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a b s t r a c t

Tumor-associated carbohydrate antigen (TACA)-based cancer vaccines face clinical challenges due to het-

erogeneous TACA expression, which compromises antibody-mediated tumor recognition and leads to sub-

optimal therapeutic outcomes. To address this limitation, we report a combined strategy that integrates

vaccination with TACA-based antibody-recruiting molecules. This approach simultaneously redirects anti-

TACA antibodies to tumor cells expressing a secondary target, thereby enhancing the efficacy of TACA-

based vaccines. Using sialyl-Tn (sTn) as a model TACA and epidermal growth factor receptor (EGFR) and

human epidermal growth factor receptor 2 (HER2) as model protein targets, we designed two nanobody

(Nb)-sTn conjugates as TACA-based antibody-recruiting molecules: EGFR-targeting 7D12-sTn and HER2-

targeting C7b-sTn. These conjugates were synthesized via sortase A-mediated ligation and demonstrated

strong binding profiles. Importantly, they effectively redirected anti-sTn antibodies, generated by the

Theratope vaccine, to target cells in situ, significantly improving the recognition of tumor cells by anti-

sTn antibodies. The synergistic potential of these conjugates in amplifying the therapeutic effect of the

sTn-KLH vaccine was further validated through complement-dependent cytotoxicity assays. This innova-

tive strategy represents a highly promising approach to overcome the clinical challenges posed by TACA

heterogeneity in cancer vaccine development.

© 2026 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Tumor-associated carbohydrate antigen (TACA) is a sort of

aberrant glycan that overexpressed on the surface of many types

of human cancer cells [1]. These carbohydrates play a crucial role

in facilitating tumor formation, progression, and metastasis [2].

Due to their unique structure and distribution on cancer cells,

TACAs have emerged as promising immune targets for vaccine

development [3]. However, two primary challenges hinder the

development of TACA-based vaccines: poor immunogenicity and

immunotolerance [4,5]. Recent advancements in vaccine design

have introduced several strategies to address these issues. These

include glycoconjugate vaccines [6,7], polyvalent TACA vaccines

[8,9], self-adjuvant vaccines [10–12], adjuvant formulations [13,14],

non-natural TACA-based vaccines [15,16], glycoengineering-based

vaccine [17,18], and among others [19,20]. These TACA-based

vaccines have been shown to elicit successful T-cell dependent

immune responses and generate anti-TACA antibodies capable of

destroying cancer cells. Despite this promise, most of these strate-
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gies remain confined to preclinical research, with few achieving

significant clinical efficacy [21].

Sialyl-Tn (sTn, Neu5Acα2–6GalNAcα1-O-Ser/Thr) is a typical

TACA associated with MUC1, which is frequently overexpressed in

various carcinomas, including those of the pancreas, lung, breast,

prostate, bladder, and ovary [22]. The overexpression of sTn anti-

gen can alter tumor malignant properties, leading to more aggres-

sive cancer cell behavior, including decreased cell-cell aggregation,

increased tumor growth, and metastasis. Moreover, sTn impairs the

maturation and function of dendritic cells, limiting their ability to

elicit protective anti-tumor T cell responses. Importantly, the ab-

sence of sTn in healthy tissue makes it to be an ideal candidate for

cancer vaccine development [23,24]. Theratope, a glycoconjugate

vaccine that combines the sTn disaccharide with the carrier protein

keyhole limpet hemocyanin (KLH), is the most extensively stud-

ied TACA vaccine in clinical trials. Theratope has shown a favor-

able safety profile and elicited T-cell-dependent immune responses

[25]. Notably, high titers of anti-sTn IgG/IgM antibodies can trig-

ger antibody-dependent cellular cytotoxicity, effectively killing can-

cer cells and delaying tumor growth in mice, while also increas-

ing progression-free survival in patients. However, a Phase III trial
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involving over 1000 patients with metastatic breast cancer found

that Theratope failed to meet its endpoints for delaying disease

progression and improving overall survival [26].

The reasons for the disappointing clinical outcomes of the

Theratope vaccine are multifaceted. One significant factor is the

heterogeneity of sTn expression within tumors, which correlates

with various clinical characteristics and outcomes [22,27–29]. In

the enrolled patients, sTn expression level varied widely, ranging

from 16% to 91% [23]. This substantial variability in sTn levels

complicates the ability of vaccine-induced antibodies to accurately

recognize and bind to tumor cells, which is believed to be a key

reason for the lack of success in therapeutic cancer vaccines target-

ing sTn. A similar issue arose with adagloxad simolenin (AdaSim),

a synthetic Globo H conjugate vaccine, where the heterogeneity of

Globo H expression influenced the vaccine’s anticancer efficacy in

clinical investigation [30]. Although existing TACA-based vaccines

have demonstrated good safety and can produce high-titer of

T-dell dependent anti-TACA antibodies, the significant heterogene-

ity in TACA expression on tumor cells prevents antibodies from

efficiently recognizing and effectively targeting tumor cells, leading

to the failure of these vaccines. Therefore, there is an urgent need

to develop new strategies to overcome the challenge posed by

TACA expression heterogeneity, with the goal of enhancing the

therapeutic efficacy of TACA-based vaccines.

