
Long-term administration of IgG2a anti-NK1.1 monoclonal antibody
ameliorates lupus-like disease in NZB/W mice in spite of an early

worsening induced by an IgG2a-dependent BAFF/BLyS production

Introduction

Systemic lupus erythematosus (SLE) is a connective tissue

disease associated with significant morbidity and mortal-

ity, related either to the disease itself or to complications

of the treatment. The disease is characterized by anti-

nuclear autoantibodies and multiorgan tissue injury,

including immune complex glomerulonephritis.1 The dis-

ease can be induced experimentally in non-autoimmune

mice by injection of cells, antigens or some inorganic

compounds.1–4 Also, there is a particular combination of

mouse strains, the F1(NZB · NZW), that develops a dis-

ease characterized by lethal immune complex glomerone-

phritis and high plasma levels of anti-double-stranded

DNA (anti-dsDNA) antibodies. These antibodies have

been reported to play a role in glomerular injury.5 The

disease in NZB/W mice resembles the lupus which occurs

in humans, with severe glomerulonephritis.6

CD4+ T cells play an important role in the develop-

ment of lupus in NZB/W mice because treatment with

anti-CD4 monoclonal antibodies (mAbs) ameliorates the

disease.7 CD4+ T cells derived from lupus-prone mice

have been shown to recognize nucleosomes and peptides

derived from anti-DNA antibodies.8 Recently, it was

reported that a subpopulation of CD4+ T cells that

recognizes the CD1d molecule could contribute to the

pathogenesis of lupus-like disease in mice.9 In addition,

CD1d-reactive NK1.1+ T cells are involved in lupus-like
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Summary

The role of natural killer (NK) T cells in the development of lupus-like

disease in mice is still controversial. We treated NZB/W mice with anti-

NK1.1 monoclonal antibodies (mAbs) and our results revealed that

administration of either an irrelevant immunoglobulin G2a (IgG2a) mAb

or an IgG2a anti-NK1.1 mAb increased the production of anti-dsDNA

antibodies in young NZB/W mice. However, the continuous administra-

tion of an anti-NK1.1 mAb protected aged NZB/W mice from glomerular

injury, leading to prolonged survival and stabilization of the proteinuria.

Conversely, the administration of the control IgG2a mAb led to an aggra-

vation of the lupus-like disease. Augmented titres of anti-dsDNA in NZB/

W mice, upon IgG2a administration, correlated with the production of

BAFF/BLyS by dendritic, B and T cells. Treatment with an anti-NK1.1

mAb reduced the levels of interleukin-16, produced by T cells, in spleen

cell culture supernatants from aged NZB/W. Adoptive transfer of NK T

cells from aged to young NZB/W accelerated the production of anti-

dsDNA in recipient NZB/W mice, suggesting that NK T cells from aged

NZB/W are endowed with a B-cell helper activity. In vitro studies, using

purified NK T cells from aged NZB/W, showed that these cells provided

helper B-cell activity for the production of anti-dsDNA. We concluded

that NK T cells are involved in the progression of lupus-like disease in

mature NZB/W mice and that immunoglobulin of the IgG2a isotype has

an enhancing effect on antibody synthesis due to the induction of BAFF/

BLyS, and therefore have a deleterious effect in the NZB/W mouse

physiology.

Keywords: BAFF/BLyS; Fc receptor; interleukin-16; natural killer T cells;

systemic lupus erythematosus; Toll-like receptor

184 � 2008 The Authors Journal compilation � 2008 Blackwell Publishing Ltd, Immunology, 125, 184–196

I M M U N O L O G Y O R I G I N A L A R T I C L E



disease in many different experimental systems.6,9–13 This

T-cell lineage is notable for expressing the NK1.1 mole-

cule, besides having a restricted repertoire constituted by

the usage of T-cell antigen receptors (TCR) formed

mainly by the Vb8 chain in association with an invariable

Va14Ja281 chain.14 Natural killer (NK) T cells secrete

large amounts of interferon-c and interleukin-4 upon

in vivo or in vitro stimulation with anti-CD3 anti-

bodies.14,15 These cells recognize phospholipids and glycoli-

pids in association with a non-polymorphic, non-major

histocompatibility complex (MHC) -encoded, MHC I-like

molecule (CD1d) expressed on antigen-presenting

cells.14,15 Recently, it was described that anti-CD1 block-

ing antibodies ameliorate lupus-like disease in NZB/W

mice, whereas activation of CD1d-restricted T cells by a

glycolipid (a-galactosylceramide) can aggravate the dis-

ease.6,13 These studies have also shown that NK T cells

may have different functions in young and in aged NZB/

W mice. There is a report that the NK T-cell population

in aged lupus-prone mice may use a different antigen rep-

ertoire, with TCR modified by the insertion of N addi-

tions in the invariant Va chain.16 On the other hand,

another study indicated that the in vivo activation of NK

T cells ameliorates some aspects of lupus-like disease in

mice.17 Furthermore, it has been shown that autoimmune

and non-autoimmune mouse strains may develop more

severe nephritis and large amounts of autoantibodies and

lupus-like disease in the absence of Va14+ NK T cells, as

these mice age.11,18 Taken together, these studies suggest

that NK T cells are involved either in the control of

lupus-like disease in some experimental models or in the

promotion of the disease in aged NZB/W mice.

Herein, we confirm and extend some of these results by

taking a different approach. NZB/W mice were treated

chronically with anti-NK1.1 mAbs from the age of

4 weeks. Our data support the notion that NK T cells

have a pathogenic role in the development of lupus-like

disease in aged NZB/W mice. In addition, we provide evi-

dence to support a deleterious role for immunoglobulin

G2a (IgG2a) and lipopolysaccharide (LPS) in the develop-

ment of this disease by the induction of B-cell-activating

factor/B-lymphocyte stimulator (BAFF/BLyS) secretion by

cells of the immune system.

Materials and methods

Animals

Female (NZB · NZW)F1, C57BL/6, BALB/c and BALB/c

nu/nu mice from 1 to 9 months of age were bred and

maintained under standard conditions in the mouse col-

ony of the Department of Immunology, Institute of

Biomedical Sciences, São Paulo or in the animal

facilities of the Gonçalo Moniz Institute (IGM),

Oswaldo Cruz Foundation (FIOCRUZ), Salvador, Brazil.

