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ABSTRACT

Background

Neuropsychiatric (NP) involvement is a poorly understood manifestation of systemic
lupus erythematosus (SLE).We studied post-mortem histopathology in relation to clinical
NP-SLE syndromes and complement deposition in brains of NP-SLE and SLE patients, and
control cases. Furthermore, we investigated the correlation between cerebral post-mor
tem histopathology and ex vivo 7-Tesla MRI findings in SLE and NP-SLE patients.

Methods

A nationwide search for autopsy material yielded brain tissue from |6 NP-SLE and 18 SLE
patients. Brains obtained from 24 patients who died from acute cardiac events served as
controls. Apart from a histopathologic evaluation, paraffin-embedded tissue from the cer
ebral cortex was stained for components of the classical and lectin complement pathways,
as well as for the terminal complement complex.

Results

Diffuse vasculopathy, microinfarction, macroinfarction, vasculitis,and microthrombi occurred
significantly more often in NP-SLE than SLE, and were absent in controls. Focal vasculopa-
thy was found both in SLE patients and controls. Complement deposition was strongly
associated with both SLE and NP-SLE, but not with controls (P<0.001). Microthrombi were
found uniquely in NP-SLE, and were associated with C4d and C5b-9 deposits (P<0.05).
7-Tesla MRI' was unable to detect most small vessel injury that was visible histopatholo-

gically.

Conclusions

Our study demonstrates that histopathologic lesions in NP-SLE represent a continuum,
ranging from nonspecific lesions such as focal vasculopathy, to more specific lesions such
as C4d- and C5b-9-associated microthrombi and diffuse vasculopathy related to clinical
syndromes defining NP-SLE. Complement deposition may be a key factor in the interaction
between circulating autoantibodies and thromboischemic lesions observed in NP-SLE. In
conclusion, complement inhibition may have novel therapeutic potential in NP-SLE.
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INTRODUCTION

Systemic lupus erythematosus (SLE) is a severe autoimmune disease characterised by
circulating autoantibodies and immune complexes. SLE can manifest in virtually any organ
system." Nervous system involvement in SLE is commonly referred to as neuropsychiatric
SLE (NP-SLE),? and occurs in 10-80% of SLE patients.>” NP-SLE can present with a variety
of symptoms, including stroke and psychosis, which are frequently under-recognised despite
being associated with increased morbidity and mortality®® Because NP-SLE is clinically
heterogeneous, and because we lack aetiologic insight and evidence-based therapeutic
interventions, the clinical management is complex.

As part of the clinical workup of a potential NP-SLE patient, magnetic resonance imaging
(MRI) of the brain plays a prominent role,'® although interpretation of scans is often ham-
pered by the so-called ““clinicoradiological paradox”, by which some patients with SLE and
severe neurologic symptoms exhibit no or nonspecific abnormalities on MRI. In an analysis
of MRI findings from 74 NP-SLE patients, 42% had no MRI abnormalities, despite having
signs and symptoms of active cerebral disease. Otherwise, white matter hyperintensities
were the most common MRI finding, which has been suggested to represent cerebral
hypoperfusion and infarction."

The few studies performed to date regarding histopathology of NP-SLE revealed that most
lesions are related to ischemic injury in the vicinity of small-diameter vessels.'>'¢ Specifically,
microthrombosis, microinfarction, and microbleeds were generally found. Whereas SLE is
characterised by autoantibody-mediated inflammation, the findings in the brain suggest a
thromboischemic pathogenesis. Thus far; studies in patients have failed to provide clues for
the interaction between the autoantibody-mediated inflammation and thromboischemic
lesions in NP-SLE. Given the recent evidence that classical complement activation cor-
responds with the presence of glomerular microthrombi in lupus nephritis'” and other
thrombotic microangiopathies,'®?? we hypothesised that complement activation may also
underlie thromboischemic injury typically observed in brains of NP-SLE patients.

In a nationwide study using cerebral autopsy material from NP-SLE, SLE, and control cases,
we examined post-mortem histopathology in relation to clinical NP-SLE syndromes and
complement deposition. Furthermore, in order to evaluate whether histopathologic lesions
could be detected clinically, we investigated the correlation between cerebral post-mortem
histopathology and ex vivo 7-Tesla MRI in SLE and NP-SLE patients.
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METHODS

Nationwide search for cerebral tissues from SLE patients

VWe conducted a nationwide search for cerebral autopsy tissue obtained from SLE patients
with and without clinical signs of neuropsychiatric involvement. Samples were searched
using the Dutch PALGA database, a histo- and cytopathology network and archive founded
in 1971 to which all pathology laboratories within the Netherlands contribute.® Hence,
our search included patients autopsied between 1971-2010.We excluded samples from
patients who had cutaneous or discoid lupus only, and included all patients with SLE
according to the 1982 American College of Rheumatology (ACR) revised criteria*# with
cerebral autopsy tissue available.

Clinical data were collected by contacting the rheumatologists at the different locations
where the patients had been hospitalised. Because banking of sera and cerebrospinal
fluid was not routinely performed as part of the clinical workup for the patients in this
study, analysis of these materials was not feasible. Patients were divided into the following
groups by two rheumatologists with extensive experience in diagnosing NP-SLE (GMSB
and TWJH): patients with neuropsychiatric syndromes attributable to SLE (NP-SLE group)
and SLE patients without neuropsychiatric syndromes attributed to SLE (SLE group).The
presence of neuropsychiatric syndromes in each patient was evaluated according to the
ACR definitions,? and the existence of secondary factors causing these manifestations
was assessed.

