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SUMMARY
Transforming growth factor-β1 (TGF-β1) has central functions in development, tissue
maintenance, and repair and has been implicated in major diseases. We discovered that TGF-β1
contains several amphipathic helices and hydrophobic domains similar to apolipoprotein E (apoE),
a protein involved in lipoprotein metabolism. Indeed, TGF-β1 associates with lipoproteins isolated
from human plasma, cultured liver cells, or astrocytes, and its bioactivity was highest in high-
density lipoprotein (HDL) preparations. Importantly, lipoproteins containing the apoE3 isoform
had higher TGF-β levels and bioactivity than those containing apoE4, a major genetic risk factor
for atherosclerosis and Alzheimer’s disease. Because TGF-β1 can be protective in these diseases
an association with apoE3 may be beneficial. Association of TGF-β with different types of
lipoproteins may facilitate its diffusion, regulate signaling, and offer additional specificity for this
important growth factor.

INTRODUCTION
Transforming growth factor-β (TGF-β) is a cytokine with key roles in cell proliferation,
differentiation, apoptosis, immune responses, tissue repair and extracellular matrix
formation, and the prototype of a larger superfamily of growth factors that include activins
and bone morphogenic proteins (Derynck and Zhang 2003). TGF-β acts by binding cell
surface type I and type II receptor heterotetramers, to induce signal transduction via Smad-
dependent or – independent pathways (Derynck and Zhang 2003). In the CNS, TGF-β
protects neurons against age-related and excitotoxin-induced degeneration, decreases
parenchymal amyloid deposition (Wyss-Coray et al. 2001; Brionne et al. 2003), promotes
neurite outgrowth and is a potent anti-inflammatory agent (Ulich et al. 1991; Gillespie et al.
2001). In the vasculature, TGF-β regulates the properties and functions of all cell types
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present in the vascular wall and modulates atherosclerosis and restenosis (Singh and Ramji
2006).

TGF-β is synthesized as a precursor protein that is cleaved by furin-type proteases into a
proregion, termed latency-associated peptide (LAP), and a bioactive peptide (TGF-β)
(Dubois et al. 2001). Non-covalently linked heterodimers of the two proteins are secreted as
a small latent complex (SLC). Alternatively, the SLC is secreted covalently linked with
latent TGF-β binding proteins (LTBPs) in large latent complexes (LLC), which sequester
TGF-β to the extracellular matrix (Saharinen and Keski-Oja 2000). Secreted TGF-β is
present in tissues and plasma, but how this hydrophobic protein is transported through the
body remains unclear.

To characterize the nature of secreted TGF-β, we size-fractionated human plasma and
conditioned medium of cultured liver cells or primary astrocytes, and show that bioactive
TGF-β co-elutes in fractions containing lipoproteins. Lipoproteins are spherical or discoidal
particles composed of lipids and proteins that contain characteristic amphipathic lipid-
binding domains such as apolipoprotein E (apoE). We found that TGF-β also contains such
putative amphipathic lipid-binding domains. Prompted by the above findings and the fact
that lipoproteins play an important role in the transport of hydrophobic molecules through an
aqueous environment, we hypothesized that secreted TGF-β might associate with
lipoproteins, which would facilitate its transport through the organism. Using different types
of immunoprecipitation and immuno-electronmicroscopy (EM) we show that TGF-β1
indeed associates with lipoproteins. Moreover, we show that lipoproteins carrying apoE3
contain significantly more TGF-β protein and bioactivity than lipoproteins carrying apoE4,
which could have significant implications for Alzheimer’s disease and cardiovascular
disease.

RESULTS
Secreted TGF-β co-elutes with lipoproteins isolated from human plasma, cultured liver
cells and primary astrocytes

To determine whether secreted TGF-β bioactivity in plasma is transported as a single protein
or in association with other molecules, we fractionated human plasma from different donors
via Fast Protein Liquid Chromatography (FPLC) on a Superose-6 column. We found that
TGF-β1 and LAP1 protein measured via ELISA eluted over a broad range of fractions (Fig.
1A and 1B). This is consistent with previous studies showing TGF-β1 protein elutes in
different lipoprotein-containing plasma fractions (Grainger et al. 1997). We found that most
of these fractions contained bioactive TGF-β based on measurements with the MFB-F11
bioassay (Tesseur et al. 2006) (Fig 1C). Interestingly, the ratio between the levels of
bioactive TGF-β and TGF-β1 protein was highest in fractions 32 – 34 (Fig. 1D),
demonstrating the presence of a highly bioactive TGF-β form. This is consistent with a
recent report showing that HDL can increase TGF-β signaling (Chen et al. 2008).

