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SUMMARY

Protein glycosylation provides proteomic diversity in regulating protein localization, stability, and activity; it
remains largely unknown whether the sugar moiety contributes to immunosuppression. In the study of
immune receptor glycosylation, we showed that EGF induces programmed death ligand 1 (PD-L1) and recep-
tor programmed cell death protein 1 (PD-1) interaction, requiring B-1,3-N-acetylglucosaminyl transferase
(B3GNT3) expression in triple-negative breast cancer. Downregulation of B3GNT3 enhances cytotoxic
T cell-mediated anti-tumor immunity. A monoclonal antibody targeting glycosylated PD-L1 (gPD-L1) blocks
PD-L1/PD-1 interaction and promotes PD-L1 internalization and degradation. In addition to immune reacti-
vation, drug-conjugated gPD-L1 antibody induces a potent cell-killing effect as well as a bystander-killing
effect on adjacent cancer cells lacking PD-L1 expression without any detectable toxicity. Our work suggests
targeting protein glycosylation as a potential strategy to enhance immune checkpoint therapy.

INTRODUCTION and cytolytic activity (Dong et al., 2002; Krummel and Allison,

1995). Immunoglobulin-like immunosuppressive molecules,
Evasion of immune surveillance by cancer cells is associated such as programmed death ligand 1 (PD-L1; also known as B7
with suppression of CD8" T cell proliferation, cytokine release, homolog 1), are expressed on a wide range of cell types,

Significance

Triple-negative breast cancer (TNBC) patients initially respond to conventional chemotherapy, but the disease frequently
relapses, leading to a worse outcome than patients with other breast cancer subtypes. Immune checkpoint blockade
has demonstrated success in other cancers, but remains limited in TNBC treatment. Here, we identified a glycosylation
event on PD-L1 essential for its interaction with PD-1 and subsequent suppression of T cell activities. We isolated a glyco-
sylation-specific antibody that can efficiently internalize PD-L1 for endocytosis and generated an antibody-drug conjugate
against glycosylated PD-L1, which induces potent anti-tumor activities in TNBC models in vitro and in vivo. Our findings
open a direction to target glycosylation of co-inhibitory ligand/receptor as a therapeutic strategy.
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including cancer cells, macrophages, dendritic cells, and stro-
mal cells (Curiel et al., 2003; Dong et al., 1999). PD-L1 on cancer
cells interacts with PD-1 on T cells, enabling cancer cells to
escape T cell-mediated immune surveillance (Dong et al.,
2002). Thus, blocking PD-L1 and programmed cell death pro-
tein 1 (PD-1) interaction by monoclonal antibodies reactivates tu-
mor-infiltrating lymphocytes (TILs), which has shown promising
clinical effects (Brahmer et al., 2010; Sznol and Chen, 2013).
However, the response rate (RR) to PD-1 or PD-L1 antibody
remains at about 15%-30% as a single agent, and many patients
who received anti-PD-1 or anti-PD-L1 therapy are at risk of
developing autoimmune disorders, such as Crohn’s disease,
lupus erythematosus, and rheumatoid arthritis (Rosenberg
et al.,, 2016). In particular, single-agent RR in triple-negative
breast cancer (TNBC) was 18.5% in Keynote 012 (Nanda et al.,
2016), 5% regardless of PD-L1 expression in Keynote 086
(Adams et al., 2017), 8.6% in Javelin phase 1b (Dirix et al.,
2016), and 26% in atezolizumab 1b (Schmid et al., 2017) with
acceptable safety profile. Thus, identifying new immune check-
point targets to improve the efficacy or safety of PD-1/PD-L1
blockade therapy is urgently needed.

Aside from maintaining protein integrity, post-translational
modification via the addition of carbohydrates regulates
various protein functions, including protein folding, trafficking,
and protein-protein interactions (Schwarz and Aebi, 2011).
Initiated in the ER, N-linked glycosylation is first catalyzed by
oligosaccharyl transferase (OST) complex that transfers a pre-
formed oligosaccharide to an asparagine (Asn) side-chain
acceptor, followed by several trimming steps to ensure protein
integrity. Further processing takes place in the Golgi apparatus
via a sequential glycosidase- and glycotransferase-mediated
glycoprotein biosynthesis (Asano, 2003). p-1,3-N-acetylgluco-
saminyltransferase 3 (B3GNT3) is a type Il transmembrane
protein in the Golgi and plays a role in the biosynthesis of
poly-N-acetyllactosamine chains and generation of the back-
bone components of dimeric sialyl Lewis A (Hennet et al,,
1998). B3GNT3 also regulates L-selectin ligand function,
lymphocyte trafficking, and T cell homing (Yeh et al., 2001).
Although B3GNT3 is overexpressed in the breast cancers
(Shiraishi et al., 2001), its role in tumorigenesis is not well
understood.

Interferon-y (IFNy)-mediated transcriptional regulation of
PD-L1 via STAT or nuclear factor kB is well established
(Dong et al., 2002) and has been shown to contribute to anti-
CTLA4 (Gao et al., 2016) and anti-PD-1 (Zaretsky et al.,
2016) resistance. We reported that post-translational modifica-
tion of PD-L1 regulates cancer cell-mediated immunosuppres-
sion (Li et al., 2016a; Lim et al., 2016). Specifically, glycosyla-
tion of PD-L1 prevents glycogen synthase kinase 33 (GSK3p)
from phosphorylating and mediating PD-L1 degradation,
which in turn stabilizes PD-L1 and suppresses cytotoxic
T cell activity (Li et al., 2016a). However, whether and how
glycosylation itself affects PD-L1/PD-1 interaction and immu-
nosuppressive functions remain to be explored. Because
glycosylation controls protein expression, folding, or trafficking
(Cheung and Reithmeier, 2007), the study of carbohydrate
regulation of PD-L1 may help identify biomarkers or develop
combinatorial treatment strategies for clinical use (Par-
doll, 2012).
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RESULTS

Glycosylation Is Required for PD-L1 and PD-1

Interaction

To determine whether glycosylation of immune receptor/ligands
is critical for binding to their corresponding receptors, we first
examined the migration pattern by western blot analysis
in the presence or absence of a recombinant glycosidase,
PNGase F, which removes N-linked oligosaccharides from poly-
peptides. In our experience, glycosylated proteins usually display
a heterogeneous pattern and appear to have higher than ex-
pected molecular weight onimmunoblots (Li et al., 2016a). Bands
that corresponded to higher-molecular-weight PD-L1, PD-L2,
PVR, B7-H2, B7-H3, B7-H4, CD40, PD-1, cytotoxic T-lympho-
cyte-associated protein 4 (CTLA4), B7-1, and B7-2 (Figure 1A,
closed circle, glycosylated proteins) were reduced in the pres-
ence of PNGase F (Figure 1A, open circle, non-glycosylated pro-
teins). Positive staining of the glycan structure was also observed
in purified histidine (His)-tagged protein but not in the presence of
PNGase F (Figures S1A and S1B). Next, to determine whether
glycosylation is required for ligand-receptor engagement, we em-
ployed an in vitro receptor-ligand binding assay to investigate the
interaction between Fc-tagged receptors and His-tagged glyco-
sylated or non-glycosylated ligands (Figure 1B). On the basis of
the binding affinity, the ligand-receptor pairs were categorized
into three groups: A, complete loss (red color); B, moderate loss
(yellow color); and C, no loss (blue color) of binding (Figure 1B).
A complete loss of binding was primarily found in PD-L1/PD-1,
PD-L1/B7-1, PD-L2/PD-1, and poliovirus receptor (PVR)/T cell
immunoreceptor with immunoglobulin (Ig) and ITIM domains
(TIGIT) immune receptor-ligand pairs, but not others (Figure 1C).
Of note, the co-inhibitory (induces immunosuppressive sig-
naling, negative/red circles) but not co-stimulatory (induces im-
mune activation signaling, positive/green circles) ligand/receptor
pairs exhibited significant loss of binding upon PNGase F treat-
ment (Figures 1C and 1D). Because PD-L1 exhibited the most
significant loss in receptor binding after PNGase F treatment
and is a well-known immune inhibitory ligand in cancer cells, we
focused on glycosylation of PD-L1 in all subsequent studies.

To further validate that PD-L1 glycosylation is required for
PD-L1/PD-1 ligation, we first knocked down endogenous
PD-L1 and then re-expressed glycosylated PD-L1 (gPD-L1,
~50 kDa) or non-glycosylated PD-L1 mutant (ngPD-L1,
~33 kDa), which lacks all four asparagine-X-threonine (NXT)
motifs (Li et al., 2016a), in BT549 human breast cancer cells.
The BT549-gPD-L1 and BT549-ngPD-L1 cells were then treated
with glycosylation inhibitors. The results indicated that inhibitors
blocking N-linked, but not O-linked, glycosylation altered the
migration of PD-L1 on SDS-PAGE (Figures 1E [top] and S1C).
Those inhibitors, however, had no such effect on ngPD-L1
(Figure 1E, bottom), supporting that PD-L1 is primarily N-glyco-
sylated (Li et al., 2016a). Moreover, altering PD-L1 N-linked
glycosylation by tunicamycin (TM), swainsonine (SW), castano-
spermine (CSP), or 1-deoxymannojirimycin (DMJ) treatment sub-
stantially reduced PD-L1 and PD-1 binding (Figure 1F) in vitro.
Inhibitor against mucin type O-glycosylation (benzyl-GalNAc;
Figure 1F) or addition of O-glycanase (Figure S1D) did not affect
PD-L1 and PD-1 interaction, supporting the notion that the inter-
action is modulated specifically by N-linked glycosylation. We
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Figure 1. Glycosylation of Inhibitory Immune Receptor Is Required for Interaction with Its Ligand
(A) Western blot analysis of histidine-tagged ligand proteins. Protein samples (1 ng) were pre-treated with or without PNGase F for 30 min before western blot analysis.

(B) Schematic of in vitro receptor and ligand binding assay.

(C) In vitro association of immune ligand-receptor pairs. The ratio of 1.0 indicates no change of binding upon PNGase F treatment.
(D) Binding affinity of glycosylation in inhibitory and stimulatory receptors and ligands for T cell activation. The glycosylated and non-glycosylated His-tagged

proteins correspond with those shown in (C).

(E) Western blot analysis of PD-L1 expression with N-linked or O-linked glycosylation inhibitors. Closed circle, glycosylated PD-L1; arrowhead, non-glycosylated

PD-L1.

