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Abstract

Cytotoxic function and cytokine profile of natural killer cells are compromised in patients with
systemic lupus erythematosus (SLE). CD3(, an important molecule for NK cell activation, is
downregulated in SLE T cells and contributes to their altered function. However, little is known
about the role of CD3(C in SLE NK cells. We studied CD3( levels and its contribution to cytotoxic,
degranulation, and cytokine production capacity of NK cells from patients with SLE. Furthermore,
we studied the human NK cell line, NKL, where manipulation of CD3( levels was achieved using
siRNA, and NK cells from Rag2 mice deficient in CD3C. We found reduced CD3( expression in
NK cells from SLE patients independent of disease activity. Downregulation of CD3( expression
in NK cells is mediated, at least in part, by Caspase 3, the activity of which is higher in NK cells
from patients with SLE compared to NK cells from healthy donors. CD3( levels correlated
inversely with natural cytotoxicity and the percentage of cells capable of producing the pro-
inflammatory cytokines IFNy and TNF. In contrast, CD3( levels showed a direct correlation with
levels of antibody-dependent cellular cytotoxicity (ADCC). Experiments performed in CD3C-
silenced NKL and CD3(-deficient NK cells from RagZ2 mice confirmed the dependence of NK cell
function on CD3( levels. Our results demonstrate a differential role for CD3C in natural
cytotoxicity and ADCC. We conclude that downregulated CD3( confers a pro-inflammatory
phenotype to SLE NK cells and contributes to their altered function in patients with SLE.

Introduction

1duosnuey Joyiny

Systemic lupus erythematosus (SLE) is a chronic autoimmune disease characterized by loss
of immune system tolerance that leads to multi-organ damage and tissue inflammation (1).
Despite the improvement in the diagnosis and treatment of the disease, SLE patients
continue to experience significant morbidity and mortality related to infections (2). Although
immunosuppressive drug can account for the increased ratio of infections, the contribution
of reduced natural killer and CD8 T cell cytotoxic activity cannot be ignored (3-5).
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Natural Killer (NK) cells are innate lymphoid cells with an important role in immune
surveillance and immune response against infected and tumor cells through natural
cytotoxicity or antibody-dependent cellular cytotoxicity (ADCC) (6). NK cells are also a
major source of chemokines and cytokines such as IFN-y and TNF, which modulate adaptive
immune responses upon activation (7).

Alteration of NK cell numbers and function leads to deregulation of the immune system and
the development of SLE in humans and mice (3). Peripheral blood from SLE patients
display a reduced number of NK cells with an activated phenotype and increased capacity to
produce IFN-y, decreased ADCC, and altered natural cytotoxicity (8-12). NK cells in the
kidney and lungs from MRL//pralso display an activated phenotype with increased natural
cytotoxicity and IFN-y production, but reduced ADCC (13, 14). Both are suggested
contributors to tissue damage (3, 14). The molecular alterations responsible for the SLE NK
cell deregulation are largely unknown.

Activation of NK cells occurs as a result of the integration of signals from inhibiting and
activating receptors (15). As part of activating receptors, NKp30 and NKp46 are associated
with natural cytotoxicity (15). CD16, however, is associated with antibody-dependent
cellular cytotoxicity (15). These receptors share their association with the signaling
molecules CD3( and FceRly (15).

CD3( is a transmembrane molecule expressed in T and NKT cells where it associates with
the TCR complex (16, 17), and in NK cells where associates with CD16, NKp30 and
NKp46 (15). Decreased levels of CD3( in T cells have been reported in SLE patients
attributed to decreased transcription rates and increased degradation (18, 19) and contributes
to altered early signaling events and aberrant cytokine production (18). However, nothing is
known about the role of CD3( in NK cells in patients with SLE.

We show that levels of CD3( in NK cells from patients with active or inactive SLE are
decreased. Downregulation of CD3( expression does not depend on mRNA levels or serum
factors but is in part controlled by Caspase 3, the activity of which is higher in NK cells
from patients with SLE compared to control subjects. CD3( levels inversely correlate with
natural cytotoxicity, as well as IFNy and TNF production capacity and directly correlate
with antibody-dependent cellular cytotoxicity from SLE NK cells. We confirmed the
dependence of these observations on CD3( by modulating its expression level in the human
NK cell line, NKL, using siRNA and by analyzing a Rag2 mouse lacking CD3C. Our results
show that CD3( is not only downregulated in SLE T cells but also in NK cells and it
contributes to the pro-inflammatory phenotype of SLE NK cells.

Patients and Methods

Human samples

Patients (n = 55, women) fulfilling the American College of Rheumatology criteria for lupus
and age-similar and sex-matched healthy volunteers (n = 32, women) were recruited at the
Division of Rheumatology at Beth Israel Deaconess Medical Center, and 5ml of blood was
collected for this study. Disease activity of patients was measured using the SLE Disease
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Activity Index (SLEDAL). Patient and healthy donor demographic information are listed in
Table I. The study was approved by the Institutional Review Board of Beth Israel Deaconess
Medical Center. Written informed consent was obtained from all subjects and investigation
was conducted according to the principles expressed in the Declaration of Helsinki.

Cell lines and mouse strains

K562 and EL-4 cells were purchased from ATCC. NKL cell line was kindly provided by Dr.
Jerome Ritz (Dana-Farber Cancer Institute, Boston, MA), RAJI cells by Dr. Frederick Wang
(Brigham and Women’s Hospital Channing Labs, Boston, MA) and YAC-1 cells by Dr. Cox
Terhost (Beth Israel Deaconess Medical Center, Boston, MA.) RagZ2 knockout were
purchased from Jackson Laboratories. Our group generated C57BL/6 deficient for CD3(
which were then crossed with Rag2 knockout mice to produce a strain deficient for both
CD3( and Rag2. All experiments were approved by the Beth Israel Deaconess Medical
Center Institutional Animal Care and Use Committee.

