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a b s t r a c t 

Tumor-associated carbohydrate antigens (TACAs) are attractive targets for vaccine development. In this 

context, we described a strategy combining artificial TACA and glycoengineering for cancer vaccine devel- 

opment. A 2,4-ditrophenyl (DNP)-modified GM3 intermediate was synthesized chemoenzymatically and 

conjugated to keyhole limpet hemocyanin (KLH), and the resulting bioconjugate was tested for its po- 

tential as a vaccine candidate. Mice immunological studies revealed that the DNP-modified GM3 (GM3- 

NHDNP) analog elicited strong and rapid immune responses by recruiting anti-DNP antibodies to facilitate 

the targeted delivery of the vaccine construct to antigen processing cells (APCs). Moreover, the endoge- 

nously produced anti-DNP antibodies, together with the elicited antibodies against GM3-NHDNP, may 

synergistically promote tumor binding and cancer cell death when the cancer cell surfaces are glycoengi- 

neered to express the GM3-NHDNP antigen. 

© 2021 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia 

Medica, Chinese Academy of Medical Sciences. 
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Tumor-associated carbohydrate antigens (TACAs) that are abun- 

antly expressed on the surface of cancer cells are attractive bi- 

logical targets for the development of cancer vaccines or can- 

er immunotherapies [ 1 , 2 ]. However, carbohydrate antigens are 

ypically T cell-independent and poorly immunogenic, which im- 

edes the success of TACA-based vaccines [3] . In addition, as 

elf-antigens, most TACAs are tolerated by the immune system, 

hich further creates difficulties in vaccine design and develop- 

ent [4] . Over the past few decades, many novel vaccine strategies 

ave been developed to overcome these problems [ 5 , 6 ]. Among 

hem, the non-natural TACA strategy that aims to promote the 

mmunogenicity and mitigate the immune-tolerance of vaccines 

hows great potential. For example, artificial TACA-based vac- 

ines, including Tn [7] , sTn [ 8 , 9 ], GM3 [10] , TF [11] , Globo H

12] and MUC1 analogs [13] , successfully provoked robust immune 

esponses against these carbohydrate antigens. However, one po- 

ential issue of these strategies is that the antibodies generated 

y non-natural TACAs had limited cross-reactivity with the natu- 

al glycans expressed on the surface of cancer cells. 

To address this dilemma, a novel immunotherapy strategy that 

ombined the non-natural TACA strategy and the glycoengineer- 

ng of cancer cells was developed [9] . Previous work demon- 

trated that an unnatural NeuNPhAc-containing TACA-based vac- 
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immunological activities for cancer immunotherapy, Chinese Chemical 
ine elicited a strong immune response but could not recognize 

he natural TACAs present on the surface of cancer cells. However, 

fter the cancer cells were glycoengineered with the corresponding 

recursor N -phenylacetyl-D-mannosamine to express NeuNPhAc- 

odified TACAs on their surfaces, the pre-elicited antibodies were 

ble to recognize and kill the engineered cancer cells effectively 

14] . Nevertheless, a primary requisite for the success of the above- 

entioned immunotherapies is to provide an effective immuniza- 

ion that could generate a strong and antigen-specific humoral and 

ellular immunity by a non-natural TACAs-based cancer vaccine. 

