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Abstract

Lymphangioleiomyomatosis (LAM) is a rare, progressive cystic lung disease affecting almost 

exclusively female-sexed individuals. The cysts represent regions of lung destruction caused 

by smooth muscle tumors containing mutations in one of the two tuberous sclerosis (TSC) 

genes. mTORC1 inhibition slows but does not stop LAM advancement. Furthermore, monitoring 

disease progression is hindered by insufficient biomarkers. Therefore, new treatment options 

and biomarkers are needed. LAM cells express melanocytic markers, including Glycoprotein 

Non-Metastatic Melanoma Protein B (GPNMB). The function of GPNMB in LAM is currently 

unknown; however, GPNMB’s unique cell surface expression on tumor versus benign cells makes 

GPNMB a potential therapeutic target, and persistent release of its extracellular ectodomain 

suggests potential as a serum biomarker. Here we establish that GPNMB expression is dependent 

on mTORC1 signaling, and that GPNMB regulates TSC2-null tumor cell invasion in-vitro. 

Further, we demonstrate that GPNMB enhances TSC2-null xenograft tumor growth in-vivo, and 

that ectodomain release is required for this xenograft growth. We also show that GPNMB’s 

ectodomain is released from the cell surface of TSC2-null cells by proteases ADAM10 and 17, 

and we identify the protease target sequence on GPNMB. Finally, we demonstrate that GPNMB’s 
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ectodomain is present at higher levels in LAM patient serum compared to healthy controls, and 

that ectodomain levels decrease with mTORC1 inhibition, making it a potential LAM biomarker.
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Introduction

Lymphangioleiomyomatosis (LAM) is a rare cystic lung disease impacting almost 

exclusively female-sexed persons. Cyst walls are comprised of a myriad of small smooth 

muscle cell tumors that cause LAM lung pathology (McCormack et al., 2012; Prizant 

& Hammes, 2016). Tumor growth and cyst development lead to progressive pulmonary 

function loss, especially during reproductive years and during pregnancy, sometimes 

requiring lung transplantation (Karbowniczek et al., 2003; Taveira-DaSilva et al., 2020). 

LAM tumors contain mutations in one of the tuberous sclerosis complex genes (TSC1 
or TSC2), either from inherited Tuberous Sclerosis Complex (TSC) disease, or from 

sporadic mutations, leading to constitutive mTORC1 activation and subsequent cell 

hyperproliferation (Astrinidis et al., 2000; Carsillo et al., 2000; McCormack et al., 2012; 

Strizheva et al., 2001). Importantly, tumors recur after lung transplantation, and LAM cells 

are found in circulating body fluids (Karbowniczek et al., 2003), suggesting a metastatic 

nature of LAM, and begging the question as to the origin of lung LAM cells.

Diagnosing sporadic LAM (in individuals without TSC) is difficult, as symptoms and 

CT findings share commonalities with other pulmonary disorders, making lung biopsy 

sometimes necessary (Ryu et al., 2006). Currently, Vascular Endothelial Growth Factor-D 

(VEGF-D) is the only serum biomarker for LAM, with about two-thirds of biopsy proven 

LAM patients having diagnostic levels of VEGF-D. However, VEGF-D levels are not 

always consistent with LAM tumor burden or disease severity, presenting a need for new 

LAM biomarkers (Nijmeh et al., 2018).

One way of identifying LAM in tissue samples is to measure expression of melanocytic 

markers. Melanocytic markers, expressed primarily in melanocytes, are upregulated in some 

cancers such as melanoma, triple negative breast cancer (TNBC), and LAM. One specific 

melanocytic marker used to diagnose LAM is pre-melanosome 17 (PMEL17) (Kuhnen et al., 

2001). Another melanocytic marker is Glycoprotein Non-Metastatic Protein B (GPNMB), 

which was first discovered to be relevant to LAM from mRNA sequencing of uterine tumors 

from a uterine-specific TSC2-null mouse model (Prizant et al., 2016). GPNMB is highly 

expressed in TSC2-null cell lines, as well as in tumors from lungs and uteri of LAM patients 

(Prizant et al., 2016). GPNMB is reported to promote migration, invasion, and proliferation 

in various cancers (Rose, Annis, et al., 2010; Weterman et al., 1995; Zhang et al., 2017), and 

high expression is sometimes associated with poorer prognosis (Hoashi et al., 2010; Huang 

et al., 2021). Notably, scRNAseq from LAM patient lungs demonstrated that GPNMB is one 

of the most differentially expressed genes in LAMCORE cells (Guo et al., 2020).
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While GPNMB is intracellular in primary somatic cells, it is expressed intracellularly and 

on the cell membrane of melanoma, breast cancer, glioblastoma and LAM tumor cells, 

making it a potential cell surface drug target (Kuan et al., 2006; Prizant et al., 2016). In 

fact, CDX-011, a GPNMB specific antibody-drug conjugate, has been used in melanoma 

clinical trials (Maric et al., 2013; Vaklavas & Forero, 2014). Interestingly, the extracellular 

GPNMB ectodomain is cleaved and shed, with evidence suggesting that the ectodomain 

may promote metastasis in prostate, lung, pancreatic and breast cancers (Maric et al., 2013; 

Oyewumi et al., 2016; Rose et al., 2017; Torres et al., 2015). Based on these observations, 

we hypothesized that GPNMB may promote LAM tumor progression, and that the GPNMB 

ectodomain is a potential LAM biomarker.

Here we demonstrate that GPNMB enhances TSC2-null xenograft tumor growth in 

mice, perhaps by increasing tumor cell invasive potential. We find that GPNMB mRNA 

and GPNMB protein expression increase under serum starvation and that GPNMB 

expression is dependent on mTORC1 activity. We describe ADAM (A-Disintegrin-And-

Metalloproteinase) 10 and 17 as enzymes that release the GPNMB ectodomain, identify the 

ADAM10/17 target site on the GPNMB protein, and demonstrate that ectodomain cleavage 

is important for TSC2-null tumor growth and invasion. Finally, we show that the GPNMB 

ectodomain is detectable in LAM patient serum and decreases with sirolimus treatment, 

indicating that GPNMB may serve as a new biomarker for LAM diagnosis and treatment 

efficacy.

