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In Brief

Histological detection of PD-L1 may
guide therapy with anti-PD-1/PD-L1
antibodies but some PD-L1-negative
tumors respond to these treatments. Lee
et al. show that enzymatic
deglycosylation of tissue sections
improves PD-L1 detection and its
predictive value, and could potentially
impact patient stratification.
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SUMMARY

Reactivation of T cell immunity by PD-1/PD-L1 immune checkpoint blockade has been shown to be a prom-
ising cancer therapeutic strategy. However, PD-L1 immunohistochemical readout is inconsistent with patient
response, which presents a clinical challenge to stratify patients. Because PD-L1 is heavily glycosylated, we
developed a method to resolve this by removing the glycan moieties from cell surface antigens via enzymatic
digestion, a process termed sample deglycosylation. Notably, deglycosylation significantly improves anti-
PD-L1 antibody binding affinity and signal intensity, resulting in more accurate PD-L1 quantification and pre-
diction of clinical outcome. This proposed method of PD-L1 antigen retrieval may provide a practical and
timely approach to reduce false-negative patient stratification for guiding anti-PD-1/PD-L1 therapy.

INTRODUCTION

The triumphs of immunotherapy by programmed death 1 (PD-1)
and programmed death-ligand 1 (PD-L1) blockade have revolu-
tionized cancer treatment in the clinic and have provided signif-
icant survival benefits to cancer patients (Chen and Han, 2015;
Nishino et al., 2017; Sharma and Allison, 2015; Topalian et al.,

2016). Antibodies specifically targeting PD-1 (nivolumab and
pembrolizumab) or PD-L1 (atezolizumab, avelumab, and durva-
lumab) have been approved by the US Food and Drug Adminis-
tration (FDA) for second- and even first-line treatment against
various cancer types, such as non-small-cell lung cancer, head
and neck squamous cell carcinoma, renal cell carcinoma, uro-
thelial cancers, melanoma, and classical Hodgkin’s lymphoma

Significance

to improve biomedical research and personalized medicine.

Heavy glycosylation of PD-L1 hinders its detection by anti-PD-L1 antibodies and could lead to inaccurate readout from a
variety of bioassays. The removal of PD-L1 N-linked glycosylation by enzymatic digestion of tissue samples can be used
to increase antibody-based detection for a more precise estimation of PD-L1 levels to prevent false-negative readouts in
clinical settings. Since cell surface proteins are frequently N-link glycosylated at different levels, this deglycosylation
method can be used as a general approach to eliminate structural hindrance before antibody detection with great potential
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Figure 1. Removal of N-Linked Glycosylation Enhances Anti-PD-L1 Signal in Human Cancer Cells in a Variety of Bioassays

(A and B) Immunofluorescence confocal microscopy of BT-549 (A) and A549 (B) cells processed with or without deglycosylation by PNGase F (5%) pretreatment
stained with DAPI and an anti-PD-L1 antibody (Abcam, ab58810). Scale bars, 10 um. Quantification is shown to the right. Data are representative of three
independent experiments, randomly chosen in three different fields.

(C and D) ELISA of Con A (C) and PD-L1 (clone 28-8 mADb) (D) levels in BT-549 cells processed with deglycosylation by increasing concentrations of PNGase F
(1%, 2%, and 5%) pretreatment for comparison with cells without deglycosylation (PNGase F; 0%). The intensity of Con A and PD-L1 was normalized to that
without PNGase F pretreatment and set to 1.

(E) ELISA of PD-L1 levels (clone 28-8 mADb) in lung cancer cells processed with deglycosylation by PNGase F (1%) pretreatment for comparison with cells without
deglycosylation (0%). Negative control, secondary Ab only control.

(legend continued on next page)
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(Borghaei et al., 2015; Brahmer et al., 2015; Garon et al., 2015;
Herbst et al., 2016; Rittmeyer et al., 2017; Wei et al., 2018; Zou
et al., 2016). Nevertheless, accumulating evidence from both
preclinical and clinical studies mostly initiated in 2014 indicates
that the pathological assessment of PD-L1 levels in patients’
cancer tissues is neither a consistent nor reliable predictor of
anti-PD-1/PD-L1 therapy outcomes (Gubin et al., 2014; Herbst
et al.,, 2014; Powles et al., 2014; Tumeh et al., 2014; Yadav
et al., 2014). Indeed, based on the current PD-L1 detection
method, both PD-L1-positive (PD-L1%) and PD-L1-negative pa-
tients are reported to associate with favorable response to
immunotherapy in a number of trials (Eggermont et al., 2018;
Forde et al., 2018; Gandhi et al., 2018; Socinski et al., 2018).
The inconsistencies between PD-L1 levels and patient response
present a clinical challenge to the application of anti-PD-1/
PD-L1 therapy as precision medicine and suggest an urgent
need to determine if PD-L1 expression level is a reliable
biomarker predictive of clinical outcome.

Post-translational modifications, such as glycosylation, regu-
late many important cellular processes, including protein
biosynthesis, localization, and function, by affecting the struc-
ture of proteins and their interactions with other molecules
(Jayaprakash and Surolia, 2017; Schwarz and Aebi, 2011).
Notably, N-linked glycosylation of cell surface PD-L1 accounts
for about 52% (17 kDa) of the observed molecular weight (MW)
of the PD-L1 protein, which has an estimated MW of 33 kDa (Li
et al., 2018). Thus, glycosylation of PD-L1 could render its poly-
peptide antigens inaccessible to PD-L1 antibodies, which could
lead to inaccurate immunohistochemical (IHC) readouts in
some patient samples and conflicting results regarding thera-
peutic outcomes. Therefore, we hypothesized that removal of
the glycan moieties on PD-L1 to expose its polypeptide anti-
gens has the potential to improve its detection and to utilize
it as a diagnostic biomarker to predict response to anti-PD-1/
PD-L1 therapy.

RESULTS

Removal of N-Linked Glycosylation Enhances PD-L1
Detection in Human Cancer Cells

Consistent with previous studies (Li et al., 2016), the migration
pattern of PD-L1 from cell lysates on gel electrophoresis was
heterogeneous, as illustrated by a range of bands at ~50 kDa
suggestive of heavy glycosylation, in a panel of human lung
and basal-like breast cancer (BLBC) (Figures S1A and S1B);
non-BLBC cell lines that do not express PD-L1 were used as a
negative control. Treatment with a recombinant glycosidase
(peptide-N-glycosidase F [PNGase F]) to remove global N-linked
glycosylation (deglycosylation, hereinafter) resulted in a homo-
geneous pattern of PD-L1 immunodetection at ~33 kDa (Figures

