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ABSTRACT: The globo-series glycosphingolipids (SSEA3, SSEA4,
and Globo H) were shown to express in many cancers selectively,
and a combination of anti-SSEA4 and anti-Globo H antibodies was
able to suppress tumor growth in mice inoculated with breast cancer
cell lines. To further understand the effect, we focused on the
combined effect of the two antibodies in target binding and antibody-
dependent cellular cytotoxicity (ADCC) in vitro. Here, we report
that the binding of anti-Globo H antibody (VK9) to MDA-MB231
breast cancer cells was influenced by anti-SSEA4 antibody (MC813−
70), and a combination of both antibodies induced a similar effect as
did anti-SSEA4 antibodies alone in a reporter-based ADCC assay,
indicating that SSEA4 is a major target in breast cancer due to its
higher expression than Globo H. Furthermore, we showed that a
homogeneous anti-SSEA4 antibody (chMC813−70-SCT) designed
to maximize the ADCC activity can be used to isolate a subpopulation of natural killer (NK) cells that exhibit an ∼23% increase in
killing the target cells as compared to the unseparated NK cells. These findings can be used to predict a therapy outcome based on
the expression levels of antigens and evaluate therapeutic antibody development.

■ INTRODUCTION

Carbohydrates are often linked to lipids and proteins through
glycosylation and expressed on a cell surface. They are involved
in protein folding and many cellular recognition events.1−3

However, the roles carbohydrates play in biology have not
been well-understood until recently more advanced technology
and more in-depth research have been reported, and their
importance in biological processes has now been brought to
light.1

Glycosphingolipids (GSLs) are the major glycolipids in the
plasma membranes that consist of a glycan attached to a lipid
moiety called ceramide. Variations in glycan and ceramide
structures produce a tremendous diversity of GSLs, which are
further classified into several series, such as ganglio, lacto,
globo, etc.2 GSL synthesis is initiated in the endoplasmic
reticulum (ER) in which a sphingolipid base is condensed with
an acyl-CoA to form a ceramide, which can be transported by
ceramide transfer proteins (CERTs) to a trans-Golgi network
(TGN) for the synthesis of sphingomyelin or by a vesicular
transport to a cis-Glogi to generate glucosylceramide (GlcCer).
GlcCer can then be transported either by another lipid transfer
protein, a four-phosphate adaptor protein 2 (FAPP2), or by
vesicular transport to the luminal leaflet of TGN, where
GlcCer is galactosylated to form lactosylceramide (LacCer),
which is further glycosylated with various glycosyltransferases

in TGN to give different GSL series. Though the GSL
expression is not template-driven, different cell types tend to
exhibit a specific GSL expression. In fact, the GSL expression is
strictly regulated during development and can serve as a cell-
type-specific marker.3 It was found that LacCer synthase
(LCS) preferentially interacts with GM3 synthase (GM3S) in
the Golgi cisternae, while it interacts with Gb3 synthase
(Gb3S) in the TGN. On the one hand, if LacCer is transported
via vesicular transport to the Golgi cisternae, it is primarily
converted to ganglio-series GSLs. On the other hand, if LacCer
is transported by FAPP2 to the TGN, it is converted to globo-
series GSLs.4

GSLs tend to form a cluster in the lipid raft of the cell
membrane and participate in various biological activities,
including cell adhesion, proliferation, signaling, immune
response, and infection. One study showed that the interaction
between ganglioside GM3s can facilitate the adhesion and
spreading of mouse melanoma B16 cell line.5 Another study
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showed that GSLs can have an opposite effect: the ganglioside
GD3 and globo-series Gb3 can inhibit a proliferation in the
normal breast cell line MCF10A by activating the Merlin/NF2
tumor suppressor gene.6 The fatty acid component of ceramide
was found responsible for GSL signaling, and the metabolite
sphingosine-1-phospate could induce an immune response.7

LacCer can enhance neutrophils’ phagocytosis of micro-
organisms,8 but many studies have shown that it is a target
for some pathogens to infect cells.9 As more and more
biological functions of GSLs are uncovered, it is not surprising
that GSL deregulation plays a role in human diseases. Indeed,
the aberrant GSL expression has been observed in many
neurological diseases as well as cancers. An overexpression of
ganglioside GM1 in Alzheimer’s disease was found to
accelerate β-sheet formation of amyloide-β proteins.10−12 In
Parkinson’s disease, however, the GM1 expression is much
reduced.13 Mice with Huntington’s disease had an increased
expression of GD1a and a reduced expression of GM2-Neu.14

Ganglioside GD2 is overexpressed in a wide range of cancers
and can activate signaling associated with proliferation,
invasion, and motility. So far several anti-GD2 antibodies
have been approved for clinical use.15 More evidence has
shown that ganglioside GD3 is a new potential target due to its
ability to mediate tumor growth and high expression in many
cancers.16 Overall, the various biological functions of GSLs and
their wide expression in human diseases have made GSLs a
promising target in immunotherapy.

