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Abstract 
Leukocyte-associated immunoglobulin-like receptor-1 (LAIR-1) is an inhibitory receptor that is 
widely expressed in the immune system and recognizes collagens and collagen domain–
containing proteins. The abundant presence of both LAIR-1 and its ligands implicates tight 
regulation of this interaction. Macrophage receptor with collagenous structure (MARCO) is a 
scavenger receptor that contains a collagen-like domain and is highly abundant on 
immunosuppressive macrophages. Here, we identified MARCO as a previously uncharacterized 
ligand for LAIR-1. We showed that MARCO interacted with LAIR-1 and induced inhibitory signaling 
by LAIR-1 in trans in human natural killer (NK) cells. MARCO and LAIR-1 were co-expressed by 
human macrophages in tumors and after stimulation with the cytokine interleukin-10 (IL-10) in 
vitro. Through single-molecule fluorescence microscopy, we demonstrated that MARCO and 
LAIR-1 also interacted in cis. The scavenger function of MARCO on human macrophages was 
unaffected by its in cis interaction with LAIR-1. In contrast, this interaction with MARCO reduced 
both the binding of collagen to LAIR-1 and its signaling response to collagen. Indeed, LAIR-1–
mediated inhibitory function was increased after CRISPR/Cas9-mediated knockout of MARCO in 
IL-10–polarized primary human monocyte-derived macrophages. Our results identify a previously 
uncharacterized mechanism of LAIR-1 signaling regulation, whereby co-expression of MARCO 
suppresses the function of this inhibitory receptor. Thus, the induction of MARCO on 
immunosuppressive macrophages could lead to enhancement of their function through the 
release of LAIR-1–mediated inhibition. 
 



Introduction 
Leukocyte-associated immunoglobulin-like receptor-1 (LAIR-1) is an inhibitory immunoreceptor 
that is found on a wide range of immune cells1–7. Upon ligation, LAIR-1 suppresses immune cell 
function, T cell and natural killer (NK) cell cytotoxicity, and cytokine production by             
monocytes8–10. Collagens, collagen fragments, and proteins with collagenous domains, such as 
the complement component C1q, mannose-binding lectin (MBL), surfactant D (SP-D), and 
collectin-12, are ligands for LAIR-11–6. The widespread expression of both LAIR-1 and its ligands 
prompts the question of how the activity of this inhibitory receptor is regulated to enable 
appropriate immune cell activation, but avoid pathologic immune activation11. We and others 
previously showed that the expression of LAIR-1 at the plasma membrane is regulated both at 
the level of gene transcription and by posttranscriptional shedding at the cell surface10,12,13. 
Furthermore, LAIR-2, a soluble homolog of LAIR-114, functions as a decoy receptor and competes 
for the same ligands15,16. Whether additional mechanisms that regulate LAIR-1 expression or 
accessibility exist is currently unknown. 
 
We and others previously showed that blockade of the interaction between LAIR-1 and collagen 
promotes anti-tumor immunity in preclinical cancer models17–20. Specific immune cell subsets are 
differentially associated with tumor progression across various cancers21,22. The presence of 
macrophages, in particular immunosuppressive tumor-associated macrophages (TAMs), is 
primarily associated with shorter patient survival21,23,24. Multiple studies showed that 
macrophage receptor with collagenous structure (MARCO) is highly abundant on 
immunosuppressive TAMs25–29. MARCO is a scavenger receptor that is expressed primarily on 
macrophages, including Kupffer cells and alveolar macrophages30–32, and plays a key role in the 
clearance of a wide array of potentially inflammatory ligands, including lipopolysaccharides and 
inorganic materials, such as asbestos33,34. As a member of the class A family of scavenger 
receptors32, MARCO contains a collagenous domain. Because TAMs can also express LAIR-135, 
here, we investigated whether MARCO could act as a ligand for LAIR-1 and whether a possible 
interaction between MARCO and LAIR-1 in cis could have functional consequences. 
 
  



Results 
MARCO is a previously uncharacterized, functional ligand for LAIR-1 
To determine whether MARCO was a potential ligand for LAIR-1, we tested the binding of a        
LAIR-1-Fc fusion protein to MARCO-overexpressing cells by immunofluorescence (Fig. 1A) and 
flow cytometry (Fig. 1B). We found that LAIR-1 bound to cell-expressed MARCO. This interaction 
was conserved between species, because mouse LAIR-1, human LAIR-1, and human LAIR-2 all 
bound to both mouse and human MARCO, although mouse LAIR-1 bound to a lesser extent          
(fig. S1A). We next confirmed the binding of MARCO to LAIR-1 by surface plasmon resonance 
(SPR) (Fig. 1C). We observed similar kinetics for the binding of LAIR-1 to collagen I and MARCO 
(Fig. 1C). The interactions between LAIR-1 and both collagen I and MARCO were non-monomeric, 
which did not allow for accurate KD determination using a 1:1 kinetic model. Binding affinities 
could be estimated to be in a double-digit nanomolar range. 
 
Next, we used biolayer interferometry to determine the effect of MARCO binding to LAIR-1 on its 
further interaction with collagen I (Fig. 1D). We observed that in absence of MARCO, collagen I 
showed substantial binding to sensor-captured LAIR-1. However, when we presented MARCO to 
LAIR-1 first, it substantially reduced further collagen I binding (Fig. 1D). To exclude the possibility 
that LAIR-1 interacted with the scavenger receptor cysteine-rich (SRCR) domain, we transfected 
HEK293T cells with plasmids encoding MARCOII, a natural variant of MARCO lacking the SRCR 
domain36, or full-length MARCO, and assessed LAIR-1-Fc fusion protein binding to these cells        
(Fig. 1, E and F). We found that LAIR-1 bound equally to MARCOII-expressing cells and to        
MARCO-expressing cells, suggesting that LAIR-1 binds to the collagenous domain of MARCO. This 
suggests that MARCO is capable of interfering with the binding of collagen to LAIR-1. LAIR-1 has 
a high-affinity collagen binding domain37, which makes it likely that MARCO and collagens 
compete for the same binding site in LAIR-1, but we have no formal proof for this assumption. 
 
Next, we determined whether the interaction between MARCO and LAIR-1 could induce LAIR-1 
signaling. Collagen activates NFAT-GFP 2B4 reporter cells ectopically expressing chimeric            
LAIR-1-CD3ζ1 (Fig. 1G). We found that plate-bound recombinant MARCO induced LAIR-1-CD3ζ–
mediated GFP expression to a similar extent as that induced by other LAIR-1 ligands, such as 
collagen, supporting a role for MARCO as a functional LAIR-1 ligand (Fig. 1G, Table 1). Additionally, 
we found that MARCO inhibited Fc receptor–mediated activation of functional LAIR-1-expressing 
NF-κB-SEAP THP-1 reporter cells38, and that this inhibition could be reversed by the addition of a 
blocking anti-LAIR-1 antibody (fig. S1B). Because the class A family of scavenger receptors all 
contain collagenous domains, we tested whether other class A family members also functioned 
as LAIR-1 ligands. We found that macrophage scavenger receptor 1 (MSR1, also known as 
SCARA1), SCARA3, and SCARA5 did not elicit reporter activity, whereas collectin-12 (SCARA4) 
stimulated reporter activation (fig. S1C, Table 1), consistent with previous findings4. 
 



