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arious forms of herbal medicine polysaccharides have become valuable as health supplements worldwide (1, 2), suggesting that administration of such polysaccharides may improve
innate immunity in vivo. The underlying molecular mechanisms,
however, still remain ambiguous. Aberrant terminal fucosylation
as well as sialylation in tumor-associated glycans is one of several
glycosylation events important in cancer progression (3, 4), and
such unusual glycans have recently been used for the development
of anticancer vaccines (5–7). As an example, the Globo H-based
glycoconjugate vaccines are currently undergoing large-scale clinical trials and have shown promise in therapeutic treatment (8, 9).
Studies on the immune response to pathogenic microorganisms
(such as Haemophilus inﬂuenza type B and Streptococcus pneumonia) have demonstrated that polysaccharides containing repeating antigenic units are generally T cell-independent (TI) (10,
11). Furthermore, recent ﬁndings revealed that speciﬁc B-cell
subsets could establish memory for providing speciﬁc Ig synthesis
in response to TI-associated polysaccharides (12–14). In an attempt to understand the biological signiﬁcance of polysaccharides
derived from natural sources, we previously isolated and characterized a crude extract fraction of water-soluble and L-fucose
(Fuc)-containing polysaccharides (F3) from Ganoderma lucidum
(Reishi) (a mushroom that has been long used as a herb medicine)
(15). F3 has since been shown essential for regulation of cytokine
network, IgM production, and hematopoietic cell expansion (16–19).
www.pnas.org/cgi/doi/10.1073/pnas.1312457110

We also identiﬁed several pattern recognition receptors that
could interact with F3, including Dectin-1, DC-SIGN, Langerin,
Kupffer cell receptor, macrophage mannose receptor, and Tolllike receptors (20). Notably, these results supported the idea that
F3 activates the immune response likely by interacting with carbohydrate-recognizing receptors. In animal studies, F3 is reported
to serve as a vaccine adjuvant and exert antitumor activities
through an enhancement of the host-mediated immunity (21),
leading to an interesting question of whether and how antibodymediated immunity plays a role in the antitumor activity of F3 in
mice. In the current study, Fuc-enriched F3 polysaccharides were
prepared for further study, and the results showed that the induced antisera could recognize biologically relevant glycans, in
particular tumor-associated glycan epitopes, supporting the hypothesis that terminal fucosylation on Reishi polysaccharides
plays a critical role in the antitumor responses.
Results and Discussion
Antitumor Activity of F3. We ﬁrst conducted a study in an animal

tumor model using C57BL/6J mice with implantation of murine
Lewis lung carcinoma (LLC1) cells to investigate the antitumor
activity of F3. Brieﬂy, LLC1 cells were transplanted s.c. into
mice, and then F3 (24, 52, 120, and 240 mg/kg body weight per
mouse dissolved in PBS) was administered i.p. once every other
day, and the process was repeated for 28 d. As shown in the
tumor growth curves (Fig. S1A), F3 exhibited a signiﬁcant inhibition against the growth of LLC1 cells in a dose-dependent
manner, and the most effective inhibitory response was observed
in the dosage between 120 and 240 mg/kg, which is a feasible
daily dose in humans. However, 3-(4,5-dimethylthiazol-2-yl)-2,5diphenyltetrazolium bromide assay results revealed that F3
(<200 μg/mL) had no signiﬁcant effect on LLC1 cell viability
compared with the untreated cells (Fig. S1B). These results
suggested that F3 may suppress the LLC1 cell growth and prolong the survival rate of tumor-bearing mice via an indirect antitumor mechanism. In animal studies, the antitumor effects of
polysaccharides extracted from Reishi were reported previously
(22, 23). More interestingly, there was evidence that the sera
from Reishi polysaccharide-treated mice markedly inhibited
murine sarcoma-180 and human lung carcinoma PG cell line
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Carbohydrate-based vaccines have shown therapeutic efﬁcacy for
infectious disease and cancer. The mushroom Ganoderma lucidum
(Reishi) containing complex polysaccharides has been used as antitumor supplement, but the mechanism of immune response has
rarely been studied. Here, we show that the mice immunized with
a L-fucose (Fuc)-enriched Reishi polysaccharide fraction (designated as FMS) induce antibodies against murine Lewis lung carcinoma cells, with increased antibody-mediated cytotoxicity and
reduced production of tumor-associated inﬂammatory mediators
(in particular, monocyte chemoattractant protein-1). The mice showed
a signiﬁcant increase in the peritoneal B1 B-cell population, suggesting FMS-mediated anti-glycan IgM production. Furthermore,
the glycan microarray analysis of FMS-induced antisera displayed
a high speciﬁcity toward tumor-associated glycans, with the antigenic structure located in the nonreducing termini (i.e., Fucα1-2Galβ13GalNAc-R, where Gal, GalNAc, and R represent, respectively, Dgalactose, D-N-acetyl galactosamine, and reducing end), typically found
in Globo H and related tumor antigens. The composition of FMS
contains mainly the backbone of 1,4-mannan and 1,6-α-galactan
and through the Fucα1-2Gal, Fucα1-3/4Man, Fucα1-4Xyl, and Fucα12Fuc linkages (where Man and Xyl represent D-mannose and
D-xylose, respectively), underlying the molecular basis of the FMSinduced IgM antibodies against tumor-speciﬁc glycans.

