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Chapter 3

Complement-mediated microangiopathy in
IgA nephropathy and IgA vasculitis with
nephritis

Jamie S. Chua, Malu Zandbergen, Ron Wolterbeek, Hans J. Baelde, Leendert
A. van Es, Johan W. de Fijter, Jan A. Bruijn, and Ingeborg M. Bajema
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ABSTRACT

Complement factor C4d was recently observed in renal biopsies from patients
who had IgA nephropathy and a poor prognosis. We previously reported that
C4d is a common denominator in microangiopathies. In this retrospective
cohort study, we investigated whether C4d is a marker of microangiopathy in
both IgA nephropathy and IgA vasculitis with nephritis, and whether patients
with C4d and microangiopathy have poor renal outcome. We examined 128
renal biopsies from adult and pediatric patients, including normotensive and
hypertensive patients, who presented with IgA nephropathy or IgA vasculitis
with nephritis. Biopsies were re-evaluated in accordance with the Oxford
classification, scored for additional lesions, and stained for complement proteins
using immunohistochemistry, including C4d and C5b-9. Clinical data were
collected with a mean (£SD) follow-up period of 51 + 39 months. Changes
in estimated glomerular filtration rate over time were compared using linear
mixed-effects models. Renal survival was analyzed using multivariable Cox
regression. Microangiopathic lesions were present in 20% of all biopsies (23%
and 9% of patients with IgA nephropathy and IgA vasculitis with nephritis,
respectively). Microangiopathy was associated with C4d and C5b-9 deposits,
a higher number of chronic lesions, and hypertension (all p<0.05). Patients
with C4d and microangiopathic lesions had significantly poorer renal survival
than patients without these findings, corrected for hypertension (p<0.01). In
conclusion, patients with IgA nephropathy or IgA vasculitis with nephritis
with a combination of C4d positivity and microangiopathy comprise a clinical
subgroup with an increased number of chronic lesions, lower estimated
glomerular filtration rate, and poorer renal survival, even when corrected for
hypertension. These data suggest that complement activation is involved in
the development of microangiopathy in patients with IgA nephropathy and
IgA vasculitis with nephritis, and that complement-mediated microangiopathy
contributes to disease progression.
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CHAPTER 3

INTRODUCTION

Worldwide, immunoglobulin A (IgA) nephropathy is the most common
primary glomerulonephritis.! The clinical features of IgA nephropathy include
microscopic hematuria with or without macroscopic hematuria, varying amounts
of proteinuria, and hypertension. The diagnostic hallmark is a predominance of
IgA deposits in the glomerular mesangium on renal biopsy. Light microscopic
features vary widely and can be evaluated by the Oxford classification for IgA
nephropathy.?? Similar to glomerular lesions, renal arterial and arteriolar lesions
can vary widely, ranging from arteriolar wall thickening and hyaline changes to
microangiopathy with or without thrombosis.**

Complement activation is considered to play an important role in the
pathogenesis of IgA nephropathy, and various complement proteins have been
correlated with disease progression in IgA nephropathy, including differences
in the patterns of renal complement protein deposits and/or complement levels
in the serum and urine.”” ® Furthermore, some patients with IgA nephropathy
have been reported to have genetic deficiencies in complement regulatory
proteins.””'* Moreover, recent case reports suggest that some patients with IgA
nephropathy may benefit from complement-inhibiting therapy.!*

Two recent studies involving patients with IgA nephropathy reported
that complement activation and microangiopathic lesions, respectively, are
important in determining renal outcome.> ' Espinosa et al.'” found that C4d-
positive staining in glomeruli was present in 20% of biopsies obtained from
patients with IgA nephropathy; in addition, they found that glomerular C4d
staining was an independent risk factor for the development of end-stage renal
disease. El Karoui et al.’ found that more than half of renal biopsies obtained
from patients with IgA nephropathy revealed renal microangiopathy with
thrombosis (acute thrombotic microangiopathy) or renal microangiopathy
without thrombosis (organized thrombotic microangiopathy without platelet
thrombi). Although this prevalence of renal microangiopathy may have
been an overestimation relative to the general population—patients were
selected at an active hypertensive clinic—the findings are clinically relevant,
as microangiopathy in biopsies with IgA nephropathy was associated with
severe hypertension and poor renal outcome.” Combining the results from
these two studies with our own recent finding that complement factor C4d is
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a common denominator in patients with renal thrombotic microangiopathy,”
we hypothesized that an intricate relationship may exist between complement
activation and microangiopathic lesions in IgA nephropathy and IgA vasculitis
with nephritis (also known as Henoch-Schénlein purpura nephritis), possibly
indicating a subgroup of patients with relatively poor clinical outcome.

