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Introduction

Systemic lupus erythematosus (SLE) is a chronic autoim-
affecting many organs,

mune inflammatory disease

including kidneys and skin. SLE is characterized by many
immunological abnormalities such as hyperactive B cells
and overproduction of type I interferons (IFN, reviewed
by Ronnblom et al.).'" Autoantibodies detectable in SLE
are primarily specific for nuclear antigens that are possi-
bly exposed to the immune system as the result of dis-
ease-associated defects in the clearance of apoptotic cells.
The resulting antigen—antibody immune complexes accu-
mulate in the skin and kidneys and cause inflammatory
reactions including IFN responses,” possibly through
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Summary

Natural killer (NK) cells belong to the innate immune system but can also
affect adaptive immune reactions. This immune regulatory function is
often ascribed to the CD56"8" subpopulation of NK cells that is preva-
lent in secondary lymphoid tissues and has potent cytokine-producing
ability. The NK cells have been described as affecting autoimmune disease
and stimulating B-cell production of antibodies, but their role in systemic
lupus erythematosus (SLE) pathology has not been extensively studied.
We have studied NK cells in SLE, a B-cell-driven systemic autoimmune
disease, and phenotypically characterized peripheral blood NK cells in
comparison to NK cells from patients with immunoglobulin A nephritis,
rheumatoid arthritis and healthy individuals. We have found an increased
proportion of CD56"8"" NK cells in SLE, regardless of disease activity.
We detected a somewhat increased expression of the activating receptor
NKp46/CD335 on NK cells from SLE patients, although neither the per-
centage of NK cells of all lymphocytes nor the expression of other NK
receptors analysed (LIR-1/CD85j, CD94, NKG2C/CD159¢, NKG2D/
CD314, NKp30/CD337, NKp44/CD336, CD69) differed between patient
groups. We show that type I interferon, a proinflammatory cytokine
known to be abundant in SLE, can cause increases of CD56"#" NK cells
in vitro. We confirmed that serum levels of interferon-o were increased in
active, but not in inactive, disease in the SLE patient group. In conclu-
sion, we found an increased proportion of CD56"8" NK cells in the
blood of SLE patients, although it remains to be examined whether and
how this relates to the disease process.

Keywords: CD56°"¢" natural killer cell; natural killer cells; systemic lupus
erythematosus; type I interferon

activation via Toll-like receptors.’ Interferon is considered
central to innate immune activation and causes, among
many other things, the activation of dendritic cells
increasing their ability to promote subsequent adaptive
immune responses.

Natural killer (NK) cells are lymphocytes belonging to
the innate immune system. They mediate early protection
against infections and lyse transformed cells and cells
coated with antibody. They also secrete cytokines, pre-
dominantly IFN-y.* In humans, NK cells are defined by
expression of CD56 and lack of CD3 and make up approx-
imately 10% of peripheral blood lymphocytes. There are
two major subpopulations of human NK cells, the
CD56%™ NK cells, which express killer immunoglobulin-
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like receptors (KIR) and CD16 (FcyRIlla), and the
CD56"" NK cells which lack expression of KIR and
CD16 and which express the high-affinity interleukin-2
(IL-2) receptor o subunit CD25. These two sets of human
NK cells differ in their function and distribution. The
CD56%™ NK cells make up approximately 90% of blood
NK cells and have a high cytolytic capacity, while the
CD56™" NK cell is the main NK cell type found in
secondary lymphoid tissue and at sites of inflammation. It
is conceivable that CD56""¢" NK cells may affect auto-
immune diseases by promoting T-cell activation in lym-
phoid tissues® and subsequently B-cell responses. It is also
possible that NK cells may play a more direct role in pro-
moting B-cell responses during SLE, in part through
CD40/CD154 interactions between these cell types.®’

We set out to analyse phenotypic abnormalities in
peripheral blood NK cells from patients with SLE. As
control groups, healthy donors and two other groups of
patients affected by inflammatory disorders, IgA nephritis
(IgAN) and rheumatoid arthritis (RA), were included. We
found an increase in the proportion of CD56™8" NK
cells in patients with SLE regardless of disease activity.
Furthermore, type I IFN could induce increased propor-
tions of CD56""8" NK cells in vitro. Levels of IFN-o, were
elevated in the patients with SLE in our study, although
only in those with active disease.