(F) PD-1 and PD-L1 binding assay in PD-L1 WT expressing BT549 cells treated with N-linked or O-linked inhibitors.
*p < 0.05, statistically significant by Student’s t test. Error bars denote mean + SD of three independent experiments. See also Figure S1.

further examined the effects of glycosylation of cell surface PD-
L1 in gPD-L1-expressing cells treated with or without glycosyla-
tion inhibitors by confocal microscopy. PNGase F (Figures 2A
and 2B) and tunicamycin (Figure S2A) abrogated the binding of
PD-1 to PD-L1. The results showing that ngPD-L1 failed to bind
to PD-1 in a co-immunoprecipitation assay (Figure 2C) sug-
gested that an intact glycan on PD-L1 is important for its binding
to PD-1. To validate the above findings in live cells, we first
selected single clones that displayed similar levels of mem-
brane-localized gPD-L1 (clone numbers 1, 2, and 7) and ngPD-
L1 (clone numbers 9, 10, and 11) (Figure S2B). We did not
observe any significant differences in PD-L1 membrane localiza-
tion in the presence of MG132 treatment (Figures S2C, confocal

image, and S2D, biotinylation pull-down). Mutation of PD-L1
glycosylation sites (hgPD-L1) had no effects on the overall struc-
ture (Figure S2E) or conformational changes upon trypsin diges-
tion (Figure S2F). The binding to PD-1 was markedly reduced in
the ngPD-L1 clones but not in the gPD-L1 clones, even though
similar levels of PD-L1 were expressed in the cells (Figures 2D
and 2E). These results suggested that glycosylation is required
for the PD-L1 and PD-1 interaction.

Glycosylation of PD-L1 Is Important for Its
Immunosuppressive Function

To determine whether glycosylation of PD-L1 governs its
immunosuppressive function, we evaluated T cell response by
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Figure 2. Glycosylation of PD-L1 Is Required for Interaction with PD-1

(A) Interaction of PD-1 and PD-L1 proteins with or without PNGase F. Confocal image shows bound PD-1/Fc fusion proteins on the membrane of BT549-PD-L1
cells. Scale bar, 25 um.

(B) Flow cytometry measuring PD-1 binding on the membrane of BT549 cells expressing gPD-L1 with or without PNGase F.

(C) Co-immunoprecipitation and western blot analysis measuring the interaction of PD-1 and PD-L1 in BT549 cells expressing gPD-L1 or ngPD-L1.

(D) Time-lapse microscopy quantification showing the dynamic interaction between PD-L1 and PD-1 (bottom). Representative phase, red fluorescent (nuclear
restricted RFP) and green fluorescent (green fluorescent-labeled PD-1/Fc protein) merged images of gPD-L1- or ngPD-L1-expressing BT549 cells at 12 hr (top).
Scale bar, 100 um.

(E) Flow cytometry measuring the interaction of membrane-bound PD-1 on gPD-L1- or ngPD-L1-expressing BT549 cells. Cells were pretreated with MG132 prior
to the experiment.

(F) T cell-mediated tumor cell killing assay in gPD-L1- or ngPD-L1-expressing BT549 cells. Representative phase, red fluorescent (nuclear restricted RFP), and
green fluorescent (NucView 488 caspase-3/7 substrate) merged images (10x magnification) are shown. Green fluorescent cells were counted as dead cells. The
quantitative ratio of dead cells is showed by the bar graph. Arrowheads, dead cells; Scale bar, 100 pm.

(G) Tumor growth of 4T1 cells expressing gPD-L1 or ngPD-L1 in BALB/c or BALB/c SCID mice. n = 7 mice per group.

(H) Quantification of intracellular cytokine stain of IFNy in CD8*, CD3* T cell populations in BALB/c mice. n = 8 mice per group.

*p < 0.05, statistically significant by Student’s t test. Error bars denote mean + SD of three independent experiments. See also Figure S2.
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measuring interleukin-2 (IL-2) secretion or apoptotic tumor cells
in ngPD-L1 or gPD-L1 stable clones co-cultured with primary
human T cells. Cells expressing ngPD-L1 were more sensitive
to activated T cell (from peripheral blood mononuclear cells)-
mediated apoptosis (Figure 2F) and induced higher IL-2 secre-
tion from Jurkat T cells (Figure S2G). We next examined tumor-
igenesis of mouse 4T1 mammary tumor cells expressing mouse
gPD-L1 or ngPD-L1 in syngeneic BALB/c mice. With similar
levels of mPD-L1 expression on the cell surface (Figure S2H),
4T1 cells expressing ngPD-L1 (4T1-ngPD-L1) grew significantly
slower than 4T1 cells expressing gPD-L1 (4T1-gPD-L1) in
BALB/c mice (Figure 2G, left); however, we did not observe
any significant changes in tumor growth between ngPD-L1 and
gPD-L1 in severe combined immunodeficient (SCID) mice
(Figure 2G, right), suggesting the differential tumorigenicity was
attributed to immune surveillance. Indeed, tumors induced by
4T1-gPD-L1 cells had fewer activated cytotoxic T cells (CD8"/
IFNY*) in their TILs than those in 4T1-ngPD-L1 tumors
(Figure 2H). These results implied that glycosylated PD-L1 sup-
presses T cell activity in the tumor microenvironment and that
non-glycosylated PD-L1 causes a reduction in immunosuppres-
sive activity likely due to its inability to bind to PD-1. Although
glycosylation of PD-L1 on antigen-presenting cells (APCs) may
also contribute to the overall suppressive activity, the experi-
ment was set up for the purpose of comparing the differential
response between gPD-L1 and ngPD-L1 expression in the 4T1
tumor cell system.

B3GNT3 Catalyzes PD-L1 Glycosylation

Because glycosylation of PD-L1 is critical for its immunosup-
pressive activity, we sought to identify the mechanisms underly-
ing PD-L1 glycosylation. Previously, we reported that epidermal
growth factor (EGF) signaling stabilizes PD-L1 by inhibiting
GSK3B-B-TrCP-mediated degradation, and phosphorylation of
ngPD-L1 by GSK3p triggers 26S proteasome-mediated degra-
dation (Li et al., 2016a). We found the expression of PD-L1 in
TNBC cells is regulated by ubiquitination (Figures S3A-S3D)
and GSK3p (Figure S3E). Because glycosylation is required for
ligand and receptor interaction (Figure 1), to further examine
the regulatory mechanisms underlying PD-L1 glycosylation we
asked whether EGF, in addition to upregulating PD-L1 protein
and/or mRNA expression (Li et al., 2016a; Lim et al., 2016; Liu
et al., 2007), also enhances PD-1 binding by modulating PD-L1
glycosylation. To this end, we first examined the expression of
EGF receptor (EGFR) and glycosylated PD-L1 across a panel
of TNBC cell lines (Figure S3A). EGFR is known to be overex-
pressed in many of TNBC cells. To avoid bias by EGFR overex-
pression, we chose BT-549 as a suitable cell line for analysis
(Figure S3A) as it exhibits moderate EGFR and PD-L1 expression
and responds to EGF stimulation through EGFR as demon-
strated in our earlier study (Figure 4B; Li et al., 2016a). Next,
we depleted endogenous PD-L1 and then re-expressed the
PD-L1 3SA (S176A, T180A, and S184A) mutant to block
GSK3B-mediated degradation (Li et al., 2016a). Similar to
PD-L1 wild-type (lanes 3 versus 4, Figure 3A), EGF also induced
PD-L1 3SA and PD-1 interaction (lanes 5 versus 6, Figure 3A),
and this interaction required EGFR as EGF failed to promote
PD-L1 3SA and PD-1 interaction in EGFR-knockout BT549 cells
(lane 2 versus 6, Figure 3B). Consistently, EGF induced PD-L1

wild-type and PD-1 interaction in the absence of GSK3p
(Figure S3F). Moreover, stabilization of PD-L1 was only observed
under EGF but not IFNy treatment in another TNBC cell line
(MDA-MB-468) expressing PD-L1 (Figure S3G). These results
indicated that IFNy increases PD-L1 expression primarily
through transcriptional regulation as shown by the increased
RNA in the parental MDA-MB-468 cells, but did not stimulate
PD-L1 expression under the CMV promoter in the MDA-MB-
468-PD-L1 transfectants as examined by western blotting.
Together these results indicated that, in addition to stabilizing
PD-L1, EGF also triggers PD-L1 and PD-1 interaction via
enhanced glycosylation.

EGF Upregulates BBGNT3 Glycosyltransferase to
Mediate PD-L1 Glycosylation

Since glycosylation of PD-L1 is required for its interaction with
PD-1, we asked whether EGF signaling regulates the expression
of glycosyltransferase(s) and induces PD-L1 glycosylation. To do
this, we selected the enzymes according to EGFR expression in
TNBC (Figure S3H) using The Cancer Genome Atlas (TCGA)
dataset because: (1) EGF/EGFR signaling is known to be an
important survival signal; (2) EGFR is highly expressed in
TNBC; and (3) PD-L1 protein is heavily glycosylated in TNBC
cells (Li et al., 2016a). To identify the glycotransferase that cata-
lyzes PD-L1 N-linked glycosylation in TNBC, we performed
bioinformatics analysis along with the earlier identified glycan
structure of PD-L1 (Li et al., 2016a). First, 50 N-linked glycotrans-
ferases were chosen based on the PCR-array panels from
Qiagen (genes are listed in Table S1). Among these 50 genes,
the expression of six (MGAT3, B3GNT3, GNPTAB, ST6GALT,
MAN2B1, and MGAT5) was correlated positively with EGFR (Fig-
ure 3C) with a Pearson correlation coefficient >0.3 (Table S1). To
focus on the TNBC subtype, we sought to identify those genes
upregulated in TNBC in TCGA RNAseqV2 using samples only
with known subtype information. There, MGAT3, BSGNT3 (Fig-
ure S3l), STEGAL1, B4GALT2, and MOGS expression were
found to be upregulated in basal-like breast cancer (share high
similarity to TNBC) patients. gPCR analysis further showed that
B3GNT3 was specifically upregulated by EGF in two TNBC cell
lines, MDA-MB-468 and BT549 (Figure 3D). We observed a
strong correlation between B3GNT3 and EGFR gene expression,
suggesting that EGFR may be an upstream regulator of BSGNT3
(Figure 3E). Interestingly, the glycan structure on both N192 and
N200 of PD-L1 contained poly-N-acetyllactosamine (poly-
LacNAc) (Li et al., 2016a), which is known to be catalyzed by
B3GNT3 (Ho et al., 2013). Protein identification by mass spec-
trometry identified BSGNT3 as a PD-L1 interacting protein (Fig-
ure 3F). The result showing BSGNT3 binding to PD-L1 further
supports the involvement of BSGNT3 in PD-L1 regulation (Fig-
ure S3J). Ectopic expression of B3GNT3 or EGFR, which in-
creases B3GNT3 expression in non-TNBC cells, induced a
robust PD-L1 and PD-1 interaction, suggesting that EGFR is
the major driver to induce immunosuppression in TNBC (Fig-
ure S3K). BSGNT3-mediated PD-L1 and PD-1 interaction can
be blocked by DMJ but not by benzyl-GalNAc (Figure 3G). These
results further suggested that BSGNT3 mediates PD-L1 and
PD-1 interaction through N-linked glycosylation instead of
O-linked glycosylation. Importantly, breast and lung cancer pa-
tients who had high BSGNT3 expression also had poorer overall
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Figure 3. EGF Signaling Upregulates N-glycosyltransferase B3GNT3 in TNBC
(A) Western blot analysis of PD-L1 glycosylation in BT549 cells. Binding of PD-1 was measured by co-immunoprecipitation (IP).

