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Abstract Tumor-associated carbohydrate antigens (TA-

CAs) are useful targets for the development of cancer

vaccines or immunotherapies. However, a major obstacle

in this application of TACAs is their poor immunogenicity.

To overcome the problem, a new immunotherapeutic

strategy combining synthetic vaccines made of artificial

TACA derivatives and metabolic glycoengineering of

cancer cells to express the artificial TACA derivatives

was explored. Using a murine leukemia model FBL3 with

GM3 antigen as the target, it was shown that artificial GM3

N-phenylacetyl derivative (GM3NPhAc) elicited robust

antigen-specific T cell-dependent immunity and that N-phen-

ylacetyl-D-mannosamine (ManNPhAc) as the biosynthetic

precursor of GM3NPhAc selectively glycoengineered

cancer cells to express GM3NPhAc both in vitro and in

vivo. It was also demonstrated that GM3NPhAc-specific

antisera and antibodies mediated strong cytotoxicity to

ManNPhAc-treated FBL3 cell. Furthermore, vaccination

with a conjugate vaccine made of GM3NPhAc followed by

ManNPhAc treatment could significantly suppress tumor

growth and prolong the survival of tumor-bearing mouse.

These results have proved the feasibility of the new cancer

immunotherapeutic strategy, as well as its efficacy to cure

cancer, which is of general significance.
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Introduction

Tumor-associated carbohydrate antigens (TACAs) are the

unique or overexpressed glycans on the cancer cell surface,

which are useful targets in the development of therapeutic

cancer vaccines or cancer immunotherapies [1, 2]. How-

ever, TACAs are typically poorly immunogenic. A widely

employed strategy to deal with this problem for the devel-

opment of functional cancer vaccines is coupling TACAs to

a protein [3, 4] or other carrier molecules [5–11] to form

more immunogenic glycoconjugates that can provoke the

cancer patients’ immune system for cancer therapy. Several

glycoconjugate cancer vaccines have shown promising

therapeutic potentials, and some, such as the keyhole limpet

hemocyanin (KLH) conjugates of GM2 [12] and sTn [13]

antigens, even reached the stage of Phase III clinical trials

[14]. Unfortunately, so far no TACA-based cancer vaccine

has met the desired treatment endpoint and overall survival

rate in clinical trials. A major issue is that these vaccines

usually elicit B cell-mediated immunity, instead of the

desirable T cell-mediated immunity, in cancer patients [13,

15, 16], for which an important reason is that cancer patients

became tolerant to the vaccines.

To overcome this problem and develop useful TACA-

based cancer immunotherapies, we have recently explored

a novel strategy that combines synthetic cancer vaccines

made of unnatural TACA derivatives and metabolic cancer

cell glycoengineering to express the designed TACA

derivatives [17–21]. Its basic principle is depicted in Fig. 1

[20]. First, a glycoconjugate vaccine made of an unnatural
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derivative of a TACA is prepared and used to immunize

animal. After a robust immune response specific for the

unnatural TACA derivative is established, the animal is

treated with an identically modified biosynthetic precursor

of the target TACA to induce the expression of the

unnatural TACA derivative in place of the natural TACA

on the cancer cell surface. Subsequently, the provoked

immune system will recognize and eradicate the glycoen-

gineered tumor cells.

Our previous studies have revealed that unnatural

TACA derivatives, in particular those with unnatural

N-phenylacetyl sialic acid residue, are significantly more

immunogenic than the natural counterparts and can form

effective vaccines that induce T cell-mediated immune

response [17, 18, 22, 23]. We have also shown with several

murine and human tumor cell lines that cancer cells can be

metabolically glycoengineered to express unnatural TACA

derivatives in place of natural TACAs by using modified

monosaccharides as precursors [19, 21]. The aim of the

present work is to verify in vivo the new immunothera-

peutic strategy and evaluate its therapeutic efficacy to treat

cancer.

