
MOLECULAR CANCER THERAPEUTICS | SMALL MOLECULE THERAPEUTICS 

Inhibition of SUMOylation Induces Adaptive Antitumor 
Immunity against Pancreatic Cancer through Multiple Effects 
on the Tumor Microenvironment 
Suna Erdem1, Hyojae James Lee1, Jayanth Surya Narayanan Shankara Narayanan1, 
Mohottige Don Neranjan Tharuka1, Jorge De la Torre2, Tianchen Ren3,4, Yixuan Kuang3,4, 
Tharindumala Abeywardana1, Kevin Li2, Allison J. Berger5, Andrew M. Lowy1,2, Rebekah R. White1,2, 
and Yuan Chen1,3 

�
 ABSTRACT 

Improvement of outcome in patients with pancreatic ductal 
adenocarcinoma (PDAC) requires exploration of novel therapeutic 
targets. Thus far, most studies of PDAC therapies, including those 
inhibiting small ubiquitin-like modifications (SUMOylation), have 
focused on PDAC epithelial cell biology, yet SUMOylation occurs 
in a variety of cell types. The mechanisms by which SUMOylation 
impacts PDAC in the context of its tumor microenvironment are 
poorly understood. We used clinically relevant orthotopic PDAC 
mouse models to investigate the effect of SUMOylation inhibition 
using a specific, clinical-stage compound, TAK-981. In contrast to 
its inhibition of PDAC cell proliferation in vitro, the survival 
benefit conferred by TAK-981 in vivo is dependent on the presence 
of T cells, suggesting that induction of adaptive antitumor 

immunity is an important antitumor effect of SUMOylation inhi-
bition in vivo. To understand how this adaptive antitumor im-
munity is promoted, we investigated how SUMOylation inhibition 
in vivo alters major cell types/subtypes and their communications 
in the PDAC tumor microenvironment by performing tran-
scriptomic analyses at single-cell resolution, which allowed map-
ping of cells in our orthotopic mouse model to cells in human 
PDAC tumors based on gene expression profiles. Findings are 
further validated by flow cytometry, immunofluorescence, IHC, 
western blots, and qPCR. The single-cell transcriptome dataset 
provided here suggests several combination strategies to augment 
adaptive immune responses that are necessary for durable disease 
control in patients with PDAC. 

Introduction 
Pancreatic ductal adenocarcinoma (PDAC) is a highly lethal 

malignancy with a 5-year overall survival rate of approximately (1) 
13%. Various cytotoxic chemotherapeutic combinations have im-
proved the median survival of patients with metastatic disease by 
only a few months (2), and there is considerable associated toxicity. 
Immunotherapies have produced a paradigm shift in the treatment 
of several cancers by generating durable remissions not achieved 
with chemotherapy or targeted therapy alone. Unfortunately, these 
therapies have not shown similar benefit in PDAC (3, 4). Thus, it is 
important to investigate novel mechanisms to advance PDAC 
therapy. 

Many previous studies have suggested that small ubiquitin-like 
modification (SUMOylation) is a rational therapeutic target for 

PDAC therapy. The SUMO family has four members (SUMO-1, 
SUMO-2, SUMO-3, and SUMO-4) that are ubiquitin homologs and 
can be catalyzed to form covalent bonds with other proteins through 
a mechanism analogous to ubiquitination. SUMOylation requires 
several steps that are catalyzed by three enzymes: E1, the SUMO 
activating enzyme (SAE), which is a heterodimer of SAE1 and SAE2 
(also known as UBA2); E2, the conjugation enzyme, also known as 
Ubc9 (also known as UBE2I); and one of ∼10 E3 ligases. There is a 
single E1 and E2 enzyme for all SUMO paralogs. SUMO modifi-
cation adds a new docking site to target proteins and thus enables 
signaling and/or modifies protein complex formation through the 
SUMO-interacting motif in receptor proteins (5, 6). Several previ-
ous studies have suggested that inhibition of SUMOylation inhibits 
cell cycle progression (7–9) and Myc- and KRas-dependent onco-
genesis (8, 10), which are major oncogenic drivers of PDAC. 

