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Abstract: N-linked glycosylation of proteins is one of the post-translational modifications (PTMs) that shield tumor 
antigens from immune attack. Signaling lymphocytic activation molecule family 7 (SLAMF7) suppresses cancer cell 
phagocytosis and is an ideal target under clinical development. PTM of SLAMF7, however, remains less understood. 
In this study, we investigated the role of N-glycans on SLAMF7 in breast cancer progression. We identified seven 
N-linked glycosylation motifs on SLAMF7, which are majorly occupied by complex structures. Evolutionally conserved 
N98 residue is enriched with high mannose and sialylated glycans. Hyperglycosylated SLAMF7 was associated with 
STT3A expression in breast cancer cells. Inhibition of STT3A by a small molecule inhibitor, N-linked glycosylation 
inhibitor-1 (NGI-1), reduced glycosylation of SLAMF7, resulting in enhancing antibody affinity and phagocytosis. To 
provide an on-target effect, we developed an antibody-drug conjugate (ADC) by coupling the anti-SLAMF7 antibody 
with NGI-1. Deglycosylation of SLAMF7 increases antibody recognition and promotes macrophage engulfment of 
breast cancer cells. Our work suggests deglycosylation by ADC is a potential strategy to enhance the response of 
immunotherapeutic agents.
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Introduction

The complex interactions between innate and 
adaptive immune cells result in the antitumor 
immune response [1]. Modern research investi-
gated cancers could secrete innate immune 
checkpoint inhibitors known as “don’t eat me 
signal” to avoid phagocytosis by macrophages 
and NK cells [1-3]. Blocking such “don’t eat me” 
signals, including CD47, CD24, and CD22 could 

be an effective treatment for various malignan-
cies [1, 4-6]. In addition, discovering other 
“don’t eat me” signals could be another valu-
able foundation for eliminating tumors.

The self-ligand receptors of the signaling lym-
phocytic activation molecule family (SLAMF) 
receptors are cell surface glycoproteins on 
immune cells that participates phagocytosis 
[7]. As one of the SLAMF members, SLAMF7, 
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also called CD319 [8, 9], expresses on plasma 
cells [10], myeloma cells [11], and immune 
cells, such as natural killer (NK) cells [9, 12, 
13], T cells [14, 15], macrophages, and mono-
cytes [16]. SLAMF7 has the unique binding 
property to another SLAMF7 as a self-ligand 
through the amino-terminal Ig-like variable 
extracellular domain [17]. It possesses both 
activating and inhibitory functions in NK cells 
[9, 18]. In B lymphocytes, SLAMF7 induces the 
proliferation and production of autocrine cyto-
kines [19]. During the bacterial infection, it sup-
presses pro-inflammatory cytokine production 
in LPS-activated monocytes [20]. SLAMF7 is 
also an essential molecule for the interaction 
between immune cells and cancer cells [21]. It 
acts as a positive regulator for NK cell activa-
tion by binding to Ewing’s sarcoma-associat- 
ed transcript 2 (EAT-2) in multiple myeloma 
(MM) [13]. Elotuzumab, an antibody targeting 
SLAMF7, enhances NK cells triggered anti- 
body-dependent cellular cytotoxicity (ADCC) of 
myeloma cells and has been approved for clini-
cal use [12, 13, 22-24]. Even though monoclo-
nal antibody therapy has been developed [25-
27], a poor response was found in patients with 
high soluble SLAMF7 levels in the serum [28]. 
As for the solid tumor, SLAMF7 can cause T cell 
exhaustion by inducing the expression of multi-
ple inhibitory receptors [15]. Nevertheless, the 
function of SLAMF7 on other solid tumors has 
not been explored completely.

Breast cancer was the most frequent cancer 
globally, accounting for 12.5% of all new cases 
diagnosed in 2020. Triple-negative breast can-
cers (TNBCs) contribute 10-15% of all breast 
cancers, and these tumors are characterized 
by recurring malignancies associated with a 
poor prognosis, high ratio of metastasis, and a 
limited amount of treatment approaches [29]. 
Atezolizumab and pembrolizumab, two immune 
checkpoint inhibitors (ICI), were approved for 
patients with TNBC who express PD-L1 [30]. 
However, Atezolizumab was withdrawn from US 
FDA by Genetech on the TNBC indication due to 
the failure of the post-market clinical trial, 
IMpassion131, in 2021 [31]. It has been pro-
posed that this might be caused by the inap-
propriate strategy to select breast cancer 
patients as a deglycosylation procedure seems 
to provide a better selection for patients to be 
treated with Atezolizumab. However, the data 
was from only nine patients, a small cohort that 

needs further validation with a larger cohort 
[31]. Glycosylated-PD-L1 on cancer cells also 
suppresses the activity of T cells [32]. Com- 
pared to normal cells, tumor cells exhibit widely 
divergent extracellular glycans due to abnor- 
mal glycosylation [33-36]. Glycan shield acts in 
multiple ways to escape from the immune sys-
tem, including prevention of antibody recogni-
tion and suppression of T cell activity [32, 
37-39]. It has been reported that N-glycans  
covered on tumor cells result in interfering cyto-
toxicity of chimeric antigen receptor (CAR)-
engineered T cells [39]. Removing N-linked gly-
cans from programmed death-ligand 1 (PD-L1) 
leads to enhanced PD-L1 antibody recognition 
[40]. Disrupting N-glycans synthesis by 2-deoxy-
d-glucose (2-DG) also increases CAR T cell 
activity [39]. Evidence suggests that removing 
N-linked glycans from tumor antigens might be 
a promising approach to improve immunothera-
py response.