(B) PD-1 interaction was measured in BT549 WT and EGFR-knockout (KO) cells.

(C) Heatmap analysis of N-glycosyltransferase gene expression in triple-negative breast cancer (TNBC) using The Cancer Genome Atlas (TCGA) dataset.
(D) gRT-PCR analysis of N-glycosyltransferase mMRNA expression in MDA-MB-468 (MB468) and BT549 cells treated with EGF or gefitinib.

(E) Correlation between the expression of BSGNT3 and EGFR in TNBC.

(F) PD-L1-bound N-linked glycosylation-associated proteins shown by Ingenuity Pathway Analysis (IPA). PD-L1-bound proteins were identified from FLAG-PD-
L1 co-immunoprecipitated protein complex using MS/MS analysis followed by IPA.
(G) PD-1 binding assay in the presence of glycosylation inhibitors. BT549-PD-L1 cells were transient transfected with B3GNT3 with or without benzyl-GalNAc or

DMJ treatment.
See also Figure S3 and Table S1.

survival outcomes than those with low or no B3GNT3 expression
(Figure S3L).

Analysis of the BSGNT3 promoter region using the ENCODE
transcription factor chromatin immunoprecipitation-sequencing
data indicated that TCF4 downstream of the EGF-GSK3p-3-ca-
tenin pathway bound directly to the BSGNT3 core promoter
region (Figures S4A and S4B), which was further validated by a
reporter assay (Figures S4C and S4D). Knocking down B-catenin
indeed reduced EGF-induced PD-L1 expression (Figure S4E).
Knockout of B3GNT3 in BT549 cells reduced EGF/EGFR-medi-
ated PD-1 interaction (Figure 4A) and sensitized cancer cells to
T cell killing (Figure 4B). B3GNT3 catalyzes poly-LacNAc (Ho
et al., 2013), which is present on PD-L1 N192 and N200 (Li
et al., 2016a). Consistently, the results from lectin binding assay
(Table S2) indicated that Lycopersicon esculentum (Tomato) lec-
tin (LEL), which is known to specifically recognize poly-LacNAc
moiety (Sugahara et al.,, 2012), bound to gPD-L1 but not
ngPD-L1 (81.3% versus 2.2%; Figure 4C). Moreover, knocking
out BSGNT3 in BT549 cells only slightly reduced the levels of
cell surface PD-L1 (Figure 4D, left). However, the binding
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between PD-L1 and PD-1 was substantially reduced (Figure 4D,
right; 55.2% versus 12.3%). Consistent with the analysis of
PD-L1 glycosylation (Figure 2G), the tumors induced by 4T1
B3GNT3 knockout cells grew slower than those induced by
4T1 knockout control cells in BALB/c mice but not in BALB/c
SCID mice (Figure 4E). Of note, PD-L1 knockout also reduced
tumor growth (Figure 4E versus Figure 4F). In fact, knocking
out BBGNT3 impaired 4T1 tumor growth similar to knocking
out PD-L1. In addition, PD-L1 or BSGNT3 knockout cells showed
reduced tumor growth similar to that of the PD-L1/B3GNT3
double knockout. Together, these results supported the notion
that reduced tumor growth by B3GNT3 is mediated through
PD-L1.

Generation of Glycosylation-Specific PD-L1 Antibodies

Glycosylated antigen-specific antibodies are valuable in cancer
therapy (Xiao et al., 2016). The above results prompted us to
generate monoclonal antibodies that specifically recognize
gPD-L1. To this end, we purified gPD-L1 protein from BT549
cells expressing heavily glycosylated PD-L1. Among 3,000
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Figure 4. EGF Signaling Enhances PD-L1 Glycosylation by BSGNT3

(A) PD-1 and PD-L1 interaction in BT549 control (CTRL) and B3GNT3~'~ cells treated with EGF or gefitinib followed by western blotting with the indicated

antibodies (right).

(B) T cell-mediated tumor cell killing assay in EGF- and/or gefitinib-treated BT549 CTRL or B3GNT3 '~ cells.

(C) The percentage representation of FITC-LEL-positive PD-L1 proteins (left) or cells (right). M2 (anti-FLAG) agarose sample or IgG was used as negative control.
(D) Flow-cytometric analysis of membrane-bound PD-L1 protein (left) and membrane located PD-1 protein (right) in BT549 CTRL or B3GNT3 ™/~ cells.

(E) Tumor growth of 4T1 CTRL or B3GNT3™/~ cells in BALB/c or BALB/c SCID mice. Tumor growth was measured at the indicated time points and dissected at the

endpoint (n = 7 mice per group).

(F) Tumor growth of 4T1 PD-L1~/~ or PD-L1~/"B3GNT3 /" cells in BALB/c mice. Tumor growth was measured at the indicated time points and dissected at the

endpoint (n = 7 mice per group).

Data shown in (E) and (F) were collected from experiments under the same conditions to allow for comparison. *p < 0.05, statistically significant by Student’s t test.
Error bars denote mean + SD of three independent experiments. n.s., not significant. See also Figure S4 and Table S2.

hybridomas that were screened against purified gPD-L1 by
flow cytometry (Figure S5A), 165 glycosylation-specific mono-
clonal antibodies were isolated based on the specificity to
gPD-L1 as well as the ability to block PD-1 interaction (Fig-
ure 5A, representative positive clones labeled in red). We also
examined the selectivity by immunoblotting (Figure S5B), the
specificity for gPD-L1 in human tumor tissues by immunohisto-
chemical (IHC) staining (Figure S5C), and the ability to detect
membrane-bound PD-L1 by flow cytometry (Figure S5D).
Based on the specificity, binding affinity (decreased equilibrium
dissociation constant [Kp] values), and PD-1/PD-L1 blockade
efficacy (decreased half-maximal effective concentrations

[ECs0]) (Figure S5E and Table S3), we selected STM004 and
STM108 for further analysis. STM004 and STM108 effectively
blocked PD-L1/PD-1 interaction (Figure 5B) and recognized
N35, and N192 and N200 glycosylation sites, respectively, on
PD-L1 (Figures 5C and 5D). Consistent with the site specificity,
epitope mapping indicated that STM108 crosslinked with
amino acids more toward the C terminus (Y81, K162, and
S$169), whereas STM004 detected amino acids relatively closer
to the N terminus (Y56, K62, and K75) of PD-L1 (Figure 5E and
Table S3).

STM108 is a mouse antibody that recognizes human PD-L1.
To evaluate its therapeutic efficacy in a syngeneic animal
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Figure 5. Production and Validation of Glycosylated PD-L1 Antibodies
(A) PD-1/PD-L1 blockade by glycosylated PD-L1 antibodies. Kinetic graph showing quantitative binding of PD-1/Fc protein on BT549 cells expressing PD-L1 at
hourly time points after treatment with glycosylated PD-L1 antibodies.
(B) Blockade of PD-L1 and PD-1 interaction by the glycosylated PD-L1 antibodies STM004 and STM108.
(C) Schematic of various PD-L1 NQ mutants used in this study. The numbers indicate amino acid positions of the PD-L1 protein.
(D) Western blot analysis of wild-type and mutant PD-L1 using STM004 or STM108 antibody.
(E) Epitope mapping of glycosylated PD-L1-binding antibodies by high-mass MALDI mass spectrometry (CovalX service).
(F) Interaction of human PD-1 (hPD-1) or mouse PD-1 (mPD-1) protein with human PD-L1 (hPD-L1) on BT549 cells or mouse PD-L1 (mPD-L1) or hPD-L1 on 4T1
cells, with or without STM108 antibody.
(G) Tumor growth of 4T1 cells expressing human PD-L1 (4T1-hPD-L1) in BALB/c mice treated with STM004 or STM108 antibody. Tumors were measured at the
indicated time points and dissected at the endpoint. n = 7 mice per group.

(legend continued on next page)
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model, we first generated mouse (m) 4T1 cells expressing
human (h) PD-L1 (4T1-hPD-L1) by knocking out or knocking
down mPD-L1 and re-expressing hPD-L1 (see details in
STAR Methods). We compared the effects of STM108 on
PD-L1 and PD-1 binding in 4T1-hPD-L1 cells with those in
BT549 expressing hPD-L1 (BT549-hPD-L1) and 4T1 cells
expressing mPD-L1 (4T1-mPD-L1) by in vitro binding assays
(Figure 5F). The binding of hPD-L1 and mPD-1 was similar to
the cognate hPD-L1 and hPD-1 pair (lanes 3 and 11 versus 1
and 9, Figure 5F). Consistently, STM108 efficiently blocked
hPD-L1-mPD-1 interaction (lanes 4 and 12, Figure 5F) as well
as hPD-L1-hPD-1 (lanes 2 and 10, Figure 5F) but not
mPD-L1-mPD-1 or mPD-L1-hPD-1 (lanes 6 and 8, Figure 5F)
as STM108 does not recognize mPD-L1. In 4T1-hPD-L1-inoc-
ulated BALB/c mice, treatment with either STM004 or
STM108 also significantly reduced their tumor size (Figure 5G)
and higher cytotoxic T cell activity as measured by CD8*/IFNy*
and granzyme B expression, respectively (Figures 5H and 5l),
compared with the control, with more potent effects from
STM108 than those from STM004. Additionally, both STM004
and STM108 demonstrated good safety profiles as the levels
of enzymes indicative of liver and kidney functions (Figure S5F)
did not change significantly. We also observed a positive corre-
lation between gPD-L1 (targeted by STM108), p-EGFR, and
B3GNT3 in 112 breast carcinoma tissue samples by IHC stain-
ing (Figure S5G and Table S4). The results from in vitro and
in vivo validation indicated that the antibodies that recognize
glycosylated PD-L1 effectively inhibit the PD pathway and
enhance mouse anti-tumor immunity.

Furthermore, to determine whether STM004 and STM108
recognize the glycan moiety catalyzed by B3GNT3, we per-
formed a glycan array screening using biotin-labeled STM108
or STM004. STM108 specifically bound to GlcNAc-B-1,3-Gal-
-1,4-Glc and GlcA-B-1,4-GIcNAc-a-1,4-GIcA polysaccharides,
which was competed by the addition of a mixture of glycans
containing these two polysaccharides (Figures 5J and S5H).
In contrast, STM004 did not bind to GIlcNAc-B-1,3-Gal-B-1,4-
Glc (data not shown). Interestingly, poly-LacNAc, which con-
tains GIcNAc-B-1,3-Gal-B-1,4-Glc and is synthesized by
B3GNT3 (Ho et al., 2013), was detected on PD-L1 N192 and
N200 (Li et al., 2016a). Depletion of BSGNT3 by CRISPR/Cas9
in BT549 cells impaired EGF-induced PD-L1 glycosylation,
and thus was not recognized by STM108 in western blotting
(lanes 2 versus 5, Figure 5K), further supporting the presence
of poly-LacNAc moiety on PD-L1 and its recognition by
STM108. Taken together, we successfully isolated a PD-L1
antibody (STM108) that can specifically recognize the
B3GNT3-mediated poly-LacNAc moiety on N192 and N200
glycosylation sites of PD-L1.

