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ARTICLE INFO ABSTRACT

Keywords: Introduction: Upshaw-Schulman syndrome (USS) is a congenital form of thrombotic thrombocytopenic purpura
Upshaw-Schulman syndrome (USS) (TTP) associated with loss-of-function mutations in the ADAMTS13 gene, possibly leading to aberrant comple-
Renal biopsy ment activation and vascular injury. However, USS is extremely rare, and there have been no systematic studies
ADAMTS13

correlating histopathological severity with local ADAMTS13 expression and complement activation.

Materials and methods: Here, we compared histopathological features, ADAMTS13 immunoreactivity, and im-
munoreactivity of complement proteins C4d and C5b-9 among renal biopsy tissues from five USS cases, ten
acquired TTP cases, and eleven controls.

Results: Pathological analysis revealed chronic glomerular sclerotic changes in the majority of USS cases (4 of 5),
with minor glomerular pathology in the remaining case. In two of these four severe cases, more than half of the
glomerular segmental sclerosis area was localized in the perihilar region. The average number of ADAMTS13-
positive cells per glomerulus was significantly lower in USS cases than controls (p < 0.05). Conversely, C4d
staining was significantly more prevalent in the glomerular capillary walls of USS cases than controls
(p < 0.05), while C5b-9 staining did not differ significantly among groups.

Conclusions: These findings suggest that the severity of glomerular injury in USS is associated with deficient
ADAMTS13 expression and local complement activation, particularly in vascular regions with higher endothelial
shear stress. We suggest that C4d immunostaining provides evidence for complement-mediated glomerular
damage in USS.

Cad

1. Introduction acquired and hereditary. Acquired TTP is more common and is caused
by autoantibodies that block ADAMTS13 activity [3]. Hereditary TTP,

Thrombotic thrombocytopenic purpura (TTP) is a rare life-threa- also known as Upshaw-Schulman syndrome (USS), results from in-
tening blood disorder caused by severely reduced activity of the me- herited mutations in ADAMTS13 that cause severe deficiencies in en-
talloprotease ADAMTS13 (a disintegrin-like and metalloproteinase with zymatic activity (< 10% of wild type) [1,2,4,5]. The incidence of TTP is
thrombospondin type 1 motifs 13) [1,2]. There are two TTP subtypes, only 4-10 cases/million people/year, and < 5% of TTP cases are
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classified as USS [6], limiting large-scale studies.

Hepatic stellate cells are a primary site of ADAMTS13 synthesis
[7,8]. Expression of ADAMTS13 has been detected at the mRNA and
protein levels in cultured renal podocytes, glomerular endothelial cells,
and tubular epithelial cells; likewise, ADAMTS13 bioactivity has been
demonstrated in these cell types [9-11]. Upshaw-Schulman syndrome is
characterized clinically by recurrent episodes of thrombocytopenia and
microangiopathic hemolytic anemia responsive to infusions of pro-
phylactic fresh frozen plasma (FFP). Renal dysfunction is a major
complication of both USS and acquired TTP, and is manifested histo-
pathologically as thrombotic microangiopathy (TMA) characterized by
thrombosis, endothelial cell swelling in small vessels, and glomerular
mesangiolysis [12].

Manea et al. reported that signs of acute thrombotic microangio-
pathy, such as glomerular endothelial swelling and vascular thrombus,
are characteristic pathological manifestations of USS [9]. More re-
cently, a causal relationship between TMA and complement activation
was proposed in atypical hemolytic uremic syndrome and TTP, in-
cluding USS [13,14]. However, no study has examined the associations
of these pathological features with local ADAMTS13 expression and
complement activation. To this end, we conducted simultaneous his-
topathological examination and immunohistochemical staining for
ADAMTS13 and complement proteins in renal biopsy tissues from USS
patients and matched controls as well as acquired TTP patients.

2. Materials and methods
2.1. USS patient group

The present study enrolled five cases of USS with available renal
biopsy specimens. These biopsy samples were originally obtained from
five different hospitals in Japan, and cases 1, 2, 3, and 4 have been
previously reported [5,15-18]. In all cases, the diagnosis of USS was
based on severely impaired ADAMTS13 activity (< 10% of control) in
the absence of ADAMTS13 inhibitors, and mutations in the ADAMTS13
gene. Patient demographics, laboratory data, and clinical courses are
summarized in Table 1 and Fig. 1. Average patient age was 21.2 years
(range, 9-40 years) and serum creatinine at the time of renal biopsy was
2.62mg/dl (range, 0.6-6.16 mg/dl). Serum complement levels in cases
2-5 were within normal limits, while no laboratory data were available
for case 1. Proteinuria levels ranged from 0.1 to 0.15 g/dl in all cases
with available laboratory data (cases 3-5).

