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ABSTRACT

◥

Purpose: Immune checkpoint blockade has shown remarkable
efﬁcacy, but in only a minority of patients with cancer, suggesting
the need to develop additional treatment strategies. Aberrant
glycosylation in tumors, resulting from the dysregulated expression
of key enzymes in glycan biosynthesis, modulates the immune
response. However, the role of glycan biosynthesis enzymes in
antitumor immunity is poorly understood. We aimed to study the
immunomodulatory effects of these enzymes.
Experimental Design: We integrated transcriptional proﬁles of
treatment-na€ve human tumors and functional CRISPR screens to
identify glycometabolism genes with immunomodulatory effects.
We further validated our ﬁndings using in vitro coculture and
in vivo syngeneic tumor growth assays.
Results: We identiﬁed MAN2A1, encoding an enzyme in
N-glycan maturation, as a key immunomodulatory gene. Analyses

Introduction
Immune checkpoint blockade (ICB), which aims to boost the
host immune system to attack cancer cells, could induce durable
responses in multiple cancers (1, 2). However, most patients
develop primary or acquired resistance to immunotherapy (3, 4),
highlighting the importance of identifying biomarkers and regulators of tumor immune response (5). Genomic and transcriptomic
proﬁling of tumors has facilitated the identiﬁcation of factors that
may affect tumor response to ICB treatment (6). Multiple factors
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of public immune checkpoint blockade trial data also suggested a
synergy between MAN2A1 inhibition and anti–PD-L1 treatment.
Loss of Man2a1 in cancer cells increased their sensitivity to T-cell–
mediated killing. Man2a1 knockout enhanced response to anti–PDL1 treatment and facilitated higher cytotoxic T-cell inﬁltration in
tumors under anti–PD-L1 treatment. Furthermore, a pharmacologic inhibitor of MAN2A1, swainsonine, synergized with anti–PDL1 in syngeneic melanoma and lung cancer models, whereas each
treatment alone had little effect.
Conclusions: Man2a1 loss renders cancer cells more susceptible
to T-cell–mediated killing. Swainsonine synergizes with anti–PDL1 in suppressing tumor growth. In light of the limited efﬁcacy of
anti–PD-L1 and failed phase II clinical trial on swainsonine, our
study reveals a potential therapy combining the two to overcome
tumor immune evasion.
have been reported to affect ICB response and resistance, including
cytotoxic T-cell inﬁltration (7), mutation load (8–10), antigen
presentation (11–14), PD-L1 expression (15, 16), gut microbiome
(17), interferon signaling (14, 18, 19), PI3K pathway (20, 21), and
beta-catenin signaling (22). Elucidation of these mechanisms provides important insights into the discovery of predictive biomarkers of response (23, 24). However, the identiﬁcation of novel
therapeutic strategies that improve ICB response is still a critical
challenge in this ﬁeld.
Protein glycosylation is a ubiquitous posttranslational modiﬁcation
and is essential in the development and physiology of living organisms (25). Glycans have been found to regulate many key biological
processes, including protein folding, cellular adhesion, extracellular
matrix interactions, molecular trafﬁcking and clearance, signal transduction, and endocytosis (25–28). Compared with the normal tissues,
tumors often show altered glycosylation patterns (29). Aberrant
glycosylation is often observed as a driver of the malignant phenotype,
directly affecting key processes in tumor progression and metastasis
(29–31). In addition, altered glycosylation in cancer cells allows new
interactions with immune cells to suppress antitumor immunity (32, 33). Immune cells can sense and respond to changes in the
glycans of their microenvironment via glycan-binding proteins called
lectins, which often leads to the attenuation of immune activation and
the induction of inhibitory immune processes (32). Altogether, the
abnormal glycosylation in cancer cells is associated with tumor
development and progression and the ability of cancer cells to evade
immune surveillance (34, 35).
Protein glycosylation consists of two major types, namely N-linked
and O-linked (36). N-linked glycoproteins are frequently found on
secretory and membrane-bound glycoproteins, thus are accessible for
therapeutic purposes (37, 38). A large number of cell surface molecules
involved in the innate and adaptive immune responses are N-linked
glycoproteins, such as T-cell coreceptors, Toll-like receptors, cytokines, and cytokine receptors (39). The expression and function of
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Translational Relevance
Immune checkpoint blockade has shown remarkable efﬁcacy,
but in only a minority of patients with cancer, suggesting the need
to develop additional treatment strategies. In this study, we integrated analyses of clinical transcription proﬁles of human tumors
and functional CRISPR screens to discover combination therapy
candidates. We identiﬁed a novel target involved in glycometabolism, MAN2A1, which suppressed the sensitivity of cancer cells to
T-cell–mediated killing. Pharmacologic inhibition of MAN2A1 by
swainsonine, an indolizidine alkaloid that can be tolerated by
patients with cancer, synergized with anti–PD-L1 in the treatment
of melanoma and lung cancer. In light of the limited efﬁcacy of
anti–PD-L1 and failed phase II clinical trial of swainsonine on
advanced or metastatic renal cell carcinoma, our study reveals a
potential therapy combining the two to overcome tumor immune
evasion.

these glycoproteins are dependent on normal glycosylation (39).
Changes in their glycosylation patterns may lead to impaired protein
expression and function, and signiﬁcant alterations in immune pathway signaling (33, 39). In addition, N-glycosylation is also required for
some immunosuppressive receptor-ligand engagement, such as PD-1/
PD-L1, B7-1/PD-L1, and PD-1/PD-L2 (40). Among these, the study of
the N-glycosylation of PD-L1 is the most detailed and systematic (41).
PD-L1 is highly glycosylated in the majority of cells in which it is
expressed, and N-glycosylation has been shown to stabilize PDL1 (42). Thus, N-linked glycosylation is a critical regulator in the
tumor microenvironment and could be manipulated to enhance
antitumor immunity.
