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Abstract

The onset of autoantibodies in systemic autoimmunity can be the result of a breakdown in

tolerance at multiple checkpoints. Genetic, hormonal, and immunological factors can combine

with environmental influences to accelerate the onset of disease and aggravate disease outcome.

Here, we describe a novel mechanism relating to the regulatory role of Neutrophil Gelatinase

Associated Lipocalin (NGAL) in modulating the levels of autoantibodies in pristane induced

lupus. Following a single injection of pristane intraperitoneally, NGAL expression was induced in

both the serum and spleen. Furthermore, NGAL deficient mice were more susceptible to the

induction of pristane stimulated autoimmunity, and displayed higher numbers of autoantibody

secreting cells and increased expression of activation induced cytidine deaminase (AID) and other

inflammatory mediators in the spleen. In contrast, kidney damage was milder in NGAL deficient

mice, indicating that NGAL was detrimental in autoantibody mediated kidney disease. These

studies indicate that NGAL plays differential roles in different tissues in the context of lupus, and

suggest a previously unrecognized role for NGAL in adaptive immunity.
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1. Introduction

Neutrophil gelatinase associated lipocalin (NGAL)/lipocalin-2 is a 25kD member of the

lipocalin superfamily. NGAL is expressed by different tissues (including spleen, lung,

kidney, liver, brain, heart, and testis) under healthy conditions in humans and mice [1,2].

During ischemic or inflammatory conditions, NGAL is upregulated in various cell types

including neutrophils, hepatocytes, alveolar epithelial cells, and renal resident cells [3-5].

Recent studies have suggested that serum NGAL levels are useful as a biomarker in a broad

variety of pathological conditions, including breast cancer, pancreatic cancer, acute and

chronic kidney diseases, and systemic lupus erythematosus (SLE) [6,7].

Numerous studies have established that NGAL is involved in innate immune responses

during infection due to its siderophore scavenging ability, with NGAL deficient mice

exhibiting increased sensitivity to bacterial infection [3,8,9]. NGAL expression is also

associated with cell metastasis and breast cancer progression via induction of angiogenesis

[10,11]. Recently, in the context of autoimmune disease, NGAL was determined to be

instrumental in the pathogenesis of experimental autoimmune encephalitis (EAE) [12].

Moreover, apoptotic effects of NGAL have been reported in various cell types [13,14]

including human hematopoietic cells such as the progenitors of red blood cells (RBC) and

macrophages [15].

Previously, we reported that NGAL is upregulated in glomerular mesangial cells and in

murine kidneys following exposure to pathogenic anti-DNA antibodies in vitro and in vivo,

respectively [4]. The MRL-lpr/lpr mouse strain carries a mutant Fas gene, leading to

defective apoptosis, persistence of autoreactive lymphocytes, and eventually spontaneous

development of circulating autoantibodies and organ involvement (including nephritis) very

similar to human disease. MRL-lpr/lpr lupus mice exhibited significant upregulation of

NGAL in kidneys with increasing disease severity [4]. In human disease, we found that

NGAL was upregulated in the serum and urine of patients with lupus nephritis as compared

to normal controls [16]. Furthermore, we determined that NGAL is detrimental in antibody-

mediated nephritis, as NGAL−/− mice were protected against renal injury induced by

challenge with nephrotoxic serum [17].

In the current study, our goal was to establish the role of NGAL in the adaptive immune

response and in triggering humoral autoimmunity in a widely used murine model, viz.

pristane induced lupus [18-22]. Pristane (a naturally occurring hydrocarbon oil) is an

isoprenoid alkane, which induces a lupus like syndrome in several non-autoimmune prone

mouse strains [23]. Injection of pristane intraperitoneally stimulates the formation of lupus

associated autoantibodies to multiple nuclear antigens as well as polyclonal

hypergammaglobulinemia [24], and promotes the development of lipogranulomas, or

ectopic lymphoid tissues, which develop distinct T cell/dendritic cell and B cell zones [25].

We found that NGAL regulates the onset of autoantibodies to nuclear antigens in pristane

induced lupus. Post pristane challenge, NGAL deficient mice had increased levels of serum

autoantibodies as well as elevated numbers of autoantibody secreting cells in the spleen.
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Furthermore, expression of inflammatory mediators in the spleen and polyclonal

hypergammaglobulinemia were NGAL dependent. In contrast, renal injury was significantly

attenuated in NGAL−/− as compared with NGAL sufficient mice. Taken together, our

results demonstrate that NGAL regulates the onset of autoantibodies and exerts differential

responses in various tissues in the context of murine lupus.

2. Materials and methods

2.1. Mice

Six to eight week old C57BL/6 (B6) female mice were purchased from Jackson Laboratories

(Bar Harbor, Maine). Mice were housed 3-5 per cage in the animal facility of the Albert

Einstein College of Medicine (Bronx, NY), and acclimatized in the facility for 2 weeks prior

to experiments. B6.NGAL−/− mice were generously provided by Drs. Thorsten Berger and

Tak M. Mak, The Campbell Family Institute for Breast Cancer Research and the Ontario

Cancer Institute, University Health Network (Toronto, CA), and bred at the Einstein

Institute for Animal Studies. Generation of NGAL−/− mice on the B6 background has been

described; these mice appear normal and display no gross phenotype, as previously reported

[8,17,26]. We confirmed that the D1Mit105 lupus susceptibility locus on chromosome 1 in

the B6.NGAL−/− strain was of B6 (non-risk), not 129/Sv origin (data not shown). The

housing conditions were controlled, with a temperature of 21-23°C and a 12:12 hours

light:dark cycle. All animal study protocols were approved by the Institutional Animal Care

and Use Committee of the Albert Einstein College of Medicine, Bronx, New York.

2.2. Treatment with pristane/TMPD (2,6,10,14-Tetramethylpentadecane)

NGAL sufficient (wild type) B6 and B6.NGAL−/− female mice were treated with single

injection of pristane (Sigma-Aldrich, St. Louis, MO) 0.5 ml intraperitoneally (i.p.) per

mouse at the age of 8-10 weeks. Control groups of mice of the above strains were injected

with the same volume of PBS. Serum was collected before and 4 months after the

pristane/PBS injection. The time point of 4 months was chosen based upon the kinetics of

autoantibody development following exposure to pristane [24,25].

