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Targeting CD37 promotes macrophage-
dependent phagocytosis of multiple cancer
cell types and facilitates tumor clearance
in mice
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% Check for updates Macrophages play vital roles in innate and adaptive immunity, and their func-
tions are mediated via phagocytosis and antigen presentation. Despite the effort
to identify phagocytic checkpoints and explore their mechanism of action,
current checkpoint-scanning strategies cannot provide a complete and sys-
tematic list of such immune checkpoints. Here, we perform in vitro phagocy-
tosis assays using primary healthy donor macrophages co-cultured with breast
cancer cells followed by ribosome profiling of sorted macrophages, to identify
immune system-specific checkpoints. We observe a downregulation of CD37 in
phagocytic macrophages and demonstrate that targeting CD37 with a specific
antibody promotes the phagocytosis of multiple cancer cells in vitro. Mechan-
istically, tumorous macrophage migration inhibitory factor (MIF) directly binds
to CD37, promoting the phosphorylation of CD37Y" and activating a trans-
duction cascade that involves the recruitment of SHP1 and inhibition of AKT
signaling, ultimately impairing phagocytosis. In vivo, targeting CD37 promotes
tumor clearance in multiple preclinical mouse models and synergizes with anti-
CD47 therapy. Thus, our study identifies a previously unidentified phagocytic
checkpoint and provides new potential for precise therapy.

Immune checkpoint-based (ICB) therapy has shown unprecedented interactions between different immune cell subsets and tumor cells in
success in preventing cancer by boosting T cell responses. However, the tumor microenvironment (TME), which is crucial for combating
most patients do not benefit from ICB therapy' . Advances in single- resistance to ICB therapy’. Macrophages are crucial for innate and
cell sequencing have enabled an understanding of the complex adaptive immunity®’. The indispensable function of macrophages in
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adaptive immunity is to present antigens via phagocytosis, a multistep
cellular process involving target cell recognition, cellular engulfment,
and lysosomal digestion. The process of phagocytosis is regulated by
receptor-ligand interactions between the phagocyte and target cells
expressing the so-called “eat me” signals®’. Intrinsic “eat me” signals
may be activated by mediating ITAM and subsequently remodeling the
cytoskeleton of phagocytic cells, which sequentially engulfs cancer
cells’. Cancer cells evade immune eradication by expressing anti-
phagocytosis molecules, including cluster of differentiation 47
(CD47)", cluster of differentiation 24 (CD24)", PD-L1”, the beta-2
microglobulin subunit of the major histocompatibility class I
complex™, stanniocalcin 1%, and GD2'", which are termed “don’t eat
me” signals”. Phagocytosis-associated ICB therapy is mainly achieved
by blocking “don’t eat me” signals, such as anti-CD47 and anti-PD-L1
signals.

In this study, we employ a systematic methodology, based on
phagocytic assay combined with ribosome profiling, and identify CD37
as a phagocytic checkpoint. Our data elaborate the role of CD37 in
suppressing macrophage phagocytosis. Furthermore, we show that
inhibition of CD37 effectively promotes the phagocytosis of multiple
tumor cells by macrophages and enhances the efficacy of combination
therapy with CD47. Thus, our work identified CD47 as a target for
phagocytosis checkpoint therapy and tumor immunotherapy.

Results

Identification of potential phagocytosis checkpoints

To further understand the potential regulatory mechanism of phago-
cytosis, we initiated an in vitro phagocytosis assay using the following
methodology: peripheral blood from healthy donors was collected and
peripheral blood monocytes were isolated. Macrophages were subse-
quently induced and cultured using ImmunoCult-SF Macrophage
Medium. Macrophages were labeled with CellTrace Blue, MDA-MB-231
breast cancer cells were labeled with 5(6)-carboxyfluorescein diacetate
N-succinimidyl ester (CFSE). Thereafter, the macrophages were incu-
bated with MDA-MB-231 cells for 2 h and subjected to fluorescence-
activated cell sorting (FACS) analysis. In addition to regular FACS, mild
trypsinization was performed to avoid cell adhesion. Cells labeled with
a blue cell tracker and CFSE were considered phagocytic macrophages
(hereafter referred to as phagocytes). Cells stained with only the blue
cell tracker were identified as macrophages without phagocytic ability.
Equal numbers of phagocytes, macrophages, and MDA-MB-231 cells
were harvested and subjected to ribosome profiling (Fig. 1A). Ribo-
some protection fragments (RPFs) were collected and subjected to
transcription. The reads mapped to the transcription products showed
a distinct 3-nt periodicity, indicating reliable quality control (Supple-
mentary Fig. 1A). For further confirmation, we utilized the relative
FPKM value to scrutinize the well-studied phagocytosis checkpoints.
Phagocytosis-inhibiting molecules, such as CLEC-1, Siglec-10, SIRPa,
LILRB1 and PD1, exhibited significant upregulation in macrophages
compared with phagocytes (Supplementary Fig. 1C, D). The above data
showed strong consistency with those of the current relevant studies
and demonstrated reliable specificity and sensitivity. Based on iden-
tification of known immune checkpoints using our detection method,
we employed individual analytical procedures in the subsequent stu-
dies. However, the phagocytes identified using FACS were actually two
types of cells that clustered together—phagocyte “eating” cancer cells.
To guarantee the reliability of determining phagocyte-associated
checkpoints, we applied a strict analysis process. First, we identified
phagocyte-specific genes by comparing phagocytes with cancer cells
(FPKM=0 in MDA-MB-231 cells). Next, we compared phagocyte-
specific genes with those of control macrophages, and differentially
expressed genes (DEGs) were identified (p < 0.05, fold change >1). A
total of 1087 DEGs were downregulated, whereas 486 were upregu-
lated in phagocytes compared to those in macrophages (Fig. 1B, Sup-
plementary Fig 1B, Supplementary Dataset 1 and 2). The dysregulated

pathways were enriched and detailed; notably, the dysregulated
pathways were mostly enriched in receptor activity and receptor-
mediated downstream cascade activity, especially immune-related
receptor activity (Fig. 1C, D). Thus, we applied GO annotation to
identify the differentially expressed receptors and transmembrane
proteins in phagocytes. A total of 1663 receptors and transmembrane
proteins were identified (Fig. 1E, Supplementary Dataset 3). To avoid
false positive results, we further narrowed the dataset (FPKM=0 in
MDA-MB-231 cells and FPKM >0 in phagocytes) and identified 40
receptors and transmembrane proteins (Fig. 1F, Supplementary Data-
set 4). CD37 is a previously unidentified potential checkpoint gene and
has thus attracted great interest (FPKM=0 in MDA-MB-231 cells,
FPKM = 0.41 in phagocytes, and FPKM =298.9 in macrophages).

