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Introduction
Antibody-based therapies are now routinely used in the clinic to 
treat various malignancies (1). These antibodies target either the 
tumor directly, activating intrinsic or extrinsic cytotoxic path-
ways, or target the immune system to induce its activation with 
resulting tumor clearance. Antibodies of this first class target 
tumor-associated antigens (TAAs), which are expressed prefer-
entially (but not exclusively) by tumor cells and can potentiate 
immune-mediated tumor cell killing (2). TAAs can be further 
subdivided based on their structure: tumor-associated proteins, 
carbohydrates, and glycolipids (3). Altered carbohydrate expres-
sion and aberrant glycan modifications are one of the hallmarks 
of cancer (4, 5) and many tumor-associated carbohydrate anti-
gens (TACAs) have been identified and routinely used in the 
clinic to monitor tumor progression and response to treatment. 
While antibodies and vaccines targeting these antigens have 
been proposed as potential therapeutic interventions (6), very 
few TACA-targeting antibodies have been successfully devel-
oped and reached clinical trials due to low affinity and specific-
ity, coupled with toxicity and adverse effects (7). To date, only 
one TACA-targeting antibody has been FDA approved (dinutux-
imab, which targets the ganglioside GD2; ref. 8), in contrast to 
the growing number of therapeutic antibodies that are directed 
against tumor-associated proteins.

Previous studies have focused on antibodies targeting 
tumor-associated proteins, such as CD20 (9) and Her2/Neu (10), 
as well as antibodies targeting the checkpoint targets CTLA4 (11), 
CD40 (12), and PD-1/PD-L1 (13), establishing the mechanistic 
role by which such antibodies confer their therapeutic activity in 
vivo through engagement of Fcγ receptors (FcγRs). Whether those 
same mechanisms apply to antibodies targeting TACAs has not 
been previously examined. We have focused on the TACA sialyl 
Lewis A (sLeA), a carbohydrate that belongs to the family of Lewis 
antigens (14). Patient data revealed that sLeA is expressed on var-
ious types of tumor cells (including gastrointestinal, breast, and 
pancreatic malignancies; refs. 15–17) and that high expression of 
sLeA correlates with metastasis and poor survival (16, 18). More-
over, sLeA has been shown to promote cancer development and 
progression by facilitating tumor cell adhesion, angiogenesis, and 
rolling of tumor cells on endothelial cells resulting in extravasation 
and metastasis formation (19, 20). Owing to these observations, 
sLeA has been considered as an attractive therapeutic target for 
cancer therapy (14). In this study, we analyzed antibodies that were 
derived from patients immunized with an sLeA/KLH vaccine, and 
utilized antibody engineering techniques in order to enhance their 
ability to perform tumor clearance in preclinical models.

Efficient elimination of tumor cells by the immune system 
requires not only binding of the TAA-targeting antibodies to their 
antigens on the malignant cells via their Fab, but necessitates 
activation of effector functions by the antibody Fc portion (21). 
Activation of effector functions, such as antibody-dependent 
cell-mediated cytotoxicity (ADCC) and antibody-dependent cel-
lular phagocytosis (ADCP), relies on binding of the antibody Fc 
portion to FcγRs, a complex family of predominately low-affinity 
IgG receptors, differentially expressed on the surface of leuko-
cytes and capable of mediating both activating and inhibitory sig-
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plemental material available online with this article; https://doi.
org/10.1172/JCI128437DS1) demonstrates the heterogeneous 
expression levels within HT-29 colorectal carcinoma cells (show-
ing high sLeA expression within a subpopulation of the tumor 
cells) and OVCAR3 ovarian carcinoma cells (showing moderate 
expression). Nevertheless, the levels of sLeA expression within the 
sLeA+ fraction of these cells were comparable to those of our engi-
neered murine cell lines (Supplemental Figure 1). Consistent with 
the clinical observation that sLeA is shed by tumor cells and can 
be used as a clinical serum biomarker in several human cancers 
(32, 33), we also observed shedding of sLeA in the supernatant of 
FUT3-transduced cells by sandwich ELISA (Figure 1B).

Although several clinical studies demonstrate that high 
expression levels of sLeA correlates with metastatic disease and 
poor survival (16, 18), the specific molecular mechanisms by 
which sLeA promotes disease progression remain elusive. Pro-
posed mechanisms include angiogenesis potentiation (34) and 
enhancement of sLeA-expressing tumor cell adhesion to E-selec-
tin–expressing endothelial cells (35), facilitating metastatic colo-
nization (20). We validated that the transduced tumor cell lines 
retained their tumorigenic ability upon transduction with FUT3 
and that they were not rejected by the immune system of immu-
nocompetent mice. WT C57BL/6 immunocompetent mice were 
inoculated i.v. (Figure 1C) or subcutaneously (Figure 1D) with B16 
tumor cells (parental cells that do not express sLeA) or B16-FUT3 
tumor cells (which express sLeA). Both inoculation methods sug-
gested that the B16-FUT3 tumor cells show comparable engraft-
ment capabilities to those of B16 cells, giving rise to comparable 
primary tumors, and slightly higher numbers of lung metastatic 
foci. In the systemic EL4 lymphoma tumor model, expression of 
sLeA did not substantially impact the overall survival of mice inoc-
ulated with EL4 versus EL4-FUT3 cells (Figure 1E). As a whole, 
these findings suggest that FUT3-expressing cells can serve as a 
model system to study the activity of anti-sLeA antibodies in an 
immunocompetent syngeneic tumor setting.

sLeA-targeting antibodies derived from sLeA/KLH–immunized 
patients protect mice from sLeA+ tumor challenge. Several human 
clones of sLeA-specific antibodies have been derived from 
patients immunized with an sLeA/KLH vaccine, including clones 
5B1 (originally human IgG1) and 7E3 (originally human IgM) (31). 
The affinity of the 2 antibody clones for sLeA was comparable, as 
determined by surface plasmon resonance (SPR) (31) and ELISA 
of synthetic sLeA, as well as by cell surface immunostaining of 
sLeA+ tumor cells (Supplemental Figure 1). These antibodies have 
been shown be to be highly specific for the carbohydrate sLeA, 
and do not cross-react with similar carbohydrates (31). First, we 
used the variable region sequences of these 2 patient-derived anti-
bodies (patent US9475874B2) to generate chimeric recombinant 
antibodies with murine Fc portions.