2.3. ELISA for serum antibodies

Serum antibodies against dsDNA, ssDNA, histone, and chromatin were measured as

described previously [4,27-30]. In brief, dsDNA was generated from salmon sperm DNA

(Invitrogen, Grand Island, NY) after S1 nuclease (Promega, Madison, WI) digestion. ssDNA

was generated by heating the DNA at 95°C and immediately cooling on ice. Ninety-six well

microplates (NUNC Maxisorp, Thermo scientific, Pittsburgh, PA) were coated with a

solution of 1 μg/ml of poly-L-lysine for 1 hour at room temperature (RT), followed by

washing and coating with dsDNA or ssDNA at 1 μg/ml overnight at 4°C. The plates were

washed and blocked with blocking buffer (2% BSA in PBS) followed by washing and

incubation with diluted (1:200 in blocking buffer) serum samples and standards for 2 hours

at 37°C. Alkaline-phosphataseconjugated anti-mouse IgG, IgG2a, IgG2b, IgG3, and IgG1

antibodies (Southern Biotech, Birmingham, Alabama) were used for the detection of bound

antibodies in serum, followed by addition of phosphatase substrate (Sigma-Aldrich) for the

color development which was read at 405 nm. The anti-IgG2a antibody reagent was used to
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provide a relative measure of IgG2c levels in the different experimental groups. For the anti-

histone and anti-chromatin IgG ELISA, the plates were coated with 10 μg/ml of histone and

chromatin, respectively, overnight at 4°C, followed by the same protocol as above. Serum

from 20 week old female MRL/lpr mice was used as a positive control in each assay.

For analysis of total and subclass-specific IgG, 96 well plates were coated overnight with

goat anti-mouse IgG, IgG1, IgG2a, IgG2b, and IgG3 antibodies (all from Southern Biotech),

and the ELISA continued using the same protocol described above. Monoclonal antibody

standards run on each plate were used to calculate antibody concentrations.

2.4. Detection of antinuclear antibodies (ANA) with Hep-2 slides

The titer and pattern of ANA was determined by incubating serum samples on Hep-2 slides

(Bio-RAD, Hercules, CA). Diluted serum samples (1:50) were incubated on the slides for 1

hour, followed by washing and incubation with FITC-labeled anti-mouse IgG (Jackson

ImmunoResearch, West Grove, PA) for 20-30 minutes. Serum from 6-10 week old B6 mice

was used as a negative control. The staining pattern was captured using fluorescence

microscopy at 40x magnification. The fluorescent patterns of ANA were classified as

homogenous nuclear and nucleolar, as described previously [18,31]. Four random fields

were analyzed for scoring of each sample.

2.5. Immunoprecipitation

Serum autoantibodies to cellular proteins were analyzed by immunoprecipitating [35S]

labeled proteins from K562 cell extracts using 5 μl serum per sample followed by SDS-

polyacrylamide gel electrophoresis (SDS-PAGE) and autoradiography, as described

previously [24].

2.6. Splenocyte stimulation and cytokine measurement

Splenocytes were prepared from B6 and B6.NGAL−/− mice of 8-10 weeks of age, as

described [32]. In brief, mice were anesthetized, sacrificed and spleens were isolated. The

spleens were chopped into fine pieces in ice cold RPMI (Invitrogen) medium containing

10% heat inactivated fetal bovine serum (FBS) (Invitrogen) and 1% penicillin-streptomycin

(PS), and then passed through 70 μm filters by gentle mincing. The cell suspension was then

washed twice with the same media, and treated with a RBC lysis solution containing 0.14 M

NH4CL, KHCO3 and EDTA, pH 7 for 5-10 minutes at RT. The cells were washed 3 times

with RPMI medium and then resuspended in the same medium. Sterile 96 well or 24 well

microplates (Costar, St. Louis, MO) were used for culturing the cells at density of 2 × 105 or

1 × 106 per well respectively. Plates were maintained in an incubator at 37°C/5% CO2 for

stimulation experiments and ELISPOT assays. For the stimulation experiments, after 24

hours of incubation the cells were treated with different pristane concentrations for 24 hours.

ELISA assays were performed to quantify NGAL concentrations in cell culture

supernatants.

2.7. Isolation and stimulation of peritoneal macrophages

Ten week old B6 wild type female mice were injected with sterile 3.8% thioglycollate

(protected from light and aged for 1 month) at a volume of 0.5 ml i.p. Three days later, the
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mice were sacrificed and the peritoneal cavity gently flushed with 3 ml of PBS containing 5

mM EDTA. The lavage fluid was collected and centrifuged at 200 g for 5 minutes. The

resulting cell pellet was washed twice with PBS containing EDTA, and filtered through a 40

μm filter to prepare a single cell suspension. The cells were suspended in RBC lysis buffer

and kept at RT for 5 min with intermittent mixing of the suspension. The cell suspension

was then centrifuged and washed twice as above. A total of 500,000 cells were plated in 24

well plates and cultured in RPMI+10% FCS+1% PS+GM-CSF for 24 hours. The cells were

then stimulated with pristane at different concentrations (determined empirically based upon

the amount of pristane injected into the peritoneum in this model), and the supernatants

collected after 24 hours. Desired concentrations of pristane were prepared by mixing with

the media by sufficient vortexing, so that the oil globules were divided into small size

particles.

2.8. Serum IL-12 and NGAL concentrations

Serum IL-12p40 was analyzed using an ELISA kit (BD Biosciences, San Jose, CA),

following the manufacturer’s instructions. Serum NGAL was analyzed using the mouse

NGAL ELISA duoset (R & D systems, Minneapolis, MN), using the manufacturer’s

protocol with minor modifications. In brief, 96 well microplates were coated overnight with

unconjugated anti-mouse NGAL antibody at a concentration of 4 μg/ml in PBS. The plate

was washed and blocked with reagent diluent for 1 hour, followed by 3 washes. Samples and

standards were then incubated for 2 hours followed by 3 washes, and the biotinylated

detection antibody added and incubated for 2 hours. The plate was washed again, followed

by streptavidin-AP for 20 minutes and phosphatase substrate for color development.