2.2. Control group and acquired TTP cases

The control group consisted of 11 biopsy specimens without severe
renal impairment. Six biopsy samples were obtained from patients with
mild hematuria or minimal change disease, and histology showed only
minor glomerular abnormalities (MGA). Five biopsy samples were ob-
tained from patients with focal segmental glomerulosclerosis with
proteinuria. The other one case was obtained from an autopsy case
without renal disorders. Eight cases of acquired TTP (three biopsy and
five autopsy samples) were also examined. Four cases had proteinuria

Table 1
Clinical characteristics of USS at the time of renal biopsy.
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and hematuria, one case had neither proteinuria nor hematuria, and
renal data of three cases were unknown. In control and acquired TTP
cases, average ages at the time of renal biopsy were 57.8 years (range,
23-83 years) and 38.9 years (range, 22-66 years), and average serum
creatinine levels were 1.15mg/dl (range, 0.49-2.43mg/dl) and
3.32mg/dl (range, 0.78-7.59 mg/dl), respectively.

2.3. Pathological examination

Formalin-fixed, paraffin-embedded tissue sections of renal biopsies
were stained with hematoxylin and eosin (HE), periodic acid-Schiff
(PAS), periodic acid-methenamine-silver (PAM), and elastica Masson
trichrome (EMT). Histological findings of glomerular injury changes
and vascular lesions suggestive of TMA were examined. The grade of
interstitial fibrosis and tubular atrophy (IF/TA) was evaluated ac-
cording to the Banff scheme [19]. Arteriosclerosis was evaluated qua-
litatively according to a three-grade scale (mild, moderate, and severe).
The results of electron microscopic examinations and previous im-
munofluorescence studies (IgA, IgG, IgM, and C3 staining) were re-
trieved from pathological data records of the original hospitals.

2.4. Immunohistochemistry

Sections were deparaffinized and subjected to antigen retrieval.
After blocking endogenous peroxidases, the sections were incubated
with primary antibodies overnight at 4 °C, followed by incubation with
horseradish peroxidase (HRP)-conjugated secondary antibodies. The
primary antibodies used in the present study (and suppliers) were as
follows: anti-ADAMTS13 (PA5-14339; Thermo Fisher, Rockford, USA;
1:200), anti-C4d (BI-RC4d; Biomedica Gruppe, Vienna, Austria; 1:50),
and anti-C5b-9 (MO0777; Dako, Carpinteria, CA, USA; 1:100). Renal
arteriolar smooth muscle cells from normal autopsy cases served as
positive controls for ADAMTS13 immunostaining [20]. Tissues from
cases of antibody-mediated allograft rejection were used as positive
controls for Cd4 staining. For C5b-9 immunostaining, renal biopsies of
patients with membranous nephropathy served as positive controls. The
primary antibody incubation step was omitted for all negative controls.

2.5. Quantitative evaluation of immunohistological results

The number of ADAMTS13-positive cells per glomerulus was
counted for all visible glomeruli in each biopsy section. In autopsy
samples, 20 glomeruli were examined. Average number of ADAMTS13-
positive cells per glomerulus was calculated for quantitative compar-
isons. Glomerular immunopositivity for C4d or C5b-9 was defined as
circumferential tuft staining in at least one capillary. The average
numbers of C4d- and C5b-9-positive glomerular capillaries were com-
pared among USS, control, and TTP groups. Immunopositivity for C4d
and C5b-9 in arterioles was defined as staining along the luminal side of
the vessel. Positivity for C4d in peritubular capillaries was defined ac-
cording to the Banff 2007 criteria [19].