The Fab regions of clones 5B1 and 7E3 were expressed either 
as murine IgG1, IgG2a, or with a point mutation D265A that 
severely hampers binding to murine FcγRs (36) in order to eval-
uate the contribution of specific FcγRs to the antitumor efficacy 
of these antibodies in immunocompetent mice endogenously 
expressing murine FcγRs. Administration of either 5B1-mIgG2a 
or 7E3-mIgG2a antibodies to immunocompetent C57BL/6 mice 
inoculated i.v. with sLeA-expressing B16 cells dramatically 

nals (22) upon cross-linking by immune complexes or IgG-coated 
target cells. The IgG Fc portion is subject to significant structur-
al variation, resulting from differences both in the IgG subclass-
es and the heterogeneity of the N-linked biantennary glycan on 
the CH2 domain. These structures affect the binding affinity for 
different FcγRs (23) and thus impact the ability of an antibody to 
mediate cytotoxicity. A key determinant of the cytotoxic capacity 
of an IgG Fc is the ratio of binding to activating versus inhibitory 
FcγRs (A/I ratio), which thereby determines the level of ADCC or 
ADCP induction, impacting the nature and extent of the elicited 
antitumor response (24). Understanding the FcγR requirements 
necessary for eliciting effective antitumor cytotoxicity has led to 
development of specific engineered Fc sequences and glycoforms 
with selective enhancement for specific activating FcγRs and con-
sequently improved in vivo activity. For example, although the 
following 2 CD20-targeting antibodies recognize different epi-
topes, the Fc-glycoengineered antibody obinutuzumab, which is 
enhanced for binding to the activating receptor FcγRIIIA, displays 
improved therapeutic activity in chronic lymphocytic leukemia  
when compared with rituximab (25, 26). Thus, re-engineering the 
Fc of tumor protein–targeting antibodies has been proven as a suc-
cessful strategy for developing more efficient cancer therapeutics. 
Nevertheless, to date, the FcγR-engagement requirements of car-
bohydrate-targeting antibodies have not been characterized, and 
Fc engineering of such antibodies has not been attempted.

Using murine tumor cell lines stably expressing surface sLeA 
(sLeA+) inoculated into immunocompetent mice expressing 
human FcγRs we have established that engagement of either of 
the low-affinity activating receptors, hFcγRIIA or hFcγRIIIA, is 
necessary and sufficient for generation of an effective antitumor 
immune response and prevention of tumor cell colonization in 
the lungs. Overall, our results suggest that carbohydrate-targeting 
antibodies (targeting sLeA) demonstrate different FcγR-engage-
ment requirements compared with those of protein-targeting 
antibodies (targeting gp75 or CD20), which only require engage-
ment of hFcγRIIIA (9).

Results
Modeling sLeA-expressing murine tumor cell lines. In order to study 
the TACA sLeA in an immunocompetent environment, we estab-
lished murine tumor cell lines that stably express sLeA. This 
glycan is synthesized by 2 sequential reactions, catalyzed by the 
enzymes β-galactoside α-2,3-sialyltransferase 3 (ST3GAL3) and 
fucosyltransferase III (FUT3). Because sLeA is not expressed in 
murine tissues (due to the absence of a murine homolog of FUT3) 
we transduced murine tumor cell lines to express human FUT3. 
We chose to transduce B16 melanoma and EL4 lymphoma murine 
tumor cell lines, as these are well-established model systems for 
studying the antitumor activities of TAA-targeting antibodies, 
and have been used extensively by many research groups (27–30). 
FUT3 transduction led to surface expression of sLeA in both cell 
lines, as determined by flow cytometry (Figure 1A). sLeA expres-
sion levels were comparable to those reported for some human 
tumor cell lines, such as Colo-205 colorectal cells (31). We also 
performed a direct comparison of the sLeA expression levels 
between our engineered cell lines (EL4-FUT3 and B16-FUT3) 
and several human tumor cell lines. Supplemental Figure 1 (sup-
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WT mice (expressing murine FcγRs) versus activating FcγR–null 
mice (carrying a deletion of the murine γ chain, resulting in the 
absence of murine activating FcγRs); and (b) comparing the thera-
peutic activity of parental antibodies versus Fc re-engineered vari-
ants, in which FcγR-binding ability was eliminated.

B16-FUT3 cells were inoculated into WT C57BL/6 mice and 
into activating FcγR–null mice (Fcγ chain–KO mouse strain, lack-
ing mFcγRI, mFcγRIII, and mFcγRIV) and treated with anti-sLeA 
antibody. Whereas 5B1-mIgG2a led to a significant decrease in 
tumor burden in WT mice, this effect was completely abolished 
in mice lacking activating FcγRs (Figure 3A). Similarly, when WT 
mice were treated with a 5B1-mIgG1-D265A variant that is nearly 
unable to engage FcγRs a similar diminution of antitumor effica-
cy was observed (Figure 3A). Differences in the antitumor activity 
among the 5B1 Fc variants were not attributed to antigen bind-
ing, as all 5B1 Fc variants exhibited comparable binding to sLeA+ 
tumor cells (Supplemental Figure 2A). Overall, these findings indi-
cate that in the B16 melanoma metastasis model, the antitumor 
effect of antibodies targeting the carbohydrate sLeA rely fully on 
engagement of activating FcγRs by the administered antibodies.

