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Significance

The upregulation of sialoglycans 
is a phenomenon that contributes 
to the long circulation of red cells 
and convenient migration of stem 
and cancer cells. Inspired by this, 
we designed tumor-targeting 
molecule–sialidase conjugates 
that selectively stripped different 
sialoglycans from a variety of 
cancer cells. Desialylation of 
cancer cells triggered CAR-iMac 
cell activation, increased donor 
cell polyfunctionality, and 
enhanced antitumor efficacy 
against solid tumors, which 
depends on the blockade of the 
Siglec-5 and Siglec-10 checkpoints 
on CAR-iMac cells. Siglec-5 and 
Siglec-10 gene knockouts allowed 
for the construction of a CAR-
iMac with stronger anticancer 
activity due to glycoimmune 
checkpoint blocking. The cancer 
cell desialylation strategy that 
reverts the immune escape state 
is significant for enhancing the 
effect of solid tumor cellular 
immunotherapy.
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Immune cell–based cancer therapies, such as chimeric antigen receptor T (CAR-T)-cell 
immunotherapy, have demonstrated impressive potency against hematological tumors. 
However, the efficacy of CAR-T cells against solid tumors remains limited. Herein, 
we designed tumor-targeting molecule–sialidase conjugates that potently and selec-
tively stripped different sialoglycans from a variety of cancer cells. Desialylation 
enhanced induced pluripotent stem cell–derived chimeric antigen receptor–macrophage 
(CAR-iMac) infiltration and activation. Furthermore, the combination of cancer cell 
desialylation and CAR-iMac adoptive cellular therapy exerted a dramatic therapeutic 
effect on solid tumors and significantly prolonged the survival of tumor-bearing mice; 
these effects were mainly dependent on blockade of the checkpoint composed of sialic 
acid–binding immunoglobulin-like lectin (Siglec)-5 and Siglec-10 on the macrophages, 
and knockout of the glycoimmune checkpoint receptors could construct a CAR-iMac 
cell with stronger anticancer activity. This strategy that reverts the immune escape state 
(“cold tumor”) to a sensitive recognition state (“hot tumor”) has great significance for 
enhancing the effect of cellular immunotherapy on solid tumors. Therefore, desialylation 
combined with CAR-iMac cellular immunotherapy is a promising approach to enhance 
treatment with cellular immunotherapy and expand the valid indications among solid 
tumors, which provides inspiration for the development of cellular immunotherapies 
with glycoimmune checkpoint inhibition for the treatment of human cancer.

cellular immunotherapy | desialylation | sialic acid | Siglecs | solid tumors

Sialic acid is a negatively charged 9-carbon sugar that is commonly expressed on the cell 
membranes of all eukaryotic organisms (1). The prominent location of sialic acid on the 
cell membrane allows it to efficiently participate in cell–extracellular matrix interactions, 
including adhesion, migration, and immune responses (2). The position of sialic acid on 
the surface of cells (or some glycoproteins and mucins) determines that it plays the role 
of stabilizing molecules and molecular membranes and is also an important media tool 
for communication between cells and the external environment (“antenna molecules”). 
First, sialic acid can protect molecules or cells from attack by proteases and glycosidases, 
prolonging their life cycle and function (3). Another possible important function is its 
antirecognition ability. By forming glycosidic bonds with the ends of cell surface sugar 
complexes, sialic acid can effectively mask antigens and recognition sites on the cell surface, 
preventing cells from being recognized and phagocytized by the immune system (4). Young 
cells in the human body tend to have more sialic acid residues than aging cells (5). Previous 
studies showed that erythrocytes treated with sialidase had a survival time of only 72 h in 
reinfused mice, while untreated mouse erythrocytes could last for 40 d (6).

In the process of tumor evolution, tumor cells of different origins express sialic acid 
to different degrees on membrane glycoproteins and glycolipids and can secrete sialic 
acid into the tumor microenvironment (TME), which is one of the factors involved in 
the complexity of the TME. Numerous studies have shown that sialic acid on the surface 
of cancer cells is highly expressed, and tumor cells with high expression of sialic acid 
have certain advantages in the malignant growth of cells and are positively correlated 
with poor prognosis of patients (7). Abnormally high expression of sialic acid confers 
advantages on tumor cells ranging from inhibition of apoptosis to chemoresistance to 
cancer therapy. In addition, there are specialized receptor families on the cell membrane 
that can recognize sialopolysaccharides, such as selectins or sialic acid–binding 
immunoglobulin-like lectins (Siglecs). Selectins are expressed on endothelial cells, leu-
kocytes, and immune cells and extravasate to sites of inflammation, contributing to the 
hemogenic spread of cancer cells. Siglecs are expressed in most cells of the immune 
system and can transmit immune inhibition signals after binding to sialic acid ligands 
(8). The increase in tumor cell affinity to the Siglec may be one of the mechanisms of 
tumor cell immune escape. Discovering new immune checkpoint molecules that regulate 
the functions of adaptive and innate immune cells in various tumors, clarifying the D
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regulatory mechanism of their function, and exploring the sim-
ilarities, differences, and interconnections (synergy, complemen-
tarity, compensation, etc.) between the new molecules and 
known immune checkpoint molecules such as programmed 
death-ligand 1 (PD-L1), cytotoxic T lymphocyte-associated 
antigen-4 (CTLA-4), and CD47 are urgently needed.

Here, we demonstrated the inhibitory roles of the cell-surface 
glycocalyx in antibody-dependent cellular phagocytosis (ADCP) 
and cell-mediated cytotoxicity (ADCC), and targeted removal 
of these cell-surface polysaccharides significantly enhanced 
tumor cell susceptibility. Bone marrow– or peripheral blood 
mononuclear cell (PBMC)–derived primary macrophages are 
not efficiently engineered, thus leaving induced pluripotent 
stem cell (iPSC)–derived macrophages as a great source for 
myeloid cell–based immunotherapy (9, 10). Furthermore, 
tumor-targeting molecule–sialidase conjugates can potently and 
selectively strip different sialoglycans from a variety of cancer 
cells, and desialylation enhanced the infiltration and activation 
of iPSC-derived CAR-macrophages (CAR-iMacs), resulting in 
potent cancer cell killing and significantly prolonged survival 
in ovarian cancer mouse models. These effects were mainly 
dependent on checkpoint blockade targeting highly expressed 
Siglecs, including Siglec-5 and Siglec-10, as their genetic deple-
tion led to enhanced anticancer activity. Therefore, glycoim-
mune checkpoint inhibition, such as desialylation combined 
with CAR-based cellular immunotherapy, is a promising 
approach to achieving the killing efficiency of cellular immu-
notherapy against solid tumors.

Results

Roles of the Cell-Surface Glycocalyx in ADCP and ADCC. The surface 
of cancer cells is abnormally hypersialylated, and upregulation of 
sialic acids is correlated with the growth, adhesion, metastasis, and 
decreased immunogenicity of tumors. In cancer cells, overexpression  
of sialyltransferases (ST6GAL1, ST3GAL1, and ST3GAL6) or glycosylase  
(glucosamine (UDP-N-acetyl)-2-epimerase/N-acetylmannosamine 
kinase, GNE) leads to increased synthesis of sialoglycoconjugates that are 
deposited on the cell surface (11–13). It is possible that overexpression 
of sialyltransferases also leads to the neoformation of cancer sialoglycans. 
Analysis of mRNA expression data from the Oncomine and The 
Cancer Genome Atlas (TCGA) databases showed that the ST6GAL1, 
ST3GAL1, ST3GAL6, and GNE levels were significantly up-regulated 
in tumor tissues compared to healthy tissues across many human cancer 
types (SI Appendix, Fig. S1 A–C). Furthermore, those mRNA levels 
were consistently up-regulated in some solid tumors, such as ovarian 
carcinoma, compared to healthy control tissue (SI Appendix, Fig. S1D). 
Regrettably, there was no quantitative analysis of sialic acid expression 
on the surface of cancer cells. Here, we employed a simple and reliable 
method to assess the sialylation level of a variety of glycans. Dissociative 
sialic acid was released from glycoproteins by an efficient sialidase 
and labeled with 1,2-diamino-4,5-methylenedioxybenzene (DMB) 
in  vitro. Then, high-performance liquid chromatography (HPLC) 
was used to detect the structures of sialic acid (SI Appendix, Fig. S2A). 
To confirm that the efficient sialidase could completely remove sialic 
acid from cell-surface glycans, we tested its effects on fluorescein 
isothiocyanate (FITC)-Sambucus nigra agglutinin (SNA) labeling of 
pancreatic cancer cells (SI Appendix, Fig. S2 B and C). Desialylation of 
pancreatic cancer cells by highly active sialidase significantly reduced the 
binding of SNA (SI Appendix, Fig. S2C). A DMB-sialic acid reference 
panel chromatogram displayed all the variation structures of sialic acid 
(SI Appendix, Fig. S2D). According to an optimal standard quasi curve 
(SI Appendix, Fig. S2E), we calculated the content of sialic acid on the 
cell surface for multiple cancer cell lines and found that the surface sialic 

