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Summary

Lysophosphatidic acid (LPA) is an endogenous bioactive lipid that is produced extracellularly
and signals to cells via cognate LPA receptors, which are G-protein coupled receptors (GPCRs).
Mature lymphocytes in mice and humans express three LPA receptors, LPA,, LPAg5 and LPAg,
and work from our group has determined that LPAg signaling by T lymphocytes inhibits specific
antigen-receptor signaling pathways that ultimately impair lymphocyte activation, proliferation
and function. In this review, we discuss previous and ongoing work characterizing the ability

of an LPA-LPAg axis to serve as a peripheral immunological tolerance mechanism that restrains
adaptive immunity but is subverted during settings of chronic inflammation. Specifically, LPA-
LPAg signaling is found to regulate effector cytotoxic CD8 T cells by (at least) two mechanisms:
i) regulating the actin-microtubule cytoskeleton in a manner that impairs immunological synapse
formation between an effector CD8 T cell and antigen-specific target cell, thus directly impairing
cytotoxic activity, and ii) shifting T cell metabolism to depend on fatty-acid oxidation for
mitochondrial respiration and reducing metabolic efficiency. The /7 vivo outcome of LPAg
inhibitory activity impairs CD8 T cell killing and tumor immunity in mouse models providing
impetus to consider LPAg antagonism for the treatment of malignancies and chronic infections.
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Introduction

Adaptive immunity depends on the ability of naive T and B lymphocytes to recognize
foreign antigen by their antigen receptors that subsequently leads to the neutralization
or elimination of the foreign antigen or infected, damaged or malignant cell. Critical
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to initiating this response are the signals transmitted by the T cell and B cell antigen
receptors (TCR and BCR, respectively). These antigen receptor signaling events can

be further positively or negatively regulated by cell intrinsic or extrinsic mechanisms,
including the expression of cell-surface co-receptors (co-stimulatory or inhibitory) as

well as paracrine signals from the microenvironment in which the cell activation occurs.
Cancers and viruses that establish chronic infections often co-opt T cell inhibitory receptor
signaling to evade T cell immunity by suppressing T cell functional activity. This review
highlights work from our lab that has revealed the ability of the lysophosphatidic acid,

or LPA, bioactive lysophospholipid to signal via the LPAg G-protein-coupled receptor to
antagonize T and B cell antigen receptor signaling, activation, proliferation and function
while simultaneously regulating T cell metabolism. Through biochemical, molecular, cell
biological, and metabolic analyses coupled with /n vitroand in vivo models of lymphocyte
function, this review summarizes our major findings on how lysophosphatidic acid, or LPA,
regulates adaptive cytotoxic CD8 T cell immunity.

Lysophosphatidic acid (LPA) is a lysophospholipid which are a family of simple
phospholipids comprised of a polar phosphate head group, glycerol backbone and a long-
chain fatty acid that exists in distinct species based on carbon chain length and degree

of saturation. Lysophospholipids are signaling lipids that bind surface and intracellular
receptors to regulate a broad range of processes. LPA can be found both inside and outside
cells where it is generated through different enzymatic pathways and subsequently signals
in different manners.1=3 The ability of LPA to regulate lymphocyte activation, function, and
adaptive immunity discussed in this review is restricted to extracellularly produced bioactive
lipid (for references and review of LPA intracellular signaling see.24) Originally identified
in mammalian and plant cells over 60 years ago, LPA was considered to be a metabolite
involved in membrane phospholipid production.6 Approximately 20 years later a number of
groups documented that LPA displayed bioactivity as an extracellular signaling molecule
capable of acting on diverse cell types, including platelets and neutrophils. Examples of
LPA bioactivity implicated LPA in inducing hypertension in rodents, promoting intracellular
signaling, inducing morphological changes, promoting cell aggregation, and enhancing
chemotaxis.”~13 Moolenaar and colleagues provided early and compelling evidence that
LPA signaled in fibroblasts via a G-protein coupled receptor(s) (GPCRs) and by the
mid-90s LPA was found to be the ligand for specific and distinct (orphan) G-protein
coupled receptors (GPCRs) expressed by a variety of cell types.141° In the past 20 years
considerable attention has been devoted towards investigating cell-type specific signaling
including how LPA receptor (LPAR) signaling impacts the nervous, vascular and immune
systems.3:16-20

Determining that LPA was a cognate GPCR ligand placed it in a class of other inflammatory
lipids that signal through GPCRs including eicosanoids and sphingosine-1-phosphate
(S1P).3:21 These signaling lipids regulate cell-type specific functions ranging from innate
inflammation, hemostasis and angiogenesis and lymphocyte recirculation. Similar to LPA,
S1P is also an endogenously-produced lysophospholipid and, as extracellular bioactive
lipids, both lipids signal to cells via low nM affinity association with cognate GPCRs:

six GPCRs for LPA, LPA;_g, and five GPCRs for S1P, S1P;_s.322 Initial findings with

both LPA and S1P suggested that these lysophospholipids could induce cell migration, cell
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morphological alterations and cell proliferation in a variety of cell types.3 Notably, S1P
signaling via S1P; is required for the egress of immature T cells from the thymus?3 and
manipulation of S1P; signaling is currently used in the clinic to treat multiple sclerosis.?* At
present, a number of diverse activities have been attributed to LPA signaling in the nervous
and vascular systems.3:17-19 Despite that all mature human and murine lymphocytes and
other immune cell types express one or more of the six LPA receptors (LPA;_g)16:25-29 jts
role in innate and adaptive immunity has been less well studied relative to S1P.

LPA concentration in the blood of healthy individuals and wild type mice has been reported
to range from high nM to low uM concentrations.30-3% This variability in the reporting of
LPA levels is dependent not only on assay measurement (mass spectroscopy, ELISA, etc.)
but also sample preparation. Accordingly, when samples collected for LPA measurement
include active inhibition of both LPA production and degradation it appears the plasma
from healthy individuals harbor on the order of 50nM LPA.3:36:37 However, systemic

levels of extracellular LPA and autotaxin (ATX), the enzyme predominantly responsible
for extracellularly produced LPA, are often found significantly elevated in human chronic
inflammatory disorders such as chronic viral (HCV, HBV and EBV) infections38-41
autoimmune diseases*2~44, obesity#>-52 and a number of diverse cancers®3-60, |n these
settings, serum LPA levels are considerably heightened (~2-10-fold) compared to healthy
individuals and concentrations over 50uM have been reported in malignant effusions of
ovarian cancer patients.®? It is further worth noting, however, that the membrane-associated
phosphatidic-selective phospholipase Ala, PA-PLAla, has also been shown to contribute
to extracellular LPA production in certain microenvironments.® How pathological systemic
LPA levels impact diverse infections and disease is an area of active investigation.

Extracellular production of LPA as a bioactive GPCR signaling lipid

The vast majority of extracellular LPA is produced by ATX, a phospholipase D enzyme
expressed and secreted by certain cell-types that hydrolyzes the abundantly available
lysophosphatidylcholine (LPC) lipid to produce extracellular LPA.52.63 ATX, encoded by
ENPPZ2 (Ectonucleotide Pyrophosphatase/ Phosphodiesterase 2), was initially isolated from
conditioned media of the A2058 melanoma cell line and thought to be a motility factor

that signaled in an autocrine manner via an unknown GPCR to promote directed (and
random) melanoma migration.84 ATX was only later identified as a secreted phospholipase
D whose enzymatic activity produces LPA through the hydrolysis of LPC. Since LPC is

a highly abundant lipid, the rate-determining step of LPA synthesis is considered to be

ATX catalysis. As a secreted enzyme, ATX has been shown to associate with surface
integrins®2:66 and has led to a current model in which ATX associates with integrins on a cell
surface where it subsequently converts LPC to LPA that then signals to the ATX-expressing
or nearby cells expressing LPARs (Figure 1). The association of LPA with integrins was
initially thought to occur by an exposed RGD (arginine-glycine-aspartic acid) integrin
ligand motif. However, structural analyses showed that ATX associates with integrins in

an RGD-indpendent manner.¢ Thus, the precise mechanism by which ATX associates with
integrins requires further clarification. Regardless, physiological LPA signaling results from
localized and directed autocrine/paracrine LPA production and subsequent GPCR-induced
signaling®5:87-69 allowing for local LPA concentrations to reach much higher concentrations
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than systemic levels. Extracellular LPA is quite labile with an /n vivo half-life on the order
of (3-5) minutes®270 as a result of its rapid hydrolysis by lipid phosphate phosphohydrolase
type 1 (LPP1) and LPP3 to monoacylglycerols (MAGs).”9 These MAGs can be further
catabolized into free fatty acids by MAG lipases. Indeed, the half-life of LPA increases