Case no. Patient Age Sex Serum creatinine Serum C3 Serum C4 Proteinuria ADAMTS13 gene mutations
(years) (mg/dl) (mg/dl) (mg/dl) (g/dD)
Father's origin Mother's origin
1 C3 11 M Unknown Unknown Unknown Unknown c414+1G > A c.414+1G > A
2 Q1 30 M 6.16 97 39.4 Unknown p-G227R p-Co08Y
3 U3 9 F 0.6 111 15 0.15 c.2259delA ¢.2259delA
4 w4 16 F 1.23 85 17 0.1 p.G550R ¢.746_987 + 373del1782
5 YY 40 M 2.5 83 30.8 0.1 p-R973Nfs*14 p-G1031D

Serum creatinine (male) 0.5-1.1 mg/dl, (female) 0.4-0.8 mg/dl; Serum C3, 80—

140 mg/dl; Serum C4, 10-40 mg/dl; Proteinuria, 0-30 mg/dl.
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Fig. 1. Clinical courses of USS case 1-5. Cr, serum creatinine (mg/dl); FFP, fresh frozen plasma; HD, hemodialysis; HU, hematuria; ITP, idiopathic thrombocytopenic

purpura; UP, proteinuria.

2.6. Statistical analyses

Categorical variables were compared using the Tukey honest sig-
nificant difference test or Fisher exact test. JMP version 11 (SAS
Institute, Cary, NC, USA) was used to perform Tukey honest significant
difference tests and R version 3.2.5 to perform Fisher exact tests. A
p < 0.05 (two-tailed) was considered statistically significant for all
tests.

3. Results
3.1. Pathological findings

Pathological findings are summarized in Table 2. The majority of
USS cases (four of five, cases 1, 2, 4, and 5) demonstrated chronic
glomerular changes, while case 3 showed MGA. Chronic glomerular
changes included collapsed capillaries with dilatation of Bowman's
capsule (cases 1, 2, and 5), global or segmental sclerosis (cases 1, 2, 4,
and 5), and duplication of basement membranes (case 4). In two cases
[1 and 4], glomerular segmental sclerosis was predominantly localized
in the perihilar region (3/3 glomeruli in case 1, 8/12 glomeruli in case

4). Interstitial fibrosis/tubular atrophy was severe in two cases [2 and
5] and mild in two cases [1 and 4]. In case 3, there was no tubu-
lointerstitial scarring. Vascular changes were mild in most cases
[1,3-5,and] and moderate in one (case 2), while one (case 5) exhibited
intimal thickening and myxoid changes in the intima of the small ar-
teries. No thrombus was observed in any case. Representative images of
cases 1-5 are shown in Fig. 2A-F.

Previous immunofluorescence studies (IgA, IgG, IgM, and C3
staining) were negative in cases 4 and 5. Electron microscopy revealed
a double contour of the glomerular basement membranes in case 4
(Fig. 2G) and subendothelial edema in case 5 (Fig. 2H). No electron-
dense deposits were observed in any case. In cases 1, 2, and 3, results of
previous immunofluorescence studies and electron microscopic findings
were unavailable.

3.2. Immunohistological findings

To examine the relationships of these histolopathological manifes-
tations with USS pathophysiology, we evaluated ADAMTS13, C4d, and
C5b-9 expression levels and distribution in histological sections by
immunohistological staining.

Table 2
Pathological characteristics of renal biopsies in USS.
Case no. Sclerosed glomeruli/total Segmental sclerosis  Duplication of the basement Thrombus Myxoid intimal change of IF/TA Arteriosclerosis
glomeruli (%) membranes small arteries grade
1 11/17 (65) + - - - I Mild
2 30/35 (86) + - — - 11 Moderate
3 0/26 (0) - - - - I Mild
4 8/38 (21) + + - - I Mild
5 13/20 (65) - - - + 111 Mild
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Fig. 2. (A)-(F) Light microscopic findings in the renal biopsies of (A) case 1, (B) case 2, (C) case 3, (D, E) case 4, and (F) case 5. (A) A glomerulus with segmental
sclerosis localized in the perihilar region (PAM). (B) Glomerulus showing segmental sclerosis (PAS). A small artery exhibited intimal thickening without elastic fiber
reduplication (inset, EMT). (C) Glomerulus with no significant pathological changes (PAS). (D) A glomerulus with segmental sclerosis. Glomerular tuft in the perihilar
region shows solidification (PAS). (E) Glomerular capillaries showing diffuse double contour formation and focal segmental mesangial matrix increase (PAM). (F)
Glomeruli showing global sclerosis and glomerular cyst (PAS). Small arteries showing myxoid intimal thickening (inset, HE). (G) and (H) Electron microscopic
studies. (G) Double contour of the glomerular basement membranes (case 4). (H) Subendothelial edema in a glomerular capillary (case 5).

