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Abstract

We recently reported that resistance to PD-1-blockade in a refractory lung cancer-derived model
involved increased collagen deposition and the collagen-binding inhibitory receptor leukocyte-
associated immunoglobulin-like receptor 1 (LAIR1), and thus we hypothesized that LAIR1 and
collagen cooperated to suppress therapeutic response. Here, we report LAIR1 is associated with
tumor stroma and is highly expressed by intratumoral myeloid cells in both human tumors

and mouse models of cancer. Stroma-associated myeloid cells exhibit a suppressive phenotype
and correlate with LAIR1 expression in human cancer. NGM438, a novel humanized LAIR1
antagonist monoclonal antibody, elicits myeloid inflammation and allogeneic T cell responses
by binding to LAIR1 and blocking collagen engagement. Further, a mouse-reactive NGM438
surrogate antibody sensitized refractory KP mouse lung tumors to anti-PD-1 therapy and resulted
in increased intratumoral CD8+ T cell content and inflammatory gene expression. These data
place LAIRL1 at the intersection of stroma and suppressive myeloid cells and support the notion
that blockade of the LAIR1/collagen axis can potentially address resistance to checkpoint inhibitor
therapy in the clinic.
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INTRODUCTION

Immunotherapy has dramatically changed the treatment landscape for patients diagnosed
with solid and liquid cancers. Despite advances in the field, a significant fraction of

patients either fail to respond or develop acquired resistance during treatment with immune
checkpoint blocking agents [1]. Thus, efforts to uncover the nature of such resistance are
needed to develop more effective therapeutic strategies. Such efforts have identified the
collagen-rich stroma as a potential source of resistance, warranting innovative approaches

to target this compartment in the context of checkpoint inhibitor therapy [2,3]. Our group
and others have shown that acquired resistance to immune checkpoint blockade is associated
with collagen deposition in the tumor microenvironment [4]. Further, collagen prevalence
correlates with poor prognosis in diverse cancers, suggesting the extracellular matrix (ECM)
is also involved in disease progression [5—7]. While therapeutics that modulate ECM
remodeling such as MMPs have been proposed, they are mostly ineffective due in part

to lack of specificity and undesirable side effects [8].

As collagen has been demonstrated to regulate both T cell activity and macrophage
function, stroma-derived resistance likely arises at the intersection of ECM and immune
cell interactions [9-11]. Immune cells can express a variety of collagen receptors, including
the receptor tyrosine kinase DDR1, adhesion-promoting integrins, and the ITIM-containing
inhibitory receptor LAIR1 [12]. LAIR1 is a hematopoietic lineage-restricted collagen
receptor reported to regulate diverse responses across both innate and adaptive immune

cell types, including activation, differentiation, and antigen recognition [13]. Therefore
LAIR1/collagen engagement represents an immune modulating function of the ECM and an
opportunity for tumors to inhibit antitumor immune response [14-16].

Indeed several groups have proposed strategies to disrupt the collagen-LAIR1 interaction
[4,17-19].

We propose that specific inhibition of LAIR1/collagen engagement will restore immune
cell functionality and cytotoxicity, thus enabling response in otherwise resistant tumors. In
the current study, we assessed the association of LAIR1 with stroma in human cancer and
describe a novel LAIR1/collagen antagonist. We found that LAIR1 expression was higher
in tumors with abundant stroma in most solid tumor indications, and that the majority

of intratumoral LAIR1 content was derived from the myeloid compartment. Using spatial
transcriptomic profiling, we found that stroma-associated myeloid cells are distinct from
their non-stromal counterparts, having features of immunosuppressive cells and correlating
with LAIR1 expression in cancer. NGM438, a novel monoclonal antibody antagonist of
LAIR1/collagen engagement, potently polarized collagen-suppressed myeloid cells and
activated collagen-suppressed T cells. Finally, we show that a mouse reactive NGM438
surrogate antibody combined with anti-PD-1 blocks primary and metastatic tumor growth in
refractory, stromal-rich tumor models.

Mol Cancer Ther. Author manuscript.
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MATERIALS AND METHODS

Staining of human tumor sections

Tissue sections from HNSCC, PDAC, NSCLC, or RCC were cut at 4 um and baked at 60°C
for 2 hours. IHC was performed using a Bond Polymer Refine Detection kit on the Leica
Bond Rx autostainer, which included dewaxing, heat-induced epitope retrieval, antibody
incubation, signal detection, and hematoxylin counterstaining. LAIR1 was detected using
anti-LAIR1 clone NKTA255 (ThermoFisher; MA1-33620). Slides were removed from the
autostainer, rinsed in water, dried, and cover slipped using Surgipath MM 24 Mounting
Media. Slides were scanned at the 40X magnification using a Leica Aperio AT2 slide
scanner. Patient n; HNSCC = 30, NSCLC = 27, PDAC = 13, RCC = 31. Adjacent tumor
sections were stained for collagen using Pico Sirius red.

TCGA analyses

Gene expression data were analyzed using Omicsoft Land B37 (Qiagen). Gene sets

were assessed by compiling aggregate gene sums, and quartiles were defined within
individual indications. LAIR1 gene expression and TME gene sums were exported and
analyzed using Graphpad Prism software. Data from normal tissues were excluded from
all analyses. Gene sets queried in the TCGA include the TGFp dominant gene set used

to assess ECM (COL1A1, COL3A1, COL5A1, COL6A1, COL6A3, TIMPI; [20]) and the
gene set enriched in SAM (TPSABI, F13A1, CCL13 CD163 FOLRZ, CCL2, TCRB,
ADAM19, WIPF1, SEPP1, DUSP1, GEM, MRC1, OLFMLZ2B, HSPA6, RCN3, FCGRZC,
FGD2, TMEM176B, GIMAP7, RASSF4, TSC22D3, LRRC15, CCL18, LTB, DAB2, EMB,
RUNXI, PLTE, CIITA, RASA3, CYTIP, PRDM1, HERPUDI, STAB1, MAF, SLC40A1,
ANXA6, GADD45B, GGTAIF, PARVG, TRAF1, MCTP1, LCP2, HLA-DPBI1, LYZ,
LGALSI1, GGT5, HLA-DQA1, SLCOZ2B1, HLA-DPA1, MAFB, LIXIL, TXNIP, CCLS,
HLA-DRBI1, RGS2, FPR1, PDK4, HLA-DRA, CXCR4, EMP3, ANKRD44, AMICAL,
JAK3, TMEM176A, ZFP36, SORCSZ, CD74, ARHGEF10L, CLMF, ARHGDIB, HLA-
DQBI, HGF, FYN, LIMDZ, CD69, CLEC7A, TNFAIP3, GLCCI1, TRAC, P2RY13,
CDC42EP3, CYP1B1, S100A4, PTPRCAF, CD6, NEK6, SFTPD, DIOZ2, ARHGEFI,
RENBF, ZEB2, PFKFB3, SORBS3, VVS1G4, NBPF14, VIM, PRKCB, SLAMF8, RUNXZ,
ALOXS5, RGL1, TBC1DI0C, LILRA4, IL2RA, CXCL12, HSD11B1, LPXN, CD5,
FCGRIA, PIWILZ, ISM1, GNMT, DOCKZ2, TGFBRZ2, MMP3, SERPING1, MARCKS,
GPC6, APOD, LOX, CITEDZ, AIF1, NOTCH2NL, SLC1A3 SH3BGRL, and FKBP5).

