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Editorial on the Research Topic

The Role of Inhibitory Receptors in Inflammation and Cancer

Inhibitory signals play an essential role in the control of immune responses allowing to preserve self
while eliminating the insults. They are crucial to prevent tissue injury induced by overactivation of
the immune system and to maintain homeostasis (1). They are delivered by receptors primarily
expressed on lymphoid and myeloid cells that allow the pairing of activation and inhibition
necessary to initiate, amplify, and then terminate immune responses. The importance of both type
of receptors has been illustrated for example by paired Ig-like type receptors (PILR) in which
inhibitory receptor and its counterpart activating receptor are coexpressed on single myeloid cells
(2). Impairment of these signals increases the chance of developing chronic inflammation and
autoimmunity and in contrast, tools activating such receptors could be beneficial to reduce
inflammation (3). Genetic variants of certain immunoreceptors (IRs) validate their important
role in the development of human disease (4).

The human genome contains more than 300 genes encoding potential inhibitory receptors, of
which more than 60 have been functionally characterized over the past decades (1). Negative
signaling in the immune system classically involves phosphatases and anti-inflammatory cytokines
which prevent or abort kinase-dependent activating signaling (5). Inhibitory receptors containing
immunoreceptor tyrosine-based inhibition motif (ITIM) in their cytoplasmic domain co-aggregate
with immunoreceptor tyrosine-based activation motif (ITAM)-containing activating receptors
during activation (5). Kinases associated with ITAMs induce the tyrosine phosphorylation of
juxtaposed ITIMs, resulting in phosphatase recruitment to the phosphorylated ITIMs to abrogate
the ITAM-dependent positive signal (6). ITAM motifs are present in essential receptors of the
immune system such as T- and B-cell antigen receptors (TCR, BCR) and Fc receptors (FcR) as well
as in an expanding family of ITAM-associated receptors with various functions in both innate and
adaptative immunity. The main phosphatases implicated in inhibitory receptor signals are tyrosine
phosphatases (e.g., SHP-1) or phosphatidylinositol phosphatases (e.g., SHIP-1). Once recruited they
are ideally localized to find their respective substrates (e.g., kinases, adaptor proteins, signal effector
molecules, or their membrane lipid anchors) to impede ITAM-initiated signaling.
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Besides ITIM, ITAM motif can also propagate inhibitory
signaling to heterologous activating receptors, being named, in
this configuration, inhibitory ITAM (ITAMi) (6, 7). Some FcR
(CD16A, CD32A, CD89) or TREM2, are associated with the
ITAM-bearing adaptors FcRy or DAP12 and act as bi-
functional receptors that can trigger inhibitory signals toward
a whole array of activating receptors (7). The ITAMi signals are
initiated by targeting ITAM-containing FcR at low valency and
is operative at distance independent of a co-aggregation
mechanism, hence without requirement of signals initiated by
the activating receptors. They recruit the tyrosine phosphatase
SHP-1. Such dual receptor functions are controlled by Src
kinases (8). They have been observed for other ITAM-bearing
receptors including several innate immune receptors, suggesting
that this could represent a widespread mechanism of immune
regulation. Thus, a selective pressure during evolution may
have generated single switch molecules capable of mediating
either activation or inhibition depending on the type/valency of
the ligand.

Yet, despite the clear protective role of inhibitory receptors,
dysregulated inhibitory signals can be deleterious to the host as
shown by the blockade of T lymphocyte responses to tumors. For
example, tumor-specific T cells that exhibit an exhausted,
unresponsive phenotype express high levels of inhibitory
receptors such as CTLA4, PD1, and LAG3 (9, 10), and intra-
tumoral regulatory T cells promote immunosuppression through
expression of multiple inhibitory receptors. Overcoming this
inhibitory receptor-mediated immune tolerance thus has been
amajor focus of recent cancer immunotherapeutic developments
promoting enormous progress for patient treatment that have
been rewarded by the Nobel prize in Physiology or Medicine
in 2018.

Inhibitory signals are also exploited by microorganisms. For
example, bacteria and parasites can evade the immune system
by eliciting ITAMi signal through FcR (CD16) or C-type lectins
(Mincle) on phagocytes leading to uncontrolled systemic
infection, sepsis or parasite invasion (11, 12). In the case
of CD16A, its direct targeting by E. coli on macrophages
strongly inhibited phagocytosis through scavenger receptor
MARCO. The ITAMi signal involved SHP-1 recruitment to
CD16A-FcRy and resulted in the reduced phosphorylation of
phosphoinositide 3-kinase (PI3K), a key signal effector molecule
in phagocytosis.

In this volume, Crute et al. present a new method for
identification of inhibitory receptors that bind to specific SH2
domains, termed Inhibitory Receptor Trap (IRT). The authors
use immunoblotting to show that IRT works to selectively isolate
SH2 interacting partners and ultimately providing mass
spectrometry as a read-out to identify unexpected interacting
partners (Crute et al.). As an example, they have identified
novel candidates following interaction between SHIP and
PD-1. This new method should find broad use in many cell
biology investigations.

Sivori et al. contribute with an overview on NK cell function
that is finely regulated by HLA-specific inhibitory receptors such
as killer Ig-like receptors (KIR) and non-HLA inhibitory

receptors such as Siglecs which discriminate between HLA and
non-HLA antigens in healthy cells and tumor or virus-infected
cells. They discussed how ITIM-bearing receptors such as Siglec
7, LAIR-1, and IRp60, recognize ligands including sialic acids,
extracellular matrix/collagen, or aminophospholipids. These
ligands can be expressed at the surface of tumor cells, thus
inhibiting NK cell function, which can further be blocked by
expression of the PD-1 on NK cells induced by cytokines with
cortisol, a combination which may occur in the microenvironment
of various tumors (Sivori et al.). The authors provide new
perspectives on how to block inhibitory receptor checkpoints on
NK cells to restore their anti-tumor activity for tumor
immunotherapy. The mechanisms responsible for immune
checkpoint inhibitor resistance remain incompletely understood.
Liu et al. utilize a computational approach to show that the
immune inhibitors and immune stimulators were positively and
concomitantly correlated with PD-1 expression. Authors suggest
that there might be a regulatory interaction among these immune
receptor hubs which may promote relapses.

Davis provides an example of such a scenario in the context of
human cancer where expression of certain IRs are associated
with PD1 and highlights the utility of Fc receptor-like (FCRL1-
6) gene family as a therapeutic and/or biomarker target. FCRL1-
6 genes encode type I transmembrane glycoproteins with
cytoplasmic ITAM or ITIM motifs (Davis). FCRL1-5 are
preferentially expressed by B cells and modulate B cell antigen-
receptor-mediated signaling (Davis). In contrast, FCRL6 is
expressed by mature T cell and NK subpopulations with
cytotoxic potential (Davis). Its restricted expression and
extracellular interactions with MHCII/HLA-DR, is emerging as
an important regulatory axis in tolerance and cancer immunity
(13). FCRLS6 is upregulated in HLA-DR+ tumor samples from
melanoma, breast, and lung cancer patients who relapsed
following PD-1 blockade (13). Thus, FCRL6 may serve as a
unique inhibitory receptor to counteract the productive
immunity in cancer.

Leukocyte-associated immunoglobulin-like receptor 1 (LAIR-
1) is an immune inhibitory receptor which in vitro binds to
collagen and collagen domain containing proteins including
surfactant protein D and Clq as well as epithelial cellular
adhesion molecule (Ep-CAM) (1). LAIR-1 recruits SHP-1 and
SHP-2 phosphatases upon activation, and cross-linking of the
LAIR-1 on NK cells or T cells results in strong inhibition of NK
or T cell-mediated cytotoxicity (1). Carvalheiro et al. report that
LAIRI is expressed in skin CD14+ cells, macrophages and CD1c
+ DCs. Authors show that LAIR1 ligation with anti-LAIR1
antibody in monocytes, inhibits toll-like receptor (TLR)4- and
Interferon (IFN)-a-induced signals suggesting that LAIR1 could
act as a negative regulator of inflammatory response under
certain pathogenic cues (Carvalheiro et al.). The authors
provide comprehensive kinetics and gene expression studies on
how LAIR1 is regulated under different stimulatory conditions in
monocyte-derived macrophages and monocyte-derived DCs
(Carvalheiro et al.). LAIR1 is upregulated in wound healing
preclinical models and its expression is correlated with increased
macrophage markers (Carvalheiro et al.). Interestingly, soluble
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LAIR-1 and/or LAIR-2 are increased in inflammatory diseases
such as rheumatoid arthritis, Graves’ disease and autoimmune
thyroiditis (14, 15). In preclinical cancer models, LAIR1-collagen
interactions promote CD8 T cell exhaustion and the
combination of PD-1 blockade with LAIR2 over-expression
reduces lung tumor growth and metastasis (16). Thus, LAIR1
may have an important function in different immune cells
against broad inflammatory and cytotoxic pathways to control
productive immunity.

Signal regulatory protein alpha (SIRP«) is another inhibitory
immunoreceptor expressed on myeloid and neuronal cells.
SIRPo. interacts with CD47 which is expressed broadly in
different tissues (17). Upon phosphorylation the SIRPo ITIM
acts to recruit and activate the tyrosine phosphatases SHP-1 and/
or SHP-2, which inhibit tyrosine phosphorylation-dependent
signaling events and the resulting downstream cellular effector
functions, including, e.g., phagocytosis (17). CD47-SIRPo. axis
forms an important innate immune checkpoint, with CD47
acting as so-called “don’t-eat-me” signal, which prevents the
engulfment of healthy cells by myeloid cells. Cancer cells may
highjack this pathway by over-expressing CD47 thus escaping
immune-mediated destruction (17). Franke et al. show that
SIRPa. on Bl cells negatively regulates their migration, B1 cell
numbers in the spleen, and systemic natural antibody
production, without directly affecting B1 cell activation. Bl
cells are a subset of B cells that is the main source of natural
low affinity antibodies. Authors utilize the mice lacking the
cytoplasmic tail of SIRPa (SIRPACYT mice) in their
hematopoietic compartment and show that they are protected
against atherosclerosis with increased natural antibody levels
against oxidized lipids (Franke et al.). Additional studies with
SIRPa B cell specific conditional knockout might help to better
dissect the function of this inhibitory receptor in B cells
trafficking. Thus, novel functions may emerge depending on
cellular context for various IRs adding another level of
complexity to understand their biology.

Alfarra et al. provide in-depth on clinical applications of IRs
for multiple myeloma (MM) focusing on Natural killer (NK)
cell. NK cells are an intriguing immune cell type in MM given
promising results of elotuzumab (anti-SLAMF7) and
daratumumab (anti-CD38) that enhance NK cell-mediated
anti-tumor cell toxicity by activating the antibody-dependent
cellular cytotoxicity (ADCC) mechanism (Alfarra et al.).
Although these mAbs have improved the clinical outcomes of
both newly diagnosed and relapsed or refractory MM (RRMM)
patients, only a subgroup of patients responds to these mAbs,
highlighting the complexity of the disease. CAR-NK cell
therapies and combinations of existing treatments also work
to restore the innate killing capacity of NK cells in MM.
Authors provide a detailed review and their perspectives
summarizing the advances made in this area and highlight
the utility of several NK cell IRs including several molecules
such as CD38, CD138, SLAMF7, SLAMF3, CD56, NKG2D, and
BCMA (Alfarra et al.).

Immunoglobulin G4-related disease (IgG4-RD) is a systemic
multiorgan autoimmune condition of unknown cause

characterized by enhanced serum IgG4 antibodies and tissue
expressing plasma cells accompanied by immunopathology
associated with altered acquired immunity (18). During
active IgG4-RD, the expansion of circulating plasmablasts, T
cells, and eosinophils plus autoantibodies are detected. Recent
transcriptome studies have revealed some insights into the
molecules and pathways that might be involved in IgG4-RD
(18). Several cytokines such as Th2-related, T follicular helper
cell (Tfh)-related and Treg-related transcripts have been
reported (18). In this issue, Cai et al. utilized an unbiased
proteomic approach plus existing transcriptome data to study
how different pathways/genes might be altered in I1gG4-RD
comparing both serum and tissue samples from naive
IgG4-RD patients and healthy volunteers. The authors
identify multiple signaling pathways that are dysregulated
including MAPK, PI3K-Akt, Ras, TGF-3, NF-kB, and Rapl
modules (Cai et al.). They also report modulation of Fc
gamma receptor (FcyR) and increased IgG3 levels which
may potentiate phagocytosis, antigen presentation, as well as
FcyR-mediated systemic pathology through inhibitory and
activating receptors (5). This analysis plus availability of
tool molecules against candidate pathways might help to
model pathogenic pathways in vitro and ultimately to
identify druggable targets that could be beneficial in IgG4-
RD patients.

Complex interactions between immune inhibitors and
immune stimulators in various cell types regulate productive
immunity in inflammation and cancer. Given the success
of checkpoint immunotherapies, we are beginning to better
understand the function and dominant effect of each inhibitory
receptor in humans. It has been more and more appreciated that
understanding disease heterogeneity and underlying immune
pathology is critical to enable effective therapeutics. Profiling
tumor microenvironment or inflammatory disease tissues using
high resolution gene expression, multi-omics, and multiparameter
histological studies combined with functional studies should help
to point to rationale therapeutic approaches in different disease
areas. Functional characterization of various inhibitory receptors
in different immune cell subsets should reveal novel therapeutics
or essential biomarkers to track these important regulatory
molecules in the immune system.
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Inhibitory receptors are crucial immune regulators and are essential to prevent
exacerbated responses, thus contributing to immune homeostasis. Leukocyte
associated immunoglobulin like receptor 1 (LAIR-1) is an immune inhibitory receptor
which has collagen and collagen domain containing proteins as ligands. LAIR-1 is broadly
expressed on immune cells and has a large availability of ligands in both circulation and
tissues, implicating a need for tight regulation of this interaction. In the current study,
we sought to examine the regulation and function of LAIR-1 on monocyte, dendritic cell
(DC) and macrophage subtypes, using different in vitro models. We found that LAIR-1 is
highly expressed on intermediate monocytes as well as on plasmacytoid DCs. LAIR-1 is
also expressed on skin immune cells, mainly on tissue CD14% cells, macrophages and
CD1c* DCs. In vitro, monocyte and type-2 conventional DC stimulation leads to LAIR-1
upregulation, which may reflect the importance of LAIR-1 as negative regulator under
inflammatory conditions. Indeed, we demonstrate that LAIR-1 ligation on monocytes
inhibits toll like receptor (TLR)4 and Interferon (IFN)-a- induced signals. Furthermore,
LAIR-1 is downregulated on GM-CSF and IFN-y monocyte-derived macrophages and
monocyte-derived DCs. In addition, LAIR-1 triggering during monocyte derived-DC
differentiation results in significant phenotypic changes, as well as a different response
to TLR4 and IFN-a stimulation. This indicates a role for LAIR-1 in skewing DC
function, which impacts the cytokine expression profile of these cells. In conclusion,
we demonstrate that LAIR-1 is consistently upregulated on monocytes and DC during
the inflammatory phase of the immune response and tends to restore its expression
during the resolution phase. Under inflammatory conditions, LAIR-1 has an inhibitory
function, pointing toward to a potential intervention opportunity targeting LAIR-1 in
inflammatory conditions.
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INTRODUCTION

Inflammation is a normal physiological response of the immune
system to a variety of factors, including pathogens, damaged
tissue, malignant cells, and toxic compounds. Under normal
circumstances, inflammation rapidly ends to prevent adverse
events. However, an exacerbated inflammatory response may
result in autoimmunity and unwanted collateral damage or
immune pathology (1, 2). Uncontrolled inflammation is a key
player in the pathogenesis of many chronic conditions and a
persistent inflammatory response can lead to significant tissue
and organ damage (3, 4). Inhibitory immune receptors are
essential for immunological homeostasis; during health, immune
responses are balanced to prevent damage to self, while being
aggressive enough to eliminate pathogens and tumors (5).

Leukocyte associated immunoglobulin-like receptor-1 (LAIR-
1), also known as CD305, is a transmembrane glycoprotein
inhibitory receptor with a cytoplasmic tail containing two
immunoreceptor tyrosine-based inhibitory motifs (ITIMs) (6,
7). LAIR-1 has previously been shown to be expressed on
almost all immune cells, including NK cells, T cells, B cells
and monocytes, monocyte derived dendritic cells (moDCs),
eosinophils, basophils and mast cells, as well as on CD34"
hematopoietic progenitor cells, the majority of thymocytes, but
also neutrophils upon activation (7, 8).

Collagens are functional LAIR-1 ligands and directly inhibit
immune cell activation in vitro (9). In addition, LAIR-1
also recognizes proteins that have collagen domains, such as
surfactant protein D (10) and Clq, a component of the classical
complement pathway (11). Activation of LAIR-1 in vitro potently
inhibits diverse immune functions. Crosslinking of LAIR-1
results in inhibition of T cell receptor-mediated signaling (12—
14), immunoglobulin (Ig)G and IgE production by B cells (15)
and lysis of target cells by NK cells (6). Moreover, LAIR-1
crosslinking and Clq stimulation suppresses interferon alpha
(IFN-a) release in plasmacytoid dendritic cells (pDC) (11, 16)
and toll-like receptor (TLR)9-stimulated cytokine production by
monocytes (17).

Aberrant LAIR-1 expression has been associated with
autoimmune diseases, leukemia and viral infections. For
example, pDCs and B cells from SLE patients express lower levels
of LAIR-1, resulting in increased IFN-a and antibody secretion
upon stimulation (16, 18). Moreover, soluble LAIR-1, a shed form
of LAIR-1, and the soluble family member LAIR-2 are increased
in urine and synovial fluid of rheumatoid arthritis patients
(19). Additionally, LAIR-1 is absent in high-risk B cell chronic
lymphocytic leukemia cells and LAIR-1 is downregulated on NK
cells isolated from patients enduring a chronic active Epstein-
Barr virus infection (20, 21). More recently, it was shown that
LAIR-1 is expressed on in vivo activated human neutrophils and
that LAIR-1 suppresses neutrophil extracellular trap formation
by airway-infiltrated neutrophils obtained from patients with
respiratory syncytial virus (RSV) bronchiolitis (22). In mice,
LAIR-1 limits neutrophilic airway inflammation (23).

LAIR-1 is a distinctive receptor in the immune inhibitory
receptor family because of the broad expression pattern of both
the receptor and the ligands. The regulation of LAIR-1-mediated

inhibition might be dependent on different factors such as the
strength of the activation signals, the levels of expression of
the receptor, but also on soluble LAIR-1 and LAIR-2 molecules
(7). Potentially, the interaction of LAIR-1 with collagen could
play a role in controlling immune cells in various phases of
the inflammatory response. To better understand the role of
LAIR-1 during inflammation, we investigated the expression and
function of LAIR-1 under in vitro inflammatory conditions on
monocyte, DC and macrophage subtypes.

MATERIALS AND METHODS

Peripheral Blood Mononuclear Cells

Isolation and Monocyte Isolation

Blood from healthy controls (HC) was obtained following
institutional ethical approval. Peripheral blood mononuclear
cells (PBMCs) from heparinized blood were isolated by density
centrifugation using Ficoll-Paque Plus (GE Healthcare). Fresh
monocytes were isolated using anti-CD14 magnetic microbeads
(Miltenyi Biotec) based on positive separation on auto-
MACS assisted cell sorting (Miltenyi Biotec) according to the
manufacturer’s protocol.

PBMC Stimulation

A total of 1 x 10° isolated PBMCs were seeded in a 48
well plate (Corning Costar) in a final volume of 0.5mL and
cultured in complete medium: RPMI 1640 GlutaMAX (Life
Technologies-Thermo Fisher Scientific), supplemented with 10%
heat-inactivated fetal calf serum (FCS) (Biowest Riverside) and
1% penicillin/streptomycin (Thermo Fisher Scientific). Cells
were left unstimulated or stimulated overnight at 37°C in
a 5% CO, incubator with Pam3CSK4(P3C)-TLR2/1 ligand
(5ng/mL), LPS-TLR4 ligand (100 ng/mL), R848-TLR7/8 ligand
(1 pg/mL), CpG-C-TLRY ligand (1 wM), all from Invivogen,
recombinant CXCL4 (5 wg/mL; PeproTech), recombinant IFN-
a2a (1,000 U/mL, Cell Sciences), recombinant TNF-a (10 ng/mL;
R&D Systems), recombinant TGF-B1 (10 ng/mL; Biolegend), and
recombinant TGF-p2 (10 ng/mL; R&D Systems). Cells were then
harvested and LAIR-1 expression was determined using flow
cytometry. As CD141" c¢DC1 are a very rare population in
circulation and no LAIR-1 expression was detected on steady-
state, no further functional experiments were performed on this
cell subset.

Skin Cells Isolation

Healthy human skin samples were collected as discarded tissue
after cosmetic surgery from anonymous donors who gave prior
informed consent for the use of material in research. A single-
cell suspension was obtained using the whole skin dissociation
kit (Miltenyi Biotech), following the manufacturer’s protocol.
Briefly, 3 x 4mm biopsies were digested overnight at 37°C
and processed with the gentle MACS dissociator (Miltenyi
Biotech) to obtain a single cell suspension. LAIR-1 expression was
determined in the single cell suspension using flow cytometry.
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Monocyte Derived Macrophage and

Dendritic Cell Differentiation

Purified monocytes were cultured at a density of 1 x 10° cells
per mL in complete medium in the presence of recombinant
GM-CSF (5ng/mL), M-CSF (25 ng/mL), IEN-y (10 ng/mL), IL-
10 (10ng/mL), and IL-4 (800 U/mL); all from R&D Systems,
to generate macrophages. For dendritic cell differentiation,
monocytes were cultured in the presence of GM-CSF (800 U/mL)
in combination with IL-4 (500 U/mL), or GM-CSF (800 U/mL)
in combination with IFN-oa2a (1,000 U/mL, Cell Sciences).
Monocytes were differentiated for 7 days at 37°C in a 5%
CO; incubator. At day 3, medium was refreshed with the same
concentration of recombinant proteins. Cells were harvested at
day 7, after 5min incubation with accutase (Sigma-Aldrich).
Next, LAIR-1 expression was determined using flow cytometry,
together with the expression of CD14, CD11c, CD163, CD64,
CD1a, and CD80, to assess the markers for macrophage and DC
differentiation (Supplementary Figure 1).

Flow Cytometry

Cell suspensions were first incubated with a fixable viability
dye (eBioscience) to allow exclusion of dead cells and blocked
either with normal mouse serum (Fitzgerald) or with Fc receptor
blocking reagent (Miltenyi Biotech) and then stained for 20 min
at 4°C with fluorochome-conjugated monoclonal antibodies
according to the panels on Supplementary Table 1. Samples were
acquired on a BD LSR Fortessa (BD Biosciences), or on a BD
FACSCanto (BD Biosciences) using the BD FACSDiva software
(BD Biosciences). FlowJo software (Tree Star) was used for
data analyses.

Immunofluorescence

Frozen sections (6 um) from healthy human skin samples,
collected as described above, were fixed in 4% formaldehyde for
10 min at room temperature (RT). After washing step, specimens
were blocked with 5% bovine serum albumin (BSA) diluted
in PBS. Next, mouse anti-human LAIR-1 biotin labeled (clone
NKTA255; Abcam) or mouse isotype control IgG1 biotin labeled
(eBioscience) diluted in PBS + 1% BSA buffer were incubated
overnight at 4°C. Samples were then washed and incubated for
45 min with streptavidin conjugate with Alexa Fluor 594 (Life
Technologies- Thermo Fisher Scientific) diluted in PBS + 1%
BSA buffer. Slides were finally washed and mounted with DAPI
VectaShield hardset (Vector Lab) and allow to settle before image
acquisition on a Zeiss fluorescence microscopy (Zeiss) using the
Axiovision software (Zeiss). Images were further processed with
Image] software.

Analysis of LAIR-1 Function

24 well Nunc culture plates (Thermo Fisher Scientific) were
coated with 10 pg/mL of anti-LAIR-1 agonist (clone Dx26) (6) or
10 g/mL of mouse isotype control IgG1 (eBioscience-Thermo
Fisher Scientific) diluted in PBS overnight at 4°C. A total of 1
x 10 PBMCs or 0.5 x 10° purified monocytes were seeded in
the pre-coated plates with complete medium after incubation
with Fc receptor blocking reagent (Miltenyi Biotech). Cells were
pre-incubated for 2h at 37°C in a 5% CO; incubator and then

either left unstimulated or stimulated with LPS-TLR4 ligand
(100 ng/mL, Invivogen) or IFN-a2a (1,000 U/mL, Cell Sciences).
PBMCs were stimulated overnight at 37°Cin a 5% CO; incubator
and then harvested for flow cytometry staining. Monocytes were
stimulated for 5h at 37°C in a 5% CO, incubator and afterwards
supernatants were collected and stored at —80°C and cells were
lysed with RLT buffer (Qiagen) and stored at —20°C until
further analysis.

Crosslink of LAIR-1 During Monocyte
Derived Dendritic Cell Differentiation

Purified monocytes were cultured in pre-coated 24 well plates,
as described above, at a density of 1 x 10° cells per mL in
complete medium. To generate moDCs, recombinant human
IL-4 (500 U/mL) and GM-CSF (800 U/mL); both from R&D
Systems were added to the medium. moDCs were differentiated
for 6 days at 37°C in a 5% CO; incubator and at day 3 medium
was supplemented with the same concentrations of IL-4 and
GM-CSE. At day 6, cells were either harvest for flow cytometry
staining or 100.000 cells were re-seeded in a 48 well culture
plate (Corning, Costar) and rested overnight. On the day after,
cells were left unstimulated or stimulated with LPS-TLR4 ligand
(100 ng/mL, Invivogen) or IFN-a2a (1,000 U/mL, Cell Sciences)
for 5h. Finally, cells were lysed with RLT buffer (Qiagen) and
stored at —20°C for further analysis.

Measurement of Cytokine Production
Cytokines in cell-free supernatant were measured using enzyme-
linked immunosorbent assay (ELISA) for IL-6 (Sanquin), IL-
8 (Sanquin), TNF-a (Diaclone), CXCL10 (R&D Systems),
following the manufacturer’s instructions.

RNA Isolation and Quantitative PCR

Total RNA was isolated from cell lysates using the RNeasy
micro kit (Qiagen) with RNase-Free DNase Set (Qiagen),
followed by retrotranscription with iScript reverse transcriptase
kit (Biorad), or superscript IV (Life Technologies-Thermo
Fisher Scientific) according to the manufacturer’s instructions.
Gene expression was determined by quantitative real-time PCR
(RT-qPCR) on the QuantStudio 12k flex (Life Technologies-
Thermo Fisher Scientific) using SybrSelect mastermix (Life
Technologies-Thermo Fisher Scientific) with specific primer sets
listed in Supplementary Table 2. Relative gene expression levels
on monocytes and moDCs were normalized using the RPLI3A
and B2M housekeeping genes, respectively. The relative fold
change (FC) of each sample was calculated in relation to the
ACt of the unstimulated sample treated with isotype control
(reference) according to the formula FC = 2724,

LAIR-1 Expression From Profiling Data
LAIR-1 gene expression was retrieved from array profiling data
available on the Gene Expression Omnibus (GEO-NCBI) using
GEO2R (NCBI).

Statistical Analysis
Statistical analysis was performed using GraphPad Prism
8 software (GraphPad Software Inc.). Differences between
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FIGURE 1 | well as on CD1ctcDC1s, CD141F¢cDC2s, and pDCs, determined on peripheral blood mononuclear cells (PBMC) by flow cytometry. Results are
represented as mean with SD. Differences were considered statistically significant when p < 0.05: *vs. classical monocytes, #vs. intermediate monocytes, Tys.
non-classical monocytes, fvs. CD1ctcDC1s, ¥ vs. CD141+cDC2s (one-way ANOVA test). (C) Immunofluorescence analysis of LAIR-1 (red staining), in normal skin
section and isotype control is shown as negative control. DAPI nuclear counterstain is shown in blue. Representative images out of three independent stainings were
acquired in 20x magnification. (D) Flow cytometry of enzymatically digested skin. Gating strategy used to identify tissue macrophages, tissue CD147 cells, CD141+,
and CD1c* DCs is shown. LAIR-1 expression (filled) on these cells is shown compared to isotype control (dashed). Representative data from three donors are shown.

experimental groups were analyzed using parametric unpaired
t-test, paired f-tests, one-way ANOVA test or non-parametric,
Wilcoxon’s test and Friedman test, when appropriate and
corrected for multiple comparison. Pearson’s correlation
coeflicient test was applied to detect the association between
different parameters. Two-sided testing was performed for
all analyses. Differences were considered to be statistically
significant at p < 0.05.

RESULTS

LAIR-1 Is Differentially Expressed on
Circulating Monocytes Subsets and
Dendritic Cell Subpopulations and on Skin

Immune Cells

LAIR-1 expression was evaluated on different monocytes subsets
(classical, intermediate and non-classical) as well as on different
subpopulations of classical dendritic cells (cDCs) (CDIc™
cDC2 and CD141" ¢DC1) and on pDC in peripheral blood
of HC (Supplementary Figure 2). LAIR-1 was expressed on
all different monocyte subsets, with highest expression on
intermediate monocytes, and comparable levels of expression
between classical and non-classical monocytes (Figures 1A,B).
Among DC subpopulations in circulation, pDC had highest
levels of LAIR-1, cDC2 (CDI1ct DC) had intermediate levels,
while ¢cDC1 (CD141" DC) did not express LAIR-1 at all
(Figure 1B).

Since LAIR-1 is a collagen receptor, we next investigated
whether LAIR-1 was expressed on immune cells present in
collagen rich tissue. Collagen is highly present in skin, and
we found that LAIR-1-expressing cells were present scattered
through the dermis but not in the epidermis (Figure 1C). We
next determined which cell populations expressed LAIR-1 in
skin by flow cytometry, based on the populations defined by
McGovern et al. (24). LAIR-1 was not expressed on non-immune
cells (CD457) but was highly expressed on tissue macrophages
as well as on tissue CD14™ cells. Skin CD1c™ DC also expressed
LAIR-1, but to lesser extent than tissue macrophages and tissue
CD14" cells. Similar to circulating CD141% ¢DCls, tissue
CD141" DC did not express LAIR-1 (Figure 1D). Thus, LAIR-1
is broadly expressed on blood monocytes, and it is particularly
highly expressed on intermediate monocytes, and it is also
expressed in skin myeloid cells.

LAIR-1 Is Upregulated Upon Inflammatory
Triggers

The actual dynamic of LAIR-1 expression on monocytes under
an inflammatory response remains unclear. Therefore, we

made use of available array profiling data from Italiani et al.
[GSE47122] (25) to determine LAIR-1 expression (RNA) kinetics
in monocytes on the recruitment, inflammatory and resolution
phase of the immune response mimicked in vitro. In this model,
LAIRI was rapidly upregulated 2 h after CCL2 chemoattractant
treatment, and these expression levels were maintained under
inflammation triggered by LPS and TNF-« (inflammatory phase).
LAIRI expression was further increased upon treatment with
IFN-y (time point 14 h). Furthermore, during the initial step of
the resolution phase, the addition of IL-10 led to the highest
LAIRI expression. In the final stage of resolution, TGF- addition
resulted on downregulation of LAIRI expression to the levels
found during the inflammatory phase (Figure 2A). Since SLE is
a known chronic inflammatory disease and the soluble mediators
present in SLE patients’ serum are able to induce and perpetuate
an inflammatory response (26-28), we next made use of the
model from Rodriguez-Pla et al. [GSE46920] (29), in which HC
monocytes cultured in the presence of SLE serum, exhibited
higher LAIRI levels when compared to HC serum-treated
monocytes (Figure 2B).

In order to further investigate the regulation of LAIR-
1 expression on the different monocytes subsets and DCs
subpopulations, we isolated PBMCs and stimulated them
with different TLR agonists, chemokine and cytokines.
Monocytes were identified based on HLA-DR and CDllc
expression and even though CD16 is upregulated on
monocytes in culture [Supplementary Figure 3A  and
as observed by others (30)], it was possible to identify
two different subsets of monocytes (CD14TCD16" and
CD14-CD16% monocytes). On both monocyte populations,
LAIR-1 expression increased upon TLR2/1, TLR4, TLR7/8,
TLRY, or IFN-a stimulation, compared to medium alone.
Remarkably, TNF-a stimulation induced LAIR-1 expression only
on the CD14~CD16" monocyte population (Figure 2C,
Supplementary Figure 3B). On CDIct cDC2, LAIR-1
expression only increased after TLR4 and TLR7/8 stimulation
(Figure 2C, Supplementary Figure 3B). On pDC, LAIR-1
expression was stable regardless of stimulation (Figure 2C,
Supplementary Figure 3B). Furthermore, stimulation with
CXCL4 or TGF-f did not modulate LAIR-1 expression on
any cell type (Figure 2C, Supplementary Figure 3B). Thus, in
vitro, inflammatory mediators lead to LAIR-1 upregulation on
monocytes and cDC2s.

Monocyte Function Is Modulated in vitro
via LAIR-1

In order to understand the role of LAIR-1 in the regulation
of monocyte function, LAIR-1 was crosslinked with a specific
anti-LAIR-1 agonistic antibody (clone Dx26) prior to LPS

Frontiers in Immunology | www.frontiersin.org

12

August 2020 | Volume 11 | Article 1793


https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

Carvalheiro et al.

LAIR-1 Function in Inflammation

50000
40000
30000+
20000

10000+

A
12
* * * ok x  x k%
11 ‘
(o)
Ke)
2 10— *
: v f
Q
£ 9 s L ]
§ ‘
=,
=)
[} 8-
7 { { | | \ \ \ \ \
0 2 25 3 35 4 14 24 48 hours
CcCL2 | |
LPS } }
TNF-o
IFN-y 7h‘!—‘—>
IL-10 4|::
6P 1 h  |wash
Recruitment  Inflammation Resolution
(o]

CD147CD16" monocytes

0.06 =*

* *

50000+
40000

30000
25000

20000+
15000+
10000+

5000

LAIR-1 expression (MFI)

CD1c” cDC2
* 3
[ ]
ﬁ&&g&&
¢ o+° & /&QO & “Qg

FIGURE 2 | LAIR-1 is upregulated upon inflammatory triggers. LAIR-1 gene expression was determined by array profiling and retrieved from publicly available
datasets. (A) Kinetics of the LAIR7 expression in human monocytes from an in vitro model of inflammation (GSE47122). Results are represented as mean with SD.
Differences were considered statistically significant when “p < 0.05 vs. time-point O condition (one-way ANOVA test). (B) LAIRT expression in healthy blood
monocytes exposed during 6 h to 20% serum from healthy controls (HC) or newly diagnosed, untreated systemic lupus erythematosus (SLE) patients (GSE46920).

B
5000 .
& 4000
()]
9
2 3000
wv
C
b
£ 2000
=
C
k=)
@ 1000 a&
0 \ T
HC SLE
—_—
Serum
CD14°CD16" monocytes
50000 ¥ R 006 *
400001
300001
20000
10000+
0 T
&
&
pDC
50000
40000-
30000
25000
20000-
15000+
100001~ ket - - O @ o - it e
5000-
Q‘b &b ' S &q/
@@b‘ voE c,+° @ & &c;< &c;<
(Continued)

Frontiers in Immunology | www.frontiersin.org

13

August 2020 | Volume 11 | Article 1793


https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

Carvalheiro et al.

LAIR-1 Function in Inflammation

FIGURE 2 | Results are represented as mean with SD. Differences were considered statistically significant when p < 0.05 (Unpaired t-test) (C) LAIR-1 expression
[represented as median fluorescence intensity (MFI)] on PBMCs stimulated overnight with different TLR agonists, cytokines and chemokines was assessed by flow
cytometry on CD14+TCD167and CD14-CD16™ monocytes subpopulations as well as on CD1ct DCs and pDCs. Results are represented as mean with SD.
Statistically significant differences were considered when *p < 0.05 vs. medium condition (Friedman’s test).
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(TLR4 ligand) or IFN-a stimulation. In cultured PBMCs, LAIR-
1 signaling prevented LPS or IFN-a induced upregulation of
the co-stimulator molecule CD80 and LPS induced HLA-DR
expression on monocytes (Figure 3A). The expression of other
markers, such as CD86, HLA class I (HLA-ABC) and activating
collagen receptor osteoclast-associated immunoglobulin-like
receptor (OSCAR) was not modulated upon stimulation. Of
note, LAIR-1 expression was downregulated upon LAIR-
1 engagement, most likely due to receptor internalization
(Supplementary Figure 4).

In purified monocytes, LAIR-1 ligation inhibited LPS induced
IL-6, TNE IL8, CCL2, CXCL10, TLR7, IL10, and STATI mRNA
expression (Figure 3B). In line with mRNA expression, LPS
induced IL-6, TNF-a, and IL-8 protein production was also
inhibited by LAIR-1 triggering (Figure3C). Additionally,
LAIR-1 signaling inhibited IFN-a induced IL6, CXCLIO,

TLR7, IL10, and STATI mRNA expression (Figure3B). For
CXCL10 this was confirmed at protein level (Figure3C).
In unstimulated cells, LAIR-1 activation led to decreased
CXCL10, TLR7, IL10, and STATI gene expression while
TNF and CCL2 gene expression was increased. Furthermore,
LAIR-1 ligation resulted in increased IL-8 protein production
(Figures 3B,C). Taken together, LAIR-1 ligation inhibits
both TLR4 activating signals and IFN mediated responses
in vitro.

LAIR-1 Is Downregulated on GM-CSF and
IFN-y Monocyte-Derived Macrophages and

Monocyte Derived-Dendritic Cells
Under inflammatory conditions, monocytes are attracted
from the circulation to injured tissues and once arrived,

Frontiers in Immunology | www.frontiersin.org

14

August 2020 | Volume 11 | Article 1793


https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

Carvalheiro et al. LAIR-1 Function in Inflammation

A
IL-4 IL-10 GM-CSF+IL4 GM-CSF+IFN-a
1001
80
] 60
[\ 40
.\ 28!
>
B (o]
30000 100+ * ¥ @
= () 2 s ®
= g 80 ° [}
§ 200001 @ 2
£ ® g 607
(0] a.
S ® - o Q
X s o
b < 40 ®
z 100001 |“@ é
= (e} =
< - 20
O
TE L & F & Y F s e
€
3 88 z 5 2 2 2 3868 z 53 2 F 2
S i e ¥ @ S i P F &
o = = w7 o = = v, B
= G) U o = (G] (G
: wn ! w0
s Y = ¥
o = =
L 1 0 1 o 1
Macrophages Dendritic Macrophages Dendritic
cells cells
FIGURE 4 | LAIR-1 is downregulated on GM-CSF and IFN-y monocyte-derived macrophages and monocyte derived-dendritic cells. (A) Representative histogram of
LAIR-1 expression assessed on different types of in vitro monocyte-derived macrophages and dendritic cells using flow cytometry. (B) Quantification of LAIR-1
expression represented as median fluorescence intensity (MFI). (C) The percentage (%) of cells expressing LAIR-1 is displayed. Results are represented as mean
with SD.

monocytes can enter macrophage or dendritic cell reprograming, ~LAIR-1 Impacts Monocyte-Derived

depending on the micro-environment (31). Here we assessed  Dendritic Cell Differentiation

LAIR-1 expression on monocyte-derived macrophages and  To examine the contribution of LAIR-1 activation on monocyte
dendritic cells differentiated in vitro. LAIR-1 expression was  derived dendritic cells differentiation, we generated dendritic
downregulated on GM-CSF and IFN-y derived macrophages,  cells from monocytes (moDCs) with GM-CSF and IL-4 in the
while on M-CSF and IL-10 derived macrophages LAIR-1  presence of plate bound anti-LAIRI antibody (clone Dx26).
expression was maintained (Figures4A,B). Moreover, on  LAIR-1 ligation during moDCs differentiation resulted in
IL-4 and IL-10 derived macrophages LAIR-1 expression a lower percentage CDla®™ or CDIc expressing cells when
was downregulated on a subset of cells (Figures4A,B).  compared to the isotype control condition. On the other hand,
LAIR-1 was profoundly downregulated on monocyte-derived ~ LAIR-1 ligation resulted in a higher percentage of CD86™
dendritic cells differentiated in the presence of GM-CSF  cells and increased CD14, CD141, HLA-ABC, and HLA-DR
combined with IL-4 or combined with IFN-a, with only  expression. LAIR-1 ligation did not affect CD11lc and CD80
an average of 11.5 and 21.1% of LAIR-1- expressing cells, expression (Figures 5A,B). Thus, LAIR-1 ligation during moDC
respectively (Figures 4B,C). Thereby, these results demonstrate  differentiation, clearly alters their phenotype with potential
that monocyte reprogramming toward macrophages or  impact on their function.

DCs critically regulates LAIR-1 expression; while GM-CSF We next sought to understand whether moDC differentiated
and IFN-y differentiated macrophages (M1) and moDCs in the presence of LAIR-1 ligation responded differently to
downregulate LAIR-1 expression, M-CSE IL-10 and IL-4  subsequent TLR4- ligand (LPS) or IFN-a stimulation. After
differentiated macrophages (M2) maintain in great part 6 days of differentiation, moDCs were harvested and further
LAIR-1 expression. stimulated with LPS or IFN-o. moDCs differentiated in the
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FIGURE 5 | expression of CD1a, CD1c, CD11¢, CD14, CD141, CD86, CD80, HLA-ABC, and HLA-DR was assessed by flow cytometry. Quantification is shown as
percentage (%) of positive cells or median fluorescence intensity (MFI). (B) Representative plots or histograms are shown. (C) Monocyte derived dendritic cells
differentiated in the presence of anti-LAIR-1 agonist (Dx26) or isotype control were stimulated during 4 h with TLR4 agonist- LPS or IFN-a and the IL72A, IL23A,
IL27A, IL1B, IL10, TNF, IL6, IL8 gene expression was evaluated by gRT-PCR. Results are represented as paired samples. Statistically significant differences were
considered when *p < 0.05, **p < 0.001 (Wilcoxon’s test).
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FIGURE 6 | LAIR-1 in vivo dynamics during inflammation. LAIR-1 gene expression was determined by array profiling and retrieved from publicly available datasets. (A)
Lair1 expression in mouse skin samples recovered from injury up to 10 days following wounding inflicted via punch biopsy (GSE23006). Results are represented as
mean with SD. Differences were considered statistically significant when *p < 0.05 vs. control sample (one-way ANOVA test). (B) Correlation between Lair1
expression and Ptprc (CD45), Adgre1 (F4/80), and Cd68 expression in mouse skin samples recovered from injury up to 10 days following wounding inflicted via punch
biopsy (GSE23006). Correlations were assessed by the Pearson’s correlation coefficient test. (C) LAIR-1 expression on peripheral blood monocytes from
gram-negative sepsis patients during sepsis and following their recovery (GSE46955). Results are represented as mean with SD. Differences were considered
statistically significant when *o < 0.05 (HC vs. sepsis basal and HC vs. sepsis recovery Unpaired t-test, sepsis basal vs. sepsis recovery Paired t-test).

presence of LAIR-1 agonist and stimulated with LPS expressed  decreased at day 5 and normalized to the level of unwounded
lower mRNA levels of IL12A, IL27A, IL1B, IL8, and IL10 but tissue at day 10 (Figure 6A). We next investigated a potential
showed higher expression levels of IL23 (Figure 5C). On the relation between the LAIR-1 dynamics of expression in this
other hand, IFN-a stimulation of moDCs differentiated in the = model with immune infiltration. Indeed, we observed a minor
presence of LAIR-1 agonist resulted in increased gene expression  correlation between Lairl and Ptprc (CD45 gene) but a strong
levels of IL27A, IL10, and TNF (Figure 5C). Hence, LAIR-1  correlation between Lairl and macrophage markers like Adgrel
ligation during moDC differentiation changes the response to  (F4/80 gene) and Cd68 (Figure 6B). Therefore, Lairl expression

TLR4 and IFN-a stimulation. during wound-healing in this model may be related with
macrophage infiltration.

LAIR-1 Dynamics During Inflammation Human sepsis is an example of a dysregulated inflammatory

in vivo response to infection (33) and represents an interesting model

Our in vitro data points toward an upregulation of LAIR-1  to comprehend LAIR-1 dynamics in vivo. Array profiling data,
upon stimulation with several inflammatory mediators, however, ~on ex vivo isolated blood monocytes from HC and gram-
the actual in vivo LAIR-1 regulation remains to unveil. Wound ~ negative sepsis patients during sepsis (basal) and following
healing in mice is a conventional in vivo model to explore their recovery (recovery) were published by Shalova et al.
dynamics of inflammation during tissue repair. In the array ~ [GSE46955] (34). LAIRI expression was higher in patient
profiling performed by Chen L et al. in this model [GSE23006] ~ monocytes during sepsis compared to HC and was restored to
(32), we found that Lairl expression was unaltered during HC levels after the recovery process (Figure 6C). These data
the first 12h after the wound was induced, but after 24h, indicate that the expression of LAIR-1 is dynamic and varies
Lairl expression was upregulated, with the highest Lair]  during the different phases of inflammation and resolution of the

expression being detected 3 days after injury. Lairl expression  immune response.
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DISCUSSION

It has been proposed that the interaction between LAIR-1 and
its ligands should be critically regulated to ensure a balanced
immune response. Differential expression of LAIR-1 on B cells, T
cells, DCs and neutrophils was previously reported (7), pointing
toward the importance of the expression levels for the regulation
of LAIR-1-mediated inhibition.

Monocytes and DCs have a high complexity and heterogeneity
(35, 36). In line with this, LAIR-1 is differently expressed
among the different circulating monocytes subsets. Intermediate
monocytes highly express LAIR-1 when compared to classical
and non-classical monocytes. This differential expression could
be related with the actual role of each monocyte subset in
inflammation. For instance, the intermediate monocytes subset
expresses the highest levels of antigen presentation-related
molecules and was shown to produce higher amounts of TNEF-
a, IL-1B, IL-6, and CCL3 upon TLR stimulation. In addition, this
cell subset is often increased in many inflammatory conditions
(36-39). Thus, high levels of LAIR-1 expressed by this cell
subset may reflect the importance of regulation of inflammation
to return to homeostasis. In line, in vitro we demonstrate
that stimulation with inflammatory cues, such as serum of
SLE patients, TLR ligands, IFN-a or TNF-a, leads to LAIR-1
upregulation on monocytes and CD1c ¢DC2s. This indicates,
that in inflammatory conditions there might be a need for LAIR-
1 upregulation to interact with its ligands in order to readily
tune down the immune response. Of note, LAIR-1 upregulation
mediated by IL-10 in the initial phase of the resolution phase
can be important to inhibit the ongoing inflammatory process,
however maintaining high levels of LAIR-1 could lead to an
exacerbated inhibitory response, with detrimental effects. In
this context, TGF-B seems to be important to return LAIR-1
expression back to homeostatic levels. Interestingly, stimulation
with TGF-f1 and TGF-B2 alone did not impact LAIR-1
expression in monocytes or DCs.

In pDCs, we confirmed the high levels of LAIR-1, reported
before (16), while the expression on CD1c* ¢cDC2 is comparably
lower. Whether LAIR-1 is maintained in tissue resident cells is yet
unclear. Here we show that LAIR-1 is highly expressed on tissue
macrophages and tissue CD14™ cells present in skin, indicating
that LAIR-1 might be an important mediator maintaining
immune tolerance in peripheral tissues, especially in the presence
of a high abundance of collagen. Interestingly, we found that
circulating CD1417% ¢DC1 do not express LAIR-1. Likewise, it has
already been shown that cDCls also lack the expression of other
inhibitory receptors such as ILT2 and that PD-L1 is low expressed
(40). This demonstrates that CD141" ¢DCI1 display a different
profile of inhibitory receptors compared with cDC2, and are not
regulated via LAIR-1 in circulation or skin.

In monocytes, we also show that LAIR-1 regulates the
expression of CD80 and HLA-DR, which indicates a potential
importance for LAIR-1 in balancing antigen-presenting cell—T
cell interaction. Furthermore, LAIR-1 triggering in monocytes
modulates LPS-TLR4 and IFN-o mediated responses. All
together, these findings implicate that LAIR-1 is expressed
under inflammatory conditions and it is able to modulate
immune responses to multiple activating cues. As a remark, we

observed induction of CCL2 and IL-8 upon LAIR-1 antibody
stimulation in unstimulated cells, which could be due to FC
receptor mediated signals, which cannot be completely excluded
in these experiments.

Macrophages are very plastic cell types that can be found
in all tissues, displaying an enormous functional diversity as
they play diverse roles in the development, homeostasis, tissue
repair and immunity (41). We show that LAIR-1 expression on
in vitro GM-CSF and IFN-y differentiated macrophages (M1
macrophages) is low in line with similar observations in IFN-
y or IFN-y+LPS stimulated THP-1-derived macrophages by Jin
et al. (42). The low LAIR-1 levels on this macrophage type may
contribute to their inflammatory profile. In line with this, LAIR-
1 expression is maintained on M-CSF and IL-10 differentiated
macrophages, associated with wound healing/immunoregulatory
M2 macrophages (43, 44), which have an anti-inflammatory role.
Consequently, retaining LAIR-1 expression might be beneficial
for their immunosuppressive function.

