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ABSTRACT: Polysaccharides have been successfully used as
immunogens for the development of vaccines against bacterial
infection; however, there are no oligosaccharide-based vaccines
available to date and no previous studies of their processing and
presentation. We reported here the intracellular enzymatic processing
and antigen presentation of an oligosaccharide-conjugate cancer
vaccine prepared from the glycan of Globo-H (GH), a globo-series
glycosphingolipid (GSL). This oligosaccharide-conjugate vaccine was
shown to elicit antibodies against the glycan moieties of all three
globo-series GSLs that are exclusively expressed on many types of
cancer and their stem cells. To understand the specificity and origin of
cross-reactivity of the antibodies elicited by the vaccine, we found that
the vaccine is first processed by fucosidase 1 in the early endosome of dendritic cells to generate a common glycan antigen of the
GSLs along with GH for MHC class II presentation. This work represents the first study of oligosaccharide processing and
presentation and is expected to facilitate the design and development of glycoconjugate vaccines based on oligosaccharide antigens.

■ INTRODUCTION
Cancer cells often express distinct glycoproteins and
glycolipids on the surface with unique glycan structures via
aberrant glycosylation.1 These cancer-associated glycoconju-
gates have been used as markers to distinguish cancer cells
from normal cells and as targets for the development of anti-
cancer immunotherapy.2−4 Globo-H (GH) (Figure 1), one of
the three globo-series glycosphingolipids (GSLs), is an epitope
on embryonic stem cells. It generally disappears after
differentiation of embryonic stem cells but appears again on
at least 15 different types of cancers, like breast, brain, lung,
stomach, pancreas, prostate, and liver cancers.5,6 Thus, the
oligosaccharide moiety of GH has been a target for the
development of cancer immunotherapy. Recent examples
include the GH-KLH vaccine with GH glycan conjugated to
keyhole limpet hemocyanin (KLH) in combination with QS21
adjuvant which is currently in a global phase 3 trial for the
treatment of triple negative breast cancer (NCT03562637),
the GH-diphtheria toxin (DT) conjugate vaccine (GH-DT,
Scheme 1) with C34 adjuvant (NCT02310464) in phase 2
trials for multiple cancers, and a therapeutic anti-GH antibody
(NCT03573544) in phase 2 trials for GH-positive cancers.7

In addition to GH, the other two globo-series GSLs, SSEA3
and SSEA4 (Figure 1), are also found exclusively on the cell

surface of many cancers5,6,8 and their expression correlates
with tumor metastasis and progression.9−12 In the biosynthesis
of globo-series GSLs, β1,3-galactosyltransferase V (β3GalT5)
is the key enzyme responsible for adding a galactose residue to
the normal and non-immunogenic Gb4 to form the cancer-
specific SSEA3 and subsequently the other two globo-series
GSLs. Overexpression of β3GalT5 was commonly found in
cancer patients with high expression of globo-series GSLs.13

The oligosaccharide moieties (glycans with less than seven
monosaccharide units) of globo-series GSLs are receiving more
and more attention in the development of anti-cancer
immunotherapy.7 However, oligosaccharides have not been
successfully developed into vaccines as they are generally poor
antigens14−17 though polysaccharides from certain pathogens
have been successfully developed as preventive vaccines against
the pathogens.18−22
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In our previous study, the oligosaccharide moiety of GH or
SSEA4 conjugated with DT and adjuvanted with C34, an
analogue of the glycolipid α-GalCer designed to induce a class-
switch and to enhance immune response with a balanced Th1/
Th2 ratio, was demonstrated to successfully elicit immune
responses against breast cancer in mice.7,23 Interestingly, the
GH-DT vaccine elicited antibody responses against the
oligosaccharides of all three globo-series GSLs, while SSEA4-
DT vaccine induced antibodies against SSEA4 glycan only and
SSEA3-DT vaccine induced weak and non-selective immune
responses.23 The same phenomenon was observed in human
trials with GH-DT and GH-KLH vaccines.21 These results
prompted us to speculate that the oligosaccharide-conjugate
vaccine is probably more susceptible to glycosidase-mediated
processing to generate SSEA3 oligosaccharide, the common
epitope of all three globo-series GSLs, thereby eliciting
antibody responses against all three globo-series GSLs. In
this study, we tested the hypothesis in animal models and

investigated the mechanism of antigen processing and
presentation of the oligosaccharide moiety of GH-DT vaccine.
Since the processing and presentation of oligosaccharide-
conjugate vaccines have not been reported, understanding the
process of oligosaccharide antigen presentation is crucial for
the design and development of cancer vaccines targeting cell-
surface oligosaccharides.