Studies of PDAC therapies thus far, including SUMOylation in-
hibition, have focused on PDAC epithelial cell biology. However, it 
has been shown that cell state, plasticity, and drug resistance of 
PDAC are strongly impacted by the tumor microenvironment 
(TME) because of cell–cell communications mediated by direct 
receptor-ligand interactions or indirectly through secreted cytokines 
and other factors (11). SUMOylation occurs in all cell types and thus 
it is unclear how the TME may impact PDAC cell responses to 
SUMOylation inhibition. The first-in-class SAE inhibitor sub-
asumstat (TAK-981) has been evaluated in Phase 1/2 clinical trials 
(12–14). Therefore, preclinical studies of TAK-981 in PDAC could 
provide the rationale to further study this approach in patients 
with PDAC. 

In this study, we investigated how inhibiting SUMOylation with 
TAK-981 would impact PDAC using orthotopic PDAC mouse 
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models and through comparative analyses with human PDAC at 
single-cell resolution. One of our mouse models recapitulates hu-
man PDAC in that it readily metastasizes to the liver, which is the 
main site of PDAC metastasis, and that it forms a TME containing 
nearly all cell types found in human PDAC, including normal ductal 
cells, pancreatic stellate cells, tumor-associated macrophages 
(TAM), cancer-associated fibroblasts (CAF), endothelial cells, and T 
and NK cells. TAK-981 treatment of orthotopic PDAC tumors 
significantly increased survival in wild-type mice. Unexpectedly, the 
survival benefit is lost in Rag1�/� mice, despite strong inhibition of 
TAK-981 on tumor cell proliferation in vitro. This suggests that in 
vivo, the more impact of SAE inhibition is to induce antitumor 
T-cell responses than to directly inhibit tumor cell growth. To un-
derstand how this adaptive antitumor immunity is promoted, we 
investigated how SAE inhibition in vivo alters major cell types/ 
subtypes and their communications in the PDAC TME by per-
forming transcriptomic analyses at single-cell resolution in combi-
nation with other approaches. We found that, in addition to 
enhancing T-cell activation and tumor infiltration (12), TAK-981 
promoted T-cell differentiation into effector and memory pheno-
types and reduced the expression of some exhaustion markers in the 
TME. Comparative single-cell transcriptomics analyses of human 
and mouse PDAC tumors supported a direct role for SUMOylation 
in regulating T-cell differentiation, memory formation, and ex-
haustion. SAE inhibition also modulated TAM subtypes and their 
gene expression and reduced CAF interactions with other cells in 
the TME, which likely promoted antitumor T-cell responses. Our 
findings demonstrate that SAE inhibition induces antitumor T-cell 
responses through effects on multiple cells in the TME. These 
findings, including cross-species gene expression analyses at single- 
cell resolution, form the basis for developing future combination 
strategies to achieve durable treatment responses in PDAC and 
potentially other cancers with a similar TME. 

Materials and Methods 
Isg15 western blot 

Mouse splenocyte lysates from KPC tumor-bearing mice treated 
with TAK-981 or vehicle control were prepared by sonication with 
SDS loading buffer (1X) including 1% β-mercaptoethanol. Samples 
were run in MES SDS running buffer (1X, Cat. # NP0002, Life Tech-
nologies, USA) and transferred to nitrocellulose membranes (0.45 μm; 
Cat. # LC2001, Invitrogen, USA) in transfer buffer (NuPAGE transfer 
buffer, 1X, NP0006-1, 20% methanol). Ponceau staining of the 
gels was used as confirmation of equal protein loading. Isg15 was 
detected using 0.5 μg/mL of the primary antibody, as previously 
described (15). 

TAK-981 
TAK-981 used in the study was provided by Takeda Development 

Center Americas, Inc. or purchased from Chemietek (Catalog 
number: CT-TAK981). TAK-981 purchased from Chemietek was 
verified by nuclear magnetic resonance and LC-MS and by enzy-
matic inhibition assay. 