Protocols used in this study were approved by the Eth-

ics Committees in Experimental Animal Models (Insti-

tute of Biomedical Sciences, University of São Paulo

and IGM/FIOCRUZ).

Enzyme-linked immunosorbent assays

For detection of dsDNA-specific antibodies, sera were

obtained from the different experimental groups by

bleeding mice from the tail vein and were assayed by

enzyme-linked immunsorbent assay (ELISA) against

ds-DNA-sensitized plates (96-well flat-bottomed micro-

plates; Nunc Inc., Rochester, NY). A goat anti-mouse

(IgG + IgM)–biotin conjugate (Zymed Laboratories Inc.,

San Francisco, CA) was added at an appropriate dilution to

detect total immunoglobulin. Streptavidin peroxidase (BD

Biosciences, San Jose, CA) was used as tertiary reagent. One

standard positive serum and one negative serum were used

in every assay. Results are given in titres (reverse of the

end-point dilution + SEM). For cytokine ELISAs, the levels

of BAFF/BLyS and interleukin-16 (IL-16) were quantified

using a two-site sandwich ELISA. Anti-BAFF/BLyS mono-

clonal and polyclonal antibodies were obtained from R&D

Systems (Minneapolis, MN). Anti-IL-16 monoclonal anti-

bodies were from Invitrogen Corporation (Carlsbad, CA)

(clone 14.1, used as capturing antibody for human/mouse

IL-16) and R&D Systems (biotin-conjugate polyclonal anti-

human/mouse IL-16). Recombinant mouse BAFF/BLyS

and human IL-16 were from R & D Systems.

Monoclonal antibodies, cells and other reagents for flow
cytometry analysis

H-129 (anti-CD4), H-57-597 (anti-pan b-chain), PK136

(anti-NK1.1), DX-5 (anti-NK), 2C11 (anti-CD3), R6-60.2

(anti-mouse IgM), RA3-6B2 (anti-B220), NIMR-4 (anti-

IA/IE) mAbs, labelled with phycoerythrin (PE), fluo-

rescein isothiocyanate (FITC) or biotin, were used. For

the biotin-labelled mAbs, PE-streptavidin, PE-Cy5-strep-

tavidin or FITC-streptavidin was used as a second-step

reagent, as indicated. All these reagents were purchased

from eBioscience (San Diego, CA), BD Biosciences,

Southern Biotechnology (Birmingham, AL) or Invitrogen

Corporation spleen, liver and lymph node cells were iso-

lated and placed in ice-cold 0�15 M phosphate-buffered

saline (PBS), pH 7�2 supplemented with 5% fetal bovine

serum (FBS) and 0�1% sodium azide. Mononuclear liver

cells were obtained by centrifugation on a 40–80% Percoll

gradient (Pharmacia, Uppsala, Sweden). They were

recovered from the interface and washed in PBS plus 10%

FBS. Staining was performed as previously described.19 Fc

blocking was used throughout the staining procedure, as

described elsewhere.20 After staining, cells were analysed

using a FACScan (Becton Dickinson, San Jose, CA). A

minimum of 10 000 events was recorded per sample.
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Intracellular staining

For IL-16 detection, cells were cultured overnight in com-

plete medium without further stimulation. Brefeldin-A

(Sigma, St Louis, MO) was added in the last 8 hr of cul-

ture. Cultured cells were harvested, washed and resus-

pended at 2 · 106/well in staining buffer (balanced salt

solution containing 1% sodium azide and 5% FBS). For

BAFF detection, cells were not previously cultured and

were stained as soon as they were obtained from the ani-

mals. For intracytoplasmic staining, cells were first stained

with FITC-conjugated or Cy5-conjugated primary mAbs,

as indicated, for 20 min at 4� and then fixed in 2% para-

formaldehyde for 30 min. The cells were then washed and

incubated in staining buffer containing 0�1% saponin for

30 min. Continuously exposed to saponin, the cells were

then stained with PE-conjugated anti-murine BAFF or

IL-16 mAbs (R&D Systems and Invitrogen Corporation,

respectively) for 30 min at 4�. After washing with staining

buffer, the cells were washed again with staining buffer

without saponin to allow membrane closure. A minimum

of 20 000 events was collected. Results were analyzed

using FLOWJO software (Tree Star Inc., Ashland, OR).

