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Abstract: Glycosylphosphatidylinositol (GPI)-anchored proteins (APs) are anchored at the outer
leaflet of the plasma membrane (PM) bilayer by covalent linkage to a typical glycolipid and expressed
in all eukaryotic organisms so far studied. Lipolytic release from PMs into extracellular compartments
and intercellular transfer are regarded as the main (patho)physiological roles exerted by GPI-APs. The
intercellular transfer of GPI-APs relies on the complete GPI anchor and is mediated by extracellular
vesicles such as microvesicles and exosomes and lipid-free homo- or heteromeric aggregates, and
lipoprotein-like particles such as prostasomes and surfactant-like particles, or lipid-containing micelle-
like complexes. In mammalian organisms, non-vesicular transfer is controlled by the distance between
donor and acceptor cells/tissues; intrinsic conditions such as age, metabolic state, and stress; extrinsic
factors such as GPI-binding proteins; hormones such as insulin; and drugs such as anti-diabetic
sulfonylureas. It proceeds either “directly” upon close neighborhood or contact of donor and acceptor
cells or “indirectly” as a consequence of the induced lipolytic release of GPI-APs from PMs. Those
displace from the serum GPI-binding proteins GPI-APs, which have retained the complete anchor,
and become assembled in aggregates or micelle-like complexes. Importantly, intercellular transfer of
GPI-APs has been shown to induce specific phenotypes such as stimulation of lipid and glycogen
synthesis, in cultured human adipocytes, blood cells, and induced pluripotent stem cells. As a
consequence, intercellular transfer of GPI-APs should be regarded as non-genetic inheritance of
(acquired) features between somatic cells which is based on the biogenesis and transmission of
matter such as GPI-APs and “membrane landscapes”, rather than the replication and transmission of
information such as DNA. Its operation in mammalian organisms remains to be clarified.

Keywords: adipose and blood cells; diabetes; glimepiride; glycosylphosphatidylinositol (GPI)-anchored
proteins (GPI-APs); (G)PI-specific phospholipase C/D (GPI-PLC/D); inheritance of acquired features;
protein and information transfer

1. Introduction

In eukaryotic cells, a specific class of surface proteins is anchored at the outer leaflet of
the phospholipid bilayer of plasma membranes (PMs) via a glycosylphosphatidylinositol
(GPI) glycolipid moiety which encompasses about 150, i.e., 0.5–0.8%, of the translated pro-
teins in mammals [1,2] (for a review dealing with the structure and biogenesis of GPI-APs,
see [3,4]). One of the major characteristics of GPI-anchored proteins (GPI-APs) is their
release from the PMs through a small set of phospholipases of unique substrate but different
cleavage specificity (for a review, see [5,6]) rather than a large panel of proteases, each with
a different substrate and unique cleavage specificity, as is required for transmembrane
proteins (for a review, see [7–10]). An additional feature is their intercellular transfer, which
relies on the complete GPI anchor remaining attached and special carrier mechanisms
and structures, among them extracellular vesicles (EVs) and micelle-like complexes. Both
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attributes alone or in concert may be regarded as the main driving forces for the devel-
opment and conservation during evolution of GPI-APs vs. transmembrane proteins. The
intercellular transfer of GPI-APs with the different structures and molecular mechanisms
involved and its putative (patho)physiological implications, which may become cause for
the reconsideration of Darwin’s theory of intercellular flow of hereditary information [11],
published as Pangenesis theory more than 150 years ago [12,13], are addressed here.

2. Transfer via Vesicular Mechanisms

Shortly after the first description of the release of small membrane vesicles (50–100 nm
diameter) harboring the transmembrane folate receptor from reticulocytes during their mat-
uration to erythrocytes, subsequently termed exosomes, it has been speculated that their
physiological role extends beyond that of mere waste baskets for the removal of inactive
or unwanted membrane proteins from the surface of the donor cells [14–17]. Instead or in
addition, exosomes may be engaged in the transfer of membrane and soluble proteins, mR-
NAs, and miRNAs from donor to acceptor cells as a result of release from, targeting to, and
subsequent interaction and fusion with the corresponding PMs. According to this model,
the outcome of the intercellular transfer of exosomes is the realization of the information
encoded by the transferred materials in the acceptor cells, resulting in the initiation of cor-
responding (e.g., developmental, growth, metabolic) signaling pathways. One of the first
demonstrations that this model for the transfer (of matter and/or information, see Section 7)
by exosomes might hold true was the seminal finding that the oncogenic constitutively
active version of the receptor tyrosine kinase EGFRvIII becomes transferred from cancerous
to normal endothelial cells with resulting downstream angiogenic signaling [18–20]. Those
findings strongly suggested that oncogene product-harboring tumor-cell-derived exosomes
act as information carriers for angiogenesis capable of switching endothelial cells to malig-
nant growth. A large body of additional experimental evidence has accumulated so far,
dealing mainly with the transfer of the cancer phenotype [21,22], and is compatible with the
meanwhile broadly accepted role of exosomes in intercellular information transfer and com-
munication, relevant for tumor development and metastasis (for a review, see [19,23–26]).
Subsequently, exosomes have been attributed a variety of additional functions, among
them secretion and immunomodulation [27], inflammation and coagulation [27,28], glu-
cose and lipid metabolism [27,29,30], developmental and reproductive biology [31], drug
resistance [23], and other (patho)physiological processes (for a review, see [32–36]).

In the following period it was demonstrated that the intercellular transfer of matter
through exosomes not only encompasses their transmembrane proteins and soluble con-
tents, but also holds true for GPI-APs embedded in the outer leaflet of their phospholipid
bilayer. Among the first GPI-APs shown to be transferred by exosomes were CD62, CD55,
CD59, CDw52, and CD73. They are all synthesized and released into exosomes by cells
of the male genital tract rather than by the spermatozoa themselves, then transported via
fluid secretions and finally inserted into the PMs of the spermatozoa [31,37]. Exosomes
containing those GPI-APs account for a considerable portion of the structural alterations
and acquisition of novel functional properties at the surface of spermatozoa during their
maturation and may support their protection from immune attack in the male as well as
female reproductive tracts (for a review, see [38]). Furthermore, prostasomes isolated from
human seminal plasma, which represent specialized exosomes assembled, stored, and
released by the glandular epithelial cells of the prostate [39], have been demonstrated to
transfer CD59 to the spermatozoa of human patients suffering from paroxysmal nocturnal
hemoglobinuria (PNH) and rabbit erythrocytes [40]. In agreement, prostasomal CD59,
which is released by prostate cancer cells to a considerably higher degree than by normal
cells, was shown to be transferred to rabbit erythrocytes (lacking CD59) in vitro and to
foster inhibition of complement (C5b-9)-mediated lysis more efficiently in comparison
to that released from non-malignant cells [41]. Consequently, it has been proposed that
the intercellular prostasomal transfer of CD59 can protect autologous and allogenic cells
from complement attack in the genital tracts. In addition to prostasomes, the transfer of
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GPI-APs to spermatozoa via luminal fluids has been reported to happen in male and oe-
strous female reproductive tracts and attributed to exosomes released into the epididymis,
so-called epididymosomes. Moreover, exosomes, coined as uterosomes, have been detected
in murine oestrous female reproductive fluid and found to harbor the GPI-AP sperm adhe-
sion molecule 1 (SPAM1/PH-20) at their surface, and consequently, to exert hyaluronidase
activity in male and female fluids [42]. Upon incubation, SPAM1 with the full-length GPI
anchor was transferred from both epididymosomes and uterosomes to the PMs of caudal
spermatozoa with accompanying transient interaction of the exosomes and PMs, and was
finally placed at the acrosome and midpiece of the flagella [43]. This implies that those
interactions represent a necessary mechanistic step of the exosome-mediated transfer of
GPI-APs from murine reproductive fluids to sperm. Hypothetical models for the molecular
mechanisms engaged in the transfer of GPI-APs from seminal exosomes to the surface of
spermatozoa during their maturation as well as in course of maintenance of their function
have been presented [44] (for a review, see [45]).

PNH is a hemolytic disease caused by a somatic mutation in the PIG-A gene. The result-
ing defect in the synthesis and cell surface expression of GPI-APs in the affected hematopoi-
etic cells leads to elevated sensitivity of the erythrocytes to complement-mediated lysis. Im-
portantly, the release of CD55 and CD59 into exosomes during maturation of reticulocytes
and their transfer to GPI-deficient erythrocytes of PNH patients has been demonstrated
both in vitro [46] and in vivo [47]. One of the first studies using a recombinant fusion
protein-GPI for studying the intercellular transfer of GPI-APs was performed with CD4-
GPI. Upon adenoviral overexpression in HeLa cells, it was transferred to the non-infected
parental cells during co-culture [48]. Blockade of CD4-GPI transfer by separation of the
co-cultivated cells using a membrane impermeable for vesicular structures led to the con-
clusion that transfer of GPI-APs in general is predominantly mediated by exosomes rather
than aggregates [49] and other non-vesicular structures such as micelle-like complexes.
Only later this argumentation turned out to be incorrect (see Section 3).

The hypothesis that GPI-APs transferred via exosomes manage to exert clear-cut
changes in the (patho)physiological state of the acceptor cells in general, was subsequently
extended to metabolic and signaling pathways in particular. In greater detail, a novel regu-
latory mechanism of lipid metabolism in rat adipocytes was elucidated, which was induced
by a variety of lipogenic stimuli such as palmitate, H2O2, the antidiabetic sulfonylurea
(SU) glimepiride, and insulin-mimetic phosphoinositolglycans (PIGs), and depends on the
exosomal transfer of GPI-APs. The underlying molecular processes can be summarized
as follows: (i) release of exosomes harboring GPI-APs, among them the (c)AMP-binding
protein as well as cAMP-degrading phosphodiesterase Gce1, and the AMP-degrading
5′-nuceotidase CD73 from donor adipocytes [50,51], (ii) targeting of and interaction with
acceptor adipocytes of the released exosomes [52], (iii) fusion of the exosomal membranes
and acceptor adipocyte PMs [53], (iv) translocation of Gce1 and CD73 from the acceptor
adipocyte PMs to intracellular lipid droplets (LDs) [54,55], and (v) hydrolysis of (c)AMP at
the LD surface zone by the concerted actions of Gce1 and CD73 [56]. This series of events
ensures the coordinated stimulation of the esterification of fatty acids into, and concomitant
inhibition of, their liberation (by hormone-sensitive lipase and adipocyte triglyceride lipase)
from neutral lipids in the acceptor adipocytes. This ultimately leads to lipid storage and
size gain of adipocytes. Both Gce1 and CD73 apparently operate as the critical exosomal
components which are transferred from donor to acceptor adipocytes. Remarkably, Gce1
and CD73, which typically reside at lipid rafts of PMs, i.e., liquid-ordered domains of high
concentrations of cholesterol and (glyco)phospholipids with long-chain saturated fatty
acids, and in exosomes, have been detected to be transiently expressed at the surface of
cytoplasmic LDs, in addition [57]. This atypical location of a GPI-AP results from their
translocation from PM lipid rafts, which apparently involves exosomes as well [58]. The
residence at LDs of Gce1 and CD73 is presumably guided by the insertion of their GPI
anchor fatty acyl chains into the phospholipid monolayer of LDs. This monolayer typi-
cally covers the neutral lipid core and contains specific LD-associated structural proteins
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(e.g., perilipin-A) and enzymes (e.g., hormone-sensitive lipase) (for a review, see [59–63]).
Thus, LDs represent a perfect environment for displaying full-length GPI-APs at their
surface through insertion of their anchor into the phospholipid monolayer. The apparent
translocation of GPI-APs from PMs to cytoplasmic LDs in adipocytes may represent a
mechanism leading to the incorporation of GPI-APs onto the surface of other lipophilic
particles such as surfactant-like particles (SLPs), milk fat globules (MFGs), and nodal
vesicular particles (NVPs) (for a review, see [6,27]). It remains to be clarified whether the
localization GPI-APs at SLPs and MFGs is restricted to their surface, i.e., the outer leaflet
of the phospholipid bilayer, or also holds true for the phospholipid monolayer of their
lipophilic core, in addition.

The size of mammalian adipocytes is critically determined by the filling state of their
LDs, which considerably differs between large and small cells within the same adipose
tissue depot. The role of GPI-AP-harboring exosomes in the coordination of LD biogenesis
between differently sized adipocytes was investigated with mixed populations of small
and large isolated rat adipocytes as well as native adipose tissue pieces from young and
old rats [64]. The analysis revealed that large adipocytes were more potent in releasing
CD73 into exosomes and less potent in translocating CD73 to LDs in comparison to small
adipocytes. Furthermore, mixed populations of small and large adipocytes were found
to be more active in LD biogenesis upon lipogenic stimulation than either small or large
adipocytes. Most importantly, it was demonstrated that upregulation of LD biogenesis in
both adipocytes and adipose tissue pieces from young rats as well as esterification stimu-
lation were inhibited by the depletion of CD73-harboring exosomes from the incubation
medium and extracellular spaces, respectively [65]. It was concluded that adipocytes of
different sizes within the same adipose tissue depot coordinate the stimulation of their
lipid synthesis and LD biogenesis via the release of GPI-APs from large cells, leading
to subsequent transfer via exosomes to small cells and final translocation to the LDs of
small cells. This transfer of matter via exosomes harboring GPI-APs may shift the burden
of triacylglycerol storage from large to small adipocytes [66]. Importantly, in contrast to
the pathophysiological role of the intercellular transfer of transmembrane proteins via
exosomes, as described above with EGFRvIII, the transfer of LD biogenetic and antilipoly-
tic materials via exosomes between large and small adipocytes within the same adipose
tissue depots represents an example of a physiological and normal regulatory function of
exosomes. A hypothetical model for the (patho)physiological role of the exosome-mediated
transfer of GPI-APs between adipocytes is presented (Figure 1).
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model is based on a polarized structure of adipose tissue depots with large mature adipocytes
harboring a single or a few LD(s) only. These are capable of very pronounced esterification in
parallel with high lipolysis and located in the immediate vicinity of blood vessels, where they form
a gradient together with nascent adipocytes of small and very small size. Prolonged delivery of
free fatty acids by the blood vessels and their resulting efficient esterification into LDs will cause
the size increase of the adipocytes and exhaustion of their lipid storage capability. This will lead
to the upregulation of the lipolytic release of fatty acids from their LDs into the interstitial space.
This will only trigger the maturation of (very) small precursor adipocytes lacking visible LDs in
the deeper adipose tissue layers that are capable of esterification and lipolysis to a very moderate
degree by one or several types of intercellular signaling. Upon induction of novel and specific
cell-to-cell contacts, as are already formed between the large adipocytes, or the (vesicular) secretion
of adipokines [67] such as acylation stimulation protein ASP [68], or soluble factors such as 15-keto-
PGE2 [69,70], the targeted cell adhesion molecules or adipokine receptors at the cell surface or nuclear
hormone receptors, respectively, induce the signaling for stimulation of the esterification and/or
inhibition of lipolysis. This in concert finally leads to upregulated LD biogenesis in the growing small
adipocytes. Alternatively, or in addition, upon being challenged with high concentrations of fatty
acids originating directly from the blood vessels or from lipolytic release in response to physiological
or pharmacological stimuli such as hydrogen peroxide or the anti-diabetic sulfonylurea drug (SU)
glimepiride [71], the large adipocytes release Gce1 and CD73 into EVs. Following passage through
interstitial tissue spaces and eventually thereafter through the circulation, the EVs interact with the
PMs of (very) small adipocytes for subsequent transfer of Gce1 and CD73 to the surface of LDs. Upon
arrival, these enzymes degrade (c)AMP. Again, the resulting parallel upregulation of esterification
and downregulation of lipolysis lead to the enlargement of the LDs and size of the adipocytes.

However, it remains to be clarified whether exosomes released from large adipocytes
remain captured within the corresponding adipose tissue depot or are able to leave it
and enter the circulation via passage across adipose tissue vascular endothelial cells. If
exosomes were entrapped in the releasing adipose tissue depot, the intercellular transfer of
GPI-APs would be restricted to cells (adipocytes, vascular stromal and endothelial cells,
macrophages) of this depot. In this regard, the physiological insults of transferred Gce1
and CD73 may differ between the various adipose tissue cell types with the coordinated
stimulation of LD biogenesis and inhibition of lipolysis occurring only in adipocytes. In
case of the spreading of exosomes harboring GPI-APs, among them Gce1 and CD73, via the
circulation, “non-physiological” acceptor cells such as myocytes, hepatocytes, and pancre-
atic β-cells may be forced to synthesize and store neutral lipids in LDs. This phenomenon
is known to lead to deleterious “lipotoxic” consequences such as impaired insulin stimula-
tion of glucose and lipid metabolism (insulin resistance) and defective insulin secretion
(ß-cell failure). The reason for this is that the corresponding insulin target and releasing
cells, at variance with adipocytes, are not equipped with the molecular machineries to
efficiently store and mobilize fatty acids. There is convincing experimental evidence that
lipid storage at excessive amount and at inappropriate location ultimately interferes with
the physiological functions of tissue cells other than adipocytes. Consequently, “lipotoxic”
mechanisms have meanwhile been accepted to be causally involved in the development of
type 2 diabetes and the metabolic syndrome (for a review, see [72–77]).

It is conceivable that the cell surface expression of GPI-APs leads to changes in the
physicochemical characteristics of PMs which drive the release and/or transfer of GPI-
APs, among them GPI-anchored (co-)receptors and other relevant signaling components,
capable of triggering specific signal transduction processes. In fact, some data argue for this
possibility: (i) The GPI-AP Cripto-1 (CR-1), known to operate as an obligate co-receptor of
the TGFß family ligand Nodal [78], has been demonstrated to exert its paracrine signaling
function only if associated with vesicles but not in soluble form [79]. Intercellular transfer
was strictly dependent on the formation of unique extensions of the PMs by CR-1-expressing
cells, which was more pronounced than that by control cells [80]. (ii) The GPI-AP human
NKG2D ligands UL16 binding proteins (ULBP) 1-3 have been shown to be transferred
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between natural killer cells with rapid kinetics and at different efficacies [81]. Transfer
efficacy was dependent on the nature of the NKG2D ligands, the receptor-ligand interaction
and the state of immune activation of the natural killer target cells, and was correlated
to their degranulation [81]. (iii) The transferred NKG2D ligands bound to ULBP1-3 were
found to upregulate the activation of autologous natural killer cells. Unexpectedly, re-
transfer of the transferred ligand-receptor complexes to autologous effector cells caused
their death [81]. It was concluded that the exosomal intercellular transfer of GPI-APs can
proceed in both directions in general, and that it exerts a prominent role in the homeostatic
downregulation of the immune response in natural killer cells in particular.

3. Transfer via Non-Vesicular Mechanisms

The first report about the transfer of GPI-APs in vitro was published before the eluci-
dation of the chemical composition and structure of GPI anchors in 1985 [82,83]. In 1977,
Huestis and coworkers found that a subset of membrane proteins, localized at the extra-
cellular leaflet of the erythrocyte PMs, such as the GPI-AP acetylcholinesterase (AChE), is
selectively and reversibly transferred from erythrocytes to liposomes [84–86]. Subsequently,
the purified human erythrocyte GPI-AP decay accelerating factor (DAF or CD55) has been
demonstrated to associate with sheep erythrocytes upon incubation, and concomitantly to
maintain its biological activity, i.e., to block human complement attack and the resulting
erythrocyte lysis [87,88]. Following the identification and structural characterization of GPI
anchors in 1985, additional experimentation revealed the transfer of GPI-APs from donor
to acceptor PMs or liposomes as well as the insertion of enriched or purified detergent-
solubilized GPI-APs into acceptor PMs. Each of these processes is presumably accompanied
by the direct intercalation of the GPI anchors into the outer leaflet of the PM or liposomal
phospholipid bilayer [85,86].

One of the first demonstrations of a recombinant fusion protein-GPI to be transferred
between cultured cells by non-vesicular mechanisms was performed with CD4-GPI. This
fusion protein became transferred in a biologically active state between adeno-associated
virus-transduced HeLa cells or from those to GPI-deficient human erythrocytes upon
direct cell contact or exposure to HeLa cell supernatants which lacked any vesicular
structures [48,49] (for a review, see [89]). In parallel, GPI-linked complement restriction
factors were found to be transferred in vivo from the erythrocyte PMs derived from trans-
genic mice to endothelial cells in functional form [90] (for a review, see [91,92]).

The validity of this approach was reinforced with biotinylated human DAF55 and
AChE as well as murine GPI-anchored B7-1 and B7-2 for determination of their distribution
and signaling function upon insertion into the PMs of HeLa or Chinese hamster ovary
cells [93]. Three modes of association with the cell surface were observed for each reporter
GPI-AP, (i) unspecific adsorption and/or peripheral embedding, (ii) insertion into non-lipid
raft membrane areas, and (iii) insertion into lipid rafts. Movement from the former two
localizations to the latter was found to occur, however, only at slow rate. It led to the
acquisition of the native function, i.e., inhibition of the complement-induced formation of
the membrane attack complex (MAC) and corresponding enzymic activity, respectively.
These data argued for conservation of the native function of exogenously inserted GPI-APs
and thus for the usefulness of cell surface engineering/painting with GPI-APs, for instance,
with modified cancer cell antigens of tumor cells for the treatment of cancer (see Section 4).

Those cellular studies on GPI-AP transfer were supplemented by cell-free and liposo-
mal test systems. An important example is the use of monolayers of phosphatidylcholine at
the air–water interface as model membranes which were incubated with the GPI-AP bovine
intestinal mucosa alkaline phosphatase (AP). It was found that phospholipids with unsat-
urated fatty acids at the acceptor cell PMs considerably reduced the interface interaction
forces elicited by the insertion of the GPI-APs [94]. This feature of the interaction between
GPI-APs and phospholipids may explain the differential targeting of GPI-APs to lipid raft
vs. non-raft domains of the acceptor PMs. Erythrocyte-liposome systems have also been
used to address the question as to whether the transfer of GPI-APs between membranes
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operates spontaneously or is supported by some catalyst(s). Surprisingly, detailed analysis
revealed that the GPI-AP AChE is transferred from erythrocytes to both small light and
large heavy vesicles, which are both shed from the erythrocytes upon exposure to liposomes,
rather than to the liposomes themselves [95,96]. This finding demonstrated that liposomes
cause the release of AChE from erythrocytes into large heavy vesicles, which could be
identical with microvesicles, with subsequent transfer to and accumulation in the small
light vesicles. The results strongly suggested that GPI-APs do not spontaneously transfer
between the PMs of mammalian cells [97,98]. Consequently, it has been concluded that
the transfer of exogenously added (native) GPI-APs or recombinant fusion proteins-GPI
critically depends on the activity of a still unknown catalyst. If valid, this entity may be
functional at the acceptor PMs, and is apparently expressed in those acceptor cells, which
have been used for the so-called “cell surface painting or engineering” so far (for a review,
see [99,100]).

A number of findings on GPI-AP transfer took advantage of studies on PNH. This
acquired disease is caused by defective synthesis of precursors for GPI anchors in the stem
cells of the blood cell lineage. This leads to erythrocytes devoid of GPI-APs, among them
the complement regulatory/inhibitory components CD55, CD59, and the homologous
restriction factor (HRF). GPI-deficient blood and immune cells are therefore extremely
sensitive towards attack and lysis provoked by the autologous complement system (for a
review, see [101,102]). Importantly, it has been demonstrated that GPI-deficient erythrocytes
from PNH patients (re-)gained considerable resistance towards complement-mediated
destruction by incubation with purified CD55 [103], CD59 [104], or HRF [105]. Apparently,
these GPI-APs are transferred to and exert their biological activity at the PNH erythrocytes
upon their insertion into the outer PM leaflet in correct orientation. On the basis of the
demonstrated transfer of full-length and functional CD55 and CD59 from erythrocytes to
endothelial cells in transgenic mice as well as under physiological conditions such as organ
and bone marrow transplantation, it has been proposed that, in general, cells with limited
or missing capacity for the biogenesis of GPI-APs such as erythrocytes, endothelial cells and
spermatozoa may receive them under (patho)physiological conditions or be “painted” by
them under artificial conditions upon transfer from GPI-AP-expressing donor cells [89,90].

Mammalian GPI-APs are known to transmit signals across PMs upon their crosslinking
by antibodies (for a review, see [106,107]). Immediately after the transfer of rat brain Thy-1
to mouse lymphocytes [108] or sheep CD59 to human neutrophils [109], both GPI-APs
failed to efficiently signal across PMs. However, human CD59 inserted into U937 monocytes
triggered downstream signaling, as reflected in the stimulation of intracellular Ca2+-fluxes,
upon prolonged incubation which resulted in its redistribution into PM lipid rafts [110].
This led to the conclusion that GPI-APs transferred to the PMs of acceptor, here immune,
cells and following their redistribution to their preferred residence, the lipid rafts, obtain
their, here Ca2+-triggered, signaling competence. Additional findings strongly indicate
that GPI-APs are required for normal immune cell, in particular, lymphocyte, function and
maintenance of normal peripheral immunological, in particular, lymphoid, homeostasis
rather than for immune cell, in particular, lymphocyte, development (for a review, see [106]).

Transfer of GPI-APs into the outer leaflet of the PM bilayer seems to be mediated by
their long-chain fatty acyl chains on the basis of the following findings: (i) It is strictly
dependent on the diacylglycerol or phosphatidate moiety of the GPI anchor [111]. (ii) It is
more efficient with GPI-APs equipped with GPI anchors harboring two fatty acyl chains
compared to a single acyl moiety [111]. (iii) It is hardly affected by treatment of the
acceptor PMs with proteinase K or sialidase before [112] as well as high salt treatment
following incubation with the GPI-APs [87]. This argues against their peripheral association
with proteinaceous or lipidic cell surface components. (iv) It is more efficient at higher
temperatures [87,113–115], which may be due to increased fluidity of the PMs as well as
lateral mobility of their components with the resulting inclusion of GPI-APs into specific
PM domains, such as the lipid rafts. (v) It is inhibited by lipid- and fatty-acid-binding
proteins such as albumin, or lipoproteins such as human high and low density lipoproteins
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(HDL, LDL), which, however, failed to extract GPI-APs following their transfer [87,115].
Importantly, in the above studies, the purified GPI-APs were transferred into the PMs
of intact acceptor cells in the absence of detergent [107,115] or in the presence of very
low concentrations of detergent under preservation of the structural intactness of the
PMs [87,111].