Analysis of single cell RNAseq datasets from human and mouse

All single cell RNAseq datasets and cell type annotations were previously described. For
the NSCLC dataset [21], myeloid cells were defined by the myeloid cluster; T cells were
defined by the T_cell cluster; and others were defined by combining B_cell, tumor, alveolar,
endothelial cell, fibroblast, and epithelial cell clusters. For the breast cancer dataset [22],
myeloid cells were defined by combining macrophage, monocyte:precursor, monocyte,
neutrophil, mDC, and MAST clusters; T cells were defined by combining T:CD4+Naive,
T:CD8+EM, T:CD8+Naive, T:CD4+CM, T:CD4+EM, T:Reg, and T:CD8+CM clusters; and
others were defined by combing NK:CD56+16+3+NKT, B, NK:CD56+16+3-, pDC, and
NK:CD56-16+3- clusters. For the PDAC dataset [23,24], myeloid cells were defined by the

Mol Cancer Ther. Author manuscript.
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macrophage cluster; T cells were defined by the T cell cluster; and others were defined by
combining Ductal cell type 2, Stellate cell, Endothelial cell, Ductal cell type 1, Fibroblast
cell, B cell, Endocrine cell, and Acinar cell clusters. For the CRC dataset [25], myeloid
cells were defined by combining the myeloid and Mast clusters; T cells were defined as the
T/NKI/ILC cluster; and others were defined by combining Epithelial, B, Plasma, and Stromal
clusters. For the RCC dataset [26], myeloid cells were defined by combining FOLR2-Hi
TAM, GPNMB-Hi TAM, VSIR-Hi TAM, CD16+/- Monocyte, CXCL10-Hi TAM, DC,
Cycling TAM, and Mast cell clusters; T cells were defined by combining Effector T-Helper,
Cycling CD8+ T cell, CD8+ T cell, T-Reg, and Memory T-Helper clusters; and others

were defined by combining FGFBP2+/- NK, NKT, and Cycling Tumor clusters. For the
pan-can mouse dataset [27], myeloid cells were defined by the macrophage cluster; T cells
were defined by the T cell cluster; and others were defined by combining CT26, MC38,
LL2, EMT6, B16F10, SALIN, CAF, and pDC clusters. For the T3 mouse tumor dataset
[28], myeloid cells were defined by combining the Macrophages and Neutrophils clusters;
T cells were defined by combining CD4_Tcells, CD8_Tcells, and Treg clusters; and others
were defined by combining NK and plasmacytoid_DCs clusters. The melanoma dataset
GSE120575 was used to assess LAIR1 in responders versus nonresponders [29].

Digital spatial profiling

Freshly cut sections were first confirmed to contain adequate RNA quality using RNAscope
LS 2.5 Probe Hs-PPIB (Advanced Cell Diagnostic, 313908). Adjacent tissue sections were
then subjected to a whole transcriptome assay using guidelines from the manufacturer
(GeoMx Human Whole Transcriptome Atlas; manual reference MAN-10115-05). Briefly,
slides were deparaffinized and rehydrated in DEPC-treated water before being subjected to
antigen retrieval using Tris-EDTA pH 9. Antigen retrieval was performed for 15 minutes

at 99°C in a steamer using prewarmed buffer, and slides were then washed in PBS at

room temperature for 5 minutes. Slides were then transferred to a 1 ug/mL proteinase K

in PBS solution prewarmed to 37°C and incubated for 15 minutes, then washed in PBS

for 5 minutes, and finally postfixed in 10% neutral buffered formalin (NBF) for 5 minutes.
Slides were then washed twice in NBF stop buffer, and once in PBS. Slides were wiped

and 200 pL hybridization solution was then applied. Hybridization was allowed to proceed
overnight at 37°C for 16 hours. After hybridization, slides were subjected to 2 stringent
washes at 25 minutes each at 37°C, then washed twice in 2X SSC buffer. Cells were then
blocked with Buffer W at room temperature for 30 minutes in the dark, then subjected

to staining with the morphology panel for 1 hour in the dark at room temperature. The
morphology panel consisted of Syto-13 (ThermoFisher, S7575), anti-smooth muscle actin
A488 clone 1A4, anti-pan cytokeratin A594 clone AE-1/AE-3, and anti-CD68 A647 clone
KP1. Slides were then washed twice in 2X SSC and immediately transferred to the GeoMx
instrument for stromal and tumor nest ROI selection. CD68+ cells were masked within these
ROIls, and 8 um-wide contour-based TME masks spaced 2 pm away from the edge of the
CD68 masks were then applied using ImageJ. Probes from all masks were collected and
subjected to library preparation and subsequent sequencing using an Illumina HiSeq 4000.
FASTQ files were then processed into DCC files using GeoMx NGS pipeline implemented
at NGM. Data was then imported into the GeoMx instrument, background corrected, scaled,
Q3-normalized, then exported as linear counts for analysis. Ingenuity pathway analysis

Mol Cancer Ther. Author manuscript.
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(Qiagen) was performed on DEGs, and pathways with Z-scores or bias corrected Z-scores >
2 and p values < 0.05 considered relevant.

Surface plasmon resonance

The ability of NGM438 to bind to recombinant human LAIR1-his and cynomolgus monkey
LAIR1-his proteins was evaluated using surface plasmon resonance (SPR, Biacore, GE
Healthcare Life Sciences) at 25°C. NGM438 was captured on flow cell 2, 3 and 4 of an anti-
human Fc (fragment crystallizable region of antibody) capture surface. LAIR1-his proteins
were injected at different concentrations (0.82 nM - 200 nM, 3-fold dilutions) onto all flow
cells (flow cell 1 used as a reference surface) at a high flow rate (30 yuL/min). Captured
proteins were removed by injecting 3M MgCI2 for 30 seconds. The above experiment was
also repeated on a Protein-A chip surface under similar conditions. Raw binding data were
fitted to a 1:1 Langmuir binding model using BiaEvaluation software to calculate binding
parameters, including KD (binding dissociation constant). Each experimental surface was
carried out in triplicate (on three different flow cells with different NGM438 capture levels)
for a total of n=6 data sets. NGM438 binding characteristics to human and cynomolgus
monkey LAIR2, as well as rodent LAIR1, were evaluated in a similar manner. Rodents do
not have a LAIR2 gene and therefore binding to rodent LAIR2 could not be assessed.

LAIR1-GFP reporter assays

The ability of anti-LAIR antibodies to antagonize the interaction between LAIR1 and
collagen was evaluated using a flow cytometry-based reporter cell assay. Chimeric reporter
cells were generated by fusing the ECD of human, cynomolgus monkey, or murine

LAIR1 with the transmembrane and intracellular signaling domains of CD3( (cluster of
differentiation 3 zeta chain). This LAIR1-CD3( construct was inserted into a retrovirus
used for stable infection of a mouse T-hybridoma cell line containing a DNA element

with a nuclear factor of activated T-cells (NFAT) promoter upstream of green fluorescent
protein (GFP). In these reporter cells, NFAT signaling results in GFP expression that can be
measured by flow cytometry. In some experiments, plates were coated overnight at 4°C in
PBS with 1ug/mL human collagen type 1 or 1 ug/mL human collagen type 4. In separate
experiments, plates were prepared with 4mg/mL polymerized collagen matrix. Collagen
matrix was prepared on ice using high concentration rat tail collagen and 50mM HEPES in
RPMI 1640 and 10% heat-inactivated fetal bovine serum (FBS) and solidified on 96-well
plates at 37°C. In separate experiments, BEND3 (ATCC) tumor cells expressing collagens
were added to plates. Antibodies were added in a dose titration prior to addition of reporter
cells in RPMI 1640 and 10% heat-inactivated FBS, and the mixture was incubated at 37°C
overnight. GFP expression was measured by flow cytometry (LSRFortessa, BD Biosciences)
and analyzed by FlowJo (BD Biosciences). GFP+ cells were defined by comparing the
gates of uncoated wells vs. wells coated with an anti-LAIR1 mAb positive control. Each
experiment was carried out three or more independent times.