MoDCs differentiated in the presence of LAIR-1 ligation
have low CDla and CDlc expression, but higher levels
of CD86 (co-stimulatory molecule), CD14, HLA-ABC and
HLA-DR molecules. These results are in line with previous
reports indicating that LAIR-1 engagement can regulate the
differentiation of monocytes into DCs with GM-CSF (45)
and that LAIR-1 ligand Clq and C1 complexes are able to
inhibit the differentiation of monocytes into DCs (11). Of
note, the CDIla negative moDCs were previously shown to
produce lower amounts of IL-12 upon stimulation and have
less capacity to polarize T cells to a Thl phenotype (46). The
heterogeneity within moDC cultures is elegantly discussed by
Sander et al. (47). Additionally, we also showed that LAIR-1
activation during moDC differentiation alters the response to
TLR4 and IFN-a stimulation, whereas DCs differentiated in the
presence of LAIR-1 ligation, have a lower inflammatory response
to TLR4 activation, IFN-a stimulation results in an increased
inflammatory response. On one hand, these cells can actively
participate on the host defense against viruses (48), but on the
other hand may play a potential role in the perpetuation of type I
interferon-mediated autoimmune diseases (49).

Since an exacerbated inflammatory response might be
potentially harmful, the control of the pro-inflammatory
mechanisms by an anti-inflammatory counterbalance is an
important protective process against further enhancement of
inflammation (50, 51). Our different in vitro and in vivo
models indicate that inflammation leads to an upregulation
of LAIR-1, as observed here in monocytes from sepsis
patients, but also on circulating monocytes in acute myocardial
infarction, rheumatoid arthritis and liver cirrhosis (52-54).
The upregulation of LAIR-1 during inflammation, for instance
mediated by TLR or IFN signals, will facilitate its inhibitory
signals. As shown here, this ranges from controlling the
production of classical inflammatory cytokines (i.e., IL-6, TNF-a,
or IL-8), but also IL-10 or IFN inducible proteins as CXCL10.

In conclusion, we show that LAIR-1 is broadly expressed
on different monocyte subsets and macrophages, not only in
circulation but also in tissue. Under inflammatory conditions
LAIR-1 is upregulated and upon ligation its intrinsic inhibitory
capacity is functional, and is able to reprogram monocyte derived
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DC function. Thereby, our data indicate that LAIR-1 is a
potentially targetable receptor to damp the immune responses in
inflammatory conditions.
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Immunoglobulin G4-related disease (IgG4-RD) is a newly defined disease entity, while
the exact pathogenesis is still not clear. Identifying the characters of 1gG4-RD in
proteomic and transcriptomic aspects will be critical to investigate the potential
pathogenic mechanisms of IgG4-RD. We performed proteomic analysis realized with
iTRAQ technique for serum samples from eight treatment-naive IgG4-RD patients and
eight healthy volunteers, and tissue samples from two IgG4-RD patients and two
non-lgG4-RD patients. Transcriptomic data (GSE40568 and GSE66465) was obtained
from the GEO Dataset for validation. The weighted correlation network analysis (WGCNA)
was applied to detect the gene modules correlated with IgG4-RD. KEGG pathway
analysis was used to investigate pathways enriched in IgG4-RD samples. As a result,
a total of 980 differentially expressed proteins (DEPs) in tissue and 94 DEPs in serum
were identified between 1gG4-RD and control groups. Three hundred fifty-four and
two hundred forty-seven genes that most correlated with 1IgG4-RD were detected by
WGCNA analysis in tissue and PBMC, respectively. We also found that DEPs in IgG4-
RD samples were enriched in several immune-related activities including bacterial/viral
infections and platelet activation as well as some immune related signaling pathways. In
conclusion, we identified multiple processes/factors and several signaling pathways that
may involve in the 1I9G4-RD pathogenesis, and found out some potential therapeutic
targets for IgG4-RD.

Keywords: IgG4-related disease (IgG4-RD), proteomic analysis, WGCNA (Weighted Gene Co-expression Network
Analyses), enrichment analysis, IgG4-RD pathogenesis

INTRODUCTION

Immunoglobulin G4-related disease (IgG4-RD) is a newly defined immune-mediated disease with
common clinical, serological, and pathological features (1). Common features of IgG4-RD include
serum IgG4 level elevation, multiple organ involvements, dense infiltration of IgG4+ plasma cells,
and significant tissue infiltrates (2). This disease affects men more often than women and age at
diagnosis ranges from 50 to 70 years (3). Although most patients do respond to steroids well, the
relapse rate can be nearly 50% (4).
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IgG4-RD is also characterized by alterations in acquired
immune system, in which aberrant expansion of plasmablasts,
CD4+ cytotoxic T cells, and follicular T helper cells have been
observed (5-7). In addition, several inflammatory factors such
as TGF-B, IL-4, and IL-10 have also been identified to play a
role in the pathogenesis of 1gG4-RD (8). The increase of these
cytokines promotes eosinophilia in serum or certain tissues, high
levels of IgG4-producing plasma cells, elevated production of
IgE, and fibrosis, with inflammatory cell infiltrates ultimately
causing organ damage (9). Furthermore, several autoantibodies,
including anti-carbonic anhydrase II and anti-lactoferrin, are
often present in patients with IgG4-RD, especially those with
IgG4-related autoimmune pancreatitis (AIP) (10). At present,
however, the exact pathogenic mechanism remains unclear,
which is an important issue in IgG4-RD studies.

Due to the lack of ideal animal models, and limited sample
origin, high throughput, and bioinformatics techniques may
help understand the underlying pathogenesis of IgG4-RD more
deeply. Transcriptome-wide profiling, as a downstream level
of genome-scale mapping, can reveal a systemic dynamics
of molecular interaction (11). Recently, studies have utilized
transcript profiling in labial salivary glands (LSGs) to distinguish
molecular features between IgG4-RD and Sjogren’s syndrome
(SS), a disease with common phenotypic elements (12, 13).
Among other findings, active involvement of Th2- (IL-4, IL-5,
and IL-21), T follicular helper cell (Tfh)—(BCL-6 and CXCR5)
and Treg-related transcripts (IL-10, FOXP3, CCL18, and TGF-
p1) in patients with IgG4-RD were observed. These data showed
how elevated levels of such cytokines and chemokines can induce
IgG4 plasma cell infiltration, high IgG4 levels in the periphery,
and impact tissue fibrosis in the LSG of 1gG4-RD patients (13).
Further, researchers using high-throughput RNA sequencing
technology revealed the molecular differences and effects from
prednisone treatment among IgG4-related disease with salivary
gland lesions (RD-SG), without SG lesions (RD-nonSG), and
IgG4-related retroperitoneal fibrosis (RF) (14). However, the
molecular mechanisms and appropriate therapeutic strategies
underlying the pathogenesis of IgG4-RD are still unclear.

Proteins are effectors of biological function, and exert critical
important roles in the pathogenesis of diseases. Investigation into
proteins is crucial for the development of methods to realize
early disease diagnosis, prognosis assessment and to monitor the
disease development (15). Proteomics involves the applications
of technologies for the identification and quantification of overall
proteins present content of a cell, tissue or an organism. However,
the proteomic study in the field of IgG4-RD is still blank. Thus,
we detected both the serologic and tissue proteasome of 1gG4-
RD patients, and sought for the potential pathogenic information
underlying the changes of expression level of proteins in
IgG4-RD. Besides analysis at protein level, we also applied

Abbreviations: IgG4, Immunoglobulin G4; iTRAQ, Isobaric tags for relative and
absolute quantitation; CV, coefficient of variation; WGCNA, weighted gene co-
expression network analysis; KEGG, Kyoto Encyclopedia of Genes and Genomes;
DEDP, differentially expressed protein; FDR, false discovery rate; LSG, labial salivary
glands; PBMC, peripheral blood mononuclear cell. BCR, B cell receptor; PAMP,
pathogen associated molecular patterns; DAMP, danger associated molecular
patterns. PRR, pattern recognition receptor; MMP, matrix metalloproteinase.

Weighted correlation network analysis (WGCNA) methods, a
powerful analysis tool that can be utilized for constructing a
weighted correlation network and finding modules comprised of
highly correlated genes (16), to analyze two public datasets at
transcriptomic levels in involved tissue and PBMC, respectively,
of IgG4-RD patients.

In conclusion, based on proteomic and transcriptomic
analyses, we have not only identified several differently expressed
proteins in serum and tissue samples from IgG4-RD patients
compared with healthy people, but also illustrated some features
of immuno-inflammatory reactions in IgG4-RD, which also
helped provide information of its potential therapeutic targets.
These results may provide clues to the elucidation of the
pathogenesis of, and the development of therapeutic agents
for IgG4-RD.

MATERIALS AND METHODS

Proteomic Analysis

Patients and Treatment

We studied eight diagnostic serum samples from eight treatment-
naive IgG4-RD patients (25-70 years old) at Department
of Rheumatology and Immunology, Wuhan Tongji Hospital
(Table 1). The diagnosis of IgG4-RD has been made according
to diagnostic criteria for 1gG4-related disease (IgG4-RD) (17).
Meanwhile, eight serum samples from healthy controls (HC)
were collected and stored at —80°C for further analysis. Tissue
samples of submandibular glands were obtained from two 1gG4-
RD patients and two non-IgG4-RD patients (adjacent normal
edge of the surgical specimens), and stored in liquid nitrogen.
All patients gave informed consent to the use of data records
for research and to additional laboratory analysis on serum and
tissue samples.

Sample Preparation

In this study, the Isobaric tags for relative and absolute
quantitation (iTRAQ) technology was applied to investigate the
proteasome of serum and tissue samples. First, the ProteoMiner
Protein Enrichment Kit (Bio-rad laboratories, Hercules, CA,
USA) was applied to deplete the high abundance proteins.
Then, the protein solution (100 ug) with 8 M urea was diluted
4 times with 100mM TEAB buffer. Trypsin Gold (Promega,
Madison, WI, USA) was used to digest the proteins with
the ratio of protein: trypsin = 40: 1 at 37°C overnight.
After trypsin digestion, peptides were desalted with Strata
X C (Phenomenex), and vacuum-dried according to the
manufacturer’s protocol. Peptide labeling was performed by
iTRAQ Reagent. Peptide Fractionation were realized with a
HPLC Pump system (Shimadzu LC-20AB) coupled with a
high pH RP column. Supernatants of fractions were loaded
on UHPLC system (Thermo Scientific™ UltiMate™ 3000)
equipped with a trap and an analytical column, and peptides
separated from nanoHPLC were subjected into the tandem mass
spectrometry QEXACTIVE HF X (Thermo Fisher Scientific, San
Jose, CA) for data-dependent acquisition (DDA) detection by
nano-electrospray ionization. The parameters for MS analysis
are listed as following: electrospray voltage: 2.0 kV; precursor
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TABLE 1 | Basic clinical information of IgG4-RD patients in this study.

ID Age Involved organ Sample type
1 40-50 Retroperitoneum, pancreas, biliary tract, submandibular glands Serum, tissue
2 40-50 Submandibular glands, retroperitoneum Serum
3 50-60 Pancreas, biliary tract, submandibular glands, lymph nodes Serum
4 50-60 Pancreas, biliary tract, submandibular glands Serum, tissue
5 70-80 Pancreas, submandibular glands, salivary glands, lymph nodes Serum
6 40-50 Pancreas, biliary tracts, lymph nodes Serum
7 20-30 Endocranium, lymph nodes Serum
8 50-60 Submandibular glands, lymph nodes Serum

scan range: 350-1,500 m/z at a resolution of 60,000 in Orbitrap;
MS/MS fragment scan range: >100 m/z at a resolution of 15,000
in HCD mode; normalized collision energy setting: 30%; dynamic
Exclusion time: 30's; automatic gain control (AGC) for full MS
target and MS2 target: 3e6 and le5, respectively; the number
of MS/MS scans following one MS scan: 20 most abundant
precursor ions above a threshold ion count of 10,000.

Protein Identification and Quantification

Protein identification and quantification were realized by
software IQuant (18). The propensity score matchings (PSMs)
were pre-filtered with false discovery rate (FDR) < 1% to assess
the confidence of peptides. Then, the identified peptide sequences
were assembled into proteins. After protein inference, the protein
will be estimated with FDR < 0.01.

Transcriptomic Analysis

Microarray Data Collection

We downloaded DNA microarray dataset GSE40568 and
GSE66465 from Gene Expression Omnibus (GEO). Specifically,
LSG samples in GSE40568 were obtained from Japanese patients
with IgG4-RD (n = 5) as well as from Japanese patients with SS (n
=5) and HCs (n = 3) who had been followed up at the University
of Tsukuba Hospital (Ibaraki, Japan), Tokyo Women’s Medical
University Hospital (Tokyo, Japan), and Kyushu University
Hospital (Fukuoka, Japan) (13). PBMC samples from peripheral
blood mononuclear cell (PBMC) of IgG4-RD were obtained from
patients with IgG4-RD before (n = 2) and after steroid (n = 2)
therapy who registered in the research project of the Research
Program for Intractable Disease of the Ministry of Health, Labor,
and Welfare (MHLW) of Japan and HCs (n = 4) (19).

WGCNA Analysis

The coeflicient of variation (CV) of each gene were calculated
after expression matrix were imported and normalized. Genes
with CV >5% were log2 transformed, and the corresponding
expression data was applied as input for WGCNA analysis.
Then weighted co-expression networks were constructed by
employing blockwiseModules function in the WGCNA package
(https://horvath.genetics.ucla.edu/html/CoexpressionNetwork/
Rpackages/WGCNA/). In this study, we construct a scale-free
network (R? = 0.9) based on the criteria that soft-thresholding
power B were set as 20 (IgG4-RD LSG samples in GSE40568

dataset, Figure S1) and 12 (IgG4-RD PBMC sample in GSE66465
dataset, Figure S2) correspondingly. Genes, that possess edges
with adjacency value of >0.2 in the module most correlated to
IgG4-RD, were extracted for enrichment analysis.

Statistical Analysis

Log2 transformed data were used to calculate the difference
of proteins between IgG4-RD and HC samples with “t-test”
function in R package (version 3.5.1). Expression matrix from
GEO datasets were extracted and normalized by using R package
“GEOquery”. WGCNA analysis was realized with R package
“WGCNA” (version 1.68) (16). KEGG/GO analyses and network
construction were realized and visualized with Cytoscape
(version 3.4.0) and ClueGO plugin or R package “clusterprofiler”
(version 3.12.0) (20, 21). Information of targeted drugs of hub
proteins were obtaind via Therapeutic Target Database (22).
Without specific indication in the manuscript, all DEPs or genes
in gene-module were input to make enrichment analyses.

RESULTS

Identification of Differentially Expressed

Proteins With Proteomic Data

A total of 980 (542 up-regulated and 438 down-regulated)
differentially expressed proteins (DEPs) in tissue (Figure 1A,
Table S1), while 94 (86 up-regulated, 8 down-regulated)
differentially expressed proteins in serum (Figure 1B, Table S2)
were identified between I1gG4-RD and control samples based
on our criteria (mean ratio of IgG4-RD vs. Control >1.2, p <
0.05). Among them, we found there were 12 DEPs (IGHG4,
ITA2B, URP2, HV118, APOC2, GP1BA, CAP1, TBB1, APOE,
DSC2, TSP1, and SODE) overlapped in the comparisons of tissue
and serum and all those DEPs upregulated in IgG4-RD patients,
suggesting their importance to IgG4-RD.

To understand the function of these DEPs which may
involve in IgG4-RD, functional enrichment analysis of these
DEPs identified in tissue/serum between IgG4-RD and control
samples were carried out. Results indicated that most tissue
upregulated DEPs were involved in terms including immune
related cells activation (e.g., immune response-activating cell
surface receptor signaling pathway) and cell adhesion (e.g.,
leukocyte cell-cell adhesion), and infection related processes
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FIGURE 1 | Volcano plot of differentially expressed proteins between IgG4-RD patients and control. (A) 980 (542 up-regulated, 438 down-regulated) differentially
expressed proteins were identified in tissue between IgG4-RD and control samples. (B) 94 (86 up-regulated, 8 down-regulated) proteins in serum were identified as

differentially expressed between IgG4-RD and control samples. Proteins with mean ratio >1.2 and p < 0.05 were regarded as differentially expressed.

0.
Log2 (Mean Ratio IgG4-RD vs. Control)

such as human immunodeficiency virus 1 infection, Epstein-
Barr virus infection, and Salmonella infection etc. (Figure 2A).
However, down-regulated DEPs in tissue were mainly involved
in processed related to cell junction (e.g., cell junction assembly)
(Figure 2B). Given the number of downregulated DEPs in serum
is small, we focus on upregulated DEPs for further analysis and
terms such as protein activation cascade, platelet activation, and
extracellular structure organization were outstood in both GO
biological process (BP) and KEGG pathway (Figure 3).

Weighted Gene Co-expression Network

Analysis of Transcriptomic Data

A total of 4,364 genes with coefficient of variation (CV) >5% as
input for the construction of WGCNA using GSE40568 dataset
from LSC samples. Combined with the topological overlap
matrix with the hierarchical average linkage clustering method,
we detected the 13 modules in IgG4-RD (n = 5), pSS (n = 5),
and HC samples (n = 3) (Figure 4A). Among them, module
“turquoise” with 934 genes showed strongest correlation with
IgG4-RD phenotype (correlation = 0.81, p = 7e-5) (Figure 4A,
Figures S3A,B). Then, a total of 354 genes with edge-adjacency-
value more than 0.2 in module “turquoise” were exported for
further functional enrichment analysis (Tables S3, §4).

Based on GSE66456 dataset from PBMC samples, we
identified 2,306 genes with coefficient of variation (CV) >5%
as input for WGCNA. In this study, 14 modules were detected
by WGCNA in IgG4-RD before treatment (IgG4-RD_BT, n
= 2), 1gG4-RD after treatment (IgG4-RD_AT, n = 2) and
HC samples (HC, n = 4) based on the criteria referred in
method section (Figure4B). Among them, module “yellow”
with 360 genes showed strongest correlation with IgG4-RD_BT
phenotype (Figure 2B, Figures S4A,B). Further, 247 genes with
edge-adjacency-value more than 0.2 in module “yellow” were
exported for functional enrichment (Tables S5, §6). In general,

we discovered three major biological processes and several
signaling pathways that may involve in IgG4-RD.

Antibody Mediated Autoimmune
Responses Are the Character of IgG4-RD

Antigen-receptor mediated signaling pathway was significantly
enriched in IgG4-RD tissues. Besides T cell-related signaling
pathways, using proteomic data by KEGG analysis, we found
several KEGG pathways related to B cell-related immune
processes, such as “Fc gamma R-mediated phagocytosis,”
“B cell receptor signaling pathway,” “Antigen processing
and presentation,” and “Leukocyte transendothelial migration”
were significantly enriched in IgG4-RD tissue (Figure2A).
Meanwhile, we also found term like “Fc gamma R-mediated
phagocytosis” was enriched in genes from “turquoise” module
in WGCNA analysis of the transcriptomic data of IgG4-RD
LSG (TableS7). In addition, KEGG term “Systemic lupus
erythematosus” was enriched in transcriptomic data of IgG4-RD
derived PBMC (p < 0.0001, Table S8). These results indicated
autoimmune characters of IgG4-RD, and also revealed an
important role of antibodies in the autoimmune responses of
IgG4-RD (23).

Potential Infection and Infection-Related
Responses May Be the Trigger in IgG4-RD

Infectious agents are the main origin of pathogen associated
molecular patterns (PAMPs), and can mediate the release of
danger associated molecular patterns (DAMPs). Both PAMPs
and DAMPs are ligands of pattern recognition receptors
(PRRs), which can be found in many cellular components
involved in immune reactions. Activation of PRRs can modulate
the functional states of immune-related cells, which further
influence the process of immune responses. Based on our
proteomic data, many infection related terms such as “Human
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FIGURE 2 | Functional enrichment of DEPs in tissue with proteomic data. (A) KEGG analysis and GO Biological process (GO BP,
tissue. (B) KEGG analysis and GO enrichment of down-regulated DEPs in tissue. X-axis: the number of DEPs of the proteomic data involved in the corresponding
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immunodeficiency virus 1 infection,” “Epstein-Barr virus
infection” and “Bacterial invasion of epithelial cells” were
enriched in IgG4-RD tissue (Figure 2A, Table 2). Meanwhile,

we also found genes from module “turquoise” in transcriptomic
data also showed correlation with infection terms such as
“Human papillomavirus infection,
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all these 13 modules, module “turquoise” showed strongest correlation with IgG4-RD phenotype. (B) 14 modules were detected by WGCNA in all samples from
GSEB6465, and module “yellow” showed strongest correlation with IgG4-RD (before treatment) phenotype.

Helicobacter pylori infection,” “Bacterial invasion of epithelial
cells,” etc (Table 3, Table S7). Most of these terms showed
relationship with bacterial infection, which may echo the fact
that most involved organs in IgG4-RD are exocrine organs, like
pancreas, and submandibular glands (24). Thus, we may infer
that infectious agents and infection related processes may play
important roles in the development and progress of IgG4-RD.

Platelet Activation Were Observed in
IgG4-RD Samples

In proteomic data, up-regulated DEPs from both serum and
tissue samples of IgG4-RD patients were enriched in “Platelet
activation” pathway (Figures 2A, 3). Meanwhile, Enrichment of
term “Platelet activation” was also observed in genes derived
from “turquoise” module from tissue transcriptomic dataset
(Figure 5). This result is consistent with the research on platelets
that may serve as the immune components to possess modulate
functions (25).

Multiple Signaling Pathways May
Participate the Pathogenesis of IgG4-RD

Understanding the significantly enriched signaling pathways in
IgG4-RD may help to search the potential therapeutic targets.
In proteomic data, “Rapl signaling pathway” and “NF-«B
signaling pathway” were enriched in IgG4-RD tissue (Figure 2B),
while terms such as “MAPK signaling pathway,” “PI3K-Akt

»

signaling pathway,” “TGF-f signaling pathway,” “Ras signaling
pathway,” and “Rap1 signaling pathway” were enriched in tissue
transcriptomic data (Table 4, Table S7). Term “TGF-f signaling
pathway” was also enriched in transcriptomic data from I1gG4-
RD PBMC (Table S8). In this study, only “Rapl signaling
pathway” was observed enriched in both tissue proteomic data
and IgG4-RD LSG samples in GSE40568 dataset (Figures 2B,
6). Activation of Rapl signaling pathway can lead to the
production of proinflammatory cytokines and modulate the
expression level of MMPs, which are critical in the modulation
of extracellular matrix, and influence the fibrogenic process
(26). Beside terms illustrated above, there were also many other
terms, like “Autophagy;” “Necroptosis,” etc., that were enriched in
different datasets (Tables S7, S8).

Potential Therapeutic Target Identified by

Tissue DEPs Related Biological Processes
In order to find out the potential therapeutic targets for 1gG4-
RD, we extracted all proteins (not only DEPs) involved in
top 30 KEGG/GO BP terms enriched from all DEPs in our
tissue proteomic data (Figure 7). One thousand six hundred
seventy-four proteins in KEGG top 30 terms and, 2,291
proteins in GO BP top 30 terms were identified. Based on
the involvements of these proteins in these different biological
processes, we constructed networks and calculated the degree
(number of connections, number of pathways in which the
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TABLE 2 | KEGG terms related to infectious process enriched in IgG4-RD tissue proteomic data.

Pathway ID KEGG term Associated proteins P-value
KEGG:05143 African trypanosomiasis FAS, GNAQ, IL18, LAMA4, PLCB1, PLCB2, PRKCB, VCAM1 0.0010
KEGG:05146 Amoebiasis CASP3, GNA11, GNAQ, LAMA4, LAMB3, PLCB1, PLCB2, PRKACB, PRKCB, 0.0159
RAB5C, SERPINB9, TLR2
KEGG:05100 Bacterial invasion of epithelial cells ARPC1B, ARPC2, ARPC3, ARPC5, CDH1, DNM3, ELMO1, ELMOS, RHOG, 0.0050
SEPT1, WAS
KEGG:05142 Chagas disease American C1QB, CD3E, CD3G, FAS, GNA11, GNAO1, GNAQ, PLCB1, PLCB2, PPP2CB, 0.0331
trypanosomiasis PPP2R1B, TLR2
KEGG:05120 Epithelial cell signaling in Helicobacter ADAM17, ATPEVOC, ATPEV1G2, CASPS3, CSK, F11R, LYN, NOD1, PLCG2, 0.0079
pylori infection TJP1
KEGG:05170 Human immunodeficiency virus 1 AP1G2, AP1S3, APOBEC3C, APOBEC3F, ATM, CASP3, CD3E, CD3G, CD4, 0.0001
infection CFL1, GFL2, FAS, GNAT11, GNAO1, GNAQ, GNG2, GNG7, HLA-E, LIMK1,
MAP2K1, PLCG2, PRKCB, RAC2, RPS6KB2, SAMHD1, TLR2, TRADD, TRIM5
KEGG:05134 Legionellosis CASP3, CR1, HSF1, HSPAG, IL18, PYCARD, RAB1A, TLR2 0.0177
KEGG:05140 Leishmaniasis CR1, CYBB, HLA-DQA2, HLA-DQB1, HLA-DRA, ITGA4, PRKCB, PTPNG, TLR2 0.0447
KEGG:05144 Malaria CR1, IL18, ITGAL, SDC2, THBS1, TLR2, VCAM1 0.0282
KEGG:05130 Pathogenic Escherichia coli infection ARPC1B, ARPC2, ARPC3, ARPC5, CDH1, EZR, KRT18, TUBA4A, TUBALS, 0.0001
TUBBT1, TUBB4B, WAS
KEGG:05132 Salmonella infection ARPC1B, ARPC2, ARPC3, ARPCS, IL18, KLC3, KLC4, PFN1, PKN1, PYCARD, 0.0020
RHOG, TJP1, WAS
KEGG:05131 Shigellosis ARPC1B, ARPC2, ARPC3, ARPCS5, ELMO1, ELMO3, NOD1, PFN1, RHOG, 0.0018
UBE2D2, WAS
KEGG:05110 Vibrio cholerae infection ATPBVOC, ATPBV1G2, PLCG2, PRKACB, SLC12A2, TJP1, TJP2 0.0311
KEGG:05416 Viral myocarditis CASP3, CXADR, DAG1, DMD, HLA-DQA2, HLA-DQB1, HLA-DRA, HLA-E, 0.0028
ITGAL, RAC2
TABLE 3 | KEGG terms related to infectious process enriched in “turquoise” module in IgG4-RD tissue transcriptomic data.
Pathway ID KEGG term Associated proteins P-value
KEGG:05165 Human papillomavirus infection AKT3, COL1A1, COL1A2, COL6A1, COLBAZ, EGFR, FN1, 0.0062
FZD7, ITGA9, JAGT, LAMA2, LAMA4, LAMC1, THBS2
KEGG:05100 Bacterial invasion of epithelial cells CAV1, CAV2, FN1, MET, WASF2 0.0112
KEGG:05146 Amoebiasis COL1A1, COL1A2, COL3A1, FN1, GNAL, LAMA2, LAMA4, 0.0004
LAMCA
KEGG:05144 Malaria CD36, HGF, MET, SDC2, THBS2 0.0019

protein participates) of each protein. We identified proteins
with top 15 degrees as hub proteins. Most of these hub
proteins, for example, protein kinase C alpha/beta/delta/gamma
type (PRCKA/B/D/G), mitogen-activated protein kinase 1/3
(MAPK1/3), and phosphatidylinositol 4,5-bisphosphate 3-kinase
catalytic subunit alpha/beta/delta isoform (PIK3CA/B/D), are
important components in immune related signaling pathways
in various types of immune cells (27-29). Medication targeting
these proteins may help the treatment to IgG4-RD. Therefore,
we also obtained the information of targeted drugs to the hub
proteins from Therapeutic Target Database (Table 5) (22).

DISCUSSION

To our knowledge, the pathogenesis of IgG4-RD is still not
clear and this is the first report providing new insights to help

the illustration of potential pathogenic mechanisms underlying
IgG4-RD based on proteomic and transcriptomic data.

Existence of strong immune responses in IgG4-RD is
well-known. Different T cell subsets may interact with
B cell subsets in involved tissue, and further lead to the
down-streaming fibrogenesis, which can also be partly
reflected by our study (Figure2) (30-34). In addition, this
study indicated that other subclasses of immunoglobulin G
could also be pathogenic in IgG4-RD (35). The membrane
form of IgG4 is exactly the B cell receptor on IgG4+
plasmablasts/plasma cells, which can mediate the antigen
capture and further lead to the antigen presentation from
plasmablasts/plasma cells.

Our study detected significant enrichment of “Fc gamma
R-mediated phagocytosis” process in IgG4-RD tissue (Figure 2A,
Table S7), which may point out the potential role in the
pathogenesis of IgG4-RD. Activation of Fcy receptors
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FIGURE 5 | Gene network of “Platelet activation” term derived from “turquoise” module in IgG4-RD tissue transcriptomic dataset, proteomic data from tissue, and

serum.

(FcyR) on phagocytes can promote phagocytosis and the
following antigen presentation process (36). Compared
with high binding affinity of IgGl and IgG3 to FcyR, the
binding affinity of IgG4 to FcyR seems to be much milder.
In IgG4-RD tissue, our proteomic study showed significant
elevated IgG3 level, while IgG1l showed only the tendency
of elevation. These clues indicate the potential role of
IgG3 in IgG4-RD, at least, partly by Fc gamma receptor
mediated phagocytosis, which can be another origin of
antigen presentation, together with that mediated by IgG4-+
plasmablasts/plama cells.

In this study, besides immunoglobulins produced by
plasmablasts/plama cells, we found level of several cytokines,
including CXCL13, IL-27, and IL-18, elevated significantly
in IgG4-RD tissue. Cytokines exert essential effects on the
immunoinflammatory process. IL-27 can act as antagonists to
suppress Thl, Th2, Th9, and Thl7 responses, while promote
the proliferation and the expression of T-bet, EOMES, and
IL-12RB2 associated with increased production of IFN-y and
cytotoxic activity (37). IL-18 is a member of IL-1 family,

and involved not only in Thl and NK cell activation, but
also in Th2, IL-17-producing y8 T cells and macrophage
activation (38). CXCLI13 is critical for the recruitment of
follicular Tfhs, and plasma CXCL13 can be a biomarker
for germinal center activity (39, 40). Thus, all these three
cytokines may exert important regulatory effects on the immune
responses in IgG4-RD. However, these three cytokines were
not detected in our serum proteomic analysis, and these
might result from their low concentration in serum, and the
detection threshold for iTRAQ methods. Thus, more validations
should be applied to detect the existence and levels of these
cytokines in serum, and examine the availability as biomarkers
in IgG4-RD.

Infectious agents can modulate the status of immune
responses, and even be the triggers of systemic lupus
erythematosus (SLE) and Sjogren’s syndrome (41). Our analyses
enriched a large amount of processes related to infectious
agents in both proteomic (Figure2A) and transcriptomic
data (Tables S7, S8). We may infer that the most frequently
involved organs in IgG4-RD including pancreas, salivary glands
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TABLE 4 | Signaling pathways and other potential pathogenic processes detected in IgG4-RD tissue transcriptomic data.

Pathway ID KEGG term Associated proteins/genes P-value Data origin
KEGG:04350 TGF-beta signaling BMPS6, LTBP1, SMAD1, THBS1 0.0409 PBMC transcriptomic
pathway
KEGG:04217 Necroptosis HIST1H2AB, HIST1H2AE, HIST1H2AH, HIST1H2AI, 0.0009 PBMC transcriptomic
HIST1H2AJ, HIST1H2AK, HISTT1H2AL,
HIST1H2AM, TNFAIP3
KEGG:05203 Viral carcinogenesis HIST1H2BB, HIST1H2BC, HIST1H2BG, 0.0001 PBMC transcriptomic
HIST1H2BH, HIST1H2BI, HIST1H2BJ,
HIST1H2BM, HIST1H2BN, HIST1H2BO,
HIST1H4D, HIST2H2BE, HIST2H4A
KEGG:05202 Transcriptional CD14, HIST1H3A, HIST1H3B, HIST1HS3F, 0.0081 PBMC transcriptomic
misregulation in cancer HIST1H3H, HIST1H3J, MEIS1, SMAD1
KEGG:04064 NF-kappa B signaling ATM, BTK, LYN, PARP1, PLCG2, PRKCB, 0.0471 Tissue proteomic
pathway TNFRSF11A, TRADD, UBE2l, VCAM1, ZAP70
KEGG:04015 Rap1 signaling pathway APBB1IP, CDH1, CSF1R, FLT1, FYB1, GNAOT1, 0.0009 Tissue proteomic
GNAQ, ITGA2B, ITGAL, MAP2K1, NGFR, PARD3,
PDGFA, PDGFC, PDGFRA, PFN1, PLCB1, PLCB2,
PRKCB, RAC2, RAP1A, SIPAT1, SIPA1L3, THBST,
VASP
KEGG:04140 Autophagy DAPK1, GABARAPL1, HMGB1, MAP2K1, 0.0371 Tissue proteomic
MTMR14, PIK3R4, PPP2CB, PRKACB, RPS6KB2,
RRAGA, RRAGC, STX17, ULK2, WIPI1
KEGG:04217 Necroptosis CHMP1B, CHMP4C, CYBB, FAS, FTH1, FTL, 0.0289 Tissue proteomic
H2AFX, H2AFY, H2AFY2, HIST2H2AB, HMGBH1,
PARP1, PYCARD, PYGM, TRADD, TYK2, ZBP1
KEGG:05219 Bladder cancer CDH1, DAPK1, MAP2K1, RPS6KAS5, THBS1, TYMP 0.0368 Tissue proteomic
KEGG:04010 MAPK signaling pathway AKT3, EGFR, FGF2, FGF7, HGF, KITLG, MAP3K20, 0.0115 Tissue transcriptomic
MET, NTRK2, PDGFD, PDGFRA, TGFBR2
KEGG:04015 Rap1 signaling pathway AKT3, DOCK4, EGFR, FGF2, FGF7, HGF, KITLG, 0.0013 Tissue transcriptomic
MET, PDGFD, PDGFRA, SIPA1L2
KEGG:04151 PI3K-Akt signaling AKT3, COL1A1, COL1A2, COL6A1, COLBAS, <0.0001 Tissue transcriptomic
pathway EGFR, FGF2, FGF7, FN1, GHR, GNG11, HGF,
ITGA9, KITLG, LAMA2, LAMA4, LAMC1, MET,
NTRK2, PDGFD, PDGFRA, THBS2
KEGG:05226 Gastric cancer AKT3, EGFR, FGF2, FGF7, FZD7, HGF, MET, 0.0059 Tissue transcriptomic
TGFBR2
KEGG:05222 Small cell lung cancer AKT3, FN1, LAMA2, LAMA4, LAMC1 0.0276 Tissue transcriptomic
KEGG:05215 Prostate cancer AKT3, EGFR, PDGFD, PDGFRA, PLAT 0.0323 Tissue transcriptomic
KEGG:05205 Proteoglycans in cancer AKT3, ANK2, CAV1, CAV2, COL21A1, DCN, EGFR, <0.0001 Tissue transcriptomic
FGF2, FN1, FZD7, GPC3, HGF, LUM, MET, SDC2,
TIMP3
KEGG:05218 Melanoma AKT3, EGFR, FGF2, FGF7, HGF, MET, PDGFD, <0.0001 Tissue transcriptomic

PDGFRA

are mainly exocrine organs, which have more opportunity
to contact infectious agents. Activation of toll-like receptors
(TLRs) can involve in autoimmune responses indirectly via
modulating innate immunity, and directly via modulating B
cell signaling, and TLRs can even be the therapeutic targets
for autoimmune connective tissue diseases (42, 43). In our
proteomic data, the elevation of TLR2 was detected in IgG4-
RD samples (Table S1), which indicated the possibility, that
TLR2 may have the potential to exert modulatory effects in
1gG4-RD in vivo.

Enrichment of platelet activation related processes in IgG4-
RD patients was also observed in our study (Figures2, 3,
5). As illustrated above, majority of the recent investigations
focus on the pathogenetic roles of traditional immune cells

like lymphocytes and macrophages (44). However, immune
response is a complex process, and can be modulated by
multiple factors. Recently, immunomodulatory effects of
platelets have been observed in several immunoinflammatory
conditions. Zhu et al. showed platelets first promoted the
activation of Thl, Th17, and Treg cells, while only suppressed
the immune response of Thl and Thl7 cells secondarily
(45). Platelets can also express receptors including FcyRIIA,
TLR4, and TLR9, which equips platelets the capacity to
receive the stimuli, like immune complexes, PAMPs,
and DAMPs, from microenvironments and response to
them (46). Granules in platelets contain various growth
factors, chemokines, and proinflammatory factors including
TGF-p, EGE CXCL12, HMGBI, and sCD40L etc., which
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FIGURE 6 | Gene network of “Rap1 signaling pathway” term enriched in both IgG4-RD tissue proteomic data and LSG transcriptomic dataset.

can function in the modulation of immunoinflammatory
processes (46, 47).

Genes (or proteins) related to several signaling pathways were
also detected in IgG4-RD samples (tissue or PBMC), including
MAPK signaling pathway, PI3K-Akt signaling pathway, Ras
signaling pathway, TGF-f signaling pathway, NF-kB signaling
pathway and Rapl signaling pathway (Figures 2A, 3, Table 4,
Table S7). All these signaling pathway can regulate variety of
biological process. Beside biological process described above,

genes related to autophagy, necroptosis and adhesion molecules
(e.g., “Focal adhesion,” “Cell adhesion molecules (CAMs),
etc.) were also detected in IgG4-RD samples. Interestingly,
several terms related to malignancy (e.g., “Choline metabolism
in cancer;” “Small cell lung cancer; “Bladder cancer;” “Viral
carcinogenesis,” and “Proteoglycans in cancer”) were also
enriched in IgG4-RD samples. All these clues can reflect
some parts of the characteristics of IgG4-RD, and indicate the

potential similarities of the pathogenesis mechanisms underlying

» <«
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Gene Symbol  Degree
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FIGURE 7 | Networks constructed by all proteins involved in the top 30 (A) KEGG and (B) GO Biological process (GO BP) terms enriched from all tissue DEPs. Circles
(nodes) in the network represents proteins or KEGG/GO terms. Degree (number of connection) of each node was calculated, and nodes (except that represent
KEGG/GO terms) with top 15 degree were regarded as hub nodes, and their corresponding proteins were identified as hub proteins. Hub nodes (proteins): red, large
size; Term nodes: dark green, large size; other nodes (proteins): yellow, small size; Protein’s involvement into biological process: line, dark gray.

IgG4-RD to the known mechanisms of the biological processes
illustrated above.

How to treat IgG4-RD is another task we are facing.
Despite glucocorticoids and rituximab are effective in the
induction therapy, and application of conventional steroid
sparing medication (e.g., azathioprine, mycophenolate mofetil,
and methotrexate) can help control the disease, the problem of
relapse and side effects after long-term usage of these medications
are still remarkable (48-50). Based on the characteristics of
IgG4-RD tissue proteomic data, we identified several hub
proteins, which might be involved and play important roles
in the pathogenesis of IgG4-RD. Most of these proteins are
important signaling components in immune reactions, and
some of these agents have been even applied into the clinical
treatment of other diseases. Therefore, after the validation of
the pathogenic roles of these proteins in IgG4-RD via laboratory
experiments, these drugs have the potential to be therapeutic
agents targeting IgG4-RD.

In summary, we provided the first integrative analysis of
IgG4-RD via both proteomic and transcriptomic data, and

described a landscape of biological processes of this mysterious
disease, which indicated some potential pathogenic molecules
and immunoinflammatory responses, and provided several
potential therapeutic targets for the treatment of IgG4-RD.
There are also limitations in our study. Firstly, despite the
aim of our study is to provide the landscape at the level of
mRNA and protein of IgG4-RD, the sample size of our analysis
was relatively small, and we didn’t enroll more IgG4-RD-like
samples (e.g., tumors, and other rheumatic diseases), in our
analyses; secondly, the transcriptomic data were originated from
the published data of other centers, although analyses to them
showed overlaps with our proteomic data, which may reflect
the reliability of our analyses indirectly; thirdly, our analyses
were based on the data of bulk samples, which cannot provide
the information of specific cell types. Therefore, further studies
with large sample size, and at single cell level are needed.
Besides, other types of omics (e.g., lipidomics, metabolomics,
and glycomics) and validation with laboratory experiments are
also important to help us understand this mysterious disease
more deeply.
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TABLE 5 | Potential therapeutic targets and targeted drugs for IgG4-RD.

Gene symbol

Name

Drugs (target type)

Disease application

Targets identified from KEGG terms

EHT-1864 (Literature-reported target)
131l-radretumab (Clinical trial target)
ATN-161(Clinical trial Target) *Target:
Integrin alpha-5/beta-1

CI-1040 (Clinical trial target)

BVD-523 (Clinical trial Target)

Enzastaurin (Clinical trial target)
Sodium phenylbutyrate (Successful target)

BAY 80-6946 (Successful target)

Alzheimer disease

Non-small-cell lung cancer; Macular
degeneration

Non-small-cell lung cancer; Renal cell
carcinoma

Artery stenosis; Pancreatic cancer

Solid tumor/cancer; Artery stenosis

Diffuse large B-cell ymphoma; Lymphoma
Spinal muscular atrophy; Renal
transplantation;

Follicular lymphoma; Non-hodgkin

RAC1 Ras-related C3 botulinum toxin
substrate 1

ITGB1 Integrin beta-1

MAPK1 Extracellular signal-regulated
kinase 2

MAPK3 Extracellular signal-regulated
kinase 1

PRKCB Protein kinase C beta

PRKCA Protein kinase C alpha

PIK3CA Phosphatidylinositol 3-kinase
catalytic subunit alpha

PIK3CB Phosphatidylinositol 3-kinase
catalytic subunit beta

PIK3CD Phosphatidylinositol 3-kinase
catalytic subunit delta

PRKCG Protein kinase C gamma

SRC Proto-oncogene tyrosine-protein

kinase Src
Targets identified from GO Biological process terms

NCK1 NCK adaptor protein

PRKCD Protein kinase C delta

PTPRC Receptor-type tyrosine-protein
phosphatase C

RAC1 Ras-related C3 botulinum toxin
substrate 1

ABLA1 Tyrosine-protein kinase ABL1

target)

Buparlisib (Clinical trial target)
Idelalisib (Successful target)
Midostaurin (Successful target)
Herbimycin A (Successful target)

AX-024 (Clinical trial target)

KAI-9803 (Clinical trial target)

lomab-B (Clinical trial target)

EHT-1864(Literature-reported target)

Adenosine triphosphate (Successful

lymphoma
Breast cancer; Pain

Follicular lymphoma; Small lymphocytic
lymphoma

Acute myeloid leukemia; Systemic
mastocytosis

Breast cancer; Ischemia

Multiple sclerosis

Acute myocardial infarction; Human
immunodeficiency virus infection

Bone marrow transplantation; Acute
myeloid leukemia

Alzheimer disease

Breast cancer; Ischemia

Only available targets were showed.
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Figure S1 | Scale-free topological network of IgG4-RD LSG samples in

GSE40568 dataset by WGCNA. Scale independence (Left) and mean connectivity
(Right) were plotted, respectively.

Frontiers in Immunology | www.frontiersin.org

32

August 2020 | Volume 11 | Article 1795


http://www.ncbi.nlm.nih.gov/geo/
http://www.ncbi.nlm.nih.gov/geo/
https://www.frontiersin.org/articles/10.3389/fimmu.2020.01795/full#supplementary-material
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

Cai et al.

Integrative Analysis to IgG4-RD

Figure S2 | Scale-free topological network of IgG4-RD PBMC samples in
GSEB6465 dataset by WGCNA. Scale independence (Left) and mean connectivity
(Right) were plotted, respectively.

Figure S3 | Module membership plots of “turquoise” (A) module and (B)
eigengenenetwork plots in GSE40568.

Figure S4 | Module membership plots of “yellow” (A) module and (B)
eigengenenetwork plots in GSE66465.

Table S1 | Differentially expressed proteins between IgG4-RD patients and
controls in tissue.
Table S2 | Differentially expressed proteins between IgG4-RD patients and
controls in serum.
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The highly destructive mechanisms by which the immune system faces microbial
infections is under the control of a series of inhibitory receptors. While most of these
receptors prevent unwanted/excessive responses of individual effector cells, others
play a more general role in immunity, acting as true inhibitory checkpoints controlling
both innate and adaptive immunity. Regarding human NK cells, their function is
finely regulated by HLA-class |-specific inhibitory receptors which allow discrimination
between HLA-IT, healthy cells and tumor or virus-infected cells displaying loss or
substantial alterations of HLA-I molecules, including allelic losses that are sensed by
KIRs. A number of non-HLA-specific receptors have been identified which recognize
cell surface or extracellular matrix ligands and may contribute to the physiologic control
of immune responses and tolerance. Among these receptors, Siglec 7 (p75/AIRM-1),
LAIR-1 and IRp60, recognize ligands including sialic acids, extracellular matrix/collagen
or aminophospholipids, respectively. These ligands may be expressed at the surface
of tumor cells, thus inhibiting NK cell function. Expression of the PD-1 checkpoint
by NK cells requires particular cytokines (IL-15, IL-12, IL-18) together with cortisol,
a combination that may occur in the microenvironment of different tumors. Blocking
of single or combinations of inhibitory receptors unleashes NK cells and restore their
anti-tumor activity, with obvious implications for tumor immunotherapy.

Keywords: natural killer cells, inhibitory NK receptors, immune checkpoints, tumor immunotherapy, tumor
escape

INTRODUCTION

To combat infections, the immune system exploits highly destructive mechanisms. These
mechanisms are triggered by an array of receptors that evolved during phylogenesis from structures
ensuring phagocytosis and killing of invading pathogens toward highly sophisticated, clonally
distributed, receptors encoded by rearranging genes. Remarkably, most of the “primitive” receptors
did not disappear during evolution but rather co-evolved with adaptive immunity and are playing,
in contemporary vertebrates, a synergistic role, contributing to improved anti-microbial responses.
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A good example is provided by the Fc-gamma receptors, evolved
from a primitive surface protein into receptors recognizing IgG
antibodies (Abs), allowing greater killing or phagocytosis of
Ab-coated bacteria or target cells (1). In particular, NK cells,
expressing the FcyRIIIa (also known as CD16), are considered the
most important effectors of antibody-dependent cell-mediated
cytotoxicity (ADCC) in humans.

The exploitation of highly destructive mechanisms to control
infections would require means to avoid damages to healthy
cells and, in general, to the whole organism. Thus, efficient
mechanisms have been acquired to prevent damages to self by
downmodulating immune responses and inflammation at the
termination of infection. A major role in ensuring this crucial
activity is played by an array of inhibitory receptors which
may control the function of individual cells of both innate and
adaptive immunity and, in some instances, may function as
true checkpoints, ensuring a wide control of immune response
and inflammation.

Focusing on human NK cells, they express different HLA class
I-specific receptors that allow discrimination between healthy
and virus-infected or tumor cells (2), while other receptors such
as TIGIT and CD96, although controlling NK cell function, play a
role also in the regulation of cell adhesion and migration/homing
(3). In this context, studies of tissue distribution of their ligands,
such as PVR (CD155) and Nectin-2 (CD112), may provide
useful information on the possible migration/homing of cells
expressing the corresponding receptor. Other receptors, such as
CD69 and CD103, represent tissue retention receptors and may
provide important markers to identify NK and T cells capable of
infiltrating and staying in normal peripheral tissues or tumors (4).

In this contribution, we will delineate some of the main
inhibitory receptors expressed by human NK cells. Remarkably,
Killer Ig-like Receptors (KIR), discovered by Moretta et al.
in 1990 (5, 6) are the prototype of the inhibitory receptors
controlling cells of the immune system. These and other HLA
class I-specific receptors provided the molecular basis of the
“missing-self hypothesis” and explained how NK cells may
discriminate between healthy and tumor or virus-infected cells
(7). Moreover, NK cells can express several non-HLA-specific
inhibitory receptors that contribute in regulating immune
responses. Some inhibitory receptors are constitutively expressed
by NK cells (such as KIR and NKG2A) and are involved in
the regulation of NK cell tolerance against healthy tissues, while
others (such as PD-1) are expressed at very low level in NK cells
from healthy donors, but increase in pathological conditions. All
these inhibitory receptors act as immune checkpoints regulating
anti-tumor NK cell function by the recognition of specific
ligands on tumor cells thus favoring tumor escape from NK
cell cytotoxicity.

HLA-SPECIFIC INHIBITORY NK
RECEPTORS

In humans, the molecular basis for NK cell tolerance toward
healthy autologous cells is provided by HLA-specific inhibitory
receptors (INKR), that are mainly represented by KIR,

CD94:NKG2A, and LILRB1 (2, 6, 8-10). Inhibitory KIRs
(iKIR), characterized by 2 or 3 Ig-like extracellular domains and
a long cytoplasmic tail (KIR2DL, KIR3DL), recognize allotypic
determinants shared by distinct groups of HLA class I molecules
(KIR-ligands, KIR-L), as recently reviewed (11). CD94:NKG2A
heterodimer, composed by C-type lectin-like proteins, is specific
for the non-classical HLA-E molecules, that are stabilized by
peptides mainly derived from the leader sequences of HLA-A,
-B, or -C (12, 13). LILRBI displays a broad specificity for HLA
(14, 15). Upon receptor engagement, the immunoreceptor
tyrosine-based inhibitory motifs (ITIM) become phosphorylated
and recruit tyrosine phosphatases, thus delivering an inhibitory
signaling cascade (16-18). Table 1 and Figure 1 summarize these
receptor/ligand interactions.

