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ABSTRACT

NK cells are a major component of the immune
system, and alterations in their activity are cor-
related with various autoimmune diseases. In

the present work, we observed an increased ex-
pression of the NKG2D ligand MICA in SLE patients’
kidneys but not healthy subjects. We also show
glomerulus-specific expression of the NKG2D

ligands Rae-1 and Mult-1 in various murine SLE
models, which correlated with a higher number of
glomerular-infiltrating NK cells. As the role of NK
cells in the immunopathogenesis of SLE is poorly un-
derstood, we explored NK cell differentiation and
activity in tissues and organs in SLE-prone murine
models by use of diseased and prediseased MRL/MpJ
and MRL/Ipr mice. We report here that phenotypically
iNK cells accumulate only in the spleen but not

in BM or kidneys of diseased mice. Infiltrating NK
cells in kidneys undergoing a lupus nephritic process
showed a more mature, activated phenotype com-
pared with kidney, as well as peripheral NK cells
from prediseased mice, as determined by IFN-y and
STATS5 analysis. These findings and the presence of
glomerulus-specific NKG2D ligands in lupus-prone
mice identify a role for NK cells and NKG2D ligands

in the lupus nephritic process, which could aid in
understanding their role in human SLE. J. Leukoc. Biol.
97: 583-598; 2015.

Abbreviations: BFA = brefeldin A, BM = bone marrow, CNB = Centro Nacional
de Biotecnologia, Eomes = eomesodermin, FJD = Fundacion Jiménez Diaz,
IS = Instituto de Investigacion Santtaria, INK = immature NK, MICA/B = MHC
class | polypeptide-related sequence AB, MRL/lpr = MRL/MpJ®’, MRL/MpJ =
Murphy Roths Large mice, Mult-1 = murine UL16-binding protein-like
transcript 1, NKP = NK precursor, pSTAT = phosphorylated STAT, Rae-1 =
retinoic acid early inducible 1, SLE = systemic lupus erythematosus, ULBP1 =
UL16-binding protein-like transcript 1
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Introduction

NK cells are large granular lymphocytes that have a major role in
the innate immune system as important in vivo regulators of
immune and nonimmune cells [1-3]. NK cells participate in
various autoimmune diseases, such as type 1 diabetes and
rheumatoid arthritis, and in SLE, a chronic autoimmune disease
of unknown origin that can affect various organs, including the
lungs, blood, kidneys, and nervous system [4, 5]. Lupus nephritis,
1 of the SLE hallmarks, is characterized by immune complex
formation, followed by the accumulation of macrophages, T cells,
and B cells in the interstitial infiltrates that amplify the local
response and correlate with the severity of the glomerular
lesions [6-8].

The role of NK cells in the development of SLE pathogenesis
remains unclear and is widely debated. Recent reports from
several groups show a significantly lower proportion and total
numbers of NK cells in SLE patient blood compared with
controls, especially in lupus nephritis patients [9-11]. There also
is evidence of reduced cytotoxicity and impaired differentiation
of peripheral NK cells from SLE patients and from mouse SLE
models, such as MRL/Ipr [9, 12, 13].

The role of NKG2D, 1 of the main NK-activating receptors in
SLE, is also debated [14, 15]. NKG2D is expressed on all NK cells
and on subsets of NKT, CD8, and CD4, and yé T cells [16].
NKG2D is activated by NKG2D ligands, a “stress-induced” family
of MHC-I-like proteins, which in mice, are Rae-1a/B/v/&/9,
MULT-1, and H60 and in humans, MICA, MICB, ULBP1-ULBP4,
and retinoic acid early transcript 1G protein. The only in-
formation available to date concerning NKG2D and its ligands in
SLE is a report of a larger proportion of CD4'NKG2D" cells in
PBMC:s of SLE patients and higher levels of the human NKG2D
MICA ligand in juvenile-onset SLE patient serum, suggesting
NKG2D ligand up-regulation in SLE pathogenesis [17, 18].
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There are few data regarding the role of NKG2D and its ligands
in SLE pathogenesis and etiology or on the functional
characterization of NK cells in a SLE environment, specifically in
the target organs of this disease.

We used immunohistochemical procedures to analyze NKG2D
ligand involvement in nephritic lupus development and observed
expression of the human NKG2D ligand MICA in kidneys of SLE
patients. We also show glomerulus-specific expression of NKG2D
ligands in MRL/Mp], MRL/Ipr, and NZBxNZW (F1) strains
compared with healthy C57BL/6] and BALB/c mice. NKG2D
ligand expression increased with disease progression and
correlated with greater NK cell infiltration in the glomeruli of

affected mice, suggesting a role for NKG2D ligands in lupus
nephritis development. As NKG2D ligands can activate NK cells,

we characterized NK cells phenotypically and functionally in

a SLE-like environment in BM, in the periphery (spleen), and in
the kidney in MRL/Mp]J and MRL/Ipr SLE mouse models. In our
SLE models, the NK cell population showed down-regulation of
key NK cell markers, accumulation of iNK cells, and decreased
functional capacity in the periphery but not in kidneys of
diseased MRL/Mp] and MRL/Ipr mice, where mainly mature
and functional NK cells are detected. These findings indicate
that NKG2D ligand expression and NK cells could play a role in
the lupus nephritic process.

MATERIALS AND METHODS

Mice

Female C57BL/6] mice MRL/Mp] and MRL/lpr (The Jackson Laboratory,
Bar Harbor, ME, USA) were maintained in the CNB Animal Facility (Madrid,
Spain) in pathogen-free conditions. All animal studies were approved by the
CNB Ethics Committee for Animal Experimentation (Ref. 11022) in
compliance with national and European Union legislation.

Human kidney samples

Formalin-fixed paraffin sections from 11 patients with lupus nephritis (with
active and/or chronic lesions) and 6 sections of human kidneys without
disease used as healthy controls (healthy parenchyma of radical nephrecto-
mies) were obtained from FJD Biobank (Biobanco-F]JD, IIS-FJD, Madrid,
Spain). Patient details are given (Table 1). The study was approved by the
Ethical Committee of the FJD IISF]JD and conducted following institutional
guidelines.

Immunohistochemistry and immunofluorescence
antibodies and reagents

Antibodies to the following antigens were used for immunohistochemistry and
immunofluorescence stainings: NKp46 (AF2225), Rae-1y (AF1136), and
MICA (BAF1300; all from R&D Systems, Minneapolis, MN, USA); ULBP1
(NBP1-80856; Novus Biologicals, Littleton, CO, USA); and Synaptopodin (163-
002; Synaptic Systems, Goettingen, Germany). Rat anti-mouse Mult-1 was

a kind gift from Dr. Stipan Joncic (University of Rijeka, Croatia) [19],

aged NZBxNZW (F1) OCT-embedded kidney tissue sections were a kind

gift from Dr. Shozo Izui (University of Geneva, Switzerland), and

3-mo-old female BALB/c kidney tissue sections were a kind gift from

Dr. Manuela Zonca (CNB).

Immunohistochemistry and confocal microscopy

Spleens and kidneys were removed and snap frozen in tissue-freezing medium
(Jung). Sections were acetone fixed and after blocking endogenous
peroxidase, incubated with primary antibody, followed by rabbit EnVision+
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System-HRP reagent (Dako, Glostrup, Denmark) or rat or goat Histofine
Simple Stain kits (Nichirei Biosciences, Tokyo, Japan). Sections were stained
with AEC+ Substrate-Chromogen (Dako) and hematoxylin counterstained.
HRP-conjugated polymer-stained sections and control isotype-incubated slides
were used as negative controls.