Collagen-driven myeloid reprogramming

Dendritic cells were derived from monocytes, which were purified from PBMCs using a
human pan monocyte isolation kit (Miltenyi). DCs were generated by culturing monocytes
in X-VIVO 15 media (Lonza) containing 50 ng/mL recombinant human GM-CSF

Mol Cancer Ther. Author manuscript.
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(Peprotech) and 50 ng/mL recombinant human IL-4 (Peprotech) for 5-6 days. 96-well
tissue culture plates (Corning) were coated with 5 ug/mL human collagen type 1 (Millipore
Sigma) in PBS overnight at 4° C, then washed in PBS. 1 x 10° DCs were added to

the plates with anti-LAIR1 or an isotype control antibody at the listed concentrations

then incubated for 2 days at 37° C. Conditioned media was collected the next day

and analyzed using Luminex (ProcartaPlex, ThermoFisher). RNA was also extracted and
subjected to sequencing using the TailorMix Directional RNA Sample Preparation Kit
(SegMatic, TM200-A) and sequenced on an Illumina NovaSeq S1 (100 bp single-end reads;
an average of 24 million reads were generated for each sample). To align sequences, raw
reads were filtered via Trim Galore! in order to eliminate low-quality and adaptor bases,
and reads less than 20 nucleotides were removed. Mapping of filtered reads to UCSC

hg19 genome sequences was performed using STAR (v2.6.0a). Counts were created using
featureCounts (v1.6.2), and edgeR (v3.22.3) was used to generate normalized counts and
execute DEG analysis [30,31]. Volcano plots were generated using VolcaNoserR [32]. Top
hits were ranked using Manhattan distance criterion. IPA was performed as described above.
Experiments were performed using at least 3 independent donors.

Fc-receptor activation assay

96-well MaxiSorp (Nunc) plates were coated with 5 ug/mL human 1gG1 antibody in the
presence or absence of 1 pg/mL human collagen type 1 (Millipore Sigma) in PBS for

2 hours at room temperature followed by washing the plates in PBS. 7 x 104 monocyte-
derived dendritic cells were added to the plates with the indicated antibodies at the listed
concentrations, or 5 pg/mL for single dose experiments, and incubated overnight at 37°
C. Supernatants were collected the next day and tumor necrosis factor alpha (TNFa.)
production was measured using Luminex (ProcartaPlex, ThermoFisher Scientific).

Collagen-skewed mixed lymphocyte reaction

Human T cells were purified from PBMCs using a human pan T isolation kit (Miltenyi).
96-well plates were coated with 5 pg/mL human collagen type 1 (Millipore Sigma) in PBS
overnight at 4° C. The plates were then washed and 1 x 10° allogeneic pan T cells and 2.5
x 104 monocyte-derived dendritic cells and were added to each well with experimental
antibodies. Cells were then incubated for 4-5 days at 37° C. Conditioned media was
harvested for measurement of cytokine production by Luminex assay (ProcartaPlex system;
ThermoFisher). To measure proliferation, fresh media containing tritiated thymidine ([3H]-
thymidine; Perkin-Elmer) was added at a concentration of 1 uCi/mL. After an additional
overnight incubation, cells were harvested on to filters using a Harvester96™ (Tomtec) and
3H-thymidine incorporation was counted on a MicroBeta2 microplate reader (PerkinElmer).
NGM438, isotype control antibody (anti-KLH), and anti-PD-1 (pembrolizumab) were each
used at 5 ug/mL final concentration.

Flow cytometry-human

To assess LAIR1 on circulating and intratumoral myeloid cells, matched blood and resected
tumor samples collected on the same day from 15 patients diagnosed with various solid
cancers. Circulating monocytes were assessed in PBMCs isolated from buffy coats. Briefly,
blood samples were first diluted in 50 mL conical tubes with an equal amount of PBS

Mol Cancer Ther. Author manuscript.
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then gently mixed by inverting. Ficoll was added to new 50 mL tubes using 8 mL Ficoll

for every 20 mL diluted blood. Diluted blood was then overlaid onto the Ficoll. Tubes

were then centrifuged at room temperature at 350 x g for 30 minutes with the brake

set to the off position. After density gradient centrifugation, buffy coats were removed,

then washed 3 times in PBS. Intratumoral macrophages were assessed in matched tumor
resections. Tumors were first dissociated using a tumor dissociation kit per the included
instructions (Miltenyi; 130-095-929). Tumors were minced then subjected to mechanical
and enzymatic digestion. Digested tumor was filtered through a 70 um strainer then

washed 3 times in PBS with BSA. Cells were then suspended in PBS. PBMC and
dissociated tumor were both stained with 1X Live Dead Fixable Violet Dead Cell Dye

in PBS (ThermoFisher, L23105), washed, then suspended in 1X Fc Block buffer and
incubated on ice for 30 minutes. A master mix cocktail containing anti-CD45 PE-CF594
clone HI30, anti-CD14 BUV805 clone M5E2, anti-CD15 BV786 clone H198, anti-CD11b
BV650 clone M1/70, and anti-LAIR1 BUV395 clone DX26 was then applied to the Fc
Blocked-cells and the mixture was allowed to incubate for 30 minutes on ice. Cells were
washed twice and measured by flow cytometry using an LSRFortessa (BD Biosciences) and
analyzed by FlowJo (BD Biosciences). Statistical analysis was performed using a paired
T-test between the LAIR1 geoMFI on gated peripheral monocytes and tumor-infiltrating
macrophages (Graphpad Prism). For assessment of LAIR expression between NHD and
CPI, and NGM438 occupancy, blood was procured from Discovery Life Sciences (CPI) and
Innovative Research (NHD). 4 mL blood from each donor, was mixed with 160 mL red
blood cell lysis buffer (1% ammonium chloride) and incubated in the dark for 15 minutes,
inverting the mixture every 3 minutes. This was then divided into 50mL conical tubes and
centrifuged for 20 min at 500 x g at ambient temperature. Cells were resuspended in 10

mL stain buffer, and pipetted into a 15 mL conical tube, then centrifuged at 500 x g at
ambient temperature. Cells were resuspended in 4 mL 1X Live Dead Fixable Blue Dead
Cell Dye and incubated in the dark on ice for 20 minutes. Cells were then washed in
phosphate-buffered saline (PBS) twice and resuspended in 2 mL 2X fragment crystallizable
(Fc) block and aliquoted in a 96 well plate and incubated at room temperature for 10
minutes. A 1:4 dilution series of NGM438 covering 8 dilutions and starting at 15 pg/mL
was then applied to the plate and incubated for 30 minutes at room temperature, followed
by the addition of a master mix of antibodies (anti-CD45 APC-H7 clone 2D1, anti-CD3
PE-Cy7 clone SK7, anti-CD33 PE clone WM53, anti-CD19 BUV805 clone SJ25C1, anti-
CD8 BUV395 clone RPA-TS, anti-HLADR BV711 clone L243, anti-CD15 BV605 clone
W6D3, anti-CD56 BV421 clone 5.1H11), NGM438-competing antibody (clone 62G10
labeled with AlexaFluor 647), and NGM438-noncompeting antibody (clone 57D12 labeled
with AlexaFluor 488) then incubated at room temperature in the dark for 30 minutes. Cells
were washed twice, fixed in Fluorofix for 30 minutes at room temperature, then washed.
Cells were then acquired by flow cytometry using an LSRFortessa (BD Biosciences) and
analyzed by FlowJo (BD Biosciences). LAIR1 expressing cells were gated using NGM438
non-competing antibody clone 57D12 fluorescence signal. LAIR1 expression was calculated
from the competing antibody (clone 62G10) using a four parameter least squares fit

with variable slope equation (Graphpad Prism) of background-subtracted geometric mean
fluorescence intensity (geoMFI) values. Total endogenous LAIR1 expression was interpreted
as the geoMFI at which LAIR1 was completely unoccupied, defined as the upper signal

Mol Cancer Ther. Author manuscript.
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plateau at lowest NGM438 concentrations, resulting in maximal signal from the competing
antibody from each donor (i.e. best-fit top values).