For this purpose, we selected GM3, a sialylated tri-

saccharide TACA, as target antigen. GM3 is significantly

overexpressed by a number of tumors, such as melanoma,

leukemia, breast carcinoma, pulmonary cancer, and

prostatic carcinoma [24–27]. In previous studies [17], we

have demonstrated that unnatural GM3 derivatives, in

particular N-phenylacetyl GM3 (GM3NPhAc), were much

more immunogenic than the native GM3 and that conju-

gate vaccines made of GM3NPhAc could provoke both

IgM and IgG antibody responses potentially useful for

cancer immunotherapy. We have also demonstrated with

a murine melanoma cell line B16F0 that cancer cells

could be metabolically glycoengineered to express

GM3NPhAc when it was treated with N-phenylacetyl-D-

mannosamine (ManNPhAc) and that GM3NPhAc-pro-

voked mouse antisera could selectively target metabolically

glycoengineered cancer cells [19, 21]. In this research,

we employed a murine leukemia cell line FBL3 to

investigate the metabolically glycoengineered expression

of GM3NPhAc on leukemia cell, both in vitro and in

vivo, and more importantly the efficacy of the new

immunotherapy, that is, immunization of mice with

GM3NPhAc followed by ManNPhAc administration, to

treat cancer.

Results

In vitro and in vivo studies of cancer cell metabolic

glycoengineering

Metabolic glycoengineering of FBL3 cell in vitro

A murine leukemia cell line FBL3 was used to investigate

in vitro the metabolically engineered expression of

GM3NPhAc on cancer cell surface as a result of Man-

NPhAc treatment. In these studies, FBL3 cancer cells were

first incubated with various concentrations of ManNPhAc

for 24, 48, and 72 h, respectively, and subsequently treated

with a GM3NPhAc-specific monoclonal antibody (mAb)

2H3 [19]. Finally, antibodies bound to the cancer cell

surface were detected by enzyme-linked immunosorbent

assay (ELISA) using alkaline phosphatase-linked goat anti-

mouse IgM antibody as the secondary antibody to deter-

mine the levels of GM3NPhAc expression on the cancer

cell, as reflected by OD values at 450 nm. As shown in

Fig. 2, whereas incubating FBL3 cell with ManNPhAc for

a short period (24 h) did not result in obvious GM3NPhAc

expression, at prolonged incubation time (48 and 72 h),

significant expression of GM3NPhAc (P \ 0.05) on the

cell surface was observed with 0.1 mM and higher con-

centrations of ManNPhAc. Moreover, it is evident that

the GM3NPhAc expression level was dependent upon

tumor

immunization
of animal

with a vaccine
CP

bioengineering of
tumor to express
unnatural antigentumor tumor

immune reactions
to eradicate cancer: native TACA : an artificial derivative of native TACA

: anti       antibody and immune responseCP  : carrier protein

Keys:

Fig. 1 A new strategy for

cancer immunotherapy based on

cancer cell glycoengineering

Fig. 2 Expression levels of GM3NPhAc on FBL3 cells treated with

ManNPhAc. After cells were incubated with 0, 0.02, 0.1, 0.5, and

2.0 mM of ManNPhAc for indicated time (24, 48, and 72 h), the cells

were analyzed by ELISA using mAb 2H3 and alkaline phosphatase-

linked goat anti-mouse IgM antibody as primary and secondary

antibodies, respectively. GM3NPhAc levels were presented as the

mean OD values at 450 nm obtained from triplicate experiments.

*P \ 0.05, #P \ 0.001 (vs control)
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ManNPhAc concentration and incubation time, namely that

higher ManNPhAc concentrations and longer incubation

time constantly resulted in higher levels of GM3NPhAc

expression. These results suggested that FBL3 cell did

express GM3 antigen and that ManNPhAc treatment could

effectively engineer FBL3 cell to express GM3NPhAc.

Metabolic glycoengineering of FBL3 cell in vivo

Immunohistochemical (IHC) assay was used to study in

vivo the glycoengineered expression of GM3NPhAc by

mouse tumor and normal tissues resulting from ManNPhAc

treatment. A group of five C57BL/6 mice were inoculated

with FBL3 cell and treated with daily intraperitoneal (i.p.)

injection of ManNPhAc. The mice were then euthanized,

and their tumors, as well as the normal tissues of their

lungs, livers, hearts, and kidneys, were collected and sub-

jected to IHC assay. The GM3NPhAc-specific mAb 2H3

was utilized to stain the tissues. Figure 3 shows the

representative samples of five replicated IHC experiments.