The following different molecular mechanisms have been proposed for the insertion
of GPI-APs into acceptor membranes or cells: (i) Insertion as monomers from stabiliz-
ing detergent micelles or from lipoproteins or from lipid- or fatty-acid-binding proteins
upon their dissociation. (ii) Insertion as homo-oligo/multimers, which are generated
upon removal of detergent in the course of the purification of GPI-APs, following their
contact with hydrophobic membrane domains such as lipid rafts. (iii) Insertion following
constitutive endocytosis of the homo-oligo/multimers of GPI-APs, and their subsequent
dissociation into monomers in the endosomal compartment. Upon their transfer to the
luminal leaflet of the endosomal membranes and final vectorial vesicular transport to the
cell surface, the GPI-APs become expressed at the extracellular leaflet of the PMs. All these
hypothetical mechanisms are compatible with the insertion of the GPI anchor fatty acyl
chains either directly into lipid rafts containing high concentrations of saturated long-chain
glyco(sphingo)lipids and cholesterol or into non-raft domains with distribution all over
the cell surface in random fashion and subsequent lateral diffusion into lipid rafts. Both
pathways would guarantee the acquisition of the typical topological and functional (e.g.,
signaling) characteristics of the transferred GPI-APs.

Native GPI-APs are targeted to their specific (sub)cellular localizations in course
of their biosynthesis, leading to their characteristic distribution within PMs (e.g., apical
vs. basolateral) and between PMs and intracellular membranes (e.g., Golgi apparatus,
endoplasmic reticulum) as well as between distinct cells and tissues (for a review, see [6]).
This raised important questions as to whether the transfer of GPI-APs occurs in vivo and,
if so, whether it could lead to their aberrant (inter)cellular distribution, possibly under
certain (patho)physiological conditions. About three decades ago, the transfer of GPI-APs
in vivo was reported for the first time [90,116,117]. However, since those studies dealt with
GPI-anchored serum complement regulatory proteins exclusively, the second question
has remained unanswered. In fact, a concentration gradient of GPI-APs between donor
and acceptor cell PMs could facilitate their transfer between neighboring cells of the same
tissue depot. Alternatively, it is conceivable that fatty-acid- or lipid-binding serum proteins
mediate transfer through shielding of the GPI anchor from access of the aqueous milieu of
blood and other body fluids. Those proteins could simultaneously catalyze the insertion
step into the acceptor PM outer leaflet [97]. HDL has been suggested as candidate for a lipid-
binding serum protein. It may exert this role on the basis of its reported interaction with
CD59 in human serum [118] and its ability to stimulate the transfer of GPI-APs between PMs
under serum-free conditions [119]. However, at present it cannot be excluded that serum
lipoproteins with loaded GPI-APs are endocytosed upon binding to their cognate receptors
according to the above mechanism (iii) for their trafficking to the cell surface. Moreover, the
demonstrated in vivo transfer of GPI-APs from erythrocytes could have involved EVs since
those are known to be released from erythrocytes in response to mechanical stress, age,
prolonged storage, ATP depletion [120], or contact with other membranes [97,98]. After
targeting and interacting with the acceptor PMs, EVs could mediate the direct insertion of
the loaded GPI-APs, directly fuse with the acceptor PMs, or be endocytosed and recycled
back to the cell surface. The operation of one or the other of these putative mechanisms of
non-vesicular transfer of GPI-APs in vivo under (patho)physiological conditions remains
to be demonstrated.

In one of the first detailed biochemical and microscopic characterizations of non-
vesicular structures mediating intercellular transfer, the GPI-APs CD59, CD55, and CDw52,
but not the transmembrane protein CD46, were identified in high-speed supernatants of
seminal plasma as stable high-molecular aggregates of high buoyant density. Those GPI-
APs were found to be transferred in vitro from this prostasome- and vesicle-free fraction to
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spermatozoa, where they may contribute to the creation of new surface properties, among
them resistance towards complement attack in the seminal plasma [121–123].

Convincing experimental data have revealed lipoproteins as candidate proteins fa-
cilitating the intercellular non-vesicular transfer of GPI-APs. They may interact with
(presumably fatty acyl chains of their) GPI anchors in general [124–128], and with that
of clusterin and apolipoprotein J in particular [129,130]. These fatty acyl or phospholipid
carriers, which are abundantly expressed in epididymal and uterine luminal fluids, were
found to produce monomers of the GPI-AP sperm adhesion molecule 1 (SPAM1) from
its transfer-incompetent homo-oligomeric aggregates. Those monomers, stabilized by hy-
drophobic interactions, are then destined for transfer by a non-vesicular mechanism from
the soluble fraction of the luminal fluids to human and mouse sperm membranes [129,130].
Consequently, a lipid-exchange model relying on phospholipid carriers such as clusterin
was presented to explain the transfer of GPI-APs to the sperm surface [129,131]. Prior to
these findings, the transfer of Schistosoma mansoni and Trypanosoma brucei GPI-anchored gly-
coproteins such as VSG221 to serum lipoproteins of infected patients suffering from chronic
schistosomiasis and sleeping sickness, respectively, has been reported [124]. Endocytosis of
the lipoprotein-GPI-AP complexes by host cells carrying the immunoglobulin-Fc receptor
were thought to provoke their clearance by immune cells, disruption of lipid homeostasis,
and lipid accumulation in neutrophils with accompanying apoptosis. This sequence of
events may ultimately end in the recycling of the GPI-APs to the host cell surface with
aberrant antigen presentation and, consequently, insufficient immune response towards
the pathogen [124].

One of the first reports that non-vesicular transfer of GPI-APs is a regulated process
dealt with the GPI-APs cellular prion protein (PrPC) and CD90 which were both transferred
from a PrPC expressing neuroblastoma cell line to human erythroleukemia cells (ELCs)
at low efficacy [132]. Importantly, transfer, which required the complete GPI anchor and
direct cell-to-cell contact (see Section 5), was upregulated by incubation of both donor
and acceptor cells with the protein kinase C activator phorbol 12-myristate 13-acetate.
Apparently, intercellular transfer of a subset of GPI-APs is under control of signaling by
protein kinase C.

4. Transfer via Micelle-like Complexes

In mammalian organisms, full-length GPI-APs can be released from donor cells
and tissues into extracellular compartments such as interstitial fluids and the blood
stream in response to endogenous or exogenous cues and incorporated together with
(lyso)phospholipids and cholesterol into micelle-like complexes (for a review, see [6]).
Those GPI-APs may escape degradation by serum GPI-specific phospholipase D (GPLD1)
and then be transferred to acceptor blood and tissue cells. To study this possibility in vitro,
the interaction with GPI-APs and activity of GPLD1 and the transfer of the GPI-APs were
analyzed using chip-based biosensing with horizontal surface acoustic waves (SAWs)
of reconstituted micelle-like GPI-AP complexes [133]. For this, a chip- and microfluidic
channel-based biosensor was developed, which monitors any interaction at the chip surface
by changes in the phase and amplitude of the horizontal SAWs propagating over the
chip surface. Upon measurement, the complexes were identified in rat as well as human
serum as changes in SAW phase shift, which reflected the amount of full-length GPI-APs in
complex with lipids, as well as in SAW amplitude, which reflected the viscoelasticity of the
complexes (for a review, see [6]).

Both rat and human serum GPLD1 activity was found to be positively correlated to the
hyperglycemic/hyperinsulinemic state of the donor organisms which was primarily caused
by the upregulated interaction of the GPLD1 with micelle-like GPI-AP complexes [133].
Other serum proteins also managed to interact with the phosphoinositolglycan (PIG) por-
tion of the GPI anchors. Importantly, upon incubation, full-length GPI-APs were transferred
from micelle-like complexes and, with lower efficacy, from reconstituted HDL and lipo-
somes to acceptor adipocytes. The accompanying increases of lysis of the adipocytes, as
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monitored by lactate dehydrogenase release, as well as of GPI-AP transfer, were diminished
by catalytically inactive but binding-competent GPLD1 and other serum proteins, in posi-
tive correlation to the hyperglycemic/hyperinsulinemic state of the donor rats and diabetic
state of the probands, respectively [133]. On the basis of these results, it was concluded
that full-length GPI-APs, released into the circulation from metabolically dysregulated
donor cells, exert deleterious effects upon transfer to acceptor cells unless their GPI anchor
becomes bound to the GPLD1 or other serum proteins. Those become upregulated in
diabetic rats and humans, and thereby prevented GPI-APs from being transferred to blood
and tissue cells. The observed correlations of the transfer of GPI-APs through non-vesicular
mechanisms with the metabolic state [133] and age [134] justified efforts for the identifica-
tion of the complexes of GPI-APs and serum proteins for the prediction and stratification
of metabolic diseases such as obesity and diabetes.

For this, the involvement of micelle-like GPI-AP complexes in the transfer of GPI-APs
between donor and acceptor PMs was tested using the chip-based SAW biosensor in a
cell-free configuration with covalently immobilized acceptor PMs (from rat and human
adipocytes and erythrocytes) [135]. The transfer of GPI-APs to the acceptor PMs was
monitored upon injection into the chips of donor erythrocyte or adipocyte PMs and then
of antibodies against GPI-APs as a phase shift of the horizontal SAWs induced by anti-
body binding to the transferred GPI-APs. Transfer was found to depend on time and
temperature, and to be restricted to GPI-APs (i.e., no transfer of transmembrane proteins
was detected with the SAW biosensor). It was inhibited by adsorption of GPI-APs to a
GPI-binding toxin or injection of serum proteins into the chip channels with accompa-
nying accumulation in the channels of non-vesicular structures consisting of full-length
GPI-APs in association with (lyso)phospholipids and cholesterol. Transfer was restored
in concentration-dependent fashion by synthetic PIGs mimicking the glycan core of GPI
anchors. Interestingly, the metabolic state (genotype and feeding state) of the rats which
served as sources for the PMs and sera was correlated to the efficacy of transfer between
the adipocyte and erythrocyte PMs and its blockade, respectively, being highest for obese
diabetic rats [135]. The data obtained with the cell-free chip-based biosensor suggested
that transfer of full-length GPI-APs operates between isolated PMs, involves micelle-like
complexes, and depends on some biophysical characteristics of the donor and/or acceptor
PMs, which are determined by the metabolic state of the corresponding cells.

After having elucidated the transfer of GPI-APs from isolated donor PMs via micelle-
like complexes to isolated acceptor PMs and its correlation to the metabolic state of the
corresponding donor cells, the possibility of transfer between intact donor and acceptor
cells with accompanying impact on the metabolism of the latter was investigated [136].
Using transwell co-cultures and chip-based biosensing of PMs prepared from the acceptor
cells, for the amount of GPI-APs, full-length GPI-APs were found to be transferred from
micelle-like complexes or human ELCs or from donor adipocytes to GPI-deficient acceptor
adipocytes or ELCs. Transfer was accompanied by stimulation of glycogen (ELCs) and lipid
(adipocytes) synthesis. An increase in transfer as well as metabolism was counteracted
by addition of serum proteins, GPLD1, albumin, or bacterial phosphatidylinositol-specific
phospholipase C (PI-PLC) for the removal of total GPI-APs from the culture medium.
Serum blockade of transfer in parallel of glycogen/lipid synthesis, which was most pro-
nounced for rats of dysregulated metabolic states or hyperinsulinemic/hyperglycemic
human probands, was abrogated by synthetic PIGs which cause the displacement of GPI-
APs from the serum proteins. Moreover, the combination of large donor and small acceptor
rat adipocytes led to maximal upregulation of transfer and lipid synthesis [136]. These
results argue for the transfer of full-length GPI-APs between adipocytes and blood cells in
both homologous and heterologous configuration. As has been previously demonstrated
for isolated PMs [135], serum proteins, in correlation to the metabolic state of the donor
organisms, and PIGs, in correlation to their structural similarity to the glycan core, caused
the inhibition and restoration, respectively, of transfer as well as lipid and glycogen synthe-
sis. Thus, GPI-APs are transferred between intact cells under involvement of micelle-like
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complexes. The resulting upregulation of lipid and glycogen synthesis in the acceptor cells
and its dependence on the size and metabolic state of the cells such as lipid loading of the
adipocytes, argue for the (patho)physiological relevance of the intercellular GPI-AP transfer
in general, and its role in the “direct” short-distance control of metabolism in particular.

A working model for the “direct” physiological mode of (“vertical” and “horizontal”)
transfer of GPI-APs over short distance between human adipocytes and from human
adipocytes to blood cells and stimulation of lipid droplet and glycogen granule biogenesis,
respectively, with the aid of transwell co-culture, in particular, has been presented (see
reproduction from [136] in Supplementary Materials, Figure S1). It depicts the transfer of
full-length GPI-APs from donor to acceptor cells within the same tissue depot and from
donor tissue cells to acceptor blood cells in the immediate vicinity and its regulation by
serum proteins and the metabolic state of the mammalian organism. The main conclusions
are as follows (numbering of the distinct steps as shown in Supplementary Materials,
Figure S1): Full-length GPI-APs are released from the outer leaflet of the PM bilayer of
large lipid-loaded human adipocytes (panel b, upper compartment, “direct” transfer) into
the interstitial spaces of adipose tissue depots (1). Specific characteristics of the adipocyte
PMs (e.g., viscoelasticity, stiffness), which have been found to be correlated to the age and
metabolic state of both rat and human adipocytes [137–140], may support release. Released
GPI-APs are inserted into the outer leaflet of the PM bilayer of small (pre)adipocytes, which
contain only small lipid droplets and few GPI-APs and reside near to the large adipocytes
within the same tissue depot (2). The resulting increase in the number of GPI-APs at
PMs (3) causes the upregulation of lipid synthesis (4) as well as lipid droplet biogenesis
with accompanying conversion of small into large adipocytes (5). Depletion of serum
GPI-binding proteins from the adipose tissue depots, putatively as a consequence of the
continuous blood stream and/or elimination by the liver, drives physiological, i.e., “direct”
(transfer without involvement of GPI-binding protein), “vertical” (transfer between the
same cell type), and “downward” (transfer from old to young cells) transfer of GPI-APs. As
the final physiological outcome of this type of GPI-AP transfer, the shifting of the burden
of lipid droplet biogenesis and lipid storage from large to small adipocytes within the same
tissue depot seems to represent a sound candidate.

At variance, for the pathophysiological, i.e., “indirect” (under involvement of GPI-
binding proteins) and “horizontal” (between different cell types) transfer of GPI-APs
from large adipocytes, which contain a single large LD and many GPI-APs, to distant
blood (or non-adipose tissue) cells to happen, the released full-length GPI-APs have to
be transported across endothelial cells into the blood (6). However, serum GPI-binding
proteins (7), among them albumin (8) and catalytically inactive GPLD1 (absence of diva-
lent cations) (9), recognize the glycan core of the GPI anchor. At contrast, active GPLD1
(presence of divalent cations) degrades the GPI anchor (10) with concomitant generation of
inositolglycan-(IG-)proteins from the full-length GPI-APs (11). In consequence, pathophys-
iological transfer is prevented by both types of interaction of serum proteins and GPI-APs
(8–10), each blocking their insertion into PMs (12) and the accompanying biogenesis of
glycogen granules in blood (and non-adipose tissue) cells (13). At variance, pathophys-
iological “indirect” transfer becomes enabled by the presence of PIG compounds in the
blood (14). This leads to displacement of full-length GPI-APs from the serum GPI-binding
proteins (15). The displaced GPI-APs may be arranged in (lyso)phospholipid-harboring
micelle-like complexes or in (homo- or heteromeric) aggregates during passage across
the interstitial spaces of adipose tissue depots and the bloodstream (not depicted in this
model), as have been characterized previously [141,142]. Thereafter, those GPI-APs insert
into the outer leaflet of blood (and non-adipose tissue) cell PMs (16) under parallel upregu-
lation of glycogen granule biogenesis (17). In conclusion, the concerted and coordinated
action of serum GPI-binding proteins and PIGs seems to play a critical role for the differ-
ential routing of the released full-length GPI-APs into the physiological “direct” vs. the
pathophysiological “indirect” mode of their transfer.
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Next, it has been demonstrated that the “indirect” transfer of GPI-APs to as well as
the induction of the anabolic phenotype in the acceptor cells, as reflected in the stimulation
of glycogen synthesis and granule biogenesis in the GPI-deficient acceptor ELCs in the
transwell co-culture, is under the control of certain hormones and drugs [143]. Insulin and
the anti-diabetic SU glimepiride, which has been shown to stimulate glucose transport and
metabolism in insulin target cells and tissues independent of insulin both in vitro [144] and
in vivo [145], induced the concentration-dependent reduction of both transfer and anabolic
effect [143]. Unexpectedly, it became evident that the insulin- and glimepiride-induced
blockade of GPI-AP transfer as well as glycogen synthesis is abrogated by rat serum in
a volume-dependent manner. The restoration of both transfer and anabolic effect was
found to depend on the metabolic state of the rats as serum donors, with serum from
hyperinsulinemic hyperglycemic rats being most potent [143].

Finally, binding of full-length GPI-APs to proteins in rat serum was detected, among
them to (catalytically inactive) GPLD1 [143]. To test for the possibility that full-length
GPI-APs contained in human serum are also bound to proteins and become displaced
by PIGs, serum proteins from normal male human probands were assayed for binding
of serum full-length GPI-APs and their displacement by synthetic PIGs (Figure 2) (for
structure and synthesis of PIGs, see [146]). This experiment was performed as described
previously [143], with the only difference being the use of human instead of rat serum. Since
GPLD1 has been identified so far as the only serum protein which interacts with full-length
GPI-APs [147–150], the experimental demonstration of this interaction was favored and
studied in the presence of ortho-phenanthroline (Pha) which inhibits the Ca2+-dependent
lipolytic cleavage of substrate GPI-APs by GPLD1 [148,149].
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Figure 2. Human serum contains full-length GPI-APs which are bound to and displaced from serum
proteins, among them the GPLD1, by PIGs (for structure and design of PIGs, see [146]) (a complete
description of the methods and results is given in the Supplementary Materials). (a) After covalent
immobilization (0–300 s) and subsequent blockade of unreacted carboxyl groups (300–400 s), anti-GPLD1
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antibody (blue, yellow, brown, turquoise, red curves) or IgG (green curve) were injected into the
chip channels. Following washing of the chips (600–700 s), 200 µL of human serum containing
Pha (green curve) or lacking it (turquoise curve), which had been pretreated with bacterial PI-PLC
(brown curve) or remained untreated (blue, yellow, turquoise, green curves) or PBS (red curve)
were injected (700–900 s) in the absence (turquoise curve) or presence of Pha (all other curves)
or PIG41 (yellow curve). After washing of the channels (900–1000 s), α-toxin (1000–1200 s), and
subsequently anti-CD55 (1200–1500 s), anti-CD59 (1500–1800 s), anti-TNAP (1800–2100 s), anti-AChE
(2100–2400 s) and anti-CD73 (2400–2700 s) antibodies were injected successively. After injection
of PIG41 (2700–2850 s) together with Ca2+ and then TX-100 (2850–3000 s), anti-GPLD1 antibody
was finally injected (3000–3300 s). Phase shift is given upon correction for unspecific interaction of
serum components and altered viscosity of the sample fluid. (b) The experiment was performed as
described (see (a); chips with immobilized anti-GPLD1) with human serum in the presence of Pha
and subsequent injection of PIGs or buffer together with Ca2+ (blue curve). The measured phase
shift was corrected (see (a)) and is only shown from the start of the last antibody (2400 s) to the
end of TX-100 injection (3000 s). (c) After covalent immobilization (0–300 s) of human GPLD1 in
contrast to buffer-treated chips (green curve), unreacted carboxyl groups were blocked (300–400 s).
Following washing of the chips (400–600 s), human serum (blue, yellow, brown, turquoise, green
curves) containing Pha (blue curve) or lacking it (turquoise curve) which had been pretreated with
bacterial PI-PLC (brown curve) or remained untreated (blue, yellow, turquoise, green curves) or buffer
(red curve) were injected (600–900 s) in the absence (turquoise curve) or presence of Pha (all other
curves) or PIG41 (yellow curve). After washing of the channels (900–1000 s), α-toxin (1000–1200 s),
and subsequently anti-CD55, anti-CD59, anti-TNAP, anti-AChE and anti-CD73 antibodies were
injected successively. After injection of PIG41 (2700–2850 s) together with Ca2+ and then TX-100
(2850–3000 s), anti-GPLD1 antibody was finally injected (3000–3300 s). The measured phase shift
was corrected (see (a)). (d) After covalent immobilization of full-length AChE or soluble AChE
(grey curve) onto chips (0–300 s) and blockade of unreacted carboxyl groups (300–400 s), human
serum containing Pha (blue curve) or lacking it (turquoise curve) which had been pretreated with
bacterial PI-PLC (brown curve) or remained untreated (blue, yellow, turquoise, green curves) or PBS
(red curve) were injected (400–600 s) in the absence (turquoise curve) or presence of Pha (all other
curves) or PIG41 (yellow curve). After washing of the channels (600–700 s), monoclonal anti-GPLD1
antibody or IgG (green curve) (700–900 s), human annexin-V (900–1000 s), α-toxin (1000–1200 s),
and subsequently anti-CD55 (1200–1500 s), anti-CD59 (1500–1800 s), anti-TNAP (1800–2100 s), and
anti-CD73 (2100–2400 s) antibodies were injected successively. After injection of TX-100 (2400–2600 s)
and then PIG41 together with Ca2+ (2600–2800 s), anti-AChE antibody (2800–2900 s), then buffer
(2900–3000 s) and finally GPLD1 (3000–3300 s) together with Pha were injected. The measured phase
shift was corrected (see (a)).

For this, SAW chips were generated with protein A being covalently coupled to the
gold surface and a monoclonal antibody cross-reactive for human GPLD1 subsequently
being immobilized at their channels (Figure 2a). Both steps (0–400 and 400–700 s respec-
tively) were monitored by considerable increases in phase shift. The injection of serum from
normal human probands (700–1000 s) together with Pha (Figure 2a; blue curve), but not
without Pha (turquoise curve), caused additional upregulation of phase shift vs. buffer (red
curve) in anti-GPLD1 antibody (blue curve), but not anti-IgG control (green curve) chan-
nels. Phase shift was further elevated by injection of the GPI-interacting protein α-toxin
(1000–1200 s) [151,152], anti-CD55 (1200–1500 s), anti-TNAP (1800–2100 s), and anti-AChE
(2100–2400 s), but not of anti-CD59 (1500–1800 s) and hardly of anti-CD73 (2400–2700 s)
antibodies, in successive fashion (Figure 2a). This was compatible with binding to rather
than cleavage by human serum GPLD1 of GPI-APs in the absence of Ca2+, among them
CD55, TNAP, and AChE, which all represent minor constituents of human serum.

The roughly 50% decrease in the α-toxin- and antibodies-induced phase shifts fol-
lowing PIG41 and TX-100 injections (Figure 2a; blue curve) argued for the involvement
of the GPI anchor glycan core and micelle-like complexes constituted by GPI-APs, choles-
terol, and (lyso)phospholipids [142], respectively, in the recognition of GPI-APs by GPLD1.
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The former was confirmed by co-injection of PIG41 which led to about a 75% reduction
in the serum-, α-toxin-, and antibodies-induced phase shift increases (Figure 2a; orange
curve). This hinted at a critical role of the GPI glycan core in the interaction of GPLD1 and
full-length GPI-APs. Analysis of the potency of structurally different PIGs (for structural
details, see [146]) in displacing GPI-APs from human serum GPLD1 revealed that PIG41
was most efficient, followed by PIG37, PIG45, and PIG7, and lastly PIG1, in that ranking
order of decreasing potency (Figure 2b).

In contrast to rat serum, pretreatment of human serum with bacterial PI-PLC (700–900 s)
led to only a marginal reduction in phase shift increase (Figure 2a; brown curve). This is
explained best by the very low deacylation of the myo-inositol residue of the GPI anchor
of GPI-APs expressed in those human tissues which release full-length GPI-APs into the
circulation, since this is the prerequisite for their cleavage by bacterial PI-PLC (see above).
The considerable increases in phase shift upon final injection of a polyclonal antibody
against human GPLD1 in all channels, except for those with no GPLD1 or serum injected
(Figure 2a; green and red curves, respectively), confirmed capture of GPLD1 from the
serum of the human probands. Taken together, SAW sensing using chips with immobilized
anti-GPLD1 antibodies can be used for analysis of the interaction of full-length GPI-APs
and GPLD1 in human serum and their displacement by PIGs and revealed both identities
(CD55, TNAP) and differences (CD59, AChE, CD73) in the full-length GPI-APs which are
bound to serum GPLD1 as well as in the degree of deacylation of their GPI anchor (high in
rats, low in humans).

