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ABSTRACT

The leukocyte-associated immunoglobulin-like receptor 1 (LAIR-1) is an inhibitory receptor expressed on
the majority of peripheral blood mononuclear cells and is important for the regulation of immune
responses. The binding of LAIR-1 to its ligands results in the loss of immune function in the tumor
microenvironment (TME) and a reduction in T cell function and immune responses of antigen-presenting
cells. Using bioinformatics analysis, we showed that LAIR-1 is broadly upregulated in multiple types of
cancer. By designing a LAIR-2-Fc recombinant protein to block the binding of LAIR-1 to its ligand
collagen, we observed augmented cytotoxic T cell infiltration and function resulting in antitumor
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immune responses that eliminated cancer cells. Besides, LAIR-2-Fc fusion protein potentiated the
antitumor effect of PD-1/L1 checkpoint blockade therapy. Collectively, our results support the targeting

of LAIR-1 for potential immunotherapeutic applications.

Introduction

Inhibitory receptors containing ITIMs (immunoreceptor tyro-
sine-based inhibitory motifs) play an important role in the regula-
tion of the immune system.' These receptors contain ITIM motifs
in their intracellular domains and are classified as inhibitory
receptors because these motifs can recruit phosphatases such as
SHP-1, SHP-2, and SHIP to negatively regulate cell activation.”
The leukocyte-associated immunoglobulin-like receptor 1 (LAIR-
1) is a collagen-binding ITIM-bearing inhibitory receptor impor-
tant for the regulation of immune responses and is expressed on
the majority of immune cell subsets, including T cells, NK cells,
monocytes, macrophages, and dendritic cells.>” LAIR-1 can inhi-
bit the cytotoxic activity of effector T cells upon CD3 cross-
linking™*~'? or antigen stimulation.'' Furthermore, the inhibitory
capacity of LAIR-1 in T cell clones correlates to surface expression
density."”

Collagens are functional ligands for LAIR-1 and directly
inhibit immune cell activation in vitro in cell lines and primary
cells."'* Under normal conditions, collagen forms a scaffold to
provide strength and structure to tissues. However, many tumor
types overexpress collagens, and high level of collagen expression
correlates with enhanced metastatic capacity and unfavorable
clinical outcome."™'® Under the harsh conditions of the TME, by
expressing extracellular matrix (ECM) collagens and transmem-
brane collagens, tumor cells or tumor stroma may use this LAIR-
1-collagen interaction to downregulate antitumor responses by
various effector cells.'””'® Furthermore, LAIR-1 expression was
shown to be upregulated on immune cells in tumor patients,
suggesting that tumor cells hijack this immune regulatory
mechanism to evade anti-cancer immune response.'’

Given the broad expression profile of hLAIR-1 on immune
cells and the high abundance of collagen molecules in the
TME, strategies targeting the collagen-hLAIR-1 interaction
are needed. LAIR-2 is a soluble homolog, sharing 84%
sequence homology with hLAIR-1, which may function as
a natural competitor for LAIR-1.*° In this study, we designed
a novel molecule to block LAIR-1-mediated immune suppres-
sion. By fusing human LAIR-2 protein with hIgG-Fc frag-
ment, we successfully blocked the interaction between LAIR-1
and its binding partners, resulting in increased T cell function
and restored antitumor immune activity both in vitro and
in vivo. By analyzing mRNA databases, we also observed
elevated expression of LAIR-1 in several cancers, including
Brain, Kidney and Ovarian cancers. Besides, LAIR-1 expres-
sion levels negatively correlate with survival rates for different
solid tumor types. To investigate whether LAIR-1 inhibition
synergizes with other immune therapies, we combined LAIR-
2-Fc and the checkpoint inhibitor in mouse tumor models
and observed a synergistic effect of the combination therapy.
Our results suggest that blocking LAIR-1-mediated immune
suppression may provide a novel treatment and additional
opportunities in combination with conventional therapies
across a broad spectrum of cancers.