■ GLOBO-SERIES GSLS

Globo-series GSLs contain the basic structure globotriaose
(Gb3) or Galα1,4Galβ1,4GlcCer. An addition of a β-linked N-
acetylgalactosamine (GalNAc) to the terminal galactose of
Gb3 generates globotetraose (Gb4). Galactosylation of Gb4
catalyzed by β1,3-galactosyltransferase V (β3GalT5) produces
stage-specific embryonic antigen 3 (SSEA3), which serves as
the precursor of SSEA4 and Globo H. A fucosylation of the
terminal galactose of SSEA3 by fucosyltransferase-1 (FUT-1)
and fucosyltransferase-2 (FUT-2) forms Globo H,17 while the
sialylation of a terminal galactose of SSEA3 by β-galactoside
α2,3-sialyltransferase (ST3Gal-II) forms SSEA4 (Figure 1).
SSEA3 and SSEA4 were originally observed on the pluripotent
cells of the inner cell mass of a blastocyst during an early
embryonic development, but they were lost upon differ-
entiation. Therefore, scientists have used them to isolate
human embryonic stem cells (hESCs). Other studies also
showed that SSEA4 is expressed in stem cells from kidneys,

testes, and ovaries.18−20 Although the SSEA4 expression in
normal cells is rare, it was found to increase rapidly in many
cancers, including breast cancer,21 basaloid lung cancer,22

osteosarcoma,23 prostate cancer,24 ovarian cancer,25 and oral
cancer.26 In addition, the anti-SSEA4 antibody MC813−70
was found to be able to trigger complement dependent
cytotoxicity (CDC) in glioblastoma multiforme (GBM) cell
lines expressing SSEA4 in vitro and inhibit the growth of a
GBM cell line in a xenograft mouse model.27 In addition to its
broad expression in cancers, other studies have associated
SSEA4 with characteristics of tumors, such as tumorigenicity,
metastasis, and chemoresistance. SSEA4+ osteosarcoma cells
had a higher probability to form tumors in mice than SSEA4−

cells.23 SSEA4+ prostate cancer downregulated epithelial-cell
associated markers and upregulated mesenchymal markers,
suggesting a gain of a migratory phenotype.27 A high SSEA4
expression was observed in chemotherapy-resistant breast
cancer cells and was correlated with a poor prognosis.28

In 1997, Globo H was found expressed in various epithelial
cancers by immunohistochemistry, including small-cell lung,
breast, prostate, pancreas, gastric, ovarian, and endometrial
cancers. Also, because most breast cancer specimens have a
Globo H expression and Globo H expressed by normal cells is
extremely rare and inaccessible to the immune system, it has
been considered as a promising target for immunotherapy and
diagnosis.17,29,30 Carbohydrates alone generally exhibit poor
immunogenicity, so they are often conjugated with a carrier
protein to induce a better immune response. It was shown that,
when Globo H is conjugated to keyhole limpet hemocyanin
(KLH) and adjuvanted with QS21 (a mixture of saponins), a
strong immune response is induced to Globo H positive cancer
cells. The vaccine was further developed by OBI for the
treatment of triple-negative breast cancer, and a global phase 3
clinical trials is ongoing (NCT03562637).31 It was also
demonstrated that high IgG titers can be induced in mice
when Globo H or SSEA4 is conjugated with Diphtheria toxoid
(DT) and used as a vaccine in combination with an α-
galactosylceramide analogue (C34) designed to act as an
adjuvant and to induce a class switch from IgM to IgG.21

Previously, we found that SSEA3, SSEA4, and Globo H are
overexpressed in GBM and various cancer cell lines of an
additional 13 cancer types,32 and SSEA3 and β3GalT5 are
specific markers for breast cancer stem cells.33 We also found
that SSEA3, SSEA4, and Globo H form a complex in the lipid
raft with caveolin-1 (CAV1) and focal adhesion kinase (FAK)
for signaling.34 Since SSEA4 and Globo H are expressed in

Figure 1. Biosynthesis of globo-series glycosphingolipids. Gb3, globotriaose; Gb4, globotetraose; SSEA3, stage-specific embryonic antigen 3;
SSEA4, stage-specific embryonic antigen 4; β3GalNAcT1, β1,3-N-acetylgalactosaminyltransferase 1; β3GalT5, β1,3-galactosyltransferase V;
ST3Gal-II, β-galactoside α2,3-sialyltransferase; FUT-1, fucosyltransferase-1; FUT-2, fucosyltransferase-2.
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most cancers, we hypothesized that targeting SSEA4 and
Globo H simultaneously may be a better strategy (Figure 2).

Preliminary data have shown that a combination using these
two antibodies induced an additive or synergistic tumor
suppression in mice.34 Therefore, we would like to evaluate the
combined effect of these two antibodies through an antibody-
dependent cellular cytotoxicity (ADCC) assay to understand
whether the effect observed in vivo could be reproduced in
cell-based assays. Furthermore, by correlating the surface
glycan staining with antibodies and their ADCC response, we
can explore their use as a companion test to predict a therapy
outcome based on patients’ expression levels of globo-series
GSLs as well as to evaluate strategies for therapeutic antibody
development.

■ RESULTS
Surface Staining of Globo-Series GSLs. To understand

the combined effect of anti-SSEA4 and anti-Globo H
antibodies, it is essential to first understand whether they
influence each other when binding to their antigens. Here we
used certain concentrations of direct conjugated mouse
antibodies, MC813−70 (anti-SSEA4) and VK9 (anti-Globo
H), to perform single staining (with one type of antibody) and
double staining (with two types of antibodies) on MCF-7 and
MDA-MB-231. We hypothesize that, on the one hand, if the
two antibodies do not influence each other in antigen binding,
signals (mean florescence intensities relative to isotype
control) from single staining and double staining should be
similar. On the other hand, if they influence each other, signals
from single staining and double staining should be different.

