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Background: Lupus pathogenesis is mainly ascribed to increased production
and/or impaired clearance of dead cell debris. Although self-reactive T and B
lymphocytes are critically linked to lupus development, neutrophils, monocytes,
and natural killer (NK) cells have also been implicated. This study assessed
apoptosis-related protein expressions in NK cells of patients with juvenile-
onset systemic lupus erythematosus (jSLE) and relations to disease activity
parameters, nephritis, and neuropsychiatric involvement.

Methods: Thirty-six patients with jSLE, 13 juvenile dermatomyositis (JDM)
inflammatory controls, and nine healthy controls had Fas, FasL, TRAIL, TNFR1,
Bcl-2, Bax, Bim, and caspase-3 expressions in NK cells (CD3-CD16+CD56+)
simultaneously determined by flow cytometry. Disease activity parameters
included Systemic Lupus Erythematosus Disease Activity Index 2000 (SLEDAI-
2K) score, erythrocyte sedimentation rate, C-reactive protein level, anti-double
strain DNA antibody level, complement fractions C3 and C4 levels.

Results: Patients with jSLE had a profile of significantly reduced expression of
TRAIL, Bcl-2, and TNFR1 proteins in NK cells when compared to healthy controls.
Similar profile was observed in patients with jSLE with active disease, positive
anti-dsDNA, nephritis, and without neuropsychiatric involvement. Patients with
JSLE with positive anti-dsDNA also had reduced expression of Bax in NK cells
when compared healthy controls and to those with negative anti-dsDNA. Yet,
patients with jSLE with negative anti-dsDNA had reduced mean fluorescence
intensity (MFI) of Bim in NK cells compared to healthy controls. Patients with jSLE
with nephritis also had reduced MFI of Fas in NK cells when compared to those
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without nephritis. In addition, in patients with jSLE, the proportion of FasL-
expressing NK cells directly correlated with the SLEDAI-2K score (rs = 0.6, p =
0.002) and inversely correlated with the C3 levels (rs = 0.5, p = 0.007).
Moreover, patients with jSLE had increased NK cell percentage and caspase-3
protein expression in NK cells when compared to JDM controls.

Conclusion: This study extends to NK cells an altered profile of TRAIL, Bcl-2,
TNFR1, Fas, FasL, Bax, Bim, and caspase-3 proteins in patients with jSLE,
particularly in those with active disease, positive anti-dsDNA, nephritis, and
without neuropsychiatric involvement. This change in apoptosis-related
protein expressions may contribute to the defective functions of NK cells and,
consequently, to lupus development. The full clarification of the role of NK cells
in JSLE pathogenesis may pave the way for new therapies like those of NK

cell-based.
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1 Introduction

Juvenile-onset systemic lupus erythematosus (JSLE) is a
multisystem autoimmune disorder with a relapsing-remitting course,
a high risk of nephritis and neuropsychiatric involvement, a more
active disease, and an increased mortality ratio when compared to adult
SLE (1). There is evidence that jSLE has stronger genetic background
and interferon (IFN) signature (1-3). Although self-reactive T and B
lymphocytes are critically linked to lupus development, others cells as
neutrophils, monocytes, and natural killer (NK) cells have also been
implicated (1, 4-6). Lupus pathogenesis is mainly ascribed to increased
production and/or inefficient removal of dead cell debris (1, 4, 7-12). In
this regard, our group demonstrated that patients with jSLE have
altered expressions of the apoptosis-related proteins Fas and Bcl-2 in
lymphocytes and monocytes, as well as altered sFas, STRAIL, sFasL,
and sMer levels, which related to disease activity and/or nephritis
(13-17).

NK are innate, CD3-negative, cells that comprise 5% to 15% of
peripheral blood mononuclear components and lack antigen
specificity (5). NK cells detect and have critical cytolytic effector
role in response to intracellular pathogens and transformed or
stressed cells (5). NK cell cytotoxicity is regulated by a series of
cytokines including IFN-o and IFN-y (5, 18). Moreover, NK cell
release of cytokines modulates not only the innate immune
response but also the proliferation of helper T cells (5). Therefore,
NK cell actions must be carefully regulated to prevent: 1.
inappropriate apoptosis and tissue damage, 2. augmented
cytokine release, 3. dysregulated adaptive immune response, and
4. persistent T-cell activation (5, 18). The best characterized
inhibitory and activating receptors in NK cells are those of the
NKG2, NCRs, and the KIR families, whereas the receptors related to
apoptosis are poorly understood (5, 18).
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Studies show a reduced absolute number and frequency of NK
cells as well as impaired cytotoxic effect and defects of NK
differentiation in SLE and other autoimmune diseases (5, 19-21).
In addition, altered proportions of NK cells have been related to
lupus nephritis, thrombocytopenia, and disease activity (19, 20, 22,
23). Defective NK cell cytolysis was also observed in jSLE (22).
Furthermore, depletion of NK cells in mice led to the development
of autoantibody-secreting B lymphocytes (5, 18, 24).

Reports evaluating apoptosis-related proteins in NK cells are
sparse (5, 18, 25). One study showed increased FasL expression in
NK cells of adult patients with SLE, and another reported higher Fas
expression by NK cells of multiple sclerosis patients (26, 27).

Therefore, this study simultaneously assessed the expression of
both inducing (Fas, TRAIL, TNFRI1, Bax, and Bim) and inhibitory
(Bcl-2) apoptosis-related proteins from the extrinsic (Fas, FasL,
TRAIL, and TNFR1), the intrinsic (Bcl-2, Bax, and Bim), and the
caspase-dependent (caspase-3) pathways in peripheral NK cells of
patients with jSLE and investigated the relations with disease
activity parameters, nephritis and neuropsychiatric involvement.