In vivo treatments

The mAb treatments were performed as previously

described.19 In brief, each mouse received 0�5 mg of the

protein-G-purified monoclonal anti-NK1.1 (PK136) by

intraperitoneal (i.p.) injection, three times a week. The

treatment was maintained during the experiments. The

efficacy of the mAb in depleting the animals of NK1.1+

and NK1.1+ T cells was ascertained by fluorescence-acti-

vated cell sorting (FACS) analysis, using a second anti-

NK mAb (DX-5). The reduction of NK T lymphocytes

among liver mononuclear cells was approximately 80%

after 1 week of treatment (supplementary information

Fig. S1, panel A). As a control for the PK136 mAb

treatment, protein-G purified mouse IgG2a (clone 5D11,

anti-human carcinoembryonic antigen)21 was given i.p.,

following the same protocol as the one used for the

PK136 mAb. In some experiments, IgG2a (5D11) mAb

was heat-aggregated, as previously described.22 This prep-

aration was used as above. This IgG2a mAb did not pro-

duce any staining in thymocytes, spleen cells or bone

marrow cells from NZB/W mice (supplementary informa-

tion Fig. S1, panel B). Other control groups received PBS,

protein-G-purified serum IgG (from BALB/c mice) or

another monoclonal antibody that recognizes dog mono-

cyte/macrophage, belonging to the mouse IgG1 subclass

(clone IH1).23 These antibodies were used as controls. In

some experiments Toll-4 ligand (LPS, Escherichia coli

055:B5) from Sigma-Aldrich or Toll-2 ligand [Pam3CSK4

(P3C)] from EMC Microcollections (Tuebingen, Ger-

many) was injected i.p. at a dose of 2 ng/injection every

other day for a period of 4 weeks. Large amounts of sera

were required for these experiments so several batches of

mouse serum, collected over several years from BALB/c

mice, were pooled. All batches were kept at )20� during

the storage period. For the same reason, mice receiving

polyclonal IgG were treated up to the end of the 6th

month of age, only. Monoclonal antibodies were purified

from ascitic fluid obtained in BALB/c nu/nu mice as

described previously.19

In vitro cell depletion or enrichment

B cells were obtained from spleen cells after incubation

with the following biotin-labelled mAbs: anti-CD3

(2C11), anti-TER119 and anti-CD11b. These mAbs were

from Invitrogen Corporation. The incubation was carried

out at 4� for 20 min in balanced salt solution (BSS) sup-

plemented with 10% fetal calf serum. Spleen cells were

washed four more times. For the depletion, a second

incubation with streptavidin-coated Dynabeads (Dynal,

Oslo, Norway) was carried out, according to the manu-

facturer’s instructions. After two rounds of magnetic

exclusion, the remaining spleen cells were used for

in vitro assays. The efficacy of depletion was monitored

by FACS analysis and the percentage of B-cell preparation

was found to be above 90% when labelled with anti-

CD19–FITC and anti-CD1–PE (both from BD Bioscienc-

es) (supplementary information Fig. S1, panel C). For NK

T-cell purification, a FITC-multisort kit from Miltenyi

Biotec (Bergish Gladbach, Germany) was used, according

to the manufacturer’s instructions. First, liver and spleen

FITC–ab+ cells were positively sorted. Purified ab+ cells

(purity was usually above 90%) were stained with anti-

NK1.1 biotin and positively sorted by using streptavidin-

coated microbeads from Miltenyi Biotec. The purity of

NK1.1+ ab+ cells was usually around 80% on FACS

reanalysis (supplementary information Fig. S1, panel C).

In vitro cell culture

For interleukin measurements, pooled spleen cells from

different experimental groups were cultured in RPMI-

1640 (Gibco, Grand Island, NY) supplemented with 10%

FBS (Hyclone, Logan, UT), 50 mM 2-mercaptoethanol

and 1 mM HEPES (complete RPMI) at a density of

5 · 106 cells/ml/well in 24-well plates (Nunc), cultures

were performed in triplicates and stimulated or not with

5 lg/ml of concanavalin A for 24 or 48 hr. Supernatants

were collected and frozen at )70�.

B-cell-helper assay

In short, titrated numbers of purified NK1.1+ ab+ T cells

were cultured with 4 · 105 B-cell-enriched population/

well from the indicated groups. The B-cell-enriched pop-
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ulation consisted of splenocytes depleted of T cells by

streptavidin-coated magnetic beads, as described above.

Cultures were performed in triplicate, in 96-well, flat-

bottomed plates (Nunc) in the presence of 2 lg/ml

purified anti-CD3 mAb (clone 2C11), in a total volume

of 200 ll of complete RPMI-1640. Supernatants were col-

lected 7 days later for the anti-dsDNA antibody ELISA.

Cell transfers

Purified NK1.1+ ab+ T cells were obtained as above from

a pool of spleens and liver mononuclear cells. Each recipi-

ent animal (6–8 weeks old) received 2 · 106 purified NK

T cells, injected intravenously. Controls received no T

cells and the same amount of PBS intravenously. Aged

donor mice were 6–9 months old. Young donor mice

were 1–2 months old. Usually, 10 donor mice were neces-

sary to transfer cells to one recipient.

Proteinuria evaluation

Three individual samples from each mouse were obtained

monthly. After collection, the protein level was determined

using the Bradford reagent. Mice that had high proteinuria

levels (above 100 mg/dl in, at least, two different samples)

were considered positive for renal disease. Discrepant

results among the three samples collected from the same

animal (SEM � 30% of the mean) were discarded and the

data for those animals were not considered in the respec-

tive time points. The number of animals with validated

proteinuria measurements therefore varies during the

experimental observation period and does not correlate

with the number of animals in the experimental group.

Histological evaluation

Nephritis severity was evaluated in the glomerulus by

using grades based on the intensity and extension of the

histopathological alterations: 0+, kidneys without glomer-

ular renal lesion; 1+, lesions with minimal mesangial cel-

lularity increase; 2+, lesions containing a significant

increase in mesangial and glomerular cellularity; 3+,

lesions characterized by glomerular inflammatory exu-

dates and established capsular adhesion; and 4+, extensive

formation of tubular aspect and glomerular architecture

obliteration in more than 70% of the glomerulus. Only

lesions graded as 3+ and 4+ were considered as a signifi-

cant indication of disease. The slides were coded and all

histological analysis was double blind.

Statistical analysis

Differences between experimental groups were analysed

using Mann–Whitney tests, Tukey tests or Student’s

t-tests. Values of P � 0�05 were considered significant.

Results

Long-term in vivo administration of anti-NK1.1 IgG2a
mAb halts the progression of lupus-like disease,
whereas control IgG2a mAb accelerates disease onset

For in vivo treatment with IgG2a mAbs, we injected mice

with anti-NK1.1, unrelated IgG2a (clone 5D11), polyclonal

IgG or PBS (four groups, 20 mice/group). Figure 1(a)

shows that the administration of mAbs of the IgG2a sub-

class (either anti-NK1.1 or an unrelated mouse IgG2a)

increased the serum titres of anti-dsDNA in NZB/W mice

shortly after the initiation of the in vivo treatment. In con-

trast, control groups receiving polyclonal IgG or PBS fol-

lowed a different pattern, having levels of anti-dsDNA as

high as those of mice that received IgG2a mAbs only after

9 months of follow-up. Groups of mice receiving IgG2a

mAb also showed an increased frequency of mice with high

proteinuria within 2 months of treatment initiation. How-

ever, after 6 months, the frequency of mice showing high

proteinuria levels had stabilized and was lower than those

of the other experimental groups in the group that had

received anti-NK1.1 mAb (Fig. 1b). Control groups, receiv-

ing either PBS or polyclonal IgG, showed a delayed

progression to renal disease when compared to IgG2a

mAb-treated groups. However, the frequency of animals

with high proteinuria levels increased progressively after

5 months in the group of animals treated with PBS. The

group of mice receiving polyclonal IgG had lower frequen-

cies of animals with high proteinuria levels up to 7 months

later, but those frequencies were similar in both groups of

mice after 8 months (Fig. 1b). Cumulative mortalities were

also were significantly different in the different groups.

