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Abstract: Glycosylphosphatidylinositol-anchored proteins (GPI-APs), which are anchored at the outer
leaflet of plasma membranes (PM) only by a carboxy-terminal GPI glycolipid, are known to fulfill
multiple enzymic and receptor functions at the cell surface. Previous studies revealed that full-length
GPI-APs with the complete GPI anchor attached can be released from and inserted into PMs in vitro.
Moreover, full-length GPI-APs were recovered from serum, dependent on the age and metabolic state
of rats and humans. Here, the possibility of intercellular control of metabolism by the intercellular
transfer of GPI-APs was studied. Mutant K562 erythroleukemia (EL) cells, mannosamine-treated
human adipocytes and methyl-ß-cyclodextrin-treated rat adipocytes as acceptor cells for GPI-APs,
based on their impaired PM expression of GPI-APs, were incubated with full-length GPI-APs,
prepared from rat adipocytes and embedded in micelle-like complexes, or with EL cells and human
adipocytes with normal expression of GPI-APs as donor cells in transwell co-cultures. Increases in the
amounts of full-length GPI-APs at the PM of acceptor cells as a measure of their transfer was assayed
by chip-based sensing. Both experimental setups supported both the transfer and upregulation of
glycogen (EL cells) and lipid (adipocytes) synthesis. These were all diminished by serum, serum GPI-
specific phospholipase D, albumin, active bacterial PI-specific phospholipase C or depletion of total
GPI-APs from the culture medium. Serum inhibition of both transfer and glycogen/lipid synthesis
was counteracted by synthetic phosphoinositolglycans (PIGs), which closely resemble the structure
of the GPI glycan core and caused dissociation of GPI-APs from serum proteins. Finally, large,
heavily lipid-loaded donor and small, slightly lipid-loaded acceptor adipocytes were most effective
in stimulating transfer and lipid synthesis. In conclusion, full-length GPI-APs can be transferred
between adipocytes or between blood cells as well as between these cell types. Transfer and the
resulting stimulation of lipid and glycogen synthesis, respectively, are downregulated by serum
proteins and upregulated by PIGs. These findings argue for the (patho)physiological relevance of the
intercellular transfer of GPI-APs in general and its role in the paracrine vs. endocrine (dys)regulation
of metabolism, in particular. Moreover, they raise the possibility of the use of full-length GPI-APs as
therapeutics for metabolic diseases.

Keywords: diabetes; glycosylphosphatidylinositol (GPI)-anchored proteins (GPI-APs); (G)PI-specific
phospholipases; phosphoinositolglycans; glycogen and lipid synthesis; protein transfer

1. Introduction

Proteins are anchored at the plasma membranes (PM) of eukaryotic cells by several
distinct modes, among them the penetration of the phospholipid bilayer by one or several
proteinaceous transmembrane domains (mono- or polytopic transmembrane proteins),
the non-covalent association with the extracellular domain of transmembrane proteins
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(peripheral membrane proteins) or the insertion of fatty acyl chains covalently linked to
certain (amino- or carboxy-terminal) amino acids into the outer leaflet of the phospholipid
bilayer (e.g., myristoylated, palmitoylated or farnesylated proteins).

Moreover, certain eukaryotic membrane proteins are modified with a specific gly-
colipid, i.e., glycosylphosphatidylinositol (GPI), which becomes embedded in the outer
phospholipid leaflet of PM and thereby anchors the protein moiety of these so-called
GPI-anchored proteins (GPI-APs) at the cell surface (for the structure of GPI-APs, see
Supplementary Materials Figure S1). In mammalian cells, GPI-APs account for about 1–2%
of the translated proteins according to the carboxy-terminal consensus sequence for GPI
anchor addition and encompass receptors, enzymes and adhesion molecules [1–4].

The overall structure of the GPI anchor is identical from yeast to man and constituted
by amphiphilic phosphatidylinositol (PI) as the phospholipid component and a highly
conserved hydrophilic glycan core (see for the structure of the glycan core, Supplementary
Materials Figure S1, inset) [5,6]. This consists of a non-acetylated glucosamine and three
mannose residues connected via specific glycosidic linkages. One end is glycosidically
linked to the 6-hydroxyl group of PI, and the other non-reducing end forms a phosphodi-
ester bridge to an ethanolamine residue.

This terminal amino group of the GPI anchor is invariably amide-linked to the carboxy-
terminus of the GPI-AP protein moiety. In mammalian cells, the mannose residues of
the glycan core may be modified by additional phosphoethanolamine side branches, N-
acetylgalactosamine, galactose, sialic acid and phospho-N-acetylglucosamine moieties [7–12].
The phospholipid component is typically built from a PI moiety with two long-chain
(mostly saturated) fatty acyl chains, as either diacyl-PI or 1-alkyl-2-acyl-PI [13,14].

A variety of physiological functions have been attributed to the expression of GPI-
APs at PM of eukaryotic cells. These include the mediation of cell adhesion and cell–cell
interactions, enabled by the increased lateral mobility and denser packing at the outer
leaflet of PM of GPI-APs compared to transmembrane and peripheral membrane proteins
as well as the transmission of signals across PM through the interaction of the fatty acyl
chains of the GPI anchor with those of acylated tyrosine kinases anchored at the inner
leaflet of the PM [15,16]. Furthermore, the intercellular transmission of biological signals
may be mediated by protein moieties of GPI-APs upon proteolytic or lipolytic removal of
their GPI anchor by specific proteases or (G)PI-specific phospholipases C/D (PLC/D), such
as GPLD1 and their resulting release into the blood stream or interstitial spaces, where they
act as hormones or receptor (ant)agonists at cells distant from the releasing cells [17–19].

During the past two decades, another putative function unique for GPI-APs rather
than transmembrane proteins has become the object of considerable research efforts. Those
focus on the release of GPI-APs from PM, which does not involve proteolytic or lipolytic
cleavage of the GPI anchor but instead engages shedding or exocytosis of extracellular
vesicles or a yet unidentified molecular mechanism for their spontaneous or controlled
release in non-vesicular structures [20].

With regard to the latter, so-called full-length GPI-APs with the complete GPI an-
chor remaining attached have recently been found to be released from eukaryotic cells
in response to endogenous or environmental cues, such as age, size, lipid loading and
metabolic state [21–23], and have meanwhile been recovered from extracellular aqueous
compartments, such as body fluids or culture medium, in macromolecular structures, such
as lipoprotein-like particles, micelle-like complexes and homo- or heteromultimers [24–33].

However, the (patho)physiological consequences of the release of full-length GPI-APs
from donor cells and tissues into interstitial spaces or body fluids have escaped elucidation
thus far. From a theoretical point of view, the following possibilities are conceivable:
(i) removal of inactive, superfluous or deleterious GPI-APs from PM; (ii) modulation of
the enzymic, adhesive or binding characteristics of PM as far as determined by GPI-APs;
(iii) biogenesis of macromolecular GPI-AP complexes (in concert with other constituents)
exerting specific catalytic, binding or signaling function in interstitial spaces or body
fluids; and (iv) transfer of GPI-APs from donor to acceptor cells resulting in functional
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alterations in the latter. While studies have become available supporting possibilities
(i) [34–38], (ii) [39–44] and (iii) [21,45–48], the experimental evidence for option (iv) [49–52]
has remained limited thus far.

The following study was aimed at closing this gap (iv) at the cellular level. This work
is based on previous data, which were obtained with a cell-free microfluidic chip-based
surface acoustic wave (SAW) sensing system for analysis of the transfer of GPI-APs between
isolated PM [53]. In greater detail, the efficacy of transfer between isolated rat adipocyte
and erythrocyte PM was found to be determined by the genotype and metabolic state of
the rats, from which the donor PM had been derived, with considerable increases in obese
and diabetic rats compared to healthy controls.

In the present study, two different cell-based test systems coupled to SAW sensing
were introduced for the analysis of the transfer of GPI-APs from donor to acceptor human
or rat adipocytes and human K562 erythroleukemia (EL) cells in homologous (identical cell
type) or heterologous (between different cells types) configurations in parallel to effects
on the metabolism of the corresponding acceptor cells, which exhibit reduced or even
no endogenous expression of GPI-APs at their PM: (i) incubation of full-length GPI-APs
reconstituted into micelle-like complexes with acceptor cells and (ii) incubation of donor
and acceptor cells in transwell co-culture. Both test systems are prone to manipulation of
the incubation conditions, such as addition of serum factors, depletion of GPI-APs during
the transfer process and use of different configurations of donor and acceptor cells, for
characterization of the transfer process and its correlation to functional alterations in the
acceptor cells.

For the elucidation of the amount of specific GPI-APs that are transferred from (see
above (i)) micelle-like GPI-AP complexes or (see above (ii)) PM of the donor cells to PM of
the acceptor cells in course of incubation of (i) standard cell cultures or (ii) transwell co-
cultures, a chip-integrated microfluidic sensor system was used. It relies on the propagation
of SAW along the chip surface, which is affected by the binding of any entities to the
chip [53–55]. This may happen in the course of the specific detection of a protein of interest
expressed at PM during immobilization of the latter onto the chip with the aid of ionic or
covalent capturing procedures and subsequent injection of appropriate antibodies into the
microfluidic chip channels.

The resulting right-ward phase shift (decrease in frequency) of the SAW represents a
measure for the loaded mass, i.e., the amount of a specific protein in the sample, irrespective
of whether being solubilized and in a pure state or embedded in authentic membranous
or vesicular entities. Thus, for the analysis of the transfer of GPI-APs to PM of acceptor
cells, both the initial capture of the PM prepared from the acceptor cells by the TiO2 chip
surface and the subsequent measurement of the amount of specific GPI-APs expressed at
the acceptor PM before and after incubation of the (i) micelle-like GPI-AP complexes or
(ii) donor cells with the acceptor cells were monitored in real-time as increases in phase
shift.

Taken together, the identification and quantitative evaluation of specific GPI-APs at
the acceptor PM, as reflected in increases in phase shift upon injection of relevant antibodies
(of single or multiple types, i.e., in sandwich), was used as a measure for the transfer of full-
length GPI-APs in both test systems. The data obtained strongly suggest that intercellular
transfer of full-length GPI-APs within adipocytes or EL cells or between adipocytes and
EL cells or vice versa leads to the stimulation of lipid (adipocytes) and glycogen (EL cells)
synthesis.

Both transfer and synthesis stimulation are inhibited by binding proteins for GPI-
APs, such as serum GPLD1 or albumin, and are relieved of this inhibition in the course
of their dissociation from GPI-APs by phosphoinositolglycans (PIGs; for structure, see
Supplementary Materials, Figure S2) [56]. Differential concerted action of those factors in
the interstitial tissue spaces vs. the blood compartment may determine the operation vs.
blockade of paracrine and endocrine transfer, respectively, of GPI-APs as well as the up- vs.
downregulation of lipid and glycogen synthesis in the corresponding acceptor tissues.
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2. Results
2.1. Different Modes for Depletion of GPI-APs from PM of Different Cell Types

For elucidation of the physiological consequences of the transfer of GPI-APs to acceptor
cells, it was reasoned that their expression of endogenous GPI-APs should be as low as
possible. A low or no “background” of pre-existing GPI-APs should increase the sensitivity
of the acceptor cells towards functional effects exerted by transferred exogenous GPI-APs.
Furthermore, a “gradient” or “disequilibrium” from high to low or no PM expression of
GPI-APs at acceptor cells may guarantee their unidirectional net flux from donor cells.

In contrast, similar expression would create an “equilibrium” between donor and
acceptor cells and thereby foster mutual exchange of GPI-APs between them at identical
rates. The resulting bidirectional transfer and zero net flux would mask the potential
effects of upregulation of the number of functional GPI-APs at PM compared to the control.
Therefore, three different modes for the downregulation of GPI-AP expression at PM were
used in the following to unravel functional effects of GPI-AP transfer to acceptor cells, two
using cultured and one primary cells.

As first mode, cultured GPI anchor-defective EL cells incapable of the earliest step
in the glycosylation of PI with acetylated glucosamine (GlcNAc), i.e., the formation of
PI-N-GlcNAc, were selected as acceptor cells. Those clones had previously been identified
during random in vitro mutagenesis for elucidation of the molecular defects in the GPI
anchorage pathway, which are responsible for the phenotype of paroxysmal nocturnal
hemoglobinuria [57,58].

In contrast to wildtype EL clones, which synthesize the highly conserved GPI glycan
core of PI-GlcN-mannose3-phosphate-ethanolamine for anchorage of GPI-APs (see also
Supplementary Materials, Figure S1), the GPI-deficient EL clones (“IA”) were previously
shown to lack surface expression of the GPI-APs CD55 and CD59 [59]. This is compatible
with the missing PI-N-acetyl-GlcN precursor for subsequent deacetylation, mannosylation
and phosphoethanolamine transfer, which would yield the complete GPI anchor, competent
for post-translational coupling of the corresponding protein moiety by a transferase [3,9–11].
As a consequence, in GPI-deficient EL clones (“IA”) the protein moieties of GPI-APs fail to
be coupled to GPI anchors and transported to the PM but rather are degraded in the lumen
of the endoplasmic reticulum [4,10,13].

The different behavior of GPI-APs in GPI-deficient vs. wildtype EL clones was con-
firmed by analysis of their expression at PM using chip-based SAW sensing (see Introduc-
tion and for details of this analytical procedure Ref. [53]). For this, PMs from wildtype
(Figure 1a) and GPI deficient EL cells (Figure 1b) were captured by negatively charged TiO2
chips in the presence of excess of Ca2+ through a combination of ionic (with negatively—and
to a lower extent, positively—charged phospholipids) and hydrophobic (with zwitterionic
phospholipids) interactions, yielding an almost complete coverage of the chip surface at
high density (Figure 1, 0–300 s).

This considerably increased the efficacy of the subsequent covalent capture of the PM
by crosslinking to the activated TiO2 surface via the protein moieties of their constituent GPI-
APs and transmembrane proteins using conventional EDC/NHS-based coupling chemistry
(Figure 1, 300–400 s). Following blockade of the reaction by injection of ethanolamine
(EtNH2, 400–600 s), the subsequent removal of Ca2+ by EGTA and final injection of NaCl
to avoid unspecific binding of antibodies and then of buffer, the chip channels were
stably covered with PM, presumably as enlarged and flattened vesicles (due to fusion as
consequence of Ca2+-induced elimination of repulsive forces) and can then be used for
assaying the expression of GPI-APs and transmembrane proteins.