Materials and methods
Mice

All animal experiments were approved by the Animal Ethics
Committee of the Second Affiliated Hospital of Henan
University of Science and Technology. SOD/SCID, C57BL/
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6 ] and BALB/c female mice (6-8 weeks old) were purchased
from SLRC Laboratory Animal Co., Ltd. (Shanghai, China)
and housed in a pathogen-free animal facility at the experi-
mental animal center of Henan University of Science and
Technology. The mice were fed standard chow diet and
given access to distilled water ad libitum. Fresh cages were
provided weekly. Sodium pentobarbital (60 mg/kg) was used
for anesthesia, and the mice were euthanized using 100 mg/kg
sodium pentobarbital.

Subjects and cells

The human cell lines A431, BxPC-3, and U937 were obtained
from the American Tissue Type Collection (ATCC) and cul-
tured in DMEM medium (Life Technologies) or RPMI-1640
medium (Gibco) supplemented with 10% fetal bovine serum
(Life Technologies). The mouse cell lines EL4 and A20
(ATCC) were stably transfected with the human COL1Al
gene (Addgene), and COL1Al-expressing clones were selected
using cytofluorimetry. EL4-COL1A1 and A20-COLI1ALI cells
were maintained in RPMI-1640 medium (Gibco) supplemen-
ted with 2 mM glutamine and 10% (vol/vol) fetal calf serum
(Life Technologies) at 37°C and 5% (vol/vol) CO,. Peripheral
blood mononuclear cells (PBMC) were isolated from periph-
eral blood of healthy volunteers by Ficoll-Paque density gra-
dient centrifugation. Cells were resuspended in RPMI 1640
medium (Gibco) supplemented with 10% heat-inactivated
FCS, penicillin, and streptomycin. For donation of peripheral
blood, all donors gave written informed consent and approval
was obtained from the Ethics Committee of the Second
Affiliated Hospital of Henan University of Science and
Technology.

Bioinformatics analysis

To determine the clinical significance of LAIR-1, we examined
the mRNA levels of LAIR-1 in extensive cancers and its relation
to survival outcomes and immune marker genes using Gene
Expression Profiling Interactive Analysis (GEPIA, http://gepia.
cancer-pku.cn)®’  Tumor Immune Estimation Resource
(TIMER, https://cistrome.shinyapps.io/timer/)** and UALCAN
(http://ualcan.path.uab.edu/index.html)* databases.

Generation of LAIR-2-Fc

The recombinant human LAIR-2-Fc protein construct was
generated by genetically linking the human LAIR-2 to both
ends of the Fc portion of human IgGl. The Fc domain was
mutated with N297A to prevent binding to Fc receptors as
described previously,”* and were further mutated with
T250Q/M428L mutations to increase the binding ability to
neonatal FcR (FcRn).*> Anti-CD20 IgG1 (Rituximab; acces-
sion number: DB00073) introduced with the same N297A and
T250Q/M428L mutations in its Fc portion served as the con-
trol. The recombinant protein was expressed transiently in
suspended human embryonic kidney (HEK293F) cells.
Supernatants were harvested 7 days post-transfection and
purified by affinity chromatography using Protein
A-SepharoseTM (GE Healthcare). The purity of each

recombinant antibody was determined by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis. Pharmacokinetic
(PK) parameters were examined in NOD/SCID mice by
injecting LAIR-2-Fc protein (n = 4) at 10 mg/kg, followed
by determining the serum antibody concentrations at various
time points using human IgG ELISA Kits (Bethyl
Laboratories). PK parameters were calculated from the final
dataset using PK solver software.

Cell-binding analysis

To examine binding ability of LAIR-2-Fc fusion protein to
collagens, we incubated 5 X 10° A431 or BxPC-3 cells with
LAIR-2-Fc at different concentrations for 1 h at 4°C, followed
by two washes with PBS. The cells were then incubated with an
anti-human Fc-FITC mAb (Invitrogen) for 30 min on ice in the
dark before two further washes with PBS. The cell-binding
activity of purified LAIR-2-Fc fusion protein was determined
by flow cytometry. Dissociation constants (Kp) were calculated
using GraphPad Prism 7.0 (Graph Pad Software).