Materials and Methods

Cell culture and treatments

Human TSC2-null 621-101 cells derived from a LAM patient renal angiomyolipoma were 

from Elizabeth Henske, Brigham and Women’s Hospital. Rat Tsc2-null ELT3 cells derived 

from a rat leiomyoma were from Cheryl Walker, Texas A&M Health Science Center. Rat 

ELT3-Luc cells expressing luciferase were from Jane Yu, University of Cincinnati. Mouse 

LTM3 cells were cloned from uterine-specific TSC2-null mouse uteri (Minor et al., 2023). 

Cells were cultured in DF8 media with base of DMEM+F12 media (1:1) (11320033 Gibco, 

Billings MO) and additives (Howe et al., 1995). Cells were maintained at 37°C, 5% CO2 

and passaged every 4-5 days. Cells were treated with 5μM Actinomycin D (ActD) (A1410, 

Sigma, St. Louis, Missouri) (vehicle-DMSO), 20nM Rapamycin (R-5000 LC-Laboratories, 

Woburn, Massachusetts) (vehicle-ethanol), GI254023X (GIX) (SML0789, Millipore-Sigma) 

(vehicle DMSO), or TAPI-1 (B4686 ApexBio, Houston, TX) (vehicle-DMSO).

CRISPR-mediated GPNMB knockout and control clone generation

CRISPR/Cas9-mediated GPNMB knockout and non-targeting control cell lines were 

generated in ELT3-Luc cells by JetPrime® transfection (101000015 Polylus, Illkirch, 

France) and sgRNA CRISPR/Cas9 All-in-One Non-Viral Vector set plasmids (abmgood, 

Vancouver, Canada) with GPNMB (K7535627) or non-targeting control guide-sgRNA 

(K094) and GFP tagged Cas9 nuclease. GFP-positive cells were selected, seeded in 96-well 

plates, and clones evaluated for GPNMB protein and mRNA. Human GPNMB and non-
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cleavable GPNMB expression in GPNMB-null rat ELT3 cells were generated by transfection 

and selecting GPNMB-positive clones.

Mouse Studies

Mouse studies were performed following AALAC guidelines and approved by the 

University of Rochester Committee on Animal Resources. For xenografts, 6–8-week-

old female SCID-NOD mice (001803, Jackson Laboratory, Bar Harbor, ME) were 

subcutaneously injected with 2×106 ELT3-Luc or 1.94×106 621-101 cells in 0.1 mL of a 

1:1 mixture of Matrigel (356234, Corning, Corning, NY) and PBS. For Sup Fig 5, 1ug/kg 

CDX-011 (Celldex Therapeutics, Needham, MA) or PBS was subcutaneously injected into 

NOD-SCID mice once a week for 5-weeks. Treatment began at 12-weeks post injection 

(when tumors were palpable) and ended at 17-weeks, with mice sacrificed at 19-weeks.

Western Blots

Cell lysates were collected in 2x-sample buffer containing 2-mercaptoethanol. Media 

was concentrated using 30k centrifugal devices (MCP030C41, Microsep® Advance 

Centrifugal Devices Pall Corporation, Port Washington, NY) (UFC803024, Amicon® 

Ultra-4 Centrifugal Filter Unit, Millipore Sigma) and mixed with NuPAGE™ LDS 4x-

Sample Buffer containing 2-mercaptoethanol. Tissue samples were lysed in RIPA buffer 

(#89900, Thermo-Fisher-Scientific, Waltham, MA) supplemented with 1×Halt™ protease 

and phosphatase-inhibitor cocktail (78430, Thermo-Fisher-Scientific) and mixed with 

2x-sample buffer. Samples were boiled for 5-minutes, loaded onto 4%-15% gradient 

polyacrylamide gels (4561084, Bio-Rad, Hercules, CA), and then transferred to PVDF 

membranes (#1620177, Bio-Rad). Blots were blocked using 5% milk in TBST. Primary 

antibodies were: 1:500 GPNMB (AF2550-SP R&D Biosystems, Minneapolis, MN), 1:4000 

GAPDH (14C10, Cell Signaling), 1:1000 pS6 (S235/236, Cell Signaling), 1:1000 tS6 

(5G10, Cell Signaling, Danvers, MA). Secondary antibodies were: 1:2000 Rabbit anti-goat 

(#1721034, Biorad) and 1:4000 Goat anti-rabbit (#1706515, Biorad). ECL Prime Western 

Blotting Detection Reagent (RPN2236, Cytiva, Marlborough, MA) or Clarity Western ECL 

Substrate (1705062, Bio-Rad) were used, and intensities determined using ImageJ.

Immunohistochemistry

Mouse tissue was paraffin-embedded and sectioned into 5-micron sections. Samples were 

deparaffinized and rehydrated in a graded alcohol series. For antibody staining, 1:200 

Ki67 (D3B5, Cell Signaling) and 1:200 Goat-anti rabbit secondary antibody (BA-1000, 

Vector Laboratories, Newark, CA) were used. Images were acquired using an Olympus 

IX71 inverted microscope and cellSens software. For connective tissue staining, Trichrome 

Collagen Stain Kit (ab150686, Abcam, Cambridge, United Kingdom) was utilized. Images 

were taken using Aperio Imagescope and analyzed with the trichrome extension.

Immunofluorescence

Mouse tumor tissue was prepared as above. 1:100 dilution of goat-anti-human GPNMB 

(AF2550-SP, R&D Biosystems) and 1:200 Alexa-Fluor-488-conuugated anti-goat IgG 
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(705-545-147, Jackson ImmunoResearch) were used. Nuclei were labeled with 1μg/mL 

Hoechst (33258, Invitrogen, Waltham, MA). Images were acquired as above.

Celigo Image Cytometer Proliferation Assay

2000 ELT3 or ELT3-Luc cells were plated into a 24-well Falcon Polystyrene Microplate 

(Corning) in 500μL DF8 media and images taken using the Celigo image cytometer 

(Nexcelom Bioscience, Lawrence, MA) at 24, 48, and 72-hours, and quantified using Celigo 

software. For ELT3 cell studies with collagen coating, 9.87 μg/cm2 collagen solution from 

bovine skin (C4243, Sigma) was used.