In contrast to the B16 metastasis model, the role of Fc-FcγR 
interactions in the EL4 tumor model revealed differential Fc 
requirements. While mIgG2a sLeA-targeting antibodies were able 

reduced metastatic colonization, while the antibodies showed no 
therapeutic activity when the mice were inoculated with paren-
tal (sLeA-negative) B16 cells (Figure 2A). The sLeA-targeting 
antibodies exhibited comparable therapeutic effect to that of the 
TA99-mIgG2a that targets the melanoma-associated protein anti-
gen gp75 (Supplemental Figure 3A). Similarly, when mice were 
inoculated with EL4-FUT3 (sLeA+) tumor cells, treatment with 
either of the 2 antibodies (5B1-mIgG2a or 7E3-mIgG2a) rescued 
the majority of mice, but could not rescue any of the animals inoc-
ulated with parental EL4 cells (Figure 2B). Overall, our findings 
suggest that these carbohydrate-targeting antibodies were capa-
ble of triggering tumor clearance in an immunocompetent envi-
ronment, similarly to protein-targeting antibodies.

Antibody-mediated antitumor cytotoxicity is mediated by 
engagement of activating FcγRs and is dictated by the tumor. It has 
been established that effective antibody-mediated tumor elimina-
tion requires not only binding of the antibody to tumor-expressed 
antigens via its Fab, but also induction of effector functions (e.g., 
ADCC and ADCP) via interaction of its Fc portion with leuko-
cyte-expressed FcγRs (23). In order to explore whether the anti-
tumor activity of anti-sLeA monoclonal antibodies is FcγR depen-
dent, we employed 2 complementing approaches: (a) comparing 
the antitumor activity of parental nonengineered antibodies in 

Figure 1. Modeling sLeA-expressing murine tumor cell lines. B16 melanoma cells and EL4 lymphoma cells were transduced to stably express the human 
enzyme fucosyltransferase III (FUT3), which synthesizes sLeA. (A) Surface expression of sLeA. B16 and EL4 tumor cells were labeled with an anti-sLeA primary 
Ab (5B1-hIgG1) followed by Alexa Fluor 488–conjugated goat anti–human IgG antibody. The panel shows a representative experiment (n > 3), all showing sim-
ilar results. (B) Secretion of sLeA. Supernatants were collected from tumor cells 72 hours after seeding, filtered, and analyzed by sandwich ELISA for detection 
of extracellular sLeA. Data were pooled from n = 3 experiments and presented as mean ± SEM. (C) Lung colonization of sLeA+ B16 cells. WT C57BL/6 mice were 
inoculated i.v. with 5 × 105 B16 or B16-FUT3 tumor cells. Fourteen days after inoculation, mice were euthanized, lungs were excised and fixed, and metastatic 
foci were counted. Data were pooled from n = 3 experiments, n ≥ 20/group. ***P < 0.005 (unpaired 2-tailed t test). The box extends from the 25th to 75th 
percentile, the line within the box represents the median value, and the whiskers correspond to the 5th to 95th percentile. (D) Tumor growth of B16 cells. 
WT C57BL/6 mice were inoculated subcutaneously with 5 × 105 B16 or B16-FUT3 tumor cells. Average sizes of primary tumors ± SEM are presented in mm3, 
measured biweekly by caliper. Data were pooled from n = 2 experiments, n > 18/group. (E) Survival of mice inoculated with EL4 cells. WT C57BL/6 mice were 
inoculated i.v. with 5 × 105 EL4 or EL4-FUT3 tumor cells. Survival was followed daily. Data were pooled from n = 3 experiments, n = 28/group.
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Although it differs in the extent of the contribution of FcγR 
engagement to the antibody-mediated antitumor activity in these 
2 models, it is clear from these data that full protection required 
FcγR engagement regardless of the tumor model. To determine 
which Fc receptors mediated the antitumor effect we compared 
the antitumor activity of the 5B1 clone Fab, expressed either as 
a murine IgG2a or IgG1. These 2 isotypes differ in their binding 
affinity for activating versus inhibitory murine FcγRs, which can 
be described using the A/I ratio. While the mIgG2a antibody pref-
erentially engages the activating murine receptor mFcγRIV and 
is thus characterized by a high A/I ratio (A/I = 69), mIgG1 pref-
erentially engages the inhibitory murine receptor mFcγRIIB and 
is characterized by a low A/I ratio (A/I = 0.1) (37). This concept 
remains similar for carbohydrate-targeting antibodies, as the 
5B1-mIgG2a variant (high A/I ratio) outperformed the same anti-
body as a mIgG1 subclass variant (low A/I ratio), leading to a more 
pronounced tumor clearance (Supplemental Figure 3B), high-
lighting the importance of engaging activating FcγRs by tumor- 
antigen–targeting antibodies, in vivo.

to rescue all WT mice challenged with EL4-FUT3 tumor cells, it 
could only rescue approximately half of the mice in the activat-
ing FcγR–null group, implicating a non–Fc-mediated protection 
(Figure 3B). Similarly, engineered 5B1-mIgG1-D265A antibodies 
(which are nearly unable to engage FcγRs) also displayed partial 
therapeutic effects. Thus, in contrast to the B16 metastasis mod-
el, the antitumor effect of sLeA-targeting antibodies against EL4 
lymphoma cells is only partially mediated by FcγR engagement, 
suggesting a Fab-mediated protective effect by the antibody. 
These findings are in contrast to antibodies targeting protein anti-
gens such as CD20 in the EL4 tumor model that confer protection 
in a fully FcγR-dependent mechanism (9). Targeting sLeA in EL4 
cells likely mediates disruption of tumor-stromal cell interactions 
or signaling of the EL4 cells in the context of the in vivo setting that 
are required for tumor cell survival or proliferation. It is likely that 
the difference in the necessity of FcγR engagement stems from 
the inherent differences between the 2 tumor models, since other 
parameters (such as the mode of tumor inoculation and treatment 
regimen) were identical between the 2 sets of experiments.