growth in vitro, but the pure Reishi extract alone did not induce
similar effects (24, 25). Thus, we conducted a synthetic glycan
microarray analysis to investigate whether F3-induced antisera
could recognize biologically important glycan epitopes. The serum
samples were screened at a weekly interval with 60 structurally
different synthetic oligosaccharides, including several tumorassociated glycans. Given the glycan binding patterns of F3-induced antisera, there was a clear trend showing the increase in the
binding afﬁnity of IgM antibodies to Globo H and Globo H-series
glycans, including the terminal tetrasaccharide (Bb4) and trisaccharide (Bb3), after 2 wk of F3 treatment compared with the
control (without F3 treatment) (Fig. S2; saccharide structures are
shown in Fig. S3). Contrary to IgM responses, the serum IgG had
no appreciable glycan-binding effects. So far, MBr1, the IgM antiGlobo H monoclonal antibody (mAb), is one of the valuable probes
for Globo H-containing glycoconjugate detection (26, 27), and it
also has been known to exert complement-dependent cytotoxicity
(CDC) against Globo H-positive tumors (8, 28). Thus, we examined
the expression levels of Globo H antigens on the LLC1 cell surface
by mAb MBr1 immunostaining (Fig. S1C). The addition of F3-induced antisera to LLC1 cells was found to trigger cell death in vitro
(Fig. S1D), leading to a speculation that F3 has the potential to
induce antibody-mediated antitumor activity.
Fuc-Enriched F3 Polysaccharide Fraction Induced Antibodies Recognizing
Globo H-Series Structures. Previous reports indicated that the
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fucosylation on polysaccharides is responsible for the immunemodulating activity of F3 (15). Because F3 is known to be a heterogeneous and high-molecular-mass polysaccharide (>100 kDa),
we, therefore, puriﬁed a Fuc-enriched polysaccharide fraction from
F3 (designated as FMS) by a series of chromatographic steps.
Using the size-exclusion chromatography combined with multiangle-laser light-scattering system, the average molecular mass of
FMS was estimated to be 35 kDa. The composition analysis showed
that FMS predominantly consists of Fuc, D-xylose (Xyl), Dgalactose (Gal), and D-mannose (Man) in the ratio of 2:1.5:2.5:3.5,
along with a small amount of glucose and amino-sugars (such as
glucosamine and galactosamine). Methylation analysis indicated
that FMS is based on a 1,4-mannan backbone with side chains at

