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Abstract

Extracellular type | tumor necrosis factor receptors (TNFR1) are generated by two mechanisms,
proteolytic cleavage of TNFR1 ectodomains and release of full-length TNFR1 in the membranes of
exosome-like vesicles. Here, we assessed whether TNFR1 exosome-like vesicles circulate in human
blood. Immunoelectron microscopy of human serum demonstrated TNFR1 exosome-like vesicles,
with a diameter of 27- to 36-nm, while Western blots of human plasma showed a 48-kDa TNFR1,
consistent with a membrane-associated receptor. Gel filtration chromatography revealed that the 48-
kDa TNFR1 in human plasma co-segregated with LDL particles by size, but segregated
independently by density, demonstrating that they are distinct from LDL particles. Furthermore, the
48-kDa exosome-associated TNFR1 in human plasma contained a reduced content of N-linked
carbohydrates as compared to the 55-kDa membrane-associated TNFR1 from human vascular
endothelial cells. Thus, a distinct population of TNFR1 exosome-like vesicles circulate in human
plasma and may modulate TNF-mediated inflammation.
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Introduction

Tumor necrosis factor (TNF) is an important regulator of inflammation, immune functions,
host defense, and apoptosis. TNF signals through two distinct cell surface receptors, the 55-
kDa, type | (TNFR1, TNFRSF1A) and the 75-kDa, type Il (TNFR2, TNFRSF1B) TNF receptor
[1]. Soluble TNF receptors function as TNF-binding proteins that may modulate TNF
bioactivity. Two pathways mediate the release of TNFR1 to the extracellular compartment, the
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proteolytic cleavage of cell surface receptors and the release of exosome-like vesicles[2].
Exosomes are small membrane-enclosed vesicles, 30- to 200-nm in diameter, that correspond
to the internal vesicles of endolysosome-related multivesicular bodies and are released from
the cell via exocytic fusion with the plasma membrane[3-5]. Exosomes can interact with target
cells to mediate regulatory functions in an acellular fashion, as well as facilitate the transfer of
integral membrane proteins, as well as mMRNAs and microRNAS[6]. Exosomes mediate several
important biological functions, including antigen presentation, T cell co-stimulation, and
apoptosis. Cells also release the abnormally folded prion protein scrapie (PrPsc) in exosomes,
which may facilitate their spread[7], and the exosome-release pathway is utilized by
retroviruses, such as HIV[8].

We have previously shown that human vascular endothelial cells (HUVEC) constitutively
release a full-length, 55-kDa TNFR1 within exosome-like vesicles that are 20- to 50-nm in
diameter, can be pelleted by high-speed centrifugation, sediment to a density of 1.1 g/ml, and
are capable of binding TNF[2]. In contrast to exosomes derived from reticulocytes and B
lymphocytes, HUVEC-derived TNFR1 exosome-like vesicles do not contain lipid raft
microdomains[9,10]. Therefore, HUVEC-derived TNFR1 exosome-like vesicles appear to be
distinct from typical exosomes derived from dendritic cells or lymphocytes based upon their
smaller size, lower density, and absence of lipid raft microdomains.

TNFR1 exosome-like vesicles have also been demonstrated in biological fluids, such as
bronchoalveolar lavage fluid, while immunoblots have suggested that TNFR1 exosome-like
vesicles may be present in human serum[2]. Therefore, we hypothesized that TNFR1 exosome-
like vesicles circulate in human blood where they may modulate TNF-mediated inflammatory
or immune events. Here, we report on the identification and characterization of 48-kDa TNFR1
exosome-like vesicles in human plasma that co-fractionate with, but are distinct from, LDL
particles and display distinct characteristics as compared to plasma- or HUVEC-derived
exosome-like vesicles. Furthermore, we demonstrate the utility of gel filtration
chromatography for the isolation of exosome-like vesicles from biological fluids.

Materials and Methods

Subjects and Sample Processing

Informed consent was obtained from healthy volunteers prior to the collection of plasma and
serum samples for the analysis of exosome-associated proteins, as per protocol 96-H-0100,
which was approved by the National Heart, Lung, and Blood Institute Institutional Review
Board.