N-linked glycosylation occurs in the endoplas-
mic reticulum (ER) lumen during post-transla-
tional modification, which plays a crucial role in 
maintaining the physiological function, such  
as enzyme activities, protein-protein interac-
tion, and protein stability [41]. Oligosaccharyl- 
transferase (OST) is a membrane-associated 
enzyme complex that catalyzes the N-linked 
glycosylation of protein in the ER lumen. It com-
prises two subunits, the STT oligosaccharyl-
transferase complex catalytic subunit A (STT- 
3A) and the STT subunit B (STT3B). The previ-
ous study showed that STT3 could induce 
PD-L1 glycosylation to promote cancer stem-
ness and immune evasion [42], reducing  
immunotherapy-targeted PD-1/PD-L1 [43]. 
STT3A is also required for spike glycosylation  
to determine viral infection [44] and induce 
breast cancer metastasis [45] upon SARS-
CoV-2 infection. Altogether, aberrant protein 
glycosylation is critical in protein-protein and 
protein-antibody interaction contributing to dis-
ease progression. 

Antibody-drug conjugates (ADCs) represent a 
new class of cancer therapeutics that deliver 
efficacious drugs to malignant cells. ADCs tar-
get specific tumor antigens, therefore avoiding 
off-target toxicity. The US Food and Drug 
Administration (FDA) has authorized 12 ADCs, 
including sacituzumab govitecan, an ADC of 
anti-Trop2 (trophoblast cell-surface antigen 2) 
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for TNBC in 2022, while more than 100 others 
are now being studied in clinical trials [46]. This 
study demonstrated that SLAMF7 is heavily 
N-linked glycosylated by STT3A in breast can-
cer cells. Deglycosylation of SLAMF7 by STT3A 
inhibitor may enhance the affinity of antibodies 
against SLAMF7. Our study provided an effec-
tive strategy to treat breast cancer through  
ADC by removing glycosylation on membrane 
proteins.

Results

SLAMF7 is an N-linked glycosylated protein

Glycosylation is an enzyme-directed site-spe- 
cific process, where N-glycosylation generally 
occurs at the consensus motif (NXT/S) [41].  
The evolutionarily conserved NXT motifs of 
SLAMF7 from different species were obtained 
from the National Center for Biotechnology 
Information (NCBI) to determine glycosylation 
sites [47]. Intriguingly, sequence alignment 
showed that SLAMF7 contains seven glycosyl-
ation consensus motifs (NXT/S) (N56, N98, 
N142, N148, N172, N176, and N204) which are 
located in the extracellular domain (ECD) 
(Figure 1A and 1B). As shown in Figure 1A, the 
highly conserved motifs were found at N98, 
N142, and N148. The glycoforms of SLAMF7 
were analyzed using a nanospray LC-MS/MS on 
a Tribrid Mass Spectrometer coupled to an 
Easy-nLC 1200 System. The numbers of pep-
tide spectrum matches (PSM) revealed that the 
most abundant glycosylation sites were N56, 
N98, and N172, among these seven motifs 
(Figure 1C). The N-glycans at N98, N142, and 
N148 were majorly occupied by complex  
structures (Figures 1C, S1, S2). Based on 
LC-MS/MS identification, the N-glycans at N98 
were occupied by high mannose and complex 
structures, including sialic acid-carrying gly-
cans (Figures 1D, S1). 

We further substituted the three asparagines 
(N) of those NXT/S glycosylation sites with glu-
tamine (Q) (3NQ), with the molecular weight of 
SLAMF7 protein from SLAMF7 3NQ being lower 
than that of WT (Figure 1E). In addition, the 
molecular weight of SLAMF7 7NQ, which sub-
stituted all asparagines (N) of those NXT/S gly-
cosylation sites with glutamine (Q), was around 
39 kDa. We noticed that SLAMF7 protein 
expressed in HEK293 cells without PNGase F 
treatment has a ~15 kDa molecular weight 

shift up from their actual size (~39 kDa), indi-
cating that SLAMF7 is modified with PTM. To 
further confirm whether SLAMF7 is modified 
with N-linked glycosylation, the Flag-tagged 
SLAMF7 was expressed in human HEK293 
cells followed by various glycosylation inhibi- 
tor treatments for 24 hours. Interestingly, a 
reduced molecular weight of SLAMF7 was 
observed after applying N-linked glycosyltrans-
ferase inhibitors (Figure 1F, lanes 2-4) rather 
than O-GlcNAc-β-N-acetylglucosaminidase, O- 
GlcNAcase, and O-linked glycosyltransferase 
inhibitors (Figure 1F, lanes 5-9), indicating that 
SLAMF7 is highly modified by N-linked glycosyl-
ation. Furthermore, recombinant SLAMF7 only 
consisted of the extracellular domain and was 
treated with PNGase F or Endo H. Due to glyco-
sylation, the apparent molecular mass of 
recombinant SLAMF7 is approximately 35-45 
kDa in SDS-PAGE under reducing conditions. 
After treating PNGase F to remove both com-
plex and hybrid N-linked glycans from polypep-
tides, the molecular weight was around 25 kDa, 
which was similar to predict molecular mass. 
The result confirmed that the SLAMF7 is exten-
sively modified by the N-linked glycosylation 
(Figure 1G).