4 fold when LPA is intravenously introduced into LPP1-deficient mice and LgpZ~ mice
harbor elevated levels of LPA’0. An ATX-deficiency resulting from homozygosity for null
Enpp2 alleles (Enpp27'") results in embryonic lethality largely due to vascular and nervous
system defects.%3.71 However, heterozygous £npp2t'~ mice are viable and as adults are
reported to harbor close to half the levels of systemic LPA as found in wild type mice.63.71

While many diverse cell types express one or more of the six LPARS, the expression of
the ATX phospholipase D responsible for LPA extracellular production is more restricted.
Certain cell types such as fibroblastic reticular stromal cells’2 and high endothelial
venule cells associated with lymphoid organs constitutively express high levels of ATX
where subsequent LPA production promotes chemokinetic activity and motility of T
lymphocytes.85.67.73

Our interest in the ability of LPA to regulate adaptive immunity initiated with the
appreciation that a structurally similar lysophospholipid, sphingosine-1-phosphate (S1P),
was identified as a chemoattractant ligand for the S1P1 G-protein coupled receptor (GPCR)
expressed by T and B lymphocytes. In particular, there are notable parallels in the
developmental checkpoints that exist for both T and B lymphocytes in the thymus and bone
marrow, respectively. Yet, an S1P;-deficiency selectively prevented immature T cells from
exiting the thymus but not immature B cells from exiting the bone marrow.23 This apparent
discrepancy led us to consider whether additional lipid GPCRs (e.g., LPARS) were expressed
by immature B cells that might be alternatively used by immature B cells to promote marrow
egress. While LPARs have not been demonstrated to contribute to B cell egress from the
bone marrow, we determined that S1P3 was an additional S1P receptor contributing to
immature B cell egress.”* 7> There are five characterized S1P receptors, S1P;_s, and all

are GPCRs that based on a shared homology belong to the Edg family of GPCRs; named
initially as an induced endothelial differentiation gene. LPAR4_3 were the first LPARS to be
identified and all three were shown to be members of the Edg family of GPCRs. By 2006

it was evident that LPA was a cognate ligand for three additional LPARs, LPA,4, LPAg and
LPAg, that did not belong to the Edg family of receptors but nevertheless are cognate GPCRs
for LPA. GPCRs signal via apy hetrotrimeric G-proteins and are typically characterized

by the associated Ga subunit of which there are 4 families: Gaj, Gas, Gag and Ga /3.
The ability of individual LPARs to associate with a specific Ga family member but not
others has been demonstrated using cell lines and overexpression approaches. However,
whether these associations promote physiological /7 vivo LPAR signaling is less certain.

In broad terms, the three Edg family members, LPA;_3, often associate with Gaj and Gaq
heterotrimeric proteins and the non-Edg LPAR4-6 most often are found to associate with
Ga19/13 heterotrimeric G-proteins.

The identification and molecular cloning of all six LPARs allowed us to survey the
expression of the LPAR-encoding genes by quantitative real-time PCR and to determine
that immature and mature B and T lymphocytes from both mice and humans expressed the
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same set of GPCRs specific for the LPA lysophospholipid, LPA,, LPAs and LPAg.76-78 This
review will highlight work from our group demonstrating the ability of LPAg to antagonize
antigen receptor signaling and function of T and B lymphocytes.

LPA suppresses lymphocyte antigen receptor-induced calcium stores

release and signaling

S1P is a lysophospholipid chemoattractant that upon engaging the S1P; GPCR signals
directed cell migration via a Gaj associated heterotrimer signaling axis, similar to
chemokine GPCRs. Despite similarities between S1P and LPA receptors, our initial
experiments did not reveal any significant role for LPA as a chemoattractant for Bor T
lymphocytes ex vivo (although LPA has been shown to promote chemokinesis of T cells
via LPA; signaling®®67.73.79) Thus, we explored how LPA might influence other aspects of
lymphocyte function. These studies soon revealed that when the antigen receptor on B and
T cells were stimulated in the presence of pathological concentrations of LPA (1-20uM),
antigen receptor-induced intracellular calcium mobilization was significantly attenuated
indicating that LPA had the potential to suppress lymphocyte activation (Figure 2).76-78:80
As mentioned, a number of early studies had reported plasma LPA levels to be in the

range of high nM to low pM concentrations.30-35 With the relatively recent understanding
that LPA catabolism and production post-collection accounted for this variability in LPA
concentrations3’, it will be important to further determine if normal concentrations of 50—
100nM LPA are able to impinge on antigen receptor signaling. In this regard, however, we
note that in our studies (discussed below) we have found that an approximate 50% reduction
of wild type LPA levels, as produced in £npp2*'~ mice, significantly improve in vivo T

cell cytotoxicity suggesting that wild type LPA concentrations indeed normally influence
adaptive immunity.

Antigen receptor signaling by T and B lymphocytes initiates with tyrosine phosphorylation
of immunoreceptor tyrosine-based activation motifs (ITAMs) within the cytoplasmic
domains of CD3 and CD79, respectively. T and B cell-specific tyrosine kinases
phosphorylate ITAMs that recruit Zap70 and Syk kinases, respectively, that in turn are also
activated by tyrosine phosphorylation. Activated Zap70/Syk subsequently promote canonical
signaling cascades that lead to the tyrosine phosphorylation and activation of PLCy1

in T cells and PLC2 in B cells by Tec-family kinases.81 Activated PLCy hydrolyzes
phosphatidylinositol 4,5 bisphosphate producing diacylglycerol (DAG) and inositol 1,4,5-
trisphosphate (IP3). 1P3 subsequently engages IP3R calcium release channels expressed on
the surface of the end reticulum (ER) to release intracellular stores of calcium into the
cytosol (Figure 2). Calcium levels within the ER are monitored by the ER resident proteins
STIM1 and STIM2, which upon depletion of ER calcium stores, oligomerize and stimulate
the ORAI calcium channel within the plasma membrane to facilitate extracellular calcium
entry.82-84 Resulting overall elevated levels of cytosolic calcium are required for a number
of important lymphocyte biological processes such as cytokine secretion and cytolytic
granule exocytosis but also the activation of transcription factors (e.g, NFAT) that initiate
maturational transcriptional programs. Our finding that LPA impaired intracellular calcium
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mobilization initiated by antigen receptor signaling indicated that this lysophospholipid may
contribute to the regulation of these processes.

Antigen receptor-proximal kinase signaling is not perturbed by LPA

To determine more precisely where LPA, signaling via an LPAR (LPA,, LPA5 and/or
LPAg), suppresses antigen receptor-induced calcium intracellular stores release, primary
mouse splenic B cells and human T cells isolated from healthy peripheral blood were
stimulated via the antigen receptor in the presence and absence of LPA and evaluated by
western blot analyses for activation of lymphocyte-specific kinases and PLC-y. The results
of these experiments demonstrated that in the presence of LPA, LPAR signaling did not
perturb TCR or BCR receptor-proximal signaling events. For mouse B cells stimulated with
anti-lgM F(ab’),, we found equivalent amounts of pSyk, pBtk and pPLCy2 in the presence
and absence of 20pM LPA8; for human T cells we found that stimulation with anti-CD3
and anti-CD28 in the presence and absence of LPA led to equivalent increases in total
tyrosine phosphorylation of cellular proteins over 5 minutes and similar increases in pCD3(
and pPLCy180. Thus, LPA treatment of antigen receptor-stimulated mouse and human
lymphocytes did not alter antigen receptor-proximal kinase signaling events, including the
activation of PLCy.