Redirecting naturally occurring endogenous antibodies, such as

anti-DNP, anti-Rhamnose, and anti-α-Gal, to target cell surfaces—

facilitated by rationally designed antibody-recruiting molecules—

can activate the host immune system and trigger downstream

immune responses to effectively eliminate target cells [31–35].

This strategy has emerged as a novel immunotherapeutic alterna-

tive to the administration of exogenous therapeutic monoclonal

antibodies. For instance, the zanamivir-DNP-rhamnose conjugate

can recruit the immune system and rapidly eradicate influenza

virus infections more swiftly than any current therapy [36]. This

therapeutic strategy has progressed into clinical development.

Building on this concept and the sTn-based vaccine research,

we propose a combined strategy that integrates vaccination

with TACA-based antibody-recruiting molecules. This approach

simultaneously redirects anti-TACA antibodies to tumor cells

expressing a secondary target, thereby enhancing the efficacy of

TACA-based vaccines (Fig. 1). Specifically, the sTn antigen was

site-specifically conjugated with a tumor-targeting nanobody (Nb)

using sortase-mediated ligation (SML, Fig. 1A). This sTn-Nb con-

jugate can target cell surface protein antigens and in situ recruit

Fig. 1. Illustration of the “TACA-protein antigens dual-targeting concept” to enhance

the effect of TACA-based cancer vaccine. (A) Design and construction of Nb-sTn

conjugates as a synergistic agent. (B) When compared to sTn-KLH alone, synergetic

treatment with Nb-sTn can achieve better efficacy by redirecting more anti-sTn an-

tibodies onto targets.

additional anti-TACA antibodies generated by the sTn-KLH vaccine.

This dual-targeting approach aims to: (1) Increase the recognition

of tumor cells by the immune system through the simultaneous

targeting of TACA antigens (by anti-TACA antibodies) and cell

surface protein antigens (by the Nb-sTn conjugate); (2) Enhance

the elimination of heterogeneous tumor cells by recruiting more

anti-TACA antibodies to the tumor site via the Nb-sTn conjugate,

thereby addressing the challenge posed by the heterogeneity of

TACA expression on tumor cells (Fig. 1B).

By leveraging both TACA antigen recognition and the recruit-

ment of additional anti-TACA antibodies, this proposed strategy has

the potential to improve the overall efficacy of TACA-based cancer

vaccines.

To validate the effectiveness of this dual-targeting concept, we

first intended to prepare Nb-sTn conjugates via SML. Two known

clinical validated targets, epidermal growth factor receptor (EGFR)

and human epidermal growth factor receptor 2 (HER2), were cho-

sen as models. Accordingly, an anti-EGFR Nb 7D12, and an anti-

HER2 Nb C7b, were utilized. These Nbs were engineered with a

C-terminal myc tag for immunoassay, a sortase A (SrtA) recogni-

tion tag for site-specific modification, and a 6×His tag for affin-

ity chromatography. Both 7D12 and C7b were expressed in Es-

cherichia coli (E. coli) with high yields. Meanwhile, to enable site-

specific conjugation of the sTn antigen to Nbs, an oligoglycine-

modified sTn antigen 9 was required (Fig. 2A). Based on our pre-

vious structure-activity relationship studies of nanobody-antigen

linker configurations [32], we designed sTn antigen 9 by intro-

ducing a PEG3-equivalent distance spacer between the sTn and

triglycine motif. Briefly, peracetylated Tn analog 4 was coupled

with linker 5 to afford compound 6 in moderate yields. Next,

the acetyl groups were removed under Zemplén transesterification

conditions to obtain 7. Subsequently, a one-pot enzymatic method

was employed, utilizing sialic acid synthetase (NmCSS) and α2,6-

sialyltransferase (Pd2,6ST) to transfer sialic acid to the 6-position

of acetylgalactosamine to generate 8. After removal of the Cbz pro-

tecting group, the triglycine-modified sTn antigen 9 was obtained

Fig. 2. Chemoenzymatic synthesis and characterization of Nb-sTn conjugates. (A)

Chemoenzymatic synthesis of oligoglycine-modified sTn antigen and Nbs-sTn conju-

gates. SDS-PAGE analysis, anti-Myc WB and anti-sTn WB of purified 7D12 and 7D12-

sTn conjugate (B), and purified C7b and C7b-sTn conjugate (C). Lane M: marker.
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in a 74% yield, with fully characterization by 1H nuclear magnetic

resonance (NMR), 13C NMR, and mass spectrometry (refer to Sup-

porting information).