We next studied whether cell-expressed MARCO induced inhibitory signaling in LAIR-1-expressing 
cells in trans. We performed a cytotoxicity assay with the YT.2C2 NK cell line ectopically expressing 
LAIR-1 as effector cells and the MHC-I–negative 721.221 EBV-B cell line as target cells8. Consistent 
with previous findings, WT YT.2C2 cells killed WT, Coll-XVII+, and CD32+ target cells to a similar 
extent (fig. S1D), whereas LAIR-1-expressing YT.2C2 cells had significantly reduced killing capacity 
when the target cells expressed the transmembrane collagen Coll-XVII or had anti–LAIR-1 
antibody bound to CD32 (Fig. 1H). Similarly, LAIR-1-expressing YT.2C2 cells showed reduced killing 
of target cells expressing MARCO (Fig. 1H). Together, these data suggest that MARCO is a 
previously uncharacterized functional ligand for LAIR-1. 
 
LAIR-1 and MARCO are co-expressed on macrophages and can interact in cis 
We next assessed mRNA expression of MARCO and LAIR1 in publicly available single-cell RNA-
sequencing (scRNA-seq) data of myeloid cells from patients with melanoma, lung cancer, or 
breast cancer39–45. We found that 4 to 30% of tumor-infiltrating macrophages expressed only 
MARCO and not LAIR1, whereas 17 to 34% expressed both LAIR1 and MARCO (Fig. 2A). Note that 
we found that most (54 to 82%) of the MARCO-expressing cells also expressed LAIR1 (Fig. 2B), 
indicating that LAIR-1 and MARCO show a high degree of co-expression in the immune infiltrate 
of tumors. We differentiated human monocytes, which do not express MARCO under basal 
conditions, with M-CSF to monocyte-derived macrophages (MDMs) in vitro. Subsequent 
polarization with IL-10 resulted in significant co-expression of LAIR-1 and MARCO compared to 
unpolarized MDMs (Fig. 2, C and D). 
 
We therefore studied whether co-expression of MARCO and LAIR-1 resulted in a cis interaction. 
Furthermore, because multiple isoforms of LAIR-1 have been described, including the canonical 
isoform LAIR-1a and LAIR-1b, an isoform that lacks 17 amino acid residues containing multiple     
O-linked glycosylation sites46,47, we also determined whether the shortened stalk region of         
LAIR-1b affected this interaction. We expressed SNAP-tagged LAIR-1a or LAIR-1b with             
MARCO-HaloTag in THP-1LAIR1-/- cells to a single molecule–compatible level with inducible 
promoters and then used total internal reflection fluorescence (TIRF) microscopy to determine 
protein mobility at the single-molecule level (Fig. 3, A to C). We found that both LAIR-1a and       
LAIR-1b were more mobile than MARCO (Fig. 3D). MARCO co-expression reduced the mobility of 
LAIR-1a, but not LAIR-1b, in the membrane (Fig. 3E). We next added a blocking anti-LAIR-1 
antibody, which inhibited the interaction between LAIR-1 and MARCO or collagen (fig. S2A). The 
addition of this antibody, but not of an isotype control, restored LAIR-1a mobility in the presence 
of MARCO, whereas LAIR-1b mobility was unaffected (Fig. 3E). These data indicate that LAIR-1a 
and MARCO interact in cis, immobilizing LAIR-1a in THP-1 cell membranes. Together, our data 
show that LAIR-1 and MARCO can be co-expressed on macrophages in vitro and that the two 
receptors can interact in cis. 
 
 



The interaction between LAIR-1 and MARCO in cis blocks collagen binding to LAIR-1 
Next, we determined whether the cis interaction between LAIR-1 and MARCO interfered with the 
function of either receptor. We first tested the effect of the co-expression of LAIR-1 and MARCO 
on MARCO function. We used E. coli BioParticles labelled with pHrodo to monitor phagocytosis 
mediated by MARCO on IL-10–polarized MDMs48 by live-cell imaging, because the involvement 
of MARCO in E. coli binding and uptake was described previously in several studies31,48,49. We 
blocked the interaction between LAIR-1 and MARCO with the anti-LAIR-1 antibody, as shown 
earlier (fig. S2A), or with a LAIR-2-Fc fusion protein that is a LAIR-1 antagonist14. In both 
conditions, the phagocytic capacity of IL-10–polarized macrophages was unaffected                            
(Fig. 4, A and B). 
 
We then tested the effect of MARCO co-expression on LAIR-1 function. We overexpressed 
MARCO in LAIR-1-CD3ζ NFAT-GFP reporter cells and observed that, during extended culture 
periods in the absence of other ligands, there was no increased induction of GFP compared with 
LAIR-1-CD3ζ NFAT-GFP cells that did not express MARCO. This implies that in contrast to their 
interaction in trans, the interaction between MARCO and LAIR-1 in cis did not result in active 
signaling by LAIR-1 (fig. S2B). However, we observed that collagen-induced signaling in                   
LAIR-1a-CD3ζ NFAT-GFP reporter cells, and to a lesser extent in LAIR-1b-expressing reporter cells, 
was decreased significantly in the presence of MARCO co-expression (Fig. 4C). This suggests that 
MARCO co-expression impairs collagen-induced LAIR-1 signaling by blocking the collagen-binding 
domain of LAIR-1. To test this, we assessed the binding of collagen IV-FITC to LAIR-1-expressing 
cells in the absence or presence of MARCO co-expression. We found for both LAIR-1a and           
LAIR-1b that LAIR-1+MARCO+ THP-1 cells bound less collagen IV-FITC (as measured by the reduced 
mean fluorescence) than did LAIR-1+MARCO- cells (Fig. 4D). 
 
Together, these data suggest that whereas MARCO function is unaffected by its cis interaction 
with LAIR-1, the co-expression of MARCO on LAIR-1+ cells can interfere with LAIR-1–collagen 
binding and signaling, which could lead to the decreased inhibitory function of LAIR-1. To test this 
hypothesis in primary cells, we used CRISPR/Cas9 to knockout MARCO or LAIR-1 in primary human 
monocytes and generated IL-10-polarized MDMs lacking either MARCO or LAIR-1 (Fig. 5, A and B, 
fig. S3, A to D). The efficiency of target knockout (KO) differed per gene, such that the average 
MARCO KO efficiency was 61% (range: 51 to 71%) and the average LAIR-1 KO efficiency was 77% 
(range: 61 to 89%). We then assessed LPS-induced IL-8 secretion by the IL-10-polarized MDMs, 
which were seeded on plate-immobilized BSA or collagen I (Fig. 5C, fig. S3E). In control CRISPR 
MDMs, exposure to collagen resulted in a 15% inhibition of IL-8 secretion compared to exposure 
to BSA in cells from all donors (Fig. 5D). MARCO-deficient MDMs showed significantly increased 
inhibition of IL-8 secretion in cells from five of seven donors. In contrast, LAIR-1–deficient MDMs 
showed significant potentiation of IL-8 secretion in cells from all donors. Thus, the inhibition of 
IL-8 secretion by collagen I is mediated by LAIR-1 and, in cells from five of seven donors,                    
co-expression of MARCO impaired this inhibitory function of LAIR-1. Note that the two donors for 



which knockdown of LAIR-1 had the greatest effect on LAIR-1–mediated inhibition of IL-8 were 
the same donors for which removal of MARCO did not further improve LAIR-1 function. Hence, 
we conclude that MARCO limits the capacity of LAIR-1 to inhibit immune responses by primary 
human macrophages (Fig. 5E). 
 