Cells isolation, culture and electroporation

Peripheral blood mononuclear cells (PBMCs) were enriched by density gradient
centrifugation using Lymphocyte Separation Medium (Corning Life Sciences.) Cells were
maintained in RPMI 1640 (Corning Life Sciences) supplemented with 10% FBS (Gibco),
100 mg/ml streptomycin (Gibco), and 100U/ml penicillin (Gibco). For some experiments,
NK cells were isolated from PBMCs using NK Cell Isolation Kit (Miltenyi). In the case of
NKL cell line, the medium was supplemented with 50U/ml of recombinant interleukin-2
(IL-2, Peprotech). Mouse NK cells were obtained from splenocytes, purified using NK cell
isolation kit 11 (Miltenyi) and cultured with additional 50uM of p-Mercaptoethanol, and
500U/ml of recombinant IL-2. Cells were maintained at 37°C and 5% CO2. NKL cells were
electroporated with 100nM of CD3( siRNA or control (Dharmacon) using a nucleofector
device (Lonza). Briefly, 3x106 cells were washed twice with PBS, resuspended in 100l of
Solution V (Lonza) and electroporated using the program O-017. After electroporation, cells
were placed in prewarmed medium and cultured for 72h.

Cytokine and CD3( detection

PBMCs or 7 days cultured mouse NK cells were stimulated with PMA and lonomycin
(Sigma-Aldrich) in the presence of Brefeldin A (50ng/ml, 1uM, and 1uM respectively) at
37°C and 5% CO2 for 6h. Cells were washed twice with cold PBS and stained for
extracellular markers for 30min at 4°C in PBS staining (PBS, 1% BSA and 2mM EDTA).
After two washes with FACS-staining buffer, cells were fixed and permeabilized using
Cytofix/Cytoperm (BD Biosciences) and stained overnight for cytokines in Perm/Wash
buffer at 4°C. After two washes with Perm/Wash buffer, cells were resuspended in FACS-
staining buffer and analyzed on a Beckman Coulter Gallios cytometer. The same staining
protocol was used to detect CD3( expression levels in ex vivo PBMCs but without any
stimulation. The antibodies used are detailed in Supplemental Table 1. In some experiments,
IFNy was measured in supernatants using a commercial ELISA kit (Biolegend) following
the manufacturer’s protocol. Supernatants were collected from 2.5 x 108 NKL cells,
previously electroporated with CD3( siRNA or control siRNA, stimulated with PMA and
lonomycin.
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Real-time quantitative reverse transcriptase-polymerase chain reaction (Q-RT-PCR)

Total RNA was isolated from purified NK cells (Purity higher than 90%) by RNeasy Mini
Kit (Qiagen). Reverse transcription was performed using RNA to cDNA EcoDry (Takara).
Quantitative real-time PCRs for CD3( were performed (Light Cycler 480, Roche) with 40
cycles at 95 °C for 10 sec and 60 °C for 60 sec using TagMan assays (Applied Biosystems).
All PCR reactions were run in triplicates with a control reaction containing no RT enzyme.
The comparative Ct method was used to quantify transcripts relative to GAPDH.

Confocal microscopy

PBMCs (10°) or purified NK cells (5 x 10%) were stained extracellularly for CD56 and
intracellularly for CD3( as indicated above. Cells were resuspended in 200ul of PBS, plated
on poly-I-lysine—coated glass slides using a cytospin, and mounted in 33% glycerol-PBS.
Confocal microscopy and double-fluorescence analysis were performed with a Nikon
Eclipse Ti. Images were analyzed using FIJI.

Cytotoxicity and degranulation assays

Antibody-Dependent Cellular Cytotoxicity (ADCC) and Natural cytotoxicity of NK cells
were detected using GranToxiLux (Oncolmmunin) according to manufacturer instructions in
96-well U-bottom plates. K562 or YAC-1 cells were used as targets to detect natural
cytotoxic activity in human or mouse respectively, while for ADCC the target cells were
RAJI cells stained with human-antiCD20 (InvivoGen) or EL-4 cells stained with rat-anti-
CD90 (Biolegend). Different ratios of effector to target cells were incubated for 2.5h at 37°C
and 5% CO2. After two washes with Wash Buffer, cells were resuspended in Wash Buffer
and analyzed using an LSR Il cytometer (Becton Dickinson). Degranulation was also
performed in a 96 well U-bottom plate with 5ul of anti-CD107a APC (Biolegend) in the
presence of K562 or anti-CD16 (Biolegend) coated plates at different concentrations as
stimuli. After 30min of incubation at 37°C and 5% CO2, Brefeldin A (1uM) (BD
Bioscience) was added, and incubation continued for 5h. Cells were washed twice with cold
PBS and stained for extracellular markers for 30min at 4°C in FACS-staining buffer (PBS
1% BSA 2mM EDTA). After two washes with FACS-staining buffer cells were analyzed
using a Gallios or a Cytoflex cytometer (Beckman Coulter). Data were analyzed using
Kaluza software (Beckman Coulter).

Co-Immunoprecipitation

Total protein was extracted from NKL cells electroporated with CD3(C siRNA or control
SiRNA using 1% Triton X-100 lysis buffer plus proteinase and phosphatase inhibitor. 250ug
of lysate was used for CD16 immunoprecipitation using an anti-CD16 antibody (3G8,
BioLegend). FceRIy was detected by Western Blot using anti-FceRly (Upstate). Loading
control was performed in immunoprecipitation-supernatants using anti-p-actin (Abcam).
Images were acquired with a FUJI LAS-4000 imager (GE Healthcare Life Sciences) and
analyzed using F1JI.