For single staining, cells were incubated with 10 μg/mL
MC813−70-AF488 or 5 μg/mL VK9-APC, both of which are
oversaturated concentrations much greater than their KD
values (MC813−70: 4.21 ± 0.26 nM; VK9: 1 ± 0.116
nM).30,32 For double staining, cells were incubated with an
antibody mixture containing MC813−70-AF488 (10 μg/mL)
and VK9-APC (5 μg/mL). After the flow cytometry analysis,
we found that, for MC813−70, the single staining signal was
comparable to the double staining signal on both cell lines,
indicating that VK9 does not affect the antigen binding of
MC813−70. For VK9, however, signals between single staining
and double staining were different: MCF-7 had a lower signal
in double staining, whereas MDA-MB-231 had a higher signal
in double staining (hereinafter we refer to the difference as the
VK9 signal difference). This suggests that MC813−70 can
affect the antigen binding of VK9 (Figure 3a, Figure S1). This
result prompted us to examine whether the VK9 signal
difference also occurs in the double staining of SSEA3 and
Globo H. Therefore, we double stained the two cell lines with
MC631 (anti-SSEA3) and VK9. After three independent
experiments, no significant VK9 signal difference was observed
in both cell lines (Figure 3b), indicating that MC631 and VK9
do not influence each other in binding antigens.
Since mouse IgG3 antibodies have very low affinities to

human FcγRIIIa receptor and thus induce a poor ADCC
response, we obtained the chimeric antibodies chAb6 (anti-
SSEA4 antibodies) and chVK9 (anti-Globo H antibodies) with
a human IgG1 Fc portion, from Dr. HC Wu’s laboratory, for
the purpose of examining the ADCC response targeting SSEA4
and Globo H. First, we examined the combined effect of
conjugated chAb6 and chVK9 by surface staining as well. The
results showed that, similar to the double staining of SSEA4
and Globo H using mouse antibodies, chAb6 signals between
single staining and double staining were similar. However,
interestingly, chVK9 signals between single staining and double
staining were also similar (Figure 3c). This indicates that
chAb6 and chVK9 do not affect each other in antigen binding.
We next used these two chimeric antibodies for a subsequent
ADCC assay.
It is noteworthy that staining signals using conjugated

antibodies are influenced by factors such as the fluorophore
brightness and voltage setting on flow cytometers and, thus, do
not reflect the actual or relative amounts of SSEA4 and Globo
H. By a surface staining with unconjugated chimeric antibodies
(indirect method) in the following experiments, the relative
amount of SSEA4 and Globo H on MCF-7 is ∼10:1 (Figure 6,
Table S3).

ChAb6 Induced a Higher ADCC Response than
chVK9. To determine the ADCC response targeting SSEA4
and Globo H, we used chAb6 and chVK9, which share the
same human IgG1 Fc sequence with a high affinity to human
FcγRIIIa. Before evaluating a combined effect, we first tested
these two antibodies separately on MCF-7, which has high
levels of SSEA4 and Globo H expression among breast cancer
cell lines. To measure the ADCC response, here we used an
ADCC reporter bioassay, which has a lower variability and
higher accuracy and precision than peripheral blood mono-
nuclear cell (PMBC)-based ADCC. The results showed that
chAb6 induced a more significant ADCC response than
chVK9, indicating SSEA4 is probably a better target than
Globo H in breast cancer. This difference in ADCC response
was correlated with the difference in staining signal (by an
indirect method) (Figure 4, Table S1).

Figure 2. A schematic presentation of the research approach. To
understand whether a synergistic effect34 can be reproduced in vitro,
we evaluated the combined effect of anti-SSEA4 and anti-Globo H
antibodies by an ADCC assay and performed staining to detect the
surface expression level of SSEA4 and Globo H as a reference. For
surface staining, chimeric or mouse (not shown) antibodies were
used. Antibody labeling for detection could be direct (not shown) or
indirect. For an ADCC assay, only chimeric antibodies were used.
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To further understand the difference in the ADCC response,
we checked the Fc glycosylation of these two antibodies, which
could also affect the ADCC response. To this end, we digested
the two antibodies with trypsin and subjected them to mass
spectrometry for a glycoform analysis. The results showed that
both antibodies have similar N-glycan compositions, with
∼80% core-fucosylation and 42% with terminal galactosylation
(Table 1). Compared with other glycan structures, FA2 and

FA1 showed relatively different percentages between the two
antibodies. However, these two glycan structures have not
been reported to affect the ADCC response. We also noted
that high mannose type N-glycans, which could reduce Fc
core-fucosylation and thus increase the ADCC, are slightly
different: chAb6 (7.93%) showed a somewhat higher
percentage than chVK9 (4.79%). Overall, we concluded that