2 Methods
2.1 Patients and controls

Patients and controls were consecutively included in this cross-
sectional study, comprising 36 patients with jSLE, 13 juvenile
dermatomyositis (JDM) inflammatory controls, and nine sex- and
age-matched non-related children without inflammatory and/or
autoimmune disease (healthy controls). All patients and controls
were followed at the hospital pediatric rheumatology unit. Informed
assent/consent was obtained from parents and participants after
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approval by the local ethics committee. All patients fulfilled
respective classification criteria and were younger than 18 years at
disease onset (28-30). On enrollment, individuals with suspicion of
infection were excluded.

Medical records were revised for patients’ demographic,
clinical, laboratory, and current treatment data. Nephritis and
neuropsychiatric involvement were defined according to lupus
criteria (28, 29). Disease activity parameters included erythrocyte
sedimentation rate (ESR; by Westergren method), C-reactive
protein level (CRP; by nephelometry), complement fractions C3
and C4 levels (by nephelometry), anti-dsDNA antibody level (by
Enzyme-linked Immunosorbend Assay (ELISA) assay), and the
Systemic Lupus Erythematosus Disease Activity Index 2000
(SLEDAI-2K) score (31). Arbitrarily, the active disease was
defined as SLEDAI-2K score > 4. Patients and controls data are
described in the Supplementary Table.

2.2 Staining reagents

The following surface and intracellular monoclonal anti-human
antibodies were used: PE-Cy7 anti-CD3, APC anti-CD56, PERCP
anti-CD56, APC-Cy7 anti-CD16, V450 anti-Fas/CD95, PE anti-
FasL, APC anti-TRAIL, PERCP anti-TNFR1/CD120, V450 anti-
Bcl-2, FITC anti-Bax, PE anti-Bim, and FITC anti-caspase-3.
Isotype controls were included in all experiments (PERCP IgGl,
FITC IgGl, PE IgGl1, and V450 IgG1).

2.3 NK cell preparation

Immediately after peripheral venous blood was collected in
EDTA tubes, 0.5 ml was placed in each tube containing lysis buffer
(BD Lysing buffer) for 30 min at room temperature. Cells were then
washed two times and resuspended in a staining buffer to obtain 2 x
10 (6) cells in 100 pL. The cell suspension was placed in a 96-well
plate, and 100 pL of diluted membrane antibodies (CD3, CD56,
CD16, Fas, FasL, TRAIL, and TNFR1/CD120) were added and
incubated for 30 min at 4°C in dark. The plate was washed, the
supernatant was discarded by inversion, and cells were resuspended
in 300 UL of staining buffer. For intracellular staining, 100 puL of
Cytofix/Cytoperm was added per well and incubated for 30 min at
4°C in dark. Afterward, 100 UL of PBS was added and centrifuged at
1,200 rpm at 4°C for 5 min, and 130 pL of 1% paraformaldehyde
PBS 0.5% Tween 20 was added and incubated for 30 min at room
temperature in dark. Then, 100 uL of diluted intracellular
antibodies (Bcl-2, Bax, Bim, and caspase-3) were added and
incubated for 2 h at room temperature in dark. After washing,
cells were resuspended in 300 pL of staining buffer.

2.4 Flow cytometry analysis
The eight-color analysis was performed with the FACS LRS II

Fortessa flow cytometer (BD Biosciences) and the Flow]oTM. NK cell
proportions were determined in the lymphocyte gate. To exclude T
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cells and monocytes, NK cells were analyzed by the selection
of CD3-negative cells. NK cells were detected on the CD16 versus
CD56 expression plot. This gating strategy detected double-positive
CD16+ CD56+ NK cells. Considering that classifying NK cells
into CD56™ or CD56"¢" subsets does not necessarily define the
functional phenotype in different physiological settings (5), we
chose not to assess the NK cell subpopulations. Apoptosis-related
protein expressions are shown by percentages of NK cells
expressing the respective protein and by the relative quantitative
densities of each protein in the NK cells measured as mean
fluorescence intensity (MFI). Representatives gating strategy and
flow cytometry for each apoptosis-related protein expression in NK
cells of the three groups are shown in the Supplementary Figure.

2.5 Statistical analysis

According to data normality, tested by the D’Agostino-Pearson
normality test, group comparisons were performed using the
nonparametric KruskalWallis test, with Dunn’s multiple comparisons
post-hoc test. Continuous variables were correlated using Spearman’s
rank test. Analyses were carried out using GraphPad Prism version 7.0
Software for Windows (GraphPad Software Inc., San Diego, CA, USA).
Data are shown as number and percentage or as mean * standard
deviation (SD) or as median and range. Only non-zero expression
results were included in the analysis. All statistical tests were performed
considering a significant level of p < 0.05.

3 Results

3.1 Demographic, clinical, and disease
activity features from patients and controls

The 36 patients with jSLE (31 girls) had median age upon
enrollment of 15.8 years, median disease duration of 4.6 years, and
median age at disease onset of 10.9 years. Twenty-nine patients with
jSLE had nephritis, and 37.9% underwent renal biopsy. Nine patients
with jSLE had neuropsichiatric involvement. In terms of disease
activity, 11 (30.6%) patients with jSLE had SLEDAI-2K score > 4, and
19 patients had SLEDAI-2K score equal to zero. The median
SLEDAI-2K score was zero, median ESR was 20.5 mm/h, median
CRP was 0.9 mg/dL, and median anti-dsDNA antibody level was 46.4
IU/mL. Twenty-three patients with jSLE had positive anti-dsDNA.
All patients with jSLE were taking hydroxychloroquine associated
with one or more of azathioprine, mycophenolate mofetil,
methotrexate, cyclosporine, and prednisone. Fifteen (41.7%)
patients with jSLE were taking prednisone. The 13 patients with
JDM (eight girls) had median age upon enrollment of 14.4 years,
median disease duration of 5.6 years, and median age at disease onset
of 6.9 years. JDM controls had median ESR of 13.0 mm/h and median
CRP of 3.4 mg/dL. Five (38.5%) patients with JDM were taking
prednisone. The nine healthy controls (eight girls) had median age
upon enrollment of 14.2 years, median ESR of 8.5 mm/h, and median
CRP of 0.3 mg/dL. Additional patients and controls data are
summarized in the Supplementary Table.
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3.2 Frequency of peripheral NK cells

NK cell percentage differed comparing the three groups (p =
0.03). Then, patients with jSLE had significantly increased NK cell
percentage when compared to JDM controls [median: 10.5% (range:
1.5-28.8) vs. median: 6.5% (range: 0.5-20.3), p = 0.04], whereas NK
cell percentage of patients with jSLE was like healthy controls
[median: 10.5% (range: 1.5-28.8) vs. median: 11.1% (range: 4.2-
26.7), p = 0.9], as shown in Figure 1.