METHODS

Patients and clinical data

We retrospectively searched the archives in the Department of Pathology at
Leiden University Medical Center for patients who underwentarenal biopsy from
January 2003 through May 2013. The search terms included “IgA nephropathy”
and “Henoch-Schonlein”. We excluded biopsies from transplanted kidneys,
inadequate or missing biopsies, and biopsies from patients with a concomitant
kidney disease. Cases were reviewed by an experienced nephropathologist. A
diagnosis of IgA nephropathy was based on the predominance of IgA deposits
in the glomerular mesangium.> A diagnosis of IgA vasculitis with nephritis
was based on the concurrent presence of palpable purpura.”’ The clinical
and laboratory data were obtained retrospectively from the medical records
and included patient demographics, blood pressure, the number and type of
antihypertensive agents used, serum creatinine, proteinuria, clinical thrombotic
microangiopathy, and requirement of renal replacement therapy. For adults,
hypertension was defined as systolic blood pressure > 140 mmHg, diastolic
blood pressure > 90 mmHg, or the need for antihypertensive medication to
maintain blood pressure below these values.”? For children and adolescents,
hypertension was defined as blood pressure higher than the 95th percentile for
the patient’s gender, age, and height, which was based on the fourth report on
the diagnosis, evaluation, and treatment of high blood pressure in children and
adolescents.” Malignant hypertension was defined as hypertension with grade
3 or grade 4 hypertensive retinopathy. Clinical thrombotic microangiopathy
was defined as the presence of microangiopathic hemolytic anemia (anemia, low
haptoglobin levels, schistocytosis, and/or elevated lactate dehydrogenase levels),
renal dysfunction, and thrombocytopenia. Mutations in complement regulatory
genes were not tested in this historic cohort. Estimated glomerular filtration
rate was determined in adults using the simplified Modification of Diet in Renal
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CHAPTER 3

Disease (MDRD) formula; estimated glomerular filtration rate was determined
in children and adolescents using the bedside Schwartz formula.** > For each
patient, the date of renal biopsy was used as the patient’s baseline data point.

Renal biopsy evaluation

The renal tissue was fixed in 10% buffered formalin, embedded in paraffin, and
sectioned. Paraffin-embedded sections were stained with Masson’s trichrome,
hematoxylin and eosin, periodic acid-Schiff, and silver stain using standard
protocols. The biopsies were re-evaluated in accordance with the Oxford
classification for IgA nephropathy using the MEST-C criteria (Mesangial
hypercellularity, Endocapillary hypercellularity, Segmental glomerulosclerosis,
Tubular atrophy/interstitial fibrosis, and Crescents).” * Microangiopathic

527 Active

lesions were scored as microangiopathy with or without thrombosis.
microangiopathy was defined as follows: the presence of fibrin, endothelial
swelling or denudation, mesangiolysis, or microaneurysms in the glomeruli;
thrombi, endothelial swelling or denudation, intramural fibrin or intimal
swelling in the arterioles; thrombi or myxoid intimal swelling in the arteries.
Chronic microangiopathy was defined as follows: the presence of fibrous intimal
thickening with concentric lamination and/or recanalization in the arterioles
or arteries; these lesions may or may not be accompanied by double contours
in glomerular peripheral capillary walls. Arterial intimal sclerosis was scored
semi-quantitatively on a scale from 0 to 4 (0, absent; 1, arterial intimal sclerosis
without luminal occlusion; 2, arterial intimal sclerosis with 1-25% luminal
occlusion; 3, arterial intimal sclerosis with 26—-50% luminal occlusion; 4, arterial
intimal sclerosis with >50% luminal occlusion). Arteriolar hyalinosis was scored
semi-quantitatively on a scale from 0 to 2 (0, absent; 1 mild, non-occlusive
hyalinosis; 2, severe, extensive, and/or occlusive hyalinosis).

Immunostaining

To measure human renal complement activation and co-localization, we
performed immunostaining for various complement proteins on adjacent
kidney sections as previously described.*® In brief, 4-um-thick paraffin-
embedded sections were prepared, deparaffinized, and subjected to antigen
retrieval. After blocking endogenous peroxidases, the sections were incubated
in the relevant primary antibody for 1 h. Binding of the primary antibody was
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visualized using the appropriate horseradish peroxidase-labeled secondary
antibodies and diaminobenzidine as the chromogen. Finally, the sections were
counterstained with hematoxylin. For immunohistochemistry, we used primary
antibodies against the following proteins: C4d (BI-RC4d; Biomedica Gruppe,
Vienna, Austria; 1:50), a cleavage product of C4 that binds covalently to the
target tissue and can arise from the classical and lectin pathways; C1q (A0136;
Dako, Glostrup, Denmark; 1:800), which reflects activation of the classical
complement pathway; mannose-binding lectin (MBL) (HPA002027; Sigma-
Aldrich, St. Louis, MO; 1:500) which reflects activation of the lectin pathway;
and sC5b-9 (A239; Quidel, San Diego, CA; 1:150) which reflects the terminal
complement pathway and can be formed after activation of any of the three
complement pathways. Twelve biopsies lacked sufficient paraffin-embedded
tissue for immunostaining; these cases were excluded from the subanalyses.
For factor B and MBL, frozen sections were acetone-fixed, then incubated
for 1 h with antibodies against factor B (a227; Quidel, San Diego, CA; 1:400)
and MBL (mAb 3E7, Hycult biotech, Uden, the Netherlands; 1:200). Fifty-one
biopsies had insufficient frozen tissue for factor B and MBL analyses; these cases
were excluded from the subanalyses. For each staining protocol, the optimum
antibody dilution and incubation time were determined empirically for each
antibody by performing a titration experiment using positive control sections.