Evidently, abundant GM3NPhAc antigens were present on

the tumor tissues (Fig. 2, panel A), whereas GM3NPhAc

was not detectable on the normal tissues of the lungs (panel

B), livers (panel C), hearts (panel D), and kidneys (panel E)

from the same mice. These results suggest that tumor cells

were more effectively engineered to express GM3NPhAc

in vivo than normal tissues, which forms the foundation for

the new cancer immunotherapy to selectively target

tumors.

In vitro studies of antibody-dependent cell-mediated

cytotoxicity (ADCC) and antibody-mediated

complement-dependent cytotoxicity (CDC)

to metabolically glycoengineered cancer cells

To study in vitro whether the GM3NPhAc-provoked

immune responses or antibodies, such as mAb 2H3, are

useful for cancer immunotherapy, we assessed their

Fig. 3 Results of ICH assays of

GM3NPhAc expression on

tumor tissues, as well as on

normal tissues of the lungs,

liver, heart, and kidney, of mice

treated with ManNPhAc. For

the detection of GM3NPhAc,

tissue sections were

deparaffinized and stained with

GM3NPhAc-specific mAb 2H3

(lyophilized powder,

200 lg/mL). Shown are

representative examples

of five replicated IHC staining

experiments. The acquired

images were captured at 200

magnifications
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capacity to mediate the killing of metabolically glycoen-

gineered cancer cells through the analysis of ADCC and

antibody-mediated CDC. In these studies, cytotoxicity was

expressed in cell lysis percentage determined by the lactate

dehydrogenase (LDH) assay. For ADCC experiments,

peritoneal macrophages isolated from healthy mouse were

used as effectors, and FBL3 cells incubated with 0, 0.01,

0.02, 0.04, 0.08, and 0.16 mM of ManNPhAc were the

target cells. As depicted in Fig. 4a, in the presence of mAb

2H3, mouse peritoneal macrophages started to exhibit

obvious cytotoxicity to FBL3 cells treated with a low

concentration of ManNPhAc (0.01 mM), and the ADCC

was correlated well to the ManNPhAc concentration and

reached a plateau with 0.1 mM of ManNPhAc. Moreover,

we found that all of the cancer cells cultured with high

concentrations (C0.08 mM) of ManNPhAc were killed in

this study, but as discussed previously [19], due to the

limitation of the assessing method employed to evaluate

cell lysis, only 80% cell lysis was shown at the plateau. For

antibody-mediated CDC assays, rabbit complements were

used as effectors. The results shown in Fig. 4b were very

similar to those of the ADCC experiments, namely that

obvious CDC to FBL3 cells started to occur at a low

concentration of ManNPhAc (0.01 mM) and reached a

plateau at ca. 0.08 mM of ManNPhAc.

We also evaluated the capacity of antisera derived from

GM3NPhAc-KLH-vaccinated mice to mediate the killing

of glycoengineered cancer cells. The antisera used in this

research were prepared from mice according to a previ-

ously reported procedure [17]. ADCC and antibody-medi-

ated CDC assays were carried out by the same protocols as

described above except for replacing mAb 2H3 with anti-

sera. Clearly, the anti-GM3NPhAc antisera mediated

significant cytotoxicity (up to 80%) to FBL3 cells treated

with various concentrations of ManNPhAc (Fig. 4c, d).

The results were very similar to that obtained with mAb

2H3.