2.9. ELISPOT

Multiscreen 96 well filter plates (Millipore, Billerica, MA) were coated with poly-L-lysine

followed by dsDNA, histone, or Sm/RNP (ImmunoVision, Springdale, AR) overnight at

4°C, washed once, and blocked with 200 μl of RPMI complete medium with 10% FCS

incubated at RT for 2 hours. The blocking solution was discarded, and spleen cells were

added at a density of 2×105 per well and incubated at 37°C/5% CO2 for 72 hours. The cells

were washed twice with 200 μl per well of deionized water and three times with the wash

buffer (PBS containing 0.05% Tween-20). An alkaline phosphatase conjugated anti-mouse

IgG secondary antibody was added and incubated for 2 hours at RT. The plates were washed

again 4 times with wash buffer and two times with PBS. Substrate solution was added

(BCIP-p-toluidine 1 μg/ml in AMP buffer) and incubated in the dark at RT for 5-10 minutes

while monitoring spot development. The reaction was stopped by washing the wells with

deionized water. The plates were then air dried at RT overnight in the dark, and the spots

were quantified by an ELISPOT plate reader (Autoimmun Diagnostika, Strassberg,

Germany).

2.10. Real time PCR

RNA was extracted from spleen and kidney tissues using the RNeasy minikit (Qiagen,

Valencia, CA). For cDNA synthesis, reverse transcription was performed from 2 μg of total

RNA using the SuperScript II system from Invitrogen. Real time PCR was performed in

duplicate or triplicate using the SYBR green PCR mastermix (Power SyBr, Applied
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Biosystems, Warrington, UK) and the ABI PRISM 7900HT Sequence Detection System

(Applied Biosystems), using the ΔCt method as described previously [17]. GAPDH was

used as a housekeeping gene for normalization of the CT values for the gene of interest.

2.11. Histological analysis of kidney

Renal histology of kidneys from PBS and pristane challenged B6 and B6.NGAL−/− mice

was evaluated by an experienced renal pathologist who was blinded to the mouse strains and

treatment groups. Sections were stained with hematoxylin & eosin (H&E) and periodic acid

Schiff (PAS), and glomeruli were evaluated for the presence of mesangial proliferation,

endocapillary proliferation, immune complex deposition and tubulointerstitial lesions, as

described previously [33,34]. Between 50 and 100 randomly chosen glomeruli were scored

for each mouse. A score from 0-4 was given for each parameter above, based on the

percentage of glomeruli displaying that lesion (0=not observed, 1=1-25%, 2=26-50%,

3=51-75%, 4>75%). Tubulointerstitial lesions including interstitial inflammation,

tubulointerstitial fibrosis and acute tubular injury were also assessed and scored based on the

percentage of cortical tissue displaying the pathologic lesion, using the 0-4 scale detailed

above.

2.12 Immunohistochemical analysis of kidney

For analysis of neutrophils by immunohistochemistry, the sections were deparaffinized as

described above and antigen retrieval was performed using citrate buffer (pH 6) at 95°C for

20 minutes. The sections were incubated with peroxide block (DAKO, Carpinteria, CA),

followed by the blocking procedure described above. The sections were then incubated with

rat anti-mouse Ly6B antibody (AbD Serotec, Raleigh, NC) for 2 hours at RT, washed, and

incubated with biotin conjugated goat anti-rat IgG for 1 hour at RT. Sections were washed,

incubated with streptavidin-HRP (Thermo Scientific) for 20 min, and washed again. The

DAB substrate (DAKO) was used for color development for 1-2 min. Slides were rinsed

with water for 5 min, followed by staining with Mayer’s Hematoxylin (Sigma-Aldrich) for

another 2 minutes. Slides were rinsed in water, air dried, and mounted with Permount

(Fisher, Pittsburgh, PA). Images were captured using light microscopy (Zeiss Axiscope) at

40x magnification.

2.13. In vitro stimulation of mesangial cells and tubular cells

Immortalized mesangial and tubular cells originally derived from MRL-lpr/lpr mice were

used for the stimulation experiments. In brief, cells in 2 ml of DMEM media containing 10%

FCS and 1% PS were plated at a density of 105 per well in 6 well plates. Upon reaching 70%

confluence, cells were switched to serum free medium and stimulated with LPS (Invivogen,

San Diego, CA) at 5 μg/ml or a combination of TNFα and IFNγ each at 5 ng/ml

(eBioscience, San Diego, CA), for 6, 12, and 24 hours. RNA was isolated using the Qiagen

RNeasy minikit, and real time PCR for NGAL was performed as above. Fold changes in

mRNA levels were expressed as a ratio to basal mRNA levels (just prior to stimulation). In

addition, supernatants were collected for analysis of secreted cytokines and the cells

harvested for analysis of apoptosis. Apoptosis was analyzed by flow cytometry using

Annexin V and 7-AAD (BD Biosciences).
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In other experiments, mesangial cells were stimulated for 24 hours with recombinant NGAL

in the presence and absence of anti-NGAL antibody or control mouse IgG (Sigma), and the

amount of MCP-1 in the supernatant analyzed by ELISA (BD Biosciences).

The anti-NGAL antibody producing clone 6B9C3F12 (IgG1) was generated by

immunization of a B6 mouse with murine NGAL, and isolation of NGAL-specific

hybridomas (as initially determined by ELISA) using standard hybridoma technology. The

6B9C3F12 hybridoma was chosen based upon its affinity for NGAL, and its effectiveness in

blocking NGAL effects in in-vitro studies. Furthermore, the specificity of this particular

clone was confirmed by Western blot, where 6B9C3F12 displayed a similar binding pattern

to purified NGAL as the polyclonal goat anti-mouse NGAL antibody from R&D systems

(Minneapolis, MN). Clonality of 6B9C3F12 was verified, and the cell line was grown in

chemically defined, protein free, serum free media containing 1% PS, in a two compartment

bioreactor (Celline, Integra, Hudson, NH). The antibody was purified from the supernatant

using Protein-G columns (Hi-Trap, GE healthcare), followed by extensive dialysis and filter

sterilization.