Cell based binding studies

The ability of NGM438 to bind cells expressing LAIR1 was evaluated using flow cytometry.
In one set of experiments, 293T cells were transiently transfected with plasmids expressing
full length human and cynomolgus monkey LAIR1 using lipofectamine 2000 transfection
reagent (according to the manufacturer’s instructions). Additional cells were transfected
with a plasmid expressing a truncated human LAIR1 isoform with a 17 amino acid ECD
deletion (Accession# Q6GTX8-2, also known as “isoform 2”). Transfected cells were
washed in phosphate buffered saline (PBS) staining buffer containing 1% bovine serum
albumin (BSA) and 0.1% sodium azide. Cells were then stained with a concentration

range of NGM438 or isotype control antibody (anti-keyhole limpet hemocyanin, KLH) that
matched the Fc region of NGM438 for 30 minutes at room temperature, then washed and
stained with fluorescent anti-human Fc secondary antibody for 30 minutes at 4°C. Cells
were washed again followed by detection using flow cytometry (IntelliCyt, Sartorius). An
additional set of cells expressing stable full-length ECD of human and cynomolgus monkey
LAIR1 were also evaluated for NGM438 binding. Each experiment was carried out in
triplicate.

Murine tumor experiments

The murine lung cancer cell line 344SQ was derived from K-rastAV*p53R172HAY* mice

as previously described [33]. 6-8 week old 129/Sv mice were obtained from Charles

River Laboratories. For studying the tumor growth in syngeneic immunocompetent models,
344SQ cells (1x105) were implanted subcutaneously into the right flank of male and

female mice. When tumors reached an average size of 50-100 mm3 anti-LAIR was dosed
10 mg/kg I.P. twice per week and/or anti-PD-1 (Bioxcell) was dosed 8 mg/kg once per
week. Tumor growth was measured with digital calipers once a week, and tumor sizes

were calculated using the formula: ¥2(length x width x width) at indicated time points.

At end points, mice were sacrificed to examine the tumor weight and metastatic lung
nodules as described previously [34]. GEMM (Kras-SL-G12D/p53fl/fly \were generated as
previously described [33,35]. Mice were infected at 3—-4 months of age with 2.5x107 titer
pfu adenovirus-cre by intratracheal intubation. Treatment with antibodies were performed at
2 months post-infections when tumors were visualized by micro-CT imaging. All mice were
immunocompetent and assessed for health daily by the department of veterinary medicine
and surgery at The University of Texas MD Anderson Cancer Center. All animal procedures
were reviewed and approved by The University of Texas MD Anderson Cancer Center
Animal Care and Use Committee.

Immunohistochemistry on murine tumors

Paraffin-embedded 344SQ tumors were processed following standard protocols. Primary
antibodies are listed in Table S1. TUNEL assay kit from Abcam was used following
manufacturer instructions. Quantitation of images was performed using ImageJ—colour
deconvolution plugin and 8-10 FOV per tumor were used with 5 tumors per treatment
group. IHC for collagen I and Ibal was performed using a Bond Polymer Refine Detection

Mol Cancer Ther. Author manuscript.
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kit on the Leica Bond Rx autostainer, which included dewaxing, heat-induced epitope
retrieval, antibody incubation, signal detection, and hematoxylin counterstaining. Collagen
| was detected using anti-collagen clone (E8F4L) XP® Rabbit mAb #72026 from Cell
Signaling, and Ibal was detected using clone (E404W) XP® Rabbit mAb #17198 from
Cell Signaling. Slides were removed from the autostainer, rinsed in water, dried, and cover
slipped using Surgipath MM 24 Mounting Media.

Flow cytometry-murine

Tumors were processed following the MACS (Miltenyi) mouse tumor dissociation Kit.
Tumors were chopped into 2-3 mm fragments and then placed in digestion media.
Mechanical dissociation using the gentleMACS Octo dissociator (Miltenyi) was followed
with incubation at 37°C. RBC lysis buffer (BioLegend) was added to tumor cell suspension
following manufacturer recommendation. Tumor cell suspensions were incubated with anti-
CD16/CD32 to block non-specific binding and then stained for 1 hr at room temperature
with mixture of cell surface fluorochrome conjugated antibodies. For intracellular staining
cells were fixed and permeabilized using BD Cytofix/cytoperm buffer (BD Biosciences).
Cells were then stained with mixture of intracellular mixture of fluorochrome conjugated
antibodies for 1 hr. The stained cells were acquired on a Cytek Aurora and the data analyzed
using FlowJo software. Single color references were validated before running the panel and
spectral unmixing performed.

Murine tumor RNA sequencing

Total RNA from tumors was isolated using Trizol and was purified using an RNAeasy kit
(Qiagen). Total RNA was then prepared for sequencing using the TailorMix Directional
mMRNA sample preparation kit (SeqMatic) and sequenced on an Illumina NovaSeq SP (100
bp single-end reads and an average of 40 million reads were generated for each sample).
For sequencing alignment, RNA-seq data raw reads were filtered using Trim Galore! to
remove low quality and adaptor bases. Reads shorter than 20 nt were discarded. Filtered
reads were mapped to UCSC mm10 genome sequences using STAR (v2.7.6). Counts of all
samples were generated using featureCounts (v2.0.1), and edgeR (v3.40.1) was used to get
normalized counts and perform differential gene expression analysis [30,31,36,37].

Data availability

The data generated in this study are available within the article and its supplementary data
files or upon request from the corresponding authors. Expression profile data analyzed

in this study were obtained from Gene Expression Omnibus (GEO) at GSE114725,
GSE178341, GSE121861, GSE119352, Genome Sequence Archive (GSA) at CRA001160,
and The Broad Institute Single Cell Portal (SCP) at SCP1288. The sequence data generated
in this study are publicly available in Gene Expression Omnibus (GEO) at GSE260596,
GSE260597, GSE260598.
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LAIR1 expression is associated with stroma abundance and is enriched in tumor-
associated myeloid cells

Cancer-immune phenotypes are believed to reflect distinct inhibitory mechanisms that limit
anti-tumor immune response [38]. Thus, to gain insight on the role of LAIR1 in cancer,

we assessed LAIR1 within the context of immune desert, excluded, and inflamed tumors
using pathologist-scored sections from head and neck squamous cell carcinoma (HNSCC).
LAIR1 expression was detected within all immune phenotypes and was observed primarily
in regions with high immune cell infiltration (Fig. 1A). Interestingly, the distribution of
LAIR1 also favored stromal tracks, which suggested LAIR1/collagen engagement was

a feature of stroma-rich cancers (Fig. 1A). To probe the generality of this association,

we first expanded our histological assessment to include samples from pancreatic ductal
adenocarcinoma (PDAC), non-small cell lung cancer (NSCLC), and renal cell carcinoma
(RCC). Indeed, LAIR1-expressing cells were enriched within collagen-rich, picrosirius red
(PSR)-stained, stromal areas across all indications (Fig. 1B). We then assessed LA/R1 gene
expression in the top and bottom ECM quartiles across 31 solid tumor indications within
The Cancer Genome Atlas (TCGA) using an ECM gene set identified in TGFp-activated
fibroblasts [20]. LA/RI expression was significantly higher in the top ECM quartiles in 25
of the 31 indications (Fig. 1C).

Given the link between tumor stroma and immune suppression, we next asked whether this
suppression could be mediated by specific LAIR1*-immune cell subsets. We first assessed
FACS-based LAIR1 expression on circulating cells from 10 normal healthy donors (NHD)
and 9 cancer patients actively receiving checkpoint inhibitor therapy (CPI; Fig. S1; Table
S2). LAIR1 was detected on every immune subset in all cases, with no change in the level

of LAIR1 expressed on cells from NHD versus CPI patients. We then examined LA/R1 gene
expression in tumors using publicly available human scRNA-seq datasets for RCC, NSCLC,
PDAC, colorectal carcinoma (CRC) and breast carcinoma (BRCA) [21-26]. As LAIR1 has
been reported to mediate both T cell and myeloid suppression, we categorized clusters into

3 groups: T cells, myeloid, and non-T/myeloid (Fig. 1D). Myeloid cells represented most
LAIR1-expressing cells across all tumor types, with similar results observed in 2 sScCRNA-seq
datasets derived from mouse tumors (Fig. 1E; [27,28]). We then asked if myeloid-expressed
LAIR1 could be regulated by the tumor microenvironment (TME). For this we compared
FACS-based LAIR1 expression on CD15-CD14+CD11b+ myeloid cells from PBMC to their
matched counterparts in dissociated tumor samples across 15 patients diagnosed with either
ovarian cancer (OV), RCC, or PDAC (Fig. 1F; Table S3). Indeed, tumor associated myeloid
cells expressed significantly more LAIR1, suggesting LAIR1-mediated myeloid suppression
can be augmented by the TME. Altogether, our results demonstrate that LAIR1 expression is
correlated with tumor stroma and most strongly reflects myeloid content.