Controls were identified from the archives of the Leiden University Medical Center and
the Reinier de Graaf Hospital (Delft, the Netherlands) and included previously healthy
patients who died of an acute cardiac event (confirmed at autopsy) between 2006—2009.

Histopathology and immunohistochemistry

Sections were stained with haematoxylin and eosin using standard protocols.The following
cerebral complement components were stained: Cl q (classical pathway), Mannose Binding
Lectin (MBL, lectin pathway), C4d,and C5b-9 (membrane attack complex). Deparaffinised
sections were subjected to antigen retrieval using EDTA-TRIS (pH 9.0), 10 mM citrate
buffer (pH 6.0), or proteinase (bacterial, type XXIV; Sigma-Aldrich, St. Louis, Missouri). The
sections were then stained with antibodies against Clq (Dako Cytomation, Denmark,
1:800), C4d (Biomedica Gruppe, Austria, 1:50), and MBL (Sigma-Aldrich Biotechnology,
1:500), and C5b-9 (A239; Quidel, San Diego, California; 1:500). Staining was visualised using
the appropriate secondary antibodies with diaminobenzidine as chromagen. Finally, sections
were counterstained with haematoxylin. Optimal antibody dilutions and incubation times
were predetermined empirically by titration experiments using positive controls.
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Histopathologic and immunohistochemical evaluation

All sections were evaluated by a neuropathologist (SGvD) who was blinded with respect
to clinical data. Each case was scored for the presence of microinfarction, macroinfarction,
large haemorrhage, microbleeds, cerebral infection, vasculitis, and vasculopathy. Infarction
was defined as sharply delimited regions of cellular death or tissue necrosis, sometimes with
cavitation; the distinction between microinfarction and macroinfarction was made based
upon the ability to detect these lesions by light microscopy or by gross inspection, respec-
tively? Infarction could be observed in the absence of (micro)thrombi. Microthrombi were
defined as microscopic clumps of fibrin, platelets, and erythrocytes.” Microbleeds were
defined as small (<5 mm) perivascular haemosiderin-deposits (usually within macropha-
ges), generally associated with local vessel wall damage. Large haemorrhage was defined as
rupture of the blood vessel wall and extravasation of erythrocytes without inflammation in
acute stages and oedema, ischemia, infiltration of neutrophils, haemosiderin-laden macrop-
hages, and necrosis in later stages.?” Vasculitis was defined as an inflammatory infiltrate
and destructive change in the blood vessel wall?’ In contrast, vasculopathy was defined as
endothelial cell proliferation, thickening of the vessel wall, and narrowing of the capillary
lumen without an inflammatory infiltrate."* Vasculopathy was scored semi-quantitatively as
“absent” (<10% of vessels with vasculopathy per low-power field [LPF]),"focal” (10-50%
of vessels with vasculopathy per LPF), or “diffuse” (>50% of vessels with vasculopathy in
every LPF).

The immunohistochemically stained sections were scored by two independent observers
who were blinded with respect to the clinical data. Clq and C4d primarily stained endot-
helial cells of small vessels in the white and grey matter,and were scored as “absent” (<10%
of small vessels with Clq or C4d per LPF), “focal” (10-50% of small vessels with Clq or
C4d per LPF), or “diffuse” (>50% of small vessels with Clg or C4d in every LPF). C5b-9
similarly stained vessels, as well as cells with the morphology of glial cells; thus, scoring
for vessels was performed similar to Clq and C4d. Because MBL did not stain vessels,
MBL-positive cells were scored as being either present or absent.

Whole formalin-fixed brains: Clinical case histories

From three patients, whole formalin-fixed brains were available, enabling a direct com-
parison between post-mortem ex vivo MRI and cerebral histopathology. Patient | was a
57-year-old female with NP-SLE, antiphospholipid syndrome, and severe cerebrovascular
disease. Patient 2 was a 38-year-old male with NP-SLE, acute neurologic deterioration, and
vasculitis. Patient 3 was a 63-year-old-female with SLE without neuropsychiatric symptoms
during the course of her disease who suffered from acute myocardial infarction. Detailed
case histories are provided in Appendix 6.1.

Post-mortem neuroimaging and evaluation of the acquired images
The procedure of post-mortem 7-Tesla MRI scanning is detailed in Appendix 6.2. MRI
scans were reviewed by two neuroradiologists with extensive experience in the field of
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NP-SLE (MAVB and BJE), who then identified areas of interest.

Histopathologic analysis of post-mortem MRI-scanned brains

After radiological analysis, tissue blocks of areas of interest were sampled, embedded in
paraffin, and stained with haematoxylin and eosin. The neuropathologist reported the
histopathologic changes in each sample.

Ethical considerations

The ethics committee of the Leiden University Medical Center approved this study
(P02.028). In accordance with the Dutch National Ethics guideline (Code for Proper
Secondary Use of Human Tissue, Dutch Federation of Medical Scientific Societies), all
tissue samples and patient data were coded and kept anonymous throughout the study.

Statistical analyses

Categorical variables were compared using chi-square test and its trend version for ordered
categories (linear-by-linear analysis). Correlations between histopathologic variables were
assessed by calculation of Pearson or Spearman correlation coefficients, as appropriate.
All analyses were performed using SPSS Statistics 23.0 (IBM, Armonk, New York). P-values
<0.05 were considered significant.