Despite the knowledge of the regulatory effect of glycosylation in
tumor progression and the interplay of glycosylation with the immune
response, how glycosylation modulates biological processes is still an
open question. Thus, the development of strategies targeting key
glycan modulators to improve antitumor immunity remains a relatively unexploited ﬁeld. Given that the dysregulated gene expression of
key enzymes in the glycosylation pathway is a major contributor to
alterations in glycosylation patterns (35, 36). Glycan biosynthesis
enzymes are poised to be a major source of druggable targets that
can be manipulated to enhance immune response. Because N-linked
glycosylation has been reported to regulate the expression and function
of many cell surface glycoproteins involved in immune responses and
affect the immune receptor/ligand binding (39, 40), we focused on
genes participating in N-glycan biosynthesis. Using a large-scale data
integration approach, we evaluated the association between N-glycan
biosynthesis genes and resistance to T-cell cytotoxicity. This effort
identiﬁed a novel N-glycan biosynthesis gene as a regulator of antitumor immune response, which we experimentally validated as a
potential target to improve ICB response.

Materials and Methods
Cell culture and compounds
B16F10, A375, HEK293FT, and LLC cells were maintained in
complete DMEM media (10% FBS, 1% L-glutamine, and 1% penicillin/streptomycin). B16F10-Cas9 cells were maintained in complete
DMEM media with 2.5 to 5 mg/mL of blasticidin. CD8 T cells isolated
from mice were cultured in complete RPMI 1640 media (10% FBS,
20 mmol/L HEPES, 1 mmol/L sodium pyruvate, 0.05 mmol/L
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2-mercaptoethanol, 2 mmol/L L-glutamine, and 50 U/mL streptomycin
and penicillin). All cell lines are tested for mycoplasma contamination.
Generation of Man2a1-knockout GFPþ cells
To knockout Man2a1, CRISPR gRNA sequences targeting Man2a1
or nontargeting control were cloned into a PLKO3G-GFP vector and
conﬁrmed by sequencing. Knockout constructs were cotransfected
with pMD2.G and psPAX2 into HEK293FT cells to generate lentivirus.
Transfection was performed using X-tremeGENE HP DNA Transfection Reagent (Roche, #6366546001) following the manufacturer’s
protocol. Lentivirus was collected at 48 and 72 hours. Then B16F10Cas9 cells were infected with a lentivirus driving expression of a
single gRNA for 48 hours to inactivate Man2a1 genes individually.
Infected cells were sorted on the basis of GFP expression by BD FACS
Aria II.
Western blotting
For Western blotting, cells were lysed in RIPA buffer [50 mmol/L
Tris-HCl (pH 7.5), 150 mmol/L NaCl, 1% NP-40, 2 mmol/L EDTA,
0.5% Na Deoxycholate, and 0.1% SDS] supplemented with protease
and phosphatase inhibitor cocktail (Cell Signaling Technology,
#5872s). Protein concentrations were measured with BCA Protein
Assay Kit (Sangon Biotech, #C503021). For Western blotting, equal
amounts of protein were heat denatured in the presence of a reducing
agent and separated on 4%–12% or 10% Bis-Tris SurePAGE gels
(GeneScript, #M00652, #M00665), and transferred to PVDF membranes. Antibodies used for Western blotting were as follows: antimouse MAN2A1 Antibody (Santa Cruz Biotechnology, #sc-376909),
anti-human MAN2A1 antibody (Santa Cruz Biotechnology,
#sc-377204), pSTAT1 (Cell Signaling Technology, #9167), STAT1
(Cell Signaling Technology, #9172), ERK2 (Santa Cruz Biotechnology,
#sc-1647), GAPDH (Sigma, #G9545), PD-L1 (E1L3N) XP Rabbit mAb
(Cell Signaling Technology, #13684T), vinculin (Santa Cruz Biotechnology, #sc-73614), Goat anti-rabbit secondary antibody (Cell Signaling Technology, #7074s), and Goat anti-mouse secondary antibody
(Cell Signaling Technology, #7076s). The blots were imaged using
CLINX imaging system according to the manufacturer’s instruction.
In vitro T-cell coculture assay
Pmel-1 TCR transgenic mice were purchased from The Jackson
Laboratory (stock no. 005023). CD8 T cells were isolated from spleen
and lymph nodes from Pmel-1 TCR transgenic mice using the EasySep
mouse CD8þ T-cell isolation kit (STEMCELL #19753) according to
the manufacturer’s protocol. Freshly isolated CD8 T cells were stimulated with anti-CD3/CD28 beads (Thermo Fisher Scientiﬁc,
#11452D) at a bead to cell ratio of 1:2. On day 3, Recombinant mouse
IL2 (Biolegend, #575406) was added to the culture at 20 ng/mL. The
animal experiments have complied with all relevant ethical regulations. The study protocol was approved by the Institutional Care and
Use Committee at Dana-Farber Cancer Institute.
For optimal killing by Pmel-1 T cells, B16F10 cells were pretreated
with 10 ng/mL IFNg for 24 hours prior to coculture to enhance
MHC-I expression. In a competition assay, Man2a1-knockout cells
or nontargeting control B16F10-Cas9 cells (GFP positive) were mixed
with parental B16F10-Cas9 cells (GFP negative) at a 1:1 ratio. Mixed
cells were then cocultured with in vitro–activated Pmel-1 T cells at
effector-to-target ratios of 1:0, 1:1, 1:2, or 1:3. There were three
cell-culture replicates for each condition. After a 3-day coculture
with T cells, the percentage of GFP-positive cells was determined by
FACS. T cells present in these cultures were gated out on the basis of
antibodies speciﬁc for CD45 (APC–Cy7; Biolegend, #103115).
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N-glycan proﬁling
Note that 5  106 cells were used as starting material and are
lyophilized. The lyophilized proteins were digested into peptides by
trypsin (Sigma-Aldrich) and then treated with PNGase F (New
England Biolabs) to release N-Glycans. The released N-glycans were
collected, pooled, and lyophilized. The lyophilized N-glycan samples
were incubated with 1 mL of a NaOH/DMSO (Sigma-Aldrich)–NaOH
(Sigma-Aldrich) slurry solution and 500 mL of methyl iodide (SigmaAldrich) for 30 minutes to permethylate the N-glycans. The permethylated N-glycans were then loaded into a conditioned [1 CV methanol,
1 CV MilliQ water, 1 CV acetonitrile (Sigma-Aldrich), and 1 CV MilliQ Water] C18 50 mg Sep-Pak column. The C18 column was washed
with 3 mL of 15% acetonitrile and then eluted with 3 mL of 50%
acetonitrile. The eluted fraction was lyophilized and then redissolved
in 15 mL of 75% methanol from which 1 mL was mixed with 1 mL 2,5dihydroxybenzoic acid (Sigma-Aldrich) and spotted on a MALDIpolished steel target plate (Bruker). Mass spectrum (MS) data were
acquired on a Bruker UltraFlex II MALDI-TOF Mass Spectrometer
instrument. Reﬂective positive mode was used and data recorded
between 500 m/z and 6,000 m/z. MS proﬁles represent the aggregation
of at least 20,000 laser shots. Mass peaks were annotated and assigned
to N-glycans when a match was found. MS data were further analyzed
and processed with mMass (43).