Endogenous antibodies are naturally occurring antibodies that 

xist in human sera. Redirecting endogenous antibodies, such 

s anti-galactose- α-(1,3)-galactose ( α-Gal), anti-2,4-ditrophenyl 

DNP), and anti-rhamnose (Rha) antibodies, to target cancer cells 

an activate the immune system to selectively kill the cancer cells 

 15 , 16 ]. Recent studies demonstrated that the metabolic incorpo- 

ation of DNP or Rha into the cell-surface glycocalyx redirected 

nd enhanced the immune response for targeting cancer cells [17–

2] . Moreover, these studies validated that endogenous antibodies 

ere able to mediate the targeted delivery of TACAs-based vac- 

ines to antigen-processing cells (APCs), resulting in an antibody- 

ependent enhancement (ADE) of immune responses [23–26] . In 

ur previous research, we demonstrated that the incorporation of 

he Rha antigen into bovine serum albumin (BSA) as a carrier pro- 

ein led to a significant improvement in the immunogenicity of 

Tn in the presence of anti-Rha antibodies [25] . These results il- 
stitute of Materia Medica, Chinese Academy of Medical Sciences. 
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Fig. 1. Design and structure of the GM3-NHDNP glycoconjugate vaccine construct. 

Scheme 1. a) 1-Fluoro-2,4-dinitrobenzene, acetone, 2 mol/L Na 2 CO 3 , r.t., 1 h, 83%; 

b) D-Mannosamine, EDCI, Et 3 N, MeOH, r.t., 18 h, 30%; c) Sialic acid aldolase, MgCl 2 
(20 mmol/L), Tris-HCl buffer (100 mmol/L, pH 7.5), sodium pyruvate, DTT, 37 °C, 

24 h, 91%. 
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ustrated the potential collaborative role of endogenous antibodies 

n vaccine development. 

Ganglioside GM3 is a common TACA that is highly expressed 

y several types of malignancies, such as lung, brain and breast 

ancers, as well as melanomas [27] . The expression of GM3 in- 

uences the development and proliferation of cancer cells and is 

ositively correlated with tumor malignancy. GM3 is one of the 

0 most investigated cancer antigens for the development of can- 

er immunotherapies and has been widely targeted in vaccine de- 

elopment [ 28 , 29 ]. Based on previous work related to non-natural 

ACA-based cancer vaccines and cell-surface glycoengineering, we 

esigned and synthesized a new 5 ́- N -DNP-modified GM3 antigen 

GM3-NHDNP) for use in cancer immunotherapy ( Fig. 1 ). The in- 

orporation of the DNP hapten into the structure of GM3 had mul- 

iple purposes. First, the artificial GM3-NHDNP antigen could elicit 

trong immune responses and overcome immune tolerance be- 

ause of its unnatural structure. Second, the targeted delivery of 

he GM3-NHDNP antigen to APCs could be achieved in an ADE 

anner to further enhance the antigen-presenting process in the 

resence of endogenous anti-DNP antibodies. Finally, the surface of 

ancer cells could be glycoengineered to express the GM3-NHDNP 

ntigen using established metabolic approaches. Thus, it was ex- 

ected that the endogenous anti-DNP antibodies, together with the 

licited endogenous anti-GM3-NHDNP antibodies, would synergis- 

ically promote tumor binding and phagocytosis after effective vac- 

inations. In this context, we communicate the chemoenzymatic 

ynthesis of 5 ́- N -DNP-modified GM3 and the evaluation of the im- 

une activity of the GM3-NHDNP glycoconjugate in the presence 

f anti-DNP antibodies as a potential carbohydrate-based cancer 

accine. 

The synthesis of the DNP-modified GM3 analog required a 

ey intermediate: 5 ́- N -DNP-substituted sialic acid containing an 

minocaproic acid linker ( 8 ). The intermediate was prepared 

y a chemoenzymatic method, as shown in Scheme 1 . First, 

minocaproic acid was reacted with 1-fluoro-2,4-dinitrobenzene in 

he presence of sodium bicarbonate to afford intermediate 6 in 83% 

ield, after which 6 was coupled to D-mannosamine using 1-ethyl- 

-(3-dimethylaminopropyl)-carbodiimide (EDCI) as the condensa- 

ion reagent in the presence of triethylamine, affording the DNP- 

odified mannosamine derivative (Man-NHDNP) 7 , albeit in only 

0% yield. Bacterial sialic acid aldolase typically has a broad sub- 

trate specificity [30] , so it was able to recognize Man-NHDNP ( 7 )
2 
s a substrate in our experiment. Therefore, Man-NHDNP ( 7 ) was 

nzymatically transformed into 5 ́- N -DNP-substituted sialic acid 8 

n the presence of sodium pyruvate in excellent yield (91%). 