STM108 Antibody Induces PD-L1 Internalization and
Degradation

Antibody-drug conjugates (ADCs) have been shown to possess
pronounced activity in the clinic with the advantage of delivering
drugs with bystander activity (Li et al., 2016b). Unlike PD-1
or CTLA4, PD-L1 is mainly expressed on tumor cells but not
normal cells. Cytokines, such as IFNy and tumor necrosis
factor o, which are present in the tumor microenvironment,
have been shown to elevate the levels of PD-L1 on cancer cells
to switch off T cell activity (Chen and Han, 2015). In this regard, in
addition to blocking the immune checkpoint, PD-L1 is an ideal
candidate for drug conjugation due to its cancer specificity.
Moreover, the lack of response of tumors to immunotherapy is
partly attributed to the heterogeneous expression of PD-L1
(McLaughlin et al., 2016). Therefore, the bystander effect of
PD-L1-ADC can further increase efficacy by inhibiting adjacent
cancer cells that have low or no PD-L1 expression.

To further explore this possibility, we first examined the ability
of gPD-L1-specific antibodies to induce PD-L1 internalization
using pHrodo red-labeled antibodies in PD-L1-expressing
BT549 cells. The results showed that STM108 but not STM004
mediated PD-L1 internalization to the lysosomes as indicated
by the detection of red fluorescence when the pH was decreased
from 7.0 to 4.5 (Figure 6A). Interestingly, among ten antibodies
tested, only three (STM030, STM073, and STM108) that recog-
nized the N192 and N200 glycosylation sites of PD-L1 were
internalized (Figure 6A), whereas antibodies that recognized
N35 (STMO004, STM012, and STMO034) or both gPD-L1 and
ngPD-L1 (STM038, STM041, STM071, and STMO075) did not.
To further validate the endocytosis of the STM108-PD-L1 protein
complex, we utilized a recently developed three-dimensional
single-molecule tracking platform technology, TSUNAMI (Perillo
et al., 2015), to record the trajectory of a single protein complex
in a live BT549 cell. A representative trajectory of a single
STM108-PD-L1 moving 10 um inward into the cytoplasm within
400 s is shown in Figures 6B and 6C and Movie S1. In contrast,
the STM004-PD-L1 complex remained on the cell surface (Fig-
ures 6B and 6C; Movie S2). Western blot analysis indicated a
robust degradation of PD-L1 after STM108 treatment (Fig-
ure S6A). Time-lapse immunofluorescence analysis further
demonstrated co-localization of STM108 and lysosome followed
by rapid PD-L1 degradation at the 2-min and 4-min time points
(arrows) after STM108 treatment (Figure 6D). These results
indicated that STM108 binding to PD-L1 occurred before degra-
dation and suggested that STM108 is an ideal candidate
for ADC.

Modulation of the glycosylation state has been shown to facil-
itate clathrin-mediated endocytosis (CME) (Garner and Baum,
2008). To determine whether the CME or caveolae-dependent

(H) Intracellular cytokine stain of IFNy in CD8" CD3* T cell populations. n = 7 mice per group.
(I) Immunofluorescence staining of the protein expression pattern of PD-L1, CD8, and granzyme B (GB) in a 4T1-hPD-L1 tumor mass. Scale bar, 100 um (20 um in

magnified sections).

(J) Quantitative binding affinity of gPD-L1 antibody (STM108) to glycan 1 and 2. Glycan array 100 was probed with the biotin-labeled gPD-L1 antibody. gPD-L1
antibody bound to two glycans (1 and 2) and the bindings were compromised by a mixture of BSGNT3 substrate or product, a mixture of DiLacNAc and

GlIcNAcB1,3-Gal.

(K) Western blot analysis of glycosylation of PD-L1 protein in BT549 cells by STM108 (gPD-L1). BT549 control (CTRL) or B3GNT3 '~ cells were treated with

25 ng/mL EGF or gefitinib overnight.

*p < 0.05, statistically significant by Student’s t test. Error bars denote mean + SD of three independent experiments. See also Figure S5; Tables S3 and S4.
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Figure 6. gPD-L1 Antibody STM108 Induces Internalization and Degradation of PD-L1

(A) Internalization of glycosylated PD-L1 antibodies. Internalized antibodies (Ab) in BT549 cells expressing PD-L1 are shown at each time point. Representative
phase and red fluorescent merged images at 12 hr are shown. Scale bar, 100 pm.

(B) Trafficking of an individual STM108 (top) or STM004 (bottom) antibody in BT549 cells was visualized by the live-cell three-dimensional single-molecule
tracking system (TSUNAMI). A representative trajectory of antibody moving into the cytoplasm from the cell membrane is shown. Arrowheads, starting points.
(C) The path length of trajectories acquired from IgG, STM004, and STM108 from (B). n.s., not significant.

(D) Internalization of STM108 and its co-localization in lysosome. The antibodies were labeled with pHrodo red and then added to PD-L1 WT expressing BT549
cells with LysoTracker green. Arrow indicates localization of STM108 at lysosome after internalization.

(E) Internalization of STM108 in BT549-PD-L1 cells treated with clathrin-mediated endocytosis (CME) or caveolae-dependent endocytosis (CDE) inhibitors.

(F) Western blot analysis of wild-type (WT) PD-L1 in STM108 and/or CME or CDE inhibitor-treated BT549-PD-L1 cells.
(G) Western blot analysis of PD-L1 expression. BT549 cells control (CTRL) or B3GNT3 ™~ were treated with STM108 for 2 days.
*p < 0.05, statistically significant by Student’s t test. Error bars denote mean + SD of three independent experiments. See also Figure S6; Movies S1 and S2.

endocytosis (CDE) pathway is associated with PD-L1 internaliza-
tion, we treated cells with several inhibitors of CME or CDE. The
results showed that inhibitors of CDE, but not CME, effectively
inhibited STM108-induced PD-L1 internalization (Figures 6E,
6F, S6B, and S6C). Because STM108 recognizes the poly-
LacNAc moiety, we also examined the effects of B3GNT3
depletion on STM108-induced PD-L1 internalization and degra-
dation. As expected, STM108 did not induce PD-L1 internaliza-
tion or degradation in B3GNT3 knockout cells (Figures 6G
and S6D), further suggesting that recognition of the poly-
LacNAc moiety on N192 and N200 by PD-L1 requires
B3GNT3. Together, these data indicated that STM108-induced
PD-L1 internalization occurs via CDE and is N192- and N200-
glycosylation dependent.
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Glycosylated PD-L1 ADC Is Highly Potent and

Relatively Safe

It has been proposed that human PD-L1* APCs play a role in
PD-L1/PD-1-mediated immunosuppression (Zou and Chen,
2008). Indeed, glycosylated PD-L1 expression was observed in
APCs (dendritic cells and macrophages) (Figure S6E). In addi-
tion, as shown in Figure S6E, normal tissues and naive immune
cells expressed very low levels of PD-L1 and gPD-L1, which in-
creases the feasibility of cell-specific killing by drug conjugation
to STM108. To this end, we generated an STM108 antibody con-
jugated with a potent anti-mitotic drug monomethyl auristatin E
(MMAE) (Junutula et al., 2008) called STM108-ADC (hereinafter
referred to as gPD-L1-ADC; Figure S7A). The viability of BT549
and MDA-MB-231 (MB231) cells expressing gPD-L1, but not
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Figure 8. Proposed Mechanism of Action of gPD-L1-ADC

those expressing ngPD-L1 or PD-L1 knockout cells, was atten-
uated upon gPD-L1-ADC treatment (Figures 7A, 7B, and S7B).
Loss of B3GNT3 also impaired the gPD-L1-ADC-mediated
anti-cancer effect (Figure S7C). In addition, gPD-L1-ADC selec-
tively suppressed tumors with hPD-L1 antigen (4T1-hPD-L1 or
EMT6-hPD-L1) but not parental tumors that express mouse
PD-L1 (4T1 or EMT6) (Figure S7D). Similar to results from
in vitro assays, gPD-L1-ADC markedly reduced tumor growth
in a dose-dependent manner in a 4T1-hPD-L1 syngeneic mouse
model (Figure S7E). Treatment with gPD-L1-ADC led to com-
plete regression of 4T1-hPD-L1 tumors in ~70% of mice but
not those with 4T1 tumors, which continued to grow (Figure 7C).
In addition, gPD-L1-ADC induced massive cell death of 4T1-
hPD-L1 tumor cells compared with gPD-L1 alone as indicated
by active caspase-3 staining (Figure 7D) and dead cell popula-
tion (Figures 7E and S7F, CyTOF analysis). A similar complete
regression rate was recapitulated in EMT6-hPD-L1 or CT26-

hPD-L1 syngeneic BALB/c mouse model (Figures 7F and 7G).
Furthermore, gPD-L1-ADC-treated mice exhibited significantly
better survival than those treated with gPD-L1 (STM108) or IgG
control (Figure 7H). No significant body weight changes (data
not shown) or liver and kidney toxicities were observed during
the course of therapy (Figure S7G).

Interestingly, when both wild-type and PD-L1 knockout
MB231 cells were mixed together, cell viability remained sup-
pressed (red in Figure 7B), suggesting the presence of bystander
activity of MMAE (Okeley et al., 2010). This bystander effect was
also observed in three other cell systems (red in Figure 7B) and in
4T1 mouse model (red in Figure 71) in which gPD-L1-ADC elicited
potent anti-tumor activity when 4T1 cells were mixed with
4T1-hPD-L1 expressing the hPD-L1 antigen but not 4T1 cells
alone without hPD-L1 expression. These results suggested
that the residual toxin released from gPD-L1-ADC was sufficient
to inhibit the growth of the surrounding tumor cells even without
hPD-L1 expression at primary tumor sites to produce a
bystander effect. As expected, because STM004 did not induce
PD-L1 internalization (Figure 6A), both STM004 and STM004-
ADC only slightly reduced tumor growth but not tumor regres-
sion (Figure S7H). Although the therapeutic action of gPD-L1
antibody relied on acquired immunity (Figure S7I, black versus
blue), gPD-L1 ADC eliminated 4T1-hPD-L1 tumors even in
SCID mice (Figure S7I, blue versus red). Taken together, these
results suggested that gPD-L1-ADC possesses potent anti-tu-
mor activity by (1) inducing T cell reactivation; (2) eliciting drug-
induced cytotoxic activities; and (3) exerting a strong bystander
effect against breast cancer cells (Figure 8, proposed model).