CD37 was widely expressed in macrophages

CD37 is specifically expressed on B cells®. Before further investigating
the biological function and underlying mechanism of CD37 in phago-
cytosis, we first derived macrophages from the tumor species and
detected the proportion of CD37" macrophages (the data were nor-
malized to CD14'CD86" cells and CD14"MRCI1" cells). The proportion of
CD37" cells ranges from O to 80% and tend to be enriched in MRC1*
macrophages in multiple cancers, including breast cancer, colon can-
cer, rectal cancer, glioma, and PDAC (Fig. 2A, Supplementary Fig. 2A).
For further confirmation, we analyzed single-cell sequence data from
breast cancer (BRCA, GSE150660)", glioblastoma (GBM, GSE163108)°,
colon-rectum cancer (CRC, GSE139555)%, lung cancer (LC,
GSE739555)* and pancreatic ductal adenocarcinoma patients (PDAC,
GSE148673)* and analyzed the proportion of CD37* macrophages.
These results suggest that CD37 is widely expressed in macrophages
from different cancers and is preferentially expressed in a certain cell
subpopulation (Fig. 2B). A violin plot of CD37 and other critical pha-
gocytosis checkpoints, PDCDI, SIRPa, and SLAMF7, was generated for
the macrophages from the above datasets. As expected, CD37 was
detected in tumor-derived macrophages (TDMs), and compared to
other checkpoint molecules, CD37 had the highest expression level,
suggesting its biological importance of CD37 (Fig. 2C). Next, we ana-
lyzed the distribution of CD37* macrophages in the BRCA dataset. The
results indicated that CD37 was expressed in almost all macrophages,
specifically enriched in MRC1" macrophages CD37 and barely expres-
sed in CD86" macrophages (Fig. 2D). MRC1 and CD86 are two
classical markers of widely used antitumor/proto-tumor (AT/PT)
macrophages®>?*. Analysis of the biological information of CD377*
macrophages from the scRNA-seq dataset (GSE150660) was per-
formed. In total, 1408 DEGs were identified (Supplementary Fig. 3A,
Supplementary Dataset 5), and the top 20 DEGs are shown (Supple-
mentary Fig. 3B). Dysregulated genes were enriched in phagocytosis-
associated pathways such as phagosome, antigen processing, cell
adhesion, and autoimmune disease pathways. These data further
confirm the biological importance of CD37 in phagocytosis (Supple-
mentary Fig. 3C-E).

Targeting CD37 promotes phagocytosis of multiple cancer cells
Macrophages and phagocytes were collected from in vitro phagocy-
tosis assays and stained with CD37. As expected, CD37 was enriched in
macrophages and barely detectable in phagocytes (Fig. 3A, B, Sup-
plementary Fig. 2A, C). Donor-derived macrophages (DDM) were col-
lected and divided into the CD37-negative and -positive subgroups. An
in vitro phagocytosis assay was performed, and CD37-negative mac-
rophages exhibited enhanced phagocytosis of multiple cancer cells,
especially BRCA and GBM cells (Fig. 3C, Supplementary Fig. 4A). This
could be attributed to the discrepant significance of CD37 in sup-
pressing phagocytosis in diverse tumors. Some tumor cells pre-
dominantly depend on the CD37 pathway to realize immune escape,
whereas in other tumors, the role played by CD37 is not predominant.
Thirteen separate DDMs were collected and treated with CD37-specific
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Fig. 1| CD37 is a potential phagocytosis checkpoint. A Illustration of the
ribosome profiling in phagocytes, macrophages, and cancer cells. Peripheral
blood monocytes were isolated from healthy donors and differentiated into
macrophages. The macrophages were labeled with CellTracker Blue and co-
cultured with CFSE-labeled cancer cells for 2 h. Subsequently, flow cytometry
was employed to sort the macrophages, phagocytes, and cancer cells as indi-
cated. Cells were then subjected to ribosome profiling analysis. A total of 100
healthy donors were enrolled. B The volcano plot illustrates the identification
of dysregulated genes, with phagocyte-specific genes determined by compar-
ing phagocytes to MDA-MB-231 cancer cells (FPKM = 0 in MDA-MB-231 cells).
Dysregulated genes were subsequently identified by comparing these
phagocyte-specific genes to those in control macrophages. Differentially

expressed genes (DEGs) were defined as those meeting the criteria of p < 0.05
and fold change > 2. FC fold change, FDR false detecting rate. C GO analysis of
the dysregulated genes, dysregulated genes were identified, and Gene Ontol-
ogy Analysis was applied to analyze the enriched pathways of dysregulated
genes. D The detail of the dysregulated genes enriched pathways, gene ontol-
ogy analysis was applied to analyze the dys-enriched pathways, the detail of the
pathway, including the g value and the number of dysregulated genes, was
shown. E The rank of the dysregulated receptor and transmembrane protein,
PD1, Siglec-10, and CD37, was indicated, X-axis, the rank of the genes, Y-axis, the
log, FC, FC fold change. F The rank of the dysregulated receptor and trans-
membrane protein (RPKM >0 in phagocytes), X-axis, the rank of the genes, Y-
axis, the log, FC, FC fold change.
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Fig. 2 | CD37 is widely expressed in macrophages. A The proportion of CD37*
macrophages derived from different cancer species measured by FACS, BRCA breast
cancer, GBM glioblastoma, CRC colon-rectum cancer, LC lung cancer, PDAC pan-
creatic ductal adenocarcinoma, n =38 for each cancer, data were presented as
individual dots. B The proportion of CD37* macrophages derived from different
single-cell sequence of different cancer species, BRCA breast cancer, GBM glio-
blastoma, CRC colon-rectum cancer, LC lung cancer, PDAC pancreatic ductal ade-
nocarcinoma, n =5 for each cancer, data were presented as box plot, the mean value,
maximum and minimum values, and the quartile values were presented. C The violin
plot of CD37 and three other checkpoints (PDCD]1, SIRPA, and SLAMF?) in macro-
phages from different cancer species, BRCA breast cancer, GBM glioblastoma, CRC

UMAP_1 —>

colon-rectum cancer, LC lung cancer, PDAC pancreatic ductal adenocarcinoma, n=5
for each cancer, each white dot within the violin plot represents the median. The
thick black bar in the center indicates the interquartile range, with the upper end
marking the third quartile and the lower end marking the first quartile. The thin black
line extending from the bar represents the data range, with the upper end indicating
the maximum value and the lower end the minimum value. The width of the violin
reflects the relative density of the data, with wider regions indicating a higher
probability of observed values. D The single-cell sequence of breast cancer
(GSE150660) was analyzed, the UMAP of macrophages was obtained, and the
expression distribution of CD37, MRC1, and CD86 was demonstrated. All the
experiments were repeated at least three times with similar results.

antibody naratuximab. DDMs were then incubated with MDA-MB-231
cells, or the glioblastoma cell lines U251, DDM1, and DDM2 were picked
for presentation. These results suggest that targeting CD37 promotes
phagocytosis to eliminate cancer cells (Fig. 3D, E, Supplementary
Fig. 2C). CD37 was knocked out in the THP1 and U937 cell lines using
the CRISPR-Cas9 system, and macrophages were obtained after PMA
application. Macrophages were incubated with MDA-MB-231 and
U251 cells. CD37 knockout promoted the phagocytosis of MDA-MB-231
and U251 cells (Fig. 3F, G). Antigen presentation is another critical
function that promotes T cell recognition and cytotoxicity. Thus, we
used T cell proliferation and chemokine detection assays to validate
the antigen presentation ability of these cells. T cell function was
strongly enhanced, as measured by increased proliferation rate and
increased production of IFNy (Supplementary Fig. 4B-E, Supplemen-
tary Fig. 2B). This was further confirmed using in vivo experiments in
immunocompromised (BALB/c Nude) and C57BL/6 mice. Cancer cells
were transplanted into the kidney capsules of mice, and naratuximab
and control IgG were injected intraperitoneally. Naratuximab treat-
ment resulted in tumor eradication, as measured by the decreased flux
intensity and prolonged survival time (Fig. 3H, I). For further con-
firmation, we established a conditional CD37 knockout model in
C57BL/6 mice (CD37"1-CD11b Cre). Cancer cells were engrafted into
the kidney capsule, and flux intensity and overall survival time were

measured. Consistent with previous results, knocking out CD37 in
macrophages promoted the elimination of multiple cancer cells and
prolonged the overall survival time (Supplementary Fig. 4 F-H).

