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Abstract

Systemic lupus erythematosus (SLE) is characterized by antibody-mediated chronic inflammation 

in the kidney, lung, skin, and other organs to cause inflammation and damage. Several 

inflammatory pathways are dysregulated in SLE, and understanding these pathways may improve 

diagnosis and treatment. In one such pathway, Axl tyrosine kinase receptor responds to Gas6 

ligand to block inflammation in leukocytes. A soluble form of the Axl receptor ectodomain (sAxl) 

is elevated in serum from patients with SLE and lupus-prone mice. We hypothesized that sAxl in 

SLE serum originates from the surface of leukocytes and that the loss of leukocyte Axl contributes 

to the disease. We determined that macrophages and B cells are a source of sAxl in SLE and in 

lupus-prone mice. Shedding of the Axl ectodomain from the leukocytes of lupus-prone mice is 

mediated by the matrix metalloproteases ADAM10 and TACE (ADAM17). Loss of Axl from 

lupus-prone macrophages renders them unresponsive to Gas6-induced anti-inflammatory signaling 

in vitro. This phenotype is rescued by combined ADAM10/TACE inhibition. Mice with Axl-

deficient macrophages develop worse disease than controls when challenged with anti-glomerular 

basement membrane (anti-GBM) sera in an induced model of nephritis. ADAM10 and TACE also 

mediate human SLE PBMC Axl cleavage. Collectively, these studies indicate that increased 

metalloprotease-mediated cleavage of leukocyte Axl may contribute to end organ disease in lupus. 

They further suggest dual ADAM10/TACE inhibition as a potential therapeutic modality in SLE.
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1. Introduction

Systemic lupus erythematosus (SLE) is a group of systemic autoimmune disorders 

characterized by anti-nuclear antibodies (ANA), rashes and photosensitivity, joint 

inflammation, nephritis, and other clinical criteria. SLE develops through the breakdown of 

three major checkpoints: adaptive immune tolerance, peripheral innate immune 

responsiveness, and end-organ inflammation [1]. Adaptive immune dysfunction produces 

autoantibodies leading to immune complex formation and deposition in the skin, joints, and 

kidneys. Innate immunity plays an important role in determining disease severity and 

progression [2]. Factors and pathways that modulate innate immunity impact the course of 

disease, particularly in end organ systems where most major, life-threatening disease 

manifestations occur. We focus here on the Axl receptor tyrosine kinase pathway.

Axl is a member of the TAM family of receptor tyrosine kinases. Axl engagement by its 

ligand Gas6 causes receptor homodimerization, autophosphorylation, and downstream 

signaling. Axl and other TAM family members are well-studied in malignancy but also play 

significant roles in immunity [3–8]. Among immune cells, Axl mRNA expression is highest 

in macrophages. Axl expression is also reported in some dendritic cells, γδT cells, 

fibroblasts, CD25+ T cells, and B1a B cells [9].

Disturbance of TAM family function contributes to autoimmunity. TAM family triple 

knockout mice develop severe systemic autoimmunity, and two members have been 

implicated directly in autoimmunity [10]. The TAM family member Mer aids in the 

clearance of apoptotic cells that may otherwise exacerbate inflammation and autoimmunity 

[11,12]. Further, Axl knockout mice exhibit worse inflammation and demyelination than 

normal controls in induced experimental autoimmune encephalomyelitis (EAE) [13].

Two major functions of Axl may influence SLE. First, Gas6-stimulated Axl in the kidney is 

necessary for renal mesangial cell proliferation, which contributes to nephritis [14–17]. 

Second, Axl signaling blocks the expression of inflammatory cytokines through the 

induction of Twist, a transcriptional inhibitor, in macrophages [18]. We and others quantified 

soluble Axl (sAxl) in the serum of SLE patients and healthy controls [19–21]. Patients with 

active SLE exhibit significantly elevated sAxl versus healthy controls and patients with 

inactive SLE. Others have proposed modulation of the Axl tyrosine kinase pathway as a new 

target for SLE, but no feasible mechanism has been determined [22]. We hypothesized that 

leukocyte Axl is cleaved in lupus, abrogating anti-inflammatory signaling and contributing 

to the disease.

In the present study we determined that macrophages and B cells are a source of serum sAxl 

in human SLE and in lupus-prone mice. We further investigated the mechanism of leukocyte 

Axl loss and its phenotypic effects on lupus. In particular, we found that shedding of the Axl 

ectodomain from leukocytes is mediated by the proteases ADAM10 and TACE. Further, loss 
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of Axl from mouse macrophages accentuates inflammation in vitro as well as in vivo in a 

mouse model of antibody-mediated acute kidney damage, anti-glomerular basement 

membrane disease (anti-GBM).

2. Materials and methods

2.1. Animals

Congenic control (C57BL/6 or B6), Axl−/−, Mrl-lpr, BXSB, and NZM2410 mice were 

purchased from the Jackson Laboratory (Bar Harbor, ME) or Taconic Farms (Hudson, NY). 

B6·Sle1 [23], B6·Sle3 [24], B6·Yaa [25], B6.Lyn−/− [26], and BWF1 [27] mice were bred in 

our mouse colony. Mice used for this study were 3 to 8 month old males and females 

maintained in a stress-free environment. The Animal Care and Use Committee at the 

University of Texas Southwestern Medical Center approved all experiments using mice.

2.2. Enzyme-linked immunosorbent assay (ELISA)

Human and mouse sera were probed for sAxl using mouse (R&D Systems, Minneapolis, 

MN) or human (Raybiotech, Norcross, GA) Axl ELISA kits per the manufacturers’ 

protocols. Sera were diluted 1:100 in a serum diluent (2% BSA, 3 mM EDTA, 0.05% 

Tween-20) for probing. Total IgM and IgG (Bethyl Laboratories, Montgomery, TX) as well 

as anti-DNA antibodies were detected by ELISA as previously published [28].