2.14. Statistical analysis

Differences between groups were compared by two tailed unpaired t-test unless otherwise

indicated. The results for each experiment were assessed for normality, and non-parametric

and non-normally distributed data analyzed using Mann Whitney’s test. Graphing and

statistical analyses were performed using GraphPad Prism (version 4), with p values ≤0.05

considered significant.

3. Results

3.1. Serum total IgG, IgG isotypes, and IgM are differentially regulated by NGAL

Pristane induces polyclonal hypergammaglobulinemia when given as a single intraperitoneal

injection [23,35]. Hence, we analyzed the levels of total IgG and specific isotypes in serum

of treated mice. Pristane challenged B6 mice had significantly higher levels of total IgG,

IgG1 and IgM as compared to PBS treated B6 mice (Fig. 1A, D, F). Surprisingly, the

pristane challenged B6.NGAL−/− mice had significantly higher levels of total IgG, IgG2b,

and IgG2c as compared to the B6 mice (Fig. 1A, B, C). Furthermore, there was a trend

towards increased IgG1 (p=0.09) in the pristane challenged B6.NGAL−/− group as

compared to the B6 mice (Fig. 1D). Total IgM was upregulated in both the pristane

challenged groups, although the increase in the pristane challenged B6 group was

significantly higher than in the B6.NGAL−/− group (Fig. 1F). There was no significant

difference in total IgG, IgG isotypes, and IgM titers between the PBS treated B6 and

B6.NGAL−/− groups (Fig. 1).

3.2. NGAL deficiency leads to elevation of autoantibodies post pristane challenge

Pristane induces generation of autoantibodies in different strains of non-autoimmune prone

mice such as BALB/c, SJL, and B6 [23-25,31]. Therefore, we analyzed the levels of

autoantibodies in the serum for several nuclear antigens. A significant increase in the levels

of ssDNA specific IgG, IgG2c, and IgG1 as well as dsDNA specific IgG, IgG2c, and IgG1
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was seen in the pristane challenged B6 group as compared to the PBS treated B6 group (Fig.

2A, C, D and Fig. 3A, C, D). The pristane challenged B6 group also had significantly higher

levels of chromatin and histone IgG as compared to PBS treated B6 group (Fig. 4).

Surprisingly, we found that the levels of anti-ssDNA and dsDNA IgG2b and IgG2c were

significantly higher in pristane challenged B6.NGAL−/− mice as compared to B6 mice (Fig.

2B, C and 3B, C). In contrast, anti-ssDNA and dsDNA IgG1 antibodies (Fig. 2D and Fig.

3D) were significantly lower in the pristane challenged B6.NGAL−/− as compared to B6

mice. IgG3 anti-ssDNA (Fig. 2E) and anti-dsDNA antibodies (Fig. 3E) also trended higher

in pristane challenged B6.NGAL−/− mice. Anti-histone IgG was significantly higher (Fig.

4A) in pristane challenged B6.NGAL−/− as compared to the B6 mice; however, anti-

chromatin IgG (Fig. 4B) levels did not show any significant difference.

All the types of antinuclear antibodies were at similar levels in both the PBS challenged B6

and B6.NGAL−/− groups except for IgG1 anti-ssDNA and anti-dsDNA antibodies, which

were significantly lower in the PBS treated B6.NGAL−/− mice (Fig. 2D, and Fig. 3D).

3.3. Elevated levels of anti-nuclear antibodies in pristane challenged NGAL deficient mice

To confirm the ELISA results showing differences in autoantibodies between the groups, we

studied serum anti-nuclear antibodies (ANA) by immunofluorescence on fixed Hep-2 cells.

Pristane immunized mice from several non-autoimmune strains (including B6) can display

both homogenous and nucleolar ANA staining patterns (18,31,36-38). We found that the

pristane challenged B6.NGAL−/− mice had higher levels of ANA than B6 mice, as observed

by a significant increase in homogenous nuclear staining and a trend towards increased

nucleolar nuclear pattern staining, as analyzed by immunofluorescence (Fig. 5A). PBS

challenged B6 and B6.NGAL−/− groups were anti-nuclear antibody negative.

3.4. Upregulation of anti-Sm/RNP antibodies in response to pristane in the absence of
NGAL

Analysis of autoantibodies using immunoprecipitation displayed a prominent anti-Sm and

anti-RNP autoantibody response in the serum of pristane challenged B6.NGAL−/− mice

(50%; 7/14) as compared to B6 mice (13%; 2/16) between 3-6 months of age (Fig. 5B). In

contrast, serum from PBS treated B6 and B6.NGAL−/− mice were negative for anti-

Sm/RNP antibodies (Fig. 5B).

3.5. NGAL deficiency increases nuclear antigen specific antibody secreting cells in spleen

As NGAL promotes apoptosis of hematopoietic cells, we investigated whether NGAL

affects the numbers of autoantibody producing cells in the spleen. Autoantibody secreting

cells (ASCs) specific for nuclear antigens such as histone, dsDNA and Sm/RNP were

elevated in the pristane challenged as compared to the PBS treated groups. We observed a

significant increase in the absolute number of anti-histone IgG producing cells in pristane

challenged B6.NGAL−/− mice as compared to B6 mice (Fig. 6A), whereas anti-dsDNA and

anti-Sm/RNP IgG producing cells showed a similar trend (Fig. 6B, C).
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3.6. Serum IL-12p40, serum NGAL and spleen NGAL are upregulated after pristane
treatment

IL-12 is a pro-inflammatory cytokine instrumental in the pathogenesis of spontaneous as

well as inducible models of lupus nephritis [39-41]; therefore, we measured serum levels of

IL-12. Interestingly, IL-12 levels were significantly increased after pristane challenge in

both groups of B6 and B6.NGAL−/− mice as compared to the respective control groups

(Fig. 6D). Furthermore, pristane challenged B6 mice had significantly higher levels of IL-12

in serum as compared to the B6.NGAL−/− mice (Fig. 6D).

