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Abstract

Phosphatidylserine (PS) is a naturally occurring anionic phospholipid that is primarily located in
the inner leaflet of eukaryotic cell membranes. The role of PS during apoptosis is one of the most
studied biological functions of PS. Externalization of PS during apoptosis mediates an “eat me”
signal for phagocytic uptake, leading to clearance of apoptotic cells and thus maintain self-
tolerance by immunological ignorance. However, an emerging view is that PS exposure-mediated
cellular uptake is not an immunologically silent event, but rather promoting an active tolerance
towards self and foreign proteins. This biological property of PS has been exploited by parasites
and viruses in order to evade immune surveillance of the host immune system. Further, this novel
immune regulatory property of PS that results in tolerance induction can be harnessed for clinical
applications, such as to treat autoimmune conditions and to reduce immunogenicity of therapeutic
proteins. This review attempts to provide an overview of the biological functions of PS in the
immune response and its potential therapeutic applications.
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1. Introduction

Eukaryotic cells display an asymmetric phospholipid distribution across their plasma
membrane bilayer. Phosphatidylcholine (PC) and sphingomyelin are mainly present in the
outer leaflet of a cell membrane, while phosphatidylserine (PS), phosphatidylethanolamine
(PE), and phosphatidylinositol (P1) are primarily located in the inner or cytoplasmic leaflet
(Chaurio et al 2009; Leventis et al 2010). PC and PE are zwitterionic phospholipids that are
the most abundantly present, representing 40-50% and 25% of total phospholipids of a cell
membrane, respectively (Leventis et al 2010). Despite the relatively low abundance (12% of
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total phospholipids), there has been extensive interest in PS due to its involvement in many
biological outcomes such as blood coagulation and, most notably, clearance of apoptotic
debris. This review details the role of PS exposure and immune response and how its
biological properties could be harnessed for therapeutic considerations.

2. PS Asymmetry in Biological Membranes

PS is an anionic phospholipid that consists of a glycerol backbone, two fatty acid acyl chains
at the sr-1 and sn-2 positions with variable length and saturation, a phosphate head group,
and a polar serine head group, as seen in Figure 1. In a normal cell, PS is primarily restricted
to the inner leaflet of the plasma membrane. The asymmetric distribution of PS across the
cell bilayer under homeostasis is maintained by three main types of enzymes: flippases,
floppases, and scramblases (Leventis et al 2010; Kay et al 2013; Marino et al 2013; Kimani
et al 2014; Julian et al 2015). Flippases transport phospholipids such as PS from the outer
leaflet to the inner leaflet or cytosol, while floppases translocate phospholipids from the
cytosolic membrane to the external leaflet, both in an ATP-dependent manner. Scramblases
differ from the unidirectional transporters in the fact that they are bidirectional, ATP-
independent, and, when activated, can disrupt membrane asymmetry and promote the
exposure of PS in the outer leaflet. In fact, two scramblases have been identified that
contribute to the externalization of PS in the bilayer: transmembrane protein 16F
(TMEM16F) and XK-related protein 8 (Xkr8), as well additional TMEM16s and Xkr
proteins described as scramblases (Marino et al 2013; Kimani et al 2014; Julian et al 2015;
Bevers et al 2016). TMEM16F was identified by Nagata et al. as the calcium-dependent,
eight-transmembrane spanning phospholipid scramblase responsible for the PS
externalization in activated platelets (Suzuki et al 2010). Xkr8 was further identified by
Nagata et al. as the scramblase involved in apoptosis, in which the activation of Xkr8 by
caspases resulted in increased PS exposure that were recognized as an “eat me” signal for
apoptosis (Suzuki et al 2013; Suzuki et al 2014). In fact, it is believed that the
externalization of PS that triggers apoptotic signaling is partially mediated by the interplay
of specific Xkr8 activation and flippase (P4-ATPases) inactivation(\Verhoven et al 1995;
Hankins et al 2015; Segawa et al 2015). The loss of membrane asymmetry and subsequent
PS externalization may trigger different signaling events that result in different biological
outcomes, suggesting that not all externalized PS is functionally equivalent. PS is
multifunctional, including roles in coagulation, rod cell shedding, fertilization and
aopotosis(Bevers et al 2016).