3.3 Expressions of apoptosis-
related proteins

Patients with jSLE had significantly reduced proportions of
TRAIL [median: 12.6% (range: 0.2-100.0) vs. median: 51.9% (range:
20.3-76.3), p = 0.03] and Bcl-2-expressing NK cells [median: 80.0%
(range: 1.0-100.0) vs. median: 94.8% (range: 87.6-100.0), p = 0.04]
as well as reduced density of TNFRI protein in NK cells [median
MFI: 343.0 (180.0-3,346.0) vs. median MFI: 886.0 (337.0-3,532.0),
p = 0.02] when compared to healthy controls. Patients with jSLE
also had significantly increased density of caspase-3 protein in NK
cells [median MFI: 325.0 (range: 186.0-12,200.0) vs. median MFI:
529.0 (range: 42.0-2,157.0), p=0.04] when compared to JDM
controls, as shown in Figures 1, 2. Yet, when comparing the three
groups, no difference of apoptosis-related protein expression was
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pointed between patients with JDM and healthy controls. Thus, we
hypothesize whether the altered apoptosis-related protein
expressions of patients with jSLE could differ according to disease
activity or the clinical manifestation.

3.4 Relations with disease
activity parameters

Patients with jSLE with active disease (SLEDAI-2K score > 4)
had significantly reduced proportion of TRAIL [median: 5.4%
(range: 0.8-22.5) vs. median: 51.9% (range: 20.3-76.3), p = 0.04]
and Bcl-2-expressing NK cells [median: 78.8% (range: 1.0-97.8) vs.
median: 94.8% (range: 87.6-100.0), p = 0.04] when compared to
healthy controls. Patients with jSLE with inactive disease had
significantly reduced proportion of Bcl-2-expressing NK cells
[median: 81.9% (range: 2.5-100.0 vs. median: 94.8% (range: 87.6-
100.0), p = 0.01] as well as reduced MFI of TNFR1 protein in NK
cells [median MFI: 282.0 (180.0-3,346.0) vs. median MFI: 886.0
(337.0-3,532.0), p = 0.02] when compared to healthy controls.
Patients with jSLE with active disease had similar NK cell
percentage when compared to healthy controls [median: 9.6%
(range: 1.5-24.3) vs. median: 11.1% (range: 4.2-26.7), p = 0.2].
Moreover, in patients with jSLE, the proportion of FasL-expressing
NK cells directly correlated with the SLEDAI-2K score (rs = 0.6, p =
0.002) and inversely correlated with the C3 levels (rs = 0.5, p =
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Percentage of NK cells and proportions of apoptosis-related proteins in NK cells of patients with juvenile-onset systemic lupus erythematosus (jSLE),
juvenile dermatomyositis (JDM) inflammatory controls, and healthy controls. Results presented as median, range, and 25th—75th percentiles. p*

represents the three group comparisons, and p shows the adjusted values.
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comparisons, and p shows the adjusted values.
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NK cells [median: 97.8% (range: 1.3-100.0) vs. median: 100.0%
(range: 97.5-100.0), p = 0.02] when compared to those with
negative anti-dsDNA. Yet, patients with jSLE with negative anti-
dsDNA had significantly reduced MFI of Bim protein in NK cells
[median MFI: 549.0 (2.9-16,600.0) vs. median MFI: 1,414.0 (428.0—
2,136.0), p = 0.04] when compared to healthy controls. Patients
with jSLE with positive anti-dsDNA had similar NK cell percentage
when compared to healthy controls [median: 10.2% (range: 3.6-
28.8) vs. meidan: 11.1% (range: 4.2-26.7), p = 0.7]. Significant
comparisons are shown in Figure 3. Intriguingly, anti-dsDNA
levels did not correlate either with apoptosis-related protein
proportions or densities (data not shown).

3.5 Relations with nephritis

Patients with jSLE with nephritis had significantly reduced
proportion of TRAIL [median: 13.3% (range: 0.8-98.3) vs.
median: 51.9% (range: 20.3-76.3), p = 0.02] and Bcl-2-expressing
NK cells [median: 81.8% (range: 1.0-100.0) vs. median: 94.8%
(range: 87.6-100.0), p = 0.01] as well as reduced MFI of TNFR1
protein in NK cells [median MFI: 343.0 (206.0-3,346.0) vs. median
MFI: 886.0 (337.0-3,532.0), p = 0.03] when compared to healthy
controls, and reduced MFI of Fas protein in NK cells [median MFI:
603.0 (113.0-3,072.0) vs. median: 989.0 (618.0-2,355.0), p = 0.04]
when compared to those without nephritis. Patients with jSLE
without nephritis had significantly reduced proportion of Bcl-2-
expressing NK cells [median: 70.7% (range: 5.0-95.8) vs. median:
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94.8% (range: 87.6-100.0), p = 0.04] when compared to healthy
controls. Patients with jSLE with nephritis had similar NK cell
percentage when compared to healthy controls [median: 10.2%
(range: 1.5-24.3) vs. median: 11.1% (range: 4.2-26.7), p = 0.5].
Significant comparisons are shown in Figure 4.