acid content of cancer cells was generally higher than that of adjacent 
normal cells, and there were differences among the cancer cell lines. 
Interestingly, highly malignant cancer cells, such as pancreatic cancer 
cells, seemed to have higher levels of glycosylation (Fig. 1A).

To determine the effects of sialidase treatment on cancer cell 
susceptibility to ADCC, we first assayed the cytoactivity of pan-
creatic cancer cells after removal of glycosylation by sialidase. The 
proliferative and apoptotic activities of pancreatic cancer cells were 
not significantly affected when the high glycosylation on the sur-
face of the cancer cells was completely removed (SI Appendix, 
Fig. S3 A and B), but deglycosylation did slightly increase the 
permeability of cancer cells (SI Appendix, Fig. S3C).

ADCP critically contributes to the efficacy of antitumor therapy 
and plays a fundamental role in innate immune surveillance for 
cancerous growth. Ovarian cancer is among the most lethal diseases 
affecting women, with few targeted therapies and high rates of 
metastasis, and cancer cells are capable of evading clearance by mac-
rophages through overexpression of antiphagocytic surface proteins 
called “don’t eat me” signals, which include Siglecs (14). To deter-
mine the effects of the glycocalyx on cancer cell susceptibility to 
phagocytosis, we successfully developed iPSC-derived and meso-
thelin (MSLN)-specific CAR-expressing CAR-iMacs as described 
previously (SI Appendix, Fig. S4) (9). MSLN is a cell-surface antigen 
that is highly expressed across a wide range of solid tumors, includ-
ing ovarian cancer (15). MSLN-CAR expression conferred antigen- 
dependent macrophage functions, such as the expression and secre-
tion of cytokines, polarization toward the proinflammatory/antitu-
mor state, and enhanced phagocytosis of tumor cells. We analyzed 
mRNA expression data from the Oncomine and TCGA databases 
and demonstrated that MSLN levels were significantly up-regulated 
across many human cancer types and that among them, ovarian 
cancer was the most prominent (SI Appendix, Fig. S5A). In addition, 
MSLN mRNA levels were consistently and significantly up-regulated 
in ovarian carcinoma tissue compared to healthy controls 
(SI Appendix, Fig. S5 B and C), and ovarian cancer patients with 
high mRNA expression of MSLN had a worse long-term prognosis 
(SI Appendix, Fig. S5D). To further clarify the impact of sialylation 
on macrophage-mediated cytotoxicity to cancer cells, we cocultured 
normal CAR-iMacs or M1 polarized CAR-iMacs with the ovarian 
cancer cell line SKOV3 in vitro after cancer cell deglycosylation with 
sialidase pretreatment. Remarkably, deglycosylation of cancer cells 
significantly promoted the CAR-iMac-mediated tumor cytotoxicity, 
despite the fact that macrophages had been significantly activated 
by interferon (IFN)-γ and lipopolysaccharide (LPS) (Fig. 1B). In 
addition, deglycosylation of cancer cells also facilitated phagocytosis 
(Fig. 1C) and increased the formation of phagosomes (Fig. 1D). 
Interestingly, cancer cell deglycosylation also prominently increased 
the polarization of CAR-iMacs in vitro (Fig. 1E), consistent with 
the ability of CAR-iMacs to secrete cytotoxic cytokines such as 
tumor necrosis factor (TNF)-α, interleukin (IL)-1β, and IFN-γ 
(Fig. 1F and SI Appendix, Fig. S5E).

Natural killer (NK) cells are innate cytotoxic lymphocytes 
involved in the surveillance and elimination of cancer. NK-92MI 
cells are a nonimmunogenic NK-cell line with constitutive cyto-
toxic activity that are widely used in ADCC assays. To clarify the 
role of the cell-surface glycocalyx in ADCC, the cytotoxic efficiency 
of NK-92MI cells against human pancreatic cancer Panc1 cells, 
which have high glycosylation, was assessed by quantifying the 
formation of cell–cell conjugates in cocultures. As expected, siali-
dase treatment significantly potentiated the killing response at 
various effector/target (E/T) ratios (SI Appendix, Fig. S6A), with 
the most pronounced effect observed with BxPC3 cells (Fig. 1G). 
Consistently, deglycosylation of cancer cells significantly stimulated 
NK-92MI cell expression (SI Appendix, Fig. S6B) and secretion of D
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cytotoxic cytokines (Fig. 1H); mechanistically, the desialylation of 
pancreatic cancer cell lines by sialidase reduced the binding of the 
NK-cell inhibitory receptors Siglec-7 and Siglec-9 (SI Appendix, 
Fig. S6C) to sialylated glycans while increasing binding to the 
NK-cell activating receptor NKG2D (SI Appendix, Fig. S6D). 
These data indicated that hypersialylated cancer cells might not 
elicit effective ADCP or ADCC and that this hypersialyation could 
be reversed by treatment with highly effective sialidase.

Deglycosylation of Cancer Cells Increases NK Cell and M1 
Macrophage Infiltration in the TME. For in  vivo testing of 
the effects of sialidase treatment on cancer cell susceptibility 
and growth, we selected the syngeneic Lewis carcinoma model 
established with C57BL/6 mice and sought to target sialidase to 
Lewis cells via non-small cell lung cancer–targeting peptide (TP) 
(16) conjugation (SI Appendix, Fig. S7). 1H-NMR spectroscopy, 
Raman spectra, and Fourier transform infrared spectroscopy 
(FTIR) analysis all confirmed that sialidase was covalently linked 
to non-small cell lung cancer-TP (SI  Appendix, Fig.  S8 A–C). 
Concurrently, we evaluated the sialidase activity of sialidase 
conjugated to TP (TP-Sia) by assessing fluorogenic SNA on the 
cell surface in an in vitro assay. Notably, the enzymatic activity of 
TP-Sia remained after the chemical conjugation process (Fig. 2A).

We next evaluated the effects of TP-Sia administration on tumor 
growth in mice. Lewis cells coexpressing luciferase and green fluo-
rescent protein (LLC-luci-GFP) were systemically injected into mice, 

followed by intravenous (i.v.) treatment with TP-Sia, TP, sialidase 
(15 mg kg−1 per mouse), or phosphate-buffered saline (PBS) 
(Fig. 2B). A slight but not significant antitumor effect and reduced 
number of tumor nodules in the lungs were observed with TP-Sia 
treatment, and mouse survival was also extended marginally (Fig. 2 
C–E). However, the sialic acid residues exposed on the tumor cell 
surface showed decreased labeling in the TP-Sia-treated tumors com-
pared to the PBS- or TP-treated tumors after the final conjugate 
injections (Fig. 2F and SI Appendix, Fig. S9A). These data indicate 
that TP-Sia efficiently desialylated the TME, but deglycosylation of 
cancer cells alone did not markedly delay tumor growth in vivo. This 
might be because the tumor cells could constantly synthesize or mod-
ify new glycans, making depletion of sialic acid residues by sialidase 
temporary. Specifically, in vitro, TP-Sia cleaved sialoglycans from 
Lewis cells, causing an observable increase in NK cell or M1 mac-
rophage infiltration in the TME (Fig. 2G and SI Appendix, Fig. S9B). 
Consistent with the flow cytometry results, deglycosylation of cancer 
cells increased the expression levels of NK cell biomarkers but 
decreased the expression levels of the M2 marker CD206 within the 
TME (SI Appendix, Fig. S10). These encouraging results inspired us 
to explore the therapeutic effect of deglycation combined with cel-
lular immunotherapy on refractory tumors in vivo.