The capability of human serum GPLD1 to interact with human serum full-length
GPI-APs was further validated by the ionic/covalent coupling of recombinant human
GPLD1 to the sensor chips, subsequent injection of human male serum under various
conditions, and detection of bound serum GPI-APs upon successive injection of α-toxin
known to specifically interact with the GPI glycan core, and antibodies against selected
GPI-APs and final measurement of the SAW phase shift as has already been performed for
(a) (Figure 2c). Successful coupling of the GPLD1 and binding of serum proteins (turquoise
curves) was demonstrated by phase shift increases in contrast to corresponding buffer
injections (green and red curves, respectively). The presence of Pha during serum injection
(Figure 1a; blue curve) led to further phase shift increase. Phase shifts were further and
sequentially upregulated by injection of α-toxin, anti-CD55, anti-TNAP, and anti-AChE,
but not of anti-CD59 and hardly of anti-CD73 antibodies (Figure 2c). Thus, the types and
relative amounts of human serum GPI-APs bound to human recombinant GPLD1 in the
absence of Ca2+ were identical to those identified in the course of the above experimental
configuration with authentic serum GPLD1, captured from human serum together with
bound GPI-APs (see Figure 2a).

The drastic decreases of the α-toxin- and antibodies-induced phase shifts following
PIG41 and TX-100 injections (Figure 2c; blue curve) confirmed the role of the GPI anchor
glycan core and micelle-like complexes constituted by full-length GPI-APs, cholesterol,
and (lyso)phospholipids, respectively, in the interaction between GPI-APs and GPLD1.
In accordance with this, the co-injection of PIG41 caused considerable reductions of the
serum-, α-toxin-, and antibodies-induced phase shift increases (Figure 2c; orange curve).

Finally, the interaction of full-length GPI-APs with serum proteins was studied us-
ing the reverse experimental configuration compared to the above (Figure 2a–c), with
full-length AChE coupled to the chip surface by ionic/covalent capture and subsequent
injection of serum from human male probands (Figure 2d). The latter (Figure 2d; turquoise
curve), but not buffer (red curve) led to a considerable phase shift increase compared to
captured soluble AChE, prepared by lipolytic cleavage of its anchor-harboring version
(Figure 2d; grey curve). Phase shift increased further by successive injection of anti-GPLD1
antibodies (700–900 s), but not IgG (Figure 2d; green curve), the phosphatidylserine-binding
protein annexin-V (900–1000 s), the glycan core-binding protein α-toxin (100–1200 s), and
anti-CD55 (1200–1500 s), anti-TNAP (1800–2100 s) and, to a minor extent, anti-CD73
(2100–2400 s), but not anti-CD59 (1500–1800 s) antibodies. Pha co-injected together with
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serum drastically increased phase shift (Figure 2a; blue curve), compatible with inhibition
of lipolytic digestion by GPLD1 of bound full-length GPI-APs through complexation of
divalent cations. As already observed above (Figure 2a,c), pretreatment of human serum
with bacterial PI-PLC (400–600 s, presence of Pha) caused only a minor reduction in phase
shift increase (Figure 2d; brown curve), which is presumably due to the persistent acylation
of the myo-inositol residue of the GPI anchor of released GPI-APs in human serum.

Importantly, the apparent interaction of the complexes consisting of full-length AChE
and human serum proteins, among them GPLD1, with phospholipids and human serum
GPI-APs, as demonstrated by the annexin-V-, α-toxin-, and antibody-induced phase shift
increases, respectively, may be explained best by the binding of human serum proteins ex-
hibiting multiple recognition sites for full-length GPI-APs and therefore not being identical
with GPLD1, which displays only a single active site according to present knowledge [149].
Those serum GPI-(AP) binding proteins may form a bridge between captured full-length
AChE and micelle-like GPI-AP complexes consisting of (lyso)phospholipids, cholesterol,
and full-length GPI-APs released into human serum, among them CD55, TNAP, and CD73.
Consequently, this sandwich configuration disintegrated upon subsequent injection of
TX-100 with about a 30% reduction in total phase shift increase (Figure 2d; 2400–2600 s) due
to the relief of the micelle-like complexes and finally of PIG41, leading to almost complete
loss of phase shift (2600–2800 s), caused by the dissociation of GPLD1 from AChE. Its
persistent capture by the chip surface including the complete GPI anchor (glycan core)
was demonstrated by phase shift upregulations upon injection of a monoclonal anti-AChE
antibody (Figure 2d; 2800–3000 s) and then, after removal of PIG41 by extensive washing,
of recombinant human GPLD1 together with Pha (2900–3000 s).

Taken together, the strength of the interaction was highest for serum proteins from
metabolically deranged rats and serum from obese and diabetic probands. Furthermore,
GPI-APs were displaced from the serum proteins by synthetic PIGs, with IC50 values being
lowest for those of closest structural similarity to the GPI glycan core. Thus, in normal
human serum micelle-like complexes consisting of (lyso)phospholipids, cholesterol, and
full-length GPI-APs interact with various GPI-binding proteins which recognize their GPI
glycan core using a single (GPLD1) or multiple binding sites per molecule.

The findings reported so far for human adipocytes and GPI-deficient ELCs as model
tissue donor and blood acceptor cells, respectively, prompted the question as to whether
transfer of GPI-APs in parallel to a change in the metabolic phenotype is restricted to
terminally differentiated somatic cells or also holds true for undifferentiated acceptor
cells, such as induced pluripotent stem cells (iPSCs). iPSCs are adult cells that have been
reprogrammed to an embryonic stem-cell-like state. These cells can replicate indefinitely
in the undifferentiated state (as used here), or differentiate into any other cell types such
as nerve, heart, or liver cells under controlled conditions. The EBiSC stem cell bank, from
which these iPSCs have been derived, is a collection of human iPSCs which is available for
academic and commercial researchers for the use in disease modelling and other forms of
stem cell research. The initial collection of cell lines has been generated from a wide range
of donors representing specific disease backgrounds as well as from healthy control donors,
which have been matched for age and sex. The experiments (Figure 3) were performed
with the aid of the transwell co-culture as has been described previously [136,143], with the
only difference being the use of iPSCs instead of ELCs as acceptor cells.

For this, differentiated human adipocytes as donor and iPSCs as putative acceptor
cells were cultured in the insert wells at the top and in the companion bottom wells, respec-
tively, of transwell co-cultures, which are separated from one another by a semipermeable
membrane (with pores of 50 nm diameter) (Figure 3). This configuration prevented direct
cell-to-cell contact, but enabled passage of large protein aggregates and complexes such as
lipoprotein-like particles (LLPs) and micelle-like GPI-AP complexes, but not of EVs and
cells. Upon incubation, the intercellular transfer of GPI-APs, which involves their (i) release
from donor cells in the insert wells, (ii) diffusion across the membrane to the bottom wells,
and (iii) final insertion into the PMs of acceptor cells, may occur in parallel to a change
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in the metabolic phenotype. On the basis of dermis fibroblasts representing the primary
cells from which the iPS cell line has been derived, stimulation of lipid synthesis was ana-
lyzed as the major metabolic phenotype (synthesis of triacylglycerols and phospholipids
of the skin) of those putative acceptor cells. Transfer to their PMs was monitored using
chip-based SAW biosensing (Figure 3a) as described previously [143], and lipid synthesis
was assayed as the incorporation of fluorescent fatty acid (NBD-FA) into total acylglycerols
(Supplementary Materials, Figure S2a).
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Figure 3. Full-length GPI-APs are transferred from human differentiated cells, human micelle-like
complexes, and human serum proteins to human-induced pluripotent stem cells (iPCSs) under the
control of PIGs, insulin, and antidiabetic sulfonylureas (the complete legend including the materials
used are given in the Supplementary Materials). (a) Transfer of full-length GPI-APs from human
adipocytes to human iPSCs. (b) Transfer of full-length GPI-APs from human micelle-like GPI-AP
complexes to iPSCs. (c) Transfer to human iPSCs of GPI-APs released from human serum proteins by
PIG41. (d) Restoration of insulin- and SU-inhibited GPI-AP transfer by serum (a complete description
of the methods, results, and their interpretation is given in the Supplementary Materials).

The incubation of human adipocytes as donor cells, but not of medium alone, with
human iPSCs, which had been pretreated with mannosamine (ManN) to downregulate the
expression of endogenous GPI-APs as previously demonstrated for various differentiated
cell lines such as ELCs [136,143], as acceptor cells in transwell co-culture led to considerable
increases in phase shift, reflecting the upregulation of PM expression of the GPI-APs
CD59, CD73, and AChE, but not CD55, during incubation for 6 h to 1 week (Figure 3a).
In contrast, PM expression of the transmembrane proteins, Glut1 and Glut4, did not
increase. Interestingly, there were considerable differences in the residual expression of
endogenous GPI-APs upon their downregulation by ManN, being high for CD55, moderate
for CD73 and AChE, and missing for CD59. Thus, full-length GPI-APs are transferred
from micelle-like GPI-AP complexes to human iPSCs with reduced PM expression of



Biomolecules 2023, 13, 994 17 of 41

GPI-APs, independent of the level of the endogenous GPI-APs, as is reflected in the
transfer of both CD55 and CD59 (Figure 3a). Taken together, these findings are compatible
with (i) the release of GPI-APs from differentiated human adipocytes in the insert wells,
(ii) their subsequent diffusion across the membrane into the bottom wells, and (iii) their
final insertion into PMs of undifferentiated human iPSCs with low or missing expression
of GPI-APs.

Next, the transfer of exogenous GPI-APs to ManN-treated human iPSCs was investi-
gated by incubation of the latter with increasing amounts of micelle-like GPI-AP complexes,
which had been reconstituted from (lyso)phospholipids and total human adipocyte GPI-
APs. Upon immobilization of the PMs, prepared from the iPSCs, to the chip and subsequent
injection of antibodies, the phase shift increases served as a measure for the transferred
transmembrane proteins and GPI-APs (Figure 3b). As expected, the expression level of
Glut4 did not differ between cells incubated in the absence (Figure 3b; Control, blue curve)
and presence of micelle-like GPI-AP complexes. At variance, incubation with complexes
led to considerable increases in expression of each of the human adipocyte GPI-APs CD59,
TNAP, CD73, and AChE compared to the control, which were dependent on the amount of
complexes and incubation time (Figure 3b). As apparent from the missing expression of
CD55 in human adipocytes (Figure 3a), this GPI-AP was not contained in the micelle-like
GPI-AP complexes derived from them and therefore failed to be transferred to human
iPSCs via those complexes (Figure 3b).

Subsequent injection of bacterial PI-PLC led to about a 30% reduction in phase shift
increase. This argued for the GPI anchorage of the proteins at the PMs of the iPSCs and
thus for the transfer of at least a considerable portion of full-length GPI-APs (Figure 3b).
The complete abrogation of phase shift increases upon injection of TX-100 was compatible
with the transfer of the GPI-APs into the PMs of the iPSCs. Taken together, the data
demonstrated that human iPSCs with impaired expression of endogenous GPI-APs at PMs
can be used for studying the functional effects of the transferred GPI-APs.

The findings that full-length GPI-APs of human serum become displaced from human
serum GPLD1 (Figure 2a–c) and presumably other GPI-binding proteins (Figure 2d) by
PIGs raised the possibility that GPI-APs are transferred to iPSCs upon their incubation
with human serum and PIGs. To test for this, the amounts of total and individual GPI-APs
expressed at the PMs, which had been prepared from the intensively washed iPSCs after
incubation, were measured by chip-based SAW biosensing with α-toxin and CD55, CD59,
TNAP, AChE, and CD73 antibodies.

PMs from ManN-treated iPSCs incubated with serum from healthy probands (Figure 3c;
turquoise curve) compared to buffer (Figure 3; olive green curve) expressed considerably
elevated amounts of total and individual GPI-APs, as reflected in corresponding successive
α-toxin- and CD55, CD59, TNAP, and CD73, but not AChE antibody-induced phase shift
increases, respectively. These were further upregulated by the presence of Pha during
serum preparation (Figure 3c; dark green curve), PIG41 during serum injection (Figure 3c;
black curve) and Pha and PIG41 in combination (Figure 3c; blue curve) in that ranking order
of increasing efficacy. This demonstrated the transfer of CD55, CD59, TNAP, and CD73, but
not AChE, from human serum GPI-binding proteins to the iPSCs, which was most efficient
during (i) inhibition of serum GPLD1 and concomitant stabilization of the interactions
between GPI-binding proteins and GPI-APs by Ca2+ removal (i.e., presence of Pha) during
serum preparation, (ii) destabilization of those interactions by Ca2+ (i.e., absence of Pha)
during serum injection, and (iii) displacement of the GPI-APs from the GPI-binding proteins
by PIG41 during serum injection. Phase shift increases caused by the immobilized PMs
did not vary significantly under either condition (Figure 3c; 0–300 s). This was compatible
with only subtle mass loading onto the chip due to the transfer of GPI-APs and excluded
unspecific binding of serum proteins to the PMs. Unspecific binding of serum proteins to
the chip channels was assessed by injection of serum into chips lacking immobilized PMs. It
accounted for only about 25% of the α-toxin- and antibody-induced phase shifts (Figure 3c;
brown curve). Nevertheless, the accompanying very minor successive phase shift increases
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confirmed the apparent interaction of serum proteins with GPI-APs in general, and CD55,
CD59, TNAP, and CD73, but not AChE, in particular.

The specificity of transfer of GPI-APs was corroborated by drastic decreases in α-
toxin- and GPI-APs antibodies-induced phase shifts upon injection of α-toxin Sepharose
beads together with the serum (Figure 3c; yellow curve). This presumably interfered with
insertion of the GPI anchor into the PMs due to α-toxin binding to the GPI glycan core.
Pretreatment of the serum with proteinase K (Figure 3c; grey curve), which degrades the
GPI-AP protein moiety, and bacterial PI-PLC (Figure 3c; red curve), which cleaves off the
GPI anchor diacylglycerol moiety, led to similar phase shift decreases.

Importantly, injection of PIG41 led to minor reduction of the phase shift increases for
each incubation condition (Figure 3c; 1950–2150 s) at an extent comparable to those of the
corresponding α-toxin-induced increases (300–500 s). This confirmed the specificity of the
recognition of the GPI glycan core by α-toxin. Furthermore, the final injection of TX-100
caused complete loss of the remaining phase shift increases for each incubation condition
(Figure 3c; 2150–2300 s), compatible with the insertion of the transferred full-length GPI-APs
into the PMs of the ManN-treated iPSCs.

In fact, insulin alone (Figure 3d; no serum, grey and red curves), glimepiride alone
(Figure 3d; no serum, black and orange curves), and serum alone (Figure 3d; light green
curve) decreased transfer of the GPI-APs studied in a concentration-dependent fashion by
up to 90, 80, and 75%, respectively, compared to the efficient control transfer (Figure 3d;
dark green curve). The latter became evident from comparison with the absence of donor
cells (Figure 3d; control no transfer, dark blue curve). This indicated the efficient reduction
of the amount of GPI-APs being competent for transfer, i.e., of those equipped with the full-
length GPI anchor in the free, not protein-bound, state in response to insulin, glimepiride,
or serum. Importantly, the combination of insulin or glimepiride and serum in the presence
of Pha led to concentration-dependent restoration of transfer to about 75–90% (insulin;
Figure 3d; light brown and turquoise curves) and 40–65% (glimepiride; Figure 3d; light blue
and dark brown curves) compared to maximal transfer in the absence of both (Figure 3d;
control transfer).

Previously, two distinct modes of inhibition of the transfer of GPI-APs from donor
to differentiated human acceptor cells and concomitantly of transfer-induced alteration
of the (metabolic) phenotype in the differentiated acceptor cells have been reported [143]:
(i) lipolytic cleavage of the GPI anchor by GPI-PLC in response to insulin and antidiabetic
SU drugs of the second and third generation and (ii) interaction of the GPI anchor with
serum proteins such as GPLD1 and BSA. On the basis of the above finding of GPI-AP
transfer to undifferentiated acceptor cells (Figure 3), its putative inhibition by insulin and
SUs as well as the potential sub-additive, additive, or synergistic interactions between
the underlying molecular mechanisms were studied using human iPSCs and serum from
healthy male probands.

Taken the data together, insulin, the anti-diabetic SU of the third generation glimepiride,
and serum were each found to interfere with the transfer of GPI-APs from human adipocytes
to human iPSCs with concomitantly reduced GPI-AP expression in a concentration-dependent
fashion at physiological and pharmacological concentrations, respectively. However, both
the insulin and the glimepiride inhibition was antagonized by serum added to the transwell
co-culture. Apparently, the full-length GPI-APs, which were transferred to the iPSCs in
the simultaneous presence of serum and insulin or glimepiride, did originate from serum
proteins loaded with GPI-APs rather than from the donor human adipocytes. Therefore,
this “indirect” mode of transfer of GPI-APs, i.e., from serum proteins with loaded GPI-
APs, can be differentiated from the “direct” mode, i.e., from donor cells in the absence of
serum proteins or in the presence of serum proteins which are not occupied by GPI-APs.
This differentiation corresponds to that which has already been described for the release
of GPI-APs from PMs of donor cells and tissues in response to insulin or SUs and their
metabolic state, respectively. Importantly, the interaction of human serum GPLD1 and a
multitude of human serum full-length GPI-APs has been demonstrated here (see Figure 2).
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In fact, recent experimental evidence has suggested that GPLD1 and most likely additional
serum proteins operate as binding entities, i.e., GPI-binding proteins, for full-length as
well as lipolytically cleaved GPI-APs via recognition of the highly conserved GPI glycan
core [153,154]. It is tempting to speculate that in the absence of insulin or glimepiride only
a minor portion of the binding sites of GPI-binding proteins will be occupied by full-length
GPI-APs. Thus, human serum may interfere with or “indirectly” promote transfer which is
dependent on the metabolic phenotype of the organism. With regard to the latter mode,
GPI-APs which have been lipolytically released from the PMs of donor human adipocytes
upon challenge with insulin or glimepiride act as naturally occurring competitors for the
displacement of full-length GPI-APs from human serum GPI-binding proteins such as
GPLD1, thereby initiating their transfer to human iPSCs.

Importantly, the iPSCs which were analyzed as acceptor cells for the transfer of GPI-
APs from human donor adipocytes (Figure 3a,b) as well as its control by various agents,
serum, insulin, and glimepiride (Figure 3c,d) have been studied for lipid synthesis to eluci-
date a putative role of transfer in determining the metabolic phenotype (Supplementary
Materials, Figure S2). In fact, a positive correlation between upregulation of transfer of GPI-
APs to and lipid synthesis in human iPSCs in course of the simultaneous incubation with
serum and insulin or glimepiride was observed. This is compatible with full-length GPI-
APs (not identical with TNAP, CD73, and AChE) mediating the upregulation of basal lipid
synthesis upon their dissociation from certain serum GPI-binding proteins (not identical
with albumin), and their subsequent transfer to the PMs of the iPSCs.

Strikingly, the GPI-APs displaced from rat serum GPI-binding proteins, (i) by excess
of PIGs (in the absence of donor cells) or (ii) in the absence of PIGs in response to challenge
of donor cells with insulin or glimepiride, were transferred to acceptor ELCs. This resulted
in the upregulation of glycogen synthesis with potencies in positive correlation to the
concentration of insulin and SUs and to the structural similarity of the PIGs to the GPI
glycan core [143]. These findings can best be explained with PIG-proteins, which are
generated from full-length GPI-APs of the donor adipocytes in response to insulin or SUs
by insulin-/SU-induced GPI-PLC, dissociating the full-length GPI-APs from human serum
GPI-binding proteins.

In conclusion, both insulin and SUs (of the third generation) manage either to block
or to foster transfer when serum GPI-binding proteins are depleted of or loaded with full-
length GPI-APs, respectively, i.e., in the normal or metabolically deranged state of rodents
and humans. The transfer in vitro of the anabolic state from somatic to blood or stem cells
over a long distance and its “indirect” complex control by insulin, SUs, and serum GPI-
binding proteins support the (patho)physiological relevance of the intercellular transfer of
GPI-APs. It will be of great importance to identify the relevant GPI-binding proteins as
well as the bound GPI-APs. To achieve this, the recently described synthesis of bifunctional
GPI anchor analogues with conserved glycan core (i.e., photoactivatable diazirine or azido
groups at the fatty acyl chains and clickable alkynyl groups at the [glucosamine residue] of
the glycan core) may represent valuable probes. With their use, the immediate vicinity of
the lipidic anchor portion of GPI-APs can be tested for interacting GPI-binding proteins by
photocrosslinking [154,155] (for a review, see [156]). A model for the “indirect” mode of
transfer of GPI-APs over a long distance from donor adipocytes via serum GPI-binding
proteins to acceptor blood (and undifferentiated somatic) cells with the accompanying
upregulation of glycogen synthesis (and lipid synthesis, respectively) and its control by
insulin and SUs of the third generation, which is based on previous studies [136,143] as
well as on the extension of those data (Figures 2, 3 and S2) is presented (Figure 4).

(Step 1, numbering of the distinct steps as depicted in the figure) Human adipocytes in
the basal state (i.e., absence of insulin or antidiabetic SUs) release full-length GPI-APs from
the PMs, dependent on their metabolic state and age. (2) The released adipocyte full-length
GPI-APs interact with serum GPI-binding proteins (such as catalytically inactive GPLD1
due to the absence of Ca2+) from wild-type rats of normal feeding state, which are not
loaded with GPI-APs (3), and are thereby prevented from the insertion into the PMs of blood
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cells (4). The missing GPI-AP transfer is compatible with low basal glycogen synthesis
in the blood cells (5). (6) The released adipocyte full-length GPI-APs interact with serum
GPI-binding proteins from obese ZDF rats (i.e., of metabolically severely dysregulated
state), which are (only) partially loaded with GPI-APs. Consequently, full-length GPI-APs
are completely scavenged and thereby prevented from insertion into the PMs of blood
cells (7). The missing GPI-AP transfer is compatible with low basal glycogen synthesis in
the blood cells (8). (9) Upon exposure to insulin or antidiabetic SUs, insulin-/SU-induced
GPI-PLC cleaves the GPI anchor of some GPI-APs at the PMs of human adipocytes (10). The
lipolytically cleaved GPI-APs with the GPI anchor remnant, which resembles the structure
of PIGs, remain attached (PIG-proteins) and interact with serum GPI-binding proteins from
wild-type rats (11), which are not loaded with GPI-APs (12). Consequently, full-length
GPI-APs are not made available for the insertion into the PMs of blood cells (13). The
missing GPI-AP transfer to blood cells is compatible with low basal glycogen synthesis (14).
(15) The lipolytically cleaved adipocyte GPI-APs, i.e., PIG-proteins, generated by the
insulin-/SU-induced GPI-PLC (but not inositol-glycan [IG]-proteins, eventually generated
by GPLD1 and lacking the terminal phosphate moiety) displace the full-length GPI-APs
loaded onto the serum GPI-binding proteins of obese ZDF rats. This depends on the relative
concentrations and binding affinities of the PIG-proteins vs. the full-length GPI-APs (16).
Full-length GPI-APs displaced from the serum GPI-binding proteins (17) insert into the
PMs of blood cells (18). The transferred serum GPI-APs stimulate glycogen synthesis in
blood cells with the accompanying accumulation of glycogen granules (19). This is most
pronounced at low concentrations of glucose, thus leading to increased sensitivity of the
cells towards glucose-driven glycogen synthesis and an elevated level of basal glycogen
synthesis. The full-length GPI-AP enroute from human donor adipocytes to acceptor blood
cells before, during, and after interaction with the GPI-binding proteins may be arranged in
micelle-like complexes together with (lyso)phospholipids and cholesterol, alone or together
with other GPI-APs of the same or different type (not depicted in this working model), as
have been characterized previously [142].
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Figure 4. Working model for the “indirect” mode of (“horizontal”) (“downward”) transfer of GPI-APs
over a long distance from large lipid-loaded adipocytes to blood (or undifferentiated somatic) cells
with the accompanying anabolic effects and its control in the absence (a,b) and presence of insulin
or SUs (c,d) and serum GPI-binding proteins from normal (a,c) and metabolically dysregulated
rats (b,d).
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The efficacy of GPI-AP transfer from donor to acceptor cells and in concert with the
induction of anabolic effects such as the upregulation of glycogen granule and lipid droplet
biogenesis, as described here and previously [136,143], is determined by the following
parameters: (i) the amount of full-length GPI-APs released from donor cells in response to
their metabolic state and age, (ii) the concentration of PIG-proteins generated in response
to insulin and antidiabetic SUs of the third generation, (iii) the amount and activity of
serum GPI-binding proteins, among them GPLD1 (the activity of the latter is controlled by
Ca2+ and kept inactive by Ca2+ chelation in the corresponding experiments, as assumed
in this working model), and (iv) the actual load of the total serum GPI-binding proteins
with full-length GPI-APs, which depends on the metabolic state and age of the mammalian
organism in general, and the donor cells in particular.

In the hyperglycemic and hyperinsulinemic state, the high concentrations of full-length
GPI-APs, which had been released from the PMs of donor cells (“direct” mode) or displaced
from serum GPI-binding proteins by PIG-proteins (“indirect” mode) and still remain or
subsequently become assembled into micelle-like complexes, may be reduced by the
action of serum GPLD1. Interestingly, GPLD1 activity has recently been shown to become
upregulated in the course of the development of insulin resistance, metabolic syndrome,
obesity, and type 2 diabetes [142], and by age [134]. Considering this complex interplay
of serum GPI-binding proteins, insulin, and antidiabetic SUs of the third generation, it
seems difficult to predict whether the transfer of full-length GPI-APs with its accompanying
anabolic effects or their degradation by serum GPLD1 will dominate during metabolic
derangement and ageing. Moreover, additional and so far unknown (serum) factors
may affect the steady-state between transfer and degradation of full-length GPI-APs in
response to certain endogenous and environmental cues, thereby enabling the fine-tuning
of intercellular transfer and anabolic effects.