DISCUSSION

A series of studies have dissected the stepwise glycan synthesis
of inducible T cell costimulator (ICOS) and showed that glycosyl-
ation of ICOS is not required for its interaction with ICOS ligand
(Kamei et al., 2010). Consistently, we showed that co-stimulatory
signaling does not require glycosylation (Figures 1B and 1C).
However, it has become evident that glycosylation indeed is
involved in many co-inhibitory signaling interactions, suggesting
that the status of membrane receptor glycosylation should be

Figure 7. gPD-L1 Antibody-Drug Conjugate (gPD-L1-ADC) Exhibits PD-L1/PD-1 Blockade and Cytotoxicity in 4T1-hPD-L1 Syngeneic
Mouse Model

(A) Cytotoxic profile of anti-gPD-L1-ADC in MDA-MB-231 (MB231) or BT549 cells with or without antigen. Cell viability was measured by CellTiter-Glo at 72 hr.
(B) Bystander effect of gPD-L1-ADC on human breast cancer (MB231 and BT549) or mouse mammary tumor (4T1 and EMT6) cell lines. Cell viability was
measured after 50 nM gPD-L1-ADC treatment at 72 hr.

(C) Tumor growth of 4T1 cells expressing human PD-L1 (4TI-hPD-L1) or parental 4T1 cells in BALB/c mice treated with IgG-ADC, gPD-L1 (STM108), or gPD-L1-
ADC. Tumors were measured at the indicated time points and dissected at the endpoint. n = 7 mice per group. Arrow, antibody (Ab) treatment; CR, complete
regression.

(D) Immunofluorescence staining of the protein expression pattern of PD-L1 and active caspase-3 (apoptotic cell marker) in a 4T1-hPD-L1 tumor mass. Scale
bar, 50 um.

(E) VISNE map derived from CyTOF (7-marker) analysis of 4T1-hPD-L1 tumors at days 9 and 15. Tumor cell populations were identified as hPD-L1 markers. Cells
in the map are color coded by the intensity of expression of the indicated markers.

(F and G) Tumor growth of EMTB6 cells expressing human PD-L1 (EMT6-hPD-L1, F) or CT26 cells expressing human PD-L1 (CT26-hPD-L1, G) cells in BALB/c mice
treated with IgG-ADC, gPD-L1, or gPD-L1-ADC. Tumors were measured at the indicated time points and dissected at the endpoint. n = 7 mice per group. Arrow,
antibody (Ab) treatment; CR, complete regression.

(H) Survival of mice bearing syngeneic 4T1-hPD-L1 or EMT6-hPD-L1 tumors following treatment with IgG-ADC, gPD-L1, or gPD-L1-ADC. Significance (asterisk)
was determined by the log-rank test (n = 10 mice per group).

(I) Bystander effect of gPD-L1-ADC in BALB/c mice. 4T1 and 4T1-PD-L1 cells were mixed at 1:1 ratio. Tumors were measured at the indicated time points and
dissected at the endpoint. n = 7 mice per group.

*p < 0.05, statistically significant by Student’s t test. Error bars denote mean + SD of three independent experiments. See also Figure S7 and Table S5.
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considered to improve the efficacy of cancer immunotherapy.
The N-glycan of vascular endothelial growth factor receptor
(Croci et al., 2014), neurokinin 1 receptor (Tansky et al., 2007),
dendritic cell-specific intercellular adhesion molecule-3 grab-
bing non-integrin (DC-SIGN) (Torreno-Pina et al., 2014), and
mucin 1 (MUC1) (Altschuler et al., 2000) have been reported to
enhance endocytosis through the interaction with clathrin. More-
over, modulation of the glycosylation state has been shown to
facilitate CME (Garner and Baum, 2008). Although the exact
mechanism of PD-L1 internalization is still unknown, we demon-
strated that only antibodies that recognized the N192/N200 sites
of gPD-L1 (STM108), but not those that were non-specific (IgG)
or specific against N35 (STM004), induced PD-L1 internalization.
Currently, we do not know why functional glycosylation is found
only on inhibitory but not stimulatory B7 family members (Kamei
et al., 2010). However, we speculated that (1) a common binding
module via glycosylation may exist in the co-inhibitory receptors,
(2) certain conformational changes between gPD-L1 and gPD-1
may trigger T cell exhaustion, and (3) aberrant glycan changes
may contribute to cancer malignancy. It is thus of interest to
compare the glycan structure between inhibitory and stimulatory
family members systematically in the future. If a specific glyco-
sylation motif exists to distinguish these two classes of mole-
cules, it may have important clinical implications. The current
report provides the scientific basis to study glycosylation in
co-inhibitory signaling. One of the major concerns regarding
ADC treatment is its clinical toxicity. gPD-L1-ADC demonstrated
substantial therapeutic efficacy in 4T1-hPD-L1, EMT6-hPD-L1,
and CT26-hPD-L1 syngeneic mouse models without inducing
significant acute liver or kidney toxicity. Although PD-L1 protein
is highly expressed in cancer cells and in some immune cells,
such as tumor-associated macrophages and myeloid dendritic
cells, most of these targeted by gPD-L1 are localized in the
tumor area, which limits its toxicity. Moreover, because
gPD-L1-ADC specifically recognizes the poly-LacNAc moiety
on N192 and N200 of PD-L1, it exerts specificity and affinity
without significant cytotoxicity in normal cells and primary
human pan-T cells, suggesting a relatively safe clinical
application.

In contrast to chemotherapy, ADC allows discrimination be-
tween normal and cancer cells. Although both ado-trastuzumab
emtansine and brentuximab have yielded a successful outcome,
optimizing the therapeutic window remains a challenge for the
safety of ADC (Tolcher, 2016). In this study, we demonstrated
that gPD-L1 is an excellent candidate for ADC as the glycan
moiety is critical for PD-L1 endocytosis and degradation. More-
over, the expression of glycosyltransferase B3GNT3 is relatively
lower in normal breast tissues than in breast cancer tissues (The
Human Protein Atlas, 2017), suggesting that BSGNT3-mediated
glycosylation PD-L1 is a cancerous event. Therefore, gPD-L1
antibody represents the next generation of immunotherapy that
can increase target specificity and reduce the off-target effects
of ADC as the EGFR/B3GNT3/gPD-L1 axis is upregulated in
TNBC cells.
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Antibodies

Flag Sigma-Aldrich F3165

Flag Cell Signaling Technology 2368

Myc Roche Diagnostics 11667203001
HA Roche Diagnostics 11666606001
PD-L1 Cell Signaling Technology 13684
PD-L1 GeneTex GTX104763
PD-L1 BiolLegend 329702
PD-L1 R&D Systems AF157
PD-L1 (Atezolizumab) Invivogen HPDL1-MABH1
PD-1 Abcam ab52587
PD-1 BioLegend 329911
Tubulin Sigma-Aldrich B-5-1-2
B-Actin Sigma-Aldrich A2228
Vimentin Cell Signaling Technology 5741

CD44 Cell Signaling Technology 3570
Granzyme B Abcam ab4059
B3GNT3 Abcam ab190458
B3GNT3 Proteintech 18098-1-AP
B3GNT3 Novus Biologicals, LLC NBP1-88953
Active Caspase 3 Cell Signaling Technology 9661

GFP Abcam ab290
PD-L2 Thermo Fisher Scientific PA5-20344
AKT Cell Signaling Technology 9272

pPAKT Cell Signaling Technology 4060

pERK Cell Signaling Technology 4370
pSTAT3 Cell Signaling Technology 9145
GSK3p Cell Signaling Technology 11930
pGSK3B Cell Signaling Technology 8943
pEGFR Cell Signaling Technology 3777

EGFR Cell Signaling Technology 4267

B7H3 Cell Signaling Technology 14058

PVR Cell Signaling Technology 13544
mouse IgG Jackson ImmunoResearch

mouse IgG BioLegend 400203
STMO004 This paper N/A
STM108 This paper N/A
STMO012 This paper N/A
STMO030 This paper N/A
STMO073 This paper N/A
hB7-H2 R & D System AF165-SP
PVR/CD155 (D3G7H) Cell Signaling Technology 135448
CD40 (D8W3N) Cell Signaling Technology 40868S
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Chemicals, Peptides, and Recombinant Proteins

PD-L1 R&D Systems 9049-B7
PD-L2 Thermo Fisher Scientific 11159-HO8H
PVR R&D Systems 2530-CD
PD-1 R&D Systems 8986-PD
CTLA4 Thermo Fisher Scientific 11159-HO8H25
GAL9 Biolegend 557302
CD70 (CD27L) Biolegend 553404

B7.1 (CD80) Thermo Fisher Scientific 10698-HO8H
B7.2 (CD86) Thermo Fisher Scientific 10699-HO8H
CD40 Thermo Fisher Scientific 10774-HO8H
ICOSL Thermo Fisher Scientific 11559-HO8H
B7-H3 R&D Systems 1949-B3
B7-H4 R&D Systems 6576-B7
CD137 Sino Biologicals 10041-HO8H
0OX40 Sino Biologicals 10481-HO8H
OX40L Biolegend 555704
PD-1 R&D Systems 1086-PD
TIGIT BPS Bioscience 71186
CD226 R&D Systems 666-DN
PD-L1 R&D Systems 156-B7
PD-L2 BPS Bioscience 71107

B7.1 (CD80) BPS Bioscience 71125

B7.2 (CD86) BPS Bioscience 71150

TIM3 BPS Bioscience 71151

CD27 BPS Bioscience 71176
CTLA4 BPS Bioscience 71149

CD28 BPS Bioscience 71113

CD40 Thermo Fisher Scientific 10239-HO1H
ICOS BPS Bioscience 71179

TLT2 R&D Systems 3259-TL
CD137L Sino Biologicals 15693-HO1H
OX40L Sino Biologicals 13127-H04H
OX40 BPS Bioscience 71175
PERCOLL PLUS Sigma-Aldrich GE17-5445-02
X-tremeGENE transfection reagent Roche Diagnostics 06 366 236 001
puromycin Invivogen ant-pr-5
Lipofectamine 2000 Life Technologies 11668019
PNGase F New England BioLabs P0708s
Endo H New England BiolLabs P0702s
O-glycosidase New England BiolLabs P0733S
pHrodo Red Thermo Fisher Scientific P35363
LysoTracker Green Thermo Fisher Scientific L7526
NeutrAvidin-labeled red fluorescent Thermo Fisher Scientific F8770
nanoparticles

bovine serum albumin Sigma-Aldrich S7806
Hoechst 33258 Thermo Fisher Scientific H3569
CellMask Deep Red Thermo Fisher Scientific C10046

Tumor Necrosis Factor-a

Roche

11 088 939 001
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human IFN-gamma R&D Systems 285IF100
Epidermal Growth Factor human Sigma-Aldrich E9644
Thiamet G Sigma-Aldrich SML0244
PUGNAc Sigma-Aldrich A7229
deoxymannojirimycin Sigma-Aldrich D9160
castanospermine Cayman Chemical 11313
swainsonine Cayman Chemical 16860
tunicamycin Sigma-Aldrich T7765
Lithium Chloride EMD 438002
MG132, Z-Leu-Leu-Leu-al Sigma-Aldrich Cc2211
cycloheximide Sigma-Aldrich C4859
SB203580 Calbiochem 559389
PD89059 Cell Signaling Technology 9900L
LY294002 Cell Signaling Technology 9901
uo126 Cell Signaling Technology 9903