Expression of SLAMF7 in breast cancer cells 

To investigate whether SLAMF7 plays an es- 
sential role in other solid tumors in addition to 
MM, the Genotype-Tissue Expression (GTEx) 
dataset and The Cancer Genome Atlas (TCGA) 
cancer dataset was used to investigate the 
relationship between SLAMF7 and solid tu- 
mors. Based on the normal tissue-derived  
GTEx dataset, SLAMF7 is conventionally ex- 
pressed in various tissues, including spleen, 
colon, lung, and breast tissues (Figure S3A). 
According to the comparison of SLAMF7 ex- 
pression between the male and female group, 
SLAMF7 in female breast tissue is most differ-
entially upregulated as presented, revealing the 
pivotal role of SLAMF7 in the mammary tissue 
(Figure S3B). The SLAMF7 RNA expression  
was higher in breast tumors than in normal tis-
sue in the TCGA breast cancer dataset (Figure 
2A). Moreover, disease-free survival (DFS) for 
breast cancer patients from the Kaplan-Meier 
(KM) plotter dataset showed higher SLAMF7 
expression is associated with a poor prognostic 
outcome (Figure 2B), which indicates that the 
SLAMF7 expression correlates with breast 
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Figure 1. N-linked glycosylation of SLAMF7. A. Sequence alignment of SLAMF7 amino acid in seven species for 
evolutionarily conserved NXT/S motifs. N residues in NXT/S motifs are highlighted in red. B. Schematic diagram 
of SLAMF7 with seven N-link glycosylation sites. Full-length SLAMF7 was separated into the extracellular domain 
(ECD), transmembrane domain (TM), and intracellular domain (ICD). C. Distributions of the three types of N-glycans 
(high-mannose, hybrid, and complex) among SLAMF7 glycosylation sites were shown as pie charts. D. LC-MS/MS-
based identification of N98 glycopeptides. The LC-MS profiles are shown as spectra averaged throughout elution 
time when a representative subset of glycoforms was detected. The cartoon symbols used for the glycans con-
form to the standard representation recommended by the Consortium for Functional Glycomics. E. Western blot 
analysis of wild type (Wt) and mutant (3NQ and 7NQ) SLAMF7 expression pattern in HEK293T cells. HEK293T cells 
were transfected with SLAMF-7 wild type, 3NQ, and 7NQ. After 48 h, protein samples were extracted from cells 
and treated with or without PNGase F. F. Western blot analysis of SLAMF7 expression pattern in HEK293T cells 
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treated with N-linked, O-GlcNAc-β-N-acetylglucosaminidase, O-GlcNAcase, or O-linked glycosyltransferase inhibi-
tors. The non-glycosylated form in lane 2 represents SLAMF7 with Tunicamycin (TM) treatment overnight. N-linked 
inhibitors were included Tunicamycin (TM; 2.5 µg/mL), NGI-1 (10 µM), 2-DG (20 mg/mL), Swainsonine (SW; 10 
µM), and Castanospermine (CSA, 50 µM). O-GlcNAc-β-N-acetylglucosaminidase inhibitor was PUGNAc (10 µM). O-
GlcNAcase inhibitor was Thiamet G (10 µM). O-linked glycosyltransferase inhibitor was Benzyl 2-acetamido-2-deoxy-
α-D-galactopyranoside (BADG, 10 µM). G. The glycosylation pattern of SLAMF7. Recombinant SLAMF7 protein with 
His tag at the C-terminus was treated with PNGase F or Endo H, and analyzed by glycoprotein staining (left panel). 
Coomassie blue staining on the right panel indicates the total amount of SLAMF7 protein. Black circle, glycosylated 
SLAMF7; arrowhead, non-glycosylated SLAMF7.

Figure 2. SLAMF7 expression profile in breast cancer. A. Analysis of SLAMF7 expression in TCGA normal breast or 
tumor tissues. P-values were calculated by t-test. B. Disease-free survival for breast cancer patients from KM plot-
ter dataset. Patients were divided according to their SLAMF7 expression. P-values were calculated by the log-rank 
test. C. Differential expression of SLAMF7 in different breast cancer subtypes. P-values were calculated by one-way 
ANOVA. D. Disease-free survival (DFS) for breast cancer patients with below or above-median STT3A expression. 
Patients were divided according to their SLAMF7 expression. P-values were calculated by the log-rank test. E. Analy-
sis of SLAMF7 expression in TCGA normal breast or tumor tissues. P-values were calculated by t-test. F. Differential 
expression of STT3A in different breast cancer subtypes. P-values were calculated by one-way ANOVA. G. Western 
blot of SLAMF7, STT3A, and STT3B protein expression in various breast cancer cell lines. Black circle, glycosylated 
SLAMF7; arrowhead, non-glycosylated SLAMF7.
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tumor incidence. According to the TCGA breast 
cancer dataset, the SLAMF7 expression in the 
basal and Her2 types of breast cancer cells 
was higher than in luminal A and luminal B 
types (Figure 2C). Previous results showed that 
glycosites on SLAMF7 are majorly occupied by 
N-glycans (Figure 1D). In mammals, STT3A 
mediates co-translational N-linked glycosyl-
ation of nascent polypeptides, while STT3B is 
necessary for effective co-translational and 
post-translational glycosylation of secreted pro-
tein [48]. Disease-free survival (DFS) for breast 
cancer patients with below or above-median 
STT3A expression revealed that higher STT3A 
accompanied by higher SLAMF7 expression 
had a lower survival rate (Figure 2D). Thus, the 
association between SLAMF7 expression and 
DFS of breast cancers can be adjusted by  
the STT3A level. In the TCGA breast cancer 
dataset, breast cancer patients are prone to 
higher STT3A expression than normal people 
(Figure 2E). Furthermore, STT3A expression in 
basal and Her2 types of breast cancer is also 
higher than the other two types (Figure 2F), 
implying a positive correlation between STT3A 
expression and breast cancers. Western blot 
analysis revealed that glycosylated SLAMF7 
expression was more abundant in MDA-
MB-231, HCC70, and MCF-7, with higher STT3A 
expression (Figure 2G). Taken together, we pos-
tulated that the expression of SLAMF7 in breast 
cancer is associated with STT3A.