In vivo experiments
Note that 1  106 B16F10 or LLC cells were resuspended in Hank’s
Balanced Salt Solution (Gibco, #14170112) and subcutaneously
injected into the right ﬂank of 6- to 8-week-old female C57BL/6 mice.
Anti–PD-L1 (Bio X Cell, clone 10F.9G2, #BE0101, 100 mg/mouse)
mAbs and IgG isotype control antibodies (BioX Cell, clone LTF-2,
#BE0090, 100 mg/mouse) were administered on days 6, 9, and 12. For
the drug combination experiment, mice were treated with swainsonine
(APExBIO, #B7316) by oral gavage daily in 1 mg/kg/day from day 6 for
2 weeks. For CD8 depletion studies, anti-CD8 (Bio X Cell, clone YTS
169.4, #BE0117,150 mg/mouse) was administered 1 day prior to
treatment and then every 3 days for a total of 3 doses. Tumors were
measured every 3 days beginning on day 6 after tumor challenge until
the survival endpoint was reached. Measurements were assessed
manually by assessing the longest dimension (length) and the longest
perpendicular dimension (width). Tumor volume was calculated using
the formula 1/2  length  width2. All mouse experiments were
carried out at the Shanghai Model Organisms Center. The mouse
experiments were approved by the Institutional Animal Care and Use
Committee of the Institute of Biochemistry and Cell Biology and
performed in accordance with this committee’s guidelines.
FACS analysis with tumor-inﬁltrating lymphocyte cells
B16F10 cells were subcutaneously injected into 6- to 8-week-old
female C57BL/6 mice. Mice were administrated with anti–PD-L1 or
IgG Isotype Control starting from day 6 and then every third day. For
the drug combination experiment, mice were treated with swainsonine
(APExBIO, #B7316) by oral gavage daily in 1 mg/kg/day from day 6.
Tumors were harvested on day 15, weighed, dissected into small pieces,
and incubated with 0.1% Collagenase Type I (Invitrogen, #17100-017)
supplemented HBSS medium (Gibco, #2005368) for 20 minutes at
37 C. After incubation, tumor cells were passed through 70-mm ﬁlters
to remove the undigested tumors. Single-cell suspensions were stained
with the following antibodies: BD Horizon Fixable viability stain 450
(BD Pharmingen, #562247), Ms CD45 Percy-cy5.5 30-F11 (BD Pharmingen, #550994), APC anti-mouse CD3 (Biolegend, #100236),
FITC anti-mouse CD4 (Biolegend, #100405), FITC anti-mouse CD8a
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(Biolegend, #100705), APC anti-mouse NK1.1 (Biolegend, #108709),
FITC anti-mouse F4/80 (Biolegend, #123107), Ms CD86 PE GL1
(BD Pharmingen, #561963), and CD206(MMR) Monoclonal antibody (MR6F3) PE (eBioscience, #12-2061-80). BD FACSVerse was
used for data acquisition, and FlowJo was used for data analysis.
Cytokine analysis from tumor lysate
Tumors were isolated from mice on day 15 after inoculation. One
hundred milligrams of tissues were collected in a tube with prechilled
500 mL of cell lysis buffer [50 mmol/L Tris-HCl (pH 8.0), 150 mmol/L
NaCl, 0.5% NP40, 10% Glycerol] supplemented with 1 mmol/L PMSF
and cOmplete Protease Inhibitor Cocktail tablets (Roche,
#11836153001). Tissues were ﬁrst homogenized by tissue tearor. Then
ultrasonic homogenization was performed by ultrasonic homogenizer
with sonication duration for 60 seconds, at an ultrasonic cycle mode
of 3 seconds sonication, and 3 seconds resting time. Then the
samples were centrifuged at 12,000  g for 20 minutes at 4 C. Protein
concentration was assessed by BCA assay (Sangon Biotech, C503021).
Lysates were then probed for IFNg (ExCell Bio, #EM007-96, sensitivity: 4 pg/mL) and TNFa (ExCell Bio, #EM008-96, sensitivity:
7 pg/mL) protein levels by ELISA.
RNA sequencing data analysis
RNA was extracted using TRIzol reagent (Invitrogen Life Technologies) according to the manufacturer’s instructions. Quality and
quantity of RNA were analyzed using NanoDrop, agarose gel electrophoresis, and Agilent 2100 (Thermo Fisher Scientiﬁc). Oligo(dT)attached magnetic beads were used to purify mRNA. Puriﬁed mRNA
was fragmented into short fragments with fragment buffer, and
cDNAs were synthesized using the RNA fragments as templates for
random primer, followed by end reparation and ligation to adapters.
The cDNA libraries for B16F10 cancer cell line were sequenced using
Illumina Nova 6000 by Berry Genomics Co. Ltd. For B16F10 tumors,
the libraries were sequenced on BGIseq500 platform (BGI-Shenzhen).
Data were aligned to mouse reference genome mm10 using STAR.
RNA-Seq by Expectation-Maximization (RSEM) was used to map
aligned reads and to generate a gene count matrix. Differential expression was performed using Deseq2. We performed gene set enrichment
analysis (GSEA) using “MAGeCKFlute” R package (44) and GSEA
preranked mode (45).
Histopathology analysis of internal organs
Mouse tissues were perfusion ﬁxed in 4% paraformaldehyde solution overnight, and then embedded in parafﬁn. Four-micrometerthick sections were cut and stained with hematoxylin and eosin (H&E).