RESULTS

Our nationwide search for cerebral autopsy tissue of SLE patients yielded 296 hits. Of
these, 48 fulfilled our inclusion criteria. From 14 of these patients, paraffin blocks were
no longer available, or tissue quality was unsuitable for analysis. Thus, formalin-fixed tissue
samples from 34 SLE patients (27 females, 7 males) autopsied between 19812009 were
retrieved from |2 Dutch pathology laboratories and used for analysis. Twenty-four patients
who died of an acute cardiac event were included as controls. Table | provides an overview
of clinical characteristics of NP-SLE, SLE, and control cases.

Three patients in the SLE group had neuropsychiatric syndromes that could be attributed
to factors other than SLE. Specifically, one patient suffered intracerebral haemorrhage
associated with anticoagulant therapy, one patient had a severe cerebral mycotic infection
associated with high-dose immunosuppressive therapy for lupus nephritis, and one patient
died in a uraemic coma following acute renal failure secondary to lupus nephritis.

Histopathology

The majority of histopathologic lesions were located in the cerebral cortex, distributed
equally across the white and grey matter. The patient groups (NP-SLE and SLE) differed
significantly from the controls with respect to all histopathologic parameters. Microinfarc-
tion (P=0.016), macroinfarction (P=0.002), and vasculitis (P<0.050) were more frequent
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in NP-SLE patients than SLE patients. Microthrombi were found exclusively in NP-SLE
patients (P=0.002, versus the other groups). Histopathologic findings in the three groups
are shown in Figure .

Table | Patient characteristics.

Characteristic NP-SLE (n=16) SLE (n=18) Controls (n=24)
Females, n (%) 15 (94) 12 (67) 10 (42)
Age at death in years, mean (SD) 44 (14) 46 (19) 47 (17)
Neuropsychiatric syndromes (ACR 99 definitions)*
Cerebrovascular disease, n (%) I'1(69) 2 (1 0(0)
Movement disorder; n (%) 2 (13) 0(0) 0(0)
Seizures and seizure disorders, n (%) I (6) 0(0) 0(0)
Acute confusional state, n (%) 2(13) I (6) 0 (0)
Cognitive dysfunction, n (%) I (6) 0(0) 0(0)
Psychosis, n (%) | (6) 0(0) 0(0)
No neuropsychiatric symptoms, n (%) 0 (0) 15 (83) 24 (100)
Primary versus secondary NP-SLE
Primary NP-SLE, n (%) 16 (100) 0 (0) 0(0)
Secondary NP-SLE, n (%) 0 (0) 3(17) 0(0)
Neurologic infection, n (%) 3(19) 5(28) 0(0)
Brain mass in grams, mean (SD) 1308 (177) 1290 (137) 1437 (171)

* Eleven NP-SLE patients had one syndrome, four patients had two syndromes, and one patient had three syndromes.

Figure | Histopathologic lesions in NP-SLE, SLE, and controls.

Microthrombi -

Infection £
Microbleeds

Large haemorrhage
Microinfarction
Macroinfarction
3 NP-SLE

E&E SLE
El Controls

Vasculitis 3

T T T T 1
0 20 40 60 80 100

Incidence (%)
Frequency of the indicated lesions in brain tissue of SLE patients (n=18), NP-SLE patients (n=16), and control subjects
(n=24). Microthrombi, microinfarctions, macroinfarctions, and vasculitis were present more often in the brains of patients in

the NP-SLE group compared to those of patients in the SLE group (*, P<0.05 versus SLE). None of the seven parameters
were present in the brains of control patients.
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The presence of vasculopathy — and its distribution in either a focal or diffuse pattern —
differed between the three groups based on linear-by-linear association (P<0.001; Figure 2).

Figure 2 Vasculopathy in NP-SLE, SLE, and controls.

F T J
0 20 40 60 80
Incidence (%)

[ No vasculopathy
EA Focal vasculopathy
El Diffuse vasculopathy

Results of semi-quantitative scoring of vasculopathy in brain tissues of SLE patients (n=18), NP-SLE patients (n=16), and
control subjects (n=24). Diffuse vasculopathy was present more often in the NP-SLE brains than in SLE and control
brains. * P<0.05.

Vasculitis was found in six patients (five NP-SLE, one SLE; P<0.050). Each NP-SLE patient
with vasculitis also had vasculopathy (four diffuse, one focal). Vasculitis was associated
with cerebrovascular disease in four NP-SLE patients and with acute confusional state in
one NP-SLE patient. The patient from the SLE group with vasculitis had a severe mycotic
infection associated with immunosuppressive therapy.

Typical examples of vasculopathy and cerebral microthrombi are shown in Figure 3A and
3B, respectively.

Correlations between neuropathological findings in patients

with SLE and NP-SLE

In patients with SLE (NP-SLE and SLE), vasculopathy was correlated with macroinfarction
(p=0.43,P=0.012) and microthrombi (p=0.57,P<0.001). Furthermore, microthrombi were
correlated with microinfarction (r=0.54, P=0.001) and microbleeds (r=0.40, P=0.018).
Large haemorrhage was correlated with macroinfarction (r=0.35, P=0.042) and vasculitis
(r=0.38,P=0.027),and microinfarction was correlated with microbleeds (r=0.46,P=0.006).