The stromal TME elicits a suppressive myeloid phenotype

We hypothesized LAIR1 expression was such that stroma-associated myeloid cells
represented a major source of immune-suppression in tumors, likely via LAIR1/collagen
engagement. Therefore, we used digital spatial profiling to compare the transcriptome
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of myeloid cells residing in stroma-rich TMESs to counterparts residing in stroma-free

tumor nests in OV, NSCLC, and gastric cancer biopsies. Stroma-associated myeloid cells
(SAM) were defined as CD68+ cells coincident with alpha-smooth muscle actin (a-SMA+)
regions of interest (ROI), while tumor nest-associated myeloid cells (TNAM) were defined
as CD68+ cells coincident with pan-cytokeratin-rich ROIs devoid of a-SMA (Fig. 2A).

To address potential contamination from adjacent cells, we identified TME genes using

a TME mask to capture transcripts from cells immediately surrounding CD68+ myeloid
cells (Fig. 2A and S2A). Transcripts identified as TME were then removed from the gene
lists derived from CD68+ SAM or TNAM, leaving behind genes that were specifically
expressed by each myeloid compartment (Fig. 2A). To confirm our approach for identifying
myeloid-expressed genes, we compared expression of CD68, CD14, CSFIR, FCERIG, LYZ
and LA/R1 across SAM, TNAM, and both TMEs. Indeed, SAM and TNAM expressed
significantly higher levels of each gene compared to either TME (Fig. 2B). Importantly,

we found no change in the level of expression of these genes between SAM and TNAM,
confirming the myeloid nature of both compartments. Further, ECM-related gene expression
was significantly elevated in stromal TMEs compared to tumor nest TMEs, while tumor nest
TMEs expressed significantly higher epithelial gene expression, confirming our selection of
stromal and tumor nest ROIs (Fig. S2B). Subsequent differential gene expression analysis
performed on SAM and TNAM identified 50 differentially expressed genes (DEGs) that
were significantly elevated in TNAM and 128 DEGs that were significantly elevated in SAM
(Fig. 2C).

To identify phenotypic differences reflected by these genes, all 178 DEGs were subjected
to Ingenuity Pathway Analysis (QIAGEN Inc., https://www.giagenbioinformatics.com/
products/ingenuitypathway-analysis;[39]. Indeed, canonical pathway analysis revealed
chemokine signaling, dendritic cell maturation, and calcium-induced T cell apoptosis to

be increased in SAM while MSP-RON signaling was increased in TNAM (Fig. 2D). Further,
SAM and TNAM were associated with distinct disease or biological functions, where SAM
DEGs favored development of phagocytic antigen presenting cells (APCs) and TNAM
DEGs favored proliferation and infiltration (Fig. 2D). Strikingly, this analysis predicted
INHBA, a TGFp superfamily member reported to promote an inflammatory myeloid
phenotype, as an upstream regulator of TNAM, and 1L-10, TGF1, IL-4, and RICTOR,
known drivers of anti-inflammatory phenotypes in myeloid cells, as upstream regulators

of SAM, highlighting the stroma as a suppressive TME (Fig. 2D). Indeed, compared to

the TNAM, SAM expressed significantly higher levels of F13A1, STAB1, CD163, MRC],
FOLRZ2, CCL8, CCLZ, genes known to be expressed by suppressive anti-inflammatory
myeloid cells (Fig. 2E). Conversely, SAM expressed significantly lower levels of the
interferon-induced genes /F/6and /F/T1, as well as ALDOA, the gene product for which is
critical for glycolysis, a key feature of inflammatory myeloid cells (Fig. 2E). Interestingly,
SAM also expressed significantly higher levels of ADAM19, RCN3, and W/PF1, and lower
levels of JUPand PDLIM1, genes whose products could potentially influence the stroma-
myeloid dynamic via modulation of cell-cell or cell-ECM interactions (Fig. 2E; [40-44]).

We reasoned that if LAIR1/collagen signaling was indeed a driver of the SAM phenotype,
LAIR1 gene expression would correlate with that of the SAM gene set in human tumors.
To test this concept, we utilized TCGA data to conduct Pearson correlation of LAIR1 with
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the aggregate SAM gene set sum in LUSC, OV, and stomach adenocarcinoma (STAD).
We observed strong correlation between LAIR1 and SAM genes across all indications,
with r =0.8672 in LUSC, 0.6807 in OV, and 0.7129 in STAD (Fig. 2F). This contrasted
with poor correlations observed between LAIR1 and the aggregate TNAM gene set sum,
a finding that suggests LAIRL is not required for the TNAM phenotype. Altogether, our
results demonstrate that tumor stroma drives a novel suppressive myeloid phenotype that
correlates highly with LAIR1 expression in human cancer.

Development of NGM438, a novel antagonist of LAIR1 and collagen engagement

We hypothesized that LAIR1/collagen engagement polarized SAM towards an
immunosuppressive phenotype and that blocking this interaction would promote anti-tumor
immune responses. Accordingly, we developed NGM438, a humanized 1gG1 effector-less
monoclonal antibody that binds LAIR1 and antagonizes the LAIR1/collagen interaction
(for sequence and preparation details see examples 3 and 4 in PCT/US2021/038251; [45]).
We assessed the binding affinity of NGM438 to LAIR1 using surface plasmon resonance
(SPR) and found it to bind with high affinity to both human (Kp = 0.26 £ 0.03 nM) and
cynomolgus monkey (Kp =4.28 + 0.66 nM) LAIR1 (Fig. 3A; Table S4). NGM438 failed
to bind human LAIR2 as well as LAIR1 from mouse or rat. We also confirmed binding to
LAIR1 expressed on cells as summarized in Table S5.

We next assessed the ability of NGM438 to disrupt LAIR1/collagen engagement using
chimeric LAIR1 reporter cells that expressed a LAIR1-CD3( fusion protein. Here,
activation of the chimeric receptor by collagen results in Nuclear Factor of Activated T

cells (NFAT)-driven green fluorescent protein (GFP) expression. We exposed this reporter to
diverse collagens including purified human collagens I and 1V, polymerized rat tail collagen,
and collagens expressed on the surface of mouse BEND3 cells, while including increasing
concentrations of NGM438 or an isotype control antibody. In this cell-based assay, NGM438
potently suppressed collagen-induced GFP expression in all cases (Fig. 3B).

We then asked whether blocking LAIR1/collagen engagement with NGM438 could skew the
phenotype of collagen-experienced myeloid cells using clone 47H1, the parental antibody
that shares its complementarity-determining regions (CDRs). For this, we cultured IL-4/GM-
CSF-differentiated monocyte-derived dendritic cells (moDC) on collagen-coated surfaces in
the presence of either 47H1 or an isotype control antibody, then performed RNA sequencing
and subsequent DEG analysis. Indeed, using 1.5-fold change and p < 0.05 as cut-offs, we
identified 420 DEGs induced by LAIR1/collagen blockade, and 507 DEGs repressed (Fig.
3C). Further, 47H1 repressed 21 of the 128 SAM genes identified in stromal ROIs, which
included suppressive genes such as CD163, F13A1, CCL13, STABI1, and FOLRZ2 (Figs.