2.3. Bone marrow-derived macrophages

L-cell supernatant was prepared by growing L929 cells in flasks (~20 ml DMEM with 10% 

FBS, 1% glutamine, 1% HEPES, 1% Pen/Strep) to confluence (3–5 days). Cultures were 

then split 5×, grown 7 days, and supplemented with 10 ml DMEM with 10% FBS, 1% 

glutamine, 1% HEPES, and 1% Pen/Strep. After 7 additional days supernatant was filtered 

and frozen (0.4 µm filters). Bone marrow-derived macrophages (BMDM) were prepared by 

dissection and flushing of tibias using ~3 ml BM25 media (DMEM with 10% FBS, 25% L 

supernatant, 5% horse serum, 1% glutamine, 1% sodium pyruvate, and 1% Pen/Strep) into 

10 cm untreated petri dishes (final volume 10 ml). Cultures were incubated at 37 ° C in 5% 

CO2 for 3 to 4 days and 5 ml media was replenished with new BM25. At day 7 or 8, media 

was aspirated and replaced with 5 ml BM15 media (DMEM with 10% FBS, 15% L 

supernatant, 5% horse serum, 1% glutamine, 1% sodium pyruvate, and 1% Pen/Strep). 

Plates were then scraped and split for propagation and supplemented with additional BM15 

media. Cells were allowed 2 to 3 days reequilibration before any treatment or freezing.

2.4. Cell acquisition, treatment, staining, and sorting

Collection of peripheral blood from consented human subjects was overseen and approved 

by the University of Texas Southwestern Medical Center Institutional Review Board. Blood 

was centrifuged to isolate serum from whole blood. Peripheral blood mononuclear cells 

(PBMCs) were isolated by density-gradient centrifugation over Ficoll. Cells were lysed for 

Western blot analysis, treated, or stained for flow cytometry assays as described in the text. 

Mouse splenocytes were collected using standard protocols.
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Splenocytes were cultured in RPMI with 10% FBS, 50 kU/l penicillin, 50 kU/l 

streptomycin, and 2 mM glutamine. Bone marrow-derived macrophages were cultured in 

DMEM supplemented with glutamine, 10% FBS, 5% horse serum, penicillin/streptomycin, 

and short-term 25% and long-term 15% L929 supernatant [29]. For ADAM10 and TACE 

inhibition studies, cells were treated with DMSO vehicle control, 50 µM GI254023X 

(OKeanos, China), 50 µM TAPI-0 (Santa Cruz Biotech, Santa Cruz, CA), or both 50 µM 

GI254023X and 50 µM TAPI-0 for 24 h. For Gas6 stimulation studies, splenocytes were 

cultured at 2 million cells/ml and treated with either 1 ng/ml LPS alone (Sigma, St. Louis, 

MO) or 1 ng/ml LPS plus 400 ng/ml Gas6 (R&D Systems, Minneapolis, MN) for 24 h. B 

cells were purified from bulk splenocytes by MACS purification (Milltenyi, San Diego, CA) 

and treated with 1 µg/ml LPS for 24 h before being treated with 400 ng/ml Gas6 or vehicle 

control over 24 h.

Anti-Axl (LifeSpan BioSystems, Seattle, WA), anti-p-Axl (R&D Systems, Minneapolis, 

MN), and rabbit isotype control (Becton Dickenson, Franklin Lakes, NJ) antibodies were 

conjugated to Alexa 555® using the APEX™ Alexa Fluor® 555 Antibody Labeling Kit 

(Invitrogen, Carlsbad, CA) following the manufacturer’s protocol. Additional anti-human 

Axl PE and anti-mouse PE conjugates were used to stain for flow cytometry (R&D Systems, 

Minneapolis, MN). Additional antibodies used for flow cytometry were FITC CD14, FITC 

CD4, PE-Cy5 CD4, PE-Cy7 B220, APC CD19, and APC-Cy7 CD11b (Becton Dickenson, 

Franklin Lakes, NJ); FITC CD3 and APC CD11c (eBiosciences, San Diego, CA). Flow 

cytometry was performed after the cells were fixed and was gated using forward (FSC) and 

side (SSC) scatter to isolate live cells using FlowJo (Treestar, Ashland, OR).

2.5. Histopathology

Spleens and kidneys were isolated and prepared for histological analysis by lateral 

dissection and fixation in OCT medium prior to freezing. Specimens were sectioned (3–5 

mm) and stained with appropriate antibodies (Rabbit anti-Axl, LifeSpan BioSystems, 

Seattle, WA; Alexa 488® Goat anti-Rabbit IgG, Life Technologies, Carlsbad, CA). Slides 

were fixed with DAPI-containing fixative prior to imaging.

2.6. Western blot analysis

Human PBMC and mouse spleen samples were isolated, lysed, and subjected to SDS-PAGE 

and transferred to nitrocellulose paper according to standard procedures. Blots were probed 

with primary antibodies against Axl (LifeSpan BioSystems, Seattle, WA), Y779-

phosphorylated Axl (R&D Systems, Minneapolis, MD), GAPDH (Cell Signal, Danvers, 

MA), α-Tubulin (Cell Signal, Danvers, MA), ADAM10 (R&D Systems, Minneapolis, MN), 

and TACE (Santa Cruz, Santa Cruz, CA) and subsequently probed with secondary HRP-

linked antibodies (GE Healthcare, Fairfield, CT). Bands were visualized with ECL substrate.

2.7. RT-PCR

RNA was extracted from tissue and reverse-transcribed to produce cDNA using standard 

protocols. cDNA was detected on the Biorad CFX96 Real Time PCR system with 

SybrGreen® (Biorad, Hercules, CA) using Axl (For: 5′-aaccttcaactcctgccttctcg-3′ Rev: 5′-

cagcttctccttcagctcttcac-3′), Cyclophilin A (For: 5′-gcagacaaagttccaaagacag-3′ Rev: 5′-
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cattatggcgtgtaaagtcacc-3′), Twist (For: 5′-ggacaagctgagcaagattca-3′ Rev: 5′-

cggagaaggcgtagctgag-3′), Il6 (For: 5′-ctgcaaga gacttccatccagtt-3′ Rev: 5′-

gaagtagggaaggccgtgg-3′), and TNF (For: 5′-ttctgtctactgaacttcggggtgatcggtcc −3′ Rev: 5′-

gtatgagatagcaaatcggctga cggtgtggg-3′) probes. Each sample was normalized to Cyclophilin 

A control using ΔCt to compute relative expression.