Cells and Reagents

Human umbilical vein endothelial cells (HUVEC) and EGM-2 medium were purchased from
Cambrex Bio Science (Walkersville, MD). Peptide N-glycosidase F (PNGase F) and
endoglycosidase H (Endo H) were purchased from New England Biolabs (Beverly, MA).

Immunoelectron Microscopy

Samples of human serum were centrifuged at 500 x g for 10 min and 10,000 x g for 30 min to
remove cellular debris. Droplets were applied to Formvar-carbon-coated nickel electron
microscopy grids and fixed in 4% paraformaldehyde for 15 min. TNFR1 was detected utilizing
a rabbit polyclonal antibody (H-271, Santa Cruz Biotechnology) and a secondary donkey anti-
rabbit antibody conjugated with 10 nm gold particles (Electron Microscopy Science, Hatfield,
PA). A non-immune rabbit 1gG was used as a negative control. Vesicular structures were
visualized by negative staining with 0.5% uranyl acetate. Images were acquired with a 1200
EX transmission electron microscope (Jeol, Tokyo, Japan).
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Fast Protein Liquid Chromatography (FPLC) and Plasma Analysis

Human plasma (400 ul) was filtered through a 0.45 um filter and fractionated by gel filtration
chromatography utilizing two Superose 6 HR 10/30 columns (GE Biosciences, Little Chalfont,
United Kingdom) connected in series[11]. Total cholesterol (TC), phospholipids, and

triglycerides were analyzed using commercially-available enzyme kits (Sigma, St. Louis, MO).

Immunoblotting

Immunoblotting was performed as previously described, with minor modifications, utilizing
the H-5 murine monoclonal antibody that reacts with the TNFR1 extracellular domain (Santa
Cruz Biotechnology, Santa Cruz, CA)[2]. Invitrolon PVDF membranes (Invitrogen, Carlsbad,
CA) were utilized for Western blots. Additional antibodies included, LAMP-1 (B-D
Biosciences, San Diego, CA); LAMP-2, ICAM-1, transferrin receptor (Santa Cruz
Biotechnology); apolipoprotein B-100 (ApoB-100) (Chemicon, Temecula, CA);
apolipoprotein E (ApoE) and A-1 (ApoA-1) (Abcam, Cambridge, MA). For repeated blotting,
membranes were stripped using the Re-blot Western Blot Recycling Kit (Chemicon
International, Temecula, CA) and reacted with antibodies following the manufacturer’s
instructions.

Rate Zonal Centrifugation Through Continuous Sucrose Gradients

Results

Purified LDL fractions (1 mg) were overlaid on a continuous sucrose gradient (0.2 Mto2 M
in 20 mM Tris, pH 8.0) and centrifuged at 175,000 x g for 16 hrs. Fractions (0.5 ml) were
collected from the bottom of the gradient and proteins were quantified. Samples of proteins
were precipitated with 10% trichloroacetic acid, as necessary, and analyzed by
immunoblotting. A Palm Abbe Digital Refractometer (Misco) was used for densitometry.

Human Blood Contains 48-kDa TNFR1 Exosome-like Vesicles

Immunoelectron microscopy was performed to assess whether TNFR1 containing vesicles are
present in human blood. TNFR1 exosome-like vesicles were detected in serum as irregularly
shaped particles, with a diameter of 27- to 36-nm along their short axis (Figure 1A). Western
blots were next performed to characterize further TNFR1 in human blood. As shown in Figure
1B, human plasma from 8 healthy volunteers contained a 48-kDa TNFRZ1, which is consistent
with a membrane-associated receptor, such as an exosome-like vesicle. A minor 30-kDa band,
which was detected by both the H-5 anti-TNFR1 and the 1gG,y, isotype control antibodies,
represented non-specific binding.