Figure 2. sLeA-targeting Abs protect mice from sLeA+ tumor challenge. (A) Anti-sLeA Abs inhibit lung colonization of sLeA+ B16 cells. WT C57BL/6 mice 
were inoculated i.v. with 5 × 105 B16 or B16-FUT3 tumor cells. One hundred micrograms of anti-sLeA Abs (5B1-mIgG2a or 7E3-mIgG2a) or isotype-matched 
control Abs was administered i.p. on days 1, 4, 7, and 11. Fourteen days after inoculation, mice were euthanized, lungs were excised and fixed, and met-
astatic foci were counted. The panel summarizes data pooled from n = 3 experiments, and shows representative images of 3 excised lungs from mice 
inoculated with B16-FUT3 cells. n > 20 for all groups, except 7E3-mIgG2a (n = 6–8/group). **P < 0.01, ****P < 0.0001 (1-way ANOVA with Bonferroni’s post 
hoc test). The box extends from the 25th to 75th percentile, the line within the box represents the median value, and the whiskers correspond to the 5th to 
95th percentile. (B) Anti-sLeA Abs rescue mice inoculated with sLeA+ EL4 cells. WT C57BL/6 mice were inoculated i.v. with 5 × 105 EL4 or EL4-FUT3 tumor 
cells. One hundred micrograms of anti-sLeA Abs (B1: 5B1-mIgG2a; B2: 7E3-mIgG2a) or isotype-matched control Abs was administered i.p. on days 1, 4, 7, 
and 11. Survival was assessed daily. For 5B1, data were pooled from n = 2 experiments, n > 20/group. For 7E3, n = 10–20/group. ****P < 0.0001 (log-rank 
test). NS, not significant.
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increase the therapeutic potency of sLeA-targeting antibodies 
by increasing their affinity for activating FcγRs. To do this, we 
re-engineered hIgG1 sLeA-targeting antibodies by introducing 
3 point mutations (G236A/A330L/I332E, herein termed “GAA-
LIE”), substantially enhancing the affinity of sLeA-targeting anti-
bodies for 2 activating human FcγRs, hFcγRIIA and hFcγRIIIA, 
while reducing the binding to the inhibitory receptor, hFcγRIIB, 
without interfering with their binding affinity for sLeA (Supple-
mental Figure 2B). The re-engineered 5B1 and 7E3 antibody vari-
ants demonstrated superior antitumor activity compared with 
the parental antibody with a WT hIgG1 Fc portion (Figure 4A). 
These results reinforce our previous findings that engagement of 
activating FcγRs is a crucial step in the process of efficient anti-
body-mediated tumor clearance.

Engagement of either hFcγRIIA or hFcγRIIIA is necessary and 
sufficient for antibody-mediated tumor clearance. We previously 
reported that engagement of hFcγRIIIA alone is both necessary 
and sufficient for antibody-mediated tumor clearance in several 
tumor models, while the engagement of the activating receptor 

Human IgG1 sLeA-targeting antibodies promote tumor clear-
ance and their antitumor potency is enhanced by engaging activating 
human FcγRs. In order to recapitulate the interactions of antibod-
ies designed for clinical use with a human Fc with human FcγRs, 
B16-FUT3 cells were inoculated into FcγR-humanized mice, a 
strain that lacks all murine FcγRs while carrying transgenes of all 
human FcγRs (38), resulting in the recapitulation of the cellular 
expression pattern of human FcγRs in a fully immunocompetent 
murine background. B16 tumor–bearing mice were treated with 
sLeA-targeting antibodies, clones 5B1 and 7E3, expressed in the 
hIgG1 subclass. Both 5B1 and 7E3 clones exhibited comparable 
therapeutic efficacy (Figure 4A), leading to a significant reduction 
in the number of metastatic foci in the lungs. As observed with 
the chimeric human-mouse antibodies (Figure 3A), engineering 
5B1-hIgG1 with an Fc mutation (N297A) that severely hampers its 
ability to engage human FcγRs results in the loss of the therapeutic 
effect of sLeA-targeting antibodies (Supplemental Figure 3C).

In light of the above-described role of activating FcγRs in 
mediating antibody-induced tumor clearance we sought to 

Figure 3. Ab-induced antitumor effect is mediated by engagement of Fcγ receptors (FcγRs), and is dictated by the tumor. (A) The anti-sLeA effect is 
fully mediated by FcγR engagement in an sLeA+ B16 tumor model. WT C57BL/6 or activating FcγR-null (aFcγR-null, γ chain–KO) mice (see Methods for 
detailed mouse strain information) were inoculated i.v. with 5 × 105 B16-FUT3 tumor cells. One hundred micrograms of anti-sLeA Abs (5B1-mIgG2a or 
5B1-mIgG1-D265A variants) or isotype-matched control Abs was administered i.p. on days 1, 4, 7, and 11. Fourteen days after inoculation, mice were euth-
anized, lungs were excised and fixed, and metastatic foci were counted. The panel summarizes the data pooled from n = 2 experiments, n ≥ 11/group, and 
shows representative images of 3 excised lungs. *P < 0.05, **P < 0.01 (1-way ANOVA with Bonferroni’s post hoc test). The box extends from the 25th to 
75th percentile, the line within the box represents the median value, and the whiskers correspond to the 5th to 95th percentile. Data for groups WT mice – 
isotype, and WT – 5B1-mIgG2a also appear in Figure 2A. (B) The anti-sLeA effect is partially mediated by FcγR engagement in an sLeA+ EL4 tumor model. 
WT C57BL/6 or aFcγR–null mice (see Methods for detailed mouse strain information) were inoculated i.v. with 5 × 105 EL4-FUT3 tumor cells. One hundred 
micrograms of anti-sLeA Abs (5B1-mIgG2a or 5B1-mIgG1-D265A) or isotype-matched control Abs was administered i.p. on days 1, 4, 7, and 11. Survival was 
assessed daily. n = 8/group. *P < 0.05, **P < 0.01 (log-rank test).
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hFcγRIIA was insufficient to mediate tumor clearance (9). Since 
our previous study focused on CD20-targeting antibodies (pro-
tein-targeting antibodies), we aimed to determine whether these 
findings also hold true for sLeA-targeting antibodies (carbohy-
drate-targeting antibodies). Thus, we compared the antitumor 
activity of 3 Fc variants with enhanced affinities for hFcγRIIA 
(GA), hFcγRIIIA (ALIE), or both (GAALIE) in FcγR-humanized 
tumor-bearing mice (Table 1). The affinity of the GA and ALIE 
hIgG1 Fc variants for different human FcγRs has been reported (9, 
39, 40); the GAALIE Fc variant exhibits a higher affinity for hFcγ-
RIIA and hFcγRIIIA, with reduced affinity for hFcγRIIB (Supple-
mental Figure 4 and Table 1), and an in vivo half-life comparable 
to that of hIgG1, while demonstrating a superior ADCC capability 
compared with the parental hIgG1 (Supplemental Figure 5).

