis (cv) 1(2) 1(0) 0.166
Avrteriolar hyalinosis (ah) 1(3) 1(2.50) 0.867
Features suggestive of chronic cal- 2 1 0.613
cineurin inhibitor toxicity (n)
Total inflammatory infiltrate (ti) 1(1) 1(1) 0.889
C4d positivity (n) 8 11 0.080
Coinciding cell-mediated alloimmune injury in the index (first TxG) biopsy
Borderline changes (n) 10 12 0.119
Acute cellular rejection (n) 5 2 0.682
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Table 8. Demographic data, clinical characteristics and basic serological parameters of the

transplant glomerulopathy subgroups identified by hierarchical cluster analysis, significant p-

values are in bold, interquartile ranges are in brackets.

TxG? Cluster 1 TxG Cluster 2 p-value
(n=27) (n=20)

Donor female gender (n) 13 9 1.000
Donor age (years) 42 (11) 34.50 (16.50) 0.084
Recipient female gender (n) 10 7 1.000
Recipient age (years) 50 (28) 49.50 (11.50) 0.846
Recipient race, black (n) 7 2 0.266
Pre-transplant panel reactive antibodies (%) 8 14 0.069
DSAdP profile
Patients only with Class | DSA (n) 1 3 0.139
Patients only with Class 1l DSA (n) 6 3 1.000
Patients with Class | and |1 DSA (n) 3 1 1.000
No DSA was detected (n) 7 4 1.000
Class | DSA MFI° 4214.8 (6477.6) | 4738.50 (10388.2) | 1.000
Class Il DSA MFI 12462 (12007.8) | 8169.25 (9676.8) 0.604
Post-transplantation time (months) 50 (67) 67 (87) 0.156
eGFRY level (mI/min/1.73 m?) 40 (23) 27.50 (15) 0.044
eGFR level at the post-biopsy 24th month® 39.5 (20.5) 29 (16) 0.021
Proteinuria
Urine Protein/Creatinine ratio (mg/g) 800 (1610) 1275 (2992.5) 0.028
>3500 mg/g (n) 0 6 0.004

*Transplant glomerulopathy, °Donor-specific antibody, “Mean fluorescent intensity, “Estimated
glomerular filtration rate, *Only those patients were considered, whose kidney function was >
15 (ml/min/1.73 m2) at 24 month postbiopsy

Therapeutic interventions after the index biopsy procedure were also compared. Intravenous
immunoglobulin (alone or in combination with anti-CD20 monoclonal antibody) was given to
similar proportion of the patients in both clusters. Plasmapheresis completed the anti-rejection
treatment for three patients in “Cluster 1” and a single patient in “Cluster 2”. Patients with
varying levels of cellular alloimmune injury in their index biopsy sample also underwent steroid
pulse therapy. Kaplan-Meier curves of the TxG subgroups are shown in Figure 13. Cumulative
survival proportion for “Cluster 1” did not dip below 0.5 by the end of the follow-up period,
unlike that of “Cluster 2” patients who had a median graft survival rate of 25 months (95 percent
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Cl, 4 to 46) (Figure 13a). We also analyzed the prognostic relevance of the “Cluster 17 vs
“Cluster 2” distinction by controlling for interstitial fibrosis: each cluster was further split into
three cohorts based on the involvement of the cortex by interstitial fibrosis (mild: < 25 percent,

moderate: 25 to 50 percent, and severe: > 50 percent of the cortical area).
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Figure 13. Kaplan-Meier curves of the transplant glomerulopathy subgroups identified by
hierarchical cluster analysis. Cluster 2 had lower graft survival rate relative to Cluster 1
(Panel a). On Panel b, and c, pairwise comparisons between Cluster 1 and Cluster 2
patients with different levels of chronicity are shown. Panel d, shows the graft survival
rates of Cluster 1 and Cluster 2 after patients with nephrotic range proteinuria were
excluded.