It seems likely that additional (patho)physiological phenomena elicited by the “indi-
rect” mode of intercellular transfer of GPI-APs will be discovered in the near future. In this
regard, the previous findings that the serum concentrations of GPLD1, which degrades GPI-
APs after their release into the circulation of mammals, including humans, are elevated in
aged mice in response to exercise in correlation to improvement of their cognitive function
as well as in healthy active elderly human probands [157], already hint at an additional
candidate mechanism. Importantly, the injection of GPLD1 into aged mice led to the amelio-
ration of age-dependent regenerative impairment. This has been interpreted as a result of
the induction of signaling cascades downstream of GPI-APs in the course of their lipolytic
cleavage in the blood and subsequent transport into the brain [157]. Alternatively, it is
conceivable that the IG-proteins, i.e., GPI-APs cleaved by the exercise-induced GPLD1, act
as competitors for the full-length GPI-APs, which are loaded onto the serum GPI-binding
proteins, as has been demonstrated for PIG-proteins generated by the insulin-/SU-induced
GPI-PLC. Upon displacement from the GPI-binding proteins, the full-length GPI-APs could
be transferred to the PMs of acceptor cells in the brain, which would result in beneficial
effects on neurogenesis and cognition in aged mice and humans.

During the past three decades, the transfer of full-length GPI-APs (recombinant fu-
sion protein-GPI) from vesicles (microvesicles, exosomes, liposomes reconstituted with
GPI-APs) or non-vesicular structures (LLPs, aggregates, micelle-like complexes) to the
surface of acceptor cells or other biomolecular surfaces (e.g., isolated PMs, enveloped
viruses, albumin microparticles), often called “cell surface painting“, “membrane paint-
ing“, “surface engineering“, or “protein paints” in the literature, has been successfully
used for numerous biomedical and biotechnological applications. These include: 37-kDa
merozoite surface protein for vaccination against babesiosis [158]; immunostimulatory
factors, such as granulocyte-macrophage colony-stimulating factor, for vaccination against
heterologous influenza strains [158]; co-immunostimulatory proteins CD80 and ICAM-1 to
albumin microparticles as antigen delivery devices for vaccination and targeted drug deliv-
ery [159,160]; CD80 (B7-1), interleukin-12 (IL-12), and HER-2 for human immunotherapy
and vaccination to induce potent antigen-specific immunity and tumor regression (here
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breast cancer) or to prevent postsurgical secondary metastases [161–164]; CD80 expressed
in recombinant baculovirus to human tumor cells in functional form for immunother-
apy [165]; CD80 and IL-12 to tumor PMs for vaccination against head and neck squamous
cell carcinoma and personalized immunotherapy that enhances the efficacy of immune
checkpoint inhibitors [166]; CD80 and CD86 to murine tumor cell lines under maintenance
of their immune costimulatory function for vaccination against cancer [167]; breast cancer
antigen HER-2 to virus-like particles for vaccination against cancer [168]; human IL-12 to
tumor PMs as potent immunogenic tumor vaccines [169]; HLA-A2.1 for the presentation of
antigen (here hepatitis B virus peptide) complexes to cell surfaces [170]; folate receptors
for targeted drug (e.g., imaging agents, chemotherapeutic agents, nanoparticles) delivery
for chronic inflammatory diseases and cancer [171]; SDF-1 fused to a fractalkine stalk
and a GPI anchor for the induction of functional neovascularization for the treatment of
chronic ischemic syndromes [172]; CD55 and CD59 for the correction of PNH [173,174]; and
GPI-APs displayed on the surface of exosomes as diagnostic markers and drug delivery
systems [175–180].

In conclusion, there is a large body of evidence for the operation of the intercellular
transfer of GPI-APs by the engagement of a variety of distinct molecular mechanisms,
encompassing both vesicular (exosomes, microvesicles, LLPs) and non-vesicular struc-
tures (lipid-free aggregates, GPI-binding or carrier proteins, lipid-containing micelle-like
complexes), which can be summarized as follows (Figure 5).
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Figure 5. Summary model for the distinct modes of the intercellular transfer of GPI-APs. GPI-APs
with the complete anchor located at the outer leaflet of the PM bilayer of tissue or blood donor
cells are released into the extracellular matrix (ECM) or interstitial space. From there they can be
transferred to the surface of neighboring tissue or blood acceptor cells, either directly within the same
tissue bed or via the circulation (resulting in transient appearance in the plasma) following transport
across the vascular endothelial cells. Following insertion of the GPI-APs into the outer leaflet of
the PM bilayer, which is mediated by their GPI anchor, they may either maintain their original or
acquire a novel function to be fulfilled at the acceptor cells. The molecular mechanisms and structural
vehicles involved in the release from the donor PMs and passage across the aqueous milieu of the
interstitial space/plasma (aggregated in lipid-free homo-multimers, interacting as monomers with
GPI-binding or carrier proteins or incorporated into lipid-containing SLPs, LLPs, MFGs, micelle-like
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GPI-AP complexes or “GLEC” and EVs) as well as in the insertion into the acceptor PMs and the
relevance of the transfer event for (patho)physiological outcomes, such as the development of stress-
related diseases (e.g., type 2 diabetes, obesity), remain to be determined for each transferred GPI-AP
and each mechanism. Furthermore, it cannot be excluded at present that the transfer of GPI-APs may
also happen upon the direct and intimate physical contact of the PMs of donor and acceptor cells. This
would make the generation of hydrophilic structural vehicles for the GPI-APs unnecessary, which
manage to prevent their full-length GPI anchor from access of the aqueous milieu of extracellular
compartments. Such a mechanism, so-called trogocytosis, has already been demonstrated to be
involved in the transfer of canonical transmembrane proteins from donor to acceptor cells [181,182]
(see Section 5).

5. Some Thoughts about the Evolution of GPI-AP Transfer

In the yeast Saccharomyces cerevisiae, a considerable portion of its GPI-APs (around 60)
become transferred and coupled to the cell wall and consequently is engaged in cell wall
integrity and assembly [183,184], among them Cwp2p [185] and Tip1p [186]. At variance,
other yeast GPI-APs remain anchored at the PMs [183] or reside at both locations, among
them Gas1p [187] and Gce1p [188]. During the transfer of GPI-APs to the cell wall, the
glucosamine moiety of the glycan core together with the PI building block is eliminated
and concomitantly the protein moiety becomes coupled to the ß-1,6-glucan of the cell wall
via the three mannose residues remaining left at the glycan core [189] in the course of a
transglucosylation reaction, which involves Cwg6/GPI-3 [190]. Interestingly, the decision
between targeting to the cell wall or the PMs critically depends on the amino acid sequence
upstream of the GPI attachment (ω) site [191]. Different (positive or negative) signals
for cell wall targeting [192,193] or targeting by default [194] have been proposed so far.
Importantly, more recent studies have shown that the type of inositolphosphorylceramide
in the GPI lipid portion is involved in the retention of the GPI-APs at the PMs [192,195].
Finally, Cwh43p and the genetically related Ted1p, which encode proteins engaged in
the elimination of EtN-P from the second mannose residue of the glycan core [192], as
well as Dcw1 and Dfg5p, putative mannosidases [193], may operate as components of a
sorting machinery which is localized at or near the PMs and functions by recognizing the
amino acid sequence upstream of theω-site for the differential transfer of a specific class of
GPI-APs from the PMs to the cell wall.

On the basis of the apparent dual localization of GPI-APs in yeast with some of
them finally residing at the PMs in the course of trafficking along the typical secretory
pathway [195], and others continuing their journey—following their release from the
PMs—across the periplasmic space to the cell wall and finally being covalently coupled to
its ß-glucan by transglucosylation, it is tempting to speculate about the evolution of the
anchorage of membrane proteins by GPI. GPI-APs may have been introduced by yeast
operating at both the PMs and the cell surface or cell wall. It is conceivable that, for
transglucosylation to occur, the full-length GPI-APs, equipped with the complete glycan
core, have to be presented in micelle-like (lyso)phospholipid-containing GPI-AP complexes
or EVs to the cell wall ß-glucan and the associated enzymic apparatus. The latter manages
to transfer the GPI-APs-ß-glucan intermediates from the PMs across the periplasmic space
to the cell wall. Alternatively, protrusions of the PMs, which harbor the envisaged cell wall
GPI-APs and come into close contact to those sites of the cell wall, may be involved in the
expansion and growth of the cell wall.

The expression of micelle-like GPI-AP complexes or EVs in yeast has not been studied
so far. However, previously soluble versions of a subset of full-length GPI-APs, among them
Gce1, from the PMs into the periplasmic space of Saccharomyces cerevisiae under conditions
of glucose repression have been reported [188]. This may be compatible with the signal-
induced transfer of full-length GPI-APs with the final destination cell wall in micelle-like
complexes or EVs across the aqueous periplasmic milieu, prior to their transglucosylation to
the ß-glucan. With the absence of cell walls in higher eukaryotic cells such as in mammalian
organisms, the mechanism of the—spontaneous or signal-induced—release of full-length
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GPI-APs into micelle-like complexes or EVs could have acquired new functions. GPI-APs
may succeed in the “direct”, “vertical”, and/or “horizontal” transfer between neighboring
tissue cells with accompanying (patho)physiological consequences.

Taken together, it is concluded that GPI-APs may not have lost their functional diver-
sity during evolution but rather have replaced one major role, their involvement in the
biogenesis of and protein anchorage at the cell wall of unicellular fungi, with another one
of no less importance: GPI-APs enable the intercellular transfer of proteins in multicellular
eukaryotic organisms. Nevertheless, this apparent switch in function does not necessarily
exclude the—seemingly remote—possibility that in fungi full-length GPI-APs in micelle-
like complexes, which have been released into the periplasmic space, manage to pass the
(porous network of the) cell wall without transglucosylation. Thereafter, those may reach
the environmental medium and undergo transfer to the PMs of neighboring cells, with the
accompanying effects on the phenotype of the latter. This transfer of GPI-APs could be
interpreted as exchange of information, i.e., communication or of matter (see Section 7) or
as non-genetic inheritance (see Section 8) between fungi.

6. Some Thoughts about PIGs, Mediators of Insulin Action, and GPI-AP Transfer

As discussed above, anabolic effects, i.e., stimulation of glycogen and lipid synthesis,
are elicited in acceptor cells such as human adipocytes or ELCs upon transfer of full-length
GPI-APs from donor cells with the concerted action of lipid-containing micelle-like GPI-
AP complexes and lipolytically cleaved GPI-APs (PIG-proteins), which are produced in
response to physiological stimuli such as hormones (e.g., insulin) or therapeutic agents
such as antidiabetic SUs of the third generation (e.g., glimepiride). This raises the question
about the relationship of the molecular mechanism underlying this insulin-mimetic activity
and the insulin-mimetic activity exerted by the so-called soluble mediators of insulin action
(PIGs). The latter were identified almost four decades ago in the incubation media of
a multitude of insulin target cells, such as adipocytes, but have resisted purification to
homogeneity and unambiguous structural elucidation so far. The previous model of their
generation encompassed the two-fold—lipolytic and proteolytic—cleavage within the GPI
anchor and at the carboxy-terminus of the protein moiety, respectively, of GPI-APs and,
as the underlying molecular mechanisms of their insulin-mimetic action, their specific
transport across the target cell PMs and allosteric regulation of the activity of key metabolic
enzymes in the cytoplasm in insulin-like fashion (e.g., [196–198]; for a review, see [199–202]).
However, this model has remained a matter of intense dispute for decades, as held true for
the corresponding data basis [203].

The very recent findings, as summarized above, strongly argue that the insulin-
independent stimulation of glucose and lipid metabolism by PIG-proteins, generated
in response to physiological and pharmacological stimuli, as well as by synthetic PIGs,
added to the incubation medium, in concert with full-length GPI-APs, which interact
with GPI-binding proteins, relies on extracellular sites and mechanisms of action. Thus,
almost 40 years of research have finally led to a shift in the thinking about the mode of the
insulin-mimetic action of PIGs from intracellular to extracellular. This shift coincides with
(i) the dissociation of full-length GPI-APs from GPI-binding proteins into the incubation
medium of insulin target cells in vitro and the circulation or interstitial spaces of treated
rodents in vivo, respectively, and (ii) the subsequent transfer to and insertion into the
outer leaflet of the PMs of insulin target cells of the full-length GPI-APs. This extracel-
lular mode of action of PIGs which—by nature—is susceptible towards a multitude of
exogenous—experimental, (patho)physiological and environmental—factors may explain
the prominent problems with the (high) statistical variance and, in part, even (limited until
missing) reproducibility of some of the published findings regarding the insulin-mimetic ac-
tivity in vitro and in vivo of both isolated and synthetic PIGs (this issue has been discussed
extensively in ref. [143], Supplementary Materials).

Furthermore, the extracellular mode of action of PIGs may pave the path for the devel-
opment of novel anti-diabetic agents. Previous efforts to use the structure of PIGs for the
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design of insulin-mimetic small molecules with oral bioavailability were severely hampered
by the apparently erroneous assumption of the need for cell permeability. Furthermore,
it turned out to become difficult to convert the PIG glycan core into a non-carbohydrate
structure in order to gain stability during and to increase the efficacy of the gastrointestinal
passage for oral absorption of putative insulin-mimetic drugs, which rely on this mode of
action. In fact, systematic variation of the individual carbohydrate components of the PIG
glycan core as well as of their glycosidic linkages on the basis of experimentally established
structure-activity relationship led to the design of PIGs which exerted almost full insulin
activity in vitro (e.g., stimulation of glucose transport in primary rat adipocytes, see [146]).
However, those efforts failed in the generation of non-carbohydrate PIG-mimetics with
insulin-mimetic activity comparable to that of the authentic PIGs as well as in the reduction
of the size of the latter in order to reduce the expenditure of their chemical synthesis.

The elucidation of the extracellular site of action of the PIG-proteins which involves the
displacement of full-length GPI-APs from serum GPI-binding proteins, among them—but
not restricted to—albumin, and the parallel introduction of an innovative chip-based and
microfluidic SAW biosensor for its assaying (even in the high-throughput mode) may
create novel opportunities of drug discovery research for the pharmaceutical industry,
which is engaged in the therapy of metabolic diseases, especially type 2 diabetes and
obesity. In particular, in the future efforts to identify serum GPI-binding proteins (different
from albumin) could lead to the characterization of those which are equipped with an
allosteric site of regulation. It may be of relevance that the activity of GPLD1 has already
been demonstrated to be positively controlled by divalent cations [147–149]. The use of
allosterically controlled GPI-binding proteins in screening efforts may lead to the design of
non-carbohydrate small-molecule insulin-mimetic drugs of lower EC50 compared to those
which rely on the competitive displacement of full-length GPI-APs.

7. Transfer of Matter rather than Information

The intercellular transfer of full-length GPI-APs, irrespective of whether they are
arranged in EVs such as microvesicles and exosomes or in non-vesicular structures such
as LLPs, aggregates, or micelle-like complexes from donor cells (e.g., large primary rat or
cultured human adipocytes) or from serum GPI-binding proteins (e.g., of metabolically
dysregulated rats or diabetic patients) to acceptor cells (e.g., small primary rat adipocytes,
human erythrocytes, or cultured ELCs), with accompanying anabolic effects in the latter
(upregulation of lipid and glycogen synthesis, respectively), has to be regarded as a transfer
of matter rather than information. This matter is embodied in the transmembrane and solu-
ble proteins, among them a variety of enzymes, receptors, transporters, and structural and
adhesion proteins, which become transferred by EVs and non-vesicular structures, as has
been amply documented for a multitude of cell types under various (patho)physiological
conditions during the past four decades.

At variance, information is encoded in hormones, neurotransmitters, signaling pro-
teins, or nucleic acids. This crucial and often neglected differentiation also holds true for
the ongoing canonical assumption of EVs operating as information carriers for intercellular
communication by the majority of the research groups active in this area (e.g., [204]; for a
review, see [205–217]). It is based on a misunderstanding of the metaphor “information”,
as it is typically used for the realization of “messages” encoded by nucleic acids as well
as for the signaling of “messages” triggered by hormones and neurotransmitters. The
EVs, aggregates, LLPs, and micelle-like complexes which transfer membrane proteins,
including GPI-APs, are built up by discrete biological matter such as enzymes, receptors,
structural proteins, transporters, and ion channels which are capable of exerting catalytic,
binding, structural, transporting, and conductive functions by themselves. They do not
represent an abstract message, signal, or order encoding one of these functions, which has
to be deciphered or decoded by a sophisticated cellular apparatus (e.g., protein translation,
signal transduction cascades). This apparent dualism of matter and information is reflected
best in the obvious missing relationship between structure and function for information
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and signaling molecules such as, e.g., the three-dimensional conformation of insulin and
the molecular mechanism of glucose transport stimulation (which is the signal encoded
by insulin in mammalian cells). In contrast, membrane proteins, including GPI-APs, as
transferred by EVs, aggregates, LLPs, and non-vesicular structures, are characterized by
clear-cut structure–activity relationships such as glycerol-3-phosphate acyltransferase and
lipid synthesis or CD59 and binding to complement factors. Consequently, the discrimina-
tion between transfer of matter, as is manifested in the transfer of GPI-APs from donor to
acceptor cells, irrespective of the molecular mechanisms and vehicles involved, and transfer
of information, as is manifested in the secretion of messenger or signaling molecules from
donor cells and their decoding by acceptor cells, should be acknowledged.

For instance, the matter of full-length GPI-APs in EVs and micelle-like complexes
is released from large lipid-loaded adipocytes (and possibly glycogen-loaded blood and
somatic cells) with higher efficacy compared to small adipocytes (and possibly blood and
somatic cells). Conversely, this matter is transferred to small adipocytes (and possibly blood
and somatic cells) with higher efficacy compared to large adipocytes (and possibly blood
and somatic cells). Thus, transfer of the matter (of full-length GPI-APs) from somatic donor
to acceptor cells leads to the gradual acquisition of the “lipid-loaded” anabolic phenotype
of the mother cells by the daughter cells, in the course of increasing lipid synthesis, lipid
droplet formation, and cell size. It can therefore be regarded as the transfer of (non-genetic)
matter (see Section 8), which may be critically affected by the environment surrounding the
cells and organisms. A number of factors, among them age, mechanical forces, hormones,
drugs, nutrition, and metabolic state, manage to gain direct access to the (site of the) source
of the GPI-APs which may be potentially transferred (i.e., the PMs of donor cells, serum
GPI-binding proteins) and the nature (i.e., structure, composition, size) of the matter (e.g.,
“membrane landscape”) to be potentially transferred.

Interestingly, intercellular protein transfer via non-vesicular structures is apparently
not restricted to GPI-APs but has also been discovered for the multiple-membrane-spanning
erythrocyte anion transporter Band 3 almost four decades ago [84–86]. Band 3 becomes
transferred from human erythrocytes into the bilayer of sonicated liposomes in the func-
tional state and native configuration, albeit at a considerably lower efficacy compared to
GPI-APs [84–86,218]. Very recently, the phenomenon of the transfer of transmembrane
proteins from exogenous sources to erythrocytes has been re-visited [219]. Fluorescently
labeled erythrocytes from knockout mice for the erythrocyte transient receptor potential
channel of canonical subfamily member 6 (TRPC6) were transfused into differently labeled
wild-type mice. This led to the restoration of the TRPC6 channel function in the KO mice
within 10 days, strongly arguing for the intererythrocyte transfer of TRPC6. Importantly,
with the aid of a cantilever of an atomic force microscope for mimicking the mechanical
challenge and accompanying confocal microscopic imaging, strong interactions with the
accompanying generation of tethers between human erythrocytes were detected [219].
Thus, the mechanically stimulated intererythrocyte transfer of transmembrane proteins
seems to be mediated by direct cell-to-cell contact, the so-called trogocytosis [220–222].
This involves neither vesicular nor non-vesicular mechanisms and vehicles as has been
described here so far.

The energy-requiring process of trogocytosis enables an acceptor cell to receive a
fraction of matter from a donor cell which is in the immediate vicinity of the former. Thus,
the PMs of the donor and acceptor cells are in direct contact. Trogocytosis, which should
not be mixed up with phagocytosis, which involves the engulfment of the total cell body,
has initially been described for various types of immune cells such as natural killer cells,
basophils, neutrophils, macrophages, B cells, T cells, dendritic cells, and innate lymphoid
cells (for a review, see [223]), and has subsequently been found to operate also in non-
immune cells, among them mesenchymal stromal cells, microglia, and lymph node stromal
cells [224–226]. During the process of trogocytosis, the acceptor cell receives areas of the
PMs from the donor cell, encompassing membrane proteins, membrane phospholipids, and
the underlying cytoskeletal elements, i.e., eventually complete “membrane landscapes”.
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Importantly, it was estimated that about 3% of the membrane proteins of donor natural
killer cells become rapidly transferred to acceptor natural killer cells in the course of
trogocytosis [227]. In addition to this trogocytosis-mediated transfer of matter, trogocytosis
may mediate the death of the donor cell (so-called “trogoptosis”; for a review, see [228])
which, however, is not of relevance for the topic of this review. It is well-known that
trogocytosis manages to affect the (patho)physiology of both donor and acceptor cells,
i.e., the acceptor cells may gain new functions by acquiring “membrane landscapes” from
the donor cells, while the donor cells may lose certain functions due to depletion of those
“membrane landscapes” and eventually die. Immune-modulatory effects belong to the best
characterized consequences of trogocytosis [221]. Thus, there are good reasons to assume
that GPI-APs incorporated into “membrane landscapes” can also be transferred from donor
to acceptor cells by trogocytosis in concert with transmembrane proteins. However, so far
there are only a few studies reporting the trogocytosis of GPI-APs, among them NKG2D-L
between natural killer cells [81] and PrPC between neurons [132].

In conclusion, while trogocytosis may play a considerable role in the intercellular trans-
fer of GPI-APs without the involvement of vesicular structures for specific cell types such
as immune cells under specific (patho)physiological conditions such as immune response,
direct cell-to-cell contact does represent only one—and presumably a minor one—of several
possible non-vesicular mechanisms underlying this phenomenon. This is exemplified by
the operation of intracellular GPI-AP transfer in the transwell co-culture with the donor
and acceptor cells separated by a membrane, which is permeable for micelle-like com-
plexes and protein aggregates (but not for vesicles, LLPs, and cells) and, importantly, is not
compatible with the formation of cell-to-cell contacts [136,143] (Supplementary Materials,
Figures S1 and S2). Nevertheless, the findings with TRPC6 [219] apparently broaden the
concept of the transfer of (non-genetic) matter and its control by environmental cues to
canonical transmembrane proteins. However, on the basis of efficacy and the need for
direct cell-to-cell contact, transmembrane proteins as the matter of transfer are likely of
lower (patho)physiological relevance compared to GPI-APs.

8. Non-Genetic Inheritance of Acquired Features

Today, the transfer of DNA from the daughter to the mother cells and from parents
to offspring became, in the mind of most biologists but also lay people and the general
public, the only process responsible for the like-begets-like phenomenon. The DNA-centric
theory of inheritance represents yet another version of the “donation/conception” theory
for the explanation of the like-begets-like phenomenon. This theory has evolved through
the ages with corresponding changes in the nature of the matter being “donated” or
transferred from the pre-microscope versions of Hippocrates, Aristotle, and others to
the gametocentric versions of the 18th century, to the nucleocentric versions of the 19th
century, to the chromosomecentric versions of the first half of the 20th century, to the
DNA-centric versions of the second half of the 20th century. The assumed nature of the
transferred matter has always driven and shaped the process of scientific discovery and
has led to many important discoveries. Despite this, the assumption of a unique type of
transferred matter in all these versions of the “donation/conception” theory need to be
questioned. The “donation/conception” theory in its general form is neutral with respect to
the nature of the matter that, by being transferred from mother to daughter cells or parents
to offspring at “conception” and being accepted by daughter cells or offspring, explains the
like-begets-like phenomenon. In its general form, it only says that such matter exists (for
details of the history of the concept of the non-genetic inheritance of acquired features, see
Supplementary Materials, Ad 8).

In fact, this transfer of matter that happens at “conception” involves more than ge-
netic material, more than DNA. Today it is known to involve proteins, cytoplasm, RNA
compounds of various types, and organelles as well as total and complex “membrane
landscapes” such as lipid rafts and specific “protuberances” of the PMs. In this regard,
the renewed interest in the structural and functional complexity of so-called “membrane
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landscapes” may be of considerable relevance [229–232]. All organisms start their life
not as DNA molecules, but as cells equipped with proteins, RNAs, cytoplasm, organelles,
and “membrane landscapes”. Additionally, in virtue of their parentally derived non-DNA
cellular constituents, organisms have many non-genetic “conceptional” features. An ex-
ample could be the feature of having a given RNA compound in a given section of the
cytoplasm of the zygote, thereby forming gradients of developmentally relevant matter.
Another example would be the feature of having a specific protuberance at a given PM
domain or lipid raft of the daughter cell, thereby forming a template or matrix for its self-
organization and thereby replication. Importantly in this regard, self-organization must not
be mixed up with the self-assembly of biological structures from pre-formed components,
exclusively, without the need for any entity that acts as a template or matrix and is not
contained in the final structure, which only holds true for structures free of (phospho)lipids
and membranes such as ribonucleoprotein particles (e.g., ribosomes) and bacteriophages
(e.g., T2, T4). At variance, cells and animal viruses have to transfer their organelles and
“membrane landscapes” of specific orientation and topology to their “offspring” to enable
the self-organization of their matter. Thus, the inheritance of biological features should be
studied using different perspectives or “agential separability” (see Section 9), with regard
to the transfer of genetic and non-genetic materials or of information and matter.

If it is true that the transfer of information or matter is sufficient to explain the reliable
reoccurrence of phenotypes within lineages, then it must be the case that intrinsic con-
ceptional features are sufficient to explain the development of these phenotypes. Richard
Lewontin [233,234] emphasized the interesting view that the use of the word ‘development’
to talk about the biological process of living development is metaphorical. ‘Development’
means ‘unfolding’ of something being aggregated but already present. The use of the word
‘development’ to talk about the causal process that goes from the intrinsic conceptional
features of an organism to its phenotypes—from the mother to the daughter cell, from the
zygote to the adult—somehow suggests that this process is similar to an unfolding: Pheno-
types are seen as resulting from an unfolding of what is already present in the daughter
cell or zygote. Additionally, this is akin to saying that the daughter cell or the zygote at a
very early stage of life is seen as being explanatorily sufficient for the emergence of each of
their phenotypes during all later stages of life.