All 3 Fc variants exhibited a comparable antitumor potential, 
which was significantly higher than that of the WT parental human 
IgG1 antibody (Figure 4B). To confirm these findings, we com-
pared the antitumor activity of the Fc variant 5B1-hIgG1-GAALIE 
(with enhanced affinity for both activating FcγRs) in several trans-
genic mouse strains expressing human FcγRs. Figure 4C indicates 
that the 5B1-hIgG1-GAALIE variant demonstrates a pronounced, 
yet comparable, antitumor activity not only in FcγR-humanized 
mice (which express all human FcγRs, including hFcγRIIA, hFcγ-
RIIB, and hFcγRIIIA), but also in hFcγRIIA/IIB–only mice and 
hFcγRIIIA/IIIB–only mice. As expected, tumor clearance was 
not observed in activating FcγR–null mice. NK depletion did not 
substantially hamper the antitumor activity of this sLeA-target-
ing antibody (Supplemental Figure 6), suggesting that tumor cell 

Figure 4. Engagement of either hFcγRIIA or hFcγRIIIA is necessary and sufficient for tumor clearance, mediated by sLeA-targeting Abs with an hIgG1 
Fc. Mice were inoculated i.v. with 5 × 105 B16-FUT3 tumor cells. One hundred micrograms of anti-sLeA Abs or isotype-matched control Abs was adminis-
tered i.p. on days 1, 4, 7, and 11. Fourteen days after inoculation, mice were euthanized, lungs were excised and fixed, and metastatic foci were counted. 
*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 (1-way ANOVA with Bonferroni’s post hoc test). For all panels, the box extends from the 25th to 75th 
percentile, the line within the box represents the median value, and the whiskers correspond to the 5th to 95th percentile. (A) Fc-engineered anti-sLeA Ab 
variants demonstrate superior antitumor efficacy. FcγR-humanized mice were treated with clones 5B1 or 7E3, hIgG1 or hIgG1-GAALIE with G236A/A330L/
I332E mutations. Data were pooled from n = 2–3 experiments, n ≥ 13/group, except for 7E3-hIgG1-GAALIE (n = 7). (B) 5B1-hIgG1 Abs with enhanced binding 
affinity for hFcγRIIA, or hFcγRIIIA, or both demonstrate a superior antitumor effect. FcγR-humanized mice were treated with Fc variants 5B1-hIgG1, 
5B1-hIgG1-GA with a G236A mutation, 5B1-hIgG1-ALIE with A330L/I332E mutations, or 5B1-hIgG1-GAALIE with G236A/A330L/I332E mutations. Data 
were pooled from n = 2–4 experiments. n ≥ 12/group. (C) hFcγRIIA or hFcγRIIIA engagement is essential for efficient tumor clearance of sLeA+ tumors. 
Activating FcγR-null (aFcγR-null, γ chain–KO), FcγR-humanized, hFcγRIIA/IIB–transgenic, and hFcγRIIIA/IIIB–transgenic mice were treated with the Ab 
5B1-hIgG1-GAALIE with G236A/A330L/I332E mutations. Data were pooled from n ≥ 2 experiments for aFcγR-null and FcγR-humanized mice, n ≥ 12/group. 
For hFcγRIIA/IIB–transgenic and hFcγRIIIA/IIIB–transgenic, n = 5–8/group.
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depletion is primarily mediated by effector cells expressing hFcγ-
RIIIA and hFcγRIIA, such as macrophages, consistent with what 
we have previously reported (9).

Overall, our results suggest that engagement of hFcγRIIA or 
hFcγRIIIA by sLeA-targeting antibodies is necessary for efficient 
tumor clearance; however, in this context of lung colonization, 
the receptors are redundant, and activation of either one suffic-
es. These findings differ from those of gp75-targeting antibodies 
(clone TA99) for which enhancing the affinity for hFcγRIIIA (ALIE 
variant) improves ADCC activity, while enhancing the affinity for 
hFcγRIIA does not improve upon that of the parental hIgG1 vari-
ant (Supplemental Figure 7). Thus, re-engineering the Fc portion 
of sLeA-targeting antibodies, to enhance their affinity for acti-
vating human FcγRs, may dramatically increase the therapeutic 
potential of antibodies designed for clinical use.

Discussion
In the 2 decades since the first approval of a therapeutic antibody 
targeting a tumor-associated protein antigen it has become gen-
erally accepted that the in vivo therapeutic efficacy of this class of 
antibodies requires Fc-mediated effector activity, exerted through 
engagement of FcγRs expressed on leukocytes (41). Recruitment 
of effector cells, such as macrophages, expressing these recep-
tors to tumors results in tumor cell elimination. We have shown 
in several preclinical models the dependence of antibodies target-
ing tumor-associated protein antigens on hFcγRIIIA or its murine 
homolog, mFcγRIV, to confer antitumor activity. DiLillo et al. 
(9) demonstrated that hCD20-targeting antibodies were able to 
clear tumors in mice expressing only hFcγRIIIA/IIIB. The study 
by Nimmerjahn et al. (42) demonstrated that in mFcγRIV-knock-
out mice, the antitumor effect of gp75-targeting antibodies (clone 
TA99) is completely abolished, suggesting complete depen-
dence on mFcγRIV. These observations were later confirmed by 
large-scale genetic association clinical studies that correlated 
the expression of the high-affinity hFcγRIIIA allele (V158) with 
improved response rates of lymphoma patients treated with rit-
uximab (43) and breast cancer patients treated with trastuzumab 
(44). Although some studies did not find a correlation between 
FcγR polymorphism and response to antibody therapy (reviewed 
in ref. 45), it has become routine to consider both Fab and Fc inter-

actions when developing antitumor therapeutic antibodies. This is 
evidenced by the FDA-approved therapeutic antibodies obinutu-
zumab (targeting CD20) and mogamulizumab (targeting CCR4), 
which are both glycoengineered for enhanced hFcγRIIIA binding 
and thus improved for ADCC (25, 46).