Materials and methods

Patients

Twenty-three female patients (mean age 44 years, range
19-80) with SLE from the Department of Rheumatology
at the Karolinska University Hospital were included in
the study; their informed consent was obtained. All
patients fulfilled at least four of the American College of
Rheumatology (ACR) criteria for SLE.® Disease manifesta-
tions, ongoing immunosuppressive therapy and routine
laboratory analyses, including analysis of anti-double-
stranded DNA antibodies (fluorescent enzyme immuno-
assay, normal < 10 U/ml), were recorded.

At the inclusion visit, disease activity was estimated
using the SLE Activity Measurement (SLAM) and a score
of 7 or more was defined as active disease. Of the 23
patients with SLE, three were sampled twice, once during
active and again during inactive phases of disease. For
patient characteristics see Table 1.

As control populations, 10 patients with biopsy-proven
IgAN (seven men/three women, mean age 42 years, range
19-66), 13 patients with RA (four male/nine female,
mean age 54, range 29-74, all fulfilling ACR criteria for
RA;” none treated with methotrexate, one with myo-
crisine, two patients had no disease-modifying drugs;
seven patients had prednisolone doses below 10 mg/day;
no patient was being treated with or had earlier been
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given biologicals) and 20 healthy controls (10 men/10

women, mean age 44 years, range 25—65) were included.
All patients gave their informed consent to participate

and the study was approved by the local ethical committee.

Fluorescence-activated cell sorting (FACS) staining of
patient samples

Peripheral blood mononuclear cells (PBMC) were sepa-
rated by density centrifugation and stained for cell surface
markers within 4 hr of sampling. Cells were multi-colour
stained using monoclonal antibodies specific for: CD3
(cone SK7), CD56 (clone B159 or NCAMI6.2), CDI16
(clone NKP15) and CD9%4 (clone HP-3D?9, all directly con-
jugated and from BD Biosciences, San José, CA), NKp30/
CD337 (clone Z25, Beckman Coulter, Marseille, France),
NKp44/CD336 (clone Z231, Beckman Coulter), CD69
(clone FN50, Dako, Glostrup, Denmark), NKG2D/CD314
(clone 149810, R&D Systems, Minneapolis, MN), NKG2C/
CD159¢ (clone 134591, R&D Systems), NKp46/CD335
(kindly provided by Marco Colonna, Washington Univer-
sity, St Louis, MO) and LIR1/CD85j (clone M405, kindly
provided by Amgen Inc., Thousand Oaks, CA). The uncon-
jugated antibodies were detected by phycoerythrin-conju-
gated polyclonal goat anti-mouse IgG (Dako). As negative
control, mouse IgG1 was used (Dako). The NK cells were
defined as CD3~ CD56" lymphocytes and CD56°"¢" NK
cells were defined as CD3~ CD56" CD16~ lymphocytes.