Real-time Quantitative Polymerase Chain Reaction (RT-qPCR)

Total RNA was extracted using the RNeasy Plus Mini Kit (74134, QIAGEN, Hilden, 

Germany). RT-qPCR reactions used qScript RT-qPCR Tough Mix (89236-672, Quantabio, 

Beverly, MA) and TaqMan primers (Applied Biosystems, Waltham, MA). The StepOne plus 

Real-Time PCR system (Applied Biosystems) was used. mRNA levels were normalized 

to GAPDH and analyzed using the ΔΔCt method. TaqMan primers were: mouse Gpnmb 
(Mm01328587_m1) human Gpnmb (Hs01095669_m1), rat Gpnmb (Rn00591060_m1), 

mouse Gapdh (Mm99999915_g1), human Gapdh (Hs02786624_g1), and rat Gapdh 
(Rn01775763_g1).

Small interfering RNA (siRNA) transfection

ON-TARGETplus siRNA SMARTPOOLs (Dharmacon, Lafayette, CO) for human 

GPNMB (L-011741-01-0005), mouse GPNMB (L-040019-01-0005), rat GPNMB 

(L-091754-02-0005), human ADAM10 (L-004503-00-0005), human ADAM17 

(L-003453-00-0005), or nonspecific pool (NSP) (D-001810-10) were transfected into cells 

using Lipofectamine™ RNAiMAX (#13778075, Thermo Fisher Scientific).

Thymidine Incorporation Assay (BRDU)

1,5-bromo-2′-deoxyuridine (BrdU) Cell Proliferation Assay kit (6813S, Cell Signaling 

Technology) was used. Conditions were optimized for each cell line. 1000 and 2000 cells/

well were plated in a 96-well plate and grown 48-hours in DF8 media containing 10% FBS. 

siRNA specific for GPNMB or nonspecific siRNA (Dharmacon) was added to the cells after 

24-hours and BRDU reagent added for 24-hours. Absorbance was read at 450nm.

3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) Assay

2000-cells were plated into 96-well plates and treated with siRNA the following day. 72-

hours after transfection, MTT was added and 4-hours later solubilization solution added 

(11465007001, Sigma). Cells were grown in DF8 media containing 10% FBS. Signals were 

measured at 550nm and 690nm.

Transwell Migration and Invasion Assays

50,000 ELT3, and 100,000 LTM3,621-101 or ELT3-Luc mutant GPNMB cells were plated 

in serum-free DF8 media in the top chamber and DF8 media containing 10% FBS added to 

the bottom chamber. Cells were allowed to migrate for 16-18 hours and invade for 24-hours. 
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Migration assays were performed using 6.5mm-diameter, 8-μm pore-size transwell inserts 

(Corning). Invasion assays were the same, but with Matrigel-coated transwells. Cells were 

fixed in 4% paraformaldehyde for 10-minutes and stained with 1% crystal violet (V5625, 

Sigma). Transwells were rinsed in water and cells scraped off the top of wells with cotton 

swabs. Each condition was performed in duplicate. To quantify, 5-images at 10x objective 

were taken with the Olympus IX71 inverted microscope and cellSens software and averaged 

for each transwell. For ELT3 cell migration, images were quantified using Photoshop CS3 

extended measurement. For ELT3 cell invasion, ImageJ analyze particles function was used. 

For 621-101 and LTM3 cells, the number of migrated or invaded cells were quantified using 

ImageJ.

Site-Directed Mutagenesis

Human GPNMB RNA was isolated from 621-101 cells, reverse-transcribed into DNA, 

and cloned into the pcDNA3.1+ plasmid. The Q5 mutagenesis kit (E0554S, New England 

BioLabs) was utilized to delete the VRR sequence. JetPrime transfection was used to 

express wild-type or mutant-GPNMB in ELT3-Luc GPNMB-knockout cells.

Flow Cytometry

ELT3-Luc cells were harvested using Cell Stripper and stained with 10μg/mL GPNMB 

antibody for 1-hour, then Alexa-Fluor 488 ant-goat secondary antibody for 30-minutes, then 

fixed prior to running on the flow cytometer.

Human Samples

De-identified human serum samples were obtained from patients seen at Brigham and Young 

Hospital (Elizabeth Henske and Joel Moss, National Institutes of Health) and from patients 

who enrolled in the MILES trial (Frank McCormack) (McCormack et al., 2011).

Enzyme-linked immunosorbent assay (ELISA)

Human or mouse serum samples or concentrated cell media samples were used. GPNMB 

was measured using a GPNMB ELISA kit (DY2550, R&D Systems) and DuoSet ELISA 

Ancillary Reagent Kit 2 (DY008B, R&D Systems). Absorbance was read at 450nm with a 

reference wavelength of 570nm.

Statistical Analysis

Data are represented +/−SEM. p-values are indicated: *p<0.05; **p<0.01, ***p<0.001, 

****p<0.0001; p>0.05 was considered not significant (ns). GPNMB levels for control and 

LAM patients were not normally distributed with some outliers. To compare between these 

two groups, we used a non-parametric two-sample Wilcoxon (Mann-Whitney) test. For 

the paired analysis of 10 patients, we used a non-parametric paired signed rank test to 

test if GPNMB values significantly decreased three-months after Sirolimus treatment. For 

sensitivity, we applied the paired t-test on the log-transformed (base-10) GPNMB values. 

MILES data were analyzed using generalized linear mixed models with a random intercept 

to account for the correlation between time. To detect a differential drop-out pattern between 

sirolimus and placebo groups, a mixed effect logistic regression model was fit with data 
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missing or not (binary) as the dependent variable, and random intercept, treatment (sirolimus 

vs. placebo), time (categorical), and their interaction, as independent variables. We tested 

if the proportion with data across various timepoints was significantly different between 

two treatment groups (treatment and time interaction test) from this model. Then we fit a 

linear mixed model with log-transformed GPNMB values as the dependent variable, and a 

random intercept, treatment (sirolimus vs. placebo), time (categorical), and their interaction 

as independent variables. An interaction test assessed whether the change over time was 

significantly different between sirolimus and placebo groups. Pairwise changes between 

time-points were assessed using least-square mean differences from this model.

Results

GPNMB knockdown suppresses TSC2-null cell invasion without affecting other in-vitro 
processes.