However, despite this understanding of the role of effector 
cells in antitumor responses, the precise contribution of specific 
cellular populations and individual FcγRs remains incompletely 
understood. Human FcγRs comprise a complex family of cell sur-
face receptors with distinct cellular expression patterns, signaling 
motifs, and allelic heterogeneity (24). FcγRs capable of mediating 
cellular activation through immunoreceptor tyrosine–based acti-
vation motif (ITAM) signaling include the high-affinity hFcγRI 
and low-affinity hFcγRIIA, hFcγRIIC, and hFcγRIIIA receptors. 
Inhibitory signaling is mediated by the low-affinity hFcγRIIB 
receptor through an immunoreceptor tyrosine-based inhibition 
motif (ITIM) found in its cytoplasmic domain. In general, effector 
cells express both activating and inhibitory FcγRs, thus setting a 
threshold for activation by IgG bound to a target or as an immune 
complex. This diversity of FcγR structure is paired with the diver-
sity found in the IgG Fc domain, dictated by individual subclasses 
that differ in their affinity for specific FcγRs and the structure of 
the N-linked, complex biantennary glycan linked to Asn 297 in the 
CH2 domain of all IgGs (47).

Thus, while the general features of antibody-mediated tumor 
clearance through FcγR engagement are known, the impact of 
tumor type and targeted antigen has not been systematically 
studied. Despite the identification of many carbohydrate anti-
gens, developing and characterizing antibodies against carbohy-
drate tumor antigens have been challenging, resulting in a near 
neglect of this entire category of tumor antigens. In this study, 
we have begun to address these issues by focusing on antibodies 
against sLeA, a TACA overexpressed on a wide variety of human 
tumors (15–17). Antibodies against this antigen originated in a 
patient participating in a cancer vaccine trial, and are now in clin-
ical development for both diagnostic and therapeutic indications 
(48–50); however, their mode of action remains unknown. Using 
several syngeneic tumor models, we demonstrated some mecha-
nisms shared with protein-targeting antibodies, yet revealed key 
differences in FcγR-engagement patterns. Thus, while antibod-
ies against both classes of TAAs display a requirement for FcγR 
engagement in the B16 metastatic melanoma model, the specific 
FcγR requirements for each class of antibodies differ. Further-
more, targeting of EL4 lymphoma cells revealed that antibodies 
against a protein antigen had an absolute FcγR requirement for 
protection against lethal disease, while antibodies against a car-
bohydrate antigen showed only a partial FcγR requirement. These 
differences suggest that the precise tumor microenvironment 
is contributing to the FcγR-dependent mechanism of action of 
these antibodies, targeting different classes of TAAs. Finally, we 
demonstrate that precise Fc engineering to enhance specific FcγR 
engagement results in significant enhancement of in vivo potency 
and therapeutic efficacy of several clones of sLeA-targeting anti-
bodies. Translating Fc-optimized carbohydrate-targeting antibod-
ies to the clinic could not only enhance the therapeutic effect, but 
could also assist with reducing toxicities and adverse events, since 
it may allow decreasing the administered dose.

Table 1. Binding affinity of hIgG1 Fc variants for human FcγRs

Fc Variant Activating Inhibitory
hFcγRIIAR131 hFcγRIIIAF158 hFcγRIIB

hIgG1
(Wild type)

2.91 × 10–6

(1.0)
1.43 × 10–6

(1.0)
6.21 × 10–6

(1.0)
GA
(G236A)

4.88 × 10–7

(6.0)
1.12 × 10–6

(1.3)
4.93 × 10–6

(1.3)
ALIE
(A330L/I332E)

3.51 × 10–6

(0.8)
1.17 × 10–7

(12.2)
5.59 × 10–6

(1.1)
GAALIE
(G236A/A330L/I332E)

8.19 × 10–7

(3.6)
1.64 × 10–7

(8.7)
1.96 × 10–5

(0.3)

Affinity was determined by SPR analysis. The table shows the affinity 
measurements (top row for each variant, KD [M]), and the fold change in 
affinity over hIgG1-WT (bottom row for each variant, in parentheses).
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hFcγRIIB+, hFcγRIIIAF158+, and hFcγRIIIB+) were generated in our lab-
oratory and extensively characterized (38). While FcγR-humanized 
mice do not express hFcγRIIC, this gene is expressed only by approx-
imately 20% of the human population, and thus this strain represents 
80% of the population. hFcγRIIA/IIB–only mice and hFcγRIIIA/IIIB–
only mice express a single activating human FcγR on a background of 
α chain KO (lacking murine FcγRs, as previously described in ref. 9). 
All mice were maintained in the Rockefeller University Comparative 
Bioscience Center. Tumor studies were performed on age- and sex-
matched females and male mice, 9 to 13 weeks old.

Cell lines and sLeA expression
Murine B16 melanoma and EL4 lymphoma tumor cells were obtained 
from ATCC and maintained in Dulbecco’s minimum essential medi-
um (DMEM) (Life Technologies) supplemented with 10% fetal bovine 
serum (Life Technologies), 100 U/mL of penicillin, and 100 μg/mL of 
streptomycin (Life Technologies). Tumor cells were transduced with 
constructs encoding the human gene FUT3, selected in 500 μg/mL 
Geneticin (Life Technologies) to generate stable cell lines, and sort-
ed using anti-sLeA antibodies, to obtain cells that homogeneously 
expressed surface sLeA.

Antibody engineering and expression
The variable heavy and light regions of anti-sLeA antibody clones 5B1 
and 7E3 (described in patent US9475874B2) were synthesized (IDT) 
and subcloned into mammalian expression vectors with human IgG1, 
mouse IgG2, mouse IgG1 heavy chains, or human κ or mouse κ light 
chains, as previously described (51). For the generation of Fc-domain 
variants of human IgG1 (N297A, G236A, A330L/I332E, and G236A/
A330L/I332E) and mouse IgG1 (D265A), site-directed mutagene-
sis using specific primers was performed based on the QuikChange 
site-directed mutagenesis Kit II (Agilent Technologies) according to 
the manufacturer’s instructions. Mutated plasmid sequences were 
validated by direct sequencing (Genewiz).