RNA isolation, cDNA preparation, and quantitative real-time 
PCR 

Tumors were collected and RNA was purified from the tumor 
lysates. An amount of 1 μg from each RNA sample was used for 
cDNA synthesis (iScript CDNA synthesis Kit, Cat. # 1708890, Bio- 
Rad, USA). Q-PCR reactions were performed using 1 μL of diluted 

cDNA (1:20) as template, 0.3 μL of each forward and reverse gene- 
specific primers (10 pmol/μL), 5 μL of PowerUp SYBR Green 
Master Mix, Cat. # A25742 (Applied biosystems, USA) and 2.4 μL of 
nuclease-free H2O. Expressions were analyzed as previously 
described (16). 

Organoid culture 
KPC-46-1 organoids were developed from a male KrasLSL-G12D- 

p53LSL-R172H-Pdx-1-Cre (KPC) mouse bearing pancreatic carcinoma 
using the protocol described in ref. 17. The cell line was authenti-
cated by sequencing and confirmed negative for pathogens using 
IMPACT testing (IDEXX Bioresearch). In short, ∼300 to 500 mg of 
primary tumor tissue were washed in PBS, minced into small pieces 
and added to 4.7-mL RPMI with 1-mg/mL collagenase and dispase, 
and incubated for 1 hour at 37°C. The enzymes were then removed 
by centrifugation and the cells were placed in a 12-well tissue culture 
dish at a density of 100,000 to 200,000 cells per 50 μL of growth 
factor-reduced Matrigel (Corning, #354320) with 800 μL of growth 
media containing RPMI, 5% FBS, 2� P + S, 1-mmol/L Glutamax, 
1-mmol/L sodium pyruvate, 1X nonessential amino acids 
(NEAA), 1X Fungizone, 5-μg/mL insulin, 1.4-μmol/L hydrocor-
tisone, 10-ng/mL EGF, 10.5-μmol/L rho kinase inhibitor. 

Establishment of orthotopic organoid mouse model 
All mouse model studies described in this manuscript have been 

approved by the Institutional Animal Care and Use Committee. 
Matrigel domes containing the organoids were dislodged from the 
culture dish and resuspended in 25 mL of cold media. The orga-
noids were then sheared out of the Matrigel scaffold using 23 G 
needles to establish single organoid suspensions. A small portion 
of the suspension (1–2 mL depending on the extent of organoid 
growth) was retrieved, and centrifuged at 2,000 RPM for 
15 minutes. To the pellet, 1 mL of TryPLExpress cell dissociation 
reagent was added and was incubated for 1 hour at 37°C to achieve a 
single-cell suspension. A cell count was performed on this suspen-
sion to establish the total number of cells in the remaining organoid 
suspension. The suspension containing the organoids was then 
centrifuged at 2,000 RPM for 15 minutes at 4°C. Supernatant was 
discarded carefully without disrupting the pellet, and the organoids 
were resuspended in 100% growth factor–depleted Matrigel at a 
density of 2.5 million cells/mL. The surgical procedure for pancreas 
access and tumor implantation to the pancreas was described pre-
viously (18). In short, under inhaled isoflurane (2% in 3-L/min 
oxygen carrier gas) general anesthesia, 20 μL of organoids sus-
pended in Matrigel were injected into the pancreatic tail of 8-week- 
old male B6/129 F1J mice through a posterior subcostal incision. 
Mice were administered 1 mg/kg buprenorphine before the com-
pletion of the implantation procedure. The tumors were allowed to 
grow for 14 to 21 days and were monitored using handheld ultra-
sound imaging (SonoQue L5P). All interventions were performed 
upon detection of a measurable orthotopic tumor 3 to 4 mm in 
diameter. This model was established in B6129SF1/J (Jackson Lab-
oratory, # 101043) or B6.129S7-Rag1tm1Mom/J (Jackson Labora-
tory, # 002216). 

The KPC4580P model was established by subcutaneous donor 
tumors, which were then cut into pieces to be transplanted into the 
tails of the pancreas of immunocompetent C57Bl6 mice as we 
previously described (19, 20). The cell line was obtained as previ-
ously described (21). The cell line was negative for mycoplasma and 
several mouse pathogens by Comprehensive IMPACT II testing 
(IDEXX Bioresearch). Cells were used within three passages of being 
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thawed from frozen aliquots of the tested stock for every experiment 
but were not reauthenticated in the past year. 