Bay 11-7082 Sigma-Aldrich B5556
Critical Commercial Assays

Mouse Tumor Dissociation kit Miltenui Biotec 130-096-730
Dynabeads untouched mouse T cell kit Thermo Fisher Scientific 14311D
RNeasy Mini Kit Qiagen 74104
Dual Luciferase kit Promega E1960
Human IL-2 ELISA Kits Thermo Fisher Scientific 50246331
Glycoprotein Staining Kit Peirce/Thermo Fisher Scientific PI24562
Experimental Models: Cell Lines

4T1 ATCC CRL-2539
EMT6, Mammary Carcinoma ATCC CRL-2755
BT549 ATCC HTB-122
human peripheral blood mononuclear cells Stemcell Technologies 70025
MDA-MB-468 MDACC N/A
MDA-MB-231 MDACC N/A

CT26 ATCC CRL-2638
A431 ATCC CRL-1555
T47D ATCC HTB-133
MCF7 ATCC HTB-22
HEK293T ATCC CRL-3216
Experimental Models: Organisms/Strains

BALB/c mice Jackson laboratory

BALB/c SCID mice Jackson laboratory

Oligonucleotides

B-actin This paper N/A
Forward GCAAAGACCTGTACGCCAACA

Reverse TGCATCCTGTCGGCAATG

B4GALT2 This paper N/A
Forward GCATAACGAACCTAACCCTCAG

Reverse GCCCAATGTCCACTGTGATA

B4GALT3 This paper N/A

Forward GTAACCTCAGTCACCTGCC
Reverse ATTCCGCTCCACAATCTCTG
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IDENTIFIER

B4GALT5
Forward TGGAACAGAGTACAGAATGCAG
Reverse CCTTGCCGTTCTTTTGACTTC

B3GNT3
Forward TCTTCAACCTCACGCTCAAG
Reverse GTGTGCAAAGACGTCATCATC

B3GAT1
Forward CACCATCACCCTCCTTTCTATTC
Reverse GAACAACAGGTCTGGGATTTCT

B3GAT2
Forward GCCTTTTGCCATCGACATG
Reverse AGTCAGATTCTTGCATCCCTG

ST6GAL1
Forward CAAGGAGAGCATTAGGACCAAG
Reverse CCCCATTAAACCTCAGGACTG

ST3GAL4
Forward TCGTCATGGTGTGGTATTCC
Reverse CAGGAAGATGGGCTGATCC

MAN2A2
Forward GACCGCACTCATCTTACACC
Reverse GGAGGTTGGCTGAAGGAATAC

MAN2B1
Forward TCCCCTGCTTTAACCATCG
Reverse TTGTCACCTATACTGGCGTTG

UGGT1
Forward CTGAGTGATGGAACGAGTGAG
Reverse TAGAGATGACCAGATGCAACG

MGAT3
Forward GAGTCCAACTTCACGGCTTAT
Reverse AGTGGTCCAGGAAGACATAGA

MGAT5
Forward TGTGAGGGAAAGATCAAGTGG
Reverse GCTCTCCAAGGTAAATGAGGAC

MOGS
Forward CCACTGAGTTCGTCAAGAGG
Reverse ACTTCCTTGCCATCTGTCAC

GNPTAB
Forward TGGCTCGCTGATAAGTTCTG
Reverse GTGAGTCTGGTTTGGGAGAAG

C1GALT1
Forward CTTCAATGCAGATTCTAGCCAAC
Reverse GTAGCTTTGACGTGTTTGGC

OGT
Forward ATCCTCTTTCTCATGGCTTCAG
Reverse AACTCACATATCCTACACGCAG

ST3GAL1
Forward ACCATTTCCCACACCTACATC
Reverse CTTGCAGCCAGTTGTCAAAG

C2GNT1
Forward AGCGGTATGAGGTCGTTAATG
Reverse ACATACCCCACATACTCCCTAC

0OST48
Forward CTTCTTCAGCGACTCCTTCTT
Reverse GGCCACAGCTAGTTCATAGTT

This paper

This paper

This paper

This paper

This paper

This paper

This paper

This paper

This paper

This paper

This paper

This paper

This paper

This paper

This paper

This paper

This paper

This paper

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A
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Alg6 This paper N/A

Forward CTCAGAGACACTGGCAAGAAA
Reverse AAGCTGTAAGAGGTGGGTAATC
CD273 This paper N/A

Forward CCACAGTGATAGCCCTAAGAAA
Reverse CCAAGACCACAGGTTCAGATAG

CD274 This paper N/A
Forward TCACTTGGTAATTCTGGGAGC
Reverse CTTTGAGTTTGTATCTTGGATGCC

Recombinant DNA

PEZX-B3GNT3 Luc plasmid GeneCopoeia

pGIPZ-shPD-L1 This paper N/A

beta3Gn-T3 Double Nickase Plasmid Santa Cruz Biotechnology sc-411457-NIC-2
pGIPZ-shmPD-L1/mPD-L1 This paper N/A
pGIPZ-shmPD-L1/hPD-L1 This paper N/A

Software and Algorithms

VISNE Cytobank N/A

ForteBio Data Analysis Software 7.0 Menlo Park N/A

Xquest version 2.0 ETH Zurich N/A

CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Mien-Chie
Hung (mhung@mdanderson.org).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell Culture and Transfection

All cell lines were obtained from the American Type Culture Collection (Manassas, VA, USA), independently validated by STR DNA
fingerprinting at The University of Texas MD Anderson Cancer Center (Houston, TX, USA), and negative for mycoplasma contami-
nation. These cells were grown in in DMEM/F12 or RPMI 1640 medium supplemented with 10% fetal bovine serum. PD-L1 stable
transfectants in MDA-MB231, MDA-MB468, BT549, and HEK 293T cells were selected using puromycin (InvivoGen, San Diego,
CA, USA). Cells were transiently transfected with DNA using X-tremeGENE (Roche Diagnostics, Indianapolis, IN, USA) or lipofect-
amine 2000 (Life Technologies, Carlsbad, CA, USA). For treatment with EGF, TNFa,, or IFN, cells were serum-starved overnight prior
to cytokine stimulation at the indicated time points.

Animal Treatment Protocol

All BALB/c or BALB/c SCID (CBySmn.CB17-Prkdcscid/J) mice (6-8-week-old females; Jackson Laboratories, Bar Harbor, ME, USA)
procedures were conducted under the guidelines approved by the Institutional Animal Care and Use Committee (IACUC) at MD
Anderson. Mice were divided according to the mean value of tumor volume in each group. 4T1 or 4T1 hPD-L1 cells (5 x 10* cells
in 25 pl of medium mixed with 25 ul of Matrigel Basement Membrane Matrix [BD Biosciences, San Jose, CA, USA]) were injected
into the mammary fat fad. For treatment with antibody, 100 ung of STM004, STM108, PD-L1 antibody-drug conjugate (gPD-L1-
MMAE; RMP1-14), mouse IgG1 (Bio X Cell, West Lebanon, NH, USA), or mouse 1gG2b (Bio X Cell) as a control was injected intra-
peritoneally on days 6, 8, 10, 12, 14, and 16 after 4T1 cell inoculation. For the antibody-drug conjugate (gPD-L1-ADC antibody),
gPD-L1 (STM108), STM004, and mouse IgG antibodies were conjugated with Val-Cit-MMAE (Moradec LLC, San Diego, CA,
USA). The drug-antibody ratio (DAR) was calculated by the following formula: ratio of A248nm/A280nm = (n*ExPAB 248nm +
ExmAb248nm)/(n*ExPAB 280nm + ExmAb 280nm), (n: DAR). The DAR of gPD-L1-ADC (STM108-MMAE) was 4.13 and the DAR
of STM004-MMAE was 3.34. No statistical method was used to predetermine sample size. Tumors were measured with a caliper,
and tumor volume was calculated by the following formula: 7/6 x length x width?.

Animal Procedure
To study the therapeutic effects of gPD-L1 antibody in preclinical tumor models, 4T1-hPD-L1 (5 x 10%) or CT26-hPD-L1 (5 x 10%

cells were suspended in 25 pL of medium mixed with 25 pl of matrigel basement membrane matrix (BD Biosciences) and injected

e5 Cancer Cell 33, 187-201.e1-e10, February 12, 2018


mailto:mhung@mdanderson.org

subcutaneously into 6-week-old female BALB/c mice (Jackson Laboratories). Tumor volume was measured with a caliper and deter-
mined using the formula /6 x length x width?, where length is the longest diameter and width is the shortest diameter. For gPD-L1
antibody treatment, 5 mg/kg of gPD-L1 antibody or control mouse IgG was injected intraperitoneally on days 6, 8, 10, 12, 14, and 16
after tumor cell inoculation (n = 7 mice per group). Data from at least three biological replicates are presented and reported as
mean + S.D. Statistical analysis was carried out using paired Student’s t test and assumed to be significant at p < 0.05.

Human Tissues

Human breast tumor tissue specimens were obtained following the guidelines approved by the Institutional Review Board at MD
Anderson, and written informed consent was obtained from patients in all cases at the time of enrollment. One hundred and twelve
archived, paraffin-embedded breast carcinoma slides were obtained from the Department of Pathology at The University of Texas
MD Anderson Cancer Center.

METHOD DETAILS

Immune Receptor and Ligand Interaction Assay

To measure immune receptor and ligand interaction, His-tagged proteins were incubated with or without Rapid PNGase F (New
England BioLabs, Ipswich, MA, USA) in non-reducing buffer for 30 minutes at 50°C and then placed on a nickel-coated 96-well plate.
The plate was then incubated with recombinant Fc-tagged protein for 1 hour. The secondary antibodies used were anti-human Alexa
Fluor 488 dye conjugate (Life Technologies). Fluorescence intensity of Alexa Fluor 488 dye was measured using a microplate reader
(Synergy Neo; BioTeK, Winooski, VT, USA) and normalized to the intensity of total protein quantity.

To measure PD-1 and PD-L1 proteins interaction, we fixed cells in 4% paraformaldehyde at room temperature for 15 minutes and
then incubated them with recombinant human PD-1 Fc protein (R&D Systems, Minneapolis, MN, USA) for 1 hour. The secondary
antibodies used were anti-human Alexa Fluor 488 dye conjugate (Thermo Fisher Scientific, Waltham, MA, USA). Nuclei were stained
with 4’,6-diamidino-2-phenylindole (DAPI blue; Thermo Fisher Scientific). For imaging, after cell mounting, we visualized them using a
confocal laser-scanning microscope (Carl Zeiss, Thornwood, NY, USA). To monitor dynamic PD-1 protein binding on live cell
surfaces, we incubated cells expressing gPD-L1 or ngPD-L1 with Alexa Fluor 488 dye conjugate PD-1 Fc protein and obtained a
time-lapse image every hour for 24 hours using an IncuCyte Zoom microscope (Essen Bioscience, Ann Arbor, MI, USA) (Li
et al., 2016a).