■ RESULTS
Globo H-DT Vaccine Elicited Antibodies That Recog-

nize All Three Oligosaccharides of Cancer-Associated
Globo-Series GSLs. It was found that immunization with
GH-DT/C34 in Balb/c mice induced antisera against the
oligosaccharides of GH and SSEA3, and to a lesser extent the
oligosaccharide of SSEA4, as determined by glycan array
analysis (Figure S1a, Table S1 in the Supporting Informa-
tion).7,23 To understand the specificity of antibodies induced
by GH-DT immunization, we first examined the binding of B
cells from immunized mice to the glycans of globo-series GSLs.
The splenocytes from DT and GH-DT-immunized mice were
first stained with B-cell markers and then with the
oligosaccharides of GH and SSEA3. The result showed that
the splenocytes had higher frequency of GH−SSEA3+ B cells
(Figure 2a), indicating that GH-DT elicited specific B cells that
specifically recognize the glycan of SSEA3. Apparently, a B cell
would present the specific antibody or B-cell receptor on its
surface to recognize the oligosaccharide antigen after
immunization with an oligosaccharide-conjugate vaccine.

We then examined how the anti-SSEA3 glycan antibodies
were induced by GH-DT immunization. The antigen-
presenting cells (APCs), i.e., the bone marrow-derived
dendritic cells (BMDCs), from Balb/c mice were treated
with GH-DT for 3 consecutive days, followed by FACS
analysis of DCs stained with antibodies against the glycans of
GH, SSEA3, and SSEA4. To our surprise, in addition to GH
glycan, SSEA3 glycan, but not SSEA4 glycan, was detected on
the DC surface at various time points after treatment (Figure
2b). However, BMDCs treated with SSEA4-DT presented
much less SSEA3 glycan (Figure 2c,d). This result is consistent
with our previous findings that vaccination with GH-DT, but
not SSEA4-DT, induced IgG antibodies against GH and
SSEA3 glycans in mice.23 Similarly, human monocyte-derived
dendritic cells (MoDCs, Figure 2e) and mouse splenic B cells
(Figure S1b) also presented GH and SSEA3 glycans on the cell
surface after treatment with GH-DT. However, the presenta-
tion efficiency of SSEA3 glycan on B cells was lower than that
on BMDCs or MoDCs, indicating that GH-DT was mainly
processed in DCs to elicit antibody response from B cells
(Figure S1b in the Supporting Information).

We next used single B-cell technology to isolate and screen
for anti-SSEA3 glycan monoclonal antibodies from the SSEA3
glycan-specific B cells sorted from GH-DT-immunized mice
(Figure 2f), and one of the monoclonal antibodies identified
(ch64B7) was found to recognize SSEA3, GH, and SSEA4
glycans in a glycan array analysis. The galactose on the non-
reducing end of SSEA3 glycan is critical for binding to this
antibody as removal of the galactose reduced the binding
dramatically. This antibody recognizes SSEA3 glycan with
cross-reactivity toward the three globo-series glycans and
SSEA4-Gc with the N-glycolyl group as they all contain SSEA3
glycan as a common epitope (Figure 2g). The binding affinities
of ch64B7 to SSEA3 and GH glycans were comparable (Kd =
8.527 × 10−11 and 7.112 × 10−11 M, respectively), while the

Figure 1. Biosynthesis of the three globo-series GSLs SSEA3, SSEA4,
and GH that are exclusively expressed on at least 15 different types of
cancer and their stem cells. The galactosyltransferase β3GalT5 is the
key enzyme involved in the synthesis of globo-series GLSs, and its
expression highly correlates with poor survival of cancer patients.
Symbol nomenclature with color code is used for structure
presentation. The complete structure of GH is shown.

Scheme 1. GH-Conjugated Vaccine and Oxidative Release
of GH Glycan from the Carrier by NaClOa

aThe carrier can be CRM197 (equivalent to DT) or KLH.