During NK cell development, immature stages primarily
express CD94:NKG2A, while KIRs are acquired upon
maturation. NK cells go through a process termed “education,”
involving the iNKR/self-HLA interaction, whose strength
positively influences the functional potential of NK cells (19).
Extremely diversified self-tolerant iNKR phenotypic repertoires
can be observed on peripheral blood NK cell pool among
the various individuals (17). This heterogeneity is primarily
determined by the high polymorphism of the independently
co-inherited KIR and HLA class I genotypes, and by the
stochastic KIR expression pattern on NK cells (20). NK cells
can be efficient even when expressing single-iKIR, provided
that it strongly interacts with self-HLA. This NK cell can kill
the pathological cell that has lost even a single-HLA allotype
through the mechanism of “missing-self recognition.” Regarding
CD94:NKG2A/HLA-E interaction, a dimorphism in HLA-B
leader sequence at residue — 21 encoding either a good binding
methionine (— 21 M) or a low binding threonine (— 21 T)
determines the variability in HLA-E expression; NKG2A™ cells
from individuals carrying at least one — 21 M HLA-B alleles
are more educated (21). Consistent with this finding, in acute
myeloid leukemia (AML) patients treated with immunotherapy,
a better leukemia-free survival (LFS) was observed in patients
with — 21 M/x than — 21 T/T HLA-B alleles (22).

In addition to genetics, environmental factors can impact
on the receptor repertoire. The most remarkable example is
represented by cytomegalovirus (CMV) infection, that promotes
the expansion of functionally and phenotypically skewed NK
cells with adaptive features through epigenetic alterations
(23, 24). These cells are characterized by the expression of
the activating CD94:NKG2C, mainly co-expressing KIR2DL
specific for self-HLA-C allotypes, CD57 (a marker of terminally
differentiation stage), and by the lack of NKG2A (25-27).
Notably, in view of their long term persistence (28-30), expansion
capabilities (31) and high ADCC abilities (32, 33), CMV-
driven adaptive NK cells also represent a suitable target for
anti-leukemia immunotherapeutic strategies (e.g., CD16-based
immune engagers, adoptive cell transfer, CAR-engineering) (34).

KIRs have been shown to be clinically relevant in allogeneic
hematopoietic stem cell transplantation (HSCT) to cure acute
leukemia, in particular from HLA-haploidentical donors whose
repertoire presents educated iKIR(s) that do not recognize the
cognate KIR-L(s) in the recipient. When KIR/KIR-L mismatches
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TABLE 1 | HLA-I specific and non-HLA-I specific inhibitory receptors, their distribution and ligands.

Molecule CcD Cell distribution Ligand
HLA specific KIR2DL1 CD158a NK cells, T cells HLA-C®0 allotypes (HLA-C2 epitope)
inhibitory receptors
KIR2DL2/3 CD158b1/b2 NK cells, T cells HLA-CNE0 aliotypes (HLA-C1 epitope)
HLA-B*46:01 and -B*73:01
KIR2DL5 CD158f NK cells, T cells ?
KIR3DLA CD158e1 NK cells, T cells HLA-A Bw4, HLA-B Bw4
KIR3DL2 CD158k NK cells, T cells HLA-A*03 and -A*11, HLA-F
KIR3DL3 CD158z NK cells, T cells ?
LILRB1/LIR-1/ILT2 CD85j NK cells, T cells, B cells, monocytes, DCs HLA-G, various HLA-I allotypes
NKG2A CD159a NKand T cells HLA-E
LAG-3 CD223 Activated NK cells, activated T cells, B cells, pDCs HLA-II
Non-HLA specific PD-1 CD279 NK cells, T cells, B cells, myeloid cells PD-L1, PD-L2
inhibitory receptors
TIM-3 CD366 NK cells, T cells, DCs, monocytes, macrophages, mast Gal-9, PS, HMGB1, CEACAM1
cells
TIGIT NA NK cells, T cells CD155, CD112, CD113
Tactile CD96 NK cells, T cells CD155, CD111
Siglec-7/p75/AIRM-1 CD328 NK cells, T cells, granulocytes, monocytes, Sialic acid
Siglec-9 CD329 NK cells, T cells, B cells, granulocytes, monocytes Sialic acid
KLRG1 NA NK cells, T cells cadherins
IRp60 CD300a NK cells, T cells, B cells, neutrophils, eosinophils, mast phosphatidylserine (PS),
cells, pDC phoshatidylethanolamine (PE)
LAIR-1/p40 CD305 NK cells, T cells, B cells, monocytes, granulocytes, Collagen, C1q, surfactant protein D
DCs, mast cells, macrophages, CD34+ hematopoietic
progenitor cells, thymocytes
CEACAM-1 CD66a epithelial cells, various leukocytes CEACAM-1, CEACAM-5
NKRP1A CD161 NK cells, T cells LLTH
IAP CDh47 NK cells, T cells, B cells, monocytes, macrophages, SIRP1a, TSP-1

DCs, neutrophils

in graft-versus-host (GvH) direction occur, alloreactive NK cells
can be generated in the transplanted patient, with efficient
anti-leukemia activity (35). This has been proven especially
beneficial in acute myeloid leukemia (AML) adult patients (36),
and in acute lymphoblastic leukemia (ALL) pediatric patients
(37). Algorithms for donor selection criteria have been created,
considering NK alloreactivity and KIR gene profiles, to improve
the clinical outcome in HSCT (38-41).

A great improvement in cancer immunotherapy has been
achieved with immune checkpoint inhibitors (ICI), by the use
of therapeutic antibodies blocking inhibitory checkpoints. With
the aim to potentiate/unleash the anti-tumor NK cell function,
clinical grade monoclonal antibodies (mAbs) targeting KIR and
NKG2A have been produced. Lirilumab (1-7F9, IPH2101), a
first-in-class fully human IgG4 mAb targeting KIR2D, has been
employed in phase I trials to treat hematological malignancies
or solid tumors, also in association with Lenalidomide (as
NK cell stimulant) in multiple myeloma, resulting to be safe
but with low anti-tumor efficacy (42-44). More promising
clinical results have been obtained with IPH4102 targeting
KIR3DL2 on cutaneous T cell lymphoma, particularly in Sézary
syndrome (45). Of extreme interest for the clinical potential
is monalizumab, a humanized IgG4-blocking anti-NKG2A
mAD, that can unleash both NK and T-cell responses (46).

Indeed, NKG2A/HLA-E interaction can downregulate anti-
tumor immune responses. Clinical trials using monalizumab in
combination with durvalumab (anti-PD-L1) for the treatment
of solid tumors, and, especially, in combination with cetuximab
(anti-EGFR) for the treatment of head and neck cancers, show
clear signs of efficacy (46).

NON-HLA-SPECIFIC INHIBITORY NK
RECEPTORS

In addition to the HLA class I-specific receptors, NK cells
express several other ITIM-containing receptors importantly
contributing to regulate immune responses (Table 1) (47-
60). We focus here on the critical immune checkpoint PD-1
and on Siglec-7/p75/AIRM1/CD328, LAIR-1/p40/CD305, and
IRp60/CD300a, originally identified in our labs, representing
additional immune checkpoints possibly dampening anti-tumor
NK cell responses in given pathological settings (Figure 1).
Siglec-7, IRp60 and LAIR-1 are rarely discussed in most
reviews on immune checkpoints in NK cell context, however,
they represent relevant receptors to target in anti-tumor
immunotherapies. Indeed, their ligands are expressed or even
upregulated on several tumors.

Frontiers in Immunology | www.frontiersin.org 37

September 2020 | Volume 11 | Article 2156


https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Sivori et al.

Inhibitory NK Receptors in Tumors

CD94/ LILRB1
KIR NKG2A

IRp60

AN

a» ITIM (immunoreceptor tyrosine-based inhibitory motif)
@ ITSM (immunoreceptor tyrosine-based switch motif)
< ITIM-like

FIGURE 1 | This figure summarizes some ITIM-bearing molecules expressed by human NK cells that could act as checkpoints in cancer immunotherapy. KIRs,
CD94/NKG2A and LILRB1 are HLA-specific inhibitory receptors whereas PD-1, IRp60, Siglec-7 and LAIR-1 are non-HLA-specific inhibitory receptors (their ligands
are indicated in the figure). All these molecules possess variable numbers and different types of ITIMs. In particular, PD-1 express one ITIM; KIRs, CD94/NKG2A and
LAIR-1 have two ITIMs (among KIRs, only KIR3DL3 and KIR2DL4 express one ITIM); IRp60 has three ITIMs; LILRB1 has four ITIMs (indicated in red in the figure). In
addition, PD-1 carries also an ITSM motif (gray) whereas IRp60 and LAIR-1 an ITIM-like motif (orange). PS, phosphatidylserine; PE, phoshatidylethanolamine.
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PD-1 is a type I transmembrane glycoprotein belonging to
the CD28/CTLA4 subfamily of the Ig superfamily, containing
an IgV-type extracellular domain (61). Its cytoplasmic domain
contains an ITIM and an immunoreceptor tyrosine-based switch
motif (ITSM) and, interestingly, the tyrosine residue in the ITSM,
but not in the ITIM, is required for the inhibitory cascade (62).
PD-1 expression was initially described on T, B, myeloid cells and,
more recently, on NK cells (47). PD-1 ligands (PD-Ls, namely
PD-L1 and PD-L2) are expressed by hematopoietic and non-
hematopoietic cells and, importantly, they are often expressed
by tumor cells. Indeed, while in normal conditions PD-1/PD-
L axis regulates peripheral tolerance, in the context of cancer
it represents a mechanism of “escape” from immune system
and in particular from PD-1-expressing cytotoxic lymphocytes
(63). In addition to PD-1-expressing CD8" T cells, also PD-
1T NK cells have been identified in several tumors, including
multiple myeloma, Kaposi sarcoma, ovarian carcinoma, digestive
and lung cancer (31, 47, 64-66). Differently from T cells, which
are induced to upregulate PD-1 expression upon activation,
NK cells from the peripheral blood of healthy donors do not
express PD-1 on their surface, with the exception of a minor
fraction of CMV seropositive individuals (47). Human NK cells

have been shown to display an intra-cytoplasmatic pool of PD-
1 mRNA and protein localized in the Golgi (67). An analysis of
pleural effusion contents from primary and metastatic tumors
identified glucocorticoids as key components of the tumor
microenvironment indispensable for PD-1 induction on NK cells
surface, in combination with the signals from the cytokines
IL-12, IL-15 and IL-18 (68). Glucocorticoids were shown to
increase PD-1 expression at the transcriptional level in both
human and murine NK cells (68, 69). In addition, in human
CD5678" NK cells, these hormones activate a transcriptional
program responsible for enhanced translation and translocation
of proteins to the plasma membrane, which indirectly contributes
to increase PD-1 surface expression. Notably, PD-1% NK cells are
not exhausted, but show an impaired response specifically against
PD-L1-expressing target cells (68).

Blockade of the PD-1/PD-L1 axis through monoclonal
antibodies represents a major breakthrough in oncology, showing
significant clinical success in the treatment of several types of
cancers (70, 71). This blockade allows unleashing not only T
cell-, but also NK cell-mediated anti-tumor response. This is
relevant especially in the treatment of tumors that have lost
HLA-I expression and are thus “invisible” to T cells. Despite
its success, only one third of patients is responsive to anti-
PD-1 immunotherapy (72). One important factor that may
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be responsible for this lack of response is represented by the
misclassification of tumors in terms of PD-L1 expression. The
immunohistochemical detection of this biomarker in tumor
samples usually guides the decision of the appropriate therapeutic
strategy, together with other parameters. PD-L1 expression
heterogeneity, interclone differences among antibodies used
for immunohistochemistry and inter/intra observer variability
may explain why the rates of clinical response to treatment
with PD-1/PD-L1 inhibitors do not always correlate with
PD-L1 detected expression (73-76). Moreover, the recent
identification of the molecular mechanisms driving PD-1
expression on NK cells suggests that including synthetic
corticosteroids in the therapeutic regimen for cancer patients
may be counterproductive in combination with the blockade of
this checkpoint.

SIGLEC-7/p75/AIRM1/CD328

Siglec-7 is a surface inhibitory receptor belonging to a
family of Sialic acid recognizing Immunoglobulin-like Lectins
(Siglecs) that is mostly confined to NK cells, but is expressed
also on monocytes, a minor fraction of CD8% T cells and
granulocytes (48, 77). Siglec-7 was originally identified as a 75-
kD glycoprotein, encoded by a gene located on chromosome
19 where most inhibitory receptors regulating NK-mediated
cytotoxicity are found (i.e., KIRs, LILRB1, and LAIR-1) (48).
In line with most inhibitory receptors, Siglec-7 is characterized
by Ig-like domains in the extracellular portion and a classical
ITIM, together with an ITIM-like domain, in its cytoplasmic
tail, capable of switching off activating signals on NK cells (48).
Siglec-7 preferentially binds to a2-6-linked sialic acids and to
a2,8-disialic acid that is found on GD3 ganglioside (78).

Siglec-7, along with other Siglecs, can regulate immune
responses contributing to immune tolerance, however, it can
also decrease anti-tumor immunity on account of the aberrant
expression of sialylated glycans on the surface of malignant
cells of different histotypes [e.g., AML, CLL, melanoma, renal
cell carcinoma, colon adenocarcinoma (79, 80)]. Indeed, hyper-
sialylation represents a relevant tumor escape mechanism
that can directly affect NK cell-mediated tumor Kkilling, as
demonstrated by reduced NK cell-cytotoxicity against tumors
expressing Siglec-7 ligands. Remarkably, the employ of antibodies
blocking Siglec-7 engagement could restore tumor lysis (80-82).
Interestingly, Siglec-7 reduced expression represents a hallmark
of CMV-driven adaptive NK cell subsets (32, 33) and could favor
their cytotoxicity against HLA-1*/"¢ tumors.

Based on the above observations, Siglec-7 represents an
attractive immune checkpoint that can be targeted to enhance
anti-tumor responses (83). In this context, besides anti-Siglec-
7 blocking antibodies, different approaches have been proposed,
including the employ of small soluble Siglec-7 ligands, designed
to display high avidity for the receptor based on its crystal
structure (84, 85). These molecules can increase NK-cell
mediated tumor lysis although less efficiently than specific anti-
Siglec-7 antibodies (86). Interestingly, a recent study showed that
cells engineered with a Siglec-7-based CAR construct can display

efficient anti-tumor activity both in vitro against several tumor
cell lines expressing Siglec-7 ligands and in vivo in xenograft
murine models (87).

LAIR-1/p40/CD305

Another non-HLA-specific inhibitory NK receptor is represented
by the Leukocyte-Associated Immunoglobulin-like Receptor-1
(LAIR-1) (88, 89), which is a type I transmembrane glycoprotein
characterized by an extracellular C2-type Ig-like domain and two
ITIM:s in the cytoplasmic tail (90, 91).

LAIR-1 is one of the most widely distributed inhibitory
receptors and could play a role in controlling various phases
of the immune response. Indeed, it is expressed not only
on NK cells but also on other cells of innate immunity
(such as monocytes, granulocytes, dendritic cells, mast cells,
macrophages) (90, 92-94), on T and B lymphocytes (49, 95,
96), on CD34™" hematopoietic progenitor cells (97) and on the
majority of thymocytes (90). Interestingly, during the process of
cell maturation and activation LAIR-1 expression is decreased on
various immune cells (i.e., CD4™ T cells, neutrophils, B cells) (93,
96, 98).

The interaction between LAIR-1 and its several ligands, such
as extracellular matrix collagens (99), the Clq complement
component (100), and the surfactant protein D (101), induces
phosphorylation of both ITIMs and inhibition of the immune
cell activation or differentiation. In particular, the LAIR-1
cross-linking with monoclonal antibodies, or with its ligands,
inhibits the NK and CTL cytotoxicity (102). LAIR-1-mediated
inhibition occurs through SHP-1 and SHP-2, but also through the
recruitment of Csk (103) that inactivates Src family kinases.

Remarkably, the upregulation of collagen expression
by tumor cells and/or tumor stroma could lead to the
downregulation of anti-tumor responses mediated by the
inhibitory collagen receptor LAIR-1 expressed on NK cells and
other effector immune cells.

LAIR-1 can be also detected in the supernatant of stimulated
human lymphocytes, suggesting its shedding upon cellular
activation (104). In the soluble form, LAIR-1 could interfere
with the interaction between the transmembrane receptor and its
ligands, thus restoring functions of immune cells.

A similar result could also occur with the LAIR-2 protein that
is 84% homologous to LAIR-1 but lacks the transmembrane and
intracellular domain. Indeed, the binding of LAIR-2 to collagens
could efficiently block LAIR-1-collagen interaction (105). On
this basis, an interesting approach has been developed to block
immune suppression mediated by LAIR-1. It is based on the
use of NC410, a novel reagent capable of mimicking the natural
decoy effects of LAIR-2. The blockade of the LAIR-1-mediated
inhibition by NC410 can restore the normal functionality of T
and dendritic cells as well as the anti-tumor response'. In this
context, it could be interesting to evaluate whether the increment
of anti-tumor response mediated by NC410 can depend also on
restoring of the NK cell function.

' www.nextcure.com/pipeline
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IRp60/CD300a

IRp60/CD300a is an inhibitory receptor belonging to CD300
family, a set of genes clustered on chromosome 17 coding
for receptors, predominantly expressed on leukocytes, able to
generate inhibitory and activating signals regulating different
immune processes, such as phagocytosis, cytokine release,
proliferation and diseases (80, 106-112). In addition to NK cells,
IRp60 is broadly expressed in cells of myeloid or lymphoid origin
such as neutrophils (113), eosinophils (106), mast cells (114),
pDC (113), Band T cells (115). IRp60 is expressed by the majority
of blood NK cells but at higher level in CD56P78" subset (50).
Curiously it has been observed an age-dependent increase of
IRp60 expression on NK cells that, in CMV seropositive donors,
is associated with increase of CD56%" NK cells co-expressing
CD57 (116).

IRp60 is a type I transmembrane protein with a single
extracellular Ig V-like domain and a long cytoplasmic tail with
three canonical ITIMs whose phosphorylation is required for the
transmission of the inhibitory signal (50, 117). This inhibitory
signal is able to strongly reduce NK cell cytotoxicity induced
via different non-HLA-specific or HLA-specific activating
receptors (50). IRp60 recognizes phosphatidylserine (PS)
and phosphatidylethanolamine (PE), two aminophospholipids
exposed on plasma membrane of activated, infected, transformed
or apoptotic cells (107, 118-121). Expression of PS on tumor cells
has been demonstrated to protect different tumor cell lines from
NK cell mediated cytotoxicity (119). Moreover, IRp60 also binds
non-lipid molecules such as the human adenovirus-D47 E3/49K
protein (122).

To date, a clear role in the control of NK functions in
hematological or solid tumors has not been described. However,
IRp60 mRNA is highly expressed and associated with poor
prognosis in AML (123) and in diffuse large B-cell lymphoma
(124), it is hypoxia-inducible in primary human monocytes
and macrophages (125) and is up-regulated in tumor-associated
macrophages in ovarian carcinoma (126).

CONCLUDING REMARKS

The groundbreaking discoveries of an array of inhibitory
receptors controlling the function of individual cells or even of
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Shp1, encoded by the gene Ptpné6, is a protein tyrosine phosphatase that transduces
inhibitory signals downstream of immunoreceptors in many immune cell types. Blocking
Shp1 activity represents an exciting potential immunotherapeutic strategy for the
treatment of cancer, as Shp1 inhibition would be predicted to unleash both innate
and adaptive immunity against tumor cells. Antibodies blocking the interaction between
CD47 on tumor cells and SIRPa on macrophages enhance macrophage phagocytosis,
show efficacy in preclinical tumor models, and are being evaluated in the clinic. Here
we found that Shp1 bound to phosphorylated peptide sequences derived from SIRPa
and transduced the anti-phagocytic signal, as Shp1 loss in mouse bone marrow-derived
macrophages increased phagocytosis of tumor cells in vitro. We also generated a novel
mouse model to evaluate the impact of global, inducible Ptpn6 deletion on anti-tumor
immunity. We found that inducible Shp1 loss drove an inflammatory disease in mice
that was phenotypically similar to that seen when Ptpn6 is knocked out from birth.
This indicates that acute perturbation of Shp1 in vivo could drive hyperactivation of
immune cells, which could be therapeutically beneficial, though at the risk of potential
toxicity. In this model, we found that Shp1 loss led to robust anti-tumor immunity
against two immune-rich syngeneic tumor models that are moderately inflamed though
not responsive to checkpoint inhibitors, MC38 and E0771. Shp1 loss did not promote
anti-tumor activity in the non-inflamed B16F10 model. The observed activity in MC38
and EO771 tumors was likely due to effects of both innate and adaptive immune cells.
Following Shp1 deletion, we observed increases in intratumoral myeloid cells in both
models, which was more striking in EO771 tumors. EO771 tumors also contained an
increased ratio of effector to regulatory T cells following Shp1 loss. This was not observed
for MC38 tumors, though we did find increased levels of IFNy, a cytokine produced by
effector T cells, in these tumors. Overall, our preclinical data suggested that targeting
Shp1 may be an attractive therapeutic strategy for boosting the immune response to
cancer via a mechanism involving both innate and adaptive leukocytes.

Keywords: tyrosine phosphatase, phagocytosis, PTPN6, immuno-oncology, SIRP«, inflammation
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Shp1 in Anti-Tumor Immunity

INTRODUCTION

The tumor immune microenvironment is a complex milieu
comprised of both innate and adaptive immune cells. Activation
of innate or adaptive immune cells can enhance an anti-tumor
response. For example, enhancing the ability of effector T
lymphocytes to kill tumor cells using checkpoint inhibitors
has achieved success in the clinic (1). Therapies that enhance
macrophage effector function, such as by targeting the “don’t
eat me” molecule CD47 on tumor cells to enhance macrophage
phagocytosis, are being evaluated in clinical trials and are
showing signs of activity in hematological malignancies in
combination with opsonizing antibodies (2-5). Promotion of
macrophage phagocytosis is a major mechanism of action of
many antibodies in cancer therapies (6). The simultaneous
targeting of both innate and adaptive immune cells to increase
antitumor immunity represents as an exciting and promising
therapeutic strategy for cancer.

The protein tyrosine phosphatase Src homology region
2 domain-containing phosphatase-1 (Shpl) is a potential
immunotherapeutic target (7, 8). Shpl is broadly expressed in
the hematopoietic compartment and acts as a negative regulator
of signaling in both innate and adaptive immune cells (9, 10).
Thus, alterations in Shpl have the potential to impact an anti-
tumor immune response in several different ways. Shpl exerts
its inhibitory signaling function by binding to phosphorylated
immunoreceptor tyrosine-based inhibitory motifs (ITIMs) on a
variety of immunoreceptors. Upon binding and activation, Shp1l
dephosphorylates its substrates, thereby transducing inhibitory
signals that restrict immune cell function (9, 10). Consistent
with this, mouse models with spontaneous mutations in the
gene encoding Shp1, Ptpn6, that affect its expression or function
develop an inflammatory/autoimmune disease associated with
hyperactivation of multiple types of immune cells. The motheaten
(Ptpn6™/™¢) mouse was the first Ptpn6-mutant mouse model
described, and the me mutation results in loss of Shpl protein
(11). Motheaten mice are runted and die within a few weeks of
life from lethal pneumonitis, and the animals also present with
a number of other disease features that reflect dysregulation of
both innate and adaptive immune cells, such as myelopoiesis,
splenomegaly, skin inflammation, and anti-nuclear antibody
production (9, 11). Mice with other spontaneous mutations of
Ptpné6, such as motheaten-viable (Ptpn6™¢=V/™e=V), PtppePin/spin
and Ptpn6™eB2/meB2 give rise to similar, yet milder inflammatory
disease phenotypes (12-14). This has led to the hypothesis that
loss of Shpl activity would promote immune cell activation
and enhance effector function in the tumor microenvironment.
However, this question has been challenging to address with
existing genetic mouse models, as the short lifespan and early-
onset disease in motheaten and motheaten-viable mice would
be incompatible with the kinetics of a tumor challenge study.
Additionally, there is no selective Shpl inhibitor available with
properties that would enable the pharmacological assessment
of Shpl loss of function on tumor growth. Small molecule
Shpl inhibitors, including TPI-1 and SSG, have been reported
(8, 15), but the selectivity and specificity of these inhibitors has
not been fully established. Both molecules exhibit relatively low

potency and have characteristics consistent with promiscuous
Pan-Assay Interference Compounds (PAINS) (16). Specifically,
the quinone moiety in TPI-1 and the metal (antimony) in SSG
are both capable of non-specific reactivity with cysteine residues,
which may account for their apparent inhibitory activity on
the cysteine active site of Shpl, but also likely impact many
other cellular targets. A recent evaluation of inhibitors of the
related receptor tyrosine phosphatase Shp2 using cells that
lack Shp2 protein revealed off-target effects (17). Until similar
investigations are completed for Shpl inhibitors, we believe
cellular and in vivo experiments with these compounds should
be interpreted with caution.

The complex motheaten phenotype does not arise from loss
of Shpl in any single immune cell subset, as deletion of Ptpné
in distinct cell lineages, achieved by crossing a floxed Ptpn6
mouse to cell type-specific Cre driver lines, does not fully
recapitulate the motheaten disease features (18-26). However,
loss of Shpl in myeloid cells is required to drive inflammation
(9, 18, 27). Shp1 has been proposed to transduce anti-phagocytic
“don’t eat me” signals downstream of the signal regulatory
protein alpha (SIRPa), which is expressed on dendritic cells
(DCs) and macrophages, the primary phagocytic cells of the
immune system (28, 29). Upon recognition of its ligand CD47,
the ITIMs of SIRPa become phosphorylated. This allows for
recruitment of Shpl and activation of its phosphatase activity,
leading to downregulation of signals from phagocytic receptors
such as Fc receptors, thereby inhibiting phagocytosis (30, 31).
Consistent with this, it has been shown that alveolar macrophages
from me mice exhibit increased phagocytosis of apoptotic cells
(32), suggesting that Shpl loss enhances phagocytic activity.
Whether Shpl-deficient macrophages from other anatomical
sites also exhibit increased phagocytosis has yet to be determined.
Furthermore, it is unknown whether Shpl loss can augment
phagocytosis to a similar degree as antibody blockade of the
CD47-SIRPa interaction, or even have an additive effect in
combination with pro-phagocytic signaling that is stimulated
by the Fc portion of the blocking antibodies binding to Fc
receptors on phagocytes. We aimed to address these questions
herein and found that Shpl could bind to phosphorylated
peptide sequences derived from SIRPa in a manner that activated
its phosphatase activity, and that Shpl-deficient macrophages
exhibited enhanced phagocytosis in a manner comparable to that
of CD47-SIRPa blockade. There is strong preclinical evidence
that blocking the CD47-SIRPa interaction with an antibody
enhances phagocytosis and restricts the growth of tumors in vivo
(5, 33, 34) but whether Shpl1 loss in tumor-infiltrating immune
cells would similarly enhance anti-tumor immunity remains an
open question.

Here we report on the generation of a novel mouse model
that facilitated global, inducible deletion of Ptpn6 in adult
mice, and we used this model to uncover a role for Shpl in
anti-tumor immunity. We found that a motheaten-like disease
consistent with hyperactivation of immune cells occurred when
Ptpn6 deletion was induced in adult mice. Lastly, we report
that inducible deletion of Ptpn6 drove anti-tumor immunity
against several syngeneic tumor cell lines, with corresponding
alterations in the frequency and/or activity of both myeloid and T
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lymphocytes in the tumor immune microenvironment. Overall,
our data suggest that Shpl restricts immune cell activity in the
tumor microenvironment, and that pharmacological inhibition
of Shpl could lead to activation of both innate and adaptive
immune cells to promote anti-tumor immunity.

MATERIALS AND METHODS

Mice

Ptpn6/1, Cx3cr1-Cre, and Rosa26'~YFP mice have been
described elsewhere (25, 35, 36). Rosa26-CreERT2 and dLck-Cre
mice were obtained from the Jackson Laboratory (37, 38).
C57BL/6 mice used for controls were obtained from Jackson
Laboratories or Envigo. Mice were kept in specific pathogen-free
facilities at the University of California, San Francisco (UCSF),
Revolution Medicines or Taconic Biosciences, and cared for in
accordance with institutional guidelines. All genotypes of mouse
strains used were confirmed by PCR analysis of tail DNA.

Cell Lines

DLD1, Raji, THP-1 and B16F10 cells were obtained from the
ATCC. DLD1 and Raji cells were cultured in RPMI with
10% FCS and 1% penicillin/streptomycin. THP-1 cells were
cultured in RPMI with 10% FCS, 1% penicillin/streptomycin and
100 pg/ml Normocin. B16F10 cells were cultured in DMEM with
GlutaMAX™ (Gibco) containing 10% FCS (Gibco). MC38 cells
were obtained from Kerafast and were used in all studies except
those in Supplementary Figure 7, which employed cells that
were a gift from Jim Allison (UT MD Anderson Cancer Center),
and grown in DMEM with GlutaMAX™ (Gibco) containing
10% FCS (Gibco) and penicillin/streptomycin. E0771 cells were
obtained from CH3 Biosystems and cultured in RPMI 1640
with GlutaMAX™ (Gibco) containing 10% FCS (Gibco) and
20 mM HEPES. All cell lines were confirmed to be negative for
Mycoplasma species by PCR (IDEXX Bioanalytics) and kept in a
humidified incubator with 5% CO, at 37°C.

Biochemical Phosphatase Assay

Full length wild type SHP1 and all mutants were expressed
with C-terminal 6-His tags in E. coli and purified by nickel
affinity chromatography using standard techniques (ATUM,
Newark, CA). The SIRPa di-phosphopeptide corresponding to
residues 427 to 460 of human SIRPa (H,N- ITpYADLNLP-
PEG8-HTEpYASIQTSK-NH;) was synthesized by ThermoFisher
Custom Peptides (Carlsbad, CA). The catalytic activity of SHP1
was monitored using the fluorogenic small molecule substrate
DiFMUP (ThermoFisher) in 96-well, black polystyrene plates
(Corning). The assay was performed in 55mM HEPES pH 7.2,
100 mM NaCl, 0.5 mM EDTA, 1 mM DTT, 0.001% Brij35, 0.002%
BSA, 0.1% DMSO, 20 wM DiFMUP, 0.039 to 5.0 nM enzyme, and
0 to 3,000 nM SIRPa peptide, mixed immediately prior to reading
the plate in kinetic mode on a SpectraMax M5 plate reader
(Molecular Devices) for 6 min using excitation and emission
wavelengths of 340 nm and 450 nm. Plots of initial velocity vs.
[SHP1] were fit using linear regression to determine specific
activity. Plots of specific activity vs. [SIRPa peptide] were fit using
a4-parameter concentration-response model in GraphPad Prism

8.42, with the upper baseline constrained to the specific activity
of the fully activated SHP1 mutant E74K.

Generation and Polarization of Mouse
Bone Marrow-Derived Macrophages

Bone marrow was flushed from mouse femurs and tibias with
Ca’* and Mg?*-free Hepes-buffered saline solution (HBSS).
Pellets were stored at —80°C for protein analysis by western
blot, or were frozen in liquid nitrogen in 10% DMSO/90%
FCS for cell culture experiments. For in vitro differentiation of
bone marrow-derived macrophages, the method was adapted
from (39). Cells were plated at 2 x 10° cells per 10cm
dish in 10 ml macrophage media consisting of aMEM (Gibco)
supplemented with 10% FCS, 1% penicillin/streptomycin, 2 mM
L-glutamine and 10ng/ml M-CSF (Peprotech). Functional
assays were performed starting on day 7 of culture. For
polarization, macrophages were removed from plates using
Cell Dissociation Buffer (Gibco), washed, and plated in either
MO conditions (macrophage media), M1-polarizing conditions
(macrophage media supplemented with 100ng/ml LPS and
20ng/ml recombinant IFNYy) or M2-polarizing conditions
(macrophage media supplemented with 20 ng/ml recombinant
murine IL-4) for 24h before analysis. To measure CD206
expression on M2 polarized mouse macrophages, cells were
removed from plates using Cell Dissociation Buffer (Gibco)
and stained for subsequent analysis by flow cytometry as
outlined below. To measure cytokine production by M1 polarized
macrophages, supernatants were harvested and analyzed by
multiplexed ELISA.

Generation and Polarization of Human

Monocyte-Derived Macrophages

Human monocytes were isolated from peripheral blood
mononuclear cells using Miltenyi Biotech Classical Monocyte
Isolation kit #130-117-337 or Miltenyi Biotec CD14 MicroBeads
#130-050-201. Monocytes were cultured in RPMI (Sigma)
supplemented with 10% heat-inactivated FCS (Gibco), 50 pM -
mercaptoethanol (Gibco) and 50 ng/ml M-CSF (R&D Systems).
Cells were cultured for 5-6 days in 6-well plates (Costar). For
siRNA-mediated knockdown of PTPNG, cells were washed and
resuspended in antibiotic-free macrophage medium. siRNA
oligos were obtained from Horizon Discovery (SMARTpool
ON-TARGETplus human PTPN6 #L-009778-00-0020 and
ON-TARGETplus non-targeting pool #D-001810-10-20).
siRNAs and the transfection reagent RNAi Max (Invitrogen)
were added to Opti-MEM medium (Gibco) and incubated for
15 min before drop-wise addition to cells. Cells were incubated
with transfection mixture for 6h at 37°C and were analyzed
on day 6. For macrophage polarization, macrophage media
was supplemented with the following factors 2 days after
siRNA transfection: for M1, 20ng/ml recombinant human
IFNy (R&D Systems) and 100 ng/ml LPS (Sigma) and for M2,
20 ng/ml recombinant human IL-4 (R&D Systems) and 10 ng/ml
recombinant human IL-13 (R&D Systems). Supernatants
were harvested from polarized macrophages and secreted
cytokines were measured by Luminex Multiplex Immunoassay
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(Bio-Rad) with reagent kits for IL-12p70 (171B5011M), TNFa
(171B5026M), IL-6 (171B5006M), and IL-10 (171B5010M).
CD206 expression on M2 polarized human macrophages was
determined by fixation with 4% formaldehyde and staining
with anti-CD206 (Abcam #Ab64693), followed by Alexa Fluor
647-conjugated secondary antibody. Cells were co-stained with
Hoescht 33342 staining solution and Alexa Fluor 488-Phalloidin
(Thermofisher). Fluorescent imaging was performed with the IN
Cell Analyzer 2200 (GE Healthcare) and average fluorescence
intensity was quantified.

Phagocytosis Assay

For assays with murine bone marrow-derived macrophages, cells
were harvested from tissue culture dishes using Cell Dissociation
Buffer (Gibco) or Accutase (Corning) and resuspended in RPMI.
Target cells were cultured as previously described and labeled
with 25 nM CellTrace Far Red proliferation dye (ThermoFisher)
for 20min at 37°C, at a density of 1 x 10° cells/ml. Dye
was quenched and cells were resuspended in RPMI. Target
cells were pre-incubated with opsonizing antibodies (anti-CD47
clone B6H12, eBioscience; mouse IgGlk isotype control,
clone P3.6.2.8.1, Thermo Fisher; anti-CD20, Selleckchem), and
macrophages were pre-incubated with Fc block (anti-CD16/32,
BD Biosciences, clone 2.4G2) as indicated. Macrophages and
labeled target cells were co-cultured for 4h at 37°C in low-
adherence 96-well plates at a ratio of 1:2, respectively. Cells were
then washed and stained with 4’,6'-Diamidino-2-Phenylindole,
Dihydrochloride (DAPI) prior to analysis by flow cytometry
(Cytoflex, Beckman Coulter).

For phagocytosis assays with human macrophages treated
with siRNA, macrophages were harvested by scraping and
incubated with target cells that were pre-labeled with CellTrace
Violet proliferation dye (ThermoFisher) for 4h at 37°C. Cells
were stained with LIVE/DEAD™ Fixable Far Red (Invitrogen)
and anti-human CD11b (Biolegend, clone ICRF44) prior to
analysis by flow cytometry. Phagocytic index was determined
by gating on live, single cells, and identifying CellTrace
Far Red™ YFPT (mouse) or CellTrace Violett™ CD11b*
(human) macrophages.

Generation and Analysis of

PTPNG6-Deficient THP-1 Cells
PTPNG6-deficient THP-1 cell pools were generated by transfection
of Cas9RNPs targeting the PTPN6 locus. CasORNP production
and nucleofection was performed as previously described (40).
The PTPN6 locus was targeted using the following sgRNA
sequence: TCACGCACAAGAAACGTCCA and a non-targeting
(NT) sgRNA was used to generate a control cell line. Single
cell clones were selected by limiting dilution and SHP1 loss was
verified in monoclonal THP-1 cell lines by Western blot analysis.
To measure cytokine production, control and
PTPN6-deficient THP-1 cell lines were plated at a density
of 5 x 10* cells per well in a 96-well plate and rested at 37°C
for 1h before adding 1pg/ml LPS (from E. coli 0111:B4,
Invivogen). Cells were incubated at 37°C for 20h, after which
supernatant was removed and frozen at —80°C. Supernatants
were thawed and assayed for TNF-a, IL-18, IL-6, and IFNYy using

a V-Plex Human ProInflammatory Panel I Kit on the Meso Scale
Discovery (MSD) platform.

Western Blot Analysis

Tissue lysates were prepared from tissues snap-frozen in
liquid nitrogen and powdered using a mortar and pestle.
Powdered tissue was lysed in NP40 buffer supplemented with
protease/phosphatase inhibitor cocktail (ThermoFisher, #78446)
for 30min on ice, then centrifuged at 4°C for 15min at
21,000 x g to remove insoluble material. For peripheral blood
lysates, blood was collected in K2-EDTA tubes (BD Biosciences),
washed with PBS, and centrifuged for 5min at 400 x g. Red
blood cells in the pellet were lysed using RBC lysis solution
(Miltenyi Biotec) following the manufacturer’s protocol, or using
ACK lysis buffer (150 mM NH4Cl, 10mM KHCOs3, 0.1 mM
EDTA pH 7.2-7.4), and centrifuged for 5min at 400 x g.
The leukocyte-containing pellet was lysed in NP40 buffer as
detailed above or lysed directly in Laemmli sample buffer. Total
protein concentration of cell lysates was determined using the
Pierce BCA Protein Assay kit (ThermoFisher). Equal amounts
of protein were loaded onto 4-12% SDS-PAGE gradient gels for
separation, transferred to nitrocellulose or PVDF membranes,
blocked, and immunoblotting was performed using the following
primary antibodies: anti-SHP1 (Abcam, clone Y476 #ab325599),
anti-Shpl (Santa Cruz, C19 #sc-287), anti-Shpl (LSBio, #LS-
C358839), anti-Erk1/2 (Cell Signaling, clone L34F12 #4696), or
anti-Erk2 (Santa Cruz, D2 #sc1647) at 4°C overnight. Blots were
probed with secondary antibodies: goat anti-rabbit IgG (LI-COR,
800CW) and goat anti-mouse IgG (LI-COR, 680RD), washed and
scanned using the LI-COR Odyssey CLx. Protein bands were
quantified using LI-COR Image Studio Acquisition Software.

Inducible Mouse Model of Ptpn6 Deletion
For maximum Cre-mediated loss of Shpl, Ptpn6™/f, and
Ptpn6/1 ERT2-cre mice were treated with tamoxifen (Toronto
Research Chemicals) at 200 mg/kg bid for 4 days by oral gavage.
Tamoxifen was dissolved in corn oil (Sigma) at 20 mg/ml by
incubation at 37°C for 8-12 h. Mouse bodyweight was monitored
every 2-3 days.

PrimeFlow Analysis

Probes for murine Ptpn6 (AF647 conjugate, Assay ID: VBI-
3030134-PF) and murine beta-actin (AF750 conjugate, Assay ID:
VB6- 12823-PF) were from ThermoFisher Scientific. Single cell
suspensions of splenocytes were prepared and 2 x 10° cells were
plated per well of a 96-well V-bottom plate. Cells were stained
with LIVE/DEAD™ Fixable Aqua (ThermoFisher), blocked with
anti-CD16/32 (BD Biosciences) and stained with the following
antibodies to surface markers: Panel 1: NKp46 FITC, TCRf PE-
Cy7, CD25 PE, B220 BV421, CD8 BV650, CD4 BV711 or Panel
2: F4/80 FITC, Ly6g PE-Cy7, CD11c PE, CD11b €450, MHCII
BV711 in Superbright staining buffer (ThermoFisher). Cells were
fixed and permeabilized using PrimeFlow Assay Kit buffers
following the manufacturer’s instructions (ThermoFisher). Target
probes were hybridized for 2h at 40°C then cells were washed
and stored overnight at 4°C in PrimeFlow RNA Wash Buffer
with RNase Inhibitor 1. The following day, signal amplification
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steps were performed according to manufacturer’s protocol and
cells were analyzed by flow cytometry on a BD Fortessa flow
cytometer. Data was analyzed using FlowJo (Treestar) and the
mean fluorescence intensity (MFI) of the Ptpn6 mRNA probe was
determined in the following cell types: PMNs (CD11b* Ly6g™),
Tregs (B220~ TCRB'T CD4% CD25" FoxP3%), CD4T T cells
(B220~ TCRBT CD4" CD87), and CD8™ T cells (B220~ TCRB™
CD4~ CD8™).

Flow Cytometry Analysis

For confirmation of CD47 expression on target cell lines, DLD1
and Raji cells were stained with anti-human CD47 clone B6H12
or mouse IgGly isotype control. MC38 cells were stained with
anti-mouse CD47 clone miap301 or rat IgG2ay isotype control.

To assess CD206 staining on polarized mouse macrophages,
cells were detached using Cell Dissociation Buffer as previously
described. Cells were stained with a fixable viability dye
(ThermoFisher) according to the manufacturer’s protocol,
blocked with anti-mouse IgG and anti-CD16/32 (BD
Biosciences, clone 2.4G2,) and stained with antibodies to
surface markers. Cells were then fixed in FoxP3 fixation buffer
(eBiosciences) and stained with anti-CD206-PE (Biolegend,
clone C068C2). Cells were analyzed using a Cytoflex flow
cytometer (Beckman Coulter).

Single cell suspensions of splenocytes were prepared
by homogenizing spleens between two frosted microscope
slides, followed by passage through a 70 M cell strainer.
Bronchoalveolar lavage (BAL) cells were obtained with five
1 ml flushes of the lungs with ice-cold 5mM EDTA in PBS.
Red blood cells were removed from cell suspensions by lysis
with ACK buffer (150 mM NH4Cl, 10 mM KHCO3, 0.1 mM
EDTA pH 7.2-7.4). Cells were resuspended in HBSS containing
2% (vol/vol) FCS, 20mM HEPES and 1mM EDTA and
maintained at 4 C. Cell numbers were determined by using a
Nucleocounter™ (Chemometec). Tumors were disaggregated
using the GentleMACS Mouse Tumor Dissociation kit (Miltenyi
Biotech) and resuspended in HBSS containing 2% FCS, 20 mM
HEPES and 1mM EDTA. For surface staining, cells were
pre-incubated with 0.5 pg anti-CD16/32 antibody (clone 2.4G2,
UCSF Hybridoma core) and 100 pg mouse IgG (Sigma) for
15min to block non-specific binding, followed by addition of
the following fluorescently-conjugated antibodies: From BD
Biosciences; anti-mouse Y§TCR FITC (Clone GL3, Cat# 553177),
anti-mouse CD11c PE (Clone HL3, Cat# 553802), anti-mouse
NK1.1 PE-Cy7 (Clone PK136, Cat# 553165), anti-mouse CD45R
(B220) AF700 (Clone RA3-6B2 Cat# 557957), anti-mouse Ly6c
AF780 (Clone AL-21 Cat# 560596), anti-mouse CD8 BV650
(Clone 53-6.7 Cat# 563234), anti-mouse I-A/I-E BV711 (Clone
M5/114 Cat# 563414), anti-mouse TCRB BV711 (H57-597 Cat#
563135), anti-mouse CD4 BV786 (Clone GK1.5 Cat# 563331),
anti-mouse CD11b BUV395 (Clone M1/70 Cat# 563553). From
Thermo Fisher; anti-mouse TCRp PerCP-Cy5.5 (Clone H57-597,
Cat# 45-5961), anti-mouse CD45R (B220) PerCP-Cy5.5 (Clone
RA3-6B2, Cat# 45-0452), anti-mouse FoxP3 PE (Clone FJK-16S,
Cat# 12-5773), anti-mouse CD25 APC (Clone PC61.5 Cat#
17-0251), anti-mouse CD3 AF780 (Clone 145-2C11 Cat# 47-
0031), anti-mouse CD44 eFluor450 (Clone IM7 Cat# 48-0441).

From Bio-Rad; anti-mouse F4/80 AF647 (Clone CI:A3-1, Cat#
MCA497A647). From Biolegend; anti-mouse Ly6g Pacific Blue
(Clone 1A8 Cat# 127612), anti-mouse CD45 BV605 (Clone
30-F11 Cat# 103139). Viability was assessed by staining with
Live/Dead fixable Aqua (Thermo Fisher) or DAPI exclusion.
Cells were fixed and permeabilized for intracellular staining using
the FoxP3/Transcription Factor staining kit (Thermo Fisher).
AccuCheck Counting Beads (Thermo Fisher) were added to
samples prior to acquisition to obtain cell counts in some cases.
All flow cytometry of material from the inducible mouse model
was performed on a BD Fortessa flow cytometer. Analysis of
flow cytometry data was done using Flowjo (Treestar). Tumor
immune cell populations were identified by the gating strategy
shown in Supplementary Figure 8.

Histology and Immunohistochemistry
Mouse lung lobes were inflated with formalin and fixed for
48h prior to paraffin embedding, sectioning and staining
with H&E. Images were collected using a Zeiss Axio Imager
M2 and Zen Pro software. For staining with anti-F4/80 (Cell
Signaling, Cat. #70076), lung lobes were fixed with formalin
for 24h prior to paraffin embedding and sectioning. Citrate-
based pH 6.2 Heat-Induced Epitope Retrieval was used on
the Biocare intelliPATH automated staining platform using
the manufacturer’s recommended settings. The sections
were incubated with Biocare Peroxidase Blocker (Biocare,
Cat. #PX968) and Background Punisher (Biocare, Cat.
#BP974M) to block non-specific background staining. For
the detection of rabbit primary antibodies, MACH4 HRP-
polymer Detection System (Biocare, Cat. #MRH534) was used.
The chromogenic detection and counterstaining kits IntelliPATH
FLX DAB chromogen (Biocare, Cat. #IPK5010) and IntelliPATH
Hematoxylin (Biocare Medical, Cat. #XMF963) were used.
Tumors were dissected from mice, bisected lengthwise, and
formalin fixed for 24 h prior to paraffin embedding, sectioning
and staining with H&E, or anti-mouse CD8 (Cell Signaling, Cat.
#98941) as detailed above. Stained slides were digitized with a
TissueScope LE whole slide scanner (Huron Digital Pathology)
and images captured with Huron Viewer software. Quantification
of CD8 staining was performed with the HALO® Image Analysis
software from Indica labs using the CytoNuclear module.

Growth of Syngeneic Tumor Lines in vivo
Cells for in vivo use were maintained under limited passage (<5)
from original stocks.

5 x 10* B16F10 cells in PBS were mixed 1:1 with ice
cold Matrigel (Corning) and 100pl was injected subcutaneously
into the inguinal area. 1 x 10° E0771 cells in 100pl PBS
were injected into the mammary fat pad. 5 x 10° MC38
cells in 200l HBSS were injected subcutaneously into the
inguinal area or flank except for Supplementary Figure 7
where 5 x 10° MC38 cells in 100pl 1:1 Matrigel:PBS were
injected. Tumor volume was measured with digital calipers
using the formulas (width? x length) for Figures 4B,E
and Supplementary Figures 6A,7B, or (width? x length/2)
for Figure4H and Supplementary Figures 6B,C. Mice were
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sacrificed when tumor volume >2,000 mm?® or body weight
dropped below 80% of initial weight.

Antibody Treatment in vivo

For studies with MC38 tumors, wild type C57BL/6 mice were
implanted with MC38 cells as described above. When tumor
volume reached an average of 75 mm?, mice were randomized
into groups of n = 15 mice. For studies with E0771 tumors,
Ptpn6/1 mice were implanted as described above. For anti-PD1
studies: mice were dosed intraperitoneally (IP) with anti-PD1
(clone RMP1-14, BioXCell) or rat IgG2a isotype control (clone
2A3, BioXCell) at 10 mg/kg twice weekly (BIW). For anti-CD47
studies, mice were dosed IP with anti-CD47 (clone miap301,
BioXCell) or rat 1gG2a isotype control (clone 2A3, BioXCell) at
20 mg/kg BIW for 2 weeks as described in Liu et al. (41).

Analysis of Cytokine Levels in Murine

Tumor Lysates

Snap-frozen tumors (0.1 g) were homogenized in 1 ml of buffer
containing protease inhibitors using a Precellys homogenizer.
Total protein concentration of the homogenates was determined
using a BCA assay. Equal volumes of the homogenates were
immediately assessed for cytokine/chemokine protein expression
using a multiplex bead assay (Luminex, MILLIPLEX MAP
Mouse Cytokine/Chemokine Magnetic Bead Panel). Results were
normalized to the total concentration of protein as determined
by BCA assay.

Statistical Analysis

Statistical analysis was performed using GraphPad Prism
(GraphPad Software). Data were analyzed by unpaired t-test.
For multiple group comparisons, an Analysis of Variance
(ANOVA) was performed. The p-values for ANOVA analysis
were calculated using Dunnett’s test. Data were presented as
mean = SEM unless stated otherwise. Statistical significance
was indicated as *p < 0.05 ~p < 001, p < 0.001,

skkokok

and  p < 0.0001.