3.6 Relations with
neuropsychiatric involvement

Patients with jSLE without neuropsychiatric involvement had
significantly reduced proportion of TRAIL [median: 14.5% (range:
0.2-98.3) vs. median: 51.9% (range: 20.3-76.3), p = 0.03] and Bcl-2-
expressing NK cells [median: 79.4% (range: 1.0-100.0) vs. median:
94.8% (range: 87.6-100.0), p = 0.03] as well as reduced density of
TNEFRI protein in NK cells [median MFI: 303.0 (180.0-3,346.0) vs.
median MFI: 886.0 (337.0-3,532.0), p = 0.02] when compared to
healthy controls. Patients with jSLE with neuropsychiatric
involvement had similar NK cell percentage when compared to
healthy controls [median: 11.8% (range: 3.9-16.8) vs. 11.1% (range:
4.2-26.7), p = 0.8]. Significant comparisons are shown in Figure 4.

3.7 Relations with corticosteroid treatment

Fifteen (41.7%) patients with jSLE and 5 (38.5%) patients with
JDM were taking prednisone. We performed this analysis to clarify
possible confounding caused by treatment. NK cell percentage and
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apoptosis-related protein expressions did not differ when
comparing the five groups as well as when comparing patients
with JDM taking or not prednisone and healthy controls (data not
shown). Otherwise, patients with jSLE taking prednisone had
significantly reduced proportions of Bcl-2-expressing NK cells
[median: 81.5% (range: 1.0-97.8) vs. median: 94.8% (87.6-100.0),
p = 0.02] and reduced density of TNFR1 protein in NK cells
[median: MFI 337.5 (257.0-1,061.0) vs. median MFI: 886.0
(337.0-3,532.0), p = 0.03] when compared to healthy controls as
well as increased density of Bim protein in NK cells [median MFI:
1,182.0 (761.0-16,600.0) vs. median MFI: 643.0 (2.9-8,411.0) p =
0.04] when compared to those not taking prednisone. Patients with
jSLE not taking prednisone had significantly reduced proportion of
Bcl-2-expressing NK cells [median: 80.0% (range: 2.5-100.0 vs.
median: 94.8% (range: 87.6-100.0), p = 0.03] and reduced MFI of
Bim protein in NK cells [median MFL: 643.0 (2.9-8,411.0) vs.
median MFI: 1,414.0 (428.0-2,136.0), p = 0.03] when compared
to healthy controls. Patients with jSLE taking prednisone had NK
cell percentage similar to healthy controls [median: 10.2% (range:
1.5-20.9) vs. median: 11.1% (range: 4.2-26.7), p=0.5]. Significant
comparisons are shown in Figure 4.

4 Discussion

To the best of our knowledge, this is the first study to
simultaneously assess the expression of eight apoptosis-related
proteins in NK cells of patients with jSLE. We found that NK
cells of patients with jSLE have a profile characterized by reduced
TRAIL, Bcl-2, and TNFR1 expressions when compared to those of
healthy controls and increased caspase-3 expression when
compared to those of JDM controls. Reduced TRAIL and Bcl-2
expressions were also observed in patients with jSLE with active
disease. In addition, FasL expression correlated directly with the
SLEDAI-2K score and inversely with C3 levels. Reduced TRAIL,
Bcl-2, TNFRI1, and Bax expressions were observed in patients with
positive anti-dsDNA. Otherwise, patients with jSLE with negative
anti-dsDNA had reduced Bim expression. Reduced TRAIL, Bcl-2,
TNFRI1, and Fas expressions occurred in patients with nephritis.
Moreover, reduced TRAIL, Bcl-2, and TNFR1 expressions were also
observed in patients without neuropsychiatric involvement. Yet,
patients with jSLE had the frequency of NK cells similar to healthy
controls and increased when compared to JDM controls.

The development of jSLE has been linked to changes in the
expression of proteins involved in apoptosis, such as Fas and Bcl-2,
in lymphocytes, monocytes, and neutrophils (7-10, 13-17). This
raises the question of whether other proteins or cells involved in
apoptosis could also play a role in jSLE pathogenesis. This study
found that the profile of apoptosis-related proteins in patients with
jSLE is complex; includes other proteins like TRAIL, TNFRI, FasL,
Bax, Bim, and caspase-3, as well as other cells like NK cells; and
diverge according to disease activity and the organ involved.

The protective role of NK cells in autoimmunity has been
related to its downregulation of autoreactive adaptive immune
responses (5, 18). In this way, NK cell numeric and/or functional
defects have been observed in patients with autoimmune diseases
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(5, 20, 21, 27). Phenotypic alterations, such as increased CD69 and
CD86 expressions in patients’ NK cells, suggest a dysfunctional state
(5). However, the mechanisms supporting these abnormalities are
still not definitive (5). Studies demonstrated the accumulation of
NK cells in affected tissues of autoimmune patients, indicating a
possible dysregulated NK cell apoptosis (5, 18). NK cells induce
apoptosis of target cells via the caspase-dependent pathway linking
up FasL, TNF, and TRAIL receptors (5, 18, 25). Another way, the
NK cells’ apoptosis is mediated by both Fas—FasL interactions and
via CD16 engagement (18, 25). In fact, all these apoptosis-related
protein expressions were, herein, observed to be altered in patients
with jSLE.

Studies evaluating the absolute number and frequency of NK cells
in patients with lupus are still controversial (5, 19, 26). This study
shows that patients with jSLE have an increased percentage of NK cells
when compared to JDM controls. We speculate whether the altered
expressions of apoptosis-related proteins observed herein may be
influencing the result of the number of NK cells reported by
different studies. We also reflect the similar percentage of NK cells
among patients with jSLE, and healthy controls could not be attributed
to for not discriminating NK cells CD56%™ from CD56” 8™ subset (5,
23, 32). Nonetheless, according to our results, the similar percentage of
NK cells of patients with jSLE and healthy controls cannot be attributed
to disease activity or prednisone treatment.

NK cells from patients with lupus also present altered functions,
namely. defective cytolysis (5, 20, 22, 23). This study did not directly
analyze NK cells’ cytolysis. However, we speculate whether the
killing defect of NK cells may be related to the reduced expressions
of apoptosis-related proteins observed herein because it could not
be entirely explained by cytokines production in an earlier
study (20).