Quantification of immunostaining

For complement proteins, two independent observers who were blinded with
respect to the subjects’ clinical data scored immunostained renal sections.
We scored both the glomeruli and arterioles in each section. In non-sclerotic
segments of glomeruli, immunostaining was scored as absent (representing
either an absence or trace levels of staining) or present in the mesangium,
peripheral glomerular capillary walls, or both. If immunostaining was present,
each biopsy was further classified as having either focal (<50% of glomeruli) or
diffuse (>50% of glomeruli) deposits, the staining in the majority of positive
glomeruli was classified as either segmental or global glomerular staining. In
the arterioles, immunostaining was scored as either absent or present, with
present defined as circumferential staining along the vessel lumina; positivity
only present along the elastic lamina was excluded. Finally, for each stain, an
overall score was given to a biopsy sample, combining the scores obtained for
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CHAPTER 3

the glomeruli and arterioles; biopsy samples could be “negative” (no staining in
glomeruli or arterioles) or “positive” (staining in glomeruli, arterioles, or both).
In addition, IgA, IgG, and IgM staining scores were obtained from the pathology
reports and were re-scored as absent (for a score of 0 or trace staining) or present
(for a score of 1, 2, or 3+).

Statistical analysis

Proportions were analyzed using the chi-squared test or Fisher’s exact test,
where appropriate. Continuous variables were analyzed using the unpaired
Student’s t-test. Changes in estimated glomerular filtration rate over time were
compared using a linear mixed-effects model with random intercept and random
slopes, to account for the repeated measurements of variables obtained from the
same individual. For this analysis we tested interactions, including group-by-
time interactions, and excluded non-significant interactions from the model.
Renal survival was analyzed using Cox regression and the log-rank test. Renal
survival is presented as a Kaplan-Meier curve without adjustment for baseline
covariates. The predictive values of C4d and interstitial fibrosis/tubular atrophy
in Cox regression models was assessed using Harrell's C.”* All analyses were
performed using the SPSS statistical software package (version 20.0; IBM Corp).
Differences with p<0.05 were considered to be statistically significant.

Ethics

The study was conducted in accordance with the Declaration of Helsinki, and all
biopsies were coded and then handled and analyzed anonymously in accordance
with the Dutch National Ethics Guidelines (Code for Proper Secondary Use of
Human Tissue, Dutch Federation of Medical Scientific Societies).
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RESULTS

Biopsy search

Our search strategy yielded 220 renal biopsies of which tissue was available.
We excluded 70 transplant biopsies, 14 cases with inadequate biopsy samples,
5 cases with renal comorbidity, and 3 follow-up biopsies. Thus, we included a
total of 128 native renal biopsies from 128 patients who were diagnosed with
IgA nephropathy or IgA vasculitis with nephritis.

Total cohort

The patient characteristics of the study cohort are summarized in Table 1.
The mean (+SD) follow-up period was 51 + 39 months. Microangiopathy was
present in 26 of the 128 biopsies (20.3%) with IgA nephropathy or IgA vasculitis
with nephritis. When present, microangiopathy was focal, and localized in
glomeruli (in 4 biopsies; 15%), in arterioles (in 21 biopsies; 81%), or in both
(in 1 biopsy; 4%). Active microangiopathy was present in 9 biopsies (35%), and
chronic microangiopathy was present in 17 biopsies (65%) (Fig. 1). In the group
of 22 pediatric patients, microangiopathy was observed in 1 of 15 cases with IgA
nephropathy, but not in the 7 patients with IgA vasculitis with nephritis.

Figure 1. Typical examples of active and chronic microangiopathy. Typical
example of a renal biopsy with active microangiopathy with thrombosis (A), showing
a microthrombus (arrowhead) in an arteriole in the absence of inflammatory changes.
Typical example of a renal biopsy with chronic microangiopathy (B), showing an organized
thrombus (arrowhead) in the vessel wall with recanalization and obliteration of the vessel
lumen due to intimal hyperplasia. A: silver stain, original magnification x400. B: Periodic
acid-Schiff stain, original magnification x400.
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Table 1. Clinical characteristics at the time of biopsy

CHAPTER 3

Microangiopathy Microangiopathy Total P value
absent (n=102) present (n=26) (n=128)

Diagnosis 0.126

IgAN 81(79) 24 (92) 105 (82)

IgAVN 21 (21) 2(8) 23 (18)
Female patients 32 (31) 7 (27) 39 (31) 0.660
Pediatric patients 21 (21) 1(4) 22 (17) 0.043
Age, years 41.1+22.1 45.9+15.6 42.1+21.0 0.203
Clinical thrombotic 0(0) 1(4) 1(1) 0.203
microangiopathy
Malignant hypertension 2(2) 2(8) 4(3) 0.183
Hypertension 50 (49) 20 (77) 70 (55) 0.011
Systolic BP (mmHg) 136.2+25.4 153.0 + 34.1 13974281  0.006
Diastolic BP (mmHg) 79.6 £15.7 93.5+20.7 82.5+£17.7 <0.001
Number of 09+1.1 1.4+1.1 1.0+ 1.1 0.042
antihypertensive drugs
Type of antihypertensive 0.033
drugs®