For fusion protein blocking studies, ninety-six-well plates
were coated with Collagen I/Collagen III (2 pg/mL; Sigma-
Aldrich) in 100 pL of PBS, supplemented with 2 mM acetic
acid. After washings, wells were blocked with 1% (wt/vol) BSA.
Subsequently, collagens were incubated with different concen-
trations of LAIR-2-Fc fusion protein or IgG control. 5 x 10°
cells per well of CSFE-labeled U937 cells (1 mM CFSE; Life
Technologies) expressing hLAIR-1 were allowed to interact for
3 h and were then washed and analyzed by flow cytometry.

LAIR-2-Fc blocking experiments in vitro

T cells were isolated from human PBMCs by depletion of
non-T cells using the Pan T Cell Isolation Kit (Miltenyi
Biotec). Purified T cells were further stimulated and expanded
using the human T Cell Activation/Expansion Kit (Miltenyi
Biotec). Anti-Biotin MACSiBead Particles were loaded with
CD2, CD3, and CD28 antibodies. T cells were expanded using
1 loaded Anti-Biotin MACSiBead Particle per 2 T cells.
Expansion is achieved by adding interleukin 2 (IL-2) and
fresh medium every 3-4 days. At day 14, additional loaded
Anti-Biotin MACSiBead Particles were added and cells were
further expanded for 2 weeks. Stimulated T cells were then
cultured in the presence of 10 pug/mL collagens (Sigma) or
collagens plus LAIR-2-Fc at several concentrations overnight
at 37°C. IFN-y and TNF-a were measured using Human IFN-
y and TNF-a ELISA kits (Abcam).

In vivo tumor killing studies

The anti-tumor properties of LAIR-2-Fc in immune-deficient
mice were determined using xenograft models in NOD/SCID
mice reconstituted with human T lymphocytes. Human T cells
were purified from human PBMCs by depletion of non-T cells
using the Pan T Cell Isolation Kit (Miltenyi Biotec). A431 cells
or BxPC-3 cells (8.5 x 10°/mouse) were subcutaneously (s.c.)
inoculated into female NOD/SCID mice. Animals were ran-
domly assigned into treatment groups (6-8 per group), with
the mean tumor volume for each group being 100-150 mm”.
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Tumor volumes were determined according to the formula:
tumor volume (mm?®) = longer diameter x (shorter
diameter)’ x 0.5 mm®. NOD/SCID mice were intravenously
injected on day 7 with PBS, anti-CD20 IgG control or LAIR-
2-Fc protein (5 mg/kg). Human T cells (1 x 10”/mouse) from
healthy donors were intravenously injected on day 7 and day
14. All animals in the experimental groups transplanted with
tumor cells and human T cells received an i.v. bolus of LAIR-
2-Fc protein on days 7, 10, 13, 16,19 and 21. Tumor size was
monitored twice a week.

To investigate the anti-tumor effect of the combination
therapy, A431 cells or BxPC-3 cells (8.5 x 10°/mouse) were
injected s.c. into NOD/SCID mice. After the mean tumor
volume for each group reached 100-150 mm’, LAIR-2-Fc
protein was injected intravenously (i.v.), alone or in combina-
tion with the anti-human PD-1 antibody Pembrolizumab
(KEYTRUDA®, Merck) at a dosage of 10 mg/kg twice
a week. Human T cells (1 x 10’/mouse) were intravenously
injected on day 7 and day 14.

To study the anti-tumor activities in immune competent
mice, 6-8-week-old female C57BL/6 ] mice were subcuta-
neously injected with 5 x 10° EL4-COL1A1 cells mixed in
solubilized basement membrane matrix. Then mice were ran-
domly assigned to treatment groups (6-8 mice per group),
with the mean tumor volume for each group being
100-150 mm”. Mice were treated with anti-CD20 IgG control
or LAIR-2-Fc fusion protein at a dose of 1 mg/kg or 5 mg/kg
on days 0, 4, and 8. Murine B lymphoma cells A20 were stably
transfected with human COL1A1 and were subcutaneously
injected into BALB/c mice (5 x 10°/mouse). Mice were then
treated with LAIR-2-Fc fusion protein or IgG control simi-
larly. Tumor size was monitored twice a week.