In vitro stimulation with cytokines

PBMC from healthy blood donors were grown in Iscove’s
modified Dulbeccos’ medium (IMDM; Sigma-Aldrich, St
Louis, MO) supplemented with antibiotics, L-glutamine,
non-essential amino acids, P-mercaptoethanol, sodium
pyruvate (all from Sigma-Aldrich), 5% inactivated human
serum, 5% inactivated fetal calf serum (Sigma-Aldrich,
IMDM complete), in the presence or absence of the fol-
lowing recombinant human cytokines: IL-2 (200 U/ml,
PeproTech, London, UK), IL-15 (20 ng/ml, PeproTech)
and universal type I IFN (1000 U/ml, PBL, Piscataway,
NJ). After 3 days of culture the cells were stained for
CD3, CD56 and CD16. As a negative control, phyco-
erythrin-conjugated I1gGl (BD Biosciences) was used. To
determine the percentage of dead cells, cultured cells were
stained using 7-amino-actinomycin D (7AAD; BD Bio-
sciences) in combination with antibodies specific for
CD3, CD56 and CD16, followed by analysis by flow
cytometry. To delineate the degree of proliferation of
CD56%™ and CD56"¢" NK cells in response to cyto-
kines, bromodeoxyuridine (BrDU) was added on day 2 of
culture and PBMC were stained with monoclonal anti-
bodies specific for BrDU in combination with CD3,
CD56 and CD16, and analysed by flow cytometry. The
NK cell function was analysed by adding 0-5 million
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Table 1. Patient characteristics

Age (years) Present disease manifestations DMARD Pred. (mg/day) Anti-dsDNA (U/ml) SLAM score
Active SLE patients

39! Nephritis, arthritis None 5 68 8
26 Skin, haematological None 6:25 251 14
56 Arthritis AZA 10 ND 13
34 Nephritis, arthritis Chlorambucil 15 139 9
43 Nephritis, skin None 5 > 400 26
52 Nephritis None 10 314 8
64 Haematological None 5 ND 12
19 Nephritis AZA 20 ND 16
29 Nephritis, lymphadenopathy None 15 > 400 25
23! Nephritis, APS None 0 65 9
47 Skin, haematological, fever, nephritis 302 > 400 16
36 Arthritis, mental depression AZA ND 56 12
37! Nephritis MMF 8-75 52 9
45 Nephritis None 7-5 15 10
44 Haematological, hair loss, musculoskeletal AZA, AM 5 Neg 15
39 81 104 12
Inactive SLE patients

38 Inactive AZA, AM 2:5 Neg 1
59 Inactive None 6 Neg 2
69 Inactive AZA 4 Neg 4
39 Inactive AM? 0 Neg 4
35 Inactive None 0 110 6
80 Inactive None 0 Neg 4
58 Inactive None 0 ND 4
44 Inactive None 0 Neg 1
39! Inactive MMF 25 24 6
23! Inactive None 20 28 6
37! Inactive MMF 10 ND 5
47 6 Neg 4

Medians shown below columns in bold types.

AM, antimalarials; APS, antiphospholipid syndrome; AZA, azathioprine; DMARD, disease modifying anti-rheumatic drug; MMF, mycophenolate

mofetil; ND, not determined; Pred., prednisolone; SLAM, systemic lupus erythematosus activity measurement; SLE, systemic lupus erythematosus.

"Patients analysed during active and inactive SLE.
“Recent onset.

K562 cells to PBMC cultures grown with medium or in
the presence of IL-2, IFN or a combination of IFN and
IL-2 at day 2 of culture. After 20 hr, GolgiStop (BD Bio-
sciences) was added, and cells were stained intracellularly
for IFN-v after 4 hr, in combination with antibodies for
CD3, CD56 and CD16.

Measurements of IFN-o. in serum

To detect IFN-a levels in serum, a dissociation-enhanced
lanthanide fluoroimmunoassay (DELFIA) with anti-IFN
antibodies LT27:273 and LT27:293 was used as described
elsewhere.'”

Statistical analysis
Differences were calculated using analysis of variance

(aNova) combined with a Tukey post hoc test. For com-
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parisons between two groups of patients, the Student’s
t-test was used. Data in the text are given as median
(range).