S1A and S1C). To determine whether the N-linked glycan struc-
ture of PD-L1 hinders its antibody-based detection at the cell
surface, we first pretreated fixed cells with or without PNGase
F followed by immunofluorescence confocal microscopy anal-
ysis. The fluorescence intensity of PD-L1 was significantly
enhanced after PNGase F treatment in lung cancer and BT-
549 BLBC cells compared with no treatment (Figures 1A, 1B,
and S1D). These results were further supported by an ELISA-
based method. First, we quantified the chemiluminescence in-
tensity of the positive control concanavalin A (Con A), a lectin
that binds to mannose/glucose on glycoproteins, as indicator
of the deglycosylation efficiency of PNGase F. As shown in Fig-
ure 1C, the addition of PNGase F, which removes the sugar
moieties on target proteins, substantially reduced the chemilu-
minescence intensity of horseradish peroxidase-conjugated
Con A with increasing amounts of PNGase F. Subsequent exper-
iments revealed significantly increased anti-PD-L1 signal in BT-
549 BLBC cells (Figure 1D) and in lung cancer cells (Figure 1E)
treated with PNGase F using the FDA-approved diagnostic
rabbit monoclonal antibody (clone 28-8 mAb) against the extra-
cellular domain of human PD-L1 (Phillips et al., 2015). Next, we
performed a saturation binding assay to determine the binding
affinity of clone 28-8 mAb to the cell surface PD-L1 antigen
and found that the PD-L1 antigen-antibody binding affinity
increased by ~25- and 55-fold after deglycosylation in A549
and H1299 cells, respectively (Figures 1F and S1E). It is worth
noting that, in addition to the improved PD-L1 detection,
the anti-PD-L1 signal detected by another FDA-approved
therapeutic PD-L1 antibody, atezolizumab, was also signifi-
cantly enhanced after deglycosylation in lung cancer cells
(Figure S1F).

PD-L1 IHC assay is the standard method used in the clinic to
stratify patients for immune checkpoint therapy. To address
whether sample deglycosylation is suitable for PD-L1 expression
assessment by IHC, we first utilized formalin-fixed paraffin-
embedded (FFPE) cancer cell line samples as a test model and
examined the effects of deglycosylation on PD-L1 detection.
Consistently, PD-L1 detection as determined by histoscore
(H-score) was enhanced after deglycosylation of lung cancer
and BLBC cell samples, but not in the MCF-7 cells used as nega-
tive controls (Figures 1G and 1H). Together, these results sug-
gested that N-linked glycosylation of PD-L1 impedes its detection
by anti-PD-L1 antibodies, and PD-L1 deglycosylation likely elim-
inates the steric hindrance for antibody recognition, which can
significantly improve the antibody-based detection sensitivity.

Deglycosylation Significantly Enhances PD-L1

Detection in Human Tumor Tissue Samples

We further evaluated the anti-PD-L1 signals in pathological
staining of patient samples from a multi-organ carcinoma tissue

(F) Left: saturation binding assay of A549 cell lysates binding to anti-PD-L1 clone 28-8 mAb. Right: Scatchard plot of cell number binding to anti-PD-L1 antibody

transformed from the left.

(G) Representative images (left) and quantification (right) of H-score of IHC staining for BLBC (BT-549, BT-20, and MDA-MB-231) and non-BLBC (MCF-7) cancer
cell blocks processed with or without deglycosylation by PNGase F (5%) pretreatment. Scale bars, 50 um.
(H) Representative images (top) and quantification (bottom) of H-score of IHC staining for a panel of lung cancer cell blocks processed with or without degly-

cosylation by PNGase F (5%) pretreatment. Scale bars, 50 pm.

(A—F) Results are presented as mean + SD. “p < 0.05, **p < 0.01, ***p < 0.001, Student’s t test.

See also Figure S1.
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microarray that included five cancer types: breast, lung, colon,
prostate, and pancreatic cancers (n = 200). The H-score of PD-
L1 between samples processed with and without deglycosyla-
tion varied significantly (p < 0.0001; Figure 2A). Among these
cases, the majority of samples were categorized as either having
no changes in H-scores or having a more than 2-fold increase in
H-score (Figures 2B and 2C). A similar pattern was observed
when analyzing each cancer type individually (Figure S2A) and
in two independent patient cohorts of lung (n = 149; Figures
2D-2F) and rectal (n = 92; Figures S2B-S2D) cancers. These re-
sults revealed that the number of patients (37.5%-57.5%) with
positive IHC staining for PD-L1 increased significantly by more
than 2-fold after deglycosylation, indicating that N-linked glyco-
sylation of PD-L1 critically affects its recognition by the anti-PD-
L1 antibody in the clinical diagnosis of various cancer types. We
further analyzed tumor tissues from three independent cohorts
of lung cancer patients in whom PD-L1 tumor proportion score
(TPS), defined by the percentage of PD-L1 membrane staining
of positive tumor cells, was detected mostly at <1% or within
0%-49% by conventional IHC without previous deglycosylation
(Figures 2G and S2E). Among them, sample deglycosylation
significantly increased PD-L1 TPS to >5% and >49%, the
clinically agreed-upon cutoffs to be considered eligible for
nivolumab and pembrolizumab therapy, respectively. Thus, the
removal of N-linked glycosylation identified that about 16.4%-
24.5% of the patients who could have received anti-PD-1/PD-
L1 therapy were excluded based on the current staining method
(Bironzo and Di Maio, 2018). Interestingly, sample deglycosyla-
tion increased PD-L1 detection only in a relatively small popula-
tion (4.2%) of patients whose PD-L1* cells were >49% by
conventional IHC without deglycosylation (Figure 2G). Together,
the proposed sample deglycosylation may be a feasible method
to eliminate or reduce false-negative PD-L1 detection and has
the potential to benefit a significant population of patients with
false-negative PD-L1 detection (within 0%-49% by conventional
IHC staining), rendering them eligible for immune checkpoint
therapy.

Improved PD-L1 Detection after Deglycosylation Is
Associated with Response to Anti-PD-1/PD-L1 Therapy
To address the inconsistent observations between PD-L1 |[HC
readout and patient response, which has been a long-term
puzzle in the clinic, we collected 95 pre-immunotherapy archived
FFPE blocks containing tumor tissues from patients with
different types of cancers who received or are undergoing immu-
notherapy. Samples were treated with or without PNGase F
glycosidase and subjected to IHC staining followed by correla-
tion analysis between pathological PD-L1 expression and clin-
ical response rates. Consistently, the H-score of samples pro-
cessed with deglycosylation increased significantly compared
with those without deglycosylation (p < 0.0001; Figure 3A). We
further grouped the fold changes in H-score after deglycosyla-
tion into four categories: (1) no change (44.2%), (2) increased
by more than 2-fold (34.7%), (3) increased by less than 2-fold
(20%), and (4) repression within 2-fold (1.1%) (Figures 3B and
3C). In addition, the percentage of PD-L1* signal also varied
significantly between samples processed with and without de-
glycosylation (p < 0.0001; Figure S3A). Two comparable groups
were identified: (1) cases whose PD-L1 TPS did not change

(67.4%) and (2) those that increased (32.6%), among which
10.5% (n = 10) increased by more than 2-fold (Figure S3B).