2.8. Anti-GBM disease

Anti-glomerular basement membrane (GBM) disease was induced in mice according to 

previously-described methods (Fig. 5A, D) [30]. At day (−5), mice were inoculated 

intraperitoneally with 225 µl of a mixture of 100 µl complete Freund’s adjuvant (CFA, 

Sigma, St. Louis, MO), 100 µl PBS, and 25 µl 10 mg/dl rabbit IgG (Sigma, St. Louis, MO) 

mixed in Micro-Mate® interchangeable hypodermic syringes (Popper & Sons, NY) with 

Discofix® 3-way stopcock (B. Braun, PA). On day 0 or 1, mice were inoculated 

intravenously (tail vein injection) with mouse anti-rabbit glomerular basement membrane 

serum. This inoculation is dosed by weight at 150 µl per 20 g animal. In a variant of anti-

GBM disease, 107 bone marrow-derived macrophages (BMDM) are introduced by tail vein 

injection at day 0 in addition to the other injections to induce disease.

2.9. Assays of kidney function

Serum creatinine was measured using a serum creatinine colorimetric assay kit (Cayman, 

Ann Arbor, MI) following the manufacturer’s protocol. Urine protein was measured in a 96-

well plate assay using Pierce® BCA Protein Assay (Thermo Scientific, Rockford, IL) 

following the manufacturer’s protocol.

2.10. Statistical procedures

p values were not otherwise noted were determined using a student’s t test using GraphPad® 

Prism software. Significance cutoffs for p values were set at 0.05. For Western Blot analysis, 

bands were quantified using ImageJ®. For comparison purposes in Fig. 1, relative densities 

were averaged among healthy controls. For statistical comparisons of flow cytometry plots, 

Mean Fluorescent Intensity units (MFI) were generated and a ratio of Axl staining to Isotype 

control staining was calculated.

2.11. Human subjects

Collection of peripheral blood from consented human subjects was overseen and approved 

by the University of Texas Southwestern Medical Center Institutional Review Board (IRB). 

Controls were matched where possible by age, gender, and ethnicity (see Supplemental 

Table 1).

2.12. Supplemental figures

Supplemental figures are available in the online edition of this manuscript. Additional data is 

available in the related Data in Brief article, Ref [31].
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3. Results

3.1. Human PBMC Axl loss correlates with serum sAxl in SLE

We observed that cleaved serum Axl ectodomain (sAxl) is elevated in the blood of patients 

with active SLE (Fig. 1A, see also Supplemental Table 1). This finding has been previously 

shown by others [19,20]. Renal mesangial cells express Axl in nephritis and were previously 

posited as a source of sAxl in SLE. This explanation is unsatisfactory both because 

mesangial cell Axl signaling is intact in nephritis (see Ref [31], Fig. 1) and because 

ADAM10, the protease implicated in Axl cleavage, is not expressed in SLE mesangial cells 

[32]. We hypothesized that Axl-expressing leukocytes may shed the Axl ectodomain in SLE. 

Consistent with this, we found that peripheral blood mononuclear cell (PBMC) extracts from 

two panels of SLE patients exhibited significantly reduced Axl ectodomain than matched 

healthy controls (Fig. 1B–D). Work by previous groups suggested that monocytes are the 

major PBMC subset with substantial Axl expression in healthy humans and that monocytes 

are increased in patients with SLE [33,34]. This combination would predict an increased 

level of Axl in PBMCs rather than the decrease we observed. The majority of SLE patient 

PBMCs also lacked activated (i.e. phosphorylated) Axl by Western analysis. Conversely, 

sera from these patients exhibited significantly elevated sAxl (Fig. 1E). PBMC Axl and 

serum sAxl in these patients and healthy controls correlated inversely (Fig. 1F). Taken 

together these data suggest that PBMCs may be a source of sheared sAxl in the blood of 

patients with SLE.

3.2. Soluble Axl (sAxl) is elevated in the serum of many lupus-prone mouse strains versus 
healthy B6 controls

Spontaneous lupus-prone mouse models aid in the study of SLE. We collected sera from 

various aged lupus-prone mouse strains including Mrl-lpr, BWF1, B6·Sle1, 

B6·Sle1.Sle2.Sle3, B6·Sle3, B6·Sle1.Sle3, B6·Sle1.Yaa, and B6.Lyn−/− and quantified serum 

sAxl by ELISA. Lupus-prone strains exhibited elevated sAxl, suggesting this phenomenon is 

common to both human SLE and spontaneous lupus-prone mice (Fig. 2A). The absolute 

differences in serum sAxl are approximately twofold, which was consistent across strains. 

While a low-magnitude increase in circulating Axl may or may not affect Gas6 binding to 

intact receptors, the functional consequence of Axl removal from a small population of cells 

may be substantial. Sera from young lupus-prone strains do not exhibit elevated sAxl (see 

Supplemental Fig. 1A).

3.3. CD11b+ and CD19+ leukocytes from lupus-prone mice lose surface Axl, abrogating 
signaling

To confirm that leukocytes from lupus-prone mice shed Axl, we obtained sections of healthy 

and lupus-prone mouse spleens for immunohistochemistry (IHC). We stained with DAPI 

and anti-Axl antibody. Healthy B6 mouse splenocytes exhibited surface Axl staining but 

lupus-prone mouse splenocytes did not (Fig. 2B, representative of 3 experiments).

To further confirm Axl ectodomain loss and diminished Axl activation we isolated spleens 

from six month-old healthy control B6 and diseased lupus-prone Mrl-lpr mice and extracted 

protein for analysis by Western blot. Splenocytes from diseased Mrl-lpr mice show lower 
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levels of total Axl and active Y779-phosphorylated Axl than healthy control B6 splenocytes 

(Fig. 2C, p = 0.001 and 0.0015 on densitometry).