The efficacies of ionic/covalent capture of PM derived from six different cell clones
for wildtype and GPI-deficient EL cells each were monitored by right-ward phase shift
(i.e., decrease in frequency) of the horizontal SAW propagating along the plane of the chip
surface as measure for the loaded PM (Figure 1a,b).
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Fig. 1

Figure 1. Inhibition of GPI-AP expression at PM of GPI-deficient EL cells. Wildtype and GPI-deficient
EL cells were grown and used for preparation of PM. Following injection of 150 µL of acceptor
PM from wildtype ((a,c) filled bars) or GPI-deficient ((b,c) hatched bars) EL cells (0.15–0.20 mg
protein/mL) together with Ca2+ (ionic capture), 50 µL of EDC/NHS were injected into the chips
followed in sequential order by 100 µL of 1 M EtNH2 (covalent capture), 50 µL of 1 mM EGTA/2 M
NaCl and 50 µL of buffer each at a flow rate of 30 µL/min, 75 µL of antibodies against GPI-APs or
transmembrane proteins as indicated, 75 µL of PI-PLC (Bacillus cereus, 7.5 mU/mL), 25 µL of washing
buffer and 50 µL of TX-100 (0.1%) each at a flow rate of 15 µL/min. (a,b) PMs from six different cell
clones were analyzed for phase shift by SAW sensing using different chips. Phase shift as a measure
for expression of GPI-APs and transmembrane proteins at PM is given upon correction for unspecific
interaction (no PM) and normalization for varying capturing efficacy of different chip channels (i.e.,
for identical amounts of PM captured). The experiment was repeated five times with similar results.
Hatched vertical lines with green and black arrows indicate start and termination, respectively, of
cycles of fluid injection at the time points indicated. (c) The values for the six different cell clones
for wildtype and GPI-deficient EL cells each were corrected for identical phase shift induced by
capture of the PM (at 815 s prior to antibody injection; GPI-deficient PM accounted for only 45–69%
of the phase shift of wildtype PM) and then used for calculation of the phase shift ∆ induced by each
antibody (anti-Band-3, ∆ 1200–800 s; anti-CD55, ∆ 1500–1200 s; anti-Glut1, ∆ 1800–1500 s; anti-CD59,
∆ 2100–1800 s; anti-Glycophorin-A, ∆ 2400–2100 s; anti-AChE 2700–2400 s). The mean values ± SD
of the phase shift ∆ were used for calculation of the relative protein expression at PM, with wildtype
EL cells set at 100% each and significant differences vs. GPI-deficient ones indicated (* p ≤ 0.01,
§ p ≤ 0.05).

For all PM preparations, 30% to 55% of the ionically captured PM (at 300 s) resisted
injection of NaCl/EGTA and buffer (at 800 s) indicating covalent capture of a considerable
portion of the PM. The ionic/covalent capturing efficacies (identical amounts of PM protein
injected) differed between the six wildtype or GPI-deficient EL cell clones by 2.5- to 3-fold
and between wildtype and GPI-deficient EL cell clones by 2- to 2.5-fold.

The presence of the typical transmembrane proteins, Band-3, Glycophorin-A and
glucose transporter-1 (Glut1), and the GPI-APs, CD55, CD59 and acetylcholinesterase
(AChE), at the captured PM was determined by sequential injection (at 800 to 2700 s) of the
corresponding antibodies and their binding in sandwich to the chip. This procedure led
to stepwise increases in phase shift in response to anti-Band-3, Glut1 and Glycophorin-A
antibodies as well as anti-CD55, CD59 and AChE antibodies for each clone of wildtype
EL cells (Figure 1a). In contrast, GPI-deficient EL cells exhibited anti-Band-3, Glut1 and
Glycophorin-A antibody-induced phase shift increases, only.

The antibody-induced phase shifts in sandwich reflected the expression of GPI-APs at
PM of wildtype vs. GPI-deficient EL cells, which was confirmed by subsequent injection of
bacterial PI-PLC (Figure 1a,b; at 2700–2900 s). This specifically removed the diacylglycerol
moieties from the GPI anchors and thereby caused the loss of the GPI-AP protein moieties
as well as of those PM vesicles captured through their GPI-APs from the chip leading
to considerable reduction in phase shift with wildtype (Figure 1a) but not GPI-deficient
(Figure 1b) EL cells. The apparently incomplete lipolytic digestion may be explained with
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impaired accessibility of the GPI-APs for PI-PLC from Bacillus cereus, which is known to
depend on the type and species of the GPI-AP expressing cell.

Importantly, acylation at the 2-position of the myo-inositol residue of the glycan
core of human GPI-APs, such as erythrocyte AChE, was reported to impair cleavage by
bacterial PI-PLC [60–62]. Thus, the unexpected finding that GPI-APs of EL cells and human
adipocytes represented substrates for digestion by bacterial PI-PLC, at least to certain
degree, could hint to partial regain of deacetylase expression during cell culture leading to
limited amounts of non-acetylated GPI-APs. The residual PI-PLC-resistant portion of the
phase shift increases was completely eliminated upon injection of TX-100 (Figure 1a,b; at
3000–3200 s), compatible with disintegration of the PM as control for the dependence of
any phase shift increase on membranes captured by the chips.

Quantitative comparison of the six cell clones each (after correction for different cap-
turing efficacies and normalization, see figure legend) revealed drastically diminished ex-
pression of CD55, CD59 and AChE in PM of GPI-deficient vs. wildtype EL cells (Figure 1c).
In contrast, transmembrane proteins were not affected, with exception of a moderate re-
duction in Glut1 in GPI-deficient EL cells. These data confirmed the general and complete
defect in PM expression of GPI-APs in EL cell clones “IA” as had been previously generated
and characterized [63] and demonstrated the value of chip-based SAW sensing for the
detection of proteins at PM, even at a very low level.

As second mode, downregulation of PM expression of GPI-APs was provoked in
cultured human adipocytes with an inhibitor of GPI synthesis. Previously, the amino
sugar mannosamine (ManN) was demonstrated to considerably reduce the incorporation
of GPI into GPI-APs, possibly by leading to the depletion of transfer-competent GPI anchor
precursor [64]. In polarized MDCK cells, ManN caused the conversion of both endogenous
and recombinant GPI-APs, which are typically expressed at apical PM, to soluble proteins,
which become secreted in an unpolarized fashion.

Subsequent studies confirmed the capacity of ManN to inhibit the synthesis of full-
length GPI-APs in other cell types [65–67]. Furthermore, they showed that ManN becomes
incorporated into the glycan core at the 2-position from a mannose donor. It thereby pre-
vents other glycan core components, such as mannose, from being coupled to this position,
since the required hydroxyl group is replaced by a primary amino group [65]. Alternatively,
ManN may operate as enzymatic inhibitor of α-1,2-specific mannosyl transferases [68].

For demonstration of the effect of ManN on the expression of GPI-APs at PM in human
adipocytes differentiated from human adipose-derived stem cells (hADSCs) in vitro [69,70],
the same experimental design was used (Figure 2) as for the analysis of GPI-deficient EL
cells (see Figure 1). Following the ionic and covalent capture to chips of PM prepared
from human adipocytes that had been incubated with increasing concentrations of ManN,
antibodies against typical adipocyte transmembrane proteins and GPI-APs were injected
into the chips to assess their PM expression as the antibody-induced phase shift increases
(Figure 2).

As depicted for two different cell clones I and II (Figure 2a,b), ManN reduced the
PM expression of the GPI-APs, tissue non-specific alkaline phosphatase (TNAP), CD73
and AChE, in a concentration-dependent fashion without significantly affecting that of the
transmembrane proteins, glucose transporter-4 (Glut4), Glut1 and insulin receptor (IR).
Quantitative evaluation of six independent cell clones revealed the downregulation of
GPI-APs by 65% to 75% at 10 mM ManN, which was used in the following experiments
and an apparent IC50 of 4 mM (Figure 2c).

As third mode for the downregulation of PM expression of GPI-APs, primary rat
adipocytes were treated with methyl-ß-cyclodextrin (mßCD) for extraction of GPI-APs.
GPI-APs are concentrated in lipid rafts, i.e., in nanodomains that are thought to be formed
by self-aggregation of cholesterol and sphingolipids and to exist in a liquid-ordered
state [71–75]. Consequently, cholesterol is an absolute requirement for the integrity of
lipid rafts and its depletion leads to lipid raft dispersion with accompanying release of
GPI-APs from intact viable cells, as was already demonstrated for rat adipocytes upon
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exposure towards cholesterol-chelating mßCD [71,76]. mßCD has a central cavity able to
form a 2:1-complex with cholesterol [77,78] and (at variance with other agents causing acute
cholesterol depletion, such as digitonin, filipin and saponin [78]) acts at the membrane
surface, exclusively.

Fig. 2

Figure 2. Lowering of GPI-AP expression at PM of human adipocytes by ManN. Human adipocytes
of lipid-loading stage II (see Supplementary Materials, Methods and Figure S6) were incubated in the
absence (green, control) or presence of increasing concentrations of ManN (blue, 1 mM; red, 4 mM;
and orange, 10 mM) as described in the Materials and Methods. The expression of transmembrane
proteins and GPI-APs at PM prepared from the adipocytes was analyzed by SAW sensing. (a,b) PM
from two different cell clones (I,II) were analyzed using different chips. The measured phase shift
is given upon correction and normalization as described in the legend to Figure 1. (c) The values
from six independent cell clones for both control and ManN-treatment were used for calculation
of the phase shift ∆ induced by each antibody (anti-Glut4, ∆ 1200–800 s; anti-TNAP, ∆ 1500–1200 s;
anti-Glut1, ∆ 1800–1500 s; anti-CD73, ∆ 2100–1800 s; anti-IR, ∆ 2400–2100 s; anti-AChE, ∆ 2700–2400 s).
The mean values± SD of the phase shift ∆ were used for calculation of the relative protein expression
at PM with control adipocytes set at 100% each and significant differences vs. ManN-treated ones
indicated (* p ≤ 0.01, § p ≤ 0.05).

For the confirmation of extraction of GPI-APs from (lipid rafts of) PM of rat adipocytes
as a result of mßCD-treatment, the same experimental design was used (Figure 3) as
for the analysis of ManN-treated human adipocytes (see Figure 2). Following ionic and
covalent capture by chips of PM prepared from rat adipocytes that had been incubated
with increasing concentrations of mßCD for a constant period (Figure 3a) or with a con-
stant concentration of mßCD for increasing periods (Figure 3b), antibodies against typical
adipocyte transmembrane proteins and GPI-APs were injected into the chips to assess their
PM expression as the antibody-induced phase shift increases (Figure 3).

As depicted in representative experiments (Figure 3a,b), mßCD reduced the PM
expression of the GPI-APs, TNAP, CD73 and AChE, in concentration- (Figure 3a) and time-
(Figure 3b) dependent fashion without significantly affecting that of the transmembrane
proteins, Glut4, Glut1 and IR. mßCD in complex with cholesterol failed to extract GPI-APs
from PM demonstrating that this effect is specifically due to cholesterol depletion (Figure 3a,
grey curves).

This is in agreement with the negative correlation between the mßCD concentration
applied and the cholesterol content left in rat adipocyte PM (see Materials and Methods,
Section 4.6). Quantitative evaluation (Figure 3c,d) revealed maximal downregulation of
GPI-APs by 55 to 75% (depending on the type of GPI-AP) at 2 mM mßCD and 10 min
incubation. A longer extraction with 2 mM mßCD did not further increase extraction
efficacy but caused considerable impairment of cell viability (see Materials and Methods,
Section 4.6). Consequently, these conditions were used for subsequent analysis of the
functional effects of the transfer of GPI-APs to primary rat adipocytes.
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Figure 3. Removal of GPI-APs from PM of rat adipocytes by mßCD. Primary rat adipocytes were
incubated (a,c) in the absence (green) or presence of increasing concentration of mßCD (blue, 0.5 mM;
red, 1 mM; and orange, 2 mM) or 2 mM mßCD in complex with cholesterol (grey, mßCD-chol.) for
10 min or (b,d) in the absence (green) or presence of 10 mM mßCD for increasing periods of time
(blue, 2 min; red, 5 min; orange, 10 min; and grey, 30 min) as described in Materials and Methods.
The expression of transmembrane proteins and GPI-APs at PM, prepared from the adipocytes, was
analyzed by SAW sensing. (a,b) PM from representative adipocyte preparations analyzed by different
chips are shown and were repeated three to five times with similar results. The measured phase
shift is given upon correction as described in the legend to Figure 1. (c,d) The values from four to six
independent adipocyte preparations for both control and mßCD treatment were used for calculation
and normalization of the phase shift ∆ induced by each antibody. The mean values ± SD of the phase
shift ∆ were used for calculation of the relative protein expression at PM with control adipocytes
set at 100% each and significant differences vs. mßCD-treated ones indicated (* p ≤ 0.01, # p ≤ 0.02,
§ p ≤ 0.05).

2.2. GPI-APs Are Transferred from Micelle-like GPI-AP Complexes to EL Cells or Adipocytes with
Accompanying Stimulation of Glycogen and Lipid Synthesis, Respectively

For induction of transfer of exogenous GPI-APs to acceptor cells depleted of endoge-
nous GPI-APs, GPI-deficient EL cells, ManN-treated rat adipocytes and mßCD-treated
human adipocytes were incubated with micelle-like GPI-AP complexes, which were re-
constituted from (lyso)phospholipids and total rat adipocyte GPI-APs (see Materials and
Methods).

PMs prepared from these cells were monitored for the expression of rat adipocyte
GPI-APs by chip-based SAW sensing (Figure 4). Upon covalent and ionic capture of the
PM by the chip surface and subsequent injection of antibodies into the chip channels, the
phase shift increases served as measure for expression of endogenous Band-3, Glut4 and IR
(Figure 4a–c). As expected, their expression levels did not differ between cells incubated



Int. J. Mol. Sci. 2022, 23, 7418 9 of 39

in the absence (Control, blue curves) and presence of micelle-like GPI-AP complexes. At
variance, incubation with complexes led to considerable increases in expression of each
of the rat adipocyte GPI-APs, CD55, TNAP, CD73 and AChE, compared to the control
in all three cell types. This was dependent on the amount of complexes (Figure 4d) and
incubation time (Figure 4e).

Fig. 4

Figure 4. Transfer of full-length GPI-APs from micelle-like GPI-AP complexes to acceptor cells
with reduced expression of GPI-APs. (a) Wildtype and GPI-deficient EL cells, (b) untreated and
ManN-treated human adipocytes of lipid-loading stage II and (c) untreated and mßCD-treated rat
adipocytes were incubated with buffer (Control) or the indicated amounts of micelle-like rat adipocyte
GPI-AP complexes (prepared as described in Materials and Methods) for the indicated periods. The
expression of rat adipocyte transmembrane proteins and GPI-APs at PM prepared from the cells was
analyzed by SAW sensing as described in the legend to Figure 1. (a–c) PM from representative cell
clones/preparations analyzed by different chips are shown, repeated two times with similar results.
The measured phase shift is given upon correction and normalization as described for Figure 1.
(d,e) GPI-deficient EL cells, ManN-treated human adipocytes and mßCD-treated rat adipocytes
were incubated with increasing amounts (d) or two arb. units (e) of micelle-like GPI-AP complexes
for 30 min (d) or increasing periods of time (e). (d,e) The mean values ± SD of the phase shift
∆ from three to four independent complex/cell preparations for both wildtype/control and GPI-
deficiency/treatment induced by all antibodies against rat GPI-APs (summation signal between 1500
and 2700 s each) were used for calculation of relative transfer of rat GPI-APs to acceptor cells with
maximal incubations (5 arb. units, 60 min) set at 100% each and significant differences vs. incubation
with buffer for 60 min (d) or complexes (5 arb. units) for 0 min (e) indicated. (f) The mean values± SD
of the phase shift ∆ were used for calculation of transfer of total GPI-APs to acceptor PM for each
cell type and incubation (5 arb. units of complexes, 10 min; yellow curves in a–c) with significant
differences vs. control (buffer, 10 min; blue curves in a–c) indicated for each cell type (* p ≤ 0.01,
# p ≤ 0.02, § p ≤ 0.05).