Previous studies report constitutively lower Fas, FasL, and Bcl-2
expressions in freshly isolated NK cells when compared to those in
T lymphocytes (5, 18, 25). We observed herein that patients with
jSLE had Fas and FasL expressions similar to controls, as well as
reduced TRAIL and Bcl-2 expressions. These findings diverge from
our previous observations of increased expressions in helper and
cytotoxic T cells and B lymphocytes and reduced expressions in
monocytes (13-15). These remarks also contrast with the higher Fas
expression in NK cells of multiple sclerosis patients (27). In line, it is
diverse of the significantly increased soluble Fas levels in the serum
of patients with jSLE (16).

TRAIL is an apoptosis-inducing ligand by interacts with its
death receptors DR4 and DR5 in monocytes, lymphocytes, and NK
cells (5, 18, 33). The reduced proportion of TRAIL-expressing NK
cells in patients with jSLE observed herein contrasts with previous
results of increased TRAIL-expressing T lymphocytes, TRAIL
mRNA expression levels, and soluble TRAIL levels reported in
both patients with adult SLE and patients with jSLE (16, 33, 34).
This finding suggests a decreased TRAIL-mediated apoptosis and,
as a consequence, an impaired cytolysis of autoreactive cells.

As for TRAIL protein, Fas/FasL interactions are essential for
activated and autoreactive immune cell deletion (7). One study
showed that even patients with jSLE with inactive disease persist
with cytolytic defects in NK cells (22). We doubt if this defect is
related to Fas/FasL pathway because we observed their expressions
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in jSLE NK cells were like the healthy controls. Otherwise, a reduced
expression of Fas occurred in patients with nephritis. Yet, the
correlations between the proportion of FasL-expressing in NK
cells and the SLEDAI score and C3 levels are in line with a
previous report in adult SLE, which observed similar Fas and
increased FasL expressions in NK cells of patients with active
disease (26). In addition, we anteriorly observed reduced sFasL
levels in patients with jSLE (16). Moreover, based on a previous
study, we could speculate whether the not increased Fas-expressing
NK cells may define an NK1-like phenotype in jSLE (24).

Mice lacking Bcl-2 have lymphocytes abnormally susceptible to
a range of death stimuli (35). NK cells constitutively expressed low
levels of Bcl-2 (5, 18, 25). Although, in this study, Bcl-2 proportions
and MFI have greatly varied, the reduced proportion of Bcl-2-
expressing NK cells may favor the apoptosis rate and lead to an
overflow of phagocytes with apoptotic bodies. Nonetheless, this
result differs from previous ones that observed increased Bcl-2
expressions in T and B lymphocytes of patients with jSLE (13-15).

Bim and Bax’s relevance to autoimmune diseases was first
shown by Bim knockout mice that accumulated plasma cells and
developed high titers of autoantibodies, vasculitis, and diffuse
proliferative glomerulonephritis with immune complex deposition
similar to SLE (34). Otherwise, single Bax knockout mice are
essentially normal, which demonstrated its largely overlapping
functions with Bak (34). Additional knockout mice studies
demonstrated that the absence of Bcl-2 increases cell dying due to
unopposed action of Bim, whereas concomitant removal of Bim
abrogates this effect (35). Interestingly, patients with jSLE with
positive anti-dsDNA had a significantly reduced proportion of Bax-
expressing NK cells when compared to both healthy controls and
patients with negative anti-dsDNA. Yet, patients with jSLE with
negative anti-dsDNA had significantly reduced density of Bim
protein in NK cells when compared to healthy controls. These
findings open a new avenue in understanding the role of Bax, its
balance with Bim, Bak, and Bcl-2 in lupus development, as well as of
possible biomarkers of disease activity.

In NK cells, the caspase-3—-dependent pathway can be activated
not only by the extrinsic and intrinsic pathways but also by
granzymes (5, 18). Caspase-3, FasL, and Bax expressions were
reported to be high in lupus nephritis, especially caspase-3 and
Bax in glomeruli of class IV (36). The present study shows that
patients with jSLE have an increased density of caspase-3 protein in
NK cells compared to JDM controls, although the same was not
observed in patients with nephritis. Thus, the real role of caspase-3
in lupus pathogenesis still needs to be clarified.

Patients with jSLE with active disease had the lowest median
proportion of TRAIL-expressing NK cells and those with positive
anti-dsDNA had the lowest median proportion of Bcl-2-expressing
NK cells. Moreover, patients with jSLE with positive anti-dsDNA
had reduced TRAIL, Bax, and TNFRI1 expressions in NK cells.
Furthermore, the proportion of FasL-expressing NK cells correlated
with the SLEDAI score and C3 levels. These findings put TRAIL,
Bcl-2, Bax, and TNFR1 expressions in NK cells as also good
candidates for future biomarkers for monitoring disease activity.

To shed light on the role of NK cells in lupus clinical features,
we related apoptosis protein expressions with the manifestations
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with higher risk of morbidity and mortality. Although nephritis is
one of the most serious manifestations of jSLE, it still does not have
an ideal biomarker to detect early renal flare (1, 4). In this study,
patients with jSLE with nephritis had reduced TRAIL, Bcl-2,
TNFRI, and Fas expressions in NK cells when compared to
healthy controls and to those without nephritis, confirming the
great imbalance of the apoptosis process in patients with jSLE with
nephritis, which favors disease development and maintenance. One
or more of these protein expressions may be considered as possible
nephritis flare biomarkers, mainly Bcl-2 that had the lowest
proportion in patients with positive anti-dsDNA. Furthermore,
patients with jSLE without neuropsychiatric involvement had
reduced proportions of TRAIL and Bcl-2-expressing NK cells
that may reflect the whole group results or suggest a protective
role of these proteins to the central nervous system, an aspect to be
better clarified.