None 52(52) 7(27) 59 (47)

ACE-I and/or ARB 34 (34) 16 (62) 50 (40)

Other 14 (14) 3(11) 17 (13)
Use of corticosteroids 42 (41) 10 (39) 52 (41) 0.801
Proteinuria (g/day) 1.93 +2.37 3.25+2.31 2.29 +2.41 0.035
SCr in adults (mg/dL) 2227 2.8+2.4 24+2.7 0.328
SCr in children (mg/dL) 0.740.3 0.4 0.7+£0.3 0.423
eGFR (mL/min/1.73m?) 63.9£41.3 37.7+£25.3 58.6 £39.9 <0.001
IgA (g/L) 35+ 1.6 35+1.4 35+1.5 0.950
Serum IgA : C3 3.1+£20 28+1.2 3119 0.702
Serum C3 (g/L) 12403 1.1£0.2 1203 0.425
Serum C4 (mg/L) 265.3+113.7 232.3+74.6 260.3 £ 108.8 0.434

Values are expressed as the mean + SD or as number of cases (%). [gAN, IgA nephropathy; I[gAVN, IgA
vasculitis with nephritis; BP, blood pressure; ACE-I, angiotensin-converting enzyme inhibitor; ARB,

angiotensin receptor blocker; eGFR, estimated glomerular filtration rate; SCr, serum creatinine.

#Data on antihypertensive treatment was not available for two patients.
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Clinical differences at time of biopsy

The patients with microangiopathy had significantly lower estimated glomerular
filtrationratevaluesatthetimeofbiopsythanthepatients withoutmicroangiopathy
(the mean values were 37.7 and 63.9 mL/min/1.73m?, respectively; p<0.001)
(Table 1). Although the pediatric patients had a significantly lower prevalence of
microangiopathy in their biopsy samples than the adults (p<0.05), no significant
difference was found with respect to mean age between the patients with
microangiopathy and the patients without microangiopathy (p=0.203). The
prevalence of hypertension was higher among patients with microangiopathy
(77%) than among patients without microangiopathy (49%; p<0.05). Notably,
6 of the 26 patients with microangiopathy (23%) were normotensive; these
patients either used no medication (n=3) or used only angiotensin-converting
enzyme inhibitors (n=1) or angiotensin-receptor blockers (n=2) for persistent
proteinuria. One of 26 patients with microangiopathy (4%) had clinical
evidence for systemic thrombotic microangiopathy. Two other patients with
microangiopathy had malignant hypertension, and one additional patient had
preeclampsia and HELLP (hemolysis, elevated liver enzyme levels, and low
platelet levels) syndrome noted in the medical history but absent at the time
of biopsy. No other potential causes of systemic thrombotic microangiopathy
(such as antiphospholipid syndrome, a history of drug-induced thrombotic
microangiopathy, mutations in complement regulatory genes, or infection with
Shiga toxin-producing bacteria) were documented in our cohort. Eleven patients
had evidence of liver disease prior to the diagnosis of IgA nephropathy (n=9) or
IgA vasculitis with nephritis (n=2), these are described in Supplemental Table S1.

Renal biopsy findings

In the renal biopsies, chronic lesions such as global glomerulosclerosis or
tubular atrophy and interstitial fibrosis were more prevalent in biopsies with
microangiopathy than in biopsies without microangiopathy (p<0.01) (Table
2). The prevalence and severity of arterial intimal sclerosis and arteriolar
hyalinosis were significantly higher among the patients with microangiopathy
than among patients without microangiopathy (p values <0.01). No significant
histopathological differences were observed between cases with respect to active
microangiopathy versus chronic microangiopathy. Crescents were observed in
6 of 23 cases with IgA vasculitis with nephritis (26%) and in 11 of 105 cases
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Table 2. Renal biopsy characteristics

CHAPTER 3

Microangiopathy Microangiopathy Total P value
absent present (n=128)
(n=102) (n=26)
Percentage of glomeruli with 13+ 18 3326 17+£22 0.001
global sclerosis, mean + SD
Mesangial hypercellularity 49 (48) 18 (69) 67 (52) 0.053
(M1)
Endocapillary proliferation 26 (25) 11 (42) 37(29) 0.091
(E1)
Segmental glomerulosclerosis 41 (40) 16 (62) 57 (45) 0.051
(1)
Tubular atrophy and <0.001
interstitial fibrosis (T)
<25% (T0) 63 (62) 8 (31) 71 (56)
26-50% (T1) 28 (27) 3(11) 31(24)
>50% (T2) 11(11) 15 (58) 26 (20)
Crescents (C) 0.550
absent (C0) 87 (85) 24 (92) 111 (87)
1-24% of glomeruli (C1) 12 (12) 2(8) 14 (11)
>25% of glomeruli (C2) 3(3) 0(0) 3(2)
Glomerular necrosis 4 (4) 0(0) 4(3) 0.582
Arteriolar hyalinosis 29 (28) 15 (58) 44 (34) 0.010
Arterial intimal sclerosis® 23 (24) 21(81) 44 (36) <0.001

Values are expressed as number of cases (%), unless specified otherwise. * Arterial sclerosis was not scored in
seven biopsies that lacked arterial branches.

with IgA nephropathy (10%). This difference was statistically significant

(p=0.046). In the renal biopsies from the two IgA vasculitis with nephritis cases

with microangiopathy, one had crescents and the other did not. Both cases

progressed to end-stage renal disease and required renal replacement therapy.