To ascertain if NKG2D ligands were also present in the kidneys of diseased
SLE patients, we performed specific immunohistochemical staining for the
presence of the NKG2D ligands MICA and ULBP1 in formalin-fixed paraffin
sections of 11 patients with a diagnosis of lupus nephritis, Classes II-V, with
active and/or chronic lesions. As healthy controls, formalin-fixed paraffin
sections of healthy parenchyma of radical nephrectomies were used.

Paraffin-embedded sections or renal biopsies from patients with lupus
nephritis and human kidney controls were deparaffinized and rehydrated and
washed in TBS 1X, and heat-induced antigen retrieval was performed in
a water steamer for 30 min. Sections were washed, endogenous peroxidase was
blocked, and slides were incubated overnight with primary antibody, followed
by rabbit EnVision+ System-HRP reagent or the Vectastain Elite ABC kit
(Vector Laboratories, Burlingame, CA, USA). Sections were stained with
AEC+ and hematoxylin counterstained. HRP-conjugated, polymer-stained
sections and control isotype-incubated slides were used as negative controls.
Immunohistochemical staining for MICA and ULBP1 was analyzed with the
use of an Olympus BX-45 microscope, and the intensity of staining was graded,
ranging from 0 through 3+ (0, no staining; 1+, mild staining; 2+, moderate
staining; 3+, strong staining).

Confocal analysis was performed on a Leica SP5 confocal microscope.
Whole-tissue section pictures were analyzed via immunofluorescence by use of
a Leica DMI6000 B inverted microscope and the Leica Application Suite
microscope software to create a full, processed image. All samples include
appropriate antibody-staining controls.

Quantification of Rae-1 staining intensity in glomeruli
of glomerular infiltrates

Chromogen deposition was measured by quantitative immunohistochemistry
by use of an established method [20]. In brief, images of glomeruli (X100
magnification) were acquired in a Leica microscope (vertical Leitz DM RB)
with an adapted Olympus (DP70) camera; image files were saved in a tagged-
image file format. The amount of chromogen/pixel was determined by
selecting glomeruli (25 glomeruli/group) in a 200 X 200 pixel region and
subtracting the mathematical energy (Ey;) of the control slide (not exposed to
primary antibody) from that of a homologous glomerulus on the experi-
mental slide (exposed to Rae-1 antibody). Chromogen quantity (Ey) is
expressed as energy units/pixels. To quantify the percentage of glomeruli
with NKp46+ infiltration, 25 random field sections were analyzed for 5 mice/
group. In each section, the number of glomeruli that showed at least 1
positive-stained cell inside of the glomerulus was counted and divided by the
total number of glomeruli counted/field.

Cell isolation

Single-cell suspensions were prepared from mouse spleen and BM (tibiae and
femur). To obtain kidney lymphocytes, decapsulated kidneys were minced,
digested with 10 pg/ml collagenase D (Roche Diagnostics, Indianapolis,

IN, USA), passed through a cell strainer, washed, overlaid on Ficoll (GE
Healthcare, Pittsburgh, PA, USA), and centrifuged. Kidney lymphocytes were
isolated from the interface, washed, and counted, and the absolute number of
NK cells was calculated by multiplying the total number of kidney lymphocytes
by the percentage of positive NK cells (live CD45°CD3 NKp46™ cells), as
determined by flow cytometry.

Flow cytometric analysis

Antibodies to the following antigens were used for staining: B220 (RA3-6B2;
Beckman Coulter, Brea, CA, USA); CD4 (GK1.5), CD8 (53-6.7), CD3
(145-2C11), NKG2D (A10), Eomes (Danllmag), and T-bet (4B10; all from
eBioscience, San Diego, CA, USA); Ly-6G/Ly-6C (RB6-8C5) and NKp46
(29A1.4; both from BioLegend, San Diego, Ca, USA); CD2 (12-15; Southern
Biotechnology, Birmingham, AL, USA); CD11a (2D7), CD11b (3A33), CD27
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TABLE 1. Lupus nephritis patients’ details

NK cells and NKG2D ligands in lupus nephritis pathogenesis

Age/ Current

Patient  sex status Kidney biopsy Clinical history Disease-activity parameters Treatment

1 44/F Moderately  Lupus nephritis. SLE diagnosed with Proteinuria: 359 mg/24 h; Dezacor/Deflazacor
active/ Stage III focal nephropathy, lymphocytes: 2500/mm®
inactive (acute/chronic) ANA+, anti-DNA—, (<1500); complement: C3,
lupus anti-Ro—, anti-Sm—, 89 (90-170); C4, 16 (12-36);

anti-La— ANA: 1/320 (>1/80);
a-DNA: —; a-SSA: —

2 21/F Moderately  Lupus nephritis SLE diagnosed with Proteinuria: 153 mg/24 h; Micophenolate
active (focal proliferative lupic lymphocytes: 1100/mm® mofetil,
lupus proliferative). nephritis, ANA+, (<1500); complement: C3, Prednisone,

Stage III (acute) anti-DNA+, anti-Ro+, 49 (90-170); C4, 3 (12-36); Dolquine
anti-La+ ANA: 1/1280 (>1/80);
a-DNA: 433 Ul/ml (>20);
a-SSA: 240 U/ml (>10)
3 34/F Active lupus Lupus nephritis. SLE diagnosed with Proteinuria: >500 mg/dl; None
Stage IV—global joint, pulmonary, leukocyturia: lymphocytes,
(acute) and skin edemas, 2700/ mm® (<1500)
leukocytosis
4 48/F Active lupus Lupus nephritis. SLE diagnosed with Proteinuria: 1739 mg/24 h; C3:  Dolquine
Stage IV—global joint pain and 78 (90-170); C4: 33 (1236);
(chronic) vasculitis, ANA+, ANA: 1/160 (>180); creatinine:
anti-DNA—, 2.5 mg/dl (0.6-1.3)
anti-Ro—, anti-La—
5 20/F  Active lupus Lupus nephritis. SLE diagnosed with Proteinuria: 1750 mg/24 h; Hydroxy-
Stage skin injury, joint lymphocytes: 2900/ mm? chloroquine,
IV-segmental pain, and serositis, (<1500) complement: C3, 71 Azathioprine,
(acute) ANA+, anti-DNA+, (90-170); C4, 11 (12-36); ANA: Prednisone,
anti-Ro—, anti-La— 1/640 (>1/80); a-DNA: Dolquine
124 Ul/ml (>20); a-SSA: —
6 78/M  Active lupus Lupus nephritis. Tubulointerstitial Proteinuria: 6800 mg/24 h; None
Stage IV—global nephritis lymphocytes: 2400/mm? (<1500);
(acute) creatinine: 7.3 mg/dl (0.6-1.3)
7 36/F Active lupus Lupus nephritis. SLE diagnosed with Proteinuria: 6718 mg/24 h; Micophenolate
Stage IV + polyarthritis, joint lymphocytes: 4600/mm® mofetil,
V-global pain, and generalized (<1500); complement: C3, Prednisone
(acute/chronic) edema 47 (90-170); C4, 5 (12-36);
ANA: 1/80 (>1/80); a-DNA:
25 Ul/ml (>20); a-SSA: —

8 52/F Active lupus Lupus nephritis. SLE-diagnosed Proteinuria: 1451 mg/24 h; Myfortic,

Stage IV—global nephrotic lymphocytes: 2300/ mm® Prednisone
(acute) syndrome (<1500); complement: C3,

72 (90-170); C4, 24 (12-36);

ANA: +; a—DNA: 431 UI/ml

(>20), 29 Ul/ml (<7);

a-SSA/Ro, 60 kDa: 29 Ul/ml

(<7); creatinine: 1.9 mg/dl

(0.6-1.3)

9 65/M  Partial Lupus nephritis. Nephrotic syndrome Proteinuria: 3222 mg/24 h; None
remission Stage V (chronic) lymphocytes: 4500/mm®

(<1500)