Based on their size, TGF-β, LAP or SLC would have to elute in the free protein fractions
(Table 1 and Fig. 1). Instead, most secreted TGF-β elutes in cholesterol-rich fractions
containing Intermediate Density Lipoproteins (IDL), Low Density Lipoproteins (LDL) and
HDL, with the highly bioactive TGF-β form eluting in the LDL and HDL fractions (Fig.
1D). Only small amounts of TGF-β1 or LAP1 protein were measured in the free protein
fractions and they showed no bioactivity (Fig. 1A-C). In human serum TGF-β1 has also
been shown to bind to α2-Macroglobulin (α2M) forming 720 kD tetrameric and 180 kD
monomeric complexes (Webb et al. 1996). Based on that size these complexes are predicted
to elute in the VLDL/IDL and HDL fractions respectively (Table 1). In our samples α2M
eluted together with the IDL, LDL, HDL and free protein fractions and thus large molecular
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weight complexes consisting of TGF-β and α2M could account for some of the observed
TGF-β bioactivity (Supplementary Fig. 1). Together, these fractionation studies indicate that
TGF-β either associates with lipids or lipoproteins or with large molecular weight protein
complexes, and that TGF-β1 bioactivity varies in different lipoprotein fractions.

The liver is the major source of lipoproteins in the periphery and secretes HDL into the
bloodstream (Mahley 1988). To study the potential association of TGF-β with lipoproteins
in a more defined system, we used McA/RH-7777 liver cells stably transfected with human
apolipoprotein E3 (apoE3) producing mainly HDL-type lipoproteins (Huang et al. 1998). In
humans, apoE exists in three isoforms apoE2, apoE3, and apoE4 of which apoE3 is the most
common (Mahley 1988). Consistent with the results in human plasma, bioactive TGF-β and
TGF-β1 protein produced by McA/RH-7777 liver cells elute in lipoprotein-rich fractions
(Fig. 1F, G), and the ratio between bioactive TGF-β and TGF-β1 protein-levels is highest in
the LDL/HDL fractions (Fig. 1H). Similar results were obtained with primary astrocytes, the
main producers of lipoproteins in the brain (data not shown). Incubation of HDL-containing
fractions with antibodies that neutralize all three isoforms of TGF-β showed a near 100%
inhibition of bioactivity (Fig. 1I), suggesting that the measured bioactivity is indeed TGF-β
and not a TGF-β related factor, such as activin. Comparison of the elution profile of
recombinant SLC with culture supernatant from McA/RH-7777 cells, showed that LAP1
protein and TGF-β bioactivity in recombinant SLC overlap largely with the elution profile of
TGF-β bioactivity in the supernatant (Supplementary Fig. 2), except for the larger size,
LDL/HDL fractions (Supplementary Fig. 2A; shaded area). These results indicate that the
fractions with highest relative TGF-β bioactivity contain mainly mature TGF-β and lend
additional support for an association of TGF-β with HDL.

TGF-β1 contains putative lipid-binding helices
Proteins associated with lipoproteins, such as apolipoproteins contain characteristic
amphipathic lipid-binding helices (Segrest et al. 1992). Computer modeling for amphipathic
helices shows that the amino acid sequence of the human TGF-β1 precursor contains several
domains predictive for lipid-binding motifs (Fig. 2A). LAP1 contains two class A helices
and several G* helices that are high on the hydrophobicity scale, and mature TGF-β1
contains two G* helices that possess a high hydrophobicity moment of the non-polar face.
Mapping the predicted G* lipid-binding regions onto the structure of TGF-β1 (PDB ID
1KLC, (Hinck et al. 1996)) reveals that dimerization of the growth factor juxtaposes G*
domains from each monomer to form a continuous, potentially lipophilic, surface patch (Fig.
2B). These results support the possibility that TGF-β could bind to lipids or lipoproteins.