The 48-kDa TNFR1 Present in Human Plasma Co-segregates with LDL Particles

We reasoned that if the 48-kDa TNFRL1 is associated with TNFR1 exosome-like vesicles in
human plasma, then it should segregate in a fraction that is distinct from soluble proteins on
the basis of size. Thus, plasma from healthy research volunteers was separated by gel filtration
into fractions that corresponded to lipoprotein particles. As expected, apolipoprotein E (ApoE)
preferentially associated with the VLDL fraction, apolipoprotein A-1 (ApoA-I) localized to
the HDL fraction, and apolipoprotein B-100 (ApoB-100) was found in the VLDL and LDL
fractions (Figure 2A). Interestingly, the 48-kDa TNFR1 in human plasma co-segregated with
the LDL fraction (Figure 2B). TNFR1 was not detected in the VLDL or HDL fractions, or with
the soluble proteins. The cell-associated 55-kDa TNFR1 present in HUVEC lysates is shown
for comparison. Experiments were next performed to confirm that the 48-kDa TNFR1 co-
segregated with the LDL fraction of human plasma. As shown in Figure 2C, Western blots
performed on LDL fractions from 8 individual normal volunteers demonstrated the presence
of the 48- kDa TNFR1 in all samples.
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Additional experiments were performed to confirm that the 48-kDa TNFR1 present in human
plasma co-segregates with the LDL fraction. Western blots of individual LDL fractions
generated by gel filtration chromatography demonstrated that the 48-kDa TNFR1 co-
segregated with ApoB-100, as well as cholesterol, phospholipids, and triglycerides (Figure
2D). The co-segregation of the 48-kDa TNFR1 and LDL by gel filtration chromatography
suggested that the diameter of TNFR1 exosome-like vesicles are similar to LDL particles.

TNFR1 Exosome-like Vesicles and LDL Particles Represent Distinct Populations

Experiments were next performed to assess whether the 48-kDa TNFRL1 is a component of
LDL particles or, alternatively, represents a distinct population of plasma vesicles. We
reasoned that if TNFR1 exosome-like vesicles represent a unique species of circulating
microvesicles that are distinct from LDL particles, then it should be possible to differentiate
the two populations on the basis of density, as LDL particles typically have a density ranging
from 1.02 to 1.06 g/ml, whereas TNFR1 exosome-like vesicles from human vascular
endothelial cells have a peak density of 1.11 g/ml[2,12]. As shown in Figure 3, LDL fractions
from healthy volunteers were subjected to rate zonal centrifugation through continuous sucrose
gradients and the density of LDL particles was determined using ApoB-100 as a marker. LDL
particles sedimented to a peak density of 1.03 g/ml, which was in contrast to TNFR1 exosome-
like vesicles that sedimented to a peak density of 1.09 to 1.11 g/ml. The demonstration that
TNFR1 exosome-like vesicles and LDL particles segregate independently based upon density
is consistent with the conclusion that TNFR1 exosome-like vesicles and LDL particles
represent two distinct populations of circulating vesicular structures in human plasma.

Typical Exosome Membrane Proteins Co-Segregate with the HDL Fraction of Human Plasma

We next assessed whether membrane proteins that are known to be present in exosomes, such
as LAMP-1, LAMP-2, ICAM-1, and transferrin receptor (TfR), also co-segregate with the 48-
kDa TNFR1 exosome-like vesicles in the LDL fraction of human plasma[13-16]. As shown
in Figure 4A, LAMP-1, LAMP-2, ICAM-1 and TfR co-segregated with the HDL fraction and
were not detected in the LDL fraction. This result demonstrates that plasma-derived TNFR1
exosome-like vesicles do not co-segregate with these exosome-associated proteins and
suggests that TNFR1 exosome-like vesicles represent a distinct population.

Reduced N-linked Glycosylation of TNFR1 Exosome-like Vesicles from Human Plasma as
Compared to Cell-associated TNFR1

Deglycosylation experiments were performed to characterize further the plasma-derived 48-
kDa TNFR1 present in exosome-like vesicles. TNFR1 has three N-glycosylation sites and is
expected to be digested by N-glycosidase F (PNGase F)[17]. Consistent with this, the TNFR1
present in HUVEC lysates was sensitive to digestion by PNGase F (Figure 4B). The TNFR1
present in the LDL fraction of human plasma was also sensitive to digestion by PNGase F, but
resulted in only a slight reduction in molecular weight. Furthermore, TNFR1 from both LDL
and HUVEC displayed similar molecular weights following PNGase F treatment. In contrast,
the TNFR1 present in LDL was resistant to digestion by endoglycosidase H (EndoH), whereas
the TNFR1 present in HUVEC lysates was EndoH-sensitive. The similar molecular weights
following PNGase F digestion of TNFRL1 in the LDL fraction of human plasma and HUVEC
lysates suggest that the 48-kDa TNFR1, which is present in plasma-derived exosome-like
vesicles, contains a reduced content of N-linked carbohydrate moieties.