3.3. ADAMTS13

In control cases, glomerular ADAMTS13-positive cells were widely
distributed (Fig. 3A). In contrast, glomeruli from USS and acquired TTP
cases demonstrated sparsely distributed and weakly ADAMTS13-posi-
tive cells (Fig. 3B, C). The average number of ADAMTS13-positive cells
per glomerulus was significantly lower in USS cases than controls
(Fig. 4, p = 0.0037). The number of intraglomerular ADAMTS13-posi-
tive cells was also significantly lower in TTP samples compared to
controls (p = 0.0061). There was no significant difference in the
number of glomerular ADAMTS13-positive cells between USS and ac-
quired TTP cases (p = 0.7916).

3.4. C4d

In control cases, C4d staining was detected mainly in the

mesangium (Fig. 5A). In all USS patients except case 3 (with MGA),
glomerular capillary walls were C4d-positive (Fig. 5B, C, D, E). Glo-
meruli were C4d-negative in case 3 (data not shown). In case 2, the
luminal sides of small arteries were positive for C4d (Fig. 5C, inset). In
acquired TTP cases, glomerular capillary walls were sparsely positive
for C4d (Fig. 5F). The average number of C4d-positive capillaries per
glomerulus was significantly higher in USS cases than controls (Fig. 6,
p = 0.0346). The number of glomerular C4d-positive capillaries was
also greater in acquired TTP cases than control cases, but the difference
did not reach statistical significance (p = 0.0686). There was no sig-
nificant difference in the number of glomerular C4d-positive capillaries
between USS and acquired TTP cases (p = 0.8086). The number of C4d-
positive small arteries did not differ significantly among the three
groups (date not shown). Peritubular capillaries were C4d-negative in
all cases.
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Fig. 3. Representative images of ADAMTS13 immunostaining in renal biopsy sections. (A) A glomerulus from a control case shows extensively distributed ADAMTS-
13-positive cells. (B, C) A glomerulus from USS case 3 and an acquired TTP case (C) demonstrating sparsely distributed ADAMTS-13-positive cells within the
glomerulus. Positive staining of renal tubules in (C) represents non-specific staining. Magnification X 400.
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Fig. 4. Average numbers of ADAMTS13-positive cells per glomerulus among
control, USS, and TTP groups. USS cases demonstrated fewer ADAMTS13-po-
sitive cells per glomerulus than control cases (p = 0.0037). Acquired TTP cases
also showed fewer ADAMTS13-positive cells than control cases (p = 0.0061).
There was no significant difference in the number of glomerular ADAMTS13-
positive cells between USS and acquired TTP cases (p = 0.7916).

3.5. C5b-9

Control cases exhibited C5b-9-positive staining in the vascular pole
(Fig. 7A) or mesangium (data not shown). In USS cases, positive C5b-9
staining was observed along the glomerular capillary walls in cases 2
and 4 (Fig. 7C and D), whereas cases 1 (Fig. 7B), 3, and 5 showed no
glomerular C5b-9 immunostaining. In two of ten acquired TTP cases,
C5b-9 was sparsely positive along glomerular capillary walls (Fig. 7E).
Luminal sides of the small arteries were positive for C5b-9 in three cases
of USS (Fig. 7B, C, and D, insets) and four cases of acquired TTP
(Fig. 7E). Peritubular capillaries were negative for C5b-9 in all groups.
Quantitative examination revealed a higher average number of C5b-9-
positive glomerular capillaries in USS cases compared to control cases
and acquired TTP cases; however, the differences were not statistically
significant (Fig. 8).
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Fig. 6. Average number of C4d-positive capillaries per glomerulus among
control, USS, and acquired TTP groups. USS cases demonstrated a greater
number of C4d-positive capillaries per glomerulus than control cases
(p = 0.0346). In acquired TTP cases, the number of glomerular C4d-positive
capillaries was not statistically significant compared to either control cases
(p = 0.0686) or USS cases (p = 0.8086).