The elevation in complex-induced PM expression was more pronounced for EL cells
(Figure 4a) compared to human (Figure 4b) and rat (Figure 4c) adipocytes. This is a
consequence of the complete failure of expression of endogenous GPI-APs in GPI-deficient
EL cells (Figure 4a, blue curve; Figure 4f, Control) compared to the only diminished one in
adipocytes in combination with cross-reactivity of the antibodies used for human and rat
adipocyte GPI-APs (Figure 4b,c, blue curves; Figure 4f, Control).

Apparently, for all three cell types, the transfer of GPI-APs from micelle-like com-
plexes did not differ significantly between normal (wildtype, untreated) and reduced
(GPI-deficient, ManN-/mßCD-treated) endogenous expression of GPI-APs (Figure 4a–c,
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yellow and green curves; Figure 4f for quantitative evaluation). The injection of bacterial
PI-PLC led to almost complete loss of the transferred rat adipocyte GPI-APs in all cell types
(compared to absence of complexes, control, blue curves).

This argued for anchorage of the transferred proteins by (non-acylated) GPI and thus
for transfer of full-length GPI-APs. The complete abrogation of phase shift increases upon
injection of TX-100 (Figure 4a–c) was compatible with transfer of the GPI-APs to PM of the
acceptor cells. Taken together, the data demonstrated that EL cells or human/rat adipocytes
with impaired expression of endogenous GPI-APs at PM can be used for studying functional
effects of the transferred GPI-APs.

Some decades ago, PIGs were synthesized or prepared from isolated GPI-APs, which
resemble in structure the glycan core of authentic GPI-APs to variable degree (see Supple-
mentary Materials, Figure S2) and reported to exert potent insulin-mimetic effects, such as
the stimulation of glucose transport and incorporation of glucose into lipids and glycogen,
in insulin target cells, such as adipose and muscle cells [56,79–81]. However, these data as
well as the proposed underlying molecular mechanisms have remained a matter of intense
dispute (for details, see Discussion). The insulin-mimetic activity of a specific subset of
structurally different PIGs synthesized by chemical means was re-evaluated in this study
(Supplementary Materials, Figure S3). The findings can be summarized as follows:

(i) PIGs stimulated lipid synthesis in primary rat adipocytes dependent on structure
and concentration to up to the maximal insulin effect (PIG41 at 20 µM; Supplementary
Materials, Figure S3a,b).

(ii) The experimental requirements for demonstration of maximal insulin-mimetic
activity of PIGs differed considerably from those for maximal insulin action with regard
to adipocyte size (large vs. small), incubation (high vs. low titer and intense vs. mild
shaking) and preparation (long vs. short collagenase digestion) (Supplementary Materials,
Figure S3a–f). This suggested different molecular mechanisms, i.e., extracellular pathways
for PIGs involving remodeling of the PM in course of cell-size increase, cell-to-cell contact,
mechanical stress and enzymatic attack vs. canonical intracellular insulin signaling.

(iii) BSA or serum proteins at certain concentrations in the incubation medium of
adipocytes were required to demonstrate the insulin-mimetic activity of PIGs, which
was predominantly based on keeping the control activity low rather than by increasing
the maximal PIG-induced activity (Supplementary Materials, Figure S4a). This was fur-
ther enhanced by removal of divalent cations (Supplementary Materials, Figure S4b, for
fold-stimulation in the presence of the Ca2+-chelating agent ortho-phenanthroline [Pha]).
Together this argued for a critical role of serum proteins in mediation of the insulin-mimetic
activity of PIGs.

(iv) PIGs caused the dissociation of serum proteins from binding to full-length GPI-
APs (Supplementary Materials, Figure S5a–c). This was presumably due to their structural
similarity to the GPI glycan core (see Supplementary Materials, Figures S1 and S2), with
PIG41 being most efficient as revealed by the IC30 of about 1 µM (Supplementary Materials,
Figure S5d–f, black horizontal and vertical lines).

Strikingly, relative upregulation of lipid synthesis exerted by the structurally different
PIG41, 37, 45, 7 and 1 (in that ranking order of declining potency) was not affected by
pretreatment, size or incubation of the adipocytes (Supplementary Materials, Figure S3)
with BSA, total serum proteins or divalent cations (Supplementary Materials, Figure S4).
The finding that PIGs inhibit the binding of GPI-APs to serum proteins suggested a causal
relationship between the insulin-mimetic activity of PIGs and the release of full-length
GPI-APs from serum proteins, possibly for their subsequent transfer to acceptor cells.

To substantiate causality between these processes, we tested whether the ranking order
of PIG41, 37, 45, 7 and 1 for insulin-mimetic activity (Supplementary Materials, Figure S3)
and dissociation of serum proteins from GPI-APs (Supplementary Materials, Figure S5) is
reflected in their ability to induce transfer of full-length GPI-APs from donor to acceptor
PM, prepared from human or rat adipocytes and rat erythrocytes in different configurations
(Figure 5). For this, acceptor PMs were immobilized by sequential ionic (400–600 s) and
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covalent coupling (600–800 s). Upon termination of the coupling reactions (800–1200 s),
donor PM with full-length GPI-APs embedded were injected together with buffer or serum
alone or serum in combination with PIGs (1200–4800 s). Following removal of the donor
PM by washing (4800–5000 s), the transfer of GPI-APs to acceptor PMs was monitored as
described above (Figure 1).
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Figure 5. Effect of serum and PIGs on the cell-free transfer of full-length GPI-APs from donor to
acceptor PM. Human adipocytes of lipid-loading stage IV (see Supplementary Materials, Figure S6)
(a,b) or erythrocyte (c) donor PM (400 µL) were injected at 1200 s and at a flow rate of 60 µL/min
into chips that had been coated with rat erythrocyte (a) and adipocyte (b,c) acceptor PM by ionic
(Ca2+) and then covalent (EDC/NHS) capture for the donor–acceptor PM configurations as indicated.
(a–c) After blockade with EtNH2 and washing with EGTA/NaCl, 100 µL of washing buffer (blue
curves) or serum from obese ZDF rats (diluted 5-fold with buffer, green curves) together with 100 µM
Pha alone or in combination with PIG41, 37, 45, 37 and 1 were injected. Thereafter, the chips were
incubated until 4800 s at 37 ◦C at flow rate zero (double-hatched vertical lines). Following injection
of EGTA/NaCl and then washing buffer, the expression of transmembrane proteins and GPI-APs
at PM prepared from the cells was analyzed by SAW sensing as described in the legend to Figure 1.
The experiments were repeated two times with similar results. Phase shift ∆ elicited by donor PM
and antibodies and eliminated by PI-PLC, as a measure for the transfer of all GPI-APs assayed, are
indicated by brackets (∆b, buffer alone; ∆s, serum together with Pha; ∆41, 37, 45, 7 and 1, PIG together
with serum and Pha). The experiments were repeated three times with similar results. (d–f) 20 µL
of serum together with increasing concentrations of PIGs were injected. The mean values ± SD
of the phase shift ∆ (∆41, 37, 45, 7 and 1—∆s)/(∆b—∆s) were used for calculation of the relative
PIG-induced transfer of GPI-APs to acceptor PM in the presence of serum with absence of serum
set at 100% for each donor–acceptor PM configuration. The thick horizontal lines at 20% are used
for delineation of the effective concentration for each PIG (EC20) as indicated by the vertical colored
thin lines.

As expected, transfer was detected for GPI-APs (CD73, TNAP, AChE and CD59) but
not for transmembrane proteins (Glut1, Glycophorin-A, IR), dependent on the donor–
acceptor PM configuration (Figure 5). GPI anchorage of the transferred GPI-APs was
demonstrated by about 70% loss due to cleavage of their GPI anchor by bacterial PI-
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PLC (6200–6400 s). Cleavage-resistant GPI-APs were completely eliminated by TX-100
(6400–6600 s), compatible with transfer to PM captured by the chip surface.

Importantly, with each of the three donor–acceptor PM configurations (Figure 5a–c),
the presence of serum from obese Zucker diabetic fatty (ZDF) rats (together with Pha)
during injection of the donor PM led to drastic reduction of GPI-AP transfer (Figure 5a–c,
green curves) compared to buffer (Figure 5a–c, blue curves). This serum-induced blockade
was abrogated by the simultaneous presence of PIGs (at 20 µM), with PIG41 being the most
efficient and almost reaching the complete restoration of transfer, followed by PIG37, 45
and finally PIG 7. PIG1 exerted almost no relief of inhibition.

This ranking order was confirmed by measurement of the concentration dependence
of PIG-induced GPI-AP transfer in the presence of serum (together with Pha) for each of
the donor–acceptor PM configurations (Figure 5d–f) with effective concentrations for 20%
(EC20) of maximal transfer (i.e., measured for the absence of serum) of 0.34–0.55 µM for
PIG41, 0.87–1.59 µM for PIG37, 2.0–4.3 µM for PIG45, 3.1–50 µM for PIG7 and >100 µM for
PIG1.

These cell-free data suggested that rat serum contains components that interfere with
intercellular transfer of GPI-APs through interaction with the glycan core of the GPI anchor.
One candidate component represents GPLD1, which according to previous findings, is
amenable to the inhibition of cleavage by the removal of Ca2+ (here provoked by Pha),
thereby, stabilizing its interaction with GPI anchors [53].

Next, it was studied whether inhibition by serum proteins and its relief by PIGs holds
true for the transfer of GPI-APs from micelle-like complexes to acceptor cells (Figure 6).
For this, GPI-deficient EL cells (Figure 6a,e), ManN-treated human adipocytes (Figure 6b,f)
and mßCD-treated rat adipocytes (Figure 6c,d) were incubated with micelle-like complexes
reconstituted with rat adipocyte GPI-APs in the presence of serum and PIGs of different
structure and then analyzed for expression of rat adipocyte GPI-APs at the acceptor cell
PM as described for Figure 1.

The transfer of CD55, TNAP, CD73 and AChE from the complexes to each cell type
(Figure 6a–c, blue curves) was completely inhibited by serum (Figure 6a–c, green curves;
taking into consideration their (low) endogenous expression in adipocytes but not in EL
cells). This inhibition, which was dependent on the volume of serum (Figure 6d, black
curve), was abrogated by PIGs at variable potency dependent on their concentration
(Figure 6e,f) and structure (Figure 6a–c,e,f). The ranking order (of declining potency) for
PIG-induced transfer of each GPI-AP from complexes to each cell type in the presence of
serum was PIG41 > PIG37 > PIG45 > PIG7 > PIG1 as revealed by their increasing EC30
(Figure 6e,f; vertical hatched lines) and thus matched those for transfer from isolated donor
to acceptor PM (see Figure 5).

Consequently, increasing concentrations of PIG41 reduced the potency of serum to
inhibit transfer as reflected in right-ward shifts of the serum volume–inhibition curves
(Figure 6d). This led to elevation of the volumes required for 50% inhibition of transfer
(IV50, vertical hatched lines). At 30 µM PIG41 no effect of serum on transfer was observed
(Figure 6f, pink curve). Together, the data strongly argued for competition of GPI-APs and
PIGs for interaction with some serum components that interfere with transfer of GPI-APs
from micelle-like complexes to acceptor cells.

Next, the nature of those serum components was characterized (Figure 6g). For this,
rat serum was treated with heat (red bar) or PK (yellow bar) and then assayed for effect
on complex-induced transfer of rat adipocyte GPI-APs to mßCD-treated rat adipocytes.
Both heat- and PK-treated serum did not impair transfer, arguing for the proteinaceous
nature of the transfer-inhibiting serum component. Furthermore, GPLD1 alone (Figure 6g,
brown bar) and, more pronouncedly, in combination with Pha (green bar) interfered with
complex-induced transfer of GPI-APs, which was compatible with the assumed function
of GPLD1 as binding-protein for full-length GPI-APs (see Figure 5). Finally, BSA at a
concentration in the range of serum concentration of albumin was identified as an inhibitor
of transfer (Figure 6g, pink bar) with potency comparable to GPLD1.
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AP complexes to acceptor cells. (a) GPI-deficient EL cells, (b) ManN-treated human adipocytes
of lipid-loading stage II or (c) mßCD-treated rat adipocytes were incubated (10 min, 37 ◦C) with
micelle-like rat adipocyte GPI-AP complexes (5 arb. units) in the absence or presence of serum
(30 µL) and PIGs (30 µM) (a,b) or as indicated (c). The expression of GPI-APs and transmembrane
proteins at PM prepared from the cells was analyzed by SAW sensing as described in the legend
to Figure 1. (d–f) mßCD-treated rat adipocytes (d), GPI-deficient EL cells (e) and ManN-treated
human adipocytes (f) were incubated (60 min, 37 ◦C) with complexes (5 arb. units), serum (30 µL)
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mean values ± SD of the phase shift ∆ from four to six independent cell clones/preparations and
incubations induced by all antibodies against rat GPI-APs (summation signal between 1500 and
2700 s) were used for calculation of the relative PIG-induced transfer of all rat GPI-APs to acceptor
cells with 30 µM PIG41 in the presence of serum (e,f) or absence of both PIG41 and serum (d) set at
100%. The blue horizontal lines and the colored hatched vertical lines indicate (e,f) the concentration
for 30% induction of transfer in the presence of serum for each PIG (EC30) and (d) the serum volume
for 50% inhibition of transfer in the absence or presence of PIG41 (IV50). (g) mßCD-treated rat
adipocytes were incubated (60 min, 37 ◦C) with complexes (5 arb. units) in the absence (Control, blue
bar) or presence of untreated (black bar), heat-treated (red bar) or proteinase K-treated (PK, yellow
bar) serum (50 µL) or GPLD1 (0.5 U) in the absence (brown bar) or presence of Pha (2 mM, green
bar) or BSA (50 mg/mL, pink bar). The mean values ± SD of the phase shift ∆ from three to four
independent complex/cell preparations induced by all antibodies against rat GPI-APs (summation
signal between 1500 and 2700 s) were used for calculation of the relative complex-induced transfer
of all rat GPI-APs to acceptor cells with control set at 100% and significant differences vs. control
indicated (* p ≤ 0.01, # p ≤ 0.02, § p ≤ 0.05).