NGAL is induced in response to many forms of inflammation and tissue injury; therefore,

we analyzed the levels of NGAL mRNA in spleen, and found a significant increase in

pristane injected as compared to PBS treated B6 mice (Fig. 6E). Similar to the expression

levels in spleen, we found that NGAL was significantly upregulated in the serum of pristane

challenged as compared to the PBS treated B6 mice (Fig. 6F).

To determine the source of circulating NGAL in pristane challenged B6 mice, we examined

splenocytes stimulated with pristane in vitro and found that pristane induces the release of

NGAL in a dose dependent manner (Fig. 6G). To further evaluate whether peritoneal

macrophages which are recruited locally at the sites of pristane induced inflammation can

produce NGAL, we injected thioglycollate into the peritoneum of B6 mice. After 72 hours,

macrophages were harvested by peritoneal lavage and stimulated for 48 hours to analyze the

levels of NGAL in the supernatant. As seen in Fig. 6H, pristane induces the release of

NGAL from macrophages in a dose dependent manner.

3.7. Inflammatory mediators are upregulated in the spleens of NGAL−/− mice

To explore if the inflammatory response in the spleen induced by pristane is regulated by

NGAL, we analyzed several genes relevant to lupus pathogenesis. We found that the

chemokine CXCL13 (B lymphocyte chemoattractant) and its receptor CXCR5, as well as

CXCL10 (10 kDa interferon gamma-induced protein) and its receptor CXCR3, were

upregulated in the spleen of pristane challenged B6.NGAL−/− mice as compared to B6 mice

(Fig. 7A). Pristane challenged B6.NGAL−/− mice also had significantly higher levels of

spleen mRNA expression for activation induced cytidine deaminase (AID) (Fig. 7B).

Furthermore, significant upregulation in the levels of MCP-1 and IRF5 was observed in the

spleen of pristane challenged B6.NGAL−/− mice as compared to B6 mice (Fig. 7A, B).

Finally, pristane challenge in the B6.NGAL−/− strain, as compared to B6 mice, was

associated with increased mRNA expression of transcription factors and cytokines

associated with Th2 (GATA-3, IL-4) and Th17 (RORCγ, IL-21) type responses,

respectively, rather than Th1 (data not shown).

3.8. Diminished kidney pathology in NGAL−/− mice

To determine the effect of NGAL on renal disease in pristane induced lupus, we analyzed

kidney sections stained by H&E and PAS. We found that mesangial proliferation,

endocapillary proliferation, and PAS positive deposits were present in a significantly lower

proportion of glomeruli in the pristane challenged B6.NGAL−/− group as compared to the

B6 group (Fig. 8A, B). PAS positive deposits were predominantly observed in mesangial
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areas but occasional glomeruli with endocapillary proliferation also displayed subendothelial

deposits that were visible by light microscopy (Fig. 8A). Significant tubulointerstitial

lesions, including interstitial inflammation and fibrosis, were absent in all the groups of

mice. PBS treated mice did not show any histopathological abnormalities (Fig. 8B). We did

not observe any significant difference in kidney-infiltrating neutrophils between pristane

challenged B6 and B6.NGAL−/− mice (data not shown).

3.9. Inflammatory mediators in kidneys were regulated by NGAL

To explore a possible role of NGAL on renal inflammation we analyzed several relevant

genes which have been studied in lupus nephritis, particularly in the pristane induced model

[18-20]. There was no significant difference between the pristane challenged B6.NGAL−/−

and B6 groups for the CXCL13, CXCL10, CXCR3, MCP-1, and IRF5 (Fig. 8C). The

expression of TLR4 was significantly lower in kidneys of pristane challenged B6.NGAL−/−

mice than B6 mice. Additionally, the proapoptotic gene APAF-1 and the adhesion molecule

ICAM-1 were also found to be significantly lower in B6.NGAL−/− mice (Fig. 8C).

Interestingly, we observed a trend towards increased levels of NGAL mRNA in kidneys of

the pristane challenged B6 group as compared to PBS treated B6 group (Supplementary Fig.

S1).

3.10. Exposure to inflammatory stimuli induces the expression of NGAL by renal cells

To determine which kidney cells express NGAL upon exposure to inflammatory mediators,

we stimulated mesangial and tubular cells in vitro with either LPS or a combination of

TNFα and IFNγ. We found that these inflammatory stimuli significantly increased the

expression of NGAL in both mesangial and tubular cells (Fig. 8D). However, in contrast to

what we described above for splenocytes and macrophages, pristane stimulation did not

consistently increase NGAL mRNA in either mesangial cells or tubular cells (data not

shown). To further investigate the effects of NGAL on mesangial cells, we stimulated

mesangial cells with NGAL for 24 hours. As previously described [17], NGAL induced

apoptotic cell death (Fig. 8E), and also increased the expression of the proinflammatory

chemokine MCP-1 (Fig. 8F). These effects were significantly reversed in the presence of a

monoclonal anti-NGAL antibody (Fig. 8E, 8F), indicating that the induction of apoptosis

and MCP-1 in mesangial cells by NGAL is mediated by a specific receptor, rather than by

an extraneous contaminant in the NGAL preparation.

3.11. NGAL receptor expression in spleen and kidney

To determine if the receptor for NGAL is expressed by spleen and kidney tissues in B6

mice, we analyzed the mRNA expression of 24p3R (also known as cation transporter BOCT

or solute carrier family 22 member 17). 24p3R was expressed in spleen and kidneys in both

PBS and pristane challenged B6 mice. We did not find an effect of pristane treatment on

24p3R levels in the kidneys. Interestingly, pristane injected mice had significantly lower

levels of spleen 24p3R expression as compared to control treated mice (data not shown).
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4. Discussion

In this study, we found that NGAL has a regulatory role in the onset of the autoantibodies in

an inducible model of lupus. Post pristane challenge, mice deficient in NGAL as compared

to wild type B6 mice had higher levels of specific autoantibodies as well as more

pronounced hypergammaglobulinemia. Furthermore, pristane challenged B6.NGAL−/− mice

had higher levels of expression of AID and inflammatory mediators in the spleen, as well as

increased numbers of autoantibody secreting cells. Surprisingly, B6.NGAL−/− mice were

partially protected from renal injury, and displayed less severe renal pathology than B6

pristane treated mice. Since our experimental design did not include littermate controls, it is

important to acknowledge the possibility that some differences between the strains might

have arisen from genetic heterogeneity. Nevertheless, the magnitude of differences in

response to pristane observed here, together with the confirmatory in vitro studies, support

the conclusion that these effects arose from differential expression of NGAL, rather than any

minor background variations.