Immunohistochemistry

Figure 3C-J shows typical examples of immunohistochemical staining with Cl g, C4d, MBL,
and C5b-9 in patients and controls. Cl g, C4d, and C5b-9 were observed on endothelial
cells of small vessels (Figure 3D, FJ). Table 2 shows Clq, C4d, and C5b-9 staining patterns
in patients and controls. Additionally, C5b-9 was observed on cells with the morphology
of glial cells (Figure 3I). Cellular staining of C5b-9 was not different between patients and
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controls (data not shown).MBL deposits did not stain vessels; thus, co-localisation between
MBL and Clqg or C4d did not occur. Instead, MBL-positive staining was observed on cells
resembling astrocytes. These MBL-positive cells (Figure 3G—H) were detected both in
patients and controls (no difference between the groups; data not shown).

Table 2 Vascular Clq, C4d, and C5b-9 staining in patients and controls.

Staining pattern NP-SLE (n=16) SLE (n=18) Controls (n=24) P*
No Clq staining 0 (0) I (6) 15 (63)
Focal Clq staining I'1(69) 10 (55) 9 (37)
Diffuse Clq staining 5@3l) 7 (39) 0(0) <000l
No C4d staining 2 (12) 2(11) 18 (75)
Focal C4d staining 11 (69) 14 (78) 6 (25)
Diffuse C4d staining 3(19) 2(11) 0(0) <000l
No C5b-9 staining 3(19) 3(17) 20 (83)
Focal C5b-9 staining 9 (56) 12 (67) 4(17)
Diffuse C5b-9 staining 4 (25) 3(17) 0(0)  <0.00l

Al values are given as n (%). Clq: NP-SLE vs. controls P<0.001; SLE vs. controls P<0.001; NP-SLE vs. SLE P=0.531.C4d:
NP-SLE vs. controls P<0.001; SLE vs. controls P<0.001; NP-SLE vs. SLE P=0.801. C5b-9: NP-SLE vs. controls P<0.001;
SLE vs. controls P<0.001; NP-SLE vs. SLE P=0.796. *Chi-square test.
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Figure 3 Examples of histopathologic lesions and immunohistochemical staining patterns.

H&E

C1q

C4d

A, B, D, F H, I, J: staining patterns in an NP-SLE case. C, E, G: staining patterns in a control case. Stainings: haematoxylin
and eosin (H&E,A—B), Clq (C—D), C4d (E—F), mannose-binding lectin (MBL, G—H), and C5b-9 (I-)). Magnification: 40X.
A vasculopathy (thickening of the vessel wall, no inflammatory infiltrate). B: cerebral microthrombus. C—D: negative and
positive Clg staining, respectively. E-F: negative and positive C4d staining, respectively. Clq showed a linear pattern of

intravascular deposits (D), similar to C4d (F). G—I: positive glial cell staining. J: C5b-9 staining showing a linear pattern of
intravascular deposits.
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Complement deposition in relation to neuropathological

findings in patients with SLE and NP-SLE

We investigated the relationship between Clg, C4d, C5b-9, and the presence of micro-
thrombi, microinfarctions, macroinfarctions, vasculitis, and vasculopathy. Only the presence
of microthrombi was associated with C4d and C5b-9 staining (P=0.047 and P=0.020,
respectively). Every patient with microthrombi also had either focal or diffuse C4d and
C5b-9 staining. C4d and C5b-9 were strongly associated with microthrombi within the
NP-SLE group (linear-by-linear association: P=0.024 and P=0.008, respectively).

Relationship between C4d, Ciq, and C5b-g in SLE and NP-SLE

To gain additional insight into the cascade of events in classical complement activation,
the staining patterns of Clg, C4d, and C5b-9 were related to one another in the SLE and
NP-SLE patient groups. In general, diffuse Clq staining was present more often than diffuse
C5b-9 and C4d staining (35%, 219, and | 5%, respectively). Twenty-five of 34 (74%) patients
with SLE and/or NP-SLE had concurrent positive (either focal or diffuse) vascular staining
of Clq, C4d, and C5b-9.Twenty-nine of the 30 patients with positive C4d staining (either
focal or diffuse) had concurrent Clq deposits and 25 had concurrent C5b-9 deposits
(an overlap of 97% and 83%, respectively). Conversely, 29 of the 33 patients with positive
Clq staining (either focal or diffuse) had concurrent C4d, and 28 had concurrent C5b-9
staining (an overlap of 89% and 85%, respectively). Of the 28 patients with positive C5b-9
staining, 25 (89%) had concurrent Clq and C4d staining. Appendix 6.3 shows that the
distributions of Cl g, C4d, and C5b-9 were quite similar in both the SLE and NP-SLE group.

Post-mortem ex vivo MRI and correlations with

histopathology and immunohistochemistry

The results of post-mortem ex vivo MRl scans and histopathology sections of two NP-SLE
patients and one SLE patient are shown in Figure 4.

Patient 1: Post-mortem ex vivo MRI

MRI revealed extensive confluent periventricular and deep white matter lesions with
notable sparing of U-fibres (Figure 4A-B). Furthermore, central lacunae in the deep
white matter suggested tissue loss consistent with lacunar infarction.White matter lesions
around confluent white matter lesions and adjacent to deep white matter lesions were
perivascular in distribution.