2C and 3C). In contrast, 3 TNAM genes, SPP1, CXCLS8, and MMP12, were identified

as DEGs and were each induced by 47H1 (Fig. 3C). We then subjected all DEGs to

IPA and found LAIR1/collagen blockade to be associated with disease and biological
functions involved in tumor regression such as inhibition of tumor growth, proliferation,

and activation of tumor cell death and apoptosis, as well as activation of phagocytes (Fig.
3D). Further, upstream regulator analysis predicted activation of several pro-inflammatory
stimuli, including lipopolysaccharide, tetradecanoylphorbol acetate (TPA), TREM1, and
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5-O-mycolyl-beta-araf-(1->2)-5-O-mycolyl-alpha-araf-(1->1)-glycerol (Mma_DMAG), and
inhibition of anti-inflammatory molecules including aflatoxin B and PTGER2 (Fig. 3E).

Results from the DEG analysis indicate LAIR1/collagen engagement can directly regulate
myeloid inflammatory status, therefore we next asked whether collagen itself induced this
inflammatory switch in the presence of LAIR1-blockade. For this, we measured secretion
of 3 inflammatory molecules identified among the top hits in the DEG analysis: CCL3,
CCL4, and IL1RN (Fig. 3F). When cultured on collagen coated-surfaces, moDC responded
to LAIR1/collagen blockade with robust and dose-dependent secretion of all 3 proteins;
however, neither NGM438 nor 47H1 elicited any response by moDC cultured on uncoated
surfaces (Fig. 3F). Thus, NGM438 unlocks collagen-dependent suppression of myeloid
inflammation by blocking LAIR1/collagen interactions. We next asked whether LAIR1/
collagen-blockade could reverse collagen suppression of inflammatory signaling transduced
by molecules other than collagen. To address this, we tested the ability of NGM438

to reverse collagen-suppressed Fc-receptor (FCR) activity in moDC. Indeed, NGM438
completely blocked collagen’s ability to inhibit FcR-driven TNFa secretion (Fig. 3G).

Given that LAIR1 can also regulate activation of non-myeloid lineage cells, we hypothesized
NGM438 will reverse suppression beyond the stromal myeloid compartment in patients.
Accordingly, we tested NGM438’s ability to bind to LAIR1 expressed on peripheral
immune cells using a LAIR1 receptor occupancy (RO) assay. Indeed, NGM438 competed
with our LAIR1-detection antibody with a similar ICsq across all immune subsets including
NK cells, B cells, T cells, NKT cells, and monocytes, in blood from both NHDs and cancer
patients (Fig. 3H). Altogether, these data demonstrate LAIR1 regulates suppression of both
collagen-stimulated and FcR-stimulated myeloid inflammation and identify NGM438 as a
novel antagonist of this suppressive axis with broad immune-stimulating potential.

LAIR1 is associated with resistance to checkpoint inhibition

We next explored whether blockade of LAIR1/collagen engagement could enhance T cell
activation using a modified mixed-lymphocyte reaction (MLR), where moDC stimulators
are mixed with allogeneic pan-T cell responders in the presence of collagen. Here

collagen significantly suppressed moDC-driven T cell proliferation (Fig. 4A). Indeed,
LAIR1/collagen blockade with 47H1 reversed the suppressive effect of collagen in a dose-
dependent fashion (Fig. 4A). Given that LAIR1/collagen engagement and the PD-1/PD-L1
axis are distinct mechanisms of suppression, we hypothesized that simultaneous inhibition
of both would have additive or synergistic effects on T cell proliferation. We therefore
tested NGM438 in combination with anti-PD-1 in the collagen-suppressed MLR assay.
Interestingly, we were unable to identify donor pairs that responded to anti-PD-1 alone;
however, we identified two patterns of synergy: one where NGM438 elicited single agent
activity that was significantly enhanced by anti-PD-1, and one where NGM438 was inactive
alone but elicited robust proliferation in combination with anti-PD-1 (Fig. 4B). In line with
these results, the combination induced IFNvy, IL-2, and TNFa secretion to levels above that
observed with either single agent (Fig. 4C). Thus, LAIR1/collagen blockade with NGM438
can enable response to PD-1 inhibition in otherwise PD-1 refractory conditions.
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Given the association of LAIR1 with resistance to anti-PD-1 /n vitro, we reasoned that
LAIR1 may be associated with resistance to immune checkpoint inhibition in cancer
patients. We therefore assessed LA/RI expression in a melanoma scRNA-seq dataset
generated from patients that were either refractory or went on to respond to anti-CTLA4,
anti-PD-1, or combination anti-CTLAA4 plus anti-PD-1 [29]. LA/R1 transcripts were
detected in a minority of T cells, B cells, and plasma cells, but were present in most
dendritic cells (DCs) and macrophages (Fig. 4D). We then compared LA/R1 expression
between non-responders and responders, focusing on populations that contained at least 10%
LAIRI-expressing cells. Strikingly, LA/R1 expression in macrophages was significantly
higher in non-responders compared to responders (Fig. 4E). Overall, our results support the
concept of LAIR1-mediated resistance to checkpoint inhibitor therapy.

LAIR-1 blockade sensitizes metastatic collagen-rich Kras/p53 mutant NSCLC tumors to
anti-PD-1 therapy

Given our results, we hypothesized that NGM438 would sensitize anti-PD-1 refractory
tumors that contained high levels of coincident stroma and myeloid cells. Accordingly, we
developed a mouse LAIR1-reactive NGM438-surrogate antibody (clone 43H2) and tested
this in a collagen and myeloid rich, anti-PD-1 refractory immunocompetent syngeneic tumor
model of Kras/p53 (KP) mutant NSCLC (Fig. S4A) [46,47]. The KP 344SQ line was
previously found to have collagen-induced T cell exhaustion mediated through LAIR1 [4].
We evaluated LAIR1 on immune cells in the KP 344SQ model and found high LAIR1
expression on myeloid subsets (macrophage, neutrophils, and dendritic cells) making this
model suitable to evaluate efficacy of NGM438-surrogate (Fig. 5A). Mice bearing the

KP tumors were treated with either anti-LAIR1, anti-PD-1, or combination anti-LAIR1/
anti-PD-1. We found that dual LAIR1/PD-1 blockade significantly reduced both primary
and metastatic tumor burden compared to either single agent alone (Fig. 5B—C). Further,
histological analysis of primary tumors revealed the combination increased the prevalence
of apoptotic cells as measured by TUNEL staining, and decreased proliferation as measured
by Ki67 (Fig. 5D). In addition, we also evaluated CD8 and granzyme-B expression in

the primary tumors and found increased CD8/granzyme-B in the anti-LAIR1/anti-PD-1
group (Fig. 5E). Given NGM438’s ability to reprogram suppressive myeloid cells and
restore collagen-suppressed T cell proliferation, we next explored the impact of clone 43H2
on tumor-associated immune cells using multi-spectral flow cytometry at early (week 2),
middle (week 3) and late (week 4) treatment time points. Indeed, CD8+ T cell content
trended upwards in the combination group at weeks 2 and 3 and reached statistical
significance above both single agents by week 4 (Fig. 5F). The anti-LAIR1/anti-PD1
combination also increased the frequency of both effector/memory and granzyme B+ CD8+
T-cells, and concomitantly decreased CD8+ T cells expressing exhaustion markers (Fig. 5F,
Fig. S4B). Interestingly, CD8+ T cell activation was preceded by a significant increase in
iNOS+ MHCII-high macrophages at week 2 that was not apparent at weeks 3 or 4 (Fig.
5F). To better understand the nature of the reversal of LAIR1/collagen-driven resistance to
anti-PD-1 in this model, we compared gene expression in tumors from mice treated with
combination anti-LAIR1/anti-PD-1 to those treated with anti-PD-1 alone (Fig. 5G). We
identified 36 DEGs and subjected these to IPA upstream regulator analysis, which predicted
activation of several pro-inflammatory stimuli, and inhibition of several anti-inflammatory
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stimuli, highlighting reversal of immune suppression induced by the NGM438 surrogate
(Fig. 5H). In line with this, many of the DEGs we identified were known interferon-induced
genes including, Cc/8, Cxcl9, Cxcl10, Cxcl11, Mx1, Ifi44, Ifitl, Gbp3, Gbp4, and Gbp5
(Fig. 51). In addition, we evaluated the combination of LAIR1/PD-1 blockade in the
autochthonous lung cancer GEMM (Krast-SL-G12D/p53l/fly where tumors were induced via
intratracheal administration of adenoviral-Cre recombinase [18,48]. Primary lung tumors
developed after 8 weeks and tumors were confirmed by micro-CT imaging (Fig. 5J, left).
Mice with lung tumors were randomized and treated with anti-LAIR1 or anti-LAIR1/-PD-1
for 8 weeks (Fig 5J, right). Micro-CT images analysis indicated that mice treated with
anti-LAIR1/-PD-1 had a decrease percentage change of tumor burden compared to mice
treated with LAIR1 blockade alone. H&E-stained lung sections at week 8 show a lower total
number of tumors as well as a smaller tumor size in the combination treatment group (Fig.
5K). Altogether, these results support the notion that LAIR1/collagen engagement acts as a
resistance mechanism to anti-PD-1 therapies.