the C3 position, and a 1,6-α-galactan branched at the C2 position
and is highly decorated with terminal Fuc (Table S1) (29–31).
To examine the glycan-binding properties of FMS-induced
antisera, a more comprehensive glycan microarray with 611
glycans from the Consortium for Functional Glycomics (CFG)
Core H was used to assess the contribution of serum IgM antibodies. We examined second-week serum samples obtained from
FMS- and F3-treated mice, respectively. The sera of control mice
(PBS-treated) were also concurrently analyzed to determine the
background of nonspeciﬁc binding. The 611 glycan-binding
proﬁles, as indicated by relative ﬂuorescence units (RFUs), are
depicted in Fig. 1; it is evident that the anti-glycan IgM antibodies of FMS group have higher speciﬁcity and selectivity than
those of the F3 group for several glycans, including glycan nos.
60, 62, 390, 391, 394, 468, 469, 537, and 538. A detailed list of the
top 30 glycans bound by the F3 group is also deposited in Table
S2. Although the exact antigen that affects the antibody binding
avidity is not clear, it becomes apparent that these top ranked
glycans bound by FMS-induced antisera all shared a common
structure in the nonreducing termini (i.e., Fucα1-2Galβ13GalNAc-R). More interestingly, a group of glycans (nos. 390,
391, and 394) was found to display the highest antibody binding
intensities, suggesting that an additional disaccharide (Fucα12Gal) extension in the reducing end of Fucα1-2Galβ1-3GalNAcR improves the antisera binding afﬁnity. Next, we asked whether
any highly recognized glycans are related to endogenous human
tumor-associated antigens. The identity of these glycan structures and their biological source, when further categorized,
indicate that most of them represent blood group ABH determinants exclusively found in human glycosphingolipids (GSLs) (Fig.
2) (32–34). The three glycans, nos. 390, 391, and 394, have characteristic determinants that belong to terminal glycan structures of
GSL neolacto series (type 3 chain). It has been reported that differences in the distribution of such GSL glycans between normal
and cancerous tissues can be used for the diagnosis of human
cervical carcinoma and bladder tumors (35, 36). In addition, the
other three glycans that were identiﬁed as tumor-associated antigens belong to the members of GSL globo-series structures (type 4
chain), including Globo H (no. 60), Globo A (no. 537), and Globo
B (no. 538). This may be the manifestation of well-known cross-

Fig. 1. Glycan-binding patterns of the serum IgM
antibodies as measured by the CFG glycan microarray. Each histogram represents different sources of
IgM binding to the glycan microarray, where the x axis
shows the glycan number of 611 saccharides examined and the y axis is relative ﬂuorescent units. Serum
samples (tested at 1:100 dilution) from F3-treated
(A), FMS-treated (B), and PBS-treated (C) mice were
collected on day 14 after four dose injections and
analyzed by printed array Version 5.0 of the CFG
Core H. Nine of the identiﬁed glycan structures
marked with glycan numbers are indicated. Dashed
circles indicate the consensus glycan epitope (H-type
3/4 structure). Bars show the average RFUs [n = 4
(A and B); n = 2 (C)].

13810 | www.pnas.org/cgi/doi/10.1073/pnas.1312457110

Liao et al.

reactivity of carbohydrate-speciﬁc antibodies, which led us to speculate that the glycan moiety Fucα1-2Galβ1-3GalNAcα/β (termed
by H-type 3/4) is likely the antigenic determinant underlying the
observed speciﬁcity of the FMS-induced IgM antibodies [i.e., the
antibodies recognize Globo H and the related tumor-associated
glycans (extended Globo H-series)].
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Terminal Fucose of FMS Is Important for the Antibody-Mediated Antitumor
Efﬁcacy. We further studied whether the FMS-mediated antibody

responses to LLC1 cells could trigger cytotoxicity in vitro and
whether such CDC activity is effective to Globo H-positive
tumors. A Globo H-negative mouse tumor cell line TC-1 was
also selected for comparison. As shown in Fig. 3A, the results of
the CDC assay indicated that LLC1 cells are more sensitive than
TC-1 cells to FMS-induced antisera in a concentration-dependent
manner. We further investigated whether FMS could inhibit the
growth of LLC1 cells in vivo. Two immunization plans were
designed to assess both the preventive (Exp-1) and therapeutic
(Exp-2) potentials compared with the control, PBS-treated
LLC1-bearing mice (Fig. S4A). The resulting tumor growth
curves suggested that pretreatment of FMS (Exp-1) could lead to
a greater reduction in tumor volume (P < 0.05 versus control)
(Fig. 3B). Because a close association between chronic inﬂammation and tumor development is often implied, we examined
whether FMS dosage may regulate the production of LLC1associated inﬂammatory mediators in vivo. After tumor inoculation,
a multiplex cytokine proﬁling showed that two chemokines and one
cytokine, monocyte chemoattractant protein (MCP)-1, CXCL1
(KC), and granulocyte colony-stimulating factor, respectively, were
remarkably decreased in the mice pretreated with FMS (Exp-1)
on day 28 (P < 0.05 versus day 28 control) (Fig. 3C), More
Liao et al.
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Fig. 2. A spectrum of tumor associated-glycans highly recognized by FMS-induced antisera. Each glycan structure with chemical linker is printed on the CFG
Version 5.0, which was classiﬁed into two groups. Structures of the linkers are
indicated: sp0, CH2CH2NH2; sp9, CH2CH2CH2CH2CH2NH2; sp21, N(CH3)
OCH2CH2NH2. Deﬁnition of blood group determinants (H, A, or B) is annotated.