While these data suggest that SLE leukocyte Axl loss occurs, they do not pinpoint which 

cells lose Axl in SLE. To this end, we isolated splenocytes from four-month-old healthy B6 

mice and diseased B6·Sle1.Yaa lupus-prone mice and stained with anti-Axl or isotype 

control antibody for analysis by flow cytometry. Healthy B6-derived CD11b+ and CD19+ 

splenocytes expressed Axl, whereas healthy B6 CD4+ and CD8+ splenocytes did not. 

CD11b+ and CD19+ diseased splenocytes from lupus-prone mice were negative for Axl 

staining (Fig. 2D, representative of three experiments, see Supplemental Table 2). In 

contrast, young B6·Sle1.Yaa splenocytes express equivalent surface Axl to healthy controls 

(see Supplemental Fig. 1C). This suggests that macrophages and B cells shed Axl 

ectodomain in SLE. RT-PCR analysis did not reveal any difference in Axl mRNA expression 

between lupus-prone and healthy mouse splenocytes, suggesting that leukocyte Axl loss is 

due to cleavage rather than reduced mRNA levels (Fig. 2E, representative of 3 experiments). 

This unchanged Axl mRNA expression was also observed in younger, non-diseased mice 

(see Supplemental Fig. 1B). In another experiment, splenocytes from four month-old female 

disease-transitioning B6·Sle1 mice but not healthy B6 mice showed a partial loss of Axl in 

these same cell types (data not shown). It is possible that leukocyte Axl shedding progresses 

with disease. Indeed, cultured BMDM from the same strain of lupus-prone mice express 

basal Axl identical to B6 BMDM by flow cytometry (see Supplemental Fig. 2A). Thus Axl 

shedding from the macrophages in lupus likely occurs in the periphery with progression of 

disease.

Taken together, our expression studies indicate that elevated serum sAxl is common to SLE 

patients and murine lupus. They further indicate that B cells and macrophages are a source 

of shed serum soluble Axl in lupus-prone mice. Decreased Axl autophosphorylation 

confirms that diminished receptor function accompanies the loss of Axl ectodomian. 

Reduced surface levels of Axl in lupus-prone mouse leukocytes are not due to reduced 

mRNA levels. We next sought to determine the cause and consequences of Axl ectodomain 

shedding in SLE.

3.4. Cell surface matrix metalloproteases ADAM10 and TACE (ADAM17) mediate Axl 
cleavage from SLE leukocytes

What causes Axl ectodomain shedding in SLE but not healthy control leukocytes? Previous 

reports assert that Axl is cleaved by matrix metalloprotease ADAM10 (A Disintegrin and 

Metalloproteinase domain-containing protein 10), leaving a signaling-incompetent Axl 

receptor stump [35–37]. ADAM10 had not previously been directly implicated in SLE but is 

elevated in macrophages in inflammatory conditions. These include macrophages in the 

synovium of rheumatoid arthritis patients [38], in the cerebrospinal fluid (CSF) of multiple 

sclerosis patients [39], and in the alveoli of emphysema patients [40]. Closely-related matrix 

metalloprotease TACE (ADAM17, tumor necrosis factor alpha-converting enzyme) is 

elevated in SLE leukocytes, and our group and others have shown a number of ADAM10- 

and TACE-processed proteins to be elevated in SLE, notably CXCL16 and TNF [41–43]. 
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We hypothesized that one or both of these related proteases cleave Axl ectodomain from the 

surface of SLE leukocytes.

To determine whether these proteases are expressed in SLE leukocytes, we isolated spleens 

from six month-old healthy control B6 and diseased lupus-prone Mrl-lpr and BWF1 mice as 

well as from four month-old healthy control B6 and diseased lupus-prone B6·Sle1.Yaa mice. 

Diseased mouse splenocytes exhibited elevated levels of matrix metalloproteases ADAM10 

and TACE (ADAM17) versus age-matched healthy B6 controls (Fig. 3A).

The presence of both ADAM10 and TACE on SLE leukocytes does not confirm a role in 

SLE leukocyte Axl cleavage. While a specific ADAM10-mediated Axl cleavage site has 

been identified (432QPLHHLVSEPPPRA446), no such site has been found or predicted for 

TACE [35]. However, TACE and ADAM10 frequently cleave overlapping substrates. We 

hypothesized that both proteases may synergistically cleave Axl in SLE, and there is indeed 

evidence for such cooperativity in the published literature [44].

To determine whether ADAM10 or TACE is primarily responsible for Axl cleavage in SLE 

leukocytes, we isolated lupus-prone splenocytes and treated with an ADAM10-specific 

inhibitor GI254023, a TACE-specific inhibitor TAPI-0, or both inhibitors combined in vitro. 

Each inhibitor alone only slightly increased surface Axl staining, whereas treatment with 

both inhibitors rescued Axl expression on CD11b+, B220+, and CD11c+ splenocytes (Fig. 

3B, representative of four experiments). In separate experiments, B6 splenocytes did not 

change Axl surface expression on protease inhibitor treatment (see Supplemental Fig. 3). 

Similarly, B6 splenocytes do not shed detectable amounts of Axl in vitro (see Fig. 4A). 

B6·Sle1.Yaa splenocytes do shed Axl, which is halted by inhibitor treatment. Taken together, 

these data suggest that both proteases act synergistically to cleave surface Axl on SLE 

leukocytes.

3.5. Lupus-prone splenocytes fail to respond to Gas6 stimulation but are rescued by 
combined ADAM10 and TACE inhibition

While the foregoing data confirm the mechanism of Axl ectodomain cleavage in SLE, they 

do not indicate what, if any, significance Axl cleavage has in disease pathogenesis. In 

macrophages, Gas6-stimulated Axl signaling normally represses inflammatory cytokine 

expression by induction of transcription factor/inhibitor Twist [45]. We hypothesized that 

ADAM10- and TACE-mediated Axl cleavage in lupus-prone immune cells inactivates this 

anti-inflammatory pathway and contributes to immune cell dysfunction in lupus.