Deglycosylation of SLAMF7 through inhibiting 
STT3A by NGI-1

To demonstrate if STT3 isoforms play a role in 
SLAMF7 glycosylation in MDA-MB-231 cells, we 
used STT3 inhibitor and shRNA to downregu-
late STT3 activity and expression, respectively. 
Western blotting analysis revealed that de- 
creasing STT3A activity by NGI-1, a small-mole-
cule inhibitor of STT3, suppressed the SLAMF7 
glycosylation dose-dependent (Figure 3A). 
Furthermore, knocking down STT3A decreased 
SLAMF7 glycosylation, as a significantly lower 
molecular weight of SLAMF7 was observed in 
STT3A-KD cells (Figure 3B), suggesting that 
STT3A catalyzes the N-glycosylation of SLAMF7.

N-linked glycosylation plays an essential role in 
regulating protein structure, stability, and func-
tion [49]. For instance, the glycan structure 
regulates SARS-CoV-2 viral entry and functions 

on shielding recognition sites of antibodies 
[44]. Deglycosylation on SLAMF7 might reduce 
its “don’t eat me” signaling, enhancing macro-
phage-dependent phagocytosis. To investigate 
if glycosylation of SLAMF7 inhibits phagocyto-
sis, we conducted time-lapse imaging to exam-
ine phagocytosis. MDA-MB-231 cells were pre-
treated with NGI-1 and then co-cultured with 
THP-1 differentiated macrophages. Time laps- 
ed imaging by high content microscopy show- 
ed that NGI-1 treatment increases THP-1 mac-
rophage-mediated phagocytosis of MDA-MB- 
231 cells (Figure 3C). After quantification by 
MetaXpress system, THP-1 macrophages dis-
played increased phagocytosis toward NGI-1-
treated MDA-MB-231 cells after 4 hours of co-
culture (Figure 3D). Our results indicate that 
targeting STT3A might be a novel strategy to 
enhance macrophage-mediated tumor cell 
phagocytosis.

SLAMF7 antibody-drug conjugate enhances 
antibody affinity

In addition to targeting STT3A, the SLAMF7 
blockade in breast cancer cells might en- 
hance phagocytosis. To validate this hypothe-
sis, MDA-MB-231 cells were pre-incubated with 
IgG or anti-SLAMF7 antibody for 1 hour and 
then co-cultured with THP-1 macrophages. As 
shown in Figure 4A, anti-SLAMF7-treatment 
slightly enhanced phagocytosis compared to 
IgG-treatment. This slight engulfment induced 
by anti-SLAMF7 might be because of glycans 
on SLAMF7 shield antibody recognition. In- 
deed, removing the glycans on SLAMF7 by 
PNGase F treatment enhances anti-SLAMF7 
affinity (Figure 4B). To provide on-target degly-
cosylation, we developed an ADC by crossing 
linking anti-SLAMF7 antibody with NGI-1 (SL- 
AMF7-ADC) using a cleavable linker (MC-Val-Cit-
PAB-OH), which was confirmed by direct-infu-
sion MS analysis (Figure 4C). Flow cytometry 
analysis revealed that SLAMF7-ADC had a high-
er binding affinity to MDA-MB-231 cells than 
SLAMF7 antibody or IgG (Figure 4D). We then 
examined the effect of SLAMF7-ADC on modu-
lating phagocytosis by flow cytometry (Figure 
4E). Breast cancer cells stained with DAPI were 
pre-treated with IgG, anti-SLAMF7 antibody or 
SLAMF7-ADC and then co-cultured with THP-1 
derived macrophages, which were pre-stained 
with 1 μM carboxyfluorescein succinimidyl 
ester (CFSE). Phagocytosis is shown as the per-
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centage of CFSE+CD11b+ phagocyted cancer 
cells. As shown in Figure 4F, the phagocytosis 

was significantly increased in SLAMF7-ADC 
treated group compared to the SLAMF7 group. 