The synthesis of the DNP-modified GM3 is provided in 

cheme 2 . An efficient chemoenzymatic “1 + 2” approach was ap- 

lied to assemble the trisaccharide because the glycosyltrans- 

erases required for this biochemical transformation could be eas- 

ly obtained either by recombinant expression in Escherichia coli 

 E. coli ) or commercially. Accordingly, the lactose acceptor 10 was 

repared with an azidoethyl group as a linker at the reducing 

nd following a reported procedure [31] . The GM3-NHDNP ana- 

og 11a was assembled by two-step, one-pot enzymatic transfor- 

ation. First, the sialic acid derivatives 8 were converted to the 

MP-Neu5R derivatives 9a by Neisseria meningitidis CMP-sialic acid 

ynthetase (NmCSS) according to a previously published proce- 

ure [32] . Then, the lactose acceptor 10 and the recombinant en- 

yme Pasteurella multocida α-(2 → 3)-sialyltransferase (PmST1) were 

dded into the reaction mixture, which was incubated for 12 h at 

7 °C. After quenching the reaction and a brief purification using a 

io-P2 column, the azido group on the reducing end of the 5 ́- N -

NP-substituted GM3 analog 11a was reduced to the correspond- 

ng aminoethyl group, affording GM3-NHDNP 12a in 77% yield. Fol- 

owing a similar procedure, the natural GM3-NHAc 12b was pre- 

ared, as well. All of the intermediates and final compounds were 

haracterized by 1 H and 

13 C NMR and HRMS. 

The GM3 analogs were conjugated to Keyhole limpet hemo- 

yanin (KLH) or human serum albumin (HSA) via the bifunctional 

lutaryl ester method, which is an established conjugation method 

hat was not expected to affect the immunological properties of 

he conjugates [33] . Briefly, the GM3 analogs 12a or 12b were re- 

cted with a large excess (15.0 equiv.) of disuccinimidyl glutarate 

DSG) in a solution of DMF and PBS buffer (4:1) to afford the cor- 

esponding monoesters 13a or 13b , respectively. The monoesters 

ere then mixed with KLH or HSA in phosphate buffer saline (PBS) 

o generate conjugates 1 –4 , which were purified by centrifugal fil- 

er devices (10 kDa for HSA conjugates and 30 kDa for KLH conju- 

ates). The antigen loading percentages of the resulting glycoconju- 

ates 1 –4 were determined by the Svennerholm method (described 

n the Supporting information), which were calculated to be 3%, 

%, 6.1% and 4.9%, respectively. 

To evaluate the immunological activities of our glycoconjugate 

accine candidates, we created three groups of mice. Group 1 (con- 

rol group), which consisted of five mice, were immunized with 

atural GM3-NHAc-KLH ( 3 ). The mice in the second group were 

mmunized with GM3-NHDNP-KLH ( 1 ) only, while the mice in the 

hird group were first pre-immunized with DNP-ovalbumin (OVA) 

o establish a high level of anti-DNP antibodies (Fig. S2 in Sup- 

orting information) and then immunized with conjugate 1 . All 

f these conjugates were premixed with Freund’s complete adju- 

ant to activate the vaccine. Mouse blood samples were collected 

n days 0, 21 and 28, and the specific antibodies were determined 

y enzyme-linked immunosorbent assays (ELISA). The ELISA results 

rom the antisera of the three groups on Day 28 are summarized in 

ig. 2 . As expected, the mice in group 1 produced the lowest num- 

er of GM3-specific antibodies (approx. 9784, Fig. 2 A), while the 

ice in group 2 generated a significantly higher number of anti- 

odies specifically against GM3-NHDNP (approx. 164502, Fig. 2 B). 