In addition to the predominance of IgA deposits, glomerular deposits of IgG

and IgM were observed in 8% and 30% of all renal biopsies, respectively; no

significant differences were observed between cases with microangiopathy and

cases without microangiopathy. Among the 26 cases with microangiopathy,

only 2 patients had weak (1+) staining intensity of [gA by immunofluorescence;
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both cases had mesangial hypercellularity. Deposits of C4d, C5b-9, and Clq
in the glomeruli and/or arterioles were more prevalent in the patients with
microangiopathy than in the patients without microangiopathy (Table 3).
Typical examples of complement staining in IgA nephropathy are shown in
Fig. 2 and Supplemental Fig. S1. Complement proteins were co-localized with
microthrombi (Figure 2C, D). Glomerular C4d deposition was associated with
C1q and IgM deposits (p<0.001 and p<0.05, respectively), but not with IgG or
MBL deposits.

Figure 2. Typical examples of complement staining and co-localization with microangiopathy.
Typical examples of complement staining in glomeruli (A) and arterioles (B). C4d staining (C) was co-
localized with microangiopathy (D) in the same glomerular capillary (black arrowhead) and arteriole (white
arrowhead) of a patient with microangiopathy in sequentially sectioned tissue. A-C show C4d staining; D
shows phosphotungstic acid hematoxylin (PTAH) staining, with fibrin staining as deep blue.

92



CHAPTER 3

Table 3. Complement proteins in cases with or without microangiopathy

Immunohistochemical Microangiopathy Microangiopathy Total P value
stain absent present (n=116)
(n=94) (n=22)

C4d positive 16 (17) 17 (77) 33(28) <0.001
in glomeruli 14 (15) 12 (55) 26 (22) <0.001
in arterioles 5(5) 11 (50) 16 (14) <0.001

C5b-9 positive 44 (47) 16 (73) 60 (52) 0.029
in glomeruli 11 (12) 6(27) 17 (15) 0.063
in arterioles 43 (46) 15 (68) 58 (50) 0.058

Clq positive 34(36) 13 (59) 47 (41) 0.049
in glomeruli 30 (32) 10 (46) 40 (35) 0.229
in arterioles 8(9) 6 (27) 14 (12) 0.015

MBL positive 2(2) 0(0) 2(2) 0.490
in glomeruli 1(1) 0(0) 1(1) 0.627
in arterioles 1(1) 0(0) 1(1) 0.627

Factor B positive® 14/57 (25) 5/20 (25) 19/77 (25) 0.969
in glomeruli 14/57 (25) 5/20 (25) 19/77 (25) 0.969
in arterioles 0 (0) 0(0) 0(0) NA

Values are expressed as number of cases (%). MBL, mannose-binding lectin; NA, not applicable.

# Factor B was performed on fresh frozen tissue, which was available for 77 biopsy samples.
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Clinical differences at follow-up
The follow-up duration was similar between patients with microangiopathy
and patients without microangiopathy (48.4 £ 36.2 and 51.5 £ 39.2 months,
respectively; p=0.717). Patients with a combination of C4d and microangiopathy
had significantly poorer renal survival than patients who lacked these findings
(p<0.01) (Fig. 3). Cox proportional hazard regression analysis revealed that
this difference in renal survival remained significant after we corrected for
hypertension (Table 4), estimated glomerular filtration rate, and interstitial
fibrosis with tubular atrophy, respectively (Supplemental Tables S2 and S3). C4d
deposition was not a better predictor than the Oxford T-score or the presence of
interstitial fibrosis with tubular atrophy (Supplemental Table S4).

Linear mixed-effects model analysis revealed that hypertensive patients
who have a combination of microangiopathy and C4d had a mean estimated
glomerular filtration rate of 23.4 mL/min/1.73m? at the time of biopsy (Table 5).

100 4 —— C4d and microangiopathy
both absent
90 7 - - Either C4d or microangiopathy
present
80
—e— (C4d and microangiopathy
70 - both present
g
= 60 -
>
s
Z 50
=]
7
-~ -
F: 40 N
(3}
M 30 -
20
10

0

T T T T T T T T T T
0 12 24 36 48 60 72 84 96 108 120
Months since biopsy
Figure 3. Renal survival of patients with microangiopathy and C4d. All patients with IgA nephropathy
or IgA vasculitis with nephritis were divided into three groups based on the presence or absence of

microangiopathy and C4d. Patients in which microangiopathy and C4d were both present had significantly
lower renal survival than patients in which C4d and microangiopathy were both absent (p=0.001).
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After we corrected for hypertension, these patients with both microangiopathy
and C4d still had significantly lower estimated glomerular filtration rate values
at the time of biopsy compared to patients who lacked both of these findings,
leading to a mean estimated glomerular filtration rate of 46.8 mL/min/1.73m?
for the latter group. The rate of estimated glomerular filtration rate decline was
not significantly different between the groups. Although overall renal survival
differed between cases with and without microangiopathy (Supplemental
Table S5 and Supplemental Fig. S2), the difference in renal survival did not
differ significantly between the cases with active microangiopathy and the
cases with chronic microangiopathy (Supplemental Fig. S3).