Figure 3. Inhibition of STT3A in breast cancer cells enhances phagocytosis. (A) The SLAMF7 protein expression of 
SLAMF7 in MDA-MB-231 cells and HEK293T-SLAMF7 cells. Cells were treated with various concentrations of NGI-1 
as indicated. (B) Western blotting of SLAMF7, STT3A, and β-actin expression in MDA-MB-231 cells. STT3A expres-
sion was knocked down through lentiviral short-hairpin RNA (shRNA) in MDA-MB-231 cells. Beta-actin as an internal 
control. (C) Representative images of phagocytosis of tumor cells by THP-1 macrophages. MDA-MB-231 cells treated 
with various NGI-1 were incubated with THP-1 macrophages. MDA-MB-231 cells were labeled nucleus by red fluo-
rescent protein (RFP). THP-1 macrophages were stained with DAPI. Arrows, individual phagocytosed MDA-MB-231 
cells. The images were acquired by ImageXpress Micro Imaging XL System and (D) the quantitative analysis was 
performed by MetaXpress. *, P<0.05; **, P<0.01. P-values were calculated by two-way ANOVA. Black circle, glyco-
sylated SLAMF7; arrowhead, non-glycosylated SLAMF7.
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In addition, SLAMF7-ADC treated HCC70 and 
MDA-MB-231 cells had a higher phagocytic 
rate than BT474 cells, which had no expres- 
sion of SLAMF7. These results indicated that 
SLAMF7-ADC could specifically inhibit N-gly- 
cosylation of SLAMF7 in breast cancer cells 
and enhance macrophage phagocytic activity 
(Figure 4G).

Discussion

The previous study showed that SLAMF7 
expression on hematopoietic cancer cells is 
required for phagocytosis upon treatment with 
a CD47 blocking therapeutic antibody [50]. 
Depletion of SLAMF triggered macrophage 
phagocytosis of hematopoietic cells in vitro and 
in vivo [51]. However, recent research discov-
ered that SLAMF7 expression in cancer cells is 
unnecessary for CD47-mediated phagocytosis 
[52]. To elucidate the impact of cancer-express-
ing SLAMF7 on phagocytosis, we disrupted the 
SLAMF7 glycosylation, which led to the promo-
tion of macrophage-mediated phagocytosis. 
We suggested that rather than being required 
for CD47-mediated phagocytosis, SLAMF7 on 
solid tumors acts as a “don’t eat me” signal to 
avoid phagocytosis.

Compared to non-malignant tissues, tumor 
cells exhibit different glycosylation patterns 
[33-36]. Increased understanding of the role of 
glycosylation on cancer-specific markers or 
microbe’s components has led to the develop-
ment of inhibitors or monoclonal antibodies to 
target the glycans. For instance, a glycosyl-
ation-specific PD-L1 antibody was designed to 
block the PD-1/PD-L1 axis and trigger PD-L1 
degradation in lysosomes [53]. To date, treat-
ment of solid tumors or hematologic malignan-

cies by targeting glycosylation is under clinical 
investigation. In a phase 1/2 clinical trial, acute 
myeloid leukemia (AML) patients display a  
good prognosis and high remission rate after 
Uproleselan (GMI-1271) and E-selectin antago-
nist administration [54]. Galectin inhibitor 
GR-MD-02 is used to fight against various solid 
tumors, including head and neck squamous 
cell carcinoma, non-small cell lung cancer, and 
metastatic melanoma, along with immunother-
apy in several phase 1 clinical trials [55]. In 
addition to reducing cancer malignancy, the 
ablation of glycosylation of viral proteins by gly-
cosylation inhibitor or ADC reduces the infectiv-
ity of viruses such as SARS-CoV-2 [44, 56, 57], 
Ebola [58], and Lassa virus [59]. Although tar-
geting glycosylation has been shown to exert 
therapeutic benefits toward diseases, global 
modulation of glycosylation might also lead to 
side effects since it plays a vital role in regulat-
ing multiple biological processes in diseased 
as well as normal cells. To avoid the off-target 
effects and increase the efficiency of therapeu-
tics targeting glycosylation, a strategy that spe-
cifically targets disease-associated glycosyl-
ation is needed. Therefore, we developed a 
novel ADC to specifically reduce SLAMF7 glyco-
sylation in cancer cells without affecting nor-
mal tissues. An inhibitor of oligosaccharyltrans-
ferases, NGI-1, inhibits N-linked glycosylation 
by impeding the transfer of lipid-linked oligo-
saccharides to recipient glycoproteins [60], 
was linked with anti-SLAMF7 monoclonal anti-
body (Figure 4C). This ADC can target and 
potentiate macrophage-induced phagocytosis 
toward SLAMF7-expressing cancer cells such 
as MDA-MB-231 and HCC70, but not BT474 
cells that express only very low-level SLAMF7, 
suggesting a disease-specific inhibition on gly-
cosylation (Figure 4F).

Figure 4. Enhancement of macrophage-mediated tumor cell phagocytosis by SLAMF7-ADC. A. High content image 
of THP-1 macrophages that phagocytosed MDA-MB-231 breast cancer cells. MDA-MB-231 cells carrying RFP in the 
nucleus were pre-treated with NGI-1 as indicated overnight and then co-cultured with THP-1 macrophages for 4 
hours. Arrows, individual phagocytosed MDA-MB-231 cells. B. ELISA detection of the indicated diluted anti-SLAMF7 
antibody binding to precoated SLAMF-7 after PNGase F treatment. Data shown are means ± SD from representa-
tive triplicates from three independent experiments. *, P<0.05. P-values were calculated by t-test. C. Data decon-
volution revealed a monoisotopic mass for the Linker+NGI-1 of 948.4020 Da. D. Flow cytometry analysis of IgG, 
anti-SLAMF7 antibody, and SLAMF7-ADC binding to MDA-MB-231. E. Flowchart of phagocytosis and Flow cytom-
etry gating strategy. F. Phagocytosis of THP-1 macrophages co-cultured with antibody-treated breast cancer cells. 
HCC70, MDA-MB-231, and BT474 cells pre-treated with IgG, anti-SLAMF7 antibody, or SLAMF7-ADC were stained 
with CFSE and then co-cultured with THP-1 macrophages. Phagocytosis of THP-1 macrophages was determined by 
flow cytometry. **, P<0.01. P-values were calculated by two-way ANOVA. G. Illustration of glycosylation function of 
SLAMF7 in breast cancer. (i) SLAMF7 on breast cancer cells interacts with macrophages to avoid phagocytosis. (ii) 
SLAMF7-ADC targets and internalizes breast cancer cells. Next, NGI-1 released from ADC deglycosylates SLAMF7. 
Increased macrophage engulfment as a result of SLAMF7 signal blockage.
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SLAMF7 has been studied extensively as a 
potential therapeutic target for MM [12, 13, 
22-24, 61]. 