3. Role of PSin Apoptosis

The role of PS in apoptosis, or programmed cell death, is perhaps the most extensively
studied function of PS. Although apoptosis was first described by Kerr et al. in 1972, the
role of PS exposure in apoptosis was initially demonstrated on apoptotic lymphocytes, in
which PS externalization triggered their removal by macrophages (Fadok et al 1992; Fadok
et al 1992). Apoptosis involves the rapid engulfment of the dead cell by professional
phagocytes in a non-inflammatory manner in order to maintain tissue homeostasis. The
apoptotic process requires several signaling events to occur that ultimately result in the
clearance and removal of apoptotic cells without activation of the immune system.

Immunol Invest. Author manuscript; available in PMC 2021 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Glassman et al.

Page 3

Apoptosis is a multi-step process that consists of “find me,” “eat me,” and “ignore me/
tolerate me” signals, as summarized in Figure 2 (Munoz et al 2010). The “find me” signals
secreted by the apoptotic cells stimulate a chemotactic response in order to attract and
recruit phagocytes such as monocytes and macrophages into the immediate environment
(Chaurio et al 2009; Munoz et al 2010; Ravichandran 2010). Potential “find me” signals
have included lyso-phosphatidylcholine and sphingosine-1-phosphate (Lauber et al 2003;
Mueller et al 2007; Gude et al 2008). The externalization of PS from the inner leaflet to the
outer leaflet of the cell membrane provides the essential “eat me” signal that allows the
phagocytes to recognize the apoptotic cell, leading to its engulfment and removal (Fadok et
al 1992; Fadok et al 1992; Fadok et al 1998; Hoffmann et al 2001; Chaurio et al 2009;
Munoz et al 2010; Ravichandran 2010). Finally, upon ingestion of the apoptotic cell by the
phagocytes, the release of anti-inflammatory mediators such as transforming growth factor
(TGF-B), prostaglandin E, (PGE»), and interleukin 10 (IL-10), produce the “ignore me/
tolerate me” signals that help maintain the non-inflammatory environment critical for
homeostasis (Fadok et al 1998; Chaurio et al 2009; Munoz et al 2010; Ravichandran 2010;
Birge et al 2016).

3.1 PS Receptors Involved in Apoptosis

The recognition of PS by the phagocytes in apoptosis is mediated by the direct interactions
with PS receptors and/or indirect interactions via bridging molecules. PS-specific receptors
include stabilin-2, brain-specific angiogenesis inhibitor 1 (BAI1), and the T-cell
immunoglobulin- and mucin (TIM) family of receptors. PS recognition can also occur by
bridging molecules secreted by macrophages such as milk fat globulin-EGF-factor 8 (MFG-
E8), or growth arrest-specific gene 6 (GAS6) that bind to the Axl and Tyro3 receptors to
promote macrophage apoptosis(Seitz et al 2007). Both molecules can bind to the exposed PS
on apoptotic cells and bridge or tether to phagocytes, allowing for clearance and removal of
the apoptotic cell(Fuller et al 2008).

Stabilin-2 is a multifunctional scavenger receptor expressed on macrophages that recognizes
PS in a calcium-dependent manner (Park et al 2008; Park et al 2008; Kay et al 2013). It has
been reported that the EGF repeat domains in the extracellular region are the critical
structures responsible for PS recognition and subsequent apoptotic engulfment. BAI1 is
another important receptor that functions as an engulfment receptor for apoptotic cells (Park
et al 2007; Chaurio et al 2009). It is expressed on macrophages and is able to bind to PS as
well as to cardiolipin and phosphatidic acid (PA) (Park et al 2007; Kay et al 2013; Bevers et
al 2016).