To determine whether Axl loss affects Twist induction in SLE leukocytes, we isolated 

splenocytes from B6, B6·Sle1.Yaa, and B6.Axl−/− mice and treated them with low-dose LPS 

control or combined low-dose LPS plus Axl ligand Gas6 for 24 h. We then isolated cDNA 

and compared Twist expression by RT-PCR. Twist is normally induced in macrophages on 

Gas6 treatment and blocks transcription of NFκB targets. As expected, neither lupus-prone 

B6·Sle1.Yaa nor B6.Axl−/− splenocytes upregulated Twist in response to Gas6 stimulation 

(Fig. 4B). We then pretreated splenocytes with both GI254023 and TAPI-0 to inhibit 

ADAM10- and TACE-mediated Axl cleavage, respectively, prior to Gas6 stimulation. SLE 

splenocytes but not wild-type or Axl-deficient B6 splenocytes showed restored Gas6-
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stimulated Twist induction after combined ADAM10/TACE protease inhibitor treatment 

(Fig. 4C, D). As previously mentioned, Twist blocks inflammation by inhibiting the mRNA 

expression of inflammatory cytokine genes including interleukin 6 (Il6) and tumor necrosis 

factor alpha (Tnfa) [45]. We found that B6·Sle1.Yaa and B6.Axl−/− splenocytes do not 

downregulate IL6 and TNF transcription in the presence of Gas6. However, this phenotype 

is rescued in B6·Sle1.Yaa splenocytes following combined ADAM10/TACE inhibitor 

pretreatment (Fig. 4E, F). MACS-sorted macrophages behaved similarly (data not shown).

It is not known whether B cells, like macrophages, also induce Twist expression in response 

to Gas6 stimulation. To address this, we isolated B cells and treated them with LPS or LPS 

and Gas6. Gas6 stimulation does marginally upregulate Twist in healthy B cells but not 

B6·Sle1.Yaa and B6.Axl−/− B cells (see Ref [31], Fig. 2), although to a lesser extent than 

was observed in splenocytes. Taken together, these results indicate that macrophage Axl loss 

abrogates an important anti-inflammatory feedback signal and may contribute to the disease.

3.6. Axl-deficient macrophages worsen anti-GBM end organ damage

End-organ damage is the third and final checkpoint failure in SLE pathogenesis. 

Inflammation in the kidneys (i.e. nephritis) is a leading cause of morbidity and mortality in 

SLE [46]. Anti-glomerular basement membrane disease (anti-GBM) is a valuable mouse 

model of nephritis in which rabbit IgG and complete Freund’s adjuvant (CFA) are injected 

into healthy young mice five days prior to tail vein injection of rabbit anti-glomerular 

basement protein antiserum (Fig. 5A) [30]. Mice develop nephritis over the course of three 

weeks as marked by elevated serum creatinine (SCr). Although acute anti-GBM disease is 

distinctly different from spontaneous lupus nephritis, both diseases share downstream 

molecular pathways [30]. Hence we used anti-GBM-induced nephritis to model end-organ 

disease.

To determine whether Axl loss contributes to end-organ damage, we induced anti-GBM 

disease in B6.Axl+/− (het), B6.Axl−/− (ko), and B6.Axl+/+ (wt) littermates and followed 

disease progression. B6.Axl+/− mice exhibited significantly worse nephritis than wild-type 

B6 control mice as measured by serum creatinine and urine protein (Fig. 5B, C). Most 

striking was the development of more profound nephritis in heterozygotes than in complete 

Axl knockouts. We believe this is likely because renal mesangial cell Axl, which is elevated 

and not cleaved in SLE, may be crucial to the mesangial cell proliferation underlying 

nephritis (see Ref [31], Fig. 1) [14–17].

We next sought to isolate the effects of macrophage-specific Axl loss in end organ damage. 

We previously showed in vitro that SLE leukocyte Axl loss abolishes Twist-mediated 

inflammatory cytokine inhibition (Fig. 4E, F). A variation of the anti-GBM nephritis model 

allows testing of the phenotypic effects of macrophages in vivo by cell transfer [30]. In brief, 

as outlined in Fig. 5D, young healthy B6 mice were challenged with intraperitoneal rabbit 

IgG plus CFA six days prior (D-5) to anti-GBM antibody tail vein injection (D1). On D0, 

these mice randomly received adoptively-transferred BMDM from either B6.Axl+/+ or 

B6.Axl−/− donor littermates following which anti-GBM disease was induced. After three 

weeks, mice receiving Axl-deficient donor BMDM experienced worse end organ damage as 

measured by serum creatinine and 24-hour urine protein than those receiving B6.Axl+/+ 
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donor BMDM (Fig. 5E, F). B6 recipients of Axl-deficient donor BMDM also exhibited 

significantly-elevated serum IL-6 levels, suggesting that Axl-deficient macrophages may 

constitutively secrete IL-6 to contribute to systemic disease (Fig. 5G). A blinded observer 

was able to identify recipients of Axl-deficient donor BMDM by their appearance, which 

included hair fraying, hair loss, and crouched habitus (Supplemental Fig. 4). B6 recipients of 

B6.Axl+/+ donor BMDM did not exhibit these features. B6.Axl−/− BMDM grew identically 

to B6.Axl+/+ BMDM in vitro, suggesting that these differences were not altered by cell 

survival.

3.7. Human PBMC Axl is also rescued by combined ADAM10/TACE inhibition

We have shown that human PBMCs shed Axl ectodomain in SLE. We have further shown 

that this shedding, which also occurs in lupus-prone mice, is mediated by matrix 

metalloproteases ADAM10 and TACE (ADAM17) and is pathogenic in mouse macrophages 

in vitro and in vivo. We next sought to determine whether these same proteases are also at 

work in human SLE leukocytes.