Antibodies were generated by transient cotransfection of 
Expi293F cells with heavy-chain and light-chain constructs. Expi293F 
cells were maintained in serum-free Expi293 Expression Medium, 
and transfected using an ExpiFectamine 293 Transfection Kit (all 
from Thermo Fischer Scientific). Supernatants were collected 7 days 
after transection, centrifuged, and filtered (0.22 μm). Antibodies were 
purified from clarified supernatants using Protein G Sepharose 4 Fast 
Flow (GE Healthcare), dialyzed in PBS, and sterile filtered (0.22 μm) 
as previously described (52).

Flow cytometry
Surface expression of sLeA on murine tumor cell lines. Expression was 
assessed using recombinantly expressed 5B1 and 7E3 antibodies, gen-
erated in our laboratory. Tumor cells (5 × 105) were incubated with 
0.5 μg antibody, followed by Alexa Fluor 488–conjugated secondary 
antibodies against mouse IgG (catalog A11029, Invitrogen) or human 
IgG (catalog A11013, Invitrogen). Baseline staining was obtained using 
isotype-matched antibodies as controls.

NK cell staining. Μurine lungs were perfused with HBSS/1 mM 
EDTA and dissociated using a mouse lung dissociation kit (Miltenyi 
Biotec), according to the manufacturer’s protocol. Erythrocytes were 
lysed using Hybri-Max buffer (MilliporeSigma), and remaining cells 
were washed in PBS and labeled using the following antibodies (all 

The antibodies that we have studied here that target the 
TACA sLeA display an FcγR-dependent phenotype not seen for 
antibodies that target protein antigens. In the B16 metastasis 
model (Figure 4), these antibodies mediate clearance of meta-
static nodules by engaging either hFcγRIIIA or hFcγRIIA, dis-
playing a redundancy not seen for antibodies targeting protein 
antigens (9). Similarly, the protective effect of these antibodies 
in the lethal EL4 lymphoma model is only partially FcγR depen-
dent, in contrast to antibodies that target protein antigens on 
these tumors (9). The mechanistic basis for these differences 
remains to be determined but cannot be attributed to differenc-
es in the Fc binding characteristics of these 2 classes of antibod-
ies nor their half-life in vivo. It suggests that differences in the 
interactions of the tumor cell with its tumor microenvironment 
may be responsible. Since sLeA has the capacity to bind to selec-
tins on endothelial cells and to Siglecs on immune effector cells, 
among other adhesion receptors, they may be responsible for 
altering the microenvironment and thereby modifying the effec-
tor cell pathways that are engaged.

Previous studies have indicated that both in the B16 melano-
ma model and in the EL4 lymphoma model, antibody-dependent 
tumor clearance is mediated by macrophages, which are activat-
ed by engagement of their FcγRs (9). Treating WT tumor-bearing 
mice with an antibody with a murine IgG2a Fc results in potent 
tumor clearance in a variety of syngeneic tumor models, despite 
the inability of this subclass to engage murine NK cells through 
its mFcγRIII receptor. Therefore, the relevant effector cell for 
mIgG2a-mediated tumor clearance and protection expresses 
mFcγRIV, thus implicating macrophages and potentially other 
myeloid cells (37). This observation has also been supported by 
our NK cell depletion experiments in the present study (Supple-
mental Figure 5). The collective conclusion from these studies 
suggests that in the mouse, NK cells, despite their in vitro ability 
to kill tumor targets by ADCC, do not contribute to the in vivo pro-
tection by antibodies targeting tumor antigens. Whether the same 
is true for human NK cells has yet to be determined.

Our research provides what we believe is the first characteriza-
tion of FcγR requirements for carbohydrate-targeting antibodies. 
While it is tempting to speculate that other carbohydrate-targeting 
antibodies will display the same mechanisms of action and share 
the same FcγR requirements as the sLeA-targeting antibodies, fur-
ther research on antibodies targeting other TACAs is indicated.

Overall, we believe that our observations will facilitate devel-
opment of antibodies against this somewhat neglected class of 
targets, promoting the introduction of novel and effective immu-
notherapeutics. As indicated above, sLeA-targeting antibodies are 
currently in phase I clinical trials (NCT02672917) and have been 
reported to be well tolerated, suggesting that an Fc-optimized 
variant could potentially be translated to the clinic, offering a 
higher therapeutic benefit to the patients.

Methods

Transgenic mouse models
WT C57BL/6 mice were purchased from The Jackson Laboratories. 
Activating FcγR–null mice have a deletion of the murine γ chain (36). 
FcγR-humanized mice (murine α chain KO, hFcγRI+, hFcγRIIAR131+, 
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the presence of surface metastatic foci using a dissecting microscope. 
For the B16 solid tumor model, 5 × 105 cells/mouse were inoculated 
subcutaneously and tumor volumes were measured biweekly with an 
electronic caliper and reported as volume (mm3) using the formula 
(L12 × L2)/2, where L1 is the shortest diameter and L2 is the longest 
diameter. For the EL4 model, overall survival was assessed daily.

NK cell depletion was performed by intranasal administration of 
antibodies against NK1.1 (300 μg/mouse; catalog BE0036, Bio X Cell) 
or isotype-matched controls on days –3, –1, 1, 4, 7, and 11 after tumor 
cell inoculation.

SPR
Binding of hIgG1 Fc variants to hFcγRs was measured by SPR using 
a Biacore T200 instrument (GE Healthcare). Protein G was immo-
bilized at 2,000 resonance units (RU) on a CM5 biosensor chip (GE 
Healthcare) using amine coupling chemistry at pH 4.5. Human IgG 
Fc variants were captured on the Protein G–coated sensor surface at 
a density of 500–800 RU and serial dilutions of FcγRs were injected 
as analytes. The FcγRs tested were FcγRIIIA (F158), FcγRIIA (R131), 
and FcγRIIB. Recombinant soluble FcγR ectodomains (2-fold serial 
dilutions; 2 μM to 7.8 nM) were injected at 30 μL/min for 180 sec-
onds, followed by a 300-second dissociation. After each cycle, the 
surface was regenerated by injecting a glycine HCl buffer (10 mM, 
pH 2.0; 50 seconds). Background binding to blank immobilized flow 
cells was subtracted and affinity constants were calculated using 
BIAcore T100 evaluation software (GE Healthcare) using the 1:1 
Langmuir binding model.