Results

Patients with SLE have an increased proportion of
CD56"" " NK cells in blood

To determine whether NK cells play a role in the patho-
genesis of SLE, we decided to analyse the phenotype of
peripheral blood NK cells in this patient group, and com-
pare it to that of healthy controls. As additional control
groups with chronic inflammatory conditions, patients
with IgAN and RA were included. These patients have an
organ-specific, B-cell-driven autoimmune disease and a
systemic T-cell-driven inflammatory disease, respectively.
There were no statistically significant differences in the
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Figure 1. The percentage of CD56™"" natural killer (NK) is
increased in patients with systemic lupus erythematosus (SLE).
(a) On the left, an example of gating of CD3~ CD56" NK cells on
gated blood lymphocytes from a healthy control is shown. On the
right, CD56" " NK cells defined as CD16~ NK cells are shown in
the square. (b) The percentage of CD56" " NK cells of total blood
CD3™ CD56" NK cells is plotted for patients with SLE during active
disease (n = 15), patients during inactive disease (n = 8), patients
with immunoglobulin A nephritis (IgAN) (n = 10), patients with
rheumatoid arthritis (RA) (n = 13) and healthy blood donors
(n = 20). Analysis of variance test P = 0-0009, followed by Tukey’s
post hoc test: active SLE compared to healthy control P = 0-01, and
inactive SLE compared to healthy control P = 0-004. (c) The per-
centage of CD56"" NK cells of total blood CD3~ CD56" NK cells
is plotted for three patients with SLE sampled during active and
again during inactive diseases. Results from the active sample are
included in (b).

proportion of NK cells of all lymphocytes among the
patient groups [SLE 11% (0-3-34), IgAN 14% (3-27), RA
13% (1-6-28), healthy controls 15% (5-42), P = 0-7 by
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ANOVA]. We also compared the proportions of all NK cells
that were CD16~ CD3~ CD56" (CD56™™) NK cells
(Fig. 1a) among the patient groups. A statistically signifi-
cant difference was found between SLE patients (n = 23),
which had increased proportions of CD56""€" NK cells,
and the healthy donors (n =20) (SLE 13% (3-58),
healthy controls 5% (1-11), P < 0-001, t-test). Patients
with IgAN and RA had normal levels of CD56"" NK
cells (Fig. 1b). There was no difference in CD56""¢" NK
cell proportions between healthy males and females (data
not shown). To better understand the reason for this
increased proportion of CD56"#" NK cells, we divided
the patients with SLE according to disease activity, defin-
ing patients with SLAM score of > 7 as having ‘active
disease’. In addition, samples were taken from three
patients with SLE during active disease and again during
inactive disease (Fig. 1c). There was no difference in the
proportion of CD56°" NK cells in SLE in relation to
severity of disease. No association between the proportion
of CD56™8" NK cells and presence of nephritis, medical
treatment or anti-double-stranded DNA antibodies could
be distinguished within the SLE patient group (data not
shown).

We also analysed the expression of different NK cell
inhibitory and activating receptors (LIR-1/CD85j, CD%4,
NKG2C/CD159c, NKG2D/CD314, NKp30/CD337,
NKp44/CD336, CD69) but found no differences in the
expression of these markers on NK cells among the
patient groups (data not shown). The expression of
NKp46/CD335 was slightly increased on NK cells from
patients with SLE, but only when analysed on CD56%™
NK cells separately [median fluorescence intensity (MFI)
on CD56%™ cells was 159 (100-242) for active SLE, 118
(47-273) for inactive SLE, 91 (44-136) for IgAN, 89 (45—
171) for healthy controls; P = 0-002 active SLE compared
to healthy controls, axova followed by Tukey]. Expression
of NKp46/CD335 on CD56™" NK cells was somewhat
higher than that for CD56%™ NK cells [MFI 199 (62-379)
and 101 (47-242) respectively, for all individuals].

