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a b s t r a c t

Globo-H is a tumor-associated carbohydrate antigen (TACA) that is overexpressed in various cancers, mak-

ing it a promising target for anticancer vaccine development. However, traditional conjugate vaccines,

such as those linked to keyhole limpet hemocyanin (KLH) or cross-reactive material 197 (CRM197), have

demonstrated limited clinical efficacy. To address this limitation, we developed an innovative vaccine can-

didate by conjugating chemoenzymatically synthesized Globo-H to a mutant of bacteriophage Qβ (mQβ)

virus-like particle. The resulting mQβ-Globo-H conjugate elicited significantly higher levels of anti-Globo-

H IgG antibodies in mice compared to both KLH-Globo-H and CRM197-Globo-H conjugates. Furthermore,

the antibodies produced by the mQβ-Globo-H conjugate exhibited strong binding to MCF-7 breast can-

cer cells and triggered potent complement-dependent cytotoxicity (CDC) against these cancer cells. In

contrast, negligible antibody binding and CDC effects were observed against normal MCF-10A breast ep-

ithelial cells. This new conjugate vaccine also produced robust humoral responses in rabbits, with the re-

sulting antibodies exhibiting high selectivity for human breast cancer tissues. These findings underscore

the clinical translational potential of the mQβ-Globo-H conjugate vaccine.

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

Medica, Chinese Academy of Medical Sciences.

Carbohydrate-based vaccines offer a promising approach for

cancer treatment [1–3]. A key component of these vaccines is

tumor-associated carbohydrate antigens (TACAs), which include

Thomsen-nouveau (Tn), Thomsen-Friedenreich (Tf), sialyl-Tn (sTn),

Globo-H, stage-specific embryonic antigen (SSEA)-4, SSEA-3, GM2,

GD2, GD3, sialyl LewisX (sLeX), and sialyl Lewisa (sLea) [4]. Among

these, Globo-H stands out as a promising target for anticancer vac-

cine development because it is overexpressed on the surface of

various cancer cells, including those in breast, lung, gastric, pan-

creatic, ovarian, and prostate cancers [5]. However, one major chal-

lenge in vaccine development is the low inherent immunogenic-

ity of Globo-H. To address this issue, Globo-H has been conju-

gated with keyhole limpet hemocyanin (KLH), resulting in the KLH-

Globo-H conjugate [6]. In the phase I clinical trial of KLH-Globo-H

plus QS-21 involving 27 metastatic breast cancer patients, 16 pa-

tients produced IgM antibodies that effectively bound to MCF-7

cells, though IgG reactivity was limited [7]. In the phase II trial

(348 patients), adagloxad simolenin (AS, KLH-Globo-H) plus OBI-

821 was administered to 224 patients, inducing anti-Globo-H IgM
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in 199 patients and IgG in 182 patients [8]. Although the com-

bination of AS and OBI-821 did not lead to an improvement in

progression-free survival (PFS), patients with high titers of anti-

Globo-H IgG exhibited longer PFS compared to those with lower

levels. Currently, a phase III clinical trial of AS/OBI-821 is under-

way for patients with triple-negative breast cancer (NCT03562637)

[9].

Given the significant promise of the Globo-H antigen, re-

searchers are exploring new Globo-H vaccine candidates [10–16].

Wong and co-workers developed a conjugate of diphtheria tox-

oid cross-reactive material 197 (CRM197) with Globo-H, result-

ing in anti-Globo-H IgG antibodies that are comparable to those

generated by the KLH-Globo-H conjugate [10]. They further op-

timized the immunogen by azide-modifying Globo-H at the C-6

position on either fucose or galactose (Gal). The modified Globo-

H was chemically linked to CRM197 and adjuvanted with C34 to

enhance immunogenicity [11,12]. Ye and co-workers reported a

conjugate of CRM197 with fluorinated N-acyl Globo-H, also using

C34 to boost immune response [13]. Li and co-workers demon-

strated that the CRM197-Globo-H conjugate, when paired with

QS-21 and 3D-MPL adjuvants, induced potent IgG2a and IgG3

antibodies; these antibodies showed improved binding to MCF-

7 cells, as well as enhanced complement-dependent cytotoxicity
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(CDC) and antibody-mediated cellular phagocytosis [14]. Addition-

ally, Guo and co-workers developed a monophosphoryl lipid A

(MPLA)-Globo-H conjugate that generated strong IgG antibodies

specifically targeting Globo-H-positive MCF-7 cells [15].