The TIM family of receptors include TIM-1, TIM-3, and TIM-4, have been identified as
pattern recognition receptors that contain binding regions specific for PS, allowing for the
direct PS-receptor interactions (Kobayashi et al 2007; Miyanishi et al 2007; Freeman et al
2010; Tietjen et al 2014; Bevers et al 2016). The TIM receptors differ in structure and
expression, suggesting the distinct functions in modulating immune response. TIM-1 has
been shown to be expressed on T-helper 2 (Th2) cells and serves as a co-stimulatory
molecule for T cell activation. TIM-3 is expressed on T-helper 1 (Th1) cells, CD8* T cells,
and a subset of activated CD4* T cells. Further, it has been identified on subpopulations of
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macrophages and dendritic cells (DCs). Engagement of TIM-3 by PS generates inhibitory
signals that result in apoptosis of these cell types. The direct interaction of PS with TIM-4 is
perhaps the most relevant of this family of receptors in apoptosis. TIM-4 is expressed
exclusively on antigen presenting cells (APCs), such as macrophages and DCs, and is a
critical mediator of apoptotic cell uptake (Kobayashi et al 2007; Miyanishi et al 2007;
Freeman et al 2010). The binding site for PS is located in the extracellular 1g\-like domain
of the TIM-4 molecule. Structural analysis suggests a metal ion-dependent binding pocket
for PS and that the binding region of TIM-4 specifically recognizes the serine head group of
the PS molecule (Freeman et al 2010). The PS-TIM-4 interaction is critical for the uptake
and removal of apoptotic cells, as studies have shown that blocking of this interaction by a
TIM-4 antibody results in apoptotic body clearance and the development of auto-antibodies,
indicating the importance of the PS-TIM-4 interplay and recognition for maintaining
tolerance (Miyanishi et al 2007). In addition, PS binding to TIM-4 receptors is dependent on
charge density (Kobayashi et al 2007). As the molar percentage of PS increases, the bound
fraction of PS to TIM-4 increases, suggesting that PS binding to TIM-4 is additionally
dependent on the surface density and expression of PS (Kerr et al 2018).

3.2 PS Structural Modifications in Apoptosis

The externalization of PS has long been the hallmark characteristic for apoptotic cell
clearance. However, it is worth noting that not all PS externalization events result in
efferocytosis, the engulfment of apoptotic cells, which suggests that PS exposure alone may
not be sufficient for macrophage recognition (Segawa et al 2011). Studies have suggested
the possibility of additional molecules that may be present to help enhance PS recognition as
the “eat me” signal to allow for efficient phagocytosis and the involvement of specific
structural requirements of PS for apoptosis have recently been identified (Frasch et al 2008;
Frasch et al 2012; Frasch et al 2013; Kimani et al 2014; Tyurin et al 2014).

There has been extensive work investigating oxidized PS species as being the critical
mediators of the “eat me” signal for efficient phagocytosis (Arroyo et al 2002; Kagan et al
2002; Matsura et al 2002). The release of reactive oxygen species (ROS) is an important
contributor to apoptosis (Simon et al 2000). The oxidation of fatty acid acyl chains on PS
triggers specific signals, marking the cells to undergo phagocytosis (Arroyo et al 2002;
Kagan et al 2002; Borisenko et al 2004). Further, both the non-oxidized and oxidized forms
of PS serve as the recognition signals for macrophages (Arroyo et al 2002; Kagan et al
2002). The administration of antibodies against oxidized phospholipids has been shown to
inhibit macrophage efferocytosis, suggesting the role of oxidized phospholipids in apoptosis
(Chang et al 1999; Kimani et al 2014). It has been suggested that oxidized PS may change
the distribution of PS on the cell membrane, perhaps allowing for more PS exposure, or that
oxidized PS may be a more potent substrate for some PS receptors, both allowing for more
efficient phagocytosis (Kimani et al 2014).

Interestingly, there has been considerable literature support for the hypothesis that oxidized
PS may be a better substrate for certain PS receptors. The scavenger receptor CD36 on
macrophages is one of the receptors involved in apoptosis. Recognition of apoptotic cells by
macrophages through CD36 occurs preferentially through interactions with oxidized PS, but
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not with the non-oxidized PS form (Greenberg et al 2006). Other receptors and bridging
molecules that have shown to bind preferentially with oxidized PS include GAS6, MFG-ES,
and BAI-1 (Borisenko et al 2004; Kimani et al 2014; Tyurin et al 2014).