IHC and IF staining 
Tissue sections of five-micron thickness were baked at 60°C for 

1 hour and were cleared and rehydrated through successive al-
cohol immersion (3� Xylene, 2� 100% EtOH, 2� 95% EtOH, 2�
70% EtOH, diH2O). Antigen retrieval was performed in Antigen 
Unmasking Solution (Citrate Based, pH6; Vector, H-3300) at 95°C 
for 30 minutes. IHC staining was performed on Intellipath Auto-
mated IHC Stainer (Biocare) with the following antibodies: anti- 
SUMO2/3/4 Primary Antibody (Rabbit, Abcam, ab109196, 1:100), 
Anti-Desmin Primary Antibody (Goat, Santa Cruz, sc-7559, 1:100), 
or Anti-CD31 Primary Antibody (Rabbit, Abcam, ab28364, 1:50) for 
1 hour. The slides were washed with 2� TBS with 0.1% Tween-20 
(TBST) and incubated in a secondary antibody, anti-Rat HRP 
Polymer (Cell IDX, 2AH-100), for 30 minutes. The tissues were 
washed 2� in TBST and developed with DAB (brown) Chromogen 
(VWR, 95041-478) for 5 minutes and washed again 2� in 
deionized H2O. 

Immunofluorescence (IF) staining was performed on Intellipath 
Automated IHC Stainer (Biocare), with the following steps. Perox-
idase block with Bloxall (Vector, SP-6000) for 10 minutes followed 
by 2� wash in TBST and blocking with 3% Donkey Serum for 
10 minutes. Anti-FOXP3 primary antibody (Rat, Invitrogen, 14- 
5773-82, 1:200) for 1 hour. The slides were washed with 2� TBST 
and incubated in a secondary antibody, anti-Rat HRP Polymer 
(Cell IDX, 2AH-100), for 30 minutes. The tissues were washed 
2� in TBST and developed using Tyramide-647 Reagent (Thermo, 
B40953) for 10 minutes and washed again 2� in deionized H2O. 
The same steps from antigen retrieval to development were repeated 
for each of the primary–secondary antibodies [Anti-CD4 (Rabbit, 
Abcam, ab183685, 1:100)—Tyramide 488; Anti-CD8 (Rat, Invi-
trogen, 14-0195-82)—Tyramide 555; Anti-TIM3 (Rabbit, Abcam, 
EPR22241)—Tyramide 790; Anti-CD3 Primary Antibody (Rabbit, 
Abcam, ab16669, 1:100)—Tyramide 488; Anti-PDL1 (Rabbit, Cell 
Signaling, 13684S, 1:100)—Tyramide 555]. Tissues were counter-
stained with 40,6-diamidino-2-phenylindole (DAPI; 1 μg/mL) for 
15 minutes and mounted on to coverslip with Vectashield Vibrance/ 
w DAPI (Vector, H-1800-10). 

The slides were imaged using a Zeiss Axio Scan Z1 slide scanner 
enabled with a high-efficiency filter set for multiplex fluorescence 
imaging, with a 20� objective and the numerical aperture set at 0.8. 
Whole slide images were analyzed using QuPath 3.0 software. The 
individual fluorescence channels were set at the following thresh-
olds: DAPI—(17280–32127); CD4—488 (2249–14404); CD8—555 
(330–7451); FoxP3—647 (192–1033); and TIM3—790 (4856–8068). 
Cell detection was performed using the DAPI–nucleus channel. A 
single measurement classifier was used to define positive cells on 
each channel, and a sequential object classification module was 
performed to detect individual cells positive for individual as well as 
multiple specific markers. 