4. Discussion

Renal impairment is one of the major complications of USS, with
acute kidney injury observed in 11% of cases [21] and progressive renal
deterioration in approximately 50% of cases [22]. In the present study,
three USS cases [1,2,5,and] developed chronic renal failure during the
entire clinical course. Pathological examination of these cases revealed
that more than half of all glomeruli examined showed sclerotic changes.
Furthermore, cases 2 and 5 demonstrated severe IF/TA. Moderate
sclerotic changes in the arteries were observed in case 2. In contrast, the
two cases that did not progress to chronic renal failure (cases 3 and 4)
demonstrated less severe glomerulosclerosis, IF/TA, and arterio-
sclerosis. Chronic lesions in glomeruli and tubulointerstitium are in-
dicative of poor prognosis in chronic kidney diseases such as IgA ne-
phropathy [23,24], lupus nephritis [25,26], and small vessel vasculitis
[27-29]. Our study indicates that USS and other chronic kidney

Fig. 5. Immunohistochemical staining for Cd4 in renal biopsy sections from (A) a control, (B) USS case 1, (C) case 2, (D) case 4, (E) case 5, and (F) an acquired TTP
case. (A) In control cases, C4d was mainly positive in the mesangium. (B — E) In all USS patients except case 3 (not shown), C4d was immunopositive along the
glomerular capillary walls. Case 2 demonstrated positive C4d staining in the vessel wall of small arteries (C, inset). (F) In acquired TTP cases, the glomerular capillary

walls were positive for C4d. Magnification x 400.
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Fig. 7. Immunohistological staining for C5b-9 in renal biopsy sections from (A) a control case, (B) USS case 1, (C) case 2, (D) case 4, and (E) an acquired TTP case. (A)
C5b-9 staining was limited to the vascular pole of the glomerulus. (B-D) C5b-9 staining was detected along the glomerular capillary walls in case 2 (C) and case 4 (D).
In case 1 (B), case 2 (C), and case 4 (D), C5b-9 immunoreactivity was detected along the luminal side of arterioles (insets). (E) C5b-9 immunoreactivity was detected

along the glomerular capillary walls and in arterioles. Magnification X 400.
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Fig. 8. Average numbers of C5b-9-positive capillaries per glomerulus in con-
trol, USS, and acquired TTP groups. Number of glomerular C5b-9-positive ca-
pillaries did not differ significantly among the three groups.

diseases share common histological features that are associated with
poor renal outcome. Further, our immunohistochemical analyses im-
plicate complement activation associated with ADAMTS13 deficiency
in USS pathogenesis.

Immunohistological examinations in our study highlighted the pa-
thophysiological features of these characteristic histological manifes-
tations in USS. In human renal tissue, podocytes, glomerular en-
dothelial cells, and renal tubular cells produce ADAMTS13 [9-11].
Podocyte-derived ADAMTS13 contributes to protection against shear
stress in the glomerular microcirculation [21]. Therefore, reduced
numbers of intraglomerular ADAMTS13-positive cells in USS may
render glomerular endothelial cells more susceptible to hemodynamic
injury. Indeed, the predominant localization of segmental sclerosis in
the glomerular hilum of the USS cases in our study suggests a causal
relationship between ADAMTS13 deficiency and hemodynamic injury.
In the glomerular hilum, afferent and efferent arterioles as well as
branching glomerular capillaries create complex directions of blood
flow [30], causing high shear stress in endothelial cells. Three-

dimensional reconstruction of the glomerulus and theoretical model
analysis revealed higher ultrafiltration pressure in glomerular capil-
laries near the afferent arteriole [31]. A recent study also found an
association between intraglomerular hypertension and focal segmental
glomerulosclerosis with perihilar lesions [32]. Thus, enhanced vulner-
ability of the hilum in USS may reflect generally higher blood flow
combined with reduced ADAMTS13-dependent protection against shear
stress.