The immune response generated by B6 mice after pristane injection found in our study is

consistent with previously reported observations in other strains of non-autoimmune mice

[18-23]. Antibodies to nuclear antigens are a characteristic feature of SLE in both humans

and mice. The pathological role of autoantibodies in progression of lupus related organ

damage such as kidney, brain, and skin has been well established [4,27,42-44]. These

autoantibodies are able to bind or cross react with nuclear antigens or antigens present on the

cell surface [45-50], activating Fc receptors present on different cell types as well as

complement pathways. This leads to expression of inflammatory mediators while promoting

the infiltration of immune cells into the target organs, eventually leading to tissue injury.

Here, we observed higher levels of autoantibodies to nuclear antigens in the serum of

B6.NGAL−/− mice post pristane challenge, which suggests that the production of

autoantibodies is, at least in part, regulated by NGAL. Interestingly, as has been observed in

other pristane induced and spontaneous models (21,32,51), the increase in autoantibodies

was not global but rather restricted to particular autoantigens and isotypes, suggesting a

specific effect of NGAL. It should further be noted that the splenic cytokine profile did not

perfectly correspond with the subclasses observed. While additional exploration of this point

is outside the scope of the present study, this intriguing observation will require further

elucidation. It will be interesting to determine if NGAL genetic polymorphisms may be

associated with autoantibody production in human lupus.

Here, we provide evidence for a novel regulatory role of NGAL in limiting autoantibody

titers by restricting the number of ASCs. These cells were more numerous in the spleen of

pristane challenged B6.NGAL−/− mice, which would be consistent with the higher levels of

autoantibodies. Our findings are in agreement with other studies in which NGAL deficiency

led to the accumulation of myeloid and lymphoid cells in bone marrow and B cells in bone

marrow and spleen, as well as hematopoietic cell types [52]. Therefore, lower antibody

levels in NGAL sufficient mice following pristane is likely to be due to a regulatory role of

NGAL in controlling the survival and number of autoantibody producing cells. Whether

NGAL regulates the numbers of any other splenic cell subset remains to be determined.
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NGAL is a sensitive biomarker of tissue inflammation and injury, including in the serum of

lupus patients [16]. We found that NGAL was upregulated in B6 mice post pristane

challenge, indicating that indeed NGAL is responsive to the triggering and development of

systemic autoimmunity, including in the pristane model in which this had not been

previously described. The source of serum NGAL is most likely activated macrophages and

splenocytes, since we found that pristane stimulation directly upregulates NGAL expression

in these cell types. The increase in NGAL expression in kidneys of pristane challenged mice

may be due to a similar, direct effect on kidney cells, a cytokine driven effect, or a reflection

of upregulated NGAL levels in infiltrating macrophages.

Consistent with the enhanced immune response and autoantibody levels in the pristane

challenged B6.NGAL−/− mice, we observed higher levels of expression of AID in the

spleen. AID is responsible for class switch recombination, is associated with human SLE,

and is found in spleens and ectopic lymphoid tissues [25,31,53] in spontaneous and induced

lupus. NGAL also influenced the levels of splenic CXCL13, a B lymphocyte chemokine that

influences the migration of B cells into target organs and which is a known marker of

disease activity in human SLE [54-56].

IRF5 is a major regulator of the type I IFN pathway, responsible for B cell activation and

migration [22,25,57]. Previous studies [21,35,58,59] demonstrated that pristane induced

lupus is type I interferon dependent; pristane injection leads to accumulation of peritoneal

cells which express high levels of interferon stimulated genes (e.g. IRF5, IRF7, MCP-1,

CXCL10), and peritoneal fluid rich in interferon-dependent cytokines (e.g. MCP-1, IL-6).

Furthermore, IRF5 polymorphisms are associated with human SLE [60-62]. MCP-1 and

IP-10, which are interferon responsive, play a major role in monocyte/macrophage

recruitment [63-65] and are also associated with human SLE. While we found that IRF5,

MCP-1, and CXCL10 levels were elevated in pristane treated NGAL−/− mice, levels of

IRF3 and IRF7 were no different than in B6 NGAL sufficient mice (data not shown).

Moreover, while IL-12 is interferon responsive and upregulated in spontaneous and pristane

induced lupus [31,51,66], serum levels were actually lower in NGAL deficient mice. Thus,

it would appear that the relationship between NGAL and the interferon signaling pathway is

not straightforward. Moreover, our focus in these studies was the contribution of NGAL to

the onset of autoantibodies and kidney disease. Therefore, more detailed analysis of the

cellular composition of spleen and peritoneum and the interaction between NGAL and

interferon signaling will need to be further explored in future studies.

Glomerular cellular proliferation and immune complex deposition were observed in both

NGAL wild type and knockout pristane challenged groups, although the injury was less

severe in the B6.NGAL−/− mice. Intracellular cell adhesion molecule-1 (ICAM-1) is a

marker of kidney injury in human lupus nephritis [67], and responsible for kidney damage in

lupus prone MRL/lpr mice [68,69], whereas apoptotic protease activating factor-1 (APAF-1)

is a proapoptotic gene induced during glomerulonephritis [70,71]. TLR4 was found to be

associated with the progression of murine lupus nephritis [19,72]. Pristane challenged

B6.NGAL−/− mice had significantly lower kidney expression of ICAM-1, APAF-1, and

TLR4, which is consistent with the decreased renal injury observed in this strain. It would be

interesting to explore if NGAL levels can differentiate between lupus patients with high

Pawar et al. Page 12

Clin Immunol. Author manuscript; available in PMC 2015 September 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



titers of autoantibodies but absent or mild kidney disease, as compared to patients with

modest autoantibody titers but more severe kidney disease.