Phospho-Tyrosine detection—NKL cells (5x106 cells/condition) electroporated with
CD3( siRNA or control siRNA were stimulated with 5ug/ml of anti-CD16 (3G8) and
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2.5ug/ml of goat anti-mouse crosslinker (EMD Millipore) or 5 x10* K562 cells for one
minute. Stimulation was stopped by washing cells twice with cold PBS. In the case of
murine NK cells, 3x10° IL-2 stimulated NK cells were stimulated using 3x10% YAC-1 cells.
Total protein was extracted using RIPA buffer plus proteinase and phosphatase inhibitors.
For Western blot anti-p-Tyr (PY20, Santa Cruz Biotechnology), anti-CD3( (6B10.2, Santa
Cruz Biotechnology) and anti-f actin (Abcam) were used. Images were acquired with a
FUJI LAS-4000 imager (GE Healthcare Life Sciences) and analyzed using F1JI. Lanes from
Western blot of lysates from murine NK cells were cut and pasted to place together with
their control.

Statistical Analysis

Results

Data were analyzed using GraphPad Prism v6. The specific tests used are indicated in the
legend of each figure.

CD3( is decreased in NK and T cells from SLE patients

Although important both for NK cell signaling and activation (15) and despite reduced levels
having been reported in SLE T cells related to their altered function (18, 19), CD3( levels
have not been studied in SLE NK cells. We evaluated CD3( expression in NK
(CD3~CD56%), T cell (CD3+CD56-) and different T cell subsets from SLE patients and
healthy donors (Supplemental Figure 1) using intracellular flow cytometry. We found
reduced CD3( expression in SLE NK cells (mean of CD3C MFI = SEM = 30.7 + 1.4 n=23
healthy donor vs. 21.7 + 1.3 n=45 SLE patients, p < 0.001; Figure 1A) and T cells (20.2
+1.3vs. 17.2+ 1.4, p = 0.0Z, Figure 1B and Supplemental Figure 1B). CD3(
downregulation was independent of treatment as we did not find any correlation between
treatment and CD3( levels (mean of CD3(C MFI + SEM in patients treated with: Prednisone
=23.0 + 2.5; Hydroxychloroquine = 22.4 £+ 1.9; Azathioprine = 20.0 + 5.1; Mycophenolate
20.1 + 2.2). Becuase CD3( is also expressed in NKT cells, we assessed its expression in the
NKT type | subpopulation which have been implicated in SLE pathogenesis (20). We did not
find significant differences in the expression levels of this molecule compared with those
from healthy donors (22.7 £ 2.8 vs. 20.1 £ 1.8, p = 0.42, Supplemental Figure 1C.)

To understand whether downregulation of CD3( is related to disease status, we examined
the relationship between CD3( levels from patients with their SLEDAI, but we did not find
any correlation in either NK (R2<0.001, Figure 1C) or T cells (R2 = 0.006, Figure 1D).
Additionally, no difference was found in CD3( levels between patients segregated by their
disease active or inactive status (Figure 1E for NK cells and 1F for T cells).

CD16 receptor (also called low-affinity immunoglobulin gamma Fc region receptor 111-A) is
one of the receptors associated with CD3( in NK cells (15). CD16 is expressed in most
peripheral blood NK cells (6). Both, SLE patients and healthy donors, express greater levels
of CD3( in CD16*NK compared to CD16~ (Supplemental Figure S1A). To exclude the
possibility that the differences found in CD3( levels were merely due to an increased
proportion of CD16~ NK cells in SLE, we evaluated the expression of CD16 in NK cells.
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We found a slight but not significant reduction of CD16* NK cells in our cohort of SLE
patients compared with healthy donors (mean of %NK CD16" + SEM = 88.5 + 1.4 vs. 80.9
+ 2.1, n.s; Figure 1G). Additionally, we found decreased CD3( expression in CD16% NK
cells from SLE patient samples compared with those from healthy donors (mean of CD3(C
MFI £ SEM = 36.28 + 2.0 vs. 30.03 + 1.7, p = 0.025; Figure 1H), confirming that
downregulation of CD3( is a defect intrinsic to SLE NK cells.

To demonstrate how CD3( expression is affected, we performed confocal microscopy
experiments in purified NK cells from patients with SLE or matched healthy donors. We
stained the cells for intracellular CD3( and cell surface CD56 to determine localization or
not on the surface membrane. Quantification of cells from 5 patients and 4 healthy donors
showed that NK cells from patients with SLE display higher cytoplasmic localization and
lower levels of CD3( on the cell surface compared to those from healthy donors (p=0.0001,
Fisher’s exact test), although overall lower staining levels (Figure 2A).

Caspase 3 degrades CD3( in SLE NK cells

Several mechanisms including transcriptional regulation and protein degradation have been
described to control CD3( expression in T cells from patients with SLE (21). We first
addressed whether CD3C mRNA is decreased in NK cells from patients with SLE. From a
small number of patients from whom we were able to purify sufficient numbers of NK cells
we measured CD3C mRNA. We found no differences in the expression levels of CD3¢
mRNA in NK cells between healthy donors and patients with SLE (mean of CD3C/GAPDH
+ SEM =69.46 + 10.47 vs. 185.3 + 55.34, n.s.; Figure 2B), even though the protein levels
were reduced (Figure 1A).

Next, we asked whether CD3( protein is stable in NK cells from patients with SLE. It is
known that Caspase 3 can degrade CD3( (22, 23), and it has been reported that Caspase 3
activity is increased both in T cells and NK cells from patients with SLE (22). Therefore, we
asked whether Caspase 3 is responsible for CD3( downregulation in NK cells from patients
with SLE. We cultured PBMCs from healthy donors or patients with SLE in the presence of
cycloheximide, to inhibit de novo synthesis of proteins, and increasing concentrations of Z-
DEVD-FMK, a Caspase 3 specific inhibitor, for 5 hours and we found that CD3(
degradation was more prominent and susceptible to Caspase 3 inhibition in NK cell from
patients with SLE than in NK cells from healthy donors (Figure 2C and D).