In melanoma, TNBC, and other cancers, GPNMB promotes tumor progression (Hoashi et 

al., 2010; Huang et al., 2021). To examine GPNMB’s role mediating tumor cell functions, 

we determined effects of GPNMB knockdown on proliferation, migration, and invasion 

in-vitro. Non-specific (NSP) or GPNMB-targeted siRNAs were transfected into TSC2-null 

rat ELT3 cells and assays performed looking at processes associated with tumor growth 

and metastasis (Fig 1). We employed transient siRNA-mediated knockdown to reduce 

potential compensatory mechanisms in cultured knockout cells. Knockdown was confirmed 

by western blot (Fig 1A). GPNMB knockdown had no effect on proliferation by BRDU 

incorporation or cell counting on a collagen-coated plate (Fig 1B, C). In contrast, by MTT, 

we observed a small but statistically significant decrease in metabolic rate with GPNMB-

knockdown compared to NSP (Fig 1D). Migration was unaffected by GPNMB-knockdown 

(Fig 1E, F). However, invasion through Matrigel-coated membranes showed a modest but 

significant decrease with GPNMB knockdown (Fig 1G, H). Similar GPNMB knockdown 

studies using TSC2-null mouse LTM3 (Minor et al., 2023) and TSC2-null human 621-101 

cells demonstrated no differences in proliferation, metabolic rate, or migration (Sup Fig 

1, 2). Like ELT3 cells, LTM3 cells demonstrated significant reduction in invasion with 

GPNMB-knockdown (Sup Fig 1G). Invasion by 621-101 cells trended downward with 

GPNMB-knockdown, but was not statistically significant, perhaps because of 621-101’s 

low invasive potential (Sup Fig 2G). To determine why GPNMB-knockdown reduced 

invasion, we examined epithelial-to-mesenchymal transition markers in ELT3 cells but 

saw no differences (not shown). Interestingly, Mmp9 mRNA levels in ELT3 cells and 

Mmp2 mRNA levels in LTM3 cells were reduced with GPNMB-knockdown, suggesting that 

GPNMB might enhance invasion via upregulation of MMP2/9 expression (Sup Fig 3).

GPNMB enhances TSC2-null xenograft tumor growth.

Given reduced invasion in ELT3 cells with GPNMB knockdown, we moved to an in-vivo 
model to examine GPNMB effects on ELT3 xenograft growth. We used CRISPR/Cas9 

to knockout GPNMB expression in TSC2-null ELT3-Luc cells by transfecting with either 

sgRNA specific for GPNMB or a non-targeting sgRNA control. Clones with GPNMB 

mRNA Ct values above 37 (low to no expression), as well as undetectable GPNMB by 

western blot, were expanded. GPNMB knockout clones were verified to have similar growth 
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relative to control cells in-vitro prior to injecting into mice (Sup Fig 4A). Cells were injected 

into both leg flanks of SCID-NOD mice and tumor volume monitored. To compensate 

for clonal differences, two different clonal GPNMB knockout cell lines as well as the 

polyclonal knockout cell line (before diluting to individual clones) were utilized. These 

were combined in the analysis as knockout (KO). Similarly, two non-targeting control clonal 

cell lines, the non-targeting polyclonal cell line, and parent ELT3-Luc cells were combined 

as controls. GPNMB knockout was verified in final xenograft tissue by western blot and 

immunofluorescence (Fig 2A, B). Representative images are in Figure 2A, but all tumors 

were verified for presence or absence of GPNMB by western. Average tumor volume and 

final tumor weight were significantly decreased in GPNMB knockout xenografts (Fig 2C, 

D). Like in-vitro cell growth assays, in-vivo proliferation was unchanged in the absence 

of GPNMB, as demonstrated by Ki67 staining of three representative control and GPNMB 

knockout xenografts (Sup Fig 4B, C). Changes in apoptosis and vascularization were also 

no different. In contrast, we observed significantly more collagen in GPNMB knockout 

xenografts relative to controls, suggesting GPNMB may modulate fibroblast actions in the 

tumor microenvironment (Fig 2E, F).

Since genetic knockdown of GPNMB significantly reduced TSC2-null xenograft growth, we 

next determined whether drug targeting of GPNMB similarly reduced xenograft growth. We 

utilized the experimental anti-human GPNMB immunoglobulin-drug conjugate, CDX-011, 

which has been used in clinical trials for treatment of GPNMB-expressing breast cancer 

and melanoma (Pollack et al., 2007; Qian et al., 2008; Tse et al., 2006; Vaklavas & 

Forero, 2014). Since CDX-011 is directed against human GPNMB, we injected human 

TSC2-null human 621-101 cells in SCID-NOD mice. Once tumors were palpable in all 

mice, mice were treated with vehicle or CDX-011 and tumor volumes monitored weekly. 

No tumors grew in drug-treated mice, while all tumors grew in control mice (Sup Fig 

5A, B). Importantly, GPNMB ectodomain was detected by ELISA in serum of all control, 

but no CDX-011 treated mice (Sup Fig 5C). Although the sample size was small due to 

limited drug availability, these data confirm the importance of GPNMB for tumor growth 

and demonstrate that GPNMB is a potential cell surface target for TSC2-null tumors.

Serum starvation increases GPNMB in a transcription- and mTORC1-dependent manner.

Previous work demonstrated that GPNMB was expressed in TSC2-null cells and TSC2-

null uteri and decreased in mice treated with rapamycin (Prizant et al., 2016). Here we 

further dissected GPNMB expression in TSC2-null cells. In-vitro, when TSC2-null cells 

are grown without serum, GPNMB increased both at mRNA and protein levels (Fig 3A, 

D). Gpnmb mRNA expression increased over 3-fold in serum-starved ELT3 cells compared 

to cells grown in complete media, and remained elevated when serum was added back 

for 10-minutes, 30-minutes, 1-hour, or 24-hours (Fig 3A). Protein expression as shown by 

a representative western blot, was similar, except that by 24-hours GPNMB protein was 

decreased (Fig 3D). Enhancement of GPNMB protein and mRNA expression with serum 

starvation was due to transcription, as Actinomycin D (ActD) abrogated enhancing effects of 

serum starvation (Fig 3B, E). Importantly, Gpnmb mRNA and GPNMB protein expression 

in ELT3 cells growing under any condition was dependent on mTORC1 signaling, as 

treatment with rapamycin almost completely abrogated GPNMB expression in complete 

Gibbons et al. Page 8

Endocr Relat Cancer. Author manuscript; available in PMC 2024 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



media and serum starvation conditions (Fig 3C, F, G). Phosphorylated S6 was diminished 

with rapamycin, verifying the drug was working (Fig 3F). Similar results were observed 

in TSC2-null mouse LTM3 and human 621-101 cells (Sup Fig 6). Notably, experiments 

were performed to determine specific mechanisms of serum starvation dependent increases 

in GPNMB, including analyzing PI3K and MAPK pathways; however, inhibition of these 

pathways did not alter the increase in GPNMB expression (data not shown). Importantly, 

mTORC1 signaling remained robust with serum starvation, as no significant changes in pS6 

were detected (Fig 3F, H, Sup Fig 6C, E, H, J).