Remarkably, the relative potency of PIGs in preventing serum inhibition of transfer of
GPI-APs from isolated donor to acceptor PM (Figure 5) and from micelle-like complexes
to acceptor cells (Figure 6) was identical with that for stimulation of lipid synthesis in
rat adipocytes (Supplementary Materials, Figure S3) and glycogen synthesis in rat di-
aphragms [56]. This correlation suggested a role of intercellular transfer of GPI-APs in the
regulation of lipid and glycogen synthesis in the acceptor cells.
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To test for this possibility, EL cells and human or rat adipocytes with impaired PM
expression of GPI-APs were incubated with micelle-like complexes reconstituted with total
rat adipocyte GPI-APs or purified rCD73 or bAChE (in the absence of serum proteins as
well as BSA) and then assayed for synthesis of glycogen and lipids, respectively (in the
presence of BSA) (Figure 7).

Fig. 7

Figure 7. Stimulation of glycogen and lipid synthesis by micelle-like GPI-AP complexes in acceptor
cells and effect of serum proteins and PIGs. (a–d) Wildtype and GPI-deficient EL cells (a), untreated
and ManN-treated human adipocytes of lipid-loading stage II (b) or untreated and mßCD-treated
rat adipocytes (c,d) were incubated (30 min, 37 ◦C) without or with micelle-like GPI-AP complexes
(a–c, increasing amounts; d, 10 arb. units), reconstituted with total rat adipocyte GPI-APs (a–d),
bAChE or rCD73 (a,c) as described in Materials and Methods, in the absence (a,c) or presence (b,d)
of half-maximal (0.15 nM) and maximal (2 nM) effective concentrations of insulin and then assayed
for glycogen (a) or lipid (b–d) synthesis as described in Materials and Methods. (a–d) The mean
values± SD (4–6 independent incubations and assays, each) of the synthesized glycogen and lipid are
given as arb. units set at 1000 for incubation of wildtype or untreated cells without complexes as well
as insulin. Significant increases vs. absence of complexes are indicated by colored symbols. Significant
differences between wildtype and GPI-deficient EL cells or untreated and treated adipocytes are
indicated by black symbols. (d) Lipid synthesis in mßCD-treated rat adipocytes is given for untreated
adipocytes in the absence of complexes set at 1000 arb. units. (e–g) mßCD-treated rat adipocytes (e),
GPI-deficient EL cells (f) and ManN-treated human adipocytes (g) were incubated (30 min, 37 ◦C)
with micelle-like GPI-AP complexes from total rat adipocyte GPI-APs (20 arb. units) in the absence or
presence of serum (e, increasing volumes; f,g, 50 µL) as well as increasing concentrations of PIGs and
then assayed for lipid (e,g) or glycogen (f) synthesis. (e–g) The mean values ± SD (3–7 independent
incubations and assays, each) of the synthesized glycogen and lipid are given with complexes alone
set at 100%. The volumes of serum (e) or concentrations of PIGs (f,g) required for 30% decrease
(horizontal blue line) in lipid synthesis (e; IV30) or 30% increase (horizontal blue lines) in glycogen
(f; EC30) or lipid (g; EC30) synthesis are given by the hatched vertical lines for each PIG. (h) mßCD-
treated rat adipocytes were incubated (30 min, 37 ◦C) in the absence (light blue bar) or presence of
micelle-like GPI-AP complexes from total rat adipocyte GPI-APs (20 arb. units), which had been left
untreated (black bar) or immune depleted from rCD73 (grey bar) or rAChE (yellow bar) or treated
with bacterial PI-PLC (red bar) or with complexes that had been reconstituted without proteins (green
bars) or with erythrocyte Band-3 (dark blue bar) or with complexes together with untreated serum
(50 µL, brown bar) or PK-treated serum (pink bar) or GPLD1 (0.2 units/mL) together with Pha (2 mM,
orange) or BSA (50 mg/mL, light red) and then assayed for lipid synthesis. The mean values ± SD
(four or five independent incubations and assays, each) of the synthesized lipid are given as arb.
units set at 1000 for incubation of untreated rat adipocytes without complexes. Significant differences
are indicated (* p ≤ 0.01, # p ≤ 0.02 and § p ≤ 0.05).
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In GPI-deficient EL cells (Figure 7a) as well as ManN-treated human (Figure 7b) and
mßCD-treated rat (Figure 7c) adipocytes, glycogen and lipid synthesis, respectively, was
upregulated by rat adipocyte GPI-AP complexes (Figure 7a–c, red curves) in concentration-
dependent fashion to up to 5.6-, 3.3- and 3.9-fold above basal, respectively. In contrast, in
wildtype EL cells as well as untreated human and rat adipocytes only moderate stimulations
of glycogen and lipid synthesis were detectable, even at high amounts of complexes
(Figure 7a–c, blue curves).

Importantly, rCD73 (Figure 7a–c, green curves) and bAChE (orange curves) complexes
were inactive in each cell type. In insulin-responsive ManN-treated human (Figure 7b)
and mßCD-treated rat (Figure 7d) adipocytes the simultaneous presence of rat adipocyte
GPI-AP complexes and half-maximal (Figure 7b, orange curves; Figure 7d, orange bars)
or maximal (Figure 7b, green curves; Figure 7d, orange bars) effective concentrations of
insulin stimulated lipid synthesis in additive and sub-additive fashion, respectively, vs.
complexes alone (Figure 7b, red curve) or insulin alone (Figure 7d, red bars).

This resulted in declining fold-stimulations by complexes in the presence of insulin
(Figure 7b) and vice versa by insulin in the presence of complexes (Figure 7d). Together,
these data argued that transfer of GPI-APs from micelle-like complexes reconstituted with
total rat adipocyte GPI-APs, rather than solely with rCD73 or bAChE, to EL cells and
adipocytes with downregulated PM expression of GPI-APs leads to stimulation of glucose
and lipid synthesis, respectively, involving a signaling pathway that differs from that of
insulin.

As expected, based on the interference of serum proteins with the transfer of GPI-APs
from micelle-like complexes to EL cells and adipocytes (see Figure 6), serum reduced
complex-induced lipid synthesis in mßCD-treated rat adipocytes in volume-dependent
fashion by up to 85% to 90% (Figure 7e, black curve). Serum inhibition was diminished by
PIG41 in concentration-dependent fashion to up to complete abrogation at 30 µM (Figure 7e,
pink curve). Increasing concentrations of PIG41 necessitated increasing volumes of serum
for 30% inhibition of complex-induced synthesis in mßCD-treated rat adipocytes (Figure 7e,
colored curves and vertical hatched lines, IV30), GPI-deficient EL cells and ManN-treated
human adipocytes (data not shown).

Structurally different PIGs considerably differed in their efficacy to counteract serum
inhibition of complex-induced synthesis in GPI-deficient EL cells (Figure 7f), ManN-treated
human adipocytes (Figure 7g) and mßCD-treated rat adipocytes (data not shown), with
PIG41 being most potent, followed by PIG37, PIG45 and finally PIG7, as reflected in their
increasing EC30 (Figure 7f,g, vertical hatched lines). PIG1 was almost inactive. The similar
EC30 of PIGs for abrogation of serum inhibition of complex-induced transfer (Figure 6) and
glycogen and lipid synthesis (Figure 7f,g) argued for causal relationship between transfer
and stimulation of synthesis.

Next, the nature of the complexes and serum component that manage to induce lipid
synthesis and interfere with it, respectively, was studied with mßCD-treated adipocytes
(Figure 7h). Micelle-like complexes reconstituted with total rat adipocyte GPI-APs that
had been immune depleted of rCD73 (grey bar) or rAChE (orange bar) did not differ from
untreated complexes (black bars) in stimulating lipid synthesis. Complexes treated with
bacterial PI-PLC failed to stimulate lipid synthesis (red bar). Complexes reconstituted
without proteins (green bars) or erythrocyte Band-3 protein (dark blue bar) were inactive.

Serum digested with PK failed to inhibit complex-induced lipid synthesis (Figure 7h,
pink bar). Remarkably, GPLD1 in combination with Pha (light brown bar) or BSA at a
concentration prevalent in serum (pink bar) significantly interfered with complex-induced
lipid synthesis by 50% to 60%. Together these data, which were qualitatively reproduced for
glycogen synthesis in GPI-deficient EL cells (data not shown), confirmed that the transfer of
certain adipocyte GPI-APs, but not of CD73 and AChE, is prerequisite for complex-induced
glycogen and lipid synthesis in acceptor cells. Furthermore, its inhibition by serum depends
on a proteinaceous component, which apparently includes, but is not restricted to, GPLD1
and albumin.
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A previous study demonstrated positive correlation of the release of GPI-APs from
primary rat adipocytes to their size and, as a consequence, to the age of the donor ani-
mals [82,83]. Therefore, the impact of cell size on the stimulation of lipid synthesis by
micelle-like rat adipocyte GPI-AP complexes was studied next (Supplementary Materials,
Figure S6). For this, adipocytes were used that had been prepared from rats of three differ-
ent age classes and thus corresponded to size classes I = small, II = medium and IV = large
diameter) [82].

In agreement with literature data [84–87], basal lipid synthesis (absence of insulin) was
the lowest for small adipocytes, followed by medium and large ones (Supplementary Mate-
rials, Figure S6a). Consequently, both insulin sensitivity (Figure S6a) and responsiveness
(Supplementary Materials, Figure S6c) were the highest for small, followed by medium and
then large adipocytes as reflected in the increasing apparent EC50 (0.19, 0.55 and 1.34 nM,
horizontal and vertical hatched lines) and significantly decreasing fold-stimulations by
insulin, respectively.

Moreover, as manifested in the absolute increases (Supplementary Materials, Figure S6b)
and fold-stimulations (Supplementary Materials, Figure S6d) of lipid synthesis, small rat
adipocytes (Supplementary Materials, Figure S6b,d, blue curve and bar) exhibited the
highest responsiveness towards micelle-like GPI-AP complexes, followed by medium
(Supplementary Materials, Figure S6b,d, red curve and bar) and then large (Figure S6b,d,
green curve and bar) cells.

Again, stimulation of lipid synthesis by complexes (as shown here only for small
adipocytes) turned out to rely on total rat adipocyte GPI-APs (Supplementary Materials,
Figure S6b, blue and pink curves) rather than solely on CD73 (orange curve) or AChE
(black curve) as revealed by adsorption of total rat GPI-APs to α-toxin Sepharose beads
(Supplementary Materials, Figure S6b, pink curve) and immune depletion of rCD73 or
rAChE (Supplementary Materials, Figure S6b, orange and black curves), respectively. Thus,
upregulation of lipid synthesis in rat adipocytes in response to transfer of total adipocyte
GPI-APs depends on the cell size/age of the donor animals with small size/low age being
most effective.

2.3. GPI-APs Are Transferred between EL Cells and Human Adipocytes in Transwell Co-Culture
with Accompanying Stimulation of Glycogen and Lipid Synthesis, Respectively

The above findings of transfer of rat adipocyte GPI-APs from micelle-like complexes to
human EL cells or adipocytes with impaired expression of GPI-APs at PM (see Figure 4) un-
der accompanying upregulation of glycogen and lipid synthesis, respectively (see Figure 7),
prompted the question as to whether transfer of GPI-APs in parallel to synthesis stimulation
occurs also in a more physiological setting between cells.

To test for this, putative donor and acceptor cells were cultured in the insert wells at
the top and in the companion bottom wells, respectively, of transwell co-cultures, which
are separated from one another by a semipermeable filter plate (with pores of 1 µM
diameter). This configuration prevented direct cell-to-cell contact and enabled passage of
large molecules and complexes, such as lipoprotein-like complexes and micelle-like GPI-AP
complexes (data not shown), but not of extracellular vesicles and cells (data not shown).