One well-established defect in SLE is the deficiency of IL-2 (1). Because IL-2 is an
important cytokine for NK cell function(24), and because some reports have shown that I1L-2
can restore CD3( expression in tumor infiltrating lymphocytes (TILs, 25), we asked whether
IL-2 can restore CD3( levels in NK cells from patients with SLE. Accordingly, we cultured
NK cells from patients with SLE and healthy donors for seven days in the presence of
increasing concentrations of IL-2 and measured CD3( levels. As shown in Figure 2E,
exposure of NK cells from patients with SLE to IL-2 results in increased expression of
CD3( hut to a lesser extent compared to NK cells from healthy controls. Additionally, to
understand whether other serum factors present in SLE sera can affect CD3( levels in NK
cells, we cultured NK cells from healthy donors with serum from control, inactive or active
SLE patients for 48h but we failed to observe any downregulation of CD3( (Figure 2F.)
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Downregulation of CD3( impairs ADCC in SLE NK cells without affecting CD16 levels

CD3( is associated with several receptors linked to the NK cell cytotoxic mechanism ADCC
and natural cytotoxicity (15)both of which are altered in SLE patients (3). Given the fact that
CD3( is downregulated in SLE NK cells, we asked whether altered cytotoxic functions were
linked to CD3( levels.

ADCC is an important mechanism in the elimination of virus-infected and tumor cells (26—
28). This mechanism is mediated through the recognition of antibodies decorating the
infected or tumoral cell surface by Fc receptors on cells including NK cells, monocytes or
activated CD8 T cells (29). Due to limitations of our patient blood draw volumes (5ml) did
not allow purification of sufficient numbers of NK cells to perform in vitro ADCC assays
and because ADCC can be carried out by other cells in the PBMCs expressing Fc receptors,
we used an indirect method to test this function. We evaluated degranulation by measuring
levels of CD107a (lysosomal-associated membrane protein 1, LAMP1) in NK cells from
SLE PBMCs stimulated with plate-bound anti-CD16 antibody using multicolor flow
cytometry, which has been shown to correlate with cellular killing capacity (30).

We found a direct correlation between the levels of CD3( and the increase of CD107a
positive cells stimulated with anti-CD16 (R2 = 0.46, p = 0.04; Figure 3A). To confirm the
dependence of ADCC on CD3( levels, we tested the ability of NKL to kill RAJI cells
labeled with an anti-CD20 antibody (31). NKL cells electroporated with CD3( siRNA
exhibited reduced killing capacity compared to those transfected with a control sSiRNA
(mean of % RAJI GranToxiLux™ + SEM = 23.9 £ 0.1 vs. 29.5 + 1.5, p < 0.05 at 10:1
effector: target ratio, n = 3; Figure 3B). Additionally, NK cells from CD3(-deficient Rag2
knockout mice present lower ADCC levels than those from Rag2 CD3(-sufficient mice
(mean of % EL4 GranToxiLux™ + SEM 36.1 + 3.4 vs. 54.6 + 4.1, p = 0.03; Figure 3C).

CD16 is the principal receptor mediating ADCC in NK cells (32). As CD16 associates with
CD3(, we addressed whether CD16 levels are affected by those of CD3(C. There was no
correlation between CD3( and CD16 levels in CD16*NK cells (R2=0.07, 7.s.; Figure 3D).
Silencing of CD3( in the human NK cell line NKL (33), confirmed that CD16 levels do not
depend on CD3( expression levels (Supplemental Figure 2A). Additionally, NK cells from
CD3(-deficient Rag2 mice do not show alteration in CD16 levels (Supplemental Figure 2B).

Downregulation of CD3( increases natural cytotoxic activity of NK cells

Natural cytotoxicity is the other NK cell cytotoxic mechanism which has also been

described as decreased in SLE NK cells (9, 11), although some reports have indicated no
alteration (10, 12). To determine whether natural cytotoxicity is altered in SLE NK cells and
if CD3( has a role in this mechanism, we studied the natural cytotoxic activity of SLE NK
cells against K562 cells by flow cytometry. Natural cytotoxicity is reduced in SLE PBMCs
compared to healthy donor cells (mean of %K562 GranToxiLux* + SEM =20.0+25n=5
vs. 13.13 £ 2.4 n=7 at ratio 25:1 effector:targets; Figure 4A). However, this difference did
not persist when cytotoxicity was adjusted by the percentage of NK cells present in the assay
(mean of killing capacity (%K562 GranToxiLux*/%NK cells ratio) + SEM = 2.3 + 0.7 vs.
4.6 + 1.4 in healthy donors and SLE, respectively; Figure 4B). Surprisingly, we observed an
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inverse correlation between the levels of CD3( and the killing capacity in NK cells from
both SLE and healthy donors (R2=0.69,n=7, p=0.02 and R2=0.49,n =5, 1.5,
respectively; Figure 4C). A similar correlation, although not significant, was found for NK
cell degranulation, determined by expression of CD107a following stimulation with K562
cells in a different group of patients (R? = 0.61, n = 6, p = 0.051; Figure 4D).

CD3(¢ knockdown in NKL cells by siRNA electroporation results in increased natural
cytotoxicity against K562 silencing compared with cells electroporated with control SiRNA
(Mean of %K562 GranToxiLux* 29.8 + 1.7 vs. 22.8 + 2.4, p <0.05 at 10:1 effector:target
cell ratio, n = 5; Figure 4E). Furthermore, NK cells from our CD3(-deficient Rag2 knockout
mouse show increased cytotoxicity compared with those from CD3(C wild-type (50.2 £ 2.5
vs. 36.4 + 3.6, p = 0.01; Figure 4F).