All versions of the “donation/conception” theory are committed to a version of the un-
folding theory of development. However, different versions of the “donation/conception”
theory are committed to different versions of the unfolding theory. The DNA-centric theory
is committed to the idea that inherited phenotypic features can be seen as unfolding from
genetic features. In the preformationist version of the 17th century, inherited phenotypes
were thought to be transferred as already formed features by mother cells or parents to
daughter cells and offspring, respectively, at the moment of “conception”, and the “unfold-
ing” of phenotypes was nothing but the process of a growth in size—without any change in
their structure and function. This strongly resembles the biogenesis of eukaryotic organelles
and “membrane landscapes” as that proceeds by the incorporation of newly synthesized
constituents into pre-existing membraneous structures which act as matrix or template for
the correct assembly, i.e., ‘replication’, of organelles and “membrane landscapes”.

The metaphor of development is an attractive metaphor because the unfolding theory
is an attractive theory. The unfolding theory is attractive since it is simple in that it explains
development without mentioning factors external to the organism, i.e., it does not appeal
to features acquired during or after conception. Additionally, it is an attractive theory
because it fits very well with the—possibly universal—pre-theoretic intuition according to
which living organisms are relatively closed systems: What happens to living organisms is
intuitively seen as due in most cases to forces internal to the organisms. Additionally, this
applies especially to what happens to organisms during development. However, despite its
appeal, the unfolding theory does not seem to be compatible with what still must be learned
about the development of phenotypes. In this regard, it seems to be justified to interpret the
transfer of GPI-APs via micelle-like complexes and of total complex “membrane landscapes”
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such as lipid rafts and “protuberances”, harboring GPI-APs via EVs from (differentiated)
donor cells such as human adipocytes to (undifferentiated) acceptor cells such as iPSCs, as
has already been demonstrated (see Figure 3), or from parents to offspring, which remains
to be demonstrated, as molecular mechanisms for the inheritance of acquired features
which relies on non-genetic matter.

As can be deduced from above (see Section 7), the matter of biological inheritance is
defined as a material or substance which is (i) replicated and (ii) transferred from donor
to acceptor organisms, i.e., from mother to daughter cells or parents to offspring, and (iii)
causatively or explanatorily sufficient (see below) to explain the reliable (re)occurrence
of biological features. For historical reasons, in particular the seminal experiments of
bacterial transformation performed by Frederick Griffith almost one century ago [235] and
other—still obscure—reasons, DNS has been attributed the sole and unique role of a matter
of inheritance. However, for the moment as a theoretical construct and thought experiment,
the sequence of events which happens during the acquisition of the feature pathogenicity
by the acceptor bacteria during experimental transformation is modified as follows:

(i) The pathogenic—donor—bacteria co-cultured with the non-pathogenic—acceptor—bacteria
release certain membrane proteins (rather than DNS fragments encoding them), which
confer the pathogenic surface characteristics from the PMs into the culture medium
via vesicular or non-vesicular vehicles and mechanisms (rather than cell lysis).

(ii) Those pathogenic membrane proteins (rather than DNS fragments) become trans-
ferred to the acceptor bacteria, which lack them.

(iii) Upon incorporation of the transferred pathogenic membrane proteins into specific pre-
existing “membrane landscapes” of the PMs, which operate as a matrix or template,
and their correct and functional incorporation and assembly into those structures
(analogous to the one DNA strand of the double helix acting as a template for the
newly synthesized one), the acceptor bacteria will display the typical pathogenic
phenotype as exerted by the donor bacteria.

(iv) The pathogenic phenotype will be transmitted from the bacteria with acquired
pathogenicity as new donors to the next non-pathogenic acceptor cells in a reliable,
stable, and recurring fashion.

In eukaryotic cells, the pathogenic membrane proteins incorporated into the “mem-
brane landscapes” of the above example may be exemplified by “protuberances” and lipid
rafts of the PMs harboring GPI-APs, but also by intracellular organelles such as mitochon-
dria and endoplasmic reticulum (ER). This raises the question as to whether “membrane
landscapes” fulfill the criteria of a matter of biological inheritance, as defined above, albeit
not based on DNA, and consequently can be regarded as a non-genetic (rather than genetic)
matter of inheritance. Representatives of the DNA-centric view of inheritance, and those
represent the vast majority of modern molecular biologists and geneticists, would certainly
argue against the possibility of non-genetic inheritance. This view is predominantly based
on the strict dependence on newly synthesized proteins and, in consequence, on DNA
replication and transmission of the mechanism copying the “membrane landscapes”.

Undoubtedly, non-genetic inheritance only operates in concert with genetic inheritance.
On the other hand, genetic inheritance critically depends on the operation of proteins such
as DNA polymerase and “membrane landscapes” such as mitochondria and ER (e.g.,
providing DNA attachment sites in course of cell division), which become replicated by a
“disperse” mechanism of growth (rather than a semi-conservative mechanism of copying).
This non-genetic matter is then transferred via vesicular and non-vesicular vehicles and
mechanisms from mother to daughter cells in the course of cell division and from gametes
to zygotes upon cell fusion.

From this mechanism it should become clear that a lifetime of the individual GPI-
AP beyond the lifespan of the cell (irrespective of whether it is the mother or daughter
cell, gamete or zygote) does not compromise the inheritance of the matter of “membrane
landscapes” harboring specific GPI-APs such as lipid rafts and PM “protuberances”. The
transferred “membrane landscapes”, which are specifically derived from the mother cells or
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gametes, will operate in the daughter cells and zygotes, respectively, as “matrix, template
or skeleton” for the incorporation of newly synthesized constituents, among them the
corresponding GPI-APs. Therefore, those will obtain the correct configuration, arrangement,
or assembly state within the specific “membrane landscape”. Consequently, the non-genetic
material does not encode the information required for synthesis of the constituents of the
“membrane landscapes”, as is the case with DNA. Rather, the non-genetic material can
be interpreted as the intra-action (see Section 9) between information and matter for the
biogenesis, i.e., replication, of “membrane landscapes” (including their environmentally
induced alterations and adaptations) in a structural and functional correct configuration.

Nevertheless, the non-genetic inheritance of matter may be interpreted as explanatory
background only, which does not deserve to be mentioned explicitly for an explanation of
a like-beget-like phenomenon. According to this widely accepted view, DNA as the matter
of biological inheritance in the foreground is explanatorily, but—admittedly—not causally
sufficient. Thus, the DNA-centric view could be acceptable unless it would not detract
from or even deny the possibility of the inheritance of biological features which have been
acquired during the lifespan of the organism.

Certainly, and in accordance with the central dogma of molecular biology [236], there
is no path from extrinsic (e.g., environmental) factors to the DNS as well as from somatic
cells which were exposed to those factors to germ line cells, leading to a (partial) re-writing
of the individual “book of life” [237]. Conversely, “membrane landscapes” of intracellular
organelles and PMs harboring GPI-APs are typically exposed to extrinsic factors such as me-
chanical stress and intercellular contact. Those may cause subtle alterations in the specific
configuration or assembly state of the “membrane landscapes” of PMs and organelles and
thereby induce changes in their functions and (patho)physiological roles. These alterations
may be transferred from mother to daughter cells or from gametes to zygotes directly
along cell division and cell fusion, respectively, or indirectly in the course of vesicular
and non-vesicular transfer of the constituting components of the “membrane landscapes”,
including GPI-APs. Thereafter, the incorporation of newly synthesized unaltered com-
ponents into the altered matrix, template, or “skeleton” of the “membrane landscapes”
of PMs and organelles will lead to growth and thereby “replication” of the—eventually
environmentally adapted—new versions of the “membrane landscapes”.

This (admittedly so far only theoretical) construct and thought experiment for the
inheritance of acquired features by non-genetic matter should deserve experimental efforts
for its proof or dismission using designs which are not imprinted by the DNS-centric view
of inheritance.

9. Agential Realism: A Framework for Knowledge Production for (Non-Genetic)
Inheritance

Drawing on the Danish physicist Niels Bohr’s study of quantum physics, the US physi-
cist and science and technology studies (STS) scholar Karen Barad developed her theory of
agential realism and challenges the representalistic idea of knowledge production [238].
This idea holds that facts, in the form of words or images, are capable of objectively reflect-
ing pre-existing things, i.e., that representations and the objects they claim to represent are
independent of one another. This implies that configurations of apparatuses or agencies of
observation—i.e., the tools used in the observation of objects such as microscopes, images,
gels, SAW biosensors, and computers in cellular and molecular biology—should not be
framed as passive or innocent tools to peer at the object of observation and offering con-
straints on what the observer such as the cellular and molecular biologist can see. Rather,
they should be conceived as productive and as part of the phenomenon which emerges
through the process of knowledge production. That is, the measured object and agencies
of observation form a non-dualistic physical whole. In Barad’s terminology, apparatuses
are not mere observing instruments but rather material-discursive boundary drawing
practices, through which differential boundaries are constituted between objects (non-
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humans) and subjects (humans) (for greater details of the concept of the agential realism,
see Supplementary Materials, Ad 9).

We think that the meaning and potential of agential realism for the consideration or
better non-consideration of the phenomenon of the intercellular transfer of GPI-APs and
the apparently more or less tightly linked non-genetic inheritance of acquired biological
features by both the scientific community and the public is two-fold, i.e., relevant for (i) STS
as well as (ii) cellular and molecular biology and genetics.

Ad (i): STS are aimed at the practices through which the genetic trait of an inherited
biological feature is produced, and the interpretative procedures which make the produced
traits meaningful to the actors (e.g., parents, affected offspring) involved. What emerges
from these practices is a realization that what scientists as well as the public term ‘inher-
itance’ is not a well-defined observation-independent object. Rather, ‘inheritance’ is a
phenomenon which cannot be known—virtually does not exist—independently of appara-
tuses of observation applied to bring about such knowledge. Whether geneticists speak of
family pedigrees, DNA markers, risk figures, or the sensations of putatively affected people,
these all constitute apparatuses of observation whose measurements require interpretation
before they may be acted upon [239]. If the meaning that people make of specific measure-
ments, be they gel images, DNS marks, risk figures, SAW phase shifts or just corporeal
sensations, is an element of the total phenomenon, it becomes meaningless to speak of
an autonomous decision on the basis of objective facts. Rather, the whole arrangement
which in total constitutes a genetic analysis may be considered as part of the emerging
phenomenon, and thus as part of the decision which will be made. In future STS, the
implications of the Baradian viewpoint should be explored when applied to apparatuses of
the observation of biological inheritance. Those encompass experimental materials as well
as empirical data and—with special emphasis—often underestimated or even neglected
scientific papers, i.e., the material inscriptions or traces of the inheritance phenomenon [240]
(pp. 9–29). For this, the transfer of genetic and non-genetic materials and its intra-action
in concert with the inheritance of biological features, starting with Lamarck and Darwin’s
‘gemmules’ via the bacterial DNS transformation and epigenetics to the identification and
characterization of “membrane landscapes”, including GPI-APs, and their transfer via
vesicular and non-vesicular vehicles and mechanisms has to be addressed.

Ad (iia): A critical question of considerable importance will be to analyze the—presumably
multiple and complex—reasons and factors leading to exclusion of the—theoretical
possible—phenomenon of the biological inheritance of acquired features from being stud-
ied by researchers of life sciences as well as from being considered by politicians and
the interested public. Only very recently has this open issue received some principal
attention [11,241,242].

Ad (iib): Typical molecular and cell-biological apparatuses of observation will be
applied to study the possibility and nature of intra-actions between:

- the transfer of genetic and the transfer of non-genetic materials,
- mother and daughter cells as well as soma and germline cells which do not rely

on genes,
- the inheritance of features of “historical” origin, i.e., those caused by recombina-

tion/mutation prior to the start of the life of the organism and the inheritance of
features acquired during the individual life span of the organism, i.e., features result-
ing from—intentional or non-intentional—adaptation,

- the socio-political inheritance of private property and the biological inheritance at the
various stages of legislation and scientific discovery during the ages.

The fruitfulness of the consideration of technological, sociological, political, and
economic factors as components of the apparatus of observation has already been demon-
strated by Lily E. Kay for the discovery of the genetic code [237]. Kay did not specifically
use the approach of agential realism; nevertheless, by searching in archives, published
sources, and interviews, Kay managed to situate research on the genetic code (1953–1970)
within the history of life sciences, the rise of communication technosciences (cybernetics,
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information theory, computers), the intersection of molecular biology with cryptanalysis
and linguistics, and the social, political, and economic history of postwar Europe and the
United States.

10. Conclusions

The findings summarized in this review prompt the challenging view that the transfer
of biological matter in general, and of “membrane landscapes” and GPI-APs in particular,
by EVs, LLPs, lipid-free aggregates, and lipid-containing micelle-like complexes represents
a mode of non-genetic inheritance of phenotypes and (acquired) features. Those include
the control of metabolism such as the upregulation of lipid and glycogen synthesis between
mammalian somatic cells at the “sub-individual” (i.e., between cells) and “individual”
(i.e., between multicellular organisms), “vertical” and “horizontal”, and “downward” and
“upward” level. On the basis of the findings with iPSCs acting as efficient acceptor cells for
micelle-like GPI-AP complexes, it is tempting to speculate that the transfer of matter also
operates between gametes or between somatic cells and gametes. The sociological and po-
litical consequences which emerge from this concept of inheritance of matter are important.
Karen Barad, one of the most important representatives of “STS”, “New Materialism”, and
“Agential Realism”, stressed that during the past decades of the so-called linguistic turn the
importance of language, information, and social construction has been overemphasized,
while the agency of substance and matter has been underestimated or even neglected:
“Language matters, Discourse matters, Culture matters. There is an important sense in
which the only thing that does not seem to matter anymore is matter” [243] (p. 134). An
agential-realistic study of biological inheritance at individual as well as sub-individual
level which encompasses the implications for the philosophy of biology in general, and
for the inscription of genetic and non-genetic traits in the scientific literature in particular,
remains a desideratum for future transdisciplinary research.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/biom13060994/s1, Figure S1. Experimental design and model for
the “direct” mode of (“vertical”) transfer of GPI-APs over a short distance from human adipocytes to
blood cells and stimulation of lipid droplet and glycogen granule biogenesis with the aid of transwell
co-culture; complete legends and materials for Figures 2 and 3; Figure S2. Upregulation of lipid
synthesis in iPSCs in the course of the transfer of GPI-APs; Ad 8. The history of the concept of
non-genetic inheritance of acquired features; Ad 9. Agential realism: a framework for knowledge
production for (non-genetic) inheritance; Additional references. Refs. [244–260] can be found in
Supplementary Materials.

Author Contributions: Conceptualization, G.A.M.; writing—original draft preparation, G.A.M. and
T.D.M.; writing—review and editing, G.A.M. and T.D.M. All authors have read and agreed to the
published version of the manuscript.

Funding: T.D.M. received funding from the German Research Foundation (DFG TRR296, TRR152,
SFB1123, and GRK 2816/1), the German Center for Diabetes Research (DZD e.V.), and the European
Research Council ERC-CoG Trusted (no. 101044445).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: The human serum samples (from healthy probands) were obtained
from a commercial source (see Supplementary Materials).

Data Availability Statement: The datasets generated and analyzed during the current study are
available from the corresponding author (G.A.M.; guenter.mueller@helmholtz-munich.de) upon
reasonable request and will be provided as the original SAW data files together with the appro-
priate SAW Inc. software for data visualization and processing (correction and normalization), if
required, under consideration of the relevant conditions for licensing of FitMaster®, SensMaster®,
and SequenceMaster®.

Conflicts of Interest: The authors declare no conflict of interest.

https://www.mdpi.com/article/10.3390/biom13060994/s1
https://www.mdpi.com/article/10.3390/biom13060994/s1


Biomolecules 2023, 13, 994 33 of 41

References
1. Eisenhaber, B.; Bork, P.; Eisenhaber, B. Post-translational GPI lipid anchor modification of proteins in kingdoms of life: Analysis

of protein sequence data from complete genomes. Protein Eng. 2001, 14, 17–25. [CrossRef]
2. Poisson, G.; Chauve, C.; Chen, X.; Bergeron, A. FragAnchor: A large-scale predictor of glycosylphosphatidylinositol anchors in

eukaryote protein sequences by qualitative scoring. Genom. Proteom. Bioinform. 2007, 5, 121–130. [CrossRef]
3. Kinoshita, T. Biosynthesis and biology of mammalian GPI-anchored proteins. Open Biol. 2020, 10, 190290. [CrossRef]
4. Nosjean, O.; Briolay, A.; Roux, B. Mammalian GPI proteins: Sorting, membrane residence and functions. Biochim. Biophys. Acta

1997, 1331, 153–186. [CrossRef] [PubMed]
5. Fujihara, Y.; Ikawa, M. GPI-AP release in cellular, developmental, and reproductive biology. J. Lipid Res. 2016, 57, 538–545.

[CrossRef] [PubMed]
6. Müller, G.A.; Müller, T.D. (Patho)Physiology of Glycosylphosphatidylinositol-Anchored Proteins I: Localization at Plasma

Membranes and Extracellular Compartments. Biomolecules 2023, 13, 855. [CrossRef]
7. Greening, D.W.; Kapp, E.A.; Ji, H.; Speed, T.P.; Simpson, R.J. Colon tumour secretopeptidome: Insights into endogenous

proteolytic cleavage events in the colon tumour microenvironment. Biochim. Biophys. Acta 2013, 1834, 2396–2407. [CrossRef]
[PubMed]

8. Mays, C.E.; Coomaraswamy, J.; Watts, J.C.; Yang, J.; Ko, K.W.S.; Strome, B.; Mercer, R.C.C.; Wohlgemuth, S.L.; Schmitt-Ulms, G.;
Westaway, D. Endoproteolytic processing of the mammalian prion glycoprotein family. FEBS Lett. 2014, 281, 862–876. [CrossRef]

9. Montuori, N.; Ragno, P. Multiple activities of a multifaceted receptor: Roles of cleaved and soluble uPAR. Front. Biosci. 2009, 14,
2494–2503. [CrossRef] [PubMed]

10. Cavallone, D.; Malagolini, N.; Serafini-Cessi, F. Mechanism of release of urinary Tamm-Horsfall glycoprotein from the kidney
GPI-anchored counterpart. Biochim. Biophys. Res. Commun. 2001, 280, 110–114. [CrossRef] [PubMed]

11. Liu, Y.; Chen, Q. 150 years of Darwin’s theory of intercellular flow of hereditary information. Nature Rev. Mol. Cell Biol. 2018, 19,
749–750. [CrossRef] [PubMed]

12. Darwin, C.R. Pangenesis: Mr. Darwin’s reply to Professor Delpino scientific opinion. Sci. Opin. 1869, 2, 426.
13. Darwin, C. Pangenesis. Nature 1871, 3, 502. [CrossRef]
14. Johnstone, R.M.; Adam, M.; Hammond, J.R.; Orr, L.; Turbide, C. Vesicle formation during reticulocyte maturation. Association of

plasma membrane activities with released vesicles (exosomes). J. Biol. Chem. 1987, 262, 9412–9420. [CrossRef]
15. Johnstone, R.M.; Mathew, A.; Mason, A.B.; Teng, K. Exosome formation during maturation of mammalian and avian reticulocytes:

Evidence that exosome release is a major route for externalisation of obsolete membrane proteins. J. Cell. Pathol. 1991, 147, 27–36.
[CrossRef]

16. Johnstone, R.M. Revisiting the road to the discovery of exosomes. Blood Cells Mol. Dis. 2003, 34, 214–219. [CrossRef] [PubMed]
17. Pan, B.T.; Johnstone, R.M. Fate of the transferrin receptor during maturation of sheep reticulocytes in vitro: Selective externaliza-

tion of the receptor. Cell 1983, 33, 967–978. [CrossRef] [PubMed]
18. Al-Nedawi, K.; Meehan, B.; Micallef, J.; Lhotak, V.; May, L.; Guha, A.; Rak, J. Intercellular transfer of the oncogenic receptor

EGFRvIII by microvesicles derived from tumour cells. Nat. Cell. Biol. 2008, 10, 619–624. [CrossRef] [PubMed]
19. Al-Nedawi, K.; Meehan, B.; Rak, J. Microvesicles: Messengers and mediators of tumor progression. Cell Cycle 2009, 8, 2014–2018.

[CrossRef]
20. Al-Nedawi, K.; Meehan, B.; Kerbel, R.S.; Allison, A.C.; Rak, J. Endothelial expression of autocrine VEGF upon the uptake of

tumor-derived microvesicles containing oncogenic EGFR. Proc. Natl. Acad. Sci. USA 2009, 106, 3794–3799. [CrossRef] [PubMed]
21. Skog, J.; Würdinger, T.; van Rijn, S.; Meijer, D.H.; Gainche, L.; Sena-Esteves, M.; Curry, W.T., Jr.; Carter, B.S.; Krichevsky, A.M.;

Breakefield, X.O. Glioblastoma microvesicles transport RNA and proteins that promote tumour growth and provide diagnostic
biomarkers. Nat. Cell Biol. 2008, 10, 1470–1476. [CrossRef] [PubMed]

22. Shao, H.; Chung, J.; Lee, K.; Balaj, L.; Min, C.; Carter, B.S.; Hochberg, F.H.; Breakefield, X.O.; Lee, H.; Weissleder, R. Chip-based
analysis of exosomal mRNA mediating drug resistance in glioblastoma. Nat. Commun. 2015, 6, 6999. [CrossRef]

23. Ko, S.Y.; Naora, H. Extracellular vesicle membrane-associated proteins: Emerging roles in tumor angiogenesis and anti-
angiogenesis therapy resistance. Int. J. Mol. Sci. 2020, 21, 5418. [CrossRef]

24. Zhou, Y.; Zhang, Y.; Gong, H.; Luo, S.; Cui, Y. The role of exosomes and their applications in cancer. Int. J. Mol. Sci. 2021, 22, 12204.
[CrossRef]

25. Zhang, L.; Yu, D. Exosomes in cancer development, metastasis, and immunity. Biochim. Biophys. Acta Rev. Cancer 2019, 1871,
455–468. [CrossRef]

26. Yu, D.; Li, Y.; Wang, M.; Gu, J.; Xu, W.; Cai, H.; Fang, X.; Zhang, X. Exosomes as a new frontier of cancer liquid biopsy. Mol. Cancer
2022, 21, 56. [CrossRef]

27. Müller, G.A. Glycosylphosphatidylinositol-Anchored Proteins and Their Release from Cells—From Phenomenon to Meaning, 1st ed.; Nova
Science Publishers—Biochemistry Research Trends: New York, NY, USA, 2018; pp. 104–115.

28. Pegtel, D.M.; Gould, S.J. Exosomes. Annu. Rev. Biochem. 2019, 88, 487–514. [CrossRef] [PubMed]
29. Isaac, R.; Reis, F.C.G.; Ying, W.; Olefsky, J. Exosomes as mediators of intercellular crosstalk in metabolism. Cell Metab. 2021, 33,

1744–1762. [CrossRef] [PubMed]
30. Wang, W.; Zhu, N.; Yan, T.; Shi, Y.N.; Chen, J.; Zhang, C.J.; Xie, X.J.; Liao, D.F.; Qin, L. The crosstalk: Exosomes and lipid

metabolism. Cell. Commun. Signal. 2020, 18, 119. [CrossRef]

https://doi.org/10.1093/protein/14.1.17
https://doi.org/10.1016/S1672-0229(07)60022-9
https://doi.org/10.1098/rsob.190290
https://doi.org/10.1016/S0304-4157(97)00005-1
https://www.ncbi.nlm.nih.gov/pubmed/9325440
https://doi.org/10.1194/jlr.R063032
https://www.ncbi.nlm.nih.gov/pubmed/26593072
https://doi.org/10.3390/biom13050855
https://doi.org/10.1016/j.bbapap.2013.05.006
https://www.ncbi.nlm.nih.gov/pubmed/23684732
https://doi.org/10.1111/febs.12654
https://doi.org/10.2741/3392
https://www.ncbi.nlm.nih.gov/pubmed/19273214
https://doi.org/10.1006/bbrc.2000.4090
https://www.ncbi.nlm.nih.gov/pubmed/11162486
https://doi.org/10.1038/s41580-018-0072-4
https://www.ncbi.nlm.nih.gov/pubmed/30425323
https://doi.org/10.1038/003502a0
https://doi.org/10.1016/S0021-9258(18)48095-7
https://doi.org/10.1002/jcp.1041470105
https://doi.org/10.1016/j.bcmd.2005.03.002
https://www.ncbi.nlm.nih.gov/pubmed/15885604
https://doi.org/10.1016/0092-8674(83)90040-5
https://www.ncbi.nlm.nih.gov/pubmed/6307529
https://doi.org/10.1038/ncb1725
https://www.ncbi.nlm.nih.gov/pubmed/18425114
https://doi.org/10.4161/cc.8.13.8988
https://doi.org/10.1073/pnas.0804543106
https://www.ncbi.nlm.nih.gov/pubmed/19234131
https://doi.org/10.1038/ncb1800
https://www.ncbi.nlm.nih.gov/pubmed/19011622
https://doi.org/10.1038/ncomms7999
https://doi.org/10.3390/ijms21155418
https://doi.org/10.3390/ijms222212204
https://doi.org/10.1016/j.bbcan.2019.04.004
https://doi.org/10.1186/s12943-022-01509-9
https://doi.org/10.1146/annurev-biochem-013118-111902
https://www.ncbi.nlm.nih.gov/pubmed/31220978
https://doi.org/10.1016/j.cmet.2021.08.006
https://www.ncbi.nlm.nih.gov/pubmed/34496230
https://doi.org/10.1186/s12964-020-00581-2


Biomolecules 2023, 13, 994 34 of 41

31. Kirchhoff, C.; Hale, G. Cell-to-cell transfer of glycosylphosphatidylinositol-anchored membrane proteins during sperm maturation.
Mol. Hum. Reprod. 1996, 2, 177–184. [CrossRef] [PubMed]

32. Valadi, H.; Ekström, K.; Bossios, A.; Sjöstrand, M.; Lee, J.J.; Lötvall, J.O. Exosome-mediated transfer of mRNAs and microRNAs is
a novel mechanism of genetic exchange between cells. Nat. Cell Biol. 2007, 9, 654–659. [CrossRef]

33. Kalluri, R.; Leßleu, V.S. The biology, function, and biomedical applications of exosomes. Science 2020, 367, eaaau6977. [CrossRef]
[PubMed]

34. Pap, E.; Pallinger, E.; Pasztoi, M.; Falus, A. Highlights of a new type of intercellular communication: Microvesicle-based
information transfer. Inflamm. Res. 2009, 58, 1–8. [CrossRef] [PubMed]

35. Simons, M.; Raposo, G. Exosomes—Vesicular carriers for intercellular communication. Curr. Opin. Cell Biol. 2009, 21, 575–581.
[CrossRef] [PubMed]

36. Tkach, M.; Thery, C. Communication by extracellular vesicles: Where we are and where we need to go. Cell 2016, 164, 1226–1232.
[CrossRef] [PubMed]

37. Rooney, I.A.; Heuser, J.E.; Atkinson, J.P. GPI-anchored complement regulatory proteins in seminal plasma. An analysis of their
physical conditions and the mechanisms of their binding to exogenous cells. J. Clin. Investig. 1996, 97, 1675–1686. [CrossRef]

38. Kirchhoff, C.; Pera, I.; Derr, P.; Yeung, C.H.; Cooper, T. The molecular biology of the sperm surface. Post-testicular membrane
remodelling. Adv. Exp. Med. Biol. 1997, 424, 221–232.