The enzymatic synthesis of Nb-conjugates was performed by

the incubation of Nb (20 μmol/L), sTn antigen 9 (500 μmol/L), and

enhanced SrtA, (5 μmol/L) in a reaction buffer (50mmol/L Tris–

HCl, 150mmol/L NaCl, 5mmol/L CaCl2, pH 7.5) at 16 °C for 4h with

200 rpm shaking. After completion, Ni-IDA magnetic beads were

added to remove SrtA and unreacted Nbs. The crude products were

purified via ultrafiltration, yielding 7D12-sTn and C7b-sTn conju-

gates with 70% efficiency. As shown in Figs. 2B and C, all the

Nbs and conjugates appeared as a single band around 17kDa on

sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-

PAGE) and Western blot (WB) using the anti-myc tag antibod-

ies. These samples were also characterized by WB using anti-sTn

mouse serum (MS), clearly, only Nb-sTn conjugates were stained

by HRP-conjugated secondary antibodies, confirming the success

of sTn modification. The Nbs (Fig. S1 in Supporting information)

and the conjugates (Fig. S2 in Supporting information) were fur-

ther confirmed by mass spectrometry, the results of which were

consistent with the calculated molecular weight.

With Nb-sTn conjugates 7D12-sTn 1 and C7b-sTn 2 in hand,

we first evaluated their binding profiles to corresponding protein

antigens on tumor cells. EGFR-positive cell lines (human squa-

mous carcinoma cell A-431, human triple-negative breast cancer

cell MDA-MB-468, and human non-small cell lung cancer A549),

HER2-positive cell lines (human breast cancer cell SK-BR-3 and hu-

man ovarian cancer cell SK-OV-3), and control cell lines (human

breast cancer cell MCF-7, human embryonic kidney cell HEK293),

were utilized. The expression of EGFR and HER2 on these can-

cer cells were confirmed in terms of their RNA expression from

the Human Protein Atlas (HPA) database (Fig. S3 in Supporting

information), and further verified by flow cytometry using anti-

EGFR monoclonal antibody (mAb) Cetuximab, and anti-HER2 mAb

Trastuzumab (Fig. S4 in Supporting information). Binding speci-

ficity assays were performed by treating cells with phosphate

buffered saline (PBS), unmodified Nbs (7D12 or C7b) or Nb-sTn

conjugates (7D12-sTn or C7b-sTn), followed by anti-myc tag mouse

antibodies and Alexa Fluor 647-conjugated goat anti-mouse IgG

antibodies. As shown in Fig. 3A, both 7D12 and 7D12-sTn conju-

gate could specifically bind to EGFR-positive A-431, MDA-MB-468

and A549 cells, but not EGFR-negative MCF-7 and HEK293 cells.

Similarly, C7b and its conjugate only recognize HER2-positive cells

(Fig. 3B). To further evaluate the binding affinities of Nb-sTn con-

jugates, cells were incubated with different concentrations of Nb

samples. 7D12-sTn and C7b-sTn conjugates exhibited slightly de-

creased binding affinities relative to that of the unmodified Nbs,

but remained at the nanomolar level at 13.67 and 17.07nmol/L, re-

spectively (Fig. 3C). These results demonstrated that Nb-sTn conju-

gates retained good binding abilities to target proteins.

Next, we investigated whether Nb-sTn conjugates could en-

hance the ability of antibodies produced by the sTn-KLH vaccine to

recognize tumor cells. To this end, anti-sTn serum was prepared by

immunizing mice with synthetic sTn-KLH, the main component of

Theratope vaccine (Fig. S5 in Supporting information). The animal

protocol (JN. No. 20230530b0200815) for this study was approved

by the Laboratory Animal Center (LAC, No. SYXK(Su)2016–0044) of

Jiangnan University. Immune assay results revealed that the MS

contained high titer of anti-sTn IgG antibodies (Fig. S6 in Support-

ing information), which could specifically recognize the sTn posi-

tive tumor cells (Fig. S7 in Supporting information). Thereafter, we

treated cells with PBS, PBS+ anti-sTn MS, unmodified Nbs+ anti-

sTn MS, or Nb-sTn conjugates+ anti-sTn MS, followed by Alexa

Fluor 647-conjugated goat anti-mouse IgG antibodies. Flow cytom-

etry was then used to quantitatively assess the levels of anti-sTn

antibodies bound to the cell surface. As shown in Fig. 4A, the mean

Fig. 3. Evaluation of the binding profiles of Nb-sTn conjugates. Flow cytometry his-