CD3¢ downregulation confers a proinflammatory phenotype to NK cells

In addition to their cytotoxic function, NK cells produce multiple cytokines such as IFNy
and TNFa which amplify the inflammatory response and cause tissue damage (13, 34, 35).
Reduced CD3( levels are linked to a proinflammatory phenotype in SLE T cells (36, 37),
and SLE NK cells produce more proinflammatory cytokines than those from healthy donors
(38, 39), so we examined the relationship between CD3( levels and the proinflammatory
phenotype of SLE NK cells. We found a higher proportion of NK cells producing both IFNy
and TNFa after PMA/lonomycin stimulation in SLE patients compared to healthy donors
(mean of %NK cell IFNy*TNFa* + SEM =10.4 + 1.3, n = 6 healthy donors vs. 18.67 + 2.2,
n =11 SLE patients, p = 0.02; Figure 5A). Interestingly, CD3( levels in NK cells correlated
inversely with the percentage of IFNy and TNFa double positive NK cells (R2 = 0.66, p =
0.002, n=11; Figure 5B). We also found an inverse correlation between CD3( levels and the
proportion of IFNvy positive (R% = 0.47, n = 11, p = 0.02; Figure 5C) and TNF—positive NK
cells (R = 0.37,n = 11, p = 0.04; Figure 5D).

To confirm the dependence of these findings on CD3( levels we examined the behavior of
NKL cells and NK cells from CD3( deficient mice. Silencing CD3( in NKL cells resulted
in increased proportion of cells producing IFNy compared with control cells (mean of
%NKL cell IFNy* + SEM =18.8 + 2.0 vs. 12.4 + 1.8, n=3; Figure 4E), while TNFa was
not detected. Similarly, IFNy was increased in the supernatant of NKL cells in which CD3(¢
was downregulated by siRNA (mean of IFNvy concentration in pg/ml + SEM = 910 + 22.13
vs. 761 £ 29.68, p = 0.03; Figure 5F). Additionally, we observed that mouse NK cells
deficient in CD3( express higher levels of IFNy under PMA/lonomycin stimulation (mean
of %NK cell IFNy* =7.82 + 0.5 in Rag2 knockout vs. 12.92 + 1.3 in Rag2 knockout
CD37/7, p = 0.001; Figure 5G). Again, we did not find higher levels of TNFa, as observed
with NKL cells.

Downregulation of CD3( altered early NK cell signaling

Downregulation of CD3( in T cells from patients with SLE is associated with a rewiring of
the T cell receptor and altered early TCR signaling (18). CD3( is also important for NK cell
function and especially for CD16 expression and signaling (15, 30). Because our data
indicate that downregulation of CD3( does not alter CD16 levels, we asked whether CD3(¢
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deficiency is compensated by other molecules such as FceRly chain, as it is the case in T
cells from patients with SLE (40). We immunoprecipitated CD16 from NKL cells previously
electroporated with CD3( siRNA or control siRNA. Our results show that when CD3( is
downregulated CD16 associates more with FceRIy which supports its expression (Figure
6A, B and C) confirming previous reports (41, 42). Next we asked whether this recruitment
of FceRly alters NK cell signaling. We stimulated NKL cells previously electroporated with
CD3( siRNA or control siRNA with crosslinked CD16 antibodies or K562 cells for one
minute to determine if early signaling events are altered. We found that NKL cells in which
CD3( was downregulated showed a defect in signaling induction after CD16 stimulation but
presented a stronger pattern of phosphorylation when exposed to K562 (Figure 6D).
Similarly, we noted a stronger pattern of phosphorylation in IL-2 activated NK cells from
Rag2 CD3(-deficient mice when exposed to YAC-1 cells (Supplemental Figure 3).

DISCUSSION

CD3( is decreased in T cells from SLE patients and it is known that this downregulation is
linked to the hyperactivation and the proinflammatory phenotype of these cells (18, 36, 37).
Although SLE NK cells also present a proinflammatory phenotype and increased levels of
activation markers (12, 38, 39), CD3( levels have not been studied in SLE NK cells. We,
therefore, asked whether CD3( levels are downregulated and whether this downregulation
can account for NK cell dysfunction in SLE patients.

In this study, we found decreased CD3( levels in NK cells and T cells from SLE patients but
not in NKT type | cells. This can occur as a consequence of common mechanisms affecting
NK and T cells but not NKT type I, however, additional factors can contribute to this
discrepancy including cohort bias and treatment. Nonetheless, we did not find any relation
between patients’ therapy and CD3 ( levels.

Several mechanisms have been proposed to account for the downregulation of CD3( in SLE
T cells including genetic polymorphisms, epigenetic changes, altered transcription or
increased degradation, some of which can be induced by serum factors (18). After we noted
that CD3C mRNA levels in NK cells from patients with SLE were comparable to those from
normal subjects we considered that CD3( protein is degraded by Caspase 3, a mechanism
that has been previously reported to occur in T cells from patients with SLE (23). Indeed,
Caspase 3 activity is increased in NK cells from patients with SLE (22) and exposure of NK
cells from patients with SLE to a Caspase 3 inhibitor preserves CD3( expression. Because
IL-2 production is decreased in patients with SLE (43) and IL-2 can restore CD3( levels in
TIL (25), we decided to test whether IL-2 could similarly restore CD3( expression in NK
cells from patients with SLE. Indeed, exposure of NK cells from patients with SLE to IL-2
led to increased expression of CD3( albeit to a lesser extent when compared to NK cells
from healthy controls. To determine if CD3( levels are affected by other factors in the
serum, we treated NK cells from healthy donors with serum from SLE patients with active
or inactive disease but we did not record any changes, indicating that downregulation of
CD3( in NK cells does not depend only on inflammation (19). Also, we did not find a
correlation between SLEDAI and CD3( levels from SLE NK cells.
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As CD3( is critical for proper signaling in NK cells (15), and NK cell dysfunction has been
described in SLE patients (3), we have studied the relationship between CD3( levels in NK
cells and their function. We found a direct correlation between the levels of CD3( and
antibody-dependent cellular cytotoxicity (ADCC), a mechanism which depends on CD16
(32), amolecule associated with CD3( and FceRly (15), and an inverse correlation with
natural cytotoxicity.