LPAR signaling impairs IP3R activity and inhibits intracellular calcium stores release in

lymphocytes
PLCy activity produces IP3 which engages the IP3R calcium channel subsequently
promoting the release of ER calcium stores into the cytosol. Cytosolic calcium release
is rapidly followed by extracellular calcium influx via ORAI channels with resulting
cytosolic calcium levels reaching low micromolar concentrations critical for efficient antigen
receptor signaling. PLCy activation was found to be intact in the presence of LPA, as
indicated by tyrosine phosphorylation, suggesting that LPAR signaling was inhibiting
elevation in cytosolic calcium either by impeding IP3R-mediated calcium release from
intracellular stores and/or the ORAI-mediated extracellular calcium entry through the
plasma membrane. To evaluate these two possibilities, we measured calcium mobilization
using flow cytometry after antigen receptor stimulation in the absence and presence
of LPA with the A20 B cell line and primary mouse splenic T cells, with both cell
types displaying similar results. Specifically, when lymphocytes were stimulated via the
antigen receptor in the absence or presence of 1-20uM LPA, and ethylene glycol-bis(2-
aminoethylether)-N,N,N’,N’-tetraacetic acid (EGTA) was present in the medium to prevent
extracellular calcium influx, we observed a dose-dependent inhibition of calcium release
from intracellular stores which strongly suggested that LPAR signaling was impeding IP3R
activity.”6:80 Because we were concerned that incomplete calcium ER stores release may
not fully activate ORAI activity at the plasma membrane, we directly evaluated whether
LPAR signaling impaired ORAI activity. To accomplish this, we used thapsigargin, a plant
toxin that specifically inhibits the sarcoplasmic-ER calcium ATPase (SERCA), which is
an ER calcium pump whose function is to constitutively replenish ER calcium stores
with cytosolic calcium.85 Lymphocytes treated with thapsigargin fully release calcium into
the cytosol from ER stores (albeit with slower kinetics than antigen-receptor stimulation)
and promote STIM1/2 to fully activate the ORAI channel. Once calcium stores release is
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complete, additional calcium given in the medium overcomes EGTA chelation and permits
extracellular calcium entry via ORAI channels. Neither the A20 B cell line nor primary
splenic T cells demonstrate any impairment of the ORAI channel when LPA is included in
these analyses, suggesting that LPAR signaling impaired intracellular calcium mobilization
via selectively inhibiting 1P3R activity.”6:80

The results from two additional experiments further confirmed IP3R activity induced by
antigen receptor engagement is inhibited by LPAR signaling. In the first, A20 B cells were
loaded with a membrane-permeable caged-1P3 that was released upon exposure to UV light.
When, A20 B cells were loaded with caged-1P3 and either treated or not with 5uM LPA
immediately prior to UV excitation, LPA treated cells displayed reduced calcium release
from intracellular stores, demonstrating that LPA inhibition of calcium mobilization occurs
downstream of IP5 generation.”® Further, with primary splenic T cells, adenophostin A, an
IP3R-specific agonist more potent than IP586, was able to fully rescue the IP3R-mediated
calcium release from intracellular stores that was otherwise significantly reduced in the
presence of LPA.80 Considered in aggregate, these data provide strong evidence that

the presence of LPA impairs antigen receptor-induced IP3R activity leading to reduced
intracellular calcium mobilization and subsequent signaling in lymphocytes. Cell biological
and molecular studies described below address how LPAR signaling impacts cytotoxic CD8
T cell immune synapse formation and demonstrate that as a consequence of LPAR-mediated
cytoskeletal reorganization, IP3R localization during synapse formation is perturbed possibly
accounting for LPA-induced suppression of IP3R activity.

Importantly, we recognize that LPAR signaling in different cell types can mobilize calcium
from internal stores including in immune cells such as NK cells, eosinophils, dendritic cells
and the Jurkat leukemia cell 1ine87-96 but is not observed with T or B lymphocytes,’6.77
likely reflecting differences in expression of PLC isoforms and Ga. family heterotrimeric
G-proteins between cell types. In particular, lymphocytes express relatively high levels of
PLCy isoforms (PLC-y1 by T cells and PLC+y2 by B cells) whereas PLCP isoforms are more
broadly expressed and display reduced levels in T and B lymphocytes relative to PLCry.97:98

TCR-mediated stimulation of ERK activity is inhibited by LPA

TCR signaling activates PLCy1 which hydrolyzes membrane-bound PIP, to produce IP3
and DAG resulting in a bifurcation of the signaling pathway. As discussed above, IP3
production leads to elevated cytosolic calcium levels necessary to promote transcriptional
activity and maturational programs. DAG production as a product of TCR signaling
promotes the activation of the mitogen-activated protein kinase (MAPK) pathway involving
Ras-Erk pathway via inducing PKC6 and RasGRP.9%-102 Thus, it was of interest to
understand if LPA also regulated TCR signaling downstream of DAG production since
both calcium mobilization and Erk activity are required for important lymphocyte-specific
processes such as cytotoxicity193-105 and cytokine secretionl96-111 Accordingly, we also
evaluated Erk activity as measured by levels of pERK (Erk1/2; Thr202/Tyr204) after
stimulation of the TCR with and without LPA present. Both primary mouse and human

T cells isolated from peripheral blood stimulated with anti-CD3 in the presence of 10uM
LPA revealed a diminution in the activation of Erk that, for mouse T cells, was shown
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to depend on LPA5 expression’8 as described below. Thus, as further demonstrated in the
next section, LPAg signaling negatively impacts acute TCR-induced signaling pathways that
include the calcium mobilization and ERK activation that bifurcate after PLCy1 hydrolysis
of PIP,.

An LPAs-Ga13-Arhgefl signaling axis inhibits antigen receptor mediated

signaling

To determine the LPAR(S) responsible for the observed LPA-induced suppression of antigen
receptor signaling, short hairpin RNAs (shRNAs) specific for Lpargenes were initially used
and expressed in mature primary B cells to demonstrate that LPA-mediated suppression of
BCR signaling was dependent on LPA5 as this inhibition was lost when Lpar5 expression
was silenced by RNA interference’®. The conclusion that an LPA-LPAg axis suppresses
antigen receptor signaling of intracellular calcium was further genetically confirmed in
mouse T lymphocytes using splenic T cells individually deficient for LPA,, LPAg and LPAg.
That is, LPA-mediated antagonism of TCR-induced calcium mobilization was maintained
in LparZ'~ and Lpar6'~ T cells but lost in Lpar5™~ T cells.”®=8 Importantly, human

T cell TCR-mediated calcium mobilization was also inhibited by LPA and this inhibition
was relieved with an LPAg-specific antagonist indicating that LPA impairment of human
TCR-induced calcium mobilization is also dependent on LPAg signaling.’®

LPAs receptor-proximal signaling events leading to antigen receptor suppression was
characterized using both biochemical analyses of the A20 mature B cell line and genetic

in vivo analyses of mature B cells from mouse mutants.”® Specifically, retroviral-mediated
expression of sShRNAs specific for the Ga proteins that associate with LPAs, Gag and
Gayp3>7, in A20 B cells revealed that Gay13, but not Gag, expression was required

for LPAR-mediated suppression of BCR-induced calcium mobilization.”® Furthermore,
Arhgefl, a hematopoietically-restricted protein able to regulate GPCR signaling and activate
the RhoA GTPase, was also further determined to be required for LPAg suppression as
evidenced by the inability of LPA to suppress BCR signaling in ArfigefI~'~ B cells.’8 In
particular, Arhgefl harbors a regulator of G protein signaling (RGS) domain previously
shown to associate with (active) GTP-bound Ga.1» and Ga13 G-proteins and accelerate their
GTPase activity thereby aiding in return to the inactive GDP-bound state and terminating
GPCR signaling.112 In addition, Arhgef1 is also a guanine nucleotide exchange factor
(GEF) and association with Ga.q3 stimulates its RnoA GEF activity.113 As a consequence

of LPAs-Gaq/13 mediated signaling, Arhgefl is expected to attenuate LPAg signaling

and subsequently activate RhoA; a well-characterized and critical regulator of the actin
cytoskeleton. Indeed, LPA treatment alone of primary human T cells leads to activation of
RhoA.80

LPA suppresses T lymphocyte activation, proliferation and effector

functions

TCR-mediated calcium mobilization and ERK activation are important for cytokine
production by T cells109:114.115 and cytotoxic activity by CD8 T cell effectors.103-105

Immunol Rev. Author manuscript; available in PMC 2024 August 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Torres et al.

Page 9

The ability of LPA to suppress both TCR-induced ERK activity and calcium mobilization
suggested that LPA suppression of CD8 T cell TCR signaling would be observed in /n
vitroand in vivo assays of lymphocyte activation, proliferation and function. The ability
of LPA to suppress TCR-mediated cell activation and function was characterized using
primary mouse T cells stimulated by antigen presenting cells (APCs) presenting peptide
in the context of major histocompatibility complex (MHC). To accomplish this, we relied
on OT-1 TCR transgenic T cells with specificity for the chicken ovalbumin (Ova)-derived
SIINFEKL peptide presented by MHC class | H-2P-expressing APCs.116 Furthermore,
LPA is a relatively labile lipid that is quickly degraded Jin vitro and physiologically.62:70
Accordingly, many of these /n vitroand in vivo experiments exploited a metabolically
stable LPA mimic, octodecenyl thiophosphate (OTP)117-119 developed and provided by
a long-standing collaborator in our LPA studies, Gabor Tigyi, PhD at the University of
Tennessee Health Sciences Center.