KPC-46-1 tumor dissociation and single-cell preparation 
KPC tumors were isolated from four mice, two treated with TAK- 

981 and two control mice. Tumors were dissociated using the mouse 
Tumor Dissociation Kit (Miltenyi) and the gentleMACS Octo Dis-
sociator (Miltenyi), followed by 70-μm cell strainer filtering with 
10 mL of cell wash buffer (1� PBS + 0.04% BSA) and centrifugation 
at 300 relative centrifugal force (rcf) for 5 minutes at room tem-
perature. The pellets were treated with 1-mL ACK lysing buffer 

(Gibco) for 1 minute, diluted with 10-mL wash buffer, centrifuged 
at 300 rcf for 5 minutes at 4°C, and resuspended with 10- to 15- 
mL wash buffer (aiming for 1,500 cells/μL). Cells were counted 
using Thermo Fisher Countess 3 Cell Counter and 10,000 to 
20,000 total live cells were prepared for each sample. For cells 
with less than 70% viability, dead cell removal was performed 
with an aim for >80% viability for all samples using the Dead 
Cell Removal Kit (Miltenyi). 

Single-cell RNA sequencing of KPC-46-1 tumors and data 
processing 

For single-cell library construction for KPC-46-1 mouse tumors 
established in WT mice, 10,000 to 20,000 cells from each sample 
were used along with Chromium Next GEM Single Cell 30 v3.1 
(dual index) and Chromium controller, both from 10� Geno-
mics. Libraries were sequenced on an Illumina NovaSeq 6000 S4 
at 200 mol/L reads per sample. The FASTQ files for the control 
samples were then processed further using seqtk to randomly 
subsample 55,000,000 read pairs, which resulted in a similar 
number of cells across all samples for the downstream analysis. 
The FASTQ files then went through unique molecular identifier 
(UMI) quantification for which 10� CellRanger v6.1.2 was run 
on an Amazon Web Service (AWS) EC2 instance (r6i.16xlarge 
with 64 vCPU, 512 GiB memory). The reads were aligned to the 
mm10 reference genome. 

Quality control and nonlinear dimensionality reduction 
Once the filtered count matrices were created, the Seurat package 

(v4.1.0) was used for the downstream analyses. Each sample object 
was filtered by the following criteria: cells with between 200 to 
10,000 genes, 1,000 to 40,000 UMIs, less than 25% of mitochondrial 
genes, and less than 40% of ribosomal genes. After creating a list of 
the Seurat objects, the SCTransform function was performed. UMI 
counts, mitochondrial genes, and ribosomal genes were regressed 
during the transformation. The normalized data were integrated 
using 3,000 anchor features. Principal component analysis (PCA) 
was performed on the integrated data as well as t-distributed sto-
chastic neighbor embedding (t-SNE) and Uniform Manifold Ap-
proximation and Projection for Dimension Reduction (UMAP) 
calculation, shared nearest-neighbor graph construction using 
FindNeighbors, and FindClusters, which performs cluster determi-
nation using the shared nearest-neighbor graph modularity 
optimization-based clustering algorithm (all using 40 dimensions, 
with resolution ¼ 1.0). 

After clustering using SCTransform, log normalization with a 
scale factor of 10,000 was performed separately followed by data 
scaling. Cluster marker sets were calculated using the FindAll-
Markers function with its default nonparametric Wilcoxon rank 
sum test (parameters used: only positive markers, fraction of ex-
pression cells inside the cluster ≥0.25, and log fold change between 
cells inside and outside the cluster ≥0.25). All cluster marker genes 
were saved as tables (Supplementary Tables S1 and S2). Immune 
cells and nonimmune cells were separated using Ptprc (CD45) ex-
pression levels. These separate objects went through the same 
workflow as above for better cluster identification. The top 10 
expressed genes per cluster were plotted on heatmaps (Supple-
mentary Fig. S1). For gene set enrichment analysis (GSEA), FGSEA 
(v1.20.0) and hallmark gene sets v7.5.1 (Broad Institute) were used. 
To perform permutation tests for cell type proportion changes, 
scProportionTest (22) was used. 
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Figure 1. 
Analysis of single-cell transcriptomics of human samples shows broad elevated expression of SUMOylation-related genes in ductal tumor cells, CAFs, myeloid 
cells, and other cell types in the TME. A, Log2 expression levels of SUMOylation-related genes in normal pancreas versus pancreatic cancer using the database 
GENT2 (25). B, Kaplan–Meier curves showing the survival probability differences between groups with either high or low expression levels of SAE1 or UBC9 
obtained using the Human Protein Atlas database. C, UMAP visualization plot of PCA on all cells from human patient data including 24 PDAC patient tumors and 
11 non-PDAC human pancreas tissues (23). The cells are grouped into specific cell types. D, UMAP visualization plot of PCA on all cells from the same human 
samples as in C. The cells are categorized as “normal” or “tumor” based on the origins of the cells. E, Feature plots of essential SUMOylation-related genes, UBA2 
and UBE2I (UBC9), in the samples shown in C. F, Violin plots of the SUMOylation-related genes in the same samples shown in C and E. 
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Single-cell RNA-seq analysis of human PDAC data 
Human patient PDAC single-cell RNA sequencing (RNA-seq) 

