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Abstract: Selective glycoengineering of tumors in vivo is a highly promising strategy for tumor treatment. 
Although metabolic glycan labeling using precursors of sialic acid (Sia) is an effective method for attaching 
chemical probes to cell surfaces, it often lacks specificity for tumors. Herein, we report a tumor-activated 
sialoengineering approach utilizing Sia with C1-carboxylate caged with lysine (K). Probe decaging by 
carboxypeptidase in tumors enables tumor-exofacial expression of abiotic Sia tolerating differing C9-substitutions 
such as azide (AzSia) and m-phenoxybenzamide (PBASia). Notably, PBASia acts as a high-affinity ligand for the 
CD22 receptor of B cells. Treatment with PBASia-K leads to robust suppression of subcutaneous B16-F10 tumors 
in mice. These data show the potential of C1-caged Sia to function as a generic small-molecule platform for in 
vivo sialoengineering of tumor cells, allowing for the generation of cell surface-anchored C9-substituted Sia that 
could be harnessed to stimulate an anti-tumor response. 
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1. Introduction 

Small-molecule probes capable of inducing an anti-tumor response but sparing normal cells are valuable for 
therapeutic purposes. The conjugation of therapeutic agents with small-molecule natural ligands like folate and 
biotin has proven effective in treating tumors via binding to specific receptors. However, the selectivity of self-
receptor-targeted therapy can be compromised by the presence of these receptors on off-target cell types or healthy 
tissues, albeit at lower abundance [1]. Cell surface receptor-ligand interactions play a fundamental role in 
determining cell fate [2]. Cancer cells can escape immune surveillance, reflecting insufficiency of native receptor-
ligand pairs between cancer and immune cells to mount antitumor immunity. The advances in the development of 
artificial ligands have created opportunities to manipulate biological receptors [3,4], thus in vivo decoration of 
tumor cell surface with small-molecule artificial ligands holds the potential to reprogram tumor-immune cell 
interplay.  

Mammalian cells are enveloped with a dense layer of glycans, which are often terminated with sialic acid 
(Sia), a 9-carbon monosaccharide featuring a carboxylic acid at C1 position [5]. By exploiting the substrate 
promiscuity of sialylation pathway, metabolic glycoengineering (MGE) allows incorporation of unnatural Sia onto 
cell surface through feeding cells with metabolic precursors of Sia such as N-azidoacetyl mannosamine [6–15]. 
These abiotic precursors are enzymatically converted to cognate C5 N-acyl Sia that permeates sialylation pathway 
and then is incorporated into diverse glycoconjugates destined for ecto-plasma. The resultant C5 N-acyl-modified 
Sia expressed on cell surface provides a bioorthogonal handle for metabolic glycan labeling [7,16]. However, 
because the Sia biosynthetic pathway is present in diverse cell types and conventional azidosugars lack cell-type 
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specificity, additional mechanisms are warranted to achieve cell- or tissue-specific MGE [17–22]. One promising 
approach involves using N-acyl mannosamines chemically caged at C1 or C6 hydroxyl group [23–26]. The 
decaging of these molecules by biomarkers like enzymes releases N-acyl mannosamines, initiating MGE of the 
host cells (Scheme 1A). Phosphorylation of C6 hydroxyl group of N-acyl mannosamines is an essential step in 
biosynthetic transforming them to cognate C5 N-acyl Sia (Scheme 1A). Thus precursor-based MGE 
mechanistically yields N-acyl-modified Sia with an intact C9 hydroxyl group incorporated on cell surface, as 
dictated by the sialylation metabolic machinery. Therefore C9-substituted Sia is inapplicable to sialoenginnering 
via current precursor-based approaches.  

Sialosides with nominated C9 substitutions serve as high-affinity ligands of Siglecs, a family of Sia-binding 
lectins restricted to immune cells. For instance, CD22 on B cells binds avidly with PBASiaα2,6gal as compared to 
its natural ligand Siaα2,6gal [27,28]. Furthermore, immunotherapy of B-cell lymphoma has been reported through 
the adoptive transfer of PBASia-modified natural killer (NK) cells into mice [29]. This suggests the applicability of 
CD22-PBASia pair to boost B-cell interaction with PBASia-expressing cells in vivo. On the basis of these findings 
and as several B-cell subsets are important players in anti-tumor immunity, we sought to explore the potential of C9-
modified Sia, such as PBASia, in modulating tumor growth by exploiting the interaction between cancer cells and B cells. We 
thus employed C1-caged Sia with C9 substitutions for tumor-specific MGE and tumor suppression in mice 
(Scheme 1B), with the goal of investigating the therapeutic potential of this approach in altering tumor growth. 