Low MARCO and LAIR-1 expression is associated with increased survival in GBM and LUSC 
To determine the clinical context in which this interaction between LAIR-1 and MARCO might play 
a role, we assessed the expression of LAIR1 and MARCO mRNAs in publicly available data from 
the cancer genome atlas (TCGA)50. Consistent with the high degree of co-expression of MARCO 
and LAIR1, we found that LAIR1 expression was significantly increased in tumor samples with high 
(top quartile) MARCO expression from patients with glioblastoma multiforme (GBM) and lung 
squamous cell carcinoma (LUSC), compared to samples with low (bottom quartile) MARCO 
expression (Fig. 6A). We then stratified patients with GBM and LUSC based on their expression of 
MARCO and LAIR1 in tumors and found that low expression of either MARCO or LAIR1 in tumors 
was associated with increased median overall survival compared to that for samples with high 
expression (Fig. 6B). Moreover, low expression of both MARCO and LAIR1 was associated with a 
further increase in median overall survival (Fig. 6C). Our findings suggest that macrophages             
co-expressing MARCO and LAIR-1 are associated with disease progression in GBM and LUSC. 
 
  



Discussion 
Here, we showed that the scavenger receptor MARCO is a previously uncharacterized functional 
ligand for LAIR-1. We found that MARCO and LAIR-1 were co-expressed on macrophage subsets 
in tumors and could interact in vitro in cis. MARCO antagonized collagen-induced LAIR-1 signaling 
in cis by acting as a decoy receptor, whereas LAIR-1 had no effect on the scavenger receptor 
function of MARCO. LAIR-1 is an inhibitory pattern recognition receptor that interacts with 
various types of collagen and collagen-like domains1–3,51. This array of LAIR-1–binding proteins 
also includes transmembrane receptors, including collectin-12, layilin, and chondrolectin4. These 
proteins are primarily expressed on non-hematopoietic cells, such as epithelial cells and 
neurons52–54, where they likely function as immunosuppressive ligands for LAIR-1 in trans. 
Similarly, we demonstrated that MARCO induced LAIR-1 signaling in trans. Unlike previously 
described LAIR-1 ligands, MARCO can be simultaneously expressed with LAIR-1 on the same cell, 
and such co-expression resulted in antagonism of LAIR-1 in cis. 
 
A number of inhibitory receptors can interact with their ligands in cis, including PD-L1, CD22, and 
LILRB155–57. These interactions block inhibitory signaling by trans ligands, or conversely result in 
constitutive inhibitory signaling that increases the threshold for activation56,57. Our finding that 
LAIR-1 signaling is induced by binding to MARCO in trans, but not in cis, raises the question of 
how interactions between LAIR-1 and its ligands result in downstream signaling. It is possible that 
the binding interface on MARCO that is accessible to LAIR-1 is more limited when MARCO 
interacts in cis due to the reduced accessibility in the z-dimension, because both molecules are 
tethered to the same cellular membrane, and due to constant lateral membrane diffusion of   
LAIR-1:MARCO complexes. Additionally, the interaction between MARCO and LAIR-1 in trans, but 
not in cis, could result in the accumulation of LAIR-1 in close contacts between the two opposing 
cell membranes, enabling the kinetic-segregation (KS) model of immune receptor activation58. 
 
MARCO expression is often induced during the differentiation of human macrophages toward 
M2-like phenotypes59, including tumor-associated macrophages, whereby it is able to interact 
with LAIR-1 on the cell membrane in cis. We showed that the cis interaction between LAIR-1 and 
MARCO inhibited collagen-induced LAIR-1 signaling, suggesting that this interaction could 
suppress LAIR-1 function by preventing collagen binding during M2-like macrophage polarization. 
Conversely, the binding of LAIR-1 to MARCO did not affect the scavenging role of MARCO, 
suggesting that its interaction with LAIR-1 does not change MARCO signaling. Because MARCO 
has both a collagen domain, to which LAIR-1 binds, and a SRCR domain, such differences in the 
cross-regulation of LAIR-1 and MARCO are likely due to separate domains on MARCO interacting 
with LAIR-1, material for engulfment36, or both. 
 
Note that upon CRISPR/Cas9-mediated KO of LAIR-1 in IL-10–polarized MDMs, we observed 
potentiation of IL-8 secretion by collagen I as compared to BSA, in contrast to the inhibition of     
IL-8 secretion by control CRISPR MDMs. It is possible that in the absence of LAIR-1, the presence 



of activating collagen receptors on the IL-10–polarized MDMs induced this potentiation, because 
the activation of osteoclast-associated receptor (OSCAR) on monocytes by collagen I can induce 
IL-8 secretion60. However, we did not assess the expression of activating collagen receptors in our 
system. 
 
In contrast to LAIR-1b, LAIR-1a has multiple glycosylation sites in its stalk region47. By tracking the 
motion of single LAIR-1 and MARCO molecules in the plasma membrane by TIRF imaging, we 
found that co-expression of MARCO decreased the mobility of LAIR-1a but not that of LAIR-1b, 
consistent with the very minor effect of MARCO on collagen-induced LAIR-1b signaling. However, 
co-expression of MARCO inhibited the binding of collagen to both LAIR-1a and LAIR-1b. Thus,       
co-expression of MARCO and LAIR-1b did not affect the mobility of LAIR-1b, but did interfere with 
its ability to bind to collagen. The reason for this is unclear. It is possible that the glycosylation of 
LAIR-1a contributes to a more stable interaction with MARCO or that the shorter stalk region of 
LAIR-1b affects its flexibility and thus its ability to bind to MARCO. 
 
Regulation of the expression of inhibitory receptors and their ligands is paramount for their role 
in orchestrating an appropriate immune response11. The expression of MARCO as a trans ligand 
could enable LAIR-1 on infiltrating immune cells to establish a threshold for activation. In contrast, 
the increased abundance of MARCO on LAIR-1–expressing immunosuppressive macrophages 
during activation and the high affinity of MARCO for LAIR-1 could interfere with the engagement 
of LAIR-1 with extrinsic factors presented in trans through its competition in cis, thus preventing 
the recognition of inhibitory cues from the microenvironment. In this way, MARCO not only 
supports increased pathogen or debris clearance, but also may prevent LAIR-1–mediated 
inhibition by other ligands such as collagen and C1q that have similar affinities for LAIR-13. The 
same mechanisms might exacerbate disease in the context of tumor development. Release of the 
inhibition of myeloid cells through LAIR-1:collagen signaling as a result of a cis interaction 
between LAIR-1 and MARCO could promote macrophage-mediated tumor progression. 
Consistent with this, myeloid-specific knockout of LAIR-1 in a metastatic melanoma model in mice 
results in worse disease progression4. Furthermore, it would be interesting to determine to what 
extent the interaction between MARCO and LAIR-1 contributes to the association of MARCO 
expression with tumor progression in multiple cancers. Considering that some studies have 
explored the potential for MARCO as a target in cancer immunotherapy25,26,61, our findings 
introduce a previously uncharacterized aspect to LAIR-1 and MARCO biology in the context of 
cancer. Because the low expression of both MARCO and LAIR1 appears to correlate with 
prolonged patient survival, it would be interesting to determine how these receptors also interact 
in vivo and whether this could be utilized to inform therapeutic targeting of either receptor or 
assist in patient selection for effective therapy. Together, the identification of MARCO as a 
previously uncharacterized ligand for LAIR-1 that can interact in cis reveals a mechanism of        
LAIR-1 regulation that has possible therapeutic implications. 
 