Figure 3. Surface staining of globo-series GSLs on MCF-7 and MDA-MB-231. (a) Double staining of SSEA4 and Globo H using AF488-
conjugated MC813−70 and APC-conjugated VK9 (mouse antibodies). VK9 signal difference was observed: MCF-7 showed a reduced double
staining signal, while MDA-MB-231 showed an increased double staining signal. This indicates that VK9 does not affect the antigen binding of
MC813−70, but MC813−70 affects the antigen binding of VK9. The scatter plots are provided in Figure S1. (b) Double staining of SSEA3 and
Globo H using AF488-conjugated MC631 and APC-conjugated VK9 (mouse antibodies). Single-staining and double-staining signals were similar
for both MC631 and VK9, indicating the two antibodies do not affect each other when binding antigens. (c) Double staining of SSEA4 and Globo
H using FITC-conjugated chAb6 and APC-conjugated chVK9 antibodies. Single-staining and double-staining signals were similar for both chAb6
and chVK9, indicating the two antibodies do not affect each other when binding antigens. To determine whether the two antibodies influence each
other when binding antigens, we compared the staining signal mean fluorescence intensities (MFIs, representing the geometric mean intensities)
relative to the isotype control between the single staining (ss, in black) and double staining (ds, in red) in each cell line.
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the Fc glycosylation of these two antibodies may not
contribute significantly to the ADCC response difference.

ChVK9 Induced Little ADCC Response. We then
evaluated the combined effect of chAb6 and chVK9 by an
ADCC assay in several breast cancer cell lines that were shown
to express both SSEA4 and Globo H.32 In combination groups,
half the amount of each antibody was added so that the total
amount of antibody is equal to that in single antibody groups.
After 6 h of incubation with target cells and effector cells, the
results showed that the combination groups induced a slightly
lower ADCC response than chAb6 groups for each cell line
(Figure 5 main graphs, Table S2). However, when we changed
the x-axis from the total antibody concentration to the chAb6
concentration, the combination groups and chAb6 groups
almost completely overlapped (Figure 5 inset graphs). This
indicates that the ADCC response induced in the combination
groups is primarily from chAb6. In other words, chVK9 hardly
induced an ADCC response in combination. This phenomen-
on is particularly evident in Globo H+ cell lines, MCF-7, and
MDA-MB-157, in which chVK9 alone did induce an ADCC

Figure 4. ADCC induction of chimeric Ab6 and chimeric VK9 and
relative expression levels of SSEA4 and Globo H on MCF-7. ADCC
assay was performed as described in Methods. The results showed
that chAb6 induced a stronger ADCC response than chVK9 due to a
high SSEA4 expression. Fold of induction is calculated as described in
Methods. Surface staining was performed by an indirect method using
10 μg/mL unconjugated chAb6 or chVK9. The raw data are provided
in Table S1.

Table 1. N-Glycan Compositions of Chimeric Ab6 and Chimeric VK9a

aChAb6 and chVK9 were first digested by trypsin to produce glycopeptides (described in Methods) and then were analyzed for glycoforms by mass
spectrometry. Non-core fucosylated N-glycans are shown as exploded slices. Numbers indicate the percentages of total N-glycan.

ACS Chemical Biology pubs.acs.org/acschemicalbiology Articles

https://doi.org/10.1021/acschembio.1c00396
ACS Chem. Biol. 2021, 16, 1526−1537

1530

https://pubs.acs.org/doi/suppl/10.1021/acschembio.1c00396/suppl_file/cb1c00396_si_001.pdf
https://pubs.acs.org/doi/10.1021/acschembio.1c00396?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acschembio.1c00396?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acschembio.1c00396?fig=fig4&ref=pdf
https://pubs.acs.org/doi/suppl/10.1021/acschembio.1c00396/suppl_file/cb1c00396_si_001.pdf
https://pubs.acs.org/doi/10.1021/acschembio.1c00396?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acschembio.1c00396?fig=tbl1&ref=pdf
https://pubs.acs.org/doi/10.1021/acschembio.1c00396?fig=tbl1&ref=pdf
pubs.acs.org/acschemicalbiology?ref=pdf
https://doi.org/10.1021/acschembio.1c00396?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Figure 5. Combined effect of chAb6 and chVK9 in an ADCC assay on various breast cancer cell lines. In combination, half the amount of each
antibody was added. The results showed that chAb6 induced most of the ADCC response in combination, whereas chVK9 induced very little. For
the y-axis, FOIC stands for fold of induction (test/calibrator): Fold of induction (calculated as described in Methods) is divided by a common
calibrator, in which 0.183 ng/mL Rituximab and WIL2-S (target cell) were used to compare between different cell lines. In the main graphs, the
FOIC was plotted against the total antibody concentration. The inset graphs were generated by changing the x-axis to the chAb6 concentration.
Surface staining was performed by an indirect method using 10 μg/mL unconjugated chAb6 or chVK9. The raw data are provided in Table S2.
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but did not induce a higher response in the combination
groups.
Positive Correlation between Surface Expression and

ADCC. For anti-SSEA4 and anti-Globo H antibodies to
become therapeutic drugs, it is imperative to understand what
specific groups of patients can benefit from this therapy, that is,
how the expression levels of SSEA4 and Globo H are required
to induce a significant ADCC response. Therefore, we
correlated the staining signal with the ADCC response for
each antibody concentration in each breast cancer cell line to
create dot plots of SSEA4 and Globo H. Here we used the
same batches of chAb6 and chVK9 for surface staining and
ADCC assay to establish a better correlation. In surface
staining, cells were first stained with these two antibodies,
followed by a second incubation with AF488-conjugated goat
antihuman IgG antibodies (described in Methods). The results
showed that the SSEA4 dot plot exhibited a fitted curve,
whereas the Globo H dot plot exhibited a fitted line (Figure 6,
Table S3). In the SSEA4 dot plot, interestingly, MCF-7 and