RESULTS

Shp1 Phosphatase Transduces the “Don’t
Eat Me” Signal Downstream of SIRP«

Shp1 has a similar domain arrangement and tertiary structure
to its paralog Shp2, which is known to adopt an autoinhibited
conformation that is activated by binding of both SH2 domains
to bis-phosphorylated, tyrosine containing sequence motifs
(e.g., ITIMs and ITAMs) (30, 31). We investigated whether
the activity of human SHP1 protein was similarly regulated
by binding to phosphorylated motifs of interacting proteins
such as SIRPa. First, we determined whether SHP1 adopted
an autoinhibited conformation in the absence of SH2 domain
binding. Multiple activating mutants of SHP2 occur in the
inherited disorder Noonan Syndrome and sporadically in cancer
genomes, including A72V, E76K, and G503V. Many of these
mutations activate SHP2 by destabilizing the autoinhibited
conformation (42). We made the same substitutions at
homologous positions in SHP1 (A70V, E74K, and G497V).

Compared to wild type SHPI, all three variants exhibited >40-
fold increased activity on the fluorogenic synthetic substrate
6,8-Difluoro-4-Methylumbellifery] =~ Phosphate ~ (DiFMUP)
(Figure 1A), indicating that these mutations disrupted an
autoinhibited conformation of SHP1 similar to that of SHP2.
We then investigated whether SHP1 could be activated by
binding of phosphotyrosine-containing sequence motifs from
SIRPa, using a synthetic peptide comprised of the sequence
motifs surrounding phosphorylated tyrosines 429 and 453 of
human SIRPa, separated by a flexible PEG8 linker. SHP1 activity
on DiFMUP increased in a concentration dependent manner
with SIRPa peptide, up to 35-fold at the highest concentration
tested (3 uwM) (Figure 1B). To investigate the role of specific
interactions with the SH2 domains of SHP1 in this activation,
we replaced an arginine residue critical for phosphotyrosine
binding (43) with glutamine in the N-SH2 domain (SHP1 R30Q),
C-SH2 domain (SHP1 R136Q) and both domains (SHP1 R30Q
R136Q). All engineered variants had catalytic activity, indicating
properly folded protein (Figure 1A). The basal activity of R136Q
was similar to wild type, whereas the activity of R30Q and the
double mutant was ~10-fold higher than wild type, possibly
due to allosteric disruption of the autoinhibited conformation
by the N-SH2 domain binding site mutation. Mutations in the
SH2 domains greatly attenuated activation by SIRPa peptide
binding; activity of SHP1 R136Q increased 3.5-fold, R30Q
1.8-fold, and R30Q R136Q 1.1-fold at 3uM SIRPa peptide
(Figure 1B). Taken together, these observations suggested that
SHP1 adopts an autoinhibited conformation similar to SHP2,
and that SHP1 phosphatase activity can be induced by binding
to phosphorylated SIRPa.

We next wanted to test the hypothesis that Shpl loss, and
thus loss of the anti-phagocytic signal downstream of SIRPa,
could enhance macrophage phagocytosis. To obtain Ptpné6-
deficient macrophages, we crossed Ptpn6/!l mice to Cx3cr1-Cre
Rosa26S1=YFP and generated YFPT bone marrow-derived
macrophages (BMDMs) from these animals as well as from wild
type (WT) control mice (Ptpn6+/+ Cx3cr1-Cre Rosa26'SL—YFP),
We consistently achieved >85% reduction in Shpl protein
levels in Ptpn6-deleted BMDMs (Supplementary Figure 1A).
To evaluate phagocytosis, we adapted a flow cytometry-
based assay (44) wherein YFP-expressing macrophages
were co-cultured with fluorescently-labeled cancer target
cells, and the frequency of dual-labeled macrophages in the
culture was measured, indicative of target cell uptake and
referred to as “phagocytic index” (Supplementary Figure 1B).
All target cell lines tested, which included both epithelial
and hematopoietic cancer cell lines (DLDI, Raji, MC38)
expressed the SIRPa ligand CD47 (Supplementary Figure 1C).
Ptpn6-deficient BMDMs exhibited a 2-3-fold increase in
phagocytic index compared to WT macrophages when co-
cultured with DLD1 or Raji human cancer cells as well as
the murine syngeneic colon tumor line MC38 (Figure 1C).
Similar results were observed with human peripheral blood
monocyte-derived macrophages transduced with PTPN6-
targeted siRNA compared to macrophages transduced with a
non-targeting siRNA (Figure 1D). Pre-incubation of murine
and human macrophages with anti-CD47 in order to block
the “don’t eat me” signal led to increased phagocytosis by
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FIGURE 1 | Shp1 phosphatase transduces the “don’t eat me” signal downstream of SIRPa. (A) Specific activity on the fluorogenic small molecule DIFMUP of purified,
full-length, wild-type SHP1, phosphotyrosine binding-deficient mutants (R30Q, R136Q, and R30Q R136Q), and substitutions homologous to known activating
mutations in SHP2 (E74K, A70V, and G497V) in the absence of activating concentrations of SIRPa peptide. (B) Increase in biochemical activity of SHP1 upon titration
with a synthetic peptide corresponding to residues 427-460 of SIRPa, with tyrosines 429 and 453 phosphorylated. Shown are wild type SHP1 (green) and mutants
that eliminate phosphotyrosine binding to the N-SH2 (R30Q, purple) and C-SH2 (R136Q, red) domains, and the double mutant (R30Q R136Q, blue). Lines represent
fit to a 4-parameter concentration response model. (C) Flow cytometry-based in vitro phagocytosis assay. Murine bone marrow-derived macrophages (BMDMs) were
co-cultured with DLD1, Raji, or MC38 target cells for 4 h prior to analysis by flow cytometry. Phagocytic index is defined as the number of macrophages that had
taken up target cells divided by the total number of macrophages. Data is representative of 5 independent experiments with 2 mice/group. (D) as in (C) but with
human peripheral blood monocyte-derived macrophages with PTPN6 knockdown by siRNA, compared to non-targeting siRNA control. DLD1 were used as target
cells. Data is normalized and combined from 4 independent experiments with 1-2 donors per experiment. (E) As in (C), but target cells were pre-incubated with
antibodies (isotype control, anti-CD47, rituximab, where indicated) and murine BMDMs were pre-incubated with Fc block (where indicated) prior to coculture. Raji
were used as target cells. Data is representative of two to five independent experiments with 2 mice/group. (F) Cartoon schematic of the balance of signals that
impact macrophage phagocytosis. Interaction of SIRPa on the macrophage with CD47 on the cancer target cell leads to an anti-phagocytic “don’t eat me” signal that
is transduced by SHP1. Macrophages can also receive pro-phagocytic “eat me” signals via stimulation of certain Fc receptors. This can occur when a
tumor-associated antigen (TAA) is bound by an antibody, opsonizing the tumor target cell. The Fc portion of the opsonizing antibody can bind to macrophage Fc
receptors, driving the “eat me” signal. (G) Immunoassay (MSD) for cytokine secretion by wild type (non-targeting, NT, sgRNA) and SHP1 knockout (PTPN6E sgRNA)
THP1 cells. Cells were stimulated with 1p.g/ml LPS for 20 h prior to harvesting of culture supernatants. Data is representative of four independent experiments with 3
technical replicates per condition per experiment. Error bars represent SEM, *p < 0.05, *p < 0.01, **p < 0.001.
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both WT and Ptpn6-deficient macrophages (Figure 1E,
Supplementary Figure 1B). Phagocytosis is governed by a
combination of anti-phagocytic “don’t eat me” signals, such
as the one driven by CD47 binding to SIRPa, and by “eat
me” signals that come from crosslinking of Fc receptors on
macrophages; this triggers a signaling pathway that is pro-
phagocytic and leads to engulfment of the target cell [(29);
schematized in Figure 1F]. In the experiments shown in
Figure 1E, we used an intact anti-CD47 antibody: this can
disrupt both the CD47-SIRPa interaction via the variable
region of the antibody binding to CD47, and can also bind
to macrophage Fc receptors which would enhance phagocytic
uptake by triggering the described pro-phagocytic “eat me”
signaling pathway. To uncouple the effect of blocking “don’t
eat me” signals from promoting “eat me” signals, we first
pre-incubated macrophages with an antibody that blocks
Fc receptors (“Fc block, a-CD16/32). Here, any increase in
phagocytosis would be due to blocking the “don’t eat me”
CD47-SIRPa signal alone. Consistent with this, pretreating WT
macrophages with “Fc block” prior to incubation with target
cells and anti-CD47 led to increased phagocytosis compared
to cocultures with isotype antibody (Figure 1E). In contrast,
Ptpn6-deleted macrophages pretreated with Fc block did not
drive a further increase in phagocytosis compared to isotype
control antibody treatment (Figure 1E). This demonstrated
that Shpl transduced the “don’t eat me” signal, and that Shpl
loss-of-function in macrophages drove a similar increase in
phagocytosis to that observed with CD47 blockade. Of note,
we observed the highest phagocytic index when we combined
Shpl loss with an opsonizing antibody that stimulates an “eat
me” signal through macrophage Fc receptors, such as anti-CD47
or anti-CD20 (rituximab) (Figure 1E). This is consistent with
the emergent clinical success of combining a non-opsonizing
anti-CD47 antibody with rituximab in treating CD20" B cell
lymphomas (45).

We also found that SHP1 deletion induced phenotypic
changes in macrophages, making them more pro-inflammatory.
We knocked out SHP1 in the human monocytic cell line
THP-1 using CRISPR-Cas9 and found that clonal SHP1-
deficient cells stimulated with lipopolysaccharide (LPS)
produced higher levels of the inflammatory cytokines TNFa,
IL-1B, and IL-6 compared to THP-1 cells that received a
non-targeting (NT) control sgRNA (Figure1G). We next
evaluated the impact of Shpl loss on BMDMs polarized
to the proinflammatory “M1” and alternatively-activated
“M2” subtypes by incubation with either LPS and IFNy, or
IL-4, respectively, in addition to the non-polarized “MO0”
BMDMs wused in previous experiments. Pfpn6-deficient
MO macrophages expressed lower levels of the mannose
receptor CD206 (MRC1), an M2-associated marker that
plays a major role in the progression of solid tumors due
to immunosuppressive effects and impacts on angiogenesis
and metastasis (46, 47). This suggested that Ptpn6-deficient
macrophages were phenotypically less “M2-like” compared
to WT macrophages (Supplementary Figure 1D). We
also observed a reduction in CD206 levels on Ptpn6-
deficient M2 macrophages (Supplementary Figure 1D).

Human PTPN6-knockdown M2-polarized macrophages also
exhibited lower CD206 levels, consistent with our findings in
murine macrophages (Supplementary Figure 1E). PTPNG6-
deficient human M1 macrophages trended toward increased
secretion of the proinflammatory cytokines IL-6 and TNFa
(Supplementary Figure 1F),  consistent  with  published
literature (48). We also observed a trend toward increased
IL-18 and IL-10 in mouse M1 macrophages, and reduced
IL-12p70 (Supplementary Figure 1G), however differences
in the experimental methodologies for Shpl perturbation
(siRNA knockdown for human cells and Cre-mediated DNA
deletion in the mouse cells) make it hard to draw direct
comparisons between our findings in the mouse and human
cells. Overall, we found that Shpl loss in macrophages resulted
in a more proinflammatory phenotype and enhanced phagocytic
effector function.

Generation of a Genetically-Engineered
Mouse Model for Global, Inducible Deletion
of Ptpn6

Given that enhancing macrophage phagocytosis has been
demonstrated to increase anti-tumor activity in preclinical
models (6), we wanted to evaluate the impact of Shpl loss
on tumor growth. Ptpn6™¢/™M¢ or Ptpn6™eV/™V mice have
constitutive mutations in Shpl and could not be used for
tumor growth studies because these animals succumb to
motheaten disease too rapidly to allow for evaluation of
tumor growth (9, 11, 14). Thus, to test the effect of Shpl
loss on tumor growth, we generated a model for global,
inducible deletion of Ptpn6. To achieve this, we crossed the
Ptpn6™/ mice (25) to the Rosa26C*/ERT2 strain (37): with
this model (referred to as Ptpn6"/ERT2-Cre), the Cre was
sequestered in the cytosol by virtue of its fusion with the
estrogen receptor (ER), and could only translocate to the
nucleus and recombine out the loxP-flanked Ptpn6 DNA
upon administration of the ER ligand tamoxifen (49). We
developed a tamoxifen dosing regimen that led to a 70-80%
reduction in Shpl protein levels in peripheral blood cells as
measured by immunoblot for Shpl (Figures 2A,B). This degree
of deletion was detectable 2 days following the last dose of
tamoxifen treatment and was sustained for 40 days following
initial tamoxifen dosing (Figure 2A). Deletion was equivalent
in both male and female mice (Supplementary Figure 2). Of
note, Shpl protein levels in the peripheral blood began to
increase beyond 40 days post-tamoxifen treatment, approaching
wild type levels (Figure2A). It is possible that Ptpn6 was
not effectively deleted in progenitor cells following tamoxifen
treatment, leading to the observed restoration of detectable
Shpl protein. We determined that Ptpn6 was knocked out in
both innate and adaptive immune cells using a flow cytometry
assay that enables detection of mRNA as a surrogate for
protein expression because there is no available antibody that
detects Shpl protein by flow cytometry. Using mRNA flow
cytometry, we could detect reduced Ptpn6 mRNA levels in
several different immune cell subsets, including neutrophils
(PMN), CD8" T cells, and both effector and regulatory
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FIGURE 2 | Generation of a genetically-engineered mouse model for global, inducible deletion of Ptpn6. (A) Shp1 protein relative to total Erk2 protein in peripheral
blood cells analyzed over time, from Ptpn6™"/ and Ptpn6"/! ERT2-Cre mice that had been treated with tamoxifen (200 mg/kg bid for 4 days, represented by shaded
area). Data is representative of at least three independent experiments with 4-5 mice pre group. (B) Representative immunoblot from A of Shp1 and Erk2 protein
levels in whole cell lysates of peripheral blood cells from indicated mice on day 18 following tamoxifen treatment. Lysates were analyzed by SDS-PAGE followed by
immunoblotting with indicated antibodies. (C) Flow cytometric analysis of Ptpn6 mRNA levels in the indicated subsets of immune cells from Ptpn6™"/" and Ptpn6"/f
ERT2-Cre mouse spleens on day 12 after MC38 tumor implant (day 19 after initial tamoxifen dose). Data is from one experiment with n = 3 mice/group. (D) Analysis
of Shp1 protein levels by immunoblot in mouse spleen, bone marrow, and liver tissue lysates. Organs were isolated from MC38 tumor-bearing Pton6™/" and Ptpn6/
ERT2-Cre mice at study endpoint and tissue lysates were homogenized, then analyzed by SDS-PAGE followed by immunoblotting with indicated antibodies.
Quantitated Shp1 protein was normalized to total Erk protein. Data is representative of three independent experiments with 4-10 mice/group. Error bars represent
SEM, **p < 0.001, ***p < 0.0001.

(Treg) CD4% T cells in the spleens of Ptpn6’/IERT2-Cre  including the spleen, bone marrow, and liver (Figure 2D).
mice 19 days following tamoxifen administration (Figure 2C).  Overall, we were able to generate a mouse model that allowed
The reduction in mRNA levels was concordant with the for inducible deletion of Ptpn6 in adult mice and developed
reduction in protein observed in total peripheral blood cells  an assay to monitor Shpl protein levels over time in mouse
in Figure 2A. Loss of Shpl protein was also detected in the  peripheral in blood cells, as well as at study endpoint in
peripheral tissues of tamoxifen-treated Ptpn6/TERT2-Cre mice,  peripheral tissues.
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Global, Inducible Deletion of Ptpn6 Leads

to Features of the Motheaten Phenotype
Before challenging Ptpn6 inducible knockout mice with
tumors, we wanted to determine the impact of Shpl loss in
non-tumor-bearing mice. In particular, we were intrigued as
to whether we would observe the broad immune cell hyper-
activation seen in motheaten mice using our model, wherein the
hematopoietic compartment was allowed to develop normally
prior to Shpl loss. Strikingly, we found that mice with inducible
Ptpn6 deletion developed several features reminiscent of the
motheaten phenotype. All mice lost weight in the 10 days
following tamoxifen administration (Figure 3A), likely as a
result of tamoxifen-induced adverse effects (50). Mice recovered
weight to baseline within 2 weeks after treatment. However,
at day 20, Ptpn6"/ERT2-Cre mice begin to exhibit weight
loss (Figure 3A) that was not observed in control Ptpn6ﬂ/ i
mice. The transient reduction in Shpl levels did not result in
lethal disease as Ptpn6"/TERT2-cre mice began to regain some
weight over time (Supplementary Figure 3A), concomitant
with the increase of Shpl protein in peripheral blood shown
in Figure 2A. Expansion of myeloid cells (CD11b™) was
observed in the peripheral blood of Ptpn6™/TERT2-Cre by day 14
(Figure 3B). We observed splenomegaly in the Ptpn6//TERT2-
Cre mice following tamoxifen treatment, which was due to
an increased number of CD11b™ myeloid cells (Figure 3C)
comprised of both PMNs and Ly6c high and low monocytes
(Supplementary Figure 3B). Lung inflammation is a key
feature of the motheaten phenotype (9); consistent with this,
we observed both a time- and dose-dependent increase of
total cells within the bronchoalveolar lavage (BAL) fluid of
tamoxifen-treated Ptpn61/IERT2-Cre mice (Figures 3D,E).
Whereas BAL fluid harvested from lungs of control mice
contained >85% of CD45% CD11cM alveolar macrophages, the
large increase of cells in the BAL fluid from Ptpn6/"ERT2-Cre
mice was comprised almost entirely of CD45" CD11b* CD11c™
myeloid cells (Figure 3F). Analysis of lung tissue sections from
tamoxifen-treated Ptpn6"/TERT2-Cre mice revealed extensive
inflammatory cell infiltration (Figure 3G). These data confirmed
that deletion of Shpl in adult mice was sufficient to induce a
motheaten-like phenotype.

Ptpn6 Deletion Drives Robust Anti-Tumor
Immunity in Two Immune-Rich Syngeneic

Tumor Lines

We next wanted to leverage this novel mouse model to
determine the impact of Shpl loss on tumor growth in
vivo. We administered tamoxifen according to the regimen
outlined in Figure2A and implanted syngeneic mouse
tumor cells 3 days after the final tamoxifen dose, a time
selected to coincide with initial Shpl protein loss in mouse
peripheral blood cells. As shown in Figure2A, reduction
in Shpl protein levels was observed for ~30 days following
tamoxifen treatment, which is a sufficient window of time
for the syngeneic mouse tumor lines B16F10, E0771, and
MC38 to reach endpoint (volume > 2,000 mm?). Thus,
we reasoned that our model would allow us to interrogate

tumor growth co-incident with Shpl protein loss in the
host animals.

B16F10 melanoma is a poorly immunogenic cell line, with
<1% of the tumor being comprised of CD45% immune cells
(Figure 4A). As such, it is challenging to observe tumor
growth inhibition when treating these tumors with single agent
immunotherapies (51). Unsurprisingly, we did not observe
any difference in tumor growth upon implantation of B16F10
cells into tamoxifen-treated Ptpn61/IERT2-Cre and Ptpn6f/f
mice, suggesting that Shpl loss alone is not sufficient to
drive anti-tumor immunity in this “immune desert” tumor
(Figure 4B). Immunophenotyping of these tumors did not
show any significant changes in the composition of the tumor
immune microenvironment (Supplementary Figures 4A,B). All
mice reached tumor endpoint by day 15 of the study
(Figure 4B) and maintained bodyweight following an initial loss
upon tamoxifen administration (Supplementary Figure 4C). We
confirmed that Shpl protein was reduced by 50% in peripheral
blood cells of tumor-bearing mice upon tamoxifen treatment
(Figure 4C).

Given that Shpl loss in myeloid cells drives an
inflammatory, pro-phagocytic phenotype [(9), Figures 1C-G
and  Supplementary Figure 1F], we next tested the
impact of Shpl loss on the growth of two syngeneic

tumor cell lines that develop a more immune-rich
microenvironment, the breast adenocarcinoma E0771 and
the colon adenocarcinoma MC38. Myeloid cells made

up 80% of tumor-infiltrating leukocytes (CD45" cells) in
both E0771 tumors (Supplementary Figure 5A) and MC38
tumors (Supplementary Figure 5B). We did not detect
any difference in the total number of live CD45" cells
infiltrating the EO0771 tumors (~5%) when Shpl levels
were reduced (Figure4D). However, we observed reduced
growth of E0771 tumors in tamoxifen-treated Ptpn6™/TERT2-
cre mice relative to control Ptpn6ﬂ/ " mice (Figure 4E), as
well as reduced tumor weight (Supplementary Figure 5C),
suggesting that loss of Shpl could drive anti-tumor
immunity. We observed a 40% reduction in Shpl protein
levels in peripheral blood cells from tumor-bearing
Ptpn6/1 ERT2-Cre mice following tamoxifen —treatment
(Figure 4F), and mice began to show bodyweight loss
consistent with development of the motheaten phenotype
(Supplementary Figure 5D).

Analysis of MC38 tumors implanted into our mouse
model revealed a higher frequency of CD45" immune cell
infiltration (~10-15%) relative to E0771 tumors, but like
E0771 we did not observe a significant difference in the
overall immune cell infiltrate (% CD45% cells) between
mice with reduced Shpl protein compared to WT controls
(Figure 4G). We observed significant MC38 tumor growth
inhibition in tamoxifen-treated Ptpn6"/ERT2-cre mice
compared to Ptpn6/f control mice (Figure 4H). We confirmed
that Shpl protein was reduced in the peripheral blood of
tamoxifen-treated Ptpn6ﬂ/ fIERT2-cre mice (Figure 4I). We
could also detect a 50% reduction of Shpl protein in MC38
tumor lysates from mice with inducible Shpl deletion
compared to control mice (Supplementary Figure 5E).
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FIGURE 3 | Global, inducible deletion of Ptpn6 leads to features of the motheaten phenotype. (A) Body weight of mice of the indicated genotypes, given as % of initial
mouse weight, measured over time following treatment with 200 mg/kg tamoxifen bid for 4 days (shaded area). Data is from n = 9-10 mice per group. (B) Flow
cytometric analysis of CD11b™ cells in peripheral blood taken 14 days after initial tamoxifen dose, data shown as % of live CD45% cells. (C) Spleen weight relative to
mouse body weight (left), and flow cytometric analysis of CD11b* splenocytes (right) measured 50 days after initial tamoxifen dose. (D,E) total number of
bronchoalveolar lavage (BAL) cells from mice of the indicated genotypes measured at either day 14 (2 wks) and 28 (4 wks) following 200 mg/kg tamoxifen bid for 4
days (D), or day 50 following 5 days of 200 mg/kg/day (low dose) or 4 days of 200 mg/kg bid (high dose) (E). (F) Flow cytometric analysis of BAL cells at day 28 after
initial tamoxifen dose of 200 mg/kg tamoxifen bid for 4 days. Data is graphed as % of CD45" live cells. (G) Representative H&E and anti-F4/80-stained sections of
lung lobes from mice of the indicated genotypes. H&E stained sections were from lungs harvested 4 weeks after initial tamoxifen dose of 200 mg/kg tamoxifen bid for
4 days, two independent experiments with 4-7 mice/group. Anti-F4/80 staining is from one experiment with 5 mice/group; lungs were collected day 27 after tumor
implantation. Error bars represent SEM, p < 0.05, *p < 0.01, **p < 0.001, ***p < 0.0001.
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FIGURE 4 | Ptpn6 deletion drives robust anti-tumor immunity in two immune-rich syngeneic tumor lines. (A) Flow cytometric analysis of live CD45" cells from B16F10
melanoma tumors isolated from tamoxifen-treated Pton6"/" and Ptpn6"/"ERT2-cre mice at day 14 post tumor implantation. (B) B16F10 tumor volume measurements
in tamoxifen-treated Ptpn6"/"ERT2-cre and Ptpn6/" mice. Each data point represents the average tumor volume of all mice in a given group. Data is representative of
three independent experiments with 5-7 mice/group. (C) Shp1 protein relative to total Erk2 protein in peripheral blood cells from indicated mice 14 days after initial
tamoxifen dose (200 mg/kg bid for 4 days) and 7 days after B16F10 tumor cells were implanted. Data is representative of at least three independent experiments with
5-7 mice per group. (D) Flow cytometric analysis of live CD45" cells from EQ771 tumors isolated from tamoxifen-treated Pton6"/" and Ptpn6"/"ERT2-cre mice at day
19 post tumor implantation. (E) EO771 tumor volume measurements in tamoxifen-treated Pipn6"/"ERT2-cre and Ptpn6™"" mice. Each data point represents the
average tumor volume of all mice in a given group. Data is representative of three independent experiments with 4-5 mice per group. Statistical significance was
(Continued)
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FIGURE 4 | calculated at each time point using an unpaired t-test. (F) Shp1 protein relative to total Erk2 protein in peripheral blood cells from indicated mice 14 days
after initial tamoxifen dose (200 mg/kg bid for 4 days) and 7 days after EO771 tumor cells were implanted. Data is representative of at least three independent
experiments with 4-5 mice per group. (G) Flow cytometric analysis of live CD45% cells from MC38 tumors isolated from tamoxifen-treated Pton6™/" and
Ptpn6"/"ERT2-cre mice at day 29 post tumor implantation. (H) MC38 tumor volume measurements in tamoxifen-treated Ptpn6"/"ERT2-cre and Ptpn6™"/" mice. Each
data point represents the average tumor volume of all mice in a given group (1 = 10 Pton6"" and n = 9 Ptpon6""ERT2cre, except for days 23 and 27 post tumor
implantation, when data collected was from n = 9 Ptpn6"/" and n = 7 Ptpn6"/"ERT2-cre/group). Data are representative of two independent experiments with n =
9-10 or 4-5 mice per group. Statistical significance was calculated at each time point using an unpaired t-test. (I) Shp1 protein relative to total Erk2 protein in
peripheral blood cells from indicated mice at day 13 post tumor implantation. Mice had been treated with tamoxifen (200 mg/kg bid for 4 days) prior to implantation
with MC38 cells. Data is representative of two independent experiments with at least 4 mice/group. Error bars represent SEM, *p < 0.05, *p < 0.01, **p < 0.001.

cells
we

Given that MC38 tumor do not express Shpl
(Supplementary Figure 5E), attributed the observed
reduction in Shpl protein level to host tumor-infiltrating cells.
As expected, MC38 tumor-bearing Ptpn6™/TERT2-cre mice lost
weight, consistent with development of the motheaten phenotype
(Supplementary Figure 5F).

Multiple Cell Types Contribute to
Anti-Tumor Immunity in Mice With

Inducible Ptpn6 Deletion
Immunophenotyping of the E0771 tumors from Ptpn6/TERT2-
cre and Ptpn6/1 mice at the study endpoint revealed a significant
increase in both the numbers of M1 and M2 macrophages
(Figures 5A,B) and a trend toward an increased M1/M2 ratio
(Figure 5C). Although we saw no effect on the frequency of
ap T cells (Supplementary Figure 5A), we observed evidence of
increased T cell activation: E0771 tumors from Ptpn6/ERT2-
cre mice contained a higher frequency of activated, antigen-
experienced (CD44M) CD4*1 and CD8* T cells, and an increase
in the ratio of effector CD4" and CD8' T cells to Tregs
(Figure 5D), consistent with an anti-tumor response.
Immunophenotyping of MC38 tumors collected near
study endpoint from tamoxifen-treated Ptpn6/TERT2-
cre and Ptpn6/" mice did not reveal any significant
differences in the composition of the immune cell infiltrate
(Figure 5E), though there was a trend toward increased M1
macrophages with no effect on the frequency of M2 macrophages
(Supplementary Figure 5G). As such, there was a trend
toward an increased M1/M2 ratio (Supplementary Figure 5H),
though this did not reach statistical significance. Despite not
seeing an increase in T cell frequency by flow cytometry
(Supplementary Figure 5B) nor any difference in CDS8™
effector T cell to Treg ratio (Supplementary Figure 5I),
immunohistochemistry analysis of tumor sections did reveal
a significant increase in CD8' T cells in MC38 tumors from
Ptpn6/MERT2-cre mice relative to controls. Importantly,
the increase in CD8" T cell infiltration was observed in
the core of the tumors (Figure5F). We hypothesized that
differences in immune cell function, in addition to immune cell
abundance, might be contributing to the MC38 tumor growth
inhibition observed in Figure 4H. To address this, we analyzed
cytokine levels in MC38 tumor lysates from tamoxifen-treated
Ptpn6/MERT2-cre and Ptpn6™/1 mice at study endpoint and
observed increased levels of the proinflammatory, myeloid-
derived cytokines IL-1f, and IL-12p70 (Figure 5G). IL-12p70
production by myeloid cells drives differentiation of T helper 1

(Thl) cells and stimulates production of IFNy from T and NK
cells (52, 53). Consistent with this, we also observed increased
IFNy in MC38 tumor lysates from Ptpn6"/TERT2-cre mice
(Figure 5G). Overall, these data demonstrate that Shpl loss
drives robust anti-tumor immunity against two immune-rich
syngeneic tumor lines.

The E0771 and MC38 cell lines we used for these studies
were not sensitive to immune checkpoint blockade, as
implantation of these cells into wild type mice followed
by treatment with anti-PD1 did not affect tumor growth
(Supplementary Figures 6A,B). The MC38 line was also
insensitive to anti-CD47 treatment (Supplementary Figure 6C),
even though the tumor cells did express CD47 at the cell
surface (Supplementary Figure 1C). That we were able to see
immunomodulation and anti-tumor activity upon Shp1 deletion
in these two models is significant given that neither tumor line
responded to checkpoint inhibitor blockade, the standard of care
immunotherapy treatment. Overall, these results demonstrated
that Shpl loss in the host mouse can impair growth of two
distinct immunogenic tumor cell lines in vivo, but cannot drive
anti-tumor activity in a tumor line that is non-immunogenic
(B16F10). Our immunophenotyping data suggest that the
observed activity likely comes from effects of Shpl loss on
multiple immune cell types including macrophages and T cells.
Furthermore, the contribution of these cells to the anti-tumor
response may be distinct among different tumor histotypes.

Loss of Shp1 Exclusively in the T Cell
Compartment Is Insufficient to Drive

Anti-Tumor Immunity

We investigated whether loss of Shpl in the T cell compartment
alone was sufficient to cause a reduction in tumor growth.
This was achieved by crossing Ptpn6"/1 mice with the T-
cell specific distal Lck-Cre strain. T cells from these mice
show an increase in the expression of the activation marker
CD44, but the mice do not show any sign of inflammation
or autoimmune disease (Supplementary Figure 7A) (21). We
did not observe any reduction of MC38 tumor growth
in these mice (Supplementary Figure 7B). Similar to the
motheaten mice, mice with loss of Shpl exclusively in the
myeloid compartment (crossing the Ptpn6/1 mice to the
CDl1l1c-Cre strain to target DCs or the MRP8-Cre strain to
target neutrophils) results in substantial immune activation
in young mice (18), which confounded studies analyzing the
immune response to tumors in these animals (unpublished
observations). As such, we were unable to assess the effect
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FIGURE 5 | Multiple cell types contribute to anti-tumor immunity in mice with inducible Ptpn6 deletion. (A) Flow cytometric analysis of EO771 tumors isolated from
tamoxifen-treated Ptpn6"/" and Pton6"/"ERT2-cre mice at day 19 post tumor implantation. Cells were gated on live CD45% cells and individual populations were
identified by the gating strategy outlined in the Methods and Supplementary Figure 8. Data is representative of two experiments with 4-5 mice per group. (B,C)
Flow cytometric analysis of M1 and M2 macrophages in EO771 tumors from tamoxifen-treated mice, gated based on strategy outlined in Methods and
Supplementary Figure 8, represented as % CD45* cells (B), and the ratio of M1 to M2 macrophages (C). (D) Flow cytometric analysis of T cell subsets isolated
from E0771 tumors from tamoxifen-treated Pton6™"/ and Ptpn6™"/" ERT2-cre mice at day 19, represented as %CD45+ cells. Data is representative of two experiments
with 4-5 mice per group. (E) Flow cytometric analysis of MC38 tumors isolated from tamoxifen-treated Ptpn6"/" and Ptpn6™"/"ERT2-cre mice at day 29 post
tumor-implantation. Cells were gated on live CD45™ cells and individual populations were identified by the gating strategy outlined in the Methods and
Supplementary Figure 8. Data is from one experiment with n = 4-5 mice per group. (F) Representative image of immunohistochemical analysis of CD8* T cells in
MC38 tumors from tamoxifen-treated Ptpn6"/1 and Ptpn6"/TERT2-cre mice (left), and quantitation of CD8* positive cells in the images (right). Tumors were collected
on day 27 post implantation. Data is from one experiment. (G) Multiplexed immunoassay (Luminex) analysis of cytokine levels in lysates of MC38 tumor isolated from
tamoxifen-treated Pipn6"" and Ptpn6"/"ERT2-cre mice at day 27 post tumor-implantation. Lysates were prepared and analyzed from n = 8 Ptpn6"/" and n = 10
Pton6"/"ERT2-cre mice. Error bars represent SEM, and *p < 0.05, o < 0.01, **p < 0.005, ***p < 0.001.
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of Ptpn6 deletion specifically in myeloid cells on tumor
growth. This highlights the need for models that permit cell
type-specific inducible deletion, or a specific pharmacological
inhibitor of Shpl that would acutely perturb Shpl activity
in mice.

DISCUSSION

Enhancing anti-tumor effector functions in immune cells has
emerged as a successful therapeutic strategy in cancer. Both
innate and adaptive immune cells are present in the tumor
immune microenvironment: therapies that target innate cells
such as agents that block the CD47-SIRP« interaction are
being evaluated in the clinic, and checkpoint inhibitor blockade
treatments that promote T cell activity are now FDA-approved
for several tumor histotypes (1, 3-5). Enhancing anti-tumor
immunity by combining different approaches that engage
both innate and adaptive immune cells is thus an attractive
strategy. As such, the protein tyrosine phosphatase Shpl is a
promising target owing to its broad hematopoietic expression
and its regulation of many immune cell signaling pathways.
Here we report a novel mouse model of inducible Ptpn6
deletion that allowed us to investigate how loss of Shpl in
host immune cells could impact tumor growth. This model
demonstrated for the first time that deletion of Ptpn6 in
adult mice drove the same inflammatory phenotype as that
seen with constitutive Ptpn6 deletion. Animals with inducible
Ptpn6 deletion exhibited immune cell infiltration in the spleen,
lungs and BAL, along with weight loss. This suggests that the
motheaten phenotype does not arise from aberrant immune cell
development and differentiation.

Loss of Shpl drove anti-tumor immunity against two
independent tumor lines, E0771 and MC38, that induce
relatively immune cell-rich tumors containing a high frequency
of myeloid cells and are insensitive to anti-PD1 checkpoint
inhibitor therapy. We found that Shpl loss in macrophages
enhanced their ability to perform phagocytosis in vitro, which
could be one mechanism that contributed to the observed
increase in anti-tumor immunity following induced deletion of
Ptpn6. Whether Ptpn6-deficient macrophages exhibit increased
phagocytosis in the tumor microenvironment, and therefore
could increase the activity of anti-tumor antibody therapies
remains an exciting open research question. Going forward, it
would be important to test this hypothesis in a tumor model
responsive to agents that enhance pro-phagocytic signaling
via opsonization.

Our in vivo data support a mechanism of tumor growth
inhibition that involves several immune cell types. We
observed evidence of both macrophage expansion and
T cell activation, with a shift in the balance of effector
vs. regulatory T cells. In addition, we observed increased
levels of the myeloid-derived cytokines IL-1f and IL-
12p70, which are produced by activated macrophages
and DCs. These cytokines promote the differentiation
of CD4" T cells toward Thl, and production of IFNy
by cytotoxic innate immune cells (natural killer cells) as

well as cytotoxic CD8' T lymphocytes and CD4% Thl
cells (52, 53).

We and others have shown that deletion of Shpl leads
to activation of DCs. DCs from mev mice exhibit enhanced
secretion of the pro-inflammatory cytokine TNFa in response to
stimulation (54), and Shp1-deficient dendritic cells derived from
Ptpn6/1CD11c-Cre mice secrete more of the proinflammatory
cytokines IL-6, IL-1B, and TNFa (18, 22). Knocking down Ptpn6
with shRNA leads to enhanced antigen uptake and priming
of T cells, and enhanced activity in an in vivo vaccination
model of B16F10 melanoma (55). Increased priming of T
cells could enhance their response to tumor-specific antigens.
Previous studies have also demonstrated an effect of Shpl
loss in T lymphocytes. Ptpn6-deficient CD4T and CD8* T
cells exhibit increased proliferation (20, 21, 56) and are less
sensitive to suppression by regulatory T cells (57). A recent
genome-wide CRISPR screen in primary human CD4+ T cells
identified PTPNG6 as a negative regulator of T cell proliferation
(58). Ptpn6-deficient CD8T cells exhibit enhanced killing, and
transfer of Ptpn6-deficient CD8 T cells into mice with systemic
leukemia improves disease outcome (56). It is attractive to
hypothesize that the anti-tumor immunity observed in mice
with inducible Ptpn6 deletion is due in part to enhanced T
cell priming by DCs and increased effector T cell activity. Shpl
loss can also impact other cell types that are relevant to tumor
immunology, such as B cells, natural killer cells, and neutrophils
(18, 25, 26). While we did not detect significant differences in
the numbers of these cells in tumors from tamoxifen-treated
Ptpn6/ERT2-cre mice, it is possible that Shpl loss alters
the activity of these cells in the tumor microenvironment.
Examination of other tumor models, that generate different
tumor immune microenvironments compared to the models
presented in this study, may reveal different responses to
genetic deletion of Shpl, either alone or in combination with
other therapies.

While our in vivo tumor growth data provide a strong
rationale for pharmacological inhibition of Shpl as a
potential therapeutic approach for cancer, the development
of a motheaten-like disease may represent a challenge with
respect to tolerability. The current findings highlight the
need for Shpl-selective pharmacological agents that can
provide transient and reversible inhibition of Shpl activity,
in contrast to the genetic deletion we used in this study,
and therefore provide more translatable insights into the
tolerability risks. It will be important to determine whether
a therapeutic window exists wherein emergent toxicities
can be managed or mitigated, while preserving robust
anti-tumor activity. If this is the case, then modulation of
Shpl activity with a pharmacological agent represents an
attractive immunotherapeutic strategy for the treatment
of cancer.
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Hanke L. Matlung’, Judy Geissler’, Hugo Olsman’, Chantal Pottgens®, Patrick J. van Gorp*,
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The inhibitory immunoreceptor SIRPa is expressed on myeloid and neuronal cells and
interacts with the broadly expressed CD47. CD47-SIRPa interactions form an innate
immune checkpoint and its targeting has shown promising results in cancer patients.
Here, we report expression of SIRPa on B1 lymphocytes, a subpopulation of murine B
cells responsible for the production of natural antibodies. Mice defective in SIRPa.
signaling (SIRPo*°"T mice) displayed an enhanced CD11b/CD18 integrin-dependent
B1 cell migration from the peritoneal cavity to the spleen, local B1 cell accumulation, and
enhanced circulating natural antibody levels, which was further amplified upon
immunization with T-independent type 2 antigen. As natural antibodies are
atheroprotective, we investigated the involvement of SIRPa signaling in atherosclerosis
development. Bone marrow (SIRPa*“Y">LDLR™") chimaeric mice developed reduced
atherosclerosis accompanied by increased natural antibody production. Collectively, our
data identify SIRPa as a unique B1 cell inhibitory receptor acting to control B1 cell
migration, and imply SIRPa as a potential therapeutic target in atherosclerosis.

Keywords: B1 cells, natural antibodies, atherosclerosis, immune checkpoint, inhibitory receptor, SIRPa, CD47,
CD11b/CD18-integrin
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INTRODUCTION

Signal regulatory protein alpha (SIRPa) is an inhibitory
immunoreceptor known to be expressed on myeloid and
neuronal cells. SIRPo. interacts with the broadly expressed cell
surface ligand CD47 present on most cells in the body, including
both hematopoietic and non-hematopoietic cells (1). Binding of
CD47 to SIRPo. generates intracellular inhibitory signals via
immunoreceptor tyrosine-based inhibitory motifs (ITIM) in the
cytoplasmic tail of SIRPo.. Upon phosphorylation the SIRPo. ITIM
act to recruit and activate the tyrosine phosphatases SHP-1 and/or
SHP-2, which inhibit tyrosine-phosphorylation-dependent
signaling events and the resultant downstream cellular effector
functions, including, e.g., phagocytosis (1). As such, the CD47-
SIRPo. axis forms an important innate immune checkpoint, with
CD47 acting as so-called “don’t-eat-me” signal, which prevents the
engulfment of healthy cells by myeloid cells (2). However, aberrant
cells, such as cancer cells, may also exploit this pathway by (over)
expressing CD47 and thus escaping immune-mediated destruction.
Therapeutic targeting of the CD47-SIRPa. checkpoint has been
most intensively explored in the context of cancer. In fact, recent
first in-human studies of agents interfering with this pathway
demonstrate a favorable safety profile and promising therapeutic
potential (3).

Based on their functions, anatomical location and phenotypical
properties B lymphocytes can be divided into conventional B cells,
also known as B2 cells, representing the majority of B cells, and into
a smaller population of unconventional B1 cells. In mice, B1 cells are
produced in the fetal liver before birth and afterward reside mainly
in the pleural and peritoneal cavities where they are maintained by
self-renewal (4). In addition, small proportions (<1%), but
significant numbers, of these cells can be found in spleen and
bone marrow (4-6). B1 cells residing in body cavities have a limited
capacity to produce natural antibodies. However, after stimulation,
by, e.g, LPS or viral infection, they migrate to the secondary
lymphoid tissues, including the spleen, where they differentiate
into plasma cells forming the major systemic source of natural
antibodies (7, 8). This conditional migration is governed by the
CD11b/CD18 integrin (7, 9). B1 cells that have arrived to the spleen
gradually lose expression of CD11b/CD18 integrin, with hardly
detectable levels after 6 days (9). Peritoneal B1 cells represent about
35%-70% of all CD19" cells present in the peritoneal cavity and can
be further divided into Bla (CD19"CD11b"CD5") and Bl1b
(CD19*CD11b"CD5") cells (4). Unlike B2 cells, B1 cells in the
spleen constitutively secrete natural antibodies, which are IgM
antibodies commonly targeting, e.g., phospholipid and
polysaccharide antigens, such as phosphorylcholine,
phosphatidylcholine and lipopolysaccharide (4). Notably, a large
part of the natural IgM antibodies is directed against epitopes
created through lipid peroxidation (so called oxidation-specific
epitopes, OSE), expressed amongst others on apoptotic cells and
modified lipoproteins (10). Protective effects of natural antibodies
against oxidized lipids have been well established in atherosclerosis
(11-14), a chronic inflammatory disease characterized by
accumulation of modified (oxidized) lipids in big and medium
sized arteries (15). The atheroprotective capacity of IgM antibodies
is explained by their binding to oxLDL, thereby preventing oxLDL

uptake by macrophages, which as a consequence reduces foam cell
formation and lesion development (11, 16). Additionally, natural
antibodies are produced to promote clearance of apoptotic cells,
which carry the same OSE as oxLDL (14).

It is known that B1 cell responses are restricted by different
inhibitory immunoreceptors expressed on these cells, including,
e.g., CD5 (17), CD22 (18), Fc gamma receptor IIb (FcyRIIb) (19,
20), and Siglec-G (21, 22). CD5 has been strongly linked to
inhibition of BCR signaling, which prevents unwanted self-
reactivity of B1 cells (23). B1 cells from mice lacking Siglec-G
show a dramatic increase in Ca** flux upon anti-IgM treatment
(22) and increased natural antibody production (24), also
suggesting a role of Siglec-G in BCR signaling. All these
receptors commonly exhibit their inhibitory functions through
intracellular immunoreceptor tyrosine-based inhibitory motifs
(ITIM), which upon tyrosine phosphorylation recruit and
activate the cytosolic tyrosine phosphatases SHP-1 and/or
SHP-2. In the case of FcyRIIb, the inositol phosphatases SHIP-
1 and/or SHIP-2 play a prominent role as mediators of inhibitory
signaling (25).

Here, we describe another inhibitory receptor, SIRPa, which is
expressed on B1 cells in mice. We demonstrate that, in contrast to
other currently known inhibitory receptors, SIRPo. on B1 cells
negatively regulates their migration, B1 cell numbers in the spleen,
and systemic natural antibody production, without directly
affecting B1 cell activation. Mice lacking the cytoplasmic tail of
SIRPo. (SIRPo““Y" mice) in their hematopoietic compartment are
protected against atherosclerosis with increased natural antibody
levels against oxidized lipids. This identifies SIRPo. as a novel
immunoinhibitory receptor on Bl cells with unique regulatory
functions and potential for therapeutic targeting in atherosclerosis.

MATERIALS AND METHODS

Mice

SIRPo; "~ mice maintained on a C57BL/6 background have been
described and were maintained in the Institute for Experimental
Animals at Kobe University Graduate School of Medicine under
specific-pathogen free conditions (26). C57BL/6 mice with a
targeted deletion of the SIRPo. cytoplasmic region have been
described previously (27, 28). The mice that were originally
generated onto the 129/Sv background were backcrossed onto
C57BL/6 mice for at least 13 generations. Wild-type (wt) C57BL/
6 mice of the same genetic background were maintained under
specific pathogen-free conditions together with the SIRPo:*“*" mice
in the breeding facility of The Netherlands Cancer Institute,
Amsterdam, The Netherlands or the VU Medical Center,
Amsterdam, The Netherlands. Unless indicated otherwise
littermates from heterozygous breedings were used for both wild
type and mutant mice. Bone marrow was isolated and used for
transplantation at the animal facility of Maastricht University,
Maastricht, The Netherlands. Animals were housed in ventilated
cages and treated according to European Commission guidelines.
They were euthanized using combination of isofluran and CO,. All
animal experiments were approved by the Animal Welfare
Committee of the VU Medical Center Amsterdam, The
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Netherlands, Maastricht University, Maastricht, The Netherlands,
and The Netherlands Cancer Institute, Amsterdam, The
Netherlands. LDLR™~ mice on C57BL/6] background were
obtained from Jackson Laboratory (Bar Harbor, ME, USA).

Flow Cytometric Analysis of SIRPa
Expression on Mouse B Cells

Mouse B cells were isolated from the peritoneal cavity by
peritoneal lavage of 8-12 weeks old SIRPo*“*" mice and age
matched wt mice. Mice were sacrificed and immediately after
that 5 ml of cold PBS containing 3% of fetal calf serum (FCS) and
3mM EDTA was injected into their peritoneal cavity. After
gentle massage, cells were collected and used for analysis of
SIRPo expression. Additionally, bone marrow and spleens of the
same mice were isolated and blood samples were taken to analyze
for expression of SIRPo. Fetal livers were isolated from mice of
FVB background at E12. Single cell suspensions of splenocytes
were prepared after the spleens were homogenized through
100um filter (BD Biosciences, Bedford, MA, USA), lysed with
lysis buffer and washed twice with cold PBS. For blood analysis
whole blood was first spun down at 2,000 rpm at 4°C for 10 min
and plasma was collected and stored at —80°C for later analysis of
antibodies level. Erythrocytes were lysed using cold lysis buffer
containing 155mM NH,Cl, 10mM KHCO3, and 0.1mM EDTA
(ethylene diamine tetra acetic acid), pH 7.4. For flow cytometry
analysis first Fc receptors were blocked using a-CD16/CD32
antibody (clone 2.4G2, BD Biosciences, Bedford, MA, USA). The
cells were subsequently washed and stained for following surface
markers with directly conjugated antibodies against CD19/B220
(PerCP Cy5.5 or eFluor 450), CD11b (Alexa Fluor 488), CD5
(PE), IgM (PE), SIRPo. (APC or PerCP 710) (all antibodies
purchased from eBioscience, San Diego, CA, USA), and CD43
(APC Cy7, BioLegend, San Diego, CA, USA). Expression of
proteins was measured using FACS Canto II HTS (BD
Biosciences, Bedford, MA, USA) and analyzed using FlowJo
software (FlowJo LLC, Ashland, OR, USA). To reliably detect
SIRPa. expression and separate it from autofluorescence,
fluorescence minus one (FMO) control was applied, when cells
were stained for all determinants except SIRPa. (9).

Quantitative RT-PCR to Determine SIRPa
mRNA Expression

RNA was isolated from FACS sorted mouse Bla and B2 cells based
on markers listed above with QIAamp RNA Blood mini kit
according to manufacturer’s instructions (Qiagen, Venlo, The
Netherlands). RNA was eluted with 30 pl H2O, to obtain as high
as possible concentration of RNA. Total RNA was reverse
transcribed using the III first-strand synthesis system for RT-PCR
(Invitrogen, Breda, The Netherlands). In short, 8-ul RNA was
primed with 2.5 pM oligo-dT primer which specifically targets
mRNA and 0.5 mM dNTP for 5 min at 65°C. Reverse transcription
was performed with 10 U/ul Superscript III in the presence of 5 mM
MgCl,, 20 mM Tris-HCL, and 50 mM KCl, pH 8.4 (RT bufter), 2 U/
ul RNAseOUT "™, lacking DTT for reasons described before (29) for
50 min at 50°C. After that, Superscript III was inactivated by
incubation for 5 min at 85°C, followed by chilling on ice.