Journal of the American Chemical Society pubs.acs.org/JACS Article

https://doi.org/10.1021/jacs.3c02003
J. Am. Chem. Soc. 2023, 145, 9840−9849

9841

https://pubs.acs.org/doi/suppl/10.1021/jacs.3c02003/suppl_file/ja3c02003_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.3c02003/suppl_file/ja3c02003_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.3c02003/suppl_file/ja3c02003_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacs.3c02003?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.3c02003?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.3c02003?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.3c02003?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.3c02003?fig=sch1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.3c02003?fig=sch1&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.3c02003?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


binding to SSEA4 glycan was slightly reduced (Kd = 1.397 ×
10−10 M, Figure 2h). This result demonstrated that the anti-
SSEA3 glycan antibody induced by GH-DT vaccine cross-
reacts with SSEA4 and Globo H glycans. It was also suggested
that GH-DT is processed to generate GH glycan and SSEA3
glycan for presentation to elicit two pathways of antibody
responses: one is from GH glycan to elicit GH-specific
antibody and the other is from SSEA3 glycan to elicit the
antibody that recognizes GH, SSEA3, and SSEA4 as all contain
the common SSEA3-glycan epitope. Interestingly, our previous
study showed that SSEA4-DT vaccination did not induce anti-
SSEA3 glycan antibodies, even though SSEA3 glycan is an
epitope of SSEA4.23 Therefore, it appears that the GH glycan,
but not the SSEA4 glycan, is processed by DCs to remodel the
glycan epitope for presentation, and the processing of GH
glycan to SSEA3 glycan may be the origin of cross-reactive
antibody response.
Oligosaccharide Antigen Processing and Presenta-

tion of GH-DT Vaccine. We next examined whether shorter
oligosaccharides were generated after processing of GH-DT by
BMDCs. Since anti-Gb3 or anti-Gb4 glycan antibody was not
available, we used LC−MS/MS to analyze the glycans released
from the membrane fraction of cell lysates through NaClO
treatment to cleave the amide bond between the linker
carboxyl and the side-chain amine of lysine24 (Scheme 1). This
oxidative release would not damage GH glycan as there was no
degraded glycan detected (Figure S2a in the Supporting
Information).

BMDCs were treated with GH-DT and the protein fractions
were collected, including the soluble fraction, the membrane
fraction, and the detergent insoluble membrane (DIM)
fraction of cell lysates at indicated time points for NaClO
treatment, followed by LC−MS/MS analysis (Figure 3a).
Besides the GH glycan, the Gb3 glycan was detected in all
protein fractions 3 h after treatment except in the DIM fraction
(Figures 3b and S2b, c in the Supporting Information). SSEA3
glycan was detected exclusively in the DIM fraction after 8 and
24 h at a low level and was further processed to Gb4 and Gb3
glycans by glycosidases (Figure 3c). Gb3 glycan was not
further processed in this period and Gb4 and Gb3 glycans are
not immunogenic as they are common on normal cells.25,26

This finding is consistent with our previous observation that
SSEA3 glycan is a weak immunogen as it is quickly processed
to Gb4 and Gb3 glycans. In addition, GH-DT in the culture
environment was stable since only around 1% GH glycan was
degraded into Gb3 glycan and no SSEA3 glycan was detected
(Figure S2d in the Supporting Information). Therefore, SSEA3
and Gb3 glycans were generated from GH enzymatically not
from spontaneous degradation.

The study of glycoconjugate vaccine processing in APCs is
limited, especially there was no previous study of oligosac-
charide processing and presentation. Though it is known that
the capsular polysaccharide (CPS) of group B Streptococcus is
presented with peptides derived from the carrier protein in an
MHC class II-dependent manner,27,28 and glycopeptides can
be presented by both MHC class I and MHC class II,29 the