The current study supports previous findings from our lab in antibody mediated renal injury

mediated by nephrotoxic serum, where NGAL deficient mice were protected while

exogenous administration of NGAL further aggravated renal damage [17]. Here we have

demonstrated that inflammatory stimuli/ligands such as those present in pristane induced

lupus upregulate NGAL in kidney mesangial and tubular cells. NGAL could then directly

contribute to the pathogenesis of renal disease via induction of caspase-3 mediated apoptosis

in kidney resident cells, and a direct pro-inflammatory effect on kidney cells via activation

of NF-kB [17, and above]. Therefore, it seems likely that the pristane mediated enhancement

of systemic and local NGAL expression in NGAL wild type mice might explain their worse

kidney disease as compared to NGAL deficient mice, despite higher autoantibody titers in

the latter strain.

Recent reports similarly showing a proinflammatory effect of NGAL on structural cell types

include the induction of INOS in chondrocytes, and IL-1β, iNOS, TNF, and CXCL10 in

astrocytes [73,74]. An important role of NGAL in progression of renal disease was also

reported in a partial nephrectomy model [75]. Additionally, a proinflammatory role of

NGAL was recently demonstrated in the reverse passive arthus model of arthritis, wherein

NGAL deficient mice had significantly reduced skin inflammation and immune cell

infiltration [76]. Interestingly, in EAE however [12] disease severity was exacerbated in

NGAL deficient mice. Furthermore, NGAL administration attenuated kidney injury in an

ischemia-reperfusion model [77,78]. Therefore, NGAL expression apparently is not always

detrimental, even in kidney disease, and may depend on the source of NGAL, localization of

expression, and the particular disease context [8,17,75,77-79].

Conclusions

Pristane challenge upregulates the secretion of NGAL by macrophages and splenocytes,

which then serves as a brake on the autoantibody response in this model by limiting the

number of autoantibody producing cells in the spleen. In the context of early lupus, a basal

level of NGAL would then have a regulatory, protective role. However, with progression of

disease, a further increase in NGAL levels would be detrimental for the kidney, acting in

concert with IgG and other local inflammatory mediators to exacerbate renal injury and

damage. While NGAL inhibition may potentially be useful for the local kidney

inflammatory process in lupus, it will be important to consider any possible effects on the

adaptive immune response when considering modulating the NGAL pathway as a potential

therapeutic approach for this disease.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• NGAL regulates the anti-nuclear antibody response in pristane induced lupus.

• NGAL deficient mice exhibit increased numbers of autoantibody secreting cells

following pristane challenge.

• Despite increased autoantibody titers, pristane-challenged NGAL deficient mice

are partially protected from renal injury.

• Pristane stimulates NGAL secretion by peritoneal macrophages and splenocytes.
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Fig. 1.
NGAL regulates hypergammaglobulinemia. A-F. Serum levels of IgG, IgG2b, IgG2c, IgG1,

IgG3 and IgM from B6 and B6.NGAL−/− mice, 4 months after pristane or PBS challenge,

were analyzed by ELISA (n=4-5 per PBS group, n=10-11 per pristane group). The mice

which received pristane will be referred to as B6 pristane and B6.NGAL−/− pristane,

whereas mice which received PBS will be referred to as B6 PBS and B6.NGAL−/− PBS

hereafter. Data are expressed as mean ± SEM and analyzed by the Mann Whitney test. Data

are representative of results from three independent cohorts, *p< 0.05, **p<0.01,

***p<0.001.
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Fig. 2.
Serum anti-ssDNA autoantibodies. Serum samples from B6 and B6.NGAL−/− mice, 4

months after pristane or PBS challenge, were analyzed. A-E. Anti-ssDNA IgG, IgG2b,

IgG2c, IgG1, and IgG3 were measured by ELISA (n=4-5 per PBS group, n=10-11 per

pristane group). Data are expressed as mean ± SEM and analyzed by the Mann Whitney test.

Data are representative of results from three independent cohorts, *p< 0.05, **p<0.01,

***p<0.001.

Pawar et al. Page 21

Clin Immunol. Author manuscript; available in PMC 2015 September 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Fig. 3.
Serum anti-dsDNA autoantibodies. Serum samples from B6 and B6.NGAL−/− mice, 4

months after pristane or PBS challenge, were analyzed. A-E. Anti-dsDNA IgG, IgG2b,

IgG2c, IgG1, and IgG3 were measured by ELISA (n=4-5 per PBS group, n=10-11 per

pristane group). Data are expressed as mean ± SEM and analyzed by the Mann Whitney test.

Data are representative of results from three independent cohorts, *p< 0.05, **p<0.01,

***p<0.001.
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Fig. 4.
Serum anti-histone IgG and anti-chromatin IgG. Serum samples from B6 and B6.NGAL−/−

mice, 4 months after pristane or PBS challenge, were analyzed. A. Anti-histone IgG, B.
Anti-chromatin IgG, were analyzed by ELISA (n=4-5 per PBS group, n=10-11 per pristane

group). Data are expressed as mean ± SEM and analyzed by the Mann Whitney test. Data

are representative of results from three independent cohorts, *p< 0.05, **p<0.01.
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Fig. 5.
NGAL regulates the levels of anti-nuclear antibodies. A. Serum samples from B6 and

B6.NGAL−/− mice, 4 months after pristane or PBS challenge, were analyzed for the

presence of ANA using Hep-2 slides. Immunofluorescent staining patterns were compared

between the groups using the Mann-Whitney test. The analysis was performed on randomly

selected mice, n=3-4 per PBS group, n=5-7 per pristane group. Data are expressed as mean

± SEM, **p<0.01. B. Autoantibodies to Sm/RNP are upregulated in the serum of pristane

challenged B6.NGAL−/− mice. 35S-labeled K562 cell extract was immunoprecipitated with

sera from B6 and B6.NGAL−/− mice, 3-6 months after pristane or PBS challenge. Positions

of the U1 snRNP-specific A and C proteins, and the Sm proteins B’/B, D, E/F, and G, are

indicated by arrows. Positions of molecular weight standards in kilodaltons are shown on the

left. Data are representative of results from two independent cohorts (n=3 per PBS group,

n=14-16 per pristane group).
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Fig. 6.
A-C. Autoantibody secreting cells specific to histone, dsDNA, and Sm/RNP in spleens from