38

Next, “Cluster 1” and “Cluster 2” patients that belonged to a given “chronicity” cohort were
compared pairwise. The difference in graft survival distributions remained significant in the
mild and moderate interstitial fibrosis cohorts (Figure 13 b and ¢). In the mild cohort, only three
out of the 14 “Cluster 1” patients lost their allograft within the follow-up period, while “Cluster
2” patients (n = 7) had a median graft survival rate of 38 months (95 percent ClI, 6 to 70). In the
moderate cohort, “Cluster 1” patients’ (n = 10) median graft survival rate was 72 months (95
percent Cl, 1 to 144), higher than that of “Cluster 2” patients [n = 8; median graft survival rate
= 23 months (95 percent Cl, 2 to 44)]. Survival distributions for “Cluster 1" and “Cluster 2”
patients in the severe interstitial fibrosis cohort were not statistically significantly different. In
addition, we also analyzed the two clusters after excluding patients with nephrotic range
proteinuria (n = 6, Figure 13 d). The difference between the survival rates of the two clusters
remained significant, Cluster 2 patients’ median graft survival rate was 25 months (95 percent
Cl, 19 to 32), while that of Cluster 1 did not change (since all excluded patients belonged to
Cluster 2).

107 1.0+
AUC = 0,994 a Lastly, ROC-curve ana-
05| 95 %Cl.0981101.000 08 0 = 0.931 ]
1 p<00005 ~ 669 1. 0 862 t0 1,000 lysis was used to test the
d p < 0.0005 .
z 06 z 06 ability of each ultrastruc-
5 oa 5 oa tural parameter in the
HCA model to identify
0.2- 0.2
Mean harmonic glomerular Mean harmonic endothelial the TXG CIUSterS (Figure
0.0 : base:nentmewbrane thKHESSL 0.0+ ; . thickr:ess-g\cimgerulu; i L
00 02 04 06 08 10 oo o2 o4 o6 os 10 14). The most discrimi-
1-Specificity 1-Specificity
107 | TRIE T 56 native marker was 0Gsm.
95 % Cl, 0.614 t0 0.923 A
0.8] AUC = 0,883 C 0.5 P =0002 d A threshold of 925 nm
95 % Cl, 0.788 to 0.978 .
. p < 0.0005 . had the capacity to
£ 06 £ 06
2 2 separate “Cluster 1” from
@ 04 @ 044 .
“Cluster 2” with a 100
02 021 percent sensitivity and
Endothelial fenestrae
frequency - glomerulus Filtration slit frequency HY 1+
°%% 92 d4 ds  de 1o 0% 492 94 ds o8 10 95 percent specificity.
1-Specificity 1-Specificity

Figure 14. Receiving operator characteristics curve analysis of ultrastructural parameters used in
hierarchical clustering for transplant glomerulopathy patients. Mean harmonic glomerular
basement membrane thickness stood out as the variable with the highest specificity and sensitivity
to the pattern of severe glomerular alterations (a).
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Peritubular Capillary Basement Membrane Multilayering in Early
and Advanced Transplant Glomerulopathy: Quantitative Parameters
and Diagnostic Aspects

Demographic, Serologic and Clinial Features of Patients with Mild vs

Moderate-to-severe TxG

There was no significant difference for gender, age, HLA-mismatch, PRA titer, and
maintenance immunosuppression strategy between patients with mild (n = 15) and moderate-
to-severe TxG (n = 42) (Table 9). All recipients and donors in both groups were Caucasians
and all transplantations were ABO group compatible. In each group, all but one recipient
received a deceased donor kidney. DSAs against HLA class I/11 antigens were demonstrated in
the nine tested recipients (Table 9). Patients with moderate-to-severe TxG had significantly
lower eGFR, and more severe proteinuria than those with mild TxG at the time of biopsy (Table
9). The elapsed time from transplantation to biopsy was significantly shorter in the subgroup of
mild TxG (Table 9). In addition, patients with moderate-to-severe TxG had a significantly lower

graft survival than that of patients with mild TxG (Figure 15).
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Figure 15. Patients with mild TxG had a significantly
longer graft survival [85 months (95 % ClI, 23 to 147)] than
patients with moderate to severe TxG, [19 months (95 %
Cl, 14 to 24)]
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Table 9. Demographic data and clinical characteristics of the recipients at the time of the

biopsy procedure. Significant p-values are in bold, interquartile ranges are in brackets.

cgl (n=15) cg2-3 (n=42) p-value
Recipient female gender (n) 3/15 14/42 0.513
Recipient age (years) 43 (22.00) 43.50 (20.50) 0.993
Previous Tx2 (n patients with >1 Tx) 3 5 0.422
Result of HLA matching (n of patients)
no HLA mismatch 2 17 0.065
at least 1 or more HLA mismatch 13 25
Panel reactive antibodies (n of patients)
Not detected 9 21
At least 1 % 3 3 0.8
No data 3 18
Post-transplantation time (months) 42 (46) 71 (70.5) 0.007
Maintenance immunosuppression (n of patients)
Calcineurin inhibitor 14 32 0.256
Mycophenolate mofetil 11 35 0.455
Steroid 11 23 0.239
Mechanistic target of rapamycin inhibitor 4 12 1
eGFRP level (mI/min/1.73 m?) 30.6 19.7 (13.10) 0.009
Class | DSA® MF14 3351 (2097) | 10556.5 (8841) n.a.’
Class I DSA MFI 2826 (11340) 1797 (6389) n.a.
Proteinuria
Daily amount of proteinuria (g/24h) 0.97 (1.95) 2.73 (5.36) 0.009
< 3.59/24 h (n of patients) 14 30 015
> 3.5 g/24 h (n of patients) 1 12