herefore, the specific antibody production increased nearly 17- 

old compared to the mice in group 1. This result revealed that the 

rtificial DNP-modified GM3 demonstrated a significantly improved 

mmunogenicity compared to GM3, which was in consistent with 

 previously published report [34] . For the mice in group 3 that 

ere pre-immunized with the DNP-OVA conjugate, the highest 

roduction of GM3-NHDNP-specific antibodies was observed (ap- 

rox. 424294, Fig. 2 C), which was approximately 2.6-fold higher 

han the mice in group 2. This result indicated that the endoge- 
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Scheme 2. a) MgCl 2 (20 mmol/L), Tris-HCl buffer (100 mmol/L, pH 8.8), CTP, NmCSS, 37 °C, 5 h; b) Compound 10 , PmST1, 37 °C, 12 h, 77%; c) Ph 3 P, H 2 O: THF (1:1), 60 °C, 

overnight; d) disuccinimidyl glutarate, DMF:PBS (4:1), 5 h, rt; e) KLH/HSA, PBS, r.t., 3 days. 

Fig. 2. Immunological evaluation of GM3 analog-KLH vaccine construct: (A) GM3- 

NHAc-specific antibodies in group 1; (B) GM3-NHDNP-specific antibodies in group 

2; (C) GM3-NHDNP-specific antibodies in group 3 pre-immunized with DNP-OVA. 

(D) The average titers of GM3-NHDNP-specific total antibodies in pooled antisera 

collected on Days 0, 21 and 27 from mice of groups 2 and 3. Error bars represent 

the standard deviation (SD) of five parallel experiments. ∗P < 0.05. 
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Fig. 3. (A) FACS assays of the binding between B16F10 cancer cells treated with 

precursor and mouse sera. (B) CDC activities of antisera from each group were mea- 

sured using the CCK-8 assay. Error bars represent the SD of three parallel experi- 

ments. ∗P < 0.05, ∗∗∗P < 0.001. 
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ous anti-DNP antibodies further promoted delivery of the vac- 

ine to the APCs, which resulted in better internalization, antigen- 

resenting efficiency and specific antibody production. 

Antibody cross-reaction analysis revealed that antibodies 

licited by the GM3-NHDNP conjugate recognized the natural GM3 

tructure. In addition, three conjugates produced IgG antibodies, 

ut not IgM antibodies, as the major isotype, indicating that T cell 

mmunity was involved. We also compared the kinetic immune re- 

ponse in the mice in groups 2 and 3 ( Fig. 2 D). For the mice in

roup 2, the total antibodies in the pooled antisera collected on 

ays 21 and 28 were 146782 and 165056, respectively, compared 

o 324068 and 403431, respectively, in the mice of group 3. This 

esult suggested that a much faster and stronger immune response 

as produced in the group 3 mice, and it demonstrated that the 

NP-specific antibodies mediated a faster immune response com- 

ared to group 2, which can help to reduce injection frequency in 

he vaccine protocol. 

After establishing a successful immunization strategy, we then 

nvestigated the capability of the elicited GM3-NHDNP-specific 

ntibodies and DNP-specific antibodies to recognize cancer cells 

hat express the GM3-NHDNP antigen, which is crucial for any 

lycoengineering-based vaccine immunotherapy. For this purpose, 

e chose B16F10, a mouse melanoma cell line that abundantly 

xpresses GM3 [14] , to carry out the in vitro cell surface glyco- 

ngineering. First, the B16F10 cells were treated with the precur- 

or (Man4Ac-DNP, compound S6 in Supporting information) for- 

ulated in liposomes. Then, they were detected for GM3-NHDNP 

xpression by flow cytometry using either the Day 0 sera from 

roup 3 (containing DNP-specific antibodies after DNP-OVA immu- 
3 
ization) or the Day 28 antisera of groups 2 and 3. The serum col- 