MDA-MB-231 exhibited slightly different correlations: For
each antibody concentration, MCF-7 had a higher SSEA4
staining signal than MDA-MB-231, but it induced a lower
ADCC response than MDA-MB-231. Next when we compared
the two dot plots at the same scale, we found that, for each unit
increase in staining signal, chAb6 induced an ADCC response
more effectively than chVK9. Moreover, we noticed that, at 30

μg/mL chVK9, the staining signals were reduced, but ADCC
responses remained increasing for MCF-7 and MDA-MB-157
(Figure 6).
We further study the competition between MC813−70 and

VK9 by immunostaining. The cell-staining analysis showed
that even MCF-7 cells, which have a high expression of Globo
H, are predominantly bound with MC813−70 at the 1:50 ratio
between MC813−70 and VK9 (Figure 7a). This is consistent
with the surface staining results (Figure 3a). To further
evaluate the therapeutic potential of anti-SSEA4 antibodies, we
turned the commercially available and widely used anti-SSEA4
antibody MC813−70 into a homogeneous chimeric glycoform
with 2,6-sialyl complex-type glycan attached to Asn-297
(chMC813−70-SCT, Figure 7b). On the basis of an SPR
analysis and other structural studies, it was shown to enhance
the avidity toward the FcγIIIA receptor and the corresponding
ADCC effector function (Figure 7c).35 This homogeneous
antibody was then used to isolate a subpopulation of NK cells
expressing FcγIIIA, and as expected the isolated NK cells
showed an ∼23% increase in killing the target cells (MDA-MB-
231) as compared to the unseparated NK cells (Figure 7d).
This result reconfirms that an antibody such as MC813−70
with high avidity and specificity toward SSEA4 can be further
transformed to a chimeric version to maximize its effector
functions such as ADCC against target cells with a high
expression of SSEA4 as demonstrated in this proof-of-concept
study.

■ DISCUSSION
Though the combination of both antibodies induced a better
effect in mice, we did not observe the effect in the ADCC cell-
based assay. One possibility is that the ADCC assay we used
measures an effector cell activation, which does not directly
reflect cell death in mice. It is also possible that the better
effect observed in mice resulted from a combination of
multiple effects by other possible mechanisms, such as
signaling or CDC or collective effects through targeting
different individual cancer cells.
Since chAb6 and chVK9 have the same Fc region, similar

glycoforms, and similar affinities to their antigens, the
remarkable difference in the ADCC induction between
chAb6 and chVK9 is due to their difference in staining signals.
The surface staining of MCF-7 using unconjugated antibodies
showed that, at the same antibody concentration, the chAb6
signal is ∼10 times higher than the chVK9 signal. Moreover,
more than 95% of the cell population was labeled SSEA4+

using 0.3 μg/mL chAb6, whereas chVK9 could only label as
high as 80% of the cell population as Globo H+, indicating that
chAb6 stains cells more effectively than chVK9. There have
been many reports that showed a strong correlation between
the antigen expression level and the ADCC activity.36,37

Therefore, we believe that SSEA4 is a better target than Globo
H for therapeutic development due to its higher expression.
Furthermore, a report showed that Siglec-7 and -9 ligands,
sialic acid-containing carbohydrates, can inhibit a subpopula-
tion of NK cells that bear Siglec-7 and -9 receptors.38 If SSEA4,
which also contains sialic acids, interacts with Siglec-7 and -9
receptors to suppress NK cell activities, anti-SSEA4 antibodies
could block the interaction in addition to an ADCC induction.
However, in the glycan array analysis, SSEA4 did not interact
with Siglec-7 or Siglec-9.
The VK9 signal difference observed in the double staining of

SSEA4 and Globo H using MC813−70 and VK9 is likely due

Figure 6. Correlation of staining signal with ADCC response on
various breast cancer cell lines. SSEA4 and Globo H showed a positive
correlation between the staining signal and the ADCC response.
Surface staining was performed by an indirect method. Each point
correlates one MFI relative to the isotype control with one-fold of
induction for a single antibody concentration. Each symbol represents
a breast cancer cell line, and different colors in each symbol represent
independent experiments. An enlarged SSEA4 dot plot (in red box) is
shown to compare with the Globo H dot plot. The best-fit line or
curve was generated using GraphPad Prism 6 software. Points circled
in red are indicated as outliers of the best-fit line, and for these points
30 μg/mL chVK9 was used. The raw data are provided in Table S3.
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to steric hindrance. As noted in several studies, a steric
hindrance can occur when antigens are closely spaced or when
antibodies are conjugated to high molecular weight labels, such
as ferritin (750 kDa) and phycoerythrin (250 kDa).39,40 Here
we demonstrated that allophycocyanin (APC) (105 kDa) does
not lead to a steric hindrance because it, when conjugated to
chVK9, did not significantly result in a chVK9 signal difference
in the double staining of SSEA4 and Globo H using chAb6 and
chVK9 (Figure 3c). Therefore, we suspected that SSEA4 is not
only more expressed than Globo H but also is in close
proximity to Globo H. This is further supported by the work of
Chuang et al., which showed that globo-series GSLs formed a
complex with CAV1 and FAK in the lipid raft to maintain a
breast cancer cell survival.34 Furthermore, we found that
MC813−70 and chAb6 have different staining patterns in
MCF-7 and MDA-MB-231 (Figure 3a,c), and both antibodies
as well as VK9 have a similar avidity to their antigens with Kd
in the nanomolar range, suggesting that chAb6 and MC813−
70 may bind to SSEA4 differently.
The cross-linking of Fc receptors is a critical step in

triggering effector cell activation. It occurs when antibodies
bind to antigens, in a soluble form or on a cancer cell surface,
to form immune complexes, which then bring Fc receptors
together to induce signaling in immune cells.41 For example,