*Transplantation, PEstimated glomerular filtration rate, “Donor-specific antibody, “Mean
fluorescent intensity value, °Not applicable (because of the limited number of examined
patients, significance was not tested)

Histological Characteristics of the Study Groups

Out of the 15 mild TxG lesions, four showed glomerular double contouring exclusively by EM.
Eleven case was diagnosed as moderate TxG, while severe GBM reduplication could be
observed in 31 cases. Severe PTCBMML diagnostic of chronic ABMR based on the Banff 2013

[65] classification was present in 40 percent of the cases. C4d negative and positive cases were
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present in almost equal proportion in the study groups (Table 10). In total, 28 index biopsies
did not display C4d positivity. However, seven out of these patients had a previous biopsy with
at least focal C4d signal, while eight out of them had tissue specimens subsequent to the index
biopsy with C4d positivity. In regards to the concurrent lesions in the index biopsy samples, no
significant difference was found between the two groups (Table 10).

Table 10. Histological characteristics of the study groups.

cg 1 (n=15) |cg 2-3 (n=42) |p-value
C4d positive chronic active ABMR 8 21 1.000
C4d negative chronic active ABMR 7 21 1.000
Coinciding lesions in the index (first TxG) biopsy
Borderline changes 4/15 12/42 1.000
T-cell mediated rejection 3/15 1/42 1.000
IgA glomerulonephritis 1/15 3142 1.000
Severe arteriolar hyalinosis 6/15 19/42 0.771

Association of PTCcirc with Other Morphological Lesions

We analyzed a median of 16 capillaries/case (IQR = 3) and found that PTCcirc was significantly
higher in moderate-to-severe TxG (4.5 layers, IQR = 2.03), than in mild TxG (2.6 layers, IQR
= 1.56, p <0.0001), as well as in patients with at least moderate glomerulitis (3.82 layers, IQR
= 1.93) relative to those with mild glomerulitis (2.38 layers, IQR = 1.63). At least moderate
peritubular capillaritis, C4d positivity and presence of TCMR did not have a similar association
with PTCclrc.

The Effect of Sample Size on Establishing the Diagnosis of DSA-mediated
PTCBMML

We determined the proportion of those cases that would satisfy the different PTCBMML
thresholds if only 10 PTCs were sampled per case (i.e. the sensitivity of measuring 10 PTCs
relative to the de facto measured number of PTCs). With the strict criterion we found this

proportion to be 70 percent, while in the case of intermediate and permissive criteria the
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concordance was 79 percent and 92 percent. We also studied the ability of PTCcirc -calculated
after 10 PTCs had been sampled- to predict the PTCcirc based on all sampled PTCs. By
applying linear regression, we were able to build a significant regression model represented by
PTCcirc = 0.215 + 0.969 x PTCcirc,10 (p < 0.001), where PTCcirc is the value based on all
measured PTCs while PTCcirc 10 is the value based on the first 10 measured PTCs.

Capacity of PTCBMML Thresholds to Discriminate Between Mild and

Moderate-to-severe TxG

The permissive criterion had a specificity of 73 percent and a sensitivity of 81 percent for cg2-
3. A higher specificity (87 percent), and a lower sensitivity (64 percent) were measured with
the intermediate criterion; the strict criterion displayed the highest specificity (93 percent), but
the lowest sensitivity (52 percent). With a ROC-curve analysis, a cutoff point of 3 BM
layers/PTC was found to have a sensitivity and specificity similar to those of the permissive
criterion [83 percent and 73 percent, respectively (AUC = 0.838, 95 percent Cl = 0.731-0.945,
p < 0.0001)]. The PTCcirc value that matched the strict threshold was 4.0 layers (with a
specificity of 93 percent and sensitivity of 57 percent). A single PTCBMML cutoff that
represents the intermediate threshold could not be given, as it involved two thresholds (one PTC
with equal to or more than seven layers or three PTCs with five to six layers) that could not be
translated into a single PTCcirc value. Next, we calculated the proportions of the cases in the
mild and moderate-to-severe TxG subgroups that would meet the three different PTCBMML
thresholds. In mild TxG, 27 percent of the cases met the permissive criterion, 13 percent met
the intermediate criterion and only 7 percent had severe PTCBMML (strict criterion). The
corresponding values in moderate-to-severe TXG were 81 percent (permissive), 64 percent

(intermediate) and 52 percent (strict).