TGF-β1 associates with lipoproteins
To determine whether TGF-β is directly associated with lipoproteins we studied
supernatants from primary astrocyte cultures derived from transgenic mice expressing
human apoE3 in astrocytes on a mouse apoE deficient background (GFAP-hapoE3; Raber et
al. 2002), and from Tgfb1−/−, or ApoE−/− mice. ApoE producing astrocytes release
lipoproteins which are similar in size to those found in human CSF or to plasma HDLs
whereas ApoE−/− astrocytes produce no particles (Fagan et al. 1999). We developed a solid-
phase immunoprecipitation assay, in which we captured apoE-containing lipoproteins on
microtiter plates via an apoE-specific antibody. We used this method to avoid dissociation
of the lipoprotein particles by the wash and elution buffers used in standard
immunoprecipitation protocols. The specificity of the antibodies was confirmed by detecting
recombinant apoE or TGF-β1 on Western blots (Supplementary Fig. 3). TGF-β1 protein was
detected in HDL particles purified from primary astrocytes of GFAP-hapoE3 mice. In
contrast, similar sized fractions from primary astrocytes of Tgfb1−/−, or ApoE−/− mice did
not produce a TGF-β1 signal above that of secondary antibodies alone, which served as a

Tesseur et al. Page 3

J Neurochem. Author manuscript; available in PMC 2010 August 4.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



control for the immunoprecipitation (Fig. 3A). In addition, no TGF-β1 protein was detected
if apoE3-containing HDL was treated with acid to disintegrate lipoproteins – and
presumably, release TGF-β1 from the particles (Fig. 3A).

To immunoprecipitate TGF-β we developed a method in which cell culture supernatant is
incubated with a biotinylated TGF-β1-specific antibody, loaded onto a sepharose-avidin
column and gently eluted with excess biotin. Consistent with the previous experiment,
immunoprecipitation with a TGF-β1 antibody resulted in pull-down of apoE in cell culture
supernatants from McA/RH-7777 cells stably expressing human apoE3 but not in
supernatants from primary astrocytes of Tgfb1−/−, or ApoE−/− mice (Fig. 3B). Interestingly,
in vitro incubation of different concentrations of recombinant TGF-β1 or recombinant SLC
with recombinant apoE, followed by immunoprecipitation with apoE antibodies did not
result in pull down of TGF-β1 or SLC (data not shown). These results argue against a direct
protein-protein interaction of TGF-β with apoE, and support the concept that this association
requires lipids.

To gain additional evidence for an association of TGF-β1 with lipoproteins we used
immuno-electron microscopy for TGF-β1. Immuno-gold labeling was detected in 50% of
the HDL particles purified from wildtype primary astrocytes but only in 18% of those
purified from Tgfb1−/− mice (Fig. 3C, 3E, and 3F). No staining was observed in wildtype
HDL with the gold-tagged detection antibody alone (Fig. 3D). Part of the residual staining in
Tgfb1−/− mice is likely due to the fixation procedures necessary for electronmicroscopy
(Fig. 3E). Collectively, these results demonstrate that TGF-β1 associates with lipoproteins,
including HDL-like particles secreted by primary astrocytes.

Lipoproteins containing apolipoprotein E3 carry significantly more bioactive TGF-β than
those containing apolipoprotein E4