Immediately thereafter, 2 U RNase H was added and incubated at
37°C for 20 min. Subsequently cDNA was stored at —20°C until
further use. Amplification by PCR was performed on a LightCycler
instrument (Roche, Almere, The Netherlands), with software
version 3.5. The reaction was performed with Lightcycler
FastStart DNA Master™® SYBR Green I (Roche, Almere, The
Netherlands). The annealing temperature used for all primers was
60°C. The reaction mix consisted of 4 pl of cDNA, 1 uM of each
primer combination and 4 pl of Lightcycler FastStart DNA
Master™"® SYBR Green I (Roche) in a total volume of 20 pl.
After an incubation step for 10 min at 95°C, the template was
amplified for 45 cycles at 95°C, annealing of the primers was
performed at 60°C for 30 s, followed by extension at 72°C for 15
s. At the end of the 45 cycles, a melting curve was generated to
determine the unique features of the DNA amplified. cDNA of
control wt animals was used as a standard curve with a serial 10-fold
dilution. Musculus Ubiquitin C was used as a reference gene. The
product was sequenced by Big-dye Terminator Sequencing and ABI
Prism software (Applied Biosystems, Foster City, USA). The
sequence obtained was verified with BLAST (http://www.ncbi.
nlm.nih.gov/BLAST/) to determine specificity. Primer sequences
are available upon request.

Binding of Phosphatidylcholine by Primary
Mouse B Cells

B cells were isolated and labeled with antibodies against surface CD5
and B220 as described above along with fluorescein-labeled
phosphatidylcholine (PtC) liposomes (DOPC/CHOL 55:45,
Formumax Scientific Inc.). The cells were incubated on ice for
20 min followed by two washing steps, then cells were analyzed
using an LSRII flow cytometer (BD Biosciences, Bedford, MA, USA)
for binding of phosphatidylcholine and data were processed with
FlowJo software (FlowJo LLC, Ashland, OR, USA).

Intracellular Calcium Mobilization
Measurement in Primary Mouse B1a Cells
B cells were isolated from the peritoneal cavity of 8-12 weeks old
SIRPo*“Y" mice and aged matched wt mice using peritoneal
lavage as described above. First, Fc receptors were blocked using
0-CD16/CD32 antibody (clone 2.4G2, BD Biosciences, Bedford,
MA, USA). The cells were then stained with directly labeled
antibody against CD5 (APC) and B220 (APC Cy7, both BD
Biosciences, Bedford, MA, USA) allowing identification of Bla
cells. Calcium flux was determined as described before by flow
cytometric determination (30). Briefly, intracellular fluxes of
Ca’" were measured using Fluo-3-AM and Fura Red-AM
fluorogenic probes (Life Technologies, Carlsbad, CA, USA).
The cells were incubated with 5y Fluo3-AM and 5uM Fura
Red-AM in loading buffer (Hank’s balanced salt solution
medium supplemented with 10 mM HEPES and 5% fetal calf
serum) at 30°C for 30 min in the dark. Cells were then washed
and resuspended in buffer (Hank’s balanced salt solution
medium with 10 mM HEPES, 5% fetal calf serum and 1 mM
CaCl2) at room temperature. Cells were warmed to 37 °C for
5min before acquisition of events. BCR-mediated Ca2*
mobilization was measured for 60s after the cells were
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stimulated either with 10 pg/ml F(ab’)2 of polyclonal goat anti-
mouse IgM (Jackson ImmunoResearch, West Grove, PA, USA)
or 0.5mM phosphatidylcholine (PtC) (F60103F-F, FormuMax
USA). At the end of each Ca®" measurement, cells were treated
with ionomycine (Life Technologies, Eugene, OR, USA) as a
positive control for calcium signaling. Data were acquired on an
LSRII flow cytometer (BD Biosciences, Bedford, MA, USA) and
data analysis was performed with the use of FlowJo software
(FlowJo LLC, Ashland, OR, USA).

Immunization of Mice With DNP-Ficoll

For Bl-specific immunization intraperitoneal injection of TI-2
antigen di-nitro phenyl (DNP)-Ficoll was used as described
originally in (31). Briefly, mice were injected with 50 ug of
DNP-Ficoll in 200-pl PBS solution or with 200 ul of PBS only as
control. After 7 days animals were sacrificed and their blood was
collected, plasma was harvested and stored at —80°C before
analysis of IgM and IgG3 antibodies by ELISA.

Measurement of IgM and IgG With ELISA
Plasma levels of IgM antibodies against several OSE were
determined by chemiluminescent ELISA (32). Dilutions of 1:100
[anti-phosphocholine (PC)-BSA IgM and all IgG antibodies], 1:500
[E06/T15id+ IgM, anti-malondialdehyde (MDA-)LDL IgM, anti-
Cu-OxLDL IgM], and 1:20.000 (total IgM) were used. Supernatants
of peritoneal B1 cell cultures or plasma of mice were serially diluted
to determine IgM production after 48 h of stimulation or IgM/IgG3
against DNP-Ficoll after 7-days immunization as previously
described (33). Briefly, supernatants were measured by sandwich
ELISA, using unlabeled for coating and peroxidase-labeled anti-
mouse IgM/IgG antibody (total, or DNP-Ficoll specific, Southern
Biotechnology, Birmingham, AL, USA) for detection, and azino-bis-
ethylbenz-thiazoline sulfonic acid was used as the substrate.
Antibody concentrations were calculated by using purified mouse
IgM protein (IgM DNP-Ficoll and IgG3 DNP-Ficoll PMP52,
Serotec, UK) as a standard.

Proliferation of B1 Cells

B cells were isolated from the peritoneal cavity of either wt or
SIRPO““*" mice and either left unstimulated or incubated with
various stimuli for 48h after labeling with CFSE dye. Dilution of
the dye after cell division was determined by flow cytometry on
Bla cells (gated for CD19+, CD5+, CD11b+ lymphocytes) and
percentage of proliferating cells was calculated.

Stimulation of Peritoneal B1 Cell

Peritoneal Bla cells were obtained through negative magnetic-
activated cell separation with a cocktail of antibodies depleting
other than Bla cells achieving more than 90% purity in isolation
(Miltenyi Biotec B.V., Utrecht, The Netherlands). Bla cells were
subsequently counted and plated in IMDM medium (Invitrogen,
Eugene, OR, USA) supplemented with 10% fetal calf-serum
(FCS; Bodinco, Alkmaar, The Netherlands, 100 U/ml of
penicillin, 100 mg/ml of streptomycin, and 2 mM L-glutamine
(all Gibco Invitrogen, Breda, The Netherlands), and beta-
mercapthoethanol (3.57 x 10™*M; Millipore, Amsterdam, The
Netherlands). Cells were plated in 96-well plate in density of 1 x

10%/ml in 200 pl of medium and cultured at 37°C and 5% CO2
for 48h in presence of 5 ug of lipopolysaccharide (LPS, isolated
from E. coli strain 055:B5, Sigma, St. Louis, MO, USA; LBP from
R&D Systems, Abingdon, UK), isotype control (rat IgG2b,
eBioscience, San Diego, CA, USA), anti-CD11b antibody
(functional grade, eBioscience, San Diego, CA, USA), or anti-
CD11a (functional grade, eBioscience, San Diego, CA, USA) in
final concentration 10 pg/ml. After that supernatant was
collected and stored at —80°C before measurement of IgM
antibody by ELISA. Cells were harvested and processed for
analysis by flow cytometry and imaging cytometry.

Image Stream Analysis of Aggregate
Formation

LPS-stimulated Bla cells were stained with following antibodies:
CD19 (PerCP Cy5.5), CD11b (Alexa Fluor 488), CD5 (PE),
SIRPo. (APC), (all antibodies purchased from eBioscience, San
Diego, CA, USA) and analyzed imaging cytometry to detect
formation of aggregates (Image Stream, (Image Stream, Amnis,
EMD, Millipore, Seattle, WA, USA) with gating strategy as
follows: all events were divided based on their size into single
cells (1 cell); doublets (2 cells); doublets and small aggregates (2—-
3 cells); big aggregates (3-4 cells); and large aggregates (>4 cells).
Analysis of data was performed using analysis software IDEAS
(Amnis Corporation, Seattle, WA, USA) and depicted as
percentage of all gated events.

Adoptive Transfer of Peritoneal B1 Cells
Either wt or SIRPo*“*" animals were used as donors of peritoneal
B1 cells for adoptive transfer. Cells were harvested by peritoneal
lavage as described above. The cells were left in IMDM medium
supplemented with 10% FCS (Bodinco, Alkmaar, The
Netherlands, 100 U/ml of penicillin, 100 mg/ml of streptomycin,
and 2 mM L-glutamine (all Gibco Invitrogen, Breda, The
Netherlands) to rest for 30 min. After that the easy to detach
and floating cells (excluding adherent peritoneal macrophages)
were first incubated with Fc receptor blocking antibody (anti-
CD16/CD32) and after washing incubated with either isotype
control (rat IgG2b, eBioscience, San Diego, CA, USA) or anti-
CD11b antibody (functional grade, eBioscience, San Diego, CA,
USA) in concentration of 10 pg/ml for 30 min. Antibodies were
washed away and wt and SIRPo““Y" cells were labeled with
membrane dye DiD and DiO, respectively (or vice versa, to
exclude effect of the dye on cell properties). Cells were washed
multiple times and mixed in 50:50 ratio based on a cell count. The
actual ratio was additionally determined by analyzing a small
sample of pooled cells on flow cytometer allowing later
normalization of the cell input. Cells were then injected into the
peritoneal cavity of either wt or SIRPo*“Y" recipient mice, left
resting for 1 h, and followed by either 200-ul injection of PBS
(control) or 10 ug of LPS in 200-ul PBS intraperitoneally to induce
migration of B1 cells from the peritoneal cavity (7, 33). Peritoneal
lavage of recipient mice was performed 3h after PBS/LPS injection.
Lavage composition was analyzed by flow cytometry in CD19+
single cell population and percentage of cells with distinct
membrane label was calculated. Percentage of cells was
normalized for input of pooled cells as indicated above.
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Bone Marrow Transplantation

One week before transplantation, female LDLR™~ mice were
housed in filter top cages with neomycin (100 mg/L; Gibco,
Breda, The Netherlands) and polymyxin B sulphate (66104 U/L;
Gibco Breda, The Netherlands) in their acidified drinking water.
The animals received 6 Gy of total body irradiation twice on
consecutive days. Bone marrow isolated from SIRPo*“*" and wt
mice was injected intravenously to rescue the hematopoietic system
of the irradiated mice as described previously (34). Briefly, one
week before transplantation, female LDLR—/— mice were housed
in filter-top cages and provided with acidified water containing
neomycin (100mg/l; GIBCO, Breda, The Netherlands) and
polymyxin B sulfate (6 x 104 U/l; GIBCO). The animals received
2 x 6 Gy total body irradiation on two consecutive days. On the
second day, bone marrow was isolated from 6 SIRPo““* " and 6 wt
littermates, and 107 cells/mouse were injected intravenously to
rescue the hematopoietic system of the irradiated mice. Four weeks
after the transplantation, mice were put on a high fat diet (0.15%
cholesterol, 16% fat, Arie Blok, The Netherlands) for 10 weeks and
level of chimerism was tested (reached 98.76% + 0.73).

Mouse Blood Parameters

Blood was withdrawn at the indicated times during high fat diet
period and plasma lipid levels were enzymatically measured
using ELISA (Sigma Aldrich, Zwijndrecht, The Netherlands).

Atherosclerotic Lession Analysis

Transplanted animals were sacrificed and isolated hearts were cut
perpendicularly to heart axis just below the atrial tips, as described
before (35, 36). Briefly, tissue was frozen in tissue-tec (Shandon,
Veldhoven, The Netherlands) with the base facing downward, and
sectioning was performed toward the aortic valve area. Sections of 7
wm were collected, starting from where the atrioventricular valves
were visible. Aortic lesion areas were quantified using serial cross-
sections obtained every 42 pm, beginning at the start of the
atrioventricular valves and spanning 250 (m. Serial cross sections
were stained with toluidin blue and lesion areas were quantified
using Adobe Photoshop software. Severity of lesions was scored as
early, moderate and advanced, using criteria as described before (35,
36). In detail, early lesions were fatty streaks containing only foam
cells; moderate (intermediate) lesions were characterized by the
additional presence of a collagenous cap, and advanced lesions
showed involvement of the media mostly accompanied by
increased collagen content and necrosis of the plaque. Foam cell
size within plaques was determined by dividing the size
of an allocated foamy macrophage area by the number
of macrophages.

Immunohistochemical Staining

Atherosclerotic lesions from aortic roots were stained with
various antibodies to identify neutrophils (NIMP directed
against Ly6G, a gift from P. Heeringa), T cells (KT3, directed
against CD3) and newly recruited macrophages (ER-MP58, a gift
from P. Leenen) followed by detection with biotin labeled rabbit
anti-rat antibody and staining with ABC kit (Vector Labs,
Burlingame, CA).

Statistical Analysis

Statistical analysis was performed using GraphPad Prism version
8.02 (GraphPad Software, San Diego, CA, USA). Data were
evaluated by two-tailed student t-test if two columns were
compared. If more columns were compared, one-way ANOVA
followed by multiple comparison correction was applied.

RESULTS
SIRPa Is Expressed on B1 Cells

The inhibitory immunoreceptor SIRPa is considered to be present
selectively on neuronal cells as well as on myeloid cells in the
hematopoietic compartment (1, 37). It is thought to be lacking
from lymphoid cells, at least under steady state conditions (38).
However, a more detailed evaluation of B cell subsets revealed
SIRPo expression on all B1 cells in the peritoneal cavity (PC) and
on a subpopulation of B cells in the spleen (SP) of mice (Figures
1A-C and Supplementary Figures 1A, B). In particular, by using
specific markers identifying Bla cells (ie, CD19"CD5"CD11b")
and B1b cells (i.e, CD19"CD5 CD11b") we could clearly
demonstrate surface SIRPo. expression on both of these PC Bl
lymphocyte populations. PC B2 cells show much lower if any
SIRPo. expression. In the spleen we could detect expression of
SIRPa. only on a subset of B220"/CD19"CD43"CD23™ BI cells.
Relatively low levels of SIRPo. staining were found on marginal
zone B cells (B220"/CD19"CD43"CD23") and minimal detectable
expression was found on B220"/CD19"CD23"CD43™ follicular B
cells. Consistent with other studies (38), we could not observe any
SIRPo expression on circulating B cells in mice and no expression
on B2 cells from the bone marrow (Supplementary Figure 1C).
However, we could detect SIRPo. on fetal liver B220"/CD19°CD43"*
B cells and Bl cells in the bone marrow (Supplementary Figure
1C). As a control staining was performed on Bl cells from the
peritoneal cavity of mice deficient for SIRPo, altogether (SIRPo. "~
mice, Supplementary Figure 2) indicating that staining observed
on Bl cells in wild type mice can indeed be solely attributed
to SIRPo. expression on those cells. Staining on Bl cells from
SIRPo*“™" mice showed a slightly reduced overall surface
expression as has been reported for other cells expressing SIRPo.
(data not shown). Compared with peritoneal macrophages, we
found substantially lower levels of both CD11b and SIRPc on Bl
cells, clearly discriminating B1 cells from myeloid cells (Figure 1D).
Expression of SIRPo. mRNA was confirmed by qRT-PCR on FACS
sorted peritoneal Bla cells (CD19*CD5'CD11b") (Figure 1E).

SIRPa Limits Natural IgM Antibody Levels
In Vivo

Because SIRPa., like Siglec-G, is also a typical inhibitory
immunoreceptor with cytoplasmic ITIM motifs signaling through
SHP-1 and/or SHP-2, we tested whether the lack of SIRPo. signaling
would affect natural antibody generation as well. As can be seen in
Figure 2A there was a prominent (~2-fold) enhancement in the
plasma levels of total and OSE-reactive natural IgM antibodies in
mice lacking the cytoplasmic tail of SIRPo; (SIRPo““*" mice). This
occurred for all OSE tested, including the so-called T15 epitope that
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FIGURE 1 | SIRPa is expressed by B1 cells. (A) Imaging flow cytometry visualizing expression of SIRPo. on CD19+CD5+CD11b+ B1a cells and CD11b+CD19-
macrophages. Representative histograms (B) and synopsis (C) of SIRPa surface expression on defined B cell subpopulations as determined by flow cytometry (MFI,
Mean fluorescence intensity). Note that the most prominent expression occurs on peritoneal cavity (PC) Bla and B1b cells, and on a subset of the splenic (SP) B1,
with little or no expression on marginal zone (MZ) and follicular (FO) B cells. (D) Macrophages cells from the peritoneal cavity show relatively high levels of expression
of both CD11b and SIRPa. (E) SIRPa. mRNA expression on FACS sorted peritoneal cavity Bia and B2 cells. Data are in (C, E) are presented as mean + SEM and
represent measurements of 5-8 and 3 individual mice, respectively. Statistical analysis was performed by one-way ANOVA with Dunnett’s multiple comparison

corrrection, ***p < 0.0001.

defines PC-reactive EO6 type anti-OxLDL IgM antibodies with
anti-atherogenic potential in vivo (11, 39), as well as phosphocholine
(PC) and those against ex vivo oxidized LDL (i.e, MDA-LDL and
Cu-OxLDL). Consistent with a specific Bl cell phenotype and a
selective regulation of natural IgM levels the corresponding IgG
levels were not altered (Figure 2B). When SIRPo““*" mice were
immunized with a typical T-cell independent type 2 (TI-2) antigen,
DNP-Ficoll, we observed robust and enhanced DNP-specific IgM
and IgG3 immune responses (Figure 2C). Of interest, no enhanced
antibody responses have been observed in SIRPo““*" mice upon
immunization with the thymus-dependent antigen TNP-KLH (Y.
Kaneko (Gunma University, Japan), personal communication).
These results indicate that SIRPol signaling regulates natural
antibody production as well as the response of Bl cells to
antigenic stimulation.

SIRPa Increases Splenic B1 Cell Numbers
Without Affecting B Cell Receptor

Function

Next, we investigated whether the changes in B1-cell associated
antibodies in SIRPo:*“*" mice could be related to changes in Bl
cell numbers in the peritoneal cavity or the spleen of these mice

(Figure 2D, Supplementary Figures 3A-G). We did not detect
significant differences in proportions or the absolute numbers of
peritoneal cavity Bla and B1b cells. In contrast, proportions and
absolute numbers of B1 cells in the spleen of SIRPo*“Y" mice
were significantly (~2-fold) increased compared to wt animals.
There were no significant differences in total cell numbers or
proportions of other splenic B cell subsets, indicating that the
effects were specific for B1 cells. We next asked how SIRPo. might
contribute to the increase in splenic B cell numbers and natural
antibody levels. One possibility was that SIRPo. was controlling
the activation and expansion of Bl cells. First, we tested whether
antigen recognition by Bl cells might be altered, as a
consequence of potential differences in BCR expression, but we
observed no difference in, e.g., the binding of a typical Bla cell
antigen phosphatidylcholine (PtC) (40) to Bla cells (Figure 3A
and Supplementary Figure 3H). Next, we explored potential
differences in Bla cell activation capacity. This included
measuring Ca** flux upon cross-linking of BCR (Figure 3B),
and monitoring sorted PC Bla cell IgM secretion upon
stimulation with LPS in vitro (Figure 3C), a potent and typical
B1 cell activation stimulus (7). Both read-outs showed
comparable activation capacity of wt and SIRPa:*“*" Bla cells.
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Finally, there were apparently no differences in Bla cell
proliferation (Supplementary Figure 4). Taken together, these
findings support the idea that SIRPo signaling controls splenic
B1 cell accumulation and, likewise as a consequence, also the
levels of naturally occurring antibodies, but this was apparently
not linked to a generalized regulation of BCR- or TLR-mediated
B1 cell activation.

SIRPa Regulates CD11b/CD18 Integrin
Function and B1 Cell Migratory Capacity
Notably, when analyzing LPS-stimulated B1 cells by flow
cytometry, we observed the presence of cell clusters in the
cultures that appeared larger for SIRPa*“*" Bla cells relative
to their wt counterparts (Supplementary Figure 5A). This
prompted us to visualize and quantify this aggregate formation
of Bla cells by imaging flow cytometry, which indeed
consistently demonstrated a substantially increased proportion
of large aggregates (i.e., consisting of more than 4 cells) in
SIRPo““*™" peritoneal Bla cells as compared to wt Bla cells
after LPS stimulation (Figure 4A and Supplementary Figures
5B, C). In contrary, we could not observe comparable aggregates
when sorted splenic B1 cells were cultured in a similar manner
(Figure 4B). Interestingly, such doublets and large aggregates
specific for CD11b" B1 cells have been previously reported by
Ghosn et al. and their formation seems to be dependent on
CD11b (9). Furthermore, SIRPo inhibitory signaling has been
previously linked to integrin function in other cells (28). We
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FIGURE 2 | Loss of SIRPa signaling promotes B1 cell accumulation in the spleen and natural IgM antibody formation in vivo. Defective SIRPa. signaling in mice
lacking the SIRPa. cytoplasmic tail (SIRPa*Y") results in increased plasma levels of natural IgM (A) but not IgG (B) antibodies directed against the indicated
oxidation-specific epitopes under steady-state conditions; wt, wild-type mice; RLU/100 ms, Relative Luminescence per 100 ms. (C) Immunization with the
haptenated TI-2 antigen DNP-Ficoll triggers increased production of both IgM and 1gG3 antibodies against DNP in SIRPo A"
SEM and are representative of 9-10 (A), 8 (B), 17 (C) individual mice. (D) B cell numbers in peritoneal cavity and spleen of wt and SIRPoAYT
of different B cell populations was determined in the peritoneal cavity and the spleen of young adult mice (8-12 weeks) under steady state conditions. For further
details see Supplementary Figures 2A-G. Statistical analysis was performed by unpaired Student t-test, corrected for multiple comparisons with Holm-Sedak
method where applicable, *p < 0.05; *p < 0.01, **p < 0.001, ***p < 0.0001.; ns, non-significant; n.d., not detectable.

mice. Data are presented as mean +
mice. Absolute number

therefore hypothesized that SIRPo. may serve as a negative
regulator of CD11b/CD18 integrin function in Bl cells. To test
this, we stimulated sorted peritoneal Bla cells with LPS in the
presence of a blocking anti-CD11b antibody. Clearly, the
increased formation of large aggregates triggered by LPS in
mice lacking SIRPo signaling could be partially prevented by
blocking CD11b, but not by blocking CD11a (Figure 4C). Next,
we asked whether Bl cell aggregate formation through CD11b/
CD18 integrin could be a prerequisite for production of natural
antibodies. We tested supernatants of Bla cells that were
activated by LPS in the presence of blocking CD11b antibody
or blocking CD11a antibody. It appeared that SIRPa*“*" Bla
cells have comparable antibody production as wt B1 cells in vitro,
independently of CD11b or CD11a function (Figure 4D). Thus,
whereas CD11b-mediated formation of large aggregates did not
regulate natural antibody production in vitro, such Bl cell
aggregate formation, which was promoted upon disruption of
SIRPo. signaling, nevertheless appeared a read-out for CD11b/
CD18 activation. This suggested that SIRPo signaling was
negatively regulating Bl cell integrin function. Of interest,
Waffarn et al. have shown, that CD11b/CD18, unlike CD11a/
CD18, is indispensable for migration of stimulated B1 cells from
cavities to secondary lymphoid tissues where they mature into
natural antibody producing plasma cells (8). This led us to
propose that SIRPo could actually regulate CD11b/CD18
function during migration of Bl cells to the secondary
lymphoid tissues, which would provide an explanation for the
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increased numbers of B1 cells in the spleens of SIRPo““*" mice.

To directly test the effect of SIRPo. signaling on the capacity of B1
cells to migrate from the peritoneal cavity we performed adoptive
transfer experiments. To confirm integrin-dependence, B1 cells
of both wt and SIRPo*“*" donor mice were in parallel pre-
incubated with blocking CD11b antibody, excessive amount of
the antibody was removed, and then, the cells were labeled with
unique membrane dyes, mixed in 1:1 ratio, and injected to either
wt or SIRPo*“*" recipients (Figure 4E). This set-up allowed us
to selectively monitor, in individual animals, the effect of SIRPo.
and CD11b/CDI18 on the migration of Bl cells from the
peritoneal cavity to the spleen. As expected, B1 cells that lack
inhibitory cytoplasmic tail of SIRPo showed increased efflux
from the peritoneal cavity (Figure 4F). The enhanced exit of
SIRPO““"" B1 cells was fully dependent on CD11b/CDI18, as it
could be completely inhibited by antibody blocking. Taken
together, our data strongly suggest that CD11b/CD18 function
in BI cells is under negative control of SIRPo. and that in absence
of SIRPo signaling B1 cells have a higher propensity to leave the

peritoneal cavity, thereby contributing to an accumulation of B1
cells in the spleen and an enhanced systemic production of
natural antibodies.

Lack of SIRPa Signaling Protects Mice
From Atherosclerosis

In order to further establish the potential pathological/clinical
relevance of the regulation of natural IgM antibody production by
SIRPa. in vivo, we decided to explore the role of SIRPo. in
atherosclerosis. Natural IgM antibodies produced by Bla cells
have a well-established protective role in various diseases, and
particularly in atherosclerosis, a feature which is apparently due to
their capacity to neutralize oxLDL uptake and enhance apoptotic cell
clearance by macrophages (11-13). To directly address the role of
SIRPa. in atherosclerosis in mice, we transplanted wt and
SIRPo*“*" bone marrow into atherosclerosis-prone LDLR ™'~
recipient mice. This well-established atherosclerosis model
includes the replacement of peritoneal B cell populations
(including B1 cells) by the donor cells (11, 12, 21, 22, 41-43).
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Mice transplanted with wt or SIRPo*“Y™ cells, and subjected to a  foam cells in mice transplanted with SIRPo““" cells (Figure 5F),

high-fat diet, showed neither differences in weight, plasma  consistent with the proposed mechanism of IgM-mediated
cholesterol and triglyceride levels nor prominent changes in blood  inhibition of foam cell formation (11, 16, 45). There were no
cell composition (Supplementary Figures 6A-E). However, when  significant differences observed in numbers of other immune cells
the atherosclerotic lesions of these mice were evaluated, it became  known to be involved in pathogenesis of atherosclerosis, such as T-
apparent that mice transplanted with SIRPo““™" cells developed ~ lymphocytes and neutrophils (Supplementary Figures 6G, H).
much smaller lesions (Figure 5A) with a substantially less severe

phenotype (Figure 5B) compared to wt chimeras. Additionally,

when the plasma of atherosclerotic mice was analyzed for the  DISCUSSION

presence of antibodies against 0oxLDL, in mice transplanted with

SIRPO“ ™" cells elevated levels of T15/E06 IgM (Figure 5C), an  In this study, we provide evidence for the expression and functional
oxLDL neutralizing antibody, being particularly critical in the  relevance of the inhibitory receptor SIRPo. on B1 cells in mice. Our
protection against atherosclerosis, were found. (11, 39, 44). Similar ~ results demonstrate that SIRPo. is an inhibitory receptor on B1 cells
to the steady state situation, levels of IgG targeting OSE remained  that controls the numbers of splenic BI cells, thereby most likely
unaltered (Supplementary Figure 6F). A more detailed evaluation  affecting systemic natural antibody levels. The increase in splenic Bl
of the cellular composition of the lesions showed an increase in the  cell numbers in the absence of SIRPa. signaling occurs most probably
number of newly recruited ERMP58+ myeloid cells (Figure 5D),  because of the absence of an inhibitory effect of on CD11b/CD18
which was associated with a significantly decreased mRNA for  integrin activation, which promotes the migration of these B1 cells
CD68" macrophages (Figure 5E) and size of the area occupied by ~ from the peritoneal cavity to the spleen. We also show that a lack of
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FIGURE 5 | Loss of SIRPa signaling protects mice from atherosclerosis. (A, B) Bone marrow chimeras carrying dysfunctional SIRPo. in their hematopoietic
compartment are protected from atherosclerosis, showing (A) smaller and (B) less severe aortic lesions. (C) Atheroprotection in SIRPo“YT>LDLR™~ chimeras is
associated with increased levels of oxLDL-targeting natural antibody T15/E06 in plasma. (D-F) Atherosclerotic lesions of SIRPo*°Y">LDLR™~ chimeras contain more
small macrophages (D), less CD68+ macrophages (E), and a smaller foam cell area (F) as compared to wt chimeras. Data are presented as mean + SEM and are
representative of 15-17 (A, B), 18-19 (C), and 12-16 (D-F) individual mice. Statistical analysis was performed by unpaired Student t-test used per variable,
corrected for multiple comparisons with Holm-Sedak method, *p < 0.05; **p < 0.001 or Chi-square test (B), “p < 0.05.

inhibitory SIRPa: signaling in atherosclerotic mice leads to selectively
elevated plasma levels of oxLDL-neutralizing natural antibodies and
propose that this directly contributes to the atheroprotective effect of
SIRPo mutation. The latter is in agreement with the well-established
regulatory role of such antibodies in atherosclerosis (46).

SIRPa. is one of the most abundant inhibitory receptors on
myeloid cells including neutrophils, monocytes, the majority of
tissue macrophages and CD4" dendritic cells, affecting a variety of
cell functions in a primarily negative fashion (1, 2). SIRPa has, as yet,
not been reported to be expressed by any B cells. Recently, SIRPo. was
also reported to be selectively expressed on a small subset of T
lymphocytes, ie., exhausted CD8+ memory T cells emerging after
chronic viral infection (47). For a long time, the general assumption
has been that SIRPo. s, at least among hematopoietic cells, restricted
to the myeloid lineage (37, 48). Most of the studies based the absence
of SIRPa. from lymphocytes on staining of blood cells in rodents (37,
38) while other, less accessible or more obscure subpopulations of
lymphoid origin remained unexplored. We found expression of
SIRPo. exclusively on Bl cells in the peritoneal cavity and on a
minor subset of B cells in the spleen. We also observed that the
population of steady-state splenic B1 cells is roughly doubled in mice
lacking SIRPa:. signaling. This increase in splenic Bl cells may well
explain the (also ~2-fold) higher IgM plasma levels found in

SIRPo““"" mice. Antigens with repetitive patterns, such as lipids
and glycolipids, including self-antigens that are generated, e.g., upon
oxidation or apoptosis can induce multivalent antigen crosslinking of
specific BCR on B1 cells and induce TI-2 responses. Due to this self-
and poly- reactivity of Bl cells, their functions have to be tightly
regulated to avoid autoimmunity. Several inhibitory receptors that
regulate various aspects of B1 cell function are already known to be
instrumental in this. We have observed that lack of SIRPo. on B1 cells
has no measurable effect on calcium flux and IgM secretion, which
may suggest that Siglec-G and CD5, which have previously shown
to regulate these parameters, comprise the major regulators of BCR
signaling in B1 cells (17). SIRPo*“*" mice have moderately
increased numbers of Bl cells only in the spleen with the
peritoneal population virtually unaltered. Also, Bl-associated
antibody levels are elevated in SIRPa*“*" mice, both at baseline
and after TI-2 antigen exposure. Natural antibodies are
predominantly produced by B1 cells in secondary lymphoid
organs such as spleen (4) or specific (e.g., mediastinal) lymph
nodes (8). Egress of Bl cells residing in the body cavities
(peritoneal or pleural) into the secondary lymphoid organs has
been demonstrated to depend on the CD11b/CD18 integrin (8).
CD11b can function only in heterodimer with CD18 integrin,
forming together CD11b/CD18 (also known as CR3, Mac-1,
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Integrin alpha M, or o3, integrin). B1 cells are known to express
various integrin molecules, but Bl cells are the only B cells that
express CD11b/CD18 integrin and until now no direct regulator of
its function has been described. We show here that SIRPo
negatively regulates capacity of Bl cells to exit the peritoneal
cavity through CD11b/CD18 integrin, identifying this inhibitory
immunoreceptor as the first bona fide regulator of Bl migratory
function. It should be emphasized that we cannot formally attribute
the in vivo phenotype of the SIRPo--mutant mice to B1 cell-intrinsic
effects of SIRPo signaling, since also other cells, such as myeloid
cells, in these mice have a defect in SIRPa. signaling as well. Taken
together, a picture emerges where different B1 cell functions appear
to be regulated by distinct inhibitory receptors, with SIRPo. more or
less specifically controlling their migratory behavior, whereas
others, e.g., Siglec-G and CD5 may control B1 cell activation in a
more generalized fashion.

The homeostatic function of IgM antibodies has been well
documented in atherosclerosis (11-13, 49). Mice lacking SIRPo
signaling in the hematopoietic compartment showed increased
plasma levels of T15/E06 IgM and show smaller and less severe
atherosclerotic lesions. This is consistent with observations in Siglec
G~ bone marrow chimeras, where the lack of inhibitory signaling by
Siglec G led to increased OSE-specific natural IgM antibody levels and
decreased atherosclerosis development (24). Increased plasma level
of T15/E06 IgM is a very likely mechanism of atheroprotection in
SIRPo*“YT chimeras. However, transplantation of SIRPo*“Y" and
wt bone marrow resulted in replacement of both myeloid and
lymphoid lineage in the donor LDLR ™~ mice. As macrophages are
important players in development of atherosclerosis we cannot
exclude their contribution to the observed phenotype, especially
since the SIRPo. counter-receptor CD47 appears involved in
pathogenesis of atherosclerosis through inhibition, e.g.,
macrophage efferocytosis (50). Furthermore, whether blocking
antibodies targeting SIRPa, rather than CD47, would show similar
effect still remains to be confirmed, also because the CD47
monoclonal antibody miap410 used in the study of Kojima (50)
has prominent opsonizing capacity and a less convincing ability to
actually block the CD47-SIRPa. axis (51).

Importantly, it is well established that humans, like mice, have
“natural” antibodies targeting, e.g., OSE, which are atheroprotective,
and these even appear to have prognostic value for the development
of cardiovascular disease (52). Based on our current findings in mice,
the prediction would therefore be that the human natural antibody
producing B cells would also express SIRPo. and would consequently
also be subject to regulation via the CD47-SIRPo. axis. The problem
is, however, that the B1 cell equivalent subset responsible for natural
antibody production in humans has not been properly identified,
and this is in fact a heavily debated issue in the BI cell field. For
instance, the reported identification of human B1 cells in blood
defined as CD20"CD27°CD43"CD70~ (53) is quite controversial
and has been challenged by several other studies suggesting that
these cells are rather result of a technical artefact (54-56). Further
studies are clearly needed to resolve this issue and to establish SIRPo.
expression and function on these putative human B1 cells.

Collectively, our data identify SIRP. as a novel Bl cell immune
checkpoint, which functions to control Bl cell migration to
lymphoid tissues and natural antibody generation. Our findings

also imply SIRPa. as a potential therapeutic target in atherosclerosis.
The CD47-SIRPa. innate immune checkpoint is currently
extensively studied in the context of cancer immunotherapy (2,
57), with a number of different agents in preclinical and/or clinical
development, and ~35 ongoing clinical trials, carving out a path for
potential therapeutic targeting of the CD47-SIRPa:. axis also in other
diseases, including cardiovascular disease.
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Roles for the FCRL6 Immunoreceptor
in Tumor Immunology
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University of Alabama at Birmingham, Birmingham, AL, United States

Members of the Fc receptor-like (FCRL7-6) gene family encode transmembrane
glycoproteins that are preferentially expressed by B cells and generally repress responses
via cytoplasmic tyrosine-based regulation. Given their distribution and function, there
is a growing appreciation for their roles in lymphoproliferative disorders and as
immunotherapeutic targets. In contrast to FCRL1-5, FCRLE is distinctly expressed
outside the B lineage by cytotoxic T and NK lymphocytes. Its restricted expression by
these orchestrators of cell-mediated immunity, along with its inhibitory properties and
extracellular interactions with MHCII/HLA-DR, represent a newly appreciated axis with
relevance in tolerance and cancer defense. The significance of FCRL6 in this arena
has been recently demonstrated by its upregulation in HLA-DR™* tumor samples from
melanoma, breast, and lung cancer patients who relapsed following PD-1 blockade.
These findings imply a potential mechanistic role for FCRL6 in adaptive evasion to
immune checkpoint therapy. Here we review these new developments in the FCRL field
and identify new evidence for the prognostic significance of FCRL6 in malignancies that
collectively indicate its potential as a biomarker and therapeutic target.

Keywords: lymphocytes, inhibitory signaling, regulation, tumor immunology, cell-mediated immunity, FCRL family

INTRODUCTION

The immune system maintains a careful balance of activation vs. inhibition signals to coordinate
restraint at homeostasis and promote effector responses when triggered. These cellular mechanisms
establish tissue surveillance and stand ready to mount a vigorous immune defense, but must also
suppress overzealous responses that could potentially harm the host. The growing significance of
inhibitory receptors in immune regulation and human health is underscored by their roles in a
variety of disorders including infectious diseases, autoimmunity, and cancer.

The discovery that malignancies have evolved mechanisms that exploit inhibitory receptors
to circumvent elimination by immune cells is fundamentally impacting our understanding
of tumor immunology and revolutionizing cancer therapy. Antibody (Ab)-mediated targeting of
the PD-1/PD-L1 and CTLA-4/B7 immune checkpoint inhibitor (ICI) axes enables disruption of
receptor-ligand interactions that shield tumors from infiltrating cytotoxic lymphocytes (1, 2). This
selective approach has reinvigorated the field of tumor immunology and ignited extraordinary
potential for new diagnostic, prognostic, and therapeutic strategies that deliver more targeted and
effective patient care. As of 2018, it is estimated that ~44% of cancer patients are eligible for ICI
therapy (3). However, as treatment expands, many patients who enjoyed durable responses will
relapse as the tumor adapts and becomes resistant to recognition and rejection by tumor infiltrating
lymphocytes (TILs) (4, 5). Unfortunately, the mechanisms responsible for ICI resistance remain
incompletely defined. This issue is becoming a growing barrier for cancer patients who have limited
therapeutic options and require alternative strategies to overcome the tumor’s adaptive resistance.
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Davis

FCRL6 Immunoregulation and Cancer

Here we review recent developments related to members
of the Fc receptor-like (FCRL1-6) immunoregulatory family
with a specific focus on the FCRL6 molecule in cell-
mediated immunity and its newly appreciated roles in tumor
immunology. Its restricted expression by cytotoxic NK and
T cells, cytoplasmic tyrosine-based inhibitory properties, and
extracellular interactions with MHCII/HLA-DR introduce a new
axis with relevance in tolerance and cancer defense (Figure 1). Its
importance was recently demonstrated in studies that identified
its upregulation in HLA-DR™ tumor samples from melanoma,
breast, and lung cancer patients who had relapsed following PD-
1 blockade (7). These findings imply a potential mechanistic role
for FCRL6 in adaptive evasion to ICI therapy. By investigating
its expression among The Cancer Genome Atlas (TCGA) tumor
samples, we identify new evidence for the prognostic significance
of FCRL6 in melanoma, breast, and lung cancer that collectively
indicate its potential as a biomarker and therapeutic target.

FC RECEPTOR-LIKE MOLECULES (FCRL)
IN B CELL REGULATION

An extended family of FCRLI-6 genes in humans and
mice encode type I transmembrane (TM) glycoproteins with
cytoplasmic immunoreceptor tyrosine-based activation (ITAM)-
like or inhibitory (ITIM) motifs [reviewed in (8, 9)]. FCRL1-5
are preferentially expressed by B lineage cells and modulate B
cell antigen-receptor (BCR)-mediated signaling (10). Notably,
FCRL3 is also detected outside the B lineage on subsets
of T and NK cells (11-13). While FCRL1 is a pan B cell
marker with ITAM-like motifs that promotes BCR activation in
humans and mice [unpublished studies and (14-16)], signaling
studies demonstrate that FCRL2-5 generally exert inhibitory
function. Consistent with their possession of cytoplasmic ITIM
sequences, following BCR cross-linking, FCRL2-5 are tyrosine
phosphorylated (pY) and can repress global pY, Ca*" flux, and
MAP kinase activation via recruitment of the SHP-1 and/or
SHP-2 phosphatases (17-21). In mice (m), mFCRL5 has similar
inhibitory properties (22). However, the presence of both ITAM
and ITIM in the FCRL2-5 representatives implies more complex
signaling than the classical FCRs that are either activating or
inhibitory (23). Accordingly, mFCRLS5 has the ability to modulate
BCR signaling in a binary fashion. However, its functional
properties among B cell subsets vary according to the differential
recruitment of the Lyn Src-family kinase (SFK) to an ITAM-like
sequence and SHP-1 to an ITIM (21). The capacity for composite
activating and inhibitory signaling is also present in human
FCRL3 and FCRL4. These proteins possess dual regulatory
properties that appear to differ according to the innate (Toll-
like receptor/TLR) or adaptive (BCR) nature of B cell stimulation
(24, 25). Molecular dissection of the FCRL4 cytoplasmic tail has
demonstrated that its function is altered by the recruitment of
at least two different SFKs. FCRL4 wields suppressive activity
in B cells co-expressing FGR, but promotes activation in B cells
co-expressing HCK p59 (26). Thus, as opposed to the classical
FCR for IgG and IgE, these findings highlight that many FCRLs
possess multifaceted regulatory potential.

Beyond their intracellular signaling capability, ligands have
been identified for several FCRLs. The potential for Ig binding
was initially detected for FCRL4 and FCRL5, but was confirmed
in studies by Wilson et al. who found these receptors could
interact with IgA and IgG (27, 28). However, unlike the classical
IgG and IgE FCRs, IgG binding to FCRL5 is glycosylation
dependent and requires both the Fab and Fc portions (29). Recent
work has also identified secretory IgA as a ligand for FCRL3
and this relationship could impact inhibition in T regulatory
cells (30). How these receptor-ligand interactions influence the
systemic and cellular function of the lymphocytes that express
them or contribute to disease pathogenesis remains ripe for
future investigation.

RELEVANCE OF FCRL1-5IN B CELL
LYMPHOPROLIFERATIVE DISORDERS

The preferential expression of FCRL1-5 by B cells has made these
molecules relevant clinical candidates in lymphoproliferative
disorders such as leukemias and lymphomas. In fact their initial
identification by the Dalla-Favera group as immunoglobulin
superfamily receptor translocation-associated (IRTA) genes,
resulted from the characterization of a t(1;14)(q21;q32)
translocation breakpoint in a multiple myeloma cell line
(28). These early studies also demonstrated dysregulated
FCRL5/IRTA2 transcript expression in follicular lymphoma
and myeloma cell lines with 1q21 abnormalities (31). Variable
upregulation of FCRLI-5 in B cell malignancies was further
revealed through the Lymphochip-based microarray analyses
led by the Staudt group (32), but have now been expanded in
ever-growing numbers of high-throughput RNA-seq studies.
Following the development of monoclonal Abs (mAbs), several
groups validated FCRL surface protein expression by malignant
B cell lines as well as B cell chronic lymphocytic leukemia
(CLL) cells, the most common leukemia in Western countries
(11, 33, 34). An analysis of FCRL1-5 in a cohort of CLL patients
well-characterized for standard prognostic factors, identified
FCRL2 as a marker for a subgroup of CLL patients with a more
indolent disease course as reflected by favorable progression free
survival and overall survival (34, 35). By flow cytometry, FCRL2
was able to segregate CLL samples according to the mutation
status of the IGHV gene expressed by the leukemic clone. Its
upregulation by mutated IGHV CLL samples introduced a novel
surface marker of this favorable disease subtype. This pattern of
FCRL2 expression was in contrast to CD38, ZAP-70, and CD49d,
which are chiefly upregulated in patients with unmutated CLL
who experience a more aggressive disease course (10, 36, 37).
The inhibitory function evident for FCRL2 in healthy B cells
(19) implies that its upregulation by indolent IGHV mutated
CLL might also contribute to biological suppression in this
favorable CLL subtype. Thus, the expression of these regulatory
proteins may not only have prognostic significance, but could
also have physiological impact on the clinical disease course and
pathogenesis of certain lymphoproliferative disorders.

The targetability of FCRL members in B cell malignancies is an
area of active investigation and FCRL5 has become a promising
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FIGURE 1 | Interactions of the cytotoxic lymphocyte-expressed FCRL6 immunoreceptor with MHCII-expressing cells. The schematic representation shows the
FCRLS receptor (yellow box), which is composed of three extracellular Ig-like domains, an uncharged transmembrane region, and a cytoplasmic tail with two
tyrosines, including a consensus ITIM (red rectangle) that recruits the SHP-2 tyrosine phosphatase. FCRL6 is expressed by cytotoxic T and NK cells and has been
found to interact with MHCII/HLA-DR. Other pertinent adaptor-associated activating (ITAM-bearing, green rectangles and DAP-10, blue rectangles) and immune
checkpoint inhibitory (ICl) molecule pairs (CTLA-4/B7, PD-1/PD-L1, LAG3/MHCII, and NKp44/MHCII) highlight the regulatory balance of immune tolerance and tumor
evasion between cytotoxic lymphocytes and APCs or tumor cells. Note NKp44 also has an inhibitory splice isoform (6).
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therapeutic candidate. Analysis of blood and tissue samples by
the Pastan laboratory identified elevated levels of soluble and
surface bound FCRL5 in multiple myeloma, CLL, and mantle
cell lymphoma patient samples (33). Studies targeting FCRL5
in myeloma have been conducted by investigators at Genentech
(38-40). Two approaches have been pursued including a mAb
drug conjugate and a T cell-dependent bispecific mAb. Pre-
clinical xenograft models employing multiple myeloma samples
indicated efficacy for a humanized IgG1 isotype FCRL5 mAb
conjugated to monomethyl auristatin E (MMAE) (38). This
microtubule inhibitor becomes active when surface receptors
bound by the mAb-conjugate are internalized in target cells.
A Phase 1 study of this anti-FCRL5-MMAE drug compound
(DFRF4539A) in relapsed and refractory multiple myeloma
patients (n = 39) showed tolerability as a single agent, but
demonstrated limited activity and may not be a successful
strategy for myeloma (39). The authors speculated that the
low response rates in this study could be due to the unknown
threshold for Ab-dependent cytotoxicity activity, shedding of
the FCRL5 target, limited internalization, and a less effective
role of MMAE in cells with a low proliferative index. However,
preclinical studies with a bispecific FCRL5/CD3 mAb has shown
encouraging activity against patient myeloma cells, can deplete B
cells and bone marrow plasma cells in cynomolgus monkeys, and
exhibits enhanced activity when combined with PD-L1 blockade
(40). These studies indicate that immunotherapeutic targeting of
FCRLS5 and other FCRL family members expressed by B cells may
have utility in a variety of lymphoproliferative disorders.

HUMAN FCRL6 IS AN
IMMUNOREGULATORY PROTEIN
RESTRICTED TO CYTOTOXIC T AND NK
CELLS

Notably, the first member of the FCRL family identified was
a rat FCRL6 ortholog, termed gp42, that was discovered in a
search for markers of lymphokine activated killer (LAK) cells
(41). Following the discovery of human FCRL1-5, we and others
identified human and mouse FCRL6/Fcrl6 counterparts, both
of which encode type I TM glycoproteins (42-44). However,
the structure and distribution of these FCRL6 molecules among
lymphocytes has marked interspecies differences (43). Recent
studies with receptor-specific mAbs identified the expression of
mFCRL6, which has two Ig like extracellular domains and a short
cytoplasmic tail lacking a consensus ITIM or ITAM, by subsets
of progenitor B cells in the fetal liver and bone marrow (45). An
analysis of pro B cell subsets purified according to the presence or
absence of FCRL6 expression, revealed that FCRL6™ progenitors
have a distinct transcript signature, constrained diversity of
their IGHV repertoires, and hydrophobic and charged CDR-
H3 characteristics akin to innate-like B-1 cells that produce
natural Abs (45). However, the regulatory role of mFCRL6 among
these pro B cells is not yet defined. Despite syntenic genomic
positions, the disparate structure and expression pattern of this
family member presents some barriers for in vivo translational
understanding of its human relative. In contrast, human FCRL6,
which has three extracellular Ig-like domains, an uncharged TM
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region, and a cytoplasmic tail featuring a consensus ITIM, is
restricted to cytotoxic T and NK cells (44, 46).

The development of receptor-specific mAbs facilitated
examination of its ontogeny and distribution in human tissues.
FCRL6 is present on mature NK and T lymphocytes from
adult spleen and blood, but not by these cells from primary
developmental sites such as the fetal liver, bone marrow, or
thymus (45). Inflammatory tonsillar tissue also lacks significant
numbers of FCRL6™ cells. Within the blood, FCRL6 marks more
terminally differentiated cytotoxic CD16TCD56%™ NK cells, a
finding that correlates with cytoplasmic perforin and expression
of the keratin sulfate-related lactosamine carbohydrate epitope,
PENS5 (47). The possibility that FCRL6 expression increases as a
function of ontogeny was also confirmed by comparing CD16™"
NK cells isolated from cord and adult blood samples. FCRL6 is
expressed at significantly higher levels among circulating adult
CD16™ cells suggesting that it emerges later in ontogeny than
CD16 and segregates NK cells that are more mature (45). Within
the T cell compartment, FCRL6 is present on innate-like y3 T
cells, but is not biased among V31 or V82 subsets. However,
its expression by y8 T cells similarly correlates with perforin
and is relatively more abundant on CD16M V82 cells that
have greater cytotoxic propensity (48). Among CD8" T cells,
FCRL6 is primarily restricted to perforin-expressing effector
(CD45RATCCR7™ or CD2872B4™) and effector memory
(CD45RA™CCR7~ or CD28%72B4") subpopulations, rather
than central memory or naive cells. Interestingly, a small
(~2%), but consistent population of FCRL6TCD4™ T cells that
co-express perforin, CD57, and NKG2D, but lacks CCR7 is
present in the blood of some donors (46). Such rare CD4* T
cells possess cytolytic function (49). These data indicate that
FCRL6 distinctly marks mature NK and T cell subpopulations
with cytotoxic potential.