Discussion

Soluble forms of TNFR1, which can bind TNF and modulate TNF activity, play an important
role in regulating inflammatory disease. Here we show that a distinct population of TNFR1
exosome-like vesicles circulate in human plasma. Furthermore, we identified gel filtration

Biochem Biophys Res Commun. Author manuscript; available in PMC 2009 February 8.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Zhang et al.

Page 5

chromatography as a novel method for the isolation of TNFR1 exosome-like vesicles from
plasma based upon the similar size of TNFR1 exosome-like vesicles and LDL particles.
Consistent with this conclusion, immunoelectron microscopy revealed that TNFR1 exosome-
like vesicles have a diameter of approximately 27- to 36-nm along their short axis, which is
similar to, but slightly larger than LDL particles, which typically range from 18- to 23-nm size,
although larger LDL particles of 27- to 28.5-nm have been described[12,18,19]. Despite the
finding that TNFR1 exosome-like vesicles co-fractionated with LDL particles on the basis of
size, they represented distinct particles based upon independent segregation characteristics on
continuous sucrose gradients.

TNFR1 exosome-like vesicles in human plasma appear to have different characteristics than
previously described plasma-derived exosome-like vesicles, which expressed tetraspanins
(CD63 (LAMP-3), CD9, and CD81), MHC class I and 1l, LAMP-2, and CD41a (GPlIb), a
platelet-specific marker[20]. These plasma-derived exosome-like vesicles floated to peak
specific gravities of 1.21 to 1.28 g/ml on sucrose gradients and appeared to have a diameter of
50-to 90-nm by immunoelectron microscopy[20]. In contrast, we found that TNFR1 exosome-
like vesicles from human plasma have a peak density of 1.09 to 1.11 g/ml and a diameter of
27-to 36-nm. In addition, TNFR1 exosome-like vesicles in plasma did not co-segregate with
other proteins that are typically expressed by exosomes, such as LAMP-1, LAMP-2, ICAM-1
and TfR, which instead co-segregated with the HDL fraction of human plasma[3,4,16,21].
Taken together, these data suggest that TNFR1 exosome-like vesicles represent an unique
population of vesicles that is distinct from previously described plasma-derived exosome-like
vesicles or exosomes derived from immunological cells, such as B cells or dendritic cells.
Furthermore, this result suggests that the biogenesis of TNFR1 exosome-like vesicles may
differ from that of typical exosomes.

We have previously reported that HUVEC constitutively release a 55-kDa TNFR1 within the
membranes of exosome-like vesicles, which is in contrast to the 48-kDa TNFR1 exosome-like
vesicles that we identified in human plasma[2]. We reasoned that the difference in size between
HUVEC-associated TNFR1 and TNFR1 exosome-like vesicles in human plasma might be a
result of differential glycosylation, as TNFR1 contains 3 potential N-glycosylation sites[17].
As expected, TNFR1 present in HUVEC lysates was sensitive to digestion with either PNGase
F or Endo H, whereas the TNFR1 present in the LDL fraction of human plasma was only
sensitive to PNGase F. This is consistent with the ability of EndoH to digest proteins residing
in the endoplasmic reticulum and cis-Golgi apparatus that contain high mannose N-linked
oligosaccharides[17]. Furthermore, the molecular weight of the deglycosylated TNFR1 from
HUVEC and the LDL fraction of human plasma was similar following PNGase F digestion.
This suggests that the reduced size of the 48-kDa TNFR1 exosome-like vesicles from human
plasma as compared with the 55-kDa TNFR1 from HUVEC cell lysates represents a reduced
content of N-linked carbohydrates.