Apolipoprotein E4 (apoE4) is a major known genetic risk factor for atherosclerosis and
sporadic late-onset Alzheimer’s disease (AD), and a susceptibility gene for other
neurodegenerative diseases (Corder et al. 1993; Saunders et al. 1993; Strittmatter et al. 1993;
Alberts et al. 1995; McCarron et al. 1998), but how apoE4 contributes to the pathogenesis of
these diseases remains poorly understood. Because TGF-β1 has both neuroprotective and
cardioprotective effects it is conceivable that its association with apoE-containing
lipoproteins may mediate some of these effects. To determine whether apoE3- and apoE4-
containing lipoproteins contain different amounts of TGF-β activity we analyzed HDL
secreted by McA/RH-7777 cells stably expressing similar levels of human apoE3 or apoE4
(Huang et al. 1998). While the TGF-β elution profile was similar in supernatants separated
on a Superose-6 column from either of these cell lines (data not shown), the amount of
bioactive TGF-β relative to total levels was 30% higher in apoE3- compared to apoE4-
containing medium (Fig. 4A). Purification of apoE3 and apoE4 containing lipoproteins from
stably transfected McA/RH-7777 cells with the above described avidin-biotin
immunoprecipitation method using a biotinylated monoclonal apoE antibody, showed that
apoE4-containing lipoproteins carry only 29% of the amount of bioactive TGF-β of apoE3-
containing lipoproteins (Fig. 4B). Immunoblotting for apoE, which can be taken as a relative
measure for the amount of lipoproteins purified, shows that similar apoE levels were
isolated from apoE3- and apoE4-containing conditioned medium (Fig. 4B). Together, these
results show that both TGF-β levels and bioactivity are higher in lipoproteins containing
apoE3 than in those containing apoE4.

DISCUSSION
Our findings provide novel evidence that TGF-β1 is associated with lipoproteins and that
different apolipoprotein E isoforms modulate its level and bioactivity. The implications of
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such an association are potentially far reaching as our studies with lipoproteins containing
either apoE3 or apoE4 indicate. Previous studies showed that lipoproteins are important
carriers of lipid soluble vitamins, such as vitamin E and vitamin K (Traber et al. 1998;
Schurgers and Vermeer 2002), and that lipophorins, the invertebrate homolog of the
mammalian lipoproteins, carry Wnt in Drosophila (Panakova et al. 2005). In addition, a
recent proteomic analysis of HDL suggests lipoproteins can carry proteins involved in lipid
metabolism, proteinase inhibition, complement activation and the acute-phase response
(Vaisar et al. 2007). These results support our finding that lipoproteins are associated with
proteins other than the well-characterized apolipoproteins. More importantly, our study with
human plasma, rat liver cells and mouse primary astrocytes provides biochemical and
functional evidence that human and rodent lipoproteins can carry bioactive TGF-β1. Since
lipoproteins are responsible for distributing and delivering lipids throughout the body,
proteins such as TGF-β1 associated with lipoproteins could use this association to spread
over long distances through the blood or interstitial fluids, in the periphery or the CNS. Cells
taking up lipoproteins through specific receptors would also be able to internalize TGF-β1 or
bring it in close proximity to the cell surface. Type II TGF-β receptors bind the “fingers” of
the growth factor, partially overlapping with one of the hydrophobic surfaces (Hart et al.
2002), while leaving the other surface available for potential lipid binding. Subsequent
binding of the Type I TGF-β receptor would occlude the remaining lipophilic portion
(Kirsch et al. 2000), opening the possibility that lipoprotein association could regulate
delivery of TGF-β to TGF-β receptors. Independent support for a possible role of lipids in
TGF-β signaling comes also from recent studies describing lipoprotein-receptor related
protein (LRP-1), a receptor for apoE, as a modulator of TGF-β signal transduction (Tseng et
al. 2004; Cabello-Verrugio and Brandan 2007).

We observed that apoE3-containing lipoproteins carry more bioactive TGF-β than those
containing apoE4. Since TGF-β1 has neuroprotective (Ren and Flanders 1996; Ren et al.
1997; Zhu et al. 2002; Brionne et al. 2003; Tesseur et al. 2006) and neurite outgrowth
promoting (Gillespie et al. 2001) activities, its preferential association with apoE3-
containing lipoproteins could help explain how these lipoproteins promote neurite outgrowth
and protect neurons better than apoE4-containing lipoproteins. The differential association
of TGF-β bioactivity with apoE3 versus apoE4 could have widespread implications for the
differential functions of apoE isoforms in the CNS, and could at least in part explain why
apoE4 carriers have an increased risk for developing AD and are more susceptible to
neuronal injury. Likewise, both TGF-β1 and apoE3 exhibit anti-inflammatory action and
both are protective in atherosclerosis and cardiovascular disease (Mahley 1988; Ulich et al.
1991; Singh and Ramji 2006). Therefore, it is possible that at least part of the beneficial
effects of apoE3, are mediated by TGF-β associated with apoE3-containing lipoproteins.
Based on these findings we propose that association of TGF-β with different types of
lipoproteins will modulate its signaling properties, its diffusion and transport across tissues
and provide additional specificity in regulating physiological and pathological processes.