Upon incubation, intercellular transfer of GPI-APs, which encompasses their (i) release
from donor cells in the insert wells, (ii) diffusion across the filter plate to the bottom
wells and (iii) subsequent insertion into the PM of acceptor cells, may occur in parallel
to stimulation of glycogen and lipid synthesis in the acceptor cells. Transfer to PM of
the acceptor cells was monitored by chip-based SAW sensing as described for Figure 1
(Figure 8), and glycogen and lipid synthesis was assayed in the acceptor cells upon addition
of [U-14C]glucose and NBD-FA, respectively, to the bottom wells (Figure 9).
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Figure 8. Transfer of full-length GPI-APs from donor to acceptor cells in transwell co-culture.
Transwell co-cultures were run with donor and acceptor cells in the insert and bottom wells, re-
spectively, as described in Materials and Methods in homologous configuration ((a,e), GPI-deficient
[orange curves] or wildtype [other colors] EL cells and GPI-deficient EL cells; (d,h), untreated human
adipocytes of lipid-loading stage II [A] or medium alone [M] and ManN-treated human adipocytes
of lipid-loading stage II) or heterologous configuration ((b,f), wildtype EL cells [EL] or medium
alone [M] and ManN-treated human adipocytes of lipid-loading stage II; (c,g), ManN-treated [orange
curves] or untreated [other colors] human adipocytes of lipid-loading stage II or medium alone
[blue curve]). After incubation (37 ◦C) for various times (h, hours; d, days; and w, weeks), PM
were prepared from the cells of the bottom wells, coupled to chips by ionic/covalent capture and
then analyzed for expression of the membrane proteins indicated by SAW sensing as described for
Figure 1. (a–d) Phase shifts induced by binding of antibodies against GPI-APs or transmembrane
proteins and by PI-PLC- and TX-100-treatment (from 700 to 3100 s) are shown, only, omitting the
preceding capturing procedures (0–700 s, see Figure 1). Correction and normalization of the phase
shift were performed as described in the legend to Figure 1. Phase shift ∆ between injection of the
first (at 800 s) and last (at 2700 s) antibodies against membrane proteins (a) as well as of the first (at
1800 s (b,c); 1500 s (d)) and last (2700 s (b–d)) antibodies against GPI-APs are indicated by horizontal
hatched lines and brackets for each period ([A] donor adipocytes, [EL] donor EL cells, [M] medium
alone in the inset wells). (e–h) The experiments were repeated three to six times for the indicated
configurations and periods. Phase shift ∆ induced by antibodies against all membrane proteins (e) or
only against all GPI-APs (f–h) were used for calculation of the homologous (e,h) or heterologous
(f,g) intercellular transfer. (f,h), Phase shift ∆ for each incubation of acceptor with donor cells was
corrected for that with medium alone in the insert wells (“M” in (b,d)). (e–h) Significant differences
vs. 5-min incubation are indicated (black and orange symbols). Significant differences between
wildtype and GPI-deficient EL cells (e) or untreated and ManN-treated human adipocytes (g) as
donor cells are indicated (green symbols) (* p ≤ 0.01, # p ≤ 0.02, § p ≤ 0.05).
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Figure 9. Biochemical and cell biological characterization of the intercellular transfer of GPI-APs.
Transwell co-cultures were run with (a,e) wildtype and GPI-deficient EL cells, (b,f) wildtype EL
cells and ManN-treated human adipocytes of lipid-loading stage II (see Supplementary Materials,
Figure S6), (c,g) untreated human adipocytes of lipid-loading stage II and GPI-deficient EL cells, or
(d,h) untreated and ManN-treated human adipocytes of the indicated stage of lipid-loading (class
donor→ class acceptor adipocytes) in the insert and bottom wells, respectively, as described in the
legend to Figure 8. Where indicated, only medium was present in the insert wells (a,b, ∆ Medium; d,
∆ Med.I/IV for adipocytes of lipid-loading stage class I and IV, respectively). After incubation (37 ◦C,
1 week, serum- and albumin-free medium) in the absence (∆ Control) or presence (a,e) of single
antibodies (source and titer used see Ref. [83] against Glut1, AChE, CD55 or CD59, or a combination
of antibodies against all GPI-APs (ALL), each coupled to protein A Sepharose, or phenylsepharose
(150 µL, PhSe/PhenSeph) or PI-PLC (Bacillus cereus, 0.2 U/mL) or α-toxin coupled to Sepharose
(50 µL), or (b,f) γ-globulin (15 mg/mL), or BSA (50 mg/mL), or GPLD1 (100 mU/mL), or GPLD1
with Pha (2 mM), or rat (obese ZDF) serum (100 µL), or rat (obese ZDF) serum with Pha (2 mM) or
(c,g) PIGs as indicated (10 µM) or rat (obese ZDF) serum (100 µL), PM were prepared from the cells
of the bottom wells and then analyzed for the expression of GPI-APs and transmembrane proteins by
chip-based SAW sensing as described for Figure 1. (a–d) Phase shifts induced by antibody binding
and PI-PLC- or TX-100-treatment (from 1500 to 3100 s) after correction and normalization are shown,
only, with those induced by all antibodies against GPI-APs (summation signals between 1800 and
2700 s) are indicated by horizontal hatched lines and brackets for each period. (e–h) The experiments
were repeated three to five times for the indicated configurations and agents (e), serum volumes
(f) and concentrations of PIGs (g). (e,f) Phase shift ∆ for each incubation of acceptor with donor
cells was corrected for that with medium alone in the insert wells (∆ Medium) and then used for
calculation of the relative transfer of single or all GPI-APs as monitored by chip-based sensing with
the indicated single or combined antibodies, respectively, with controls (no added agent or serum)
set at 100%. Significant differences vs. control (e) or absence of serum (f, orange and red symbols) as
well as for serum vs. serum + Pha (f, black symbols) are indicated. (g) Phase shift ∆ were used for
calculation of the relative PIG-induced transfer of all GPI-APs with absence and presence of serum set
at 100 and 0%, respectively. (h) Phase shift ∆ were corrected for those with medium alone in the insert
wells (∆ Med.I/IV, ∆ Medium for lipid-loading stage I or IV) for all configurations of stages of class
donor→ class acceptor adipocytes and used for calculation of transfer of single or all GPI-APs [◦].
Significant differences between the transfer of all GPI-APs (ALL) are indicated (* p ≤ 0.01, # p ≤ 0.02,
§ p ≤ 0.05).
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The incubation of wildtype EL cells or untreated human adipocytes as donor cells with
GPI-deficient EL cells or ManN-treated human adipocytes as acceptor cells in transwell
co-culture in both homologous (Figure 8a,d) and heterologous configurations (Figure 8b,c)
led to considerable increases in PM expression of the GPI-APs, CD55, CD59 and AChE
(Figure 8a,b) and TNAP, CD73 and AChE (Figure 8c,d), respectively, during incubation
for 0.5 h to 1 week (Figure 8e). In contrast, PM expression of transmembrane proteins
did not increase. As expected, GPI-deficient EL cells (Figure 8a) or ManN-treated human
adipocytes (Figure 8c) as donor cells in the insert wells did not support transfer during
1 week of culture (orange curves).

Quantitative evaluation of the intercellular transfer of all GPI-APs between wildtype
and GPI-deficient EL cells (Figure 8e) or untreated human adipocytes and GPI-deficient
EL cells (Figure 8g) revealed significant differences between donor cells with normal
(Figure 8e,g, black curves) and no/low (Figure 8e,g, yellow curves) PM expression of
GPI-APs (Figure 8e,g, green symbols), compatible with complete defect in synthesis of
GPI-APs as already demonstrated above (see Figure 1). As an additional control, incubation
of GPI-deficient EL cells with culture medium alone (Figure 8c, 1 week, ∆ M1w; Figure 8g,
up to 2 weeks; blue curves) did not support GPI-AP transfer.

For correction of the residual endogenous expression of GPI-APs at PM in acceptor
cells during co-culture with donor wildtype EL cells (Figure 8b, EL) and untreated human
adipocytes (Figure 8d, A), ManN-treated human adipocytes were incubated with culture
medium alone (M) in parallel. The total increases in GPI-AP expression at their PM were
significantly higher with wildtype EL cells (Figure 8b) and untreated human adipocytes
(Figure 8d) as donor cells in comparison to medium alone after co-culture for at least one
day. Quantitative evaluation revealed significant increases in transfer between wildtype EL
cells and ManN-treated human adipocytes (Figure 8f) as well as between untreated and
ManN-treated human adipocytes (Figure 8h) after co-culture for at least 12 h.

Taken together, these data were compatible with (i) release of GPI-APs from donor cells
in the insert wells, (ii) their subsequent diffusion across the filter plate into the bottom wells
and (iii) their final insertion into the PM of acceptor cells expressing low or no GPI-APs.
Thus, transwell co-culture enables monitoring of the transfer of GPI-APs between cells
separated by an aqueous compartment.

On basis of determination of the absolute numbers of AChE molecules at the PM of
donor and acceptor cells before and after incubation (for one week) in transwell co-culture
using normalized chip-based SAW sensing with AChE purified from human erythrocytes as
standard (see Supplementary Materials, legend to Table S1) and PM derived from defined
numbers of cells grown in the inset and bottom wells as well as under consideration of
the non-linear response of phase shift with mass (i.e., GPI-Aps, including AChE) loaded
onto the chip (in particular in case of sandwich configuration of differing complexity),
the percentage of GPI-APs transferred under the experimental conditions of Figure 8 was
found to reach about 1% to 10% for the various donor–acceptor cell configurations (see
Supplementary Materials, Table S1).

However, this calculation of the efficacy of (heterologous) GPI-AP transfer did not
consider the (presumably low) numbers of AChE molecules (i) synthesized during the
1-week incubation by the donor cells, in particular by those having released GPI-APs,
(ii) being lost during the transfer process in course of unspecific adsorption to the filter
plate or plastics of the culture dishes or due to unphysiological dilution by the culture
medium and (iii) being released from the acceptor cells in course of successful transfer.

Nevertheless, these considerable portions of full-length GPI-APs transferred from
donor to acceptor cells in the transwell co-culture further substantiated the conclusion about
the biological function and physiological relevance of GPI-AP transfer in vivo. Furthermore,
the significant differences in transfer efficacy between configurations of different donor cells
(and identical acceptor cells) and the lack of differences between configurations of identical
donor cells (and different acceptor cells) were in agreement with release of full-length
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GPI-APs from PM of donor cells rather than their insertion into PM of acceptor cells being
rate-limiting for GPI-AP transfer.

For further biochemical and cell biological characterization of the intercellular transfer
of GPI-APs, the effect of various agents was studied upon their addition to the insert
wells of transwell co-cultures in homologous and heterologous configurations (Figure 9).
Transfer of CD55, CD59 and AChE from wildtype to GPI-deficient EL cells was significantly
diminished by immune depletion with the corresponding antibody-protein A Sepharose
(Figure 9a,e, dark green curve and bar) either alone or in combination (ALL) and, most
potently, by adsorption to α-toxin Sepharose.

As expected, anti-Glut1-protein A Sepharose did not affect transfer (Figure 9a,e, or-
ange curve and bar) and culture medium alone in the insert wells did not support transfer
(Figure 9a, blue curve). The only partial reduction of total GPI-AP transfer in course of
bacterial PI-PLC action (Figure 9e, light green curve) is explained best by limited accessi-
bility of the GPI anchor of human GPI-APs per se (see explanation for Figures 1 and 2) or
due to their arrangement in PI-PLC-resistant micelle-like complexes during transfer. These
findings were compatible with appearance of GPI-APs during their intercellular transfer as
soluble entities in the culture medium of the insert and bottom wells.

Interestingly, phenylsepharose, which had previously been shown to strongly bind to
the fatty acyl chains of the GPI anchor of GPI-APs [88–90], failed to block GPI-AP transfer.
This is compatible with masking of the hydrophobic portion of the GPI anchor within a
macromolecular assembly, a candidate of which represents the recently described micelle-
like complexes that are constituted by GPI-APs and (lyso)phospholipids [31,32]. Mediation
of intercellular transfer of GPI-APs by those complexes of apparently larger size rather than
by monomolecular entities was further supported by its almost complete blockade in the
course of using transwell co-cultures with filter plates of 0.4 µm pore size instead of 1 µm
(data not shown).

Furthermore, the observation that downregulation of transfer of a GPI-AP by immune
depletion relied on the corresponding antibody (Figure 9a,e) but was not functional with
antibodies against other GPI-APs (Figure 9a) suggested that each complex consists of
(lyso)phospholipids and only a single species of GPI-AP rather than of several or all GPI-
APs expressed at PM of the donor cells. This finding together with the heavily impaired
diffusion of vesicular structures across filter plates with 1 µm pore size (G.A.M., T.D.M.,
unpublished observations) argued against extracellular vesicles as putative mediators of
intercellular transfer.

Next, the effects of total and specific serum proteins, which have already been demon-
strated to interact with GPI-APs, such as GPLD1 [31,53] or albumin (Supplementary Mate-
rials, Figure S4), on intercellular transfer of GPI-APs were investigated (Figure 9b,c,f,g). In
fact, rat serum added to the insert wells led to downregulation of the transfer of GPI-APs
from wildtype EL cells or untreated human adipocytes to ManN-treated adipocytes or
GPI-deficient EL cells, respectively (Figure 9b,c, green curves) in volume-dependent fashion
(Figure 9f, orange curve) to up to the level observed with culture medium instead of donor
cells (Figure 9b, blue curve).

Serum GPLD1 diminished transfer to up to about 70% of serum inhibition (Figure 9b,
grey curve). This inhibition was further exacerbated by simultaneous presence of the
Ca2+-chelating agent Pha (Figure 9b,f, red and black curves). This was compatible with
stabilization of the interaction of GPI-APs with serum GPLD1 and possibly with other
Ca2+-dependent serum proteins in the absence of Ca2+. Complete inhibition of transfer
was achieved with 200 and 100 µL of serum in the absence (Figure 9f, orange curve) and
presence of Pha (Figure 9f, red curve) in the culture medium, which corresponded to a final
dilution of 1:75 and 1:150, respectively.

Moreover, BSA at a concentration of 50 mg/mL, corresponding to that of albumin in
human serum [91–93], and a final dilution of 1:75 reduced GPI-AP transfer by about 35%
(Figure 9b, turquoise curve). In contrast, γ-globulin at a concentration corresponding to
that in human serum and the same final dilution had no effect (Figure 9b, brown curve).
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Together these findings strongly suggested that serum proteins, among them GPLD1 and
albumin, control the efficacy of intercellular transfer of GPI-APs by direct interaction with
their anchors.

Since PIGs have already been demonstrated to cause dissociation of GPI-APs from
serum proteins (Supplementary Materials, Figure S5), their effect on the intercellular trans-
fer of GPI-APs was assayed next (Figure 9c,g). In fact, PIGs caused restoration of the
transfer of TNAP, CD73 and AChE from untreated human adipocytes to GPI-deficient
EL cells that had been completely blocked by serum (Figure 9c, blue curve; no endoge-
nous expression of GPI-APs in GPI-deficient EL cells), dependent on their structure and
concentration (Figure 9g), to up to the control (Figure 9c, green curve; absence of serum).
PIG41 was most effective, followed by PIG37, 45, 7 and 1, as also reflected in the increasing
EC30 in this ranking order (Figure 9g, vertical hatched lines). These data demonstrated the
capability of serum proteins to block intercellular transfer of GPI-APs through interaction
with the glycan core of their GPI anchor, which is overcome by excess of PIGs.

Based on previous findings about the positive correlation between the size of primary
rat adipocytes as donor cells and the release of GPI-APs from their PM [82], the impact
of lipid-loading of human adipocytes, as a result of lipid droplet biogenesis [94], on the
intercellular transfer of GPI-APs was investigated (Figure 9d,h). In fact, the transfer of
TNAP, CD73 and AChE from untreated to ManN-treated human adipocytes was found to
depend on the stage of lipid-loading of both donor and acceptor cells and to significantly
differ between the four configurations assayed.

Upon correction for the endogenous PM expression of GPI-APs in heavily (Figure 9d,
brown curve; stage IV) and slightly lipid-loaded (Figure 9d, red curve, stage I) adipocytes,
transfer was the most and least efficient from heavily to slightly lipid-loaded adipocytes
(Figure 9d,h, green curve and bars) and from slightly to slightly lipid-loaded adipocytes
(Figure 9d,h, orange curve and bars), respectively, with the other two configurations in
between (Figure 9d,h, blue and turquois curves and bars). Apparently, the stage of lipid-
loading of human adipocytes determined the efficacy of transfer of GPI-APs between them,
with heavily lipid-loaded ones acting as efficient donor cells and slightly loaded ones as
efficient acceptor cells.

Finally, the same acceptor cells that had been analyzed for transfer of GPI-APs from
donor to acceptor cells in homologous and heterologous configurations (Figure 8) as well as
its impairment by various agents (Figure 9) were studied for glycogen and lipid synthesis for
unravelling of putative correlations between transfer and synthesis stimulation (Figure 10).

Transwell co-culture of wildtype but not GPI-deficient EL cells with GPI-deficient EL
cells (Figure 10a) or ManN-treated human adipocytes (Figure 10b) as well as untreated but
not ManN-treated human adipocytes with GPI-deficient EL cells (Figure 10c) or ManN-
treated human adipocytes (Figure 10d) led to time-dependent stimulation of glycogen
(Figure 10a,c) and lipid synthesis (Figure 10b,d), respectively, in the corresponding acceptor
cells. Importantly, the presence of α-toxin Sepharose (Figure 10e, grey bars) and bacterial
PI-PLC (light green) completely and partially, respectively, interfered with the upregulation
of glycogen synthesis.