Deglycosylation of Cancer Cells Promotes Phagocytosis and 
Antitumor Effects Mediated by Macrophages In Vivo. Next, we 
performed in  vivo experiments with a peritoneal implantation 

Fig. 1. Roles of cancer cell glycosylation in ADCP 
and ADCC. (A) The content of sialic acid on the 
surface of multiple cancer cell lines. (B) Cytotoxicity 
of CAR-iMacs or polarized CAR-iMacs to SKOV3 
cells in the absence or presence of free sialidase 
at an E/T ratio of 10:1. (C) Phagocytosis of SKOV3 
cells by CAR-iMacs in the absence or presence of 
free sialidase (50 nM) at an E/T ratio of 5:1. (D) 
Phagosomes of CAR-iMacs coincubated with SKOV3 
cells. (E) The polarization state of CAR-iMacs after 
coculture with deglycosylated cancer cells. (F) The 
concentration of TNF-α in the supernatant of CAR-
iMacs or M1 CAR-iMacs coincubated with SKOV3 
cells in the absence or presence of free sialidase. 
SKOV3-Sia represents SKOV3 cells after treatment 
with sialidase (50 nM). Pol-CAR-iMacs represent 
polarized macrophages induced by IFN-γ (50 ng/
mL) for 4 h. (G) Cytoactivity of pancreatic cancer 
BxPC3 cells alone or coincubated with NK-92MI 
cells in the absence or presence of free sialidase 
(50 nM) at an E/T ratio of 5:1. (H) The concentrations 
of TNF-α, IFN-γ, and IL-2 in the supernatant of NK-
92MI cells coincubated with BxPC3 cells in the 
absence or presence of free sialidase (50 nM) at 
an E/T ratio of 5:1. All data are expressed as the 
mean ± SD and were analyzed by one-way ANOVA 
with multiple comparisons correction (*P < 0.05, 
**P < 0.01, ***P < 0.001).
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model to assess the effect of sialylation on CAR-iMac-mediated 
cytotoxicity to metastatic ovarian cancer (Fig. 3A). An MSLN-CAR 
plasmid was transfected into iPSCs, and the cells were induced 
to differentiate into CAR-macrophages in  vitro successfully 
(Fig. 3B). Because the peritoneal implantation of ovarian cancer 
is one of the most common metastases for ovarian cancer and the 
cancer cells in the abdominal cavity could be directly contacted 
by sialidase, we removed the glycosylation of SKOV3-luci cells by 
direct intraperitoneal injection of sialidase without modification 
before MSLN-CAR-iMac cellular immunotherapy was applied, 
and tumor growth was monitored by longitudinal, noninvasive 
bioluminescence imaging (Fig.  3C). Compared to the control 
group that received buffer injection only, the group treated with 
sialidase only did not show significant inhibition of SKOV3-Luci 
tumor growth. However, adoptive transfer of MSLN-CAR-iMacs 
exhibited moderate capacities to suppress tumor growth measured 
as bioluminescence signals and prolong survival. Notably, 
deglycosylation of cancer cells combined with adoptive transfer 
of MSLN-CAR-iMacs displayed surprising efficacy in inhibiting 
tumor growth (Fig. 3 C and D) and impressively extended survival 
time (Fig. 3E). Consistent with this knowledge, we collected fluid 
from the abdominal cavity and analyzed the secretion of cytokines, 
which demonstrated that deglycosylation of ovarian cancer cells 

primarily stimulated CAR-iMacs to significantly increase the 
secretion of cytotoxic cytokines such as TNF-α, IL-1β, and 
IFN-γ (Fig. 3F). These results suggested that deglycosylation of 
cancer cells might abolish the interaction of sialylated glycans and 
inhibitory receptors on macrophages, thereby enhancing tumor 
cell susceptibility to CAR-iMac-mediated phagocytosis.

Deglycosylation Combined with CAR-iMac Cellular Immuno­
therapy Demonstrated Remarkable Therapeutic Efficacy in 
Solid Tumors. To accurately mimic the TME of solid tumors and 
further explore the therapeutic effect of CAR-iMacs combined 
with deglycosylation on solid tumors, we constructed an orthotopic 
tumor model of mouse ovarian cancer and modified sialidase for 
selective targeting following in vivo intravenous injection. Folate 
receptor (FR) has been reported to exhibit restricted expression 
in normal tissues but overexpression in multiple solid tumors, 
especially ovarian tumors, suggesting that folate may be a good 
ligand for cancer cell targeting. We explored the mRNA expression 
levels of FOLR1 in data from the Oncomine and TCGA databases 
and found that FOLR1 was significantly up-regulated across many 
human cancer types and that among them, ovarian cancer was the 
most prominent (SI Appendix, Fig. S11A). Furthermore, FOLR1 
mRNA levels were consistently up-regulated in ovarian carcinoma 

Fig.  2. Deglycosylation of cancer cells increases NK cell 
and M1 macrophage infiltration in the TME and delays 
tumor growth in vivo. (A) Fraction of sialylated (SNA+) cells 
quantified by flow cytometry gating after treatment with 
various concentrations of TP-Sia conjugates. (B) Timeline for 
the intraperitoneal metastasis and cellular immunotherapy 
mouse model. (C) Bioluminescence images of mice subjected 
to the different treatments. (D) Visual quantification of 
macro- and micrometastases in the lungs of each mouse 
in all the groups. (E) Survival of mice after TP-sialidase 
conjugate therapy illustrated by Kaplan‒Meier curves (*P < 
0.05). (F) Fluorescence staining for free sialic acid in tumors. 
(G) Frequencies of immune cells in LLC tumors from PBS-, 
TP-, sialidase- and TP-Sia-treated mice on day 10. NK cells 
were defined as CD45+CD3−NKp46+, M1 macrophages were 
defined as CD45+CD3−CD80+, and total macrophages were 
defined as CD45+CD3−F4/80+. All data are expressed as the 
mean ± SD and were analyzed by one-way ANOVA with 
multiple comparisons correction (*P < 0.05, **P < 0.01, ***P 
< 0.001).
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tissue compared to healthy control tissue (SI Appendix, Fig. S11B), 
and ovarian cancer patients with high mRNA expression of 
FOLR1 had a poor long-term prognosis (SI Appendix, Fig. S11C). 
In addition, the ovarian cancer cell line SKOV3 we selected for 
mouse modeling exhibited high expression of both MSLN and 
FR (SI Appendix, Fig. S11D), indicating that the adoptive transfer 
of MSLN-CAR-expressing macrophage cells for cellular therapy 
and folate-guided deglycosylation were both superiorly selective 
for ovarian cancer cell lines. We linked the sialidase polymer and 
folate (FA) to form an FA-Sia molecule complex through a mild 
reaction and purification system (SI Appendix, Fig.  S12A), and 
the 1H-NMR spectra of FA-Sia confirmed that the complex was 
synthesized successfully (SI Appendix, Fig. S12B). Concurrently, 
we evaluated the sialidase activity of FA-Sia by an in  vitro 
fluorogenic assay and demonstrated that the enzymatic activity of 
FA-Sia was mainly retained after the chemical conjugation process 
(SI Appendix, Fig. S12C).