Materials and Methods 
Cell lines 
HEK293T cells were cultured in DMEM (Gibco #31966-021) supplemented with 10% fetal bovine 
serum (FBS, Sigma-Aldrich #F7524) and 1% penicillin/streptomycin (P/S) (Gibco #P0781) at 37°C 
and 5% CO2. Parental and transduced 2B4-NFAT-GFP reporter cells1 and THP-1 NF-κB reporter 
cells were cultured in RPMI 1640 (Gibco #52400-025) with 10% FBS and 1% P/S. Parental and 
transduced YT.2C2, THP-1LAIR1-/-, and LCL 721.221 cells were cultured in RPMI 1640 with 10% FCS, 
1% P/S, and 2 mM L-glutamine (Gibco #25030024). Cell lines were routinely screened for 
mycoplasma and tested negative. 
 
Transfections 
HEK293T cells (1.3 x 106 cells) were seeded in T25 flasks 24 hours before transfection. PEI:DNA 
complexes were formed by mixing 15 µg of PEI MAX (Polysciences #24765) and pcDNA3.1 hygro 
vectors encoding MARCO or MARCOII in a 3:1 PEI:DNA ratio in plain DMEM, and were incubated 
for 20 min at room temperature. The vectors were kindly provided by the Bowdish lab36. HEK293T 
cells were transfected by incubation with the PEI:DNA mixture for 8 hours in a 5% CO2 humidified 
37°C incubator. Cells were left for approximately 48 hours before undergoing LAIR-1-Fc staining. 
 
Lentivirus production and transduction 
HEK293T cells were seeded in a 6-well plate at a density of 0.5 to 0.6 x 106 cells per well and 
allowed to settle overnight at 37°C, 5% CO2. The cells were then transfected with lentiviral 
plasmids using the Fugene HD transfection reagent (Promega #E2311). Virus-containing cultured 
medium was used to transduce target cells (2B4 reporter lines and THP-1LAIR1-/- cells) as described 
previously1,62. Expression was assessed by flow cytometry on a FACSFortessa flow cytometer (BD), 
and transduced cells were sorted with a FACSAriaIII (BD). 
 
Glass coverslip and imaging chamber preparation for TIRF imaging 
We treated 22x22 mm glass coverslips (#1.5 Menzel Gläser; VWR #631-0851) with a total of 8 
drops of Piranha solution [3:1 concentrated H2SO4 (Sigma-Aldrich #258105):30% H2O2 (Sigma-
Aldrich #216763)] for at least 1 hour to remove impurities from the glass surface and enable 
uniform coating with poly-L-lysine (PLL; Sigma-Aldrich #P8920). Eppendorf tubes (0.5-ml) were 
cut at the inflection point between the conical and cylindrical part of the tube, and their lids were 
removed. The lip of the remaining cylindrical part of the tube was then coated with UV-curing 
glue (Norland Optical Adhesive 68, Norland Products Inc.) and stored in an Eppendorf tube rack 
with the UV-curing glue pointing upwards while the glass coverslips were incubating with Piranha 
solution. The glass slides were then rinsed thoroughly with Milli-Q water and blow-dried using a 
stream of compressed nitrogen gas to prevent water evaporation and residue deposition on the 
clean coverslips. Once dried, the coverslips were placed with their clean side facing the glue-
covered lip of the Eppendorf tube. Once a continuous ring of glue had formed between the glass 
coverslip and the Eppendorf tube lip, the tube rack holding the uncured imaging chambers was 



placed beneath a UV lamp for 3 min to cure the UV-sensitive glue. The assembled chambers were 
then gently removed from the rack, placed on a glass dish, and transferred to a plasma cleaner. 
The pressure in the vacuum chamber of the plasma cleaner was then reduced to 0.3 Torr before 
activating the plasma discharger. The slides were plasma-treated for 13 min to render them 
hydrophilic and enable efficient adsorbance of PLL onto the glass surface. Concurrent with the 
plasma treatment of the glass slides, 100 μl of a 0.5 mg/ml solution of PLL in Milli-Q was prepared 
for each imaging chamber (two-fold dilution from a 0.1% stock solution). Then, 100 μl of the            
0.5 mg/ml PLL solution in Milli-Q was added to each imaging chamber immediately upon removal 
of the imaging chambers from the plasma cleaner. The slides were incubated with PLL solution 
for at least 1 hour, taking care not to let the coverslips dry out, and were only washed with                    
5 x 200 μl of HEPES-buffered saline [40 mM HEPES, 140 mM NaCl, (pH 7.6)] immediately before 
cells were deposited onto the coverslips. 
 
Cell labeling for TIRF imaging 
For TIRF microscopy, LAIR-1a-SNAP-tag–, LAIR-1b-SNAP-tag–, LAIR-1a-SNAP-tag/MARCO-
HaloTag–, and LAIR-1b-SNAP-tag/MARCO-HaloTag–expressing THP-1LAIR1-/- cells were stimulated 
with 0.1 μg/ml tetracycline (Sigma-Aldrich #T3258) to induce protein expression 24 hours before 
imaging. On the day of imaging, 40 μl of cell suspension was mixed with 40 μl of 0.4% trypan blue 
solution (Gibco #15-250-061) and counted with the Luna II cell counter (Logos Biosystems). Cell 
culture volumes corresponding to 1 million cells were collected from the cell culture flasks into   
5-ml Eppendorf tubes and centrifuged at 125g in a tabletop centrifuge for 5 min. The supernatant 
was then replaced by 1 ml of pre-warmed staining solution [RPMI 1640 phenol red free (VWR 
#392-0430), 10% FBS, 1% GlutaMAX (Gibco #35050038), 1% HEPES buffer (Lonza BioWhittaker 
#17-737E)], and containing either 100 nM each of Janelia Fluor X 650 Halo-tag ligand and Janelia 
Fluor X 554 cpSNAP-tag ligand when staining MARCO-Halo-tag– and LAIR-1-SNAP-tag–expressing 
cells or 100 nM Janelia Fluor X 554 cpSNAP-tag ligand when staining cells expressing LAIR-1-SNAP-
tag only. Cells resuspended in staining solution were transferred to a 24-well plate and incubated 
at 37°C, 5% CO2 for 1 hour. After staining, cell suspensions were transferred to 5-ml Eppendorf 
tubes and centrifuged at 125g in a tabletop centrifuge for 5 min. The supernatant was removed 
and replaced by 1 ml of pre-warmed washing/imaging buffer (RPMI 1640 phenol red free, 10% 
FBS, 1% GlutaMAX, 1% HEPES). Cells resuspended in the washing buffer were transferred to a    
24-well plate and incubated at 37°C, 5% CO2 for 10 min. This washing step was repeated twice 
more, after which the 1 ml of cell suspension was either transferred to a 24-well plate and divided 
into several aliquots for incubation with antibodies or transferred directly to the PLL-coated glass 
slides for TIRF imaging. For blocking experiments, cells were stained with fluorescently labeled 
SNAP-tag or HaloTag ligands, as described earlier, and incubated with blocking (anti-LAIR-1, 
produced in-house) or isotype control (anti–keyhole limpet hemocyanin, produced in-house) 
antibodies at a concentration of 50 μg/ml for 30 min at 37°C, 5% CO2 by directly adding the 
antibody solution to the cell suspension in the 24-well plates. To keep the incubation time of each 
sample with antibodies the same, the stained cell “stock” was divided into aliquots of 250 μl 



(corresponding to 250,000 cells) before staggered antibody addition. After incubating the cells 
for 30 min with antibodies in the 24-well plate at 37°C, 5% CO2, cells were deposited onto                
PLL-coated imaging chambers and incubated for 30 min at 37°C, 5% CO2. 
 