The presence of a mono-acylated derivative of PS may be involved in mediating cellular
signaling, as seen in Figure 3 (Frasch et al 2008). Lyso-phosphatidylserine (Lyso-PS) is
thought to be generated by a deacylation reaction by the PS-specific phospholipase, PS-
PLA¢, and is a critical anti-inflammatory mediator (Frasch et al 2012; Kimani et al 2014).
The presence of one acyl chain suggests that Lyso-PS has increased aqueous solubility and
mobility to perhaps better anchor to receptors (Kay et al 2013). Work by Frasch et al. shows
Lyso-PS can be generated by activated or aged apoptotic neutrophils, which then enhances
efferocytosis and uptake and clearance of activated and apoptotic neutrophils(Frasch et al
2012). This is mediated by interaction of Lyso-PS with the macrophage orphan receptor
G2A (Frasch et al 2008; Frasch et al 2011; Frasch et al 2012; Frasch et al 2013).
Downstream signaling from G2A during efferocytosis after interaction with Lyso-PS
displayed an increase in PGE; production, an anti-inflammatory molecule that inhibits
phagocytosis. (Frasch et al 2012). In addition, Lyso-PS has been shown to inhibit T cell
activation (Bellini et al 1993). While the interaction between Lyso-PS and G2A has been
studied in neutrophil uptake and removal, other Lyso-PS receptors have been identified, such
as GPR34, Putative P2Y purinoceptor 10, and Toll-like Receptor 2 (van der Kleij et al 2002;
van der Kleij et al 2003; Sugo et al 2006; Frasch et al 2012; Kitamura et al 2012; Makide et
al 2013; Chung et al 2017). Although the function of the receptors and the downstream
signaling of the Lyso-PS/receptor interaction is still being investigated, it is interesting to
note that Lyso-PS may have a dual immune-modulatory role in certain conditions. GPR34 is
present on mast cells and Lyso-PS has been shown to enhance mast cell degranulation,
suggesting a pro-inflammatory response (Sugo et al 2006). Further understanding of the
structural requirements of PS for efficient recognition and removal of apoptotic cells is
critical in order to develop therapeutic strategies utilizing this phospholipid.

4. Therapeutic Implications of PS Exposure

Understanding of the role of PS externalization in biological events such as hemostasis and
apoptosis, the mechanism of PS exposure, and the involvement of PS with specific receptors
and bridging molecules to initiate specific signaling events is important to develop
therapeutic applications. Knowledge of the biological functions and the impact of PS on the
immune system can facilitate the development of promising therapeutic strategies in viral
infections, cancer, autoimmunity, and therapeutic protein immunogenicity.

4.1 Role of PSin Parasitic/Viral Immune Evasion

The presence of PS has been identified in the envelope membrane of viral particles and
exposure of PS on the surface of the parasites have been shown to contribute to their
infectivity and immune evasion. Studies with the protozoon Leishmania indicated the
exposure of PS on the protozoon surface and that ingestion of these parasites does not result
in a pro-inflammatory response. Moreover, administration of annexin V to mask the exposed
PS inhibited the infectivity of these parasites (de Freitas Balanco et al 2001). This
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phenomenon of apoptotic mimicry to evade the host immune system and infect target cells
has also been shown for several viruses, such as HIV, Ebola virus, and Marburg virus (Birge
et al 2016). In addition, parasitic schistosomes display Lyso-PS that interact with TLR2 in
order to evade the host immune system (van der Kleij et al 2002). PS is exposed on the
surface of viral particles either by concentrating PS within their enveloped membranes, or
“cloaking” in PS-containing vesicles, either of which results in virus entry and immune
evasion (Birge et al 2016). Understanding the role of PS in viral particles and the receptors
and bridging molecules responsible to facilitate the entry and immune evasion of the viral
particle could help develop therapeutic strategies targeting viral apoptotic mimicry. Due to
the external expression of PS by these viral particles, PS blocking strategies have been
investigated for host protection from viral entry and infection. Administration of
bavituximab, a chimeric anti-PS monoclonal antibody, /n vivo protected guinea pigs from
lethal viral infection of the Pichinde virus (Soares et al 2008). Another strategy investigated
is the administration of Annexin V, a naturally occurring PS binding protein. During
apoptosis, it has been shown that Annexin V can inhibit phagocytosis during apoptotic cell
clearance by blocking PS (Munoz et al 2007; Chaurio et al 2009). Using Annexin V in a PS
blocking strategy could impair viral entry and infection. Studies by Munoz et al.
demonstrated that HIV-1 infectivity in human macrophages was significantly reduced when
treated with Annexin V in vitro (Munoz et al 2007). Additionally, pre-clinical studies have
suggested that blocking PS with Annexin V can dysregulate tumor microenvironments and
improve treatment(Birge et al 2016).