Prognostic Value of PTCBMML Thresholds and PTCcirc> 3 in Post-biopsy
Graft Survival

Patients were divided into subgroup pairs based on each threshold and the median graft survival

rates were compared pairwise (Figure 15). Patients who met the permissive citerion for
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PTCBMML had a lower median graft survival rate [19 months (95 percent CI, 15 to 23)] than
those who did not (40 months (95 percent CI, 19 to 61) (Figure 16a). The PTCcirc value that
matched the permissive criterion (3 layers) resulted in subgroups with identical graft survival
rates (Figure 15b). The intermediate criterion and the strict criterion, however, did not split the
TxG patients into prognostically different cohorts (Figure 15¢ and d).
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Figure 16. Graft survival rates of TxG subgroups defined by different PTCBMML
thresholds. Both the permissive threshold and PTCcirc > 3 defined subgroups with
significantly different median graft survival rates [(a) and (b) panels, respectively). In
contrast, if patients were dichotomized based on the intermediate or strict criteria for
PTCBMML, no prognostically different subgroups were formed [32 months (95 percent Cl,
14 to 50) vs 21 months (95 percent ClI, 18 to 24)] (c); 27 months (95 percent CI, 16 to 38)
vs 21.50 months (95 percent ClI, 12 to 31) (d)].
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Discussion

Morphologic Features and Clinical Impact of Arteritis Concurrent
with Transplant Glomerulopathy

In this study, 59 consecutive indication biopsies were analyzed to explore the clinicopathologic
relevance of arteritis in patients with TxG. Although DSA data were available only in one
patient, the additional biopsy findings supported the diagnosis of chronic active ABMR in 93
percent of the cases. Seven percent of the biopsy samples did not show activity that may indicate
the cessation of alloantibody production prior to the biopsy procedure. The prevalence of

arteritis was 27 percent (16/59).

The ‘Banff” chronic vascular lesion was categorized in each case as intimal fibrosis (cvie),
fibrosing intimal arteritis (cvmo), or intimal fibroelastosis (cvire). Our statistical tests
(Spearman’s correlation, HCA) connected these morphologic entities with different groups of
histological variables. Fibrosing intimal arteritis correlated/was clustered mainly with
inflammatory lesions, confirming the notion that it is an active process. In contrast, cvir, along
with TxG and PTCBMML formed another group, emphasizing the chronic nature of these
injuries. As opposed to the former two, cvire did not have statistical association with other
morphological lesions characteristic of the alloimune response that reflects the fact that this

lesion is due to ageing and/or hypertension.

The intimal inflammatory infiltrate showed cytotoxic T-cells in two-third of the cases and was
often accompanied by TCMR of varying severity, suggesting that T-cell-mediated mechanisms
may have played a role in the evolution of cvme in certain cases. However, we also found 5 cVmo
cases with CD68+ cells (most likely macrophages) in the fibrotic intima. While four of them
showed also concurrent TCMR, the presence of these cells may have been an indication of
complement-mediated chemotaxis, a pathogenetic mechanism of chronic ABMR [41]. Based
on these findings the precise separation of the etiological role of the two alloimmune pathways
in CVmo IS not always feasible, and both cellular and antibody-mediated mechanisms can

contribute to the development of this lesion.
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The arteritis lesion exerted a strong negative effect on post-biopsy renal function and graft
survival even after adjusting for the confounding effect of cases with glomerulonephritis. A
possible explanation is that severe luminal narrowing was detected in more than two-third of
the arteritis group. Another factor that might account for the worse survival of the patients with
this lesion is the significantly higher inflammatory load that is a known negative prognostic
factor [88] in renal transplant biopsies. The graft survival in patients with arteritis was also
shorter than in patients with TCMR, which indicates that late-onset TCMR can be controlled
more effectively than arteritis that significantly worsens graft outcomes in patients who

developed TxG.