The GPNMB ectodomain is cleaved by Adam10 and 17 proteases.

The GPNMB ectodomain is released from the cell surface of cancer cells (Hoashi et al., 

2010). Accordingly, we detected GPNMB ectodomain in the serum of mice with human 

621-101 xenografts (Sup Fig 5C). In breast cancer, ADAM10 has been implicated as at 

least partially responsible for ectodomain cleavage (Rose, Annis, et al., 2010). Therefore, 

we sought to definitively determine whether ADAM10 and/or related ADAM17 protease 

promoted GPNMB ectodomain release in TSC2-null cells. We focused on human GPNMB, 

given its relevance to human disease and because human GPNMB ectodomain is more 

readily detectable by ELISA and western blot. ADAM10 and 17 were knocked down 

in 621-101 cells using siRNA. Knockdown efficiency was measured by reduced mRNA 

expression; approximately 85% for ADAM10 and 68% for ADAM17 (Fig 4A, B). GPNMB 

in cell lysates and media was detected by western blot, and amount of shed GPNMB 

relative to lysate GPNMB calculated. GPNMB shedding was significantly reduced when 

either ADAM10 or ADAM17 expression was knocked down, indicating that both enzymes 

were important for ectodomain shedding (Fig 4C, D). We verified siRNA results through 

pharmacological inhibition of ADAM10 with GIX and ADAM17 with TAPI. Both inhibitors 

reduced ectodomain shedding like siRNA knockdown (Fig 4E-G). The combination of 

ADAM10 and 17 inhibitions did not further decrease GPNMB shedding, perhaps due to 

incomplete enzymatic inhibition (Fig 4G). Together, these knockdown and pharmacologic 

studies demonstrate that ADAM10 and ADAM17 are important mediators of GPNMB 

ectodomain release.

Identification of the GPNMB ectodomain cleavage site and demonstration of its importance 
in tumor growth and invasion.

Having identified the primary enzymes cleaving GPNMB, we next turned toward their 

target. Protein sequencing of GPNMB ectodomain suggested that cleavage occurred at or 

near a conserved VRR sequence (Fig 5A, (Furochi et al., 2007)). We therefore created a 

VRR deletion mutation in human GPNMB and transfected GPNMB-null ELT3-Luc cells 

with mock DNA, cDNA expressing wild-type (WT) GPNMB, or cDNA expressing the 

VRR deletion mutant. Western blot of media and lysate GPNMB demonstrated absence 

of GPNMB in knockout cells, two bands in wild-type GPNMB-transfected cells (likely a 

mature and less mature form), and one band in the VRR deletion mutant (likely the less 

mature form) (Fig 5C)(Hoashi et al., 2010). Notably, cell surface staining verified that the 

VRR deletion mutant was expressed on the cell surface similarly to WT GPNMB (Fig 5B). 

However, while present at the cell surface, VRR-deleted GPNMB was unable to shed its 

ectodomain, as shown by Western blot (Fig 5C) and ELISA (Fig 5D), confirming that the 
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VRR sequence is critical for GPNMB ectodomain cleavage. We did a similar xenograft 

experiment to Figure 2 with two wildtype-GPNMB and two mutant GPNMB-expressing 

clones in ELT3 cells lacking endogenous GPNMB. Average tumor volume over time and 

final tumor weight were significantly greater in the wildtype- compared to mutant-GPNMB 

expressing cells (Fig 6A, B). We detected GPNMB ectodomain by ELISA in the serum 

of mice with wildtype but not mutant-GPNMB-expressing tumors (Fig 6C). Next, we 

used one clone expressing mutant-GPNMB and knocked down GPNMB expression by 

siRNA (Fig 6D-E). Unlike Figure 1, where ELT3 cells expressing native GPNMB showed 

decreased invasion with GPNMB-knockdown, knockdown of mutant-GPNMB had no effect 

on invasion (Fig 6F-G), suggesting that GPNMB-cleavage is required to enhance ELT3 cell 

invasion. Together, these results demonstrate that GPNMB-cleavage is critical for TSC2-null 

cell in-vivo growth and invasion.

Serum GPNMB ectodomain is a LAM biomarker and novel marker of sirolimus treatment 
response.

We have shown that GPNMB is highly expressed in LAM patient lung and uterine tissue, 

and we can detect shed GPNMB in blood of mice (Sup Fig 5C, Fig 6C (Prizant et al., 

2016)). Therefore, we examined GPNMB ectodomain levels in serum of multiple LAM 

patient populations. In our initial cohort of 30 healthy controls and 30 LAM patients, serum 

GPNMB levels were significantly elevated in LAM patients versus controls (Fig 7A), though 

there was overlap between groups. We next examined a cohort of 10 LAM patients with 

specimens obtained prior to initiation of sirolimus treatment and 3-months after onset of 

treatment (Fig 7B). Here we saw a significant decrease in serum GPNMB post treatment. 

This decrease was present in 8/10 patients and, for the two patients in whom GPNMB did 

not decrease, GPNMB levels were low to start. Finally, we examined serum samples from 

the Multicenter International LAM Efficacy with Sirolimus (MILES) trial (McCormack et 

al., 2011). Prior to treatment (0-months), the placebo and sirolimus groups had similar levels 

of GPNMB (Fig 7E). However, at 6-months and 12-months post treatment, sirolimus-treated 

patients had significantly less GPNMB, indicating a beneficial response to treatment. Of 

note, treatment was stopped at 12-months and patients monitored for another year. At 

24-months the difference between groups was no longer significant (Fig 7E). This was also 

demonstrated when graphing each patient separately (Fig 7C, D). These data demonstrate 

that GPNMB levels are higher when patients are not taking sirolimus, and that serum 

GPNMB ectodomain levels can be used to monitor response to treatment.