tograms and corresponding MFIs of EGFR-positive (A), and HER2-positive cells (B)

treated with PBS, Nbs or Nbs-sTn conjugates, in the presence of anti-myc tag an-

tibodies and Alexa Fluor 647-conjugated goat anti-mouse IgG antibodies. (C) Eval-

uation of the binding half maximal effective concentration (EC50) values of 7D12,

7D12-sTn conjugate to EGFR-positive A431 cells, and C7b, C7b-sTn conjugate to

HER2-posiive SK-BR-3 cells. Data are reported as mean ± SD (n=3). ∗∗∗∗P<0.0001.

ns, no significance.

Fig. 4. Evaluation of the feasibility of Nb-sTn conjugates to improve the recognition

of tumor cells by the generated anti-sTn antibodies. Flow cytometry assays of EGFR-

positive (A), and HER2-positive cells (B) treated with PBS+PBS (negative control),

PBS+ anti-sTn MS, unmodified Nbs+ anti-sTn MS, or Nb-sTn conjugates+ anti-sTn

MS, followed by Alexa Fluor 647-conjugated goat anti-mouse IgG antibodies. Data

are reported as mean ± SD (n=3). ∗∗∗∗P<0.0001.

fluorescence intensities (MFIs) of A-431 and MDA-MB-468 cells

with high EGFR expression treated with Nb-sTn conjugates were

834 and 793, respectively, representing 2.0- and 1.3-fold higher

compared to that of sTn serum groups. In A549 cells with moder-

ate EGFR expression, this treatment also increased the number of

anti-sTn antibodies on the cell surface by 60%. The synergistic ef-

fect of Nb-sTn conjugate was prominent in HER2-positive SK-BR-3
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Fig. 5. In vitro CDC assays. (A) CDC mediated by 7D12 or 7D12-sTn against EGFR-

positive and EGFR negative cells. (B) CDC mediated by C7b or C7b-sTn against

HER2-positive and HER2 negative cells. Filled in circles indicate that those condi-

tions were present in the assay arm. (C). Evaluation of the CDC values of serial

diluted anti-sTn MS in the presence or absence of Nb-sTn conjugates. Data are re-

ported as mean ± SD (n=3). ∗P<0.05, ∗∗∗P<0.001, ∗∗∗∗P<0.0001.

and SK-OV-3, with dramatically increased MFIs by 6.6- and 1.4-fold

higher than sTn serum groups (Fig. 4B). Additionally, no significant

enhancement was observed in cells treated with unmodified Nbs

or in EGFR or HER2 dual-negative cells across all groups. These re-

sults indicated the introduction of Nb-sTn conjugates could signif-

icantly increase the number of anti-sTn antibodies on the surface

of cells overexpressed with EGFR or HER2. These results were also

confirmed by confocal fluorescence images experiments (Fig. S8 in

Supporting information). Thus, redirecting more anti-sTn antibod-

ies to tumor cells may hold promise to increase the ability of im-

mune system to recognize and destruct target tumor cells.