Then, using an orthotopic mouse model of ovarian tumors, we 
assessed the therapeutic potential of targeted deglycosylation of 

cancer cells in conjunction with adoptive transfer of CAR-iMacs. 
A small number of SKOV3-luci cells were gently injected into the 
mouse ovaries in situ to construct solid tumors in the ovary, fol-
lowed by two i.v. injections of FA-Sia, CAR-iMacs, or FA-Sia 
combined with CAR-iMacs (SI Appendix, Fig. S12D). Tumor 
growth was monitored by longitudinal, noninvasive biolumines-
cence imaging after the highly active substrate diphenylterazine 
was injected intraperitoneally. The results demonstrated that a 
slight but significant antitumor effect was observed after adoptive 
transfer of CAR-iMacs, and the survival rate of tumor-bearing mice 
was also marginally extended. Notably, cancer cell deglycosylation 
combined with adoptive transfer of CAR-iMacs displayed surpris-
ingly strong antitumor efficacy in inhibiting ovarian cancer growth 
(Fig. 4 A and B). Consistent with this tumor growth inhibition, 
FA-Sia-induced desialylation combined with adoptive CAR-iMac 
cellular therapy significantly prolonged mouse survival (Fig. 4C).

To determine whether FA-Sia preferentially accumulates in and 
destroys sialoglycans on ovarian tumors in mice, we detected the 
number of sialic acid residues in tumors 48 h after FA-Sia 

Fig.  3. Deglycosylation of cancer cells promotes  
phagocytosis and antitumor effects mediated by  
macrophages in vivo. (A) Timeline for the intraperito
neal metastasis and cellular immunotherapy mouse 
model. (B) MSLN-CAR expression on the surface of 
CAR-iMacs measured by flow cytometry analysis. 
(C) Bioluminescence images of mice subjected to 
the different treatments. (D) Relative fluorescence 
signal measured by bioluminescence imaging for the 
different groups. (E) Survival of mice after CAR-iMac 
cellular therapy illustrated by Kaplan‒Meier curves. 
(F) The levels of inflammatory factors in mouse 
peritoneal effusions and tumors from different 
groups. All data are expressed as the mean ± SD 
and were analyzed by one-way ANOVA with multiple 
comparisons correction (*P < 0.05, **P < 0.01).

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//w

w
w

.p
na

s.
or

g 
by

 U
N

IV
E

R
SI

T
Y

 O
F 

C
A

L
IF

O
R

N
IA

 D
IG

IT
A

L
 L

IB
R

A
R

Y
 o

n 
O

ct
ob

er
 6

, 2
02

3 
fr

om
 I

P 
ad

dr
es

s 
12

8.
54

.2
1.

14
5.

http://www.pnas.org/lookup/doi/10.1073/pnas.2300366120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2300366120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2300366120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2300366120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2300366120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2300366120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2300366120#supplementary-materials


6 of 12   https://doi.org/10.1073/pnas.2300366120� pnas.org

monotherapy or FA-Sia and CAR-iMac combination treatment 
(all administered intravenously). We found that the two treat-
ments, including FA-Sia, efficiently degraded tumor sialoglycans 
(Fig. 4D). Remarkably, deglycosylation of cancer cells promoted 
more macrophage infiltration in the cancer nest (Fig. 4E and 
SI Appendix, Fig. S13), and more tumor necrosis–related cytokines 
such as TNF-α were consistently detected in the combined treat-
ment group (Fig. 4F). These results suggested that the surface 
glycocalyx of cancer cells might contain vital inhibitory ligands 
(don’t eat me signals) that resist phagocytosis or polarization and 
that targeting clearance of these inhibitory ligands could facilitate 
“cold tumors” becoming “hot tumors.”

Deglycosylation of Cancer Cells Promotes Phagocytosis 
and Antitumor Effects Mainly via Siglec-5 and Siglec-10 
Recognition. To further elucidate the mechanism of how cancer 
cell deglycosylation enhances the antitumor effects of CAR-iMac, 
we performed RNA sequencing (RNA-seq) of MSLN-CAR-
iMacs on different differentiation days. As summarized in the 
heatmap (Fig.  5A), with the maturation and differentiation of 
macrophages following induction, MSLN-CAR-iMacs expressed 

more inhibitory ligand mRNA transcripts, including highly 
expressed Siglec-1, Siglec-10, and Siglec-15, as well as other Siglecs. 
We further detected the protein levels of the highly expressed 
Siglecs and surprisingly found that, compared with those in 
naive cells, the protein expression levels of Siglec-1, Siglec-5, 
Siglec-10, and Siglec-15 in MSLN-CAR-iMacs presented trends 
of a significant increase during differentiation and maturation 
(Fig. 5B). Interestingly, the mRNA expression levels of Siglec-5 
and Siglec-10 were further increased after mature macrophages 
were cocultured with K562 cancer cells (Fig. 5C). Since the CAR-
iMac cells were normally used at day 28 in the differentiation 
process, we hypothesized that these highly expressed Siglecs would 
typically attenuate macrophage activation and phagocytosis when 
binding sialic acid. Consistently, using monoclonal antibodies to 
block Siglec-5 and Siglec-10 on the surface of mature CAR-iMac 
cells achieved markedly enhanced cytotoxicity similar to cancer 
cell deglycosylation (Fig. 5D). Furthermore, the desialylation of 
SKOV3 ovarian cancer cells by sialidase treatment significantly 
reduced the binding of fluorescence-labeled Siglec-5-Fc and 
Siglec-10-Fc chimeras (Fig. 5E and SI Appendix, Fig. S14A). We 
then assessed the feasibility of using the Neu5Acα (2–3) Gal of 

Fig. 4. The efficacy of cancer cell deglycosylation 
combined with CAR-iMac cellular immunotherapy 
in solid tumors. (A) Bioluminescence images of  
mice subjected to different treatments. (B) Relative 
fluorescence signal measured by bioluminescence 
imaging for different groups. (C) Survival of mice 
after CAR-iMac cellular therapy illustrated by Kaplan‒
Meier curves. (D) Detection of the sialic acid content 
on the surface of tumor cells. (E) Quantitative analysis 
of CD14 and CD86 fluorescence signals in the TME 
after different treatments. (F) The secretion levels 
of TNF-α and IL-1β in different treatment groups for 
orthotopic SKOV3 tumors on day 12. All data are 
expressed as the mean ± SD and were analyzed 
by one-way ANOVA with multiple comparisons 
correction (*P < 0.05, **P < 0.01, ***P < 0.001).D
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sialic acid analogs as donor substrates to generate high-affinity 
Siglec-5 or Siglec-10 ligands in vitro. The desialylation group was 
treated with sialidase, and the affinity was assessed by detecting 
rhodamine (TRITC)-AffiniPure IgG fluorescence. Consistent 
with earlier results, the results demonstrated that the sialic acid 
analog Neu5Acα (2–3) Gal caused significantly higher binding 
to Siglec-5-Fc or Siglec-10-Fc, while this binding effect could be 
reversed with highly active sialidase (SI Appendix, Fig. S14B). All 
these results suggested that cancer cell deglycosylation enhanced 
the antitumor effects of CAR-iMacs mainly by abolishing the 
collective interactions of sialylated glycans with the inhibitory 
receptors Siglec-5 and Siglec-10.