TIRF imaging 
The samples were imaged with a K2 custom-built total internal reflection fluorescence 
microscope63. Each sample was imaged for 30 min while maintaining the sample temperature at 
37°C through coupling with a heated 100x oil objective. After finding cells displaying suitable 
MARCO-HaloTag expression (10 to 25% of all cells in each sample), the samples were bleached in 
a circular area approximately 25 μm in diameter by exposing them for 3 s continuously to a            
561-nm laser at 100% laser power. This resulted in an almost complete loss of signal stemming 
from the LAIR-1-SNAP-tag labeled with Janelia Fluor cp554-SNAP-tag ligand in the bleached area, 
which was gradually repopulated by diffusion of fluorescently labeled LAIR-1 from unbleached 
areas of the cell, consequently yielding signal levels adequate for single-molecule tracking. The 
samples were then imaged for either 1000 frames (100 s at 100-ms exposure time) in the case of 
MARCO+LAIR-1+ THP-1 cells, or for 500 frames (50 s at 100-ms exposure time) in the case of          
LAIR-1-only expressing cells. The signals from each of the three channels were acquired 
simultaneously. 
 
Single-particle tracking 
The data acquired as described earlier were subjected to single-particle tracking analysis with 
Single Particle Interaction Tracking (SPIT) software developed in-house64. SPIT uses a minimum 
net gradient to localize particles in each frame of each individual channel separately (for the data 
presented here, the gradient was 400 for both channels). The algorithm then links localizations 
frame by frame into tracks for each individual channel, while considering a specified window of 
tolerance both in the spatial distance (for the data presented here, the search radius was 4 pixels, 
or 4 x 108 nm = 432 nm) and in the temporal separation from the previous localization (for the 
data presented here, 4 frames, corresponding to 400 ms). From the tracks, we extracted jump 
distances between localizations within the same track, which were used to assess the difference 
in mobility between MARCO and LAIR-1, as well as between the different LAIR-1 isoforms. 
 
FITC labeling of collagen IV 
Fluorescein isothiocyanate (FITC; Fisher Scientific #F1906) was dissolved in DMSO (Sigma-Aldrich 
#D5879) at a concentration of 10 mg/ml. FITC-DMSO was added to 1 ml of 1 mg/ml human 
collagen IV (Sigma-Aldrich #C5533-5MG) at a 48:1 molar ratio and dialyzed on a rotor against 1x 
FITC labeling buffer [0.5 M Boric acid, 2 M NaCl, (pH 9.2)] for 3 hours at 4°C. Labeled collagen IV 
was then dialyzed against PBS overnight at 4°C, which was followed by a final dialysis against PBS 
for 3 hours. 
 
 



Monocyte isolation and CRISPR/Cas9–mediated gene editing 
In accordance with the declaration of Helsinki and approved by the University Medical Centre 
Utrecht (UMCU) medical ethical committee (07–125/O), blood from healthy donors (three males 
and ten females, age range 24 to 64 years) was collected in lithium-heparin tubes (BD) after 
informed consent. Peripheral blood mononuclear cells (PBMCs) were isolated from healthy donor 
blood by Ficoll-Paque gradient (Cytiva #17144003). Fresh monocytes were isolated with human 
anti-CD14 microbeads (Miltenyi Biotec #130-050-201) by manual magnet-assisted cell sorting 
(MACS) using LS columns (Miltenyi Biotec #130-042-401), according to the manufacturer’s 
instructions. MARCO and LAIR-1 were knocked out in monocytes using CRISPR/Cas9 as follows. 
Alt-R negative control crRNA #2 (IDT #1072545), MARCO crRNA (IDT; TACCTGATCCTGCTCACCGC), 
or LAIR-1 crRNA (IDT; CCCGGCACACGAAAGTCACA) was mixed with Alt-R tracrRNA (IDT #1072533) 
at equimolar concentrations and heated at 95°C for 5 min to form gRNAs. Alt-R S.p. Cas9 Nuclease 
3NLS (IDT #1074182) was added at a molar ratio Cas9:gRNA of 1:1.83 and incubated for 20 min 
at room temperature to form Cas9-gRNA RNPs. 4 µM Alt-R Cas9 electroporation enhancer (IDT 
#1075916) was added and incubated for 5 min at room temperature, before adding the RNPs to 
the Nucleovette strip of the P3 Primary Cell 4D-Nucleofector X Kit S (Lonza #V4XP-3032). 
Monocytes were centrifuged at 100g for 10 min at room temperature, 1 x 106 cells were 
resuspended in 20 µl of P3 solution, added to the Nucleovette strip, and nucleofection was 
performed with the Lonza 4D Nucleofector (Lonza) using the CM-137 program. Immediately after 
nucleofection, 180 µl of prewarmed macrophage differentiation medium [RPMI 1640 
supplemented with 10% FCS, 1% p/s, 2 mM L-glutamine, 10 mM HEPES (Gibco #15630-056), and 
50 ng/ml M-CSF (PeproTech #300-25; equivalent to ≥50 IU/ml)] was added to each well, left in a 
5% CO2 humidified 37°C incubator for 10 min to recover, and then cells were harvested by gently 
pipetting. CRISPRed monocytes (5 x 105 cells per well) were added to tissue culture–treated            
12-well plates (Corning). 
 
Macrophage differentiation 
Macrophages were generated by plating isolated monocytes at a density of 3 x 105 cells/ml in 
macrophage differentiation medium for 6 days, and additional M-CSF (50 ng/ml) was added on 
day 3. For IL-10 polarization, 20 ng/ml recombinant human IL-10 (PeproTech #200-10; equivalent 
to ≥10 IU/ml) was added for another 24 hours. 
 
 
Functional assay of collagen-induced LAIR-1 signaling 
BSA (5 µg/ml; Roche # 10735094001) or human collagen I (5 µg/ml; Sigma-Aldrich #C7774) was 
coated onto 96-well F-bottom plates (Thermo Scientific) for 3 hours at 37°C and 5% CO2. 
Macrophages were harvested with Accutase (Sigma-Aldrich #A6964), centrifuged for 10 min at 
500g, and resuspended in macrophage differentiation medium without M-CSF. Macrophages 
(20,000 to 40,000; where the number of macrophages was kept equal per donor) were added to 
each well, centrifuged for 3 min at 54g and pre-incubated for 2.5 hours in a 5% CO2 humidified 



37°C incubator. Subsequently, the macrophages were treated with 100 ng/ml ultrapure LPS from 
E. coli (Invivogen #tlrl-3pelps) for 20 hours, and cell-free supernatant was harvested and stored 
at -20 °C. 
 