Western blot analysis showed that TACE is significantly elevated and ADAM10 is present in 

SLE patient PBMC extracts versus healthy controls (Fig. 6A, B). We next treated freshly-

isolated PBMCs from SLE patients for 18 h with vehicle control, ADAM10 inhibitor 

GI254023, TACE inhibitor TAPI-0, or both. Cells were then stained for human Axl and 

isotype control for analysis by flow cytometry. As with mouse splenocytes, individual 

protease inhibitor treatment elicited only marginal increases in surface Axl in each patient 

PBMC sample. Further, combined protease inhibitor treatment elicited greater increases in 

Axl surface expression. This rescue occurred variably on CD14+ or CD19+ SLE PBMCs or 

both. CD3+ human PBMCs did not express Axl (Fig. 6C, representative plot of five patients; 

summarized in Fig. 6D). This variability between patient samples is consistent with our 

observations in Fig. 1. Taken together with diminished Axl phosphorylation in SLE PBMCs 

(see Fig. 1B, C), these data suggest that ADAM10 and TACE cleave Axl and abrogate Axl 

signaling in human SLE PBMCs.

4. Discussion and conclusion

In the present study we observe that SLE patients and lupus-prone mice exhibit increased 

levels of sheared soluble Axl ectodomain (sAxl) in the blood and reduced surface Axl and 

active Y779-phosphorylated Axl on immune cells. This occurs despite increased Axl ligand 

Gas6 in SLE serum [19–21]. We demonstrate that matrix metalloproteases ADAM10 and 

TACE (ADAM17) cleave surface Axl on CD11b+ or CD14+ and CD19+ lupus leukocytes. 

Under normal conditions, Axl acts to transduce anti-inflammatory signals in macrophages 

through Twist-mediated suppression of inflammatory cytokines [18].This represents a part 

of the innate immune checkpoint, and dysregulation of this system may contribute to the 

pathology of autoimmune disease. We demonstrate that the loss of surface Axl abrogates 

Axl-mediated anti-inflammatory activity in vitro and in vivo. Both Axl-deficient and lupus-

prone mouse macrophages fail to induce Twist or block expression of IL-6 and TNF-alpha in 

response to Gas6. Axl-deficient BMDM worsen end organ damage in vivo. To our 
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knowledge these are the first data to show the functional significance of Axl ectodomain 

shearing in lupus.

Young disease-transitioning B6·Sle1 mice show partial loss of leukocyte Axl versus B6 

controls (data not shown). Further, BMDM from diseased B6·Sle1.Yaa mice do not express 

detectable levels of ADAM10 and TACE (ADAM17) but do express basal levels of Axl 

similar to wild type B6-derived BMDM (Supplemental Fig. 2A, B). Thus, leukocyte Axl 

shearing in SLE appears to occur mainly in the periphery in response to an inflammatory 

milieu. This is consistent with known upregulation of macrophage proteases in inflammatory 

conditions [38–40]. We speculate that Axl loss in macrophages may contribute to “flares”—

periodic, severe worsening of SLE symptoms with no clear cause—by failing to 

appropriately rein in inflammatory cytokine secretion. This is supported by multiple reports 

and our observations correlating serum sAxl levels with disease severity on the SLEDAI 

(systemic lupus erythematosus disease activity index) scale [19,20].

The loss of Axl from blood monocytes could decrease Axl anti-inflammatory signaling in 

two ways. First, cleavage of cell-surface Axl abrogates Axl signaling through the remaining 

“stump” receptor. This “cis” suppression of Axl anti-inflammatory signaling on 

macrophages is supported by our studies outlined here. Second, this cleavage produces a 

decoy receptor “sink” that may block Gas6 signaling in other cells. This “trans” suppression 

would affect cells in which Axl and/or other Gas6 receptors like Mer and Tyro3 remain 

intact. Because Gas6 has higher binding affinity to Axl than to other receptors [5], this sink 

may effectively abrogate TAM receptor signaling pathways in other cells. Additional study 

will be required to determine whether “trans” sAxl effects are physiologically significant 

(see Ref [31], Fig. 3 for preliminary data).

The consequences of Axl shedding from B cells are less clear. While we show that normal, 

healthy CD19+ mouse leukocytes express Axl, they upregulate Twist marginally upon Gas6 

stimulation (see Ref [31], Fig. 2). It remains to be explored how Gas6-mediated Axl 

signaling affects B cells normally and in SLE.

Type I interferons (IFN I) are known to be elevated in SLE but do not exert anti-

inflammatory effects [47–50]. Many studies have provided explanations for this 

phenomenon, including activation of different subsets of autoreactive cells [51]. The present 

study may offer an additional explanation of this phenomenon, as at least part of the IFN I 

mediated anti-inflammatory effect may be Axl-dependent [18]. Further study is warranted to 

address this possibility.

Recent interest in sAxl in SLE serum has led to conflicting reports of significant versus 

insignificant correlation of serum sAxl and disease severity [19–21]. This may be due to 

variation in patient populations studied. Our patient cohorts in Fig. 1 and others reporting 

significant correlation of sAxl and disease have generally focused on Hispanic and African 

American patients and controls, whereas those reporting insignificant correlation comprise 

mainly European American patients and controls. Different reports also cite significantly 

decreased or increased Gas6 in severe SLE [14,19–21], although these variations may be due 

to differences in measuring free versus sAxl-bound Gas6. Most report an increase.
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While the Axl ligand Gas6 is elevated in the serum of mice and humans with SLE, its anti-

inflammatory activity may be blunted in leukocytes by Axl shearing. Conversely, Gas6 in 

the kidney contributes to nephritis and inflammation through Axl-mediated mesangial cell 

proliferation [14–17]. In short, Axl signaling has opposing effects in mesangial cells (pro-

disease) versus peripheral leukocytes (anti-inflammatory). Thus an Axl kinase inhibitor may 

exacerbate SLE by inhibiting Twist-mediated anti-inflammatory signaling in macrophages 

while a Gas6 homolog may exacerbate SLE by enhancing mesangial cell proliferation. 

Matrix metalloprotease inhibition, which would directly increase leukocyte but not 

mesangial cell Axl signaling, may be a more effective therapeutic intervention.