Glycocalyx Inhibits the Antitumor Effects of CAR-iMac Cells via 
Glycoimmune Checkpoint Siglec-5 and Siglec-10 Recognition. 
To further clarify that Siglec-5 and Siglec-10 recognition was the 
main contributor to the immunosuppressive phenotype, we utilized 
the CRISPR‒Cas9 method to knock out Siglec-5 and Siglec-10 
simultaneously in iPSC-derived CAR-iMac cells (Fig. 6A). The 
western blotting results demonstrated that the CAR-iMacs 28 days 
after differentiation did not express Siglec-5 and Siglec-10 proteins 
on the cell membrane after gene editing (Fig. 6B). Interestingly, 

the knockout of Siglec-5 and Siglec-10 in CAR-iMac cells (DKO-
CAR) prominently reduced the percentage of macrophages 
polarized toward the M2-like state in vitro (Fig. 6C), which may 
be related to the release of self-contact inhibition of sialic acid 
on the surface of the macrophage membrane. In addition, the 
DKO CAR-iMacs demonstrated stronger phagocytosis activity 
(Fig. 6D) and tumor cytotoxicity (Fig. 6E) against ovarian cancer 
cells and recapitulated the increased effect of macrophage-induced 
ADCP upon cancer cell deglycosylation by sialidase. In addition, 
we used an orthotopic mouse model of ovarian tumors to assess 
the therapeutic potential of targeted deglycosylation of cancer 
cells in conjunction with the adoptive transfer of the edited CAR-
iMacs in  vivo. The results indicated that the DKO-CAR-iMac 
cells exhibited surprisingly stronger antitumor efficacy against 
ovarian cancer when used alone (Fig.  6 F and G), comparable 
to that of cancer cell deglycosylation combined with the wild-
type CAR-iMac group. As expected, cancer cell deglycosylation 
combined with adoptive transfer of DKO-CAR-iMacs did not 
display further enhanced efficacy in inhibiting ovarian cancer 
growth (Fig.  6 F and G). Similarly, DKO-CAR-iMac adoptive 
cell therapy significantly prolonged mouse survival, similar to FA-
Sia-induced desialylation combined with wild-type CAR-iMac 

Fig. 5. Deglycosylation of cancer cells promotes 
phagocytosis and antitumor effects mainly via 
Siglec-5 and Siglec-10 recognition. (A) The mRNA 
expression levels of Siglecs in mesothelin-CAR-
iMacs on differentiation days measured by RNA-
seq. (B) The protein expression levels of Siglecs 
in CAR-iMacs on different differentiation days. (C) 
The mRNA expression levels of Siglecs in mature 
CAR-iMacs before and after exposure to cancer 
cells. (D) Cytotoxicity of CAR-iMacs to SKOV3 cells 
in the absence or presence of free sialidase or an 
anti-Siglec monoclonal antibody (Siglec-1, Siglec-5, 
Siglec-10, Siglec-15 mAb) at an E/T ratio of 5:1. (E) 
Detection of recombinant Siglec-5 or Siglec-10 
protein binding to SKOV3 cells with or without 
deglycosylation. All data are expressed as the mean 
± SD and were analyzed by one-way ANOVA with 
multiple comparisons correction (*P < 0.05, **P < 
0.01, ***P < 0.001).
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adoptive cell therapy (Fig. 6H). In addition, more tumor necrosis–
related cytokines were consistently detected in the DKO-CAR-
iMacs and the combined treatment group (SI Appendix, Fig. S15). 
Collectively, these results suggested that cancer cell deglycosylation 
enhanced the antitumor effects of iPSC-derived CAR-iMac cells 
mainly by hindering the interactions of sialylated glycans with the 
inhibitory receptors Siglec-5 and Siglec-10 and that glycoimmune 
checkpoint receptor knockout is an effective strategy for making 
CAR-macrophages with stronger antitumor activity.

Deglycosylation of Cancer Cells Promotes Macrophage-Mediated 
Antitumor Effects in Immune-Competent Mice. To further 
determine the effect of desialylation on macrophage adoptive 
therapy in the immune competent system, we constructed a 
syngeneic tumor model in C57BL/6 mice with normal immune 
systems and achieved effective treatment by targeted deglycosylation 
of cancer cells combined with intravenous injection of bone 
marrow-derived macrophage (BMDM) cells. Before intravenous 
injection, C57BL/6 mouse–derived BMDMs were induced to 
differentiate into the M1-like state (Fig. 7A), and LLC-luci cells 
were deglycosylated with targeted sialidase. We first verified the 
killing ability of BMDMs on LLC cells in vitro to confirm that 

the culture and induction were successful (Fig. 7B); surprisingly, 
we found that desialylation significantly enhanced the cytotoxicity 
of activated BMDMs against LLC cells (Fig. 7B). Consistent with 
this, the in vivo results demonstrated that, compared to the control 
group that received buffer injection only, the group treated with 
targeted sialidase showed only a slight inhibition of LLC-Luci tumor 
growth (Fig. 7 C and D). It is interesting that BMDM adoptive cell 
therapy demonstrated no tumor inhibitory effect, which may be 
related to the induction of the M2-like polarization of BMDMs by 
TAMs in the inhibitory tumor microenvironment (17). However, 
deglycosylation of cancer cells combined with the adoptive transfer 
of BMDMs reversed those effects and displayed surprising efficacy in 
inhibiting tumor growth (Fig. 7 D and E). The number of metastatic 
nodules in the mice was also significantly reduced, and the survival 
time of tumor-bearing mice was significantly prolonged in the 
combined treatment group (Fig. 7F and SI Appendix, Fig. S16A). 
In accordance with these results, the modification of sialidase with 
targeting peptides could increase the selectivity of complex molecules 
to cancer cells and remove the overexpressed sialic acid from tumor 
nodules efficiently in a targeted fashion (SI Appendix, Fig. S16B). 
In addition, cancer cell desialylation selectivity combined with 
BMDM injection therapy promoted more M1-state macrophage 

Fig. 6. Glycocalyx inhibits the antitumor effects of 
CAR-iMac cells via glycoimmune checkpoint Siglec-5 
and Siglec-10 recognition. (A) The construction 
strategy of CRISPR‒Cas9 guide RNAs for Siglec-5 
and Siglec-10. (B) The protein expression of 
Siglec-5 and Siglec-10 in CAR-iMac cells on day 
28 of differentiation from iPSCs with or without 
CRISPR-Cas9-mediated knockout of the genes. 
(C) The polarization state of CAR-iMacs after 28 d  
of differentiation with and without Siglec-5 and 
Siglec-10 knockout. (D) Phagosomes of CAR-iMacs 
coincubated with SKOV3 cells after different 
treatments. (E) Cytotoxicity of CAR-iMacs against 
SKOV3 cells in the absence or presence of free 
sialidase at an E/T ratio of 5:1. (F) Bioluminescence 
images of mice subjected to different treatments. 
(G) Relative fluorescence signal measured by 
bioluminescence imaging for different groups.  
(H) The survival rate of mice after CAR-iMac cellular 
therapy illustrated by Kaplan‒Meier curves. All data 
are expressed as the mean ± SD and were analyzed 
by one-way ANOVA with multiple comparisons 
correction (*P < 0.05, **P < 0.01, ***P < 0.001).
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infiltration in the cancer nest (Fig. 7G and SI Appendix, Fig. S16C) 
and induced macrophages to secrete more tumor-killing cytokines 
(SI Appendix, Fig. S16D). These results reconfirmed collectively that 
cancer cell deglycosylation could reshape the inhibitory immune 
microenvironment of solid tumors and enhance macrophage-
mediated adoptive cell immunotherapy.

Discussion

Immune cell–based therapies have emerged as a promising approach 
to better treat and potentially cure malignancies that are refractory 
to other modalities, such as chemotherapy, surgery, or radiation 
therapy (18–20). Recent clinical trials include the use of engineered 
T lymphocytes or NK cells for the treatment of hematopoietic and 
solid tumors (21, 22). However, even though T cells engineered to 
express a CAR have demonstrated impressive potency against 
CD19-expressing hematological tumors, the efficacy of CAR-T cells 
against solid tumors remains limited (23). Macrophages are central 
effectors and regulators of the innate immune system and are capable 
of phagocytosis, cellular cytotoxicity, proinflammatory factor secre-
tion, and antigen presentation to T cells (10). Compared to CAR-T 
cells, CAR-engineered NK cells or macrophages could offer several 
significant advantages; these potential advantages include better 

safety, such as no or minimal cytokine release syndrome and neu-
rotoxicity in the autologous setting and no or minimal graft-versus-
host disease in an allogenic setting, and multiple mechanisms for 
activating cytotoxic activity, which is regarded as a hope for cellular 
immunotherapy platforms against cancer (24–26).