10 23/F Moderately  Lupus nephritis. Chronic kidney disease, Proteinuria: 2500 mg/24 h; NSAIDs

active Stage IV—global ANA+, anti-DNA+ creatinine: 1.7 mg/dl (0.61.3)
(chronic)

11 67/F Partial Lupus nephritis. Nephrotic syndrome Proteinuria: 10,007 mg/24 h; Furosemide,

remission Stage III + V with generalized lymphocytes: 2300/mm® (<1500);  Micophenolate
(chronic) edema complement: C3, 118 (90-170); mofetil,
C4, 46 (12-36); ANA: 1/80 Prednisone

(>1/80)

ANA, antinuclear antibodies; anti-La (anti-SSB), anti-Sjogren’s syndrome antigen B antibodies; anti-Ro/a-SSA, anti-Sjégren’s syndrome antigen A
antibodies; anti-Sm, anti-Smith antibody; NSAIDs, non-steroidal anti-inflammatory drugs; a—, anti.
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(LG.3A10), CD43 (S7), CD49b (DX5), CD51 (RMV-7), CD107a (1D4B),
CD122 (5H4), CD45 (13/2.3), IFN-y (XMG1.2), TER119 (TER119), TNF-o
(MP6-XT22), and pSTAT5 (pY694; all from BD Biosciences, San Jose, CA,
USA); and CXCR3 (220803) and CXCR4 (247506; both from R&D Systems).
Dead cells were distinguished by use of the Live/Dead Fixable Dead Cell Stain
kit (Invitrogen, Carlsbad, CA, USA).

NKP cells were gated on the CD122°LIN™ (lineage) gate, which included
the following antibodies: B220, CD3, CD11b, Ly-6G/Ly-6C, and TER119.

Cells were stained for Eomes and T-bet following the forkhead box p3
staining kit (eBioscience). For intracellular IFN-y and TNF-« staining, cells
were cultured in medium containing PMA (25 ng/ml; Sigma, St. Louis, MO,
USA) and ionomycin (1 wg/ml; Sigma) or with murine rIL-15 (20 mM) and
rIL-12 (10 ng/ml; both from PeproTech, Rocky Hill, NJ, USA), and BFA
(5 ng/ml; BioLegend) was added for the last 4 h at 37°C, permeabilized with
0.5% saponin, and stained for IFN-y and TNF-a (30 min, room temperature).
For pSTATS) staining, cells were incubated (15 min) in medium alone or with
20 nM murine rIL-15 (PeproTech); cells were then fixed, permeabilized with
BD Phosphflow Perm Buffer III (BD Biosciences), and stained for pSTAT5,
according to the manufacturer’s instructions. Stained cells were analyzed in
a Gallios (Beckman Coulter) flow cytometer and data analyzed with FlowJo
software, v. 8.0 (TreeStar, Ashland, OR, USA).

Total organ ELISA

Mice were killed and the kidneys weighed and finely minced. The
preparations were plated in 2 ml RPMI, supplemented with 10% FBS, 4 mM
L-glutamine, 10 mM HEPES, 1% 100X nonessential amino acids, 1 mM
sodium pyruvate, 100 U/ml penicillin/100 ug/ml streptomycin, and 50 nM
2-mercaptoethanol for 24 h at 37°C, 5% CO,. Supernatants were collected,
spun down 3 times to remove cellular debris, and analyzed by ELISA, at least
in triplicates, for the presence of IL-15/IL-15R (mouse IL-15/IL-15R complex
ELISA Ready-SET-Go!; eBioscience), CX3CL1 (mouse CX3CL1/Fractalkine
DuoSet; R&D Systems), IL-12 [BD OptEIA Mouse IL-12 (p70) ELISA set] and
IFN-y (BD OptEIA Mouse IFN-y ELISA set; both BD Biosciences), and TNF-«
(MiniELISA development kit; PeproTech). The final concentration of
cytokine/chemokine was then normalized to the total organ weight.

RESULTS

The human NKG2D ligand MICA is expressed in
kidneys of patients with lupus nephritis

NKG2D ligand involvement in SLE pathogenesis, particularly in
the glomerulonephritic process, has not been studied. Several
genetic studies have shown an association between MICA gene
polymorphisms and susceptibility to SLE, suggesting that this
human NKG2D ligand could contribute to the pathogenesis of
SLE [21, 22]. To ascertain if NKG2D ligands were present in the
kidneys of diseased SLE patients, we performed specific
immunohistochemistry staining for the presence of the NKG2D
ligands MICA and ULBP1 in formalin-fixed paraffin sections of
11 patients with a diagnosis of lupus nephritis, Classes II-V, with
active and/or chronic lesions (Table 1). Formalin-fixed paraffin
sections of healthy renal parenchyma from 6 nonlupus patients
that had undergone radical nephrectomy were used as controls.

The analysis of kidney biopsies from patients with lupus nephritis
revealed focal-positive cytoplasmic staining for MICA (of variable
intensity) in nonatrophic tubular epithelial cells of 8 out of 11
patients, whereas slight MICA staining was observed in only 1
control sample (P < 0.05 Mann-Whitney test on MICA score
staining, lupus nephritis case vs. control; Fig. 1, Table 2, and
Supplemental Figs. 1 and 2). In cases of mild positivity (1+ and
2+), staining was found predominantly restricted to the basal
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region of tubular epithelial cells. One-half of these 8 patients also
showed focal and segmental glomerular immunoreactivity in
subepithelial regions of glomerular capillaries. Patient 2 had focal
lupus nephritis with active lesions (Class III-A), Patient 3 was
affected by global diffuse lupus nephritis (Class IV-G) and showed
active lesions, Patient 9 suffered membranous lupus nephritis
(Class V), and Patient 11 showed global diffuse lupus nephritis
coexisting with membranous lupus nephritis (Class III + V).

Immunoreactivity for ULBP1 was only found in the cell
membrane of scattered erythrocytes of all patients and was
considered as a nonspecific finding. No interstitial, tubular,
glomerular, or vascular staining was found (Fig. 1A and
Supplemental Fig. 1).

Rae-1 expression in glomeruli of murine SLE models

To assess whether the MRL lupus-prone genetic background also
causes NKG2D ligand up-regulation and thus, participates in
glomerulonephritis onset, we tested NKG2D ligand expression in
the MRL mouse kidney. C57BL/6 mice were used as a genotype-
negative control strain, in which no ligand expression was
anticipated.

We assessed antibodies to various NKG2D ligands for validity in
immunohistochemistry, including H60, Rae-1, and Mult-1, but
only the Rae-1y antibody stained appropriately. Rae-17y stained
clearly in glomeruli of prediseased and diseased MRL/Mp] and
MRL/Ipr mice but not in equivalent C57BL/6 controls (Fig. 2A).
Rae-1vy staining was significantly more intense in glomeruli of
diseased than of prediseased MRL/lpr and MRL/Mp] mice
(Fig. 2B).

To determine whether Rae-1y is expressed in glomeruli of
other SLE-like, disease-prone mice and not in healthy strains, we
analyzed Rae-1v in kidney sections of diseased NZBxNZW (F1)
(another SLE-like murine model) and healthy, 3-mo-old BALB/c
mice. NZBxNZW (F1) mice showed Rae-1vy expression in
glomeruli, whereas no Rae-1y was observed in the glomeruli of
BALB/c mice (Fig. 2A).

Rae-1y and Mult-1 expression is limited and specific to
glomeruli of the MRL genotype

To confirm specific Rae-1y expression in glomeruli and to show
that all glomeruli expressed this NKG2D ligand, we stained whole
kidney sections for Rae-1y and synaptopodin, a differentiated
glomerular cell marker [23, 24]. Rae-1y expression was specific
to synaptopodin-expressing cells (Fig. 2C), and all glomeruli were
Rae-1vy positive.