Quantitative Changes of the Renal Microvasculature in Transplant
Glomerulopathy

We analyzed 47 renal transplant biopsies with TxG secondary to chronic active ABMR, and
11, normal, protocol cases as controls. Our aim was to quantitatively characterize the chronic
ABMR-associated ultrastructural changes of the renal microvasculature, and to explore the
clinical relevance of these alterations. In accordance with the literature [35], our TxG cohort
was heterogeneous for morphologic activity and presence of DSAs: while 16 out of the 47 TxG
samples met all Banff 2013 criteria for cABMR [65], 26 had either DSA positivity or
morphologic activity but not both. In addition, five cases showed neither DSA nor morphologic

activity.

First, we compared the ultrastructural changes seen in our TxXG cohort to normal protocol
biopsies. We found that TxG patients showed major remodeling in both compartments of the
renal microcirculation similarly to the previous report by Wavamunno et al [56]. Next, we
studied the associations between the ultrastructural and laboratory parameters. We were able to
show that the presence of Class Il DSAs are associated with more severe PTC endothelial
changes relative to that in those TxG subjects with no DSA. In addition, among the renal

function parameters, eGFR showed the strongest negative correlation with PTC mean harmonic
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endothelial thickness. These findings align well with reports on class |1 DSAs being a negative
prognostic factor in chronic ABMR [38-40].

Our results also contribute to the ongoing debate about the diagnostic utility of PTCBMML in
chronic active ABMR. The Banff 2013 classification adopted severe PTCBMML as a
morphologic evidence of chronic antibody-mediated allograft injury. Although this cut-off is
highly specific we found that its sensitivity in TXG patients is low. Furthermore, PTCcrc clearly
showed the involvement of PTCs in patients with TxG compared to the protocol subjects. This
finding along with the conclusions of other studies [73, 74, 89], emphasizes the need for a lower
threshold for CABMR-induced PTCBMML to facilitate early diagnosis of the condition.

Based on the ultrastructural model of glomerular filtration [81] we were able to separate TxG
patients into two prognostically different subgroups. Severe glomerular endothelial swelling,
almost complete loss of fenestration, marked GBM thickening, and extensive foot process
effacement characterized the patients with worse prognosis. We found that the cut-off of 925
nm of deem can identify this TxG subgroup with 100 percent sensitivity and 95 percent
specificity.

Testing whether GBM thickness is an independent risk factor for allograft loss in a Cox-
regression model was not statistically feasible due to the TxG cohort size and represents a
limitation of our study. However, the ultrastructural distinction between the TxG clusters
remained prognostic in the mild and moderate fibrosis cohorts after stratification for interstitial
fibrosis, a major morphologic determinant of renal allograft survival [90]. In addition, after
excluding patients with nephrotic range proteinuria (who all belonged to the TxG cohort with
worse prognosis), the cohort retained its inferior graft survival rate. These data collectively
suggest that the ultrastructural alterations can contribute to graft survival prognostication even
at a stage when the TxG lesion already can be detected by light microscopy but patients yet to
develop severe interstitial fibrosis, and electron microscopic metrics are able to identify a

broader population at risk of graft loss than nephrotic range proteinuria alone.
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Peritubular Capillary Basement Membrane Multilayering in Early
and Advanced Transplant Glomerulopathy: Quantitative Parameters
and Diagnostic Aspects

Here, we examined the status of PTCBMML in a series of 57 TxG cases. Our aim was to test
the ability of the various PTCBMML thresholds and PTCcirc to differentiate early from
advanced chronic AMBR and to explore their further possible clinical relevance. Due to the
retrospective nature of the study, the DSA data were incomplete. Complement 4d positivity
with or without MVI was found in 29 index biopsies, while MV 1 only was found in 28 samples.
In total, 81 percent of our study population had either C4d positivity (including the index,
previous, and follow-up biopsies) or DSAs at the time of the index biopsy, or both. These
evidence suggest that ABMR was the driving force behind the development of glomerular

double contours in our patient population.

We found that based on the clinical and laboratory parameters mild TxG represented early
chronic ABMR, while moderate-to-severe TxG indicated a late and advanced manifestation of
the process. In mild TxG, the permissive threshold for DSA-induced PTCBMML was noted in
26 percent, the intermediate in 13 percent, and the strict in only 6 percent of the cases. In
addition, the permissive and the intermediate threshold separated moderate-to-severe TXG cases
from mild TxG cases with a good sensitivity and specificity. In contrast, the strict threshold’s
had poor sensitivity but excellent specificity for moderate-to-severe TxG. These data
collectively suggest that the strict threshold represent advanced ABMR, and are in accordance
with the findings of Liapis et al. [69]