FcγRIIIa cross-linking can induce an intracellular calcium
mobilization and trigger a degranulation in NK cells.42,43 In
addition to an antigen expression level, we suspected that the
antigen distribution may affect the level of FcγRIIIa cross-
linking. The observation that the anti-SSEA4 antibody is more
effective at inducing an ADCC than anti-Globo H antibody is
probably due to the higher density of SSEA4 that enhances the
FcγRIIIa cross-linking. Also, slightly different correlations of
MCF-7 and MDA-MB-231 in an SSEA4 dot plot (Figure 6)
and staining signal differences between SSEA4 and Globo H
suggest that distributions and densities of SSEA4 and Globo H
on cell surfaces between different breast cancer cell lines are
different. Apart from an antigen expression level and
distributions, characterizing the avidity of chAb6 and chVK9
antibodies to antigens and FcγRIIIa can help further
understand an ADCC response and different correlation on
each cell line.
In the correlation experiment, when the chVK9 concen-

tration reaches 30 μg/mL, we observed a reduced staining
signal but a significantly higher ADCC response in MCF-7 and
MDA-MB-157. We speculate that a high antibody concen-
tration might result in an antibody aggregation, in which the Fc
region of the antibody can still bind to FcγRIIIa (CD16a),
while the Fab region is not bound to antigens. FcγRIIIa is a

Figure 7. (a) Opera Phenix Image of MCF-7 and MDA-MB-231 breast cancer cells stained with FICT-conjugated VK9 (green, targeting Globo-H)
only or with the mixture of APC-conjugated MC813−70 (red, targeting SSEA4) and FICT-conjugated VK9 in a 1:50 ratio (0.5 μg/mL: 25 μg/
mL). The results showed that cells are still predominantly interacting with MC813−70. At a 1:1 ratio, the cancer cell is completely occupied by
MC813−70. Nucleus is in blue (Hoechst 33342 (×1/500). (b) Homogeneous antibody MC813−70-SCT with maximized ADCC activity for the
isolation of NK cells enriched with the FcγIIIA receptor responsible for the ADCC activity. (c) Comparison of heterogeneous and homogeneous
chMC813−70 in an ADCC assay. The half-maximal effective concentrations (EC50) for chMC813−70-WT were 3.68 ng/mL against MDA-MB-
231, and for chMC813−70-SCT they were 0.86 ng/mL against MDA-MB-231. (d) Use of homogeneous antibody chMC813−70-SCT for isolation
and expansion of a subpopulation of NK cells enriched with the FcγIIA receptor, which exhibited an ∼23% increase in killing the target cells (breast
cancer cell line MDA-MB-231 with a high expression of SSEA4).
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low-affinity Fc receptor that has been reported to be able to
bind aggregated IgGs and increase the ADCC response.44,45

However, if antibodies are aggregated due to oxidation or
other reactions that destabilize their structures, the ADCC
response will significantly decrease.46,47

In our study, we found that expression levels of SSEA4 and
Globo H were heterogeneous in various breast cancer cell
lines. Thus, an examination of the expression levels of these
two antigens on breast cancer cells is necessary to determine
the effectiveness of SSEA4- and Globo H-targeted therapy for
patients. Apart from the correlation data (Figure 6), circulating
tumor cells (CTCs) could also be examined for a therapy
assessment. CTCs are cells that are shed from the primary
tumor and enter the circulatory system, which enables them to
form a new tumor in a distant tissue. Recent studies have
demonstrated that CTCs contribute to breast cancer meta-
stasis and are indicative of worse survival in breast cancer
patients.48,49 They can even provide a quiescent population of
the tumor that could be the cause of a treatment resistance.
One such example is that CTCs from human epidermal growth
factor receptor 2 (HER2)-negative− patients were found to be
HER2-positive.50 Thanks to a technology advancement, breast
CTCs now can be detected with a high efficiency and
purity.51,52 Overall, we can stain patients’ CTCs to examine
expression levels of SSEA4 and Globo H and determine
whether they are eligible for the targeted therapy or
vaccination.
In conclusion, our results suggested that SSEA4 is a better

target than Globo H in breast cancer due to its higher
expression and that the antigen distribution and density may
play a role in an ADCC induction. The establishment of the
correlation between a staining signal and an ADCC response
can help assess the therapy effectiveness for patients and
evaluate strategies for therapeutic antibody development.