Evaluation of the mouse T cell response

to GM3NPhAc-KLH vaccination

The evaluation was performed by assaying cytotoxic T

lymphocyte (CTL) activity and by enzyme-linked immu-

nosorbent spot (ELISPOT) assay of IFN-c-releasing lym-

phocytes. For CTL assays, splenocytes were isolated from

GM3NPhAc-KLH-immunized mice and evaluated as

effector lymphocytes to elicit cancer cell lysis. As shown

in Fig. 5a, the isolated splenocytes from GM3NPhAc-

KLH-immunized mice exhibited significantly higher

cytotoxicity to metabolically glycoengineered FBL3 cell

(43 ± 2%), compared with that of the control group mice

(3 ± 0.7%). IFN-c ELISPOT assays also revealed signifi-

cantly increased CTL activity in mice immunized with

GM3NPhAc-KLH. As revealed in Fig. 5b, for mice

immunized with GM3NPhAc-KLH, the number of IFN-c-

releasing splenocytes (93.83 ± 33.87/106) was obviously

increased compared to that (39 ± 3.54/106) of mice in the

control group. Immunization of mice with GM3NPhAc-

KLH followed by ManNPhAc treatment, which was

used to metabolically glycoengineer cancer cells to

express GM3NPhAc, could further increase the number of

IFN-c-releasing splenocytes (163.83 ± 41.78/106). These

results indicate that GM3NPhAc-KLH immunization

combined with GM3NPhAc stimulation could establish

strong T cell-mediated immunity that is important for

cancer immunotherapy.

Fig. 4 MAb 2H3 (a, b) and

GM3NPhAc-inoculated mouse

antiserum (c, d) mediated

ADCC and CDC to FBL3 cells

incubated with 0, 0.01, 0.02,

0.04, 0.08, and 0.16 mM of

ManNPhAc, respectively.

ADCC assays were performed

using peritoneal macrophages of

healthy mouse as effectors with

an effector/target cell (FBL3)

ratio of 100:1. For antibody-

mediated CDC assays, rabbit

complements were used as

effectors. Cell lysis was

evaluated by LDH assays. The

results represent the mean

(±SE) of triplicate experiments
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In vivo evaluation of the new cancer immunotherapy

C57BL/6 mouse was utilized for evaluating the efficacy of

the new immunotherapy to inhibit tumor growth or prolong

the survival of tumor-bearing animals. For the former, the

evaluation was carried out according to the experimental

design outlined in Fig. 6. In the treatment group, mice were

first immunized with conjugate vaccine GM3NPhAc-KLH

according to the reported protocol [17]. It was shown that

all of the mice invariably produced high levels of

GM3NPhAc-specific total antibodies, and antibody isotype

analysis revealed that the mouse antisera contained not

only IgM antibodies (*45,000) but also high titers of IgG1

(*19,000), IgG2a (*32,000), and IgG3 (*25,000) anti-

bodies, suggesting the induction of strong GM3NPhAc-

specific T cell-dependent immunity. The results were

consistent with that reported previously [17]. After a robust

anti-GM3NPhAc immune response was affirmed, the mice

were inoculated with FBL3 cell, followed by daily i.p.

injection of ManNPhAc (50 mg/kg/day) for 7 days. The

dosage utilized here was determined according to the cell

glycoengineering results discussed above and was signifi-

cantly lower than that of N-propionyl mannosamine

(200 mg/kg/day) used in previous studies [28]. Meanwhile,

two control groups were designed, in which the mice

received GM3NPhAc-KLH plus PBS or PBS only. Tumors

developed in these mice were monitored and measured

regularly, and on day 56, all of the mice were euthanized,

and their tumors were subjected to terminal examination.

The results are shown in Fig. 7a. Clearly, tumors in the

treatment group (mean size on day 56: 130.32 ± 38.52

mm3) were significantly smaller (P \ 0.001) than that in

both control groups (418.26 ± 63.5 mm3 in PBS-only

group and 345.75 ± 46.75 mm3 in GM3NPhAc-KLH/PBS

group). The difference between the two control groups was

not statistically significant. The results suggested that

GM3NPhAc-KLH immunization combined with cell met-

abolic glycoengineering with ManNPhAc could effectively

inhibit FBL3 tumor growth in vivo, but GM3NPhAc-KLH

immunization alone did not have a significant influence on

the tumor growth.

To evaluate the efficacy of the new immunotherapy to

treat cancer, we further investigated the survival of tumor-

bearing animals. In this case, the mice were not subjected

to terminal euthanasia after FBL3 cancer cell inoculation

and ManNPhAc treatment. Again, two control groups were

set, in which mice received GM3NPhAc-KLH plus PBS or

PBS alone. As shown in Fig. 7b, mice in the PBS group

started to die on day 19 after cancer cell challenge, and all

of the mice died on day 32. However, all of the mice in the

treatment group (GM3NPhAc-KLH plus ManNPhAc) were

alive on day 32, and at the end of the experiment, that is on

day 46, there were still 30% of mice that were surviving.