Figure 2. Oligosaccharide antigen processing and presentation on the cell surface of mouse BMDCs and human MoDCs. (a) B cells targeting
SSEA3 glycan (gated on CD3−CD19+GH− cells) were induced 10 days after GH-DT immunization. Statistical significance was shown in the right
panel from 5 mice per group. (b) Mouse BMDCs presented GH or SSEA3 glycan, but not SSEA4 glycan, on the cell surface 24, 48, and 72 h after
treatment with GH-DT. (c,d) Compared to BMDCs treated with SSEA4-DT, BMDCs treated with GH-DT presented more SSEA3 glycans on the
cell surface 48 h after treatment. Statistical significance was shown with 3 mice per group. (e) After treatment with GH-DT, human MoDCs
presented GH and SSEA3 glycans on the cell surface at indicated time points. (f) Flow chart for isolation of single B cells that recognize SSEA3
glycan on beads. (g) Binding specificity analysis of monoclonal antibody ch64B7 identified by screen of single B cells from GH-DT-immunized
mice using a globo-series glycan array. (h) Binding of ch64B7 to SSEA3, GH, and SSEA4 glycans analyzed by ELISA. Results in (a) right panel, (d),
(f), and (g) are mean ± SEM. *** p < 0.001.
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mechanism of oligosaccharide processing and possible
remodeling during the presentation process remains unknown.

To identify the proteins that mediated the presentation of
GH-DT, we introduced a tag to the reducing end glucose of
GH glycan to facilitate the identification of interacting

proteins. We thought a slight modification of the GH glycan
at the reducing end will not affect the processing of terminal
sugars. 6-Azido-GH glycan (GHN3) with 6-OH of the
reducing end glucose replaced by the azido group was
conjugated to DT for treatment with BMDCs followed by
click reaction with an alkyne-containing biotin (Scheme 2).
The proteins noncovalently bound to GHN3, and its
intermediates linked to DT peptides in complex with MHC
class II were isolated by avidin beads for LC−MS/MS analysis
after biotinylating the N3 group by click reaction (Figure 4a).
A total of 1231 proteins were identified and ranked by
intensity-based absolute quantification (iBAQ). Ingenuity
pathway analysis (IPA) indicated that 194 of the identified
proteins were plasma membrane proteins (Table S2 in the
Supporting Information), and among them, MHC class II
subunits IAdα (Rank 1), IAdβ (Rank 2), IEdβ (Rank 3), and
IEdα (Rank 4) were the major ones. All the MHC class I
subunits, including β2-microglobulin (B2M) and the three α
chains, were also detected in the complex (Figure 4b). These
data indicated that MHC class II plays a key role in GH-DT
presentation, while MHC class I is a minor player. Besides,
most of the proteins in the antigen presentation pathway,
including Class II-associated invariant chain peptide (CLIP),30

calreticulin (CALR),31 calnexin (CNX),32 tapasin (TPN),33

protein disulfide isomerase family A member 3 (PDIA3),34 and
transporter associated with antigen processing 1 as well as 2
(TAP1 and TAP2),35 were detected (Figure S3a in the
Supporting Information). IPA data also revealed that the
uptake of GH-DT by BMDCs may be through clathrin-
mediated endocytosis (Figure S3b in the Supporting
Information) or phagocytosis (Figure S3c in the Supporting
Information) since clathrin36 and Rab5, a small GTP-binding
protein on phagosomes following phagocytosis,37 and other
proteins involved in these two pathways were detected in the
GHN3-associated protein complex. It is noted however that
this noncovalent pull-down experiment may miss some
proteins with weak interaction with the glycans.
Globo H-DT Vaccine Is Processed in the Early

Endosome of Dendritic Cells by Fucosidase 1 to
SSEA3 Glycan for MHC Class II Presentation To Elicit
Immune Responses. To study the relationship between GH-
DT presentation and MHC class II, an anti-MHC class II
antibody was added to GH-DT-treated BMDCs, and it was
found that the level of MHC class II (Figure S4 in the
Supporting Information) and antigen presentation on BMDCs
were reduced (Figure 4c), probably due to endocytosis
induced by the antibody binding to MHC class II that
interfered with MHC class II-antigen complexation.38 BMDCs
were then treated with GH-DT or DT and cocultured with
CD4+ T cells isolated from the spleen of GH-DT-immunized
mice to understand the role of MHC class II in CD4+ T-cell
activation. Compared with DT-treated BMDCs, GH-DT-
treated BMDCs induced a significantly higher level of IL-2
production by CD4+ T cells (Figure 4d). Confocal microscopy
imaging analysis further revealed that GH glycan was
colocalized with MHC class II on BMDCs 24 h after treatment
with GH-DT (Figure 4e). Since oligosaccharide antigens could
be presented by DCs through the c-type lectin DC-SIGN,39

the presentation pathway of GH-DT was investigated.
Addition of DT to GH-DT-treated BMDCs reduced the
presentation of GH glycan from GH-DT, while GH glycan
alone could not be presented nor interfere with the
presentation of GH glycan from GH-DT. These results