Two cases in USS showed severely reduced numbers of ADAMTS13-
positive cells within the glomerulus. In contrast, three cases showed less
severe decrease in the number of ADAMTS13-positive cells. Pattern of
ADAMTS13 gene mutations in Table 1 did not correlate the im-
munohistological ADAMTS13 staining, suggesting non-genetic me-
chanism affected ADAMTS13 expression. Likewise, acquired TTP cases
in our study had significantly reduced glomerular ADAMTS13 positivity
compared to normal controls. This results can be partly attributed to
two cases of systemic lupus erythematosus which showed particularly
lower number (< 5 cells) of ADAMTS13-positive cells in the glomeruli.
In systemic lupus erythematosus, severely reduced ADAMTS13 activity
in the presence of non-neutralizing IgG anti-ADAMTS13 antibodies
have been reported [33], suggesting that rare cases of secondary TTP
may be associated with mechanisms independent of the direct inhibi-
tion of ADAMTS13 by autoantibodies; increased clearance of the pro-
tease-antibody complex or interference with protease binding to the cell
surface can be one potential cause [34]. Another possible explanation
includes ADAMTS13 gene mutation causing major structural alteration
of ADAMTS13 protein, which may be associated with decreased activity
of ADAMTS13 and result in decreased ADAMTS13 immunostaining of
glomeruli; however, we did not perform ADAMTS13 gene mutation
analysis in acquired TTP cases, rendering mechanistic insight of de-
creased ADAMTS13 immunostaining in acquired TTP cases incon-
clusive.

Complement protein C4d has been utilized as an
munohistological marker for complement activation in the antibody-
mediated rejection of renal allografts [35] and for TMA, even in clini-
cally heterogeneous patient populations [13,36]. Our findings of glo-
merular C4d deposition in USS cases are consistent with a previous
study demonstrating glomerular complement activation by im-
munostaining for C3 and C5b-9 in patients with ADAMTS13 mutations
[14]. In addition, prompt disease remission after treatment with the

im-
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anti-C5 monoclonal antibody eculizumab [37] further supports the in-
volvement of complement activation in the pathogenesis of USS.
However, the numbers of C5b-9-positive capillaries did not differ sig-
nificantly between USS cases and controls in our study, suggesting that
C5b-9 immunoreactivity is an unsuitable ancillary marker of comple-
ment activation in USS patients.

In contrast to previous studies demonstrating acute-type thrombotic
microangiopathy in renal biopsies of USS patients, including fibrin
thrombi and endothelial cell proliferation [9], our study demonstrated
chronic glomerular changes in all but one case. Cases 1, 2, and 3 had
received infusion of FFP from 3 to 30 years prior to renal biopsy, while
renal biopsies were not preceded by FFP in cases 4 and 5. Although
effective in preventing acute episodes of thrombocytopenia and he-
molytic anemia [ 38], it is still unclear whether prophylactic FFP in-
fusion therapy can prevent the progressive decline of renal function in
USS [21,39], and there is currently no standard treatment strategy for
USS patients in remission.

ADAMTS13 gene mutations are not always sufficient to cause acute
clinical presentation in USS. In our study, case 2 harbored the
ADAMTS13 gene mutation p.C908Y (maternal origin) also detected in a
previous report of a homozygous USS patient that progressed to end-
stage kidney disease [5]. In the same study, however, four other pa-
tients harboring the p.C908Y mutation did not progress to dialysis
during follow-up. In a recent report by Pecoraro et al., a USS patient
harboring two heterozygous mutations (a guanine to adenine mutation
at nucleotide 3251 and a novel frameshift after arginine-1351, resulting
in a premature stop codon nine amino acids upstream) experienced
acute episodes of hematologic relapse following upper respiratory tract
infection [37]. Thus, in addition to genetic mutations, other disease-
triggering factors such as infection, alcohol intake, pregnancy, trauma,
and surgery may contribute to disease onset in USS [5,6,40-42].

Our study has several limitations. The small sample size precludes a
quantitative  description of the relationship between im-
munohistological findings and renal outcome. Therefore, further stu-
dies are needed in more numbers of USS cases to warrant the conclu-
sion. Also, immunostaining tends to be less sensitive in paraffin sections
compared to frozen sections [35]. Therefore, future studies should in-
vestigate glomerular C4d and C5b-9 distributions in frozen sections
from biopsy samples.

In summary, this study of five USS cases demonstrated chronic
glomerular microangiopathic changes accompanied by decreased ex-
pression of ADAMTS13-positive cells and a greater average number of
C4d-positive capillaries compared to controls. Glomerular C4d posi-
tivity in USS may be useful as a marker for complement activation. The
present results warrant further prospective studies that focus on the
association of renal outcome and C4d immunostaining in USS patients.
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