Phosphorylation of CD37Y" inhibits phagocytosis

Different ligands activate CD37 signaling at different phosphorylation
sites®. To further understand the role of CD37 in phagocytosis, we
generated specific antibodies against p-CD37'2 and p-CD37'%*. The
kinase-dead alleles YA/Y?"*A and constitutively active YE/Y?*E were
transfected into CD37 null cells, and p-CD37" and p-CD37"** were
detected for confirmation (Fig. 4A, Supplementary Fig. 5D). We col-
lected macrophages from different tumor species and detected CD37
phosphorylation using immunoblotting and flow cytometry. While the
p-CD37Y™* proportion ranged from 40 to 90%, the p-CD37Y*** pro-
portion was only ~-10% in different cancers (Fig. 4B-E). As previously
indicated, CD37 is enriched in macrophages, but not in phagocytes. To
investigate the phosphorylation of CD37 in phagocytes, phagocytes
were collected using FACS. Because CD37 was downregulated in pha-
gocytes, only a small number of phagocytes were collected. Notably,
CD37 tended to be phosphorylated at Y® rather than at Y?* as mea-
sured using immunoblotting and flow cytometry (Fig. 4F-H, supple-
mentary Fig. 2A). These data suggest that CD37 on TDMs is activated at
Y® rather than at Y**. To further understand the biological importance
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of CD37 in phagocytosis, we divided THP1 and U937 cells into CD37-
negative and -positive subgroups and treated CD37* macrophages with
naratuximab or activated CD37Y**E, which resulted in the inhibition of
CD37Y" and activation of CD37Y**. We treated the CD37 cells with
CD37Y®E, which activates CD37Y" signaling. Cells were collected and
subjected to an in vitro phagocytosis assay. Narratuximab and
CD37Y**E increased the proportion of phagocytes, whereas CD37Y"E

inhibited phagocytosis (Fig. 41, J). The downstream signaling cascade
was detected using immunoblotting. CD37YE activated immunor-
eceptor tyrosine-inhibiting motifs (ITIM) and inhibited the PI3K-AKT
pathway, whereas CD37Y?*E activated ITAM and promoted AKT
phosphorylation (Fig. 4K). This was further confirmed in TDMs, which
were divided into CD37-negative and -positive cells, and the phos-
phorylation of CD37 and AKT was determined. As expected, in CD37*
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Fig. 3 | Targeting CD37 promotes phagocytosis. A Phagocytes and macrophages
were sorted from the in vitro phagocytosis assay, and CD37 was detected in pha-
gocytes and macrophages using FACS. B The statistical analysis of CD37" cells in
macrophages and phagocytes as described, n=>5, data were presented as mean +
SD, two-tailed paired T-test, p < 0.0001. C Donor-derived macrophages were col-
lected and divided into CD37-negative and -positive groups. The CD37-negative and
-positive macrophages were then subjected to an in vitro phagocytosis assay to
detect the phagocytic ability. D Donor-derived macrophages were labeled with cell
tracker-Blue and treated with IgG or Naratuximab and then subjected to phago-
cytosis assay. E The statistical analysis of the percentage of phagocytosis of cells
with indicated modifications, n =3, data were presented as mean + SD, two-tailed
paired T-test, **p < 0.0001 for all four statistical analyses. F THP1 and U937 cells
were transfected with guide RNA targeting CD37 and were then induced to mac-
rophages. Cells were collected, labeled with cell tracker-Blue, and incubated with

cancer cells; the representative image of the in vitro phagocytosis assay is illu-
strated. G The statistical analysis of the percentage of phagocytosis of cells with
indicated modifications, n =3, data were presented as mean + SD, paired T-test,
***p < 0.001. H Mice bearing MDA-MB-231 cancer cells were treated with IgG or
Naratuximab, respectively. The representative image of the flux intensity was
obtained, the overall survival time was calculated, n =5 for each group, unpaired 7-
test for flux intensity, two-tailed Mantel-Cox test for overall survival analysis,
p=0.0008 for flux intensity and p = 0.0006 for overall survival analysis. I Mice
bearing U251 cancer cells were treated with IgG and Naratuximab, respectively. The
representative image of the flux intensity was obtained, the overall survival time
was calculated, n =5 for each group, unpaired T-test for flux intensity, two-tailed
Mantel-Cox test for overall survival analysis, p = 0.0008 for flux intensity and
p=0.0007 for overall survival analysis. All the experiments were repeated at least
three times with similar results.

macrophages, p-CD37Y" was elevated, whereas the AKT pathway was
dramatically inhibited; in CD37 macrophages, SHP1 was attenuated,
and the AKT pathway was activated (Fig. 4L). Taken together, these
findings suggest that CD37 tends to be phosphorylated at Y* in mac-
rophages and that this phosphorylation inhibits phagocytosis.