39. Ekdahl, K.N.; Ronquist, G.; Nilsson, B.; Babiker, A.A. Possible immunoprotective and angiogenesis promoting roles for malignant
cell-derived prostasomes: A new paradigm for prostatic cancer? Adv. Exp. Med. Biol. 2006, 586, 107–119.

40. Babiker, A.A.; Ronquist, G.; Nilsson, U.R.; Nilsson, B. Transfer of prostasomal CD59 to CD59-deficient red blood cells results in
protection against complement-mediated hemolysis. Am. J. Reprod. Immunol. 2002, 47, 183–192. [CrossRef]

41. Babiker, A.A.; Nilsson, B.; Ronquist, G.; Carlsson, L.; Ekdahl, K.N. Transfer of functional prostasomal CD59 of metastatic prostatic
cancer cell origin protects cells against complement attack. Prostate 2005, 62, 105–114. [CrossRef]

42. Griffiths, G.S.; Galileo, D.S.; Reese, K.; Martin-Deleon, P.A. Investigating the role of murine epididymosomes and uterosomes in
GPI-linked protein transfer to sperm using SPAM1 as a model. Mol. Reprod. Dev. 2008, 75, 1627–1636. [CrossRef]

43. Griffiths, G.S.; Miller, K.A.; Galileo, D.S.; Martin-DeLeon, P.A. SPAM1 is secreted by the estrous murine uterus and oviduct
in a form which can bind to sperm during capacitation: Acquisition enhances hyaluronic acid-binding ability and cumulus
penetration efficiency. Reproduction 2008, 135, 293–301. [CrossRef] [PubMed]

44. Du, J.; Shen, J.; Wang, Y.; Pan, C.; Pang, W.; Diao, H.; Dong, W. Boar seminal plasma exosomes maintain sperm function by
infiltrating into the sperm membrane. Oncotarget 2016, 7, 58832–58847. [CrossRef]

45. Sullivan, R.; Saez, F.; Girouard, J.; Frenette, G. Role of exosomes in sperm maturation during the transit along the male
reproductive tract. Blood Cells Mol. Dis. 2005, 35, 1–10. [CrossRef] [PubMed]

46. Rabesandrata, H.; Toutant, J.P.; Reggio, H.; Vidal, M. Decay-Accelerating factor (CD55) and membrane inhibitor of reactive lysis
(CD59) are released within exosomes during in vitro maturation of reticulocytes. Blood 1998, 91, 2573–2580. [CrossRef]

47. Sloand, E.M.; Mainwaring, L.; Keyvanfar, K.; Chen, J.; Maciejewski, J.; Klein, H.G.; Young, N.S. Transfer of glycosylphospha-
tidylinositol-anchored proteins to deficient cells after erythrocyte transfusion in paroxysmal nocturnal hemoglobinuria. Blood
2004, 104, 3782–3788. [CrossRef]

48. Anderson, S.M.; Yu, G.; Giattina, M.; Miller, J.L. Intercellular transfer of a glycosylphosphatidylinositol (GPI)-linked protein:
Release and uptake of CD4-GPI from recombinant adeno-associated virus-transduced HeLa cells. Proc. Natl. Acad. Sci. USA 1996,
93, 5894–5898. [CrossRef]

49. Miller, J.L.; Giattina, M.; Mackie, E.J.; Dwyer, N.K. Variegated transfer of recombinant glycosylphosphatidylinositol-anchored
CD4 among cultured cells: Correlation of flow cytometric and microscopic observations. J. Lab. Clin. Med. 1998, 131, 215–221.
[CrossRef]

50. Müller, G.; Schneider, M.; Gassenhuber, J.; Wied, S. Release of exosomes and microvesicles harbouring specific RNAs and
glycosylphosphatidylinositol-anchored proteins from rat and human adipocytes is controlled by histone methylation. Am. J. Mol.
Biol. 2012, 2, 187–209. [CrossRef]

51. Müller, G.; Jung, C.; Straub, J.; Wied, S.; Kramer, W. Induced release of membrane vesicles and exosomes from rat adipocytes
containing lipid droplet, lipid raft and glycosylphosphatidylinositol-anchored proteins. Cell. Signal. 2009, 21, 324–338. [CrossRef]

52. Müller, G.; Schneider, M.; Biemer-Daub, G.; Wied, S. Microvesicles released from rat adipocytes and harboring glycosylphospha-
tidylinositol-anchored proteins transfer RNA stimulating lipid synthesis. Cell. Signal. 2010, 23, 1207–1223. [CrossRef]

53. Müller, G.; Jung, C.; Wied, S.; Biemer-Daub, G.; Frick, W. Transfer of the glycosylphosphatidylinositol-anchored 5′-nucleotidase
CD73 from adiposomes into rat adipocytes stimulates lipid synthesis. Br. J. Pharmacol. 2010, 160, 878–891. [CrossRef]

54. Müller, G.; Over, S.; Wied, S.; Frick, W. Association of cAMP-degrading glycosylphosphatidylinositol-anchored proteins with
lipid droplets is induced by palmitate, H2O2 and the sulfonylurea drug, glimepiride, in rat adipocytes. Biochemistry 2008, 47,
12774–12787.

55. Müller, G.; Wied, S.; Jung, C.; Over, S. Hydrogen peroxide-induced translocation of glycolipid-anchored cAMP-hydrolases to
lipid droplets mediates inhibition of lipolysis in rat adipocytes. Br. J. Pharmacol. 2008, 154, 901–913. [CrossRef]

56. Müller, G.; Wied, S.; Straub, J.; Jung, C. Coordinated regulation of esterification and lipolysis by palmitate, H2O2 and the
anti-diabetic sulfonylurea drug, glimepiride, in rat adipocytes. Eur. J. Pharmacol. 2008, 597, 6–18. [CrossRef]

https://doi.org/10.1093/molehr/2.3.177
https://www.ncbi.nlm.nih.gov/pubmed/9238677
https://doi.org/10.1038/ncb1596
https://doi.org/10.1126/science.aau6977
https://www.ncbi.nlm.nih.gov/pubmed/32029601
https://doi.org/10.1007/s00011-008-8210-7
https://www.ncbi.nlm.nih.gov/pubmed/19132498
https://doi.org/10.1016/j.ceb.2009.03.007
https://www.ncbi.nlm.nih.gov/pubmed/19442504
https://doi.org/10.1016/j.cell.2016.01.043
https://www.ncbi.nlm.nih.gov/pubmed/26967288
https://doi.org/10.1172/JCI118594
https://doi.org/10.1034/j.1600-0897.2002.1o023.x
https://doi.org/10.1002/pros.20102
https://doi.org/10.1002/mrd.20907
https://doi.org/10.1530/REP-07-0340
https://www.ncbi.nlm.nih.gov/pubmed/18299422
https://doi.org/10.18632/oncotarget.11315
https://doi.org/10.1016/j.bcmd.2005.03.005
https://www.ncbi.nlm.nih.gov/pubmed/15893944
https://doi.org/10.1182/blood.V91.7.2573
https://doi.org/10.1182/blood-2004-02-0645
https://doi.org/10.1073/pnas.93.12.5894
https://doi.org/10.1016/S0022-2143(98)90092-0
https://doi.org/10.4236/ajmb.2012.23020
https://doi.org/10.1016/j.cellsig.2008.10.021
https://doi.org/10.1016/j.cellsig.2011.03.013
https://doi.org/10.1111/j.1476-5381.2010.00724.x
https://doi.org/10.1038/bjp.2008.146
https://doi.org/10.1016/j.ejphar.2008.08.034


Biomolecules 2023, 13, 994 35 of 41

57. Müller, G.; Jung, C.; Wied, S.; Biemer-Daub, G. Induced translocation of glycosylphosphatidylinositol-anchored proteins from
lipid droplets to adiposomes in rat adipocytes. Br. J. Pharmacol. 2009, 158, 749–770. [CrossRef]

58. Müller, G.; Wied, S.; Walz, N.; Jung, C. Translocation of glycosylphosphatidylinositol-anchored proteins from plasma membrane
microdomains to lipid droplets in rat adipocytes is induced by palmitate, H2O2 and the sulfonylurea drug, glimepiride. Mol.
Pharmacol. 2008, 73, 1513–1529. [CrossRef] [PubMed]

59. Olzmann, J.A.; Carvalho, P. Dynamics and functions of lipid droplets. Nat. Rev. Mol. Cell Biol. 2019, 20, 137–155. [CrossRef]
60. Bosch, M.; Pol, A. Eukaryotic lipid droplets: Metabolic hubs, and immune first responders. Trends Endocrinol. Metab. 2022, 33,

218–229. [CrossRef] [PubMed]
61. Bosch, A.; Parton, R.G.; Pol, A. Lipid droplets, bioenergetic fluxes and metabolic flexibility. Semin. Cell Dev. Biol. 2020, 108, 33–46.

[CrossRef] [PubMed]
62. Dejgaard, S.Y.; Presley, J.F. Interactions of lipid droplets with the intracellular transport machinery. Int. J. Mol. Sci. 2021, 22, 2776.

[CrossRef]
63. Jackson, C.L. Lipid droplet biogenesis. Curr. Opin. Cell Biol. 2019, 59, 88–96. [CrossRef]
64. Müller, G.; Schneider, M.; Biemer-Daub, G.; Wied, S. Upregulation of lipid synthesis in small rat adipocytes by microvesicle-

associated CD73 from large adipocytes. Obesity 2011, 19, 1531–1544. [CrossRef]
65. Müller, G.; Wied, S.; Dearey, E.A.; Biemer-Daub, G. Glycosylphosphatidylinositol-anchored proteins coordinate lipolysis inhibition

between large and small adipocytes. Metabolism 2011, 60, 1021–1037. [CrossRef] [PubMed]
66. Müller, G. Let‘s shift lipid burden—From large to small adipocytes. Eur. J. Pharmacol. 2010, 656, 1–4. [CrossRef] [PubMed]
67. Rondinone, C.M. Adipocyte-derived hormones, cytokines, and mediators. Endocrine 2006, 29, 81–90. [CrossRef]
68. Maslowska, M.; Wang, H.W.; Cianflone, K. Novel roles for acylation stimulating protein/C3ades/Arg: A review of recent in vitro

and in vivo evidence. Vitam. Horm. 2005, 70, 309–332.
69. Chou, W.L.; Chuang, L.M.; Chou, C.C.; Wang, A.H.; Lawson, J.A.; FitzGerald, G.A.; Chang, Z.F. Identification of a novel

prostaglandin reductase reveals the involvement of E2 catabolism in regulation of peroxisome proliferator-activator receptor
gamma activation. J. Biol. Chem. 2007, 282, 18162–18172. [CrossRef] [PubMed]

70. Yu, Y.H.; Chang, Y.C.; Su, T.H.; Nong, J.Y.; Li, C.C.; Chuang, L.M. Prostaglandin reductase-3 negatively modulates adipogenesis
through regulation of PPARγ activity. J. Lipid Res. 2013, 54, 2391–2399. [CrossRef]

71. Basit, A.; Riaz, M.; Fawwad, A. Glimepiride: Evidence-based facts, trends, and observations. Vasc. Health Risk Manag. 2012, 8,
463–472. [CrossRef]

72. Yoon, H.; Shaw, J.L.; Haigis, M.C.; Greka, A. Lipid metabolism in sickness and in health: Emerging regulators of lipotoxicity. Mol.
Cell 2021, 81, 3708–3730. [CrossRef] [PubMed]

73. Loomba, R.; Friedman, S.L.; Shulman, G.I. Mechanisms and disease consequences of nonalcoholic fatty liver disease. Cell 2021,
184, 2537–2564. [CrossRef]

74. Tripathi, A.; Fanning, S.; Dettmer, U. Lipotoxicity downstream of a α-synuclein imbalance: A relevant pathomechanism in
synucleinopathies. Biomolecules 2021, 12, 40. [CrossRef]

75. Vilas-Boas, E.A.; Almeida, D.C.; Roma, L.P.; Ortis, F.; Carpinelli, A.R. Lipotoxicity and ß-cell failure in type 2 diabetes: Oxidative
stress linked to NADPH oxidase and ER stress. Cells 2021, 10, 3328. [CrossRef]

76. Benito-Vicente, A.; Jebari-Benslaiman, S.; Galicia-Garcia, U.; Larrea-Sebal, A.; Uribe, K.B.; Martin, C. Molecular mechanisms of
lipotoxicity-induced pancreatic ß-cell dysfunction. Int. Rev. Cell. Mol. Biol. 2021, 359, 357–402. [PubMed]

77. Mastrototaro, L.; Roden, M. Insulin resistance and insulin sensitizing agents. Metabolism 2021, 125, 154892. [CrossRef] [PubMed]
78. Watanabe, K.; Salomon, D.S. Intercellular transfer regulation of the paracrine activity of GPI-anchored Cripto-1 as a Nodal

co-receptor. Biochem. Biophys. Res. Commun. 2010, 403, 108–113. [CrossRef]
79. Watanabe, K.; Hamada, S.; Bianco, C.; Mancino, M.; Nagaoka, T.; Gonzales, M.; Bailly, V.; Strizzi, L.; Salomon, D.S. Requirement

of glycosylphosphatidylinositol anchor of Cripto-1 for trans activity as a Nodal co-receptor. J. Biol. Chem. 2007, 282, 35772–35786.
[CrossRef]

80. Nakamura, K.; Nakayama, M.; Kawano, M.; Amagai, R.; Ishii, T.; Harigae, H.; Ogasawara, K. Fratricide of natural killer cells
dressed with tumor-derived NKG2D ligand. Proc. Natl. Acad. Sci. USA 2013, 110, 9421–9426. [CrossRef]

81. Lopez-Cobo, S.; Romero-Cardenas, G.; Garcia-Cuesta, E.M.; Reyburn, H.T. Transfer of the human NKG2D ligands UL16 binding
proteins (ULBP) 1-3 is related to lytic granule release and leads to ligand retransfer and killing of ULBP-recipient natural killer
cells. Immunology 2015, 146, 70–80. [CrossRef]

82. Ferguson, M.A.J.; Haldar, K.; Cross, G.A.M. Trypanosoma brucei variant surface glycoprotein has a sn-1,2-dimyristyl glycerol
membrane anchor at its COOH terminus. J. Biol. Chem. 1985, 260, 4963–4968. [CrossRef]

83. Haldar, K.; Ferguson, M.A.J.; Cross, G.A.M. Acylation of a Plasmodium falciparum merozoite surface antigen via sn-1,2-diacyl
glycerol. J. Biol. Chem. 1985, 260, 4969–4974. [CrossRef]

84. Bouma, S.R.; Drislane, F.W.; Huestis, W.H. Selective extraction of membrane-bound proteins by phospholipid vesicles. J. Biol.
Chem. 1977, 25, 6759–6763. [CrossRef]

85. Newton, A.C.; Huestis, W.H. Vesicle-to-cell protein transfer: Insertion of band 3, the erythrocyte anion transporter, into lymphoid
cells. Biochemistry 1988, 27, 4655–4659. [CrossRef]

86. Huestis, W.H.; Newton, A.C. Intermembrane protein transfer: Band 3, the erythrocyte anion transporter, transfers in native
orientation from human red blood cells into the bilayer of phospholipid vesicles. J. Biol. Chem. 1986, 261, 16274–16278. [CrossRef]

https://doi.org/10.1111/j.1476-5381.2009.00360.x
https://doi.org/10.1124/mol.107.043935
https://www.ncbi.nlm.nih.gov/pubmed/18272749
https://doi.org/10.1038/s41580-018-0085-z
https://doi.org/10.1016/j.tem.2021.12.006
https://www.ncbi.nlm.nih.gov/pubmed/35065875
https://doi.org/10.1016/j.semcdb.2020.02.010
https://www.ncbi.nlm.nih.gov/pubmed/32146030
https://doi.org/10.3390/ijms22052776
https://doi.org/10.1016/j.ceb.2019.03.018
https://doi.org/10.1038/oby.2011.29
https://doi.org/10.1016/j.metabol.2010.10.007
https://www.ncbi.nlm.nih.gov/pubmed/21129759
https://doi.org/10.1016/j.ejphar.2011.01.035
https://www.ncbi.nlm.nih.gov/pubmed/21295025
https://doi.org/10.1385/ENDO:29:1:81
https://doi.org/10.1074/jbc.M702289200
https://www.ncbi.nlm.nih.gov/pubmed/17449869
https://doi.org/10.1194/jlr.M037556
https://doi.org/10.2147/VHRM.S33194
https://doi.org/10.1016/j.molcel.2021.08.027
https://www.ncbi.nlm.nih.gov/pubmed/34547235
https://doi.org/10.1016/j.cell.2021.04.015
https://doi.org/10.3390/biom12010040
https://doi.org/10.3390/cells10123328
https://www.ncbi.nlm.nih.gov/pubmed/33832653
https://doi.org/10.1016/j.metabol.2021.154892
https://www.ncbi.nlm.nih.gov/pubmed/34563556
https://doi.org/10.1016/j.bbrc.2010.10.128
https://doi.org/10.1074/jbc.M707351200
https://doi.org/10.1073/pnas.1300140110
https://doi.org/10.1111/imm.12482
https://doi.org/10.1016/S0021-9258(18)89166-9
https://doi.org/10.1016/S0021-9258(18)89167-0
https://doi.org/10.1016/S0021-9258(17)39914-3
https://doi.org/10.1021/bi00413a011
https://doi.org/10.1016/S0021-9258(18)66712-2


Biomolecules 2023, 13, 994 36 of 41

87. Medof, M.E.; Kinoshita, T.; Nussenzweig, V. Inhibition of complement activation on the surface of cells after incorporation of
decay-accelerating factor (DAF) into their membranes. J. Exp. Med. 1984, 160, 1558–1578. [CrossRef]

88. Medof, M.E.; Kinoshita, T.; Silber, R.; Nussenzweig, V. Amelioration of lytic abnormalities of paroxysmal nocturnal hemoglobin-
uria with decay-accelerating factor. Proc. Natl. Acad. Sci. USA 1985, 82, 2980–2984. [CrossRef]

89. Low, M.G. Rapid intercellular transfer of GPI-anchored CD4. J. Lab. Clin. Med. 1998, 131, 189–191. [CrossRef] [PubMed]
90. Kooyman, D.L.; Byrne, G.W.; McClellan, S.; Nielsen, D.; Tone, M.; Waldmann, H.; Coffman, T.M.; McCurry, K.R.; Platt, J.L.; Logan,

J.S. In Vivo Transfer of GPI-Linked Complement Restriction Factors from Erythrocytes to the Endothelium. Science 1995, 269,
89–92. [CrossRef] [PubMed]

91. Kooyman, D.L.; Byrne, G.W.; Logan, J.S. Glycosyl phosphatidylinositol anchor. Exp. Nephrol. 1998, 6, 148–151. [CrossRef]
[PubMed]

92. Ilangumaran, S.; Robinson, P.J.; Hoessli, D.C. Transfer of exogenous glycosylphosphatidylinositol (GPI)-linked molecules to
plasma membranes. Trends Cell Biol. 1996, 6, 163–167. [CrossRef] [PubMed]

93. Premkumar, D.R.D.; Fukuoka, Y.; Sevlever, D.; Brunschwig, E.; Rosenberry, T.L.; Tykocinski, M.L.; Medof, M.E. Properties of
exogenously added GPI-anchored proteins following their incorporation into cells. J. Cell. Biochem. 2001, 82, 234–245. [CrossRef]

94. Kouzayha, A.; Besson, F. GPI-alkaline phosphatase insertion into phosphatidylcholine monolayers: Phase behavior and morphol-
ogy changes. Biochem. Biophys. Res. Commun. 2005, 333, 1315–1321. [CrossRef]

95. Suzuki, K.; Okumura, Y.; Sato, T. Membrane protein transfer from human erythrocyte ghosts to liposomes containing an artificial
boundary lipid. Proc. Jpn. Acad. 1995, 71B, 93–97. [CrossRef]

96. Suzuki, K.; Okumura, Y.; Sunamoto, J. Induction of acetylcholinesterase release from erythrocytes in the presence of liposomes.
J. Biochem. 1999, 125, 876–882. [CrossRef] [PubMed]

97. Suzuki, K.; Okumura, Y. GPI-linked proteins do not transfer spontaneously from erythocytes to liposomes. New aspects of
reorganization of the cell membrane. Biochemistry 2000, 39, 9477–9485. [CrossRef]

98. Suzuki, K.; Okumura, Y. Mechanism of selective release of membrane proteins from human erythrocytes in the presence of
liposomes. Arch. Biochem. Biophys. 2000, 379, 344–352. [CrossRef]

99. Medof, M.E.; Nagarajan, S.; Tykocinski, M.L. Cell-surface engineering with GPI-anchored proteins. FASEB J. 1996, 10, 574–586.
[CrossRef]

100. Tykocinski, M.L.; Kaplan, D.R.; Medof, M.E. Antigen-presenting cell engineering. The molecular toolbox. Amer. J. Pathol. 1996,
148, 1–16.

101. Rosse, W.F. New insights into paroxysmal nocturnal hemoglobinuria. Curr. Opin. Hematol. 2001, 8, 61–67. [CrossRef]
102. Bessler, M.; Schaefer, A.; Keller, P. Paroxysmal nocturnal hemoglobinuria: Insights from recent advances in molecular biology.