H&E-stained tissue sections were imaged using NIKON ECLIPSE CI.
The pathology of mouse colon and liver sections was scored by
referring to McGuckin’s (46) and Ishak’s (47) standards respectively,
and was scored double-blind. The toxicity score for each organ is the
sum of individual scores.
Data processing for publicly available datasets
The method to calculate the T-cell dysfunction score was described
in the Tumor Immune Dysfunction and Exclusion (TIDE) algorithm,
which we published before (48). Brieﬂy, the interaction test in multivariate Cox proportional hazards (Cox-PH) regression was applied
to identify gene association with the T-cell dysfunction phenotype. The
T-cell dysfunction score for each gene is deﬁned as the Wald test z
score. For visualization purposes, samples were split to optimize the
expression coefﬁcients of interested genes in the Cox-PH regression
model. However, the P-value signiﬁcance computation was
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continuous without any cutoffs. The cytotoxic T-lymphocyte (CTL)
level was estimated through bulk-tumor expression average of CD8A,
CD8B, GZMA, GZMB, and PRF1. For public T-cell coculture screen
analysis, the raw count was downloaded, and MAGeCK (49) was used
to compute the log2 fold change for all gRNAs by comparing the
experimental and control conditions.
Statistical analysis
Statistical tests employed with the number of replicates and independent experiments are listed in the text and ﬁgure legends. Statistical
analyses were performed either with the R software (http://www.Rproject.org/) or Prism 6 (GraphPad). Statistical analyses gathering
more than two groups were performed using ANOVA. Otherwise, for
two groups, statistical analyses were performed using the unpaired
t-test. Log-rank test was applied when assessing the impact of the
treatment on mice survival. Multiple hypothesis testing corrections
were applied where multiple hypotheses were tested and were indicated by the use of FDR.

Results
MAN2A1 is associated with T-cell dysfunction
Previously our group developed a computational model TIDE (48),
which integrated the expression signatures of T-cell dysfunction and
T-cell exclusion to evaluate tumor immune evasion and predict
response to ICB. TIDE examined 188 clinical study cohorts with
expression proﬁles and clinical outcome information of over 33K
cancer samples from The Cancer Genome Atlas (TCGA; ref. 50),
PRECOG (51), and METABRIC (52) databases. To model T-cell
dysfunction, TIDE applied a Cox-PH regression to compute how the
expression of each gene interacts with CTL inﬁltration to inﬂuence
patient survival. To model T-cell exclusion, TIDE calculated the gene
expression correlation with that of three immunosuppressive cell types
reported to restrict T-cell inﬁltration into tumors. Recently, we
signiﬁcantly expanded the scope of TIDE by incorporating many new
datasets and functional modules (53). We integrated nearly 1,000
omics data from 12 published ICB clinical studies and 8 published
CRISPR screens that identiﬁed genes that regulate lymphocyte-driven
cancer killing and/or immunotherapy response. These efforts in the
reuse of public data signiﬁcantly improved the power of TIDE in
hypothesis generation and enabled us to identify novel genes with
immunomodulatory effects.
Because N-linked glycoproteins are essential to the antigen
presentation and subsequent triggering of T-cell–mediated immune
responses (54), we evaluated all the N-glycan biosynthesis genes
through TIDE to identify their association with T-cell dysfunction.
Several genes in this pathway (Supplementary Table S1), such as
MGAT5, MAN1C1, and MAN2A1, showed high T-cell dysfunction
scores across multiple cohorts (Fig. 1A). High expression of these
genes is negatively associated with cytotoxic T-cell–mediated survival beneﬁt (Fig. 1B; Supplementary Fig. S1), suggesting that T
cells might be dysfunctional when these genes are highly expressed
in the tumor microenvironment. To distinguish whether these
genes are regulators or merely markers of T-cell dysfunction, we
examined public CRISPR screens in mouse cancer cells cocultured
with mouse primary T cells that speciﬁcally target the cancer cell
antigen. Based on ﬁve such screens from two independent studies (55, 56), we found that gRNAs targeting Man2a1 were consistently negatively selected (Fig. 1C). These results implicated
MAN2A1 as a regulator of T-cell dysfunction, whose inactivation
may sensitize cancer cells to T-cell–mediated lysis.
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MAN2A1 encodes a glycosyl hydrolase that is normally expressed in
Golgi and catalyzes the ﬁnal step in the N-linked glycan maturation
pathway (57). To evaluate in which cancer type(s) MAN2A1 regulates
the response to T-cell–driven cytotoxicity, we examined the expression
of MAN2A1 in patient samples using publicly available databases, such
as TCGA and NCBI Gene Expression Omnibus (GEO). We found
MAN2A1 is expressed at a higher level in tumor tissues of melanoma
and lung cancer as compared with their adjacent normal tissues
(Supplementary Fig. S2A–S2D). In addition, MAN2A1 showed high
T-cell dysfunction scores in most of the melanoma and lung cancer
cohorts (Supplementary Fig. S2E and S2F). These data suggest that
MAN2A1 may promote the resistance to T-cell–mediated killing in
melanoma and lung cancer.
Man2a1-null cancer cells are more sensitive to T-cell–mediated
killing
To validate the function of Man2a1 in T-cell–mediated tumor
killing, we transduced B16F10-Cas9 cells with lentivirus coexpressing
GFP and CRISPR guide RNAs (gRNA) targeting Man2a1. Western
blot experiment conﬁrmed the diminished level of MAN2A1 in the
knockout cell line (Fig. 2A). Next, Man2a1-null or control sgRosa26
B16F10 cells (GFP positive) were mixed with equal number of parental
B16F10 cells (GFP negative), and cocultured with in vitro–activated
Pmel-1 T cells at different ratios. After 3 days of coculture, the
percentage of Man2a1-null B16F10 cells in the presence or absence
of T cells was determined by FACS (Fig. 2B; Supplementary Fig. S3).
Consistent with the public coculture CRISPR screen result, Man2a1null B16F10 cells were signiﬁcantly more sensitive to T-cell–mediated
cytotoxicity compared with sgRosa26 control cells (Fig. 2C).