Antigen-specific TCR-mediated induction of activation marker expression and cell
proliferation are suppressed by LPA in vitro and in vivo

Initial /n vitro experiments evaluated whether LPA, or the metabolically-stable LPA analog,
OTP, suppressed the ability of SIINFEKL-presenting splenocytes to stimulate naive OT-I
CD8 T cells.”” Experimental readouts in these diverse experiments were TCR-induced
changes in the surface expression of the CD25, CD69, CD62L and CD44 activation markers
in addition to proliferation.””:’8 Consistent with the ability of LPAs to inhibit TCR-induced
calcium mobilization and Erk activation, in each case we found the presence of LPA/OTP
significantly diminished expression of the CD25, CD69 and CD44 activation markers,
impaired down-regulation of CD62L and potently suppressed proliferation by in vitro TCR-
stimulated naive CD8 T cells. Importantly, OTP did not perturb /in vitro T cell viability over
the range of concentrations used in these studies, suggesting that OTP /n vivo treatment did
not impact T cell survival.””.8

To promote /n vivo LPAR signaling by OT-1 CD8 T cells during antigen-specific TCR
stimulation, we delivered OTP (or a vehicle control) subcutaneously every 8 hours for 3
days (OTP has an approximate 5.5 hour /n vivo half-life; G. Tigyi, personal communication).
OTP treatment was initiated one day after the intravenous adoptive transfer of naive CFSE-
labeled OT-1 CD8 T cells and one hour before the subcutaneous transfer of SIINFEKL-
pulsed bone marrow-derived dendritic cells (BMDCs).”” As expected, in the absence of
experimentally-induced LPA signaling by OTP, three days after peptide-pulsed BMDC
transfer, OT-1 CD8 T cells in the draining lymph node were CD25*, had extensively diluted
CFSE and accumulated to considerable numbers. Strikingly, OTP treatment during this
period suppressed CD25 (mean fluorescent intensity) expression, and CFSE dilution by
OT-1 CD8 T cells and their cumulative numbers were 10-fold reduced compared to vehicle
treated mice. Further, compared to wild type, virtually all LPAs-deficient OT-1 CD8 T

cells stimulated /n vivo by peptide-pulsed BMDCs had divided and accumulated to six-fold
higher numbers in the draining lymph node three days after stimulation.’” These findings
provide abundant demonstration that LPAg signaling inhibits CD8 T cell antigen-specific
TCR signaling, activation and proliferation /in vitroand in vivo.
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LPA suppresses in vitro and in vivo CD8 T cell cytotoxic function

LPAs /in vivo signaling suppresses antigen-specific T cell activation leading to a reduced
accumulation of antigen-specific T cells in the draining lymph node’” and we were
interested to understand if LPA signaling via LPAg further altered effector CD8 T cell
function. Initial assessment of effector CD8 T cell function relied on intracellular expression
of IFN+y and TNFa after /n vitro antigen-specific stimulation and did not reveal any
substantial expression differences between £par5~~ and wild type T cells.”” A similar
cytokine analysis of /n vivotumor-specific CD8 T cells harvested from a subcutaneously
implanted melanoma tumor revealed comparable expression levels between £par57~ and
wild type T cells.”” Thus, early findings did not suggest that LPAs signaling regulated
effector CD8 T cell function as measured by induced intracellular cytokine expression,
however, as described in a later section, LPA is found to impair cytokine secretion as a result
of LPA-driven modulation of the cytoskeleton. Further, when effector CD8 T cell cytotoxic
activity was directly tested, LPAR signaling again suppressed T cell killing activity /in vitro
and, /in vivo, this suppression was shown to be LPAs-dependent.120

The ability of LPAg to regulate cytotoxic Killing by CD8 T cells was first investigated

with /n vitro killing assays relying on quantitative real time imaging (Incucyte Live-Cell
analysis) of effector CD8 T cells actively killing antigen-specific B16 melanoma cells over
24 hours.”8 Specifically, primary naive OT-1 CD8 T cells were stimulated 77 vitro with
SIINFEKL-pulsed APCs to generate Ova-specific cytotoxic effector CD8 T cells that were
assayed for killing activity towards B16 melanoma cells either stably expressing chicken
Ova (B16.cOVA) or pulsed with SIINFEKL peptide.”8 Here, in a dose-dependent manner,
OTP inhibited both cytotoxic OT-1 CD8 T cell Ova-specific killing and peripheral blood-
derived human CD8 T cell allogeneic killing of a breast cancer cell line.”8

The ability of LPAR signaling to impair CD8 cytotoxic T cell target cell killing /n

vitrois supported by /n vivo experiments and further provided strong evidence that

LPAs inhibitory signaling is driven by endogenous systemic LPA levels’8120 This was
quantitatively demonstrated using an in vivo cytotoxic killing assay'2! which measured

the ability of Ova-specific CD8 T cells, generated /7 vivo after Ova immunization, to
eliminate adoptively-transferred (antigen-specific) SIINFEKL peptide-presenting APCs. In
one approach, CD8 T cell 7 vivo killing was measured in £ngp2*'~ mice, which harbor
50% LPA systemic levels compared to wild type.%3.71 Here, wild type and Enpp2'~

mice were immunized with Ova and found to elicit comparable frequencies of SIINFEKL-
tetramer-positive Ova-specific CD8 T cells 4 days later.”® SIINFEKL-pulsed and non-pulsed
fluorescently-distinguishable target cells were co-transferred into immunized mice and
specific killing measured (compared to killing of irrelevant (HSV1) peptide-pulsed and
non-pulsed target cell transfers) one day later as measured as loss of the antigen-specific
target cell population. These experiments revealed that endogenously-generated Ova-specific
CD8 T cells in Enpp2*'~ mice, harboring reduced LPA systemic levels, but (presumably)
the same wild type T cell repertoire, killed twice the frequency of target cells compared
with Ova-specific CD8 T cells from wild type mice.”® This indicates that reducing the
systemic levels of LPA by half results in a two-fold increase /n vivo antigen-specific

killing. In additional approaches, wild type and Lpar5~~ mice were immunized with Ova
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(again generating comparable frequencies of Ova-tetramer-specific CD8 T cells four days
post-immunization) and SIINFEKL-pulsed and irrelevant peptide-pulsed antigen presenting
cells transferred to immunized mice. Here, Ova-specific Lpar5'~ CD8 T cell in vivokilling
activity was significantly better than wild type.120 The final iteration of this approach
involved the adoptive transfer of either wild type or Lpar5/~ OT-1 CD8 T cells into a

wild type host immediately prior to Ova immunization. Five days later peptide-pulsed and
non-pulsed target cells were transferred and two hours later cytotoxic Lpar57~ OT-1 CD8
T cells were found to display significantly better target cell killing compared to wild type
OT-1 CD8 T cells. 120 In aggregate these /7 vitroand in vivo studies not only show that
systemic LPA levels limit antigen-specific CD8 T cell killing via LPAg but also provide
strong evidence that elevated systemic LPA levels, as occurs with cancers and chronic viral
infections, would robustly impair adaptive cellular immunity.

As discussed above, the extracellular LPA lysophospholipid signals to T cells via LPAg to
inhibit CD8 T cell TCR signaling, activation, proliferation and cytotoxic activity, at least in
part, by impairing TCR-induced IP3R activity.”680 Mature T (and B) lymphocytes in both
humans and mice express LPA; LPAs, and LPAg, but LPAR expression is not restricted to
lymphocytes or immune cells as LPARSs are widely expressed by diverse cell types.122:123
This raises the question of why does LPAR signaling regulate CD8 T cell TCR signaling
and cytotoxic activity and how is this accomplished? Currently, we propose systemic LPA
signaling via LPAg expressed by lymphocytes acts as a form of peripheral tolerance that
contributes to the suppression of basal and potentially energetically-wasteful polyreactive
or weak self-reactive T and B cell antigen receptor signaling. In the following sections, we
discuss in greater detail how specifically LPA serves as a tolerizing mechanism in CD8 T
cells by impairing cytoskeletal reorganization and bioenergetics, which are both required for
antigen-specific killing.