Analysis of tumor-infiltrating T cells

Tumors were isolated and dissociated using a Mouse
Tumor Dissociation Kit with the gentle MACS Octo
Dissociator (Miltenyi Biotec), according to the manufac-
turer’s protocol. Tumor-infiltrating T cells were then ana-
lyzed by flow cytometry. Single-cell suspensions (10° cells
in a total volume of 100 pL) were pre-incubated with
a Purified Rat Anti-Mouse CD16/CD32 monoclonal anti-
body (Fc block, BD Biosciences) and then stained with anti-
CD3-APC and anti-CD8-FITC antibodies (BD Biosciences)
at 4°C for 30 min. FACS analysis was performed on a BD
FACS Verse system.

Enzyme-linked immunosorbent assay (ELISA) experiments

To study the T cell-mediated cytotoxicity after treatment,
whole tumors were lysed in RIPA buffer, and total protein
concentrations were determined using a BCA Protein Assay
Kit (Pierce). Five hundred micrograms of total protein lysate
from cells were used in ELISAs to detect IFNy, TNFa, and
Granzyme B (Simple Step ELISA Kits, Abcam), and protein
expression was normalized to mg of total protein.
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Statistics

Data were analyzed and graphs prepared using GraphPad
Prism 7.0 (Graph Pad Software). Data are expressed as the
median and range or mean + the standard error of the mean
(SEM). Data were analyzed with unpaired, two-tailed
Student’s t-tests and two-way analysis of variance
(ANOVA). P < .05 was considered statistically significant
(*P < .05 *P < .01, *P < .001, **P < .0001).
Experiments were repeated three times to ensure reproduci-
bility of the observations.

Results

High LAIR-1 expression correlates with poor prognosis of
patients with cancer

A previous study showed that the expression level of many known
ITIM receptors inversely correlates with the overall survival of
AML patients and that some of these receptors are crucial for the
growth of human acute leukemia cells.* In this study using the
GEPIA (Gene Expression Profiling Interactive Analysis) and
TIMER (Tumor IMmune Estimation Resource) databases, we
found upregulated transcriptional levels of LAIR-1 in a wide
range of tumors when comparing with their adjacent normal
tissues. The mRNA expression levels of LAIR-1 were significantly
upregulated in patients with LGG: Brain Lower Grade Glioma;
OV: Ovarian serous cystadenocarcinoma; PAAD: Pancreatic ade-
nocarcinoma; SKCM: Skin Cutaneous Melanoma; STAD:
Stomach  adenocarcinoma; THYM: Thymoma; ESCA:
Esophageal carcinoma; GBM: Glioblastoma multiforme; KIRC:
Kidney renal clear cell carcinoma; KIRP: Kidney renal papillary
cell carcinoma; LAML: Acute Myeloid Leukemia. (Figure S1). We
also observed the LAIR-1 expression level was negatively related
to the survival rates of some cancers including brain, colon,
kidney, ovarian and intraocular cancers. The Kaplan-Meier log-
rank survival curves demonstrated that the overall survival of
patients of these cancers with high expression of LAIR-1 were
significantly shorter than those in patients with low expression
(Figure 1). To investigate the relationship between LAIR-1 and the
other immune related genes, we analyzed the correlations between
LAIR-1 expression and immune marker genes in the TIMER
databases, including CD8A, GZMA, TNF and IENG. The results
revealed that LAIR-1 expression level was positively correlated
with T cells related immune genes (Figure S2). These analyzes
suggest that targeting LAIR-1 could serve as a potential therapeu-
tic treatment in both hematologic and solid malignancies.