Patient 1: Histopathology

Sections taken from both the deep and periventricular white matter lesions revealed areas
of recent and less recent microinfarctions and macroinfarctions. In one deep white matter
lesion, multiple microthrombi (Figure 4C—D) were identified. In all sections, prominent vas-
culopathy in both grey and white matter was found (Figure 4E).Vasculopathy was present
within white matter hyperintensities and infarcted areas, as well as in normal-appearing
white and grey matter. Furthermore, vast areas of atrophied cortex — particularly in the
proximity of infarctions — had laminar necrosis (Figure 4F).
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Patient 2: Post-mortem ex vivo MRI

MR revealed normal grey and white matter differentiation (Figure 4G—H). Several linear
hyperintensities were characteristic of normal Virchow-Robin spaces (Figure 4G). Unlike
Patient |, the white matter in Patient 2 was homogeneous, and cortical thickness was
normal.

Patient 2: Histopathology

Because no abnormalities were identified on MR, sections were obtained from several
cortical areas. Each of these revealed diffuse vasculopathy (Figure 41-)). Furthermore, lympho-
cytes had invaded vascular walls of several veins and venules, reflected by the presence
of fragmented nuclei and fibrinoid material (Figure 4K). No intravascular microthrombi,
infarctions, or gliosis were identified.

Patient 3: Post-mortem ex vivo MRI

MR revealed a prominent Virchow-Robin space (Figure 4L). In addition, a linear perivascu-
lar white matter hyperintensity was present in the internal capsule. Another white matter
lesion was identified in the frontal white matter (Figure 4M).

Patient 3: Histopathology

Sections taken from the frontal white matter lesion revealed focal vasculopathy. No other
abnormalities were identified.Vasculopathy was present in a similar focal distribution pat-
tern throughout all sections (Figure 4N-0O).
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Figure 4 Post-mortem 7-Tesla MRl in relation to histopathologic findings in NP-SLE and SLE patients.

Patient 1 Patient 2 Patient 3

Patients | and 2 were NP-SLE patients, patient 3 had SLE without neuropsychiatric symptoms. A: confluent periventricular
and deep white matter lesions”. B: deep white matter lesions with sparing of U-fibres”; perivascular white matter lesions
(arrow). C—F: sections from deep and periventricular white matter lesions. C: microinfarction”. D: microthrombi” in vicinity
of white matter lesions. E: vasculopathy”. F: laminar necrosis”. G—H: normal grey/white matter with linear hyperintensities
(normalVirchow-Robin spaces; G, arrow). I=K: sections from normal-appearing cortex.|—J: vasculopathy. K: venous vasculitis.
L: prominentVirchow-Robin space and normal grey/white matter. M: frontal white matter lesion”. N: vasculopathy in section
from M*. O: vasculopathy in section from normal-appearing area on MRI.
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DISCUSSION

In this study, we described the injury in brains of patients with NP-SLE as compared to SLE
and control cases. Furthermore, we studied brain injury in NP-SLE in relation to classical
complement deposition.We were able to identify a number of histopathologic lesions that
were specific to NP-SLE, and could thereby be linked to clinical NP-SLE manifestations as
defined by the ACR? Compared to SLE patients, NP-SLE patients had significantly more
microinfarction, macroinfarction, vasculitis, and microthrombi, though in controls these and
other neuropathological abnormalities were absent. Also, diffuse vasculopathy occurred
significantly more often in NP-SLE than in SLE patients, whereas focal vasculopathy was
found in all groups (NP-SLE, SLE, and controls). The common finding of vasculopathy
and the absence of a relationship between vasculopathy and acute clinical NP-SLE are in
accordance with previous findings."”® Our data show that the injury and clinical manifesta-
tions of NP-SLE represent a continuum, ranging from relatively nonspecific lesions found
in most SLE patients such as focal vasculopathy — to specific and even pathognomonic
lesions in this setting, including diffuse vasculopathy and microthrombi associated with
clinical syndromes defining NP-SLE.?

Our study is the first to demonstrate that deposits of Clq and C4d, both components of
the classical complement pathway, as well as the terminal complement complex (C5b-9),
are concurrently present in the cerebral vessels of patients with NP-SLE and SLE signi-
ficantly more often than in controls. This constellation of staining patterns indicates that
activation of the classical complement pathway proceeded to completion, as demonstrated
by the formation of the terminal complement complex.The role of complement activation
in the development of thrombosis and ischemia has been studied extensively outside the
field of SLE, where complement has been linked to microthrombotic injury in antiphospho-
lipid syndrome'*?2 and thrombotic microangiopathy.'® In these conditions, accumulation
of antibodies in small vessels most likely leads to activation of the classical complement
pathway, endothelial injury, and the subsequent formation of microthrombi.'® Given that
vasculopathy, microinfarction, macroinfarction, vasculitis, and microthrombi may all evoke
vascular occlusion and could thereby result in clinical abnormalities, the question arises as
to why some of these lesions were found to be more specific in our study for NP-SLE
than other lesions. Our findings suggest that thromboischemic injury may occur in all SLE
patients but that overt NP-SLE ensues only after a certain threshold of complement-me-
diated injury is reached. The finding that, of all vascular lesions, only microthrombi were
correlated with C4d and C5b-9, suggests that microthrombi represent a more progressed
stage of complement-mediated injury. Conceivably, microthrombi were also present in
patients with subclinical NP-SLE — though in smaller quantities and would therefore be
more readily missed in these cases due to sampling error
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Although cerebral vasculitis is generally considered to be a rare finding in NP-SLE, we iden-
tified five NP-SLE patients (319%) with vasculitis in our study. This relatively high incidence
as compared to previous studies'?!> may be explained by our clear distinction of SLE and
NP-SLE cases. In four of the NP-SLE cases with vasculitis, vasculitis was associated with
cerebrovascular disease. Interestingly, our neuropathological analyses revealed that vasculitis
was correlated with large haemorrhage. Although according to the recommendations for
the management of NP-SLE, cerebrovascular disease due to ischemic stroke and/or TIA
comprises over 80% of cases and therefore does not require immunosuppressive the-
rapy,'® we showed that vasculitis may still be an underlying factor in a substantial number
of cases. Our findings emphasise that immunosuppressive therapy may occasionally be
indicated in cases with a component of vasculitis underlying cerebrovascular disease as a
manifestation of NP-SLE.