Figure 3. Processing of the oligosaccharide of GH-DT to SSEA3,
Gb4, and Gb3 glycans in BMDCs. (a) Flow chart of oxidative
cleavage and LC−MS/MS analysis of the glycans released from GH-
DT-treated BMDCs. (b,c) Digested glycans, including SSEA3 and
Gb3 glycans, were detected by LC−MS/MS in the detergent
insoluble membrane fraction after treating BMDCs with GH-DT
for 8 h. Gb3 glycan was the most abundant glycan among the digested
glycans.
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indicated that the presentation of GH-DT depends on the
protein carrier not the GH glycan (Figure 4f).

The presentation of CPSs depends on the structure of
polysaccharides. CPS from type 3 Streptococcus pneumoniae is
presented by DCs, while CPS from Neisseria meningitidis is not
due to its rapid degradation in endolysosome through oxidative
depolymerization and acidic hydrolysis.40 Since the non-
reducing end of GH glycan is a fucose residue and the
fucosidase activity in the lysosome of DCs is relatively high,41

the processing of GH glycan may be initiated by enzymatic

removal of the terminal fucose. Therefore, it is likely that after
being processed, the glycan epitopes presented on APCs could
be changed and thus elicit different antibodies. In addition,
after GH-DT treatment, splenic B cells presented less SSEA3
glycan as compared with BMDCs. So, we performed
glycosidase gene expression microarray analysis to compare
the glycan-related gene expression between splenic B cells and
BMDCs 48 h after GH-DT treatment, and we found that
BMDCs expressed higher levels of glycosidase-related genes
after treatment with GH-DT, including two fucosidases,

Scheme 2. Isolation and Identification of the Proteins That Interact with Peptide-Linked GH-Glycan-N3, SSEA3-Glycan-N3,
and Intermediates Generated from GHN3-DT-Treated BMDCs for Click Reaction with an Alkynyl Biotin Linker

Figure 4. GH and SSEA3 glycans were presented through MHC class II on BMDCs treated with GHN3-DT. (a) Flow chart for isolation and
identification of proteins interacting with GHN3 glycan and intermediates during antigen presentation in GHN3-DT-treated BMDCs. The proteins
interacting with GHN3 and its intermediates in complex with MHC class II were isolated for LC−MS/MS analysis. The azido groups of the
complex were first biotinylated with click reaction followed by treatment with avidin beads to pull down the interacting proteins in the complex. (b)
Among the 1231 identified proteins, 194 proteins were membrane proteins and MHC class II was the most dominant hit. All of MHC class I
subunits were also identified. (c) Addition of anti-MHC class II antibody reduced the presentation of GH glycan on BMDCs 48 h after GH-DT
treatment. (d) Compared to DT, GH-DT induced more IL-2 production from CD4+ T cells isolated from GH-DT-immunized mice. (e) GH and
SSEA3 glycans were colocalized with MHC class II on the surface of GH-DT-treated BMDCs. Cells were harvested and stained 24 h after GH-DT
treatment. Shown is the distribution of SSEA3 glycan (green), MHC class II (red), and GH glycan (purple) indicated by fluorescence intensities
across the section with a white line. (f) Effect of DT (1 mg/mL) or GH glycan (1 mg/mL) on antigen presentation of GH-DT-treated BMDCs.
Results in (d) are mean ± SEM (n = 11). * p < 0.05, **** p < 0.0001.
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FUCA1 and FUCA2 (Figure S5a, Table S3 in the Supporting
Information). To further understand the mechanism of GH
glycan processing in DCs, we investigated the location of
fucosidases and found that FUCA1, not FUCA2, was
colocalized with GH glycan in BMDCs 2 h after GH-DT
treatment (Figures 5a and S5b in the Supporting Information).

Interestingly, we also found that GH glycan and FUCA1 were
colocalized with the early endosome marker, transferrin
receptor,42 24 h after GH-DT treatment, suggesting that GH
glycan was digested prior to carrier protein (Figure 5b).