Discussion

Melanocytic markers are upregulated in LAM tissues and have been used as histological 

markers (Kuhnen et al., 2001). However, while melanocytic markers like PMEL-17 are 

useful for differentiating LAM from other cystic lung diseases in tissue samples, they 

have not proven useful as serum biomarkers to diagnose and follow LAM progression and 

treatment. In fact, the only serum biomarker used in LAM is VEGF-D, which is helpful but 

has limitations regarding sensitivity and correlation with disease severity (Li et al., 2022; 

Young et al., 2013). Our laboratory became interested in the melanocytic maker GPNMB 

because it promotes tumor growth and metastasis in some cancers, often portending worse 
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prognosis (Kuan et al., 2006; Maric et al., 2013; Rose, Grosset, et al., 2010; Taya & 

Hammes, 2018). Furthermore, when expressed on the cell surface, GPNMB’s extracellular 

ectodomain is constitutively released, making it a potential serum biomarker (Maric et 

al., 2013). We first discovered GPNMB expression in a uterine-specific TSC2-null mouse 

model for LAM, and then confirmed GPNMB expression both intracellularly and on the 

plasma membranes of TSC2-null cell lines (Prizant et al., 2016). We then demonstrated 

GPNMB expression in human LAM lung and uterine tumors (Prizant et al., 2016). More 

recently, scRNA sequencing of LAM lungs confirmed that GPNMB is one of the most 

highly differentially expressed genes in LAM cells (Guo et al., 2020). Together, these data 

suggested that GPNMB may serve as both a biomarker and a regulator LAM tumor growth. 

Indeed, here we demonstrated that GPNMB promotes TSC2-null tumor growth, and that 

expression of its ectodomain in blood serves as a LAM biomarker.

Initial in-vitro studies using TSC2-null cell lines from three different species demonstrated 

no effects of GPNMB knockdown on proliferation and migration. However, GPNMB 

knockdown significantly reduced invasion in rat TSC2-null ELT3 and mouse TSC2-null 

LTM3 cells, with similar magnitude, but not statistically significant, reduction in human 

TSC2-null 621-101 cells (Fig 1, Sup 1, 2). These differences were enough to prompt 

examination of GPNMB knockout in ELT3 xenografts, where we saw significant reduction 

of tumor growth with GPNMB knockout (Fig 2). Furthermore, treatment of mice with 

the GPNMB-specific antibody drug conjugate, CDX-011, abrogated growth of TSC2-null 

human 621-101 cells (Sup Fig 5). While interpretation of the latter study is limited due 

to restrictions in drug supply, together, these data indicate that GPNMB supports TSC2-

null xenograft growth, and that it is a potential treatment target. Based on the in-vitro 
invasion studies as well as the increased collagen in the smaller GPNMB-null ELT3 

xenografts, we postulate that GPNMB may play a role in tumor cell invasion, consistent 

with other cancer models where GPNMB increases invasion and metastasis (Fiorentini et 

al., 2014; Maric et al., 2015; Oyewumi et al., 2016; Rich et al., 2003; Rose et al., 2007). 

GPNMB binds integrins and facilitates adherence to the extracellular matrix, which could 

further drive tumor progression and metastasis (Maric et al., 2015; Oyewumi et al., 2016). 

Additionally, GPNMB may be anti-fibrotic in scleroderma fibrosis (Palisoc et al., 2022), 

which could explain why GPNMB inhibited collagen formation in GPNMB-expressing 

relative to GPNMB-null xenografts. However, GPNMB’s role may more be more nuanced 

depending on context, as GPNMB has also been shown to promote pulmonary fibrosis 

(Wang et al., 2023). We demonstrated that Mmp mRNA decreases when GPNMB is 

knocked down, consistent with data in other cancers where GPNMB increased MMPs, 

invasion, and metastasis ((Fiorentini et al., 2014; Rich et al., 2003).

Another potential alternative mechanism whereby GPNMB may promote TSC2-null tumor 

growth in-vivo but not in-vitro involves inhibition of T cell-mediated tumor cell death. 

Cell surface and soluble GPNMB from monocytes and macrophages has been shown to 

interact with Syndecan-4 on T cells to inhibit their cytotoxic activity, which would in turn 

permit increased tumor growth (Chung et al., 2014; Liguori et al., 2021; Ripoll et al., 

2007; Tomihari et al., 2010). Accordingly, blocking GPNMB actions on immunosuppressive 

monocytes from cancer patients may permit T cells to regain their anti-tumor functions 

(Kobayashi, 2018). Therefore, it is possible that, as with PD-L1 expression in tumor 
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cells, cell surface expression of GPNMB on TSC2-null cells, or perhaps even GPNMB 

ectodomain, might suppress cytotoxic T cell actions, to allow tumor progression.

Although GPNMB’s role in promoting TSC2-null cell invasion and tumor progression is 

important, one of the most interesting and potentially useful aspects of GPNMB expression 

in tumor cells is its expression on the cell membrane and constitutive shedding of its 

ectodomain (Furochi et al., 2007; Hoashi et al., 2010; Rose, Annis, et al., 2010). Therefore, 

we sought to determine how the GPNMB ectodomain is released in TSC2-null cells. 

ADAM10 has been reported to release soluble GPNMB in breast cancer cells (Rose, 

Annis, et al., 2010). Here we found that both ADAM10 and ADAM17 were responsible 

for GPNMB shedding through siRNA-mediated knockdown and drug inhibition of the 

proteases (Fig 4). While both strategies implicate ADAM10 and 17 in ectodomain cleavage, 

we were unable to completely abrogate ectodomain release, most likely due to incomplete 

knockdown and/or enzyme inhibition, though it remains possible that other proteases 

can release the GPNMB-ectodomain. Regarding the ADAM10/17 targets on GPNMB, 

previous work suggested that the cleavage sequence of GPNMB occurs at or near a VRR 

sequence (Furochi et al., 2007). Since this region is well conserved, we utilized site-directed 

mutagenesis to delete the VRR sequence in human GPNMB. In doing so, we definitively 

demonstrated that, while GPNMB was still expressed on the cell surface, its ectodomain 

was no longer shed into the media of TSC2-null cells (Fig 5). Thus, our studies have 

revealed both the primary proteases and their target sites on GPNMB. TSC2-null cells 

expressing non-cleavable GPNMB have minimal tumor growth in-vivo, suggesting either 

that GPNMB ectodomain release is necessary to promote tumor growth in-vivo or that 

uncleavable GPNMB inhibits TSC2-null tumor growth in-vivo (Fig 6). Further studies will 

examine these possibilities; however, these results suggest that inhibiting ectodomain release 

of GPNMB using ADAM10/17 inhibitors or blocking antibodies that have been utilized in 

other cancers could be therapeutic strategies in LAM (Saha et al., 2019).