The monoclonal antibody therapy medication, 
Elotuzumab, targets SLAMF7 to induce macro-
phage activation and ADCC [25-27]. Addition- 
ally, other potential strategies have been devel-
oped to target SLAMF7, including bispecific 
antibody, ADC, and CAR T cell therapy [61, 62]. 
A method combining adoptive T-cell therapy 
with bispecific antibodies has been developed 
to target and treat solid and hematologic malig-
nancies [63]. The bispecific anti-SLAMF7 × 
anti-CD3 antibody-armed activated T cells 
increase cytotoxicity and T cell expansion ag- 
ainst MM cells [61]. It is worth noting that the 
first SLAMF7-ADC (ABBV-838) using cytotoxic 
MMAE as the payload shows limited efficacy in 
relapsed and refractory multiple myeloma 
patients [64], and high serum levels of soluble 
SLAMF7 in MM patients are accompanied by a 
worse response to Elotuzumab and shorter sur-
vival [28]. These studies suggest that increased 
soluble SLAMF7 can act as a decoy to neutral-
ize immune-targeted agents and impair the 
therapeutic responses [65]. Although there is 
no evidence comparing the soluble SLAMF7 
level in the serum of normal people and breast 
cancer patients, however, via the conjugation 
with NGI-1, our ADC exhibited a higher affinity 
toward SLAMF7 than the monoclonal antibody 
(Figure 4D), which might overcome the decoy 
ability of SLAMF7 in the serum. Taken together, 
our results showed that antibodies conjugating 
with glycosyltransferase inhibitors could 
increase antigen-binding affinity and thereby 
enhance the function of effector cells. Applying 
this strategy to other immunotherapeutics 
might have the potential to exert better clinical 
responses, which is in urgent need of investiga-
tion in the near future.

Materials and methods

Amino acid sequence alignment and homology 
analysis

Seven full-length amino acid sequences of 
SLAMF7 proteins were downloaded from the 
NCBI GenBank Database, including human 
(Homo sapiens, NP_067004.3), New World 
monkey (Callithrix jacchus, XP_002760223.2), 
porpoise (Phocoena sinus, XP_032464724.1), 
grey seal (Halichoerus grypus, XP_03594- 

0618.1), bat (Pipistrellus kuhlii, XP_036298- 
484.1), southern grasshopper mouse (Onych- 
omys torridus, XP_036058984.1), and mouse 
(Mus musculus, NP_653122.2). Seven NXT/S 
motifs in SLAMF7 were conducted and ana-
lyzed by QIAGEN CLC main workbench 20.0.4 
(https://digitalinsights.qiagen.com).

Cell culture and transfection

HEK293T, MDA-MB-231, HS578T, HCC70, 
BT549, MCF-7, BT474, ZR-75-30, MDA-MB-361, 
and THP-1 cells were obtained from American 
Type Culture Collection (ATCC). HEK293T, MDA-
MB-231, HS578T, MCF-7, and MDA-MB-361 
cells were grown in DMEM/F12 medium sup-
plemented with 10% fetal bovine serum (FBS). 
HCC70, BT549, BT474, ZR-75-30, and THP-1 
cells were grown in RPMI 1640 medium supple-
mented with 10% fetal bovine serum (FBS). 
According to the user instruction, cells were 
transiently transfected with plasmids using 
X-tremeGENE HP DNA Transfection Reagent 
(Roche, Mannheim, Germany) for transient 
transfection.

Plasmids, antibodies, and chemicals

The pCMV3-SLAMF7-Flag construct (HG11691-
CF) was purchased from Sino Biological (Beijing, 
China) to establish SLAMF7-Flag expression 
cell lines. Using the pCMV3-SLAMF7-Flag con-
struct as a template, Biomedical Resource 
Core of the First Core Laboratory (National 
Taiwan University, Taipei, Taiwan) made SLA- 
MF7-Flag NQ mutants [3NQ (N172Q, N176Q, 
and N204Q) and 7NQ (N56Q, N98Q, N142Q, 
N148Q, N172Q, N176Q, and N204Q)]. The fol-
lowing antibodies were used: Flag (F3165; 
Sigma-Aldrich, St. Louis, MO, USA), SLAMF7 
(ab230945; Abcam, Cambridge, UK), GAPDH 
(60004-1-Ig; Proteintech, Chicago, IL, USA), 
STT3A (12034-1-AP; Proteintech), β-actin 
(110564; GeneTex, Irvine, CA, USA), Anti-
Human/Mouse CD11b APC-Cy7 (25-0112-
U025; Tonbo Biosciences, San Diego, CA, USA). 
Recombinant SLAMF7 protein (11691-H08H) 
was purchased from SinoBiological (Beijing, 
China). The following chemicals were used: 
Tunicamycin (TM) (T7765), NGI-1 (SML1620), 
2-deoxy-glucose (2-DG) (D8375), Thiamet G 
(SML0244), Benzyl 2-acetamido-2-deoxy-α-D-
galactopyranoside (BADG) (B4894), polybrene 
(H9268), and 3,3’,5,5’-Tetramethylbenzidine 
(TMB) (T0440) were purchased from Sigma-
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Aldrich (St. Louis, MO, USA); Swainsonine (SW) 
(16860), Castanospermine (CSA) (11313), and 
O-GlcNAc-β-N-acetylglucosaminidase inhibitor 
(PUGNAc) (17151) were purchased from Cay- 
man Chemical Company (Ann Arbor, MI, USA); 
PNGase F (P0704L) and Endonuclease H (Endo 
H; P0702S) were purchased from New England 
Biolabs (Ipswich, MA, USA). EDTA-free protease 
inhibitor cocktail (4693132001) was purcha- 
sed from Merck (Darmstadt, Germany). Puro- 
mycin (ant-pr-5) was purchased from InvivoGen 
(Occitanie, France). 