Construction and characterization of LAIR-2 fusion
protein

Since LAIR-2 can function as a natural competitor for LAIR-
1, we developed a novel recombinant protein to block LAIR-
1-mediated immune suppression by fusing the human LAIR-2
with human IgG-Fc, according to the structure indicated in
Figure 2(a). For LAIR-1 blocking experiments, the Fc frag-
ment was mutated with N297A to prevent binding to Fc
receptors. We further mutated the Fc domain with T250Q/
M428 L mutations to increase the FcRn binding ability, and
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Figure 1. Association of LAIR-1 mRNA expression levels with overall survival.

Effect of LAIR-1 expression level on patient survival were analyzed using the UALCAN (http://ualcan.path.uab.edu/index.html) database. Kaplan-Meier curves showing
the difference of overall survival between high and low LAIR-1 expression in patients of LGG (Brain Lower Grade Glioma), COAD (Colon adenocarcinoma), KIRC
(Kidney renal clear cell carcinoma), MESO (Mesothelioma), OV (Ovarian serous cystadenocarcinoma) and UVM (Uveal Melanoma).
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Figure 2. Engineering and characterizing of LAIR-2-Fc recombinant protein. (a) Structural model of LAIR-2-Fc fusion protein generated in this study. The format is
comprised of 1gG-Fc linked to LAIR-2 fragments. (b) A summary of the properties of LAIR-2-Fc and the control IgG1. (c) Apparent binding affinities of the LAIR-2-Fc
recombinant protein. Increasing concentrations of LAIR-2-Fc was incubated with collagen-expressing A431 and BxPC-3 cells. The binding of LAIR-2-Fc to both cell
lines was assessed by flow cytometry. All data are presented as the mean = SEM (n = 3) from one of three representative experiments.

the resultant recombinant protein exhibited high yield, stabi-
lity, and a longer serum half-life (Figure 2(b)). With two
human LAIR-2 fragments, the tetravalent protein is supposed
to have a higher binding affinity to collagens. Therefore, we
tested the capacity of LAIR-2-Fc fusion protein to bind tumor
cell-expressed collagens on cancer cell lines. The binding
affinity of the recombinant protein to collagen-expressing
cell lines A431 and BxPC-3 was determined using flow

cytometry, as Kp of 31.55 nM (+3.5) and 42.23 nM (£3.7)
(Figure 2(c)), respectively.

Reversal of LAIR-1-mediated immune suppression by
LAIR-2 in vitro

First, we demonstrated that LAIR-2-Fc fusion protein inhib-
ited collagens binding to LAIR-1-expressing U937 AML cells
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Figure 3. LAIR-2 reversed immune suppression mediated by LAIR-1. (a) LAIR-2-Fc blocked the binding of collagen I/Ill to LAIR-1-expressing U937 AML cells in a dose-
dependent manner. Ninety-six-well plates were coated with collagen | or Ill. Subsequently, collagen I or Il was incubated with different concentrations of LAIR-2-Fc
fusion protein or control IgG protein. CSFE-labeled U937 cells expressing hLAIR-1 were allowed to interact for 3 h. Percentage of adhering cells is shown. (b) Collagen-
mediated suppression of IFN-y and TNF-a production in human T cells is blocked by LAIR-2. T cells were stimulated with anti-CD2, anti-CD3 and anti-CD28 in the
presence of collagen | (10 pug/mL), LAIR-2-Fc or control IgG. IFN-y and TNF-a were measured in culture supernatants using IFN-y- or TNF-a specific ELISA. Data
represent the mean + SEM (n = 3). *P < .05; **P < .01; ***P < .001; ****P < .0001.

in a dose-dependent manner. LAIR-2-mediated inhibition of
binding activity is shown as a percentage of maximum bind-
ing activity in Figure 3(a). Next, we investigated whether
LAIR-2-Fc fusion protein could prevent immune suppression
caused by LAIR-1 binding to collagen and promote antitumor
immune activity. To this end, we stimulated T lymphocytes
obtained from healthy individuals with anti-CD2, anti-CD3
and anti-CD28 in the presence or absence of collagen and
LAIR-2-Fc fusion protein. As shown in Figure 3(b), binding
of collagen I to human T cells reduced the production of IFN-
y and TNF-a. Preincubation of collagen with LAIR-2-Fc
increased IFN-y and TNF-a expression, suggesting that
LAIR-2 reversed the collagen-mediated inhibition of
T immune cell function in a dose-dependent manner.