interestingly, administration of FMS effectively lowered the serum levels of MCP-1 in LLC1-bearing mice. It is known that
MCP-1 secreted from tumor cells is an important determinant in
the pathogenesis of human lung cancers. Previous studies have
also demonstrated that blockade of MCP-1, as mediated by
neutralizing antibodies, in several animal models of non-small
cell lung cancer signiﬁcantly slowed the growth of primary tumors (37, 38). These results, thus, supported the notion that FMS
could not only suppress the LLC1 cell growth but also attenuate
relative inﬂammation levels in vivo.
The unexpected abilities of F3 and FMS serving as immunogens
to induce antibodies and suppress Globo H-positive tumor growth,
together with the glycan microarray analysis, suggest that the unit
structure of antigen present in F3 and FMS may be fucosylated
glycans. Previous studies demonstrated that the minimal epitope of
mAb MBr1 is the H-type 3/4, such as the terminal trisaccharide of
Globo H (Fucα1-2Galβ1-3GalNAcβ, also called Bb3), and that the
terminal Fuc is essential for the antibody recognition (27, 34, 39). To
examine whether Globo H-series molecules exist in our Reishi
polysaccharides, we fabricated saccharide-printed slides by attachment of Globo H (100 μM), F3 (1 mg), and FMS (1 mg) onto
N-hydroxysuccinimide–activated glass slides, and then the chips
were interrogated with MBr1. As expected, the binding curve of the
antibody to Globo H was in a dose-dependent manner. FMS and F3,
nonetheless, displayed neither signiﬁcant binding interaction
nor dose-dependent behavior (Fig. 3D). Regarding to the antibody speciﬁcity, we previously reported that Globo H-based
glycoconjugate vaccines induced antibodies more selectively for
Globo H, SSEA3 (also called Gb5, Galβ1-3GalNAcβ1-3Galα14Galβ1-4Glcβ), and SSEA4 (Neu5Acα2-3Galβ1-3GalNAcβ13Galα1-4Galβ1-4Glcβ) (9). However, such cross-reactivity was not
found in either F3- or FMS-induced IgM antibodies. This led us to
think that Reishi polysaccharides may not contain Globo Hseries antigens. This was probed with saccharide-printed slides
interrogated with two α-L-Fuc–speciﬁc lectins, Ulex europaeus
agglutinin-I (UEA-I) and Aleuria aurantia lectin (AAL). AAL
bound to all of the samples, conﬁrming the presence of α-fucosyl
linkages. Both FMS and F3 showed signiﬁcant binding intensities
with lectin UEA-I (Fig. 3E), suggesting that the existence of Fucα12Gal disaccharide unit. The observed low binding of Globo H is
consistent with the previous data showing that the lectin UEA-1 is
unreactive to the H-type 3/4 structures (40, 41). Taken together, the
results provide evidence that our Reishi polysaccharides contain α-Lfucosylated glycans but may differ from the Globo H-series structures.
To investigate whether the α-fucosyl residues of FMS are
correlated with antitumor activities, we selectively removed the
terminal Fuc of FMS by a recombinant α-L-fucosidase from
Bacteroides fragilis. A modiﬁed form of FMS, designated as DFMS,
was obtained after enzymatic hydrolysis and subsequent puriﬁcation. The Fuc content in DFMS was 50% of that in FMS, as
determined by the high-performance anion-exchange chromatography with pulsed amperometric detection method. We then
compared the antitumor efﬁcacy of DFMS and FMS using the
preventive immunization plan as mentioned earlier. Both the
CDC activity and tumor growth analysis showed that DFMS did
not display appreciable inhibition on the survival of LLC1 cells in
vitro and in vivo (Fig. 3 F and G), contrary to FMS. Furthermore,
there was no statistically signiﬁcant difference in MCP-1 levels
between DFMS-treated mice and the control mice, in contrast to
the observed reduction of sera MCP-1 in FMS group (Fig. 3H).
These results strongly supported a direct connection between the
terminal fucosylation levels of FMS and the antitumor efﬁcacy.
To validate whether the serum antibodies are directly involved in
the antitumor activity, and to study whether the antisera from
different treatments have any change in the glycan-binding
speciﬁcity, the Globo H-related printed glycan microarray was
applied. As expected, the serum IgM against Globo H was signiﬁcantly reduced in the DFMS group (P < 0.01 versus FMS
group), consistent with its distinct antitumor effect (Fig. 4A and
saccharide structures are shown in Fig. S3). Furthermore, we also
conﬁrmed that the FMS-induced antisera to FMS were detectable
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Fig. 3. Antitumor activities of FMS. (A) Antibody-mediated cytotoxicity (CDC) of antisera from FMS-treated mice to LLC1 and TC-1 tumor cells was determined by a lactose dehydrogenase kit. The value of antisera heated at 56 °C for 30 min (HI-antisera) is indicative of the complement depletion effect. (B)
Comparison of antitumor effects between preventive (Exp-1) and therapeutic (Exp-2) FMS treatment in vivo. Control is PBS-treated mice with tumor inoculation. (C) FMS treatment suppressed tumor-associated cytokines and chemokines production in vivo. Serum samples were collected at indicated time after
tumor inoculation and examined by Beadlyte mouse 21-pex kits. (D and E) Distinct binding intensities of plant lectins (AAL, 2 μg/mL; UEA-I, 10 μg/mL) and antiGlobo H mAb (MBr1, 0.5mg/mL) to Globo H (GH), FMS and F3 were determined by using the fabricated glycan microarray. (F–H) DFMS (low-Fuc content of
FMS) treatment reduced CDC (F) and antitumor activities in vivo, as assessed by tumor growth curves (G) and MCP-1 production levels (H). Values show the
means ± SD (n ≈ 3–5 for each experiment). n.d., not detectable; NS, no statistical signiﬁcant.