LPA obstructs TCR signaling and CD8 T cell effector cell killing ability by subverting the
actin and microtubule cytoskeleton

An LPAs-Ga13-Arhgefl signaling axis impedes IP3R activity and Arhgefl, as a RhoGEF,
would be expected to promote RhoA activation, possibly to regulate the actin cytoskeleton.
Thus, an immunofluorescence microscopy study was undertaken to understand how LPAR
signaling altered the cytoskeleton during the formation of an immunological synapse (IS)
between a cytotoxic CD8 T cell and antigen-specific target cell. Here, attention was focused
on the formation and function of the IS that not only defines the location of TCR recognition
of target cells but also where cytolytic granules (and cytokines) are secreted to kill a target
cell.80 The ability of CD8 T cells to kill an infected or transformed cell requires that killing
activity be very carefully and specifically controlled to be directed precisely towards the
target cell and avoiding collateral damage of other nearby host cells.124125 Fyrther, naive
CD8 T cells do not exert cytotoxic activity on initial specific antigen encounter but instead
become activated, proliferate and develop into effector cytotoxic CD8 T cells expressing
perforin and granzyme B stored within cytolytic granules. Thus, IS formation and function
were assessed in an antigen-specific manner using primary effector CD8 T cells:target cells.
This study revealed that the presence of LPA, at the time antigen-specific CD8 T cell:target
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cell conjugates were established, significantly perturbed IS formation in several important
features that rely on the actin and microtubule cytoskeleton (Figure 3).80

LPA and TCR induction of the RhoA GTPase and actin polymerization in CD8 T cells

The rapid reorganization of both the actin and microtubule cytoskeleton in effector CD8

T cells upon target cell contact has long been appreciated!26-132 and is of particular
importance during physiological CD8 T cell TCR signaling and Killing initiated by immune
synapse formation with an antigen-presenting target cell.125133-135 TCR signaling initiated
via synapse formation with an APC promotes actin and microtubule polymerization and
reorientation of the centrosome, or microtubule-organizing center (MTOC),134-136 which is
necessary for the transport of cytolytic granules and cytokines to the IS for secretion.136.137
The RhoA GTPase is considered to play a major role in regulating the actin cytoskeleton,
but RhoA also contributes to regulating microtubule dynamics by stabilizing microtubules
through its effector, Diaphanous-related formin-1 (mDia1).138-143 |t is thus not surprising,
but also not well appreciated, that TCR signaling induced by anti-CD3 stimulation of
purified single T cells in suspension promotes RhoA activation80:144 as well as actin
polymerization, which has been more broadly characterized.125144-147 Eyrthermore, both
RhoA activity and polymerized actin are not only required for antigen-specific APC-induced
TCR signaling but also for a number of important T cell biological processes that include
integrin adhesion, immune synapse formation and target cell killing.135:145-150

On IS formation between a T cell and target cell, filamentous (F-) actin quickly accumulates
within the T cell along the juxtaposed plasma membranes and is clearly observed by
immunofluorescence microscopy.89134 TCR signaling also induces RhoA activation and
both total and active (GTP-bound) RhoA are not only found at the antigen-specific IS but
also at the uropod of the polarized cytotoxic T cell.8% In agreement with the ability of T
cell-expressed LPARSs (LPA,, LPA5 and LPAg) to signal via a Ga.13-RhoA axis®!, LPA
alone activated RhoA and the presence of LPA during the formation of T cell:target cell
conjugates led to significant changes in the cellular locations of both RhoA and polymerized
actin.89 Although cytotoxic T cell:target cell conjugates established in the presence of LPA
revealed a similar localization of RhoA and F-actin along the IS, when LPA was present,
F-actin further localized along the cell body accumulating at the uropod whereas RhoA
(total and active) expression was precluded from uropod positioning in cell conjugates

and was restricted to the 1S.80 Thus, concurrent LPAR signaling at the time of conjugate
formation perturbed the localization of both RhoA and polymerized actin in cytotoxic CD8
T cells.

Again, consistent with an LPA5-Ga.13-Arhgefl axis, LPA treatment of human primary T
cells alone in the absence of TCR signaling induces significant levels of (active) GTP-RhoA
that are considerably elevated compared with those induced by TCR stimulation alone.&0
Intriguingly, simultaneous TCR and LPAR signaling by naive T cells results in active RhoA
levels that are slightly but significantly elevated relative to TCR signaling alone but not near
the levels induced by LPAR signaling alone. This suggests that when both TCR and LPAR
signaling occurs simultaneously, the cellular levels of RhoA required by TCR signaling
supersede those needed for LPAR signaling. Regardless, TCR signaling promotes both
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RhoA activity and actin polymerization whereas LPAR signaling induces RhoA activation
but fails to induce rapid actin polymerization in T cells.89 This suggests that early induction
of RhoA activity in T cells by LPAR signaling is not devoted to actin polymerization.

LPA regulates the microtubule cytoskeleton and impairs mDial and IP3R positioning to the

IS

In T cells, microtubules have been shown to be acetylated and detyrosinated, post-
translational modifications associated with microtubule stabilization to facilitate the
transport of the TCR, ZAP70, and other cargo to the immunological synapse.1%2-1%4 |n
other cell types LPA has been shown to activate RhoA and its effector mDia, a formin which
not only promotes actin polymerization but also regulates microtubule stability through
detyrosination.138.142.155-157 mDia is expressed by T cells and, in its absence, T cells
display impaired chemotaxis and trafficking to secondary lymphoid organs in addition to
reduced TCR-induced actin polymerization, cell polarity and proliferation.158.159 When we
evaluated microtubule acetylation and detyrosination in T cell conjugates established in

the presence or absence of LPA, we found LPA did not appear to influence microtubule
acetylation but did impair microtubule detyrosination. Furthermore, in wild type CD8 T
cell:target cell conjugates, mDial is found in the central region of the IS. However, in the
presence of LPA, mDial was not centrally located but was instead enriched at the periphery
of the 1S.80 Together these observations reveal that LPAR signaling at the time of effector
CD8 T cell and target cell immune synapse formation leads to altered localization of RhoA,
mDial, actin polymerization and microtubule detyrosination.8% Thus, LPAR signaling alters
the regulation of both the actin and microtubule cytoskeleton leading to impaired TCR
signaling and immune synapse formation.

As discussed, LPA signaling through LPAg suppresses TCR signaling by impairing IP3R
activity.”6:80 |P3R1 has previously been shown to co-localize with the TCR in anti-CD3
stimulated Jurkat T cells where the Fyn tyrosine kinase phosphorylates IP3R1 (Tyr 353),
thereby enhancing its activity and increasing sensitivity to IP3.160.161 Thys, it was not
surprising to find that the IP3R1 calcium channel also rapidly and exclusively positioned
at the immune synapse in antigen-specific wild type CD8 T cell:target cell conjugates.80
The positioning of the IP3R close to the IS at the site of TCR-peptide/MHC interaction
would be advantageous for several reasons. Not only would this allow the IP3R calcium
channel to provide intracellular calcium in proximity to the TCR signalosome and effectors
that are dependent on calcium for activity, but this positioning would also be important

for maximizing IP3R activation by Fyn and placing the IP3R in close proximity to where
PLC+y1 is generating IP3. Notably, however, when LPA was present during conjugate
formation, IP3R1 location to the IS was considerably diminished and instead IP3R1 was
now enriched at the periphery of the IS and at the distal uropod end of the cell. The
positioning of IP3R1 at the synapse is dependent on TCR-induced mDial activity as IP3R1
was also aberrantly positioned in mDia1™'~ OT-1 CD8 T cell:target cell conjugates, but not
in Fmnl1-deficient OT-1 CD8 T cells that lack a different T cell formin.80 Indeed, LPAR
signaling during IS formation led to altered positioning not only of IP3R1 but also mDia
and IP3R1 positioning was similar whether conjugates were established in the presence of
LPA or with T cells lacking mDial. Finally, positioning of the IP3R to the IS in wild type
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T cell:target cell conjugates was dependent on both actin and microtubule polymerization as
pharmacological inhibitors of polymerization impaired the position of the IP3R to the 1S.80
These findings show that LPAR signaling during T cell target cell killing subverts mDial
localization and activity needed for IP3R positioning at the IS.