Antitumor activity of LAIR-2 fusion protein in vivo

To further examine the in vivo efficacy of blocking collagen-
hLAIR-1 interaction, xenograft models of collagen-expressing
human cancer cells were used. A431 or BxPC-3 cells, with high
expression levels of collagens and capacity to bind human LAIR-
1/LAIR-2,”” were transplanted subcutaneously into T and B cell-
deficient NOD/SCID mice to develop tumors. Once the tumors
became palpable, the mice were injected intravenously with
T lymphocytes from healthy human donors in the presence or
absence of LAIR-2-Fc fusion protein, according to the schedule
(Figure 4(a)). As shown in Figure 4(b), injections of LAIR-2-Fc
fusion protein and human T cells induced significant tumor
regression in both A431 and BxPC-3 xenograft models com-
pared with mice treated with a control.

In addition, we sought to determine whether blocking col-
lagen-hLAIR-1 interaction may induce infiltration of immune
cells in the tumor microenvironment. Flow cytometric analysis
of tumor-infiltrating immune cells isolated from LAIR-2-Fc
fusion protein-treated A431 tumors on day 30 showed signifi-
cantly more infiltration of human CD8+ cytotoxic T cells,
compared to PBS-treated tumors (Figure 4(c)). The strong
control of tumor growth observed by LAIR-2-Fc fusion protein
also coincided with increased antitumor immunity. Protein-
expression signatures associated with productive IFNy
responses and TNFa responses were significantly enriched
after therapy (Figure 4(d)). Collectively, these results suggest
that LAIR-2-Fc fusion protein can promote T cell recruitment
and antitumor T cell responses in the TME that induce sus-
tained tumor regression in mouse models of cancer.

LAIR-2 fusion protein and PD-1/PD-L1 inhibition
synergized to control tumor growth

Based on the above findings, we hypothesized that blocking
LAIR-1-collagen interaction would synergistically enhance
anti-PD-1/PD-L1 immunotherapy. We subcutaneously
injected collagen- and PD-L1-positive A431 cells and
BxPC-3 tumor cells into NOD/SCID mice respectively.
When the tumor volumes reached 100-150 mm?>, the mice
were injected intravenously with T Iymphocytes from
healthy human donors in the presence or absence of
LAIR-2-Fc fusion protein and an anti-human PD-1 anti-
body (Pembrolizumab), alone or together (Figure 5(a)).
Mice treated with LAIR-2-Fc fusion protein or
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Figure 4. Antitumor activity of LAIR-2 fusion protein in vivo. (a) Treatment plan of mouse xenograft model. NOD/SCID mice subcutaneously transplanted with A431 or BxPC-
3 cells were treated with the indicated proteins (n = 8 per treatment group) when palpable tumors (100 0150mm?) were formed. Tumor-xenografted NOD/SCID mice were

intravenously injected on day 7 and day 14 with human T cells (1 x 107 cells/mouse).

LAIR-2-Fc (5 mg/kg) or IgG control were injected intravenously every three days. (b)

Tumor volumes are plotted as the mean + SEM. ***p < .001; ****p < .0001, p-values were derived from two-way ANOVA. (c) Tumor-infiltrating CD8 + T cells were analyzed
by flow cytometry. A431 tumors were harvested on day 30. CD8 + T cells were gated on CD45+ CD3+ CD8+ populations. (d) TNF-a and IFN-y protein concentrations
measured in tumor cells isolated from A431 tumors after treatment (n = 6 biological replicates; **P < .01, and ****P < .0001 compared to PBS).

pembrolizumab alone exerted an effect on the inhibition of
tumor growth, while remarkable tumor regression was
observed in the combination-treatment group as measured
by tumor volume. (Figure 5(b)). Consistent tumor regres-
sion was also observed using the combination strategy
against established BxPC-3 tumor model (Figure 5(c)).