In SLE patients we noted a direct correlation between CD3( levels in NK cells and their
ADCC capacity. After silencing of CD3( in the human NK cell line NKL and by analyzing
ADCC in NK cells from CD3(-deficient mice, we confirmed the dependence of ADCC on
CD3( and further that this does not necessarily accompany changes in CD16 expression
levels. While the interaction between CD16 and CD3( is well established, the dependence
of CD16 surface expression levels on CD3( is controversial. Two patients who lacked CD3¢
had a profound defect in both CD16 expression and cytotoxic capacity of NK cells (44). We
found that CD16 is neither downregulated in NK cells from patients with SLE, even though
CD3( expression is decreased, nor in our NKL model. We found that CD16 associated with
FceRIly in NKL cells in which CD3( was silenced, and accordingly FceRIy has been
reported to associate and support the expression of CD16 (41, 42). On the other hand, a
study in mice reported a negative role for CD3( in CD16 expression and ADCC (45),
because CD3( deficient mice showed increased CD16 expression in NK cells and increased
ADCC. However, a previous report using the same mouse model showed no alteration in the
expression of CD16 and a reduced ADCC activity in CD3(-deficient NK cells (46). To
eliminate the influence of the autoinflammatory T cells observed in the CD3(-deficient
C57BL/6 mice (37), we generated the CD3(C—deficient Rag2 mouse which does not show
sign of autoinflammation even in advanced age (data not shown). Our results, both from
human and mouse NK cells is consistent with the findings of Liu et al. (46) as we observed
no differences in CD16 expression levels but decreased ADCC in CD3(-reduced or -
deficient NK cells.

Natural cytotoxicity from NK cells involves a wide number of receptors, including NKp30
and NKp46 in humans (15, 47), which also signal via CD3( or the FcRy chain (15). While
it has been described that NKp30 levels are affected by CD3( downregulation, those of
NKp46 remains unchanged (44). However, NKp30 and NKp46 levels have been described as
unaltered or increased in SLE NK cells in several publications (48, 49). Even though we did
not study these receptors in NK cells from patients with SLE, we confirmed in NKL cells
that the levels of NKp30 and NKp46 as well as CD16, are not affected by the
downregulation of CD3C (Supplemental Figure 2).

Although we find a decreased cytotoxicity against K562 in SLE NK cells, this appears to be
the result of a decreased proportion of NK cells in PBCMs from SLE patients. Upon
calculation of the killing index (% of K562 cell death/% of NK cells in the sample), we
found no difference between patients and controls as noted by others previously (10).
Interestingly, we found an inverse correlation between the killing index and the levels of
CD3( in NK cell from SLE patients which we confirmed by downregulating CD3( in the
NKL cell line and by analyzing natural cytotoxicity in mouse NK cells deficient for CD3C.
These data confirm a previous study in mice which showed that CD3C-deficient NK cells
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display increased natural cytotoxicity (46). Altogether, these results indicate that although
CD3( in NK cells has a negative effect on natural cytotoxicity, it is required for ADCC.

Our results show that FceRI-y replaces CD3( in NK cells from SLE patients as it has been
shown to be the case in T cells (40). FceRIy can support CD16 expression (41, 42), which
can explain why we do not observe downregulation of CD16 in patients with SLE. While
FcR-y can support CD16 expression, it has been previously demonstrated that CD16 signals
preferentially through CD3C. The presence of three ITAMs in the intracellular tail of CD3(
facilitates signaling by CD16 (50). In contrast, NKp30 and NKp46, two receptors with
significant roles in natural cytotoxicity, are more dependent on FcRy than CD3( (51, 52). A
possible explanation for this could be the reliance of natural cytotoxicity on spleen tyrosine
kinase (Syk) function (53). This protein is mainly activated by FCRy (54) and can mediate
interactions with other receptors such as 2B4 and CD59, both critical for natural cytotoxicity
(52, 55). Rewiring of the TCR in T cells from patients with SLE, where CD3( is partially
replaced by FceRI-y and its signaling partner Zap70 is replaced by Syk, results in increased
early signaling events (18). Here we showed that downregulation of CD3( in the human
NKL cells led to decreased signaling induced by engagement of CD16 but increased in
response to K562 cells. Similar results were observed when NK cells from a Rag2 CD3C-
deficient mice were exposed to Yac-1 cells compared to those from Rag2 mice. These results
confirm the importance of CD3( in CD16 signaling and the reliance of natural cytotoxicity
on FceRly.

Downregulation of CD3( in SLE T cells has been linked to increased production of IFNy
(38, 39). Here we observed that levels of CD3C in NK cells inversely correlated with the
percentage of cells producing IFNy and TNFa. We confirmed this observation by silencing
CD3( in the NKL line which resulted in increased IFN+y production. Our failure to confirm
a similar correlation with TNFa indicates that other factors are involved in the expression of
this cytokine in addition to signaling mediated by CD3(C. The mechanism whereby CD3(
regulates IFN-y expression is not completely understood. However, it is known that in T
cells, CD3( facilitates tonic signaling in the absence of TCR stimulation through Zap-70
(56). Activation of Zap70 leads to the phosphorylation and activation of ERK, even without
TCR stimulation (57). Decreased ERK activity is a well-known SLE T cell abnormality and
leads to decreased DNA methyltransferase 1 (DNMT1) activity (58). This causes
widespread DNA hypomethylation and overexpression of some genes such as IFNy (59),
which is one possible explanation for the increment in IFN-y expression in lupus NK cells.