DISCUSSION

In the current study we show that LAIR1 is heavily compartmentalized in cancer,
predominately expressed by myeloid cells, most of which are associated with tumor stroma.
LAIRL1 is hypothesized to function as a sensor, transducing suppressive signals in the context
of collagen-rich microenvironments [49,50]. The co-distribution of LAIR1 and stroma,
which consists largely of collagens, suggests to us that such suppression could be a general
feature of stroma and likely contributes to its tolerogenic nature [51,52]. This notion is
supported by our finding that myeloid cells residing in stromal niches, aka SAM, exhibit a
phenotype distinct from their non-stroma associated counterparts, characterized by enhanced
expression of M2-associated genes, reduced expression of interferon-inducible genes, and

an overall gene expression profile resembling IL-10-, TGFp1-, and IL-4-driven polarization.
Further, we identified a gene set enriched in SAM, and found that LAIR1 prevalence in
tumors was associated with high SAM gene expression, implicating the LAIR1/collagen axis
in the acquisition of the SAM phenotype.

Myeloid cells represent the most abundant immune cell subset in cancer and are thought to
promote tumor progression in part through suppression of anti-tumor immunity [53]. Here,
we extend this and add that these cells are a major source of intratumoral LAIR1. LAIR1
thus integrates ECM and myeloid-derived immunosuppression, making LAIR1/collagen
blockade an attractive strategy for evoking myeloid-regulated anti-tumor immune responses
in stroma-rich cancers. We therefore developed NGMA438, a first in class anti-LAIR1
monoclonal antibody that blocks LAIR1/collagen engagement. Indeed, NGM438 skewed
collagen-experienced myeloid cells towards an inflammatory phenotype and unlocked both
collagen-driven and FcR-driven myeloid inflammation /n vitro. As NGM438 activity was
characterized by chemokine secretion, we predict NGM438-reprogrammed myeloid cells
may induce T cell infiltration in tumors. Further, our results demonstrate that collagen limits
inflammation via LAIR1, a finding that suggests ECM abundance will augment NGM438
activity such that stroma-rich cancers may favor response.
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Though immune checkpoint inhibition represents a breakthrough in cancer treatment, many
patients either fail to respond or go on to develop resistance [1]. Recently, ECM gene
expression was found to be higher in tumors from checkpoint therapy refractory patients
compared to those from patients that went on to respond, observations that established

a link between ECM and resistance to checkpoint inhibition [3]. In line with this idea,

we previously reported ECM gene expression was higher in anti-PD-1 treated melanoma
patients that developed progressive disease compared to those that showed partial or
complete response, while LAIR1 expression was associated with reduced survival [4].
These results supported the idea that LAIR1/collagen engagement acts as a resistance
mechanism, but they did not address the identity of the LAIR1 compartment due to the
cellular heterogeneity represented in the material used for analysis. In the current study we
analyzed single cell gene expression data and found LAIR1 expression was more abundant
in macrophages, and not T cells, from refractory melanoma patients compared to their
counterparts from responding patients. These results further support our hypothesis that
collagen and LAIR1-expressing myeloid cells act together to drive immunosuppression in
the tumor microenvironment which contributes to checkpoint inhibitor resistance. This idea
is supported by our finding that NGM438 could induce myeloid inflammation and synergize
with anti-PD-1 /n vitro. These data suggest that NGM438 may be able to address the
significant unmet need created by both intrinsic and acquired resistance.

Our data further highlight the potential of targeting the LAIR1/collagen axis in patients
diagnosed with solid cancers. We and others previously found that forced expression of
LAIR2, a soluble LAIR1 antagonist that competes with LAIR1 for collagen binding, could
synergize with anti-PD-1 in a refractory model of lung cancer [4]. TNC410, a LAIR2-hlgG1
Fc fusion protein proposed to antagonize LAIR1 in the manner, is currently undergoing
clinical development in solid tumor indications (NCT05572684). NGM438 utilizes a distinct
mechanism of inhibition compared to NC410, binding directly to LAIR1 to block immune-
suppressive LAIR1/collagen signaling. We generated a mouse reactive NGM438 surrogate
antibody and found that specific inhibition of LAIR1/collagen synergized with anti-PD-1 to
block tumor growth in multiple murine models by mobilizing intratumoral inflammation.
NGM438 is currently being assessed in a phase 1 clinical trial for solid tumor indications as
monotherapy and in combination with anti-PD-1 (NCT05311618).
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

LAIR1 expression in solid cancers is associated with stroma and myeloid cells. A, IHC
detection of LAIR1 in human HNSCC tumors exhibiting the indicated immune phenotypes.
B, Co-distribution of LAIR1 and stroma in human tumors. LAIR1 and stroma were detected
in proximal RCC, NSCLC, PDAC, HNSCC sections via IHC and PSR respectively. C,
LAIR1 expression in ECM-high versus ECM-low tumors (TCGA). LAIR1 FPKM is plotted
for tumors scoring in either the top or bottom quartiles for ECM gene expression. Statistical
significance was assessed using an unpaired, two-tailed T test. D, Patient matched LAIR1
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expression on intratumoral and circulating CD45+CD15-CD14+CD11b+ myeloid cells (n

= 16 patients). Statistical significance was assessed using a paired, two-tailed T test (move
to end of figure). E and F, Composition of LAIR1-expressing cells in human and murine
tumors. Lineage-separated LAIR1-expressing cell abundance was assessed in SCRNAseq
datasets derived from primary human (E) and syngeneic mouse (F) tumors. Statistical
significance was assessed using a paired, two-tailed T test. *, p < 0.05; **, p < 0.005; *** p
< 0.0005; **** p < 0.00005; ns, not significant.
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Stroma elicits a distinct and suppressive phenotype in tumor-associated myeloid cells.