We evaluated the expression of other NKG2D ligands on the
MRL background. With the use of an anti-Mult-1 antibody of
known efficiency in immunofluorescence analysis, we tested
kidney sections from MRL and C57BL/6 mice [19]. Confocal
analysis of cryosections showed strong glomerulus-specific Mult-1
expression in MRL but not in C57BL/6 mice (Fig. 2D). No anti-
H60 antibodies tested showed positive staining (not shown).

NKp46 infiltration in MRL and C57BL/6
mouse glomeruli

To ascertain whether NK cell infiltration correlates with
glomerular infiltrates, we used immunohistochemical techniques
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Figure 1. Quantification of NKG2D ligand expression in kidneys of patients with lupus nephritis. (A) Immunohistochemical analysis of MICA and
ULBP1 expression in kidney biopsies from patients with lupus nephritis and healthy kidneys used as controls. Representative images are shown (X200).
Neg Ct, Negative controls. (B) MICA intensity scores were plotted in control and lupus nephritis cases. *P < 0.05 Mann-Whitney test (control vs. lupus nephritis cases).

to analyze the percentage of glomeruli that showed NK cell
(NKp46") infiltration. Glomeruli of diseased MRL/lpr and
MRL,/Mp] mice showed significantly more NKp46" cell infiltrates
than prediseased MRL/MpJ] and MRL/Ipr mice (Fig. 3). These
data suggest that NKG2D ligand expression and NK cell
infiltration could play a role in lupus nephritis.

NK cell characterization in the MRL mouse strain

As NK cell participation in SLE is poorly understood, we decided
to characterize NK cell populations at the site of precursor
generation (BM), in the periphery (spleen), and in a target
organ of the disease (kidney) in MRL murine models.

As there is only limited information on NK cells in a SLE
environment, we characterized the NK cell population in BM and
spleen from prediseased and diseased MRL/Mp]J and MRL/Ipr
mice. We analyzed the percentage and total number of NK cells
(gated on the NKp46'CD3 ™ cell population by use of the gating

TABLE 2. Quantitative analysis of the intensity for MICA by use
of Grades 0-3+

Patient Type of nephropathy ULBP1 MICA
1 Stage III (acute/chronic) - 1+
2 Stage III (acute) - 2+
3 Stage IV—global (acute) - 3+
4 Stage IV—global (chronic) - 3+
5 Stage IV-segmental (acute) - 1+
6 Stage IV—global (acute) - 0((+/—)
7 Stage IV + V (acute/chronic) - 0
8 Stage IV—global (acute) - 1+
9 Stage V (chronic) - 2+
10 Stage IV—global (chronic) - 0(H+/—)
11 Stage II + V (chronic) - 1+

0, No staining; 1+, mild staining; 2+, moderate staining; 3+, strong
staining.

www jleukbio.org

strategy shown in Fig. 4A in prediseased MRL/Ipr (9-wk-old),
diseased MRL/Ipr (3- to 4mo-old), prediseased MRL/Mp] (3- to
4-mo-old), and diseased MRL/Mp]J (1-yr-old) mice.

We found a significant reduction in the percentage of spleen
NK cells in diseased compared with prediseased mice in both
groups (Fig. 4B). Diseased MRL/Mp] mice showed significantly
lower total spleen NK cell numbers compared with prediseased
MRL/Mp] mice (Fig. 4B). There were no differences in total
numbers or percentage of NK cells in BM (Fig. 4C).

Surface-marker expression in NK cells

To determine whether the SLE-like environment affects NK cell
maturation, we analyzed expression of developmental markers
in fresh NK cells from BM and spleen. We focused on markers
that characterize phenotypically mature murine NK cells,
including CD122 (IL-2R and IL-15R B-chain), NKG2D, CD49b
(aeo integrin), CD11b (Mac-1), CD2 (LFA-2), CD11a (LFA-1), and
CD43 (leukosialin) [25, 26].

CD2, CD11b, CD43, CD49b, and CD122 were down-regulated
in spleen NK cells in diseased compared with prediseased
NK cells in both groups (Fig. 4D). In BM, only CD43 down-
regulation was observed in diseased compared with predis-
eased MRL/Mp] mice (Fig. 4E). NKG2D and CD11a levels
were unchanged in BM and spleen NK cells in both mouse
groups (Fig. 4D and E).

iNK cells accumulate in the spleen of diseased,
SLE-like mice

Based on the observed decrease in mature NK cell markers on
mature peripheral NK cells, we postulated a defect in NK cell
differentiation in the periphery. NKP cells are thought to arise in
the BM; they can differentiate fully and mature in the BM or
travel to other organs and complete differentiation in situ. NKP
cells have been reported in peripheral organs of mice, including
spleen [27]. NK cell differentiation is a complex process that

Volume 97, March 2015 Journal of Leukocyte Biology 587

Downloaded from www.jleukbio.org to IP 47.88.87.18. Journal of Leukocyte Biology Vol.97, No.3, pp:583-598, March, 2017


http://www.jleukbio.org
http://www.jleukbio.org/

JLB

A C

diseased prediseased diseased prediseased
MAUMpJ MALMpJ MRUIpr MRLApr C578L6 BALBIc NZBXNZW (F1)
| . W . 1 W,
“ \
$a -
R ©
: =]
& >

josue) aaneban

X002

19 BN

Buiuiers
uipodojdeulg/L-aey

B D Negative Control C57BL6

Quantification of the intensity of Rae-1Y Il diseased MRLIMpJ
8 M prediseased MRUMpJ
e [ diseased MRL/lpr
Ml prediseased MRL/pr

diseased MRL/Apr

Energy/pixel

Figure 2. Analysis of Rae-1y and Mult-1 NKG2D ligands in murine SLE models. (A) Immunohistochemical analysis of Rae-1y expression in kidney-tissue
cryosections from MRL/Mp] (prediseased and diseased), MRL/Ipr (prediseased and diseased), C57BL/6, BALB/c, and NZBxNZW (F1) (diseased) mice.
Specific staining (red chromogen stains) was observed in the glomeruli of all MRL genotype and diseased NZBxNZW (F1) mice, whereas staining was
absent in C57BL/6 and BALB/c controls. Representative images of kidneys from 5 mice/group. (B) Quantification of Rae-17y staining in MRL mouse
glomeruli. Data were analyzed with a 2-tailed, unpaired Student’s #test (mean * sp; n = 5/group; **P < 0.0001; *P < 0.0025). (C) Cryosections of
diseased MRL/Ipr kidney (10 wm) were costained with rabbit anti-mouse synaptopodin (green) and goat anti-mouse Rae-1vy antibody (red), followed by
appropriate Alexa-conjugated secondary antibodies and DAPI (blue). All synaptopodin-positive cells corresponded to Rae-1y-positive cells, indicating
glomerulus-specific expression of this NKG2D ligand. (D) Confocal analysis of synaptopodin and Mult-1 expression in C57BL/6 and diseased MRL/Ipr
kidney sections. Kidney cryosections were stained with rabbit anti-mouse synaptopodin (red) and rat anti-mouse Mult-1 (green), followed by secondary
antibodies and DAPI (blue). Mult-1 expression was absent in the C57BL/6 strain.

begins in the BM with the generation of NKP cells, which numbers in the spleen but not in the BM of diseased MRL/Ipr
are CD122'LIN™ CD49b™ NKp46~ . These cells follow a develop- and MRL/Mp]J mice compared with prediseased counterparts
mental pattern that gives rise to iNK cells when they begin to (Fig. 5A and B). Stage 3 cells were increased only in the spleens
express some but not all NKsspecific developmental markers: CD122° of diseased MRL/Mp] but not MRL/Ipr mice compared with
LIN"CD49b NKp46~ (Stage 1) — CD122"LIN" NKp46'CD49b ™ prediseased counterparts (Fig. 5A and B).