Notably, the H-score readout of PD-L1 correlated significantly
with the patient progression-free survival (PFS) only after sample
pretreatment with PNGase F but not without PNGase F (Fig-
ure 3D; p = 0.018 versus p = 0.663). The improved p value was
also observed in the correlation between the PD-L1 TPS and
the patient PFS after sample deglycosylation (Figure 3E; p =
0.013 versus p = 0.480). Statistical analyses of pathological
PD-L1 levels and PFS of the majority of patients in the cohort,
who received anti-PD-1 therapy nivolumab (Figures S3C and
S3D; n = 39), showed improved p values between the PFS
following nivolumab therapy and the PD-L1 H-score readout
(Figure S3C; p = 0.016 versus p = 0.287) or the PD-L1 TPS (Fig-
ure S3D; p = 0.049 versus p = 0.423) after sample deglycosyla-
tion. In addition, we also observed similar results in other groups
of patients who received anti-PD-1 therapy, e.g., nivolumab,
pembrolizumab, and camrelizumab (Figures S3E and S3F; n =
75), or anti-PD-L1 therapy, e.g., atezolizumab and durvalumab
(Figures S3G and S3H; n = 12), in the same cohort. Together,
sample deglycosylation renders a more accurate assessment
of PD-L1 levels to predict clinical outcomes of patients. In addi-
tion to the PFS, we identified 49 cases of this cohort with avail-
able overall survival (OS) data to study the correlation between
the OS of patients and pathological PD-L1 levels. The results
suggested similarly improved p values for the correlation be-
tween the OS and PD-L1 H-score readout (Figure 3F; p =
0.033 versus p = 0.798) or PD-L1 TPS (Figure 3G; p = 0.005
versus p = 0.293) after PNGase F treatment. Collectively, using
both PFS and OS, we demonstrated that sample deglycosylation
indeed resulted in a more accurate assessment of PD-L1
expression, allowing better prediction of clinical response to
anti-PD-1/PD-L1 therapy.

Increased PD-L1 Signal after Deglycosylation Is
Beneficial to Therapeutic Selection

Traditionally in lung cancer, patients whose PD-L1 expression is
<1% are excluded from anti-PD-1/PD-L1 therapy, whereas
those with >1% are preferentially administered immunotherapy
alone (>49%) or with concurrent chemotherapy (1%-49%) (Bir-
onzo and Di Maio, 2018). Among those 95 cases, we found
that deglycosylation of tissue samples from a major group of
lung cancer patients (n = 44) also significantly improved the cor-
relation between the patient PFS and the pathological PD-L1
levels determined either by PD-L1 H-score (Figure 4A; p =
0.016 versus p = 0.362) or PD-L1 TPS (Figure 4B; p = 0.017
versus p = 0.460). Next, we asked whether patients within the
0%-49% PD-L1 TPS by conventional IHC would benefit from
sample deglycosylation in therapeutic selection by increasing
PD-L1* cells to >49%. A significant increase in the PFS was
observed in group 2 (>49% after deglycosylation) compared
with group 1 (0%-49% with and without deglycosylation) (Fig-
ure 4C; p = 0.003; mean, 256.6 versus 70.1 days), suggesting
that about 16% of patients in group 2 whose PD-L1 TPS
appeared to be detected inaccurately by conventional IHC
would therapeutically benefit from sample deglycosylation to in-
crease PD-L1 TPS to >49%. Notably, the PFS of patients in
group 2 was comparable with those in group 3 whose PD-L1
TPS were >49% with and without deglycosylation (Figure 4C;
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Figure 2. Deglycosylation Significantly Enhances Anti-PD-L1 Signal in a Major Population of Patient Samples from a Human Tumor Tissue
Microarray

(A) H-score values representing PD-L1 protein expression from IHC staining of a human multi-organ carcinoma tissue microarray (TMA) (n = 200) processed with
or without deglycosylation by PNGase F (5%) pretreatment. Results were analyzed by the Wilcoxon signed-rank test.

(B) A pie chart highlighting the fold change of H-score after N-linked glycosylation removal through PNGase F treatment from (A).

(C) Two representative cases of IHC staining from (A). Scale bars, 50 pm.
(D) H-score values representing PD-L1 protein expression from IHC staining of a human lung cancer TMA (n = 149) processed with or without deglycosylation by

PNGase F (5%) pretreatment. Results were analyzed by the Wilcoxon signed-rank test.
(E) A pie chart highlighting the fold change of H-score after N-linked glycosylation removal through PNGase F treatment from (D).

(F) Two representative cases of IHC staining from (D). Scale bars, 50 um.
(G) The average population of three individual cohorts of lung cancer patients (total n = 233) expressing PD-L17" cells (PD-L1 tumor proportion score [TPS]; %)

from the indicated cutoffs without and with deglycosylation (deglyco.). Results are presented as mean + SD.
See also Figure S2.
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Figure 3. Improved PD-L1 Detection after Deglycosylation Is Associated with Response to Anti-PD-1/PD-L1 Therapy
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(A) H-score values representing PD-L1 protein expression from IHC staining of the archived FFPE tumor tissue blocks before treatments from patients with
different types of cancer who received or are undergoing anti-PD-1/PD-L1 immunotherapy (n = 95) processed with or without deglycosylation by PNGase F (5%)

pretreatment. Results were analyzed by the Wilcoxon signed-rank test.
(B) A pie chart highlighting the fold change in H-score after N-linked glycosylation removal through PNGase F treatment from (A).
(C) Representative cases of IHC staining from (A). Scale bars, 50 um.

(legend continued on next page)
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mean, 256.6 versus 252.9 days), indicating that PD-L1 levels af-
ter deglycosylation more accurately predicts clinical outcomes.
Thus, the deglycosylation-mediated increase in PD-L1 signal
could render ~16% of patients sensitive for immunotherapy
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Next, to further investigate whether patients whose PD-L1
expression is <1% would benefit from sample deglycosylation
by increasing PD-L1 TPS to >5% (Figure 4D; designated as
group 5) or >49% (Figure 4D; group 6), we analyzed the PFS of

PD-L1 TPS (%)

Figure 4. Increased PD-L1 Signal after
Deglycosylation Is Beneficial to Therapeutic
Selection

(A and B) Pearson correlation test between PD-L1
H-score (A) or PD-L1 TPS (B) in lung cancer patient
tissue slides (n = 44) processed with or without
deglycosylation from Figure 3A and the corre-
sponding PFS from anti-PD-1/PD-L1 therapy.

(C) The PFS of lung cancer patients expressing
PD-L1 TPS in the indicated cutoffs without or with
deglycosylation. n =12 for group (1), n = 7 for group
(2), n = 25 for group (3).

(D) The PFS of lung cancer patients expressing PD-
L1 TPS from <1% in the indicated cutoffs without
or with deglycosylation. n = 10 for group (4),n=5
for group (5), n = 3 for group (6). (C and D) Results
are presented as mean + SD. *p < 0.05, **p < 0.01,
***p < 0.001, NS, not significant, Student’s t test.

lung cancer patients (15 out of 44) with
<1% PD-L1 TPS by conventional IHC. A
significant increase in the PFS was
observed between group 4 and group 5
(p = 0.029; mean, 70.9 versus 175.2 days)
and between group 4 and group 6 (p =
0.0006; mean, 70.9 versus 248.0 days).
This suggested that about 7%-11% of
patients in this cohort, whose PD-L1
expression was <1% staining by conven-
tional IHC, increased to >49% staining
(7% of cases) or >5% staining (11% of
cases) after sample deglycosylation, and
those patients appeared to respond to
anti-PD-1/PD-L1 therapy (Figure 4D), but
would have otherwise been ineligible for
the immune checkpoint therapy. Indeed,
this number is close to the estimated po-
tential PD-L1 false-negative patient popu-
lation (9%-17%) who still responded to
immunotherapy in clinical trials (Borghaei
et al., 2015; Brahmer et al., 2015). Collec-
tively, sample deglycosylation identified a

significant population (7%-16%) of patients who are eligible
to receive immune checkpoint inhibitors and likely benefit from
the treatment, especially those with false-negative detection of
PD-L1 within 0%—-49% by conventional IHC staining.