We then expressed and purified both fucosidases from 293T
cells to examine their activities against GH glycan. Recombi-

Figure 5. GH-DT is processed by FUCA1 to SSEA3 glycan in BMDCs. (a) GH glycan was colocalized with FUCA1 in BMDCs within 24 h after
treatment with GH-DT. TFR and LAMP-1 represent transferrin receptor and lysosomal-associated membrane protein 1, respectively. Arrows
indicate early endosomes containing both FUCA1 and GH glycan. (b) The colocalization rate between GH glycan and FUCA1 was higher than
that between GH glycan and FUCA2. 45 cells per group were counted. (c) Recombinant FUCA1 digested GH glycan with the highest activity at
pH = 4.5. Addition of FUCA1 inhibitor, fuconojirimycin (FNJ), inhibited the digestion. (d) Oxidative release of glycan and LC−MS/MS analysis
showed that FUCA1 partially hydrolyzed GH glycan on GH-DT and (e) FUCA1 completely hydrolyzed GH glycan on GH-peptides in vitro. (f)
The presentation of SSEA3 glycan was reduced in FUCA1 or/and FUCA2 knockdown BMDCs compared to the negative control (NC) BMDCs.
Data were analyzed by paired t tests. (g) Oxidative release of glycans and LC−MS/MS analysis showed that the level of digested glycans was
reduced in FUCA1 knockdown BMDCs. (h) BMDCs with knockdown of FUCA1 presented more GH glycans on the cell surface as compared to
WT BMDCs. Results in (h) are mean ± SEM (n = 3). * p < 0.05, ** p < 0.01, **** p < 0.0001.
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nant FUCA1 hydrolyzed GH glycan with high activity at pH
4.5 to 5 in vitro (Figure 5c), while recombinant FUCA2 had
no activity on GH glycan. To further study the enzymatic
process, GH-DT was incubated with FUCA1 first and then
digested by chymotrypsin or digested by chymotrypsin first
and then treated with FUCA1, followed by LC−MS/MS
analysis. The result showed that FUCA1 could digest 63.9% of
the GH glycan on GH-DT (Figure 5d) and all the GH glycan
of chymotrypsin-treated GH-DT (Figure 5e) at pH 5.5. These
results further support that GH glycan is digested by FUCA1
before DT is processed into peptides in DCs.

Next, we knocked down the expression of these two
fucosidases by siRNA in BMDCs (Figure S5c, S5d in the
Supporting Information) to examine whether the presentation
of SSEA3 glycan was altered. After knocking down the
expression of FUCA1 or/and FUCA2 in BMDCs, the
presentation of SSEA3 glycan was significantly reduced (Figure
5f). Knockdown of FUCA1 reduced GH glycan degradation as
determined by the oxidative release of glycans and LC−MS/
MS analysis. Compared to the negative control, FUCA1 or
FUCA1/FUCA2 double knockdown cells showed a reduced
level of Gb4 and Gb3 glycans. However, knockdown of
FUCA2 did not reduce GH degradation (Figures 5g and S5e−
h in the Supporting Information). These studies suggest that
FUCA1 is responsible for the processing of GH glycan to
SSEA3 glycan in DCs. Finally, BMDCs derived from FUCA1
knockout mice presented more GH glycans, as compared with
normal BMDCs (Figures 5h and S6 in the Supporting
Information).

Besides FUCA1, other glycosidases may be involved in the
degradation of GH derivatives, including β-galactosidase for
SSEA3, hexosaminidase for Gb4, α-galactosidase for Gb3, and
β-galactosidase for lactose. According to the result of gene
expression microarrays and RT-qPCR, all these glycosidases
expressed at much higher levels in BMDCs than in B cells
(Table S3, Figure S7a in the Supporting Information). In
addition, our proteomics analysis showed that more β-
galactosidase and hexosaminidase are associated with GH
glycan as compared to α-galactosidase (Figure S7b in the
Supporting Information). The accumulation of Gb3 glycan in
BMDCs treated with GH-DT may result from the low activity
of α-galactosidase to process Gb3 glycan. Also, there was no
lactose detected in BMDCs treated with GH-DT as lactose
derived from Gb3 glycan may be digested quickly due to the
high β-galactosidase activity.