4.2 Role of PSin Tumor Microenvironment/Cancer

The presence of PS during apoptosis that facilitates the silent clearance of apoptotic cells
can be exploited by tumor cells by apoptotic mimicry. The expression of PS on cancer cells
can generate a local immunosuppressive environment, allowing the tumor to evade immune
surveillance and detection. The exposure of PS on tumor cells may be mediated by the
mildly acidic environment, the presence of ROS, and hypoxia, which can contribute to the
exposure of PS on the plasma membrane (Lankry et al 2013). Within the tumor
microenvironment, the presence of immature tumor vasculature, tumor-derived exosomes,
and viable tumor cells contributes to the suppression of pro-inflammatory signals, due to the
expression of PS (Birge et al 2016). Furthermore, the interaction of PS expressed on tumor
cells with PS receptors or PS bridging molecules in the tumor microenvironment could
confer the “tolerate me” signals that enhance immune escape and prevent efficient anti-
tumor responses. Furthermore, exosomes isolated from patient-derived ovarian tumors and
present in the ascites fluid have been shown to express PS on the surface and it has been
shown that the presence of PS contributes to T cell receptor (TCR) signaling arrest.
Blockade of PS with the administration of Annexin V impaired the inhibitory activity of
tumor-derived exosomes (Kelleher et al 2015). Annexin V has also been investigated as a
natural adjuvant in order to increase the immunogenic potential of tumor cells, ultimately
enhancing anti-tumor responses (Munoz et al 2007). The identification of PS as a potential
checkpoint inhibitor in the tumor environment allows for the development of PS-targeting
antibodies for cancer immunotherapy. Administration of bavituximab induced M1
polarization and suppressed the progression of prostate tumors in tumor-bearing mice (Yin et
al 2013). In fact, bavituximab is currently being evaluated in clinical trials as a monotherapy
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or in combination in several cancer indications (Chalasani et al 2015; Gerber et al 2016;
Meyer et al 2017; Belzile et al 2018). Understanding the involvement of PS exposure and
mediation of the immunosuppressive tumor microenvironment can facilitate the
development and progress of antibody-mediated PS blockade strategies in cancer. PS-
targeting therapies alone or in combination with chemotherapy, radiation, or immune
checkpoint inhibitors such as anti-CTLA-4 or anti-PD1 have tremendous potential for
effective tumor-specific immune responses in patients.