Type 1 IFN increased the proportion of CD56"8"
cells in vitro

We hypothesized that cytokines with known stimulatory
effects on NK cells may cause the increase in the propor-
tion of CD56"" cells shown. We cultured PBMC from
healthy donors for 3 days in the presence of IL-15, IL-2
or type I IFN, or in the presence of the combination of
IL-2 and type I IFN. IL-15 and IL-2 decreased the pro-
portion of CD56"" NK cells in culture after 3 days,
possibly as a result of NK cell maturation. In contrast,
type I IFN increased the proportion or CD56™€" NK
cells in culture significantly (Fig. 2), while a combination
of IL-2 and type I IEN did not affect the proportion of
CD56"" cells in the cultures compared with the
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Figure 2. Culture of peripheral blood mononuclear cells (PBMC) in
the presence of type I interferon (IFN) increases the number of
CD56"8" NK cells. The PBMC from healthy donors (n = 4) were
cultured for 3 days in the presence of the indicated cytokines. The
number of CD56° 8" NK cells per ml of cell culture was analysed
and compared to the number found in the medium control. The
fold increase in CD56"8" NK cell is plotted. Paired t-test: P = 0-01
unstimulated compared to IFN-stimulated.

medium control. As values differed considerably between
blood donors, the figure shows normalized values, where
the number of CD56""#" NK cells per ml culture med-
ium is expressed as the fold change of that found in the
medium control. An increased proportion of CD56" &
NK cells in presence of IFN could be the result of at least
three different mechanisms: (1) increased proliferation of
CD56"8" NK cells, (2) increased death of CD564™ NK
cells or (3) alterations in phenotype induced by IFN treat-
ment. To study this, we analysed the proliferation of the
respective NK cell subtype using BrDU incorporation and
subsequent FACS staining. There was no proliferation in
IFN-treated cells from healthy blood donors, while IL-2
and IL-15 induced proliferation predominantly of the
CD56"" NK cells [56% (39-73) of CD56™" NK cells;
7.5% (2—17) of CD56%™ NK cells, n = 4]. Stainings using
7AAD to analyse the deaths of the two NK cell subtypes
indicated a slightly higher proportion of dead cells among
the CD56"#" compared to CD56%™ NK cells (data not
shown). Investigation of IFN-y production in gated sub-
sets of NK cells stimulated with the classical NK target cell
line K562 determined no increased function on a per cell
basis of NK cells from patients with SLE (data not shown).
In general, CD56""" NK cells responded to a higher
degree (data not shown), confirming earlier reports.11

We hypothesized that the in vitro effect of type I IFN
on proportions of NK subpopulations could also be oper-
ative in vivo and we therefore set out to search for a pos-
sible correlation between IFN-o serum levels and the
proportion of CD56"€" NK cells. Levels of IFN-o in
serum were analysed for all patient groups and found to
be highly elevated only in the SLE group with active dis-
ease (Fig. 3). There was no correlation between the IFN-o
levels and the proportion of CD56"" NK cells in this
group, nor in the SLE patient population as a whole (data
not shown).
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Figure 3. Serum levels of interferon-oo (IFN-o) are elevated in
patients with systemic lupus erythematosus (SLE) with active disease.
Serum from patients with active SLE (n = 14), inactive SLE (n = 8),
immunoglobulin A nephritis (IgAN, n = 10) and rheumatoid arthritis
(RA, n = 13) was analysed for levels of IFN-o. Levels are expressed
as U/ml. P = 0-02 on analysis of variance.

Discussion

We have described an increase in the proportions of
peripheral blood CD56""¢" NK cells in SLE, evident dur-
ing inactive as well as during active disease. This argues
against a therapy-associated effect because most patients
with inactive disease did not receive any treatment. In
addition, in vitro studies showed that IFN, a cytokine
previously implicated in SLE, can increase the proportion
of this NK cell subtype.