(Stage 2) - CD122'LIN NKp46'CD49b" (Stage 3) [26-29].

After Stage 3, NK cells begin to express the NK cell marker
CD11b and become CD122"LIN”NKp46'CD49b"CD11b"

(Stage 4), considered mature NK cells. Analysis of total NKP and
iNK cell numbers in prediseased and diseased MRL/lpr and
MRL/Mp] mice showed an increase in Stage 1 and Stage 2 cell

CD11b™8"CD27"*" NK populations are greatly reduced
in diseased, SLE-like mice

NK cell maturation can be subdivided further into another
4-stage process, dependent on CD27 and CD11b expression
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Figure 3. Quantification of NKp46 infiltrates in glomeruli. (A) Representative images of immunohistochemical staining of NK (NKp46). Positive staining
inside glomeruli (arrows). (B) Quantification of the percentage of glomeruli with cell infiltrates/field (X100). Data were analyzed with a 2-tailed,
unpaired Student’s ttest (mean * sp; n = 5/group; 25 kidney sections/mouse; **P < 0.0001).
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[28]. NK cell effector functions correlate with the progressive
acquisition of the following markers in mature NK cells:
CD11b™"CD27-°" — CD11b*¥CD27' 8" - CD11b'hE"

Freshly isolated BM and spleen cells were gated in NKp46*
CD3" and analyzed for CD11b and CD27 expression. We found
a significant reduction in CD11b"™*8"CD27"" NK cells and an

CcD27sh . cD11bMshCp27 e,
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increase in CD11b"*CD27"8" NK cells in spleens from diseased
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Figure 5. Characterization of iNK and CD11bCD27 NK cell subsets from mouse spleen and BM. (A) Representative flow cytometric density plots show
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Percentages of CD11b™#"CD27"*", CD11b™#"CD278", and CD11bM"CD27'8" cells were calculated for splenocytes and BM cells. Gates for each
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MRL/lpr and MRL/Mp] compared with their prediseased
counterparts (Fig. 5C and D). There were no significant
differences in CD11bCD27 subsets in BM NK cells.

Phenotypic characterization of infiltrating kidney

NK cells

Given our finding of major NK cell defects in diseased, SLE-like
mouse spleens, we studied NK cells in the kidneys of these mice.
Percentages and absolute numbers of CD45"NKp46'CD3 ™ cells
were calculated in the kidneys of all mouse groups. The absolute
number of infiltrating CD45'NKp46'CD3 ™ cells was higher in
diseased than in prediseased MRL/lpr mice but not in diseased
MRL/Mp] mice compared with prediseased counterparts (Fig.
6A and B). The percentage of CD45'NKp46'CD3™ cells was
significantly lower in diseased MRL/Mp] and MRL/Ipr mice
compared with their prediseased counterparts (Fig. 6A and B).
The decrease in the percentage of CD45"NKp46'CD3™ cells was
concomitant with an increase in other lymphoid subsets, such as
CD45"CD3"CD4" cells (not shown).

In contrast to spleen and BM, CD45"NKp46'CD3 -gated cells
in diseased MRL/Mp]J and MRL/Ipr mouse kidneys showed
significantly higher CD11b levels than their prediseased coun-
terparts (Fig. 6C). CD43 was also increased in diseased compared

590 Journal of Leukocyte Biology Volume 97, March 2015

with prediseased MRL/Ipr mice (Fig. 6C). There were no
differences in NKG2D, CD122, CD2, or CD49b expression in
any of the mouse groups (Fig. 6C).

The CD11b expression increase in diseased MRL/lpr and
MRL/Mp] mice correlated with significantly larger percentages
of the more mature CD11b™8"CD27"°" cells than the other
CD11bCD27 subsets (Fig. 6D). We also observed a tendency
toward a larger percentage of CD11b™"CD27"8" NK cells in
prediseased compared with diseased mice (Fig. 6D). To our
knowledge, this is the first characterization of CD11bCD27 NK
subsets in kidney. This analysis shows that regardless of disease
state, kidney NK cells are comprised mainly of more mature
CD11b'™#"CD27"*" subsets.

We next analyzed the expression of the transcription factors
T-bet and Eomes in NK cells obtained from spleen, BM, and
kidney of MRL/Ipr mice (Fig. 7A and B). These transcription
factors have been linked with NK cell development and
maturation [30, 31]. Two main subsets of NK cells regarding the
expression of these transcription factors were observed in spleen:
Eomes" T-bet™ NK cells, in which the percentage did not vary
with disease stage, and Eomes™ T-bet" NK cells, in which the
percentage decreased in diseased MRL/lpr mice. Expression of
both transcription factors in NK cells was low in the BM. In
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kidneys, most NK cells were T-bet" in accordance with their more
mature phenotype. We detected an increased population of
Eomes” T-bet” NK cells in prediseased mice in this organ,
whereas Eomes™ T-bet" NK cells were increased in diseased
animals. We also examined the expression of CD11b and CD27
in the different NK cell subsets expressing Eomes and T-bet
(Fig. 7C and D). We found in spleen (not shown) and in kidneys
that expression of CD11b and CD27 closely matched that of
T-bet and Eomes, respectively. Most Eomes” T-bet™ NK cells
were also CD27"8"CD11b"", most Eomes™ T-bet" NK cells were
CD27"#'CD11b"/ et and most Eomes™ T-bet' cells were
CD27°“CD11b"8". Taken together, the analysis of T-bet and
Eomes expression confirmed a decrease maturation of NK cells
in the spleen concomitantly with a more mature phenotype in
the kidneys of diseased animals. In addition, CXCR4 expression
was decreased in the diseased kidney, confirming the more
mature phenotype of these cells (Supplemental Fig. 3) [32].

NK cells in diseased kidneys produce more IFN-y

To determine whether kidney-infiltrating NK cells behave
differently in an autoimmune and a nonautoimmune environ-
ment, we tested their ability to produce IFN-y after PMA/
ionomycin stimulation. Kidney NK cells from diseased mice had
a larger percentage of PMA/ionomycin-responding cells that
secreted more IFN-y than their prediseased counterparts. The

www jleukbio.org

difference in the percentage of IFN-y producers was more
pronounced in CD11b™8"CD27"*" but not in the CD27"8" cells
(Fig. 8A and B). When kidney NK cells from MRL/Ipr mice were
treated with IL-12 and IL-15, which induces the expression of
IFN-y more specifically than the PMA/ionomycin treatment, we
observed similar levels of IFN-y production in diseased and
prediseased mice (Fig. 8C and D). No significant production of
TNF-a was detected in NK cells (data not shown).

Organ-specific pSTAT5 induction in NK cells

As NK cells suffer from impaired maturation in diseased mouse
spleen but not in the BM or kidney, we postulated an alteration
in the pSTAT5 pathway in diseased NK cells. STAT5 is a member
of the STAT family of proteins, which signal via the JAK/STAT
pathway. STATD5 is central to modulation of the biologic response
to cytokines, such as IL-15, and pSTAT levels were correlated
recently to SLE activity [33, 34]. To determine whether NK cells
from these organs have a differential capacity to phosphorylate
STAT5, we used IL-15 to stimulate fresh kidney lymphocytes, as
well as spleen and BM cells from prediseased and diseased MRL/
Ipr and MRL/Mp] mice. FACS analysis of the BM and spleen
showed no differences between groups in pSTAT5 expression
levels after IL-15 stimulation (Fig. 8E and F). In contrast, after
IL-15 stimulation, kidney NK cells from diseased MRL/Mp] and
MRL/Ipr mice showed significantly higher pSTAT5 levels than
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their prediseased counterparts (Fig. 8E and F). Furthermore,
kidney NK cells phosphorylated more STAT5 than their spleen
and BM counterparts (Fig. 8E and F).