 

Scheme 1. Overview of tumor-specific MGE with C1-caged Sia. (A) Previously reported tumor-targeted MGE 
with caged N-azidoacetyl mannosamines. This method operates through a multi-step process that relies stringently 
on the decaging of probes within tumor cells as well as phosphorylation of C6 hydroxyl group of N-acyl 
mannosamine. This approach restricts the expression on the cell surface to C5 N-acyl Sia with C9 OH. (B) Proposed 
tumor-specific MGE using C9-substituted Sia caged at C1. The enzymatic decaging process releases C9-modified 
Sia, which is later attached to the tumor cell surface, resulting in a high-affinity ligand of CD22 of B cells. 

2. Results and Discussion 

2.1. Design of C-1-Caged Sia for Enzyme-Triggered Sialoengineering with C9-Substituted Sia 

In addition to the commonly used N-acyl mannosamines for MGE, C9-substituted Sia could be taken up by 
cells and metabolically integrated into cell surface glycans [30,31]. Considering that carboxypeptidases cleave C-
terminal amino acids from peptides to influence specific cancers [32,33], we aimed to cage C1 carboxylic acid of 
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Sia with amino acids for enzyme-triggered MGE in tumor cells. We synthesized AzSia-E, AzSia-F, and AzSia-K by 
amidation of 9-azido-Sia (AzSia) with the amino acids glutamate (E), phenylalanine (F), and lysine (K), 
representing anionic, neutral, and cationic side chains, respectively (refer to Scheme S1, Supporting Information). 

We initially cultured a panel of cell lines with AzSia and subsequently treated these cells with fluorescein 
isocyanate-conjugated DBCO (DBCOFITC), which is impermeable to the cell plasma membrane due to its 
hydrophilic nature. This allows fluorescence labeling of AzSia on the cell surface through stain-promoted azide-
alkyne cyclization (SPAAC) (Figure 1A). The resulting fluorescence on the cell surface served as a measure of 
MGE. Relative to control cells lacking sugar, AzSia generated strong green fluorescence across all tested cell lines 
including A549 (a human lung adenocarcinoma cell line), B16-F10 (a murine skin melanoma cell line), MCF-7 (a 
breast cancer cell line), HeLa (a cervical cancer cell line), PC3 cells (a cell line of prostatic small cell carcinoma) 
and RAW 264.7 (a noncancerous murine macrophage cell line) (Figure 1B). Following verification of an effective 
sialylaiton pathway in these cell lines, we tested chemically caged Sia for MGE by feeding AzSia-E, AzSia-F or 
AzSia-K to these cancer cell lines (Figure 2A). Subsequent cell staining with DBCOFITC reveals that those treated 
with AzSia-E or AzSia-F exhibited dim and sparse fluorescence, similar to AzSia-free cells (Figure 2B), 
demonstrating invalid MGE in these cell lines. This lack of MGE with AzSia-E and AzSia-F indicates that the caging 
of the C1 carboxylate of Sia effectively prevents non-specific MGE. Encouragingly, treatment with AzSia-K led to 
bright fluorescence on the plasma membrane of B16-F10, MCF-7, HeLa, and RAW264.7, but A549 and PC3 cells 
did not exhibit similar results (Figure 2B). This variability demonstrates that the decaging of AzSia-K and 
subsequent MGE are dependent on the specific cell type. 

 

Figure 1. Ubiquitous MGE with AzSia in different cell lines. (A) Illustration for incorporation of AzSia onto the cell 
surface and fluorescence tagging of AzSia with DBCOFITC. The key shows chemical structures of AzSia and 
DBCOFITC, as well as ligation of DBCOFITC to AzSia via SPAAC. (B) Expression of AzSia on the cell surface. A549, 
B16-F10, MCF-7, HeLa, RAW 264.7, and PC3 cells were cultivated in Dulbecco’s modified Eagle medium 
(DMEM) spiked with AzSia or no addition for 24 h, respectively, washed with PBS, and then stained with DBCOFITC 
(50 μM, 2 h) before confocal microscopic analysis. Scale bar: 10 μm. 
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Figure 2. Cell type-dependent MGE with C1-masked AzSia. (A) Decaging-conferred cell surface labeling with 
DBCOFITC. Decaging of C1-masked AzSia in cells allows MGE and fluorescence labeling of cell surface. The lack 
of decaging maintains the sugar in caged state, preventing expression of AzSia on cell surface, as evident from 
invalid fluorescence labeling. The key shows chemical structures of AzSia-E, AzSia-F and AzSia-K. (B) Cell type-
specific MGE with AzSia-K over AzSia-E and AzSia-F. A549, B16-F10, MCF-7, HeLa, RAW 264.7, PC3 and NIH 
3T3 were cultivated in DMEM spiked with AzSia-E, AzSia-F, AzSia-K or no addition for 24 h, respectively. After 
washing with PBS, and staining with DBCOFITC, the cells were imaged by confocal fluorescence microscopy. Scale 
bars: 10 μm. 