EXPERIMENTAL PROCEDURES
Reagents, cells and mice

Human plasma was obtained from three healthy blood donors. After centrifugation for 20
minutes at 6000 g, plasma was transferred to a new tube and stored at 4°C until use.
Procedures followed were in accordance with institutional guidelines.

McA/RH-7777 liver cells, stably transfected with human apolipoprotein (apo) E3 and apoE4
were described previously (Huang et al. 1998). C6 cells (SBE-SEAP/C6) and Tgfb1−/−

fibroblasts (MFB-F11) stably transfected with a SBE-SEAP reporter gene were generated in
our lab (Tesseur et al. 2006).
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Mice expressing human apolipoprotein E3 in astrocytes of Apoe−/− mice (GFAP-apoE3/
Apoe−/−; Raber et al. 2002) were obtained from Dr. L. Mucke (Gladstone Institutes San
Francisco, University of California, San Francisco). Apoe−/− mice (C57BL/6J-Apoetm1Unc)
were obtained from Jackson Laboratory (Bar Harbor, ME). Mice lacking one (Tgfb1−/+) or
both (Tgfb1−/−) copies of the Tgfb1 gene ((Bonyadi et al. 1997)) were obtained from Dr. R.
Akhurst (University of California, San Francisco).

Recombinant human TGF-β1 (rhTGF-β1) and recombinant latent human TGF-β1 (rSLC)
were from R&D (Minneapolis, MN). Cholesterol was measured with Infinity cholesterol
liquid reagent (ThermoTRACE, Melbourne, Australia).

To detect apoE, TGF-β and LAP, we tested a panel of antibodies and confirmed their
specificity with ELISA and western blot (Supplementary Fig. 3). To detect ApoE we used
polyclonal anti-apoE (KW, Gladstone Institutes, CA) and anti-human apoE (Calbiochem, La
Jolla, CA), to detect TGF-β1 we used BAF240 and 1D11 (R&D, Minneapolis, MN), and to
detect LAP1 we used MAB2461 and BAM2462 (R&D, Minneapolis, MN).

Cell culture
All tissue culture reagents were from Invitrogen (Carlsbad, CA). Cells were maintained in
DMEM, 10% FBS, penicillin and streptomycin (D10). For conditioned media McA/
RH-7777 cells expressing human apoE3 or apoE4 were seeded at 7.5 106 cells/10 cm2 plate
in D10, allowed to attach, washed with PBS, and given 5 ml serum free DMEM containing
penicillin and streptomycin. After 24 h conditioned medium was collected, centrifuged and
transferred to a new tube.

Primary astrocyte culture
3-day old GFAP-apoE3/Apoe−/−, Apoe−/− and Tgfb1−/− pups were obtained from crosses
between GFAP-apoE3/Apoe−/− mice with Apoe−/− mice, and from crosses between
heterozygous Tgfb1−/+ mice. Pups were decapitated and cortex and hippocampus were
dissected in HBSS medium. Tissue was cut into smaller pieces, trypsinized for 15 minutes at
37°C, washed with HBSS and further dissociated by pipetting up and down with pasteur
pipettes. 10 ml DMEM supplemented with 10% FBS, Penicillin, Streptomycin, and
Fungizone (D10F) was added, cell suspensions were transferred to T75 flasks and incubated
at 37°C, 5% CO2. The next morning cells were washed with PBS and given fresh D10F.
Individual cultures were genotyped by subjecting proteinase K-digested pup-tail tissue to
touchdown PCR (Hecker and Roux 1996). When cells reached confluency they were split
into T125 flasks.

T125 flasks with confluent astrocytes were incubated with 15 ml DMEM medium
containing penicillin and streptomycin. After 24 h or 5 days, conditioned medium was
collected, centrifuged, concentrated and separated by FPLC.