ected from the mice without any immunization was used as the 

lank, and the FITC-conjugated goat anti-mouse antibody was used 

s secondary antibody. As shown in Fig. 3 A, the cells treated with 

recursor had a noticeably higher fluorescein isothiocyanate (FITC) 

ntensity than the untreated cells, which indicated that the cancer 

ells metabolized Man4Ac-DNP and successfully expressed artifi- 

ial GM3-NHDNP on the cell surface after a series of carbohydrate 

iosynthetic enzymes and the antibodies elicited by GM3-NHDNP- 

LH vaccine could recognize them efficiently. Moreover, the anti- 

NP antibodies elicited by the DNP-OVA conjugate recognized the 

recursor-treated cells. Therefore, both anti-DNP and anti-GM3- 

HDNP antibodies recognized and bound to the glycoengineered 

ancer cells, suggesting that they have potential for mediating can- 

er cell phagocytosis by immune cells. 

We further analyzed the amount of interleukin-6 (IL-6)- 

epresenting Th2 cells and interferon gamma (IFN- γ )-representing 

h1 cells present in the antisera of the immunized mice by ELISA. 

s shown in Fig. S4 (Supporting information), IFN- γ and IL-6 were 

oth provoked in groups 1, 2 and 3, which indicated that T cell 

mmune responses were involved. 

Finally, the potential antitumor activities of the antibodies 

licited by the GM3-NHDNP vaccine were evaluated by antibody- 

ediated, complement-dependent cytotoxicity (CDC) analysis in 

itro . For the CDC measurements, mouse melanoma B16F10 cells 

ere glycoengineered to express the GM3-NHDNP carbohydrate on 

he cell surface, after which they were incubated with the Day 28 

era from groups 2 and 3 or Day 0 sera from group 3 (contain- 

ng anti-DNP antibodies) and diluted rabbit complement at 37 °C 

or 4 h, respectively. Cell lysis was conducted using a commer- 

ial cell counting kit-8 (CCK8). As presented in Fig. 3 B, the an- 

ibodies generated by DNP-OVA or GM3-NHDNP-KLH in groups 2 

nd 3 were able to trigger a significant cytotoxicity in the can- 
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er cells. Comparable cytotoxicity to group 2 was only observed 

n the sera containing anti-DNP antibodies. Notably, the antibod- 

es from the mice in group 3 exhibited the highest cytotoxicities 

ompared to both DNP-OVA and group 2. The most potent cyto- 

oxicity was attributed to the fact that group 3 had the highest 

ntibody production, and the enhanced immune-triggered phago- 

ytosis might have been synergistically mediated by anti-DNP an- 

ibodies and anti-GM3-NHDNP antibodies, indicating that both an- 

ibodies played important roles in this CDC. 

In summary, we described herein the synthesis of a new DNP- 

odified GM3 antigen for the development of a carbohydrate- 

ased cancer vaccine. In vivo immunological studies demonstrated 

hat the GM3-NHDNP conjugate provoked robust and rapid im- 

une responses in the presence of endogenous anti-DNP antibod- 

es, which mediated a targeted delivery of the vaccine construct 

o the APCs. We validated that this strategy has the potential to 

tilize the metabolic glycoengineering of cancer cells for manifest- 

ng immunotherapy. In vitro CDC studies revealed that an enhanced 

ancer cell death was triggered by both pre-immunized anti-DNP- 

nd anti-GM3-NHDNP-specific antibodies. In future work, we aim 

o further optimize the structure of the GM3-NHDNP conjugate, in- 

luding the linker and the position of DNP modification, to improve 

he glycoengineering efficiency of the surface of the cancer cells. 

onsidering the abundance of anti-DNP antibodies in human sera 

nd the success of non-natural TACAs-based cancer vaccine, this 

trategy could potentially be applied to the development of other 

ACAs-based vaccines. 
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