FCRL6 RECRUITS SHP-2 TO AN ITIM AND
IS AN MHCII/HLA-DR LIGAND

The presence of two tyrosines in the FCRL6 cytoplasmic tail
suggests that, like other FCRLs, it harbors regulatory function.
One of these tyrosines (Y371) is positioned among amino
acids that conform to a consensus ITIM, but the sequence
surrounding both tyrosines (Y356, Y371) could represent a non-
canonical ITAM. GST pull down assays of Y356F and Y371F
mutants performed with Jurkat lysates uncovered recruitment
of the SHIP1 inositol phosphatase as well as the GRB2 adapter
protein to the Y356 residue and the SHP1/SHP2 tyrosine
phosphatases to the Y371 site (50). Immunoprecipitation of
FCRL6 from pervanadate treated NK or T cells validated its
capacity for pY and interactions with multiple pY proteins
[unpublished data and (46)], including SHP-2 to the Y371
residue (44). These findings imply an inhibitory role for FCRL6
in cytotoxic lymphocytes. However, an important question for
understanding the fundamental biology of FCRL6 is the nature
of its extracellular partner(s).

In flow cytometry-based studies, we were unable to detect
Ig binding to FCRL6 by surface staining (46). To search

for FCRL6 binding partners, we engineered a cell-based GFP
reporter system that expressed a chimeric receptor comprised
of the FCRL6 ectodomain in frame with the cytoplasmic
tail of mouse CD3t¢ (51). In co-culture assays with various
cell types, the FCRL6-CD3¢ reporter line was activated by
antigen presenting cells (APCs) including B lymphocytes and
dendritic cells. This work led to identifying MHCII/HLA-
DR as an FCRL6 ligand. Furthermore, interactions between
FCRL6 and HLA-DR appeared to differ according to the
nature of the B chain component of the heterodimer. This
observation suggests that binding affinities between FCRL6 and
MHCII may differ according to HLA-DR haplotype. Within
the context of this finding FCRL6 is not unique. Several
other surface immunoreceptors have also been found to bind
MHCII (see Figure 1). Intriguingly, the LAG-3 immunoreceptor,
a CD4 relative also expressed by T cells, is upregulated
by exhausted cells in chronic immune conditions including
malignancies, and exhibits inhibitory effects through interactions
with MHCII/HLA-class II (52, 53). Notably, LAG3 has become
an attractive immunotherapeutic target and at least three LAG3-
specific ICI mAbs are in development (54). However, recent
work has identified additional non-MHCII ligands for LAG3
(55). Furthermore, a third MHCII receptor expressed by NK
cells was recently identified. The natural cytotoxicity receptor
NKp44, which has different isoforms as well as expression outside
the NK lineage (6), was found to bind subsets of MHCII/HLA-
DP molecules (56). These findings collectively indicate the
existence of multiple immunoreceptors that may serve to
modulate relationships between cytotoxic lymphocytes and
MHCII-expressing cells in different settings [recently reviewed

by (57)].

FCRL6-MHCII INTERACTIONS REPRESS
EFFECTOR FUNCTIONS BY CYTOTOXIC
LYMPHOCYTES

Efforts to investigate the functional properties of FCRL6 were
initially unrevealing. While the genetic regulation of FCRL6 has
not yet been explored in detail, modulation experiments showed
that the receptor is down-regulated from the NK cell surface
when exposed to activating cytokines such as IL-2, IL-12, or IL-
15 and by CD8™ T cells upon anti-CD3 activation [(44) and our
unpublished data]. This analysis suggests that FCRL6 is sensitive
to cellular activation. Beyond its induction, re-directed killing
assays with FCRL6-expressing NK-92 transfectants or freshly
isolated NK or CD8" T cells were used to target receptor-
specific mAb-coated P815 cells for cytolysis. Work by our group
and the Colonna laboratory found no effect for FCRL6 on
NK cell degranulation (surface LAMPI1 detection), cytoplasmic
IFNy production, or the anterograde cytolysis efficiency of
I Cr-labeled P815 target cells (44). Furthermore, FCRL6 did
not influence activation receptor (CD16)-mediated killing. A
potential regulatory role for FCRL6 on cytokine production was
also underwhelming. Cultured CD56™ NK cells cross-linked with
FCRL6 mAbs demonstrated only slight increases in IFNy and
TNFa production when IL-2 was present, but no impact was
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found for IL-4, IL-5, or IL-10 (44). Furthermore, no differences
in cytokine production were observed in similar studies with
CD8' T cells +/- anti-CD3 or IL-2. Thus, FCRL6 does not
appear markedly influence cytokine generation by these cytotoxic
lymphocytes in vitro.

In recent studies that identified the upregulation of FCRL6
and LAG3 in the microenvironment of HLA-DRT solid
tumors [detailed below and (7)], we revisited FCRL6 function
with respect to its MHCII ligand. The regulation of NK
cell cytotoxicity by MHC class I molecules has been well-
characterized, and serves as the basis for the “missing-self”
hypothesis (58), but evidence also exists that MHC class II
expression can protect target cells from NK cell-mediated killing.
Early work demonstrated that enforced expression of HLA-DR
by K562 cells, a classic human erythroleukemic MHCII-negative
target cell line, could inhibit lysis by freshly isolated human
NK cells (59). Furthermore, transplantation of HLA-DR™ K562
cells into NOD/SCID mice provided protection of tumors from
elimination by adoptively transferred human blood NK cells (60).
We thus generated NK-92 FCRL6 transductants and used them
for cytotoxicity assays by employing HLA-DR™ K562 target cells.
These experiments demonstrated that HLA-DR expression by
K562 cells inhibited the cytotoxicity of FCRL6-expressing NK
cells (7). Additional support for this inhibitory axis was found
for CD8" T cell responses. By employing an FCRL6 mAb that
disrupts HLA-DR binding to FCRL6-CD3¢ reporter cells and
in cell staining assays (51), we investigated the effect of FCRL6
blockade during pathogen-specific peptide stimulation in vitro.
The addition of FCRL6 or PD-L1 blocking mAbs to healthy
donor mononuclear cells co-cultured in MHC class I-restricted
peptides from CMV, EBV, and influenza virus epitopes, resulted
in enhanced frequencies of IFNy and TNFa cytokines upon
restimulation (7). These studies indicate that FCRL6 is a
potentially novel ICI target capable of suppressing effector cell
activity following engagement with HLA-class IT molecules.

FCRL6" NK AND T LYMPHOCYTES
EXPAND IN CHRONIC IMMUNE
DISORDERS

The significance of FCRL6 in immune-related disorders was
first shown by Wilson et al. who found significantly expanded
FCRL6™ effector and effector memory CD8™ T cell frequencies
in HIV-1 infected individuals (44). This expression pattern did
not seem to correlate with viral titers or CD4" counts. An
increase in circulating FCRL6TCD4™" cells, which are typically
rare among healthy individuals, was also detected in HIV™ donor
samples. Initial evidence for a role in tumor immunology came
from studies in CLL. Unlike the other FCRL molecules that
are expressed by CLL B cells (34), FCRL6 expression by the
B cell clone was undetectable. Instead, increased frequencies of
FCRL6" NK and T lymphocytes were evident in the circulation
of CLL patients (46). While blood CD8* T cells are generally
expanded in CLL, T cells derived from these patients are also
known to have abnormal function (61, 62). An analysis of CLL
donors from our cohort demonstrated that, in addition to a

global increase in CD8T cells, the frequencies of effector and
effector memory cell populations were elevated compared to
healthy control samples (46). The frequency of FCRL6™ cells
among these CD8" subsets was also greater in CLL patients, as
were FCRL6-expressing NK cells and cytotoxic CD4™ cells. These
findings suggest that the expansion of FCRL6™ cytotoxic T and
NK cells in different disease states could reflect the influence
of chronic immune activation on the terminal differentiation of
effector cells and contribute to their dysfunction. Furthermore,
the increased numbers of cytotoxic cells marked by FCRL6 could
reflect a blunted capacity for clearance of the inciting disease
process by taking advantage of its potential inhibitory properties.
This could infer a role for cytokines or some other systemic
influence on the expansion of FCRL6™ cells, but the mechanistic
basis for this remains undefined.

FCRL6 EXPRESSION IS UPREGULATED IN
SOLID TUMORS EXPRESSING HLA
CLASS I

Evidence that an inhibitory receptor restricted to cytotoxic
lymphocytes interacts with MHCII/HLA-DR suggests that
FCRL6 might have roles in tolerance through its interactions
with APCs as well as other non-traditional MHCII-expressing
cells including malignancies (see Figure 1). The endogenous
expression of MHCII/HLA-DR molecules by tumor cells has
been observed in many cancers including 40-50% of melanoma
cases (63, 64). Importantly, MHCII expression correlates with
favorable clinical responses to anti-PD-1 ICI in melanoma,
classical Hodgkin’s disease, breast cancer, and ovarian cancer
(64-67). In breast cancer, PD-1 inhibition is more efficacious in
the triple negative subtype (TNBC) (68), but responses vary by
PD-1/PD- L1 expression and TIL frequencies (69). Accordingly,
MHCII is expressed by ~30% of TNBC cases (70) and portends
increased therapeutic responses and TIL recruitment (71, 72).
Despite the clinical favorability of MHCIIT status, chronic ICI
therapy typically leads to tumor resistance by adaptation and
the delivery of immunosuppressive signals through alternative
checkpoint pathways (4).

To investigate these evasion mechanisms, in collaboration
with Johnson and Balko, we recently performed transcriptome
profiling and tissue staining of patients who developed resistance
to PD-1 immunotherapy in melanoma, non-small cell lung
cancer (NSCLC), and TNBC (18). This study included melanoma
and NSCLC samples (n 58) before and after targeted
PD-1 ICI. MHCI' tumors, confirmed by dual RNA-in situ
and immunohistochemistry analysis, demonstrated an adaptive
immune signature including the upregulation of genes encoding
CD4, CD8a, and ICI receptors. Chiefly among these was LAG3,
which was exclusively expressed by infiltrating T cells with a
bias toward CD8™ rather than CD4™" cells. A comparison of
melanoma samples derived from patients pre and post anti-PD-
1 treatment revealed increased frequencies of LAG3™ TILs as a
function of developing adaptive resistance in paired specimens.
High levels of LAG3% TILs were also found in MHCII*
TNBC (n = 112) and were associated with CD4T infiltrates.
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FIGURE 2 | FCRL6 expression among various cancers. A violin plot demonstrating the expression (log2) of FCRL6 (ENSG00000181036) in non-hematopoietic
cancers (n = 30) from The Cancer Genome Atlas (TCGA) (73). LGG, lower grade glioma (n = 529); UVM, uveal melanoma (n = 80); UCS, uterine carcinosarcoma

(n = 56); ESCA, esophageal carcinoma (n = 173); PCPG, pheochromocytoma and paraganglioma (n = 186); BLCA, bladder carcinoma (n = 427); READ, rectum
adenocarcinoma (n = 177); HNSC, head and neck squamous cell carcinoma (n = 546); GBM, glioblastoma (n = 174); COAD, colon adenocarcinoma (n = 499);
KICH, kidney chromophobe (n = 89); PRAD, prostate adenocarcinoma (n = 548); ACC, adrenocortical carcinoma (n = 79); CESC, cervical squamous carcinoma

(n = 309); THCA, thyroid carcinoma (n = 568); UCEC, uterine corpus endometrial carcinoma (n = 579); OV, ovarian serous cystadenocarcinoma (n = 379); PAAD,
pancreatic adenocarcinoma (n = 182); SARC, sarcoma (n = 265); KIRP, kidney renal papillary cell carcinoma (n = 320); LIHC, liver hepatocellular carcinoma (n = 424);
STAD, stomach adenocarcinoma (n = 407); CHOL, cholangiocarcinoma (n = 45); BRCA, breast carcinoma (n = 1,205); SKCM, skin cutaneous melanoma (n = 472);
LUSC, lung squamous cell carcinoma (n = 551); MESO, mesothelioma (n = 86); LUAD, lung adenocarcinoma (n = 573); TGCT, testicular germ cell tumor (n = 156);
and KIRC, kidney renal clear cell carcinoma (n = 599). The median and quartiles are demarcated (black lines) for samples in the plot of each cancer subtype. RPKM
transcript data were downloaded from the R2: Genomics Analysis and Visualization Platform (http://r2.amc.nl), plotted using Prism software, and ordered by median
values of expression. The dotted black line indicates the mean expression value (FCRL6 log2 = 0.78) of the 30 cancer subtypes. Note that THCA and cancers to the
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Given the known interaction between LAG3 and MHCII (52,
53), these findings implied that tumors may exploit MHCII
expression to blunt eradication by TILs. This hypothesis was
further supported by studies in an in vivo MMTV-neu breast
cancer mouse model. Enforced MHCII expression generally
promoted tumor rejection and CD4 recruitment, but in mice
that formed refractory tumors, there was evidence of adaptive
resistance including the upregulation of chemokines that foster
T cell recruitment as well as the Pdcdl (Pd-1) and Lag3
inhibitory receptor genes. Importantly, anti-tumor immunity
was enhanced by treatment with a combination of anti-PD-1 and
LAG3 ICL

With clinical and mechanistic evidence that MHCII™ tumors
may actively suppress effector cell cytotoxicity, we turned to the
possibility that FCRL6 may operate similarly in this process. As
detailed above, FCRL6 suppressed NK cell cytotoxicity of HLA-
DR expressing target cells and enhanced effector T cell cytokine
production following Ab-mediated blockade. Like LAG3, FCRL6
was more highly expressed by MHCII" melanomas and NSCLCs.
While a similar trend was evident for FCRL3, it did not reach
significance. A linear relationship was also evident for LAG3
and FCRL6 with the degree of HLA-DR™ tumor cells. Similarly,
both FCRL6 transcript and protein expression was elevated in
melanoma samples from patients who experienced relapse after
progression on anti-PD-1 ICI therapy. Consequently, FCRL6™
infiltrates also correlated with LAG3 and HLA-DR status in
TNBC. Staining of TNBC specimens showed that TIL co-
expression of FCRL6 and LAG3 was strongly correlated with

elevated tumor-specific HLA-DR expression. Finally, in these
breast tumors, an inverse correlation was found for FCRL6 and
LAG3 reactivity with the fraction of granzyme BT cytotoxic
CD8™ cells present. This disclosed a potential suppressive role
for these ICI receptors in the tumor microenvironment. These
findings collectively implicate a novel inhibitory role for FCRL6
in cell-mediated responses to MHCII* tumors and its potential as
a new ICI target that influences adaptive resistance mechanisms
to anti-PD-1 therapy.

FCRL6 UPREGULATION BY
MALIGNANCIES HAS PROGNOSTIC
SIGNIFICANCE

Given its discrete expression by cytotoxic T and NK
lymphocytes and newfound role in tumor immunity, we
explored the possibility that detection of FCRL6 in the tumor
microenvironment could have prognostic clinical significance.
To pursue this hypothesis, we analyzed FCRL6 transcript
expression from RNA-sequencing data performed on 30 non-
hematopoietic cancer types (10,683 samples) from TCGA (73)
(Figure 2). FCRLG6 expression (log2) was heterogeneous among
these cancer types but, in accord with our recent findings (7),
lung adenocarcinomas (LUAD), cutaneous melanomas (SKCM),
and breast carcinomas (BRCA) were among the tumors with
higher median expression levels. We next assessed survival
in these cancer types according to FCRL6 expression. By
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FIGURE 3 | FCRL6 overexpression predicts favorable overall survival (OS) in cutaneous melanoma and lung adenocarcinoma. Kaplan-Meier plots demonstrating the
relationship between FCRL6E gene expression and patient clinical outcomes by OS. TCGA (reads per kilobase million—RPKM) transcript data for SKCM (n = 458) and
LUAD (n = 497) were downloaded from the publicly available cBioPortal (https://www.cbioportal.org/) database (74) for analysis with the R2: Genomics Analysis and
Visualization Platform (http://r2.amc.nl). Optimal threshold cut-off values for determining high or low FCRLE expression as a continuous variable were compared using
Cox Regression analysis and the R2 Genomics platform. Comparisons of OS curves and P-values were made using the Log-rank test. Hazard ratio (HR) and 95%

confidence interval (Cl) for comparisons between the groups are indicated. Kaplan-Meier plots were generated using Prism software.
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FIGURE 4 | FCRL6 overexpression predicts favorable progression free (PFS) and overall survival (OS) in breast carcinoma. Kaplan-Meier plots demonstrating the
relationship between FCRL6E gene expression and patient clinical outcomes by PFS and OS for (A,B) all breast carcinomas (BRCA, n = 1,067) and (C,D) Her2
negative samples (n = 550). TCGA (reads per kilobase million—RPKM) transcript data for BRCA were downloaded from the publically available cBioPortal (https://
www.cbioportal.org/) database (74) for analysis with the R2: Genomics Analysis and Visualization Platform (http://r2.amc.nl). Optimal threshold cut-off values for
determining high or low FCRL6 expression as a continuous variable were compared using Cox Regression analysis and the R2 Genomics platform. Comparisons of
PFS and OS curves and P-values were made using the Log-rank test. HR and 95% CI for comparisons between the groups are indicated. Kaplan-Meier plots were
generated using Prism software.

employing Cox Regression analysis along with the R2: Genomics
Analysis and Visualization Platform (http://r2.amc.nl), we
defined optimized cut-off values to segregate samples according

to FCRL6 expression. Kaplan-Meier plots demonstrated that
higher FCRL6 expression predicted increased overall survival
(OS) in SKMM (n = 458) and LUAD (n = 497) TCGA samples
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FIGURE 5 | Among breast cancer subtypes FCRL6 transcript expression is
highest in TNBC. A violin plot demonstrating the mean expression (log2) of
FCRL6 (ENSG00000181036) among TCGA BRCA tumor subtypes
downloaded from the publicly available cBioPortal (https://www.cbioportal.
org/) database (74). Intraductal carcinoma (IDC, n = 976), Luminal A (Lum A,
n = 499), Luminal B (Lum B, n = 197), Basal (n = 171), estrogen receptor
positive (ER*, n = 795), ER negative (ER~, n = 237), progesterone receptor
positive (PR™, n = 687), PR negative (PR, n = 342), Her2 receptor positive
(Her2™, n = 160) Her2 receptor negative (Her2~, n = 557), and triple negative
breast cancer (TNBC, n = 115). The median and quartiles are demarcated
(black lines) for samples in the plot of each subtype. Mean (x) FCRL6
expression + SEM: TNBC (3.905 + 0.1455), ER™ (3.76 £+ 0.1104), Basal
(3.733 &+ 0.1296), Her2~ (3.543 £+ 0.07162), IDC (3.466 + 0.05328), PR~
(3.449 4+ 0.09192), PR* 3.396 + 0.06334), Lum A (3.384 £ 0.07137), ER*
(3.316 + 0.05859), Her2* (3.263 + 0.1262), and Lum B (3.022 + 0.1196).
Note the dotted black line indicates the mean value (FCRL6 log2 = 3.47) of
the 11 breast cancer subtypes.

(Figure 3). In SKMM, median OS was 2.7-fold higher for patients
with elevated FCRL6 expression. Patients with FCRL6-positive
tumors had a median OS of 148.2 months vs. 54.4 months for
samples with low FCRL6 transcripts (HR = 0.47, CI = 0.36-0.61,
P < 0.0001). In LUAD, elevated FCRL6 predicted a 2.1-fold
higher median OS. FCRL6" tumors exhibited a median OS of
86.0 months vs. 41.7 months for FCRL6~ samples (HR = 0.55,
CI = 0.41-0.75, P = 0.0004). Consistent with the known
responsiveness of these tumors to ICI therapy and the TIL
concentrations in the tumor microenvironment (75-82), these
findings indicate that elevated FCRL6 expression confers a
generally favorable prognosis for the OS of patients with
these tumors.

We next investigated FCRL6 expression among BRCA
(n=1,067) TCGA samples (Figure 4). FCRL6 was able to predict
progression free survival (PFS) among all BRCA samples with
elevated transcript expression again correlating with a favorable
outcome (Figure 4A). For FCRL6-high cases the median PES
was not reached for this TCGA BRCA cohort, while the median
PFS for FCRL6-low cases was 113.8 months (HR = 0.44,
CI = 0.22-0.86, P = 0.0025). Interestingly, analysis of OS

indicated an advantage for patients with tumors possessing high
FCRL6 transcripts (Figure 4B). Median OS was 129.7 months
for FCRL6-high cases and 107.2 months for patient samples with
FCRL6-low expression (HR = 0.61, CI = 0.43-0.97, P = 0.0025).
This benefit across this entire series of TCGA BRCA tumors
appeared evident for up to 12 years after diagnosis, but for
patients with FCRL6-high samples that lived beyond this time
period (n = 10/19), this factor became detrimental. Notably,
this is a minority of patients from a heterogeneous cohort of
samples and mortality at later time points beyond diagnosis
and treatment could be multifactorial for this group. With
regard to the disease status of these 10 individuals, six were
tumor-free at death, two died with positive tumor status, and
data was not available for two cases. We additionally assessed
TCGA BRCA samples from patients with Her2 negative status
(n =550) (Figures 4C,D). Elevated FCRL6 expression in patients
with Her2 negative tumors was prognostically advantageous
for both PFS and OS. Median PFS for patients with FCRL6
high Her2 negative tumors was not reached while for low
expressors it was 113.8 months (HR = 0.44, CI = 0.22-0.86,
P = 0.0025). Median OS for FCRL6-high Her2 negative BRCA
tumors was also not reached and for FCRL6-low expression
was 93.8 months (HR = 0.48, CI = 0.25-0.94, P = 0.0081).
Elevated FCRL6 expression also portended significantly higher
PFS and OS in patients with intraductal breast carcinoma
(n = 765) and estrogen positive (n = 782) tumor status (data
not shown). To better understand the distribution of FCRL6™
TILs within the context of BRCA heterogeneity, we analyzed
the mean expression levels of FCRL6 among 11 different BRCA
subtypes. The highest FCRL6 transcripts were found in TNBC,
followed by ER™ > Basal > Her2™ tumor samples (Figure 5).
These findings parallel the known elevated frequency of cytotoxic
lymphocytes and NK cell TILs in TNBC that are associated
with an improved prognosis as well as the sensitivity of these
tumors to ICI and neoadjuvant chemotherapy (69, 72, 83-85).
While analysis of FCRL6 protein expression by primary samples
would be helpful for validation, given its restricted expression
by cytotoxic lymphocytes, these findings at the transcript level
support the potential utility of FCRL6 as a prognostic marker and
ICI target.

CONCLUDING REMARKS

In summary, members of the FCRL family are preferentially
expressed by B cells and generally exert inhibitory
tyrosine-based regulation on BCR signaling. Given their
expression by B cells there is a growing appreciation of
their roles in lymphoproliferative disorders and potential as
immunotherapeutic targets. In contrast to FCRL1-5, FCRL6
has a distinct expression pattern outside the B lineage among
cytotoxic T and NK lymphocytes. Furthermore, its elevated
expression in the tumor microenvironment, including NSCLC,
melanoma, and breast cancer, significantly correlates with
improved PFS and OS. However, its ITIM-based repressive
function in these cells becomes operative upon engagement with
its partner MHCII/HLA-DR. This newfound axis has growing
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significance in tumor immunology as endogenous HLA class
IT expression by cancer cells has been found to correlate with
increased TIL numbers, responsiveness to anti PD-1 directed
ICI, and a more favorable prognosis. However, some tumors that
develop resistance to ICI appear to upregulate HLA class II to
blunt recognition by cytotoxic cells expressing FCRL6 as well
as other MHCII-binding molecules (e.g., LAG3 and NKp44).
Thus, FCRL6 may serve as a novel ICI target. Future studies
that model its in vivo regulation are required to investigate this
possibility, but are hampered by the interspecies diversity of
this FCRL representative in mice and humans. Additionally, the
distinct MHCII allotypes that FCRL6 interacts with, and how
these relationships impact cytotoxic cells during homeostasis in
tolerance with APCs vs. disease states, are important topics for
future study.
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Among the areas of most impactful recent progress in immunology is the discovery of
inhibitory receptors and the subsequent translation of this knowledge to the clinic.
Although the original and canonical member of this family is FcyRIIB, more recent
studies defined PD1 as an inhibitory receptor that constrains T cell immunity to tumors.
These studies led to development of “checkpoint blockade” immunotherapies (CBT) for
cancers in which PD1 interactions with its ligand are blocked. Unfortunately, although very
effective in some patients, only a small proportion respond to this therapy. This suggests
that additional as yet undescribed inhibitory receptors exist, which could be exploited.
Here, we describe a new platform, termed inhibitory receptor trap (IRT), for discovery of
members of this family. The approach takes advantage of the fact that many of the known
inhibitory receptors mediate signaling by phospho-immunoreceptor tyrosine-based
inhibition motif (ITIM) mediated recruitment of Src Homology 2 (SH2) domain-containing
phosphatases including the SH2 domain-containing inositol phosphatase SHIP1
encoded by the INPP5D gene and the SH2 domain-containing phosphotyrosine
phosphatases SHP1 and SHP2 encoded by the PTPN6 and PTPN11 genes
respectively. Here, we describe the IRT discovery platform in which the SH2 domains
of inhibitory phosphatases are used for affinity-based isolation and subsequent
identification of candidate effectors via immunoblotting and high sensitivity liquid
chromatography-mass spectrometry. These receptors may represent alternative
targets that can be exploited for improved CBT. Salient observations from these
studies include the following: SH2 domains derived from the respective phosphatases
bind distinct sets of candidates from different cell types. Thus, cells of different identity and
different activation states express partially distinct repertoires of up and downstream
phosphatase effectors. Phosphorylated PD1 binds not only SHP2 but also SHIP1, thus
the latter may be important in its inhibitory function. B cell antigen receptor signaling leads
predominantly to CD79 mono-phosphorylation as indicated by much greater binding to
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Inhibitory Receptor Trap (IRT)

LynSH2 than Syk(SH2),. This balance of ITAM mono- versus bi-phosphorylation likely
tunes signaling by varying activation of inhibitory (Lyn) and stimulatory (Syk) pathways.

Keywords: inhibitory receptor, SH2, ITIM, PD1, FcyRIIB, SHIP1, SHP1, SHP2

INTRODUCTION

Inhibitory receptors serve as key regulators of the immune
system, terminating the immune response as appropriate, thus
preventing the development of autoimmunity. Importantly,
these controllers can be exploited therapeutically to enhance
immunity to tumors and chronic infection (1, 2). While this so-
called checkpoint blockade therapy (CBT) is very effective in
some patients, only 15-20% benefit from the approach (3). While
multiple factors play into the poor response rate, it may indicate
that responses are limited by additional as yet undiscovered
inhibitory receptors that have not yielded to discovery
approaches employed to date. Elucidation of these may lead to
more effective therapies. The work described herein seeks to
define novel inhibitory receptors using an approach that
identifies candidates based on their ability to engage inhibitory
phosphatases that serve as the proximal downstream effectors of
this receptor class.

The earliest described member of the immunoreceptor
tyrosine-based Inhibition motif (ITIM)-containing inhibitory
family is the low affinity IgG receptor FcyRIIB, which was
initially shown by Phillips and Parker in 1984 to inhibit B cell
antigen receptor signaling leading to blastogenesis (4, 5).
Subsequent studies ascribed the point of B cell receptor (BCR)
signal disruption as at or prior to phosphoinositide hydrolysis
and calcium mobilization (6, 7). This inhibition occurred only
when the two were co-aggregated. Later studies revealed thata 13
amino acid sequence in the cytoplasmic tail of the receptor
contains all structural information required for engagement of
inhibitory signaling machinery (8). With subsequent
appreciation of other members of the inhibitory receptor
family, a conserved sequence motif now known as the ITIM
was recognized that occurs in most members of the family
including in the 13aa FcyRIIB tail sequence (9, 10). The ITIM
consensus motif consists of a tyrosine residue preceded by a -2
position hydrophobic amino acid and succeeded by a +3 position
hydrophobic amino acid, therefore is I/VxYxxL. During
signaling the conserved tyrosine is phosphorylated by Src
family kinases. FcyRIIB ITIM tyrosine phosphorylation is
mediated by Lyn that has been activated by BCR co-
aggregation (11, 12). This relationship may explain the general
requirement that to be activated most receptors in this family,
e.g., PDI and TIGIT, must be co-aggregated with a Src family
kinase activating receptor such as BCR, T cell receptor (TCR), or
FcyR1/2a/III/IV (13).

Inhibitory ITIM receptors described to date mediate signaling
by recruitment of cytosolic inositol lipid and/or protein tyrosine
phosphatases (10, 14, 15). This recruitment is mediated by
phosphatase Src Homology 2 (SH2) domain binding to
tyrosine phosphorylated ITIMs. The primary effector of

FcyRIIB is the SH2-containing inositol lipid 5-phosphatase
SHIP1 that contains a single SH2 that binds the pITIM (14,
16). SHIP1 would be expected to mediate inhibition of
phosphoinositide breakdown by hydrolyzing PtdIns(3,4,5)P3
required for PLCy translocation to the plasma membrane (17).
Higher order BCR-FcYRIIB co-aggregation of these receptors can
lead to recruitment of (SH2), -containing phosphotyrosine
phosphatase SHP1 (18, 19). Indeed, most members of the
inhibitory ITIM-containing receptor family signal by engaging
SHP1 via dual pITIM binding to tandem SH2 domains (20). The
best known exception is PD1, which preferentially binds SHP2
via the receptor’s pITIM and pITSM “switch” motif (15, 21). It
appears that under some circumstances phosphorylated ITAMs
(pITAMs) that normally transduce activating signals can recruit
SHP1, at which point they have inhibitory function referred to as
ITAMi (20, 22).

Activation of the tyrosine phosphatases is triggered by
derepression resulting from tandem SH2 binding to dual
pITIMs (21, 23-25). Interestingly, SHIP1 activation is triggered
by phosphatase phosphorylation and interaction with partners
such as DOK proteins (26). The consequence of these unique
modes of activation is that SHP1 can only act locally on
substrates within reach, while activated SHIP1 can inhibit
responses to remotely stimulated receptors whose signaling
requires generation and function of phosphatidylinositol 3,4,5
trisphosphate, the substrate of SHIP1 (27, 28). This occurs
because SHIP1 can broadly reduce PtdIns3,4,5 levels globally,
inhibiting signaling in trans.

Recruitment of SH2 containing phosphatases to membrane
receptors is a shared inhibitory signaling mechanism among
most immune system inhibitory receptors. While generally
mediated by phosphorylated ITIMs, it appears that under
appropriate conditions ITAMs and ITSMs can be inhibitory by
use of this modality. It is known that both non-conserved
sequences of the ITIM or ITAM and SH2 domains confer
specificity in their interaction (29). In the example of SH2:
ITAM interactions, the amino acids flanking the conserved
tyrosines in the ITAM specify interactions with substrate,
including phosphatases (29, 30). This specificity presumably
underlies the non-redundant function of different ITIMs and
ITAMs. We hypothesized that analysis of phosphatase SH2
domain binding specificity might be useful in resolving these
relationships and identification of novel inhibitory receptors.

In this publication, we describe a method termed inhibitory
receptor trap (IRT) for the isolation and identification of
tyrosine phosphorylated surface receptors based on their
binding to SH2 domains of specific downstream effector
kinases and phosphatases. We have confirmed specific known
inhibitory receptor—phosphatase interactions such as FcyRIIB :
SHIP1SH2 and PD1:SHP2(SH2), using IRT. We also have
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identified CD79a association with the SH2 domains of inhibitory
phosphatases which has been previous described. ITAMis are
ITAMs that usually have embedded in them a sequence that
shares great similarity to an ITIM allowing the recruitment of
both activating and inhibitory signaling molecules (31). The
significance of ITAMIi containing receptors has been left largely
uncharacterized and this approach may allow for identification
and understanding of these molecules. We also demonstrate IRT
capture of phosphorylated receptor proteins from cells
stimulated via antigen receptor crosslinking. Utilizing cell
surface biotinylation, IRT, and liquid chromatography-mass
spectrometry (LC-MS/MS) in combination allows high
throughput and sensitive probing of tyrosine phosphorylated
receptor interactions with their cognate SH2-containing effectors.

MATERIAL AND METHODS

Mice

In all cases, 8—10-week-old female C57BL6/J] mice purchased from
Jackson Laboratories were used to obtain indicated immune cell
populations. Mice were housed in the Animal Research Facilities at
the University of Colorado Anschutz Medical Campus. All
experiments were performed in accordance with the regulations
and approval of University of Colorado Institutional Animal Care
and Use Committee.

Cell Purification

Spleens were dissociated in complete medium [IMDM
(HyClone), 5% FBS (Sigma), 1 mM sodium pyruvate
(HyClone), 2 mM L-glutamine (Corning), 50 pM B-
mercaptoethanol (Sigma), 50 pg/mL of Gentamicin (Gibco),
and 100 U/mL of penicillin/streptomycin (Gibco)], and red
blood cells removed using ammonium-chloride-potassium
(ACK) lysis. Naive splenic B cells were isolated using negative
selection with anti-CD43 (Ly-48) MicroBeads (Miltenyi Biotec
130-049-801). CD3" splenic T cells were purified by negative
selection using the Pan T cell Isolation Kit II (Miltenyi Biotec
130-095-130).

Cell Culture and Activation

A20 cells were cultured in RPMI (Corning) containing 10% FBS,
ImM sodium pyruvate, 2mM L-glutamine, 50 pM B-
mercaptoethanol, 50 pug/mL of Gentamycin, and 100 U/mL of
penicillin/streptomycin. RBL-2H3 cells were cultured in MEM
(Corning) containing 10% FBS, 2mM L-glutamine, and 100 U/
mL of penicillin/streptomycin. RAW264.7 cells were cultured in
DMEM high glucose (Corning) containing 10% FBS 1 mM
sodium pyruvate, 2 mM L-glutamine, and 100 U/mL of
penicillin/streptomycin. CD3+ T cells were either used directly
ex vivo (naive) or cultured at 1IE6/mL in complete medium on
plates pre-coated with 5 pg/mL of anti-CD3 (clone 145-2C11,
BioLegend) and supplemented with soluble 0.5 ug/mL of
anti-CD28 (clone 37.51, BioLegend) and 12.5 U/mL of IL-2
(Roche 11271164001) for 72 h to induce PD1 expression.
PD1 expression was confirmed via flow cytometry staining

(Supplementary Figure 1) with anti-PD1 PE (clone J43,
eBioscience) anti-CD4 FITC (clone GK1.5, BD Biosciences),
and anti-CD8 APC (clone 53-6.7, BD Biosciences).

Acute Cell Stimulation

In all cases, cells were acutely stimulated in serum free complete
medium. 10E6 Purified B and T cells at 20E6 cells/ml were
stimulated with 100 UM pervanadate (PV) for 5 min at 37°C.
Anti-mouse IgG H+L (Zymed 61-6500) or F(ab’), anti-mouse
IgG H+L (Jackson ImmunoResearch 315-006-003) were used at
a final concentration of 10 pug/mL or 6.4 pug/mL to stimulate B
cells for 5 min at 37°C. When indicated cells were surface
biotinylated using EZ-Link ™ Sulfo-NHS-LC-Biotin (Thermo
Scientific A39257) as per manufacturers protocol. After
stimulation cells were pelleted by centrifugation at 6000rpm
for 30 seconds in a tabletop centrifuge. Supernatant was
aspirated and cells were lysed by resuspension in cold lysis
buffer composed of 25 mM Tris-HCl (pH 7.4), 150 mM NaCl,
1% NP-40, 1 mM EDTA, 1 mM DTT, and 5% glycerol
supplemented with protease and phosphatase inhibitors (100
pg/mL aprotinin, 100 pg/mL o-1-antitrypsin, 100 pg/mL
leupeptin, 1 mM PMSF, 10 mM NaF, 2 mM NaVO;, and 10
mM tetrasodium pyrophosphate). Lysates were incubated on ice
for at least 30min then cleared of particulate debris by
centrifugation at >16,000g for 10min at 4°C. Cleared lysates
were stored at -80°C.

Recombinant SH2 Domain Production

and Purification

In brief, cDNAs encoding LynSH2, SHIP1SH2, SHP1(SH2),, and
SHP2(SH2), domain(s) were prepared from mouse B cells using
PCR previously described (25, 32). Mouse cDNA sequences for
Syk ENSMUST00000120135.7 were obtained from Ensembl.
SH2 domains were defined according to UniProt entry P48025.
SYK(SH2), (1-831 bp) gBlock was purchased from IDT with
engineered sites for restriction cloning. SHIP1SH2, SHP1(SH2),,
and SHP2(SH2), were cloned into the pGEX-5x-1 vector (GE
Healthcare) for expressing recombinant GST fusion proteins.
LynSH2 and SYK(SH2), were cloned into the pGEX-6P-1 vector
(GE Healthcare) for expressing recombinant GST fusion
proteins. DH50. Escherichia coli were transformed with pGEX
vectors containing SH2 domains for plasmid production. Rosetta
IT E. coli were transformed with SH2 domain-containing pGEX
vectors for robust production of recombinant proteins. Cultures
were inoculated with a single colony of Rosetta II E. coli
containing SH2 domain pGEX vectors and grown overnight
(16 h) at 37°C. 10mL of overnight culture was used to seed 1L of
LB broth and allowed to grow for 3-4 h at 37°C reaching an
0OD600 ~0.6. Protein production was induced by addition of 0.25
mM IPTG for 3 h at 37°C. Bacteria were harvested by
centrifugation at 4,000g for 10 min and lysed using previously
established protocols for SH2-GST fusion protein production
(25). Fusion proteins were isolated by GSH-Sepharose
chromatography (GE Healthcare) and subsequently cleaved
either on column or in solution using Factor Xa (NEB) or
HRV3C (Pierce) proteases. Cleaved protein preparations were

Frontiers in Immunology | www.frontiersin.org

October 2020 | Volume 11 | Article 592329


https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Crute et al.

Inhibitory Receptor Trap (IRT)

depleted of GST by 3x adsorption using a GSH column. Purity
was assessed using SDS-PAGE with Coomassie staining.

Recombinant SH2 Domain Conjugation to
Sepharose Beads

In brief, CNBr-activated Sepharose 4B beads (GE Healthcare)
were washed with 1 mM HCI for 10 min to achieve activation for
coupling. Purified SH2 domains that had been dialyzed into 0.1
M NaHCO; (pH 8.3) containing 0.5 M NaCl were added to the
activated Sepharose beads. Beads were conjugated with excess
protein (1 mg protein/0.04g of CNBr Sepharose) overnight at
4°C while rotating. Beads were then incubated with 100 mM Tris
HCI (pH 8.0) for 2 h at room temperature to quench unreacted
groups. Conjugated beads were washed with 3 cycles of
alternating pH buffers [each cycle consists of 100 mM sodium
acetate (pH 4.0) containing 0.5 M NaCl and then 0.1 mM Tris-
HCI (pH 8.5) containing 0.5 M NaCl]. Finally, conjugated beads
were washed and stored in PBS + 0.02% sodium azide at 4°C.

Immunoprecipitation and SH2 Domain
Enrichment (IRT)

Immunoprecipitation was performed with anti-PD1 clone J43
(eBioscience) and anti-FcyRIIB, clone 2.4G2. In brief, 0.5 ug of
antibody/1E6 cells/100 UL was added and incubated for 1 h while
rotating. Protein G beads (Life Technologies) that had been
washed 3x in lysis buffer were added to lysates (500 UL of lysates/
30-uL beads) and incubated for 2 h. Protein G beads were then
washed 3x in lysis buffer and adsorbed protein eluted by boiling
in reducing Laemmli SDS-PAGE sample bufter for 10 min. SH2
domain-conjugated Sepharose beads were washed 3x in lysis
buffer before being added to cell lysates (500 UL of lysate/35-uL
beads) and rotated at 4°C for 2 h. Beads were then washed 3x
with lysis buffer and eluted by boiling in reducing Laemmli SDS-
PAGE sample buffer for 10 min. 2-step enrichment was
performed using SH2 domains as described before and eluting
them 3x with 100 uL of 100 mM glycine (pH 2.5) for 5 min each.
Low pH glycine eluates were combined and immediately
neutralized by addition to 30 pL of 1 M TrisHCI (pH 8.5). 30
UL of streptavidin agarose (Thermo Scientific 20347) was then
washed with PBS and added to each sample and rotated for 2 h at
4°C. Streptavidin agarose was washed 3x with lysis buffer and
eluted by addition of reducing Laemmli SDS-PAGE sample
buffer and boiled for 10 min.

Immunoblotting

Whole Cell lysates, immunoprecipitates or SH2 binding proteins
were fractionated by SDS-PAGE and transferred to PVDF using
semi-dry blotting conditions. PVDF was then blocked using
either 3% BSA TBST [10 mM Tris-HCI (pH 8.0), 150 mM
NaCl, and 0.05% Tween] or 5% non-fat dry milk TBST.
Antibodies used to blot included: anti-pTyr clone 4G10, anti-
PD1 (R&D Systems AF1021), anti-pCD79a Y182 (Cell Signaling
Technology 5173S), anti-pFcyRIIB Y292 (Abcam EP926Y), and
anti-B-actin (clone C4, Santa Cruz). In addition, we used rabbit
polyclonal anti-FcyRIIB cytoplasmic tail, anti-CD22 cytoplasmic
tail, and anti-CD79a raised in our laboratory as described

previously (26, 32). Secondary antibodies used included anti-
mouse IgG Trueblot HRP (clone eB144, Rockland), anti-rabbit
IgG Trueblot HRP (clone eB182, eBioscience), anti-rabbit IgG
HRP (Cell Signaling Technology 7074S), and anti-goat IgG HRP
(R&D Systems HAF109). Blots were incubated in Pierce
SuperSignal West Pico PLUS HRP (Thermo Scientific)
substrate and visualized on a G:BOX by Syngene. Subsequent
immunoblot images were quantified using Image Studio Lite ver
5.2 (LI-COR).

RESULTS

Design of the Inhibitory Receptor Trap
(IRT) Platform

The goal of these experiments was to develop a novel approach
for isolation of inhibitory receptors based on their ability to bind
the SH2 domains of the inhibitory phosphatases. This method
could be used for identification of new therapeutic targets for
CBT and for characterization of the receptome of immune
cell populations.

These phosphatases, the SH2-containing inositol 5-phospatase
SHIP1, the SH2-containing protein phosphotyrosine phosphatase
SHP-1, and SH2-containing protein phosphotyrosine
phosphatase SHP-2, have been shown previously to function as
the proximal effectors of ITIM-containing receptors. As shown in
Figure 1, the approach taken for development of IRT involves
initial stimulation of cells under conditions that induce tyrosine
phosphorylation of ITIMs. These can include conditions that
induce phosphorylation of substrates nonspecifically by inhibiting
the phosphotyrosine phosphatases that normally balance their
phosphorylation or conditions in which phosphorylation is
stimulated by specific ligands. For the former, we utilized
pervanadate stimulation. For the latter, we utilized antibodies
against antigen receptors. Stimulation was followed by detergent
lysis using NP40. As indicated, SH2 domain-conjugated
Sepharose beads were added to cleared whole cell lysates to
capture tyrosine phosphorylated binding partners. After
washing, the beads were treated with reducing Laemmli buffer
to elute SH2 bound proteins. Eluates were fractionated by SDS
PAGE and 1) transferred electrophoretically to PVDF membrane
that was then immunoblotted to define candidates, or 2)
Comassie stained bands were excised from gels for analysis by
LC-MS/MS. The latter approach provides for the unsupervised
identification of interacting proteins. In this publication we have
forgone presentation of LC-MS/MS analysis and focus on proving
the effectiveness of our approach to identify known SH2 interactions.

Distinct SH2 Domain Adsorbents Capture
Distinct Phosphorylated Proteins

Cells of the immune system utilize distinct inhibitory receptor-
phosphatase effector pairs to control cellular activation and
function. The specificity of these interactions of receptor
effector pairs is determined by SH2 domain unique recognition
of phosphotyrosine in the context of ITIM sequence (x) flanking
conserved residues in the I/VxYxxL ITIM. We first wanted to
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FIGURE 1 | Workflow of IRT (Inhibitory Receptor Trap). Cells were stimulated to induce phosphorylation of inhibitory receptors via chemical inhibition or antigen receptor
cross linking and detergent lysates made. 1) Pre-washed SH2 domain conjugated beads were added to cleared cellular lysates 2) to capture phosphorylated proteins
then washed to remove nonspecific interacting proteins and eluted using reducing Laemmli buffer. 3) Eluted phosphoproteins were subjected to SDS-PAGE
electrophoresis and then transferred to PVDF for western blotting to define candidates or 4) stained bands were excised for analysis by LC-MS/MS.

determine if SH2 domains derived from different effector
phosphatases and kinases bind distinct phosphoproteins. To
address specificity, we developed SH2 domain probes from the
activating tyrosine kinases Lyn and Syk and inhibitory
phosphatases SHIP1, SHP1 and SHP2 and subjected
pervanadate stimulated lysates from different cell types to IRT
enrichment. Since the tandem SH2 domains found in Syk, SHP1,
and SHP2 may bind cooperatively, the probes derived from these
proteins contained both SH2 domains. We employed the single
SH2 domains found in Lyn and SHIPI.

As seen in Figures 2A-C, SH2 domain adsorbents bind only a
small proportion of tyrosine phosphorylated proteins detected in
whole cell lysates, indicating some level of selectivity. Further,
kinase SH2 adsorbents and phosphatase SH2 adsorbents bound
largely distinct sets of tyrosine phosphoproteins in lysates of naive B
cells and naive T cells. Interestingly, findings suggest that Lyn and
Syk may have some interactions in common, and the three
phosphatases may have some common interactions distinct from
the kinases. These results demonstrate that different SH2 domains,
whether singular or tandem, have unique specificity. Furthermore,
as shown in Figure 2C wherein binding of B cell and T cell
phosphoproteins was compared directly, these cells have partially
distinct repertoires of phosphoproteins that bind to each of Lyn,
SHIP1, Syk and SHP1. Finally, shown in Figure 2D is a comparison
of IRT enrichment of SHIP1SH2 binding phosphoproteins from
three different cell lines representing basophils (RBL-2H3), B cells
(A20), and macrophages (RAW264.7). Anti-phosphotyrosine
blotting of enriched proteins revealed both distinct and shared
interactions across cell types supporting the existence of cell type
specific inhibitory interactomes.

To further explore the utility of IRT, we tested its ability to
detect previously demonstrated interactions between receptors and
specific phosphatases and kinases. As expected, FcyRIIB was bound
by SHIP1 (Figure 3A) consistent with the dominant role of SHIP1
in inhibitory signaling by this receptor (14, 16). The SHIP1SH2

IRT sample was subjected to mass spectrometric analysis, which
confirmed the presence of FcyRIIB (data not shown). As expected,
SHIP1, SHPI1, and SHP2 SH2 domains all bound CD22 (33).
Interestingly, all SH2 domains tested bound CD79a (Figure 3A).
This was expected of Lyn, Syk, and SHIP1 (34, 35) and heavily
suggested for SHP1 (36), but interactions between CD79a and
SHP?2 have not been demonstrated previously.

We next explored the ability of IRT to detect the previously
demonstrated interaction between SHP2 and PDI1 (15). In this
experiment we utilized splenic T cells that were first activated by
culture for 72 h with anti-CD3 and anti-CD28 antibodies and then
stimulated acutely with pervanadate before lysis. Lysates were
subjected to enrichment using SH2 domain adsorbents. As shown
in Figure 3B, PD1 was bound by the (SH2), domain of SHP2. SHP2
(SH2), and SHP1(SH2), IRT samples were subsequently subjected
to mass spectrometric analysis, which confirmed PD1 enrichment
by SHP2(SH2), and lack of enrichment by SHP1(SH2), (data not
shown). Surprisingly, PD1 was also bound by the SH2 of SHIP1.
This may indicate that SHIP1 functions as an alternative PD1
effector, the existence of which has been suggested by studies
showing that PD1 mediated inhibition is partially preserved in
the absence of SHP2 expression (37).

Further confirmation of the identity of PD1 and FcyRIIB
among proteins that engage SH2 domain adsorbent was
generated by analysis of the core protein mass generated by
PNGaseF treatment of adsorbates prior to SDS-PAGE, transfer
and blotting. PNGaseF treatment resulted in a molecular weight
shift of the presumptive FcyRIIB from ~60 kDa to weight of 37
kDa, consistent with core protein mass (Figure 3C). PNGaseF
treatment of SHP-2 adsorbates of activated T cells yielded a
molecular weight shift of presumptive PD1 from 55-60 kDa to
the core molecular weight of 32 kDa as would be expected
(Figure 3D). Observation of molecular shifts for FcyRIIB and
PD1 increases our confidence in prior observations made by
immunoblotting. In addition, this experiment demonstrates that
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N-glycanase treatment is useful in generation of more defined
bands and core protein mass, and is therefore helpful in
protein identification.