2.2. In Vitro Metabolic Glycan Engineering with C1-Caged C9-Substituted Sia 

Carboxypeptidase B hydrolyzes C-terminal basic amino acids such as lysine from substrates. To ascertain 
enzymatic decaging of AzSia-K, in vitro hydrolysis of AzSia-K was tested in an aqueous solution containing 
carboxypeptidase B. LC-MS analysis of the assay solution revealed formation of at peak corresponding to AzSia 
(molecular weight found 333.1048; calculated 333.1052) (ESI, Figure S1). This demonstrates the capability of 
carboxypeptidase B to decage AzSia-K by hydrolytic removal of lysine at C1. To confirm the involvement of the 
carboxypeptidase B in the observed MGE, B16-F10 cells were fed AzSia-K in combination with 2-
guanidinoethylmercapto-succinic acid (GEMSA), a potent inhibitor of carboxypeptidase B. GEMSA significantly 
decreased exofacial green fluorescence in cells cultured with AzSia-K as compared to GEMSA-free counterparts 
(ESI, Figure S2). In addition, Western blotting analysis confirmed the expression of carboxypeptidase B in B16-
F10 cells but not in A549 cells (ESI, Figure S3). Combined, these data support carboxypeptidase decaging 
conferred MGE with AzSia-K in B16-F10 cells.  

CD22 is a B cell-restricted Sia-binding immunoglobulin-like lectin capable of inhibiting B cell receptor 
signaling. To date, CD22 has evolved into a promising target for the treatment of B lymphoma and leukemia [34–
38]. However, the use of CD22 expressed on healthy B cells in the treatment of malignant cells has been largely 
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unexplored. B cells comprise functionally distinct subsets that exert both pro- and anti-tumor immune responses 
[39–42]. We hypothesized that glyco-editing of malignant cells with a high-affinity ligand of CD22, such as PBASia, 
could boost B-cell interaction with glyco-edited cells. This potentially provides a small-molecule-based approach 
for in vivo immunomodulation. Given the bulkier size of m-phenoxybenzoyamido (PBA) group compared to the 
azido group, we sought to determine whether PBASia could be incorporated into glycocalyx by MGE. PBASia on the 
cell surface is chemically inert for classical bioorthogonal fluorescence labeling. To address this, we synthesized 
the proxy C9-m-(4-azidophenoxy)benzamido-Sia (AzPBASia) to elucidate its compatibility with MGE (Figure 3A; 
ESI, Scheme S2†). B16-F10 and HeLa cells were cultivated with AzPBASia, followed by staining with DBCOFITC. 
Bright green signals were identified on the plasma surface of both cell lines treated with AzPBASia but not sugar-
free control cells (Figure 3B), demonstrating MGE-mediated incorporation of AzPBASia into the cell surface 
glycocalyx and the applicability of PBASia for MGE.  

 

Figure 3. Compatibility of AzPBASia with MGE. (A) Schematic illustration for fluorescence labeling of AzPBASia 
displayed on the cell surface. MGE utilizing AzPBASia results in the exposure of azido moiety on the cell surface, 
which can be detected through fluorescence labeling. Lack of cell surface-associated fluorescence indicates a failed 
MGE due to AzPBASia’s inability to infiltrate the sialylation pathway. The accompanying key shows chemical 
structures of PBASia and AzPBASia. (B) Metabolic incorporation of AzPBASia on the cell surface. B16-F10 and HeLa 
cells were cultivated in DMEM containing AzPBASia or no addition for 24 h. The cells were washed with PBS, 
stained with DBCOFITC, and then visualized using confocal fluorescence microscopy. Scale bars: 10 μm. 