We studied the impact of sample size on establishing the diagnosis of ABMR-induced
PTCBMML. We found that sampling of 10 capillaries resulted in a significant underdiagnosis
of the lesion if it was defined by the strict threshold. In contrast, results obtained using the
permissive criterion had a good concordance regardless of sample size. In conclusion, the
permissive threshold allows the pathologist to reduce the time spent on the ultrastructural
analysis of each specimen by examining only 10 PTC without risking to miss a significant

number of cases.
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In regards to the statistical connection between the Banff morphological variables and
PTCBMML, severe glomerulitis was associated with higher scores of PTCcirc, indicating that

ongoing inflammation in the microvasculature results in more severe chronic changes.

We also analyzed the prognostic utility of the PTCcirc value and the different PTCBMML
thresholds, and only the permissive criterion/PTCcirc > 3.0 proved to be prognostically
relevant. Whether this effect is independent of the severity/presence of other morphological,
clinical, and serological variables could not be assessed because of the limited number of
patients. Nevertheless, since PTCcirc is a quantitative variable, its prognostic relevance is worth

further studies in a larger patient population.

The results of the present study and those of two previous ones [73, 74] taken together suggest
that the determination of PTCcirc values may be a better approach for the verification of early
chronic ABMR-induced kidney injury than a search for the most severely laminated PTC
profiles. In our study, the subgroup of mild TxG was characterized by a median PTCcirc of 2.6
BM layers, and the moderate-to-severe TXG subgroup by a significantly higher value of 4.5
layers. Since a mean PTCBM count greater than 2.5 layers preceded and predicted the
development of TXG in the elegant study of de Kort et al. [74], and PTCcirc > 3 in the present
study indicated a worse graft survival rate for patients with TxG, a PTCcirc value between 2.6
and 3 layers appears to represent a transitional range that indicates subclinical, ongoing ABMR
in the renal microvascular bed, if non-alloimmune causes of PTCBMML are excluded
clinicopathologically. The PTCcirc values are consistent, regardless whether 10 or more PTCs
are sampled, which further supports the use of the mean PTCBM count as a tool for the

evaluation of PTC involvement in chronic active ABMR.
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Summary

In the work presented here, we explored the clinical relevance and morphological
characteristics of macro-, and microvascular lesions associated with TxG the cardinal
phenotype of chronic ABMR. Our reason to study the vascular alterations was that the
morphological integrity of the renal vasculature is key in maintaining renal function. Although
glomerular double contours are not specific to ABMR, our strict clinicopathological enroliment
criteria, and detailed diagnostic workup by light, IF, and electron microscopy ensured that our
study cases represented chronic ABMR-related injury.

In our first paper we examined the chronic arterial changes associated with TxG and found that
fibrosing intimal arteritis worsened graft outcome. Its pathomechanism probably involved both
arms of the alloimmune response and it was frequently associated with increased inflammatory

load in the renal cortex that most likely also contributed to premature graft loss.

In our subsequent study, we focused on the microvascular alterations and showed that GBM
thickening positively correlated with urine protein/creatinine ratio and a cut-off of 925 nm of
deem identified a TXG subgroup with worse renal survival. This cutoff could capture those
patients who, despite having a light microscopically apparent lesion, could still expect a
significantly less steep survival curve. In addition to renal graft survival prognostication, dcsm
may serve as a highly reproducible and sensitive surrogate biomarker for response-to-treatment

in future drug studies.

Lastly, we studied PTCBMML associated with TxG. Based on our findings the current (“strict™)
threshold for DSA-induced PTCBMML could not facilitate the early detection of chronic
ABMR since it was mainly present in cases where glomerular double contours were already
obvious by light microscopy and a further ultrastructural examination for diagnostic purposes
was unnecessary. In addition, this threshold also failed to demonstrate any prognostic value in
patients with TxG. Based on these findings we recommend using the permissive
criterion/PTCcirc > 3.0 to diagnose DSA-mediated PTCBMML, because it represents the

earliest, prognostically relevant morphologic manifestation of chronicity due to ABMR in an
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appropriate clinicopathologic context (e.g. DSAs/C4d positivity/at least moderate

microvascular inflammation).

In summary, chronic ABMR remains a major challenge that needs to be overcome to prolong
long-term renal graft survival. Our findings prove that the detailed examination of the
morphological changes in the renal vasculature can contribute to these ongoing efforts by
identifying prognostic markers and refining diagnostic criteria that help to define a patient

population which can benefit the most from the current therapeutic options.
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