Mortality was higher and precocious in the control group

receiving PBS, and was diminished in groups that were

treated with anti-NK1.1 mAb or polyclonal IgG (Fig. 1c).

To study the kidney histological lesions another four

groups of mice were treated with anti-NK1.1 (n = 20),

unrelated IgG2a (clone 5D11) (n = 23), polyclonal IgG

(n = 10) or PBS (n = 15). Ten-month-old mice that sur-

vived the long-term treatment were killed and the kidney

histological analysis was performed. Table 1 shows that

about 75% of the mice had kidney lesions graded as 3+

and 4+ in groups treated with PBS or control IgG2a mAb.

Sixty per cent of the mice treated with purified serum poly-

clonal IgG showed high-grade (3+ and 4+) kidney lesions

by 10 months of age. However, only about 45% of the mice

receiving anti-NK1.1 mAb had high-grade kidney lesions.

IgG2a mAbs induce the production of BAFF/BLyS in
NZB/W mice

As demonstrated above, in vivo administration of IgG2a

mAbs induced rapid onset of lupus-like disease in NZB/W

mice. BAFF/BLyS is probably one of the cytokines involved

� 2008 The Authors Journal compilation � 2008 Blackwell Publishing Ltd, Immunology, 125, 184–196 187

IgG2a and BAFF/BLyS production in NZB/W mice



in the progression of lupus disease by promoting the sur-

vival of self-reactive B cells and their differentiation to

plasmablasts and increasing immunoglobulin secretion.24

For this reason, we examined the production of BAFF/BLyS

by spleen cells in the different experimental groups. To

further study, the possible sources and determine the cells

responsible for BAFF/BLyS production, pooled spleen or

lymph node cells from four experimental groups of 6- to 8-

month-old NZB/W mice treated with anti-NK1.1 (n = 4),

unrelated IgG2a (n = 4), polyclonal IgG (n = 3) or PBS

(n = 3) for a period of 4 weeks, were studied for the intra-

cellular presence of this cytokine by FACS. Figure 2(a)

(upper left contour FACS plot panel) shows that in vivo

IgG2a (in either control 5D11 or anti-NK1.1 PK-136-trea-

ted animals) administration increased the percentage of

CD4+ and CD8+ T cells producing BAFF/BLyS. In addi-

tion, we have detected a large proportion of spleen B cells

(Fig. 2a, upper right contour plot panel) and dendritic cells

(Fig. 2a, histograms) producing BAFF/BLyS in IgG2a-

treated NZB/W mice. This experiment was repeated using

the same number of animals per group, and the percentage

of spleen or lymph node cell phenotypes positive for BAFF/

BLyS was recorded for each mouse in the experimental

groups. These results are shown in Fig. 2(b) (bar chart).

Figure 2(c) shows that supernatants from non-stimulated

spleen cells from NZB/W mice treated for 1 month with

purified IgG2a (obtained from 5D11 or PK136 hybrido-
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Figure 1. Long-term in vivo administration of anti-NK1.1 immunoglobulin G2a (IgG2a) monoclonal antibody (mAb) halts the progression of

lupus-like disease, whereas control IgG2a mAb accelerates the onset of the disease. (a,b) The titres of anti-dsDNA and the percentage of mice

with severe proteinuria were determined at the indicated age in the different NZB/W mouse groups [NZB/W mice are represented as follows:

mice treated with phosphate-buffered saline (PBS), open circles; anti-NK1.1 mAb, open diamonds; control IgG2a mAb open triangles; polyclonal

serum IgG, open squares]. Anti-dsDNA antibody levels are shown as titres, in which the average of the optical densities obtained with pooled

sera from control mice (C57BL/6), diluted 1 : 100, was considered the end-point. The titre for each sample was expressed as the reciprocal of the

highest dilution that produced an absorbance value higher than the cut-off value. Each point represents the mean of the titre values from mice

that survived the indicated time period. Vertical bars represent the standard errors of the means. Due to the lower availability of polyclonal

serum IgG, mice from this experimental group were treated up to the 6th month of age. (c) Percentage of survival in the different experimental

groups. The results shown in (a), (b) and (c) were compared using the Mann–Whitney or Tukey tests (*P � 0�05, **P � 0�01).

Table 1. Severity of nephritis in NZB/W mice after different treat-

ments

Treatment n

Nephritis grade

0+ 1+ 2+ 3+ 4+ (3+) + (4+)

PBS 7 0 0 28�57 28�57 42�86 71�43

IgG2a (5D11) 4 0 0 25 25 50 75�00

Anti-NK1.1

(PK136)

11 0 36�36 18�18 27�27 18�18 45�45

Purified

serum IgG

5 0 0 40 40 20 60

Mice were 10 months of age at the time of death. Sections from

both kidneys were studied.

Values are percentages.

IgG2a, immunoglobulin G2a; PBS, phosphate-buffered saline.
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mas) contained detectable levels of BAFF/BLyS measured

by a sandwich ELISA. BAFF production was detected in

very low levels in supernatants obtained from splenic cells

derived from PBS- or polyclonal IgG-treated NZB/W mice.

IgG2a mAb and Toll-4 ligand (LPS) are potent
inducers of BAFF/BLyS production by T and B cells
from NZB/W mice

Traces of LPS frequently contaminate mAb preparations;

the mAb preparations used in this study contained a

small but significant amount of LPS (usually 1–2 ng/ml).