Table 4. Risk factors for renal replacement therapy

Variable Hazard Ratio 95% C.I. P value
Both microangiopathy and C4d absent Reference (1.000) NA 0.028
Either microangiopathy or C4d present 2.007 0.600 - 7.193 0.249
Both microangiopathy and C4d present 4.439 1.492 - 13.207 0.007
Hypertension present 2.779 0.746 — 10.504 0.127

Multivariable Cox proportional hazard regression analyses. The hazard ratios for requiring renal replacement
therapy are shown for microangiopathy and C4d staining, corrected for hypertension. C.IL., confidence interval; NA,
not applicable.

Table 5. Change in estimated glomerular filtration rate over time

Variable eGFR (mL/min/1.73m?) 95% C.I. P value

Intercept 23.4 7.8-39.1 0.004
Both C4d and microangiopathy absent ~ + 23.4 52-41.6 0.012
Either C4d or microangiopathy present + 9.3 -12.0 to 30.7 0.388
Both C4d and microangiopathy present Reference NA NA
Hypertension absent +42.8 30.4-55.1 <0.001
Hypertension present Reference NA NA

Time, years 0.04 -0.06 to 0.2 0.414

Linear mixed-effects model using random intercepts and random slopes. The intercept reflects the mean
estimated glomerular filtration rate at baseline for hypertensive patients with microangiopathy and C4d. The
table shows adjusted differences to this mean estimated glomerular filtration rate at baseline given the absence of
microangiopathy, C4d, or hypertension. C.I., confidence interval; NA, not applicable; eGFR, estimated glomerular

filtration rate.
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DISCUSSION

Here, we report that the presence of microangiopathic lesions in IgA
nephropathy is strongly associated with complement activation in general
and with C4d deposits in particular. Patients whose renal biopsies show both
C4d and microangiopathy represent a clinical subgroup with poorer renal
outcome compared to patients who lack these findings. Our results underscore
the important role that microangiopathy plays in IgA nephropathy and adds a
nuanced perspective to previous reports. For example, Chang et al.* reviewed
the renal pathology reports of 435 cases with IgA nephropathy and found that
2% of cases had microangiopathy either with or without thrombosis. Nasri et
al.” and Oruc et al.* reported a similar prevalence. In contrast, El Karoui et
al.> re-examined 128 renal biopsies from patients with IgA nephropathy and
found a prevalence of 53%. This higher prevalence may be explained—at least
in part—by the fact that El Karoui et al. re-examined the renal biopsies with
the specific aim of identifying microangiopathic lesions, as well as the fact that
patients were selected from an active hypertensive clinic. Although the patients
in our cohort did not come from a hypertension clinic, we re-examined at least
four different biopsy sections from each patient and found that 23% of biopsies
with IgA nephropathy had microangiopathy with or without thrombosis, which
is higher than we had expected based on other studies.**' Thus, our findings
indicate that microangiopathy may be underdiagnosed in clinical practice,
which is an important point given our finding that microangiopathy is clinically
relevant—specifically, we found that patients with microangiopathy had a higher
prevalence of hypertension, a higher number of chronic lesions, and poorer
renal outcome compared to patients without microangiopathy.

The precise pathogenic mechanism underlying microangiopathy
in the setting of IgA nephropathy and IgA vasculitis with nephritis remains
to be determined. However, case reports indicate that various factors may
increase the risk of developing of microangiopathy in IgA nephropathy; these
factors may include drug toxicity, HELLP syndrome, and the presence of
antiphospholipid antibodies.” ***” Multiple factors may be required to cause
microangiopathy in general, and in IgA nephropathy in particular; however, our
data provide evidence that complement activation plays an important role in
the development of microangiopathy in IgA nephropathy, irrespective of other
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factors. In this respect, hypertension deserves specific attention here, given that
high levels of shear stress induced by hypertension can cause microangiopathic
changes.*®* However, in our study, several patients with microangiopathy
were normotensive; moreover, only a fraction of patients with malignant
hypertension had microangiopathy, and the clinical outcome of patients with
both microangiopathy and complement deposits remained significantly worse
even after we corrected for hypertension. Therefore, our results suggest that
hypertension may not be a primary cause of the microangiopathic lesions. A
linking factor in this discussion may be the association between complement
regulatory deficits and hypertension-related microangiopathy reported by
Timmermans et al.** They recently described a cohort of patients with biopsy-
proven microangiopathy that was attributed clinically to severe hypertension;
however, they found that 67% of patients had a mutation in the genes that
encode complement factor C3 or the complement regulators CFH, CFI, or
CD46, with concomitant evidence of complement activation in vivo, and poor
renal outcome.*” It would therefore be interesting to investigate whether IgA
nephropathy patients with hypertension-associated microangiopathy share a
similar genetic predisposition with the patients reported by Timmermans et
al.,*” particularly given the evidence that disease progression is more rapid in
patients who have IgA nephropathy and a deficiency in complement regulation,
as well as case reports describing atypical hemolytic uremic syndrome as a co-
morbidity in IgA nephropathy.!® -4