However, macrophage-mediated cancer cell cytotoxicity is 
frequently regulated by a repertoire of activating and inhibitory 
receptors. Monoclonal antibodies that antagonize the interac-
tions of don’t eat me signals have demonstrated therapeutic 
potential in several cancers, but the variability in the magnitude 
and durability of the responses to these agents have suggested 
the presence of additional currently unknown don’t eat me signals 
(27). Tumor cells can adaptively express a variety of inhibitory 
receptors to inhibit the activity of macrophages (don’t eat me 
signals), and these signals include CD47, PD-L1, CD24, and 
CD169, which engage their cognate receptors signal regulatory 
protein α (SIRPα), programmed death 1 (PD-1), Siglec-1 and 
Siglec-10, respectively, to exert an inhibitory effect on phagocy-
tosis (28–31). While most immune checkpoint inhibitors target 
protein checkpoints, cell-surface glycosylation has recently gar-
nered interest as a mediator of immune inhibition (32, 33). 
Subsequent work has demonstrated that sialoglycans suppress 
immune activation and act as glycoimmune checkpoints through 

Fig.  7. Deglycosylation of cancer cells promotes 
macrophage-mediated antitumor effects in immune-
competent mice. (A) Flow cytometric analysis of M2-
like macrophages (CD206+) and M1-like macrophages 
(CD80+) in BMDMs gating on F4/80+CD11b+CD45+ 
cells. (B) The cytotoxicity of activated BMDMs to 
LLC-Luci cells in the absence or presence of free 
sialidase at an E/T ratio of 10:1. (C) The timeline for 
lung metastasis tumors and cellular immunotherapy 
administered by intravenous injection. (D) Biolumi
nescence images of mice subjected to the different 
treatments. (E) Relative fluorescence signal mea
sured by bioluminescence imaging for different 
groups. (F) Survival corresponds to the tumor size 
of mice after different treatments as indicated.  
(G) The infiltration and proliferation of immune 
cells in lung tumors were evaluated by staining with 
fluorophore-conjugated antibodies against Ki-67, 
CD80, and F4/80 in the absence or presence of the 
recombinant TP-Sia protein combined with BMDM 
cellular immunotherapy. All data are expressed 
as the mean ± SD and were analyzed by one-way 
ANOVA with multiple comparisons correction (*P < 
0.05, **P < 0.01, ***P < 0.001).
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multiple mechanisms: preventing complement-dependent cyto-
toxicity; inhibiting immune-mediated apoptosis through the 
death receptor Fas; masking immune-activating ligands of natural 
killer cell receptor natural killer group 2, member D (NKG2D); 
preventing calreticulin binding and subsequent macrophage 
clearance; and directly binding Siglec receptors (34–36). 
Functional CD169 (Siglec-1) on macrophages is a lectin receptor 
that binds sialylated glycoproteins and glycolipids on both endog-
enous cells and pathogens and mediates interactions with den-
dritic cells for CD8+ T cell cross-priming (31, 37). Siglec-5 
expressed on macrophages can participate in the phagocytosis of 
apoptotic bodies and is significantly inhibited by sialylated car-
bohydrates (38). Siglec-15 expressed on macrophages can bind 
with its sialic acid ligand sialyl-Tn on tumor cells, resulting in 
the production of TGFβ, which further magnifies the immuno-
suppressive effect (39). These observations highlight the impli-
cations of the Siglec-sialoglycan axis for immune modulation, 
and glycan degradation is emerging as an attractive target for 
cancer immunotherapy (33, 40).

The correlation of hypersialylation with cancer immune escape 
has been known for a while (34–36). Several teams have explored 
various sialic acid–removing enzymes for cancer therapy, but none 
have achieved ideal progress (41–43). This lack of progress may 
have several causes. First, sialidase has no cancer-targeting feature, 
and nonselective removal of sialic acid results in severe side effects 
as well as insignificant antitumor effects. Second, removal of sialic 
acid from the cancer cell surface often has only transitory 
immune-activating effects against cancer cells due to the rapid 
recovery of cell-surface sialic acid. Bertozzi et al. developed a series 
of highly active sialidases and constructed a trastuzumab-sialidase 
conjugate (T-Sia 2) through a hydrazino-iso-Pictet-Spengler reac-
tion with aldehyde-tagged antibodies and copper-free click chem-
istry for effective sialic acid clearance and cancer therapy (33). 
This click-chemical modification indicated a new direction for the 
targeted modification of sialidase since the enzymatic activity must 
be maintained. A recent study by Läubli et al. demonstrated that 
targeted removal of Siglec ligands in the TME using the same 
antibody–sialidase conjugate, T-Sia 2, enhanced antitumor immu-
nity and halted tumor progression in several murine models 
through repolarization of tumor-associated macrophages (44). 
However, studies on sialic acid–targeted clearance combined with 
adoptive cellular immunotherapy have rarely been reported.

In this study, we quantified the expression of sialic acid on the 
surface of cancer cells and designed a variety of tumor-targeted 
sialidase conjugates that potently and selectively stripped different 
sialoglycans from a variety of cancer cells. The deglycosylation of 
cancer cells potentiated macrophage-mediated ADCP and 
enhanced CAR-iMac activation and polarization, resulting in the 
production and release of inflammatory mediators, including 
TNF-α, IL-1β, and IFN-γ, in vitro. Furthermore, desialylation  
of cancer cells significantly enhanced the CAR-iMac- or 
BMDMs-mediated antitumor effect through increased infiltration 
of M1 macrophages and repolarization of tumor-associated mac-
rophages. Mechanistically, as iPSC-induced macrophages matured 
gradually, more Siglec signals were expressed on the cell membrane, 
with Siglec-5 and Siglec-10 playing a crucial inhibitory role. The 
expression levels of Siglecs rose again after CAR-iMacs were 
exposed to cancer cells, which might be closely related to the abnor-
mally high glycosylation levels of cancer cells. Targeted glycan 
degradation or ligand blockade also disrupted Siglec-5- and 
Siglec-10-mediated inhibitory signaling, changing cancer cells 
from an immune escape state (“cold tumor”) to a sensitive recog-
nition state (“hot tumor”). This change significantly achieved an 
ideal therapeutic outcome for adoptive cellular immunotherapy in 

solid tumors, which provides an opportunity for expanding the 
indications for cellular immunotherapy against solid tumors. In 
addition, the Siglec-5 and Siglec-10 knockout strategies not only 
interrupt the link between sialic acid and the inhibitory ligands 
but also construct a CAR-iMac cell with better cancer cell toxicity, 
which may bring strategies and insight for the construction of CAR 
macrophages and the cellular immunotherapy of solid tumors.

There is significant future potential for combining sialidase- 
targeting molecules that target glycoimmune checkpoints with 
adoptive cellular immunotherapy. The strategy of encoding and 
expressing an efficient sialidase on the immune cell surface to 
achieve targeted removal of sialic acid from cancer cells is a good 
method; however, avoiding sialidase removing sialic acid from the 
immune cell membrane itself is a difficult problem since sialic acid 
on the surface of immune cell membranes also plays important 
biological functions. Designing sialidase for sialic acid contact 
activation may be a good solution; however, more studies are still 
needed to further verify the effects of these strategies. Until that 
is achieved, the strategy of separate injections of the targeted sial-
idase molecule and cellular immunotherapy still has irreplaceable 
significance for cellular immunotherapy against solid tumors.