Generation of stable cells using lentiviral infec-
tion

To establish a shSTT3A knockdown breast can-
cer cell line, the pLKO.1-based lentivirus shRNA 
vectors for STT3A (TRCN0000153679) and 
STT3B (TRCN0000139967) were obtained 
from the National RNAi Core Facility in Academia 
Sinica. The breast cancer cell line, MDA-
MB-231, was infected with shSTT3A lentivirus 
and 10 µg/mL polybrene and then centrifuged 
at 800 × g for 2 hours. The medium was 
refreshed after 48 hours of viral transduction, 
and then the infected cells were subsequently 
selected with 1 µg/mL puromycin for a week. 
The pLKO.1-based lentivirus shRNA vector 
(TRC1 Scramble) was also transduced into 
MDA-MB-231 as the control group. 

Western blotting

The cell culture dish was placed on ice, and  
the cells were washed with cold PBS. After lys-
ing cells with RIPA buffer (150 mM NaCl, 0.1% 
sodium dodecyl sulfate, 1% sodium deoxycho-
late, 1% NP-40, 1 mM EDTA, protease inhibi-
tors, and 50 mM Tris-HCl, pH 7.6), the protein 
concentration was quantified by Bradford assay 
(Bio-Rad, Hercules, CA, USA). Western Blotting 
analysis was performed as described previous-
ly [66]. Image acquisition was performed by 
UVP ChemStudio PLUS Touch imaging system 
(Analytik Jena AG, Jena, Germany).

Glycoprotein and Coomassie blue staining

The deglycosylation protocol was performed 
according to Huang et al. studies [44, 45]. After 
SLAMF7 protein was treated with PNGase F or 
Endo H for 3 hours, the proteins were then ana-
lyzed by SDS-PAGE. Total protein was stained 
with Bio-Safe™ Coomassie Stain (1610786; 

Bio-Rad). The glycoprotein was stained using 
Pierce™ Glycoprotein Staining Kit (24562; 
Thermo Fisher Scientific, Waltham, MA, USA). 
Horseradish peroxidase was used as a positive 
control, while soybean trypsin inhibitor was a 
negative control.

Identification of the N-glycopeptides

The procedure for N-glycopeptide identification 
was performed according to Huang et al. study 
[44]. Before LC-MS/MS analysis, the digested 
products were diluted with formic acid and 
cleaned up using ZipTip C18 (Millipore). The 
peptide mixture was analyzed by nanospray 
LC-MS/MS on a Tribrid Mass Spectrometer 
(Orbitrap Fusion Lumos, Thermo Fisher Sci- 
entific) coupled to an Easy-nLC 1200 System 
(Thermo Fisher Scientific). The MS raw data 
were searched for glycopeptide identification 
by using Byonic algorithm (v2.16.11) and the 
pGlyco algorithm (v3.0). The N-glycan database 
was searched against the database of 182 
human with no multiple fucose glycan composi-
tions and a score cutoff of 300. The glycan 
structure was drawn using GycoWorkbench.

Analysis of data from public datasets

The transcripts per million (TPM) normalized 
RNA sequences data for gene expression in 
various normal samples were retrieved from 
GTEx Analysis V8 (www.gtexportal.org). Gene 
expression for SLAMF7 and STT3A in breast 
cancer tissues were downloaded from the 
TCGA dataset. TPM-normalized gene expres-
sions were used to calculate the differential 
expression and the results were plotted and 
tested for significance (t-test or One-Way 
ANOVA) using GraphPad Prism 9.20 (Graph- 
Pad). According to the KM Plotter website, 
relapse-free survival for patients with breast 
cancer was analyzed. According to the website 
instruction, all patients with breast cancer were 
split into two groups based on their expression 
of SLAMF7 only or combined with STT3A. The 
results were plotted and tested for significance 
(log-rank test) using GraphPad Prism.

Antibody-drug conjugate (ADC)

Conjugation of antibodies with NGI-1 was per-
formed by using an MC-Val-Cit-PAB-OH linker 
according to the procedures of Huang et al. 
study [44]. Spectral analysis, residual thiol 
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group tests, and amino acid analyses were 
used to quantify protein and drug concentra-
tions. Size-exclusion HPLC and C18 RP-HPLC 
were performed to ensure all conjugates >98% 
monomeric and <0.5% unconjugated cysteine 
quenched drug exists, respectively.