In the pathogenesis of IgA nephropathy, complement activation is
an important trigger of inflammation and progression, acting predominantly
via the lectin and alternative pathways.””® The presence of the complement
cleavage product C4d has been shown to predict the progression of renal
damage in patients with IgA nephropathy;" *“* however, these results did
not take into account vascular lesions. In IgA nephropathy, C4d deposition is
generally considered a consequence of lectin pathway activation.” Roos et al.*
demonstrated that C4d deposition was associated with the deposition of various
lectin proteins. In our study, we found that microangiopathy was associated
with C4d, Clq, and C5b-9 deposits; in contrast, MBL deposits were not
detected in most patients, even after we repeated the experiment using different
anti-MBL antibodies or using fresh-frozen tissue samples (data not shown).
Proteomics-based analyses of laser-captured micro-dissected glomeruli revealed
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that the classical pathway components Clq, Clr, and Cls were significantly
higher in patients with progressive IgA nephropathy compared to patients with
non-progressive IgA nephropathy.” These data suggest that C4d may reflect
activation of both the lectin and classical pathways in IgA nephropathy. In our
study, factor B deposition was observed in 25% of cases, suggesting activation
of the alternative pathway. Evidence of alternative pathway activation is
commonly observed in IgA nephropathy.” Genome-wide association studies
in IgA nephropathy point to a role of deletions of CFHR1, CFHR3, and rare
CFHRS5 variants for IgA nephropathy susceptibility.” These genes code for the
Factor H-Related proteins (FHR), which may function as competitive antagonists
of factor H, reducing complement regulation. Elevated circulating levels of
FHR proteins in patients with IgA nephropathy were shown to predict the
progression of renal disease.*” A possible relationship with the development of
microangiopathic lesions remains to be investigated. The mechanism by which
the complement pathway is activated in microangiopathy could also be distinct
from the mechanism that involves IgA1-containing immune complexes. Severe
vascular lesions and shear stress-induced endothelial injury have been shown to
activate the classical pathway, and several proteins in the coagulation cascade
have bi-directional interactions with the complement system, causing a vicious
cycle that can be particularly harmful in patients who lack adequate complement
regulation.”” ** This is particularly interesting given the recent case reports
showing that complement-inhibiting therapeutics—which are known to benefit
patients with systemic microangiopathy—are also beneficial to at least some
patients with IgA nephropathy, including patients with complement-mediated
microangiopathy.'>-'% 5!

In our study, there were 11 patients with liver disease prior to the diagnosis
of IgA nephropathy or IgA vasculitis with nephritis. Because it was uncertain
whether these cases were to be considered as “secondary IgA nephropathy”, we
did not exclude them from the study group. We found no important differences
between cases with or without liver disease and all relevant reported associations
remained significant in subanalyses in which these cases were excluded (data not
shown). Importantly, C4d deposition and microangiopathy remained a subgroup
with more chronicity and inferior outcome.

Our study has limitations that warrant discussion. First, serum and DNA
samples from our patients were unavailable, limiting our ability to investigate
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possible risk factors in the development of microangiopathy other than the
factors examined during the original clinical work-up. Furthermore, although
C4d is conducted at a number of institutions worldwide, there is considerable
variability in C4d staining across institutions.”* Therefore, our observations on
complement deposition need to be validated in other centers using local staining
procedures. In addition, evaluation of prognosis was limited by the sample size
of 26 patients with microangiopathy of which only a proportion required renal
replacement therapy. Although our data suggests that interstitial fibrosis and
tubular atrophy is a better predictor for renal outcome than C4d, this study
lacked sufficient power to examine the incremental effect of microangiopathy
and C4d deposition in addition to all other known markers of poor prognosis,
including clinical data, parameters of the Oxford classification, different
treatment modalities, and other biomarkers.*>** Multi-center prospective studies
on IgA nephropathy should determine whether C4d and microangiopathy have
an additional prognostic value to these variables. Moreover, we did not take into
account relatively subtle cases with only ultrastructural microangiopathic lesions,
aselectron microscopy data were notavailable formostcases. Our study’s strengths
include the relatively high number of biopsy samples examined specifically for
C4d and microangiopathy, the long follow-up period, and a study cohort that
was not biased with respect to recruiting hypertensive patients. Moreover, we
describe the prevalence and clinical significance of microangiopathy in pediatric
patients with IgA nephropathy and patients with IgA vasculitis with nephritis,
both of which had a low prevalence of microangiopathy.