CD8þ T-cell–mediated tumor attack involves the secretion of key
cytokines, such as IFNg and TNFa, to induce proliferative arrest or
apoptosis signaling (58). Suppression of cytokine signaling is one of the
key mechanisms by which tumors evade attack by cytotoxic T cells
(56, 59). To investigate whether Man2a1 depletion sensitized B16F10
cells to T-cell–mediated killing via the IFNg signaling, we examined
the responsiveness of cancer cells to IFNg treatment. The biological
effects of IFNg are elicited mainly through the activation of the JAK/
STAT pathway (60). Man2a1-knockout cells exhibited no signiﬁcant
difference from the control cells in the induction of STAT1 signaling
upon IFNg treatment, as measured by the phosphorylation status of
STAT1 (Supplementary Fig. S4A). In addition, mouse Man2a1-null
B16F10 cells and human MAN2A1-null A375 cells showed no significant proliferative difference compared with their respective control
cells in response to IFNg (Supplementary Fig. S4B and S4C). Similarly,
loss of MAN2A1 in these cells had no signiﬁcant impact on the growth
inhibition by either TNFa alone or combined treatment of IFNg and
TNFa (Supplementary Fig. S4D and S4E). Collectively, these data
suggest that the enhanced sensitivity to T-cell–mediated killing
through Man2a1 knockout is not mediated by enhanced sensitivity
to IFNg or TNFa by cytokine-intrinsic mechanisms, implying instead
potentially novel mechanisms of this phenomenon.
Man2a1 knockout changes glycometabolism
To investigate how Man2a1 knockout regulates cancer cell sensitivity to T-cell–driven cytotoxicity, we examined the transcriptome of
Man2a1-null B16F10 cells by RNA sequencing (RNA-seq). Man2a1
knockout in B16F10 cells did not induce any marked gene expression
change in the immune-related pathways (Supplementary Table S2).
Interestingly, genes involved in the glyco-metabolic pathways, such as
glycolysis, starch and sucrose metabolism, and galactose metabolism,
were concordantly downregulated in Man2a1-knockout cells (Fig. 3A
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Figure 1.
MAN2A1 is associated with T-cell dysfunction. A, T-cell dysfunction scores of N-glycan
biosynthesis genes in the ﬁve TIDE core
datasets. N-glycan biosynthesis genes
were collected from KEGG_N_GLYCAN_
BIOSYNTHESIS (hsa00510). Five data sets,
representing ﬁve cancer types, had more
than 1% of genes with FDR > 0.1. The gene
list was ranked by the average T-cell dysfunction score of the ﬁve cancer types.
B, The association between the CTL level
and overall survival for patients with different MAN2A1 levels in TCGA melanoma
cohort. The CTL inﬁltration level was estimated as the average expression level
of CD8A, CD8B, GZMA, GZMB, and PRF1.
The association between the CTL level and
overall survival was computed through the
two-sided Wald test in the Cox-PH regression. “CTL Top” means samples have aboveaverage CTL values among all samples,
whereas “CTL Bottom” means below average. Samples were split by the best separation strategy according to the MAN2A1
expression coefﬁcients in the Cox-PH regression model. C, Log2 fold change of genes
with high dysfunction score in the public
T-cell coculture screen data. MAGeCK was
used to compute the log2 fold change for all
gRNAs by comparing the experimental and
control conditions.

and B), indicating that Man2a1 loss may affect cancer cell glycometabolism. MAN2A1 encodes a-mannosidase II, a key enzyme in the
N-glycan biosynthesis that converts precursor high mannose type
N-glycans to matured complex-type structures (61). Glucose is necessary for glycosylation through its utilization in the hexosamine
biosynthetic pathway, which produces UDP-N-acetylglucosamine
(UDP-GlcNAc), the substrate for glycosylation (62). Thus, Man2a1
knockout might change glucose metabolism through the utilization of
glucose in the N-glycan biosynthesis process.
Of note, we did not observe signiﬁcant expression changes in the
N-glycan biosynthesis pathway or protein N-glycosylation pathway
upon Man2a1 knockout (Supplementary Table S2), which is expected
because N-glycosylation is a posttranslational modiﬁcation. To examine the effect of Man2a1 knockout on N-glycan changes, we used mass
spectrometry to evaluate the relative abundance of N-glycan component in the B16F10 cells. Consistent with MAN2A1’s known function,
upon Man2a1 knockout, simple/precursor type (Supplementary
Fig. S5A) and hybrid type (Fig. 3C) N-glycans increased, whereas
complex type N-glycans decreased (Fig. 3D). In contrast, bisected
(Supplementary Fig. S5B) and high mannose type (Supplementary
Fig. S5C) N-glycans showed no signiﬁcant change. Given that
MAN2A1 knockout changes the N-glycan composition, we hypoth-
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esized that loss of MAN2A1 might alter the glycosylation pattern
of some cell surface glycoproteins, thus affecting the interaction with
T cells. Li and colleagues reported that inhibitors blocking N-linked
glycosylation, such as swainsonine, altered the glycosylation of PD-L1
and reduced the PD-1/PD-L1 interaction (40). Glycosylation of PD-L1
is essential to the immune inhibitory effect of PD-L1, and nonglycosylated PD-L1 is unable to bind to PD-1 (40). Cells expressing
nonglycosylated PD-L1 are more sensitive to T-cell–mediated killing (40). Indeed, we found that the molecular weight of PD-L1 in
MAN2A1-knockout or swainsonine-treated cells was lower than in
control cells, whereas expression remained similar (Fig. 3E and F;
Supplementary Fig. S6), consistent with its altered glycosylation. These
data demonstrate that the immunomodulatory effect of MAN2A1 is
associated with global glycosylation changes, consistent with reported
effects of altered PD-L1 glycosylation.
Man2a1 loss in cancer cells enhances anti–PD-L1 response
Lee and colleagues have demonstrated that N-linked glycosylation
of PD-L1 hinders its binding with PD-L1 antibodies, and the removal
of N-linked glycosylation enhances its predictive value for anti–PD-1/
PD-L1 efﬁcacy (63). We therefore asked whether MAN2A1 knockout
would inﬂuence the efﬁcacy of ICB treatment. To study the association
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Figure 2.
Man2a1-null cancer cells are more sensitive
to T-cell–mediated killing. A, Western blot
of MAN2A1 following genetic knockout.