Despite extensive efforts to enhance the immunogenicity of

Globo-H (or modified Globo-H) through conjugation with KLH [6–

8], CRM197 [10–14], or MPLA [15], current clinical evidence in-

dicates that the existing Globo-H-based vaccine candidates show

limited potential for achieving clinical efficacy. A likely reason for

this is that the quality and quantity of antibodies induced by cur-

rent vaccine candidates are insufficient to provide tumor protection

for the entire patient population. Consequently, novel approaches

to Globo-H conjugate design are urgently needed to ensure clinical

success.

Unlike amorphous carriers such as KLH, bacteriophage Qβ
virus-like particles (VLPs) have well-defined three-dimensional

structures that allow for high-density and organized antigen pre-

sentation, which is crucial for effective antibody production [17].

Furthermore, Qβ VLPs can encapsulate RNA, activating Toll-like re-

ceptor 7 and enhancing the immunogenicity of the conjugate even

further [18]. Over the past decade, Huang and co-workers have ex-

plored the use of wild-type bacteriophage Qβ VLPs to develop var-

ious Qβ-TACA conjugates, including Qβ-Tn [19,20], Qβ-GM2 [21],

Qβ-MUC1-Tn [22], and Qβ−9NHAc-GD2 [23]. While Qβ-TACA can

induce potent TACA-specific antibodies, it also leads to the produc-

tion of high levels of carrier-specific antibodies. To address this is-

sue, Huang and co-workers developed a triple mutant of bacterio-

phage Qβ (mQβ), which features the A38K, A40C, and D102C mu-

tations [24]. The mQβ platform presents several key advantages for

vaccine development. First, the A38K mutation eliminates potential

B-cell epitopes on Qβ while introducing a lysine residue for effi-

cient TACA conjugation, thereby further shielding adjacent B-cell

epitopes on the coat protein. This modification minimizes immune

responses against the carrier itself. Second, the A40C and D102C

mutations create cross-subunit disulfide bonds, enhancing thermal

stability and prolonging the construct’s in vivo half-life. Third, com-

pared to Qβ-TACA, mQβ-TACA elicits stronger TACA-specific anti-

body responses while markedly reducing anticarrier antibody pro-

duction. Together, these features underscore mQβ ’s strong poten-

tial as a versatile vaccine platform.

The mQβ platform has demonstrated efficacy as a versatile

carrier for diverse antigens, including TACA (Tn, or sLea) [24,25],

the heroin mimicking small-molecule hapten 6-AmHap [26], the

receptor binding domain (RBD) of the SARS-CoV-2 spike protein

[27], and poly-β-(1–6)-N-acetylglucosamine (PNAG) [28]. However,

mQβ has not yet been investigated for use in a Globo-H conjugate

vaccine. In this study, we developed a novel mQβ-Globo-H conju-

gate (Scheme 1) by coupling Globo-H isothiocyanate (ITC) to the

mQβ VLP. Importantly, the mQβ-Globo-H conjugate elicited robust

Globo-H-specific IgG responses in both mice and rabbits. This

Scheme 1. A schematic diagram of the proposed mQβ-Globo-H conjugate designed

to elicit robust anticancer IgG responses. The structure of mQβ (PDB ID: 7TJG) was

sourced from the Protein Data Bank (PDB).

study presents the first candidate for a Globo-H-VLP conjugate

vaccine.

The pET28a-mQβ(A38K/A40C/D102C) recombinant plasmid,

which encodes the coat protein, was constructed and trans-

formed into BL21 (DE3) competent cells. The expression of the

mQβ VLP was achieved through induction with isopropyl β-

d-1-thiogalactopyranoside (IPTG). Following induction, the bacte-

ria were sonicated to release the mQβ VLP. High-purity mQβ
VLP was then obtained through a series of purification steps,

including PEG8000 precipitation, n-butanol/chloroform extraction,

and sucrose gradient centrifugation. The characterization of the

purified mQβ VLPs was performed using several techniques:

sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-

PAGE), matrix-assisted laser desorption/ionization time-of-flight

(MALDI-TOF) mass spectrometry (MS), transmission electron mi-

croscopy (TEM), and dynamic light scattering (DLS). Gel elec-

trophoresis indicated that the mQβ VLP displayed a single band

around 14kDa (Fig. S1 in Supporting information). The MS re-

sult revealed a molecular weight of 14.2 kDa for the mQβ sub-

unit (Fig. S2 in Supporting information). The TEM analysis revealed

an average particle size of 28nm for the mQβ VLP, as determined

with nanomeasuring software, aligning with the DLS result (Fig. S3

in Supporting information). These results confirm that we have

successfully prepared mQβ VLPs, consistent with previously re-

ported work [24].