Tumorous MIF activates CD37"" and inhibits phagocytosis

We hypothesized that the activation of CD37'2 was due to tumor
ligation. To exclude somatic differences between species, we collected
TDMs and blood-derived macrophages (BDMs) from the same patient
with BRCA or GBM. The phosphorylation of CD37 was detected using
immunoblotting and cytometry. TDMs from different tumors tended
to activate the p-CD37'3-SHP1 pathway, whereas in BDMs, the
p-CD37"3-SHP1 pathway and p-CD37'7*-PI3K/AKT pathway were acti-
vated at low levels (Fig. 5A, B). For further confirmation, we co-cultured
the two BDMs with MDA-MB-231 (BRCA cells) or U251 (GBM cells).
B-cell lymphoma cell lines (TMDS, DB, and SC11) without co-cultured
with BDMs were used as positive control, and BDMs without co-culture
were used as blank control. After co-culture, phosphorylation of CD37
was detected; the p-CD37"" level increased, whereas the p-CD37"%"*
level dramatically decreased. This was further confirmed using flow
cytometry (Fig. 5C, D). We hypothesized that different ligands induced
CD37Y5/Y2* phosphorylation, tumorous ligation promotes the activa-
tion of CD37"® and inhibits phagocytosis (Fig. S5E). To identify potential
interacting ligands, we generated purified CD37 and added it to the
MDA-MB-231/U251 cell medium. Co-IP was performed using a CD37
antibody, and the protein complexes were subsequently subjected to
an LC-MS assay. A total of 329 potentially interacting proteins were
identified in U251 cells, 163 interacting proteins were identified in
MDA-MB-231 cells, and 30 proteins were detected in both MDA-MB-231
and U251 cells (Fig. SE). Protein interaction network analysis was per-
formed, and of note, proteins were enriched in the chromosome sta-
bility pathway. Only three transmembrane proteins were identified
(CD44, CD74, and macrophage migration inhibitory factor, MIF)
(Fig. 5F). Next, we generated purified CD44, CD74, and MIF and per-
formed an in vitro pull-down assay after incubation with purified CD37.
MIF directly interacted with CD37 (Supplementary Fig. 5C) and was
upregulated in multiple cancers in both the TCGA database and our in-
house cohort (Supplementary Fig. 5A, B). A multi-fluorescence
immunohistochemical assay was used to detect potential interac-
tions in breast cancer samples (CK was stained to track tumor cells, and
MIF and CD37 were detected), suggesting that MIF colocalizes with
CD37 (Fig. 5G). Next, we established stable MIF-knockout MDA-MB-231
and U251 cell lines using the CRISPR-Cas9 system. BDMs were co-
cultured with MIF WT or KO cells and subjected to immunoblotting
and flow cytometry. Coculturing with MIF WT cells induced p-CD37"*
and co-culture with MIF K.O. abrogated this phosphorylation (Sup-
plementary Fig. 5E). This was further confirmed using flow cytometry
(Fig. 5H, I). Next, we treated the cells with the MIF-specific antagonist-
MIF098, and detected CD37 phosphorylation. As expected, MIF098

inhibited the phosphorylation of CD37"™ and promoted the activation
of CD37""* (Fig. 5J, K, Supplementary Fig. 5F). The DDMs were incu-
bated with MDA-MB-231 or U251 cells and treated with MIFQ98. The
results suggested that targeting MIF promotes phagocytosis to elim-
inate cancer cells (Supplementary Fig. 6A, B). This was further con-
firmed using in vivo experiments in both immunocompromised and
C57BL/6 mice (Supplementary Fig. 6C, D).

Targeting CD37 enhances the efficacy of anti-CD47 therapy both
in vitro and in vivo

CD47 is one of the most important phagocytic immune checkpoints,
and the specific blockade of CD47 by an antibody promotes
phagocytosis®. To verify the clinical application of narratuximab in
terms of phagocytosis. We treated DDMs with naratuximab, urabreli-
mab (anti-CD47 antibody), or a combination of both. Cells were sub-
jected to a phagocytosis assay, and the results indicated that
naratuximab and ubrelimab promoted phagocytosis as expected, and
urabrelimab plus naratuximab exerted a synthesized effect (Fig. 6A, B).
Next, we established para-orthotopic (engrafted into the kidney cap-
sule) xenograft models and treated the mice with naratuximab,
Urabrelimab, or both agents in combination. The fluorescence inten-
sity was measured, and the overall survival time was calculated. Both
naratuximab and urabrelimab promoted the elimination of cancer
cells and prolonged the overall survival time (Fig. 6C-G). These find-
ings were further confirmed using a C57 model. Naratuximab and
urabrelimab were synthesized and inhibited tumor progression (Sup-
plementary Fig. 7A-F).

Discussion

Macrophages and phagocytes play key roles in adaptive immunity, and
the identification of phagocytosis-associated checkpoints is one of the
most popular fields of scientific research worldwide?”. With these
advances, researchers have selected potential target sites based on
experience and further narrowed the range of available targets
according to tumor specificity; these include CD47, Siglec7 and
CD24'2%731 Currently, systematic scanning strategies are far from
satisfactory, possibly because of the lack of phagocyte induction
methods. However, further studies have attempted to identify the
potential checkpoints in mice using CRISPR-Cas9%. This approach
helps to identify the “don’t eat me” signaling molecule expressed on
the cancer cell surface. The mechanisms of phagocytosis in mice and
humans are not entirely identical, and the phagocytosis of heterotypic
and homotypic tumor cells is completely different. In the present
study, we collected macrophages from healthy donors and performed
an in vitro phagocytosis assay. The phagocytes were sorted and sub-
jected to ribosomal profiling. First, we identified phagocyte-specific
genes by comparing phagocytes with cancer cells (FPKM = O for MDA-
MB-231 cells). We compared phagocyte-specific genes with those of
macrophages and identified putative phagocytosis-associated dysre-
gulated genes. Interestingly, in phagocytes, most DEGs were
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downregulated, which is consistent with the expression features of the
checkpoints. GO analysis was applied to uncover enriched biological
functions and associated diseases. The results indicated that the DEGs
were enriched in receptor signaling activity, chemokine receptor
activity, and phagocyte-associated diseases. Therefore, we selected
transmembrane DEGs for further investigation. Ribosome profiling can
only detect RPFs and not full-length RPFs. We further narrowed down

the dysregulated transmembrane DEGs (FPKM > 0 in phagocytes) and
identified 139 transmembrane DEGs. Thus, we selected CD37 for fur-
ther investigation. in vivo and in vitro experiments confirmed the
function of CD37 in inhibiting phagocytosis, indicating that our ribo-
some profiling and scanning strategies are highly reliable.

CD37 is a member of the tetraspanin family and plays key roles in
B-cell malignancies®>**. CD37 is present on the cell surface, endosomes,
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Fig. 4 | The phosphorylation of CD37Y" inhibits phagocytosis. A CD37 null cells
(MCF7) were transfected with kinase-dead (YA, Y?*A) and constitutively active
(YBE, Y”*E) CD37 alleles, and cells were collected and subjected to Immunoblot
detecting p-CD37Y" and p-CD37Y**. B Macrophages derived from different cancer
species were collected and subjected to immunoblot detecting p-CD37Y" and
p-CD37Y?"*, CD37 null cell (MCF7) transfected with constitutively active (Y°E, Y?*E)
CD37 alleles were applied as a positive control. C Macrophages derived from dif-
ferent cancer species were collected and subjected to cytometry to detect the
proportion of p-CD37Y" and p-CD37Y?* positive cells. D The statistical analysis of
p-CD37Y"* cells in CD37" macrophages, BRCA breast cancer, GBM glioblastoma,
CRC colon-rectum cancer, LC lung cancer, PDAC pancreatic ductal adenocarci-
noma, n =30 for each cancer species, data were shown as mean and individual dots.
E The statistical analysis of p-CD37Y?"*" cells in CD37* macrophages, BRCA breast
cancer, GBM glioblastoma, CRC colon-rectum cancer, LC lung cancer, PDAC pan-
creatic ductal adenocarcinoma, n =30 for each cancer species, data were shown as
mean and individual dots. F CD37-positive phagocytes were sorted from the in vitro

phagocytosis assay, and immunoblotting detecting p-CD37Y" and p-CD37Y** in
CD37* phagocytes was applied, CD37 null cell (MCF7) transfected with con-
stitutively active (Y°E, Y”*E) CD37 alleles were applied as positive control.