Diamond et al. focused on the role of autoantibodies in the development of neuropsychi-
atric symptoms in a murine model and found that anti-double stranded DNA antibodies
derived from human SLE patients can cross-react with N-methyl-D-aspartate receptors
on neurons causing neuronal death by excitotoxicity and apoptosis.?®3° However, in subse-
quent studies in which these antibodies were induced in mice, neuronal damage occurred
solely when a breach in the blood-brain barrier was present."3 Our findings may indicate
that continuously exposing the cerebral endothelium to autoantibodies can cause comple-
ment activation and endothelial injury in all SLE patients. Possibly, a second hit is required
to develop overt clinical disease in the form of NP-SLE as defined by the ACR? Infection,
pregnancy, drug toxicity, and defects in complement regulation have all been described as
triggering factors.”®?' Possibly, these evoke a breach in the blood-brain barrier together with
the formation of C4d- and C5b-9-associated microthrombi as well as the other lesions we
identified to be distinctive of NP-SLE. Since sera and cerebrospinal fluid (CSF) were not
available from the patients in our study; it was not possible to further analyse the antibody
profile in CSF in relation to the CSF/albumin ration as a possible indicator of blood-brain
barrier integrity in concert with the assessment of thromboischemic injury in NP-SLE and
SLE cases.Whether these or other factors affecting the integrity of the blood-brain barrier
play a role in NP-SLE will be the subject of future studies.

Apart from the clinicopathologic paradox of impressive histopathologic cerebral lesions
that are sometimes not accompanied by overt clinical NP-SLE, there is also a clinicoradio-
logical paradox. In contrast to the clinicopathologic paradox, the latter is defined by the
absence of abnormalities on conventional MRl in patients with over clinical NP-SLE, and
this hampers assessment of the extent of cerebral injury in NP-SLE patients.'' We investi-
gated whether microvascular and thromboischemic injury could be detected clinically by
analysing three whole brains of SLE patients using 7-Tesla MRI. High-field MRI can provide
images at higher spatial resolution, resulting in more detailed information regarding micro-
vascular injury compared to conventional MRI. Interestingly, for these brains (two NP-SLE,
one SLE), even high-field MRI was unable to detect most small-vessel injury that was visible
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histopathologically. The microvascular injury that could be detected was most prevalent
in the vicinity of white matter hyperintensities. On the other hand, high-field MRI would
detect nonspecific lesions more readily than conventional MRI.**White matter hyperinten-
sities by conventional MRI may be found in 20 percent of the general population younger
than age 50, and in 90 percent of people older than age 70.* Furthermore, white matter
lesions may be observed in SLE patients who do not have neuropsychiatric symptoms.
Indeed, white matter lesions were detected by 7-Tesla MRI in one SLE patient without
NP-SLE in our study, which lesions corresponded to focal vasculopathy. Thus, afthough
white matter hyperintensities may indicate an initial phase of vascular damage in some SLE
patients, they should generally be considered nonspecific. Probably, more sensitive as well
as more specific imaging tools are required for the diagnosis of NP-SLE. Future studies to
determine the feasibility of, for instance, quantitative techniques such as volumetric mag-
netisation transfer imaging (MTI)*** to detect specific lesions in SLE and NP-SLE patients
are called for; as brain biopsies remain unattainable in routine clinical practice.

Concluding, NP-SLE is a poorly understood manifestation of SLE, associated with significant
morbidity and mortality. NP-SLE is usually treated with aggressive immunosuppression,
which can be beneficial in some — but certainly not all — NP-SLE patients.'®*¢ Our finding
that complement activation is present in both SLE and NP-SLE suggests that this mecha-
nism may contribute to the development of injury. It remains to be elucidated whether
the clinical manifestations of NP-SLE following injury are due to a thromboischemic
pathomechanism, due to a breach in the blood-brain barrier facilitating antibody-media-
ted neuroinflammation, or due to a combination of both. Importantly, our novel finding
of complement in association with injury in SLE and NP-SLE proposes the complement
system as a promising new target in the treatment of NP-SLE. The finding that C5b-9
deposits were present in 82% of patients with SLE and NP-SLE in our study, suggests that
at least this proportion of patients with NP-SLE — and perhaps also patients with SLE —
may benefit from treatment with the terminal complement inhibitor eculizumab.”* The
efficacy of such treatment in NP-SLE and SLE remains to be investigated in future studies.