To our knowledge, this is the first description of a treat-
ment-independent increase in the proportion of blood
CD56"8" NK cells in non-infectious diseases. CD56°&"
NK cells have previously been described as increasing dur-
ing treatment with IL-2 receptor blockade in uveitis'* and
in multiple sclerosis,"” as well as during IFN-p treatment in
multiple sclerosis,'* and there is an increased proportion of
CD56™8" NK cells during chronic human immuno-
deficiency virus infection.'> There are several possible
mechanisms that may explain our finding, including dif-
ferential homing of NK cell populations in disease,' spe-
cific proliferation of CD56""#"™ NK cells and an increased
output of immature CD56"€" NK cells'”'® from bone
marrow or from lymphoid tissue.'” CD56"€" NK cells
develop in lymphoid tissue and can be found in close prox-
imity to T cells where they can affect adaptive immune
responses,” with possible implications for autoimmune
adaptive responses. Another possibility is a described dif-
ference in resistance to apoptosis, where CD56"" NK
cells survive better in oxidant-rich environments.””*" It is
noteworthy that the increased proportion of CD56"8" NK
cells is not just a consequence of any autoimmune disease
affecting the kidneys or the joints, because patients with
IgAN and RA showed a different pattern.

Whether NK cells are disease promoting or provide
protection from autoimmune disease is not clear, and this
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seems to depend on the particular disease studied. It is
also conceivable that NK cells exert different functions
depending on disease stage, i.e. in the initiation of disease
processes compared with the perpetuation of inflamma-
tion (reviewed by Johansson et al.).** Patients with SLE*®
as well as the Ipr mouse model for SLE,** exhibit low NK
cell activity which may be partly explained by a low
expression of the adaptor protein DAPI12 in SLE
patients.”> Furthermore, an association in time between
disease development and low NK cell activity has been
described in the Ipr mouse.”® In a mouse model of
another B-cell-dependent autoimmune disease, experi-
mental autoimmune myasthenia gravis (EAMG), Shi et al.
showed that depletion of NK cells during the priming
phase protected from disease development by reducing
IFN-y production by CD4" T cells and increasing pro-
duction of the anti-inflammatory cytokine transforming
growth factor-P, while levels of pathogenic antibodies
decreased.”’

The connection between the accumulation of CD56"" €™
NK cells and IFN stimulation in vitro is of particular
interest because IFN has been implicated in SLE
(reviewed by Ronnblom et al).! Serum levels of IFN are
increased in patients with SLE*® and overproduction of
IFN induces lupus-like manifestations.”” Furthermore,
129Sv mice deficient for interferon alpha receptor (IFNAR)
are protected from experimental lupus® and IFN-o ther-
apy for unrelated disorders is associated with auto-
immune manifestations, including lupus-like symptoms.”*
We hypothesized that the SLE-associated increase in
CD56"€" NK cell proportion described here could be
induced by high IFN-a levels. Interestingly, we found that
IEN could increase the proportion of CD56""¢™ NK cells
in vitro, but that this was the result of neither an
increased proliferation of CD56°" NK cells nor the
death of CD56%™ NK cells in cell cultures. We conclude
that the IFN-induced increase of the number of CD56"" €™
NK cells is the result of phenotypic changes. This could
either be a result of a decreased rate of maturation from
CD56" " to CD56%™ NK cells, or of an increased rate of
change from the CD56%™ to the CD56""" NK cell phe-
notype. Considering the described ability of CD56"€"
NK cells to develop into CD56%™ cells,'” we favour the
first mentioned possibility.

We analysed IFN-o serum levels in our patient groups
and found the levels to be increased in the SLE patients
with active disease, while the group of patients with in-
active SLE had undetectable levels. Hence, there is no
straightforward correlation between increased serum levels
of IFN-o and the accumulation or CD56""™ NK cells
even if some of the patients with heightened CD56"" "
counts were patients with active disease. PBMC from SLE
patients with undetectable IFN serum levels display
increased levels of the IFN-a-inducible protein MxA,
which is indicative of in vivo IFN-o production.” Tt is
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therefore possible that low levels of IFN-a, undectectable
in serum by our method, induce the increase in propor-
tion of CD56"" NK cells in SLE described here. The
abundance of CD56™8"* NK cells in SLE, a cell type with
high cytokine-secreting ability, may play a role in the
pathology of SLE. It is intriguing to speculate on a genetic
rather than a disease-associated cause of this accumula-
tion of potentially proinflammatory NK cells, which may
contribute to the risk of developing SLE.
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