The synthesis of Globo-H-ITC 1 was accomplished using a

chemoenzymatic method. Prior to the synthesis, we prepared

the enzymes involved, which included Neisseria meningitidis

α1,4-galactosyltransferase (LgtC) [29], Escherichia coli K-12 galac-

tokinase (Galk), Arabidopsis UDP-sugar pyrophosphorylase (Atusp),

the bifunctional β1,3-N-acetylgalactosaminyltransferase/β1,3-

galactosyltransferase from Haemophilus influenzae (LgtD) [30], and

Helicobacter pylori α1,2-fucosyltransferase (futC) (see Fig. S4 and

the other Supporting information for further details) [31].

The chemoenzymatic synthesis of Globo-H-ITC 1 began with

Lacβ-ProN3 2. We added LgtC, Galk, and Atusp to a Tris–HCl

buffer (100mmol/L, pH 7.5) containing Gal, ATP, UTP, MgCl2 and

2, yielding Gb3-ProN3 3 with an 80% yield. Then, 3 was incu-

bated with LgtD in the presence of UDP-GalNAc and MgCl2, re-

sulting in Gb4-ProN3 4, achieved with a yield of 75%. Next, 4

was subjected to LgtD, UDP-Gal, and MgCl2 in a Tris–HCl buffer

(100mmol/L, pH 7.5), producing Gb5-ProN3 5 with a yield of 61%.

Following this, Globo-H-ProN3 6 was synthesized with an 85%

yield by incubating Gb5-ProN3 5 with futC, GDP-Fuc and MgCl2
in Tris–HCl (100mmol/L, pH 7.5). Finally, the azido group of 6

was reduced through catalytic hydrogenolysis, yielding the Globo-

H amine, which was reacted with thiophosgene to give the fi-

nal product, Globo-H-ITC 1 (Scheme 2a). The final product and

intermediates were characterized using proton (1H) nuclear mag-

netic resonance spectroscopy (NMR), 13C NMR, 1H–1H correla-

tion spectroscopy (COSY), heteronuclear single quantum coher-

ence (HSQC), heteronuclear multiple bond correlation (HMBC), and

high-resolution mass spectrometry (HRMS) (see Supporting infor-

mation for the characterization spectra).

Our chemoenzymatic synthesis of Globo-H offers a more effi-

cient and streamlined approach compared to conventional meth-

ods. Starting with compound 2, we established an optimized

enzymatic cascade (LgtC/Galk/Atusp→ LgtD→ LgtD→ futC), which

avoids the need for intricate protecting group manipulations while

maintaining high stereoselectivity and yield. Additionally, the fi-

nal conversion from azido to ITC improves its applicability for

bioconjugation. When compared to traditional chemical synthesis

[32] and previous enzymatic routes [33], our method demonstrates

greater efficiency, cost-effectiveness, and product purity, making it

particularly suitable for the large-scale production of Globo-H-ITC

for vaccine development.
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Scheme 2. Syntheses of (a) Globo-H-ITC 1, (b) mQβ-Globo-H, (c) KLH-Globo-H, and

(d) CRM197-Globo-H conjugates. The structures of mQβ (PDB ID: 7TJG), KLH (PDB

ID: 4BED), and CRM197 (PDB ID: 4AE0) were sourced from the PDB.

After acquiring mQβ VLP and Globo-H-ITC 1, we proceeded to

synthesize the mQβ-Globo-H conjugate. This was achieved by in-

cubating Globo-H-ITC 1 with mQβ VLP in K-Phos buffer (0.1mol/L,

pH 8.0) overnight at 37 °C (Scheme 2b), the resulting mQβ-Globo-

H conjugate was analyzed using MALDI-TOF, which revealed an

average of 280 Globo-H molecules per mQβ VLP (Fig. S5 in Sup-

porting information). As a control, we also created a KLH-Globo-

H conjugate, in which Globo-H was conjugated to the KLH pro-

tein (Scheme 2c), resulting in an average of 391 Globo-H molecules

per KLH molecule (Fig. S6 in Supporting information). Additionally,

to compare our results with those from another classical vaccine

carrier, we synthesized a CRM197-Globo-H conjugate (Scheme 2d),

which contained an average of 6 Globo-H molecules per CRM197

molecule (Fig. S7 in Supporting Information).