In conclusion, we developed a variety of tumor-targeted siali-
dase conjugates to deglycosylate cancer cells, which potentiated 
macrophage-mediated ADCP and enhanced CAR-iMac activation 
and polarization. Targeted glycan degradation or ligand blockade 
can disrupt Siglec-5- and Siglec-10-mediated inhibitory signaling, 
changing cancer cells from an immune escape state (“cold tumor”) 
to a sensitive recognition state (“hot tumor”), which expands the 
indications for cellular immunotherapy against solid tumors, and 
Siglec-5- and Siglec-10 dual knockout strategies were utilized to 
construct a CAR-iMac cell with enhanced cancer cell toxicity; these 
results provide a perspective for effective cancer therapy in the future.

Materials and Methods

Expression and Purification of Sialidase. A protein expression plasmid was 
constructed according to the neuraminidase gene sequence in the NCBI database, 
and an E. coli cell–free protein system was used to express the sialidase protein 
(entrusted to Hangzhou Jinao Biotechnology Co., Ltd.), and the target protein was 
purified with a His-trap column. The purified protein was run four times through 
endotoxin-removal resin (Thermo Fisher), followed by buffer exchange using a 
PD-10 column. Then, the samples were dialyzed against 50 mM Tris-HCl (pH 8.0), 
150 mM NaCl, 1 mM EDTA, and 10% glycerol buffer, and the purified protein was 
verified by HPLC to ensure that the protein purity was >95%.

Detecting Desialylation of Cancer Cells with SNA. Cells were rinsed with 1× 
DPBS buffer (Gibco), trypsinized for 5 min at 37 °C, and pelleted by centrifugation 
at 500 × g for 5 min. Then, the cells were washed three times with DPBS and resus-
pended to 1 × 106 cells per ml in serum-free DMEM. Next, 200 μL of cells was added 
to V-bottom 96-well plates (100 μL per cell line for mixed cell assays). Individual wells 
were treated with different concentrations of sialidase or an equal volume of PBS. 
The cells were incubated with sialidase for 1 h at 37 °C and 5% CO2. Thereafter, the 
cells were harvested by centrifugation at 500 × g for 5 min and washed three times 
with DPBS before staining. For SNA staining, cells were resuspended in FITC-labeled 
Sambucus nigra lectin in blocking buffer (PBS and 0.5% bovine serum albumin) and 
incubated at 4 °C for 30 min. Then, the cells were washed three times with blocking 
buffer and analyzed by flow cytometry on a CytoFLEX LX flow cytometer (Beckman). 
Flow cytometry data were analyzed and gated to differentiate and quantify SNA+ and 
SNA- cells using FlowJo v.10.0 software (TreeStar).

Labeling and Detection of Free Sialic Acid. The fluorescent labeling and 
detection of free sialic acid were performed according to the LudgerTagTM DMB 
kit recommendations (LT-KDMB-A1). Briefly, 1 × 106 cells were treated with suffi-
cient sialidase to obtain a suspension containing sialic acid, and then the sialidase 
was removed by ultrafiltration and centrifugation to obtain free sialic acid. Next, 
5 µL of free sialic acid was obtained by the above reaction, and 20 µL of DMB D
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molecules was added. Then, the mixture was reacted in the dark for 3 h under 
acidic conditions at a constant temperature. Then, a certain amount of distilled 
water was added to terminate the reaction. The reaction products were run on 
a LudgerSep™ R1 HPLC column (λ ex = 373 nm, λ em = 448 nm). A 30-min 
isocratic elution with temperature control at 30 °C was recommended, and the 
flow rate was recommended to be 0.5 mL/min. In addition, the recommended 
separation solvent was methanol:acetonitrile:water (7:9:84 v/v). The standard 
sialic acid product in the kit was used to generate standard curves for concentra-
tion and peak area, and the content of the sialic acid product on the surface of 
different cancer cells was calculated according to the peak of the standard product.

Synthesis of the TP-Sia Complex Molecule. Fifty milligrams of sialidase (90 
kDa) was weighed and dissolved in PBS-EDTA solution, and the free carboxyl 
group was calculated according to the amino acid sequence. Then, a specific 
weight of Sulfo-LC-SPDP (Thermo Scientific) powder was weighed and added to 
the solution according to the molar ratio of the carboxyl group at 1:10. After the 
solution was stirred in the dark and reacted at 16 °C overnight, Millipore Merck 
Amicon® Ultra15 10-kDa ultrafiltration centrifuge tubes were used for segregation 
at 3,500 × g for 20 min to remove any unreacted Sulfo-LC-SPDP Linker. Next, 
an accurate quantity of non-small cell lung cancer-TP (CTDSILRSYDWTY) was 
weighed and added to the solution at a molar ratio of 1:10, and the mixture was 
magnetically stirred at 16 °C for 24 h to allow coupling. Then, the mixture was 
centrifuged with an ultrafiltration tube to remove any unconnected TP. Finally, the 
obtained targeting complex molecules were lyophilized, and NMR and infrared 
spectroscopy (IR) were employed to determine whether the complex molecules 
(TP-Sia) were successfully synthesized. Before the complex molecules (TP-Sia) 
were used, FITC-modified SNA was also employed to detect the enzymatic activity.

Synthesis of the FA-Sia Complex Molecule. A total of 50 mg of sialidase 
was weighed and dissolved in PBS-EDTA solution, and the free carboxyl group 
was calculated according to the amino acid sequence. Then, the reagents 1-(
3-dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride (EDC) and sulfo-
1-hydroxy-2,5-dioxopyrrolidine-3-sulfonic acid (Sulfo-NHS) were added to the 
solution according to the molar ratio of the carboxyl group at 1:10. The mixture 
was magnetically stirred at 16 °C for 24 h to activate the carboxyl group, and then 
folic acid was added to the solution according to the molar ratio of the carboxyl 
group at 1:10. The mixture was magnetically stirred at 16 °C for 24 h again to 
allow coupling. Any unconnected folic acid was removed by centrifugation with 
an ultrafiltration tube (Millipore Merck Amicon® Ultra15 10K), and the obtained 
target complex molecules were lyophilized. Before use, FITC-modified SNA was 
used to detect the enzymatic activity, and NMR was used to detect whether the 
complex molecule was successfully synthesized.

Fluorescence Detection of Sialic Acid in Tumors. The quantitative analysis 
of sialic acid content in tumors was performed according to the ref. 45. Briefly, 
fresh tumor tissues from the mice in different treatment groups were cut into 
slices with a thickness of 5 μm under a Leica CM1850 microtome. Next, 4% par-
aformaldehyde was added dropwise to the slices to fix for 5 min. Then, the slices 
were washed three times in PBS solution, and 100 μL of NaIO4 working solution 
was added dropwise to the sliced tissue and reflected at 4 °C for 20 min. Next, 
0.5 mL of glycerol working solution was added dropwise to the slices. Then, the 
slices were rinsed three times with cold PBS, and 20 µL of FTSC working solution 
was added dropwise to the tissue. The slices were placed in a 37 °C incubator 
for 40 min. After three washes with PBST, DAPI (1:2,000 dilution) was added 
immediately to the cells before they were coverslipped with an antifluorescence 
quencher, and images were taken under an Olympus BX51 microscope.

Flow Cytometry-Based Phagocytosis Assay. All in vitro phagocytosis assays 
reported here were performed by coculturing target cells and donor-derived mac-
rophages at a ratio of 100,000 target cells to 50,000 macrophages in serum-free 
Iscove’s modified Dulbecco’s medium (IMDM, Life Technologies, USA) for 4 h in a 
humidified, 5% CO2 incubator at 37 °C in ultralow-attachment 96-well U-bottom 
plates (Corning, USA). In brief, MSLN-CAR-iMac cells with endogenous fluores-
cence (green fluorescent protein) were collected from plates using TrypLE Express 
(Life Technologies). SKOV3 cells that lacked endogenous fluorescence were col-
lected and labeled with PKH26 (Invitrogen, USA) by suspending the cells in PBS + 
1:20,000 PKH26 per the manufacturer’s instructions. Then, the cells were washed 
twice with 5 mL of PBS to remove the residual fluorescence. Before coculture, the 
deglycosylation group of SKOV3 cells was pretreated with high-potency sialidase 

for 30 min, while the control group was pretreated with DMEM without serum. 
Flow cytometry and confocal microscopy were used to analyze the phagocytosis 
capacity or phagosome formation of CAR-iMac macrophages.