4.3 Role of PSin Autoimmunity

The hallmark feature of autoimmunity is the breakdown of tolerance to self-antigens and the
impairment of self versus non-self recognition (Ring et al 1999). Moreover, it is widely
reported that inefficient clearance of apoptotic cells contributes to auto-antibody production
and autoimmunity (Cohen et al 2002; Hanayama et al 2004; Munoz et al 2010; Shao et al
2011; Julian et al 2015). The defective clearance mechanisms responsible for apoptosis
could allow apoptotic cells to undergo secondary necrosis, thus enabling their cargo to be
recognized as non-self. This would trigger the release of pro-inflammatory signals, instead
of the “tolerate me” signals normally released under effective apoptotic conditions to
maintain self-tolerance. Due to the critical function of PS as an “eat me” signal for effective
recognition and clearance of apoptotic cells, impaired or defective PS signaling, either
through its interaction with its receptors or bridging molecules, could contribute to the
ineffective clearance of apoptotic debris that ultimately manifests in autoimmunity. The
causal link between ineffective apoptotic cell removal and the onset of autoimmunity has
been extensively studied in systemic lupus erythematosus (SLE) (Gaipl et al 2006; Shao et al
2011; Mahajan et al 2016). Genetic knockouts of PS receptors such as TIM-1, TIM-4, and
TAM, or PS bridging molecule MGF-ES8 in mice resulted in ineffective apoptotic cell
clearance, auto-antibody production, and SLE-like development (Lu et al 2001; Cohen et al
2002; Hanayama et al 2004; Miyanishi et al 2007; Xiao et al 2012; Kimani et al 2014).
Knowing that impaired clearance of apoptotic debris can generate auto-antibodies and
autoimmune conditions and that impairment of PS signaling is partly responsible, several
investigators have attempted to administer PS containing liposomes to arrest auto-antibody
production and reduce the severity of disease. The ability to use PS therapeutically to treat
autoimmunity is based on the ability to redirect the immune system to an immune-tolerant
state and re-balance the self and non-self recognition that became lost. Studies from Pujol-
Autonell et al. investigated the use of PS liposomes loaded with auto-antigens to treat
autoimmune diseases such as type 1 diabetes (T1D) and multiple sclerosis (MS) (Pujol-
Autonell et al 2015; Pujol-Autonell et al 2017; Rodriguez-Fernandez et al 2018). T1D is an
autoimmune disease, in which the immune system recognizes insulin-producing islet cells
(or pancreatic beta cells) as foreign. Studies performed by Pujol-Autonell et al. found that
administration of PS liposomes with insulin peptides produced tolerogenic DCs, reduced T
cell activation, reduced the incidence of diabetes and displayed a slight delay in disease
onset (Pujol-Autonell et al 2015). This work was extended into experimental autoimmune
encephalomyelitis (EAE), a murine form of human MS, where the investigators also
demonstrated the generation of tolerogenic DCs, reduction in EAE severity, and production
of Tregs (Pujol-Autonell et al 2017). Further, previous work in our laboratory have shown
that pre-exposure of a myelin antigen in the presence of PS delayed disease onset, reduced
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disease severity, and induced Tyeq expression in EAE mice (Glassman et al 2018). In
autoimmune conditions, understanding of PS externalization in apoptosis could be harnessed
to develop PS-based therapeutic strategies that could re-establish tolerance towards self-
proteins via apoptotic mimicry.

4.4 Use of PS to Mitigate Protein Immunogenicity

The role of PS exposure in apoptosis is essential for the maintenance of tissue homeostasis
and tolerance to self-proteins by immunosuppressive mechanisms. Knowing that PS
externalization functions as an “eat me” signal to confer immunosuppressive signals, this
function PS could be exploited therapeutically to mitigate immunogenicity concerns with
protein therapeutics. Despite the enormous growth of protein therapeutics in the market and
in the pipeline, one of the concerns with the development of this class of compounds is the
development of unwanted immune responses (Chirino et al 2004; De Groot et al 2007,
Baker et al 2010). Hemophilia A (HA) is an inherited bleeding disorder that is characterized
by the deficiency or dysfunction of FVIII and replacement therapy with FVI1II is the first line
of therapy (Lollar et al 2001; Klinge et al 2002; Aledort et al 2014). However, about 30% of
severe HA patients develop neutralizing antibodies (NAbs) or inhibitors, which abrogate the
activity of FVIII and potentially compromise the safety and efficacy of therapy (Lollar et al
2001; Klinge et al 2002; Aledort et al 2014). For HA patients with inhibitors, alternative
therapy options include bypass agents and immune tolerance induction, in which repeated
high dose of FVIII is administered (Lollar et al 2001; Astermark 2011). However, some
limitations include varying success rates as well as the high cost. Therefore, the development
of novel strategies to reduce immunogenicity would address an unmet clinical need.

The strategy developed in our laboratory harnesses the biologic properties of PS to form
liposomes. Exploiting the known PS and FVI1II interaction via the C2 domain, we first
demonstrated that FVIII complexed with PS liposomes or its head group, O-phospho-L-
serine (OPLS), displayed a significant decrease in inhibitor formation in HA mice (Purohit
et al 2005; Ramani et al 2008). In order to investigate the mechanism of PS-mediated
reduction in immune response, bone marrow-derived dendritic cells (BMDCs) were cultured
and /n vitro studies were performed to evaluate the impact of PS FVIII exposure on DC
maturation (Gaitonde et al 2011). After treatment with PS FV1I1, the expression of the co-
stimulatory marker CD40 and the late maturation marker CD86 were downregulated,
suggesting that PS inhibits the full maturation of DCs by skewing them towards a
tolerogenic phenotype. Further studies looking at the DC and T cell interaction showed that
the tolerogenic DCs generated by PS FVIII treatment displayed a reduced capacity to
activate CD4* T cells (Gaitonde et al 2011). /n vitro cytokine analysis showed upregulation
of regulatory cytokines, such as IL-10 and TGF-p, along with downregulation of pro-
inflammatory cytokines, such as IL-17, IL-6, and TNF-a.