Immunofluorescence for Mouse Tumor Tissue

Tumor masses were frozen in an OCT block immediately after extraction. Cryostat sections of 5-um thickness were attached to sa-
line-coated slides. Cryostat sections were fixed with 4% paraformaldehyde for 15 minutes at room temperature and blocked with
blocking solution (5% bovine serum albumin, 2% donkey serum, and 0.1M PBS) at room temperature for 30 minutes. Samples
were stained with primary antibodies against PD-L1, CD8, granzyme B, or active Caspase 3 overnight at 4°C, followed by secondary
antibodies at room temperature for 1 hour. Nuclear staining was performed with Hoechst 33342 (Thermo Fisher Scientific).
A confocal microscope (LSM700; Carl Zeiss) was used for image analysis.

T Cell-Mediated Tumor Cell Killing Assay

The T cell-mediated tumor cell killing assay was performed according to the modified manufacturer’s protocol (Essen Bioscience)
and has been described previously (Li et al., 2016a). Briefly, to prime tumor cell-specific T cells, we co-cultured tumor cells with
anti-CD3 antibody and IL-2-stimulated human peripheral blood mononuclear cells (Stemcell Technologies, Vancouver, BC, Canada)
for 5 to 7 days and then isolated and expanded the T cell population using ImmunoCult Human CD3/CD28 T Cell Activator (Stemcell
Technologies). To analyze the killing of tumor cells by T cell, we co-cultured nuclear-restricted, RFP-expressing tumor cells with
activated primary human T cells (Stemcell Technologies) in the presence of caspase 3/7 substrate (Essen Bioscience). T cells
were activated by incubation with anti-CD3 antibody (100 ng/ml) and IL-2 (10 ng/ml). After 96 hours, RFP and green fluorescent
(NucView 488 Caspase 3/7 substrate) signals were measured. Green fluorescent cells were counted as dead cells.

Antibodies and Chemicals

The antibodies used in the current study are listed in Table S5. TNFa. and IFNy were purchased from R&D Systems. EGF, cyclohex-
imide, MG132, LiCl, tunicamycin, swainsonine, castanospermine, deoxymannojirimycin, PUGNAc, and Thiamet G were purchased
from Sigma-Aldrich (St. Louis, MO, USA). SB2035580, PD89059, LY294002, U0126, and Bay 11-7082 were purchased from Cell
Signaling Technology (Danvers, MA, USA).

Tumor Infiltration Lymphocyte Profile Analysis

Mice receiving 5 x 10* 4T1 or EMTB6 cells were treated with antibodies as described in the figures. Excised tumors were dissociated
as a single cell using the gentleMACS Dissociator (Miltenui Biotec Inc., San Diego, CA, USA) with the mouse Tumor Dissociation kit
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(Miltenui Biotec) and lymphocytes were enriched on a Ficoll gradient (Sigma-Aldrich). T cells were isolated using Dynabeads
untouched mouse T cell kit (Thermo Fisher Scientific). T cells were stained using anti-CD3-PerCP (BioLegend, San Diego, CA,
USA), CD4-FITC (eBioscience, San Diego, CA, USA), CD8-APC/Cy7 (BioLegend), CD45.1-PE (BioLegend), and IFNy-Pacific Blue
antibodies. Stained samples were analyzed using a BD FACSCanto Il (BD Bioscience) cytometer.

Tumor Cell Profile Analysis by CyTOF

Excised tumors were dissociated as a single cell using the gentleMACS™ Dissociator (Miltenui Biotec Inc., San Diego, CA, USA) with
the mouse Tumor Dissociation kit (Miltenui Biotec) and tumor cells were enriched on a Ficoll gradient (Sigma-Aldrich). For CyTOF
analysis, tumor cells were incubated with a mixture of metal-labeled antibodies (Table S5) for 30 minutes at room temperature,
washed twice, and incubated with Cell-ID Intercalator-'°Rh (Fluidigm, San Francisco, CA, USA) overnight at 4°C. We also used
Cell-ID Cisplatin 195Pt (Fluidigm) for dead cell marker. The samples were analyzed using the CyTOF2 instrument (Fluidigm) in the
Flow Cytometry and Cellular Imaging Core Facility at MD Anderson. CyTOF data were analyzed by viSNE in Cytobank (Cytobank,
Inc. Santa Clara, CA, USA).

Generation of Stable Cells Using Lentivirus

The lentiviral-based shRNA (pGIPZ plasmids) used to knock down expression of human or mouse PD-L1 was purchased from the
shRNA/ORF Core Facility at MD Anderson. Using a pGIPZ-shPD-L1/Flag-PD-L1 dual-expression construct to knock down endog-
enous PD-L1 and reconstitute Flag-PD-L1 simultaneously (Lim et al., 2016), we established endogenous PD-L1 knockdown and
Flag-PD-L1 wild-type (WT)-expressing cell lines. To generate lentivirus-expressing shRNA for PD-L1 and Flag-PD-L1, we transfected
HEK293T cells with pGIPZ-non-silence (for vector control virus), pGIPZ-shPD-L1, or pGIPZ-shPD-L1/PD-L1 WT with X-tremeGENE
transfection reagent (Roche Diagnostics). Twenty-four hours after transfection, the medium was changed and then collected at
24-hour intervals. The collected medium containing lentivirus was centrifuged to eliminate cell debris and filtered through
0.45-um filters. Cells were seeded at 50% confluence 12 hours before infection, and the medium was replaced with medium
containing lentivirus. After infection for 24 hours, the medium was replaced with fresh medium and the infected cells were selected
with 1 pg/ml puromycin (InvivoGen). To overexpress PD-L1 WT or mutants, we used PD-L1 WT or mutant constructs as described
previously (Li et al., 2016a; Lim et al., 2016). For PD-L1 knockout, we transfected mouse PD-L1 Double Nickase plasmid (Santa Cruz
Biotechnology, Dallas, TX, USA) into 4T1 or EMT6 cells using X-tremeGENE transfection reagent. For mouse or human PD-L1
overexpression in 4T1 cells (4T1 mPD-L1 or 4T1 hPD-L1), we transfected the lentivirus carrying pGIPZ-shmPD-L1/mPD-L1 or
pGIPZ-shmPD-L1/hPD-L1 into mouse PD-L1 KO 4T1 cells and selected cells using puromycin. For BSGNT3 knockout, we trans-
fected mouse B3GNT3 Double Nickase plasmid (Santa Cruz Biotechnology) into 4T1 or EMTB cells using X-tremeGENE transfection
reagent. After transfection for 24 hours, the medium was replaced with fresh medium and the transfected cells were selected using
puromycin (InvivoGen).

qPCR Assays

Quantitative reverse transcription PCR assays were performed to measure the expression of mRNA (Lim et al., 2016). Cells were
washed twice with phosphate-buffered saline (PBS) and immediately lysed in QIAzol. The lysed sample was subjected to total
RNA extraction using the RNeasy Mini Kit (Qiagen, Hilden, Germany). To measure the expression of mMRNA, we synthesized
cDNA from 1 pg of purified total RNA (obtained by the SuperScript Il First-Strand cDNA synthesis system) using random hexamers
(Thermo Fisher Scientific) according to the manufacturer’s instructions. Quantitative PCR was performed using a real-time PCR
machine (iQ5; BioRad, Hercules, CA, USA). All data analysis was performed using the comparative Ct method. Results were first
normalized to internal control B-actin mRNA.

Western Blot and Immunoprecipitation

Western blot analysis was performed as described previously (Li et al., 2012). Image acquisition and quantitation of band intensity
were performed using the Odyssey infrared imaging system (LI-COR Biosciences, Lincoln, NE, USA). For immunoprecipitation, the
cells were lysed in buffer (50 mM Tris-HCI, pH 8.0, 150 mM NaCl, 5 mM EDTA, and 0.5% Nonidet P-40) and centrifuged at 16,000 x g
for 30 minutes to remove debris. Cleared lysates were subjected to immunoprecipitation with antibodies. For immunocytochemistry,
cells were fixed in 4% paraformaldehyde at room temperature for 15 minutes, permeabilized in 5% Triton X-100 for 5 minutes, and
then stained using primary antibodies. The secondary antibodies used were mouse Alexa Fluor 488 or 594 dye conjugate, or rabbit
Alexa Fluor 488 or 594 dye conjugate (Thermo Fisher Scientific). Nuclei were stained with 4’,6-diamidino-2-phenylindole (DAPI blue;
Thermo Fisher Scientific). After mounting, the cells were visualized using a multiphoton confocal laser-scanning microscope
(Carl Zeiss).

B3GNT3 Promoter and Luciferase Assay

The pEZX-B3GNT3 Luc plasmid was purchased from GeneCopoeia. All constructs were confirmed by DNA sequencing. Cells were
transfected using Lipofectamine 2000 (Life Technologies) as described previously (Lim et al., 2016). pRL-TK (Promega, Madison, WI,
USA) was co-transfected as an internal control for normalizing transfection efficiency. After transfection and experimental
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treatments, cells were lysed, and luciferase activity was measured using the Dual Luciferase kit (Promega) according to the manu-
facturer’s instructions. Protein expression from the luciferase assay was determined in the remaining cell lysate using Western blot
analysis.

Co-culture and IL-2 Expression Measurement

Co-culture of Jurkat T cells and tumor cells and IL-2 expression measurement was performed as described previously (Li et al.,
2016a). To analyze the effect of tumor cells on T cell inactivation, we co-cultured tumor cells with activated Jurkat T cells expressing
human PD-1, which were activated with Dynabeads Human T-Activator CD3/CD28 (Thermo Fisher Scientific). Co-cultures at a 5:1
(Jurkat:tumor cell) ratio were incubated for 12 or 24 hours. Secreted IL-2 levels in medium were measured as described by the manu-
facturer (Human IL-2 ELISA Kits; Thermo Fisher Scientific).

Glycosylation Analysis of PD-L1

To confirm glycosylation of PD-L1 protein, we treated the cell lysates with PNGase F, Endo H, or O-glycosidase (New England
BioLabs) as described by the manufacturer. To stain glycosylated PD-L1 protein, we stained purified PD-L1 protein using the
Glycoprotein Staining Kit (Peirce/Thermo Fisher Scientific) as described by the manufacturer.

Internalization of Antibody

IgG, STM004, and STM108 antibodies were labeled with pHrodo Red (Thermo Fisher Scientific) as described by the manufacturer. To
monitor a dynamic internalization of antibodies on the live cell surface, we incubated BT549 cells expressing PD-L1 WT or 4NQ
mutant PD-L1 with the pHrodo Red-labeled antibodies and obtained a time-lapse image every hour for 24 hours using an IncuCyte
Zoom microscope (Essen Bioscience). To obtain a higher-resolution image, after adding the pHrodo Red-labeled antibodies and
LysoTracker Green (Thermo Fisher Scientific), we obtained a time-lapse image of the cells every 2 minutes for 2 hours using a
confocal laser-scanning microscope (Carl Zeiss).