G Cytometry detecting the proportion of p-CD37Y" and p-CD37Y** positive cells in
CD37" phagocytes as described. H The statistical analysis of (G), n =3, data were
presented as mean + SD, two-tailed unpaired 7-test, ***p < 0.0001. I CD37-negative
and -positive THP1 and U937 cells were sorted. CD37-positive cells were treated
with Naratuximab, or transfected with CD37Y**E, CD37-negative cells were trans-
fected with CD37Y"E, in vitro phagocytosis assay was applied. J The statistical
analysis of the percentage of phagocytosis in cells with modifications, n =3, data
were presented as mean + SD, two-tailed unpaired T-test, p < 0.0001 for all the
statistical analyses. K CD37-negative and -positive THP1 and U937 cells were sorted
and subjected to immunoblot detecting p-CD37Y" and p-CD37Y?*. L Macrophages
derived from different cancer species were divided into CD37-negative and -posi-
tive subgroups, immunoblot detecting p-CD37Y" and p-CD37Y?* was applied. All
the experiments were repeated at least three times with similar results.

and exosomes, and contributes to intracellular transport and immune
regulation®. The biological functions of CD37 have not been fully
elucidated; however, recent advances suggest that this protein pro-
motes both survival and apoptotic signaling through the PI3K/AKT
pathway. Additionally, it controls IL-6 receptor signaling by interacting
with SOCS3%. CD37 can mediate the clustering of a4f1 integrin, sub-
sequently activating PI3K/AKT signaling and promoting cell survival*®.
However, CD37 can also form complexes with SHP1, LYN, SYK, and
PI3KYy, leading to AKT inactivation and recruitment of SOCS3 to restrict
IL-6/STAT3 signaling®. Research has indicated that CD37 is restricted
to the immune system, especially in B cells, and is barely expressed in
NK cells or granulocytes®™*. The conclusions of previous studies
regarding the role of CD37 in phagocytosis are not consistent. This
may be due to the complexity of the TME. This study is an advance-
ment of previous research: our research methods are more advanced.
We used techniques such as ribosome profiling to screen phagocytic
checkpoints and explored the specific mechanisms of CD37 expres-
sion using single-cell sequencing technology. Our research methods
were more systematic, as we combined in vivo and in vitro experi-
ments and constructed transgenic mice to elucidate the functions of
CD37. Thus, a mechanistic study is more accurate. We not only dis-
covered different ligands for CD37 but also explained the role of
phosphorylation at different sites in phagocytosis. The prospects for
translation are clear. We identified the specific function of CD37 in
phagocytosis, and showed that targeted antibodies can effectively
enhance phagocytosis efficiency. Our ribosome profiling data suggest
that CD37 is expressed in macrophages and potentially inhibits pha-
gocytosis, which conflicts with previous conclusions. We detected
CD37 expression in TDMs from multiple cancers in our in-house
cohort. The percentage of CD37* macrophages ranged from 60 to
90%. Single-cell RNA-Seq was performed for further confirmation.
Macrophages were identified according to their annotations, and CD37
expression was analyzed. As expected, CD37 was widely expressed in
the macrophages. Compared with other phagocytosis checkpoints,
the expression of CD37 was markedly greater. The RNA sequence was
applied to CD37”* macrophages, and pathway enrichment was ana-
lyzed. The pathways associated with phagosomes and related diseases
were also enriched. These data support the biological importance of
CD37 in phagocytosis. Our data suggested that CD37 is widely
expressed in macrophages and is critical for phagocytosis.

However, the potential mechanisms underlying CD37 ligation and
activation are not yet fully understood. Different ligands mediate
phosphorylation at different sites and downstream cascades. Con-
sistent with these results, our results suggest that CD37Y13 promotes
the recruitment of SHP1 and that Y274 activates the PI3K-AKT pathway.
To determine the potential underlying mechanism, we collected TDMs
and BDMs and subjected them to immunoblotting. In TDMs, CD37Y13
was activated and SHP1 was recruited, whereas in BDMs, both CD37Y13

and CD37Y274 were activated. Next, we co-cultured BDMs with cancer
cells, after which CD37Y13 was strongly activated and CD37Y274 was
inhibited. Thus, we performed a pull-down assay using purified CD37
protein and identified a potential interacting protein complex (CD44-
CD74-MIF). An in vitro pull-down assay was performed using purified
CD37, CD44, CD74, and MIF. MIF has been identified as a direct ligand
for CD37. Our data demonstrate that MIF is a potential ligand of CD37
that causes the phosphorylation of CD37Y13 and ultimately inhibits
phagocytosis.

Macrophage MIF is a pro-inflammatory pleiotropic cytokine that
was first identified in 1966 *'. MIF is upregulated in multiple cancer
types, including breast cancer and GBMs****. MIF promotes cancer
progression through multiple mechanisms MIF binds to the CD44-
CD74 complex and activates the downstream MAPK and AKT
pathways***>. MIF was recently reported to be a nuclease that enzy-
matically catalyzes the tautomerization of I-dopachrome to 5,6-dihy-
droxyindole-2-carboxylic acid*®. Moreover, MIF was subsequently
found to promote the recruitment and function of tumor-associated
macrophages (TAM)*’; however, the underlying mechanism is not fully
understood. In the present study, we identified MIF as a direct ligand of
CD37 and determined that it causes the phosphorylation of CD37Y13.
This finding provides practical insights into the mechanism of MIF in
TAM recruitment; however, the biological function and mechanism of
TAM heterogeneity require further investigation.

“Eat me” or “don’t eat me” signals are mediated through ligand—
receptor specific activation of immunoreceptor tyrosine activating
motifs (ITAM) or ITIM, respectively*®*’, In our study, tumor MIF
directly bound to CD37 on macrophages and inhibited the phagocy-
tosis of multiple cancer cells. Naratuximab is a CD37-specific antibody
used to treat B-cell malignancies. We treated macrophages with nar-
atuximab and performed an in vitro phagocytosis assay. Naratuximab
dramatically promoted phagocytosis. To test the biological impor-
tance of MIF in regulating CD37 expression and phagocytosis, we
generated a specific antibody that blocked the interaction between
MIF and CD37. Moreover, anti-MIF therapy promotes phagocytosis,
which further supports our findings. In addition, anti-CD37 had
synergistic effects with anti-CD47 on phagocytosis both in vivo and
in vitro. Naratuximab enhances the efficacy of ubrelimab in eradicating
cancer cells.

CD37 is an identified and characterized phagocytosis-related
immune checkpoint protein. This markedly differs from known
checkpoints such as CD47. These differences are not merely mani-
fested in cell distribution and receptor-ligand interactions. Upon
activation by different ligands, CD37 is phosphorylated at different
sites to exert diverse functions. Activation of the Y13 site inhibited
phagocytosis, whereas activation of the Y274 site promoted phago-
cytosis. This approach offers a novel option for the development of
targeted therapeutic strategies. When targeting CD37 with antibodies
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is challenging, specific agonists of the Y274 site can be used to trans-
form the original phagocytosis-inhibiting CD37 into a phagocytosis-
promoting one. This is an advantage that other checkpoints do
not have.