in the dilution range between 1:20–1:320, whereas the quantities of
FMS-binding IgM antibodies were substantially reduced in the
DFMS group, as determined by the FMS-coated 96-well plates (P <
0.05) (Fig. 4B). However, no IgG isotype in response to serological
assays was detected in either study group using the same dilution
factor. Because the total IgM production of each group (FMS versus
DFMS) was similar, the results of these tests demonstrated that
terminal fucosyl residues of FMS are critical to its immunogenicity.
Although mushroom polysaccharides containing β-glucose and
α-mannose have been postulated to have antitumor actions through
innate carbohydrate-recognizing receptor interactions (42, 43), our
results highlight the importance of terminal Fuc on Reishi polysaccharides in the antitumor activities.

marker for plasma cells, whereas only an insigniﬁcant amount
of CD138+ B1 B cells was detected upon DFMS treatment (Fig.
4D). Additionally, we observed a considerable increase in IgM
production after ex vivo culture of B1 B cells with FMS but not with
DFMS treatment (Fig. 4E). However, neither FMS nor DFMS
caused any noticeable effect on B2 B-cell activation. Although in
vivo integrated immune responses involved in the activation of B1
B cells remain unclear, our data support that the peritoneal B1 B
cells play a direct role in responding to FMS as well as TI antigens,
resulting in an enhanced level of FMS-speciﬁc antibody-secreing
cells (plasmablasts), along with increased IgM antibodies.