PD-L1 Deglycosylation Enhances Its Detection in a
Small Fraction of Tumor-Associated Immune Cells
PD-L1 expression score in immune and tumor cells has been
assessed in patients who received PD-L1 inhibitors, such as

(D) Pearson correlation test between H-score representing PD-L1 protein expression in patient tissue slides processed with or without deglycosylation and the
corresponding PFS from anti-PD-1/PD-L1 therapy from (A).
(E) Pearson correlation test between the percentage of PD-L1* cells (TPS) in patient tissue slides processed with or without deglycosylation and the corre-

sponding PFS from anti-PD-1/PD-L1 therapy from (A).

(F and G) Pearson correlation test between PD-L1 H-score (F) or PD-L1 TPS (G) in patient tissue slides processed with or without deglycosylation and the

corresponding overall survival (OS) from anti-PD-1/PD-L1 therapy from (A) (n = 49 with the OS available).

See also Figures S3 and S4.
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atezolizumab (Fehrenbacher et al., 2016; Kowanetz et al., 2018).
To determine whether deglycosylation also affects the detec-
tion of PD-L1 in immune cells, we first assessed the status of
PD-L1 glycosylation in human immune cells, e.g., Jurkat (T lym-
phocytes) and THP1 (monocytes), by immunoblotting. Pretreat-
ment with PNGase F resulted in a homogeneous detection of
PD-L1 at ~33 kDa in both Jurkat and THP1 cells (Figure S4A),
indicating heavy glycosylation of PD-L1 also occurs in human
immune cells. We further performed a quantitative ELISA to
determine whether anti-PD-L1 signal intensity is affected after
N-linked glycosylation removal in Jurkat and THP1 cells.
Following PNGase F treatment, anti-PD-L1 signal intensity
was significantly enhanced in THP1 cells but only slightly
increased in Jurkat cells (Figure S4B). These results suggested
that the degree of increase in the intensity of anti-PD-L1 signal
inimmune cells after deglycosylation may vary in different types
of immune cells. Next, we validated the effects of deglycosyla-
tion on PD-L1 detection in tumor-associated immune cells from
the existing clinical samples in FFPE tissue samples. Due to the
presence of immune cell infiltration in the tumor microenviron-
ment, about 46 out of 95 cases containing tumor-associated
immune cells (lymphocytes) were available for reassessment
(Figures S4C-S4E). The percentage of PD-L1* signal inimmune
cells varied between samples processed with and without de-
glycosylation, but was less significant compared with tumor
cells (p = 0.016 versus p < 0.0001; Figure S4C versus Fig-
ure S4F). Moreover, the distribution of increase in PD-L1 detec-
tion after deglycosylation in immune cells was proportionally
less than that in tumor cells. Specifically, the increase in the per-
centage of PD-L1" immune cells (Figure S4D; 15.2%) was less
than that in tumor cells (Figure S4G; 34.8%). Likewise, the per-
centage that increased by more than 2-fold were only 2.2%
compared with that of 10.9% in tumor cells after deglycosyla-
tion (Figure S4D versus Figure S4G). Notably, the deglycosyla-
tion-mediated increase in PD-L1 intensity change and clinical
outcome of the TPS of this cohort (Figures S4F-S4H) was
similar to that of the combined positive score (CPS) (Figures
S41-S4K), in which PD-L1 was scored in both tumor and
immune cells (Kulangara et al., 2019), supporting the minimal
effects of deglycosylation of PD-L1 on scoring immune cell
PD-L1 expression. In brief, both TPS and CPS of PD-L1 varied
significantly between samples processed with and without de-
glycosylation (p < 0.0001; Figures S4F and S4l). The distribution
of increase in PD-L1 TPS and CPS after deglycosylation was
also proportionally comparable (Figures S4G and S4J). More-
over, in the presence of PNGase F, the correlation between
patient response and either PD-L1 TPS (Figure S4H; p = 0.062
versus p = 0.430) or CPS (Figure S4K; p = 0.065 versus p =
0.424) demonstrated a near-significant trend. These results
suggested that measuring PD-L1 levels either by TPS or CPS
following deglycosylation more accurately predicts anti-PD-1/
PD-L1 clinical outcome.

In summary, sample deglycosylation of the current cohort
enhanced the detection of PD-L1 in a small fraction of tumor-
associated immune cells (lymphocytes). In addition, the increase
in the number of positive-responding cells by more than 2-fold
was less significant in immune cells than in tumor cells (2.2%
versus 10.9%), implying that the profiles of glycan composition
between these two cell types may be different.

Antigen Retrieval by Protein Deglycosylation Improves
Predictive Ability of PD-L1 as a Biomarker for
Immunotherapy

Finally, to study whether deglycosylated PD-L1 in tumor cells in-
creases the predictive power of PD-L1 as a biomarker to guide
anti-PD-1/PD-L1 therapy in clinical practice, we divided PD-L1
H-score values into high or low using the median value as a cutoff
(H-score =57.5) from a total 95 cases in both groups treated with
and without PNGase F. No statistically significant benefits in the
PFS of patients with high levels of PD-L1 (Figure 5A; p = 0.346)
was observed by conventional IHC, which is consistent with re-
sults from multiple clinical trials. However, with deglycosylation
by pretreating samples on IHC slides with PNGase F, patients
with high levels of PD-L1 exhibited significantly improved
response to immunotherapy that associated with a decline in
an estimated hazard ratio from 0.82 to 0.58 (Figures 5A and
5B) compared with those with low levels of PD-L1 (Figure 5B;
p = 0.015). Similar results were observed using the respective
median value of PD-L1 H-score as a cutoff in the groups treated
either with or without PNGase F (Figures 5C and 5D). Together
with the results from OS analysis using the median value of
PD-L1 H-score (Figures S5A-S5D) or PD-L1 TPS (Figures S5E-
S5H) as a cutoff, the removal of N-linked glycosylation enhances
the predictive power of PD-L1 as a biomarker to guide immuno-
therapy. We also validated the clinical response by lung imaging
screening which demonstrated an increase in H-score by more
than 2-fold in three randomly selected cases (cases 6, 7, and
11) after deglycosylation. Interestingly, tumors from two out of
three patients exhibited apparent shrinkage under PD-1 inhibitor
treatment (Figures 5E and 5F), which further illustrated our objec-
tive to identify the most responsive patient group. Collectively,
these results suggested that removing the glycan moieties
from tumor samples before IHC staining leads to a more accu-
rate assessment of PD-L1 expression to allow better prediction
of clinical response to anti-PD-1/PD-L1 therapy.

DISCUSSION

On the basis of our current findings, we present a model (Fig-
ure 5G) showing that heavy glycosylation of PD-L1 hinders its
detection by PD-L1 antibodies, which could lead to an inaccu-
rate readout from a variety of bioassays, such as IHC, ELISA,
immunofluorescence microscopy, and immunoblotting. Here,
we demonstrate that removal of PD-L1 N-linked glycosylation
from tissue samples by enzymatic digestion increases anti-
body-based PD-L1 detection to prevent false-negative read-
outs. Therefore, deglycosylation of PD-L1 before detection
may be a more accurate method to quantify its expression
than conventional IHC to identify patients who may receive the
most benefit from immune checkpoint therapy.