IRT Capture of Phosphatase Binding
Partners Following Physiologic
Phosphorylation
While pervanadate induced protein tyrosine phosphorylation is
useful in defining SH2-phosphoprotein interactions that can occur
in an unbridled situation in which phosphorylation is super-
physiological, it is important to be able to detect interactions that
occur upon specific receptor stimulation. Further, the latter
allows analysis of requirement for co-aggregation to induce
phosphorylation of sites required for phosphatase interactions.
Induction of FcyRIIB ITIM phosphorylation requires its co-
ligation with antigen or activating IgG Fc receptors. To test
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FIGURE 2 | Comparison of kinase and phosphatase SH2 binding proteins from PV stimulated cells. Cellular lysates derived from (A) splenic B cells and (B) splenic
T cells enriched for phosphorylated tyrosine containing molecules using SH2 domain reagents derived from activating and inhibitory molecules. (C) Direct
comparison between B and T cells using either tandem (SH2),, or single SH2 reagents. (D) Cellular lysates from indicated cell lines show differential enrichment for
phosphoproteins when subjected to IRT using SHIP1SH2. Immunoblots are representative of n = 3 independent experiments.

physiologic requirements for induction of FcyRIIB competence
to bind effector phosphatases detectably, we stimulated naive B
cells with equimolar amounts of affinity purified rabbit anti-IgG
Heavy and Light chain antibodies to co-aggregate FcyRIIB and
the BCR, or F(ab’), fragments of the same antibody to stimulate
only BCR. Whole cell lysates were generated and blotted with
tyrosine phosphospecific antibodies against FcyRIIB and CD79a.
As shown in Figure 4A, stimulation with either antibody induced
phosphorylation of CD79a detectable in whole cell lysates. As
expected, phosphorylation of FcyRIIB was stimulation by anti-
H+L but not F(ab’), anti-H+L. Phosphorylation of FcyRIIB by
anti-H+L stimulation led to abundant FcyRIIB enrichment via
SHIP1SH2 reagent (Figure 4B). The specificity of the SHIP1SH2
reagent for phosphorylated FcyRIIB was indicated by absence of
FcyRIIB enrichment in unstimulated and F(ab’), anti-H+L
conditions. We then determined the ability of IRT to capture

Frontiers in Immunology | www.frontiersin.org

91

October 2020 | Volume 11 | Article 592329


https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Crute et al.

Inhibitory Receptor Trap (IRT)

Naive B cells

TOM
peag
ZHSUAY
“(ZHS)MAS
ZHSLdIHS
“(gHS)LdHS
“(gHS)2dHS

(kD)
CD79%

150 CD22

70-.

50-

w
I IU'

FoyRIIB

CD3+ T cells

anti-CD3/CD28 72h

10M
10M
peag
ZHSLdIHS
“ZHS)LdHS
. {zHS)zdHS

(kD)
70-

50-

Actin

H (o2}
(=} (=3

(relative to Bead)
N
o

Normalized PD1 band density

0

e 2 N v
W I
& ¥ &
@ 6\2\ 532‘

anti-CD3/CD28 72h

FcyRIIB and CD79a whose phosphorylation was stimulated by
these ligands (Figure 4C). Receptor co-stimulation with IgG anti-
H+L led to efficient capture of pFcyRIIB by SHIP1SH2 reagent.
Interestingly, although to a lesser degree, pFcyRIIB was also
captured by SHP1 and SHP2(SH2), adsorbents, consistent with
the function of these phosphatases in inhibitory pFcyRIIB
signaling (10). When FcyRIIB was not co-engaged with BCR, in
the case of F(ab’), anti-H+L stimulation, only basal pFcyRIIB
could be detected in SHIP1SH2 adsorbents. Reminiscent of
findings in Figure 3, all adsorbents captured phosphorylated
CD79a, albeit with differing efficiency. It is curious that the Syk
(SH2), bound less pCD79a than the LynSH2. It is known that Syk
binding to CD79 requires phosphorylation of both ITAM tyrosine
residues, while Lyn binding does not (38, 39). This result may
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FIGURE 3 | Identification of specific SH2 substrates in PV stimulated cells (A) CD79a, CD22, and FcyRIIB are known tyrosine phosphorylated receptors that recruit
SH2 domains. (B) (Top) Lysates of splenic T cells activated for 72 h with anti-CD3/CD28 were probed with SH2 domains from indicated molecules. PD1 is enriched
specifically by the SHP2(SH2), and SHIPSH2. (Bottom) Quantification of PD1 staining normalized to the bead control. Data is plotted from 3 independent
experiments. (C, D) Cells were stimulated with PV prior to treatment with N-glycanase. FcyRIIB and PD1 have observed molecular weight shifts post N-glycanase
treatment in WCL, SH2 reagent, and immunoprecipitation lanes. Bars in (B) represent + SEM; immunoblots are representative of n = 3 independent experiments.

indicate that anti-BCR stimulates primarily monophosphorylation
of CD79 ITAMs. We conclude from these experiments that SH2
domain adsorbents are able to capture receptors phosphorylated
upon B cell antigen receptor crosslinking.

Refinement of IRT to Identify Cell Surface
Binding Partners
As utilized to this point, phosphoproteins identified by IRT could
be localized on the cell surface or may be intracellular. To focus
the IRT only on identification of cell surface binding partners, we
utilized cell surface biotinylation as an additional filter.

In this proof of concept experiment, naive splenic B cells were
cell surface biotinylated prior to pervanadate stimulation and
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FIGURE 4 | Physiologic stimuli induce phosphorylation of physiologic targets
which bind specific SH2 domains. Ex vivo splenic B cells were stimulated with
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condition. (A) 5E5 cell equivalents of WCL from unstim and anti-lgG H+L or F
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subjected to pull down using SH2 domain reagents. Adsorbed proteins were
eluted, run on SDS-PAGE and blotted for pFcyRIIB and pCD79a.
Immunoblots are representative of n = 3 independent experiments.

SH2 domain adsorbent affinity purification. In this two-step
enrichment protocol, binding partners were first enriched using
SH2 domain adsorbents, with elution using low pH glycine buffer.
Surface proteins were then isolated by adsorption to streptavidin
agarose beads. Eluates were fractionated by SDS-PAGE and

transferred to PVDF and analyzed by sequential blotting with
anti-phosphotyrosine and streptavidin. Comparison of the SH2
domain affinity purified and 2-step enrichment by anti-pTyr
blotting shows clearly that only a subset of binding partners are
biotinylated cell surface proteins. Furthermore, reblotting with
streptavidin reveals a similar repertoire although relative signal
intensity of specific bands differs between pTyr and avidin blots.
This may reflect the greater biotinylation of proteins that have larger
extracellular domains, e.g. the 140Dda band relative to the ~60 kDa
band (Figure 5A). Analysis of the relative capture of pCD79%a,
pFcyRIIB, and CD22 using the two protocols is consistent with this
interpretation (Figure 5B). FcyRIIB which contains two linearly
arranged extracellular Ig-like domains is sufficiently biotinylated to
be captured by the avidin adsorbent. However, CD79a, containing
only a single Ig-like domain, and its disulfide bonded partner
CD79b also containing a single Ig-like domain, are not captured
by avidin. This suggests that extension from the cell surface is a
determinant of the utility of this approach. Specifically, 2-step
enrichment may only be useful in identifying phosphatase
binding partners that have large extracellular domains. The 2-step
enrichment again confirms the selective purification of SH2 domain
reagents and validity of this protocol to capture specific inhibitory
receptors. Utilizing cell surface biotinylation and the 2-step
enrichment described above allows for the purification of cell
surface proteins for analysis via immunoblotting. The two-step
approach is likely to be the most informative when combined with
LC-MS/MS to define the SH2 domain-cell surface receptor
interactome in an unsupervised manner.

DISCUSSION

The highly variable response of individuals to CBT in malignant
disease underscores the importance of better understanding the
inhibitory receptor landscape of immune system cells. However,
identification of inhibitory receptors to be used as CBT therapeutic
targets has historically been a challenge. Many known inhibitory
immune receptors mediate their activity through the recruitment of
inhibitory phosphatases via SH2 interactions with phosphorylated
tyrosines in the receptor cytoplasmic tails. The approach taken here
to identify novel inhibitory receptors was predicated on the
assumption that additional as yet undefined inhibitory receptors
exist, which utilizes this mechanism.

In this work we sought to develop a method, which we have
termed IRT for Inhibitory Receptor Trap, to isolate and identify
novel receptors that signal by engagement of the SH2 domains of
inhibitory phosphatases (Figure 1). By targeting additional
receptors, it should be possible to improve the efficacy of CBT.
Our results indicate that SH2 domains of inhibitory phosphatases
SHIP1, SHP1, and SHP2 can be used to effectively capture
phosphorylated inhibitory receptors. We have shown that cell
lines derived from different immune cell lineages (T cell, B cell,
and myeloid) express unique repertoires of phosphatase SH2
domain binding receptors (Figure 2D). Utilizing ex vivo mouse
splenic B cellsand T cells, we showed that SH2 domain reagents from
activating kinases bind common sets of proteins that are distinct
from those of inhibitory phosphatases (Figures 2A, B). Differences
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are also seen in phosphoprotein sets bound by different phosphatases
(Figure 2D). Furthermore, we observed binding of phosphatases to
predicted partners including CD79a, FcyRIIB, CD22, and PD1
(Figures 3A, B). Our interest in defining receptor proteins led to
the use of N-glycanase treatment in conjunction with
immunoblotting as a tool to improve resolution of IRT (Figure 3).
We demonstrated IRT effectiveness for capture of proteins, e.g,
FcyRIIB and CD79a, phosphorylated as a consequence of specific
receptor stimulation. Co-stimulation of these receptors using anti-
IgG H+L induced sufficient phosphorylation to enable IRT capture
of pFcyRIIB. However, stimulation by anti-H+L or F(ab’), anti-H+L
led to capture of phosphorylated CD79a but not FcyRIIB (Figure 4).
Finally, our experiments showed that cell surface biotinylation can
be used in a 2-step purification approach to narrow IRT to reveal
only surface receptors (Figure 5).

Interestingly, we noticed that in some cases multiple SH2
domain adsorbents bound apparently common phosphotyrosine-
containing species in the same cell type and, in some cases, across
cell types (Figures 2A-D). While we speculate based on size that
these shared bands are the same proteins, without use of specific
immunoblotting antibodies, we cannot make definitive
conclusions. As shown in Figure 2C, when comparing B cells to
T cells we noticed a band between the 25 and 40 kDa molecular
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FIGURE 5 | IRT Refinement with cell surface biotinylation. Splenic B cells were cell surface biotinylated, PV stimulated, and subjected to either an SH2 domain pulldown
or SH2 domain pulldown plus avidin enrichment. (A) Using this two-step method we can purify specific SH2 binding receptors. (B) pFcyRIIB, pCD79a, and CD22 were
examined as specific SH2 domain substrates for their presence in two-step enrichment. Immunoblots are representative of n = 3 independent experiments.

weight markers (indicated by arrows) which is present in B but not
T cell WCL and bound by multiple SH2 domains. The apparent
identity of this band as CD79a was verified by anti-CD79a blot in
Figure 3A.

The PD1 enrichment by SHIP1SH2 domains in pervanadate
stimulated ex vivo splenic T cells was unexpected (Figure 2E).
SHIP1 association with PD1 has not been reported by other groups
who have explore PD1 binding partners (40). Interestingly a recent
publication reported the dispensability of SHP2 in T cell exhaustion,
it is possible that SHP2 and SHIP1 may play redundant roles in
inhibitory PD1 signaling (37). In this context, it may be significant
that the SHP2 (and SHP1) must be bound to their receptors to
derepress phosphatase activity, while SHIP1 does not. In PD1
signaling, SHP2 would be expected to function locally
dephosphorylating phosphotyrosines in reach, while SHIP1 may
work broadly to reduce PtdIns3,4,5 levels globally inhibiting
signaling in trans (23, 24, 27, 41).

Upon anti-H+L aggregation of antigen receptors on ex
vivo splenic B cells, we observed predominant binding of
phosphorylated FcyRIIB to SHIP1SH2 domain. There was
significant, though lower, pFcyRIIB binding to the tandem SH2
domains of SHP1/2. This result is consistent with previous
reports of SHP1 function in FcyRIIB signaling (Figure 4C)
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(10, 19, 42). We would speculate that SHP1/2 binding to FcyRIIB
ITIM occurs when antigen receptors are highly crosslinked
resulting in higher levels of FcyRIIB phosphorylation, as
suggested by the pITIM binding experiments of Lesourne and
Daeron (19).

Mono- versus bi-phosphorylation of conserved ITAM
tyrosines serves as a molecular switch. Monophosphorylation
leading to recruitment of Lyn which acts in both activating and
inhibitory signaling, and bi-phosphorylation which enables Syk
binding and activation (29, 38, 43). Y182 of CD79a is the
predominantly phosphorylated of the two tyrosines in the
ITAM motif (39) suggesting that Lyn, via its single SH2
domain, may bind CD79a at greater quantity than Syk during
BCR signaling. It has been previously observed that Y193F
mutation of CD79a has a minor effect on BCR induced
phosphorylayion,while Y182F mutation nearly completely
abrogates receptor induced phosphorylation (39). The greater
pCD79a enrichment in IRT by LynSH2 compared to Syk(SH2),
supports the notion that upon BCR stimulation CD79a is
predominantly monophosphorylated, and this occurs on Y182.

Complementation of IRT with a filter that allows detection of
only cell surface proteins yielded interesting and useful information.
Avidin or phophosphotyrosine blotting of IRT enriched cell surface
biotinylated pervanadate stimulated splenic B cells revealed a very
bright band at ~150kD in both the SH2 domain and 2-step
enrichment. This protein is likely CD22, and the strength of this
signal probably relates to its large extracellular domain, mouse
CD22 has a 681 amino acid extracellular domain, allowing greater
biotinylation than small membrane proteins. For example, a lack of
CD79a enrichment as seen in the 2-step enrichment when blotting
for pTyr, avidin-HRP, and pCD79a (Figures 5A, B). This is
presumably due to the smaller extracellular domain of CD79, of
109 amino acids, leading to reduced biotinylation. Furthermore, it is
possible that associated immunoglobulin may mask some CD79
surfaces from biotinylation. Our data also shows 2-step enrichment
clearly identifying pFcyRIIB which has a 181 amino acid
extracellular domain and is not known to be constitutively
associated with any other surface receptors (Figure 5B).

The fact that cell surface biotinylation may not enrich for
receptors that have small extracellular domains or are closely
associated with other receptors at the time of surface
biotinylation should be a consideration in application of IRT.

In conclusion, our findings describe and justify the use of IRT
for enrichment and identification of inhibitory receptors, which
engage inhibitory phosphatases via phosphorylated ITIMs. We
have developed IRT for use in an unsupervised manner with LC-
MS/MS for the interrogation of cellular “inhibisomes” to better
understand cellular inhibitory programming. We hope our
method can be applied to CBT where there is an unmet need
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Innate immune surveillance of cancer involves multiple types of immune cells including the
innate lymphoid cells (ILCs). Natural killer (NK) cells are considered the most active ILC
subset for tumor elimination because of their ability to target infected and malignant cells
without prior sensitization. NK cells are equipped with an array of activating and inhibitory
receptors (IRs); hence NK cell activity is controlled by balanced signals between the
activating and IRs. Multiple myeloma (MM) is a hematological malignancy that is known for
its altered immune landscape. Despite improvements in therapeutic options for MM, this
disease remains incurable. An emerging trend to improve clinical outcomes in MM involves
harnessing the inherent ability of NK cells to kill malignant cells by recruiting NK cells and
enhancing their cytotoxicity toward the malignant MM cells. Following the clinical success
of blocking T cell IRs in multiple cancers, targeting NK cell IRs is drawing increasing
attention. Relevant NK cell IRs that are attractive candidates for checkpoint blockades
include KIRs, NKG2A, LAG-3, TIGIT, PD-1, and TIM-3 receptors. Investigating these NK
cell IRs as pathogenic agents and therapeutic targets could lead to promising applications
in MM therapy. This review describes the critical role of enhancing NK cell activity in MM
and discusses the potential of blocking NK cell IRs as a future MM therapy.

Keywords: natural killer cell, immune checkpoint inhibitor, inhibitory receptors of lymphocytes, multiple myeloma,
immunotherapy, precision medicine, chimeric antigen receptor NK, monoclonal antibody therapy

INTRODUCTION

Multiple myeloma (MM) is characterized by the accumulation of malignant plasma cells (PCs),
resulting in increased monoclonal protein in the blood and urine (1). MM represents 1% of cancers
and 13% of hematological malignancies, with a higher prevalence in aging populations (2, 3). In
2019, approximately 3,300 Canadians were newly diagnosed with MM, and 1,550 Canadians died
from this disease (4). MM is a progressive disease that begins as an asymptomatic precursor called
monoclonal gammopathy of undetermined significance (MGUS), before developing into
smoldering MM (SMM), and ultimately, fully active symptomatic MM.

In recent years, there have been several notable therapeutic advancements for MM.
Hematopoietic stem cell transplantation (HSCT) (5), proteasome inhibitors (PIs),
immunomodulatory drugs (IMiDs) (6), histone deacetylase inhibitors (HDACi) (7), and novel
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combinations therapies (8, 9) have significantly improved the
control of MM and extended overall survival (OS) (2, 5, 7, 10,
11). However, MM remains incurable as most patients eventually
relapse due to the development of resistance to these
conventional treatments (12). Inherent intra- and inter-patient
heterogeneity contributes to the lack of curative success for this
disease. Additionally, MM is considered a disease of the immune
system. Gradual immune dysregulation and impairment of NK
cells, T cells, B cells, and dendritic cells (DCs) allow malignant
plasma cells to escape immunosurveillance (2). A better
understanding of the immune environment of MM may lead
to alternative therapeutic strategies that re-engage the immune
system to inhibit MM growth.

Natural killer (NK) cells are an intriguing immune cell type in
MM given the recent development of monoclonal antibodies
(mAbs), elotuzumab (anti-SLAMF7), and daratumumab (anti-
CD38) that enhance NK cell-mediated tumour cell toxicity by
activating the antibody dependent cellular cytotoxicity (ADCC)
mechanism (13-15). Although these mAbs have improved the
clinical outcomes of both newly diagnosed and relapsed or
refractory MM (RRMM) patients, only a subgroup of patients
responds to these mAbs, highlighting the complexity of MM.
CAR-NK cell therapies and combinations of existing treatments
also work to restore the innate killing capacity of NK cells
in MM.

Given the success of blocking T cell IRs in multiple cancer
types, blocking the IRs on NK cells offers another possibility to
enhance anti-myeloma cell immunity. This review discusses NK
cell IRs (Figure 1) and their potential as novel NK cell-based
MM immunotherapies to complement current treatment
options. This line of investigation has the potential to
maximize clinical benefit, thereby leading to efficient and safe
immunotherapy options for MM patients.

NK CELL BIOLOGY

NK cells are a cytotoxic subset of innate lymphoid cells (ILCs).
They are the first responders against malignant and infected cells
and are functionally classified by their innate capacity to
eliminate cells without prior sensitization or recognition of
presented antigens (16, 17). NK cells also produce cytokines
and chemokines that stimulate other branches of the immune
response including DCs and T cells (18, 19). Consequently, NK
cells can limit cancer cell progression (20).

NK cells comprise 5% to 15% of peripheral blood
lymphocytes (21, 22). Generally, they are defined as
CD56™°CD3™* and classified into two major populations—
CD56%™ and CD56°¢", The CD56%™ cells are considered the
cytotoxic population and express more immunoglobulin-like
receptors to detect stressed cells and induce cell death.
CD56""" cells are known as the pro-inflammatory cytokine
releasers and specialize in promoting other components of the
immune system through IFN-y and TNF-o production (23-26).
Notably, CD56"¢"" NK cells have been shown to display
cytotoxic activity when primed with IL-15 (27).

When an NK cell encounters a cell, it does not necessarily induce
celllysis. Instead, cytotoxicity is dependent on expression of AR and
IRs on the NK cells that are engaged by specific ligands expressed on
target cells (28). For example, inhibitory receptors expressed on the
surface of a NK cell bind inhibitory ligands on a healthy cell (29).
Without any activating ligands on the healthy cell’s surface, the
inhibitory signal predominates and there is no cell lysis (Figure 2A).
The inhibitory ligands human leukocyte antigen class I (HLA-I) are
expressed on most healthy cells, preventing NK-mediated cell lysis.
The first-described mechanism of NK cell function the “missing-
self hypothesis” showed that when target cells lacked expression of
this “self” ligand, HLA-I, the effector NK cells were free to become
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FIGURE 1 | Restoring NK Cells by Targeting Their IRs. (A) Left: inactive NK cell has inhibitory receptors and complimentary ligands on the myeloma cell. (B) Right:
NK cell activated when inhibitory axis is blocked via specific blocking mAbs. Figure created with BioRender.com.

Frontiers in Immunology | www.frontiersin.org

November 2020 | Volume 11 | Article 575609


https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Alfarra et al.

NK IRs for Precision MM Immunotherapy

A Protection signals

Activating
receptor

Inhibitory ™ Inhibito
receptor  ligand

B Recognition via missing self

Granzymes + perforin

Granzymes + perforin

¢ Recognition via activating signals

FIGURE 2 | NK cell Surveillance of Cancer Cell (A) The presence of inhibitory signals and lack of activating signals prevents the activation of the NK cells which
avoids the lysis of the healthy cells. (B) NK cell recognizes the cancer cell due to the lack of human leukocyte antigens (HLAs) and/or other inhibitory ligands on
cancer cell (“missing-self hypothesis”), which results in production of cytokines, granzyme B and perforins that leads to the cancer cell killing. This scenario is
simplified. Activation signals are still necessary to induce activation as the absence of inhibitory signals alone is usually insufficient. (C) NK cell is activated via the
activating signals and the engagement with the activating ligands on the cancer cell in the lack of inhibitory signals, which leads to the production of perforins and
granzyme B and cytokines, which ultimately yields cancer cell kiling. Figure created with BioRender.com.
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activated and remove the target cells (17) (Figure 2B). Interestingly,
cancer cells often downregulate HLA-I (30), but we now know the
story is much more complex and includes many additional IRs and
ligands (Figure 1).

While the “missing self” mechanism of cell death works
primarily through the lack of inhibitory signals, NK cells can
also kill cancer cells with adequate activation signals (Figure 2C).
For example, natural killer group 2D (NKG2D) is an activating
receptor which recognizes HLA-I polypeptide-related sequence
A/B (MICA/B), and UL16 binding proteins 1-6 (ULBP1-6)
activating ligands. NKG2D ligands (NKG2DL) are often
upregulated on malignantly transformed cells for NK cell

detection (28, 31). NK cells express other ARs and a detailed
review of their function can be found elsewhere (32, 33).

When an NK cell comes in contact with a stressed cell, different
patterns of inhibitory and activating ligand expression are detected
through the NK cell’s IRs and ARs and the balance of these ligands
and receptors dictates NK cell function. Activated NK cells can
send suicide or self-destruction signals to the target cell and induce
cell lysis through direct exocytosis of granzyme and perforin (34-
36). Stimulated NK cells have also been shown to kill cancer cells
via apoptotic pathways (i.e., Fas or TRAIL) and cytokine
production (i.e., TNF-o and IFN-y) that are important for both
innate and adaptive immune responses (36).
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NK cells are integral members of anti-cancer immunity. While
the cytotoxic mechanisms presented above represent ideal
scenarios, the complex cancer immune microenvironment is
marked by NK cell dysfunction and impairment. Deciphering
how NK cell dysfunction contributes to tumorigenesis is essential
to improve patient outcomes.

NK CELL SURVEILLANCE OF MALIGNANT
CELLS

Several studies have reported the importance of NK cells in the
immunosurveillance of tumor growth. An epidemiological study
described that low activity of NK cells increased the risk of cancer
specifically stomach, lung, and intestine (37). Other studies in
mice models and humans associated tumor relapse and
metastasis with decreased NK cell immunosurveillance (38—
41). Preclinical studies are consistent with clinical data
demonstrating that an NK cell-mediated immune response
affects tumor formation and metastases (40, 42, 43). It has also
been reported that the infiltration of NK cells into some solid
tumors affects tumorigenesis in these cancer types (44-49) and
can serve as a positive prognostic factor (48, 50).

NK Cells in Hematological Cancers
NK cell numbers and functions have been linked to the prognosis of
different blood cancers (41, 51-55). For example, the presence of
NK cells in the bone marrow (BM) of Acute Lymphoblastic
Leukemia (ALL) at diagnosis correlated with improved response
to chemotherapy combinations treatments and increased tumor
remission rates (55). Additionally, the predominance of activated
NK cells expressing NKp46, FasL and KIR2DL5A in ALL patients
was associated with better leukemia control after treatment with
methotrexate, cytarabine, and hydrocortisone (54). Similarly, IFN-y
release by NK cells, an indication of their active state, was a
favorable prognostic marker in chronic myeloid leukemia (CML)
(56). Finally, a lower percentage of NK cells in the peripheral blood
have been associated with a poorer prognosis of pediatric non-
Hodgkin’s lymphomas (NHL), adult chronic lymphocytic leukemia
(CLL), diffuse large B-cell lymphoma (DLBCL) (41, 51, 52), and
high-risk myelodysplastic syndrome (MDS) (57). Despite these
studies supporting an impact of NK cells on disease progression,
the relationship between NK cells and outcome in the setting of
some cancers is still controversial. It remains to be confirmed
whether the increase in NK cell number and activity is a result of
tumor progression or an indication of antitumor immune response.
Likewise, the correlation between NK cells and the
progression of MM 1is controversial (58-65). Some studies have
shown a decrease in NK cell number in the peripheral blood of
myeloma patients when compared to healthy controls (58-60),
while other studies demonstrated an increase or no difference
(61-63). A recent study using single-cell RNA sequencing
showed enrichment of NK cell populations during MGUS, and
phenotypic shifts later in MM progression that potentially point
to a compromised immune system (66). Discrepancy is also
observed in terms of NK cell functionality where either reduced

NK cell function (65) or high NK cell function (59, 67) are linked
with advanced clinical stage, high-risk disease and
reduced survival.

Due to the complexity, heterogeneity, and plasticity of NK
cells in cancer patients, the discrepancies are difficult to distill
into a single explanation (67). One likely explanation seems to
relate back to which NK cell subpopulations are being measured.
For example, it was reported that MM patients with a high
CD56"™°CD3 ™ subset had a poorer prognosis. By contrast,
patients with high of CD57"°CD87¢ subset of NK cells had a
better prognosis (59). This suggests that there are essential
distinctions to be made between these two populations, and
that the existence of mature NK cells (CD57"") in early stage
patients, but not the immature subset, forecasts good outcomes
(59). Secondly, the production of NK cell stimulatory cytokines
(e.g., IL-7 and IL-12) by myeloma cells in some patients could
also explain differences in NK cell activity or number observed in
different patient subsets since some patients’ immune system
may be trying to control the disease (59, 68).

Finally, heterogeneity in ligand and receptor expressions
within patient subsets may account for variability in research
studies. For example, some patients may have reduced levels of
activating ligands such as MICA/B that normally send signals to
the activating receptor of the NK cell, NKG2D (Figure 3A). This
reduction in MICA/B levels on the myeloma cells leads to loss of
NK cell activation through NKG2D receptor, allowing MM cells
to evade NK cell surveillance (69, 70). Alternatively, HLA-I
ligand upregulation on MM cells may also block NK cell
activity (67, 71). Interestingly, myeloma cells harvested from
MM patients from the BM early in disease progression expressed
a relatively low level of HLA Class I ligands and were
subsequently responsive to the NK cell mediated cytotoxicity.
As disease progressed into fully active myeloma, the tumorigenic
MM cells displayed higher HLA-I ligands expression, rendering
them more resistant to NK cell-mediated cell death (72). Another
mechanism that may also be responsible for altered NK cell
function in MM includes upregulation of IRs such as PD-1 on
NK cells found in the peripheral blood or BM of MM, which may
lead to decreased NK cell function due to its engagement with its
ligands PD-L1/2 on MM cells (71, 73, 74) (Figure 3A).

These studies not only provide a possible explanation for a
discrepancy regarding the role of NK cells in MM, but also point
to how an imbalance in ARs and IRs could lead to NK cell
dysfunction in MM (64, 75) (Figure 3A). Upregulation of
various IRs on the surface of NK cells combined with the
overexpression of their cognate ligands on the cancer cells can
be a dynamic escape tactic used by cancer cells to hinder NK cell
activity (Figure 3A). A better understanding of the interplay
between MM cells and NK cells may lead to the rational
development of novel NK cell-based therapies.

RESTORING NK CELLS FOR MM THERAPY

NK cells play an integral role in tumor surveillance, but are thought
to be dysfunctional in MM patients. Immunosuppressive cells and
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FIGURE 3 | NK Cell Restoration Approaches for Multiple Myeloma Immunotherapy. (A) NK cell impairment in MM is characterized by (1) immunosuppressive cells
and cytokines (2) low NK cell numbers (3) inhibitory and activating receptor imbalance in favor of NK cell inhibition (4) downregulation of activating ligands on cancer
cell. Multiple myeloma cells in an impaired NK cell environment evade detection and continue proliferation. (B) Several therapeutic interventions can overcome NK cell
impairment. Checkpoint inhibitors block inhibitory receptors to unleash NK cell cytotoxicity. Antibody-dependent cellular cytotoxicity (ADCC) uses mAbs designed to
bind tumor-specific antigens and mediate anti-myeloma NK cell killing. Immunomodulatory drugs (IMiDs), proteosome inhibitors (Pls), histone deacetylase inhibitors
(HADCI) and cytokines can upregulate activating ligands (ALs) and downregulate inhibitory ligands (ILs) on cancerous cells, upregulate activating receptors (ARs) and
IFN-yin NK cells, as well as promote NK cell proliferation. CAR-NK cells are engineered to target tumor-specific antigens and kill cancerous cells upon introduction
to patient. TGFB is Transforming growth factor beta, PGE2 is Prostaglandin E. Figure created with BioRender.com.

cytokines, low NK cell numbers, IR and AR imbalance, and AR treatment, expression of these receptors was found to be
downregulation all lead to NK cell impairment and their inability =~ decreased (80, 81). Alternatively, since CD38 is broadly
to kill MM cells (Figure 3A). Given this suppressive environment,  expressed on NK cells, treatment with anti-CD38 mAbs may
several therapeutic interventions have been established to restore  lead to a substantial depletion of the NK cell population (74). As
anti-myeloma NK cell function. While this review focuses  a whole, mAbs have been successful in treating a subset of
primarily on targeting NK IRs, there are several other clinically =~ MM patients.

relevant treatment strategies that can re-engage NK cells to mediate

an anti-MM phenotype. CAR-NK Cell Therapy
Adoptive NK cell therapy aims to restore patient innate immune
mAbs ADCC surveillance and control cancer progression by supplementing

The mAb-ADCC approach recruits NK cells to myeloma cells ~ with new NK cells. This approach has shown promise against
that may otherwise be unrecognizable as stressed cells due tolow ~ MM and other hematological malignancies including leukemia
activating ligand expression and IR/AR imbalance. As CD56"8"  (82). Chimeric antigen receptor NK (CAR-NK) cells are a type of
NK cells mature to CD56%™ cells, they express the Fcy receptor  adoptive transfer therapy that uses genetically manipulated NK
III (also called CD16) that is important for ADCC against mAb-  cells to specifically target tumor antigens. CAR-NK cell
coated cancer cells (23-26). Patients treated with mAbs that bind development builds on the recent success of CAR-T cells in
tumor specific antigens on MM cells allow NK cells to recognize ~ cancer therapy. The significant clinical outcomes of anti-CD19
the Fc region and induce ADCC toward the MM cell (76) CAR-T cells in MM justified the creation of CAR-T cells
(Figure 3B). targeting other antigens expressed on myeloma cells, including

Currently approved mAbs targeting MM cells include CD38 (83), CD138 (84), SLAMF7 (85), SLAMF3 (86), CD56
elotuzumab and daratumumab, targeting SLAMF7 and CD38 (87), NKG2D (88), and most successfully BCMA (89). However,
respectively. Both mAbs enhance NK cell cytotoxicity via ADCC ~ despite their early success, CAR-T cells are not exempt from
(77, 78). Elotuzumab has also been shown to enhance NK cells limitations such as Graft-versus-Host disease (GvHD), cytokine
through a secondary, indirect mechanism (79). The success of  release syndrome, neurotoxicity and off-tumor/on target toxicity
these antibody-based therapies may reflect the dynamic (90, 91) that threaten patient safety. CAR-NK cells were
expression of their receptor targets. For example, after initial  developed to overcome some of the limitations of CAR-T cells.
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Compared to CAR-T cells, CAR-NK cells have shorter half-lives
which may reduce some of the toxic side effects such as the
induction of GVHD and the production of cytokines (92, 93). In
addition, NK cells inherently express a range of ARs that prime
them for activation (Figure 3B). NK cells also express Fc
receptors that can enhance NK cell ADCC, suggesting that
combination CAR-NK therapy with mAb therapy may be
relevant therapeutic avenue to explore. Importantly, unlike
CAR-T cells, CAR-NK cells are not HLA restricted; therefore,
sources of CAR-NKs could include primary NK cells, NK cell
lines (e.g., NK-92), umbilical cord blood or induced pluripotent
stem cells (iPSCs) (94, 95). Taken together, these properties
suggest CAR-NK cells could be a favourable alternative to CAR-
T cells. Interestingly, NK cell lines make great candidates for NK
genetic engineering allowing for the production of an “off-the-
shelf therapeutic”. CAR-NK cells targeting several different
antigens, including CD138, SLAMF7, CD19, CD20, CD33 and
CD123, using both primary NK cells and NK cell lines, are
currently being investigated in pre-clinical studies of both solid
and hematological malignancies (96, 97). In hematological
malignancies, anti-CD19 CAR-NK-92 cells improved
cytotoxicity against leukemia cells and non-Hodgkin’s
lymphoma or chronic lymphocytic leukemia (CLL) expressing
CD19 (98, 99). In MM, preclinical results have shown efficacy of
CAR-NK cells targeting CD138 (100). CAR-NK cells targeting
BCMA, NKG2D (101), or SLAME?7 (102) are also being explored
within a MM context.

Early clinical trials using anti-CD33 CAR-NK-92 cells
showed no major adverse effects in relapsed/refractory acute
myeloid leukemia (AML) patients, supporting the notion that
CAR-NK cells could be a safe alternative to CAR-T cells in
hematological malignancies (103). The first CAR-NK cell clinical
trial in MM (NCT03940833) plans to use anti-BCMA CAR-NK
cells to treat 20 patients with relapsed and refractory MM.
Although still in the early stages, CAR-NK cells are becoming
a promising NK cell-based therapy for overcoming the
immunosuppressive environment of MM.

Combination Therapies

IMiDs have become a staple of MM treatment in the last two
decades. Although their canonical mechanism of action is not
often thought to include NK cells, IMiDs can act to restore NK
cell activity. IMiDs reduce the NK cell activation threshold (104),
increase NK cell proliferation and enhance NK cell mediated
cytotoxicity (105). Multiple studies also show lenalidomide or
the chemotherapeutic melphalan increases activating ligand
expression on MM cells (106, 107). Furthermore, in-vitro and
in-vivo studies have shown that the combination of elutuzumab
and lenalidomide enhanced anti-proliferative effects more than
any single agent and was associated with increase NK cell
activation as demonstrated by the stimulation of activating
cytokine production and induction of MM cell death in in
vitro co-culture assays. Interestingly, in in-vivo established MM
xenografts, although NK cells recruitment to tumor sites was not
associated with lenalidomide, this recruitment could be
enhanced by the addition of elotuzumab, likely through an
ADCC-mediated mechanism (108). Another in-vitro study on

BM mononuclear cells from MM patients have been shown that
combination of daratumumab-IPH2102 anti-killer cell
immunoglobulin-like receptors (anti-KIR) with lenalidomide
have improved the NK cell ADCC activity and myeloma cell
lysis (108, 109) (Figure 3B).

Proteosome inhibitors, such as bortezomib, also enhance
anti-MM NK cell killing by downregulating HLA-I (110),
upregulating NKG2D and DNAM-1 ligands (106), and
increasing tumor cell susceptibility to NK cell activity via
upregulation of the TRAIL and FasL apoptotic pathways (111).
Bortezomib in combination with elozuzumab and daratumumab
have proven effective (112, 113). Histone deacetylase (HDAC)
inhibitors might also upregulate activating ligand MICA and
improve the anti-MM NK cell response (114).

Expectedly, certain cytokines have been shown to augment
NK cell function in MM and other hematological cancers. These
cytokines include IL-2 and TNF-o (114), IL-15 and IL-21 (115,
116). However, given the ability of different cytokines to
upregulate other parts of the immune system at a considerably
high level, there are significant risks associated with their use.
Although IL-2, for example, has been approved for metastatic
renal cell carcinoma and metastatic melanoma, it is not a
standard treatment in monotherapy due to severe side effects
in high doses (117). Moving forward, incorporating lose dose
cytokines in combination with other treatments should be
the focus.

NK CELL IRS

Targeting NK IRs may unleash the breaks preventing NK cells
from detecting and killing myeloma cells. Common IRs include
KIRs, NK group 2 member A (NKG2A), T-cell immunoglobulin
and mucin-domain containing-3 (TIM-3), T-cell Ig and ITIM
domain (TIGIT), V-domain Ig-containing suppressor of T cell
activation (VISTA), programmed death-1 (PD-1), cytotoxic T-
lymphocyte-associated protein 4 (CTLA4) and lymphocytic-
activation gene 3 (LAG-3) (Figure 1). In order to overcome
IR/AR imbalance and the altered activation threshold following
AR downregulation, the use of immune checkpoint inhibitors to
block IRs on NK cells will reduce the inhibitory signal thereby
enhancing NK cell activation (Figure 1).

KIRs are a group of inhibitory and activating type I
transmembrane glycoproteins expressed on most NK cells and
some T-cell subsets (118, 119). Belonging to the immunoglobulin
superfamily, KIRs have a transmembrane domain, a cytoplasmic
tail, and two or three Ig-domains. Generally, short cytoplasmic
domains (KIR2DS/KIR3DS), transduce activating signals to the
lymphocyte while long cytoplasmic domains (KIR2DL/KIR3DL)
inhibit lymphocyte-mediated cytotoxicity (120).

The significant ligands of the KIR family include the HLA-I
molecules. The most well-characterized inhibitory ligand is
HLA-C where KIR2DL1 binds the C2 allele of HLA-C, and
KIR2DL2 binds the CI allele (121, 122), although activating KIRs
have also been shown to interact with HLA-C (123). Inhibitory
KIRs also interact with HLA-B (124), HLA-A (125), and HLA-F
(126). Although KIR expression on NK cells was initially thought
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to vary stochastically, it is now understood that NK cells undergo
an educational process as they mature, altering the expression of
specific KIRs to maximize the balance between self-tolerance and
effective defense (127). Additionally, a study evaluating
hematopoietic stem cell transplantation in leukemia patients
showed that NK cells expressing KIR2DL2/3 inhibitory
receptors were still able to kill HLA-C expressing cancer cells if
KIR2DS1 activating receptor was co-expressed (128), suggesting
that KIR activating receptor profiles of patients should also be
considered when targeting the KIR-HLA-I blockade.

In non-transplantation settings, blocking the KIR-ligand axis
may improve tumor immunity, similar to other checkpoint
inhibitors (129). Thus, several researchers have started
developing anti-KIR antibodies to effectively create missing-self
tumor cells and to lower the NK cell activation threshold. Pre-
clinical studies showed that the anti-KIR mAb 1-7F9 (also called
IPH2101) blocked inhibitory receptors KIR2DL1/2/3 and
activated antitumor NK cytotoxicity against HLA-C expressing
AML cells (130). In MM, combining lenalidomide with IPH2101
in mouse models augmented the anti-myeloma NK cell response
and increased tumor clearance (131).

Despite this pre-clinical success, heterogeneity in KIR
expression can make mAbs targeting of these KIRs difficult in
a clinical setting (132). A phase I trial (NCT00552396) (n=32)
investigated IPH2101 as monotherapy in MM patients and
found increased NK cell cytotoxicity against MM cells ex-vivo.
IPH2101 appeared safe and tolerable at the dose that achieved
full inhibitory KIR saturation (133). Another phase I trial
(NCT01217203) (n=15) by the same research group this time
they investigated the IPH2101-Len combination. Several patients
experience severe adverse events, and five reported objective
responses (134).

A phase II clinical trial treating MM patients with anti-KIR2D
mAb (IPH2101) showed a surprising decrease in NK cell activity
and KIR2D expression (129) that is thought to be driven by
monocyte trogocytosis, a process of surface protein exchange at
the immunological synapse. The same group ran another phase
IT trial (NCT01248455) (n=9) studying IPH2101 as
monotherapy in SMM patients. They postulated treating SMM
rather than later stage MM could be the ideal time point for NK
cell-based therapy to prevent the more aggressive MM cells from
mediating an anti-immune response. IPH2101 was well tolerated
with no grade 3 or 4 toxicities, however the study was
discontinued due to a lack of patients meeting the defined
primary objective (50% decline in M-protein) (135). Due to
limited success in these early clinical studies, targeting KIRs may
be more effective in combination with other therapies that
augment KIR immunogenetics and education of NK cells (136,
137). So far, seven anti-KIR mAD clinical trials in MM are in
progress (Table 1). One of the ongoing trials is evaluating anti-
KIR mAbs in combination with anti-PD1 therapies, anti-CTLA-
4 or daratumumab in myeloma and lymphoma patients
(NCT01592370). Several anti-KIR combination therapy clinical
trials are also in the recruitment stages. Combinations with other
drugs or interventions such as CAR-T cell therapy, CAR-NK cell
therapy, or in the setting of adoptive cellular transfer therapy

may also improve the response. Trials with greater patient
enrollment and the ability to characterize individual patient
NK cell profiles would offer value and help identify patients
profiles that respond best to this intervention.

NKG2A is an inhibitory receptor that belongs to the C-type
lectins. It is a type II membrane receptor that forms a
heterodimer with CD94 (138). NKG2A/CD94 is primarily
expressed on NK cells and some T cells (139). Nearly half of
the circulating NK cells express NKG2A/CD94. While its
expression corresponds with a lack of KIR expression (140),
other IRs including PD-1 and LIR-1 can be co-expressed with
NKG2A/CD%4 (139-141). NKG2A/CD9%4 recognizes the HLA-E
ligand, a non-classical HLA class I molecule. Typically, HLA-E is
expressed by healthy cells. Therefore, its interaction with
NKG2A/CD9%4 represses activation signals and reduces
cytokine secretion and NK cell cytotoxicity (142-146). NKG2A
competes with the activating receptors NKG2C and NKG2E for
the binding to HLA-E (17, 147, 148).

Both ligand and receptor are highly expressed in patient
samples across tumor types (149-153). Even though intra-
tumoral NKG2A™° NK cells are seen in the tumor
microenvironment, the upregulation of HLA-E by cancer cells
implies that these NK cells are functionally exhausted. In this
way, high expression of HLA-E or exhausted NKG2A ™ NK cells
are associated with poor prognosis in different cancers (143, 144,
154-158). These observations suggest that inhibiting NKG2A/
CD9%4 is a possible strategy that will release NK cell activity
through checkpoint blockade therapy.

As proof-of-principle that NKG2A is important for NK cell
activity and that it might serve as a relevant therapeutic target,
NKG2A protein expression was knocked out in a human
retroviral NK cell model to generate NKG2A-null NK cells.
When NKG2A expression was lost, these cells showed higher
cytotoxicity toward HLA-E positive cancer cells (159). Hence,
reducing NKG2A expression or inhibiting it may provide an
effective treatment strategy alone or in and combination
therapy (150).

Accordingly, monalizumab, a novel IgG4 humanized
antibody developed to block CD94/NKG2A, was shown to
cause cancer cell death (139). Although not studied in MM,
preclinical and clinical investigations in different cancer settings
provide evidence that blocking CD94/NKG2A is a viable
therapeutic option. For example, in-vitro pre-clinical
investigations using NK cells from chronic lymphoid leukemia
(CLL) patients showed that monalizumab restored their
cytotoxicity (143). Similarly, using cells from previously treated
patients with head and neck squamous cell carcinoma, it was
shown that monalizumab boosted NK ADCC as well as
unleashed CD8+ T cells. Monalizumab also synergized with
anti-PD-1/PD-L1 blockade and cetuximab mAb combined
therapy in in-vitro assays (139). Further in-vivo mouse studies
revealed that the anti-NKG2A antibody could kill engrafted
primary human leukemia through an NK cell-mediated
mechanism (158).

Although there is limited knowledge regarding the role of
NKG2A in MM, in-vitro experiments showed that the level of
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TABLE 1 | Selected clinical trials evaluating the safety, tolerability and efficacy of potential NK IRs for Multiple Myeloma NK cell-based immunotherapy (access date: August 10, 2020).

Receptor Trial Disease Drugs Phase Participants Results Last Update Posted
KIR NCT01217203 Relapsed multiple myeloma IPH2101, Lenalidomide | 15 Complete; Objective response in 5 patients; Severe adverse  February 28, 2014
events in 5 patients; No autoimmunity
NCT01222286 Smoldering multiple myeloma IPH2101 Il 30 Complete; No objective response; Adverse events in all May 9, 2014
patients
NCT00999830 Multiple myeloma IPH2101 Il 27 Completed; Primary response in one patient (based on M- March 24, 2016
protein); Adverse events in 25 of 27 patients
NCT00552396 Multiple myeloma Anti-KIR (1-7F9) | 32 Complete; No dose-limiting toxicity; Severe adverse eventin -~ March 31, 2016
1 patient; Increased patient NK cell cytotoxicity against MM
ex vivo
NCT02252263 Multiple myeloma Elotuzumab, Lirilumab, Urelumab | 44 Complete; No results November 1, 2017
NCT01592370 Non-Hodgkin’s lymphoma, Nivolumab, Ipilimumab, Lirilumab, I/ 375 Ongoing May 18, 2020
Hodgkin lymphoma, multiple Daratumumab, Pomalidomide,
myeloma Dexamethasone
NCT01248455 Multiple myeloma, smoldering Anti-KIR Il 9 Terminated; Lack of patients meeting primary objective (50%  November 19, 2019
multiple myeloma decline in M-protein)
NKG2A NCT02921685 Hematologic malignancies Monalizumab | 18 Ongoing September 19, 2018
LAG-3/TIGIT NCT04150965 Relapsed refractory multiple Elotuzumab, Pomalidomide, I/ 104 Ongoing July 7, 2020
myeloma Dexamethasone, Anti-LAG-3, Anti-
TIGIT
PD1 NCT02903381 Smoldering multiple myeloma Nivolumab, Lenalidomide, Il 41 Suspended; Safety concerns July 21, 2020
Dexamethasone
NCT02636010 Multiple myeloma Pembrolizumab Il 20 Complete; No results April 29, 2020
NCT02331368 Multiple myeloma Autologous Stem Cell Transplant, Il 32 Terminated; Complete response in 7 of 23 evaluable patients; July 27, 2018
Melphalan, Lenalidomide, MK-3475 Severe adverse events in 14 of 32 total patients
NCT03848845 Multiple myeloma GSK2857916, Pembrolizumab Il 40 Ongoing August 5, 2020
NCT03605719 Recurrent plasma cell myeloma  Carfilzomib, Dexamethasone, | 62 Ongoing November 25, 2019
Nivolumab, Pelareorep
NCT03530683 Lymphoma, multiple myeloma  TTI-622, Rituximab, PD-1 Inhibitor, | 156 Ongoing September 12, 2019
Proteasome-inhibitors
NCT03111992 Multiple myeloma PDR0O01, CJM112, LCL161 | 26 Complete; No results April 21, 2020
NCT03357952 Multiple myeloma Daratumumab, JNJ-63723283 /11 10 Ongoing; All patients with treatment emergent adverse January 3, 2020
events; No dose limiting toxicity so far
NCT03221634 Multiple myeloma Pembrolizumab, Daratumumab Il 0 Withdrawn; Business reasons March 25, 2019
NCT03292263 Multiple myeloma Melphalan, Nivolumab, Autologous I/ 30 Ongoing March 17, 2020
Stem Cell Transplantation
NCT02906332 Multiple myeloma Pembrolizumab, Lenalidomide, Il 16 Ongoing; Combination is well tolerated; Preliminary data January 31, 2020
Dexamethasone show potential efficacy
NCT02807454 Multiple myeloma Daratumumab, Durvalumab, Il 37 Ongoing July 2, 2020
Pomalidomide, Dexamethasone
NCT02685826 Multiple myeloma Durvalumab, Lenalidomide, I/l 56 Ongoing; Majority of patients with adverse events; Dose- April 27, 2020
Dexamethasone limiting toxicity in 2 patients
NCT02616640 Multiple myeloma Durvalumab, Pomalidomide, | 114 Ongoing April 17, 2020
Dexamethasone
NCT02576977 Multiple myeloma Pembrolizumab, Pomalidomide, Ml 251 Terminated; Anti-PD1 treatment combination had July 31, 2020
Dexamethasone unfavourable benefit-risk profile in relapsed refractory multiple
myeloma
(Continued)
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g HLA-E on the myeloma cells could potentiate the inhibition of
§ ° % Q NKG2A (67). This suggests that anti-NKG2A may be beneficial for
2 S s 2 8 S patients that have functional levels of HLA-E (67, 148), although
8 3 o = studies proving this hypothesis are still ongoing. This preliminary
g g 5 ° c‘i % evidence, combined with positive preclinical studies in other
3 2 2 23 2 malignancies (149, 156), points to the therapeutic potential of
> blocking NKG2A in MM. An ongoing phase I clinical trial
_i’z % 2 (NCT02921685) is investigating monalizumab as monotherapy in
2 5 g patients with hematologic malignancies that were previously
3 § g §:> treated with an allogeneic HSCT (Table 1).
gt g TIM-3 is an IR expressed on functional and mature NK cells
£5 2 o and other lymphocytes. TIM-3 interacts with specific ligands that
é % 2 £ include HMGBI1 (high mobility group protein Bl proteins),
£ 8¢ ¢ i CEACAM-1 (carcinoembryonic antigen cell adhesion molecule
§ 52 5 5 1), PtdSer (phosphatidylserine), and galectin-9 (160-162).
c Eg § > Engagement of TIM-3 with its ligands decreases cytokine
% é S Y “% production and NK cell toxicity, which eventually leads to
o 3§ o 3 éj tumor immunity and disease progression (163-165).
£3 25t 5 Like other IRs, expression of TIM-3 was also observed in
g %(; g % i - circulating NK cells from cancers including lung adenocarcinoma
R g s g % % 2 (164), gastric cancer (166), advanced melanoma (167), bladder
EETEcEE S cancer (168), and follicular B-cell NHL. Upregulation of TIM-3 is
FsEFaoo © linked to lymphocyte exhaustion and dysfunction (162, 169) and
‘% consequently can lead to poorer survival and tumor progression in
:g- g ® QK ?; several cancers (170).
£ Preclinical studies harvesting NK cells from patients with solid
& tumors have shown that blocking TIM-3 with anti-TIM-3 antibodies
§ = = =_ = unleashed NK cell activity and induced IFN-y production in NK cells
T o (164, 171). Additional studies demonstrated that blocking TIM-3
reduced tumor growth in mouse models (169) or increased NK cell
cytotoxicity against K562 leukemic cells (172).
& . o It is important to note that there is still debate in the literature
= . £ g with contradictory assumptions about TIM-3 interaction with its
2 é é § (1% é ge ligands (173). For example, one study showed that binding of
g g s £ g8 % 2 TIM-3 with Gal-9 stimulated IFN-y release by NK cells, although
g % g g ag % 3 2 this did not enhance NK cell-mediated toxicity (174). In another
3 a j: é £8 Y- study, an anti-Gal-9 antibody that blocks its interaction with
g g 2 T3 g 2 § (3‘5“ TIM-3 reduced IFN-y production from NK cells from healthy
£ g N gg £ g3 £ donors when cocultured with primary AML blasts (160).
a0 =2o0daoza Further, blocking of TIM-3 on IL15-stimulated NK cells
showed little or no significant lysis of human pancreatic cancer
cell lines (175). Similarly, and counter-intuitively, higher TIM-3
g % g g % expression has been associated with increased tumor progression
% °E>’ Gé Gé “Ei Gé (166, 168, 171). Indeed, in a severe aplastic anemia mouse model,
2 g 2 o9 o it was observed that the activity of the TIM-37"° NK cell
E E EE E population was higher than the TIM-3"¢ NK cell population
= = == = (176). These results suggest that effect of TIM-3 blockade on NK
cells may be tumor-specific and reflect the complex expression
- N o profiles of immune markers in both a cancer-specific and
§ § 5".\% % % patient-specific manner.
g5 X 58 TIM-3 blocking mAbs are under clinical investigation either
8| F & S 288 o alone or in combination with anti-PD-1/PD-L1 mAbs. Initial
% 2 2 22 2 results of TIM-3 blocking in solid tumors reported a manageable
o safety profile and revealed early signs of activity even in patients
o g previously treated with PD-1 or PD-L1 mAb (177, 178). Recent
n:n:' § data from a current clinical trial on high-risk myelodysplastic
o
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syndrome (HR-MDS) and AML patients demonstrated that the
combined treatment of the TIM-3 mAb MBG453 with decitabine
was safe and well-tolerated and confirmed anti-tumor
activity (179).