To understand some of the factors underlying the activation of
NK cells in kidneys, we examined by ELISA the production of
cytokines and chemokines important in the inflammatory pro-
cess (Fig. 9). We observed an increased production of the
chemoattractant chemokine CX3CL1 and the proinflammatory
cytokine IL-12 in prediseased MRL/Ipr mice when compared
with diseased counterparts. We did not observe differences in
IFN-y production between diseased and prediseased animals,
although MRL/Ipr mice appear to produce larger amounts than
MRL/Mp] mice. Both prediseased MRL/Mp] and MRL/Ipr

592 Journal of Leukocyte Biology Volume 97, March 2015

kidneys produced greater amounts of TNF-a than their diseased
counterpart. Interestingly, diseased MRL/lpr mouse kidneys
produced large amounts of the IL-15/IL-15R complex essential
for NK cell effector function. These data suggest that NK cells
could be actively recruited to the kidney and play a role in the
maintenance of the inflammatory process in lupus nephritis.

DISCUSSION

Here, we report that NKG2D ligand expression was found in SLE
patients. We analyzed the expression of the human NKG2D
ligands MICA and ULBP1 in kidney biopsies of patients with
active and chronic lupus nephritis and found mild (1+) to strong
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Figure 8. IFN-y secretion and pSTAT5 of Ficoll-isolated kidney lymphocytes. (A) Ficoll-purified kidney lymphocytes were incubated with PMA,

ionomycin, and BFA and stained with anti-NKp46, -CD45, -CD3, -CD11b, -CD27, and -IFN-y mAb (4 h). Representative flow cytometric density plots show
the percentage of gated CD45'NKp46'CD3~ and CD45'NKp46'CD3~ CD11b"CD27" cells positive for IFN-y. (B) Percentages of CD11bCD27 subsets
positive for IFN-y, and the median fluorescence intensity (MFI) of IFN-y in NK cells were calculated. (C) As in A, lymphocytes from MRL/Ipr mice
were stimulated with IL-12 and IL-15 for 6 h, and BFA added in the last 4 h of incubation. Cells were stained as in A. Representative flow cytometry
density plots are shown. (D) Percentage of IFN-y—positive cells in total NKp46” CD3™ and in CD11bCD27 NK subsets and median fluorescence intensity

of IFN-y" NK cells was calculated. (E) Fresh single-cell suspensions of spleen, BM, and Ficoll-isolated kidney lymphocytes were activated with
murine rIL-15 (15 min), fixed, permeabilized, and stained with anti-NKp46, -CD45, -CD3, and -pSTAT5 mAb. Representative flow cytometric
histograms show pSTAT5 expression on gated CD45" NK cells for diseased MRL/Mp]J (blue line), prediseased MRL/Mp] (green), diseased
MRL/Ipr (red), and prediseased MRL/Ipr (black) mice. Isotype control staining (gray) is shown in each panel. (F) NK cells were gated for
CD45"'NKp46'CD3~ and the median fluorescence intensity calculated for total pSTAT5 expression in BM, spleen, and kidney. Gates for
each population were set by use of unstained or nonspecific mAb isotype controls. Data were analyzed with a 2-tailed, unpaired Student’s #test
(mean * sp; n = 3—-6 mice/group in 3—-4 independent experiments; *P < 0.05).

MICA (3+) cytoplasmic staining in epithelial cells of nonatrophic
tubules in 8 patients. No relationship was found among the
positivity for MICA and the stage of lupus nephritis (focal,
diffuse, or membranous), either among the intensity of the
staining or the presence of active and/or chronic lesions.

The pattern of expression of MICA in patients with lupus
nephritis resembles what has been reported previously in kidney
sections from patients suffering from Wegener’s granulomatosis
[35], which is an inflammatory disease of unknown origin, whose
most life-threatening symptom is necrotizing glomerulonephritis;
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patients in an active disease state show increased numbers of
circulating MICA” cells in the blood and positive MICA
expression in glomerular and peritubular epithelium in the
kidneys [35]. Thus, the expression of MICA seems to be
up-regulated specifically during the active stages of inflammatory-
autoimmune kidney manifestations. These observations, com-
bined with reports that link MICA polymorphism to SLE
pathogenesis via modulation of CD4" cells, NK cells, and/or
monocytes, provide an interesting link to possible effects of MICA

expression in kidneys of patients with active SLE [18, 22, 36].
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Figure 9. Cytokine and chemokine detected in kidneys of SLE-prone
mice. Kidneys were isolated, minced, and cultured in complete media
overnight. Culture supernatants were spun down to remove cell debris,
and amounts of IL-15/IL-15R complex, CX3CLI1, IL-12, IFN-y, and TNF-«
were measured by ELISA. The final concentrations were normalized to
the total organ weight. Data were analyzed with a 2-tailed, unpaired
Student’s #test (mean * sp; n = 3/group; **P < 0.01; ***P < 0.001).

A small, immunosuppressive NKG2D*CD4" T cell subset
correlates inversely with disease activity in juvenile-onset lupus
[17]. These cells are proposed to have regulatory properties, and
their reduction in patients with active disease correlates with
disease severity. The same study also found soluble MICA in SLE
patient serum but not in that of controls; the authors nonetheless
did not identify the MICA-expressing tissue, as a result of lack of
tissue biopsies. It is tempting to postulate that the increased
NKG2D ligand expression that we found in diseased kidneys
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could cause the release of a soluble form of these ligands. Soluble
NKG2D ligands are reported to impair NKG2D expression and
might explain the reduction in this NKG2D'CD4" cell subset
during the active disease state [37].

To assess whether the expression of NKG2D ligands also
occurs in SLE-prone mice, we investigated their expression in
MRL mouse strains. We observed specific Rae-1 and Mult-1
expression in the glomeruli of MRL/Mp]J and MRL/Ipr mice and
Rae-1 expression in the glomeruli of diseased NZBxNZW (F1)
mice. Expression of these ligands in kidney is specific to the
glomeruli, which allows us to postulate that this SLE-prone
background is the cause of NKG2D ligand expression, not
present in C57BL/6 or BALB/c control strains. In addition, we
found that heightened Rae-1 expression correlates with active
disease. The glomeruli of mice in an active disease state might
thus be subject to a broader stress-induced environment,
which could be responsible for increased expression of this
NKG2D ligand.

In accordance with the reported correlation of site-specific
expression of NKG2D ligands with specific NK cell accumulation
at the same site [38, 39], we observed that the expression NKG2D
ligands in SLE-prone mouse kidneys correlated with an increase
in NK cell infiltration as the disease progressed. Thus, we decided
to investigate NK cell differentiation and activity in these murine
models. MRL/Ipr mice are commonly used to study SLE, given
the rapid onset of SLE-like symptoms; nonetheless, this acceler-
ated phenotype is mainly a result of a recessive, autosomal
mutation that alters transcription of the FasR [40]. This model
mimics many features found in SLE patients, and defective Fas
signaling correlates with the development of autoimmune
lymphoproliferative syndrome, which shares many symptoms
with SLE. Notwithstanding, the extreme autoimmune manifes-
tations in these mice, such as massive accumulation of double-
negative and B220" T cells, are neither typical of nor common
in SLE patients [41]. The lpr mutation itself is not able to
cause glomerular nephritis, and Fas-sufficient MRL/Mp] mice
have background genes that promote development of SLE-like
symptoms in a more “natural,” albeit slower, manner than
MRL/Ipr mice [40, 42]. Only the MRL/Ipr mouse strain has
been used in the limited studies of NK cells in SLE, and no
information is available regarding the role of NK cells in diseased

MRL/Mp] mice.