Although our study has elucidated the crucial role of CD37 in
macrophage endocytosis, targeting CD37 still faces inevitable pro-
blems. First, the targeting of CD37 may result in foreseeable off-target

effects. Because CD37 is predominantly expressed on B cells, in addi-
tion to acting on macrophages to facilitate endocytosis, targeting
CD37 can also influence B cells and affect their biological functions.
However, the effects of CD37 antibodies on B cells and their role in the
tumor remain unclear. To solve this problem, macrophage-specific
targeting systems could be developed to deliver CD37 antibodies only
to CD37-positive macrophages to exert their functions. This not only
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Fig. 5 | Tumor-derived MIF directly binds to CD37. A Tumor-derived macro-
phages (TDMs) and blood-derived macrophages (BDMs) were isolated from the
patient., Immunoblot was performed to detect the phosphorylation of CD37, SHP1,
and AKT signaling, BRCA breast cancer, GBM glioblastoma. B Cytometry detecting
p-CD37Y13 and p-CD37Y274 positive cells in tumor-derived macrophages (TDMs)
and blood-derived macrophages (BDMs), BRCA breast cancer, GBM glioblastoma.
C Blood-derived macrophages (BDMs) were incubated with the indicated cancer
cells and subjected to immunoblot. TMDS, DB, and SC1 without co-culture were
applied as positive control, BDM blood-derived macrophages. D Cytometry
detecting p-CD37Y" and p-CD37Y?"* positive cells in BDMs before/after incubation
with indicated cancer cells, BDM blood-derived macrophages. E Left, different
ligands induced the phosphorylation of CD37 and the downstream cascade. Right,
Co-IP assay was applied using CD37 antibody in MDA-MB-231 and 251 cells, LC-MS

was applied to detect the potential interacting protein, and the venn plot of the
potential interacting proteins was generated. F The protein interacting network of
the 30 proteins in (E). G The multi-fluorescence immunohistochemical assay was
applied to detect CK, CD37, and MIF in breast cancer species, scale, 200 pm.

H BDMs were incubated with MIF WT/K.O. cancer cells, cytometry was applied
detecting p-CD37Y" and p-CD37Y?"* positive cells. I The statistical analysis of
p-CD37Y" and p-CD37Y?* positive cells described in (H), n =3, data was presented
as mean + SD, two-tailed unpaired T-test, p < 0.0001. ] BDMs were treated with
DMSO and MIF098, phagocytosis assay detecting p-CD37Y" and p-CD37Y?* posi-
tive cells was applied. K The statistical analysis of p-CD37Y13 and p-CD37Y274
positive cells described in (J), n=3, data was presented as mean + SD, two-tailed
unpaired T-test, p < 0.0001. All the experiments were repeated at least three times
with similar results.

avoids off-target effects but also effectively inhibits tumor progres-
sion. The second issue is drug resistance. T cells play a vital role in
tumor clearance and immune surveillance. The inhibitory effect of
tumor cells on T cells was not mitigated by the enhanced phagocytic
function of macrophages. Therefore, combining immune checkpoint
inhibitors such as anti-PD1/PDL1 can effectively enhance therapeutic
efficacy while preventing the emergence of drug resistance.

In summary, CD37 was identified as a phagocytosis checkpoint
through ribosome profiling using an in-house in vitro phagocytosis
assay. Tumor-related MIF directly binds to CD37, activates CD37'", and
promotes SHP1 recruitment. Anti-CD37 promotes phagocytosis of
multiple cancer cells and enhances the efficacy of anti-CD47 therapy
(Fig. 7). Our study identified a phagocytic checkpoint and precise
therapeutic targets, and we will undertake clinical experiments to
clarify its efficacy and safety in the near future.

Methods

Healthy donors’ recruitment, tumor specimens, and ethical
approval

Healthy donors were enrolled in Guangzhou Women Medical Center,
20 ml peripheral blood was drawn from each donor for an in vitro
phagocytosis assay. Tumor species were obtained from each depart-
ment. Informed and signed consent were obtained from each healthy
donor and patient, and the study was approved by the Institutional
Review Board of the Guangzhou Women and Children’s Medical Cen-
ter (Reference Number: 060A01, 2024-168B00). The study was com-
pliant with all relevant ethical regulations regarding research involving
human participants.

In vitro phagocytosis assay

Briefly, peripheral blood was extracted from each donor, and mono-
cyte was isolated using the EasySep Direct Human Monocyte Isolation
Kit (Stem cell technology, Catalog # 19669RF). Macrophage was
induced by PMA (100 ng/ml) (MedChemExpress, Catalog # HY-18739).
Macrophages were then labeled with CellTracker CMF2HC (Thermo
Fisher Scientific, Catalog # C12881), and breast cancer cells MDA-MB-
231 were labeled with CellTrace CFSE (Thermo Fisher Scientific, Cata-
log # C34554). Cells were co-cultured for 2 h and then subjected to
FACS. Cells labeled with CFSE and CMF2HC were identified as phago-
cytes, cells only labeled with CMF2HC were macrophage, while CFSE-
labeled cells were MDA-MB-231. An equal amount of phagocyte, mac-
rophage, and MDA-MB-231 cells were collected and subjected to
ribosome profiling.

Monocyte isolation

Peripheral blood from donors was collected, and monocytes were
isolated using the EasySep Direct Human Monocyte Isolation Kit
(STEMCELL Technologies, Catalog #19669RF) following the manu-
facturer’s protocol. Briefly, peripheral blood cells, except monocytes,
were washed through binding with the beads. Monocytes were har-
vested and subjected to in vitro inductions.

Single-cell RNA sequence

Single-cell RNA sequence datasets were obtained and subjected to
sequence analysis. For each sample, 33-95M RNA-seq clean reads
were obtained that mapped to the genome using HISAT2 (hier-
archical indexing for spliced alignment of transcripts) v2.0.477.
Sequencing read counts were calculated using Stringtie78,79
(v.1.3.0). Then, expression levels from different samples were nor-
malized by the Trimmed Mean of M values method. The normalized
expression levels of different samples were converted to FPKM
(Fragments Per Kilobase of transcript per Million mapped frag-
ments). The edgeR package of R was used to analyze the difference
between intergroup gene expression, the P values were calculated,
and a multiple hypothesis test was performed. The P value threshold
was determined by controlling the FDR (False Discovery Rate) with
the Benjamini algorithm. The corrected P value is called the g value.
DEGs were defined as transcripts with a fold change in expression
level (according to the FPKM value) greater than 2.0 and a g value
less than 0.05. GO enrichment analysis was performed with the
clusterProfiler package of R and the enrichment criteria including a ¢
value < 0.05. Heatmaps of specific genes were generated using the
pheatmap package of R. PCA analysis was visualized using the scat-
terplot3d package of R.