These data together with failure of a transwell co-culture with 0.4 µm pore size
to support transfer and glycogen synthesis stimulation (G.A.M., T.D.M., unpublished
observations) made the involvement of other soluble entities released from the donor
cells, such as cytokines [95,96], in upregulation of syntheses in acceptor cells unlikely.
Interestingly, antibodies against Glut1, CD55, CD59 and AChE alone or in combination
(Anti-ALL) as well as phenylsepharose had no effect. Moreover, serum inhibited lipid
synthesis in a volume-dependent fashion (Figure 10f, orange curve). This effect was
further enhanced by Pha leading to a leftward shift of the serum volume–inhibition curve
(Figure 10f, red curve).
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Figure 10. Stimulation of glycogen and lipid synthesis in acceptor cells in transwell co-culture.
GPI-deficient EL cells and ManN-treated human adipocytes as acceptor cells in the bottom wells of
transwell co-cultures generated above (see Figure 9) were used for determination of glycogen (see
legend to Figure 9a,c) and lipid synthesis (see legend to Figure 9b,d), respectively. (a–d) The mean
values ± SD (four to six independent incubations and assays, each) of the synthesized glycogen and
lipid are given as arb. units set at 1000 for incubation (5 min) of wildtype donor and GPI-deficient EL
acceptor cells (a), wildtype EL donor cells and ManN-treated acceptor adipocytes of lipid-loading
stage II (b), untreated donor adipocytes of stage II and GPI-deficient EL acceptor cells (c) or untreated
donor and ManN-treated acceptor adipocytes of lipid-loading stage II (d). Significant differences
vs. 5-min incubation are indicated (black and orange symbols) for each configuration. Significant
differences between untreated and ManN-treated adipocytes as donor cells are indicated (c, green
symbols). (e,f) Phase shift ∆ for each incubation of acceptor with donor cells was corrected for
that with medium alone in the insert wells (∆ Medium) and used for calculation of the relative
glycogen and lipid synthesis with controls (no added agent or serum) set at 100% and significant
differences vs. control (e) or absence of serum (f, orange and red symbols) as well as for serum vs.
serum + Pha (f, black symbols) indicated. (g) Phase shift ∆ were used for calculation of the relative
glycogen synthesis with absence and presence of serum set at 100% and 0%, respectively. (h) Phase
shift ∆ were corrected for those with medium alone in the insert wells (∆ Med.I/IV, ∆ Medium
for lipid-loading stage I or IV) for all configurations of lipid-loading stages of donor → acceptor
adipocytes and used for calculation of lipid synthesis [arb. units]. Significant differences between
the four different configurations of lipid-loading stage of donor→ acceptor adipocytes are indicated
(* p ≤ 0.01, # p ≤ 0.02, § p ≤ 0.05).

Serum inhibition of glycogen synthesis was abrogated by PIGs dependent on their
concentration and structure (Figure 10g), with PIG41 > 37 > 45 > 7 >1 in that ranking
order of declining efficacy. Lastly, upregulation of lipid synthesis in ManN-treated human
adipocytes during transwell co-culture with untreated human adipocytes was found to
depend on the stage of lipid-loading of both donor and acceptor cells (Figure 10h). A
configuration of heavily and slightly lipid-loaded donor and acceptor cells, respectively,
was most (Figure 10h, orange bar) and that of slightly lipid-loaded donor and acceptor cells
(Figure 10, green bar) least efficient.

Together these data demonstrated a positive correlation between the transfer of GPI-
APs in the four configurations of donor and acceptor cells used in this study (Figure 9) and
the stimulation of glycogen or lipid synthesis in the acceptor cells (Figure 10). Importantly,
bacterial PI-PLC and α-toxin Sepharose inhibited both transfer (Figure 9e) and glycogen
(Figure 10e) and lipid synthesis (G.A.M., T.D.M., unpublished observations). In contrast,
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antibody-protein A Sepharose directed against a given GPI-AP interfered with its transfer
(Figure 9e) but not with upregulation of glycogen (Figure 10e) and lipid synthesis (G.A.M.,
T.D.M., unpublished observations).

This strongly argued for mechanistic involvement of the expression at PM of cer-
tain GPI-APs, apparently not identical with CD55, CD59, AChE (Figure 10e), TNAP and
CD73 (G.A.M., T.D.M., unpublished observations), in the control of basal (i.e., absence of
exogenous stimuli, such as insulin) glycogen and lipid synthesis, which is controlled by
the intercellular transfer of those GPI-APs. Transfer (Figure 9b,f) and, as a consequence,
synthesis stimulation (Figure 10f) becomes downregulated by interaction of those GPI-APs
with serum proteins, such as albumin and GPLD1, and restored by relief of those GPI-APs
from this interaction (Figures 9g and 10g).

3. Discussion
3.1. (Patho)Physiological Role of Intercellular Transfer of GPI-APs

Shortly after the first description of membrane anchorage of cell surface proteins by
glycolipidic anchors and elucidation of their detailed structure [5,6,97,98], the possibil-
ity of their spontaneous release from and insertion into PM of donor and acceptor cells,
respectively, has been raised [99–101]. Subsequently, both the release [102–107] and inser-
tion [108–115] of GPI-APs were substantiated by cell biological findings that, however, did
not address putative (patho)physiological implications for the cells and tissues involved.

The present study provides a panel of experimental evidence for a functional role
of the intercellular transfer of GPI-APs at the biochemical (incubation of primary rat
adipocytes with total rat adipocyte GPI-APs reconstituted into micelle-like complexes;
Figures 4, 6 and 7; Supplementary Materials, Figure S6) and cellular level (transwell co-
culture of human adipocytes or EL cells as donor and acceptor cells in homologous and
heterologous configurations; Figures 8–10):

(i) Transfer of certain full-length GPI-APs, as exemplified by, but actually not involving
CD55, CD59, CD73, TNAP and AChE (Figures 4, 8 and 9), to primary rat or cultured
human adipocytes and cultured human EL cells with low or missing expression of
GPI-APs at PM (Figures 1–3) leads to stimulation of lipid and glycogen synthesis,
respectively (Figures 7 and 10; Supplementary Materials, Figure S6).

(ii) Transfer and syntheses are blocked by certain serum proteins that bind full-length
GPI-APs, such as GPLD1 and albumin, and other thus far unidentified ones (Figures 6,
7, 9 and 10).

(iii) This blockade is bypassed by the dissociation of GPI-APs from the binding-proteins,
as provoked by synthetic PIGs (Figures 6, 7, 9 and 10), which closely resemble the
structure of the glycan core of the GPI anchor (see Supplementary Materials, Figure S2)
and manage to displace rat and human serum components from micelle-like GPI-AP
complexes in vitro (Supplementary Materials, Figure S5).

(iv) Rat and human adipocytes displaying large size or heavy lipid-loading, respectively,
are most efficient as donor cells and those of small size or slight lipid-loading as
acceptor cells (Supplementary Materials, Figure S6; Figure 10).

Together these data suggest a working model for a (patho)physiological role of the
intercellular transfer of GPI-APs in general and in the control of glycogen and lipid synthesis
in particular (Figure 11). The interplay of serum factors, such as “inhibitory” GPI-AP
binding-proteins and “stimulatory” PIGs, may be critical for the (desired) paracrine vs.
the (unwanted) endocrine routing of GPI-APs. Full-length GPI-APs en route within the
interstitial space of adipose tissue depots as well as between the latter and the blood
compartment are not depicted here but may be arranged in micelle-like (lyso)phospholipid
complexes as was characterized previously [32].
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Figure 11. Intercellular transfer of GPI-APs. (a) Analysis by transwell co-culture as exemplified for
the donor human adipocytes—acceptor EL cells configuration. (Left half) Human adipose-derived
stem cells (hADSCs) are seeded in the top insert well, which is equipped with a bottom porous
filter plate and placed onto a companion bottom well, then grown to confluency and subsequently
differentiated into human adipocytes of varying stage of lipid-loading. GPI-deficient EL cells are
seeded in a separate bottom well and then grown to confluency. For initiation of transfer, the insert
well harboring the human adipocytes is placed on top of the bottom well harboring the GPI-deficient
EL cells and then incubated for certain periods in the absence or presence of certain agents before
measurement of GPI-AP expression at PM (by chip-based SAW sensing) and glycogen synthesis (by
addition of U-[14C]glucose) by the EL cells in the bottom well (parallel wells for each incubation) after
its disassembly from the companion insert well (see Materials and Methods for details). (Right upper
half) Incubation of human adipocytes in the insert wells with GPI-deficient EL cells in the bottom
wells together with PIGs (in case of serum in the medium) leads to time-dependent upregulation of
the expression of GPI-APs at PM of the EL cells with accompanying synthesis of glycogen and its
accumulation in granules. (Right lower half) Transfer and synthesis were considerably diminished in
the presence of antibody-protein A against GPI-APs or α-toxin, both coupled to Sepharose, bacterial
PI-PLC or serum in the medium (see [b] for explanation of the symbols). (b) Hypothetical model
for the intercellular transfer of GPI-APs via endocrine and paracrine routes and its impact on lipid
and glycogen synthesis of adipose cells (upper compartment, stages 1–5) and blood cells (lower
compartment, stages 6–16), respectively, in response to endogenous or exogenous cues. (Upper
compartment) Paracrine transfer of full-length GPI-APs within adipose tissue depots is initiated by
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their release from the outer leaflet of the PM of large heavily lipid-loaded adipocytes [1]. This
may be facilitated by specific characteristics of the PM (e.g., viscoelasticity and stiffness), typical
for the age and metabolic state of the donor cells as has been reported recently for both rat and
human adipocytes [53]. Subsequently, those GPI-APs become inserted into the outer leaflet of PM
of small slightly lipid-loaded (pre)adipocytes, which are located in close neighborhood at the same
adipose tissue depot and initially harbor only few or no full-length GPI-APs (stage 2). This leads
to considerable upregulation of their expression at PM (stage 3) as well as lipid synthesis (stage
4). The accumulation of lipids fosters lipid droplet biogenesis and thereby the growth of small to
large adipocytes (stage 5). The absence or low concentrations of GPI-AP-binding serum proteins in
the interstitial space of adipose tissue depots, possibly in course of high flux of the blood stream,
supports the (desired) paracrine transfer of GPI-APs in unidirectional fashion. This shifts the burden
of lipid-loading from large to small adipocytes within an adipose tissue depot. (Lower compartment)
For the initiation of endocrine transfer from large heavily lipid-loaded adipocytes to blood cells,
released full-length GPI-APs have to pass the endothelial barrier into the blood compartment (stage
6). Here, they bind to certain GPI-AP-binding serum proteins (stage 7), such as albumin (stage
8) and GPLD1 in the inactive state (lack of Ca2+) (stage 9), most likely through recognition of the
glycan core of the GPI anchor. Active GPLD1 (presence of Ca2+) cleaves the GPI anchor (stage 10),
thereby, removing the inositol-glycan-protein moiety of GPI-APs (stage 11). These distinct modes of
interaction of serum proteins and full-length GPI-APs (stages 8–10) each prevent their insertion into
PM (stage 12) and thereby block their intercellular transfer to as well as upregulation of glycogen
synthesis in blood cells (stage 13). In contrast, endocrine transfer is fostered by small-molecule factors,
such as PIGs, in blood (stage 14), which displace serum proteins from full-length GPI-APs (stage 15).
This enables their insertion into the outer leaflet of PM of blood cells (stage 16), thereby, stimulating
synthesis of glycogen and its deposition in granules (stage 17).

In brief, the intercellular transfer of full-length GPI-APs seems to exert a physiological
function for donor and acceptor cells within the same tissue or organ but an undesired,
potentially even pathophysiological effect on acceptor cells residing at tissues or organs
distant from those of the donor cells. As shown here, “paracrine” transfer of specific GPI-
APs from adipocytes to adipocytes (within the same adipose tissue depot) stimulates lipid
synthesis and thereby determines its basal value (i.e., in the absence of insulin), whereas
“endocrine” transfer from adipocytes to cells of the blood compartment causes adverse
lipid storage in the latter. The absence or presence of binding-proteins for GPI-APs in
interstitial spaces and the blood compartment, respectively, may determine paracrine vs.
endocrine transfer.

With regard to the binding-proteins for GPI-APs in serum, GPLD1 accounted for up
to 50% of the total binding activity (in the absence of Ca2+), and albumin was identified
as another candidate of minor capacity (Figure 10; Supplementary Materials, Figure S4).
Interestingly, two decades ago, proteinaceous binding sites for a PIG-peptide, the PIG
portion being identical with the authentic glycan core of yeast GPI anchors, were identified
in lipid rafts of rat adipocyte PM, which were highly enriched in GPI lipids and GPI-
APs [116].

Importantly, high affinity and specificity of binding were demonstrated by competition
with synthetic PIGs displaying IC50 similar to the EC50 for stimulation of glucose transport
by those PIGs. Salt washing, carbonate extraction and N-ethylmaleimide treatment of total
rat adipocyte PM or lipid rafts led to abrogation of binding [117]. These findings together
with labeling of PM with [14C]N-ethylmaleimide (NEM) led the authors to suggest that a
115-kDa NEM-sensitive polypeptide acts as a receptor for PIG(-P), which is peripherally
associated with PM of insulin target cells and mediates insulin-mimetic signaling [117].

It will be interesting to see whether this NEM-sensitive polypeptide is also present in
serum and operates as an additional serum binding-protein for full-length GPI-APs. In this
case, it is conceivable that the 115-kDa NEM-sensitive polypeptide initiates or fosters the
release of GPI-APs from the outer leaflet of PM in course of shuttling between the surface of
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donor cells and the blood compartment and thereby facilitates or even controls the transfer
of GPI-APs to acceptor cells.

3.2. PIGs, GPI-AP Transfer and Matter vs. Information Transfer

As a byproduct of this study, its data may help to understand the heavily debated
controversy about the operation of PIGs as second messengers of insulin action, which
started in 1981 [118] and lasted for more than two decades (for reviews see Refs. [119–121]),
at least in part. In fact, a role in insulin-mimetic signaling has been attributed to naturally
occurring PIGs (and PIG-peptides) as the lipolytic (and proteolytic) degradation products
of specific GPI lipids (and GPI-APs).

This was based mainly on their potential to stimulate glucose and lipid metabolism in
insulin target cells, such as myocytes and adipocytes, upon incubation of PIG(-peptides)
of defined structure in vitro [79,122–124]. However, subsequent problems with the repro-
ducibility of some of these results as well as the size of the effects yielded with different
PIG preparations (including those of unknown structure) and assay systems by various
laboratories discredited this hypothesis [125]. However, structurally defined PIGs as true
small-molecule insulin mimetics could be of value for the therapy of diabetes mellitus type
II [126,127].