Transfus. Med. Rev. 2001, 15, 255–267. [CrossRef] [PubMed]
103. Medof, M.E.; Walter, E.I.; Roberts, W.L.; Haas, R.; Rosenberry, T.L. Decay accelerating factor of complement is anchored to cells by

a C-terminal glycolipid. Biochemistry 1986, 25, 6740–6747. [CrossRef]
104. Wilcox, L.A.; Ezzel, J.L.; Bernshaw, N.J.; Parker, C.J. Molecular basis of the enhanced susceptibility of the erythrocytes of

paroxysmal nocturnal hemoglobinuria to hemolysis in acidified serum. Blood 1991, 78, 820–829. [CrossRef] [PubMed]
105. Zalman, L.S.; Wood, L.M.; Frank, M.M.; Müller-Eberhard, H.J. Deficiency of the homologous restriction factor in paroxysmal

nocturnal hemoglobinuria. J. Exp. Med. 1987, 165, 572–577. [CrossRef] [PubMed]
106. Robinson, P.J. Phosphatidylinositol membrane anchors and T-cell activation. Immunol. Today 1991, 12, 35–41. [CrossRef] [PubMed]
107. Robinson, P.J. Signal transduction via GPI-anchored membrane proteins. Adv. Exp. Med. Biol. 1997, 419, 365–370.
108. Zhang, F.; Crise, B.; Su, B.; Hou, Y.; Rose, J.K.; Bothwell, A.; Jacobson, K. Lateral diffusion of membrane-spanning and

glycosylphosphatidylinositol-linked proteins: Toward establishing rules governing the lateral mobility of membrane proteins.
J. Cell Biol. 1991, 115, 75–84. [CrossRef]

109. Morgan, B.P.; van den Berg, C.W.; Davies, E.V.; Hallett, M.B.; Horejsi, V. Cross-linking of CD59 and of other glycosyl
phosphatidylinositol-anchored molecules on neutrophils triggers cell activation via tyrosine kinase. Eur. J. Immunol. 1993,
23, 2841–2850. [CrossRef]

110. Van den Berg, C.W.; Cinek, T.; Hallett, M.B.; Horejsi, V.; Morgan, B.P. Exogenous glycosyl phosphatidylinositol-anchored CD59
associates with kinases in membrane clusters on U937 cells and becomes Ca(2+)-signaling competent. J. Cell Biol. 1995, 131,
669–677. [CrossRef]

111. Walter, E.I.; Ratnoff, W.D.; Long, K.E.; Kazura, J.W.; Medof, M.E. Effect of glycoinositolphospholipid anchor lipid groups on
functional properties of decay-accelerating factor protein in cells. J. Biol. Chem. 1992, 267, 1245–1252. [CrossRef]

112. Rifkin, M.R.; Landsberger, F.R. Trypanosome variant surface glycoprotein transfer to target membranes: A model for the pathogen-
esis of trypanosomiasis. Proc. Natl. Acad. Sci. USA 1990, 87, 801–805. [CrossRef]

113. Ilangumaran, S.; Arni, S.; Poincelet, M.; Theler, J.M.; Brennan, P.J.; Nasir-ud-Din; Hoessli, D.C. Integration of mycobacterial
lipoarabinomannans into glycosylphosphatidylinositol-rich domains of lymphomonocytic cell plasma membranes. J. Immunol.
1995, 155, 1334–1342. [CrossRef] [PubMed]

114. Ilangumaran, S.; He, H.T.; Hoessli, D.C. Microdomains in lymphocyte signalling: Beyond GPI-anchored proteins. Immunol. Today
2000, 21, 2–7. [CrossRef]

115. Nagarajan, S.; Anderson, M.; Ahmed, S.N.; Sell, K.W.; Selvaraj, P. Purification and optimization of functional reconstitution on the
surface of leukemic cell lines of GPI-anchored Fc gamma receptor III. J. Immunol. Methods 1995, 184, 241–251. [CrossRef]

https://doi.org/10.1084/jem.160.5.1558
https://doi.org/10.1073/pnas.82.9.2980
https://doi.org/10.1016/S0022-2143(98)90087-7
https://www.ncbi.nlm.nih.gov/pubmed/9523839
https://doi.org/10.1126/science.7541557
https://www.ncbi.nlm.nih.gov/pubmed/7541557
https://doi.org/10.1159/000020516
https://www.ncbi.nlm.nih.gov/pubmed/9567221
https://doi.org/10.1016/0962-8924(96)20012-1
https://www.ncbi.nlm.nih.gov/pubmed/15157464
https://doi.org/10.1002/jcb.1154
https://doi.org/10.1016/j.bbrc.2005.06.049
https://doi.org/10.2183/pjab.71.93
https://doi.org/10.1093/oxfordjournals.jbchem.a022363
https://www.ncbi.nlm.nih.gov/pubmed/10220578
https://doi.org/10.1021/bi000113v
https://doi.org/10.1006/abbi.2000.1891
https://doi.org/10.1096/fasebj.10.5.8621057
https://doi.org/10.1097/00062752-200103000-00001
https://doi.org/10.1053/tm.2001.26958
https://www.ncbi.nlm.nih.gov/pubmed/11668433
https://doi.org/10.1021/bi00370a003
https://doi.org/10.1182/blood.V78.3.820.820
https://www.ncbi.nlm.nih.gov/pubmed/1713516
https://doi.org/10.1084/jem.165.2.572
https://www.ncbi.nlm.nih.gov/pubmed/2434597
https://doi.org/10.1016/0167-5699(91)90110-F
https://www.ncbi.nlm.nih.gov/pubmed/1826601
https://doi.org/10.1083/jcb.115.1.75
https://doi.org/10.1002/eji.1830231118
https://doi.org/10.1083/jcb.131.3.669
https://doi.org/10.1016/S0021-9258(18)48421-9
https://doi.org/10.1073/pnas.87.2.801
https://doi.org/10.4049/jimmunol.155.3.1334
https://www.ncbi.nlm.nih.gov/pubmed/7636199
https://doi.org/10.1016/S0167-5699(99)01494-2
https://doi.org/10.1016/0022-1759(95)00095-R


Biomolecules 2023, 13, 994 37 of 41

116. Pearce, E.J.; Hall, B.F.; Sher, A. Host-spepcific evasion of the alternative complement pathway by schistosomes correlates with the
presence of a phospholipase C-sensitive surface molecule resembling human decay accelerating factor. J. Immunol. 1990, 144,
2751–2756. [CrossRef] [PubMed]

117. McCurry, K.R.; Kooyman, D.L.; Alvarado, C.G.; Cotterell, A.H.; Martin, M.J.; Logan, J.S.; Platt, J.L. Human complement regulatory
proteins protect swine-to-primate cardiac xenografts from humoral injury. Nat. Med. 1995, 1, 423–427. [CrossRef] [PubMed]

118. Väkevä, A.; Lehto, T.; Takala, A.; Meri, S. Detection of a soluble form of the complement membrane attack complex inhibitor
CD59 in plasma after acute myocardial infarction. Scand. J. Immunol. 2000, 52, 411–414. [CrossRef]

119. Väkevä, A.; Jauhiainen, M.; Ehnholm, C.; Lehto, T.; Meri, S. High-density lipoproteins can act as carriers of glycophosphoinositol
lipid-anchored CD59 in human plasma. Immunology 1994, 82, 28–33.

120. Bütikofer, P.; Kuypers, F.A.; Xu, C.M.; Chiu, D.T.; Lubin, B. Enrichment of two glycosyl-phosphatidylinositol-anchored proteins,
acetylcholinesterase and decay accelerating factor, in vesicles released from human red blood cells. Blood 1989, 74, 1481–1485.
[CrossRef]

121. Rooney, I.A.; Davies, A.; Morgan, B.P. Membrane attack complex (MAC)-mediated damage to spermatozoa: Protection of the
cells by the presence on their membranes of MAC inhibitory proteins. Immunology 1992, 75, 499–506.

122. Rooney, I.A.; Atkinson, J.P.; Krul, E.S.; Schonfeld, G.; Polakoski, K.; Saffitz, J.E.; Morgan, B.P. Physiologic relevance of the
membrane attack complex inhibitory protein CD59 in human seminal plasma: CD59 is present on extracellular organelles
(prostasomes), binds cell membranes, and inhibits complement-mediated lysis. J. Exp. Med. 1993, 177, 1409–1420. [CrossRef]

123. Vickram, A.S.; Samad, H.A.; Latheef, S.K.; Chakraborty, S.; Dhama, K.; Sridharan, T.B.; Sundaram, T.; Gulothungan, G. Human
prostasomes as extracellular vesicles—Biomarkers for male infertility and prostate cancer: The journey from identification to
current knowledge. Int. J. Biol. Macromol. 2020, 146, 946–958. [CrossRef]

124. Sprong, H.; Suchanek, M.; van Dijk, S.M.; van Remoortere, A.; Klumperman, J.; Avram, D.; van der Linden, J.; Leusen, J.H.W.; van
Hellemond, J.J.; Thiele, C. Abberrant receptor-mediated endocytosis of Schistosoma mansoni glycoproteins on host lipoproteins.
PLoS Med. 2006, 3, e253. [CrossRef]

125. Neumann, S.; Harterink, M.; Sprong, H. Hitch-hiking between cells on lipoprotein particles. Traffic 2007, 8, 331–338. [CrossRef]
126. Niermann, T.; Kern, F.; Erne, P.; Resink, T. The glycosyl phosphatidylinositol anchor of human T-cadherin binds lipoproteins.

Biochem. Biophys. Res. Commun. 2000, 276, 1240–1247. [CrossRef] [PubMed]
127. Panakova, D.; Sprong, H.; Marois, E.; Thiele, C.; Eaton, S. Lipoprotein particles are required for Hedgehog and Wingless signalling.

Nature 2005, 435, 58–65. [CrossRef]
128. Eaton, S. Multiple roles for lipids in the Hedgehog signalling pathway. Nat. Rev. Mol. Cell Biol. 2008, 9, 437–445. [CrossRef]

[PubMed]
129. Griffiths, G.S.; Galileo, D.S.; Aravindan, R.G.; Martin-DeLeon, P.A. Clusterin facilitates exchange of glycosyl phosphatidylinositol-

linked SPAM1 between reproductive luminal fluids and mouse and human sperm membranes. Biol. Reprod. 2009, 81, 562–570.
[CrossRef]

130. Martin-DeLeon, P.A. Germ-cell hyaluronidases: Their roles in sperm function. Int. J. Androl. 2011, 34, e306-18. [CrossRef]
131. Martin-DeLeon, P.A. Epididymosomes: Transfer of fertility-modulating proteins to the sperm surface. Asian J. Androl. 2015, 17,

720–725. [CrossRef] [PubMed]
132. Liu, T.; Li, R.; Pan, T.; Liu, D.; Petersen, R.B.; Wong, B.-S.; Gambetti, P.; Sy, M.S. Intercellular transfer of the cellular prion protein.

J. Biol. Chem. 2002, 277, 47671–47678. [CrossRef]
133. Müller, G.A.; Ussar, S.; Tschöp, M.H.; Müller, T.D. Age-dependent membrane release and degradation of full-length

glycosylphosphatidylinositol-anchored proteins in rats. Mech. Ageing Dev. 2020, 190, 111307. [CrossRef]
134. Müller, G.A.; Lechner, A.; Tschöp, M.H.; Müller, T.D. Interaction of Full-Length Glycosylphosphatidylinositol-Anchored Proteins

with Serum Proteins and Their Translocation to Cells In Vitro Depend on the (Pre-)Diabetic State in Rats and Humans. Biomedicines
2021, 9, 277. [CrossRef]

135. Müller, G.A.; Tschöp, M.H.; Müller, T.D. Chip-based sensing of the intercellular transfer of cell surface proteins: Regulation by the
metabolic state. Biomedicines 2021, 9, 1452. [CrossRef] [PubMed]

136. Müller, G.A.; Müller, T.D. Biological role of the intercellular transfer of glycosylphosphatidylinositol-anchored proteins: Stimula-
tion of lipid and glycogen synthesis. Int. J. Mol. Sci. 2022, 23, 7418. [CrossRef]

137. Izgilov, R.; Naftaly, A.; Benayahu, D. Advanced glycation end products effects on adipocyte niche stiffness and cell signaling. Int.
J. Mol. Sci. 2023, 24, 2261. [CrossRef] [PubMed]

138. Naftaly, A.; Kislev, N.; Izgilov, R.; Adler, R.; Silber, M.; Shalgi, R.; Benayahu, D. Nutrition alters the stiffness of adipose tissue and
cell signaling. Int. J. Mol. Sci. 2022, 23, 15237. [CrossRef]

139. Ben-Or, F.M.; Shoham, N.; Benayahu, D.; Gefen, A. Effects of accumulation of lipid droplets on load transfer between and within
adipocytes. Biomech. Model Mechanobiol. 2015, 14, 15–28. [CrossRef]

140. Goelzer, M.; Dudakovic, A.; Olcum, M.; Sen, B.; Ozcivici, E.; Rubin, J.; van Wijnen, A.J.; Uzer, G. Lamin A/C is dispensable to
mechanical repression of adipogenesis. Int. J. Mol. Sci. 2021, 22, 6580. [CrossRef]

141. Müller, G.A.; Herling, A.W.; Stemmer, K.; Lechner, A.; Tschöp, M.H. Chip-based sensing for release of unprocessed cell surface
proteins in vitro and in serum and its (patho)physiological relevance. Am. J. Physiol. Endocrinol. Metab. 2019, 317, E212–E233.
[CrossRef] [PubMed]

https://doi.org/10.4049/jimmunol.144.7.2751
https://www.ncbi.nlm.nih.gov/pubmed/1690776
https://doi.org/10.1038/nm0595-423
https://www.ncbi.nlm.nih.gov/pubmed/7585088
https://doi.org/10.1046/j.1365-3083.2000.00783.x
https://doi.org/10.1182/blood.V74.5.1481.1481
https://doi.org/10.1084/jem.177.5.1409
https://doi.org/10.1016/j.ijbiomac.2019.09.218
https://doi.org/10.1371/journal.pmed.0030253
https://doi.org/10.1111/j.1600-0854.2006.00532.x
https://doi.org/10.1006/bbrc.2000.3465
https://www.ncbi.nlm.nih.gov/pubmed/11027617
https://doi.org/10.1038/nature03504
https://doi.org/10.1038/nrm2414
https://www.ncbi.nlm.nih.gov/pubmed/18500255
https://doi.org/10.1095/biolreprod.108.075739
https://doi.org/10.1111/j.1365-2605.2010.01138.x
https://doi.org/10.4103/1008-682X.155538
https://www.ncbi.nlm.nih.gov/pubmed/26112481
https://doi.org/10.1074/jbc.M207458200
https://doi.org/10.1016/j.mad.2020.111307
https://doi.org/10.3390/biomedicines9030277
https://doi.org/10.3390/biomedicines9101452
https://www.ncbi.nlm.nih.gov/pubmed/34680568
https://doi.org/10.3390/ijms23137418
https://doi.org/10.3390/ijms24032261
https://www.ncbi.nlm.nih.gov/pubmed/36768583
https://doi.org/10.3390/ijms232315237
https://doi.org/10.1007/s10237-014-0582-8
https://doi.org/10.3390/ijms22126580
https://doi.org/10.1152/ajpendo.00079.2019
https://www.ncbi.nlm.nih.gov/pubmed/31039006


Biomolecules 2023, 13, 994 38 of 41

142. Müller, G.A.; Tschöp, M.H.; Müller, T.D. Upregulated phospholipase D activity toward glycosylphosphatidylinositol-anchored
proteins in micelle-like serum complexes in metabolically deranged rats and humans. Am. J. Physiol. Endocrinol. Metabol. 2020,
318, E462–E479. [CrossRef] [PubMed]

143. Müller, G.A.; Müller, T.D. Transfer of proteins from cultured human adipose to blood cells and induction of anabolic phenotype
are controlled by serum, insulin and sulfonylurea drugs. Int. J. Mol. Sci. 2023, 24, 4825. [CrossRef]

144. Müller, G.; Wied, S. The sulfonylurea drug, glimepiride, stimulates glucose transport, glucose transporter translocation, and
dephosphorylation in insulin-resistant rat adipocytes in vitro. Diabetes 1993, 42, 1852–1867. [CrossRef]

145. Müller, G.; Satoh, Y.; Geisen, K. Extrapancreatic effects of sulfonylureas—A comparison between glimepiride and conventional
sulfonylureas. Diabetes Res. Clin. Pract. 1995, 28, S115–S137. [CrossRef]

146. Frick, W.; Bauer, A.; Bauer, J.; Wied, S.; Müller, G. Structure-activity relationship of synthetic phosphoinositolglycans mimicking
metabolic insulin action. Biochemistry 1998, 37, 13421–13436. [CrossRef]

147. Huang, K.-S.; Li, S.; Fung, W.-J.C.; Hulmes, J.D.; Reik, L.; Pan, Y.-C.E.; Low, M.G. Purification and characterization of glycosyl-
phosphatidylinositol-specific phospholipase D. J. Biol. Chem. 1990, 265, 17738–17745. [CrossRef]

148. Stieger, S.; Diem, S.; Jakob, A.; Brodbeck, U. Enzymatic properties of phosphatidylinositol-glycan-specific phospholipase C from
rat liver and phosphatidylinositol-glycan-specific phospholipase D from rat serum. Eur. J. Biochem. 1991, 197, 67–73. [CrossRef]

149. Li, J.Y.; Hollfelder, K.; Huang, K.-S.; Low, M.G. Structural features of GPI-specific phospholipase D revealed by proteolytic
fragmentation and Ca2+ binding studies. J. Biol. Chem. 1994, 269, 28963–28971. [CrossRef] [PubMed]

150. Raikwar, N.S.; Bowen, R.F.; Deeg, M.A. Mutating His29, His125, His133 or His158 abolishes glycosylphosphatidylinositol-specific
phospholipase D catalytic activity. Biochem. J. 2005, 391, 285–289. [CrossRef] [PubMed]

151. Gordon, V.M.; Nelson, K.L.; Buckley, J.T.; Stevens, V.L.; Tweten, R.K.; Elwood, P.C.; Leppla, S.H. Clostridium septicum alpha toxin
uses glycosylphosphatidylinositol-anchored protein receptors. J. Biol. Chem. 1999, 274, 27274–27280. [CrossRef]

152. Dolezal, S.; Hester, S.; Kirby, P.S.; Nairn, A.; Pierce, M.; Abbott, K.L. Elevated levels of glycosylphosphatidylinositol (GPI)
anchored proteins in plasma from human cancers detected by C. septicum alpha toxin. Cancer Biomark. 2014, 14, 55–62. [CrossRef]
[PubMed]

153. Banerjee, P.; Varon Silva, D.; Lipowsky, R.; Santer, M. The importance of side branches of glycosylphosphatidylinositol anchors: A
molecular dynamics perspective. Glycobiology 2022, 32, 933–948. [CrossRef]

154. Kundu, S.; Lin, C.; Jaiswal, M.; Babu Mullapudi, V.; Craig, K.C.; Chen, S.; Guo, Z. Profiling glycosylphosphatidylinositol
(GPI)-interacting proteins in the cell membrane using a bifunctional GPI analogue as the probe. J. Proteome Res. 2023, 22, 919–930.
[CrossRef] [PubMed]

155. Babu Mullapudi, V.; Craig, K.C.; Guo, Z. Synthesis of a bifunctionalized glycosylphosphatidylinositol (GPI) anchor useful for the
study of GPI biology. Chemistry 2022, 29, e202203457. [CrossRef]

156. Guo, Z. Synthetic studies of glycosylphosphatidylinositol (GPI) anchors and GPI-anchored peptides, glycopeptides, and proteins.
Curr. Org. Synth. 2013, 10, 366–383. [CrossRef]

157. Horowitz, A.M.; Fan, X.; Bieri, G.; Smith, L.K.; Sanchez-Diaz, C.I.; Schroer, A.B.; Gontier, G.; Casaletto, K.B.; Kramer, J.H.;
Williams, K.E.; et al. Blood factors transfer beneficial effects of exercise on neurogenesis and cognition to the aged brain. Science
2020, 369, 167–173. [CrossRef]

158. Wieser, S.N.; Schnittger, L.; Florin-Christensen, M.; Delbecq, S.; Schetters, T. Vaccination against babesiosis using recombinant
GPI-anchored proteins. Int. J. Parasitol. 2019, 49, 175–181. [CrossRef]

159. Patel, J.M.; Kim, M.-C.; Vartabedian, V.F.; Lee, Y.-N.; He, S.; Song, J.-M.; Choi, H.-J.; Yamanaka, S.; Amaram, N.; Lukacher, A.; et al.
Protein transfer-mediated surface engineering to adjuvanatate virus-like nanoparticles for enhanced anti-viral immune responses.
Nanomedicine 2015, 11, 1097–1107. [CrossRef] [PubMed]

160. Bumgarner, G.W.; Shashidharamurthy, R.; Nagarajan, S.; D’Souza, M.J.; Selvaraj, P. Surface engineering of microparticles by novel
protein transfer for targeted antigen/drug delivery. J. Control. Release 2009, 137, 90–97. [CrossRef]

161. McHugh, R.S.; Ahmed, A.N.; Wang, Y.C.; Sell, K.W.; Selvaraj, P. Construction, purification and functional reconstitution on tumor
cells of a glycolipid anchored human B7-1 (CD80). Proc. Natl. Acad. Sci. USA 1995, 92, 8059–8063. [CrossRef] [PubMed]

162. McHugh, R.S.; Nagarajan, S.; Wang, Y.C.; Sell, K.W.; Selvaraj, P. Protein transfer of glycosyl-phosphatidylinositol-B7-1 into tumor
cell membranes: A novel approach to tumor immunotherapy. Cancer Res. 1999, 59, 2433–2437.

163. Cimino, A.M.; Palaniswarni, P.; Kim, A.C.; Selvaraj, P. Cancer vaccine development: Protein transfer of membrane-anchored
cytokines and immunostimulatory molecules. Immunol. Res. 2004, 29, 231–240. [CrossRef]

164. Patel, J.M.; Vartabedian, V.F.; Kim, M.-C.; He, S.; Kang, S.-M.; Sevaraj, P. Influenza virus-like particles engineered by protein
transfer with tumor-associated antigens induces protective antitumor immunity. Biotechnol. Bioeng. 2015, 112, 1102–1110.
[CrossRef] [PubMed]

165. Nagarajan, S.; Selvaraj, P. Expression and characterization of glycolipid-anchored B7-1 (CD80) from baculovirus-infected insect
cells: Protein transfer onto tumor cells. Protein Expr. Purif. 1999, 17, 273–281. [CrossRef] [PubMed]

166. Bommireddy, R.; Munoz, L.E.; Kuman, A.; Huang, L.; Fan, Y.; Monterroza, L.; Pack, C.D.; Ramachandiran, S.; Reddy, S.J.C.; Kim,
J.; et al. Tumor membrane vesicle vaccine augments the efficacy of anti-PD1 antibody in immune checkpoint inhibitor-resistant
squamous cell carcinoma models of head and neck cancer. Vaccines 2020, 8, 182. [CrossRef] [PubMed]

167. Brunschwig, E.B.; Fayen, J.D.; Medof, M.E.; Tykocinski, M.L. Protein transfer of glycosyl-phosphatidylinositol (GPI)-modified
murine B7-1 and B7-2 costimulators. J. Immunother. 1999, 22, 390–400. [CrossRef] [PubMed]

https://doi.org/10.1152/ajpendo.00504.2019
https://www.ncbi.nlm.nih.gov/pubmed/31961708
https://doi.org/10.3390/ijms24054825
https://doi.org/10.2337/diab.42.12.1852
https://doi.org/10.1016/0168-8227(95)01089-V
https://doi.org/10.1021/bi9806201
https://doi.org/10.1016/S0021-9258(18)38225-5
https://doi.org/10.1111/j.1432-1033.1991.tb15883.x
https://doi.org/10.1016/S0021-9258(19)62000-4
https://www.ncbi.nlm.nih.gov/pubmed/7961859
https://doi.org/10.1042/BJ20050656
https://www.ncbi.nlm.nih.gov/pubmed/15943582
https://doi.org/10.1074/jbc.274.38.27274
https://doi.org/10.3233/CBM-130377
https://www.ncbi.nlm.nih.gov/pubmed/24643042
https://doi.org/10.1093/glycob/cwac037
https://doi.org/10.1021/acs.jproteome.2c00728
https://www.ncbi.nlm.nih.gov/pubmed/36700487
https://doi.org/10.1002/chem.202203457
https://doi.org/10.2174/1570179411310030003
https://doi.org/10.1126/science.aaw2622
https://doi.org/10.1016/j.ijpara.2018.12.002
https://doi.org/10.1016/j.nano.2015.02.008
https://www.ncbi.nlm.nih.gov/pubmed/25752855
https://doi.org/10.1016/j.jconrel.2009.03.011
https://doi.org/10.1073/pnas.92.17.8059
https://www.ncbi.nlm.nih.gov/pubmed/7544014
https://doi.org/10.1385/IR:29:1-3:231
https://doi.org/10.1002/bit.25537
https://www.ncbi.nlm.nih.gov/pubmed/25689082
https://doi.org/10.1006/prep.1999.1130
https://www.ncbi.nlm.nih.gov/pubmed/10545276
https://doi.org/10.3390/vaccines8020182
https://www.ncbi.nlm.nih.gov/pubmed/32295135
https://doi.org/10.1097/00002371-199909000-00002
https://www.ncbi.nlm.nih.gov/pubmed/10546154


Biomolecules 2023, 13, 994 39 of 41

168. Patel, J.M.; Vartabedian, V.F.; Bozeman, E.N.; Caoyonan, B.E.; Srivatsan, S.; Pack, C.D.; Dey, P.; D’Souza, M.J.; Yang, L.; Selvaraj, P.
Plasma membrane vesicles decorated with glycolipid-anchored antigens and adjuvants via protein transfer as an antigen delivery
platform for inhibition of tumor growth. Biomaterials 2016, 74, 231–244. [CrossRef]

169. Nagarajan, S.; Selvaraj, P. Human tumor membrane vesicles modified to express glycolipid-anchored IL-12 by protein transfer
induce T cell proliferation in vitro: A potential approach for local delivery of cytokines during vaccination. Vaccine 2006, 24,
2264–2274. [CrossRef] [PubMed]

170. Huang, J.H.; Getty, R.R.; Chisari, F.V.; Fowler, P.; Greenspan, N.S.; Tykocinski, M.L. Protein transfer of preformed MHC-peptide
complexes sensitizes target cells to T cell cytolysis. Immunity 1994, 1, 607–613. [CrossRef]

171. Zhao, X.; Li, H.; Lee, R.J. Targeted drug delivery via folate receptors. Expert Opin. Drug Deliv. 2008, 5, 309–319. [CrossRef]
172. Stachel, G.; Trenkwalder, T.; Götz, F.; Aouni, C.E.; Muenchmeier, N.; Pfosser, A.; Nussbaum, C.; Sperandio, M.; Hatzopoulos, A.K.;

Hinkel, R.; et al. SDF-1 fused to a fractalkine stalk and a GPI anchor enables functional neovascularization. Stem Cells 2013, 31,
1795–1805. [CrossRef]

173. Dunn, D.E.; Yu, J.; Nagarajan, S.; Devetten, M.; Weichold, F.F.; Medof, M.E.; Young, N.S.; Liu, J.M. A knock-out model of
paroxysmal nocturnal hemoglobinuria: Pig-a(-) hematopoiesis is reconstituted following intercellular transfer of GPI-anchored
proteins. Proc. Natl. Acad. Sci. USA 1996, 93, 7938–7943. [CrossRef] [PubMed]

174. Sloand, E.M.; Maciejewski, J.P.; Dunn, D.; Moss, J.; Brewer, B.; Kirby, M.; Young, N.S. Correction of the PNH defect by GPI-
anchored protein transfer. Blood 1998, 92, 4439–4445. [CrossRef]

175. Müller, G. Microvesicles/exosomes as potential novel biomarkers of metabolic diseases. Diabetes Metab. Syndr. Obes. 2012, 5,
247–262. [CrossRef] [PubMed]

176. Barile, L.; Vassali, G. Exosomes: Therapy delivery tools and biomarkers of diseases. Pharmacol. Ther. 2017, 174, 63–78. [CrossRef]
177. Salunkhe, S.; Dheeraj; Basak, M.; Chitkara, D.; Mittal, A. Surface functionalization of exosomes for target-specific delivery and

in vivo imaging & tracking: Strategies and significance. J. Control. Release 2020, 326, 599–614. [PubMed]
178. Tykocinski, M.L.; Chen, A.; Huang, J.-H.; Weber, M.C.; Zheng, G. New designs for cancer vaccine and artificial veto cells: An

emerging palette of protein paints. Immunol. Res. 2003, 27, 565–574. [CrossRef]
179. Nishimura, J.; Smith, C.A.; Phillips, K.L.; Ware, R.E.; Rosse, W.F. Paroxysmal nocturnal hemoglobinuria: Molecular pathogenesis

and molecular therapeutic approaches. Hematopathol. Mol. Hematol. 1998, 11, 119–146. [PubMed]
180. Brodsky, R.A.; Jane, S.M.; Vanin, E.F.; Mitsuya, H.; Peters, T.R.; Shimada, T.; Medof, M.E.; Nienhus, A.W. Purified GPI-anchored

CD4DAF as a receptor for HIV-mediated gene transfer. Hum. Gene Ther. 1994, 5, 1231–1239. [CrossRef]
181. Eisenberg-Bord, M.; Shai, N.; Schuldiner, M.; Bohnert, M. A tether is a tether is a tether: Tethering at membrane contact sites. Dev.