A stronger genetic predisposition is observed in patients with early-
onset (< 6 years of age) jSLE (1-4, 37). Nonetheless, the three patients
with early-onset jSLE and the 6 patients with prepubertal disease onset
(< 8 years of age) had apoptosis-related protein expressions similar to
the whole group (data not shown) precluding additional analyses.

Corticosteroids and immunosuppressive drugs can modify both
membrane and cytoplasmic expressions of apoptosis-related proteins
(7-10). Thus, drug therapy interference with the observed altered
expressions may not be completely ruled out. In this regard, patients
with jSLE taking prednisone had results of apoptosis-related protein
proportions and densities similar to the whole group, suggesting that
either these were potentially influenced by the treatment or reflected
the findings of active patients in need of treatment. Therefore,
prospective studies on drug influence on NK cell number and/or
functions are still required.

This study has some unavoidable limitations such as the single-
center design, the limited sample size, its cross-sectional nature, not
having the opportunity to study other apoptosis-related proteins
expressed by NK cells as TWEAK and Bid, and not assessing them
locally in the tissues, particularly in the kidney. In addition,
apoptosis-related protein expressions displayed a high variation of
proportions and MFI, which may reflect the complex scenario of
analyzing NK cell phenotype.

Lastly, our findings in NK cells reinforce the importance of
determining apoptosis-related protein expressions in jSLE and not
extrapolating adult SLE results. In addition to this, the reduced TRAIL,
Bcl-2, TNFR1, and Fas expressions in patients with nephritis favor the
hypothesis that the disrupted balance of apoptosis proteins may result
in increased death of both activated NK and target cells, leading to a
greater offer of apoptotic bodies to the immune system. However, this
same disrupted balance may result in abnormal longevity of
autoreactive NK cells and, consequently, a tolerance disorder.
Moreover, the dysregulated apoptosis process, observed in patients
with jSLE, appears not to be limited to a particular cell type, because
altered expressions of distinct apoptosis-related proteins have been
observed in helper and cytotoxic T cells, B cells, monocytes, and,
herein, NK cells (13-17). Furthermore, it is possible that apoptotic
proteins are not primarily defective in jSLE, but rather the autoimmune
process modifies their expressions and, then, the activated apoptotic
mechanism contributes to disease development.
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5 Conclusion

This study extends to NK cells an altered profile of TRAIL, Bcl-
2, TNFR1, Fas, FasL, Bax, Bim, and caspase-3 proteins in patients
with jSLE, particularly in those with active disease, positive anti-
dsDNA, nephritis, and without neuropsychiatric involvement. This
change in apoptosis-related protein expressions may contribute to
the defective functions of NK cells and, consequently, to lupus
development. The full clarification of the role of NK cells in jSLE
pathogenesis may pave the way for new therapies like those of NK
cell-based.

Data availability statement

The original contributions presented in the study are included
in the article/Supplementary Material. Further inquiries can be
directed to the corresponding author.

Ethics statement

The studies involving humans were approved by Instituto da
Crian¢a and Hospital das Clinicas ethics committee. The studies
were conducted in accordance with the local legislation and
institutional requirements. Written informed consent for
participation in this study was provided by the participants’ legal
guardians/next of kin.

Author contributions

BL: Conceptualization, Data curation, Formal Analysis,
Funding acquisition, Investigation, Project administration,
Writing - original draft, Writing — review & editing. SS: Data
curation, Methodology, Writing — original draft. PP: Data curation,
Formal Analysis, Methodology, Writing - original draft. CS:
Conceptualization, Investigation, Writing - original draft. C-GS:
Conceptualization, Data curation, Investigation, Writing — original
draft. MC-S: Conceptualization, Funding acquisition, Investigation,
Writing - original draft.

References

1. Smith EMD, Lythgoe H, Midgley A, Beresford MW, Hedrich CM. Juvenile-onset
systemic lupus erythematosus: update on clinical presentation, pathophysiology and
treatment options. Clin Immunol. (2019) 209:108274. doi: 10.1016/j.clim.2019.108274

2. Carneiro-Sampaio M, Liphaus BL, Jesus AA, Silva CAA, Oliveira JB, Kiss MH.
Understanding systemic lupus erythematosus physiopathology in the light of primary
immunodeficiencies. J Clin Immunol. (2008) 28:S34-41. doi: 10.1007/s10875-008-
9187-2

3. Liphaus BL, Caramalho I, Rangel-Santos A, Silva CA, Demengeot ], Carneiro-
Sampaio MMS. LRBA deficiency: a new genetic cause of monogenic lupus. Ann Rheum
Dis. (2020) 79:427-8. doi: 10.1136/annrheumdis-2019-216410

4. Smith EMD, Lythgoe H, Hedrich CM. Current views on lupus in children. Curr
Opin Rheumatol. (2022) 34:1-14.

Frontiers in Immunology

10.3389/fimmu.2024.1327255

Funding

The author(s) declare that financial support was received for the
research, authorship, and/or publication of this article. Fundagéo de
Amparo a Pesquisa do Estado de Sao Paulo (FAPESP) grants 2012/
22997-4 and 2008/58238-4.

Acknowledgments

Authors thank all patients and volunteers for their kind
participation. The authors also thank Fernanda Andrade
Macaferri da Fonseca Nunes and Andreia Rangel-Santos for
helping with sample storage and processing.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

The author(s) declared that they were an editorial board
member of Frontiers, at the time of submission. This had no
impact on the peer review process and the final decision.