Matrix metalloprotease inhibitors are increasingly available and tested for other indications 

in clinical trials. The present study suggests that either ADAM10 or TACE inhibition alone 

will not maximally restore leukocyte Axl function. We found that lower doses of ADAM10/

TACE inhibitors exhibit similarly synergistic upregulation of Axl versus either inhibitor 

alone by flow cytometry (data not shown). This suggests that the observed Axl rescue is not 

due to any off-target effects of either inhibitor. Taken together, these data further suggest that 

dual inhibition using multiple inhibitors or a multi-selective inhibitor that spares other 

proteases may improve macrophage phenotypes in vivo. Small molecule XL784, for 

instance, recently completed Phase 2 clinical testing in diabetic nephropathy and selectively 

inhibits both proteases while sparing other close family members [52]. We previously 

reviewed how influencing macrophage phenotypes in SLE may offer an effective treatment 

strategy [53]. Continued investigation into this treatment strategy will be required to confirm 

these effects.

In conclusion, our results show that SLE macrophage proteases ADAM10 and TACE 

(ADAM17) shear surface Axl and abrogate anti-inflammatory Gas6-mediated Twist 

induction. Combined with previous reports, our data suggest that Axl loss may contribute to 

pathology in some SLE patients. On a broader note, the increased expression of several 

disease mediators in lupus, including TNF, CXCL16, EGFR ligand, and others may all be 

the consequence of heightened ADAM metalloproteases in this disease [44]. Thus the study 

may further suggest the exploration of combined ADAM10/TACE inhibition as a treatment 

for SLE. Additional study is warranted.
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BMDM Bone marrow-derived macrophages
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PBMC Peripheral blood mononuclear cell
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Fig. 1. 
SLE PBMC Axl and serum sAxl are inversely proportionate. (A) Soluble Axl was measured 

by ELISA in the serum of healthy controls (n = 9), patients with inactive SLE by clinical 

score (n = 10, SLEDAI ≤ 4), and patients with active SLE by clinical score (n = 18, SLEDAI 

> 4). Patients with active SLE have significantly higher levels of sAxl than healthy controls 

(p = 0.0084) or patients with inactive SLE (p = 0.0007). (B, C) PBMCs from two sets of 

healthy (n = 3, 4) and SLE (n = 3, 7) subjects were isolated and analyzed for Axl by Western 

blot. SLE PBMCs showed decreased total Axl ectodomain and pAxl (Y779, activated). (D) 

Densitometry of Axl versus α-Tubulin loading control was used to quantify the loss of 

surface Axl on SLE PBMCs versus healthy controls from B and C and plotted in relative 

units (p = 0.0398). (E) ELISA shows a significant increase in serum Axl (sAxl) in the same 

patients as in D (p < 0.0001). (F) Data from D and E correlate inversely with each other (R2 

= 0.2492, p = 0.0414 by Pearson correlation test). These data suggest that PBMCs may be a 

source of sheared sAxl in lupus patients. Error bars represent standard deviation. See also 

Supplemental Table 1.
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Fig. 2. 
Lupus-prone mouse splenocytes lose Axl expression versus healthy controls. (A) Serum Axl 

is increased in lupus-prone strains versus ≈8-month-old B6 background (n = 18). sAxl is 

significantly higher in Mrl-lpr (≈5 months, n = 10, p = 0.0030), BWF1 (≈8 months, n = 11, 

p < 0.0001), B6·Sle1 (12 months, n = 10, p = 0.0009), B6·Sle1.Sle2.Sle3 (≈8 months, n = 5, 

p = 0.0385), B6·Sle1.Sle3 (10 months, n = 7, p = 0.0002), B6·Sle1.Yaa (8 months, n = 5, p < 

0.0001), and B6.Lyn−/− (8 months, n = 5, p < 0.0001) but not B6·Sle3 (8 months, n = 4, p = 

0.2220) mice. Error bars represent standard deviation. (B) Immunofluorescent stain of Axl 
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(green) and DAPI (blue) in the spleens of healthy B6 (top) and lupus-prone Mrl-lpr (bottom) 

mice. Axl appears on the surfaces of some B6 splenocytes but is absent from lupus-prone 

Mrl-lpr splenocytes (representative of three mice per strain). (C) Splenic Axl and (activated) 

Y779-phospho-Axl are significantly reduced in spleens of 6-month-old diseased Mrl-lpr 

mice versus age-matched B6 controls as measured by Western analysis (p = 0.001, 0.0015 

on densitometry). (D) Axl is lost from the surface of CD11b+ and CD19+ B6·Sle1.Yaa 

splenocytes. B6 and B6·Sle1.Yaa spleens were harvested at 8 months. Splenocytes were 

stained for CD11b, CD19, CD8, CD4, and either A555-conjugated isotype control (red) or 

α-Axl antibody (blue). As expected and depicted in representative plots, B6 CD11b+ and 

CD19+ splenocytes stained positively for Axl. Conversely, B6·Sle1.Yaa splenocytes did not 

stain positively for Axl. Representative plots shown, n = 3 mice per group. Statistical 

analysis available in Supplemental Table 2. (E) Axl mRNA expression is unchanged in 

lupus-prone splenocytes versus age-matched healthy B6 control splenocytes by RT-PCR. 

Axl mRNA is shown in relative units versus Cyclophilin A loading control calculated by 

ΔCt (n = 3 mice per group in each of 3 separate experiments, one representative experiment 

shown; error bars represent standard deviation; see also see Ref [31], Fig. 2D).
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Fig. 3. 
ADAM10 and TACE cleave Axl in lupus-prone leukocytes. (A) Matrix metalloproteases 

ADAM10 and TACE (ADAM17) are higher in lupus-prone BWF1 (p = 0.019, 0.0429), Mrl-

lpr (p = 0.0016, 0.0022), and B6·Sle1.Yaa (p = 0.0535, 0.0087) splenocytes versus age-

matched healthy B6 controls as shown by Western blot and quantified by densitometry. (B) 

B6·Sle1.Yaa splenocytes were isolated and treated for 18 h with DMSO vehicle control 

(red), 50 µM ADAM10-specific inhibitor GI254023 (blue), 50 µM TACE-specific inhibitor 

TAPI-0 (orange), or both inhibitors together (green) and analyzed with PE-conjugated anti-

Axl antibody (top row) or isotype control (bottom row). Treatment with either inhibitor 

alone only slightly increases Axl staining, whereas combined treatment with both inhibitors 

rescues Axl surface staining on CD11b+, B220+, and CD11c+ splenocytes at 18 h. CD4+ 

splenocytes do not express Axl. Representative plots of four experiments are shown.
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Fig. 4. 
Lupus-prone splenocytes do not respond to Gas6 treatment unless Axl surface expression is 

rescued by ADAM10/TACE inhibition. (A) B6 and B6 · Sle1.Yaa splenocytes were isolated 

and treated for 24 h with DMSO vehicle control or 50 µM ADAM10 inhibitor GI254023 and 

50 µM TACE inhibitor TAPI-0. After 24 h, supernatants were isolated and assayed for sAxl. 