Identification of a MC-Val-Cit-PAB-OH linker 
with NGI-1 by direct-infusion MS

The samples of the MC-Val-Cit-PAB-OH linker 
with drug NGI-1 were dissolved in DMSO and 
diluted in 50% acetonitrile and 0.1% formic 
acid. The direct-infusion nESI (nano electro-
spray ionization) analysis was performed on an 
Orbitrap EliteTM mass spectrometer (Thermo 
Scientific). The mass spectrometer was operat-
ed in positive mode and nESI source was held 
at +2.4 kV. The Linker+NGI-1 was analyzed with 
the following acquisition parameters: the  
capillary temperature at 250°C; FT resolution 
set to 60,000 (at m/z 400); S-lens RF level  
at 20; scan range set at m/z 200-1,200; 
microscans set to 3; AGC target at 1 × 106; 
maximum injection time of 50 ms; averaging 
set at 10. Mass spectrometric raw data were 
deconvoluted using Xtract algorithm within 
Xcalibur 3.0 (Thermo Fisher Scientific).

Phagocytosis

Cultured THP-1 cells were induced to differenti-
ate into phagocytic macrophages using PMA 
(200 nM). After 3 days of induction, THP-1 cells 
changed morphology and adhered to the cul-
ture dish. MDA-MB-231 cells were treated with 
NGI-1 for 24 hours or antibodies for 1 hour. To 
assay THP-1 macrophage phagocytosis, THP-1 
macrophages were incubated in a serum-free 
medium for 2 hours before adding breast can-
cer cells. The live-cell images were acquired by 
the ImageXpress Micro Imaging XL System at 
37°C with 5% CO2. THP-1 macrophage was pre-
stained by DAPI for live-cell images before 
being co-cultured with MDA-MB-231 cells, 
which had nuclear RFP. The phagocytic rate 
was quantified by using MetaXpress system. 
For flow cytometry, cancer cells were probed 
with antibodies at 37°C for 1 hour and incubat-
ed with 1 μM 5,6-carboxyfluorescein diacetate 
succinimidyl ester (CFSE) for 15 min. THP-1 
macrophage were mixed with CFSE-labelled 
cancer cells in a ratio of 1:1 (total 2 × 105 cells) 
at 37°C for 2 hours. After washing two times 
with FACS buffer, the cell mixture was stained 
with CD11b-APC and viability dye eFluor™ 780. 

Flow cytometry analyzed the sample for phago-
cytosed CSFE-labelled cancer cells (CFSE+ 

CD11b+).

Enzyme-linked immunosorbent assay (ELISA)

SLAMF7 protein was coated on an ELISA plate 
followed by deglycosylation using PNGase F at 
4°C overnight. After 2 hours of blocking with 
3% BSA in PBS at room temperature (RT), a 
serially diluted anti-SLAMF7 antibody was 
added and incubated at RT for 2 hours. Both 
non-glycosylated and deglycosylated SLAMF7 
were captured by antibody, and the non-cap-
tured antibody was removed by washing with 
PBS containing 0.05% Tween 20 (PBST) three 
times. Captured antibody was then treated with 
HRP-conjugated anti-mouse IgG (1:5000) at  
RT for 1 hour. After three times washing with 
PBST, the color reaction was developed by TMB 
and halted by the addition of HCl. The absor-
bance is measured at 450 nm by an ELISA 
reader, VERSAmax (Molecular Devices, San 
Jose, CA, USA).

Fluorescence-activated cell sorting (FACS) 
binding assay

MDA-MB-231 cells were analyzed for antibody 
binding affinity on a flow cytometer (AttuneTM 
NxT Flow Cytometer, Thermo Fisher Scientific). 
The cells were stained with SLAMF7 primary 
antibody, anti-rabbit IgG 488 secondary anti-
body, and viability dye eFluor™ 780. The nega-
tive control was the isotype IgG group. A total of 
10,000 events were collected for each 
sample.

Statistical analysis

Data from individual experiments are present-
ed as mean ± SD (standard deviation) and 
assessed by Mann-Whitney test, one-way, or 
two-way ANOVA with Tukey’s post hoc test  
for multiple comparisons (GraphPad Prism 
Software Inc., San Diego, CA, USA). The rela-
tionships between SLAMF7 with STT3A in the 
TCGA cancer dataset retrieved from the TCGA 
database were analyzed by Pearson correlation 
analysis. A P value <0.05 was considered sta-
tistically significant.
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Figure S1. Glycan composition of N-link glycosylation sites at (A) N98, (B) N142, (C) N172, (D) N176, and (E) N204 
of SLAMF7.
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Figure S2. N56 of SLAMF7 is heavily glycosylated. A. Glycan composition of N-link glycosylation sites at N56 of 
SLAMF7. B. LC-MS/MS-based identification of N56 glycopeptides. The LC-MS profiles are shown as spectra aver-
aged throughout elution time when a representative subset of glycoforms was detected. The cartoon symbols used 
for the glycans conform to the standard representation recommended by the Consortium for Functional Glycomics. 

Figure S3. SLAMF7 RNA expression in normal tissue. A. RNA expression profile of SLAMF7 in normal tissue-derived 
GTEx dataset. B. Comparison of SLAMF7 expression between the male and female group in normal tissue-derived 
GTEx dataset. ****, P<0.0001. P-values were calculated by t-test.