The only information on peripheral NK cells in human SLE
patients indicates reduced expression and number of CD122* NK
cells and a reduction in total NK cell number and in their
cytotoxicity [9, 10]. Proliferation, cytotoxicity, and differentiation
defects are reported for NK cells cultured in vitro from SLE
patient hematopoietic BM cells [9], but fresh BM samples have
not been tested and to our knowledge, the NK cell phenotype has
not been characterized in a SLE/SLE-like environment. Here, we
confirm previous data indicating a reduction in the percentage of
NK cells in diseased MRL/Ipr mice [10] and show a similar
reduction in diseased, 1-yr-old MRL/Mp] mice, indicating their
usefulness for the study of NK cells in SLE. Comparison of

percentages and absolute numbers of NKp46'CD3™ cells in BM
from prediseased and diseased MRL/lpr and MRL/Mp] mice
suggests that the reduction of these cells in the periphery in
diseased mice is not a result of defective BM production of NK cells.
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Several reports show a nonmature, functional phenotype in
peripheral NK cells from SLE patients and from diseased MRL/
Ipr mice, characterized by reduced CD122 expression and
cytotoxicity [9, 12, 13]. In line with this, we observed that surface
expression of typical markers of NK cell was down-regulated
significantly in diseased spleen NK cells and to a lesser extent, in
BM. The slight differences in the mature profile identified here
in fresh BM samples resemble data of a study that showed
reduced cytotoxicity/proliferation of human hematopoietic stem
cells differentiated in vitro to NK cells [9].

We next analyzed NKP cell numbers and developmental
markers in BM and in spleen. The 4-stage developmental process
is far better understood in mice than in humans (the NK1.1
marker, a defining marker for NK cell development, was not
analyzed, as it is not expressed in the MRL strain). As NKP cells
have been found in various organs other than BM, they are
thought to arise in the BM and travel to other organs where they
develop fully. Thus, we hypothesized that in diseased mice, NK
cells develop differently in spleen than in the BM. Our data
showed no differences in total NKP or iNK cell numbers in the
BM. In diseased mouse spleen, we observed larger numbers of
iNK and NKP cells in Stages 1—, which led us to postulate that NK
cells do not develop correctly in the periphery in diseased mice.
NK cells in diseased patients are thought to suffer impaired
maturation and differentiation, and NK cell activation is
influenced by microenvironmental factors, such as the cytokine
milieu or BM stromal cells [13, 43, 44]. These results correlated
with our analysis of CD11bCD27 NK cell subsets in spleens from
SLE-like mice, showing an accumulation of CD11b"*¥CD27" 1"
and a decrease in the percentage of CD11b™8*CD27"™ NK cells
in diseased mouse spleen and demonstrating further that NK
cells do not develop a completely mature phenotype. This was
also confirmed by the reduction in T-bet" NK cells in the spleen
of diseased MRL/lpr mice.

The phenotypic and functional aspects of NK cells in SLE
target organs have not been studied extensively. To date, only
3 studies have been published, 2 of which reported a more
cytotoxic phenotype for liver and lung NK cells from diseased
MRL/Ipr mice than from prediseased MRL/Mp] or MRL/Ipr
mice [45, 46]. In a 3rd study, PMA/ionomycin-stimulated NK
cells from diseased MRL/lpr mice produced more cytotoxic
granules than prediseased MRL/lpr or MRL/Mp] mice [10].
These data suggest phenotype reversal of NK cells in target
organs compared with NK cells in the periphery. Cytometric
staining of freshly isolated NK cells from diseased kidneys showed
an increase in the percentage of mature CD11b™&"CD27"°%
cells. This was confirmed when the expression of the transcrip-
tion factors Eomes and T-bet was analyzed. Intriguingly, in our
hands, the expression pattern of Eomes and T-bet matched that
of CD27 and CD11b, respectively. Eomes expression in NK cells
has been associated with a more mature NK cell phenotype
[30, 47], although recently, both transcription factors have been
shown to instruct different NK cell lineages [31], suggesting that
their expression is likely to depend on the microenvironment in
which the NK cell matures. In CD4" T cells, T-bet expression
induced chromatin modification at the Eomes locus, probably
leading to its repression [48]. It has also been suggested that
early T-bet expression could repress Eomes expression in NK
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cells (giving rise to Eomes™ T-bet” NK cells), but once Eomes is
expressed, T-bet is probably unable to repress its expression [31]
(giving rise to Eomes' NK cells, which can become T-bet"). In
line with this, it could be speculated that the Eomes® T-bet” NK
cell population, mostly detected in prediseased kidneys, could
represent a peripheral NK cell population recruited to the organ,
whereas the Eomes™ T-bet” NK cells could represent a locally
differentiated NK cell population as a result of the proinflam-
matory environment of the MRL/Ipr mouse kidneys. As the
disease progresses, the decrease in Eomes" T-bet” NK cells in
favor of Eomes™ T-bet” NK cells could reflect an accentuated
change in the kidney microenvironment, driving T-bet over-
expression and NK cell differentiation toward a more mature
phenotype. Further work is required to identify the microenvi-
ronmental factors that can drive T-bet and Eomes expression in
nephritis and clarify these findings.

Overall, our data support the existence of a more mature NK
cell phenotype in diseased kidneys than in the periphery.
Modifications in NK cell-activating and -inhibitory receptor levels
are associated with other autoimmune diseases, such as psoriasis
and type I diabetes, and are thought potentially to alter the NK
cell activation threshold [49-52]. The organ- and disease-specific
alterations in NK cell subsets and receptor expression that we
describe during active SLE might reflect profound changes in
NK cell activation and thus, their functional properties and
possibly contribute to the autoimmune environment.

Increased CD11b expression in diseased mouse kidneys
correlated with a larger percentage of kidney-infiltrating NK
cells, which respond to PMA/ionomycin stimulation and thus,
produce more IFN-y. There were significant differences in the
percentage of CD11b™8"CD27"*" cells that produced IFN-y
between diseased and prediseased mice, suggesting that these
more mature, infiltrating NK cells are responsible for the
increased IFN-y production. The fact that no differences were
detected between diseased and prediseased MRL/Ipr mice in
IFN-y production by NK cells stimulated with IL-12 and IL-15
(a more specific IFN-y-inducing stimulus) indicates that the
potential for IFN-y production of NK cells in prediseased mice is
intact. On the other hand, the increased IFN-y production
induced by PMA/ionomycin treatment in NK cells from diseased
kidneys also suggests that the activation threshold of these cells is
lowered as the disease advances, resulting in a potential increase
for overall cytokine production by these cells. The role of IFN-y in
the nephritic lupus process is well documented [53-55]. As such,
these NK cells, which are activated and infiltrate the kidney during
active stages of the disease, could be among the main IFN-y
producers and thus, responsible for maintaining and promoting
the high degree of inflammation in nephritic lupus kidney.

Various still-unknown, kidney-specific factors could underlie
this mature NK cell accumulation, and an active autoimmune
environment might be able to alter specific pathways, funda-
mental for NK cell development, such as the STAT5 signaling
pathway [56]. STAT5 has a crucial function in NK cell signaling,
given its role in NK cell development and survival, and in
transducing and activating myriad biologic processes after NK
cell stimulation by cytokines, such as IL-2, IL-15, and IL-21 [34,
56]. We found in NK cells stimulated with IL-15 increased
pSTATS5 in kidneys but not in BM or spleen of diseased
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MRL/Mp] and MRL/lpr mice compared with prediseased
counterparts. Additionally, kidney NK cells showed higher levels
of pSTATb than spleen or BM NK cells. These data suggest

a difference between the mechanisms involved in NK cell
regulation in affected and unaffected tissues/organs during
active and inactive SLE, especially in the microenvironment in
which the NK cells are found. Studies to date have focused
mainly on analyzing peripheral blood NK cells in SLE patients,
but other autoimmune diseases have highlighted the importance
of studying tissue-infiltrating NK cells; in rheumatoid arthritis,
synovium-infiltrating NK cells produce more IFN-y than blood
NK cells from the same patients [57, 58]. These more mature,
IFN-y-producing NK cells in diseased kidneys might have a key
role in direct or indirect promotion (via recruitment/activation
of other immune cells) of the glomerulonephritic process. The
spleen, kidney, or BM factors that could impair or foster NK cell
maturation/activation in a SLE-like environment nonetheless
remain to be identified.