Considered together, these data suggest that full IP3R activity depends on its location
requiring the calcium channel to be in close proximity of the IS at the plasma membrane
where TCR-associated Fyn phosphorylates and fully activates IP3R1 and where PLC-y1

is generating IP3 via hydrolysis of membrane PIP,. LPAs regulation of the cytoskeleton
prevents efficient IP3R positioning to the IS where its ligand is being produced and, likely
as a result of inefficient IP3R activation and IP3 diffusion, leads to inefficient signaling by
those IP3Rs not at the synapse. Whether LPAs-induced signaling effectors further impair
IP3R activity by a more direct mechanism cannot be ruled out. However, LPAg inhibition
of calcium stores release is overcome with a (potent) IP3R agonist that has a higher
affinity for IP3R1 than IP3. This argues that LPA-driven impairment of IP3R activity is
likely not regulated by post-translational or protein-association inhibitory mechanisms but
is compatible with LPA-mediated cytoskeletal changes that physically constrain IP3R from
being fully activated and with full access to IPs.

LPA-mediate reorganization of the cytoskeleton impedes cytolytic granule and cytokine
secretion at the IS

A critical functional consequence of LPA-mediated subversion of the actin and microtubule
cytoskeleton during target cell killing is that perforin-containing cytolytic granules are

not delivered efficiently to the 1578 (Figure 3) and ultimately impair both /7 vitro and /n
vivo CD8 T cells effector cytotoxicity.’8:120 Furthermore, IL-2 and IFNy are directionally
secreted in CD4 T cells'37 and in cytotoxic CD8 T cell:target cell conjugates where both
IL-2 and IFNy are transported to the IS for secretion. In contrast, TNFa. is secreted

in a multi-dimensional direction in both CD4 and CD8 T cells®0.137 Importantly, LPAR
signaling by effector CD8 T cells does not impact the expression of either IL-2, IFN-y

or TNFa as determined by intracellular cytokine staining.””80 However, LPAR signaling
impedes the directional secretion of I1L-2 and IFNy, but not the secretion of TNFa..80

LPA regulation of ciliogenesis and CD8 T cell immune synapse formation

It is worth noting that immune synapse formation by cytotoxic CD8 T cells has been
recognized to have possible evolutionary origins in primary cilia formation.162-165 primary
(non-motile) cilia are microtubule-based structures that emanate from the plasma membrane
and serve as sensory receptors or ‘antennae’ for most vertebrate cells, but evidently are

not formed in T cells.166 Similar to cilia formation where the centrosome, or MTOC,

docks close to the plasma membrane and directs microtubule assembly of the cilium, on
establishing an 1S the MTOC of the T cell also polarizes close to the plasma membrane

at the immune synapse where it directs microtubule assembly for the release of cytolytic
granules and secretory vesicle cargo, such as cytokines, at the cell-cell interface.166
Moreover, the intraflaggelar transport protein, IFT20, characterized in contributing to cilia
assembly also positions to the 1S in cytotoxic T cell conjugates.163 Of interest, as sensory
receptors, a number different receptors are located on the primary cilium including a number
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of GPCRs167 that respond and integrate information from diverse stimuli such as chemical,
mechanical, light, temperature and osmolality to regulate tissue homeostasis. Defects

in primary ciliogenesis lead to multisystemic genetic disorders, known as ciliopathies.
Recently, variants in CCDC28B (Coiled-coil domain-containing protein 28B), a gene
encoding a cilia-associated protein, was found in a subset of common-variable immune
deficiency patients whose T cells were impaired in 1S formation.168 Further, an LPA-LPA;
axis has been reported by several groups to promote disassembly of cilium in cultured
human retinal pigment epithelial cells or human primary astrocytes thereby promoting cilia
disassembly.169-171 Thus, LPAR regulation of IS formation has evolutionary origins in LPA
regulation of the primary cilium.

LPA5 expression and signaling by CD8 T cells impedes tumor immunity

Diverse cancer cells often aberrantly turn on expression of ENPPZLT2 and systemic levels

of LPA are often elevated with certain cancers.1’3 Indeed, a large body of literature

has provided evidence that LPA is able to promote cell proliferation and facilitate

tumor growth via different mechanisms that largely depend on signaling by LPA;_3 Edg
family members.174175 The notion that ATX expression and LPA;_3 signaling promote
tumorigenesis is strongly supported by a mouse model of enforced transgenic expression

of either ATX or LPA;, LPA,, or LPA3 in mammary breast epithelium.174 Transgenic lines
for all three transgenes frequently developed late-onset, estrogen receptor (ER)-positive,
invasive, and metastatic mammary cancer.174 Thus, abundant data supports the notion that
an ATX-LPA axis promotes tumorigenesis that, in turn, can increase systemic levels of LPA.
In our studies we have observed that physiological levels of LPA (i.e., not intentionally
manipulated) signaling via LPAg interferes with both cellular and humoral antigen-specific
immunity.”6.78.120 As example, T cell immunization of £7op2*~ mouse mutants, which
express approximately half the levels of systemic LPA as wild type mice®3:71, leads to a
two-fold increase of /in vivo antigen-specific target cell killing”®, and Ova-specific £par5/~
CD8 T cells, when directly compared to Ova-specific wild type CD8 T cells, kill adoptively-
transferred Ova peptide presenting target cells at higher and significant frequencies.120
Further, immunization of Lpar5~~ and wild type mice with a model antigen results in
heighted antigen-specific antibody responses by LPAs-deficient B cells.”8 With this in mind,
we addressed whether LPAg-mediated /77 vivo signaling tempers tumor-specific CD8 T cell
anti-tumor immunity using mouse models of tumor growth and metastasis.

For these tumor-specific /n vivo experiments, OT-1 TCR transgenic T cells and B16
melanoma cells stably-expressing chicken ovalbumin (B16.cOva) were employed. B16.cOva
melanoma cells express and process ovalbumin followed by the presentation of SIINFEKL
with MHC class | that is recognized by adoptively transferred mature ‘tumor-specific’ wild
type and Lpar57'~ OT-1 CD8 T cells. B16.cOva cells were implanted subcutaneously in

the flank of mouse cohorts and allowed to grow for 5 days and measured daily. At day

five, when tumors were palpable, either C57BL/6 or Lpar5”'~ OT-1 CD8 T cells were
adoptive-transferred intravenously and mice monitored for an additional 8 days’ and again
one week later’® (day 20 of tumor implantation). Beginning five days after implant and

at the time of adoptive T cell transfer, B16.cOva tumor size increased at a nearly linear

rate over the next eight days in wild type hosts and this growth rate was not changed with
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the transfer of wild type OT-1 CD8 T cells reflecting the inability of a C57BL/6 wild type
host to control this aggressive syngeneic melanoma cell line.17® Transfer of Lpar57~ OT-I
CD8 T cells 5 days after tumor implant, in contrast, significantly reduced tumor growth at
six and eight days post T cell transfer and B16.cOva tumors were significantly reduced in
mass while harboring higher numbers of OT-1 CD8 T cells compared to wild type T cell
transfers.”’

In another approach, B16.cOva melanoma cells were intravenously injected into C57BL/6
wild type hosts followed immediately with the adoptive transfer of either wild type or
Lpar5”~ OT-1 CD8 T cells. Twenty days after tumor cells were injected and T cells
transferred, mice that received LPAs-deficient tumor-specific T cells harbored significantly
fewer B16.cOva-derived tumors in the lungs that were not only significantly smaller in
size but also contained considerably more LPAs-deficient OT-1 CD8 T cells relative to
than tumors transferred with wild type CD8 T cells (Figure 4).120 Impressively, Lpar5~
cytotoxic CD8 T cells also expressed reduced levels of the Tim-3 and Lag-3 inhibitory
receptors and the Tox transcription factorl20, which taken together with the observed
differences in tumor burden and improved tumor immunity, strongly suggest that £par57~
tumor-specific CD8 T cells were less dysfunctional.

These proof-of-principle studies, while contrived, provide strong /7 vivo evidence that LPAg
inhibitory signaling by bona fide cytotoxic CD8 T cells, and in response to endogenously
produced LPA, impairs tumor immunity. Further, ATX is often aberrantly expressed by
diverse cancers to promote cell proliferation and tumorigenesis and is often accompanied
by heightened systemic LPA levels. Thus, this suggests that the ATX-LPA axis serves

to promote tumorigenesis (via induced ATX and LPA;_3 expression and resulting LPA
autocrine activity) while simultaneously this tumor-derived LPA exerts paracrine activity
suppresses cytotoxic CD8 T cell tumor immunity (Figure 5).