ELISA for IL-8 
Secreted IL-8 in the cell-free supernatant was quantified with a commercial IL-8 ELISA kit 
(Invitrogen #88-8086-88) and MaxiSorp 96-well plates (Thermo Scientific) according to the 
manufacturer’s protocol with overnight sample incubation at 4°C. Optical density (OD) values at 
450 and 570 nm were measured with the CLARIOstar plate reader (BMG Labtech). OD values at 
570 nm were subtracted from those at 450 nm, and these corrected values were used for ELISA 
analysis using a four-parameter dose-response curve for the standard curve with GraphPad Prism. 
Due to baseline differences in IL-8 secretion, IL-8 secretion was normalized to the BSA-coated 
samples per donor per CRISPR condition, or inhibition was calculated using the following formula 
per donor per CRISPR condition: 
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Flow cytometry 
For flow cytometry analysis of macrophages, cells were harvested with Accutase and single-cell 
suspensions were made. Cells were then washed with PBS and stained with Fixable Viability Dye 
eFluor 780 (eBioscience #65-0865-14) for 20 min at room temperature in the dark. The cells were 
then washed with FACS buffer (PBS, 0.1% BSA, 0.01% NaN3) and blocked with 5% normal mouse 
serum (NMS; Fitzgerald #88-NM35-50ML) for 15 min at room temperature. Subsequently, 
antibody mixes containing 5% NMS were added, and surface markers  were stained for 30 min at 
4°C with αLAIR-1-BV421 (BD #744557 RRID:AB_2742321) and αMARCO-AF647 (produced 
in-house). Cells were then washed twice with FACS buffer, resuspended in FACS buffer, and 
acquired on a FACSFortessa flow cytometer (BD). For two-step staining for LAIR-1-Fc fusion 
protein binding (produced in-house), cells were detached with 2 mM EDTA in PBS for 15 min at 
37°C and 5% CO2, stained with Fixable Viability Dye eFluor 780 for 20 min at room temperature 
in the dark, washed once with FACS buffer, incubated with 10 µg/ml (un)biotinylated LAIR-1-Fc at 
4°C, washed twice with FACS buffer after primary staining, and then stained with secondary 
antibodies (anti-IgG1-PE or Streptavidin-PE BD #349023) for 30 min at 4°C, followed by two 
washes with FACS buffer, before acquisition on a FACSFortessa (BD). For collagen IV-FITC staining, 
parental and MARCO-transduced LAIR-1–expressing THP-1 cells were incubated with collagen IV-
FITC and unconjugated anti-LAIR-1 (clone DX26; produced in-house) for 30 min on ice. The cells 
were then washed with FACS buffer, which was followed by staining with anti-IgG-AF647 
(Invitrogen #A21235 RRID:AB_2535804) for 25 min on ice. Cells were washed with FACS buffer, 
resuspended in FACS buffer, and acquired on a FACSCanto flow cytometer (BD). 
 
 



Reporter assay 
Control antibodies [αCD3 (BD #553057 RRID:AB_394590) and αLAIR-1 (produced in-house)] or 
recombinant proteins [human collagen I, rat collagen I (Corning #354249), and human MARCO 
(R&D #7586-MA-050)] were immobilized on MaxiSorp (Invitrogen) plates for 24 hours at 4°C at a 
concentration of 5 µg/ml, or as indicated in the figure legends, in PBS. Plates were washed 
multiple times with PBS, before 50,000 to 100,000 reporter cells were added and cultured 
overnight at 37°C in the presence or absence of soluble antagonist antibodies (produced                     
in-house). After incubation, the cells were harvested and washed with FACS buffer before being 
resuspended in FACS buffer and acquired on a LSRFortessa (BD) or FACSCanto (BD). For THP-1 
reporter assays, isotype antibodies with a WT Fc tail were immobilized on MaxiSorp plates in the 
presence or absence of recombinant MARCO, after which THP-1 NF-κB-SEAP IRF-Luc reporter cells 
(InvivoGen) were incubated overnight at 37°C, 5% CO2. SEAP secretion was then detected with 
QUANTI-Blue (InvivoGen). 
 
Receptor screening 
HEK293T cells were seeded at a density of 350,000 cells/ml in 384-wells and transfected with 
control expression vectors or an expression vector encoding MARCO with Lipofectamine 2000. 
After two days, the cells were incubated with a recombinant LAIR-1-IgG fusion protein, which was 
followed by staining with an anti-hIgG-AF647 antibody. The cells were then washed, fixed, and 
imaged. 
 
Surface plasmon resonance study of LAIR-1 binding to MARCO and type I collagen 
Surface plasmon resonance (SPR) studies were performed to investigate the interaction between 
LAIR-1, MARCO, and type I collagen with a Biacore T200 instrument (Cytiva). hLAIR-1-hFc                     
(2 µg/ml) was captured by its Fc region on flow cells 2 and 3 of a series S Protein A sensor chip 
(Cytiva). A negative control Fc-fusion protein was captured on flow cell 4, whereas flow cell 1 was 
used as reference. The binding of human or mouse MARCO and type I collagen (Millipore #CC050) 
to surface-captured LAIR-1-Fc was investigated by injecting different concentrations of these 
proteins ranging from 6.25 to 200 nM at a flow rate of 30 µl/min. 1x PBS (pH 7.4) supplemented 
with 0.1% Tween was used as running buffer, and real-time kinetics were measured at 37 °C. 
Processed sensorgrams, where appropriate, were fit to a 1:1 Langmuir binding model using 
Biacore’s kinetics evaluation software to determine the kinetic rate constants and affinities. 
 
Simultaneous binding assessment of MARCO and collagen to LAIR-1 by biolayer interferometry 
To demonstrate the effect of MARCO on the binding of LAIR-1 to collagen, we used a simple real-
time, label-free biosensing platform based on biolayer interferometry (Octet, HTX) which is a “dip 
and read” system and can study several binding interactions in parallel. Three different anti-hFc 
capture Octet sensor tips (Sartorious) were first soaked in 1x PBS, pH 7.4, supplemented with 
0.1% Tween and 0.1% BSA, for about 15 min before the experiment. All reagents were then 
transferred to a 384-well Octet plate for real-time binding measurements. The sensors were 



stepwise immersed in wells containing (i) human LAIR-1-hFc (10 µg/ml) or an Fc fusion protein 
(negative control) for 10 min, (ii) purified polyclonal human IgG (30 µg/ml) to block any 
unoccupied sites, (iii) 200 nM human MARCO or buffer until the signal reached saturation, and 
(iv) 100 nM type I collagen. The binding signals were monitored in real-time using the Octet’s 
acquisition software. Thirty-second buffer wash steps were added after each binding step. 
 
Bioinformatics 
Single-cell RNA-seq data from publicly available datasets was retrieved39–45, and Scope65 was used 
to determine the expression of LAIR1 and MARCO among macrophage or myeloid clusters 
identified in the corresponding publications. 
 
TCGA analysis 
GBM and LUSC primary and recurrent tumor gene expression data were analyzed with Omicsoft 
Land B37 (Qiagen). Briefly, LAIR1 expression (FPKM+0.1) was assessed in the top and bottom 
MARCO quartiles. Overall survival was plotted for tumors in either the top or bottom quartiles for 
LAIR1 or MARCO. 
 
Cytotoxicity assay 
Parental and transduced YT.2C2 and LCL 721.221 cells were harvested and counted. LCL target 
cells were then washed with PBS, stained with 1 µM CellTrace Violet (Invitrogen #C34557) in PBS 
at a density of 30 × 106 cells/ml for 7 min at 37 °C, before quenching with 100% FCS, followed by 
subsequent washes with RPMI 1640 and 10% FCS. CD32+ LCL cells were additionally incubated 
with 20 µg/ml anti-LAIR-1 (clone DX26, made in-house) for 30 min. LCL target cells (50,000) were 
then cultured together with the appropriate ratios of WT or LAIR-1+ YT cells in U-bottom 96-wells 
plates (Thermo Scientific) for 4 hours at 37°C. After co-culture, the cells were harvested, washed 
with PBS, and stained with Fixable Viability Dye eFluor 780, according to the manufacturer’s 
instructions. After staining, the cells were washed with FACS buffer, before being resuspended in 
FACS buffer and acquired on a FACSCanto flow cytometer (BD). 
 