Because LPS is known to elicit cytokine secretion from

various immune cell types, we designed experiments to

determine if the above IgG2a mAb BAFF-inducer effect

could be attributed to the LPS contamination in our

mAb preparations. Figure 3(a) (left contour plot panel

and histograms) shows that in mice treated with a con-

trol IgG1 mAb the percentages of BAFF-producing T or

B splenic cells did not increase like they did with the

administration of IgG2a mAb. However, the repeated

in vivo administration of minute amounts of LPS could
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Figure 2. Immunoglobulin G2a (IgG2a) monoclonal antibodies (mAbs) induce the production of BAFF/BLyS in NZB/W mice. Spleen (Spl.) or

lymph node (L.N.) cells from NZB/W mice treated with phosphate-buffered saline (PBS), control IgG2a mAb (5D11), anti-NK1.1 mAb (PK136)

and polyclonal serum IgG were counted, stained and evaluated by fluorescence-activated cell sorter (FACS) as described in the Materials and

methods section. Frequencies of cells producing BAFF/BLyS inside an electronically gated cell population [T cells (CD4+ and CD8+), dendritic

cells (CD11c+ IA+) or B lymphocytes (B220+ IA+)] are shown in the upper contour plots and histograms (a). Numbers inside plots and histo-

grams represent the relative frequencies of each cell subpopulation. Contour plots and histograms are representative of one experiment, where

spleen or lymph node cells were pooled for each experimental group (three to four animals/group). One independent experiment was carried out

in which spleen or pooled lymph nodes cells from each mouse in the group were stained. These data were used to calculate the frequencies of

each cell population (n = 3 or n = 4 mice/group). These results are shown in the bar chart (b). NZB/W mouse groups are represented as follows:

mice treated with phosphate-buffered saline (PBS), open bars; with anti-NK1.1 mAb, hatched bars; with control IgG2a mAb closed grey bars;

with polyclonal serum IgG, closed black bars. Horizontal bars represent the standard deviations of the mean. Results were compared, using Stu-

dent’s t-test (*P � 0�05, **P � 0�01). Data in (c) represent one experiment out of two, showing the amount of BAFF/BLyS found in supernatants

from non-stimulated spleen cell cultures. Cells were cultured in vitro, as described in the Materials and methods section. Bars represent the mean

of the amount of BAFF/BLyS measured in supernatants from triplicate cultures. Mann–Whitney test was used to compare the indicated groups

with the control, PBS-treated group (*P � 0�05, **P � 0�01).
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strongly increase the frequency of BAFF-producing sple-

nic T and B cells. Indeed, LPS had the strongest stimu-

latory capacity when compared to IgG2a mAb or to a

Toll-2 ligand (P3C). P3C significantly increased the per-

centages of T cells expressing BAFF, but had little or

no effect on B cells. To study further the activity of

IgG2a mAb in the stimulation of BAFF production by

T and B cells, heat-aggregated or soluble IgG2a mAb

preparations from the same batch of mAb were used to

treat NZB/W mice for 1 month. Figure 3(b) (upper

right contour plot panel) shows that heat aggregation of

IgG2a mAb could potentiate the IgG2a activity by

increasing the frequency of BAFF-producing T cells. On

the other hand, the frequency of B cells producing

BAFF after this treatment was slightly decreased com-

pared with that after treatment with soluble IgG2a

preparation (Fig. 3b, upper right histograms). Consider-

ing the possibility that the detection of BAFF-positive B

cells in these assays could be related to the binding of

this cytokine to receptors on the B-lymphocyte surface

and not to its production by the B cells themselves,

surface and intracellular stainings were performed and

compared. Figure 3(c) (lower right histogram panel)

shows that the frequency of B cells stained for surface

BAFF expression was much lower than the frequency of

B cells with intracellular BAFF staining, showing that B

cells may express BAFF at the cell surface, although at

low frequencies.
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Figure 3. Immunoglobulin G2a monoclonal antibody (IgG2a mAb) and Toll-4 ligand (lipopolysaccharide; LPS) are potent inducers of BAFF/

BLyS production by T and B cells from NZB/W mice. In the left contour plot and histogram (a), spleen cells from NZB/W mice treated with

PBS, LPS, Toll-like receptor-2 ligand (P3C), irrelevant IgG1 mAb (IH1) or irrelevant IgG2a mAb (5D11) were stained and evaluated by fluores-

cence-activated cell sorter as described in the Materials and methods section. In the right upper contour plot and histogram (b) spleen cells from

NZB/W mice treated with PBS, control IgG2a mAb (5D11) or heat-aggregated IgG2a mAb (5D11) were analysed as above. In the lower right

histogram (c), spleen cells from NZB/W mice treated with PBS or control IgG2a mAb (5D11) were stained for B-cell markers (IA/IE+ B220+)

followed by surface (left histograms) or intracellular (right histograms) staining with anti-BAFF-phycoerythrin mAb. Numbers inside contour

plots and histograms represent the mean ± SEM of BAFF-producing cells inside the respective subpopulations. Contour plots and histograms are

representative of one typical mouse for each experimental group (three to four animals/group). Mann–Whitney test was used to compare the

indicated groups with the control group (*P � 0�05, **P � 0�01).
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NK T cells from aged NZB/W mice, when transferred
to young mice, accelerate the production of anti-
dsDNA and have a direct helper activity for
autoreactive B cells in vitro

The data presented above indicate that long-term deple-

tion of NK1.1+ cells ameliorates lupus-like symptoms in

aged NZB/W mice. However, the use of anti-NK1.1 mAb

depletes NK1.1+ CD3– cells as well as NK T cells. There-

fore, to better clarify this issue, we have transferred puri-

fied NK T cells obtained from young or aged NZB/W

mice to two separate groups of young NZB/W mice

(n = 3 mice/group). In addition, one control, aged-

matched group of young NZB/W mice (n = 3 mice/

group) received only PBS instead of NK T cells.

Figure 4(a) shows that young NZB/W mice that received

old NZB/W NK T cells produced higher titres of antibod-

ies to dsDNA than control, aged-matched mice, indicat-

ing that NK T cells from aged mice are involved in the

development of lupus-like disease in this experimental

model. However, NK T cells from young NZB/W mice

were unable to modify the pattern of anti-dsDNA pro-

duced by young recipient mice. To further study NK

T-cell helper activity in this model, purified NK T cells

from aged mice were cocultured with B cells in vitro. After

7 days in culture, the supernatants were evaluated for

the presence of anti-dsDNA. Figure 4(b) shows that NK

T cells from aged NZB/W mice were able to help B cells

to produce autoantibodies – confirming the direct helper

activity of NK T cells on B cells. Although some helper

activity could be demonstrated in this in vitro assay, for

NK T cells derived from young NZB/W mice this was only

evident at the highest effector : target ratio (1 : 1).