The average survival time for the GM3NPhAc-KLH/

ManNPhAc group (40.1 days) was significantly (P \ 0.05)

longer than that for both the GM3NPhAc-KLH/PBS group

(32.0 days) and the PBS group (25.3 days). Furthermore,

the average survival time for the GM3NPhAc-KLH/PBS

Fig. 5 Results of the CTL and ELISPOT IFN-c-releasing lympho-

cyte assays. a CTL assays: in vitro cytotoxicity of splenocytes

obtained from mice treated with PBS (the control) or with

GM3NPhAc-KLH toward FBL3 cells incubated with ManNPhAc.

CTL responses were expressed as cell lysis rates determined by the

LDH assay. *P \ 0.001. b ELISPOT assays of the number of IFN-c-

releasing lymphocytes among 1 9 106 splenocytes derived from mice

treated with PBS, GM3NPhAc-KLH plus PBS, and GM3NPhAc-

KLH plus ManNPhAc, respectively. *P \ 0.05, when compared with

the control

Fig. 6 Schematic

representation of the mouse

treatment schedule
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group was also significantly longer than that for the PBS

group (P \ 0.05). These data suggested that either

GM3NPhAc-KLH alone or GM3NPhAc-KLH plus ManN-

PhAc treatment could significantly prolong the survival of

tumor-bearing mice. It was interesting to observe that the

GM3NPhAc-KLH plus PBS group mice also showed pro-

longed survival time than the PBS-only group, which indi-

cated that GM3NPhAc-KLH immunization alone had some

inhibitory effect on tumor growth. Moreover, no remarkable

treatment-related toxicities affecting the weight or the gen-

eral behavior of mice were observed in these experiments.

Discussion

Immunotherapy is considered an ideal means for cancer

therapy and has attracted significant attentions in recent

decades. TACAs, the products of tumor cell aberrant gly-

cosylations, are broadly expressed by various tumors and

are useful targets for the development of cancer immuno-

therapies. However, the problem of immunotolerance to

TACAs remains a main obstacle in the development of

carbohydrate-based cancer vaccines. For example, GM3, a

TACA overexpressed by a number of tumors, is also

expressed by some normal tissues, albeit in very low

concentrations, so GM3 is only weakly immunogenic. Our

previous studies have shown that some unnatural GM3

derivatives, such as GM3NPhAc, could elicit robust T cell-

mediated immune response and thus constitute potentially

useful cancer vaccines. This discovery forms one of the

important foundations for our new strategy for cancer

immunotherapy based on joint application of synthetic

vaccines made of unnatural TACA derivatives and cancer

cell metabolic glycoengineering.

In the present work, we have demonstrated with FBL3 cell

and by means of ELISA and IHC assay that ManNPhAc could

be utilized to effect tumor cell metabolic glycoengineering,

both in vitro and in vivo, for the expression of GM3NPhAc in

place of native GM3. As a result, tumor cells may be meta-

bolically glycoengineered for specific targeting by the

immune system and for immunotherapy. It was further dem-

onstrated that tumor cells, but not normal cells, could be

effectively metabolically engineered in vivo to express

GM3NPhAc (Fig. 2). These results suggest that normal tis-

sues may not be obviously affected by ManNPhAc treatment,

although some tissues may express a low level of GM3;

therefore, the new immunotherapy can be rather selective.

This hypothesis was supported by the fact that GM3NPhAc-

KLH and ManNPhAc treatments did not cause significant side

effects in mice. More importantly, our ADCC and CDC

studies have shown that the GM3NPhAc-specific mAb 2H3

and the antisera derived from GM3NPhAc-KLH-inoculated

mice could mediate high cytotoxicity to ManNPhAc-treated

cancer cells but not to normal cells under the same conditions.

These studies form the other important foundation for the new

cancer immunotherapy.

Furthermore, we have demonstrated that vaccinating

mice with GM3NPhAc-KLH could elicit functional CTLs

that killed tumor cells efficiently and could also elicit IFN-

c-releasing splenocytes as determined by ELISPOT assay.