In vivo ADCC
The ADCC activity of different hIgG1 Fc variants was assessed in 
vivo using the platelet depletion assay, as previously described (38). 
FcγR-humanized mice were injected intravenously with 10 μg of 
hIgG1 Fc variants (clone 6A6, targeting a platelet-associated anti-
gen, produced in-house). Mice were bled at the indicated time points 
before and after antibody injections, and platelet counts were mea-
sured using an Advia 120 hematology system (Bayer Healthcare).

Statistics. One-way ANOVA with Bonferroni’s post hoc test was 
used to compare groups in lung colonization and flow cytometry (NK 
cell staining) experiments. An unpaired 2-tailed t test was used when 
2 groups were compared. Statistical differences between survival rates 
were analyzed by comparing Kaplan-Meier curves using the log-rank 
test. In box-and-whisker plots, the box extends from the 25th to 75th 
percentile, the line within the box represents the median value, and 
the whiskers correspond to the 5th to 95th percentile. Data were ana-
lyzed with GraphPad Prism software and P values of ≤ 0.05 were con-
sidered to be statistically significant, indicated as *P ≤ 0.05, **P ≤ 0.01, 
***P ≤ 0.001, and ***P ≤ 0.0001 in the figures.

Study approval
All animal experiments were performed in compliance with federal 
laws and institutional guidelines and had been approved by the Rocke-
feller University IACUC.

Author contributions
PW and JVR conceptualized the work and are responsible for the 
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data. PW wrote the original draft of the manuscript. All authors 

from BioLegend): Alexa Fluor 594–conjugated against CD45 (catalog 
103144), PerCP-Cy5.5–conjugated against NKp46 (catalog 137609), 
BV510-conjugated against CD3 (catalog 100353), BV510-conjugat-
ed against B220 (catalog 103247), BV510-conjugated against CD19 
(catalog 115546), and BUV395-conjugated against CD49b (catalog 
740250, BD Bioscience). Live/Dead Aqua (catalog L34966, Thermo 
Fisher Scientific) was used to assess cell viability. NK cells were gated 
as follows: live CD3–CD19–B220–CD45+NKp46+CD49b+.

ELISA
sLeA secretion from transduced tumor cells was detected by sandwich 
ELISA. High-binding 96-well microtiter plates (Nunc) were coated 
overnight at 4°C with 7E3-mIgG2a (1 μg/mL in PBS). All sequential 
steps were performed at room temperature. Plates were blocked for 
1 hour with PBS/2% BSA and were subsequently incubated for 1 hour 
with serially diluted cell supernatants from 72-hour cultures. CA19-
9 was used as a standard curve and for determining the linear range 
(BioRbyt; 1:3 consecutive dilutions in PBS/2% BSA, starting at 100 U/
mL). Plates were incubated for 1 hour with 5B1-hIgG1 (2.5 μg/mL), fol-
lowed by a 1-hour incubation with horseradish peroxidase–conjugated 
anti–human IgG antibodies (Jackson ImmunoResearch).

Binding of sLeA-targeting antibodies to sLeA was determined by 
indirect ELISA. High-binding 96-well microtiter plates (Nunc) were 
coated overnight at 4°C with recombinant CA19-9 (BioRbyt; 1,000 
U/mL in PBS). All sequential steps were performed at room tem-
perature. Plates were blocked for 1 hour with PBS/2% BSA and were 
subsequently incubated for 1 hour with serially diluted 5B1-hIgG1 
and 7E3-hIgG1 antibodies (1:3 consecutive dilutions in PBS/2% BSA, 
starting at 2 μg/mL). Plates were incubated for 1 hour with horserad-
ish peroxidase–conjugated anti–human IgG (catalog 709-035-149, 
Jackson ImmunoResearch).

IgG levels of antibodies in murine sera (antibody pharmacoki-
netics) were quantified by ELISA as previously described (53). Briefly, 
FcγR-humanized mice were injected i.v. with 100 μg of hIgG1 Fc vari-
ants (clone 3BNC117). High-binding 96-well microtiter plates (Nunc) 
were coated overnight at 4°C with Neutravidin (2 μg/mL in PBS; Ther-
mo Fisher Scientific). All sequential steps were performed at room 
temperature. Plates were blocked for 1 hour with PBS/2% BSA and 
incubated with biotinylated goat anti–human IgG antibodies for 1 hour 
(5 μg/mL; catalog 109-066-170, Jackson ImmunoResearch). Serum 
samples were serially diluted and incubated for 1 hour, followed by 
incubation with horseradish peroxidase–conjugated anti–human IgG.

In all ELISA experiments, detection was performed using a 
3,3′,5,5′-tetramethylbenzidine (TMB) 2-Component Peroxidase Sub-
strate Kit (KPL) and reactions stopped with the addition of 2 M phos-
phoric acid. Αbsorbance at 450 nm was immediately recorded using 
a SpectraMax Plus spectrophotometer (Molecular Devices), back-
ground absorbance from negative control samples was subtracted, 
and duplicate wells were averaged.

Tumor challenge, antibody treatments, and NK cell depletion
B16, B16-FUT3, EL4, or EL4-FUT3 (5 × 105 cells/mouse) cells were 
inoculated i.v. into the lateral tail vein in 200 μL PBS. Mice were ran-
domized and received intraperitoneal injections of 100 μg of sLeA-tar-
geting antibodies (clones 5B1 or 7E3) or isotype-matched IgGs serving 
as control, on days 1, 4, 7, and 11 after inoculation. For the B16 lung col-
onization model, the lungs were harvested on day 14 and analyzed for 
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