Immunization of FMS Stimulates B1 B-Cell Activation. Most antiglycan/polysaccharide antibodies belong to the IgM isotype,
which is likely produced by a subset of B cells known as B1 B
cells (12, 13). Because the majority of B1 B cells reside predominantly in the peritoneal and pleural cavities of mice, we,
thus, investigated whether there was any cellular change in the
mice peritoneal cavity after 1 mo of FMS treatment. The result is
depicted in Fig. 4C (also see Fig. S5). We found that the percentages of B1 B cells (IgMhiIgDloCD11blo) in FMS-treated
mice dramatically increased (up to 46%) in comparison with the
control (only 16%), whereas both B2 B cells (IgDhi) and the
monocyte-macrophage (Mϕ) (CD11bhi) populations remained
similar to those of the control, as indicated by ﬂow cytometry. To
further conﬁrm whether the increased levels of peritoneal B1 B
cells are directly associated with FMS-speciﬁc antibody responses, we puriﬁed both B1 B and B2 B cells from the peritoneal cavities of FMS-treated mice and cultured ex vivo in the
presence of either FMS or DFMS for 3 d. As expected, the
addition of FMS to the culture caused a dramatic increase of
B1 B cells that were positive for CD138 expression, a surface

linkage analysis, we concluded that FMS, unlike some common
glycans, comprises Fuc, Gal, Man, and Xyl (Table S1). In particular, the sugar analysis supports the presence of a signiﬁcant
amount of terminal Fuc residues, which is of immunobiological
relevance. Using a competition assay, we found that intact FMS
(molecular mass, ∼35 kDa) and the small glycan fragments
(molecular mass, <3 kDa) derived from FMS or algal fucoidan
(FMS-H or fucoidan-H, respectively, prepared by partial acid
hydrolysis) all served as competitive inhibitors to decrease the
interactions of the FMS-induced antisera with Globo H-printed
glycan microarray, whereas an intact algal fucoidan (Sigma;
F-5631) puriﬁed from Fucus vesiculosus did not (Fig. S4B) (44).
The result supports that fucosylated and/or oligofucosylated
glycans, which can be released by acid hydrolysis from FMS, are
the most promising small immuno-active molecules to be identiﬁed as biologics. Inexplicably, a MALDI-MS mapping of the
partial hydrolysates failed to detect such convincingly fucosylated fragments among the predominant oligo-hexoses despite
the apparent abundance of Fuc in the FMS (Fig. S6A). We,
therefore, conducted the nano-liquid chromatography–tandem
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Identiﬁcation of Fucosyl Glycan Moieties of FMS by an MS-Based
Approach. Based on the aforementioned sugar composition and
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disaccharide epitopes, namely Fuc-Hex, Fuc-Xyl, and Fuc-Fuc at m/z
415, 371, and 385, respectively, were further isolated for MS3
analysis to conﬁrm their identities and deﬁne their linkages. Four
selected pairs of MS2/MS3 spectra are depicted in Fig. S7, which are
representative of the range of fucosylated epitopes carried by
FMS. Through manual interpretation of the fragment ions, it is
clear that a terminal Fuc residue can indeed be directly attached to
a Hex (Man or Gal), Xyl, or another Fuc, most commonly at the C4
and C2 position in each case, although it is not possible to rule out
other coexisting linkages. The Fuc-Hex moiety can be further extended at the reducing end by another Hex or Xyl, whereas a FucXyl unit can be extended by another Hex. Intriguingly, a stretch of
tri-Fuc can also be found, along with alternative isomers in which the
Fuc residue is located internally or at the reducing end. These results
may explain our observation that the possible molecular basis of the
FMS-induced IgM antibodies could cross-react with H-type 3/4
glycans (30, 45–47).
Conclusion
The collective work described here demonstrates that FMS, the
Fuc-enriched polysaccharide fraction from F3, exhibits unique
immunogenicity, and that the mice immunized with F3 or FMS
could exert effective antibody-mediated reaction against Globo
H-expressing murine LLC1 cells. These ﬁndings are consistent
with our previous assertion that the host immune function enhanced by Reishi polysaccharides offer great promise for the
immunotherapy of Globo H-positive lung cancer patients (48).
Based on our glycan structural analysis, the most likely fucosyl
glycan moieties are Fucα1-2Gal-R, Fucα1-3/4Man-R, Fucα14Xyl-R, and Fucα1-2Fuc-R. It is likely that some of them activate the antibody responses against tumor-speciﬁc glycan epitopes, paving the way for developing complex carbohydrates for
immunomodulation-based therapy. Although this study is limited
to Reishi polysaccharides and mostly to lung cancer, the approach of high-throughput glycan microarray analysis and detailed structural analyses of carbohydrate antigens should be
applicable to other medicinal polysaccharides, which induce different antibody-mediated biological functions.
Materials and Methods
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MS (nano–LC-MS/MS) analysis of the permethylated oligoglycosyl alditols, taking advantage of the highest sensitivity and
selectivity afforded by a Fuc-dependent multistage MS/MS data
acquisition. In this mode, as many MS2 analyses as possible were
initially performed on as many detectable peaks, but only few
targeted product ions would be further analyzed. In essence, the
MS/MS functions would automatically sieve through hundreds of
peaks and focus only on those of interest, which, in this case, are
the minor components carrying terminal Fuc. It is evident from
the LC-MS proﬁles that these fucosylated oligosaccharides were
100-fold less abundant than the hexose (Hex)-only oligosaccharides,
which may constitute the structural backbone of FMS (Fig. S6B and
Table S3). Among the MS2 product ions afforded by fucosylated
precursors, the B ions of three distinct terminal fucosylated
Liao et al.