In Vitro Binding Assay for Sialic Acid Molecules and Siglec-5-Fc Chimeras. 
Sulfhydryl-containing sialic acid complexes [Neu5Acα (2–3) Gal-β-HHHHHC, 0.5 
mg/mL; Guoping Pharmaceutical Co., China] were incubated with 0.1 mg/mL gold 
nanoparticles (XFNANO Materials Tech. Co., Ltd., XFJ60-11) in vitro at 37 °C for 24 
h. Then, the complexes were centrifuged at 3,000 × g for 15 min to remove any 
unbound sialic acid complexes and gently washed with PBS three times. Then, 
an appropriate concentration of Siglec-5-Fc chimeras or 10-Fc chimeric protein 
preincubated with TRITC-AffiniPure goat anti-human IgG was added to bind the 
sialic acid complexes, and sialidase was added to the control group at the same 
time. Finally, the resuspended complexes were plated in a black 96-well plate, 
and the Siglec recombinant protein content adsorbed on the surface of the gold 
nanoparticles was detected by an M5 microplate reader at 573 nm.

Luciferase-Based Cytotoxicity Assay. A total of 5 × 104 SKOV3-luci cells were 
mixed with cultures of engineered CAR-iMacs, polarized CAR-iMacs (pretreatment 
with 50 ng/mL TNF-α for 4 h and 100 ng/mL LPS for 24 h before use) or NK-92 cells 
(pretreatment with 100 ng/mL recombinant human IL-2 for 24 h before using) at 
an effector/target (E/T) ratio of 10:1. The mixtures were then cultured in round-
bottom 96-well plates for 24 h, centrifuged to remove the supernatant (which was 
collected for quantification of cytokine production), and assayed with a bright-glo 
luciferase assay system (Promega, E2610) following the manufacturer’s instructions 
to quantify the luminescence of each sample. The cytotoxicity (%) of sample X was 
calculated as (1- luminescence of X/luminescence of “target cell only”) × 100%.

Generation of CRISPR-Cas9 knockout iPSCs. CRISPR‒Cas9 guide RNAs were 
designed for Siglec-5 and Siglec-10 genome sequences, and the LentiCRISPRv2 
KO plasmid was constructed for Siglec-5 and Siglec-10 deletion. For transfection, 
the single sgRNA vectors, envelope vector pMD2. G, and packaging vector psPAX2 
were mixed in a 4:3:1 ratio in OPTI-MEM (Thermo Fisher Scientific, 31985070) 
and PEI (Polysciences, 9002-98-6) and transfected into HEK293T cells at 80 to 
90% confluence in 10-cm tissue culture plates. The supernatant was collected at 
24, 48, and 72 h posttransfection, filtered via a 0.45-µm filtration unit (Millipore, 
Cat# SLHVR33RB), and mixed overnight at 4 °C with one-third volume of 30% 
PEG8000. The medium was concentrated at 4,200 rpm for 30 min at 4 °C. The 
pellet was resuspended in PBS and stored at −80 °C. Then, iPSCs were infected 
with lentivirus expressing Cas9 and sgRNAs targeting Siglec-5 and Siglec-10 and 
5 µg/mL polybrene overnight, and the medium was changed the following day. 
After puromycin (250 ng/mL) selection for three days, the iPSCs were digested 
into single cells and seeded into six-well plates (2,000 cells/well). Five days later, 
single clones were picked and transferred to 96-well plates and then verified by 
Sanger sequencing and western blotting.

Isolation and Activation of Primary BMDM cells. Mouse primary BMDMs 
were isolated from C57BL/6 mouse bone marrow. Following isolation, primary 
BMDMs were cultured in RPMI-1640 supplemented with 10% heat-inactivated 
FBS and 25 ng/mL mouse MC-GSF (PeproTech) for 7 d. Before use, 100 ng/mL 
LPS (MedChemExpress) and 50 ng/mL IFN-γ (PeproTech) were used to treat 
BMDMs for 24 h to induce BMDMs to the M1 type. Typical markers, including 
CD11b, F4/80, CD80, and CCR2, were considerably detected in M1-BMDMs. After 
activation, the M1-BMDM cells were cocultured with LLC-luci cells in kill tests or 
injected intravenously to treat in situ lung cancer in mice.

Xenogenic Mouse Models. We used a NOD-Prkdc scid IL2rg tm1/Bcgen (NSG; 
Shanghai Model Organisms Center, Inc.) mouse model to assess the in vivo anti-
tumor effect of transduced CAR-iMacs. All animal experiments were conducted 
according to a protocol approved by the Zhejiang University Animal Care and 
Use Committee (Approval Number: 2020-137), and all experiments complied 
with relevant ethical regulations. To investigate the antitumor activity of CAR-
iMacs in vivo, 6- to 8-wk-old female NSG mice were intraperitoneally inoculated 
(s.c.) in the right lower quadrant with 5 × 105 SKOV3-luci cells in 100 μL of 
50:50 Matrigel (Corning) and PBS. Desialylated SKOV3 cells were pretreated 
with sialidase for 1 h prior to injection. Four hours after cancer cell inoculation, 
5 × 106 MSLN-CAR-iMacs pretreated with 50 ng/mL INF-γ and LPS for 4 h were 
inoculated intraperitoneally to assess CAR-iMac-based killing. Then, the mice 
were imaged on day 1, day 7, day 14, and day 21 after cancer cell inoculation for D
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45 s using an IVIS system (IVIS, Xenogen Corp, Alameda, CA) under isoflurane 
anesthesia, and 1.0 μmol 8pyDTZ (MCE, Co., Ltd.) in 100 μL of normal saline was 
intraperitoneally injected.

Orthotopic Ovarian Cancer Model. Six- to eight-week-old female NSG mice 
were employed to assess the in vivo antitumor effect of transduced CAR-iMacs. 
Briefly, the right abdominal cavity of NSG mice was opened under continuous 
inhaled isoflurane anesthesia, and then the right ovary was gently exposed.  
A microinjector (Gairdner, 3-00250) was used to slowly inject 2.5 × 105 SKOV3-
luci cells in 20 μL of 10:10 Matrigel (Corning) and PBS. On day 4, the mice were 
intraperitoneally (i.p.) infused with 1.0 μmol 8pyDTZ (MCE, Co., Ltd.) in 100 μL of 
normal saline, anesthetized with isoflurane and imaged with an in vivo imaging 
system (IVIS) with Living Image software (PerkinElmer). Then, 5 × 106 transduced 
CAR-iMacs (in 200 μL of PBS) were adoptively transferred into tumor-bearing 
mice via the tail vein. For the combined administration experiment, 0.2 μM 
(in 100 μL of PBS) FA-Sia conjugated proteins were adoptively transferred into 
tumor-bearing mice via the tail vein to ensure a desialylated condition before 
CAR-iMacs were injected 2 h later. To strengthen the therapeutic effect, the same 
amount of CAR-iMacs was injected again after 5 d, and the mice were reanalyzed 
with the IVIS once a week.

Statistical Analyses. The results are expressed as the mean ± SD. Statistical 
analysis was performed using SPSS 18.0 for Windows (SPSS Inc., Chicago, IL, 
USA). Comparisons among different groups were performed by one-way ANOVA 
with multiple comparisons correction. The survival of mice with carcinomas 
was compared using the Kaplan‒Meier method, and differences between 
survival curves were tested using the log-rank test. Differences between 

experimental and control groups were considered statistically significant at  
P < 0.05. Statistical significance is indicated as follows: *P < 0.05, **P < 0.01, 
and ***P < 0.001.

Data, Materials, and Software Availability. All study data are included in the 
article and/or SI Appendix.
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