PS-FVIII complexes are not only less immunogenic, but also the administration of FVIII in
the presence of PS liposomes presents FVI1II in a tolerogenic context that could be exploited
to prevent immunogenicity by desensitization and immunological tolerance. /n vivo studies
performed in HA mice showed that pre-exposure of PS FVIII induced hypo-responsiveness
following subsequent rechallenges with free FVI11 (Gaitonde et al 2013). Interestingly,
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control mice that were pre-exposed with FVIII and dexamethasone, a global
immunosuppressant, displayed similar reductions in inhibitory titers as PS FVI1II treated
mice, compared with mice receiving only FVIII. However, when the dexamethasone
treatment was halted and the mice were subsequently rechallenged with free FVIII, the
inhibitory responses increased to comparable levels as free FVIII treated mice. In PS FVIII
pre-treated mice, after the conclusion of PS desensitization and subsequent FV1II
rechallenge, these mice continued to display a significant reduction in inhibitory titers. The
hypo-responsiveness observed with PS treatment indicates that the PS-mediated effects
extend beyond mere immunosuppression. In fact, we hypothesize that PS is able to induce
immunological tolerance because of its ability to convert an immunogen to a tolerogen. The
presence of PS in liposomes containing therapeutic proteins promotes uptake and reversal by
additional cells that have not been observes in efferocytosis, but this uptake has enabled
tolerance to be induced to therapeutic proteins.

Additional studies were performed to confirm that the PS-mediated hypo-responsiveness is
antigen-specific and not immunosuppression (Gaitonde et al 2013; Ramakrishnan et al
2015). In one study, ovalbumin, an irrelevant antigen, was administered at a distal site from
where PS FVIII was administered. Titer analyses showed that FV111-specific immune
responses were reduced due to the PS treatment while a robust immune response was
generated towards ovalbumin. This further confirms that PS does not exert a global
immunosuppressive signal, but in fact is able to induce hypo-responsiveness in an antigen-
specific manner.

Now understanding that PS is able to induce hypo-responsiveness by converting an
immunogen to a tolerogen, it is important to elucidate the mechanism of PS-mediated
tolerance and to identify a critical cell population that mediates this effect. Further in vivo
studies indicate that the expression of CD4*FoxP3* Tregs are significantly increased in HA
mice treated with PS FVI11 as compared to free FVI1I treatment (Gaitonde et al 2013). Tyegs
are a subset of CD4* T cells that have the ability to suppress immune responses and express
FoxP3 as a biomarker (Hori et al 2003). Increases and expansion of the Teq population is
often used as a mechanistic marker for tolerance induction. In addition to the induction of
Tregs: it has been shown that PS is able to inhibit the generation of memory B cells
(Ramakrishnan et al 2015). Collectively, the mechanism of PS-mediated hypo-
responsiveness is summarized in Figure 4, in which the generation of tolerogenic DCs
release regulatory cytokines such as IL-10 and TGF-f that mediate the suppression of
effector T cell function as well as promote the expansion of Tyegs, ultimately inhibiting
memory B cell generation and antibody production (Ramakrishnan et al 2015). Based on our
previous studies, it is believed that, when administered with PS-antigen complexes, PS does
not function as a global immunosuppressive agent. Thus, the mechanism by which PS
induces antigen-specific tolerance to a protein cannot be explained by the “eat me” or
“ignore me/tolerate me” signals alone. Rather, these observations are consistent with the
ability of PS to induce tolerance by converting an immunogen to a tolerogen. By this
property identified, PS serves to actively teach the immune system to tolerize its cargo in
order to induce peripheral tolerance.
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The strategy developed in our laboratory harnesses the biological properties of PS and its
role during apoptosis to generate a tolerogenic PS containing nanoparticle to mitigate
immunogenicity towards therapeutic proteins in part via apoptotic mimicry. While the
aforementioned studies evaluated the impact of PS with FVIII as a model protein, this
strategy is broadly applicable and can be extended to other antigens. For example, Pompe
Disease is a lysosomal storage disorder characterized by the deficiency of acid alpha
glucosidase (GAA), an enzyme responsible for the breakdown of glycogen into glucose
(Raben et al 2002; Doerfler et al 2016). The deficiency in GAA results in glycogen
accumulation in tissues, manifesting in skeletal muscle weakness, respiratory insufficiency,
and cardiomyopathy. Despite enzyme replacement therapy with recombinant GAA, 89—
100% of patients develop anti-GAA antibodies, compromising the efficacy and leaving
patients with no alternative therapies for the disease (Raben et al 2002; 2006; Doerfler et al
2016). The ability of PS to induce tolerance by converting immunogenic GAA to a
tolerogenic form would address this unmet clinical need. We have previously shown that
subcutaneous administration of GAA in the presence of PS can induce a durable and long-
lasting hypo-responsiveness in Pompe Disease mice (Schneider et al 2016; Glassman et al
2018).