LPAs signaling by effector CD8 T cells modifies cellular metabolic energy source and

efficiency

This review has highlighted /n vitroand in vivo studies documenting CD8 T cell TCR
signaling and killing activity are dysregulated if LPA simultaneously engages LPA5 during
T cell recognition of tumor-specific antigen. However, as a bioactive lysophospholipid,

LPA levels are not only increased with obesity but LPA has also been reported to alter
mitochondrial metabolism in skeletal muscle and induce de novo lipid synthesis in ovarian
cancer cells.4546:50.177 Thys it was hypothesized that LPA may also signal to T cells to
regulate metabolic fitness and, consequently, functional activity. Consistent with this notion,
treatment of primary cytotoxic OT-1 CD8 T cells with a physiological concentration (1uM)
of LPA for up to four hours significantly modulated T cell metabolism.220 This is illustrated,
in part, by the evaluation of cytotoxic CD8 T cells treated /n vitro with LPA followed by

the measurement of oxygen consumption rate (OCR) and extracellular acidification rate
(ECAR) using the Seahorse Cell Mito Stress test to assess mitochondrial function. These
results revealed that LPA treatment of OT-1 primary CD8 T cells led to significant increases
in both basal T cell respiration and maximal respiratory capacity in effector CD8 T cells
and, importantly, the ability to achieve maximal respiratory capacity was dependent on LPA5
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(Figure 6 and ref. 119). Intriguingly, while promoting an increase in respiratory capacity of
effector CD8 T cells, LPA treatment also promoted an increase in extracellular acidification
of the media indicating that glycolysis was ongoing and generating and releasing lactate
from the cell further suggesting an alternate non-glycolytic endogenous energy source was
being used to increase mitochondrial metabolism (Figure 6). One likely non-glycolytic
energy source are fatty-acid lipids, which are often stored in lipid droplets, a cell reservoir
of neutral lipids produced by most cells and whose presence can reflect metabolic changes
and access to nutrients.178 Whether LPA-mediated regulation of T cell metabolism also
changed the presence of lipid droplets was tested with BODIPY staining of neutral lipids
and revealed a significant loss of lipid droplet content after 30 min — four hours of LPA
treatment.120 Moreover, preventing fatty-acid transport into the T cell mitochondria with
etomoxir (1uM), a pharmacological inhibitor of carnitine palmitoyltransferase-1 (CPT-1),
also led to an immediate reduction in maximal respiratory capacity.120 These findings

thus show that despite ongoing aerobic glycolysis, LPA signaling via LPA5 shifts CD8

T cell metabolism to consume fatty-acids for mitochondrial respiration,129 and consistent
with a previous finding showing that PD-1 promotes fatty-acid oxidation of endogenous
lipids.17® Moreover, as a ubiquitous bioactive lipid signaling via GPCR cognate receptors,
LPA participates in regulating the cytoskeleton and metabolism of CD8 T cells in a manner
that also would be predicted to negatively impact T cell adaptive immunity.180

LPA, tumor immunity and cancer

There is considerable interest in the ATX-LPA axis from the cancer field where different
cancers are often found to aberrantly express ENPP2thus producing extracellular LPA

for autocrine LPAR signaling by tumor cells to promote cell proliferation and facilitate
tumorigenesis. Evaluation of all curated non-redundant studies in cBioPortal181:182 (3 cancer
database harboring multidimensional genomics data sets from individuals with different
cancers) reveals that individuals with cancers in which ENPP2has been amplified have
significantly worse progression-free survival and also when compared to patients with
MY amplification (Figure 7)120, a gene amplification known to be associated with

poor outcomes. 183 Notably, plasma LPA levels (16:0 species) are significantly higher in
melanoma patients that do not respond to checkpoint blockade immunotherapy compared
to melanoma patients that positively respond to checkpoint blockade therapy (Figure 7).120
Within this data, there was a single outlier in the non-responder group that did not respond
to upfront immunotherapy treatment. However, when followed-up it was determined this
patient was later treated with a bispecific anti-PD/ICOS antibody and is currently disease
free.120 Thus, plasma LPA levels may not only serve as a prognostic indicator for therapy
treatment, but antagonism of an ATX-LPA-LPAR axis may be an attractive therapeutic
intervention for certain cancers.

Our studies document the ability of LPA5 signaling to suppress acute /n vivo TCR signaling
by naive CD4 and CD8 T cells and in response to physiological endogenous LPA levels.
Based on this, /n vivo LPAg antagonism would be expected to lower the threshold for
activation and proliferation of naive CD8 T cells responding to tumor antigen resulting in

a higher number of responding tumor-specific T cells, as shown in mouse tumor models
and with LPAs-deficient CD8 T cells.””:120 This is also consistent with the ability of a
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high affinity antigen to elicit an increased number of antigen-specific CD8 T cells when
compared to a lower affinity antigen.184 Further, unmutated tumor antigens are self-antigens
and any endogenous naive CD8 T cell capable of recognizing tumor self-antigen will
almost certainly express low-affinity TCRs18° as high-affinity CD8 T cells are eliminated
during central tolerance induction in the thymus. If, as we hypothesize, LPAs-mediated
suppression of TCR and BCR signaling has evolved as a mechanism to restrain activation
of lymphocytes with self- and poly-reactive antigen receptors, then LPA5 antagonism
might prove further useful as a cancer therapeutic in promoting anti-tumor responses from
self (tumor) antigen-specific CD8 T cells. Of course, this would need to be carefully
considered as autoimmune T cell responses may also be facilitated. Along these lines, it
should nevertheless be noted that for studies presented here, the OT-1 TCR affinity for the
SIINFEKL peptide (Kp ~ 6uM) is more reflective of TCR affinities that are usually higher
for pathogen-derived peptides compared to the weaker affinities normally demonstrated for
bona fide tumor antigens.18°

LPA, through its regulation of the actin and microtubule skeleton also impedes TCR
signaling at the immunological synapse as cytotoxic effector CD8 T cells are actively
engaged in killing antigen-specific tumor cells or virally infected cells. LPAg antagonism
could thus feasibly not only promote TCR signaling by naive T cells on initial encounter
with tumor antigen but also enhance tumor killing by weak-affinity cytotoxic effector CD8
T cells. Notably, current approved checkpoint blockade immunotherapy in the clinic is
focused on promoting killing activity from tumor-specific effector T cells as most of the
targeted inhibitory receptors (PD-1186.187 CT|_A-4188.189 Tjm3190.191 | 543192193 gpq
TIGIT194.195) are not expressed by naive T cells but instead their expression is induced only
after initial T cell recognition of tumor antigen.

Finally, the LPA; Edg family member GPCR has been shown to promote the disassembly
of primary cilium in cultured human retinal epithelial cells and primary astrocytes,169-171
Primary cilium are found in non-cycling quiescent cells as cilia assembly has been long-
recognized to be incompatible with cell proliferation,1% and primary cilia are often not
expressed by cancer cells.197 Indeed, it has been suggested that newly transformed cells
may need to disassemble primary cilia in order to proliferate, thus, LPA antagonism might
additionally prevent cilia disassembly and proliferation by a number of different cancer
cells.173

Summary and concluding remarks

The studies described in this review demonstrate that active LPAg signaling during CD8

T cell antigen-specific recognition of a target cell competes with TCR signaling for
reorganization of the actin and microtubule cytoskeleton and thus restrains the recruitment
of critical effector molecules to the immunological synapse. As a result, TCR-induced
intracellular calcium stores release and transport of cytolytic granules and cytokines to the
IS are impaired. Further, LPA induced LPAg signaling also regulates T cell metabolism by
promoting fatty-acid oxidation for mitochondrial respiration and in a manner independent
from LPAg regulation of TCR signaling. Thus, LPA signaling, at least in part via LPAg,
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regulates both the cytoskeleton and metabolism of effector CD8 T cells in a manner that
ultimately impinges on CD8 T cell antigen-receptor signaling and Killing activity.

Our findings suggest that LPA, under normal physiological conditions, acts as an inhibitory
signal to restrain T cell activation thus contributing to peripheral immunological tolerance.
Tumor- and chronic infection-induced increases in systemic LPA levels would be expected
to raise the TCR signaling threshold to limit CD8 T cell adaptive immunity by not only
inhibiting the activation of naive T cells to tumor or viral antigens but also by directly
impeding killing activity. LPA also promotes T cell chemokinesis and movement into, and
within, the lymph node 72.73.79 that likely contributes to the ability of T cells to scan APCs
for possible antigen-specific interactions. Accordingly, the ability of a T cell to be fully
activated is dependent on the levels of LPA present in the environment as TCR and LPAR
signaling compete for the same signaling molecules to achieve their specific end.