Gel filtration chromatography (FPLC)
Fast performance liquid gel-chromatography (FPLC) separates lipoproteins by size without
disrupting their structure (Ordovas and Osgood 1998). Primary astrocyte or McA/RH-7777
cell conditioned media were concentrated 10-fold (Centricon-10, Amicon, Beverly, MA).
200 μl concentrated conditioned medium or undiluted human or mouse plasma was
fractionated by gel filtration chromatography on a Superose-6 column (GE Healthcare,
Piscataway, NJ) using PBS, 1 mM EDTA buffer at a flow rate of 4 ml/minute. 500 μl
fractions were collected and analyzed for TGF-β bioactivity and for TGF-β1, LAP1, apoE
and cholesterol contents.
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Immunoelectron microscopy
Immunoelectron microscopy was performed with purified HDL particles obtained by
density gradient ultracentrifugation. Purified HDL was placed on a carbon-coated electron
microscopic grid. Nonspecific binding was blocked by incubation in PBS with 1% bovine
plasma albumin (BSA) for 10 minutes. The grids were then placed on a droplet of PBS +
0.1% BSA, containing a TGF-β1-specific antibody (R&D, 500 ng/ml) or normal mouse IgG
for 60 minutes, and washed with seven droplets of PBS, 1 minute each. The grids were
placed on a droplet of avidin conjugated to 5-nm colloidal gold particles for 60 min (EY
lab., San Mateo, CA; diluted 1: 20 in PBS, 0.1% BSA), passed over seven droplets of
washing solution (PBS), and passed over another seven droplets of distilled water.
Specimens were then negatively stained with 2% uranylacetate for 10 min, followed by
incubation with a lead-staining solution for 5 min and observed using a transmission
electron microscope (JEOL JEM-1200EX).

TGF-β bioactivity assay
This assay is a sensitive and specific assay to measure bioactive TGF-β via activation of
latent TGF-β with acid and subsequent measurement of the activated TGF-β with MFB-F11
reporter cells (Tesseur et al. 2006). The amount of bioactive TGF-β is determined based on
the induction level of the reporter above baseline (fold induction). Briefly, MFB-F11 cells
were seeded in D10 at 4×104 cells/well in 96-well plates (Corning Inc., Corning, NY) and
allowed to attach. The next day cells were washed with PBS and incubated in serum-free
DMEM for 1-3 h. 2.5 μl 6M HCl was added to 150 μl sample. After 15 minutes samples
were neutralized with 6M NaOH/1MHEPES. 50μl of the treated sample was added in
triplicate to MFB-F11 cells. After 24 h, 10 μl supernatant was collected in 96 well plates and
SEAP (Secreted Alkaline Phosphatase) activity was measured using Great EscApe SEAP
Chemiluminescence kit 2.0 (BD biosciences, San Jose, CA) and a Lmax Microplate
Luminometer (Molecular Devices, Sunnyvale, CA).

Immunoblotting
Equal amounts of fractionated sample were subjected to SDS-PAGE using 10% Tris-
Glycine gels under reducing conditions, transferred to nitrocellulose membranes (Biorad,
Hercules, CA) and probed with antibodies against human (Calbiochem, 1:8000), or mouse
(mGoE, 1:2000) apolipoprotein E, followed by peroxidase-conjugated species-specific
secondary antibodies. Binding of secondary antibodies was visualized by enhanced
chemiluminescence (ECL, GE Healthcare, Piscataway, NJ).

TGF-β1 ELISA
96-well plates (Corning Inc., Corning, NY) were coated overnight at room temperature with
100 ng 1D11 (R&D, Minneapolis, MN) in PBS, and blocked with 5% Tween-20, 5%
sucrose and 0.05% NaAz in PBS. Before loading, 500 μl sample was incubated for 10
minutes with 100 μl 1M HCl and neutralized with 100 μl 1.2N NaOH/0.5MHEPES. rhTGF-
β1 (R&D, Minneapolis, MN) was used to prepare the standard curve. TGF-β1 was detected
with BAF240 (400 ng/ml, R&D, Minneapolis, MN) followed by streptavidin-HRP (1:4000,
Vector, Burlingame, CA) and 100 μl substrate solution (R&D, Minneapolis, MN). Reaction
was stopped with 50 μl 1M H2SO4 and plates were read at 450 nm.