Constitutive release of the GPNMB ectodomain suggests that its detection in the serum 

of patients with LAM or other GPNMB-expressing cancers might serve as a biomarker. 

While GPNMB expression in cells has been utilized as a histological marker, and possibly 

prognostic predictor for tumors such as TNBC (Huang et al., 2021), to our knowledge, 

GPNMB ectodomain has not been documented as a serum biomarker in any cancer. In 

contrast, and as proof of principle that measuring ectodomain levels in human serum 

can be done, detection of serum GPNMB ectodomain has been demonstrated in humans 

with non-cancerous diseases such as diabetes mellitus, Gaucher disease, and nonalcoholic 

steatohepatitis (Huo et al., 2023; Katayama et al., 2015; Murugesan et al., 2018). GPNMB is 

also elevated in the cerebral spinal fluid of Alzheimer’s and Adrenoleukodystrophy (ALD) 

patients (Aichholzer et al., 2021; Taghizadeh et al., 2022). Here we find that GPNMB 

ectodomain levels are higher in LAM patients versus controls, with some overlap between 

the two groups, demonstrating for the first time that the GPNMB ectodomain may serve as 

a biomarker for GPNMB-expressing cancers (Fig 7). As mentioned, VEGF-D is the only 

serum biomarker used for LAM (McCormack et al., 2016; Nijmeh et al., 2018; Young et 

al., 2013). Analysis of the MILES trial, which was the first randomized controlled study 

that showed sirolimus as an effective treatment for LAM, found that VEGF-D decreased 

with sirolimus treatment, but remained unchanged in placebo treated patients (Young et al., 
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2013). In the same population, we similarly found that serum GPNMB ectodomain levels 

significantly decreased during sirolimus treatment, but not in placebo treatment (Fig 7). 

In addition, during the final 12 months of the trial when sirolimus was stopped, GPNMB 

levels began to rise. These results are consistent with our findings that GPNMB expression 

is dependent on mTORC1, and demonstrate that, like VEGF-D, GPNMB may be useful in 

tracking effects of sirolimus in LAM patients. Notably, in patients with pneumothorax, a 

common complication of LAM, VEGF-D levels started at a lower baseline, making it a less 

applicable biomarker in this population (Young et al., 2013). Other limitations of VEGF-D 

are that it has low sensitivity and studies have shown varying ranges of cut off levels and 

diagnostic performances (Glasgow et al., 2009; Li et al., 2022; McCormack et al., 2016). 

Future studies will be necessary to determine whether serum GPNMB ectodomain levels, 

in combination with other markers such as VEGF-D, will become standard approaches for 

diagnosing and monitoring LAM patients on and off treatment.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. GPNMB knockdown decreases TSC2-null rat ELT3 cell invasion, but not proliferation 
or migration.
A. Representative western blot showing the knockdown efficiency of GPNMB in ELT3 cells 

treated with non-specific (NSP) siRNA or GPNMB specific siRNA. B. Relative absorbance 

for the BRDU proliferation assay. Cells were plated for 48 hours and then BRDU was 

added for 24 hours. Paired t-test for 4 experiments (5 replicates per experiment) (ns=not 

significant). C. Cell proliferation was measured by counting cells plated on collagen coated 

plates (9.87 μg/cm2 of collagen per well) with the Celigo image cytometer at 24, 48, and 72 

hours after plating and growth rate was compared to 24 hours for NSP and GPNMB-specific 

siRNA transfected cells respectively. D. Relative absorbance for the MTT cell metabolic 

rate assay. Cells were plated for 72 hours before the addition of MTT. n=4 (5 replicates 
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per experiment) Paired t-test (**p<0.01). E. Representative images of transwell migration 

assay. F. Cell migration relative to NSP, n=5 (2 replicates per experiment with 5 images 

averaged per transwell). Paired t-test. G. Representative images of transwell invasion assay. 

H. Cell invasion relative to NSP, n=4 (2 replicates per experiment with 5 images averaged 

per transwell). Paired t-test. (*p<0.05).
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Figure 2. GPNMB-null ELT3-Luc cell xenografts grow slower relative to controls in SCID-NOD 
mice.
A. Western blot analysis of protein from tumors demonstrates the presence of GPNMB 

expression in four representative control xenografts at the end of the experiment (10 weeks 

post injection) and the absence of GPNMB expression in four representative CRISPR-

mediated GPNMB knockout (KO) xenografts at the end of the experiment, with GAPDH as 

a loading control. B. Representative immunofluorescence images (20x magnification) of one 

control clone xenograft (top) and one CRISPR-mediated GPNMB KO xenograft (bottom). 

DAPI-blue, GPNMB-green. C. The average tumor volume over time for control clones and 

CRISPR clones Tumor volume was calculated using the formula (L*(W)2)/2. D. The final 

tumor weight in grams of controls and GPNMB KO (n= 18 control tumors, n= 11 GPNMB 

KO tumors). Statistical analysis for C and D was performed using unpaired two-tailed 

t-tests. (*p<0.05, **p<0.01). E. Representative images of blue Trichrome collagen staining 
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in one control and one GPNMB KO tumor (same tumors from B). F. Quantification of the 

positive pixels/area of tumor in mm2 using Aperio ImageScope collagen staining analysis 

add-in. n=3 tumors (all different clones) per group. Statistical analysis was performed using 

an unpaired two-tailed t-test. (**p<0.01).
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Figure 3. Serum starvation increases GPNMB expression in a transcription- and mTORC1-
dependent manner in ELT3 cells.
A. Fold change of Gpnmb relative to Gapdh mRNA determined by RT-qPCR for ELT3 cells 

in complete media with serum, serum starved for 24 hours, and then serum starved for 24 

hours with FBS added back for 10, 30, minutes, 1 hour, or 24 hours (indicated as “Time” 

under the x-axis). B. ELT3 cells were treated with DMSO (control) or 5 μM Actinomycin D 

(ActD) under complete media or starvation conditions for 24 hours. Fold change of Gpnmb 
relative to Gapdh mRNA was determined by RT-qPCR setting the complete media with 

DMSO (no ActD) condition to 1. C. ELT3 cells were treated with ethanol (control) or 
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20nM Rapamycin (Rapa) for 24 hours in complete media or serum-free media. Fold-change 

of Gpnmb relative to Gapdh mRNA was determined by RT-qPCR, setting the complete 

media with ethanol (no rapamycin) condition to 1. D. Representative GPNMB and GAPDH 

western blot (one experiment of three with similar results) using the same conditions from 