In vivo depletion of NK1.1+ cells diminished the
production of IL-16 by spleen and liver mononuclear
cells upon in vitro stimulation.

IL-16 is a cytokine produced in large amounts during the

active phase of lupus disease in humans, and is consid-

ered a marker for disease activity.25,26 Therefore, we eval-

uated the production of this cytokine in animals that

were chronically depleted of NK cells. For these experi-

ments, one group of young C57BL/6 mice (n = 4), one

group of young NZB/W mice (n = 4) and four groups of

aged NZB/W mice treated with anti-NK1.1 (n = 4), un-

related IgG2a (clone 5D11) (n = 3), polyclonal IgG

(n = 3) or PBS (n = 4) were used. Aged NZB/W animal

groups used in these experiments were selected from

larger groups of NZB/W mice that had been treated with

the reagents mentioned above since they were 6–8 weeks

old. Mice within these experimental groups that survived

for 11 months were killed and their spleen and liver

mononuclear cells were used in the following studies.

Figure 5(a) shows that IL-16 was barely detected in
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Figure 4. Natural killer (NK) T cells from aged NZB/W mice acceler-

ate the production of anti-dsDNA when transferred to young mice,

and have a direct helper activity for autoreactive B cells, in vitro.

(a) Levels of dsDNA-specific antibodies in young NZB/W mice trans-

ferred with enriched NK T cells from aged NZB/W animals at differ-

ent time-points after transfer, as described in the Materials and

methods section. Anti-dsDNA antibody levels are shown as optical

densities (ODs). Sera were compared at a single dilution (1 : 100).

Diamonds represent young NZB/W mice transferred with NK T cells

from aged NZB/W mice. Squares and circles represent young NZB/W

mice transferred with NK T cells from young NZB/W mice or injected

with phosphate-buffered saline (PBS), respectively. Results express the

mean ± SD of ODs. The Mann–Whitney test was used to compare

groups in each point. *P � 0�05. (b) Levels of dsDNA-specific anti-

bodies in culture supernatants. Purified ab+ NK1.1+ T cells from

young (hatched bars) or aged (closed black bars) NZB/W mice were

titrated in cultures containing a splenic B-cell-enriched population

from NZB/W mice that were 3–4 months old. Cultures were

performed in the presence of soluble anti-CD3 monoclonal antibody,

as described in the Materials and methods section. After 7 days,

supernatants were assayed for the presence of dsDNA-specific

antibodies by enzyme-linked immubosorbent assay. Results express

the mean ± SD of ODs obtained from triplicate cultures. Results were

compared by Student’s t-test (*P � 0�05, **P � 0�01).
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cell-culture supernatants from spleen cells derived from

NK-depleted NZB/W mice when the cells were cultured

for 48 hr in complete medium alone or with concanavalin

A stimulation. NZB/W mice that were treated with the

control IgG2a (5D11) mAb showed the highest produc-

tion of IL-16 by splenic cells. It is also interesting to note

that the production of IL-16 was significantly diminished

in supernatants derived from mononuclear liver cells

from NZB/W mice that were treated with anti-NK1.1

mAb (Fig. 5b). Again, mononuclear liver cells from mice

treated with control IgG2a (5D11) mAb produced the

highest levels of IL-16. To verify the source of IL-16

production, intracellular stainings were performed in

cultured spleen and lymph node T cells, after an

overnight period in the presence of Brefeldin-A without

further stimulation. The zebra plots in Fig. 5(c) show that

CD4 T cells were the major source of IL-16 in NZB/W

mice and that CD8 T cells were a secondary source.

Again, the long-term treatment of these mice with

anti-NK1.1 mAb reduced the frequencies of spleen and

lymph node T cells that produce IL-16.

Discussion

It has been proposed that NK T cells are involved in the

onset of murine lupus-like disease by promoting the
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Figure 5. In vivo depletion of NK1.1+ cells diminishes the production of interleukin-16 (IL-16) by splenic and liver mononuclear cells upon

in vitro stimulation. Spleen cells or liver mononuclear cells from the different NZB/W mouse groups or one control group of young C57BL/6

mice were cultured in vitro in the presence of medium alone or stimulated with concanavalin A (Con A), as described in the Materials and

methods section. Spleen-derived or liver-derived mononuclear cells from three or four mice from each experimental group were pooled and used

to prepare the cell suspensions. The amount of IL-16 (pg/ml) produced by spleen cells (a) or liver mononuclear cells (b) in the different experi-

mental groups after 48 hr of culture are shown. IL-16 was measured by enzyme-linked immunosorbent assay, as described in the Materials and

methods section. Columns represent the mean of the amount of IL-16 from triplicate cultures. The data are from one of two experiments with

similar results. Zebra plots (c) show the percentage of CD8 (upper plots) or CD4 (lower plots) T cells producing IL-16 in the spleen (BW spleen)

or lymph nodes (BW L.N.) of NZB/W mice treated with phosphate-buffered saline (PBS) or anti-NK1.1 monoclonal antibody. Experiments were

performed in 11-month-old animals. Treatment with anti-NK1.1 was performed as described in the Materials and methods section and it was

continued up to the day the mice were killed. Numbers in the plots represent mean ± SEM of three or four mice per group. The Mann–Whitney

test was used to compare groups (*P � 0�05, **P � 0�01).
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production of autoantibodies.6,13,27 In spite of this, some