A population of human NK cells deficient in FCRy was reported to have increased ADCC,
reduced natural cytotoxicity and reduced cytokine production (51). Our results are in
agreement with these indicating a negative role for CD3( in natural cytotoxicity and
cytokine production.

As CD16 is involved in the response against herpes simplex virus (26), cytomegalovirus
(27), and tumor cells (28), the decreased CD16 function that accompanies CD3( loss in SLE
NK cells could contribute to the increased risk of viral infections in SLE patients (60-62). In
addition, these proinflammatory NK cells may infiltrate the kidneys in patients with SLE
(13), produce proinflammatory cytokines and contribute to tissue damage. Our results shed
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light into the mechanisms which may account for NK cell dysfunction and increased
susceptibility to infections and widespread organ inflammation in patients with SLE.

In conclusion, we found CD3( downregulation in SLE NK cells which is independent of the
disease status or treatment. CD3( levels account for the proinflammatory phenotype
observed in SLE NK cells and for their defect in ADCC.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Downregulation of CD3C in SLE NK and NK T cellsisindependent of disease activity
PBMCs from SLE patients were stained to identify NK- (CD3~CD56%) or T-cells

(CD3*CD567), as well as intracellular CD3(. Individual MFI values, indicating the mean +
SEM for CD3( gated in NK- (A) or T-cells (B) from healthy donors (Control, n=23) and
SLE patients (SLE, n=45). Representative histograms are shown with isotype control in
lighter grey. Correlation between SLEDAI scores from each patient and the CD3(¢ MFI
values in NK cells (C) and T cells (D). Individual MFI values, indicating the mean + SEM
for CD3( gated in NK- (E) or T-cells (F) from total SLE patients, those with the disease in

J Immunol. Author manuscript; available in PMC 2019 May 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Suérez-Fueyo et al.

Page 17

an inactive status (SLEDAI <4), and those with the disease in an active status (SLEDAI >4).
Scatter diagram showing cumulative data of (G) % of CD16*CD56*CD3~ NK cells and (H)
CD3(¢ MFI values in CD16*CD56"CD3~ NK cells from healthy donors and SLE patients
indicating mean = SEM.

Differences between CD3( levels expression in cells from controls or SLE patients were
evaluated by unpaired T-test in (A) and (B), and ANOVA test in (E), (F), (G) and (H).
Pearson’s correlation was applied to the relationship between CD3( levels and the SLEDAI
score from each patient.
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Figure 2. Caspase 3 inhibition preserves CD3( levelsin NK cells from patientswith SLE
(A) NK cells from healthy donors and patients with SLE were stained with anti-CD56

(Blue) and anti-CD3( (Green) and visualized by confocal microscopy. Representative
images are shown. The graph shows the percentage of cells with CD3( staining in the
membrane or cytosol (mean £ SEM; n = 25 cells/patient). (B) CD3( gene expression was
evaluated by gPCR. (C) CD3( proteins levels were evaluated in duplicates by flow
cytometry in NK cells from healthy donors and patients with SLE after culture for five hours
in the presence of 20ug/ml of cycloheximide and increasing concentrations of z-DEVD. A
representative experiment including results from a control donor and a patient with SLE are
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shown. (D) Values of CD3( expression were normalized to those obtained in NK cells
treated with 25uM of z-DEVD to show the different slopes. Data are shown as mean + SEM.
(E) NK cells from patients with SLE and healthy donors were treated with increasing
concentrations of I1L-2 for seven days. CD3( values are presented as mean £ SEM. (F)
Individual MFI values are indicating the mean + SEM for CD3( gated in NK cells from a
healthy donor treated for 48h with heat-inactivated serum from healthy donors (Control),
patients with SLEDAI<4 (Inactive) or patients with SLEDAI >4 (Active). Each dot
represents the value of cells treated with different sera. Statistics were performed using
Fisher’s exact test in A, Student’s T-test to compare values from control and patients with
SLE in B, D (0 uM z-DEVD dose) and E (5001U dose), and ANOVA was used in F.
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Figure 3. Antibody-dependent cellular cytotoxicity, mediated through CD16 signaling, depends

on CD3( expression

(A) Relationship between % of CD107a*CD56"CD3~ NK cells and CD3( levels from SLE

patients are shown. (B) Representative histograms of CD3( levels showing isotype control

in lighter grey (left) and dot plot of ADCC (center) in siRNA control (upper) or CD3(
(lower) treated NKL cells. Dot plot of the mean + SEM of the percentage of RAJI dead cells
in ADCC (right) with NKL cells treated with siRNA control or against CD3¢ (n=3

individual experiments). (C, left) Representative dot plot of ADCC in NK cells from Rag2

knockout or Rag2 knockout CD3(C /=, and (C, right) column bar graph representing the
mean + SEM of the percentage of EL4 dead cells in ADCC at ratio 10:1 (right) from two
different experiments with at least three mouse per group. (D) Relationship between CD16
and CD3( MFI levels in CD16*CD56*CD3~ NK cells. Differences in (A), (B) and (C) were
evaluated by unpaired T-test. Pearson’s correlation was applied to determine the relationship

in (D).
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Figure 4. Downregulation of CD3( leadsto increased natural cytotoxicity
(A) % of K562 dead cells or (B) following correction by the percentage of NK cells in the