Flow cytometry

Samples were prepared and resuspended in staining buffer after
incubating with fluorescence-labeled primary antibody. Samples
were subjected to BD FACSymphony A3 for flow cytometry analysis.
Cells are initially gated on forward scatter (FSC) and side scatter to
define the overall population. Doublets are excluded by comparing
FSC-A and FSC-H. Positive cell populations are then determined
using appropriate isotype controls and unstained samples to set the
threshold. Both unstained samples and isotype control antibodies
were used to ensure accurate gating and to validate the specificity of
the antibody staining. The expression of CD37 on different cells is
examined as follows: After collecting the corresponding cells, they
are stained with CD37 or p-CD37Y274, p-CD37Y13 antibodies (1:100)
at room temperature for 30 min, washed twice, stained with Alexa
Fluor488 secondary antibody (1:100) at room temperature in the
dark for 30 min, washed twice, and resuspended in cell staining
solution. The GFP positive rate is detected by BD LSRFortesa (x20)
flow cytometer. For the T cell proliferation experiment, donor-
derived somatic cells are sorted using magnetic beads with the
EasySepDirect Human CD8+ T cell isolation kit (STEMCELL Tech-
nologies, Catalog # 19663) to obtain CD8+ T cells from donor per-
ipheral blood. T cells are labeled with CFSE and co-cultured with
macrophages and cancer cells. Cells are treated with IgG and nar-
atuximab (1 mg/ml). T cells are collected and stained according to the
cell surface and intracellular marker staining protocol with CD8-PE
(20ul/test) and IFN-y (BV421) antibodies. T cell proliferation is
detected by BD LSRFortesa (x20) flow cytometer. Cells that are
double positive for CD8 and INF-y are the target cell population. For
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Fig. 6 | Targeting CD37 enhances anti-CD47 efficacy. A, BDDMs were treated with U251 cells, n =5 for each group, was shown as a single dot. E The statistical analysis
Urabrelimab, Naratuximab, or in combination, phagocytosis assay was applied as  of (D), two-tailed unpaired T-test. F The overall survival of mice with indicated

indicated. DDM donor-derived macrophages. C Mice were treated with Urabreli- modifications, n =5 for each group. G The survival analysis of (F), two-tailed
mab, Naratuximab, or in combination. Live imaging of mice with indicated mod- Mantel-Cox test. All the experiments were repeated at least three times with similar
ifications is presented. D The flux intensity of mice bearing MDA-MB-231 and results.
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Fig. 7 | Summary figure of the mechanism of CD37 on phagocytosis, tumorous MIF directly binds with CD37 and induces the phosphorylation of CD37Y", which finally

inhibited the activation of AKT and phagocytosis.

the in vitro phagocytosis experiment, macrophages are labeled with
CellTrace Blue (Thermo Fisher Scientific, Catalog # C34568) and co-
cultured with CFSE-labeled tumor cells for 2 h. Cells are collected and
analyzed by flow cytometry. Cells that are double positive for Cell-
Trace Blue and CFSE are phagocytic cells. The antibody information
was detailed in Supplementary Tablel.

Ribosome profiling

The ribosomal profiling technique was carried out following the pro-
tocols. After obtaining ribosome footprints, ribosomal profiling
libraries were constructed using a NEBNext Multiple Small RNA Library
Preset for lllumina (E7300S, E7300L). Briefly, adapters were added to
both ends of ribosome frames (RF), followed by reverse transcription
and PCR amplification. The 140-160-bp-sized PCR products were
enriched to generate a complementary DNA library and sequenced
using Illumina HiSeq X10.

Metagene analysis and identification of differentially
expressed genes

Low-quality reads were filtered using FASTP. The short reads align-
ment tool Bowtie2 was used for mapping reads to a ribosome RNA and
transfer RNA database. After removing the reads mapped to ribosome
RNA and transfer RNA. The retained reads from each sample were
mapped to the reference genome using Bowtie2, and no mismatches
were allowed. To visualize the RFs surrounding the start and stop
codons of metagenes, reads were counted at each position of each

gene, then these counts were summed across all genes. Metagene
plots were generated using R, taking the read counts and the CDS
(coding sequence) boundaries in the transcript coordinates as input.
Phagocytes were actually two cells together—phagocyte “eating” can-
cer cells. To identify the DEGs between phagocyte and macrophage,
we first identify phagocyte-specific genes by comparing the phagocyte
with cancer cells (FPKM =0 in MDA-MB-231 cells, FPKM >1 in phago-
cytes). We next compared the phagocyte-specific genes with macro-
phage and finally DEGs between phagocyte and macrophage were
identified (Fold change >1, p <0.05).

Animal experiments

Four-week-old female mice were used for the in vivo experiments. For
the para-orthotopic experiments, 1x10° MDA-MB-231-Luc or 1x10°
U251-Luc tumor cells were implanted into the renal capsule as pre-
viously described. Mice bearing tumor cells were treated with anti-
CD37 (MedChemExpress, Catalog # HY-P99533) or anti-CD47 (Med-
ChemExpress, Catalog # HY-P99374). A total of 400 pg of anti-CD37
and anti-CD47 was injected into mice intraperitoneally every other day.
The growth of tumor xenografts was detected using bioluminescence
imaging with an IVIS machine (PhotoSound PAFT/256), and relative
flux intensity was automatically measured. We recorded the relative
fluorescence intensity every 3 days. When a mouse needed to be
euthanized immediately to terminate the experiment, we also made a
record on that day. The overall survival time was measured and ana-
lyzed. Immunocompromised mice (BALB/c Nude, Ruiye model animal,
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stock#4482270043435,44822700042968), C57BL/6 (Ruiye model
animal, stock#4482270045179,44822700051162), and CD37 knockout
mice (C57BL/6, Shanghai Model Organisms Center, NM-CK0-230164)
were used for in vivo experiments. Mice were reared in an SPF envir-
onment. The mice of the control group and the experimental group
were housed separately, in their own cages, in the same environment.

Animal ethics

The studies involving animals were approved by the Ruiye model
animal (Guangzhou) Biotechnology Co., Ltd Experimental Animal
Ethics Committee (RYEth-20230615261). They complied with the WMA
Statement on animal use in biomedical research and the EU recom-
mendations (Directive 2010/63/EU) for experimental design.

During the rearing of experimental animals and the experi-
mentation process, we strictly abide by the principles of experimental
animal welfare to ensure that the experimental animals can enjoy the
following benefits. They have the freedom from hunger and thirst, the
freedom to live comfortably, the freedom from pain, injury, and dis-
ease, the freedom from fear and distress, and the freedom to express
their natural instincts. Meanwhile, during the experiments, the
experimenters will anesthetize the experimental animals to minimize
their pain as much as possible and complete the experiments as soon
as possible while meeting the expected goals of the experiments. The
experimenters will perform euthanasia on the animals in the terminal
stage to reduce unnecessary pain and suffering for the animals. When
the animals present the following conditions, carbon dioxide eutha-
nasia will be immediately carried out:

Rapid weight loss (a 15%-20% reduction in body weight); Pre-
sentation of characteristics of terminal animals, such as persistent
listlessness, inability to rise, convulsions, limb paralysis, breathing
difficulties, etc.; Excessive tumor burden, such as a tumor long dia-
meter reaching 20 mm in mice or a tumor volume reaching 2000 mm3,
or tumor ulceration, infection, necrosis, interfering with feeding or
hindering walking,.