Cell 2016, 39, 395–409. [CrossRef]
182. Jain, A.; Holthuis, J.C.M. Membrane contact sites, ancient and central hubs of cellular lipid logistics. Biochim. Biophys. Acta 2017,

1864, 1450–1458. [CrossRef]
183. Caro, L.H.; Tettelin, H.; Vossen, J.H.; Ram, A.F.; van den Ende, H.; Klis, F.M. In silico identification of glycosyl-phosphatidylinositol-

anchored plasma-membrane and cell wall proteins of Saccharomyces cerevisiae. Yeast 1997, 13, 1477–1489. [CrossRef]
184. Kapteyn, J.C.; Van Den Ende, H.; Klis, F.M. The contribution of cell wall proteins to the organisation of the yeast cell wall. Biochim.

Biophys. Acta 1999, 1426, 373–383. [CrossRef] [PubMed]
185. Klis, F.M.; Boorsma, A.; De Groot, P.W. Cell wall construction in Saccharomyces cerevisiae. Yeast 2006, 23, 185–202. [CrossRef]

[PubMed]
186. Fujii, T.; Shimoi, H.; Iimura, Y. Structure of the glucan-binding sugar chain of Tip1p, a cell wall protein of Saccharomyces cerevisiae.

Biochim. Biophys. Acta 1999, 1427, 133–144. [CrossRef]
187. Popolo, L.; Vai, M. The Gas1 glycoprotein, a putative wall polymer cross-linker. Biochim. Biophys. Acta 1999, 1426, 385–400.

[CrossRef]
188. Müller, G.; Groß, E.; Wied, S.; Bandlow, W. Glucose-induced sequential processing of a glycosyl-phosphatidylinositol-anchored

ectoprotein in Saccharomyces cerevisiae. Mol. Cell. Biol. 1996, 16, 442–456. [CrossRef]
189. van der Vaart, J.M.; Caro, L.H.; Chapman, J.W.; Klis, F.M.; Verrips, C.T. Identification of three mannoproteins in the cell wall of

Saccharomyces cerevisiae. J. Bacteriol. 1995, 177, 3104–3110. [CrossRef]
190. Vossen, J.H.; Muller, W.H.; Lipke, P.N.; Klis, F.M. Restrictive glycosylphosphatidylinositol anchor synthesis in cwh6/gpi3 yeast

cells causes aberrant biogenesis of cell wall proteins. J. Bacteriol. 1997, 179, 2202–2209. [CrossRef] [PubMed]
191. Hamada, K.; Terashima, H.; Arisawa, M.; Kitada, K. Amino acid residues in the omega-minus region participate in cellular

localization of yeast glycosylphosphatidylinositol-attached proteins. J. Bacteriol. 1999, 181, 3886–3889. [CrossRef] [PubMed]
192. Yoko-o, T.; Umemura, M.; Komatsuzaki, A.; Ikeda, K.; Ichikawa, D.; Takase, K.; Kanzawa, N.; Saito, K.; Kinoshita, T.; Taguchi,

R.; et al. Lipid moiety of glycosylphosphatidylinositol-anchored proteins contributes to the determination of their final destination
in yeast. Genes Cells 2018, 23, 880–892. [CrossRef]

193. Kitagaki, H.; Wu, H.; Shimoi, H.; Ito, K. Two homologous genes, DCW1 (YKL046c) and DFG5, are essential for cell growth
and encode glycosylphosphatidylinositol (GPI)-anchored membrane proteins required for cell wall biogenesis in Saccharomyces
cerevisiae. Mol. Microbiol. 2002, 46, 1011–1022. [CrossRef] [PubMed]

194. de Sampaio, G.; Bourdineaud, J.P.; Lauquin, G.J. A constitutive role for GPI anchors in Saccharomyces cerevisiae: Cell wall targeting.
Mol. Microbiol. 1999, 34, 247–256. [CrossRef] [PubMed]

https://doi.org/10.1016/j.biomaterials.2015.09.031
https://doi.org/10.1016/j.vaccine.2005.11.045
https://www.ncbi.nlm.nih.gov/pubmed/16376465
https://doi.org/10.1016/1074-7613(94)90050-7
https://doi.org/10.1517/17425247.5.3.309
https://doi.org/10.1002/stem.1439
https://doi.org/10.1073/pnas.93.15.7938
https://www.ncbi.nlm.nih.gov/pubmed/8755581
https://doi.org/10.1182/blood.V92.11.4439
https://doi.org/10.2147/DMSO.S32923
https://www.ncbi.nlm.nih.gov/pubmed/22924003
https://doi.org/10.1016/j.pharmthera.2017.02.020
https://www.ncbi.nlm.nih.gov/pubmed/32730952
https://doi.org/10.1385/IR:27:2-3:565
https://www.ncbi.nlm.nih.gov/pubmed/9844822
https://doi.org/10.1089/hum.1994.5.10-1231
https://doi.org/10.1016/j.devcel.2016.10.022
https://doi.org/10.1016/j.bbamcr.2017.05.017
https://doi.org/10.1002/(SICI)1097-0061(199712)13:15&lt;1477::AID-YEA184&gt;3.0.CO;2-L
https://doi.org/10.1016/S0304-4165(98)00137-8
https://www.ncbi.nlm.nih.gov/pubmed/9878836
https://doi.org/10.1002/yea.1349
https://www.ncbi.nlm.nih.gov/pubmed/16498706
https://doi.org/10.1016/S0304-4165(99)00012-4
https://doi.org/10.1016/S0304-4165(98)00138-X
https://doi.org/10.1128/MCB.16.1.442
https://doi.org/10.1128/jb.177.11.3104-3110.1995
https://doi.org/10.1128/jb.179.7.2202-2209.1997
https://www.ncbi.nlm.nih.gov/pubmed/9079905
https://doi.org/10.1128/JB.181.13.3886-3889.1999
https://www.ncbi.nlm.nih.gov/pubmed/10383953
https://doi.org/10.1111/gtc.12636
https://doi.org/10.1046/j.1365-2958.2002.03244.x
https://www.ncbi.nlm.nih.gov/pubmed/12421307
https://doi.org/10.1046/j.1365-2958.1999.01585.x
https://www.ncbi.nlm.nih.gov/pubmed/10564469


Biomolecules 2023, 13, 994 40 of 41

195. Yoko-o, T.; Ichikawa, D.; Miyagishi, Y.; Kato, A.; Umemura, M.; Takase, K.; Ra, M.; Ikeda, K.; Taguchi, R.; Jigami, Y. Determination
and physiological roles of the glycosylphosphatidylinositol lipid remodelling pathway in yeast. Mol. Microbiol. 2013, 88, 140–155.
[CrossRef] [PubMed]

196. Seals, J.R.; Jarett, L. Activation of pyruvate dehydrogenase by direct addition of insulin to an isolated plasma mem-
brane/mitochondria mixture: Evidence for generated of insulin’second messenger in a subcellular system. Proc. Natl. Acad. Sci.
USA 1980, 77, 77–81. [CrossRef]

197. Müller, G.; Wied, S.; Crecelius, A.; Kessler, A.; Eckel, J. Phosphoinositolglycan-peptides from yeast potently induce metabolic
insulin actions in isolated rat adipocytes, cardiomyocytes, and diaphragms. Endocrinology 1997, 138, 3459–3475. [CrossRef]

198. Gupta, A.; Jakubowicz, D.; Nestler, J.E. Pioglitazone therapy increases insulin-stimulated release of d-chiro-inositol-containing
inositolphosphoglycan mediator in women with polycystic ovary syndrome. Metab. Syndr. Relat. Disord. 2016, 14, 391–396.
[CrossRef]

199. Stralfors, P. Insulin second messengers. Bioessays 1997, 19, 327–335. [CrossRef]
200. Saltiel, A.R.; Cuatrecasas, P. In search of a second messenger for insulin. Am. J. Physiol. 1988, 255, C1–C11. [CrossRef]
201. Varela-Nieto, I.; Leon, Y.; Caro, H.N. Cell signalling by inositol phosphoglycans from different species. Comp. Biochem. Physiol.

Biochem. Mol. Biol. 1996, 115, 223–241. [CrossRef]
202. Larner, J.; Huang, L.C.; Tang, G.; Suzuki, S.; Schwartz, C.F.; Romero, G.; Roulidis, Z.; Zeller, K.; Shen, T.Y.; Oswald, A.S. Insulin

mediators: Structure and formation. Cold Spring Harb. Symp. Quant. Biol. 1988, 53, 965–971. [CrossRef]
203. Hecht, M.-L.; Tsai, Y.-H.; Liu, X.; Wolfrum, C.; Seeberger, P.H. Synthetic inositol phosphoglycans related to GPI lack insulin-

mimetic activity. ACS Chem. Biol. 2010, 5, 1075–1086. [CrossRef] [PubMed]
204. Wu, S.; Luo, M.; To, K.K.W.; Zhang, J.; Su, C.; Zhang, H.; An, S.; Wang, F.; Chen, D.; Fu, L. Intercellular transfer of exosomal wild

type EGFR triggers Osimertinib resistance in non-small cell lung cancer. Mol. Cancer 2021, 20, 17. [CrossRef]
205. Huang, D.; Chen, J.; Hu, D.; Xie, F.; Yang, T.; Li, Z.; Wang, X.; Xiao, Y.; Zhong, J.; Jiang, Y.; et al. Advances in biological function

and clinical application of small extracellular vesicle membrane proteins. Front. Oncol. 2021, 11, 675940. [CrossRef]
206. Hargett, L.A.; Bauer, N.N. On the origin of microparticles: From “platelet dust” to mediators of intercellular communication”.

Pulm. Circ. 2013, 3, 329–340. [CrossRef] [PubMed]
207. Couch, Y.; Buzas, E.I.; Di Vizio, D.; Gho, Y.S.; Harrison, P.; Hill, A.F.; Lötvall, J.; Raposo, G.; Stahl, P.D.; Thery, C.; et al. A

brief history of nearly EV-erything—The rise and rise of extracellular vesicles. J. Extracell. Vesicles 2021, 10, e12144. [CrossRef]
[PubMed]

208. Kowal, J.; Tkach, M.; Thery, C. Biogenesis and secretion of exosomes. Curr. Opin. Cell Biol. 2014, 29, 116–125. [CrossRef]
209. Jiang, C.; Zhang, N.; Hu, X.; Wang, H. Tumor-associated exosomes promote lung cancer metastasis through multiple mechanisms.

Mol. Cancer 2021, 20, 117. [CrossRef]
210. Liu, Q.; Piao, H.; Wang, Y.; Zheng, D.; Wang, W. Circulating exosomes in cardiovascular disease: Novel carriers of biological

information. Biomed. Pharmacother. 2021, 135, 111148. [CrossRef]
211. Boyiadzis, M.; Whiteside, T.L. Information transfer by exosomes: A new frontier in hematologic malignancies. Blood Rev. 2015, 29,

281–290. [CrossRef]
212. You, J.X.; Qi, S.N.; Fu, J.L.; Wang, C.G.; Su, G.F. Circulating exosomes in ophthalmic disease: Novel carriers of biological

information. Eur. Rev. Med. Pharmacol. Sci. 2021, 25, 2172–2181.
213. Sasaki, R.; Kanda, T.; Yokosuka, O.; Kato, N.; Matsuoka, S.; Moriyama, M. Exosomes and hepatocellular carcinoma: From bench

to bedside. Int. J. Mol. Sci. 2019, 20, 1406. [CrossRef] [PubMed]
214. Cocucci, E.; Racchetti, G.; Meldolesi, J. Shedding microvesicles: Artefacts no more. Trends Cell Biol. 2009, 19, 43–51. [CrossRef]

[PubMed]
215. Kishore, R.; Garikipati, V.N.S.; Gumpert, A. Tiny shuttles for information transfer: Exosomes in cardiac health and disease.

J. Cardiovasc. Transl. Res. 2016, 9, 169–175. [CrossRef] [PubMed]
216. Denzer, K.; Kleijmeer, M.J.; Heijnen, H.F.; Stoorvogel, W.; Geuze, H.J. Exosome: From internal vesicle of the multivesicular body

to intercellular signaling device. J. Cell Science 2000, 113, 3365–3374. [CrossRef] [PubMed]
217. Camussi, G.; Deregibus, M.C.; Bruno, S.; Cantaluppi, V.; Biancone, L. Exosomes/microvesicles as a mechanism of cell-to-cell

communication. Kidney Int. 2010, 78, 838–848. [CrossRef]
218. Newton, A.C.; Cook, S.L.; Huestis, W.H. Transfer of band 3, the erythrocyte anion transporter, between phospholipid vesicles and

cells. Biochemistry 1983, 22, 6110–6117. [CrossRef]
219. Hertz, L.; Flormann, D.; Birnbaumer, L.; Wagner, C.; Laschke, M.W.; Kaestner, L. Evidence of in vivo exogen protein uptake by

red blood cells: A putative therapeutic concept. Blood Advanc. 2023, 7, 1033–1039. [CrossRef]
220. Dance, A. Core concept: Cells nibble one another via the under-appreciated process of trogocytosis. Proc. Natl. Acad. Sci. USA

2019, 116, 17608–17610. [CrossRef]
221. Miyake, K.; Karasuyama, H. The role of trogocytosis in the modulation of immune cell functions. Cells 2021, 10, 1255. [CrossRef]
222. Reed, J.; Reichelt, M.; Wetzel, S.A. Lymphocytes and trogocytosis-mediated signaling. Cells 2021, 10, 1478. [CrossRef] [PubMed]
223. Joly, E.; Hudrisier, D. What is trogocytosis and what is its purpose? Nat. Commun. 2003, 4, 815. [CrossRef] [PubMed]
224. Weinhard, L.; di Bartolomei, G.; Bolasco, G.; Machado, P.; Schieber, N.L.; Neniskyte, U.; Exiga, M.; Vadisiute, A.; Raggioli, A.;

Schertel, A.; et al. Microglia remodel synapses by presynaptic trogocytosis and spine head filopedia induction. Nat. Commun.
2018, 9, 1228. [CrossRef] [PubMed]

https://doi.org/10.1111/mmi.12175
https://www.ncbi.nlm.nih.gov/pubmed/23421703
https://doi.org/10.1073/pnas.77.1.77
https://doi.org/10.1210/endo.138.8.5308
https://doi.org/10.1089/met.2016.0009
https://doi.org/10.1002/bies.950190410
https://doi.org/10.1152/ajpcell.1988.255.1.C1
https://doi.org/10.1016/0305-0491(96)00087-9
https://doi.org/10.1101/SQB.1988.053.01.111
https://doi.org/10.1021/cb1002152
https://www.ncbi.nlm.nih.gov/pubmed/20825209
https://doi.org/10.1186/s12943-021-01307-9
https://doi.org/10.3389/fonc.2021.675940
https://doi.org/10.4103/2045-8932.114760
https://www.ncbi.nlm.nih.gov/pubmed/24015332
https://doi.org/10.1002/jev2.12144
https://www.ncbi.nlm.nih.gov/pubmed/34919343
https://doi.org/10.1016/j.ceb.2014.05.004
https://doi.org/10.1186/s12943-021-01411-w
https://doi.org/10.1016/j.biopha.2020.111148
https://doi.org/10.1016/j.blre.2015.01.004
https://doi.org/10.3390/ijms20061406
https://www.ncbi.nlm.nih.gov/pubmed/30897788
https://doi.org/10.1016/j.tcb.2008.11.003
https://www.ncbi.nlm.nih.gov/pubmed/19144520
https://doi.org/10.1007/s12265-016-9682-4
https://www.ncbi.nlm.nih.gov/pubmed/26911150
https://doi.org/10.1242/jcs.113.19.3365
https://www.ncbi.nlm.nih.gov/pubmed/10984428
https://doi.org/10.1038/ki.2010.278
https://doi.org/10.1021/bi00295a011
https://doi.org/10.1182/bloodadvances.2022008404
https://doi.org/10.1073/pnas.1912252116
https://doi.org/10.3390/cells10051255
https://doi.org/10.3390/cells10061478
https://www.ncbi.nlm.nih.gov/pubmed/34204661
https://doi.org/10.1038/ni0903-815
https://www.ncbi.nlm.nih.gov/pubmed/12942076
https://doi.org/10.1038/s41467-018-03566-5
https://www.ncbi.nlm.nih.gov/pubmed/29581545


Biomolecules 2023, 13, 994 41 of 41

225. Andoh, M.; Shibata, K.; Okamoto, K.; Onodera, J.; Morishita, K.; Miura, Y.; Ikegaya, Y.; Koyama, R. Exercise reverses behavioral
and synaptic abnormalities after maternal inflammation. Cell Rep. 2019, 27, 2817–2825. [CrossRef]

226. Lim, T.K.; Ruthazer, E.S. Microglial trogocytosis and the complement system regulate axonal pruning in vivo. eLife 2021, 10, e62167.
[CrossRef]

227. Vanherberghen, B.; Andersson, K.; Carlin, L.M.; Nolte-t Hoen, E.N.; Williams, G.S.; Hoglund, P.; Davis, D.M. Human and
murine inhibitory natural killer cell receptors transfer from natural killer cells to target cells. Proc. Natl. Acad. Sci USA 2004, 101,
16873–16878. [CrossRef]

228. Matlung, H.L.; Babes, L.; Zhao, X.W.; van Houndt, M.; Treffers, L.W.; van Rees, D.S.; Franke, K.; Schornagel, K.; Verkuijlen, P.;
Janssen, H.; et al. Neutrophils kill antibody-opsonized cancer cells by trogocytosis. Cell Rep. 2018, 23, 3946–3959. [CrossRef]

229. Sharonov, G.V.; Balatskaya, M.N.; Tkachuk, V.A. Glycosylphosphatidylinositol-anchored proteins as regulators of cortical
cytoskeleton. Biochemistry 2016, 81, 636–650. [CrossRef]

230. Kalappurakkal, J.M.; Sil, P.; Mayor, S. Toward a new picture of the living plasma membrane. Protein Sci. 2020, 29, 1355–1365.
[CrossRef]

231. Jacobson, K.; Liu, P.; Lagerholm, B.C. The lateral organization and mobility of plasma membrane components. Cell 2019, 177,
806–819. [CrossRef]

232. Saltukoglu, D.; Özdemir, B.; Holtmannspötter, M.; Reski, R.; Piehler, J.; Kurre, R.; Reth, M. Plasma membrane topography governs
the 3D dynamic localization of IgM B cell antigen receptor clusters. EMBO J. 2023, 42, e112030. [CrossRef] [PubMed]

233. Lewontin, R. The Doctrine of DNA: Biology as Ideology; Penguin: London, UK, 1993.
234. Lewontin, R. The Triple Helix: Gene, Organism and Environment; Harvard University Press: Cambridge, MA, USA, 2000.
235. Griffith, F. The significance of pneumococcal types. J. Hyg. 1928, 27, 113–159. [CrossRef] [PubMed]
236. Crick, F.H.C. Central dogma of molecular biology. Nature 1970, 227, 561–563. [CrossRef]
237. Kay, L.E. Who Wrote the Book of Life?: A History of the Genetic Code; Stanford University Press: Stanford, CA, USA, 2000.
238. Barad, K. Agential realism: How material-discursive practices matter. Signs 2003, 28, 803–831.
239. Kerr, A. Genetics and Society: A Sociology of Disease; Routledge: London, UK, 2004.
240. Rheinberger, H.-J. Iterationen; Merve Press: Berlin, Germany, 2005.
241. Fairbanks, D.J. Mendel and Darwin: Untangling a persistent enigma. Heredity 2020, 124, 263–273. [CrossRef] [PubMed]
242. Van Dijk, P.J.; Noel Ellis, T.H. Mendel’s reaction of Darwin’s provisional hypothesis of pangenesis and the experiment that could

not wait. Heredity 2022, 129, 12–16. [CrossRef]
243. Barad, K. Meeting the Universe Halfway; Duke University Press: Durham, NC, USA; London, UK, 2007.
244. Berman, J.D.; Young, M. Rapid and complete purification of acetylcholinesterases of electric eel and erythrocyte by affinity

chromatography. Proc. Natl. Acad. Sci. USA 1971, 68, 395–398. [CrossRef]
245. Toutant, J.P.; Roberts, W.L.; Murray, N.R.; Rosenberry, T.L. Conversion of human erythrocyte acetylcholinesterase from an

amphiphilic to a hydrophilic form by phosphatidylinositol-specific phospholipase C and serum phospholipase D. Eur. J. Biochem.
1989, 180, 503–508. [CrossRef]

246. Müller, G.; Jordan, H.; Petry, S.; Wetekam, E.-M.; Schindler, P. Analysis of lipid metabolism in adipocytes using fluorescent fatty
acids. I. Insulin stimulation of lipogenesis. Biochim. Biophys. Acta 1997, 1347, 23–39. [CrossRef]

247. Pinto Correia, C. The Ovary of Eve: Egg and Sperm and Preformation; University of Chicago Press: Chicago, IL, USA, 2007.
248. Benson, K. Epigenesis. In The Oxford Encyclopedia of Evolution; Pagel, M., Ed.; Oxford University Press: Oxford, UK, 2002.
249. De Lamarck, J.B. Philosophie Zoologique; Musée d‘Histoire Naturelle: Paris, France, 1809.
250. Weismann, A. Essays upon Heredity and Kindred Biological Problems; Oxford University Press: Oxford, UK, 1989.
251. Weismann, A. Das Keimplasma: Eine Theorie der Vererbung; Gustav Fischer: Stuttgart, Germany, 1892.
252. Collins, H.M.; Yearly, S. Epistemological Chicken. In Science as Practice and Culture; Pickering, A., Ed.; University of Chicago Press:

Chicago, IL, USA; London, UK, 1992; pp. 301–326.
253. Hacking, I. Representing and Intervening; Cambridge University Press: Cambridge, MA, USA, 1983.
254. Pickering, A. The Mangle of Practice: Time, Agency, and Science; University of Chicago Press: Chicago, IL, USA, 1995.
255. Rouse, J. Engaging Science: How to Understand Its Practices Philosophically; Cornell University Press: Itacha, NY, USA, 1996.
256. Callon, M.; Latour, B. Don’t Throw the Baby out with the Bath School! A Reply to Collins and Yearly. In Science as Practice and

Culture; Pickering, A., Ed.; University of Chicago Press: Chicago, IL, USA; London, UK, 1992; pp. 343–368.
257. Latour, B. We Have Never Been Modern; Harvard University Press: Cambridge, MA, USA, 1993.
258. Bohr, N. Atomic Physics and Human Knowledge; John Wiley and Sons Inc.: New York, NY, USA, 1958.
259. Barad, K. Getting real: Technoscientific practices and the materialization of reality. Differ. J. Fem. Cult. Stud. 1998, 10, 87–126.

[CrossRef]
260. Barad, K. Posthumanist performativity: How matter comes to matter. Signs J. Women Cult. Sci. 2003, 28, 801–831. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/j.celrep.2019.05.015
https://doi.org/10.7554/eLife.62167
https://doi.org/10.1073/pnas.0406240101
https://doi.org/10.1016/j.celrep.2018.05.082
https://doi.org/10.1134/S0006297916060110
https://doi.org/10.1002/pro.3874
https://doi.org/10.1016/j.cell.2019.04.018
https://doi.org/10.15252/embj.2022112030
https://www.ncbi.nlm.nih.gov/pubmed/36594262
https://doi.org/10.1017/S0022172400031879
https://www.ncbi.nlm.nih.gov/pubmed/20474956
https://doi.org/10.1038/227561a0
https://doi.org/10.1038/s41437-019-0289-9
https://www.ncbi.nlm.nih.gov/pubmed/31848463
https://doi.org/10.1038/s41437-022-00546-w
https://doi.org/10.1073/pnas.68.2.395
https://doi.org/10.1111/j.1432-1033.1989.tb14674.x
https://doi.org/10.1016/S0005-2760(97)00044-1
https://doi.org/10.1215/10407391-10-2-87
https://doi.org/10.1086/345321

	Introduction 
	Transfer via Vesicular Mechanisms 
	Transfer via Non-Vesicular Mechanisms 
	Transfer via Micelle-like Complexes 
	Some Thoughts about the Evolution of GPI-AP Transfer 
	Some Thoughts about PIGs, Mediators of Insulin Action, and GPI-AP Transfer 
	Transfer of Matter rather than Information 
	Non-Genetic Inheritance of Acquired Features 
	Agential Realism: A Framework for Knowledge Production for (Non-Genetic) Inheritance 
	Conclusions 
	References