After synthesizing and characterizing the conjugates, we as-

sessed their immune properties in C57BL/6J female mice aged

6−10 weeks. The animal experiments were performed in accor-

dance with the guidelines of the Animal Care and Use Committee

of Shandong University and approved by the Animal Ethics Com-

mittee of the College of Life Sciences at Shandong University (No.

SYDWLL-2023–044). On days 0, 14, and 28, six groups of C57BL/6J

mice received subcutaneous immunization at the scruff of the neck

with one of the following: mQβ , an admixture of mQβ +Globo-H,

the mQβ-Globo-H conjugate, the CRM197-Globo-H conjugate, the

KLH-Globo-H conjugate (which contained 6μg of Globo-H per in-

jection), and KLH alone (Fig. 1a). All immunizations were admin-

istered with MPLA [34] as an adjuvant. Sera were collected for

enzyme-linked immunosorbent assay (ELISA) at pre-immunization

(day −1) and post-immunization (days 7, 21, 35, 49, and 100). Ad-

ditionally, Globo-H-ITC 1 was conjugated to bovine serum albumin

(BSA) to create the BSA-Globo-H conjugate (Fig. S8 in Supporting

information) for ELISA analysis of anti-Globo-H antibodies, thereby

preventing interference from anti-mQβ antibodies.

As shown in Fig. 1b, the mean IgG titers produced by various

groups in mice on day 35 were as follows: mQβ only (1452), the

Fig. 1. Immunization of mice with the mQβ-Globo-H conjugate elicited a robust

and long-lasting anti-Globo-H IgG response. (a) The timeline for mouse immuniza-

tion and serum collection is illustrated. (b) The titers of anti-Globo-H antibodies

were measured for various groups: mQβ , mQβ +Globo-H admixture, mQβ-Globo-H

conjugate, CRM197-Globo-H conjugate, KLH-Globo-H conjugate, and KLH, all tested

in mice. (c) The persistence of IgG responses induced by the mQβ-Globo-H conju-

gate is shown. (d) The IgG subtypes present in sera from mice immunized with the

conjugates are displayed. (e) The ratios of IgG2b to IgG1 on day 35 are presented.

(f) The ratios of IgG2c to IgG1 on day 35 are also provided. To detect anti-Globo-

H IgG, the BSA-Globo-H conjugate was coated on a plate for ELISA measurements.

Each symbol represents serum from an individual mouse. Data are presented as the

mean ± standard deviation (SD) (n=5). An unpaired two-tailed t-test using Graph-

Pad Prism was employed to determine P-values. ∗∗∗P<0.001, ns: not significant.

admixture of mQβ +Globo-H (1577), the CRM197-Globo-H conju-

gate (8059), the KLH-Globo-H conjugate (8822), and KLH (867). In

contrast, the mQβ-Globo-H conjugate elicited a mean anti-Globo-

H IgG titer of 141,945, which is 16-fold higher than the mean

titer of the KLH-Globo-H conjugate and 18-fold higher than that of

the CRM197-Globo-H conjugate (Fig. 1b). The significantly higher

anti-Globo-H IgG titers induced by the mQβ-Globo-H conjugate

(vs. mQβ +Globo-H admixture) demonstrate that covalent con-

jugation to the mQβ carrier is critical for eliciting potent anti-

body responses. Additionally, the mQβ-Globo-H conjugate induced

a durable anti-Globo-H IgG response, with a mean IgG titer of

22,445 on day 100, compared to an average IgG titer of only 1860

induced by the KLH-Globo-H conjugate on the same day (Fig. 1c).

IgG subtype analysis revealed that the mQβ-Globo-H conjugate

induced higher titers of anti-Globo-H IgG1, IgG2b, IgG2c, and IgG3

compared to the KLH-Globo-H and CRM197-Globo-H conjugates.