Phagocytosis assay 
Unpolarized and IL-10–polarized macrophages were harvested with Accutase and allowed to 
reattach at a density of 0.125 to 0.15 × 106 cells/ml in black/clear flat-bottom 96-wells plates 
(Corning) overnight at 37°C. The medium was then aspirated, and the cells were incubated for 1 
hour with the appropriate anti-LAIR-1 reagents, LAIR-2-Fc fusion protein, or isotype controls (all 
produced in-house; all at 20 µg/ml in 100 µl of medium) at 37°C. Then, 100 µl of a 50 µg/ml 
solution of pHrodo Green E. coli BioParticles (Invitrogen #P35366) was added, and the cells 
underwent live imaging at 20x magnification on an Incucyte imaging machine (Sartorius). Green 
fluorescence was quantified after top-hat segmentation (radius: 100 µm, threshold: 2 GCU), edge 
split (sensitivity: -20), and cleanup (hole fill: 50 µm², adjust size: 5 pixels), and additionally filtered 
on a minimum object size of 100 µm². 



 
Statistical analysis 
Data were graphed and analyzed in FlowJo (v10.6.2), GraphPad Prism (v10), or R (v4.2.2). 
Significance was determined as indicated in the figure legends, and significant differences are 
indicated in each graph: *P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001; ****P ≤ 0.0001. 
 
Supplementary Materials 
Figs. S1 to S3. 
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Fig. 1. MARCO is a previously uncharacterized functional ligand for LAIR-1.                                              
(A) Immunofluorescence staining of control and MARCO-expressing transfected HEK293T cells 
using LAIR-1-Fc fusion protein. (B) Binding of LAIR-1-Fc fusion protein to parental, MARCO- and 
Coll-XVII-expressing transfected K562 cells as determined by flow cytometry. (C) Affinity 
measurements of MARCO and collagen I to immobilized LAIR-1-Fc as determined by SPR analysis. 
The concentrations of collagen I and MARCO ranged from 6.25 to 200 nM. (D) Real-time binding 
signal from two parallel sensors obtained by the Octet, HTX platform. In the absence of MARCO 
(step 3, blue trace), collagen I showed high binding to LAIR-1 (step 4, blue trace), which was 
reduced by pre-binding MARCO to LAIR-1 (step 4, red trace). (E and F) Flow cytometry analysis (E) 
and quantification (F) of LAIR-1-Fc fusion protein binding to parental, MARCO-expressing, and 
MARCOII-expressing transfected HEK293T cells. Data are from three experiments and were 
analyzed by Kruskal-Wallis test (P = 0.05). (G) The indicated antibody controls and recombinant 
proteins were immobilized on plastic culture plates. After washing, WT, LAIR-1a-CD3ζ, or LAIR-
1b-CD3ζ NFAT-GFP 2B4 reporter cells were added and cultured for 18 hours, after which the cells 
were harvested and assessed for GFP production by flow cytometry. (H) WT, MARCO-, collagen 
XVII–, and CD32-expressing LCL721.221 target cells were co-cultured with WT or LAIR-1-
expressing YT.2C2 effector cells at the indicated effector:target (E:T) ratios, and target cell viability 
was determined by flow cytometry. CD32+ cells were additionally cultured with anti-LAIR-1 
antibodies to ligate LAIR-1 on effector cells. Data in (G) and (H) are from three or four experiments 
and were analyzed with a mixed-effect analysis with Tukey’s multiple comparison correction. *P 
≤ 0.05; **P ≤ 0.01; ****P ≤ 0.0001. 
 
Fig. 2. LAIR-1 and MARCO are co-expressed on macrophages. (A) The percentages of 
macrophages expressing LAIR1, MARCO, or LAIR1 and MARCO in scRNA-seq data obtained from 
different studies of patients with the indicated cancer types. MEL, melanoma. (B) Percentage of 
MARCO-expressing macrophages that also express LAIR1 in scRNA-seq data from different studies 
of patients with the indicated cancer types. (C and D) Human monocytes were isolated from 
peripheral blood and differentiated to M0 or M2c-like monocyte-derived macrophages (MDMs) 
with M-CSF alone or in the presence of IL-10, respectively. Flow cytometry analysis of cells from 
representative donor (C) and quantification of the percentage of live MDMs that co-expressed 
MARCO and LAIR-1 (D). Data are from six donors in two independent experiments and were 
analyzed by Wilcoxon test. *P ≤ 0.05. 

https://scope.aertslab.org/#/Bernard_Thienpont/*/welcome
https://portal.gdc.cancer.gov/


 
Fig. 3. LAIR-1 and MARCO can interact in cis when expressed in the same cell.                                          
(A) Schematic overview of the TIRF microscopy setup to determine interactions between LAIR-1 
and MARCO. Cells expressing LAIR-1, MARCO, or both were allowed to adhere to a PLL-coated 
glass surface, and fluorescence was measured over time by TIRF microscopy. (B) Overview of 
image acquisition and analysis for TIRF microscopy. Cells expressing high amounts of MARCO and 
LAIR-1 were selected, and the LAIR-1 signal was photobleached to better track single molecules. 
Single molecules could then be localized and tracked over time. (C) Representative images of 
MARCO (top) and LAIR-1 (bottom) tracks as determined by single-particle tracking after live-cell 
TIRF microscopy. The color indicates the time of localization within the timeframe, and the white 
outline indicates the photobleached area. (D) Quantification of jump distances between separate 
localizations within a single track for LAIR-1 and MARCO in cells expressing each molecule alone. 
Colored lines indicate the distribution of jump distances of all tracks within a single cell, whereas 
colored dots indicate the median jump distance of all tracks per cell. The black line indicates the 
aggregated jump distance data for all cells, and the blue square indicates the median jump 
distance of all tracks acquired. Larger jump distances indicate higher mobility, whereas shorter 
jumps are indicative of lower mobility of the receptor. (E) Data are presented as described for (D), 
but the cells co-expressed MARCO and LAIR-1a (left) or MARCO and LAIR-1b (right) and were 
additionally incubated with medium, an isotype control antibody, or an anti-LAIR-1 (clone 
108D10) antibody to block LAIR-1:MARCO binding. Data are from 6 to 12 cells per group and were 
analyzed by Kruskal-Wallis test with Dunn’s multiple comparison correction. *P ≤ 0.05.  
 