(A). E. Representative GPNMB and GAPDH western blot (one experiment of three with 

similar results) of the same sample conditions from (B). F. Representative western blot 

of the samples quantified in G. S6=phosphorylated S6 protein, which reflects mTORC1 

activation. tS6=total S6 protein. G. Quantification of GPNMB relative to GAPDH protein 

expression in (F), using ImageJ, setting the complete media with ethanol condition to 1 

(n= 3 experiments). All statistics used One-way ANOVA (*p<0.05, **p<0.01 ***p<0.001, 

****p<0.0001). H. pS6/tS6 western blot band intensities normalized to complete media with 

vehicle (+serum, -Rapa). (same samples as G) Paired t-test, ns=non-significant.
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Figure 4. Adam10 and 17 mediate GPNMB ectodomain shedding in human TSC2-null 621-101 
cells.
A. ADAM10 mRNA knockdown efficiency using siRNA determined by RT-qPCR. The 

average knockdown efficiency was 85% for 6 experiments. Paired t-tests (****p<0.0001, 

ns= non-significant). AD10=ADAM10; AD17=ADAM17. B. ADAM17 mRNA mRNA 

knockdown efficiency using siRNA determined by RT-qPCR. The average knockdown 

efficiency was 68% for 6 experiments. Paired t-tests (****p<0.0001, ns= non-significant). 

C. Western blot shows GPNMB protein levels in lysate and media samples from cells 

treated with non-specific (NSP), Adam10, or Adam17 siRNA. Data from one experiment 

representative of 6 experiments. D. ImageJ was used to quantify band intensity of the media 
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samples relative to the lysate. Paired t-tests (***p<0.001, * p<0.05). E. Representative 

western blot image of GPNMB levels in lysate and media from cells treated with ADAM10 

or ADAM17 inhibitors (n=3 experiments total). Vehicle (0μM) is DMSO, GIX (15 μM) 

is an ADAM10 selective inhibitor, TAPI (20 μM) is an ADAM17 selective inhibitor. F. 
Representative western blot of GPNMB expression from 1 experiment out of 3 where cells 

were treated with vehicle or a combination of 15 μM GIX and 20 μM TAPI. G. ImageJ was 

used to quantify band intensity of the media samples relative to the lysate for experiments in 

E and F. Paired t-tests (* p<0.05).
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Figure 5. Identification of the cleavage site of GPNMB.
A. Schematic of the basic structure of human GPNMB demonstrating the identified cleavage 

site of the GPNMB ectodomain (VRR). Figure made in Biorender. VRR- 3 amino acids (9 

base pairs) were deleted through site-directed mutagenesis. B. Flow cytometry histogram 

overlay of cell surface expression of GPNMB in knockout ELT3-Luc cells transfected with 

no DNA mock control (CTRL, red), cDNA encoding human GPNMB (WT, blue), or cDNA 

encoding human GPNMB with a deleted VRR sequence (MUT, orange). Data from one 

experiment representative of 2 experiments. C. Western blot of cell lysate and media for 

GPNMB and GAPDH from GPNMB knockout (KO) ELT3-Luc cells transfected with no 

DNA mock control, cDNA encoding human GPNMB, or cDNA encoding human GPNMB 

with a deleted VRR sequence (image representative of 3 separate experiments). D. ELISA 
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to detect the human GPNMB ectodomain from the media from the experiment in (C). n= 

3. Unpaired t-test (* p<0.05). E. Western Blot of cell lysate for GPNMB and GAPDH for 

stable clones expressing wild-type human GPNMB (n=4) or mutant GPNMB with a deleted 

VRR sequence (n=2). F. ELISA to detect the human GPNMB ectodomain from stable clones 

expressing WT GPNMB or the mutant GPNMB. n= 4 WT and n= 2 mutant. Unpaired t-test 

(* p<0.05).
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Figure 6. ELT3-Luc cells stably expressing mutant non-cleavable human GPNMB grow slower 
relative to cells stably expressing wild-type human GPNMB in xenografts in SCID-NOD mice.
One of the CRISPR knockout GPNMB clones was used to create clones that either re-

expressed wild-type GPNMB or the non-cleavable mutant form of GPNMB. A. The average 

tumor volume over time for 2 clones expressing wild-type GPNMB or two clones expressing 

mutant GPNMB. GP= GPNMB, MUT= mutant. n= 16 GP tumors, n=9 MUT tumors. Tumor 

volume was calculated using the formula (L*(W)2)/2. B. Final tumor weight (g). Statistics 

for A and B used unpaired two-tailed t-tests (* p<0.05). C. GPNMB ectodomain levels 

in serum detected by ELISA. D. Representative western blot of GPNMB and GAPDH 

for non-specific (NSP) and GPNMB knockdown with siRNA. E. Knockdown efficiency 

calculated using ImageJ relative intensities of GPNMB/GAPDH western blot bands. n=3, 

***p<0.001. F. Representative images of transwell invasion assay. G. Cell invasion relative 

to NSP, n=3 (2 replicates per experiment with 5 images averaged per transwell). Paired 

t-test. ns=non-significant.
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Figure 7. GPNMB ectodomain levels are increased in the serum of human patients with LAM 
compared to healthy controls and decrease with sirolimus treatment.
A. Human GPNMB ELISA kit was used with 5ul of serum (n=30 control, n=30 LAM). 

*p<0.05 Wilcoxon’s Test. B. Paired serum samples from 10 patients before and 3 months 

after Sirolimus treatment. Paired t-test. p= 0.0388. C. Serum GPNMB (pg/mL) for all 

MILES trial patients in the Sirolimus treated group. n= 44 (0 months), 36 (6 months), 32 (12 

months), 17 (24 months). Treatment ceased at 12 months. Mixed effects analysis (**p<0.01, 

****p<0.0001) D. GPNMB (pg/mL) for all MILES trial patients in the Placebo treated 

group. Mixed effects analysis (*p<0.05, **p<0.01). E. Average serum GPNMB levels by 

ELISA for all patients in (C) and (D). Treatment was stopped at 12 months as indicated 
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by the arrow. Multiple unpaired t-tests (***p<0.001). Patient numbers for each group at the 

indicated time points are indicated below E.
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