Live Cell Single Molecule Tracking
We used TSUNAMI (Tracking of Single particles Using Nonlinear And Multiplexed lllumination), a feedback-control tracking system
that employs a spatiotemporally multiplexed two-photon excitation and temporally demultiplexed detection scheme; this has been
described previously (Perillo et al., 2015). Sub-millisecond temporal resolution (50 s, under high signal-to-noise conditions) and sub-
diffraction tracking precision (16/35 nm in xy/z) have been previously demonstrated (Perillo et al., 2015). Tracking can be performed in
a live cell to monitor the movements of fluorescent nanoparticle-tagged membrane receptors or ballistically injected fluorescent
nanoparticles. In brief, excitation of 800 nm from a Ti:Al,O3 laser (Mira 900; Coherent, Santa Clara, CA, USA) was used for tracking
experiments. STM antibody-conjugated fluorescent nanoparticles were used to label glycosylated PD-L1 for tracking. Biotinylated
monoclonal STM antibodies (STM004 and STM108) and control mouse IgG (BioLegend) were mixed at a 1:1 ratio with ~40 nm of
NeutrAvidin-labeled red fluorescent nanoparticles (F8770; Thermo Fisher Scientific) in a 1.5% bovine serum albumin/PBS solution
(87806 bovine serum albumin; Sigma-Aldrich). The antibody-conjugated fluorescence nanoparticles (~30nM, the stock solution)
can be stored at 4°C for up to 1 week. The photon count rates of the ~40 nm red fluorescent beads were in the range of 200-500 kHz.
For tracking, BT549 cells were seeded onto an optical imaging 8-well chambered coverglass (154534; Thermo Fisher Scientific) at
acell density of 1 x 10° cells per well and allowed to grow to ~50% confluence. Before tracking experiments, cells were stained with
a mixture of Hoechst 33258 (H3569, Thermo Fisher Scientific; 1:1000 dilution in DMEM) and CellMask Deep Red (C10046, Thermo
Fisher Scientific; 1:1000 dilution in DMEM) for 10 minutes at 37°C. After membrane staining, the staining buffer was replaced with the
antibody solution (antibody-conjugated fluorescent nanoparticles at 100 pM) diluted from the stock solution (30nM). The reaction
was incubated for 30 minutes at 37°C and the antibody solution was subsequently removed. Sample cells were washed twice using
PBS to remove the unbound fluorescent nanoparticles. Upon completion of membrane staining and antibody labeling, the cham-
bered coverglass was immediately placed on the TSUNAMI microscope for tracking experiments. Two to four trajectories (duration
ranged from 1 to 10 minutes) were typically obtained from each well. The volumes of all solutions and washing buffers used in staining
were 200 pl per well. The construction of the laser scanning image has been described previously (Perillo et al., 2015). All data pro-
cessing was performed in MATLAB (Mathworks, Natick, MA, USA) and saved in a binary format. The trajectory raw data contained
photon counts and voltage outputs from the actuators (i.e., the xy scanning galvo mirrors [6125H; Cambridge Technology, Bedford,
MA, USA] and the objective z-piezo stage [P-726 PIFOC, PI]) at each 5-ms time point. Trajectories were plotted by simply connecting
the particle positions of consecutive time points.

Production of Anti-gPD-L1 Antibodies

Hybridomas producing monoclonal antibodies generated against glycosylated human PD-L1 were obtained by the fusion of SP2/0
murine myeloma cells with spleen cells isolated from human PD-L1-immunized BALB/c mice (n = 6; Antibody Solutions, Inc.,
Sunnyvale, CA, USA) according to the standard protocol. Before fusion, sera from the immunized mice were validated for binding
to the PD-L1 immunogen using FACS analysis. Monoclonal antibody (mAb)-producing hybridomas were generated. The hybridomas
that produced antibodies were again tested for specificity. More than 100 candidates mAb-producing hybridomas were selected and
grown in ADCF medium, and the monoclonal antibody-containing supernatant was concentrated and purified. The purified mAbs
were tested for their ability to neutralize or inhibit the interaction between PD-L1 and PD-1 (PD-L1/PD-1 binding interaction) using
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a live-cell imaging assay, Incucyte (Essen Bioscience). This assay showed that of the mAbs tested, 16 mAbs completely blocked the
binding of PD-L1 to PD-1. To identify the mAbs among these that were specific only for glycosylated PD-L1 antigen and did not cross-
recognize non-glycosylated PD-L1, we placed both glycosylated human PD-L1 protein and non-glycosylated PD-L1 (i.e., PD-L1 pro-
tein treated with PNGase F) on a solid phase and tested the mAbs for binding affinity to the PD-L1 antigens.

Identification of Antibody Binding Regions

To identify the regions of monoclonal gPD-L1 antibodies which bound to glycosylated PD-L1, wild-type (glycosylated) PD-L1 (PD-L1
WT), and the glycosylation variant proteins N35/3NQ, N192/3NQ, N200/3NQ, and N219/3NQ were overexpressed in PD-L1 knock-
down BT549 cells. As determined by Western blot, some MAbs recognized particular PD-L1 mutants with higher levels of binding
compared with other PD-L1 mutants, demonstrating that such MAbs were site-specific. For example, MAb STM004 recognized
the N35/3NQ mutant, demonstrating that this antibody bound to the N35 region of PD-L1. Further, Western blot analysis using liver
cancer cell lysate also revealed a differential pattern of PD-L1 glycosylation for a representative anti-gPD-L1 antibody such as
STMO004. The histopathologic relevance of these MAbs was further demonstrated by immunohistochemical (IHC) staining. In a
cytospin staining analysis, the gPD-L1 monoclonal antibodies consistently recognized and bound the glycosylated portion of the
PD-L1 protein, but not unglycosylated PD-L1 protein. In a human BLBC patient sample, the gPD-L1 monoclonal antibodies also
showed membrane and cytoplasm staining in a 1:30 ratio.

Kp Determination and Binning by Octet

For high-throughput Kp screening, antibody ligand was loaded to the sensor via 20nM solution. The baseline was established in PBS
containing 1 mg/ml bovine serum albumin (assay buffer), and the association step was performed by submerging the sensors in a
single concentration of analyte in assay buffer. Dissociation was performed and monitored in fresh assay buffer. All experiments
were performed with sensor shaking at 1,000 rotations per minute. ForteBio (Menlo Park, CA, USA) data analysis software was
used to fit the data to a 1:1 binding model to extract an association rate and dissociation rate. Kp was calculated using the ratio
kd:ka. In a typical epitope binning assay, antigen PD-L1-His (10 nM) was pre-incubated with the second antibody (10 nM) for
1 hour at room temperature. Control antibody (20 nM) was loaded onto AMC sensors (ForteBio) and the remaining Fc-binding sites
on the sensor were blocked with a whole mouse IgG antibody (Jackson ImmunoResearch, West Grove, PA, USA). The sensors were
exposed to pre-incubated antigen-second antibody mixture. Raw data were processed using ForteBio Data Analysis Software 7.0
and the antibody pairs were assessed for competitive binding. Additional binding by the second antibody indicated an unoccupied
epitope (non-competitor), and no binding indicated epitope blocking (competitor).

Immunohistochemical Staining of Human Tumor Tissues

Human breast tumor tissue specimens were obtained following the guidelines approved by the Institutional Review Board at MD
Anderson, and written informed consent was obtained from patients in all cases at the time of enrollment. One hundred and twelve
archived, paraffin-embedded breast carcinoma slides were obtained from the Department of Pathology at The University of Texas
MD Anderson Cancer Center. Imnmunohistochemical (IHC) staining was performed as described previously (Li et al., 2016a). Briefly,
tissue specimens were incubated with antibodies against glycosylated PD-L1 (STM108), p-EGFR, or BSGNT3 and a biotin-conju-
gated secondary antibody and then incubated with an avidin-biotin-peroxidase complex. Visualization was performed using
amino-ethylcarbazole chromogen. For statistical analysis, the Fisher exact test and Spearman rank correlation coefficient were
used, and a p value less than 0.05 was considered statistically significant. According to histologic scoring, the intensity of staining
was ranked into one of four groups: high (score 3), medium (score 2), low (score 1), and negative (score 0).

Epitope Mapping by Mass Spectrometry

Epitope mapping for the mouse monoclonal gPD-L1 antibodies STM004 and STM108 were performed by CovalX AG (Switzerland).
For the epitope mapping of the antigen-antibody complex, 5 pl of the antigen sample (4 uM) was mixed with 5 pul of the antibody sam-
ple (2 uM) to obtain an antibody/antigen mix with a final concentration of 2 uM/1 uM. The mixture was incubated at 37°C for 180 mi-
nutes. In the first step, 1 mg of d0 cross-linker was mixed with 1 mg of d12 cross-linker. DMF (1 ml) was added to the 2-mg prepared
mixture to obtain a 2 mg/ml solution of DSS d0/d12. Then, 10 pl of the antibody/antigen mix prepared previously was mixed with 1 pl
of the solution of cross-linker d0/d12 (2 mg/ml). The solution was incubated for 180 minutes at room temperature to complete the
cross-linking reaction. Next, 10 ul of the cross-linked solution was mixed with 40 ul of ammonium bicarbonate (25 mM, pH 8.3),
and 2 ul of DTT (500 mM) was added to the solution. The mixture was incubated for 1 hour at 55°C, and then 2 ul of iodoacetamide
(1M) was added prior to 1 hour of incubation time at room temperature in a dark room. After incubation, the solution was diluted 1/5 by
adding 120 pl of the buffer used for the proteolysis. The reduced/alkylated antigen was mixed with trypsin, chymotrypsin, ASP-N,
elastase, or thermolysin (Roche Diagnostics). The proteolytic mixture was incubated overnight at 37°C. The samples are analyzed
by High-Mass MALDI analysis immediately after crystallization. The MALDI TOF MS analysis was performed using CovalX’s HM4
interaction module with a standard nitrogen laser and focusing on different mass ranges, from 0 to 2000 kDa. For the analysis,
the following parameters were applied: linear and positive mode; ion source 1: 20 kV; ion source 2: 17 kV; lens: 12 kV; pulse ion
extraction: 400 ns for mass spectrometer; gain voltage: 3.14 kV; and acceleration voltage: 20 kV for HM4. The cross-linked peptides
were analyzed using Xquest version 2.0 and StavroX 2.1 software.

e9 Cancer Cell 33, 187-201.e1-e10, February 12, 2018



QUANTIFICATION AND STATISTICAL ANALYSIS

Data in bar graphs represent mean (xstandard deviation) fold change relative to untreated or control groups, for three independent
experiments. Statistical analyses were performed using SPSS (Ver. 20, SPSS, Chicago, IL, USA). Level 3 normalized TCGA
RNAseq_V2 gene expression data was downloaded from Broad Institute GDAC website (http://gdac.broadinstitute.org/). Pearson
correlation was used to study the correlation between expression of N-glycosyltransferase and EGFR using an arbitrary cutoff of
Pearson correlation coefficient 0.3 to select best-correlated genes in subtype-defined breast cancer samples. Student’s t test
was used to evaluate the differences in EGFR and B3GNT3 expression in breast cancer subtypes.
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