In our cohort of 128 patients with IgA nephropathy or IgA vasculitis
with nephritis, microangiopathic lesions were present in 20% of biopsies, and
these lesions were primarily combined with C4d deposition, based on a thorough
histopathological examination involving multiple levels of the renal biopsy.
Patients with IgA nephropathy or IgA vasculitis with nephritis together with
C4d positivity and microangiopathy comprise a clinical subgroup with a higher
number of chroniclesions, lower estimated glomerular filtration rate, and poorer
renal survival compared to patients without microangiopathy or C4d deposits,
even after we corrected for hypertension. These data suggest that complement
activation plays an important role in the development of microangiopathy
in patients with IgA nephropathy and IgA vasculitis with nephritis, and that
complement-mediated microangiopathy contributes to disease progression.
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SUPPLEMENTAL DATA

Supplemental Table S1. Patients with or without liver disease

CHAPTER 3

Variable Patients without Patients with Total P value
liver disease liver disease (n=128)
(n=117) (n=11)

Liver disease 0 (0) 11 (100) 11 (9) NA
Alcoholic liver cirrhosis NA 5 (45) 5(4) NA
Hepatitis B NA 4 (36) 4(3) NA
Klebsiella Pneumoniae in liver NA 1(9) 1(1) NA
abscess
Granulomatous hepatitis of NA 1(9) 1(1) NA
unknown cause

Female patients 39 (33) 0(0) 39 (30) 0.022

Age, years 41.5+21.4 47.9 £14.7 42.1£21.0 0.336

Hypertension 63 (54) 7 (64) 70 (55) 0.553

Microangiopathy 23 (20) 3(27) 26 (20) 0.548

M1 61 (52) 6 (55) 67 (52) 0.878

El 35(30) 2(18) 37(29) 0.412

S1 51 (44) 6 (55) 57 (45) 0.485

T 0.063
TO 68 (58) 3(27) 71 (56)

T1 28 (24) 3(27) 31 (24)
T2 21 (18) 5 (46) 26 (20)

C 0.159
Co 101 (86) 10 (91) 111 (87)

C1 14 (12) 0(0) 14 (11)
C2 2(2) 1(9) 3(2)

C4d positivity® 29 (27) 4(40) 33(28) 0.397

Clq positivity* 42 (40) 5(50) 47 (41) 0.523

MBL positivity® 2(2) 0(0) 2(2) 0.654

C5b-9 positivity® 54 (51) 6 (60) 60 (52) 0.584

Factor B positivity” 18 (25) 1(20) 19 (25) 0.802

Positivity was defined as the presence in glomeruli, arterioles, or both. MBL, mannose-binding lectin; NA: not
applicable. Values are expressed as the mean + SD or number (%). * Tissue samples for immunohistochemistry

were available for 116 patients. Y Fresh-frozen tissue was available for factor B in 77 cases.
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Supplemental Table S2. Subanalysis: risk factors for RRT, correcting for eGFR

Variable Hazard Ratio 95% Confidence Interval P value
Both microangiopathy and C4d absent Reference 0.015
Either microangiopathy or C4d present 3.020 0.770 - 11.855 0.113
Both microangiopathy and C4d present 4.673 1.639 - 13.326 0.004
Estimated glomerular filtration rate 0.921 0.888 - 0.955 <0.001

Multivariable Cox proportional hazard regression analysis. The hazard ratios for requiring renal replacement
therapy (RRT) are shown for microangiopathy and C4d staining, corrected for estimated glomerular filtration
rate (eGFR).

Supplemental Table S3. Subanalysis: risk factors for RRT, correcting for IF/TA

Variable Hazard Ratio 95% Confidence Interval P value
Both microangiopathy and C4d absent Reference 0.032
Either microangiopathy or C4d present 1.347 0.384 - 4.725 0.641
Both microangiopathy and C4d present 3.748 1.331 -10.551 0.012
Interstitial fibrosis / tubular atrophy present  11.034 2.405 - 50.630 0.002

Multivariable Cox proportional hazard regression analysis. The hazard ratios for requiring renal replacement
therapy (RRT) are shown for microangiopathy and C4d staining, corrected for the presence of interstitial
fibrosis and tubular atrophy (IF/TA).

Supplemental Table S4. Harrell’'s C score for IF/TA and C4d

Variable Harrell's C
Oxford T-score 0.85
Presence of interstitial fibrosis / tubular atrophy 0.76
Presence of C4d in glomeruli or arterioles 0.66

Harrell’s C was used to assess the predictive performance of the COX regression models. It measures the
correlation between the prediction and the outcome on a scale from 0-1; a higher value of C indicates a
better prediction.

Supplemental Table S5. Subanalysis: microangiopathy as risk factor for RRT, correcting for
hypertension

Variable Hazard Ratio 95% Confidence Interval P value
Microangiopathy 2.739 1.152-6.513 0.023
Hypertension 3.052 1.002 -9.296 0.049

Multivariable Cox proportional hazard regression analysis. The hazard ratios for requiring renal replacement
therapy (RRT) are shown for microangiopathy (corrected for hypertension) and for hypertension (corrected
for microangiopathy).
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Supplemental Figure S1. Complement staining of Clg, C5b-9, Factor B, and MBL. Representative
examples of glomerular staining of Clq (A), C5b-9 (B), and factor B (C). In contrast, glomerular mannose-
binding lectin (MBL) deposition (D) was typically absent.
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