Publisher’'s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fimmu.2024.1327255/
full#supplementary-material

5. Yang Y, Day J, Souza-Fonseca-Guimaraes F, Wicks IP, Louis C. Natural killer cells in
inflammatory autoimmune diseases. Clin Transl Immunol. (2021) 10:e1250. doi: 10.1002/cti2.1250

6. Midgley A, McLaren Z, Moots RJ, Edwards SW, Beresford MW. The role of
neutrophil apoptosis in juvenile-onset systemic lupus erythematosus. Arthritis
Rheumatol. (2009) 60:2390-401. doi: 10.1002/art.24634

7. Herrmann M, Voll RE, Zoller OM, Hagenhofer M, Ponner BB, Kalden JR.
Impaired phagocytosis of apoptotic cell material by monocyte-derived macrophages
from patients with systemic lupus erythematosus. Arthritis Rheumatol. (1998) 41:1241—
50. doi: 10.1002/(ISSN)1529-0131

8. Liphaus BL, Bittencourt Kiss MH. The role of apoptosis proteins and complement
components in the etiopathogenesis of systemic lupus erythematosus. Clinics. (2010)
65:327-33. doi: 10.1590/S1807-59322010000300014

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fimmu.2024.1327255/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2024.1327255/full#supplementary-material
https://doi.org/10.1016/j.clim.2019.108274
https://doi.org/10.1007/s10875-008-9187-2
https://doi.org/10.1007/s10875-008-9187-2
https://doi.org/10.1136/annrheumdis-2019-216410
https://doi.org/10.1002/cti2.1250
https://doi.org/10.1002/art.24634
https://doi.org/10.1002/(ISSN)1529-0131
https://doi.org/10.1590/S1807-59322010000300014
https://doi.org/10.3389/fimmu.2024.1327255
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Liphaus et al.

9. Jung J-Y, Suh C-H. Incomplete clearance of apoptotic cells in systemic lupus
erythematosus: pathogenic role and potential biomarker. Int ] Rheum Dis. (2015)
18:294-303. doi: 10.1111/1756-185X.12568

10. Munoz LE, van Bavel C, Franz S, Berden ], Herrmann M, van der Vlag J.
Apoptosis in the pathogenesis of systemic lupus erythematosus. Lupus. (2008) 17:371-
5. doi: 10.1177/0961203308089990

11. Jesus AA, Liphaus BL, Silva CA, Bando SY, Andrade LE, Coutinho A, et al.
Complement and antibody primary immunodeficiency in juvenile systemic lupus
erythematosus patients. Lupus. (2011) 20:1275-84. doi: 10.1177/0961203311411598

12. Liphaus BL, Umetsu N, Jesus AA, Bando SY, Silva CA, Carneiro-Sampaio M.
Molecular characterization of the complement Clq, C2 and C4 genes in Brazilian
patients with juvenile systemic lupus erythematosus. Clinics. (2015) 70:220-7.
doi: 10.6061/clinics/2015(03)12

13. Liphaus BL, Kiss MHB, Carrasco S, Goldenstein-Schainberg C. Increased Fas
and Bcl-2 expression on peripheral blood T and B lymphocytes from juvenile-onset
systemic lupus erythematosus, but not from juvenile rheumatoid arthritis and juvenile
dermatomyositis. Clin Dev Immunol. (2006) 13:283-7. doi: 10.1080/
17402520600877786

14. Liphaus BL, Bittencourt Kiss MH, Carrasco S, Goldenstein-Schainberg C. Increased
Fas and Bcl-2 expression on peripheral mononuclear cells from patients with active
juvenile-onset systemic lupus erythematosus. ] Rheumatol. (2007) 34:1580-4.

15. Liphaus BL, Kiss MHB, Carrasco S, Goldenstein-Schainberg C. Reduced
expressions of Fas and Bcl-2 proteins in CD14+ monocytes and normal CD14
soluble levels in juvenile systemic lupus erythematosus. Lupus. (2013) 22:940-7.
doi: 10.1177/0961203313496300

16. Liphaus BL, Kiss MHB, Carrasco S, Palmeira P, Goldenstein-Schainberg C,
Carneiro-Sampaio M. Increased serum sFas, sSTRAIL, and reduced sFasL in juvenile-
onset systemic lupus erythematosus. Clin Rheumatol. (2017) 36:2847-52. doi: 10.1007/
510067-017-3615-8

17. Liphaus BL, Lima L, Palmeira P, Silva CA, Goldenstein-schainberg C, Carneiro-
Sampaio M. Increased sMer, but not sAxl, sTyro3, and Gas6 relate with active disease in
juvenile systemic lupus erythematosus. Clin Rheumatol. (2019) 39:509-14.
doi: 10.1007/s10067-019-04799-5

18. Ramirez-Labrada A, Pesini C, Santiago L, Hidalgo S, CalvoPérez A, Onate C,
et al. All about (NK cell-mediated) death in two acts and unexpected encore: initiation,
execution and activation of adaptive immunity. Front Immunol. (2022) 13:896228.

19. Erkeller-Yuksel FM, Lydyard PM, Isenberg DA. Lack of NK cells in lupus
patients with renal involvement. Lupus. (1997) 6:708-12. doi: 10.1177/
096120339700600905

20. Park YW, Kee SJ, Cho YN, Lee EH, Lee HY, Kim EM, et al. Impaired
differentiation and cytotoxicity of natural killer cells in systemic lupus
erythematosus. Arthritis Rheumatol. (2009) 60:1753-63. doi: 10.1002/art.24556

21. Li T, Gao N, Cui W, Zhao L, Pan L. Natural killer cells and their function in
Takayasu’s arteritis. Clin Exp Rheumatol. (2020) 38:584-90.

22. Yabuhara A, Yang FC, Nakazawa T, Iwasaki Y, Koike K, Kawai H, et al. A killing
defect of natural killer cells as an underlying immunologic abnormality in childhood
systemic lupus erythematosus. ] Rheumatol. (1996) 23:171-7.