There are four independent CRISPR guides
targeting Man2a1 and control nontargeting
sgRosa26. We selected the two guides with
best knockout efﬁciency (the middle two
lanes of sgMan2a1 group) for further functional study. B, Experimental schematic of
T-cell coculture assay. Man2a1-null (GFPþ)
B16F10 cells and parental (GFP) B16F10
were mixed and cocultured with activated
Pmel-1 T cells under IFNg induction for
24 hours. After coculture, the ratio of GFPþ
cells to parental cells (GFP) was determined
by ﬂow cytometry. C, The effect of Man2a1
knockout on T-cell–mediated tumor killing.
The y axis is the ratio of GFPþ cells to GFP
cells normalized to the untreated condition.
Two-way ANOVA with Benjamini–Hochberg
post-test comparison was used to determine
statistical signiﬁcance (   , P < 0.001). Values
represent mean  SD.

between MAN2A1 and tumor ICB response, we used the downregulated genes in Man2a1-knockout cells to generate a signature. Then we
used this signature as a proxy for MAN2A1 activity to test its
association with response to ICB. Out of the ﬁve clinical cohorts we
collected, we found lower MAN2A1 activity to be associated with
better response and better overall survival in a large anti–PD-L1 trial
(ref. 64; Fig. 4A and B), but not consistently in the anti–PD-1 (65–67)
or anti–CTLA-4 trials (ref. 7; Supplementary Fig. S7). These data
suggest that inhibition of MAN2A1 might improve tumor response to
anti–PD-L1.
To test whether Man2a1 knockout synergizes with anti–PD-L1
treatment in vivo, we used the B16F10 syngeneic tumor model that is
resistant to current ICB (67–69). Man2a1-null B16F10 tumors showed
similar growth with nontargeting control B16F10 tumors when treated
with IgG isotype control antibody (Fig. 4C). However, PD-L1 blocking
antibody conferred therapeutic beneﬁt in mice bearing Man2a1-null
B16F10 tumors, but this treatment was ineffective against control
B16F10 tumors (Fig. 4C and D). Altogether, these data indicate that
inactivation of Man2a1 in cancer cells could sensitize tumors to anti–
PD-L1 immunotherapy.
Man2a1 knockout increases the cytotoxic immune cell
inﬁltration and activities
To better understand the effect of Man2a1 depletion on the tumor
microenvironment, we performed RNA-seq and ﬂow cytometry on the
syngeneic tumors in each of the above four conditions. RNA-seq
analysis found immune-related pathways, such as lymphocyte migration and activation, adaptive immune response, cytokine and chemokine signaling, and IFNg production, to be signiﬁcantly enriched in the
Man2a1-null tumors treated with anti–PD-L1 (Fig. 5A; Supplementary Table S3). In addition, upregulation of genes involved in antigen
presentation, inﬂammatory response, and T-cell activation was consistently observed in Man2a1-null tumors with anti–PD-L1 treatment
(Fig. 5B). The immune-stimulatory phenomena were not observed in
other conditions (Supplementary Tables S4 and S5), except that anti–
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PD-L1 treatment of the control tumors increased CD45þ lymphocyte
inﬁltration (Fig. 5C). Furthermore, Man2a1-null tumors had
signiﬁcantly increased proportions of CD3þ T cells and CD8þ T cells
in response to anti–PD-L1 (Fig. 5D and E), whereas CD4þ T cells,
natural killer (NK) cells, and M1 or M2 macrophages had no
signiﬁcant change (Supplementary Fig. S8). Finally, a signiﬁcant
increase of IFNg and TNFa protein secretion was observed
(Fig. 5F and G), indicating the activation of cytotoxic lymphocytes
and effective tumor killing. Taken together, our data suggest that
inactivation of Man2a1 in tumors treated with anti–PD-L1 results
in not only increased immune cell inﬁltration but also enhanced
cytotoxic tumor killing.
Pharmacologic inhibition of Man2a1 sensitizes tumors to
anti–PD-L1
To further evaluate the efﬁcacy of targeting MAN2A1, we tested the
in vivo effect of combined treatment of a MAN2A1 inhibitor swainsonine and anti–PD-L1 antibody. Swainsonine is a pharmacologic
inhibitor of a-mannosidase, and it inhibits both Golgi alphamannosidase and lysosomal alpha mannosidase (70). It has been
shown to stimulate lymphocyte proliferation, enhance T-cell stimulation by antigen, and activate natural antitumor immunity (71, 72).
Furthermore, it has been shown to inhibit tumor growth and metastasis in hepatocellular carcinoma (73), melanoma (74, 75), and lymphoma (76) mouse models. Although swainsonine had promising
results in initial clinical settings (77, 78), it failed a phase II clinical trial
on advanced or metastatic renal cell carcinoma due to limited efﬁcacy (79). In B16F10 tumors, coadministration of swainsonine and anti–
PD-L1 signiﬁcantly enhanced the antitumor effects and survival
beneﬁts, whereas anti–PD-L1 or swainsonine treatment alone had
little impact on tumor growth or mouse survival (Fig. 6A and B). We
also tested this synergistic effect in the LLC lung cancer model
and observed similar effects (Fig. 6C and D). Notably, depletion of
CD8þ T cells by anti-CD8 treatment signiﬁcantly abrogated the
antitumor effects of anti–PD-L1 and swainsonine combination
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Figure 3.
Man2a1 knockout changes glycol-metabolism and glycosylation of PD-L1. A, Volcano plot for differentially expressed genes in Man2a1-null B16F10 cells compared
with control cells. Log2 fold change and adjusted P values were computed by DESeq2. Annotated genes represent downregulated genes (fold change < 1.2 &
adjusted P value < 0.1) which are enriched in glycolysis, starch, and sucrose metabolism pathways or the others (top 5 hits with the most signiﬁcant adjust P value).
B, Gene ontology analysis for downregulated genes between Man2a1-null and control B16F10 cells. “MAGeCKFlute” R package was used to perform the enrichment
analysis. C and D, Bar plot of the relative abundance of representative N-glycans among total N-glycans. (C) Hybrid type and (D), Complex type. E, Western blot
analysis of PD-L1 expression in MAN2A1-knockout and control A375 cells treated with/without swainsonine. F, Western blot analysis of PD-L1 expression in MAN2A1knockout and control Colo205 cells treated with/without swainsonine and PNGase F.