studies have also suggested that NK T cells could play a

protective role in lupus-like disease, especially in early life,

when NZB/W mice do not show signs of active disease.18

Using an IgG2a mAb (PK-136) to deplete NK cells and

an appropriate control mAb, we have demonstrated that

some of the effects that could have been attributed to NK

cells can be, surprisingly, ascribed to the IgG2a mAb

isotype. For instance, as shown in Fig. 1, NZB/W mice

treated with anti-NK1.1 or a control IgG2a mAb had

increased serum levels of anti-dsDNA and increased pro-

teinuria sharply after the initiation of the in vivo treat-

ment, an effect that was not seen with the use of

polyclonal serum IgG or PBS. One of the possible mecha-

nisms by which IgG2a mAbs could exert such a biological

effect would be by inducing the secretion of BAFF/BLyS

by T and B cells from the NZB/W mice, as shown in

Fig. 2. BAFF/BLyS is a cytokine that is highly increased in

human lupus, and its blockage may ameliorate the course

of the pathology.28 It is particularly interesting that NZB/

W B cells produce BAFF/BLyS in response to IgG2a treat-

ment. In theory, the production of BAFF/BLyS by the B

cells themselves would imply in an autonomous, auto-

crine effect of this cytokine in B-cell activation/differenti-

ation during the development of lupus-like disease in

NZB/W mice and would preferentially favour self-reactive

B cells in this experimental model, as already proposed by

previous work.29 BAFF messenger RNA production could

not be detected in human peripheral blood CD20+ cells.30

However, there are considerable differences between

circulating B cells and B cells that are parked in lymphoid

organs.31–33 These differences may explain the absence of

BAFF messenger RNA in peripheral blood B cells from

patients with systemic lupus erythematosus. However, a

recent study has, unequivocally, shown BAFF production

by mouse B cells upon LPS stimulation.34 Contamination

with protein-G or LPS in our mAb preparation could be

responsible for the BAFF production, as protein-G and

LPS are B-cell polyclonal activators and induce rapid

onset of lupus-like disease.35 We were unable to check the

amount of protein-G in our preparations. Nevertheless,

polyclonal IgG from BALB/c sera was purified in the same

way as our mAbs and did not induce an early onset of

lupus-like disease in NZB/W mice, therefore suggesting

that protein-G contamination was not responsible for

raising anti-dsDNA and proteinuria levels. Another possi-

bility would be that 5D11 mAb would bind to a given cell

population that could mediate these biological effects.

Biotin-labelled 5D11 mAb, which is an anti-human carci-

noembryonic antigen antibody, was used to stain thymo-

cytes, splenocytes and bone marrow cells from NZB/W

and C57BL/6 mice and no particular staining above

background levels could be seen (supplementary Fig. S1,

panel B). However, the levels of endotoxin in our

antibody preparations were, as evaluated by the Limulus

assay, between 1 and 2 ng/ml. This level of contamination

led us to investigate the biological activity of similar

amounts of LPS when injected in NZB/W mice for the

same length of time as in the experiments shown in

Fig. 2. The results presented in Fig. 3 show that as little

as 2 ng/injection three times per week for a total period

of 4 weeks was enough to increase the percentage of

T cells (three- to fourfold) and B cells (ninefold) that

produced BAFF. In fact, after LPS in vivo treatment, vir-

tually all splenic B cells from NZB/W mice produced

BAFF. A Toll-2 ligand (P3C) was used as a control in the

same dose as the Toll-4 ligand (LPS) and only a modest

increase in the percentage of T cells producing BAFF was

detected. Therefore, LPS was characterized as a major

BAFF inducer in this system and could be responsible for

the biological effects of the IgG2a mAbs used in this

study. However, we could not obtain comparable results

by using mAbs belonging to different immunoglobulin

subclasses. For instance, in vivo administration of an

unrelated IgG1 mAb prepared in the same way as the

IgG2a mAb did not increased the percentages of T and B

cells producing BAFF in NZB/W mice, suggesting that the

biological effect of the IgG2a mAb preparation was

isotype-specific (Fig. 3). One intriguing question is why

should exogenous IgG2a affect the development of lupus-

like disease in an animal that already has about 4 mg of

endogenous IgG2a/ml of serum. One possibility to be

considered is that the effect of the exogenous IgG2a is

mediated by a small proportion of the immunoglobulin

that has been aggregated by its in vitro manipulation and

injection in the peritoneal cavity, mimicking antigen–IgG

complexes. This hypothesis was tested and the results

showed that the heat-aggregated IgG2a mAb preparation

had significantly more biological effects compared

with the parental soluble IgG2a preparation in the induc-

tion of BAFF production by T cells (and not by B cells).

Heat aggregation does not diminish or destroys LPS

activity, but rather potentiates Fc biological activities,36,37

indicating that, at least on T cells, the effect of our IgG2a

preparation was Fc-dependent and not LPS-dependent.

These experiments, taken together, suggest that different

pathways stimulate T and B cells to produce BAFF, and

they may highlight the importance of a different class of

Fc-receptor in this activity. BAFF/BLyS production by

T cells was previously shown in patients with systemic

lupus erythematosis.38 In non-autoimmune mouse strains,

BAFF/BLyS is produced mostly by dendritic cells and

macrophages.39 The presence of a large percentage of T

cells producing BAFF/BLyS when NZB/W mice were

injected with IgG2a may constitute a deregulation of

BAFF/BLyS production as the result of an inherent over/

underexpression of a special class of molecules belonging

to the Fc c-receptor family in those mice.40–42 In addi-

tion, or alternatively, this effect could be the result of

genetic polymorphic variants of some of the components
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of the Fc c-receptor family that are related to suscepti-

bility to lupus disease.43 The recent description of a new

component of this family (FccRIV) that binds to IgG2a/

IgG2b and has activating properties instead of down-

regulatory effects is of particular interest.42 Therefore, it

seems appropriate to discuss that the biological effects

ascribed here to IgG2a could be related to its Fc portion–

Fc receptor (FcR) interaction. In addition, it might be

possible that BAFF/BLyS may increase the survival of

autoreactive IgG2a-producing B cells in response to

interferon-c (a potent inducer of B-cell IgG2a isotype

switching). This cytokine and its related IgG2a subclass

are directly linked to lupus activity and exacerbation.6,44

Consequently, the IgG2a/IgG2b FccRIV could be a

candidate molecule to aggravate and/or initiate lupus

disease. One additional possibility remains unexplored:

the introduction of IgG2a into the peritoneal cavity

could perhaps stimulate lymphocytes of the intestinal

mucosa-associated lymphoid tissue, which differ from

lymphocytes in other lymphoid organs in terms of

their phenotype pattern and receptor specificity.45 This

possibility is amenable to future investigations.