2.3. In Vivo Effect of C1-Caged C9-Sustituted Sia on Tumor Growth  

Melanoma is a highly aggressive form of skin cancer associated with significant mortality rates. The B16-
F10 cell line, a widely used model of human melanoma, exhibits hypersialylation [43], reflecting active sialylation 
in vivo. Notably, B16-F10 cells expressed a high level of the Siaα2,6gal epitope [44]. These characteristics are 
vital for the anticipated tumor-B cell interaction conferred by MGE with PBASia. Therefore, we selected B16-F10 
tumors to assess the impact of PBASia-K on tumor progression in mice.  
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We also aimed to enhance antitumor effects by integrating pharmacological agents with caged Sia. 
Consequently, PBASia-K was butyrated at C2/4/7/8 hydroxyl positions to create PBASia-Bu-K (Figure 4A; ESI, 
Scheme S3†). The rationale to test PBASia-Bu-K was two-fold. First, O-butyration increases the hydrophobicity of 
the probe, as PBASia-K is highly hydrophilic. Second, hydrolysis of PBASia-Bu-K in tumor cells by esterases releases 
butyrate, a short-chain fatty acid with inhibitory effects on certain cancers [45–48]. Additionally, since Sia with a 
biphenyl carboxylic group (BPC) at C9 (BPCSia) serves as an affinity ligand of CD22 [49–51], BPCSia-Bu-K was 
synthesized to explore the differing effects of CD22 ligands on tumor growth (Scheme S3, Supporting 
Information).  

Before investigating the in vivo effect of caged Sia on tumors, we first examined PBASia-K, PBASia-Bu-K and 
BPCSia-Bu-K for in vitro cytotoxicity on B16-F10 cells. PBASia-K and PBASia-Bu-K gave no obvious reduction in 
viability of B16-F10 cells at probe concentrations up to 200 μM, whereas BPCSia-Bu-K caused a 30% decrease in 
cell viability (ESI, Figure S4A). Moreover, these caged Sia gave no apparent inhibition on the proliferation of 
B16-F10 cells in vitro after 5-day culturing (ESI, Figure S4B). To assess the antitumor effect of caged Sia, B16-
F10 cells were subcutaneously injected into C57BL/6 mice. When the tumor foci reached 80-100 mm3, mice were 
subjected to tail-vein injection with phosphate-buffered saline (PBS), PBASia-K, PBASia-Bu-K or BPCSia-Bu-K at 
11.0 or 33.0 μmol kg−1 (referred to as high or low dose group) on the 7th, 9th, and 11th day post tumor cell 
inoculation. 

The mice were monitored for changes in body weight and tumor volume. No signs of abnormal behavior 
were observed following the administration of caged Sia. A moderate-to-slight increase in body weight was noted 
in mice receiving PBS, BPCSia-Bu-K or a low dose of PBASia-Bu-K up to 14th day post-tumor cell inoculation (the 
endpoint), whereas the body weight of mice with a high dose of PBASia-Bu-K remained largely unaltered (Figure 
4B, ESI, Figure S5). Higher doses of PBASia-Bu-K or BPCSia-Bu-K resulted in greater suppression of tumor volume 
(Figure 4C, ESI, Figure S5). Compared to PBS group, PBASia-Bu-K and BPCSia-Bu-K (33.0 μmol kg−1) elicited 
reductions in tumor volume of 80% and 50%, respectively, at the endpoint (Figure 4C), demonstrating the 
superiority of PBASia-Bu-K in suppressing B16-F10 tumor growth in vivo. Furthermore, PBASia-Bu-K caused a 2-
fold greater reduction in tumor volume compared to PBASia-K (Figure 4C), showing that O-butyration benefits 
tumor suppression. This finding supports the use of the C2/4/7/8 hydroxyl group of caged Sia in combination with 
pharmacological agents to potentiate MGE-based immunotherapy. At 14th day post-injection of B16-F10 cells, 
the tumors were excised and weighed, confirming the inhibition order of PBASia-Bu-K > BPASia-Bu-K > PBASia-K 
> PBS (Figure 4D,E; Figure S5D,E, Supporting Information). Since caged PBASia exhibited no obvious inhibition 
of proliferation and viability of B16-F10 cells in vitro (ESI, Figure S4), the marked retardation of B16-F10 tumor 
growth caused by PBASia-K and PBASia-Bu-K could be ascribed to MGE-mediated cell surface expression of PBASia 
that enhances tumor interaction with B cells.  

With CD22-ligand conferred tumor suppression, we explored the possible involvement of B cells by 
measuring intratumoral B cell abundance. Tumors from mice injected with PBASia-Bu-K or PBS were harvested 
and homogenized. The resultant cell sample was stained with FITC-labeled anti-CD19 antibody and then analyzed 
by flow cytometry. This revealed that the mean fluorescence intensity was three-fold brighter on cells from PBASia-
Bu-K-treated tumor than on those derived from PBS-treated tumor (ESI, Figure S6). As CD19 is a transmembrane 
glycoprotein specific for B cells, this finding confirm that CD19+ B cells are enriched in PBASia-Bu-K-treated 
tumors, thus confirming engagement of B cells in PBASia-mediated immunosuppression.  