In conclusion, we have demonstrated that plasma from healthy human volunteers contains 48-
kDa TNFR1 exosome-like vesicles that fractionate with, but are distinct from, LDL particles,
and display unique characteristics as compared to plasma- or HUVEC-derived exosome-like
vesicles. These results show that TNFR1 exosome-like vesicles circulate in human plasma
where they may modulate TNF-mediated inflammatory or immune events.
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Figure 1. Characterization of TNFR1 Exosome-like Vesicles in Human Blood by Electron
Microscopy and Western Blotting

Panel A. TNFR1 exosome-like vesicles in human serum were visualized by immunogold
electron microscopy using a polyclonal rabbit antibody directed against the TNFR1
extracellular domain. No immunogold labeling was detected when rabbit IgG was utilized as
a control. Panel B. Samples (2 ul) of human plasma from 8 healthy volunteers that had been
filtered through a 0.45 um filter were separated by SDS-PAGE, transferred to PVDF
membranes, and reacted with the H-5 monoclonal antibody directed against the TNFR1
extracellular domain. The arrow indicates the 48-kDa TNFR1 that was only detected by the
H-5 anti-TNFR1 monoclonal antibody. The asterisk indicates a 30-kDa band that was detected
by both the H-5 anti-TNFR1 and the 1gGy, isotype control antibodies (not shown) and
represented non-specific binding. Lane numbers correspond to samples from individual
patients.
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Figure 2. Identification of a 48-kDa TNFR1 that Co-Segregates with the LDL Fraction of Human
Plasma

Panel A. Samples (120 ug) of FPLC fractions that corresponded to the size of VLDL, LDL,
HDL, and soluble proteins, as well as HUVEC cell lysates (60 ug) were immunoblotted and
reacted with antibodies against apolipoprotein E (ApoE), apolipoprotein B-100 (ApoB-100),
or apolipoprotein A-1 (ApoA-1). Panel B. Samples (120 ug) of FPLC fractions and HUVEC
cell lysates (60 ug) were immunoblotted and reacted with the H-5 murine monoclonal antibody
directed against the TNFR1 extracellular domain. Panel C. LDL fractions from 8 healthy
volunteers were immunoblotted and reacted with the H-5 anti-TNFR1 monoclonal antibody
or an 1gGyy, isotype control. Lane numbers correspond to pooled LDL fractions from individual
patients. Panel D. Proteins from individual FPLC fractions that corresponded to the LDL peak
were precipitated with 10% trichloroacetic acid, immunoblotted, and reacted with the H-5 anti-
TNFR1 monoclonal antibody. The PVDF membrane was stripped and re-probed with the
ApoB-100 antibody. This blot is representative of three independent experiments that
demonstrated the same result. Cholesterol, triglyceride, and phospholipids concentrations (ug/
ml) in each FPLC fraction are shown below.
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Figure 3. Rate Zonal Centrifugation of the LDL Fraction of Human Plasma Through Continuous
Sucrose Gradients

A sample containing 1 mg of LDL proteins was layered on top of a continuous sucrose gradient
(0.2 M to 2 M in 20 mM Tris, pH = 8) and centrifuged at 175,000 x g for 16 hrs. Fractions (0.5
ml) were collected from the bottom, proteins were precipitated with 10% trichloracetic acid,
separated by SDS-PAGE, transferred to PVDF membranes, and reacted with antibodies against
TNFR1. PVDF membranes were stripped and re-probed with antibodies against ApoB-100.
Lane numbers correspond to the fractions collected. This blot is representative of two
independent experiments that demonstrated the same result.
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Figure 4. Panel A. Exosome Markers Co-localize with the HDL Fraction of Human Plasma
Samples (120 ug) of FPLC fractions that corresponded to the size of VLDL, LDL, HDL, and
soluble proteins, as well as HUVEC cell lysates (60 ug) were immunoblotted and reacted with
antibodies against LAMP-1, LAMP-2, ICAM-1, or transferrin receptor. This blot is
representative of two independent experiments that demonstrated the same result. Panel B.
TNFR1 Exosome-like Vesicles Contain Reduced Quantities of N-linked Carbohydrates.
Samples of LDL fractions (120 ug) and HUVEC lysates (60 ug) were incubated with 12.5 units/
ul of PNGase F or Endo H for 1-h at 37° C, separated by SDS-PAGE, transferred to PVDF
membranes, and reacted with antibodies against TNFR1. This blot is representative of two
independent experiments that demonstrated the same result.
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