LAP1 ELISA
96-well plates were coated overnight at room temperature with 200 ng MAB2461 (R&D,
Minneapolis, MN) in PBS, and blocked with 1% Block-Ace (Serotec, NC), 0.05% NaAz in
PBS. Samples were loaded onto the plates and LAP1 was detected with BAM2462 (125 ng/
ml, R&D, Minneapolis, MN), followed by Streptavidin-HRP (1:4000, Vector, Burlingame,
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CA) and 100 μl substrate solution. Reaction was stopped with 50 μl 1M H2SO4 and plates
were read at 450 nm. RhLTGF-β1 (R&D, Minneapolis, MN) was used to prepare the
standard curve.

Solid-phase IP
96-well plates were coated overnight at room temperature with anti-apolipoprotein E
antibody (1:1000, Karl Weisgraber) in PBS. Plates were blocked with 5% Tween-20, 5%
sucrose, 0.05% NaAz in PBS. Native or acid activated (see TGF-β1 ELISA) LDL/HDL1
fractions of astrocyte-conditioned medium were loaded on the plates. Antibody BAF240
(400 ng/ml, R&D, Minneapolis, MN) followed by streptavidin-HRP (1:4000, Vector,
Burlingame, CA) and 100 μl substrate solution (R&D, Minneapolis, MN) was used to detect
TGF-β1. Reaction was stopped with 50 μl 1M H2SO4 and plates were read at 450 nm.

Avidin-Biotin IP
Conditioned medium of apoE3 expressing McA/RH-7777 cells was incubated with
biotinylated anti-apoE (Calbiochem, San Diego, CA), or biotinylated anti-TGF-β1 (R&D,
Minneapolis, MN) antibody for 2 h at room temperature, and bound to monomeric Avidin
agarose depending on the antibody used for IP.

ApoE3- and apoE4-containing Lipid Particle Production
Conditioned medium of apoE3 and apoE4 expressing McA/RH-7777 cells was incubated
with 150 μg biotinylated monoclonal anti-apoE 2E8 (Karl Weisgraber, Gladstone Institute,
UCSF, CA) for 5 h at room temperature and bound to monomeric Avidin agarose using the
Immobilized Monomeric Avidin Kit (Pierce, Rockford, IL) according to manufacturers
instructions. The gentle elution method at neutral pH with excess biotin allows for intact
lipoprotein purification. The purified eluate was then concentrated using Centricon-10
(Millipore, Billerica, MA) and washed twice with equal amounts of DPBS (Invitrogen,
Carlsbad, CA). The concentrated eluate was then used to detect TGF-β bioactivity via the
MFB-F11 cell assay. ApoE protein levels were detected via immunoblotting in 6 μl purified
eluate.

Computer Analysis
The amino acid sequence of human TGF-β1 was analyzed for helices using the program
WHEEL and the amphipathic characteristic of identified helices were classified using
COMBO, COMMET, and CONSENSUS (Segrest et al. 1992). TGF-β1 modeling was based
on the previously published NMR structure (Hinck et al. 1996). Amphipathic helices
identified in the primary sequence were mapped onto the NMR average structure of TGF-β1
(PDB code 1KLC). Similar results were obtained by mapping amphipathic helices onto the
entire NMR ensemble (PDB codes 1KLA and 1LKD). Contiguous exposed surface patches
were manually identified by visualization with PyMOL (http://pymol.org).

Statistical analysis
Differences between two means were assessed by Mann-Whitney U or Student’s t-test for
nonparametric or parametric data, respectively. Differences among multiple means of data
with parametric distribution were assessed by ANOVA followed by Tukey-Kramer post hoc
test. Statistical analyses were performed with Statview 5.0 software (SAS Institute, Cary,
NC) and GraphPad Prism 4.03 (GraphPad Software, Inc. La Jolla, CA).