The findings presented here suggest that considerable variation in the efficacy of
structurally defined PIGs is explained by differential responsiveness of the target (in
particular adipose and muscle) cells towards PIGs and insulin. With regard to adipocytes,
specific requirements for cell size and degree of lipid-loading (Figures 8 and 11) as well as
specific conditions for their preparation (i.e., collagenase digestion) and incubation (i.e.,
shaking intensity, titer, presence of albumin or serum) have to be fulfilled, which apparently
are not identical with (and sometimes even opposed to) those supporting maximal insulin
action (Supplementary Materials, Figures S3 and S4).

For instance, defatted BSA (primary cells) or certain serum fractions (cultured cells),
which are typically used for cell biological experiments, support insulin activity but interfere
with the detection of PIG insulin-mimetic activity—i.e., the higher their concentration, the
higher the insulin and the lower the PIG activity. It is likely that detection of the latter
strictly depends on serum albumin or specific serum proteins loaded with full-length
GPI-APs, which are removed in course of routine procedures for commercialization, such
as defatting. Exact description of the source and origin of the assay components as well
as tight control of the experimental conditions are therefore of tremendous importance
to guarantee valid results and correct conclusions about PIGs as functionally relevant
molecules in physiologically relevant studies in the future.

In any case, according to the presented findings, PIGs cannot be regarded as insulin
second messengers but rather manage to trigger insulin-mimetic action through a non-
canonical pathway: They displace GPI-APs from serum proteins (Supplementary Materials,
Figure S5), which makes them available for transfer to insulin target cells. This results in
stimulation of lipid and glycogen synthesis in adipose and muscle cells, respectively. Thus,
PIG activity depends on intercellular transfer of material rather than signals, messages,
or information, which is the case for insulin. Consequently, the intercellular transfer of
GPI-APs must be regarded as material rather than information transfer.

Interestingly, the current controversy about extracellular vesicles as information carri-
ers (for reviews see Refs. [128–131]) sheds light on a similar misunderstanding of the term
“information” as it is typically used with regard to hormone or neurotransmitter action.
The molecules transferred by extracellular vesicles from donor to acceptor cells, such as
some luminal or membrane proteins, exert biological activity by themselves as discrete
matter (e.g., as enzymes, binding proteins and transporters) rather than as abstract message
or order, which is dependent on deciphering by a cellular machinery (e.g., activation of a
receptor or downstream signaling cascade).

This dualism is manifested in the apparent unrelatedness of structure and function for
signaling molecules, such as insulin and glucose transport stimulation. This is in contrast
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to the relationship of structure and function for matter, such as glycerol-3-phosphate
acyltransferase and lipogenesis stimulation, transferred and mediated, respectively, by
extracellular vesicles [130]. Thus, transfer of matter, which is also realized with the transfer
of full-length GPI-APs from donor to acceptor cells, should be clearly distinguished from
transfer of information from cells or organs that secrete signaling molecules to those that
decode the message.

3.3. Implications for the Therapy of Metabolic Diseases

Although the experimental demonstration of the intercellular transfer of GPI-APs
with resulting stimulation of glycogen and lipid synthesis at the biochemical and cellular
level suggests a (patho)physiological role in the control of metabolism and development of
metabolic diseases (e.g., diabetes and obesity), this speculation remains to be substantiated
by future elucidation of (i) the cell types and tissues operating as donors and acceptors
in vivo, (ii) the higher likelihood of paracrine vs. endocrine transfer (or vice versa) in vivo
and (iii) the GPI-APs involved in transferring specific functions in vivo.

Ad (i) and (ii): It is tempting to speculate that adipose, muscle, endothelial and blood
cells act as donor and acceptors cells for the regulation of lipid synthesis by transferred
GPI-APs based on the presented data and the following rationale: Storage of lipids in
insulin target cells and tissues that are not destined for (e.g., muscle in contrast to adipose)
is regarded as cause for or consequence of their insulin-resistant state as prevalent during
type II diabetes.

This so-called lipotoxicity may be bypassed by shifting the burden of lipid storage from
large, heavily lipid-loaded to small, slightly lipid-loaded adipocytes by paracrine transfer of
GPI-APs. At variance, endocrine transfer could lead to lipid storage in muscle and insulin
non-target cells (e.g., endothelial and blood) and thereby contribute to the development of
insulin resistance and diabetic late complications, respectively. Since transfer of GPI-APs
controls the basal level of glycogen and lipid synthesis in both insulin target and non-target
cells, determination of the portion of full-length GPI-APs (probably embedded in micelle-
like complexes) that are free in serum, i.e., not bound to serum proteins, may be useful for
diagnosis, monitoring and stratification of type II diabetes.

Ad (iii): With regard to the specific GPI-APs involved, Gpc4, Gce1 and T-cadherin
with their demonstrated functions in metabolic processes (see Ref. [53] for a more detailed
discussion) represent valid candidates. Unfortunately, antibodies appropriate for their
immune depletion have not been available so far, and thus tedious proteomic identification
or large-scale genetic inactivation of the transferred GPI-APs will be required. It is reason-
able to assume that such a broader analysis using appropriate animal models will uncover
additional (patho)physiological roles of the intercellular transfer of GPI-APs as well as of
its control by serum components and thereby unravel novel targets for therapy.

Last but not least, the demonstration of stimulation of glycogen and lipid synthesis
in insulin target cells in response to transferred full-length GPI-APs opens the possibility
for the therapeutic use of transfer. The relevant GPI-APs may be injected intravenously
for insertion into PM of blood cells (a process previously called “cell surface engineering
or painting” [115,132,133]) and subsequently be transferred to insulin target cells of other
compartments, such as adipose tissues.

This could provoke upregulation of lipid synthesis in small slightly lipid-loaded
but insulin-resistant adipocytes of type II diabetic patients by bypassing the defective
intracellular canonical insulin signaling without the need for gene therapy. This option
may even gain attractiveness based on the preliminary experimental evidence that the
GPI anchor mediates transcellular transport of proteins from apical to basolateral PM in
polarized cells.

This may enable GPI-APs to cross the intestinal and endothelial barriers and support
their oral delivery [134]. Furthermore, the obvious requirement of finetuning of intercellular
transfer of GPI-APs to and thus of basal lipid synthesis in adipocytes in response to
exogenous factors, such as caloric intake and physical activity, may be achieved by small
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molecules, such as PIGs, which control the availability of GPI-APs for transfer through
provoking their dissociation from serum proteins.

4. Materials and Methods
4.1. Materials

Human adipose derived stem cells (hADSC) were delivered by iXCells Biotechnologies
(San Diego, USA, Cat. Nr. 10HU-001). RPMI 1640 medium was obtained from GIBCO
(Thermo Fisher Scientific, Schwerte, Germany). Fetal bovine serum (FBS) was provided by
HyClone Laboratories Inc. (Bath, UK). The sources of the phospholipases and antibodies (in-
cluding the dilutions used) were given previously [53] unless indicated otherwise. 1-ethyl-
3-[3-dimethylaminopropyl] carbodiimide (EDC) and N-hydroxysulfosuccinimide (Sulfo-
NHS, premium grade) were bought from Pierce/Thermo Scientific (Rockford, IL, USA).

Protein A-Sepharose (Cl-4B) and phenylsepharose were from Calbiochem/Merck
(Darmstadt, Germany). Polystyrene Bio-Beads SM-2 (20–50 mesh) were bought from
Bio-Rad Laboratories (Munich, Germany). Mannosamine (ManN, 2-amino-2-deoxy D-
mannose), methyl-ß-cyclodextrin (mßCD), BSA (fraction V, defatted) and human serum
(normal healthy probands) were delivered by Sigma-Aldrich (Deisenhofen, Germany). Hu-
man (recombinant) insulin was a kind gift from Sanofi Pharma Germany GmbH (Diabetes
group, Frankfurt am Main, Germany). Other materials (highest purity available) were
obtained as described previously [31,32,53,82,83].

4.2. Culture of Wild-Type and GPI-Deficient K562 Erythroleukemia (EL) Cells

Wild-type and mutant (incapable of the earliest step in the glycosylation of PI, i.e.,
coupling of acetylated glucosamine) EL cells [57–59] were grown in RPMI 1640 medium
supplemented with 10% FBS and 1% penicillin/streptomycin (0.3–1.2 × 106 cells/mL).
Prior to assaying of GPI-AP transfer or glycogen/lipid synthesis, the cells were washed
three times with Ca2+-free PBS, resuspended in serum-free medium containing 0.1% BSA
and incubated (4 h, 37 ◦C). Thereafter, the cells were centrifuged (250× g, 2 min, 24 ◦C) and
then resuspended (at 5 × 106 cells/mL) in medium free of serum and BSA for incubation
with GPI-APs in standard cell culture or as donor / acceptor cells in Transwell co-culture
(see below).

4.3. Differentiation and Culture of Human Adipocytes

hADSCs were isolated from lipoaspirate tissue from single normal donors collected
during elective surgical liposuction procedures, cryopreserved at passage 1 (1.0 million
cells/vial) and characterized by iXCells Inc. (San Diego, CA, USA) [69,70]. hADSCs were
further expanded in hADSCs Growth Medium (iXCells Inc.) for three to four passages as
described in detail previously [53]. Finally, new culture flasks (12-well plate formate) were
seeded at 5 × 103 cells/cm2 with media change every 2–3 days until the cells had reached
70–80% confluence.

hADSCs were differentiated into human adipocytes in vitro using Adipocytes Differ-
entiation Medium (iXCells Inc.) as reported previously [53]. hADSCs were regarded as
human adipocytes of slight (stage I), medium (stage II) or heavy lipid-loading (stage IV)
when Oil Red-stained lipid droplets accounted for 10–25%, 45–60% and more than 80%,
respectively, of the cytoplasmic area.

The stage of lipid-loading was maintained using hADSCs Growth Medium supple-
mented with 1 µM dexamethasone, 0.5 mM isobutylmethylxanthine and 1 µg/mL insulin,
with replacement every 48 h. Following washing with Dulbecco’s Modified Eagle’s Medium
(DMEM, Gibco-BRL, Thermo Fisher Scientific, Waltham, MA, USA) containing 1% sodium
pyruvate, 100 U/mL of penicillin and 100 µg/mL of streptomycin, the human adipocytes
were used for incubation with GPI-APs (test system [i]) or for Transwell co-culture (test
system [ii], see below).
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4.4. Mannosamine (ManN) Treatment of Human Adipocytes

Human adipocytes were incubated (36 h, 37 ◦C) in glucose-free (glucose was shown to
prevent uptake of ManN into MDCK cells [64]) medium (RPMI 1640) containing 10% FBS,
20 mM sodium pyruvate and 10 mM sodium butyrate in the absence or presence of ManN
(prepared from a 1 M sterile-filtered stock with deionized H2O, then frozen at −20 ◦C in
aliquots and finally thawed and diluted with culture medium immediately before use) at
the concentrations indicated.

Previous studies revealed that these conditions are optimal for inhibition of N-linked
glycan synthesis in MDCK cells [65]. Control experiments demonstrated that glucosamine
at identical concentrations and conditions has no significant effect on the expression of
GPI-APs at PM of human adipocytes (data not shown).

4.5. Preparation of Primary Rat Adipocytes from Epididymal Fat Pads

See Supplementary Materials: Materials and Methods S1.

4.6. Methyl-ß-Cyclodextrin (mßCD) Treatment of Primary Rat Adipocytes

For cholesterol deprivation of primary rat adipocytes suspended in adipocyte buffer at
a lipocrit of 10% (see Section 4.5), they were incubated (22 ◦C) with various concentrations
of mßCD, freshly dissolved in the same buffer as 100-mM stock solution, for various periods
of time as indicated. As a control, 2 mM mßCD-cholesterol inclusion complexes (2 mM
mßCD-chol.) were used, which were prepared as described previously [71]. In brief, 30 mg
of cholesterol were dissolved in 0.5 mL of methanol/chloroform (2/1 v/v) and then added
in small aliquots to 1 g of mßCD in solution (5% v/v) at 80 ◦C. The mixture was stirred at
80 ◦C until complete dissolution of the initially precipitating steroid indicating its stable
complexing by mßCD. 2 mM mßCD-chol. were stored at 22 ◦C until use on the same day.

This protocol resulted in the following depletion of cholesterol from the adipocyte
PM as revealed by their subsequent preparation and enzymic determination of cholesterol:
15.3% (0.5 mM mßCD), 28.9% (1 mM mßCD), 67.7% (2 mM mßCD) and 2.4% (2 mM
mßCD-chol.) for 10-min incubation period, 7.4% (2-min incubation period), 33.6% (5-min
incubation period), 74.9% (10-min incubation period) and 89.8% (30-min incubation period)
for 1 mM mßCD. Cholesterol depletion was paralleled by the following losses of cell
viability, as assessed by trypan blue exclusion (counting of 500 cells three times each): 2.6%
(0.5 mM mßCD), 4.9% (1 mM mßCD), 9.8% (2 mM mßCD) and 3.5% (2 mM mßCD-chol.) for
10-min incubation period, 2.9% (2-min incubation period), 6.0% (5-min incubation period),
11.2% (10-min incubation period) and 35.9% (30-min incubation period) for 1 mM mßCD.

4.7. Transwell Co-Culture of EL Cells and Human Adipocytes

Test system (ii) with transwell co-cultures was used between acceptor cells seeded
at the bottom of 12-well tissue culture plates (Falcon Companion TC Plate, No. 353503,
Falcon/Corning, Tewksbury, MA, USA, for 1.4–2.3 mL medium) and donor cells seeded
in 12-well cell culture inserts (Falcon Cell Culture Insert, No. 353103, for 0.4–1.0 mL
medium), thereby, enabling detection of the transfer of full-length GPI-APs between donor
and acceptor cells of different type in different configurations as indicated, at a distance
(from the membrane to the bottom of wells) of 0.9 mm through a porous membrane (pore
size 1.0 µm, high pore density 1.6 ± 0.6 × 106 pores/cm2, polyethylene terephthalate
track-etched, transparent).

EL cells or hADSCs were seeded in the transwell inserts or bottom wells as required
and then grown to confluence or differentiated into human adipocytes, respectively. Subse-
quently, 2 mL of prewarmed culture medium were added to each well of a 12-well tissue
culture plate. Thereafter, a cell culture insert was removed from the package with sterile
forceps and then gently placed into the bottom companion well culture plate, taking care
to avoid trapping air under the insert by tilting the insert while lowering it onto the well.

Upon correct positioning, the inserts with the flanges rested in the notches on the top
edge of each well in diagonal arrangement. For seeding, the cells and 1 mL of medium
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were added to the cell culture insert at the density given above and cultured under routine
conditions. For feeding, the inserts were first slid to one side using a sterile 1-mL Pasteur
pipet to remove media from above and below the membrane.