PD-L1 is heavily N-linked glycosylated, and the glycan moiety
is important for its immunosuppressive function, supporting a
positively critical role of the glycan structures on PD-L1 for inter-
action with its cognate receptor PD-1 in vivo (Li et al., 2016,
2018). However, as demonstrated in the current study, N-linked
glycosylation of PD-L1 plays a negative role in antibody recog-
nition of PD-L1. Antibodies are generally produced by the
recognition of synthetic peptide antigens or recombinant protein
antigens expressed in E. coli or other host organisms, which do
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Figure 5. Deglycosylation Improves Predic-
tive Ability of PD-L1 as a Biomarker for
Immunotherapy

(A and B) The PFS of cancer patient samples
processed without (A) or with (B) deglycosylation
by PNGase F (5%) pretreatment. Cases with
H-score equal to or higher than the median value of
total 95 cases (H-score = 57.5) were considered as
high expression and those with H-score less than
the median value as low expression.

(C and D) The PFS of cancer patient samples
processed without (C) or with (D) deglycosylation
by PNGase F (5%) pretreatment. Cases with
H-score equal to or higher than the median value of
individual group (H-score = 40 in the group of
without glycosylation (C) and H-score = 90 in the
group of with glycosylation (D), respectively) were
considered as high expression and those with
H-score less than the respective median value as
low expression.

(E and F) Representative images of computed to-
mography (CT) scan and chest X-ray from case 6
(E) and case 11 (F) from Figure 3A, pre- and post-
anti-PD-1 (nivolumab) immunotherapy.

(G) A proposed model of PD-L1 antigen retrieval
through sample deglycosylation. In brief, the
glycan structure of PD-L1 hinders antibody-based
detection targeting the PD-L1 antigen. Sample
deglycosylation more accurately assesses PD-L1
expression to allow better estimation of PD-L1
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not harbor post-translational modifications to recapitulate those
that correspond to the native antigens, and thus presents a chal-
lenge when considering the heterogeneity of protein glycosyla-
tion in higher organisms (Lee et al., 2010; Rancour et al., 2010;
Spadiut et al., 2014). Therefore, using the FDA-approved PD-
L1 mAb clone 28-8 for pathological diagnosis in FFPE tissues
as an example (Phillips et al., 2015; Schats et al., 2018), we
demonstrated that such heavy glycosylation of PD-L1 renders
the polypeptide antigen region less accessible for binding to
the PD-L1 diagnostic antibody, leading to inaccurate IHC read-
outs in some patient samples and resulting in apparent inconsis-
tent therapeutic outcomes. Our results suggested that removal
of the glycan moiety of PD-L1 enhances its detection by IHC
using antibodies that recognize PD-L1 polypeptide.
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2016), deglycosylation of PD-L1 might

be an effective method to improve the

predictive power of PD-L1 as a biomarker

for immune checkpoint therapy in clinical

practice. Whether deglycosylation affects
PD-L1 scoring inimmune cells is yet not clear; however, our data
suggested that the improvement in PD-L1* immune cells detec-
tion was statistically significant (Figure S4C; p = 0.016). Interest-
ingly, we did not observe statistical significance of the effects of
the patient PFS correlation on scoring PD-L1 TPS or CPS in this
cohort (Figures S4H and S4K), suggesting that protein deglyco-
sylation mightimprove PD-L1 scoring inimmune cells in a certain
population of patients. A comprehensive investigation with bet-
ter clinical sample assessment to recapitulate the spatial hetero-
geneity of tumor-infiltrated immune cells in the tumor microenvi-
ronment (Hendry et al., 2017a, 2017b) would be required to
validate this in the future. Morales-Betanzos et al. (2017) recently
showed that high levels of PD-L1 glycosylation as measured by
quantitative mass spectrometry analysis associates with poor



detection of PD-L1 by IHC estimation in melanoma patient sam-
ples. Given that cell surface proteins are frequently glycosylated
at different levels, protein deglycosylation can be used as a gen-
eral approach to improve antibody binding by decreasing anti-
gen heterogeneity and structural hindrance attributed to heavy
glycosylation on certain membrane proteins and provide poten-
tial benefits to biomedical research and personalized medicine.
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PD-L1 antibody (clone 28-8 mAb) Abcam Cat#ab205921; RRID:AB_2687878
CD274 rabbit polyclonal antibody Abcam Cat#ab58810; RRID:AB_940872
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Chemicals, Peptides, and Recombinant Proteins
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ProLong™ Gold Antifade Mountant with DAPI Invitrogen Cat#P36931
TMB Substrate Cell Signaling Technology Cat#7004

TMB High Sensitivity Substrate Solution BioLegend Cat#421501
STOP Solution Cell Signaling Technology Cat#7002

Stop Solution for TMB Substrate BioLegend Cat#423001

BSA blocking solution for ELISA Santa Cruz Biotechnology Cat#293965
Animal-Free Blocking Solution Cell Signaling Technology Cat#15019
Concanavalin A, HRP-conjugated Sigma-Aldrich Cat#L6397
Experimental Models: Cell Lines

BT-549 ATCC ATCC#HTB-122
BT-20 ATCC ATCC#HTB-19
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Calu3 ATCC ATCC#HTB-55
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H1355 ATCC ATCC#CRL-5865
H358 ATCC ATCC#CRL-5807
H1435 ATCC ATCC#CRL-5870
H226 ATCC ATCC#CRL-5826
H322 ATCC ATCC#CRL-5806
Jurkat ATCC ATCC#TIB-152
THP1 ATCC ATCC#TIB-202
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Prism (version 7) GraphPad N/A
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell Culture

All human cells lines were cultured at 37°C under 5% CO, and were obtained from the American Type Culture Collection (Manassas,
VA, USA), including breast cancer (BT-549, BT-20, MDA-MB-231, MCF-7), lung cancer (H1437, A549, Calu3, H1299, H1355, H358,
H1435, H226, H322), and immune (Jurkat T lymphocytes, THP1 monocytes) cell lines. Human breast cancer cell lines and H1435 cells
are female-derived cell lines; other cell lines used are male-derived cells. All cell lines were independently validated by STR DNA
fingerprinting at The University of Texas MD Anderson Cancer Center and characterized as mycoplasma negative. BT-549,
BT-20, MDA-MB-231, MCF-7, and A549 cells were maintained in Dulbecco’s modified Eagle’s medium (DMEM)/F12, supplemented
with 10% fetal bovine serum (FBS) and 1% antibiotic mixture. Calu3 cells were cultured in Eagle’s Minimum Essential Medium,
supplemented with 10% FBS and 1% antibiotic mixture. Other cells used were cultured in RPMI-1640, supplemented with 10%
FBS and 1% antibiotic mixture.