We also observed increased production of the chemoattractant
chemokine CX3CL1 and the proinflammatory cytokine IL-12 in
the kidney of prediseased MRL/lpr mice, both of which have
been linked with the onset of kidney injury [569-61]. Although
both of these inflammatory mediators have been shown to drive
IFN-y secretion [60, 62], we only detected increased IFN-y
production in MRL/lpr mice when compared with MRL,/Mp]
but not between the prediseased and diseased groups. A more
localized role for IFN-y in the tissue could explain this
discrepancy. We also detected increased TNF-o production in
prediseased MRL mice. Intrarenal TNF-a expression correlated
with disease activity in SLE-prone models [63, 64], although high
TNF-a doses can exert a protective effect on renal injury [64],
and anti-TNF-a therapy can induce lupus nephritis-like syndrome
in autoimmunity patients [65]. This dual role of TNF-« in lupus
nephritis is not fully understood [66], although p38 MAPK
activation status is likely involved in the outcome for renal injury
dictated by TNF-a [67]. The increased TNF-a production
detected in kidneys of prediseased mice suggests that TNF-« is
likely to promote kidney damage in MRL strains. Finally, we
detected increased production of the IL-15/IL-15R complex,
essential for NK cell activity [43], in the kidneys of diseased
MRL/Ipr mice. Increased levels of IL-15 have been described in
the serum of SLE patients [68], although the action of this
cytokine on NK cells has been shown to depend mostly on its
transpresentation [43]. Importantly, elevated expression of
transmembrane IL-15 on immune cells has been associated with
the development of murine lupus [69], suggesting that the
presence of IL-15/IL-15R complexes in the diseased kidneys is
likely to maintain NK cell activity.

Taken together, these data indicate that circulating NK cells
and resident NK cells are recruited and activated very early into
the prediseased kidneys (based on the production of CX3CL1
and IL-12, low expression of chemokine receptors CXR3 and
CXCR4, and increased CD11b and T-bet expression), where the
microenvironment allows for their maturation and maintenance
in an active state, where they can exacerbate lupus nephritis by
producing IFN-y. Indeed, long-term depletion of NK cells (by
anti-NKI1.1 administration) has been shown to delay the onset of
glomerular injury in NZBxNZW (F1) mice [70].
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We propose that NK cells participate in glomerulonephritis,
based on analysis of their infiltration into kidneys. Notwith-
standing, we found that diseased MRL/lpr mice were the only
group that showed an increase in the total number of kidney-
infiltrating NK cells, which might thus have a qualitative rather
than a quantitative role (as suggested by increased IFN-y
production and pSTAT5 in NK cells isolated from diseased
kidneys) during glomerulonephritis, as there is no notable
difference in total NK cell numbers between diseased MRL/Mp]
and control mice. Nonetheless, this contrasts with a previous
study, in which larger numbers of NK cells were found in kidneys
of prediseased rather than of diseased MRL/Ipr mice [10].
Regardless of whether total NK cell numbers increase in diseased
or prediseased kidneys, our data show a correlation between
infiltration of mouse glomeruli and an active disease state.

In summary, our results provide evidence for microenviron-
mental, organ-specific development and regulation of NK cells,
which could clarify previous reports showing impaired terminal
differentiation in peripheral NK cells from human SLE patients.
Our data emphasize a larger role for NK cells in SLE target
organs than previously proposed. The results show that NK cells
infiltrate the glomeruli of glomerulonephritic SLE-like mice,
which is concomitant with an increase in localized glomerular
expression of NKG2D ligands. In conjunction with our finding of
MICA expression in human SLE patient kidneys, these observa-
tions could implicate NKG2D ligands as possible therapeutic or
diagnostic markers of SLE. Further work is needed to determine
the potential of NK cells and the NKG2D receptor and its ligands
in the development of lupus-based glomerulonephritis to identify
potential therapeutic targets.
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MICA Staining Pattern

Light (14) focal positivity in the cytoplasm of the tubular epithelium
(predominantly in the basement membrane). Negative in glomeruli and blood
vessels

Moderate (2+) focal positivity in the cytoplasm of the tubular epithelium
(predominantly in the basement membrane). Light, focal, and isolated
positivity in the subepithelial glomerular capillaries. Negative in blood
vessels

Intense (3+) focal positivity in the cytoplasm of the tubular epithelium
(predominantly in the basement membrane) and in the glomeruli (the

| active lesion observed in this glomerulus renders the topographical

analysis of this glomerulus difficult to ascertain). Negative in blood vessels

Intense (3+4) focal positivity in the cytoplasm of the tubular epithelium
(predominantly in the basement membrane). Negative in glomeruli and blood

o vessels

Light (14) focal positivity in the cytoplasm of the tubular epithelium
(predominantly in the basement membrane). Negative in glomeruli and blood
vessels

MICA either negative in tubular epithelium or only light (14) staining in isolated
cells in sparse renal tubules. This staining (-/+) was interpreted as negative.
Negative in glomeruli and blood vessels

Negative in tubules, glomeruli, and blood vessels.

Light (14) focal positivity in the cytoplasm of the tubular epithelium
(predominantly in the basement membrane). Negative in glomeruli and blood
vessels

Moderate (2+) focal positivity in the cytoplasm of the tubular epithelium
(predominantly in the basement membrane). Focal and segmental positivity in
the subepithelial peripherical glomerular capillaries detected. Negative in blood
vessels

MICA either negative in tubular epithelium or only light (1+4) staining in isolated
cells in sparse renal tubules. This staining (-/+) was interpreted as negative.
Negative in glomeruli and blood vessels

Moderate (2+) focal positivity in the cytoplasm of the tubular epithelium
(predominantly in the basement membrane). Focal and segmental positivity in
the subepithelial peripherical glomerular capillaries detected. Negative in blood
vessels

Supplemental Figure 1: MICA staining of lupus nephritis cases



Neg Ct MICA MICA Staining Pattern

Negative in tubules, glomeruli, and blood vessels.
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Very mild focal positivity +/- in tubular pithelium

Control 3

Control 4

Negative in tubules, glomeruli, and blood vessels.

Negative in tubules, glomeruli, and blood vessels.

Control 5

Diffuse positivity 1+ in tubular epithelium in both MICA and negative
control sections.

Control 6

Supplemental Figure 2: MICA staining of healthy kidney cases
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Supplemental Figure 3: CXCR3 and CXCR4 expression in NK cells from MRL/Ipr mice

Lymphocytes were isolated from spleen, bone marrow (BM) and kidney from pre-diseased and diseased
MRL/lpr mice and analyzed by flow cytometry for the expression of (A) CXCR3 and (B) CXCR4. The
expression of these chemokine receptors was low in NK cells isolated from spleens and kidneys
suggesting that most NK cells are likely to be resident in these organs. We found that NK cells in pre-
diseased BM had higher expression of both receptors consistent with the BM being the main organ
responsible for NK cell development in adult mice and confirming the presence of more immature NK
cells in this organ. On the other hand, the lower expression of both chemokine receptors in diseased
animals suggests that NK cells are not being retained in the BM when the disease is active. The lower
expression of CXCR4 in NK cells isolated from diseased kidneys of MRL/Ipr mice confirmed their mature
phenotype. Density plots are representative examples and percentage of CXCR3/CXCR4 positive cells in
NKp46*+ CD3- gate are averages of 3 independent experiments of at least 2 mice per group. *p<0.05,
**p<0.01 Two-tailed Mann-Whitney test (diseased vs prediseased).