The induction of functional CTLs and IFN-c-releasing

lymphocytes is a solid proof for antigen-specific T cell-

mediated immunity, which is critical for effective cancer

immunotherapy. Ultimately, we have verified that the new

cancer immunotherapy, which combines GM3NPhAc-

KLH vaccination with ManNPhAc treatment, could sig-

nificantly inhibit tumor growth and prolong the survival

time of cancer-bearing mice. Thus, the results have proved

Fig. 7 Evaluation of the new immunotherapy to treat FBL3 cancer.

a Tumor sizes and growth rates in mice treated with PBS,

GM3NPhAc-KLH/PBS, and GM3NPhAc-KLH/ManNPhAc, respec-

tively. *P \ 0.001, as compared to the other two treatment groups.

b Survival time of tumor-bearing mice treated with PBS,

GM3NPhAc-KLH/PBS, and GM3NPhAc-KLH/ManNPhAc, respec-

tively. The average survival time of mice treated with GM3NPhAc-

KLH/ManNPhAc ([40.1 days) was significantly longer than that of

the other two groups (25.3 days for PBS group, 32.0 days for

GM3NPhAc-KLH/PBS group)
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the feasibility of the novel cancer immunotherapy, as well

as its efficacy to cure cancer. It was further observed that

GM3NPhAc-KLH vaccination alone could also inhibit

tumor growth and prolong the survival time of tumor-

bearing mice, but to a lesser extent than that with

GM3NPhAc/ManNPhAc treatment. This may result from

nonspecific reactions of the immune system that was

stimulated by vaccination.

In conclusion, we have proved that GM3NPhAc-KLH

could stimulate robust T cell-mediated immunity in mice

and that cancer cell FBL3 could be effectively and selec-

tively glycoengineered in vivo through i.p. injection of

ManNPhAc to the mouse. We have also demonstrated in

vitro that the stimulated immune system could selectively

target and kill metabolically glycoengineered cancer cells

and in vivo that treatment of the cancer-bearing mice with

GM3NPhAc-KLH and ManNPhAc could significantly

suppress tumor growth and prolong animal survival. These

results have verified the promise of the new immunother-

apeutic strategy to circumvent the immunotolerance prob-

lem as well as its potential for effective cancer therapy.

Currently, additional animal studies of the new immuno-

therapy and detailed investigations to optimize the treat-

ment schemes are underway. It is worth pointing out that

this new immunotherapeutic strategy is not limited to GM3

antigen and the related tumors; it is theoretically applicable

to other tumors expressing sialo-TACAs, which are rather

common.

Materials and methods

Reagents

GM3NPhAc-KLH and GM3NPhAc-HSA conjugates,

GM3NPhAc-specific mAb 2H3, and ManNPhAc were

prepared according to previously reported methods [17,

19]. The LDH assay kit was purchased from Takara Bio

Inc. Freund’s complete adjuvant and rabbit complement

sera were purchased from Sigma–Aldrich. Cell culture

media RPMI-1640 and the Dulbecco’s modified Eagle’s

medium (DMEM), and bovine fetal serum (FBS) were

purchased from Gibco. Alkaline phosphatase-linked goat

anti-mouse Kappa, IgM, IgG1, IgG2a, and IgG3 antibodies

were purchased from Immunology Consultants Laboratory,

Inc., Newberg, USA. p-Nitrophenyl phosphate (PNPP)

substrate was purchased from Sigma.

Cell lines and animals

FBL3 is an F-mulv-induced leukemia cell line of C57BL

mouse and was purchased from ATCC. If not otherwise

specified, in vitro culturing of cells was performed in

RPMI-1640 supplemented with 10% heat-inactivated

FBS, 100 U/mL of penicillin, and 100 lg/mL of strep-

tomycin at 37�C. Female C57BL/6 mice of 6–8 weeks of

age were used in this study and were allowed for free

access to food and water. The animal experiments and

protocols were approved by the animal use and care

committee.