Subsequently, 2 and 1 mL of fresh medium lacking serum and BSA (as indicated)
were added to the wells of the bottom companion tissue culture plate and cell culture
insert, respectively. Following incubation at the conditions indicated, the insert wells
were removed and then the medium was aspirated from the bottom wells. Thereafter,
the acceptor cells of the bottom wells were rinsed with 2 × 1 mL PBS and then used
for the preparation of PM (see Section 4.8) to analyze the expression of GPI-APs (see
Section 4.14) as measure for GPI-AP transfer or incubated with fluorescently labeled fatty
acids (NBD-FA) or D-[U-14C]glucose for assaying lipid or glycogen synthesis, respectively,
(see Supplementary Materials).

4.8. Preparation of PM

PM were prepared from EL cells and human adipocytes, which were cultured in
standard (test system [i], see Section 4.11) or transwell co-culture (test system [ii], see
Section 4.7) 12-well culture dishes. For this, the medium was aspirated from the normal
or bottom companion tissue culture plate, respectively, taking care to avoid touching
the membrane of the latter. Thereafter, the top and then the bottom of the wells were
rinsed with 2 × 0.5 mL PBS each to remove any serum (containing protease inhibitors).
After the addition of 0.5 mL of trypsin/EDTA to the wells, the plate was incubated in a
37 ◦C-incubator containing 5% CO2 until cells were rounded and floated.

The required period varied, depending on the degree of adherence and confluency
of the cultured cells. Cell detachment was periodically monitored under a microscope.
Once the cells looked rounded and detached, 0.5 mL of quenching solution was added to
each well of the plate to terminate trypsinization. The suspension was gently pipetted up
and down to break up cell clumps and then transferred to 2-mL Eppendorf cups. The top
and bottom of the wells of the plate were rinsed with 0.5 mL of PBS each to remove any
remaining cells. The rinsing fluids were combined with the cell suspension in the 2-mL
Eppendorf cups and used for the preparation of PM.

PM from trypsinized human EL cells and human adipocytes were prepared using
the “MinuteTM Plasma Membrane Protein Isolation and Cell Fractionation Kit” (Invent
Biotechnologies Inc., Plymouth, UK; Cat. Nr. SM-005). After trypsinization, the suspension
of adipocytes or EL cells were incubated (on ice, 10 min), vortexed vigorously (45 s) and then
transferred to the filter cartridge. The cartridge was closed and centrifuged (16,000× g, 30 s,
4 ◦C, Eppendorf 5415C table top microcentrifuge). The pelleted PM (typically 150–200 µg
protein) were suspended in 1 mL of 10 mM Mops/KOH (pH 7.5), 150 mM NaCl, 0.2 mM
EGTA containing protease inhibitor mix (Complete, Roche, Mannheim, Germany) and
stored in liquid N2 until use.

PM from primary rat adipocytes were prepared as described by Kiechle and cowork-
ers [118] with minor modifications as introduced previously [135]. Pelleted PM were
suspended in 10 mM Mops/KOH (pH 7.4), 0.25 M sucrose, 150 mM NaCl and 1 mM EDTA
at 5 mg protein/mL, frozen in liquid N2 and stored until use at −80 ◦C.

4.9. Preparation of Total GPI-APs from Rat Adipocytes

Portions of 0.5 mL of rat adipocyte PM (5 mg protein/mL) were adjusted to 1.5 mL
with 10 mM Tris/HCl (pH 7.4), 150 mM NaCl, 0.2 mM PMSF, containing protease inhibitor
mix (Complete, Roche, Mannheim, Germany), then left on ice (15 min), subsequently added
to 6 mL of ice-cold 2.5% (w/v) TX-114 (prepared by dissolving 37.5 g of TX-114 in 1 L of
10 mM Tris/HCl, pH 7.5, 150 mM NaCl on ice, precondensation at 37 ◦C, centrifugation
and use of the TX-114-enriched lower phase), mixed thoroughly and finally incubated
(37 ◦C, 5 min) for the initiation of clouding.

The detergent-enriched and depleted phases were separated by centrifugation (15,000× g,
2 min, 25 ◦C). The lower TX-114-enriched phase (6 mL) was removed without any dis-
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turbance of the interface, transferred to a new tube and supplemented with TX-114 to
a final concentration of 2.0% (v/v) for a second cycle of partitioning. After mixing and
sequential incubation (0 ◦C, 5 min; 30 ◦C, 3 min), the solution was centrifuged (3000× g,
3 min). Thereafter, 5 mL of the lower TX-114-enriched phase were carefully transferred
to a new tube avoiding any disturbance of the interface and then adjusted to 25 mL final
volume with 10 mM Tris/HCl (pH 7.4), 150 mM NaCl, 6 mM octyl glucoside.

After addition of 2.5 mL of α-toxin Sepharose-beads, the mixture was incubated (16 h,
4 ◦C, head-to-tail rotation). Following centrifugation (10,000× g, 5 min, 4 ◦C), the collected
beads were suspended in 25 mL of 10 mM Tris/HCl (pH 7.4), 150 mM NaCl, 6 mM octyl
glucoside, 1 mM EGTA, 0.2 mM PMSF, protease inhibitor mix (Complete, Roche, Mannheim,
Germany). The washing cycle was repeated three times. The finally collected beads were
suspended in 1 mL of the same buffer. The mixture was supplemented with 250 µL of
150 µM PIG41, then incubated (1 h, 4 ◦C) and finally centrifuged (10,000× g, 5 min, 4 ◦C).
The supernatant containing full-length GPI-APs was dialyzed (membrane exclusion limit
2 kDa, same buffer, overnight, 4 ◦C), frozen in liquid N2 and stored at −80 ◦C until use.

4.10. Reconstitution of Micelle-like GPI-AP and AChE/CD73 Complexes

Preparation of bAChE and rCD73 and their reconstitution into micelle-like GPI-AP
complexes were described previously [32]. Micelle-like total rat adipocyte GPI-AP com-
plexes were produced in analogous fashion by using total GPI-APs from rat adipocytes.
1 Arb. unit of complexes corresponded to reconstitution of bAChE, rCD73 or total rat
adipocyte GPI-APs, which were prepared from 106 erythrocytes, 0.5 mg rat liver and 105 rat
adipocytes, respectively.

4.11. Incubation of EL Cells and Human/Rat Adipocytes with Micelle-like GPI-AP Complexes

For test system (i), EL cells (0.2–0.5 × 106 cells) were grown (37 ◦C) in 0.5 mL of RPMI
1640 medium supplemented with 10% FBS and 1% penicillin/streptomycin, then washed
two times with PBS and finally resuspended in serum-free medium. Human adipocytes (in
12-well plate format) were grown (37 ◦C) in 1.5 mL of ADSCs Growth Medium (lacking
serum).

After incubation (37 ◦C) with various amounts of micelle-like GPI-AP complexes
for various periods of time as indicated, the cells were washed two times with 2 mL of
serum-free medium containing 0.5% BSA and once with PBS (0.5 mL per well) and then
used for the preparation of PM (see Section 4.8) to analyze the expression of GPI-APs
(see Section 4.14) as measure for GPI-AP transfer or incubated with fluorescently labeled
fatty acids (NBD-FA) or D-[U-14C]glucose for assaying lipid or glycogen synthesis (see
Supplementary Materials).

Primary rat adipocytes (0.5× 105 cells) were incubated (37 ◦C) with various amounts of
micelle-like GPI-AP complexes for various periods of time as indicated in 1 mL of adipocyte
buffer (see Supplementary Materials). Thereafter, the adipocytes were washed three times
with 2 mL of adipocyte buffer each by flotation and suction (250× g, 2 min). After final
suction of the infranatant medium, the floating adipocytes were used for preparation of
PM (see Section 4.8) to analyze the expression of GPI-APs (see Section 4.14) as measure for
GPI-AP transfer or incubated with fluorescently labeled fatty acids (NBD-FA) for assaying
lipid synthesis (see Supplementary Materials).

4.12. Immune Depletion of Medium or Micelle-like GPI-AP Complexes from AChE/CD73

α-Toxin was prepared from the culture supernatant of Clostridium septicum [136] and
coupled to Sepharose beads using a conventional EDC/NHS-based protocol as described
previously [31,32]. Anti-CD73 (2.5 µg protein/sample) and/or anti-AChE (10 µg pro-
tein/sample) antibodies were supplemented with 1 mL of TES buffer (20 mM Tris/HCl,
pH 7.4, 1 mM EDTA, 150 mM NaCl) containing 50 mg protein A-Sepharose beads and then
incubated (4 ◦C, overnight) in 1-mL Eppendorf cups under head-to-tail rotation.
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After centrifugation (12,000× g, 2 min, 4 ◦C), the collected beads were washed two
times with 1 mL each of TEST buffer (TES buffer containing 1% TX-100, 10 µg/mL aprotinin,
1 mM benzamidine, 0.1 mM PMSF), recentrifuged, then washed four times with 1 mL of
TES buffer containing 0.1% TX-100 each, recentrifuged and finally washed two times with
1 mL of TES buffer. The final pellet was suspended in 100 µL of TES buffer and stored at
4 ◦C until use.

For depletion of culture medium, α-toxin Sepharose beads or anti-CD73/AChE
Sepharose beads were added to standard cell cultures or transwell co-cultures (insert wells)
at 1:100 dilution as indicated. For depletion of micelle-like rat adipocyte GPI-AP com-
plexes, total rat adipocyte GPI-APs prepared from 0.5 mg of PM protein were suspended in
100 µL of TEST buffer and incubated (overnight, 4 ◦C) with 100 µL of anti-CD73/AChE
Sepharose beads in 0.5-mL Eppendorf cups under head-to-tail rotation. After centrifugation
(12,000× g, 2 min, 4 ◦C), the supernatant containing full-length rat adipocyte GPI-APs
depleted of CD73 or AChE were frozen in liquid N2 and stored at −80 ◦C until use for
reconstitution.

4.13. Assay of Transfer of GPI-APs from Donor to Acceptor PM In Vitro

400 µL of PM from EL cells or human/rat adipocytes (0.2 mg protein/mL) (at 800–1200 s)
was injected at a flow rate of 60 µL/min into chips with rat or human erythrocyte or
adipocyte acceptor PM consecutively immobilized by ionic and covalent capture (see
below). For initiation of transfer of GPI-APs from the donor PM presented in the chip
microchannels as vesicles in solution to the acceptor PM immobilized at the chip TiO2
surface, the chips were incubated (1 h, from 1200 to 4800 s, 37 ◦C) at flow rate 0 (double
hatched lines) in the absence or presence of certain agents for putative interference with
transfer as indicated.

For removal of the donor PM and any soluble or complex-bound GPI-APs from the
microchannels, the chips were washed two times with 150 µL of PBSE each at a flow rate
of 180 µL/min and then two times with 150 µL of 10 mM HEPES/NaOH, 150 mM NaCl
(pH 7.5) (washing buffer) each at the same flow rate. Subsequently, the expression of
GPI-APs at the acceptor PM was analyzed (see Section 4.14).

4.14. Analysis of PM for the Expression of GPI-APs and Transmembrane Proteins by Chip-Based
SAW Sensing

PM were immobilized at the chip surface by ionic and covalent capture (see Section 4.15)
and then assayed for the expression of GPI-APs and transmembrane proteins by sequential
injection of 75 µL of appropriate antibodies (diluted as given in Ref. [53]) at a flow rate
of 15 µL/min according to the order indicated in the figures. Finally, for demonstration
of anchorage at the acceptor PM by GPI, 75 µL of PI-PLC (Bacillus cereus, 5 ng) at a flow
rate of 15 µL/min were injected, followed by injection of three portions of 220 µL of
0.1% (w/v) Triton X-100, 10 mM glycine (pH 12) each at a flow rate of 200 µL/min for
regeneration of the chips (for up to 12 re-uses). Phase shifts are given upon correction
for unspecific interaction (no acceptor PM) and normalization for the varying capturing
efficacy of different chips for the acceptor PM [53]).

4.15. Immobilization of PM at SAW Chip Surface by Ionic and Subsequent Covalent Capture

For ionic capture, uncoated negatively charged and highly hydrophilic TiO2 chips
were used. Immobilization of erythrocyte/adipocyte PM containing positively charged,
negatively charged or zwitterionic phospholipids or combinations thereof with high efficacy
was performed in the presence of 2 mM Ca2+ in 10 mM HEPES/NaOH (pH 7.5), 100 mM
NaCl to enable salt bridges between the chip surface and the PM phospholipids. PM (0.2 mg
protein/mL) were injected at a flow rate of 25 µL/min for 4 min at 30 ◦C. After termination
of the flow for 20 min at 30 ◦C, the chip was washed with 10 mM HEPES/NaOH (pH 7.5),
100 mM NaCl at a flow rate of 150 µL/min for 20 min at 30 ◦C.
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For subsequent covalent capture via the protein moieties of GPI-APs as well as extra-
cellular protein domains of transmembrane proteins, the microfluidic channels of uncoated
chips were primed with three injections of 250 µL each of immobilization buffer at a flow
rate of 50 µL/min. Then, the chip surface was activated by a 250-µL injection of 0.2 M EDC
and 0.05 M Sulfo-NHS (mixed from 2x-stock solutions right before injection) at a flow rate
of 50 µL/min.

After a waiting period of 3 min (flow rate zero) and subsequent washing of the
channels with two 300-µL portions of PBS containing 2.5 mM EGTA (PBSE) at a flow rate
of 180 µL/min, the residual activated groups on the chip surface were capped by injecting
200 µL of 1 M ethanolamine (pH 8.5) at a flow rate of 60 µL/min. Thereafter, the chips were
washed two times with 125 µL of PBSE each at a flow rate of 150 µL/min and then two
times with 160 µL of 10 mM HEPES/NaOH (pH 7.5) each at the same flow rate.

4.16. Assay for Glycogen Synthesis with EL Cells

See Supplementary Materials: Materials and Methods S2.

4.17. Assay for Lipid Synthesis with Human and Rat Adipocytes

See Supplementary Materials: Materials and Methods S3.

4.18. Digestion with Phospholipases

See Supplementary Materials: Materials and Methods S4.

4.19. Statistical Analysis

All numerical data were presented as the means± standard deviations (SD). Statistical
significance was calculated using GraphPad Prism6 software (version 6.0.2, GraphPad
Software Inc., San Diego, CA, USA) on the basis of either a two-tailed unpaired Student’s
t-test between two experimental groups or one-way ANOVA performed with Tukey’s
post-test for multiple comparisons. p ≤ 0.05 was considered to be significant.

4.20. Miscellaneous

The chemical synthesis of PIGs (for structure, see Supplementary Materials, Figure S2) [56],
covalent coupling of α-toxin (Staphylococcus aureus) to protein A Sepharose beads [53], pro-
tein determination [136], and SAW sensing with long-chain 3D CM-dextran Sam® 5 chips
using a SamX instrument (SAW/Nanotemper, Bonn/Munich, Germany) and computer-
based evaluation [31,32] were performed as previously described in detail.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ijms23137418/s1, [32,53,56,63,82,83,135,137–144].
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