We then evaluated the efficacy of the combination strategy
using an A431 tumor model in which LAIR-2-Fc and/or pem-
brolizumab were simultaneously injected during A431 cell
implantation. The therapeutic efficacy of either single agent was
limited, whereas the combination therapy exhibited synergistic
effects and restrained the tumor progression (Figure 5(d)). In
conclusion, the results showed that combination therapy of block-
ing LAIR-1-collagen interaction and anti-PD-1/PD-L1 immu-
notherapy led to significant elimination of human tumor cells.

Tumor lysis by LAIR-2 fusion protein in immune
competent mice

The mouse homologue of LAIR-1 (mLAIR-1) shares 40%
sequence identity with hLAIR-1,** and is known to bind col-
lagens expressed by human tumor cells.”” We also proved in vitro
that LAIR-2-Fc fusion protein will block the interaction between
human collagen I and mouse LAIR-1 (Figure S3). Therefore, we

tested the antitumor activity of LAIR-2-Fc fusion protein in
immune competent mice. EL4-COL1A1 cells, a murine lym-
phoma cell line (without expression of mouse LAIR-1 and col-
lagens) transfected with human COLIAI gene (collagen I) to
facilitate tumor growth, were subcutaneously injected in C57BL/
6 ] mice. Mice were treated with LAIR-2-Fc fusion protein or IgG
control when the tumor volumes reached 100-150 mm?. Proteins
were administered by i.v. injection. As shown in Figure 6(a), we
observed that mice treated with LAIR-2-Fc fusion protein had
delayed tumor growth and smaller tumors than mice treated with
a control. Consistent tumor regression was also observed in the
A20-COLIA1 tumor model after the treatment of LAIR-2-Fc
fusion protein (Figure 6(c)). Additionally, in agreement, we con-
firmed that LAIR-2-Fc fusion protein promoted cytokine produc-
tion and upregulation of markers associated with T cell
cytotoxicity such as granzyme B, as T cells from LAIR-2-Fc treated
mice expressed significantly more granzyme B and IFN-y respec-
tively than T cells from IgG control-treated mice (Figure 6(b)).

Discussion

Tumor cells use multiple strategies to avoid or block antitumor
immune responses. One such mechanism involves hijacking nor-
mal immune regulatory mechanisms. Most cells of the immune
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Figure 5. Targeting LAIR-1 synergized with anti-PD-1 blockade. (a) Treatment plan of the combination therapy. NOD/SCID mice subcutaneously transplanted with
A431 or BxPC-3 cells (both collagens and PD-L1 are expressed) were treated with the indicated proteins (n = 8 per treatment group) when palpable tumors
(1000150mm> were formed. Tumor-xenografted NOD/SCID mice were intravenously injected on day 7 and day 14 with human T cells (1 x 107 cells/mouse). LAIR-
2-Fc (5 mg/kg) with or without anti-PD-1 mAb (10 mg/kg) were injected intravenously every three days. (b, ) Tumor volumes of A431 (b) and BxPC-3 (c) xenograft
models are plotted as the mean + SEM. (d) A431 cells were injected s.c. into mice (n = 10 mice/group). Antibodies were simultaneously administered injected during
A431 cell implantation by i.v. injection. Tumor volumes are plotted as the mean + SEM. ns mean non- significant, *P < .05 and ****P < .0001.

system express multiple immune inhibitory receptors.
Immunoreceptor tyrosine-based inhibition motif (ITIM) contain-
ing receptors have been shown to inhibit signaling from immu-
noreceptor tyrosine-based activation motif (ITAM) containing
receptors, and the majority of these receptors are involved in
tumor development and regulation of the immune system.*
ITIM receptors and their downstream signaling molecules have
been demonstrated as potential therapeutic targets to treat cancer,
such as PD-1, CTLA-4, Siglec-15, and LILRB1.>"**