It should be noted that our preparation of BALB/c

polyclonal IgG also contained high levels of IgG2a, but its

in vivo administration did not raise the levels of anti-

dsDNA as the IgG2a mAbs did. In addition, the IgG1

mAb preparation used in our studies contained low

amounts of LPS and was ineffective at increasing the per-

centage of BAFF-producing T and B cells. These findings

could indicate a predominantly negative regulatory role of

other IgG isotypes by interacting with the inhibitory

FccRIIB, as proposed elsewhere.46 Alternatively, this could

be linked to the presence of a small amount of IgG with

heavily sialylated Fc portion in these IgG preparations, as

suggested previously.47

In spite of the initial worsening of lupus-like disease

after the administration of the control IgG2a mAb or

IgG2a anti-NK1.1 mAbs, the long-term depletion of NK

cells stabilized the progression of the disease in NZB/W

mice, resulting in diminished kidney lesions and protein-

uria as well as prolonged survival. These observations

indicate that NK cells are actively contributing to the

development of the disease, especially in aged NZB/W

mice. It is known that NK T cells from aged NZB/W

mice are endowed with a helper B-cell activity that is

important in initiating or boosting the production of

anti-DNA autoantibodies.6 We confirm and extend these

previous results by showing that young NZB/W mice

transferred with NK T cells from aged mice, but not those

receiving cells from young NZB/W mice, had an acceler-

ated disease onset. Additionally, NK T cells from aged

NZB/W mice were more effective in providing B-cell

helper activity in vitro than their counterpart obtained

from young mice. This might be related to functional dif-

ferences between young and aged mouse NK T cells and/

or to the presence of an anomalous set of TCR in the NK

T cells of old animals.16 In fact, a recent study shows that

NK T cells from aged NZB/W mice are endowed with a

natural B-cell helper activity, leading to the production of

IgM and IgG autoantibodies and abnormal behaviour in

comparison with NK T cells from young NZB/W mice.48

Depletion of NK cells also led to diminished produc-

tion of IL-16 by concanavalin A-stimulated spleen cells or

mononuclear cells derived from liver. An increased pro-

duction of IL-16 has being described in patients with sys-

temic lupus erythematosus and its increase in the serum

correlated with disease activity.25,26 It is possible, there-

fore, that NK1.1+ cells are responsible for IL-16 produc-

tion in NZB/W mice. However, in preliminary

experiments, we were not able to detect any production

of IL-16 by purified NK T cells in culture upon different

forms of stimulation (data not shown), suggesting that

these cells are not a major source of IL-16, but rather are

important for IL-16 production by other cell types. In

fact, the major source of IL-16 in NZB/W mice was CD4

T cells in both spleen and lymph nodes (Fig. 5c).

In conclusion, we provide evidence to support a role of

NK1.1+ cells, more precisely NK T cells, in the development

of lupus-like disease in NZB/W mice. In addition, our data

support the hypothesis that NK T cells may have a dual role

in the development of this disease in mice because NK

T cells from aged mice appear to be pathogenic, contribut-

ing to aggravate the disease, whereas NK T cells from young

mice, considering other published studies, seem to have a

protective or neutral role in the development of the disease,

as previously suggested.6 In addition, we have shown that

in vivo administration of immunoglobulin of the IgG2a

subclass or LPS induce the production of high amounts of

BAFF/BLyS, which might be related to the acceleration of

lupus-like disease in NZB/W mice. These observations,

suggest that some Fc receptor family molecules, with acti-

vating biological activities, may be important targets for

blocking procedures in systemic lupus erythematous49 and

that LPS is a very potent agent to induce BAFF production

by T and B cells. It is interesting to note that a disruption

of the intestinal immunological barrier as the result of

gut-associated lymphoid tissue (GALT) depletion was

described in NZB/W mice.50 This parallels the GALT deple-

tion in human immunodeficiency virus infection where

circulating LPS is found.51 This situation has been shown

to be a major cause of the polyclonal immune system

activation found during this viral infection. Although it is

necessary to show these conditions for patients with lupus

and admit that there may be inherent differences in func-

tional behaviour, signalling pathways and Toll-like recep-

tor/FcR receptor expression between mouse and human

cells, the reconstitution of the GALT function and/or the

development of Toll-like receptor-4 antagonists for clinical

use should be investigated as useful strategies to control

systemic lupus erythematosus in humans.52,53
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Supplementary material

The following supplementary material is available for this

article:

Figure S1. Control procedures. Top contour plots

(panel A) document the depletion of natural killer (NK)

T cells in liver-derived mononuclear cells from NZB/W

mice. Liver-derived mononuclear cells were used instead

of spleen cells because their NK T-cell content is greater.

Animals were treated with anti-NK1.1 monoclonal anti-

body (mAb) for a period of 1 week, as described in the

Materials and methods section. The top contour plots

represent one animal that received phosphate-buffered

saline (PBS; left) and an animal that received anti-NK1.1

mAb (right). Histograms on the right (panel B) show

control stainings with 5D11 mAb. Spleen (Spl.), thymus

(Thy) and bone marrow (B.M.) were stained with biotin-

5D11 mAb and streptavidin-phycoerythrin (St-PE) or

St-PE only, as described in the Materials and methods

section. Histograms are for one NZB/W mouse. Bottom

dot plots (panel C) show the enrichment of NK T cells

and B cells derived from NZB/W mice after positive

selection with microbeads as described in the Materials

and methods section. Plots show one typical experiment.

These cells were used for in vivo transfers and in vitro

experiments.

This material is available as part of the online article

from: http://www.blackwell-synergy.com/

Please note: Blackwell Publishing are not responsible

for the content or functionality of any supplementary

materials supplied by the authors. Any queries (other

than missing material) should be directed to the corre-

sponding author for the article.
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