Overall, preliminary data suggests TIM-3 is a promising
therapeutic target in several cancer types and supports the
further clinical development of anti-TIM-3 inhibitors. No
studies have specifically explored the role of TIM-3 in MM.

TIGIT is another inhibitory receptor expressed by both NK
and T cells (180, 181). Several cancer types showed a high level of
TIGIT on the tumor-infiltrating lymphocytes (TILs)
(182). TIGIT recognizes the poliovirus receptor (PVR), also
known as CD155 or Necl5, as well as the Nectin-2 (CD112), or
Nectin-3 ligands that are overexpressed on multiple cancer types
(183-185) and linked to unfavorable prognosis in several cancers
(186, 187).

The majority of studies evaluating the role of TIGIT on tumor
progression have focused on T cells and shown that TIGIT
suppresses activity of T cells. In MM, refractory MM patients
treated with DARA-pomalidomide combined therapy showed an
increase in the exhausted T cells expressing CD28~
VY LAG3™°TIGIT™ (188, 189). Although NK cells were not
evaluated, given that TIGIT is also expressed on NK cells, it is
plausible that NK cells may also be inhibited.

When focusing on NK cells, TIGIT has been shown to both
contribute to and inhibit tumor progression. In one study, Jia
etal. (190) found that, although the number of TIGIT"* NK cells
in AML patients were significantly lower in comparison to the
healthy controls, these TIGIT™® NK cells also express high levels
of ARs CD16 and CD160. Importantly, functional experiments
showed an elevated expression of granzyme B and increased
IFN-y and TNF-o production by TIGIT™ NK cells compared
with TIGIT™® NK cells. Therefore, the authors suggest that
TIGIT expression on NK cells could be associated with
activated and functional status of NK cell in AML and may
impede tumor progression (190). The role of TIGIT is also
complicated by the duality of the TIGIT ligand PVR. PVR is
also a ligand recognized by the AR DNAM-1 that is expressed on
NK cells. DNAM-1 has been shown to play a prominent role in
NK cell-mediated anti-MM response (191). While TIGIT
expression is increased in MM patients, DNAM-1 expression is
decreased (192).

Given the dynamic nature of TIGIT expression on both NK
cells and T cells as well as the dual role of TIGIT ligand PVR,
particularly in MM, understanding how TIGIT affects NK cell
function is critical. The complexity of this immune environment
highlights the necessity to profile patients for expression of key
IRs and ARs in order to better understand how to specifically
harness NK cells to mediate an anti-tumor response in MM.
CD8™T cells in the BM of newly diagnosed and relapsed MM
patients expressed higher levels of TIGIT compared with those in
the healthy group. In this cohort, the investigators observed
moderate levels of TIGIT on the NK cells from newly diagnosed
or relapsed patients (186). The same study investigated the anti-
TIGIT mADb in an in-vivo model and showed that the anti-TIGIT
mAb decreased myeloma disease burden in the BM and

prolonged survival compared with control-Ig, or anti-PD-1
mAb-treated mice (186). This suggests that TIGIT expression
is more dominant than PD-1 in the immunosuppressive function
in MM, although the precise role of NK cells in this model was
not examined.

The high expression of TIGIT on NK cells suggests that a
blockade of TIGIT as a monotherapy or in combination with
other therapies may reverse NK cell exhaustion and enhance
their activation (181). There are numerous pre-clinical studies
evaluating this hypothesis and examining how blocking TIGIT
affects an anti-tumor immune response. In an in-vivo study, it
was observed that TIGIT " NK cells prevented colon tumor
progression in mice. Similarly, the TIGIT blocking mAb
overturned the exhaustion of antitumor NK cells, reactivating
them and subsequently decreasing tumor growth (181).
Importantly, it was observed that the absence of NK cells
reduced the therapeutic effects of this TIGIT blocking mAb,
suggesting that the presence of NK cells and the level of TIGIT
expression on these NK cells may be critical for the clinical
outcome of TIGIT blocking immunotherapy.

Blocking TIGIT in combination with other therapies has also
shown pre-clinical success. Combined treatments with anti-
TIGIT and anti-PD-1 antibodies in a mouse models showed
significant growth reductions in lymphoma (193) and other
tumors (194, 195) compared to monotherapies. Furthermore,
co-expression of TIGIT with either PD-1 or TIM-3 has been
correlated with a dysfunctional phenotype in TILs (195).
Additional studies have shown that PVR expression can be
induced by chemotherapy (192) or by IL-8 signaling through
the CXCR1/CXCR?2 axis (191), suggesting that a combination of
anti-TIGIT mAbs with chemotherapy may be beneficial when
patients’ immune cells have TIGIT expression.

Anti-TIGIT mAbs are now in phase I/II clinical trials as
monotherapy or in combination with anti-PD-1 in solid tumors.
Preliminary data from one trial (NCT02964013) showed a
manageable safety profile and positive clinical response.
Functional studies assessing how anti-TIGIT mAbs affect NK
cells activity through cytokine production and NK cell
degranulation in preclinical and clinical MM models may lead
to an improved understanding of how to utilize NK cells in
MM therapy.

PD-1 is a surface receptor initially marked for its inhibitory
function in T lymphocytes but is expressed on both T and NK
cells (196). In healthy tissue, PD-1 regulates T cell activation and
maintains self-tolerance (197, 198). PD-1 has two ligands (PD-
Ls): PD-L1 and PD-L2 (199). When bound to either of these
ligands, PD-1 inactivates its cognate NK or T cells. Since its
discovery as an IR, PD-1 has become a central point of study for
understanding negative immune cell regulation. Although the
receptor plays a crucial role in protective immunity, PD-1 is of
particular interest for its implications in tumor immune evasion.
While PD-1 may protect healthy cells from immune cytotoxicity,
some cancers harness PD-L1 as an evasion approach to bypass
immune surveillance (200). While PD-L1 is lowly expressed in
healthy human tissue, expression has been shown to be abundant
across several different cancer types from different lineages (201).
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Expectedly, PD-L1 expression is upregulated in relapsed and
refractory MM patients (202-205), although some studies report
low expression of PD-L1 in MM (206, 207).

Recent work using mouse models argues PD-1 also plays a
robust inhibitory role in NK cells, elucidating the responsiveness
of anti-PD-1 treated patients with low tumor HLA expression
who would not be expected to show high T cell activity (208).
Therefore, studying PD-1 expression and function on NK cells
may also be of therapeutic value.

While some studies show that PD-1 is only lowly expressed
on activated NK cells (209) and that depletion of NK cells did not
significantly affect therapeutic efficacy of the anti-PD-L1 therapy
(210), some recent studies support the role of NK cells in the PD-
1/PD-L1 inhibitory pathways (211). Some peripheral blood
subpopulations display high levels of PD-1 expression and the
interruption of the PD-1/PD-L1 axis could partially restore
antitumor function of these NK cells in an ovarian cancer
model (212). In MM, early preclinical studies of the interplay
between PD-1 and PD-LI in the NK cell showed that blocking
PD-1 enhanced NK cell-mediated MM killing while preserving
healthy cells (213). Additionally, recent findings showed that
in MM patients samples, only NK cells that were positive
for myeloma cell markers stained for PD-1, suggesting that
PD-1 on NK cells was acquired from MM cells (214). As
before, the discrepancy in research findings points to the
complexity of the immune landscape and the need for a better
understanding of the relationship between immune cell players
and the expression of specific receptors and their ligands across
patient datasets.

Despite success in solid tumors, anti PD-1/PD-L1 mAbs
failed as monotherapy in MM (215) (Table 1). Failure as
monotherapy has driven clinical testing of these antibodies in
combination therapies. Data from phase I and phase II trials -
NCT02289222 (n= 48) and NCT02036502 (n=62) - reported a
very good response and acceptable safety profile for the
combination of Pembrolizumab (Pem) with Lenalidomide
(Len) or Pomalidomide (Pom) and Dexamethasone (Dex) in
MM patients (216, 217). Another phase II trial (NCT02331368)
(n=32) Pem in the early post-ASCT period was considered safe,
and Pem with low Len dose was able to maintain and extend
post-ASCT responses in a subgroup of patients (218). However,
the immune-related adverse events and related toxicity of anti-
PD-1-IMiDs combinations were unpredictable in RRMM trials,
leading to patient mortality. The FDA determined that the
benefit/risk ratio of the combination in RRMM is not worth
the continuation of anti-PD-1-IMiDs trials.

Other combination regimens, such as anti-PD-1-radiation
therapy, anti-PD-1-tumor vaccination, or combinations with
other IR blockades may enhance the prognosis of refractory
MM patients. Currently, blocking PD-1 with CARs has attracted
the interest of investigators, with a new phase II trial
(NCT04162119) recruiting patients to explore the safety and
efficacy of BCMA-PD1-CAR-T cells in RRMM. BCMA-PD-1-
CAR-T cell therapy works by administering T cells modified to
target BCMA and secrete a PD-1Fc fusion protein capable of
blocking the PD-L1/PD-1 inhibitory axis.

Given that low numbers of anti-MM T cells are a
commonality amongst relapsed patients while NK cell-
mediated MM cytotoxicity can be enhanced by anti-PD-1
therapy (219), the potential to harness anti-PD-1 therapy
through NK cells to complement T cell-based therapies is still
of interest. Therefore, a focus on combination therapies
specifically enhancing the NK cell MM response may be
of value.

LAG-3 is a transmembrane protein expressed on activated T
cells, NK cells, B cells, and dendritic cells (220-224). Best known
for its diverse function in T cells, LAG-3 acts to control T cell
activation and proliferation, while inhibiting T-reg function
(221, 225). LAG-3 negatively regulates T cells by competing
with CD4 in the binding of human leukocyte antigen class II
(HLA-II) (226). LAG-3 can further inhibit T cell activation
through binding FGL-1 independent of HLA-IL. Targeting the
LAG3-FGL-1 axis in murine models with mAbs promotes the
antitumor T cell response (227-229)

While PD-1 and CTLA-4 were the focus of initial immune
checkpoint therapies, LAG-3 is part of the next wave of IRs being
clinically investigated (230). Studies demonstrated strong co-
expression of PD-1 and LAG-3 on antitumor T cells (231).
Combination treatment with mAbs against both negative
receptors significantly reduced tumor growth in mouse models
that were unresponsive to monotherapy mAb treatment, which
indicates synergy between the PD-1 and LAG-3 inhibitory
pathways (232). Other mouse studies revealed that anti-LAG-3
mADbs enhanced anti-PD-1 therapies and increased the secretion
of activating cytokines released by tumor-infiltrating T
cells (233).

In MM, one study looked at immune checkpoint expression
in the pathological shift from smoldering MM to symptomatic
MM and demonstrated that LAG-3 expression on T cells
increased with disease progression, suggesting LAG-3 as a
potential target for immunotherapy (234). Investigating
biological markers on T cells after autologous stem cell
transplants of MM patients, high LAG-3 expression on
peripheral blood T cells post-transplant was associated with a
lower event-free survival (235). This observation is supported by
another study that also showed high T cell LAG-3 expression
post-transplant was linked to poor prognosis of MM patients
(236). The role of LAG-3 on NK cells in MM is an area of
ongoing investigation.

Although LAG-3 is expressed on NK cells, it should not be
considered a canonical immune checkpoint because of its low or
absent expression in healthy patients (230, 237, 238). Much of
the role of LAG-3 in NK cells is still unknown; however one
study showed that LAG-3 expression on NK cell contributes to
the effectiveness of anti-LAG-3 mAbs (238).

A more recent analysis of the status of LAG-3 on the NK cell
surface following exposure to IFN-o; demonstrated an increased
expression of LAG3 (239). This paper proposes more studies on
the impact of other cytokines on these IRs, and questions
whether a single cytokine or a group of them cooperate and
upregulate the IR, and/or one cytokine triggers one or array of
other chemokines.
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Further characterization showed that LAG3 was expressed in
the NK cells populations that show high expression of activation
and maturation markers. Additionally, in-vitro LAG3 blocking
on NK cells using mAb led to an increase in the production of
cytokines IFN-y, TNF-a, MIP-10. and MIP-1, without affecting
the cytotoxic activity, which suggests that LAG3 is a negative
regulator of cytokine production by mature NK cells (239).

An anti-LAG-3 mAb is currently under clinical investigation
in hematological malignancies (Table 1).

PERSPECTIVES

Targeting IRs with mAbs has shown preliminary success in early
clinical trials with positive response rates for some cancers.
Emerging evidence also suggests that targeting IRs expressed
on NK cells in MM remains a viable option and requires further
exploration with particular attention paid to understanding the
heterogeneity in ligand expression both within and across MM
patients, the interplay between NK and T cells in response to IR
blockade therapy, and how NK-targeted therapy can be
combined with existing therapeutic options in MM patients.

In this review, we have highlighted the preclinical evidence
that IRs on the NK cell such as KIRs, NKG2A, TIGIT, TIM-3,
PD-1, and LAG-3 may impact MM biology and response to
treatments. KIRs remain the most promising target. Not only
were anti-KIR antibodies shown to be well tolerated, but they
were also shown to enhance NK cell function (133, 134). As
monotherapy, a phase I clinical trials showed that targeting KIRs
in monotherapy increased NK cell cytotoxicity against MM cells
ex-vivo (NCT00552396). Another phase I clinical trial of anti-
KIR in combination with lenalidomide demonstrated positive
objective responses in a subset of patients (NCT01217203).
Although some of the phase II trials did not report significant
patient responses, we argue that a lack of understanding
regarding the expression of KIRs limits our ability to predict
positive responses in clinical trials.

Many of the IRs such as TIGIT, LAG-3, PD-1, and VISTA are
expressed not only on NK cells, but also on T cells. Theoretically,
blocking an IR expressed on both NK cells and T cells should
enhance the anti-cancer effects of both immune cell types. However,
the bulk of research on these IRs, particularly in the case of PD-1 and
VISTA, has only elucidated their role on T cells, while neglecting to
explore the role of NK cells. This is the case within the MM field as
well as within the broader cancer community, highlighting the need
for a more comprehensive understanding of how each immune cell
type independently and collectively contributes to an anti-cancer
effect. Specifically, the importance of NK cells has been shown in a
study where the presence of NK cells affects the efficacy of a TIGIT-
blocking mAb (181). NK cells serve as an important mediator of the
immune response that have several advantages over T cells. For
example, T cell activation requires both antigen recognition via the
TCR using restricted receptors produced by gene rearrangement
followed by a second activating, costimulatory signal. NK cells, on
the other hand, are equipped with a repertoire of receptors to initiate
activating signals that lead to NK cell-mediated cytotoxic cell lysis

and cytokine production (29, 240), making them a more attractive
target than T cells. The activation mechanism for NK cells relies
simply on the balanced expression of ARs and IRs where the use of
IR-targeted therapies can shift this balance in favour of an anti-
tumour response. Additionally, as part of the innate immune
system, NK cells are the first responders and are not only able to
initiate an immune response much faster than T cells but are also
responsible for recruiting T cells (241). By incorporating analysis of
NK cell biology along with T cell assessment in both preclinical and
clinical trials, the precise role of NK cells in MM development can be
better understood. There may also be NK cell IRs playing a role in
MM that have yet to be elucidated. Although there is little support
for their role in healthy NK cells, preliminary evidence suggests
VISTA and CTLA-4 IRs may affect NK function within a
diseased microenvironment.

Tailoring treatment to patient-specific expression of receptors
is widely adopted within the solid tumor community, but its use
in MM is still relatively new. To ensure success of IR blockade
therapy in MM, it is essential to estimate the patient’s expression
of NK specific inhibitory ligands on malignant MM cells as well
as the expression and functionality of targetable IRs on NK cells
or T cells. Similarly, assessing the NK cells’ percentage, viability
and functionality prior to the initiation of therapy may predict
response to therapy. Previous trials proposed that the intra-
tumoral level of IRs such as PD-1 on TILs were significant
determinants of success for IR mAb therapies (242). However,
there is not only heterogeneity in the percentage and activity of
NK cells within a MM patient population (59, 65, 67), but also in
the expression of specific IRs or ligands. Such differential
expression can affect activity of NK cell functionality.

With this knowledge, prescription of specific IRs mAb relevant
to individual expression patterns will more likely augment the
immune cells to eradicate the cancer cells by hampering their
evasion strategies in a precision-focused manner.

Early failure in clinical trials blocking these IRs is likely a
complicated story reflecting not only intra- and inter-patient
heterogeneity discussed above, but may also reflect the impaired
immune landscape that is also temporally dynamic. A better
understanding of how NK cell proliferation, function, and
expression of receptors or their ligands changes during disease
progression as well as in response to specific chemotherapeutics
will improve our ability to effectively target NK cells to enhance
their anti-tumor response. Specifically, studies have shown that
expression of ligands such as PVR, PD-L1 can be enhanced by
chemotherapy and/or IFN-y (191, 192, 243). Similarly, NK cell
contact with malignant MM cells was shown to enhance expression
of PD-1 and CD9%4 by a process called trogocytosis (67, 214) and
LAG-3 due to the exposure to the IFN-a. (239). Recent studies also
show a shift in NK cell populations during MM disease progression
from MGUS to active MM (66, 67). Combined with knowledge
regarding receptor or ligand expression, understanding these
temporal dynamics will improve targeted IR therapy and the
ability to treat the right patients at the right time.

Additionally, given the complex immune landscape in which
NK cells reside, blocking a single NK cell IR may be insufficient in
overcoming NK cell impairment in patients with severely
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compromised immune systems. Combination therapies further
restoring immune and NK cell function may enhance NK cell IR
therapies and elicit better patient outcomes. For example, a trial
assessing both TIGIT and LAG-3 targeting in combination with
anti-PD-1 is ongoing (NCT04150965). Similarly, IR-targeted
therapy not only has implications for the intrinsic cytotoxic
capabilities of NK cells, but can also be used within an ADCC
and CAR-NK cell context. Considering the unique characteristic of
the NK cells, which mediating ADCC, combining mAb against
specific antigens expressed on myeloma cells with mAb targeting
specific NK IRs according to their functional level and their cognate
ligands on myeloma cells could enhance the NK cells killing. The
combination of PD-1 blockade with mAbs daratumumab or
elotuzumab are intriguing possibilities currently under
investigation (219). Similarly, concomitantly using CAR-NK cells
or genetically engineered NK cell/NK cell lines for adoptive cellular
therapy with NK IRs blockade may also enhance the NK-mediated
immune response and offer an interesting strategy to treat MM
patients. Despite failure of some combination strategies with PD-1/
PD-L1 checkpoint blockade in MM due to significant toxicity (217),
the careful selection of patient-specific combination strategies may
yield more promising results.

To conclude, we can say that there is a body of knowledge
supporting the role of NK cells, IRs and cancer progression,
although the evidence characterizing NK cells and their
subpopulations in myeloma patients or the myeloma-NK cell
interaction is still lacking. Therefore, we envision some key steps
and factors to be considered in order to build on the foundation
of myeloma-NK cell biology:

1. Profile NK cell receptors and subpopulations, NK cell activity
and abundance, and NK cell function in myeloma.

. Profile the expression of NK cell receptor cognate ligands in
myeloma.

. The immunosuppressive nature of myeloma poses a general
challenge to immunotherapies in myeloma including those
involving NK cells, and understanding and overcoming this
challenge is critical to success.

. Investigate the mechanisms that control specific ligands on
the surface of myeloma.

. Study ligand expression at the transcriptional and protein levels.

. Evaluate the role of chemokines and soluble factors released
in the microenvironment and if they positively or negatively
mediate NK receptors and/or their ligands.

. Explore the integration of NK cell-based therapies with
traditional myeloma therapies pre-clinically to optimize
clinical trial design.
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Despite the impressive impact of PD-1 (programmed cell death protein 1)-targeted cancer
immunotherapy, a great part of patients with cancer fail to respond. PD-1 impact on
immune cells in addition to T cells, and the synergistic role of PD-1 with other immune
modulators remain largely unknown. To fill this gap, we systematically investigated PD-1-
related transcriptome data and relevant clinical information derived from TCGA (The
Cancer Genome Atlas) and METABRIC (Molecular Taxonomy of Breast Cancer
International Consortium), which involved a total of 2,994 breast cancer patients. Our
results revealed the relationship among PD-1 and major molecular and clinical
characteristics in breast cancer. More importantly, we depicted the association
landscape between PD-1 and other immune cell populations. Gene ontology analyses
and gene set variation analysis (GSVA) of genes correlated with PD-1 revealed that PD-1
was mainly involved in immune responses and inflammatory activities. We also elucidated
the association of PD-1 with other immune modulators in pan-cancer level, especially the
potential synergistic relationship between PD-1 and other immune checkpoints members
in breast cancer. In short, the expression level of PD-1 was bound up with breast cancer
malignancy, which could be used as a potential biomarker; PD-1 might manipulate the
anti-tumor immune response by impacting not just T cells, and this might vary among
different tumor types. Furthermore, PD-1 might synergize with other immune checkpoint
members to modulate the immune microenvironment in breast cancer.

Keywords: breast cancer, cancer immunotherapy, PD-1, immune response, inflammatory activity

INTRODUCTION

Breast cancer is the most frequently diagnosed women cancer all over the world (1). As development
of comprehensive treatments, including resection by surgery, chemotherapy, radiotherapy,
endocrine therapy, and targeted therapy, many early stage breast cancers can be effectively
controlled (2). However, for advanced breast cancers, the existing standard treatments have
limited effectiveness because of the aggressiveness of tumors, resistance to treatments, recurrence,
and metastasis during or after treatments (3). In the past decade, researches suggested that tumor

Frontiers in Immunology | www.frontiersin.org 18

November 2020 | Volume 11 | Article 558757


https://www.frontiersin.org/articles/10.3389/fimmu.2020.558757/full
https://www.frontiersin.org/articles/10.3389/fimmu.2020.558757/full
https://www.frontiersin.org/articles/10.3389/fimmu.2020.558757/full
https://www.frontiersin.org/articles/10.3389/fimmu.2020.558757/full
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles
http://creativecommons.org/licenses/by/4.0/
mailto:wangjing@cicams.ac.cn
mailto:fangyi@cicams.ac.cn
mailto:wangzhongzhao@cicams.ac.cn
https://doi.org/10.3389/fimmu.2020.558757
https://www.frontiersin.org/journals/immunology#editorial-board
https://www.frontiersin.org/journals/immunology#editorial-board
https://doi.org/10.3389/fimmu.2020.558757
https://www.frontiersin.org/journals/immunology
http://crossmark.crossref.org/dialog/?doi=10.3389/fimmu.2020.558757&domain=pdf&date_stamp=2020-11-17

Liu et al.

PD-1 Molecular and Clinical Characterization

cells’ immunologic escape of and aberrant human immune
surveillance play essential roles in the carcinogenesis,
progression, and metastasis of cancers (4), and studies focused
on anticancer immune responses have achieved marked success of
many malignant tumors in preclinical and clinical trials (5-9),
the PD-1 (programmed cell death protein 1) and PD-L1
(programmed cell death-ligand 1) axis has been identified as one
of the most encouraging findings in cancer immunotherapy (10).

PD-1 is a receptor that is expressed on the surface of activated
T cells, and the PD-L1 and PD-L2 are ligands of PD-1 that are
expressed on the surface of antigen-presenting cells (11). The PD-
1 and PD-LI interaction can result in T cells inactivation and
ensure that the immune system can be activated at the appropriate
time, thus minimize the possibility of chronic autoimmune
inflammation. However, tumor cells or non-transformed cells in
the tumor microenvironment overexpressing PD-L1, leading to
generate an adaptive immune resistance in response to
endogenous immune anti-tumor activity (12). The antibody of
PD-1/PD-L1 can block the immune escape mediated by PD-1 and
PD-L1 interaction and has been approved by the FDA in a fast
speed (13). In the first clinical trials of breast cancer, the inhibitors
of PD-1/PD-L1 showed promising activity (14, 15). However,
many problems still need to be resolved, including the lack of
clearly available data in breast cancer, notably regarding PD-1
expression and its prognostic value, and the application of PD-1/
PD-L1 inhibitors in combination with other immune
checkpoint inhibitors.

Despite the impressive impact of PD-1/PD-L1-targeted
cancer immunotherapy, a large proportion of cancer patients
fail to respond (16). Furthermore, although the combination of
PD-1/PD-L1 blockade with complementary checkpoint
inhibitors has achieved some success for some malignant
tumors in the preclinical and clinical trials, the impact of PD-1
on immune cells in addition to T cells and the synergistic role of
PD-1 with other immune modulators remain mostly unknown
(17). In the present study, we systematically investigated the PD-
1-related transcriptome profile and revealed its potential role in
inducing immune responses and inflammatory activities as well
as its potential relationship with immune modulators.

METHODS

Data Collection

Transcriptome data from TCGA (The Cancer Genome Atlas)
were downloaded by GDCRNA tools (access date: February 01,
2020) (18). The edgeR (19) and limma packages (20) available
from the Bioconductor project (21) offer a well-developed suite
of statistical methods for dealing with this question for RNA-seq
data. Raw count data were normalized using TMM implemented
in edgeR, and then were transformed by voom in limma, only
genes with cpm > 1 in more than half of the samples were kept.
Sieved TCGA breast cancer clinical data were kindly provided by
Dr. Hai Hu and Dr. Jianfang Liu (Chan Soon-Shiong Institute of
Molecular Medicine, Windber). Human epidermal growth factor
receptor 2 (HER?2) status was recalled using DNA copy number

for cases without immunohistochemistry or fluorescence in situ
hybridization (FISH) status. Standardized survival data of TCGA
cohort were downloaded from TCGA-CDR (TCGA Pan-Cancer
Clinical Data Resource) (22). The METABRIC (Molecular
Taxonomy of Breast Cancer International Consortium) dataset
(23) containing 1904 tumor cases was downloaded from the
cBioPortal database (http://www.cbioportal.org/) (access date:
Feb 01, 2019). A total of 2,994 samples with full clinical
characteristics and transcriptome data were used to perform
the following data exploration. The detailed clinical
characteristics of breast cancer patients from TCGA and
METABRIC are listed in Tables S1 and S2, respectively).

Bioinformatics Analysis

Gene ontology analyses of the genes that correlated with
PD-1 were performed using clusterProfiler package (24).
Immunologically related genes were collected from The
ImmPort (Immunology Database and Analysis Portal)
database (https://www.immport.org/home) (25). The absolute
abundance of immune cell populations was estimated using
Microenvironment Cell Populations-counter algorithm (26).

Molecular and clinical characterization
of PD-1

Data collection and
preprocessing

Validation cohort-
METABRIC

Discovery cohort-
TCGA

PD-1 expression pattern and related
biological process

Profile of PD-1 and immune
cell populations

PD-1 and potential immune
functions

PD-1 and inflammatory
activities

Prognostic value of PD-1 in breast
cancer

FIGURE 1 | Summary diagram of the present study.
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GSVA (Gene Set Variation Analysis) (27) was used to calculate
scores of gene sets that correlated with immune functions and
inflammatory activities (28). Association of PD-1 and other
immune modulators in pan-cancer were depicted through the
database of TISIDB (29), which is an integrated repository portal
for tumor-immune system interactions. The study summary
diagram is shown in Figure 1.

Statistical Analysis

Spearman correlation method was used to estimate the
correlations between continuous variables. Student t-test, one-
way ANOVA, or Pearson’s Chi-squared test were used to
determine any differences in variables between groups. R
language was used to perform all statistical tests. The prognostic
value of PD-1 was evaluated through Cox proportional hazards
model analysis. Several packages including ggplot2 pheatmap,
pROC (30), circlize (31), and corrgram (32) were used to
perform other statistical calculations and graphical work (33),

and P < 0.05 was considered to have the statistically
significant difference.

RESULTS

PD-1 Expression Pattern in Breast Cancer
To characterize the relationship between PD-1 expression and
molecular and clinical features in breast cancer, individuals
were dichotomized into high and low groups based on the
expression of PD-1 using median cut. We found that PD-1 was
asscociated with patient age, American Joint Committee on
Cancer (AJCC) stage, tumor grade, estrogen receptor (ER)
status, progesterone receptor (PR) status and HER2 status
(Tables 1 and 2). Next, we further detected that the PD-1
expression was upregulated in tumor tissues, the ER-negative
group (ER-) and PR-negative group (PR-) in both TCGA and
METABRIC datasets, while upregulation of PD-1 in the

TABLE 1 | Association between PD-1 mRNA expression and clinicopathologic characteristics in TCGA cohort.

Expression
Total (n = 1090) PD-1 high (n = 545) PD-1 low (n = 545) P-value
Age (years)
>=55 517 (47.4%) 277 (50.8%) 240 (44.0%) 0.025
<55 573 (52.6%) 268 (49.2%) 305 (56.0%)
T stage
T1 279 (25.6%) 130 (23.9%) 149 (27.3%) 0.028
T2 631 (57.9%) 330 (60.6%) 301 (55.2%)
T3 137 (12.6%) 72 (13.2%) 65 (11.9%)
T4 40 (3.7%) 13 (2.4%) 27 (56.0%)
Unknown 3(0.3%) 0 (0%) 3(0.6%)
N stage
NO 514 (47.2%) 257 (47.2%) 257 (47.2%) 0.065
N1 360 (33.0%) 177 (32.5%) 183 (33.6%)
N2 120 (11.0%) 57 (10.5%) 63 (11.6%)
N3 76 (7.0%) 48 (8.8%) 28 (6.1%)
Unknown 20 (1.8%) 6 (1.1%) 14 (2.6%)
M stage
MO 907 (83.2%) 452 (82.9%) 455 (83.5%) 0.061
M1 22 (2.0%) 6 (1.1%) 16 (2.9%)
Unknown 161 (14.8%) 87 (16.0%) 74 (13.6%)
AJCC stage
| 181 (16.6%) 82 (15.0%) 99 (18.2%) 0.097
1 621 (57.0%) 319 (568.5%) 302 (55.4%)
Il 250 (22.9%) 131 (24.0%) 119 (21.8%)
v 20 (1.8%) 5 (0.9%) 15 (2.8%)
Unknown 18 (1.7%) 8 (1.5%) 10 (1.8%)
ER status
Negative 236 (21.7%) 155 (28.4%) 81 (14.9%) <0.001
Positive 803 (73.7%) 372 (68.3%) 431 (79.1%)
Unknown 51 (4.7%) 18 (3.3%) 33 (6.1%)
PR status
Negative 343 (31.5%) 203 (37.2%) 140 (25.7%) <0.001
Positive 694 (63.7%) 323 (59.3%) 371 (68.1%)
Unknown 53 (4.9%) 19 (3.5%) 34 (6.2%)
HER2 status
Negative 895 (82.1%) 449 (82.4%) 446 (81.8%) 0.032
Positive 168 (15.4%) 89 (16.3%) 79 (14.5%)
Unknown 27 (2.5%) 7 (1.3%) 20 (3.7%)
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TABLE 2 | Association between PD-1 mRNA expression and clinicopathologic characteristics in METABRIC cohort.

Expression
Total (n = 1904) PD-1 high (n = 952) PD-1 low (n = 952) P-value
Age (years)
>=55 952 (50.0%) 522 (54.8%) 430 (45.2%) <0.001
<55 952 (50.0%) 430 (45.2%) 522 (54.8%)
Tumor size
>=2cm 592 (31.1%) 293 (30.8%) 299 (31.4%) 0.079
<2cm 1292 (67.9%) 644 (67.6%) 648 (68.1%)
Unknown 20 (1.1%) 15 (1.6%) 5 (0.5%)
AJCC stage
0 4 (0.2%) 3 (0.3%) 1(0.1%) 0.039
| 475 (24.9%) 218 (22.9%) 257 (27.0%)
Il 800 (42.0%) 413 (43.4%) 387 (40.7%)
1l 115 (6.0%) 68 (7.1%) 47 (4.9%)
\% 9 (0.5%) 2 (0.2%) 7 (0.7%)
Unknown 501 (26.3%) 248 (26.1%) 253 (26.6%)
Tumor grade
| 165 (8.7%) 50 (56.3%) 115 (12.1%) <0.001
I 740 (38.9%) 311 (32.7%) 429 (45.1%)
Il 927 (48.7%) 551 (57.9%) 376 (39.5%)
Unknown 72 (3.8%) 40 (4.2%) 32 (3.4%)
ER status
Negative 445 (23.4%) 309 (32.5%) 136 (14.3%) <0.001
Positive 1459 (76.6%) 643 (67.5%) 816 (85.7%)
PR status
Negative 895 (47.0%) 526 (55.3%) 369 (38.8%) <0.001
Positive 1009 (53.0%) 426 (44.7%) 583 (61.2%)
HER2 status
Negative 1668 (87.6%) 800 (84.0%) 868 (91.2%) <0.001
Positive 236 (12.4%) 152 (16.0%) 84 (8.8%)

HER2-positive group was only observed in the METABRIC
dataset (Figures 2A-F). Meanwhile, we observed that PD-1
expression was upregulated in the molecular subtypes such as
basal-like and HER2-enriched when compared with luminal
A, while no difference was found between luminal A and
luminal B subtypes. While no claudin-low subtype was found
in the TCGA cohort, the other four subtypes were consistently
in both the TCGA and METABRIC cohorts (Figures 2G, H).
Subsequently, we also found that PD-1 expression was
enriched in higher grade tumors in the METABRIC dataset
(Figure 2I). PD-1 overexpression was also oberved in the
triple-negative breast cancer (TNBC) subtype and could be as
a predictor for TNBC subtype in both TCGA (AUC = 0.671)
and METABRIC (AUC = 0.672) databases (Figures 3A-D).
One potential limitation of this result was that this was a
primary result based on only one gene. Future studies focusing
on investigating robust biomarkers for TNBC might consider
combining PD-1 and other biomarkers together, and
comparing the predictive capacity between each other. In
summary, these findings suggest that PD-1 expression is
enriched in higher malignant breast cancer and might be a
potential biomaker in TNBC.

PD-1 Was Bound Up With Immune
Functions in Breast Cancer

To further explore PD-1 related biological processes in breast
cancer, a total of 1008 genes and 449 genes, seived from TCGA

and METABRIC datasets, respectively, have strongly correlation
with PD-1 according to Spearman correlation analysis (|R| > 0.4
and P < 0.05). Subsequently, GO (gene ontology) enrichment
analyses were performed to investigate PD-1’s potential
biological functions. We found that PD-1-related genes were
mainly involved in immune-related pathways and inflamatory
pathways (Figure 4A), including T cell regulation-related
biological processes and leukocyte regulation-related pathways.
Importantly, these results were also validated in METABRIC
datasets (Figure 4B).

PD-1 Related Immune Response

To further investigate PD-1-related immune functions in breast
cancer, 4723 immunologically related genes were retrieved from
the ImmPort (25). Genes that were most correlated with PD-1
(Spearman |R| > 0.4, P < 0.05) were seived to depict the
expression pattern of these immunologically related genes in
breast cancer. Subsequently, we found that 508 and 248 immune-
related genes in TCGA and METABRIC datasets, respectively,
were correlated with PD-1 postively, while only 6 and no
immunologically related genes, respectively, were correlated
with PD-1 negatively (Figures S1A, B).

The Relationship Between PD-1
Expression and Immune Cell Populations
Previously, Tao Jiang et al. reported PD-1 is a positively
correlated with T cells, monocytic lineage cells, and myeloid
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0.05, ***: P < 0.0001, ns: no significant difference).

dendritic cells, but not with cytotoxic lymphocytes, natural killer
(NK) cells, or B lineage cells in diffuse glioma (34). In breast
cancer, to further clarify the immune manipulative functions of
PD-1, the Microenvironment Cell Populations-counter
algorithm was used to calculate the absolute abundance of
immune cell populations (26). The abundance pattern of these
cell populations in breast cancer is depicted in Figures 5A, B. We
observed that PD-1 expression was strongly correlated with
immune cell population scores of T cells, CD8+ T cells,
cytotoxic lymphocytes, NK cells, B lineage cells, monocytic
lineage cells, and myeloid dendritic cells, but not neutrophils,
endothelial cells, or fibroblasts (Figures 5C, D). These findings
suggest that PD-1 may not just be involved in regualting T cell
immunity, other immune cell immunity might also be involved.

Furthermore, the immune regulatory pattern of PD-1 may be
varied in different tumors.

Relationship of the Expression of PD-1

and Immune Modulators in Pan-Cancer

To explore the synergistic role of PD-1 and other immune
modulators in pan-cancer, we systematically analyzed the
correlations between PD-1 expression and three types of
immune modulators described in the previous study conducted
by Charoentong et al. (35). Interestingly, we found a similar
correlation pattern between immune modulators and
PD-1 across 30 tumor types in which the majority of
immunoinhibitors and immunostimulators were correlated
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FIGURE 3 | PD-1 serves as a potential biomarker. PD-1 expression pattern between TNBC and none-TNBC tissues in TCGA and METABRIC (A, B). ROC curves

with PD-1 positively (Figures S2 and S$3), while only a small
number of immunoinhibitors and immunostimulators were
negatively correlated with PD-1. More interestingly, we
observed that PD-1 was positively correlated with almost all
MHC molecules across 30 tumor types (Figure S4). These results
provide a landscape perspective regarding the correlation of PD-
1 with immune modulators, and we could compare this
correlation pattern of PD-1 with immune modulators in
various tumors. The general PD-1 correlation pattern trends
were similar in various tumors. These observations suggest that
PD-1 might synergize with other immune modulators in
manipulating the anti-tumor immune response.

PD-1 Is Synergistic With Other Immune
Checkpoint Members in Breast Cancer-
Induced Immune Response

We estimated the association of PD-1 with other immune
checkpoint members to further explore the synergistic role of
PD-1 in breast cancer-induced immune responses (Figures
6A-D). The detailed R and p-values of correlations between
PD-1 and other checkpoint members are listed in Tables S3.

Interestingly, we found that PD-1 was strongly correlated with
similar checkpoint members including PD-L2, CD274 (PD-L1)
CTLA4, IDO1, and LAGS3, as well as other checkpoint members
including BTLA, ICOS, CD27, CD40, and CD48. These findings
revealed that PD-1 might manipulate anti-tumor immune
responses through co-regulation with the above mentioned
immune checkpoint molecules, thereby lending support to
using combination cancer immunotherapy targeting these
molecules in future studies.

Asscociation Between PD-1 and Specific
Cell Immune Responses

The specific immune regulatory role of PD-1 in breast cancer remains
largely unknown. To further explore the association between PD-1
and specific immune responses, GSVA of gene ontology biological
pathways was performed. Consistent with the above results, we found
that PD-1 was strongly correlated with both T and B cell immunity
(Figures 7A, B). PD-1 was positively correlated with T cell
proliferation, T cell differentiation, T cell activation and T cell
receptor signaling pathways. Meanwhile, we also observed that PD-
1 was positively correlated with B cell activation.

Frontiers in Immunology | www.frontiersin.org

123

November 2020 | Volume 11 | Article 558757


https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Liu et al.

PD-1 Molecular and Clinical Characterization

inflammatory response in TCGA and METABRIC databases (A, B).

TCGA
A
regulation of T cell activation- .
regulation of leukocyte cell-cell adhesion- ® p value
" i - 2.118629e-51
positive regulation of T cell activation- . 1588972651
positive regulation of lymphocyte activation- [ ] 1.059314e-51
a iti lati f leuk lI-cell adhesi L] S2%5T2e-82
& positive regulation of leukocyte cell-cell adhesion S EiBL-63
8 positive regulation of leukocyte activation- ([ ]
Count
positive regulation of cell activation- [ ] e 100
@ 110
positive regulation of cell-cell adhesion- [ ] @ 20
130
lymphocyte differentiation- ° e
leukocyte cell-cell adhesion- [ ]
103/020107) 1929124/920126/929131/92990/929
GeneRatio
B METABRIC
regulation of T cell activation - [ )
positive regulation of T cell activation - p value
positive regulation of lymphocyte activation - o 4.4851350-33
3.363858e-33
positive regulation of leukocyte activation - (] 2.242581e-33
& positive regulation of cell activation - o 1.121303e-33
é 2.596448e-38
o lymphocyte proliferation - L]
lymphocyte differentiation - o Coursns
leukocyte proliferation - (] @® 60
@ 55
leukocyte cell-cell adhesion -
antigen receptor-mediated signaling pathway - L

55393 56/393 56/393 60/393 63/393 66/393 67/393 68/393 69/393

GeneRatio

FIGURE 4 | PD-1 is closely related to immune functions in breast cancer. Gene ontology analysis shows that PD-1 is mainly involved in immune response and

Relationship Between PD-1 and
Inflammatory Activities

To further understand the role of PD-1 in mediating
inflammatory activities, 104 genes were derived from seven
clusters and defined as metagenes using the GSVA algorithm
(28), implicating different types of inflammation and immune
functions. Detailed information of these metagenes is shown in
Table S4. We found that LAG3 was positively correlated with
MHC-I, MHC-II, LCK, STAT1, HCK, and interferon, but not
IgG (Figures 7C, D). Among these seven clusters, PD-1 showed
the strongest correlation with MHC-II and LCK in both TCGA
and METABRIC databases. These results further suggested that
PD-1 not only correlated with T cell immunity but also with
other immune cells. In summary, these findings indicated that
PD-1 has important immune and inflammatory functions in
breast cancer.

Prognostic Value of PD-1 in Breast Cancer
To explore the influence on breast cancer survival, we evaluated
the prognostic value of PD-1 in both TCGA (n = 1090) and

METABRIC (n = 1994) cohorts. Interestingly, our data indicated
that PD-1 was an independent prognostic factor in breast cancer
on the basis of TCGA cohort multivariate analysis after adjusting
for patient age, AJCC stage, ER, PR, and HER2 status (Figure
8A). In the METABRIC cohort, the PD-1 expression level was
also an independent prognostic indicator for breast cancer after
adjusting for tumor grade, AJCC stage, ER, PR, and HER?2 status
(Figure 8B). Despite the fact that PD-1 was upregulated in
higher malignant tumors, our results suggest that PD-1 is
predictive of good prognosis in breast cancer patients.

DISCUSSION

The development of immune therapies for solid tumors have
promoted clinical advances (36), PD-1/PD-L1 are critical
biological suppressors of cytotoxic immune reactions, and the
PD-L1 expression is one of the major immunologic escape
mechanisms in tumors (37). However, despite the impressive
impact of PD-1/PD-L1-targeted cancer immunotherapy, a large
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FIGURE 5 | The relationship between PD-1 expression and immune cell populations in TCGA and METABRIC databases (A-D). Subtypes denotes breast cancer
molecular subtypes including Basal, basal-like; Her2, Her2-enriched; LumA, luminal A; LumB, luminal B.

proportion of cancer patients fail to respond. To understand why
this occurs, we need to have a better understanding of the
molecular regulatory mechanisms of PD-1/PD-L1.

Whether PD-1/PL-L1 predicts prognosis in breast cancer
patients is currently being debated, and large-scale
investigations are still required to further confirm the specific
relationship between PD-1/PD-L1 and prognosis of breast
cancer (38). PD-1 was found to be significantly associated with
better DES and OS in Ren et al’s study of only 195 TNBC
patients (39). The present study used large-scale transcriptome
data to provide additional strong evidence to support the
correlation between high PD-1 expression and good prognosis
in breast cancer patients. We estimated the association of PD-1
with other checkpoint proteins and found that PD-1 was strongly
correlated with similar checkpoint members. Some of these
results were consistent with previous studies, while some
results have never been reported before. For instance, previous

studies reported that LAG-3 and PD-1 were co-expressed on
tumor-infiltrating lymphocytes, and blockade of both pathways
had synergistic effects on anti-tumor CD8+ T cell stimulation
and response (40, 41).

In the present study, one interesting finding was that the
immune inhibitors and immune stimulators were positively and
concomitantly correlated with PD-1 expression. For primary and
secondary resistance to immunotherapy, the etiologies are
multifaceted, tumor intrinsic factors, and the complex
interplay between cancer and its microenvironment all should
to be taken into consideration (42). One possible explanation for
immunotherpy resistance might be that there are complex
interactions between PD-1 expression, immune inhibitors, and
immune stimulators. Hence, the result that immune inhibitors
and immune stimulators are positively correlated at the same
time in the same sets of patients is reflective of a complex tumor
microenvironment. More importantly, these results also suggest
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that when using immunotherapy, both activation of stimulatory
pathways and blockade of inhibitory checkpoints can occur and
should therefore be taken into consideration.

It is generally agreed that PD-1 mainly inhibits the activation
and immunologic function of T cells (43). We found that PD-1
was not only strongly correlated with T cell immunity, but also
with B cell immunity. Tumor-infiltrating B cells with distinct

phenotypes and functions, which might play specific roles in the
anti-tumor responses (44). However, there is still a lack of direct
evidence to support B cells have the immunosuppressive role in
human cancers (45). Further study is needed to explore the
possible manipulation by B cells-mediated immune suppression
through the overexpression of PD-1. Moreover, analysis of the
relationship between PD-1 and inflammatory activity, further
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suggested that PD-1 was not only correlated with T cell
immunity but also with other immune cells. These findings
indicated that PD-1 plays essential immune and inflammatory
functions in breast cancer. In our study, we focused on
characterizing the role of PD-1; however, future studies
should address whether there is any concomitant over-
expression of PD-L1 on tumors, on immune cell populations,
or on any of these immune cells in parallel with overexpression
of PD-1. This would be helpful in gaining a deeper
understanding of the association of PD1/PDLI1 with related
immune cell populations.

In summary, the expression of PD-1 was closely associated
with the malignancy and might be as a potential biomaker in
breast cancer, especially for TNBC. PD-1 might manipulate the

anti-tumor immune response by impacting multiple immune
cells, and this could vary with different tumors. Furthermore,
PD-1 might synergize with other immune checkpoint members
to modulate the immune microenvironment in breast cancer,
which could be applied in the development of new targeted drugs
for immunotherapy.

This study had limitations. Because detailed treatment
information was not available in the TCGA database,
treatment effects were potential confounders that should be
considered when available and adjusted for appropriately. In
certain cases, a proxy for standard of care, such as age, treating
hospital, and year of diagnosis can alleviate some of the bias
when treatment is unknown. A future study using an alterative
source of data should address this problem.
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