Analysis of cell metabolic glycoengineering by cellular

ELISA

After cells were cultured in RPMI-1640 containing various

concentrations (0, 0.02, 0.1, 0.5, and 2.0 mM) of ManN-

PhAc for 24, 48, and 72 h, respectively, the cells were

trypsinized, counted, and loaded onto 96-well microplates

(1.5 9 104 cells/well in 100 lL medium), and the plates

were incubated at 37�C overnight. The cells were then

washed with DMEM and treated with 100 lL of anti-

GM3NPhAc mAb 2H3 (1:10 diluted cell culture superna-

tant) in DMEM at 37�C for 2 h. The cells were washed

again and incubated with 100 lL of goat anti-mouse IgM

antibody (1:1000 in RPMI-1640) at 37�C for 1 h. There-

after, the cells were washed, and to the washed cells was

added PNPP, followed by incubation at room temperature

for 30 min and colorimetric readout using a microplate

reader at 450 nm wavelength. These experiments were

repeated three times, and the mean values of the triplicate

experiments were presented.

Immunization and immunotherapy of mice

Several groups of female C57BL/6 mice (five per group)

were vaccinated on day 1 by subcutaneous (s.c.) injection

of a mixture of the Freund’s complete adjuvant (0.1 mL)

and the conjugate vaccine GM3NPhAc-KLH (containing

2 lg of GM3NPhAc, in 0.1 mL of PBS). In the control

groups, mice received a mixture of the Freund’s complete

adjuvant and GM3-KLH conjugate (containing 2 lg of

GM3, in 0.1 mL of PBS) or PBS only, respectively. These

mice were then immunologically boosted twice with the

same preparations 2 and 3 weeks after the initial immuni-

zation, that is, on day 14 and day 21, respectively. The

mice were bled by tail vein on day 0 prior to the initial

immunization and on day 28 after the second booster

immunization, and the blood samples were clotted to pre-

pare mouse sera. The day 0 mouse sera and sera from mice

treated with PBS only were used as controls, while the day

28 sera were used to evaluate the immunological responses

of mice to GM3NPhAc-KLH and GM3-KLH by ELISA of

antigen-specific antibody titers. In the meantime, on day

28, approximately 5 9 105 FBL3 cells in 0.1 mL of PBS

were injected into the right flank of each mouse, which was

Cancer Immunol Immunother (2012) 61:2045–2054 2051
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followed by daily i.p. injection of ManNPhAc (50 mg/kg/

day in 0.1 mL of PBS) or PBS (0.1 mL) for 7 days. On day

56, the mice were euthanized for a series of analysis

described below.

Immunohistochemical assay of GM3NPhAc expression

on tumor and normal tissues

After the groups of mice treated with ManNPhAc were

killed, their tumors, lungs, spleens, hearts, and kidneys

were harvested and subjected to IHC assay. For IHC

assays, the harvest tissues and organs were fixed in for-

malin, embedded in paraffin, and then sectioned. The

sections were deparaffinized and treated with anti-

GM3NPhAc mAb 2H3 at 4�C overnight [19]. After 3 times

of washing with PBS containing 0.02% Tween 20, the

slides were incubated with the horseradish peroxidase-

labeled polymer-conjugated secondary antibody and then

stained with diaminobenzidene (DAB). Finally, the slides

were rinsed in distilled water and counterstained with

hematoxylin. Thereafter, the sections were dehydrated in

ethanol, cleared with xylene, and observed under a

microscope.

ADCC assay

FBL3 cells were cultured with 0, 0.01, 0.02, 0.04, 0.08, and

0.16 mM of ManNPhAc for 72 h before they were loaded

onto 96-well microplates (1.5 9 104 cells/well). The plates

were incubated at 37�C overnight, washed by DMEM, and

then treated with mAb 2H3 (1:10 dilution in DMEM,

100 lL) or with antiserum derived from GM3NPhAc-

KLH-immunized mice (1:20 dilution in DMEM) at 37�C

for 2 h. Thereafter, peritoneal macrophages isolated from

healthy mice were introduced to each well as effectors with

an effector/target (FBL3) cell ratio of 100:1. Then, the

plates were incubated at 37�C for another 18 h before the

cell supernatants were isolated and used to detect cell lysis

by means of LDH assay according to the manufacture’s

protocol. Briefly, after each plate was centrifugated at

3009g for 5 min, 20 lL of the cell-free supernatants was

carefully transferred to the corresponding wells of another

96-well plate containing 80 lL of PBS and 100 lL of LDH

assay reagents in each well. The plates were incubated at

room temperature for 30 min. The absorptions (A) of these

plates were read at 490 nm wavelength using a microplate

reader. In the meantime, spontaneous LDH release and

maximum LDH release of the cells were obtained by

replacing the mAb or antisera with 100 lL of DMEM or

100 lL of 1% tritone X-100 in PBS, respectively, in the

above-described protocol. The percentage of cell lysis was

calculated by the following equation:

experimental release� spontaneous releaseð Þ=
maximum release� spontaneous releaseð Þ � 100%:

Antibody-mediated CDC assay

The experimental procedure for CDC assay was exactly

the same as that of ADCC assay, except that after mAb

2H3 or anti-GM3NPhAc serum was introduced, the rabbit

complement serum (1:10 in DMEM), rather than perito-

neal macrophages, was employed to target cancer cells

and mediate cell lysis that was also analyzed by LDH

assay.

CTL assay

After the two groups of mice that were treated with

GM3NPhAc-KLH/FBL3 cells and PBS/FBL3 cells were

killed, their spleens were harvested for the preparation of

splenocytes after lysis of the red blood cells with 0.84%

ammonium chloride. These splenocytes were cultured in

complete medium containing GM3NPhAc-KLH (2 lg/mL)

for 24 h and then used as effector cells for CTL assays. The

splenocytes were co-cultured with FBL3 cells (target cells)

incubated with ManNPhAc (0.1 mM) at 100:1 in RPMI

1640 plus 10% fetal bovine serum for 24 h. Finally, the

effector cell-mediated cytotoxicities to target cells were

determined by LDH assay as described above. The spon-

taneous and maximum LDH release values were deter-

mined by incubating cancer cells in DMEM alone or in

DMEM containing 1% Triton X-100, respectively, in the

absence of splenocytes.

ELISPOT assay

The IFN-c-producing splenocytes in mice inoculated with

vaccine and FBL3 cell were analyzed by ELISPOT assay

according to the manufacturer’s protocol (Dakewe). In

brief, after the mice treated with GM3NPhAc-KLH and

FBL3 cell were killed on day 56, the suspensions of their

splenocytes were prepared as described above. Then,

1 9 106 splenocytes in 100 lL of DMEM were added to

ImmunoSpot plates that were precoated with anti-IFN-c
antibody specific for IFN-c ELISPOT. After incubation at

37�C for 18 h, the plates were washed with deionized water

and then with PBS containing 0.05% Tween 20 three times.

The plates were incubated with biotin-conjugated anti-IFN-

c mAb at 37�C for 1 h, followed by washing with buffer

(PBS ? 0.05% Tween 20) three times. Streptavidin–alka-

line phosphatase was added to each well of the plates,

which were incubated for 1 h at room temperature. Thirty

microliters of the activator solution (supplied in Immuno-

Spot kit, Dakewe) was added to each well of the plates for

spot development at room temperature for 30 min. The
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reaction was quenched by washing with water. After being

air dried, the number of spots in each well of the plates was

counted using a microplate reader. These experiments were

repeated in triplicate.

Evaluation of the in vivo efficacy of the new cancer

immunotherapy to treat cancer

After the inoculation of mice with FBL3 cells, the tumor

size in each mouse of all the therapeutic and control groups

was monitored and measured regularly with a caliper

before their euthanasia on day 56. The size of each tumor

was terminally determined. Tumor size was calculated

using the formula 0.4 9 (A2 9 B) (where B represents the

largest diameter and A the diameter perpendicular to B). On

the other hand, some other groups of the mice with the

same treatment schemes (both the therapeutic and the

control groups) were not euthanized and used to evaluate

the impact of the immunotherapy on the survival of ani-

mals suffering from cancer. These animals were kept under

close observation until they died of cancer or their tumors

reached the size of 700 mm3. The animals of the latter

were then euthanized but also considered as died of cancer.

Statistical methods

Unpaired Student’s t tests were performed to analyze the

tissue GM3NPhAc expression, tumor size, and ELISPOT

data. Kaplan–Meier analyses were preformed to evaluate

the data of animal survival experiments. P \ 0.05 is con-

sidered as statistically significant.
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