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Figure 4.
Man2a1 loss in cancer cells enhances anti–PD-L1
response. A, mRNA levels of Man2a1-knockout
gene signature (downregulated genes in Man2a1
knockout cells) between the responding versus
nonresponding pretreatment tumors. ssGSEA was
used to calculate the single sample signature score.
Two-sided Student t test was used to compute the
P value. B, Overall survival of anti–PD-L1–treated
patients with urothelial cancer harboring high
(above the group median) or low (below the group
median) expression levels of Man2a1-knockout
gene signature. Log-rank test was used to compute the P value in survival analysis. C, Tumor
volume of control and Man2a1-null B16F10 tumors
in C57BL/6 mice treated with IgG isotype control
or anti–PD-L1. N ¼ 9 mice for each group.     , P <
0.0001;    , P < 0.001;   , P < 0.01, and  , P < 0.05 by
two-way ANOVA. Data are mean  SEM. D, Survival analysis of control and Man2a1-null B16F10
tumors treated with IgG isotype control or anti–
PD-L1. N ¼ 9 mice for each group.  , P < 0.05 by logrank test.

therapy (Fig. 6C and D), suggesting that CD8þ T cells play important
roles in the tumor rejection effect of the combination therapy.
To further characterize the enhanced immune response to combination therapy, we performed ﬂow cytometry and RNA-seq of B16F10
tumors treated with either monotherapy or combination therapy. Flow
cytometry analysis showed a signiﬁcant increase of tumor-inﬁltrating
CD3þ and CD8þ T cells in tumors receiving anti–PD-L1 plus swainsonine (Fig. 6E and F), whereas CD4þ T cells, NK cells, and M1 or M2
macrophages had no signiﬁcant change (Supplementary Fig. S9).
RNA-seq analysis revealed upregulation of immune-related pathways,
such as adaptive immune response, IFNg production, T-cell activation,
and cytokine secretion, in tumors treated with combined anti–PD-L1
and swainsonine relative to tumors treated with either monotherapy or
control antibody (Fig. 6G, Supplementary Tables S6 and S7). Upregulation of gene signatures associated with T-cell activation and
leukocyte-mediated cytolysis was also observed in tumors treated with
the combination therapy (Fig. 6H). In addition, both IFNg and TNFa
protein levels were signiﬁcantly higher in tumors treated with the
combination therapy, consistent with enhanced T-cell function
(Fig. 6I and J). Altogether, our ﬁndings suggest that swainsonine may
be combined with anti–PD-L1 immunotherapy to enhance antitumor
immunity.
Patients receiving combination immunotherapy are at an increased
risk of immune-related adverse events (irAE; ref. 80). Although fatal
high-grade irAEs are rare, adverse events remain a major limitation of
checkpoint blockade and frequently result in treatment termination.
To evaluate whether the combination of anti–PD-L1 and swainsonine
would aggravate irAEs, we harvested organs from B16F10 tumor–
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bearing mice that had received either monotherapy or combination
therapy. Examination of tissue sections revealed a pathology of low/
moderate portal and lobular inﬂammation in the liver as well as
moderate colon inﬂammation with anti–PD-L1 monotherapy
(Supplementary Fig. S10). Colon and liver inﬂammation was not
worsened by combination therapy with anti–PD-L1 and swainsonine
compared with anti–PD-L1 monotherapy (Supplementary Fig. S10).
No signiﬁcant histologic changes were observed in the spleen in any of
the treatment groups (Supplementary Fig. S10). These preclinical
safety data demonstrate that the addition of swainsonine did not
increase inﬂammatory lesions associated with anti–PD-L1 therapy.

Discussion
Cancer treatment by ICB achieved striking successes in the last
decade, but the majority of patients do not respond (81). Although
N-glycosylation has been known to be important for cancer immunology, previous studies have not identiﬁed the key regulators that can
be targeted to improve immunotherapy efﬁcacy. In this study, we used
a comprehensive data integration approach to identify and in vitro
experiments to characterize MAN2A1, encoding an enzyme involved
in N-glycan maturation, as a novel target to sensitize tumors to T-cell–
mediated cytotoxicity. Man2a1 loss changed the overall glycosylation
pattern in cancer cells, and Man2a1 knockout in cancer cells rendered
B16F10 tumors sensitive to PD-L1 blockade therapy and activated the
tumor immune microenvironment. We also identiﬁed that swainsonine, an inhibitor of alpha-mannosidase II, might be an ideal drug that
can be combined with anti–PD-L1 immunotherapy to enhance
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Figure 5.
Man2a1 knockout increases the cytotoxic immune cell inﬁltration and activities. A, Gene sets enriched in Man2a1-knockout tumors treated with PD-L1 blockade
compared with control tumors with anti–PD-L1 treatment. Preranked GSEA was used to calculate the enrichment. B, Heat map showing expression value (z-score
based on TPM) of antigen presentation, inﬂammatory response, and T-cell activation genes in Man2a1-null or control B16F10 tumors treated with IgG isotype
control or anti–PD-L1. C–E, Flow cytometry of immune populations from control and Man2a1-null B16F10 tumors treated with IgG or anti–PD-L1. (C) CD45; (D) CD3;
and (E) CD8. Data are mean  SD, representative of at least two independent experiments. N ¼ 6 mice for each group.     , P < 0.0001;    , P < 0.001;   , P < 0.01; and

, P < 0.05 by one-way ANOVA with Tukey multiple comparisons test. F and G, IFNg and TNFa protein levels in tumor lysates of Man2a1-null and control
B16F10 tumors. (F) IFNg protein and (G) TNFa protein. N ¼ 3 mice for each group. Data are mean  SD, representative of at least two independent experiments.

, P < 0.0001;    , P < 0.001;   , P < 0.01; and  , P < 0.05 by one-way ANOVA with Tukey multiple comparisons test.