B6 and B6.NGAL−/− mice, 4 months after pristane or PBS challenge, were measured by

ELISPOT in triplicate and analyzed by unpaired t-test. Data are expressed as mean ± SEM,

n=3 mice randomly selected from each of the pristane and PBS groups, *p<0.05, **p<0.01,

***p<0.001. D. IL-12 is induced after pristane challenge. Serum IL-12 was analyzed at 4

months after pristane or PBS challenge in duplicate (n=4-5 per PBS group, n=10-11 per

pristane group). Data are expressed as mean ± SEM and analyzed by the Mann Whitney test,
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*p< 0.05, **p<0.01, ***p<0.001. E. NGAL mRNA levels in spleen analyzed by real time

PCR in B6 Pristane and B6 PBS groups of mice (n = 4 per PBS group and n=10 per pristane

group). Relative expression of NGAL mRNA to GAPDH is plotted (Y-axis scale is x 10−4).

Data are representative of results from two independent cohorts, performed in duplicate.

Data are expressed as mean ± SEM and analyzed by unpaired t-test, *p<0.05. F. Serum

NGAL was measured by ELISA at 4 months post pristane or PBS treatment in B6 mice (n =

4 per PBS group and n=10 per pristane group). Data are representative of results from two

independent cohorts performed in triplicate. Data are expressed as mean ± SEM and

analyzed by unpaired t-test, ***p<0.001. G. Splenocytes isolated from B6 mice were

stimulated in vitro with either pristane or medium at concentrations of 0.1, 1, 10, and 20

ng/ml for 24 hours, and the supernatants analyzed for NGAL by ELISA. Data are

representative of results from two independent experiments, performed in duplicate. Data

are expressed as mean ± SEM and analyzed by unpaired t-test, *p< 0.05. H. Peritoneal

macrophages were isolated from B6 mice 72 hours after i.p. injection of thioglycollate, and

stimulated for 24 hrs with pristane at concentrations of 1, 5, and 10 μg/ml. Data are

representative of results from two independent experiments, performed in duplicate. Data

are expressed as mean ± SDEV and analyzed by unpaired t-test, *p< 0.05.
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Fig. 7.
NGAL deficiency leads to upregulation of inflammatory mediators in spleen. A, B. Spleen

mRNA levels of selected genes were measured at 4 months post pristane treatment by real

time PCR performed in duplicate (n=4-5 per PBS group, n=10-11 per pristane group).

Relative expression of mRNA of genes of interest in relation to GAPDH is plotted (Y-axis

scale is x 10−2 (in A) or x 10−3 (in B)). Data are expressed as mean ± SEM and analyzed by

unpaired t-test, *p< 0.05, **p<0.01.
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Fig. 8.
NGAL deficiency restricts renal damage induced by pristane. A,B. Kidney sections from B6

and B6.NGAL−/− mice, 4 months after pristane or PBS challenge, were stained by PAS and

H&E and analyzed for pathologic features including mesangial proliferation, endocapillary

hypercellularity, and PAS positive deposits. Data was analyzed by Mann-Whitney test
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(n=4-5 per PBS group, n=10-11 per pristane group) and expressed as mean ± SEM, *p<

0.05. The figure (40x magnification) shows normal appearing glomeruli in PBS-injected B6

(left upper panel) and B6.NGAL−/− mice (left lower panel); pristane-injected B6 mice

display global endocapillary proliferation (upper right panel), while glomeruli in pristane-

injected B6.NGAL−/− mice are relatively preserved, showing only mild mesangial deposits

and mild mesangial hypercellularity (lower right panel). C. Kidney mRNA levels (in

duplicate) were measured at 4 months post pristane treatment by real time PCR (n=4-5 per

PBS group, n=10-11 per pristane group). Relative expression of mRNA of genes of interest

in relation to GAPDH is plotted (Y-axis scale is x 10−3). Data are expressed as mean ± SEM

and analyzed by unpaired t-test, *p< 0.05, **p<0.01. D. Kidney mesangial and tubular cells

were stimulated with either LPS (5 μg/ml) or TNFα +IFNγ (each at 5 ng/ml), and the mRNA

expression of NGAL at 6, 12 and 24 hours was analyzed in 3-4 replicates by real time PCR.

Relative expression of NGAL mRNA in relation to GAPDH was calculated. Fold change at

each time point was calculated as the relative ratio to baseline just prior to stimulation. Data

are representative of results from two independent experiments, performed in 3-4 replicates.

Data are expressed as mean ± SEM and analyzed by unpaired t-test, *p< 0.05, **p<0.01,

compared to medium treated group at each respective time point. E. Mesangial cells were

stimulated with the NGAL at 10 μg/ml with or without anti-NGAL antibody or control IgG

at 100 μg/ml in duplicate for 24 hours, and the degree of apoptosis analyzed by Annexin V

and 7-AAD staining and flow cytometry. A total of 50,000 events were recorded per sample.

Percentage of annexin-V and 7-AAD double positive cells were plotted against the

treatment. Data are representative of results from two independent experiments, performed

in 3-4 replicates. Data are expressed as mean ± SEM and analyzed by unpaired t-test,

*p<0.05, **p<0.01, ***p<0.001. F. Mesangial cells were stimulated for 24 hours with

NGAL at 1 μg/ml in presence and absence of anti-NGAL antibody or control IgG at 0.5 and

2 μg/ml (3-4 replicates), and the supernatant was analyzed for MCP-1 by ELISA. The

percentage of NGAL induced MCP-1 was calculated by subtracting the value for media

alone from each treatment group, and comparing this to the concentration of MCP-1 induced

by NGAL alone which was set as 100%. Data are representative of results from two

independent experiments, performed in 3-4 replicates. Data are expressed as mean ± SEM

and analyzed by unpaired t-test, *p<0.05.
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