Generation of the CD37 knockout mouse model

CD37 knockout mouse model used in this study was designed and
developed by Shanghai Model Organisms Center, Inc. (Shanghai,
China). Briefly, Cas9 mRNA was in vitro transcribed with mMESSAGE
mMACHINE T7 Ultra Kit (Ambion, TX, USA) according to the manu-
facturer’s instructions. Two sgRNAs targeted to delete exons 4-5 were
in vitro transcribed using the MEGAshortscript Kit (ThermoFisher,
USA). One sgRNA targeted to the 5'UTR of the CD37 gene was 5
CTGGAACTCTGTACTCTAGGTGG-3; the other sgRNA targeted to the
3’'UTR of the CD37 gene was 5’-agatctccatgaggtcagatagg-3’. In vitro-
transcribed Cas9 mRNA and sgRNAs were injected into zygotes of
C57BL/6) mice and transferred to pseudopregnant recipients.
Obtained FO mice were validated by PCR and sequencing using primer
pairs: F-5-GGCTGTCTGGGTGAAAAGGT-3’; R-5-GTCTCCACCAGT-
GAACGAGG-3'. The positive FO mice were chosen and crossed with
C57BL/6) mice to obtain F1 heterozygous Cd37 knockout mice. The
genotype of F1 mice was identified by PCR and confirmed by sequen-
cing. Male and female F1 heterozygous mice were intercrossed to
produce the homozygous CD37 knockout mice.

Co-culture assay

BDMs were co-cultured with cancer cells. BDMs were labeled with CFSE
and incubated with cancer cells for about 2 h. BDMs were then sorted
using FACS and subjected to flow cytometry and immunoblot.

Pull-down assay

Purified CD44, CD74, and MIF were obtained and incubated with
purified CD37, respectively. Pull-down assay was applied using anti-
CD37 antibody. The complex was then subjected to an immunoblot to
detect the direct interaction.

Protein interacting analysis

CD37 putative interacting proteins were identified after co-IP and LC-
MS analysis in MDA-MB-231 cells. The list of potential interacting
proteins was submitted to the STRING database (https://www.string-
db.org), and the protein interacting network was automatically
obtained.

T cell proliferation assay

CD8' T cells were obtained from donors’ peripheral blood using the
EasySep™ Direct Human CD8" T cells Isolation Kit following the
manufacturer’s protocol. T cells were labeled with CFSE and incu-
bated with macrophages and cancer cells. T cells were then har-
vested and subjected to flow cytometry, and the proliferation of
T cells was analyzed.

Cell lines and culture

U251(ATCC Cat#: HTB-17), MDA-MB-231 (ATCC Cat#: HTB-26), TMD8
(ATCC Cat#: CRL-3211), DB (ATCC Cat#: CRL-2289) and SC1 (ATCC
Cat#: CRL-3671) cancer cells were directly obtained from ATCC, and
U251, MDA-MB-231 were cultured in DMEM (Thermo Fisher Scientific,
Gibco Catalog # C11995500BT) while TMDS8, DB, and SC1 were cultured
in RPMI-1640 (Thermo Fisher Scientific,c Gibco Catalog #
C11875500BT) supplemented with 10 % FBS (MIKX Catalog #
MK1124SS-500c¢) and 1 % penicillin/streptomycin (P/S) (NCM Biotech,
Catalog # C125C5). Macrophages were cultured in the immunoCult-SF
Macrophage Medium (Stem cell technology, Catalog # 10961).

Western blot

Lysates from cultured cells or patient tissues were loaded onto a 12%
SDS-PAGE gel, followed by electrophoresis. Transfer to PVDF mem-
brane (Millipore, Massachusetts, USA, Catalog # HVLP14250) was then
performed. The membrane was first blocked with 5% milk (Biofroxx,
Germany, Catalog # 1172), and then incubated with the indicated pri-
mary antibody, followed by the corresponding secondary antibody
tagged with horseradish peroxidase. Signals were visualized using
enhanced chemical luminescence, and the specificity of anti-p-CD37Y"
and p-CD37Y?** was detected using a dot plot. Chemically synthesized
polypeptide with a phosphate group added at the Y13 and Y274 sites.
Different dosages of peptide were added to each dot, and the antibody
was applied to detect the specificity. The antibody information was
detailed in Supplementary Tablel.

LC-MS analysis

The immunoprecipitates were harvested and subjected to digestion.
The resulting peptide was analyzed using a QExactive mass spectro-
meter coupled to a nano-LC (AdvanceLC). The acquired spectra were
analyzed using the SEQUEST HT algorithm.

Plasmid construction and lentivirus production

The CD37 and MIF KO plasmid were generated through CRISP-Cas9
system. Plasmids were co-transfected with the packaging vectors
psPAX2 (Addgene) and pMD2G (Addgene) into HEK293T cells for
lentivirus production using Lipofectamine 3000 (Thermo Fisher Sci-
entific, Catalog # L3000015) according to the manufacturer’s
instructions. Isolated macrophages were transduced using the lenti-
virus with polybrene (8 mgml™, Sigma, Catalog # H9268). Stable cell
lines were constructed.

Isolation of tumor-infiltrated macrophages

Tumors were collected, minced with a syringe plunger, washed with
PBS, and the cell suspension was collected. Tumor-infiltrated macro-
phages were isolated by negative depletion using the EasySep Direct
Human Monocyte Isolation Kit (Stem cell technology, Catalog #
19669RF) and cultured in the immunoCult-SF Macrophage Medium
(Stem cell technology, Catalog # 10961).
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Statistical tests

For in vitro analyses, each experiment was performed at least three
times. Both the investigators and the analysts were blinded to the
conditions. Statistical analysis was conducted using SPSS 13.0 and
GraphPad 10.0 software. Experimental data are expressed as the
mean +standard deviation (SD). Statistical significance was deter-
mined using Student’s two-tailed paired and unpaired t-test, the details
of each statistical test are detailed in the figure legend. The specific
details of each statistical analysis are provided in the figure legends,
and a p value of less than 0.05 was considered statistically significant.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The ribosome profiling data have been deposited in the Genome
Sequence Archive under the accession code HRA006465. This
dataset was generated from this study. The LC-MS data have been
deposited in the ProteomeXchange Consortium under the accession
code PXDO061433 (https://proteomecentral.proteomexchange.org).
This dataset was generated from this study. The single-cell RNA
sequence data have been deposited in NCBI under the (scRNA-seq)
BRCA, GEO, GSE150660; (scRNA-seq) GBM, GEO, GSE163108; (scRNA-
seq) CRC, GEO, GSE139555; (scRNA-seq) LC, GEO, GSE139555; and
(scRNA-seq) PDAC, GEO, GSE148673 (https://www.ncbi.nlm.nih.gov).
All the single-cell RNA sequence datasets were publicly available and
were not generated from this study. The raw data of FACS have
been deposited in the Science Data Bank under the 31253.11.
sciencedb.25020 (Data CSTR), https://doi.org/10.57760/sciencedb.
25020 (Data DOI) (https://www.scidb.cn/en/detail?dataSetld=
e454e205797e4dcebe58bdb35981e3ee&version=V1). This dataset
was generated from this study. All data are included in the Supple-
mentary Information or available from the authors, as are unique
reagents used in this Article. The raw numbers for charts and graphs
are available in the Source Data file whenever possible. Source data
are provided with this paper.
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