■ METHODS
Cell Culture. Breast cancer cell lines were obtained from the

American Type Culture Collection (ATCC). MCF-7 was maintained
in RPMI 1640 supplemented with 10% (v/v) fetal bovine serum
(FBS) and 1X non-essential amino acid (NEAA). MDA-MB-231 and
T-47D were maintained in Dulbecco’s Modified Eagle’s Medium
(DMEM) supplemented with 10% (v/v) FBS. MDA-MB-361 was
maintained in DMEM/F12 with 10% FBS. Other breast cancer cell
lines were cultured according to the ATCC. FBS supplemented with
5% dimethyl sulfoxide (DMSO) was used as a freeze medium in
cryopreservation.
Production of Chimeric VK9 Antibodies. Chimeric VK9

plasmids were obtained from Institute of Cellular and Organismic
Biology, Academia Sinica. The plasmid transformation was performed
using HIT DH5α, followed by a plasmid extraction (QIAGEN
plasmid MEGA kit). The Expi293F expression system (Thermo
Fisher Scientific) was used to express chimeric VK9. Antibody
purification was performed on A KTA start (GE Healthcare Life
Sciences) using HiTrap Protein A HP column (1 mL, GE Healthcare
Life Sciences), followed by a desalting using two HiTrap Desalting
columns (5 mL, GE Healthcare Life Sciences) in series to exchange
buffer to 1X phosphate-buffered saline (PBS).
For the plasmid transformation, 500 ng of light-chain or heavy-

chain plasmids was incubated with 100 μL of HIT DH5α on ice for
10 min. Ten microliters of the mixture containing plasmids and HIT
DH5α along with 100 μL of luria broth (LB) was plated onto a
prewarmed LB agar plate containing 100 μg/mL ampicillin. Plating
beads were used to spread the mixture across the plate surface, and
the plate was then incubated in the incubator at 37 °C. For the
plasmid extraction, after centrifugation at 6000g for 15 min at 4 °C,
bacterial cell pellets were sequentially treated with a resuspension

buffer, lysis buffer, and neutralization buffer to extract plasmid DNAs,
which were then purified using an anion-exchange resin column. After
they were precipitated, washed, and air-dried, plasmid DNAs were
dissolved in Tris ethylenediaminetetraacetic acid (TE) buffer and
stored at 4 °C.

After the transfection, the transfection supernatant was first
centrifuged at 8000 rpm for 15 min at 4 °C and filtered through a
0.22 nm filter. An HiTrap Protein A HP column and HiTrap
Desalting columns were washed with deionized water and 1X PBS
before use. For the antibody purification, an HiTrap Protein A HP
column was equilibrated with 2 mL of 1X PBS for 30 s. During a
sample loading, the supernatant passed through the column at 4 mL/
min for 2 h 10 min, followed by a wash with 20 mL of 1X PBS. The
bound chVK9 was then eluted with pH 3 glycine and neutralized with
pH 9.1 M Tris/HCl. (Tris/HCl-to-glycine ratio = 1:15). The eluents
containing chVK9 were combined and subjected to desalting. Two
HiTrap Desalting columns were equilibrated with 5 mL of 1X PBS for
1 min. During a sample loading, the flow rate was set to 1 mL/min,
and 5 mL of 1X PBS was used to elute chVK9 for 5 min.

Antibody Glycoform Analysis by in-Solution Tryptic
Digestion. First, 7.5 μL of a digestion buffer (50 mM ammonium
bicarbonate) and 0.75 μL of 100 mM reducing buffer (100 mM
dithiolthreitol) were added to 10 μL (2 μg) of an antibody sample.
The mixture was adjusted to 18.5 μL with ultrapure water and
incubated at 95 °C for 5 min. Next, 1.5 μL of alkylation buffer (100
mM iodoacetamide) was added to the sample and allowed to react in
the dark at room temperature (RT) for 20 min. After the alkylation,
the sample was treated with 1 μL of trypsin (0.4 μg/μL) and was
placed in the incubator at 37 °C overnight. After 12−16 h, the sample
was heated to 95 °C for 10 min and subjected to mass spectrometry.

For the glycoform analysis, the signal for each glycan structure was
normalized to a percentage of the total signals. Glycan structures were
further organized based on the presence of fucoses or galactoses to
determine percentages of core-fucosylation and terminal galactosyla-
tion.