Among these, IgG2c was the predominant subtype for both the

mQβ-Globo-H and KLH-Globo-H conjugates, whereas IgG1 domi-

nated in the CRM197-Globo-H conjugate (Fig. 1d). The IgG2b/IgG1

and IgG2c/IgG1 ratios serve as indicators for Th1/Th2 bias: a ra-

tio >1 indicates a Th1-skewed response, a ratio =1 suggests a bal-

anced Th1/Th2 response, and a ratio <1 reflects a Th2-skewed re-
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Fig. 2. Analysis using FACS revealed that IgG antibodies induced by the mQβ-

Globo-H conjugate bound strongly to MCF-7 cancer cells, while exhibiting no bind-

ing to normal MCF-10A cells. The assay was conducted using a 1:20 dilution of

serum with five mice per group. Data are presented as the mean ± SD (n=5). An

unpaired two-tailed t-test was performed using GraphPad Prism to determine P-

values. ∗∗P<0.01, ∗∗∗∗P<0.0001.

sponse [35,36]. As shown in Figs. 1e and f, both the mQβ-Globo-

H and KLH-Globo-H conjugates skewed the immune response to-

ward Th1, whereas the CRM197-Globo-H conjugate favored a Th2

response. Notably, the stronger Th1-weighted immune response in-

duced by the mQβ-Globo-H conjugate is likely attributable to the

encapsulation of single-stranded RNAs derived from E. coli within

the mQβ VLP. These RNAs serve as effective agonists for Toll-like

receptors 7 (TLR7) and 8 (TLR8), thereby enhancing immune re-

sponses and promoting a Th1 bias [21,37].

The capability of serum antibodies to recognize antigens on

cell surfaces was assessed using fluorescence-activated cell sort-

ing (FACS). MCF-7 human breast cancer cells and MCF-10A hu-

man mammary epithelial cells were used for this analysis. The pro-

cedure involved incubating the cells with serum in FACS buffer

for 30min on ice. After incubation, the cells were washed with

FACS buffer and further incubated with a fluorescein isothiocyanate

(FITC)-labeled goat anti-mouse IgG antibody for another 30min.

Following another wash with FACS buffer, the cells were analyzed

via flow cytometry. As shown in Fig. 2, antibodies generated by the

mQβ-Globo-H conjugate demonstrated strong binding to Globo-H-

positive MCF-7 cancer cells. In contrast, antibodies produced from

an admixture of mQβ +Globo-H exhibited weak binding to MCF-7

cells. This observation emphasizes the importance of the covalent

conjugation of Globo-H to mQβ . Furthermore, the binding strength

of antibodies derived from the mQβ-Globo-H conjugate was sig-

nificantly greater than that of antibodies induced by the CRM197-

Globo-H and KLH-Globo-H conjugates (Fig. 2), suggesting that the

mQβ-Globo-H conjugate serves as a superior anticancer vaccine.

Additionally, antibodies produced by the mQβ-Globo-H conjugate

did not bind to MCF-10A cells (Fig. 2), indicating that these anti-

bodies do not recognize normal breast cells. This specificity under-

scores their safety for potential therapeutic use.

Serum antibody-mediated cell killing is assessed through CDC.

MCF-7 cells were incubated with post-immunization sera from var-

ious mouse groups: Those immunized with mQβ , an admixture

of mQβ +Globo-H, the mQβ-Globo-H conjugate, the KLH-Globo-H

conjugate, and the CRM197-Globo-H conjugate. Rabbit complement

was then added to the serum-incubated cells, and the MTS assay

was employed to measure CDC-induced killing. As shown in Fig. 3,

the antibody-mediated killing of MCF-7 cell induced by the mQβ-

Fig. 3. Sera from the mQβ-Globo-H conjugate exhibited significantly higher CDC

towards MCF-7 cells compared to sera from the mQβ +Globo-H admixture, KLH-

Globo-H conjugate, and CRM197-Globo-H conjugate (n=5 mice per group). Data are

presented as the mean ± SD (n=5). An unpaired two-tailed t-test was conducted

using GraphPad Prism to determine the P-value. ∗∗∗∗P<0.0001.

Globo-H conjugate was significantly greater than that triggered by

sera from mice immunized with the KLH-Globo-H conjugate or the

CRM197-Globo-H conjugate when complement was present. Im-

portantly, the antibodies generated by the mQβ-Globo-H conjugate

did not result in any significant killing of MCF-10A normal cells

above background. These results suggest that the mQβ-Globo-H

conjugate elicits a robust IgG response against Globo-H, specifically

targeting and killing Globo-H-positive cancer cells.