■ DISCUSSION
The globo-series GSLs, including GH, SSEA3, and SSEA4, are
exclusively expressed on many tumor cells and their stem cells,
and they have little or no expression on normal tissues. As
such, globo-series GSLs are promising targets for the
development of cancer immunotherapy. However, oligosac-
charides are difficult to induce proper immune responses and
produce sufficient anti-tumor antibody titers. By conjugating
an oligosaccharide antigen to a carrier protein and combining
the conjugate with an adjuvant, the oligosaccharide-conjugate
vaccine can induce significant T-dependent responses. Our
previous study showed that a cancer vaccine with GH glycan
conjugated to DT and administrated with C34 adjuvant
induced better immune responses with higher IgG titer against
GH glycan than GH-KLH/QS21 did.23 In addition to vaccine
development, the potential of globo-series GSLs as targets for
cancer therapy is further supported by the finding that SSEA3

is a marker of cancer stem cells13 and that the monoclonal
antibodies against SSEA4 and GH glycans have significant anti-
cancer efficacy.9 After vaccination in mice with GH-DT, the
glycoconjugate vaccine is processed by DCs to present GH and
SSEA3 glycans on the cell surface through MHC class II
complexation. Moreover, the presentation is carrier protein-
dependent because unconjugated GH glycan cannot be
presented or interfere with the presentation of GH glycan
from GH-DT. Although oxidative depolymerization and acidic
hydrolysis have been shown to cause the degradation of
carbohydrate antigen,40 the processing of oligosaccharide
antigen by glycohydrolases as demonstrated in this study can
alter the structure of antigen and change the specificity of
immune responses. Therefore, understanding the pathway of
oligosaccharide processing in immune cells is essential for the
development of oligosaccharide-based vaccines.

FUCA1 is important for the breakdown of complex glycans
on glycolipids or glycoproteins. FUCA1 deficiency may cause
accumulation of fucosylated glycoconjugates in tissues and
result in fucosidosis, a lysosomal storage disease.43 FUCA1 is
able to cleave terminal fucose with α1,2 linkage to expose the
galactose residue or with α1,3, α1,4, or α1,6 linkage to expose
the N-acetylglucosamine residue on glycoproteins and
glycolipids.44 Although FUCA1 is expressed in DCs,45,46 its
role in antigen processing and presentation in DCs is
unknown. In this study, we have demonstrated that FUCA1
can trim the oligosaccharide of GH-DT vaccine and result in
the presentation of modified glycans on DCs.

Protein antigen is usually broken down in lysosome (pH
4.5) by lysosomal proteases, especially cathepsins.47 However,
the colocalization of GH glycan and FUCA1 in early
endosome in DCs treated with GH-DT and the fucose-
cleavage activity of recombinant FUCA1 toward GH glycan at
pH 5.5 indicated that the processing of GH glycan occurs
before the carrier protein. It was reported that B cells may
recognize antigen-pulsed DCs to promote B cell−DC
interaction.48 We therefore suspect that GH-DT-primed DCs
may directly activate B cells to recognize SSEA3 and promote
their production of antibody, though the underlying
mechanistic pathways remained to be examined.

In summary, we have demonstrated in this study that the
GH-DT vaccine is processed in DCs to generate GH and
SSEA3 glycans for presentation. The antibody induced from
GH-glycan presentation recognizes GH and the antibody
induced from SSEA3 glycan recognizes SSEA3 and cross-reacts
with GH and SSEA4 as both also contain the SSEA3 glycan as
the common epitope (Figure 6). The processed glycans are
mainly presented by MHC class II and to a lesser extent by
MHC class I on DCs to elicit the cross-reactive immune
responses. However, SSEA3 glycan is not a good antigen for
vaccine design as it will be quickly processed to the truncated
glycans which are commonly found on normal cells and thus
elicit very weak and non-selective immune responses. On the
other hand, SSEA4 glycan is slowly processed and elicits
mainly SSEA4-specific immune response. As demonstrated in
this study, the oligosaccharide antigen of GH-DT vaccine is
first processed by FUCA1 in DCs to generate SSEA3 glycan
prior to carrier protein degradation and that the immune cells
can tune the properties of the oligosaccharide-based vaccine
and edit the immune responses. As an example, one may
introduce a fluorine group to the fucose residue of GH to avoid
the processing of fucosidase and thus elicit more GH-specific
immune responses. We believe that a better understanding of
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oligosaccharide-conjugate in the immune system will facilitate
the future development of oligosaccharide-based vaccines with
desired antigen presentation and antibody responses against
specific cell-surface oligosaccharides.
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