ACKNOWLEDGEMENTS

We thank Mariel Casparie and Lucy Overbeek from the PALGA network for allowing us to
access the nationwide database of pathology laboratories.VWe also thank all pathologists who
participated in this study by sending us cases from their labs and the clinicians who provided
us clinical data (dr. R. Luijten and dr. J. Tekstra, UMCU, Utrecht; prof. dr. A.E.Voskuijl, VUmc,
Amsterdam; dr. K. Ronday, HagaZiekenhuis, The Hague; dr. A. Spoorenberg, UMCG, Gronin-
gen; dr. PD.M. de Buck, MCH, The Hague). Furthermore, we thank CorryWelling and Ingrid
Hegeman for providing excellent technical assistance. Finally, we are grateful to Professor
M.R. Daha and Professor L.A van Es for providing constructive feedback on the manuscript.



Brain Histopathology in Patients with SLE

REFERENCES

14.
I5.

20.

21

D'Cruz DF, Khamashta MA, Hughes GR. Systemic lupus erythematosus. Lancet. 2007; 369(9561): 587-96.

The American College of Rheumatology nomenclature and case definitions for neuropsychiatric lupus syndromes.
Arthritis Rheum. 1999; 42(4): 599-608.

Bruyn GA. Controversies in lupus: nervous system involvement. Ann Rheum Dis. 1995; 54(3): 159-67.

Futrell N, Schultz LR, Millikan C. Central nervous system disease in patients with systemic lupus erythematosus. Neu-
rology. 1992;42(9): 1649-57.

Joseph FG, Lammie GA, Scolding NJ. CNS lupus: a study of 41 patients. Neurology. 2007; 69(7): 644-54.

Sibley JT, Olszynski WP, Decoteau WE, Sundaram MB.The incidence and prognosis of central nervous system disease
in systemic lupus erythematosus. ] Rheumatol. 1992; [9(1): 47-52.

Wong KL, Woo EK,Yu YL, Wong RW. Neurological manifestations of systemic lupus erythematosus: a prospective study.
Q) Med. 1991;81(294): 857-70.

Swaak A, Nossent JC, Bronsveld W, Van Rooyen A, Nieuwenhuys EJ, Theuns L, et al. Systemic lupus erythematosus. I.
Outcome and survival: Dutch experience with | 10 patients studied prospectively. Ann Rheum Dis. 1989;48(6): 447-54.
Ward MM. Premature morbidity from cardiovascular and cerebrovascular diseases in women with systemic lupus
erythematosus. Arthritis Rheum. 1999; 42(2): 338-46.

Bertsias GK| loannidis JR Aringer M, Bollen E, Bombardieri S, Bruce IN, et al. EULAR recommendations for the man-
agement of systemic lupus erythematosus with neuropsychiatric manifestations: report of a task force of the EULAR
standing committee for clinical affairs. Ann Rheum Dis. 2010; 69(12): 2074-82.

Luyendijk J, Steens SC, Ouwendijk W/, Steup-Beekman GM, Bollen EL, van der Grond }, et al. Neuropsychiatric systemic
lupus erythematosus: lessons learned from magnetic resonance imaging. Arthritis Rheum. 201 I; 63(3): 722-32.
Devinsky O, Petito CK, Alonso DR. Clinical and neuropathological findings in systemic lupus erythematosus: the role of
vasculitis, heart emboli, and thrombotic thrombocytopenic purpura. Ann Neurol. 1988;23(4): 380-4.

Ellis SG,Verity MA. Central nervous system involvement in systemic lupus erythematosus: a review of neuropathologic
findings in 57 cases, 1955--1977. Semin Arthritis Rheum. 1979;8(3): 212-21.

Hanly JG, Walsh NM, Sangalang V. Brain pathology in systemic lupus erythematosus.] Rheumatol. 1992; 19(5): 732-41.
Johnson RT, Richardson EP. The neurological manifestations of systemic lupus erythematosus. Medicine (Baltimore).
1968, 47(4): 337-69.

Sibbitt WL, Jr,, Brooks WM, Kornfeld M, Hart BL, Bankhurst AD, Roldan CA. Magnetic resonance imaging and brain
histopathology in neuropsychiatric systemic lupus erythematosus. Semin Arthritis Rheum. 2010; 40(1): 32-52.

Cohen D, Koopmans M, Kremer H, |, Berger SF Roos van GM, Steup-Beekman GM, et al. Potential for glomerular C4d
as an indicator of thrombotic microangiopathy in lupus nephritis. Arthritis Rheum. 2008; 58(8): 2460-9.

Chua JS, Baelde HJ, Zandbergen M, Wilhelmus S, van Es LA, de Fijter JW, et al. Complement Factor C4d Is a Common
Denominator in Thrombotic Microangiopathy. ] Am Soc Nephrol. 2015; 26(9): 2239-47.

Pierangeli SS, Girardi G, Vega-Ostertag M, Liu X, Espinola RG, Salmon J. Requirement of activation of complement C3
and C5 for antiphospholipid antibody-mediated thrombophilia. Arthritis Rheum. 2005; 52(7): 2120-4.

Salmon JE, Girardi G, Holers VM. Complement activation as a mediator of antiphospholipid antibody induced pregnancy
loss and thrombosis. Ann Rheum Dis. 2002; 61 Suppl 2:ii46-50.

Noris M, Remuzzi G. Atypical hemolytic-uremic syndrome. N Engl ] Med. 2009; 361 (17): 1676-87.