Our approach targeting a representative ITIM-receptor LAIR-
1 identified a novel potential angle to combat cancer. Researches
have showed LAIR-1 overexpression as a consequential factor in
the development of kidney and ovarian cancers."*** Using bioin-
formatics analysis, we identified LAIR-1 overexpression in a broad
range of tumor types, and in several tumors this expression
significantly correlated with poor overall survival rates in patients.
Taking advantage of the natural LAIR-2 regulatory system in
humans, we established a recombinant LAIR-2-Fc fusion protein
that can block the interaction between LAIR-1 and its ligand
collagens. We observed a reversal of T cell immune suppression
in vitro when LAIR-2-Fc fusion protein was added to the culture.
Moreover, LAIR-2-Fc fusion protein administration delayed
tumor growth in immune-deficient mice injected with human
T cells and in C57BL/6] mice. In addition, antitumor activity of
LAIR-2-Fc correlated with increased infiltration and function of
CD8 + T cells in the TME, supporting our hypothesis that elim-
inating or blocking the binding of LAIR-1 to collagen can restore
normal immune function and result in antitumor activity.

The inhibitory potential of LAIR-1 was initially demon-
strated by cross-linking the molecule via mAb in vitro. In

addition to T cells, crosslinking of LAIR-1 on human NK
cells delivers a potent inhibitory signal that is capable of
inhibiting target cell lysis by resting and activated NK
cells."” LAIR-1 can also suppress neutrophil tissue migration
and acts as a negative regulator of neutrophil-driven airway
inflammation during lung diseases.®* Furthermore, Clq is
a functional ligand for LAIR-1 besides collagen, and Clq-
LAIR-1 interactions inhibit DC (dendritic cell) differentiation
and activation, which can be reversed by LAIR-2.*° These
studies suggest that, besides suppressing T cell immune
responses in the TME, interactions between LAIR-1 and col-
lagen or C1q may result in the suppression of various immune
cells. Furthermore, eliminating these interactions is likely to
restore the antitumor activities of T cells, DCs, macrophages,
PMNs (polymorphonuclear neutrophils), etc. It will be impor-
tant to investigate the underlying mechanisms by which
LAIR-1 supports cancer progression and the consequences
of blocking LAIR-1-collagen/Clq interaction.

ITIM receptors represent ideal targets for treating tumors,
and strategies targeting these receptors have achieved great
success, such as PD-1/PD-L1, CD47/SIRPa blockade
therapies.”®’® However, to our knowledge, targeting LAIR-1 to
treat tumors has not yet been reported. We not only showed
that blocking LAIR-1 could inhibit tumor growth, but also
indicated its potential to enhance the efficacy of PD-1 blockade
by combination therapy via an improvement in the immune
functions of T cells. Given the wide expression of LAIR-1 in
multiple tumor subtypes, therapies blocking LAIR-1 could be
applied in combination with other immune checkpoint block-
ers. Our study shows a potential target for a wide spectrum of
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Figure 6. Tumor lysis by LAIR-2 fusion protein in immune competent mice. (a)
Effect of the LAIR-2 fusion protein on the growth of murine lymphoma cell line
EL4 transfected with human COL1A1 gene in C57BL/6 J mice. EL4-COL1A1T cells
were mixed in solubilized basement membrane matrix and injected subcuta-
neously into female mice (n = 6-8/group). Proteins were administered by i.v.
injection on days 0, 4, and 8. Animals were monitored for tumor growth. Tumor
volumes are plotted as the mean = SEM. (b) IFNy and granzyme B protein
concentrations measured in T cells isolated from EL4-COL1A1 tumors after
treatment (n = 5 biological replicates). (c) A20- COL1A1 cells were injected
subcutaneously into female BALB/c mice (n = 6-8/group). LAIR-2 fusion protein
or IgG control were injected intravenously on days 0, 4, and 8. Animals were
monitored for tumor growth. Tumor volumes are plotted as the mean + SEM.
*P < .05, ***P < .001 and ****P < .0001.

tumors, and combination with conventional therapies may
prove to be an effective strategy for the elimination of cancers
that cannot be treated by present therapies.
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