Human Tissue Samples

Human tissue samples were collected following the guidelines approved by the Institutional Review Board at China Medical
University Hospital (CMUH106-REC1-145), Chang Gung Memorial Hospital (201800036B0), The Affiliated Tumor Hospital of Harbin
Medical University, and The University of Texas MD Anderson Cancer Center (LAB05-0127). Written informed consent to publish
identifiable images was obtained from patients in all cases at the time of tissue sample collection. All tissue samples were collected
before immunotherapy. A total of 95 human tissue samples were obtained from patients with cancers of lung (n = 44), head and neck
(n = 22), esophageal (n = 13), bladder (n = 5), and others (n = 13) (gender: 68 males and 27 females; mean + SD age, 59.29 + 11.18
years; median age, 59.00 years; range, 25-92 years). Progression free survival (PFS) was obtained from all 95 patients with overall
survival (OS) available for 49 patients. The differences in PFS (p = 0.395) or OS (p = 0.639) between males and females were not
significant as determined by Student’s t test. Pearson correlation test was utilized to confirm an insignificant association of patient
age with PD-L1 H-score without deglycosylation (p = 0.26) and with deglycosylation (p = 0.42). The objective response rate (ORR) and
the disease control rate (DCR) (n = 93 out of 95 of this cohort with immunotherapy response rate available) were 10.8% and 39.8%,
respectively, which are comparable to that reported in clinical trial studies in unselected patients with 14-23% of ORR and 36% of
DCR (Califano et al., 2018; Huang et al., 2016; Shukuya and Carbone, 2016). For the human tumor tissue microarrays (TMAs), the
study from 92 cases of rectal cancer was approved by the Institutional Review Board at China Medical University Hospital
(CMUH106-REC1-145). Informed consent was obtained from all patients (gender: 66 males and 26 females; mean + SD age,
59.43 + 12.99 years; median age, 59 years; range, 31-90 years). Pearson correlation test was utilized to confirm an insignificant
association of patient age with PD-L1 H-score without deglycosylation (p = 0.84) and with deglycosylation (p = 0.39). Both human
carcinoma TMAs of multi-organ and lung were purchased from Biomax, #BC000119 (n = 200) and #NSC151 (n = 149), respectively.
For the study using different cutoffs as threshold, three independent cohorts of lung cancer patients expressing PD-L1 (233 cases
total) were used, including a group of 44 out of 95 cancer patients who received immunotherapy, 40 out of 200 cases in the
multi-organ cancer TMA, and 149 cases in the lung cancer TMA.

METHOD DETAILS

Deglycosylation of Cell Lysates and Immunoblotting (IB)

Cells were lysed in RIPA buffer (150 mM NaCl, 50 mM Tris [pH 7.5], 1% Nonidet P-40, and protease inhibitor mixture) and sonicated
using a Vibra-Cell sonicator. Following the manufacturer’s instruction with a slight modification for PNGase F (NEB Inc., P0704)
treatment, 5-20 pg of cell lysates were combined with 1 ul of 10x Glycoprotein Denaturing Buffer and water to make up a 10 ul total
reaction volume. The mixture was denatured by heating at 100°C for 10 min and chilled on ice, and 2 pl of 10x GlycoBuffer 2, 2 ul of
10% Nonidet P-40, and 6 ul of water were then added to make up a 20 pl total reaction volume. The denatured mixture was incubated
at 37°C overnight without or with 1 ul of PNGase F to keep the final glycerol concentration equal to 5% and subjected to IB analysis
with the indicated antibodies.

Cell Deglycosylation and Immunofluorescence Confocal Microscopy

Cells seeded in 8-well chamber slide were fixed in 4% paraformaldehyde at 4°C overnight. After washing three times with PBS, the
fixed cells were incubated with 1x glycoprotein denaturing buffer (0.5% SDS and 40 mM DTT), denatured by heating at 100°C for
10 min, and chilled on ice. The denaturing buffer was removed from the chamber, and cells were washed with PBS three times,
treated without or with PNGase F (5%) containing PBS at 37°C overnight, and then subjected to immunofluorescence confocal
microscopy. In brief, cells were then permeabilized with 0.5% Triton X-100 for 15 min and blocked with 5% bovine serum albumin
(BSA) for 1 hr at room temperature. After the incubation with PD-L1 antibody (1:100; Abcam, ab58810) at 4°C overnight, cells were
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incubated with an anti-rabbit secondary antibody tagged with fluorescein isothiocyanate (1:500) at room temperature for 1 hr. Nuclei
were stained with DAPI contained in the mounting reagent. Confocal fluorescence images were captured using a Zeiss LSM 710 laser
microscope. In all cases, optical sections were obtained through the middle planes of the nuclei, as determined with use of nuclear
counterstaining.

Sample Deglycosylation and ELISA-Based Quantitation
We performed sample deglycosylation quantitatively based on a common ELISA method described below. Cells seeded at 1 x 10°
cells/well in ELISA 96-well plates were fixed in 4% paraformaldehyde at 4°C overnight. After washing three times with PBS, the fixed
cells were incubated with 1 x glycoprotein denaturing buffer, denatured by heating at 100°C for 10 min, and chilled on ice. The dena-
turing buffer was then removed from the well, washed with PBS three times, treated without or with PNGase F containing PBS at 37°C
overnight, followed by quantitative ELISA-based method. For the detection of PD-L1 or Con A (positive control) in BT-549 cells, cells
were pretreated increasing amounts of PNGase F (1, 2, 5%) for comparison with cells without PNGase F (0%). After incubation at
37°C overnight, the PNGase F-pretreated cells were then blocked with 1% BSA solution at 37°C for 3 hr. After rinsing three times
with PBS with 0.05% Tween 20 (PBST), cells were incubated with an anti-PD-L1 antibody (1:100 in blocking buffer; clone 28-8
mADb) at 4°C overnight or with HRP-conjugated Con A (1:100 in blocking buffer) at room temperature for 2 hr. Cells were then washed
with PBST three times with shaking for 1 min and incubated with a Peroxidase-AffiniPure goat anti-rabbit IgG secondary antibody
(1:5,000 in blocking buffer) at room temperature for 1 hr (except for the Con A set). Cells were washed with PBST three more times
with shaking, and peroxidase substrate TMB (3,3’,5,5’-tetramethylbenzidine) was added and incubated for 30 min at room temper-
ature. The reaction was terminated by the addition of STOP solution. The optical density representing the chemiluminescence inten-
sity was determined at 450 nm using a BioTek Synergy Neo multi-mode reader and corrected by subtraction of readings at 570 nm.
For PD-L1 detection in lung cancer cells, PNGase F-pretreated cells (1% PNGase F) were incubated overnight at 37°C overnight
followed by blocking with 1% BSA solution at 37°C for 3 hr. After rinsing three times with PBST, cells were incubated with or without
(secondary Ab only control) an anti-PD-L1 antibody (1:100 in blocking buffer for clone 28-8 mAb; 1:500 in blocking buffer for atezo-
lizumab) at 4°C overnight. Cells were then washed with PBST three times with shaking for 1 min and incubated with a Peroxidase-
AffiniPure goat anti-rabbit IgG (for clone 28-8 mAb; 1:5000 in blocking buffer) or anti-human IgG (for atezolizumab; 1:5,000 in blocking
buffer) secondary antibody at room temperature for 1 hr. Cells were washed with PBST three more times with shaking, and TMB as a
peroxidase substrate was added and incubated for 30 min at room temperature. The reaction was terminated by the addition of
STOP solution. The optical density representing the chemiluminescence intensity was determined at 450 nm using a BioTek Synergy
Neo multi-mode reader and corrected by subtraction of readings at 570 nm.