Most LPA cognate GPCRs are able to associate with Ga.19/13 and thus regulate RhoA
GTPase activity in reorganizing the actin and microtubule cytoskeleton. Accordingly,

a major function of systemic LPA signaling via LPA receptors may lie in cell type-
specific regulation of the cytoskeleton necessary not only for cell shape but also cell
division, polarity, migration and secretion. In particular, LPA receptors that associate with
and signal via Ga.1»/13 heterotrimeric G-proteins have also been shown to engage the
Hippo pathway!98, an evolutionary conserved signaling pathway that responds to the cell
microenvironment and regulates cell proliferation and tissue homeostasis, including organ
size.199 Thus, the ability of LPA to also further participate in controlling cellular metabolism
is not surprising and further suggests that LPA-LPAR cell type specific signaling may

not only reorganize the cytoskeleton in a variety of diverse cells but also may regulate
metabolism in response to the environment.

The therapeutic interference of the ATX-LPA axis has attracted industry attention and
currently there are 14 phase | and |1 clinical trials evaluating ATX and LPA; inhibitors for
the treatment of systemic sclerosis, rheumatoid arthritis, pulmonary fibrosis, chronic liver
disease, ovarian cancer and metastatic pancreatic cancer. Our findings would suggest ATX
inhibition, which quickly reduces systemic LPA levels, would also promote tumor-specific
CD8 T cell immunity. The studies presented here would also suggest LPAg antagonism may
be a useful therapeutic approach for promoting T cell immunity to certain cancers and would
require the identification of effective small molecule inhibitors for this receptor. Indeed,
LPA5 antagonists have been evaluated for alleviating microglia inflammatory cascades.2%0
Notably, LPARs are all GPCRs, which currently comprise over one-third of all small
molecule drugs approved for use by the US Food and Drug Administration201:202 and drugs
targeting both S1P, and S1P5 GPCRs are in current use in the clinic for the treatment of
multiple sclerosis.?4 It may also be useful to investigate the potential for LPAg agonism to
suppress autoreactive lymphocyte responses in autoimmune diseases.*3
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LPA
receptor

Integrin

receptor

Figurel.
Model of autocrine/paracrine LPA action. Autotaxin (ATX) is secreted by select cells and

binds to integrins on the cell surface and hydrolyzes LPC to produce LPA. LPA then signals
via nearby LPA G-protein-coupled receptors on the same or nearby cells.
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LPAs5 signaling impairs TCR- and BCR-induced IP3R calcium channel activity
and suppresses cytosolic calcium mobilization
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Figure2.
LPA signals via LPAs to impair IP3R activity and resulting in reduced intracellular calcium

stores release and inhibited lymphocyte antigen receptor signaling. Top: The presence of
LPA at the time of BCR- and TCR-induced signaling suppresses intracellular calcium stores
release for follicular (FO) and marginal zone (MZ) B cells (left) and CD4 and CD8 T cells
(right). Bottom: Schematic illustrating TCR- and BCR-proximal kinase and PLCg activity is
intact in the presence of LPA;g signaling while IP3R activity is depressed resulting in reduced
antigen receptor-induced cytosolic calcium levels.
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LPAR signaling suppresses CD8 T cell signaling by subverting IP3R1 positioning at the
IS and suppresses cytotoxicity by impeding perforin and cytokine transport to the IS
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Figure 3.
LPA alters the regulation of the cytoskeleton during CD8 T cell:target cell IS formation

in manner feasibly accounting for the resulting impairment in TCR signaling and killing
activity. Top: Immunofluorescence microscopy of primary cytotoxic CD8 T cells (T; cell
on right) shortly after immune synapse formation with antigen-specific target B cell (TC:
cell on left). IS were established in the presence of vehicle or with wild type cells (left

3 images) or in the presence of LPA (OTP) or with mDia1~'~ T cells (right 3 images).
Staining: DAPI (blue) F-actin (green), perforin (red) and IP3R1, mDial, IFNy (yellow in
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top 4 rows). Bottom left: Schematic of an IS between an antigen-specific CD8 T cell:target
cell showing IP3R, RhoA mDial, polymerized actin and stable microtubules positioned at
the IS where cytotoxic granules and cytokines are transported to be secreted. Bottom right:
Presence of LPA results in inefficient IP3R localization to the IS and altered localization of
RhoA and F-actin and perturbed microtubule detyrosination that impairs TCR signaling (see
text), perforin and cytokine targeted release.89
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Lpar5™~ tumor-specific CD8 T cells provide better control of B16 lung tumors than wild
type CD8 T cells. A) Representative hematoxylin & eosin (H&E) histology images of day
20 B16.cOVA tumors after i.v. transfer together with either wild type (left) or Lpar5'-
(right) OT-1 CD8 T cells. Scale bars=100 um. Right: Quantification of B16.cOva tumor size
after transfer of B6 (filled bar) or Lpar5~ (open bar) OT-1 CD8 T cells. B) Number of B6
(filled bar) or Lpar5'~ (open bar) OT-1 CD8 T cells found in lung tumors. Student’s t test *p

< 0.05 and **p < 0.005.120
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Figureb.
Schematic of induction of ENPP2expression and subsequent ATX production by a

transformed cell leading to local LPA production. LPA then signals via LPA;_3 expressed
by malignant cells to promote autocrine cell proliferation and tumorigenesis (left) or LPAg
expressed by tumor-specific CD8 T cells to suppress tumor immunity.
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LPA promotes an increase in basal T cell respiration, maximal respiratory capacity, proton
leak and transiently elevates ATP production. Naive (A) and effector (B) OT-1 CD8 T cells
were cultured /n vitro with media (red) or 1 uM LPA for 30 minutes (green), 2 hrs (blue) or
4 hrs (teal) and oxygen consumption rate (OCR; left graphs) and extracellular acidification
rate (ECAR; right graphs) measured. Assay was performed with injections of oligomycin
(oligo), (4-(trifluoromethoxy) phenyl) carbonohydrazonoyl dicyanide (FCCP), antimycin A
(ant), and rotenone (rot) at 18-minute intervals in media supplemented with 25 mM glucose.
Data are n=6 technical replicates.120
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Figure7.

Lysophosphatidic acid as a potential prognostic marker in melanoma. A) Data analysis from
The Cancer Genome Atlas (TCGA) on progression-free survival. Data was from pan-cancer
data from all solid tumors in cBioPortal from the complete curated non-redundant studies
(as of June 18, 2021). Cohorts were stratified based on genomic status of amplification of
ENNPZ, MYTC, or wild type for both genes. B) Relative abundance of LPA 16:0 in stage

IV melanoma responder patients (blue; complete and partial response) and non-responder
patients (red; stable disease and progressive disease) measured both pre- and post-therapy
treatment. Unpaired Student’s t-test where p<0.05.120

Immunol Rev. Author manuscript; available in PMC 2024 August 01.



	Summary
	Introduction
	Extracellular production of LPA as a bioactive GPCR signaling lipid

	LPA suppresses lymphocyte antigen receptor-induced calcium stores release and signaling
	Antigen receptor-proximal kinase signaling is not perturbed by LPA
	LPAR signaling impairs IP3R activity and inhibits intracellular calcium stores release in lymphocytes
	TCR-mediated stimulation of ERK activity is inhibited by LPA

	An LPA5-Gα13-Arhgef1 signaling axis inhibits antigen receptor mediated signaling
	LPA suppresses T lymphocyte activation, proliferation and effector functions
	Antigen-specific TCR-mediated induction of activation marker expression and cell proliferation are suppressed by LPA in vitro and in vivo
	LPA suppresses in vitro and in vivo CD8 T cell cytotoxic function
	LPA obstructs TCR signaling and CD8 T cell effector cell killing ability by subverting the actin and microtubule cytoskeleton
	LPA and TCR induction of the RhoA GTPase and actin polymerization in CD8 T cells
	LPA regulates the microtubule cytoskeleton and impairs mDia1 and IP3R positioning to the IS
	LPA-mediate reorganization of the cytoskeleton impedes cytolytic granule and cytokine secretion at the IS
	LPA regulation of ciliogenesis and CD8 T cell immune synapse formation
	LPA5 expression and signaling by CD8 T cells impedes tumor immunity
	LPA5 signaling by effector CD8 T cells modifies cellular metabolic energy source and efficiency

	LPA, tumor immunity and cancer
	Summary and concluding remarks

	References
	Figure 1.
	Figure 2.
	Figure 3.
	Figure 4.
	Figure 5.
	Figure 6.
	Figure 7.