Chapter 6

22.

23.

24.

25.

26.

27.

28.

29.

30.

31,

32.

33.

34.

35.

36.

37.

38.

39.

40.

Cohen D, Buurma A, Goemaere NN, Girardi G, le Cessie S, Scherjon S, et al. Classical complement activation as a
footprint for murine and human antiphospholipid antibody-induced fetal loss. ] Pathol. 201 I; 225(4): 502-1 I.

Casparie M, Tiebosch AT, Burger G, Blauwgeers H, van de Pol A, van Krieken JH, et al. Pathology databanking and
biobanking inThe Netherlands, a central role for PALGA, the nationwide histopathology and cytopathology data network
and archive. Cell Oncol. 2007; 29(1): 19-24.

Hochberg MC. Updating the American College of Rheumatology revised criteria for the classification of systemic lupus
erythematosus. Arthritis Rheum. 1997; 40(9): 1725.

Tan EM, Cohen AS, Fries JF, Masi AT, McShane DJ, Rothfield NF, et al. The 1982 revised criteria for the classification of
systemic lupus erythematosus. Arthritis Rheum. 1982; 25(1 1): 1271-7.

Mena H, Cadavid D, Rushing EJ. Human cerebral infarct: a proposed histopathologic classification based on 137 cases.
Acta Neuropathol. 2004; 108(6): 524-30.

KumarV, Abbas A, Fausto N, Aster J. Robbins and Cotran Pathologic Basis of Disease. 8th Edition ed. Philadelphia:
Elsevier Inc. 2010.

DeGiorgio LA, Konstantinov KN, Lee SC, Hardin JA, Volpe BT, Diamond B. A subset of lupus anti-DNA antibodies
cross-reacts with the NR2 glutamate receptor in systemic lupus erythematosus. Nat Med. 2001; 7(11): 1 189-93.
Diamond B, Bloom O, Al AbedY, Kowal C, Huerta PT,Volpe BT. Moving towards a cure: blocking pathogenic antibodies
in systemic lupus erythematosus. ] Intern Med. 201 1; 269(1): 36-44.

Faust TW, Chang EH, Kowal C, Berlin R, Gazaryan IG, Bertini E, et al. Neurotoxic lupus autoantibodies alter brain function
through two distinct mechanisms. Proc Natl Acad Sci U S A.2010; 107(43): 18569-74.

Kowal C, DeGiorgio LA, Nakaoka T, Hetherington H, Huerta PT, Diamond B, et al. Cognition and immunity; antibody
impairs memory. Immunity. 2004; 21 (2): 179-88.

Huerta PT, Kowal C, DeGiorgio LA, Volpe BT, Diamond B. Immunity and behavior: antibodies alter emotion. Proc Natl
Acad Sci U S A.2006; 103(3): 678-83.

Kent DL, Haynor DR, Longstreth WT, Jr, Larson EB.The clinical efficacy of magnetic resonance imaging in neuroimaging.
Ann Intern Med. 1994; 120(10): 856-71.

Bosma GPR, Rood M), Huizinga TW, de Jong BA, Bollen EL, van Buchem MA. Detection of cerebral involvement in patients
with active neuropsychiatric systemic lupus erythematosus by the use of volumetric magnetization transfer imaging.
Arthritis Rheum. 2000; 43(1 1): 2428-36.

Ercan E, Ingo C,Tritanon O, Magro-Checa C, Smith A, Smith S, et al. A multimodal MRI approach to identify and charac-
terize microstructural brain changes in neuropsychiatric systemic lupus erythematosus. Neuroimage Clin.2015; 8:337-44.
Fanouriakis A, Pamfil C, Sidiropoulos P, Damian L, Flestea A, Gusetu G, et al. Cyclophosphamide in combination with
glucocorticoids for severe neuropsychiatric systemic lupus erythematosus: a retrospective, observational two-centre
study. Lupus. 2015.

Chapin J,Weksler B, Magro C, Laurence ). Eculizumab in the treatment of refractory idiopathic thrombotic thrombocy-
topenic purpura. Br | Haematol. 2012; 157(6): 772-4.

Barnett AN, Asgari E, Chowdhury P, Sacks SH, Dorling A, Mamode N.The use of eculizumab in renal transplantation.
ClinTransplant. 2013;27(3): E216-29.

Wilson CH, Brown AL, White SA, Goodship TH, Sheerin NS, Manas DM. Successful treatment of de novo posttransplant
thrombotic microangiopathy with eculizumab. Transplantation. 201 I; 92(8): e42-3.

Lapeyraque AL, Malina M, Fremeaux-Bacchi V, Boppel T, Kirschfink M, Qualha M, et al. Eculizumab in severe Shiga-tox-
in-associated HUS. N Engl | Med. 201 |;364(26): 2561-3.



Brain Histopathology in Patients with SLE

41.

42.

Hadaya K; Ferrari-Lacraz S, Fumeaux D, Boehlen FToso C, Moll S, et al. Eculizumab in acute recurrence of thrombotic
microangiopathy after renal transplantation. Am J Transplant. 201 I; 11 (11): 2523-7.
Nester CM, Brophy PD. Eculizumab in the treatment of atypical haemolytic uraemic syndrome and other comple-

ment-mediated renal diseases. Curr Opin Pediatr: 2013; 25(2): 225-31.