B6·Sle1.Yaa supernatants contained higher sAxl levels than B6 wild-type controls (p = 

0.0308) and treatment of B6·Sle1.Yaa splenocytes with protease inhibitors reduced 

supernatant sAxl levels to that of wild-type controls (p = 0.0027). (B) B6, B6·Sle1.Yaa, and 
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B6.Axl−/− splenocytes were isolated and treated with 1 ng/ml LPS alone or with both 1 

ng/ml LPS plus 400 ng/ml Gas6 for 24 h. Twist expression was measured by RT-PCR and 

normalized to the Cyclophilin A loading control by ΔCt The ratio of Twist expression in 

Gas6 plus LPS-treated samples versus in LPS only-treated samples is shown. B6·Sle1.Yaa 

and B6.Axl−/− splenocytes do not upregulate Twist in response Gas6 (n = 5 total mice per 

group, analyzed in three separate experiments; *, p = 0.0113; **, p = 0.0035). (B and C) 

Splenocytes were isolated as above and pre-treated for 24 h with DMSO vehicle control or 

50 µM ADAM10 inhibitor GI254023 and 50 µM TACE inhibitor TAPI-0. After 24 h, the 

cells were treated with 1 ng/ml LPS alone or with both 1 ng/ml LPS plus 400 ng/ml Gas6 for 

24 h. Twist expression was then determined by RT-PCR as above and the ratio of Twist 

expression in Gas6 plus LPS-treated samples versus in LPS-treated samples is shown. 

B6·Sle1.Yaa splenocytes express Twist in response to Gas6 stimulation only when rescued 

by inhibition of ADAM10 and TACE (n = 5 mice per group; *, p = 0.0251; **, p = 0.0058). 

(E and F) Samples from C were also assayed for IL-6 (E) and TNF-α (F) expression by RT-

PCR. The ratio of IL-6 and Tnf-α expression in Gas6 and LPS only-treated samples versus 

LPS-treated samples is shown. IL-6 and TNF-α expression are reduced in response to Gas6 

in Sle1.Yaa splenocytes treated with ADAM10 and TACE inhibitors (n = 5 as in (B); ****, p 
< 0.0001; **, p < 0.01).
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Fig. 5. 
Macrophage Axl loss contributes to end-organ damage in a model of nephritis. (A–C) Anti-

glomerular basement membrane (GBM) disease is induced in mice by D(−5) intraperitoneal 

injection of a 225 µl mixture of 100 µl complete Freund’s adjuvant (CFA), 100 µl PBS, and 

25 µl rabbit IgG, followed by an intravenous injection of mouse anti-rabbit glomerular 

basement membrane serum at 150 µl per 20 g body weight on D0 (A). Axl heterozygotes 

(het, n = 4) fared worse than Axl knockouts (ko, n = 7) or wild-type mice (wt, n = 5) as 

measured by serum creatinine (B) and proteinuria (C). (D–G) Anti-glomerular basement 
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membrane (GBM) disease is induced in mice by D(−5) intraperitoneal injection of a 225 µl 

mixture of 100 µl complete Freund’s adjuvant (CFA), 100 µl PBS, and 25 µl rabbit IgG and 

D1 intravenous injection of mouse anti-rabbit glomerular basement membrane serum at 150 

µl per 20 g. 107 cultured bone marrow-derived macrophages (BMDM) are injected at D0 

(D). Axl-deficient BMDM recipients (n = 5) fared worse than Axl-sufficient BMDM 

recipients (n = 4) as measured by serum creatinine (E), upward-trending proteinuria (F), and 

elevated serum IL-6 levels (G). Error bars represent standard deviation. B6 controls did not 

receive anti-GBM induction. Additional data are shown in Supplemental Fig. 4.
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Fig. 6. 
PBMCs from SLE patients upregulate Axl in response to combined protease inhibition. (A–

B) PBMCs from healthy and SLE donors were isolated, extracted for protein, and probed for 

TACE and ADAM10 by Western analysis. Densitometric comparison versus actin control 

confirms TACE elevation in SLE PBMCs (p = 0.0085) with ADAM10 showing an upward 

trend on SLE PBMCs. (C) SLE patient PBMCs were treated for 18 h with DMSO vehicle 

control (column 1), 50 µM ADAM10-specific inhibitor GI254023 (column 2), 50 µM TACE-

specific inhibitor TAPI-0 (column 3), or both inhibitors together (column 4). Cells were then 
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isolated and stained with PE-conjugated anti-Axl antibody (blue) or isotype control (red) 

plus anti-CD3, CD19, and CD14 antibodies and analyzed by flow cytometry. CD3+ cells did 

not stain for Axl. CD19+ and/or CD14+ SLE PBMCs showed increased Axl staining in 

samples treated with both protease inhibitors, which varied from patient to patient (rows 2–

3, representative of five experiments). (D) Changes in Axl surface staining in response to 

protease inhibitor treatment were compared. We divided the difference between PE mean 

fluorescence intensity (MFI) of isotype control samples and corresponding Axl-stained 

samples by the difference in isotype control-stained and Axl-stained vehicle control-treated 

samples. MFI ratio = ((Axl-stained protease inhibitor-treated sample MFI) − (isotype 

control-stained protease inhibitor-treated sample MFI)) ÷ ((Axl-stained vehicle-treated 

sample MFI) − (isotype control-stained vehicle-treated sample MFI)). Thus a ratio of 1 

means that there is no difference in Axl staining intensity in a given sample versus vehicle-

treated control. This calculation was performed in CD3+, CD19+, and CD14+ subsets.
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