Further work in our lab has shown an ability to use Lyso-PS in our nanoparticles to further
reduce anti-FV 111 antibody development. Biophysical characterization has shown that the
incorporation of Lyso-PS forms smaller nanoparticles with an average diameter around 100
nm, compared to around a 200 nm diameter for double chain PS liposomes(Glassman et al
2018). The formation of more, smaller diameter nanoparticles also increases total PS surface
area in the formulation and we have shown that PS exposure on the surface of Lyso-PS
nanoparticles is higher than that of double chain PS liposomes (Unpublished Data).
Administering Lyso-PS complexed with FV1I1 was able to reduce anti-FV1I1 antibody levels
in an antigen specific manner, to a greater extent than double chain PS liposomes.
Additionally, we have shown that Lyso-PS also binds to TIM-4 to exert its function, as
blocking TIM-4 prevented Lyso-PS mediated FVII1I tolerance induction(Glassman et al
2018).

The use of PS in inducing tolerance towards enzyme replacement therapies, in which no
central tolerance exists, suggests a biological role that has not been discussed previously.
After PS pre-exposure treatment with antigen loaded PS liposomes, rechallenge with free
antigen promotes immune hypo-responsiveness and reduces antibody production. Instead of
silent clearance mediated by the externalization of PS, the observation suggests that PS can
induce tolerance. The broad therapeutic potential is not only to reduce immunogenicity but
also to treat autoimmunity and other immune conditions.

5. CONCLUSIONS

Overall, this review discusses the biological functions of PS in apoptosis and hemostasis.
Further, it discusses the implications of PS in a therapeutic setting, where PS blocking
strategies are highlighted in the context of parasitic/viral immune evasion and cancer. In
addition, the implications of PS is discussed in autoimmunity, where PS could be used in
order to re-establish tolerance to self-antigens that was lost with the development of
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autoimmunity. Finally, the use of PS to mitigate immunogenicity of replacement therapies
highlights a novel biological function of PS in tolerance induction that could be harnessed
clinically.
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FIGURE 1.
Representative structure of PS with two acyl chains, glycerol backbone, and phosphate head
group.
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FIGURE 2.
Mechanism of apoptotic cell clearance. Cells undergoing apoptosis secrete “find me” signals

to attract phagocytes to the immediate vicinity, where phagocytes then recognize the
apoptotic cell due to the exposure of PS that serves as an “eat me” signal. Once ingested and
phagocytosed, macrophages releases “tolerate me” signals that allow for the silent clearance
of cell debris.
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FIGURE 3.
Structure of the de-acylated derivative of PS, termed Lyso-PS.
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FIGURE 4.
Proposed mechanism of PS-mediated tolerance induction. Administration of an antigen of

interest in the presence of PS induces tolerogenic DCs, reduces T cell activation, promotes
Treg €xpression that inhibits memory B cell generation and antibody production.
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