immune response. The synergy we observed between anti–PD-L1 and
swainsonine in vivo, whereas each treatment alone had little effect, is an
important ﬁnding. This is especially of potential clinical signiﬁcance, in
light of the limited efﬁcacy of anti–PD-L1 and failed clinical trial on
swainsonine, and underlies the importance of data integration on
cancer immunology studies.
Previous studies reported that Man2a1-null mice exhibited a 3-fold
increase in the abundance of hybrid type N-glycans and approximately
half the level of complex type N-glycans (61). Aged mice with
constitutive Man2a1 deﬁciency show systemic autoimmune disease
similar to human systemic lupus erythematosus (82), although lymphoid lineage development and activation responses were unaffected (83). The autoimmune syndrome of Man2a1-deﬁcient mice can be
explained by a pathogenic proinﬂammatory condition in the absence
of infection due to the aberrant synthesis of endogenous gly-
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cans (37, 83). These symptoms indicated a prominent role of endogenous a-mannosidase II in the regulation of inﬂammatory immune
responses. We also observed the immune-stimulatory signaling in
mice injected with Man2a1-null B16F10 tumors treated with anti–PDL1 but not in those treated with IgG isotype control antibody. The lack
of immune stimulation with Man2a1 inhibition alone in the B16F10
model and maybe other tumors might explain the reason why
swainsonine failed the previous clinical trial. Our data suggest that
anti–PD-L1 treatment might enhance the proinﬂammatory beneﬁt of
MAN2A1 inhibition.
There are several limitations of our study. First, in the B16F10
and LLC model we tested, Man2a1 inhibition alone does not
affect tumor growth and tumor microenvironment. However, other
studies reported tumor growth rejection and immune stimulation
with swainsonine treatment alone (84), suggesting that Man2a1 may
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Figure 6.
Pharmacologic inhibition of Man2a1 sensitizes tumors to anti–PD-L1. A, B16F10 tumor volume in response to swainsonine and anti–PD-L1. N ¼ 10 mice per group. Data
are shown as the mean  SEM.  , P < 0.05;   , P < 0.01;    , P < 0.001; and     , P < 0.0001 by two-way ANOVA. B, Survival curve of B16F10 tumors in response to
swainsonine and anti–PD-L1. N ¼ 10 mice per group. Log-rank test,  , P < 0.05. C, LLC tumor volume in response to swainsonine and anti–PD-L1. N ¼ 10 mice per group.
Data are shown as the mean  SEM.  , P < 0.05;   , P < 0.01;   , P < 0.001; and     , P < 0.0001 by two-way ANOVA. D, Survival curve of LLC tumors in response to
swainsonine and anti–PD-L1. N ¼ 10 mice per group. Log-rank test,  , P < 0.05. E and F, Flow cytometry of immune populations from B16F10 tumors treated with
different drug combinations. (E) CD3 and (F) CD8. Data are mean  SD.  , P < 0.05;   , P < 0.01;    , P < 0.001; and     , P < 0.0001 by one-way ANOVA with Tukey
multiple comparisons test. G, Gene sets enriched in B16F10 tumors treated with combined anti–PD-L1 and swainsonine compared with tumors treated with anti–PDL1. Preranked GSEA was used to calculate the enrichment. H, Heat map showing expression value (z-score based on TPM) of T-cell activation and leukocyte-mediated
cytolysis genes in B16F10 tumors treated with different drug combinations. I and J, IFNg and TNFa protein levels in tumor lysates of B16F10 tumors treated with
different drug combinations. (I) IFNg protein and (J) TNFa protein. N ¼ 4 mice for each group. Data are mean  SD, representative of at least two independent
experiments.  , P < 0.05;   , P < 0.01;    , P < 0.001; and     , P < 0.0001 by one-way ANOVA with Tukey multiple comparisons test.

have strong effect in other tumor models. Second, we observed
reduced molecular weight of PD-L1 in MAN2A1-knockout and
swainsonine-treated cells, suggesting the impaired glycosylation of
PD-L1. Previous studies demonstrated that glycosylation of PD-L1 is
necessary for PD-1/PD-L1 interaction (40) and impedes the binding
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with anti–PD-L1 antibodies (63). Thus, we hypothesized that PD-L1
expressed in MAN2A1-null cells might have lower binding afﬁnity
with PD-1, thus reducing the suppression of T-cell activity by
PD-1/PD-L1 interaction and enhancing the sensitivity to T-cell killing.
Moreover, MAN2A1 knockout may also affect the glycosylation of
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other immunoregulatory proteins and inﬂuence the function of
these glycoproteins and also the interaction of important immune
receptor/ligand. Changes of the glycosylation pattern of immunomodulatory glycoproteins might affect the activity of multiple immune cells
and immune responses, such as antigen presentation and T-cell
priming (32). However, additional detailed experiments are needed
to fully elucidate the full mechanism. Third, single-cell RNA-seq
(scRNA-seq) provides an unbiased proﬁling of immune cells and
enables us to study the clonal expansion, migration, and functional
state transition of T cells or other immune cells in the tumor microenvironment (85, 86). Although tumor bulk RNA-seq revealed the
upregulation of proinﬂammatory pathways in Man2a1-null tumors in
response to anti–PD-L1 and B16F10 tumors treated with the combined anti–PD-L1 and swainsonine, scRNA-seq will allow us to
systematically study the tumor microenvironment and gene expression changes induced by Man2a1 knockout at ﬁner resolution.
Although there have been numerous scRNA-seq studies published
on tumors, some treated with ICB, none were on tumors treated with
anti–PD-L1. Finally, swainsonine treatment could sensitize tumors to
anti–PD-L1 treatment. However, swainsonine might affect the glycosylation pattern of other cells in the tumor microenvironment or in
normal tissues besides cancer cells, and these effects deserve more
detailed characterization.
Despite these limitations, our discovery that inhibition of
MAN2A1 sensitizes tumors to PD-L1 blockade therapy represents
the ﬁrst work identifying a regulator in the N-glycan biosynthesis
pathway that can be targeted to improve ICB response. Our work
not only lays the foundation for the combination of MAN2A1
inhibitor and anti–PD-L1 antibody to improve response in future
cancer therapeutics, but also sets the bridge for immunology and
glycobiology. Manipulation of glycosylation might be an effective
strategy to improve ICB response and overcome current limitations
in the treatment of cancer.
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