To advance clinical translation and further evaluate the humoral

immunity of the mQβ-Globo-H conjugate, rabbits were immunized

with either free mQβ or the mQβ-Globo-H conjugate on days 0,

14, and 28, using complete Freund’s adjuvant (CFA) and incom-

plete Freund’s adjuvant (IFA) as adjuvants (Fig. 4a). Pre- and post-

immunization sera were collected for immunological evaluation

experiments, including ELISA, and CDC. As shown in Fig. 4b, im-

munizing rabbits with the mQβ-Globo-H conjugate resulted in a

high anti-Globo-H IgG titer of 1604,140 by day 35. In contrast, vac-

cination with mQβ alone generated only an average IgG titer of

1600. The CDC killing of MCF-7 cells by rabbit sera, assessed before

and after immunization with either mQβ or mQβ-Globo-H conju-

gate, was 1.6 %, 4%, and 30.1%, respectively (Fig. 4c). These results

indicate a significant CDC killing effect of the rabbit antibodies

elicited by the mQβ-Globo-H conjugate on MCF-7 cells. Further-

more, sera from rabbits immunized with the mQβ-Globo-H conju-

gate showed no killing effect on normal MCF-10A cells compared

to the background (Fig. 4c). Overall, these findings suggest that the

mQβ-Globo-H conjugate can produce potent, Globo-H-specific IgG

antibodies in rabbits.

To evaluate the translational potential of the mQβ-Globo-H

conjugate vaccine in human patients, we procured a microarray

of human triple-negative breast cancer tissues (HBreD180Bc01–1).

The tissues were stained using a 1:500 dilution of serum from

a rabbit that had been immunized with the mQβ-Globo-H con-

jugate. The results indicated that 146 out of 150 cancer samples

showed positive binding to the mQβ-Globo-H postimmunization

serum (97% positive staining, Fig. S9 in Supporting information).

In comparison, a second human breast cancer tissue microarray

(HBreD055CD01) from 55 different patients was stained with

serum from rabbits immunized with mQβ only. The staining

observed in all these cancer tissues was negligible (Fig. S10 in

Supporting information). These results demonstrate that Globo-

4
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Fig. 4. Immunization of rabbits with the mQβ-Globo-H conjugate induced a ro-

bust anti-Globo-H IgG response. (a) Rabbit immunization is depicted. (b) Titers of

anti-Globo-H IgG antibodies elicited by the mQβ-Globo-H conjugate in rabbits. Each

symbol represents the serum from an individual rabbit. (c) Sera from the rabbits

immunized with the mQβ-Globo-H conjugate displayed high CDC against MCF-7

cells (n=4 rabbits per group). Data are presented as the mean ± SD (n=4). An un-

paired two-tailed t-test conducted using GraphPad Prism was employed to calculate

the P-value. ∗∗∗∗P<0.0001.

H-specific antibodies produced by the mQβ-Globo-H conjugate

exhibit significant selectivity against human breast cancer tissues.

In conclusion, although significant efforts have been made

to improve the immunogenicity of Globo-H (and its modified

forms) by conjugating it with carriers such as KLH, CRM197, or

MPLA, no Globo-H-based vaccine has yet succeeded clinically. This

lack of success may stem from insufficient antibody quality and

quantity generated by current approaches, which fail to confer

broad tumor protection in patients. Thus, developing novel strate-

gies for Globo-H conjugate design remains an urgent priority. In

this study, we report the first successful covalent conjugation of

chemoenzymatically synthesized Globo-H hexasaccharide to mQβ
VLPs, creating the mQβ-Globo-H conjugate. Notably, this conjugate

elicited substantially higher titers of anti-Globo-H IgG antibod-

ies than both KLH-Globo-H and CRM197-Globo-H conjugates in

comparative studies. The resulting antibodies exhibited specific

binding to Globo-H-expressing cancer cells and demonstrated po-

tent CDC against these target cells. Crucially, the antibodies by the

mQβ-Globo-H conjugate showed exceptional tissue specificity for

Globo-H-positive human breast cancer specimens, underscoring its

clinical translational value. These collective findings establish the

mQβ-Globo-H conjugate as a particularly promising platform for

anticancer vaccine development. As the first reported VLP-based

Globo-H conjugate vaccine, this work represents a meaningful

breakthrough in carbohydrate-based cancer immunotherapy.
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