PBMC:s, after coculture with PBMCs from healthy donors (n=3) or SLE patients (n=6) at a
ratio 25:1 (effector:target cells). (C) Correlation between % of dead K562 cells and levels of
CD3( from patients or controls are shown. (D) Correlation between % of CD107a* NK cells
and levels of CD3( after coculture with K562, assayed in a different set of patients than (A),
(B) and (C). (E) Representative histograms of CD3( levels showing isotype control in
lighter grey (E, left) and dot plot showing Natural Cytotoxicity measurement (E center), in
siRNA control (upper) or CD3( (lower) treated NKL cells are shown. (E, right) Dot plot is
showing the mean = SEM of the percentage of K562 death cells under natural cytotoxicity
assay (n=5 individual experiments). (F, left) Representative dot plot showing natural
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cytotoxicity in NK cells from Rag2 knockout or Rag2 knockout CD3( ', and (F, right)
column bar graph representing the mean + SEM of the percentage of Yacl dead cells in
natural cytotoxicity assay at ratio 10:1 (right) from two different experiments with at least
three mouse per group. Differences in (A), (B) and (F) were evaluated by unpaired T-test.
Pearson’s correlation was applied to determine the relationship in (C) and (D). A Two-way
ANOVA was performed to detect differences in (E) and (F).
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Figure 5. Downregulation of CD3( leadsto a proinflammatory phenotypein NK cellsfrom SLE
patients
(A, left) Representative dot plot showing percentage of NK cells from healthy donors

(Control, upper) or SLE patients (SLE, lower) producing IFN-y, TNFa or both. (A, right)
Scatter diagram of cumulative values of IFNy*TNFa* NK cells from healthy donors and
SLE patients. Correlations between (B) IFNy*TNFa*, (C) IFNy*, and (D) TNFa* with
CD3( values in NK cells from SLE patients are shown. (E) Representative histograms of
CD3( basal levels (E, left) and % of IFNy* (E center) in siRNA control (upper) or CD3(
(lower) treated NKL cells are shown. (E, right) Scatter diagram showing cumulative data of
% of IFNy* NKL cells under different conditions as indicated in the graph (n=3 independent
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experiments). (F) IFN-y was also measured in supernatants from NKL cells electroporated
with CD3( siRNA or control siRNA using an ELISA kit, values are represented with a box
and whiskers graph. (G) Column bar graph representing the mean + SEM of % of IFNy*
NK cells from Rag2knockout or Rag2 knockout CD3C ™/~ mice from two experiments with
at least three mice per experiment. Differences in (A), (F) and (G) were evaluated by
unpaired T-test. Pearson’s correlation analysis was conducted to determine the relationship
in (B), (C) and (D). A One-way ANOVA was performed to detect differencesin (E; * =p <
0.05, ** = p < 0.001, *** = p < 0.0001).
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Figure 6. Downregulation of CD3( altersearly NK cell signaling
(A) NKL cells were electroporated with CD3(C siRNA or control siRNA, and cell lysates

immunoblotted for CD3( and pB-actin. Densitometric quantitation is shown in the graph
(right panel). (B) CD16 was immunoprecipitated from lysates from NKL cells
electroporated with CD3( siRNA or control siRNA. Coimmunoprecipitated FceRIy was
determined by Western blotting (representative experiment out of 3). Densitometric
quantitation is shown in the graph (right panel). (C) Expression levels of FceRly and CD3(¢
were normalized to levels obtained from cells electroporated with control SiRNA.
Cumulative data from the 3 independent experiments are shown. D) NKL cells
electroporated with CD3( siRNA or control siRNA were stimulated with a crosslinking
CD16 antibody or with K562 cells for one minute. A representative Western blot (out of 3)
is shown for phospho-tyrosine, CD3( and B-actin, and band density profile are shown on the
center. Data were normalized (fold change over the unstimulated condition) and cumulative

J Immunol. Author manuscript; available in PMC 2019 May 01.

B C
© ©
N N
e O e & =
L& L 5] =0.04 =0.02
N <\ S p=0 p=0.
508 P & S & S £ 005 820 12
> b
© 06 — w a-FceRly 5 ggg B %1-5 rrd.0
i 4 Z 0.02 r$1.0 008
. 3 [h]
] 22 m. a-B actin ”é 0.01 L2205 06
QO.DL“\ 8 0.00 : T %0.0\‘0 e
0 @ @ M e
Y siCD3] _ siCtr KRS € Lo L
e BRSO O O
=) o W Ry =) =)
o &
siCTR siCD3¢ siCTR siCD3Z Stimulus
+ = + = anti-CD16 -+ - - + - anti-CD16 anti-CD16 K562
- + + - - K562 - -4+ + - - K562
$1.2 15,
£ 51.0
- | 206
: - ' Y- 0.5
- - SN S " %1.2 * 1.27 *
W e S 5510 11
” ; =508 1.0
& - S Z06 09
e S e B e 212 12
=
S S — — ;CU10 - 10
T e ‘2508 0.8
Bosfl| o6
A e B15
<061 o5
= &1.0
£ EEO_SjIl 1-0h
Sl S s
e,\’iéo“’ e,\ic’p“"‘
) )



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Suérez-Fueyo et al.

Page 26

data for each quantified band are shown on the left. T test was used to evaluate differences.
x|
p <0.05
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Characteristics of the SLE and healthy donors included in the study.

Table |

SLE patients | Healthy controls
Parameter
n=55 n=32
Mean age, years + SEM 39.8+15 43.1+15
Females, n (%) 55 (100) 32 (100)
SLEDAI + SEM 3405
Ethnicity
African-American, n (%) 19 (34) 8 (25)
Caucasian, n (%) 25 (46) 21 (66)
Others, n (%) 11 (20) 3(9)
Treatment
Prednisone, n (%) 24 (43.6)
Hydroxychloroquine, n (%) | 39 (70.9)
Mycophenolate, n (%) 20 (36.4)
Azathioprine, n (%) 10 (15.6)
Others, n (%) 11 (20)
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