Surface Staining and Flow Cytometry. (a) Staining with direct
conjugated mouse antibodies. In a single staining, 0.5 μg of Alexa
Fluor 488 (AF488)-conjugated anti-SSEA4 mAb (MC813−70), 0.5
μg of Alexa Fluor 488 (AF488)-conjugated anti-SSEA3 mAb
(MC631), or 0.25 μg of allophycocyanin (APC)-conjugated anti-
Globo H mAb (VK9) was used to stain 2 × 105 cells in 50 μL of
fluorescence-activated cell sorting (FACS) buffer (1X PBS with 1%
FBS) for 30 min at 4 °C in the dark. In a double staining, 0.5 μg of
AF488-conjugated MC813−70 or 0.5 μg of AF488-conjugated
MC631 was mixed with 0.25 μg of APC-conjugated VK9 prior to
staining 2 × 105 cells. (b) Staining with direct conjugated chimeric
antibodies. In a single staining, 0.5 μg of fluorescein isothiocyanate
(FITC)-conjugated anti-SSEA4 chimeric mAb (chAb6) or 0.5 μg of
APC-conjugated anti-Globo H chimeric mAb (chVK9) was used to
stain 2 × 105 cells in 50 μL of FACS buffer for 30 min at 4 °C in the
dark. In double staining, 0.5 μg of FITC-conjugated chAb6 was mixed
with 0.5 μg of APC-conjugated chVK9 prior to staining 2 × 105 cells.
After 30 min of incubation at 4 °C in the dark, cells were washed
twice with 200 μL of FACS buffer and then were resuspended with
200 μL of FACS buffer containing 1 μg/mL propidium iodide (PI)
before a flow cytometry analysis. The data acquisition was performed
using FACSCanto (BD Biosciences), and data were analyzed by
FlowJo (BD Biosciences). (c) Staining with unconjugated chimeric
antibodies (indirect method). Cells (2 × 105) were incubated with
five concentrations of unconjugated chAb6 or chVK9 (30, 10, 3.33,
1.11, 0.37 μg/mL) in 50 μL of FACS buffer for 30 min. After the
primary incubation, cells were washed with 150 μL of FACS buffer
and centrifuged at 500g for 3 min to discard supernatants. For the
secondary incubation, cells were incubated with 50 μL of FACS buffer
containing 1 μg/mL Alexa Fluor 488 (AF488)-conjugated goat
antihuman IgG antibodies for 30 min at 4 °C in the dark before a flow
cytometry analysis. Data acquisition was performed using FACSCanto
(BD Biosciences), and data were analyzed by FlowJo (BD
Biosciences).
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ADCC Reporter Bioassay. An ADCC reporter bioassay
(Promega G7014) was performed using engineered Jurkat cells
expressing the human FcγRIIIa-V158 receptor. Multiple cross-linking
of target cells with Jurkat cells by antibodies leads to Jurkat cell
luciferase production, which can be quantified to determine the Jurkat
cell activation. Target cells were seeded at 12 500 cells per well in a
96-well white plate and incubated at 37 °C, 5% CO2 overnight. After
12−16 h, serial dilutions of antibodies were first added to target cells;
75 000 Jurkat cells were then added to the wells already containing
target cells and antibodies. The effector cell/target cell (E/T) ratio
was 6:1. After 6 h of incubation at 37 °C and 5% CO2, the plate was
allowed to cool to RT for 15 min, followed by an addition of a
luciferase substrate. Five minutes after the luciferase substrate
addition, the luminescence was measured using CLARIOstar (BMG
Labtech). The fold of induction was calculated by dividing relative
light unit (RLU) (induced-background) by RLU (no antibody
control-background). GraphPad Prism 6 software was used for the
data analysis.
Immunofluororescence Microscopy. Cells were seeded in 96-

well plates, cultured for 1 d, and rinsed with PBS followed by a
fixation with 4% paraformaldehyde/PBS at RT for 30 min and PBS
rinse. After they were blocked with 5% bovine serum albumin (BSA)/
PBS for 30 min, FICT-conjugated VK9 and APC-conjugated
MC813−70 antibodies were added in either a 1:1 (0.5 μg/mL:0.5
μg/mL) or 1:50 ratio (0.5 μg/mL:25 μg/mL) for double staining or
FICT-conjugated VK9 alone (0.5 or 25 μg/mL) for single staining.
Nuclei of cells were stained with Hoechst 33342 (10 μg/mL) for 10
min followed by a PBS rinse. Stained cells were mounted by 50%
glycerol/PBS and subjected to Opera Phenix for image acquisition.
Primary Human NK Cell Culture and Ex Vivo Expansion of

Isolated NK Cells. Cryopreserved primary human NK cells were
purchased from Cellero. The homogeneous antibody chMC813−70-
SCT with a 2,6-sialyl complex-type glycan (SCT) attached to Asn-297
was prepared according to the procedure described previously50 was
used to sort the NK cells for expansion. We used NK MACS Medium
(Miltenyi Biotec) with 5% human AB serum (Sigma-Aldrich) and 500
U/mL Interleukin 2 (IL-2) to culture the NK cells. A DNase I
treatment (10 U/mL) is necessary to prevent cell aggregation and
death after thawing. Afterward, we utilized the NK killing assay to
measure the NK cytotoxicity. Briefly, NK cells were treated with IL-2
(500 U/mL) for expansion and stained with chMC81370-SCT-
conjugated FITC and sorted by FACSAriaIIU (BD Biosciences). The
sorted NK cells were resuspended in an NK MACS medium system
containing 500 U/mL IL-2 and then incubated at 37 °C, 5% CO2.
Analysis of the Primary NK Cells Cytotoxicity Via NK Killing

Assay. An NK killing assay was performed using the LDH-Glo
Cytotoxicity Assay. The target cells (5000 cells/100 μL) were seeded
into a 96-well flat-bottom microplate overnight. The RPMI Medium
with 0.5% human AB serum and IL-2 (500 U/mL) was used as the
NK killing assay buffer. Then the effector cells (NK cells) in a 10:1 E/
T ratio were added to the 96-well flat-bottom microplate, and the cells
were incubated for additional 4 h at 37 °C, 5% CO2. After the
incubation, the mixture was transferred to another 96-well microplate
and 100 times diluted by a lactate dehydrogenase (LDH) storage
buffer. The diluted mixture of 50 μL and the LDH-detection buffer of
50 μL were mixed together. The microplate was incubated at RT for 1
h, and the luminescence was read by the CLARIOstar. The data were
calculated, and the statistical analyses were performed using
GraphPad Prism software. The unpaired t test was used to test for
a statistical significance in the NK killing assay. The percentage of
target cells lysis was calculated according to the CDC assay formula:
percentage of cell lysis = (luminescence of the experimental −
luminescence of background)/(luminescence of the maximum −
luminescence of background) × 100.
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