Fig. 4. The cis interaction between LAIR-1 and MARCO can block the binding of LAIR-1 to 
collagen. (A) Phagocytosis of E. coli-pHrodo BioParticles by IL-10–polarized human MDMs in the 
presence or absence of indicated proteins, which can interfere with the LAIR-1:MARCO 
interaction, was determined by Incucyte live-cell imaging. The cursive medium control is in the 
absence of E. coli BioParticles. Data are aggregated from three independent experiments; 
experiments with F(ab’)2 fragments were performed twice. (B) Quantification of phagocytosed E. 
coli BioParticles under the indicated conditions at 3 hours. (C) Left: WT (top left) and MARCO-
expressing (bottom left) LAIR-1-CD3ζ NFAT-GFP reporter cells were cultured on the indicated 
amounts of immobilized collagen and GFP response was determined by flow cytometry. Right: 
Quantification of the GFP response in the indicated cells. Data are aggregated from four 
independent experiments. (D) Left: THP-1LAIR1-/- cells were transduced to express LAIR-1 alone or 
with MARCO. Right: Collagen IV-FITC binding to LAIR-1 in the presence or absence of MARCO was 
then determined by flow cytometry. Data are aggregated from three independent experiments. 
Data in (C) and (D) were analyzed by two-way ANOVA with Tukey’s multiple comparison 
correction. *P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001; ****P ≤ 0.0001. (n=3-4 experiments). 
 
 



Fig. 5. MARCO co-expression in primary human macrophages impairs collagen-induced,        
LAIR-1–mediated inhibition of IL-8 production upon LPS exposure. (A and B) Flow cytometry 
analysis of the efficiency of knockout of MARCO or LAIR-1 on IL-10–polarized MDMs. For the 
quantification of all donors, see fig. S3, A to D. (C) Measurement of IL-8 secretion by LPS-
stimulated MDMs on BSA- or collagen I–coated wells, normalized to the amount of IL-8 in control 
BSA-coated wells per CRISPR condition. Data are from seven donors in three independent 
experiments and were analyzed by the Friedman test. (D) Inhibition of IL-8 secretion on collagen 
I–coated as compared to control BSA-coated wells, which was calculated per CRISPR condition. 
Data are from seven donors in three independent experiments and were analyzed by one-sided 
Wilcoxon tests. (E) Th co-expression of MARCO and LAIR-1 decreases the inhibitory function of 
LAIR-1 on human macrophages. LAIR-1 can recognize collagens to induce inhibitory signaling in 
macrophages. However, when MARCO is increased in abundance, for example in M2-like or 
tumor-associated macrophages, MARCO can interfere with LAIR-1:collagen interactions, and 
further increase overall macrophage activation. Created in BioRender. Meyaard, L. (2025) 
https://BioRender.com/nsup4ad. 
 
Fig. 6. Low MARCO and LAIR-1 expression is associated with increased survival in GBM and 
LUSC. (A) Tumor samples from patients with glioblastoma multiforme (GBM) and lung squamous 
cell carcinoma (LUSC) in the TCGA were stratified based on MARCO expression, and LAIR1 
expression in these samples was assessed. ****P ≤ 0.0001 by unpaired two-tailed t test.                    
(B) Tumor samples from patients with GBM (left) and LUSC (right) were stratified based on 
MARCO (top) and LAIR1 (bottom) expression, and overall survival (OS) was determined. 
Statistically significant differences in survival were determined by log-rank (Mantel-Cox) test and 
are indicated in each graph. (C) Tumor samples from patients with GBM (left) and LUSC (right) 
were stratified based on MARCO and LAIR1 expression and OS was determined. Statistically 
significant differences in survival were determined by log-rank (Mantel-Cox) test and are 
indicated in each graph. The number of patients are indicated in each graph. 
  



 
Table 1. LAIR-1 reporter cell activity in response to potential LAIR-1 ligands and extracellular matrix components. 
The reporter cells expressed the indicated LAIR-1 molecules. Data show the maximal percentage of GFP+ reporter 
cells in response to the indicated potential ligands. ND, not determined. 

 max GFP+ reporter cells  
Human LAIR-1 Cynomolgus LAIR-1 Mouse LAIR-1 

Human Coll-I 42.14 ± 2.7 65.7 ± 11.15 35.75 ± 14.35 
Human Coll-IV 48.17 ± 3.73 64.75 ± 13.75 57.9 
Mouse Coll-I 65 87.4 36.7 
Mouse Coll-IV 62.2 65 10.6 
MARCO 37.17 ± 4.17 26.9 ± 8 16.8 ± 3.7 
Collectin-12 (SCARA4) 63.5 ± 6.4 9.04 ± 3.66 1.74 
Mannose-binding 
lectin 

67.5 ± 3.3 1.73 ± 0.22 1.17 

Surfactant protein D 21.75 ± 8.65 2 ± 0.7 1.64 
C1q 3.64 ± 0.86 1.78 ± 0.14 39.6 
Adiponectin 1.34 1.37 1.5 
Laminin 1.98 ND ND 
Fibronectin 1.9 ND ND 
MSR1 (SCARA1) 1.94 3.8 1.41 
SCARA3 1.79 1.19 1.51 
SCARA5 1.41 1.43 1.4 
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Fig. S1. MARCO is a previously uncharacterized functional ligand for LAIR-1. (A) Analysis of the 
binding of human LAIR-1-Fc, human LAIR-2-Fc, and mouse LAIR-1-Fc fusion proteins to parental, human 
MARCO-, human collagen XVII-, and mouse MARCO-expressing transduced LCL721.221 cells.                   
(B) Left: schematic of the experimental setup. THP-1 NF-kB-SEAP reporter lines were activated through 
the Fc receptor (orange) with an immobilized antibody (green), resulting in NF-kB-induced SEAP 
secretion, in the presence or absence of immobilized MARCO (red) as a putative ligand for LAIR-1 (blue) 
. Right: the NF-kB response was determined in the presence or absence of immobilized MARCO and in 
the presence of a soluble isotype control antibody or a blocking anti–LAIR-1 antibody. Data are from two 
experiments with three technical replicates; blocking was performed once. (C) The indicated recombinant 
proteins were immobilized on plastic, and the GFP response of LAIR-1-CD3ζ NFAT-GFP reporter cells 
was determined after culture. The maximal percentage of GFP+ reporter cells for each protein is depicted 
for each experiment. Experiments were performed between one and five times. (D) WT, MARCO-, 
collagen XVII–, and CD32-expressing transfected LCL721.221 target cells were co-cultured with WT 
YT.2C2 effector cells at the indicated effector:target ratios, and the viability of the target cells was 
determined by flow cytometry. Data are from three or four experiments. 
  



 
 
Fig. S2. The cis interaction between LAIR-1 and MARCO can block the binding of LAIR-1 to 
collagen. (A) The indicated proteins were immobilized on plastic and the GFP response of LAIR-1-CD3ζ 
NFAT-GFP reporter cells was determined in the presence of increasing concentrations of anti-LAIR-1 
antibody or isotype control antibody. The data are from one experiment and are representative of three 
independent experiments. (B) LAIR-1-CD3ζ NFAT-GFP reporter cells were left untreated or were 
transduced to express MARCO-mCherry, and the GFP response was determined over time by Incucyte 
live-cell imaging. 
  



 
 
Fig. S3. Knockout efficiency of LAIR-1 and MARCO in primary human monocyte-derived 
macrophages and effects on IL-8 secretion. (A to D) Flow cytometric quantification of the expression of 
LAIR-1 (A and B) and MARCO (C and D) in human MDMs originating from monocytes treated by 
CRISPR/Cas9 to knockout the indicated targets. Data are from seven donors in three independent 
experiments and were analyzed by Friedman tests. *P ≤ 0.05 and **P ≤ 0.01. (E) The indicated MDMs 
incubated in BSA- or type I collagen–coated wells were stimulated with LPS, and the amounts of IL-8 that 
were secreted were quantified. The data shown are the raw data corresponding to the experiments shown in 
Fig. 5, C and D. 