Sia-Siglec axis functions as a critical immune checkpoint. Sia overexpressed on malignant cells benefits 
immune evasion [52–54]; whereby Sia binding in trans with Siglec has been documented to dampen 
immunoreactivity of Siglec-expressing immune cells [55,56]. Interestingly, our results on PBASia-conferred tumor 
suppression clearly show antitumor effects of enriched intratumoral B cells, although the mechanism remains to 
be defined. To date, much effort has been devoted to bifunctional affinity probes that act by binding to tumor 
surface biomarkers with one end and antibody or immune cells on the other [57–60]. Complementing this tripartite 
approach, we employ decaging-mediated MGE to covalently attach affinity ligands on the tumor surface to elicit 
ligand-receptor interaction and antitumor immunity. Without the need for meticulous optimization on tripartite 
tumor-bifunctional ligand-antibody/immune cell complex, our approach offers a simplified bipartite approach to 
modulate tumor-immune cell interaction.  
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Figure 4. Evaluation of in vivo anticancer efficiency of caged PBASia. (A) Chemical structure of PBASia-K, PBASia-
Bu-K, and BPCSia-Bu-K. Temporal changes in body weight (B) and tumor volume (C) of mice injected with caged 
Sia. C57BL/6 mice subcutaneously inoculated with B16-F10 cells were treated with tail-vein injection of PBS (100 
μL), PBASia-K (11.0 or 33.0 μmol kg−1), PBASia-Bu-K (11.0 or 33.0 μmol kg−1) or PBASia-Bu-K (11.0 or 33.0 μmol 
kg−1). The tumors were excised on the 14th day after probe injection, measured for mass (D), and pictured (E). 
Tumor weight and volume were quantified by GraphPad Prism 8 software. Data were presented as means ± SEM 
of a representative assay. n = 6. ns, non-significant; * p ≤ 0.05, ** p ≤ < 0.01, *** p < 0.001, **** p < 0.0001 (t-
test). 

3. Conclusions 

Tumor-specific sialoengineering is a highly promising strategy for immunomodulation. One method to 
selective tumor sialoengineering involves using caged Sia precursors. However, this method leads to expression 
of N-acyl Sia with intact C9 hydroxyl group due to inherent metabolic constraints. We thus designed C1-caged Sia 
for in vivo glyco-editing of tumor cells with C9-substituted Sia (PBASia), the high-affinity ligand for CD22 of B 
cells. Our results demonstrate that decaging of PBASia-K triggered tumor sialoengineering and effective 
suppression of B16-F10 tumors in a murine model. Unlike immunotherapy strategies that involve genetic or 
biochemical modification of immune cells ex vivo for tumor targeting [61], our method relies solely on the 
intravenous injection of caged PBASia, which culminates in tumor surface expression of PBASia, whereby acting to 
promote B cell-tumor interaction. This straightforward approach provides an accessible and effective tool for 
modulating anti-tumor immunity in vivo, and presents opportunities for further enhancement by incorporating 
alternative caging moieties at C1 or introducing artificial ligands or antigens at C9, either individually or in 
synergy. In summary, this study demonstrates that C1-caged Sia may serve as a versatile platform for tumor-
specific sialoengineering with C9-functionalized Sia, offering a potential tool to manipulate the Sialic acid-Siglec 
axis in vivo. 

Supplementary Materials: The following supporting information can be downloaded at: https://media.sciltp.com/articles/others/250 
7291731529709/SupportingInformation-HM-updated-2.pdf, Scheme S1-S3: Synthetic routes for C-1-caged Sia and its precursors. 
Figure S1: Carboxypeptidase B-catalysis triggered formation of AzSia from AzSia-K. Figure S2: carboxypeptidase B-dependent MGE 
with Caged Sia. Figure S3: Western Blotting analysis on carboxypeptidase B in B16-F10 cells. Figure S4: In vitro effects of C1-caged 
Sia on B16-F10 cells. Figure S5: Evaluation of in vivo antitumor efficiency of caged BPCSia. Figure S6: Evaluation on B cell levels in 
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B16-F10 tumors. Figures S7–S38: 1H/13C-NMR and Mass spectra of caged Sia and its precursors. Reference [62] are cited in the 
supplementary materials. 
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