Glycan-Binding Analysis of Serum IgM Antibodies. For a comprehensive glycan
microarray analysis, the mice were administrated i.p. with test samples (150 mg/kg
body weight per mouse) twice weekly and the serum samples were harvested
on day 14 after ﬁrst immunization. PBS-treated mouse sera served as control
group. The glycan-binding proﬁling of IgM antibodies were investigated on the
glycan microarray at Core H of the CFG (Emory University School of Medicine,
Atlanta, GA). The serum samples were diluted by 1:100 dilution and screened
using Version 5.0 of the printed array containing 611 glycans in hexaplicates.
The procedure as well as all glycan structures of the referenced CFG numbers
are available on the CFG Web site (www.functionalglycomics.org).
Research materials and details regarding the experimental methods, including
sugar analysis, immunization schedule and mouse tumor model, serological assays,
glycan-binding assays, FACS analysis, and MS analysis, etc. are described in SI
Materials and Methods.
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Fig. 4. Correlation between anti-glycan IgM production and B1 B cells expansion in the mice immunization with our Reishi polysaccharides. (A and B)
Antisera from FMS- and DFMS-treated mice were assessed by Globo H-related
printed glycan microarray (A) and FMS-coated ELISA plate (B). (A) Binding of IgM
to Globo H (GH) and its truncated forms (tested at 1:100 dilution) was normalized by setting the IgM anti-Gb5 as 1. (B) Binding of IgM to FMS (tested at
1:20–1:320 dilution) was measured by detecting the absorbance at 450 nm. (C–E)
Expansion of peritoneal B1 B cells upon FMS immunization. FACS proﬁles of B1 B
cells represent FMS-treated mice and control. Additional levels of B2 B cell and
macrophage are shown in Fig. S4. Numbers (%) indicate the positive cells in each
gate (C). FMS induced up-regulation of plasma cell surface marker (CD138) (D)
and IgM production (E) in ex vivo B1 B cells culture puriﬁed from FMS-treated
mice. Means ± SD (n ≈ 3–5 for each experiment). n.d., not detectable.

Preparation of FMS. The starting material is a commercial product (called F3,
a crude extract fraction of water-soluble and Fuc-containing polysaccharides
from Ganoderma lucidum, Reishi) manufactured by Wyntek. F3 was dissolved in
50 mM ammonium acetate and the insoluble residue was removed by centrifugation. The supernatant was fractionated by diethylaminoethyl (DEAE)–
Sephadex A-50 chromatography to obtain a fraction using 50 mM ammonium
acetate as the eluent. After desalting, the fraction was further puriﬁed by reversed-phase high-performance liquid chromatography using a semipreparative
C8 column coupled with an Agilent 1100 series system. All runs required 0.05%
triﬂuoroacetic acid as the eluent, and the ﬂow-through was collected. The selected fraction was subjected to Sephadex G-50 chromatography (1.5 × 100 cm)
using distilled water as eluent. The carbohydrate-containing fractions, detected
using the phenol-sulfuric acid method, were lyophilized to give a polysaccharide
product designated as FMS (total yield, <0.1%). Polysaccharide preparations
were monitored routinely by the Limulus Amebocyte Lysate test (Associates
of Cape Cod) to ensure absence of endotoxin contamination.
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