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
TGF-β co-elutes with lipoproteins. Human plasma from three different healthy donors was
fractionated on Superose-6 by FPLC. A – B, TGF-β1 and LAP1 protein measured by
specific ELISAs. C, TGF-β bioactivity measured with the MFB-F11 bioassay. D, The ratio
between bioactive TGF-β and TGF-β1 protein levels was obtained by dividing the bioactive
levels of each donor with its respective TGF-β1 protein levels. E, Cholesterol levels in
individual fractions. F – G, TGF-β bioactivity and TGF-β1 protein in conditioned medium
of McA/RH-7777 rat liver cells stably expressing apoE3, fractionated on Superose-6. H,
Ratio between TGF-β bioactivity and TGF-β1 protein levels obtained as in D. I, TGF-β
bioactivity is neutralized after incubation with a TGF-β antibody (1D11) in 4 separate HDL
fractions. Values represent means or means ± SEM of triplicate measurements of individual
fractions of one representative experiment.
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Figure 2.
TGF-β1 contains putative lipid binding domains. A, Schematic representation of lipid-
binding amphipathic α-helices in pro-TGF-β1, identified by COMBO, COMMET, and
CONSENSUS. Type G* or Y amphipathic helices (blue, and grey) are drawn to scale. Type
G* amphipathic helices in mature TGF-β (blue, green and yellow) correspond to the same
colored regions in B. B, Lipid-binding regions (blue, green and yellow) present in mature
TGF-β1 form two putative lipid-binding domains. The blue region of the first chain forms a
hydrophobic patch together with the green region of the second chain as shown. Grey and
nude colors represent individual TGF-β1 peptides. Numbers shown correspond to amino
acid numbering of pro-TGF-β.
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Figure 3.
TGF-β1 associates with lipoproteins. A, HDL-containing fractions of conditioned media of
apoE3-expressing, Apoe−/−, or Tgfb1−/− primary astrocytes were pooled and TGF-β1
protein was measured via solid-phase-immunoprecipitation. To disrupt lipoproteins, pooled
HDL-fractions of conditioned medium of apoE3-expressing cells were transiently acidified
before measurement (apoE3 + acid). Values represent means ± S.E.M. of triplicate
measurements of one representative experiment. *, P < 0.01 by Tukey-Kramer when
compared to apoE3. B, Total conditioned media of McA/RH-7777 cells stably expressing
apoE3 or of Apoe−/−, or Tgfb1−/− primary astrocytes was purified over avidin columns and
apoE was detected via western blotting. Recombinant apoE3 protein was used as a loading
control. C, D and E, Immuno electron micrographs (EM) of HDL particles containing TGF-
β1, obtained from conditioned media of wildtype (C, E) and Tgfb1−/− (D) primary
astrocytes, purified via density-gradient ultracentrifugation, stained with an anti-TGF-β1
antibody. HDL particles associated with gold particles were visualized as positive staining.
E, Control immuno-EM staining of HDL particles from wildtype astrocytes without primary
antibody. Bar indicates 50 nm. F, Quantification of the ratio of immuno-positive HDL to
total HDL in each field. Data are means ± S.E.M. of 17 and 11 fields for Tgfb1−/− and
wildtype cells respectively. * P < 0.001 by ANOVA (Bonferoni). Two independent
experiments showed similar results.
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Figure 4.
ApoE3-containing lipoproteins show higher TGF-β levels and activity than apoE4-
containing lipoproteins. A, % of bioactive TGF-β present in conditioned medium of McA/
RH-7777 cells stably expressing similar levels of human apoE3 and apoE4. B, Conditioned
medium of McA/RH-7777 cells stably expressing human apoE3 or apoE4 was purified over
avidin columns using biotinylated anti-apoE or no anti-apoE antibody. ApoE was detected
via western blotting (top) and amount of bioactive TGF-β was measured with the MFB-F11
bioassay (below). Results shown are means ± SEM of triplicate measurements of one
representative experiment. * P < 0.05, *** P < 0.001, Student’s t test.
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Table 1

protein sizes and their estimated elution pattern on Superose-6

Protein Size (kD) Estimated fraction # Estimated lipoprotein

TGF-β1 dimer 25 >45 Free protein II

LAP1 monomer 65 >45 Free protein II

SLC 100 38-43 Free protein I

LLC 200-250 32-33 HDL1/HDL

α-2M monomer 165-180 33-37 HDL

α-2M tetramer 720 23-25 VLDL/IDL

TGF-β1 = Transforming Growth Factor-beta1, LAP1 = latency associated protein-1, SLC = small latent complex, LLC = large latent complex,
α-2M = alpha-2-macroglobulin
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