Frontiers in Immunology

10

10.3389/fimmu.2024.1327255

23. Henriques A, Teixeira L, Inés L, Carvalheiro T, Gongalves A, Martinho A, et al.
NK cells dysfuntion in systemic lupus erythematosus: relation to disease activity. Clin
Rheumatol. (2013) 32:805-13. doi: 10.1007/s10067-013-2176-8

24. Takeda K, Dennert G. The development of autoimmunity in c57bl/6 Ipr mice
correlates with the disappearance of natural-killer type-1-positive cells - evidence for their
suppressive action on bone-marrow stem-cell proliferation, b-cell immunoglobulin secretion,
and autoimmune symptoms. J Exp Med. (1993) 177:155-64. doi: 10.1084/jem.177.1.155

25. Ortaldo JR, WinklerPickett RT, Nagata S, Ware CF. Fas involvement in human
NK cell apoptosis: Lack of a requirement for CD16-mediated events. J Leuk Biol. (1997)
61:209-15. doi: 10.1002/j1b.61.2.209

26. Eneslatt K, Rantapaa-Dahlqvist S, Uddhammar A, Sundqvist KG. The regulation
of FasL expression - A distinguishing feature between monocytes and T lymphocytes/
NK cells with possible implications for SLE. J Clin Immunol. (2001) 21:183-92.

27. Takahashi K, Miyake S, Kondo T, Terao K, Hatakenaka M, Hashimoto S, et al.
Natural killer type 2 bias in remission of multiple sclerosis. J Clin Invest. (2001) 107:
R23-R9. doi: 10.1172/JCI11819

28. Hochberg MC. Updating the American College of Rheumatology revised criteria
for the classification of systemic lupus erythematosus. Arthritis Rheumatol. (1997)
40:1725. doi: 10.1002/art.1780400928

29. Petri M, Orbai AM, Alarcon GS, Gordon C, Merril JT, Fortin PR, et al.
Derivation and validation of the Systemic Lupus International Collaborating Clinics
classification criteria for systemic lupus erythematosus. Arthritis Rheumatol. (2012)
64:2677-86.

30. Bohan A, Peter JB. Polymyositis and dermatomyositis. N Engl ] Med. (1975)
292:344-7. doi: 10.1056/NEJM197502132920706

31. Gladman DD, Ibanez D, Urowitz MB. Systemic lupus erythematosus disease
activity index 2000. ] Rheumatol. (2002) 29:288-91.

32. Zahran AM, Abbel-Rahim MH, Elsayh KI, Hassanien MM, Mahran SA, Hetta
HF. Natural killer and natural killer T cells in juvenile systemic lupus erythematosus:
relation to disease activity and progression. Arch Immunol Ther Exp (Warsz). (2019)
67:161-9. doi: 10.1007/s00005-019-00537-6

33. Rus V, Zernetkina V, Puliaev R, Cudrici C, Mathai S, Via CS. Increased
expression and release of functional tumor necrosis factor-related apoptosis-inducing
ligand (TRAIL) by T cells from lupus patients with active disease. Clin Immunol. (2005)
117:48-56. doi: 10.1016/j.clim.2005.05.001

34. Hughes P, Bouillet P, Strasser A. Role of Bim and other Bcl-2 Family members in
autoimune and degenerative diseases. Curr Dir Autoimmun. (2006) 9:74-94.

35. Cui JH, Qiao Q, Guo Y, Zhang YQ, Cheng H, He FR, et al. Increased apoptosis
and expression of FasL, Bax and caspase-3 in human lupus nephritis class IT and IV.
J Nephrol. (2012) 25:255-61. doi: 10.5301/JN.2011.8451

36. Gomes RC, Silva MF, Kozu K, Bonfé E, Pereira RM, Terreri MT, et al. Features of
847 childhood-onset systemic lupus erythematosus patients in three age groups at
diagnosis: A Brazilian multicenter study. Arthritis Care Res. (2016) 68:1736-41.
doi: 10.1002/acr.22881

37. El-Karaksy SM, Kholoussi NM, Shahin RMH, EI-Ghar NMA, Gheith RE. TRAIL
mRNA expression on peripheral blood mononuclear cells of Egyptian SLE patients.
Gene. (2013) 527:211-14. doi: 10.1016/j.gene.2013.05.084

frontiersin.org


https://doi.org/10.1111/1756-185X.12568
https://doi.org/10.1177/0961203308089990
https://doi.org/10.1177/0961203311411598
https://doi.org/10.6061/clinics/2015(03)12
https://doi.org/10.1080/17402520600877786
https://doi.org/10.1080/17402520600877786
https://doi.org/10.1177/0961203313496300
https://doi.org/10.1007/s10067-017-3615-8
https://doi.org/10.1007/s10067-017-3615-8
https://doi.org/10.1007/s10067-019-04799-5
https://doi.org/10.1177/096120339700600905
https://doi.org/10.1177/096120339700600905
https://doi.org/10.1002/art.24556
https://doi.org/10.1007/s10067-013-2176-8
https://doi.org/10.1084/jem.177.1.155
https://doi.org/10.1002/jlb.61.2.209
https://doi.org/10.1172/JCI11819
https://doi.org/10.1002/art.1780400928
https://doi.org/10.1056/NEJM197502132920706
https://doi.org/10.1007/s00005-019-00537-6
https://doi.org/10.1016/j.clim.2005.05.001
https://doi.org/10.5301/JN.2011.8451
https://doi.org/10.1002/acr.22881
https://doi.org/10.1016/j.gene.2013.05.084
https://doi.org/10.3389/fimmu.2024.1327255
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	Reduced expressions of apoptosis-related proteins TRAIL, Bcl-2, and TNFR1 in NK cells of juvenile-onset systemic lupus erythematosus patients: relations with disease activity, nephritis, and neuropsychiatric involvement
	1 Introduction
	2 Methods
	2.1 Patients and controls
	2.2 Staining reagents
	2.3 NK cell preparation
	2.4 Flow cytometry analysis
	2.5 Statistical analysis

	3 Results
	3.1 Demographic, clinical, and disease activity features from patients and controls
	3.2 Frequency of peripheral NK cells
	3.3 Expressions of apoptosis-related proteins
	3.4 Relations with disease activity parameters
	3.5 Relations with nephritis
	3.6 Relations with neuropsychiatric involvement
	3.7 Relations with corticosteroid treatment

	4 Discussion
	5 Conclusion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest 
	Publisher’s note
	Supplementary material
	References