Complement-dependent cytotoxicity (CDC) is a vital mechanism

for eradicating tumor cells in TACA-based cancer vaccines. The cy-

totoxicity of CDC is commonly employed to evaluate the efficacy

of these tumor vaccines. To assess the synergistic effects of Nb-

sTn conjugates on the antitumor efficacy of the sTn-KLH vaccine,

experiments were conducted by incubating cells with 1% anti-sTn

serum in the presence of PBS or Nbs or Nb-sTn conjugates, and

rabbit complement (RC) at 37 °C for 2h. The cell viability was fi-

nally measured using a CCK8 kit on a microplate reader. As shown

in Fig. 5A, the addition of 7D12-sTn significantly elevated the cell

lysis rates of A-431, MDA-MB-468, and A549 cells to 53.2%, 36.3 %,

and 19.8%, respectively, compared to the CDC activities of 27.0%,

15.2%, and 6.4% observed with anti-sTn serum alone. The minor

cell death was observed in MCF-7 cells (sTn-positive but EGFR-

negative), indicating that CDC activity in these cells was solely de-

termined by intrinsic sTn expression. For EGFR-sTn dual-negative

HEK293 cells, only <5% cell lysis was observed, demonstrating

the robust dual-target specificity of this strategy and its effective-

ness in minimizing potential off-target toxicity. For HER2-targeting

models, the synergistic effects of C7b-sTn were also observed, with

CDC levels in SK-BR-3 and SK-OV-3 cells increasing from 16.8% to

31.1% and from 13.5% to 33.0%, respectively (Fig. 5B). Likewise, low

cell lysis rates were detected in HER2-sTn double-negative HEK293

cells. Additionally, results showed that unmodified Nbs did not ex-

hibit this CDC enhancement capability. No significant cell lysis was

observed in all groups when using heat inactivated rabbit comple-

ment (HIRC), indicating that the detected cell death was exactly

caused by CDC. To further evaluate the enhancement of CDC by

Nb-sTn conjugates, A-431 cells and SK-BR-3 cells were selected as

cell models. Following the addition of 2% rabbit complement and

sTn serum at various dilutions (ranging from 1:800 to 1:50), we

analyzed the differences in CDC activity levels in the presence or

absence of Nb-sTn conjugates. As shown in Fig. 5C, the synergetic

treatment with Nb-sTn conjugates significantly improved the CDC

efficacy of the sTn-KLH vaccine. For instance, with the addition of

7D12-sTn, the cell lysis rates of A-431 cells treated with 1:800-,

1:400-, 1:200-, 1:100- and 1:50-diluted sTn serum reached 27.5%,

34.0 %, 43.5 %, 48.4%, and 48.5%, representing increases of 32%,

53%, 54%, 58% and 53%, respectively. This enhancement was even

more pronounced in SK-BR-3 cells treated with the combined reg-

imen of sTn serum and C7b-sTn, where the cell lysis rates were

elevated by 99–170% across the tested serum concentrations. In

a competitive inhibition assay with varying concentrations of free

sTn, both of the CDC toxicities were gradually decreased in anti-

sTn serum group and anti-sTn serum plus Nb-sTn groups (Fig. S9

in Supporting information), confirming the sTn-specificity of CDC

mediated by anti-sTn serum and Nb-sTn conjugates.

Antibody-dependent cellular cytotoxicity (ADCC) is also a

crucial antitumor mechanism of sTn-KLH vaccine. Herein, ADCC

activity was preliminarily evaluated by treating the two positive

cancer cells (A-431 cells and SK-BR-3 cells as target cells) with

Nb-sTn conjugates, unmodified Nbs or PBS in the presence of

anti-sTn serum and freshly isolated healthy human peripheral

blood mononuclear cells (PBMC, as a source of effector cells).

Subsequently, tumor cell death was determined using a com-

mercial lactate dehydrogenase (LDH) release kit. As presented in

Fig. S10 (Supporting information), cell groups co-cultured with

PBMC did not show apparent cell death. By contrast, significant

cell killing activities were observed in groups treated with anti-sTn

serum, confirming the ADCC effect of sTn-KLH vaccine. Moreover,

significantly higher cancer cell lysis was observed in the groups

treated with Nb-sTn conjugates, proving Nb-sTn conjugates could

successfully bind to target cancer cells and recruit more anti-sTn

antibodies to trigger a stronger ADCC. These results highlighted

the advantages of Nb-sTn conjugates in directing anti-sTn antibod-

ies to tumor cells and improving the recognition, thereby boosting

the immunity killing activity of sTn-KLH vaccine.

In summary, we developed an integrated strategy that com-

bining vaccination with TACA-based antibody-recruiting molecules

that is able to simultaneously redirects anti-TACA antibodies to tu-

mor cells expressing a secondary target, thereby enhancing the ef-

ficacy of TACA-based vaccines. Using sTn as a model TACA and

EGFR/HER2 as model protein antigens, we designed two Nb-sTn

conjugates: 7D12-sTn and C7b-sTn. These conjugates serve as a

bridge between protein targets on tumor cell surfaces and circulat-

ing anti-sTn antibodies, effectively addressing the challenges posed

by the heterogeneity of sTn expression. They significantly enhance

CDC and ADCC effect of anti-sTn antibodies, thereby amplifying
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the therapeutic efficacy of the Theratope vaccine. Given that the

heterogeneity of TACA expression on tumor cells is a common is-

sue that adversely impacts the therapeutic outcomes of TACA vac-

cines, this strategy improves the efficacy of TACA-based vaccines

and could facilitate their clinical translation. By combining tumor

vaccines with antibody-recruiting molecules, it offers a promising

approach to overcome tumor antigen heterogeneity.
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