Detection of PD-L1 Antibody Binding Affinity by Quantitative ELISA-Based Method

A saturation binding assay was performed based on the above-mentioned ELISA-based quantitation to determine the binding affinity
of anti-PD-L1 clone 28-8 mAb to cell surface PD-L1 antigen. To calculate the number of cells with antigen sites half-saturated by
clone 28-8 mADb, cells were seeded in ELISA 96-well plates at a series of cell numbers (2, 1, 0.5, 0.25, 0.125, 0.0625, and
0.03125 x 10° cells/well) and fixed in 4% paraformaldehyde at 4°C overnight. After washing three times with PBS, the fixed cells
were incubated with 1x glycoprotein denaturing buffer, denatured by heating at 100°C for 10 min, and chilled on ice. The denaturing
buffer was then removed from the well, washed with PBS three times, and treated with (1%) or without (0%) PNGase F at 37°C over-
night. The PNGase F-pretreated cells were then blocked with 1% BSA solution at 37°C for 3 hr. After rinsing three times with PBST,
cells were incubated with an anti-PD-L1 antibody (1:100 in blocking buffer; clone 28-8 mAb) at 4°C overnight. Cells were then washed
with PBST three times with shaking for 1 min and incubated with a Peroxidase-AffiniPure goat anti-rabbit IgG secondary antibody
(1:5,000 in blocking buffer) at room temperature for 1 hr. Cells were washed with PBST three more times with shaking, and TMB
as a peroxidase substrate was added and incubated for 30 min at room temperature. The reaction was terminated by the addition
of STOP solution. The optical density representing the chemiluminescence intensity was determined at 450 nm using a BioTek Syn-
ergy Neo multi-mode reader and corrected by subtraction of readings at 570 nm. The cell number at which cells were half-saturated
with anti-PD-L1 mAb was estimated by the above binding data and then transformed to create a Scatchard plot using GraphPad
Prism (version 7; Prism Software Inc., San Diego, USA).

Sample Deglycosylation in IHC Assay

Formalin-fixed paraffin-embedded (FFPE) tissue sections were incubated at 40°C overnight and then at 58-65°C for 1-3 hr, depar-
affinized with xylene and ethanol, and hydrated in distilled water. Antigen retrieval was performed with 10 mM citric acid (pH 6.0) in the
microwave for 10 min (1000W for 2 min and 200W for 8 min) and cooled at room temperature for 60 min. After washing twice with PBS,
tissue sections were incubated with 1x glycoprotein denaturing buffer at room temperature for 3 hr, washed with PBS four times,
treated without or with PNGase F (5%) containing PBS at 37°C overnight (12-18 hr), and subjected to IHC staining. In brief, sections
were then blocked with 3% H,O./methanol for 10 min at room temperature and washed with PBS three times. Normal serum (10%) in
PBS was added to the sections for 30 min in a humid chamber at room temperature. After wiping off normal serum, PD-L1 primary
antibodies (1:100; Abcam, ab205921, clone 28-8 mAb) were added to the sections in a humid chamber at 40°C overnight, washed
with PBS three times, and incubated with an anti-rabbit secondary antibody (1:200) for 1 hr in a humid chamber at room temperature.
Sections were then washed with PBS three times and peroxidase conjugated avidin biotin complex (1:100) was added for 1 hrin a
humid chamber at room temperature. After washing with PBS three more times, sections were incubated with AEC chromogen
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substrate (3-amino-9-ethylcarbazole dissolved in N,N-dimethylformamide) for 5-10 min, washed with distilled water three times,
counterstained with Mayer’s hematoxylin for 30 sec, washed again with distilled water three times, and mounted with aqua-mount
mounting medium.

Validation of IHC Staining

Validation of IHC assay was performed according to all relevant guidelines from the College of American Pathologists Pathology and
Laboratory Quality Center (Fitzgibbons et al., 2014). To set optimal cutoff values, we performed PD-L1 IHC staining using PD-L1 mAb
clone 28-8 in the lung cancer tumor microarray (Biomax, #NSC151) to verify the IHC performance. Samples displayed different
percentages of the stained cells, ranging from negative (0%) to strongly positive (100%) staining of the tumor cells in the validation
set. These percentages in staining obtained from the validation set were applied to other clinical samples described in the
manuscript. All staining procedures performed resulted in a characteristic tumor cell pattern of PD-L1 membrane staining. For
the analysis of tumor tissues from three independent cohorts of lung cancer patients, we analyzed a population of patients in
which the percentage of PD-L1 positive cells (PD-L1 TPS) was detected at less than 1%, 0—49%, or 50—74% by conventional
IHC without deglycosylation, and then re-categorized after deglycosylation accordingly to the clinically defined cutoffs of PD-L1
TPS, e.g., = 5%, > 25%, > 49%, and > 74%, for those patient samples.

Evaluation of IHC Staining

Two pathologists were tasked with evaluating IHC results independently using an established semi-quantitative approach to assess
a Histoscore (H-score) (Detre et al., 1995), which was calculated by both the intensity of staining and the TPS defined by the percent-
age of PD-L1 positive cells in tumor cells. In brief, for H-score assessment performed as previously described (Wang et al., 2018), we
randomly chose 10 fields at 400 x magnification, and scored the staining intensity in the malignant cell as 0, 1, 2, or 3 for the presence
of negative, weak, intermediate, and strong red staining, respectively. Then we counted the total number of cells in each field and the
number of cells stained at each intensity, and calculated the average percentage of positive cells using the following formula:
H-score = [1 x (% of cells stained at intensity category 1) + 2 x (% of cells stained at intensity category 2) + 3 x (% of cells stained
at intensity category 3)]. The final H-score ranging from 0 to 300 was obtained for each staining and the average of H-score for all the
cases was calculated. Cases with H-score higher than average were regarded as high expression and those with H-score equal or
less than average as low expression.

QUANTIFICATION AND STATISTICAL ANALYSIS

Each sample was assayed in triplicate, unless otherwise noted. All error bars denote standard deviation (SD). Statistical analyses
were performed using the GraphPad Prism program (version 7; Prism Software Inc., San Diego, USA). Student’s t-test was used
to compare two groups of independent samples. Two-tailed Wilcoxon signed-rank test was used to compare two groups of matched
samples. Pearson correlation test, two-tailed unless otherwise noted, was used to determine the linear correlation between two
variables. Log-rank (Mantel-Cox) and Mantel-Haenszel tests were used to evaluate the statistical significance for the comparison
of survival curves and hazard ratios. A p value of < 0.05 was considered statistically significant. NS, not significant; no statistical
methods were used to predetermine sample size.
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Figure S1. Anti-PD-L1 signal is enhanced after deglycosylation in human cancer cells in
immunofluorescence and ELISA-based assays. Related to Figure 1.

(A) Cell lysates of lung cancer cells processed with or without deglycosylation (deglyco.) by
PNGase F (5%) pretreatment and immunoblotting (IB) with the indicated antibodies. Anti-PD-L1
antibody for IB, Cell Signaling (13684). Asterisk indicates non-glycosylated PD-L1.

(B) IB of basal-like breast cancer (BLBC) and non-BLBC cells with the indicated antibodies.

(C) Cell lysates of BLBC cells processed with or without deglycosylation by PNGase F (5%)
pretreatment and IB with the indicated antibodies.

(D) Immunofluorescence confocal microscopy of H1299 cells processed with or without
deglycosylation by PNGase F (5%) pretreatment stained with DAPI and an anti-PD-L1 antibody
(Abcam, ab58810). Bar, 10 um. Quantification is shown to the right. Data are representative of 3
independent experiments, randomly chosen in 3 different fields.