A, Selection of stroma- and tumor nest-associated myeloid cells in human tumors for

digital spatial transcriptomic profiling. Top: schematic of workflow for ROI selection. Four
human tumor FFPE sections were first subjected to a whole transcriptome GeoMx assay
(Nanostring); DEG analysis was then performed to identify genes expressed in myeloid cells
and their adjacent TMEs. Bottom: staining strategy used to identify ROIs. Anti-a-SMA

was used to visualize stroma, anti-Pan-cytokeratin to visualize tumor cells, and anti-CD68
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to visualize myeloid cells. Stromal and tumor nest ROIs were selected first, and within
these, CD68 (SAM and TNAM) and TME (stroma and tumor nest) masks were applied

for subsequent transcriptomic analysis. FFPE tumors used for this analysis included one
ovarian, one gastric, and two squamous lung cancers. Three stromal and three tumor

nest ROIs were selected per FFPE section. B, LA/RI and myeloid gene expression in
CD68+ cells within stroma and tumor nests. Box and whisker plots with min to max of
Q3-normalized counts are shown for the indicated TME and CD68 masks (n = 12 per mask).
Statistical significance was assessed using an unpaired, two-tailed T test. TME p values

are versus their constituent myeloid populations. C, Genes differentially expressed between
SAM and TNAM. DEG analysis was performed using cut offs of p value < 0.05 and fold
change > 2, followed by removal of TME genes. N = 12 per mask. D, IPA analysis of TME-
subtracted SAM and TNAM DEGs. Canonical pathway, disease and biology functions, and
upstream regulator analyses were performed, and top pathways were identified using a Z
score > 2 and p value < 0.05. Pathways favoring SAM point left, and those favoring TNAM
point right. E, Expression of select genes in SAM and TNAM after TME subtraction. Box
and whisker plots with min to max Q3-normalized counts are shown for the indicated
TME-subtracted CD68 masks (n = 12 per mask). Statistical significance was assessed using
an unpaired, two-tailed T test. F, Correlation of LAIR1 prevalence with compartmentalized
intratumoral myeloid cells (TCGA). Pearson correlation (red line) for LA/RZ with genes
overexpressed in SAM or TNAM was assessed in OV, STAD, and LUSC. *, p < 0.05; **, p
< 0.005; ***, p < 0.0005; **** p < 0.00005; ns, not significant.
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Figure 3.

NGM438 binds LAIR1 and blocks LAIR1/collagen engagement. A, NGM438 directly
binds LAIR1 as detected by surface plasmon resonance. Representative data from a single
experiment is shown. Binding studies were performed at least three times. B, NGM438
blocks LAIR1 from binding to collagen. LAIR1-GFP reporter cells were mixed with

NGM438 or an anti-KLH control antibody and incubated on reconstituted collagen extracts,
basement membrane, or collagen-expressing bEnd.3 cells as indicated. Percent of collagen-
induced GFP expressing cells are plotted. Data are representative from at least three

independent experiments. C, DEG analysis of human monocyte-derived dendritic cells
treated with the NGM438 parental clone 47H1 or anti-KLH control using the indicated
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cutoffs. FC, fold change. Data are pooled from three distinct donors. DEGs identified are
plotted in the heatmap on the right. Statistical significance was assessed using a paired,
two-tailed T test. D and E, IPA analysis of DEGs regulated by LAIR1. Disease and biology
functions (D), and upstream regulator (E) analyses were performed on DEGs identified

in C, and top pathways were identified using a Z score > 2 and p value < 0.05. F,
NGM438-induced, collagen driven myeloid inflammation. Monocyte-derived dendritic cells
were mixed with NGM438 or 47H1 and incubated either on collagen I-coated (solid lines)
or uncoated (dashed lines) surfaces. Secreted CCL3, CCL4, and IL1RN were measured

in conditioned media. Data are representative from at least three independent experiments
and donors. G, NGM438-induced, FcR-driven TNFa secretion. Monocyte-derived dendritic
cells were mixed with NGM438 or anti-KLH control at increasing concentrations and
subjected to IgG-driven Fc-receptor stimulation in the presence of collagen as indicated.
Secreted TNFa was measured in conditioned media. Data are representative from at least
three independent experiments and donors. Mean + SD is shown. Dose dependent induction
of TNFa is shown on the right. Statistical significance was assessed using an unpaired,
two-tailed T test. H, NGM438 binds LAIR1 on circulating immune cell populations. Whole
blood from NHD or cancer patients was incubated with NGM438 then subjected to a LAIR1
occupancy assay. MFI of LAIR1 unoccupied by NGM438 is shown and was assessed using
FACS. NHD n =9; patient n = 10. **, p < 0.005; ***, p < 0.0005.
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Figure 4.

LAIR1 is associated with resistance to anti-PD-1. A, LAIR1 mediates collagen suppression
of T cell proliferation in a mixed lymphocyte reaction. Pan-T cells were mixed with
allogeneic monocyte-derived dendritic cells and incubated either on plastic or collagen
I-coated surfaces. T cell proliferation was assessed using [H3]-thymidine incorporation. Data
shown are from a single donor pair and are representative of at least three independent
experiments and donor pairs. Data to the right show dose dependent rescue of collagen
driven suppression by clone 47H1. Orange dashed line = mean incorporation on plastic;
yellow dashed line = mean incorporation on collagen. B, Combined NGM438 and
anti-PD-1 enhance T-cell proliferation in collagen-treated mixed lymphocytes reactions.
[H3]-thymidine incorporation is shown from two donor pairs and is representative of

three independent experiments and donor pairs. C, Combined NGM438 and anti-PD-1
enhance cytokine secretion in collagen-treated mixed lymphocytes reactions. Cytokines
were measured in conditioned media one day prior to assessing proliferation. Statistical
significance in C and D was assessed using an unpaired two-tailed T test and is noted versus
control unless otherwise indicated. D, Baseline LA/R1 expression in melanoma tumors
from 19 patients that went on to receive checkpoint therapy. Left: violin plots of LAIR1
transcripts across immune cell subsets identified using sSCRNAseq (GSE120575). % of cells
expressing LA/R1 is indicated. E, Fold change LAIR1 expression in patients that went on
to respond to checkpoint therapy versus nonresponders. Statistical significance was assessed
using Seurat. Responders, n = 10; nonresponders n = 9. **, p < 0.005; **** p < 0.00005.
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Figure5.
LAIR1-blockade sensitizes stroma-dense, anti-PD-1 refractory mouse tumors to therapy. A,

Percentage LAIR1+ in 344SQ tumor, macrophages (CD11b+, CD11C-, F4/80+), neutrophils
(Ly6G+ Ly6C-), dendritic cells (CD11b-F4/80-CD11C+), and T cells (CD3+CD19-CD45+).
B, /n vivotumor volume at indicated time points for 344SQ subcutaneous tumors in
syngeneic wild-type mice. Treatment groups include anti-LAIR1, anti-PD-1, or combination
of anti-LAIR1/PD-1 or isotype control. C, Quantitation of lung metastatic surface

nodules from indicated experimental groups from (B) at the endpoint of treatments. D,
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Representative images of TUNEL (top) and Ki-67 (bottom) IHC staining in primary tumors
formed by 344SQ tumors after 8 weeks of treatment. Quantitation found on right. E,
Representative images of CD8 (top) and Granzyme-B (bottom) IHC staining in primary
tumors formed by 344SQ tumors after 8 weeks of treatment. Quantitation found on right.

F, Percentage of total CD8 CD3 CD45 T cells in tumors harvested at week 2, week 3,

and week 4. Percentage of CD44!°% CD62L+ CD8 CD3 T cells effector/memory CD8 T
cells. Percentage of granzyme-B CD8 CD3 T cells. Percentage of iNOS+MHCII++ M1
macrophages. G, Heatmap of genes from RNAseq analysis of 344SQ tumors treated with
anti-PD-1 (blue) and anti-LAIR1/PD-1 combination (pink) at week 4 using a fold change cut
off of 1.5 with FDR < 0.05. H, IPA analysis of upstream regulators using DEGs identified

in G. Top pathways are shown after using cut offs of Z score > 2, p < 0.05. |, Select
interferon-inducible genes identified in G. J, Representative micro-CT images of Kras-SL-
G12D/p53flfl Jungs at week 0 and week 8. Yellow dashed circles outline target lesions. “H”
indicates the mouse heart. The percentage of tumor area change during treatment during
week 2, 4, 6, and 8. K, Representative H&E of mouse lungs from L at week 8 (left).
Quantification of tumor diameter on H&E-stained lungs from Krast-SL-G12D/p53M/fl mice
treated with mLAIR1 or mLAIR1/PD-1 (right). Data were analyzed using unpaired Students
ttest. *P<0.05; **P<0.01; ***P<0.001; ****P<0.0001; n.s. not significant.
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