(E) Left: saturation binding assay of H1299 cell lysates binding to anti-PD-L1 clone 28-8 mAb.
Right: scatchard plot of cell number binding to anti-PD-L1 antibody transformed from the left.
(F) ELISA of PD-L1 level by an anti-PD-L1 Ab atezolizmab (MDACC) in A549 and H1299 cells
processed with deglycosylation by PNGase F (1%) pretreatment for comparison with cells without
deglycosylation (0%). Negative control, secondary Ab only control.

(D-F) Results are presented as mean + SD. *p < 0.05, **p < 0.01, Student’s t test.
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(A) Individual analysis of five cohorts in multi-organ carcinoma TMA from Figure 2A, containing
40 cases each of breast invasive ductal carcinoma, lung squamous cell carcinoma, colon
adenocarcinoma, prostate adenocarcinoma, and pancreas adenocarcinoma.

(B) H-score values representing PD-L1 protein expression from IHC staining of a human rectal
cancer TMA (n = 92) processed with or without deglycosylation by PNGase F (5%) pretreatment.
Results were analyzed by the Wilcoxon signed-rank test.

(C) A pie chart highlighting the fold change of H-score after N-linked glycosylation removal
through PNGase F treatment from (B).

(D) Two representative cases of IHC staining from (B). Bar, 50 um.

(E) Representative images of PD-L1 THC staining in the lung cancer tumor microarray (Biomax,
#NSC151). Samples displayed varying percentages of the stained cells spanning a wide range from
negative (0%) to strongly positive (100%) staining of the tumor cells. Bar, 50 pm. Inset: PD-L1

membrane staining (arrows); bar, 20 pm.
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Figure S3. Deglycosylation improves PD-L1 detection in clinical samples and correlation
with patient responses to anti-PD-1/PL1 therapy. Related to Figure 3.

(A) The percentage of PD-L1 positive signals in tumor cells (TPS; tumor proportion score; %
positive cells) from IHC staining of patient tissue slides processed with or without deglycosylation
from Figure 3A (n = 95). Results were analyzed by the Wilcoxon signed-rank test.

(B) A pie chart highlighting the fold change in PD-L1 TPS after N-linked glycosylation removal
through PNGase F treatment from (A).

(C and D) Correlation between PD-L1 H-score (C) or PD-L1 TPS (D) in patient tissue slides
processed with or without deglycosylation and the corresponding progression-free survival (PFS)
from nivolumab therapy (n = 39) from Figure 3A.

(E and F) Correlation between PD-L1 H-score (E) or PD-L1 TPS (F) in patient tissue slides
processed with or without deglycosylation and the corresponding PFS from anti-PD-1 therapy
(nivolumab, pembrolizumab, and camrelizumab; n = 75) from Figure 3A.

(G and H) Correlation between PD-L1 H-score (G) or PD-L1 TPS (H) in patient tissue slides
processed with or without deglycosylation and the corresponding PFS from anti-PD-L1 therapy
(atezolizumab and durvalumab; n = 12) from Figure 3A.

(C—H) One-tailed p values are shown, Pearson correction test.
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Figure S4. Sample deglycosylation enhances PD-L1 detection in a small fraction of tumor-
associated lymphocytes. Related to Figure 3.

(A) Cell lysates of human immune cells, including Jurkat (T lymphocytes) and THP1 (monocytes),
processed with deglycosylation by PNGase F (5%) pretreatment for comparison with cell lysates
without deglycosylation (0%) and IB with anti-PD-L1 Ab (Cell Signaling, 13684). Asterisk
indicates non-glycosylated PD-L1.

(B) ELISA of PD-L1 levels (clone 28-8 mAb) in Jurkat and THP1 cells processed with or without
deglycosylation by PNGase F (1%) pretreatment. Results are presented as mean = SD. *p < 0.05,
Student’s t test.

(C) The percentage of PD-L1 positive signals in immune cells (% PD-L1" immune cells) from
IHC staining of patient tissue slides processed with or without deglycosylation from Figure 3A (n
= 46 containing tumor-associated immune cells). Results were analyzed by the Wilcoxon signed-
rank test.

(D) A pie chart highlighting the fold change in the percentage of PD-L1" immune cells after N-
linked glycosylation removal through PNGase F treatment from (C).

(E) Two representative cases of IHC staining from (C). PD-L1" tumor cells (TPS), white arrows;
PD-L1" immune cells, red arrows. Bar, 50 um.

(F) The percentage of PD-L1 TPS from IHC staining of patient tissue slides processed with or
without deglycosylation from (C). Results were analyzed by the Wilcoxon signed-rank test.

(G) A pie chart highlighting the fold change in PD-L1 TPS after N-linked glycosylation removal

through PNGase F treatment from (F).



(H) Correlation between PD-L1 TPS in patient tissue slides processed with or without
deglycosylation and the corresponding PFS from anti-PD-1/PD-L1 therapy from (F). Pearson
correction test; one-tailed.

(I) PD-L1 positive signals in both tumor and immune cells (CPS; combined positive score) from
IHC staining of patient tissue slides processed with or without deglycosylation from (C). Results
were analyzed by the Wilcoxon signed-rank test.

(J) A pie chart highlighting the fold change in PD-L1 CPS after N-linked glycosylation removal
through PNGase F treatment from (I).

(K) Correlation between PD-L1 CPS in patient tissue slides processed with or without
deglycosylation and the corresponding PFS from anti-PD-1/PD-L1 therapy from (I). Pearson

correction test; one-tailed.
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Figure S5. Antigen retrieval by protein deglycosylation improves the utility of PD-L1 as a
predictive biomarker for immunotherapy. Related to Figure 5.

(A and B) The overall survival (OS) of cancer patient samples processed without (A) or with (B)
deglycosylation by PNGase F (5%) pretreatment. Cases with H-score equal to or higher than the
median value of total 49 cases (H-score = 15.0) were considered as high expression and those with
H-score less than the median value as low expression.

(C and D) The OS of cancer patient samples processed without (C) or with (D) deglycosylation by
PNGase F (5%) pretreatment. Cases with H-score equal to or higher than the median value of
individual group [H-score = 8.0 in the group of without glycosylation (C) and H-score = 30.0 in
the group of with glycosylation (D), respectively] were considered as high expression and those
with H-score less than the respective median value as low expression.

(E and F) The OS of cancer patient samples processed without (E) or with (F) deglycosylation by
PNGase F (5%) pretreatment. Cases with PD-L1 TPS equal to or higher than the median value of
total 49 cases (PD-L1 TPS = 30%) were considered as high expression and those with PD-L1 TPS
less than the median value as low expression.

(G and H) The OS of cancer patient samples processed without (G) or with (H) deglycosylation
by PNGase F (5%) pretreatment. Cases with PD-L1 TPS equal to or higher than the median value
of individual group [PD-L1 TPS = 15% in the group of without glycosylation (G) and PD-L1 TPS
= 40% in the group of with glycosylation (H), respectively] were considered as high expression
and those with PD-L1 TPS less than the respective median value as low expression.

(A—H) Cohort size for each group is indicated. p values were determined by Log-rank (Mantel-
Cox) test. Hazard Ratio (HR) and 95% confidence interval (CI) were determined by Mantel-

Haenszel method.
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