data were obtained from Peng and colleagues (GSA: CRA001160; 
ref. 23). The data consist of 35 patient samples, three of which are 
obtained from nonpancreatic tumor patients, eight of which are 
obtained from nonmalignant pancreatic tumor patients, and 24 of 
which were obtained from patients with PDAC. 

The count matrix was imported using R and Seurat package 
(v4.1.0). The Seurat object was then normalized using the 
SCTransform function (regularized negative binomial regression) 
instead of the traditional log normalization in order to recover 
better biological distinction (24). Consequently, RunPCA, RunU-
MAP, FindNeighbors, and FindClusters were used with dimension 
values of 1:40 and a resolution of 0.4 for the latter function. Once 
the clustering was done, the regular log normalization was applied 
to the “RNA” assay along with ScaleData on all genes in order to 
find marker genes for each cluster. Cluster marker sets were cal-
culated using the FindAllMarkers function with its default non-
parametric Wilcoxon rank sum test (parameters used: only positive 
markers, fraction of expression cells inside the cluster ≥0.25, log fold 
change between cells inside and outside the cluster ≥0.25). All 
cluster marker genes were saved as tables (Supplementary Table S1). 

Data availability 
Both the raw and processed single-cell RNA-seq data of mouse 

KPC-46-1 tumors have been deposited on the NCBI Gene Expres-
sion Omnibus with accession ID of GSE212446. 

Results 
Analysis of human PDAC single-cell datasets suggests 
important roles of SUMOylation in both cancer cells and 
stromal cells 

Analysis of bulk gene expression datasets using the GENT2 program 
(25) revealed higher expression of SUMOylation-related genes in 
PDAC tumor tissues than in noncancerous pancreatic tissues (Fig. 1A). 
In addition, higher expression of the genes critical for SUMOylation, 
such as the activating enzyme (SAE) subunit SAE1 and the E2 enzyme 
UBE2I, correlated with worse survival, based on data from the Human 
Protein Atlas (Fig. 1B). These analyses suggest that the upregulation of 
genes essential for SUMOylation activities in PDAC tumors may sup-
port disease progression. 

To investigate which cell types in PDAC tumors have upregulated 
SUMOylation-related gene expression, we analyzed a previously 
published single-cell RNA-seq dataset from 24 PDAC tumor sam-
ples and 11 noncancerous pancreatic tissue samples, containing a 
total of 41,986 cells from PDAC samples and 15,544 cells from 
noncancerous samples (23). The cells were classified into different 
cell types (noncancerous ductal, adenocarcinoma, acinar, endocrine, 
endothelial, fibroblast, stellate, macrophage, T, NK, and B cells) 
based on gene expression profiles (Fig. 1C; Supplementary Fig. S1A; 
Supplementary Table S1). The origins of the cells, from tumor and 
nontumor samples, are indicated in Fig. 1D. 

We found that genes related to SUMOylation are expressed in all 
cell types but they are expressed at a higher level in adenocarcinoma 
cells than noncancerous ductal cells (Fig. 1E and F). A cluster of 
tumor cells showed higher levels of UBE2I than other tumor cell 
clusters, and their top expressed genes are listed in Supple-
mentary Fig. S1C. In addition, pancreatic stellate cells, which are 
myofibroblast-like cells, and fibroblasts have large tumor-specific 

populations and express elevated levels of the essential 
SUMOylation gene UBA2 relative to other cell types. A similar 
trend was observed in another single-cell dataset of human 
PDAC tumors (Supplementary Fig. S1D and S1E; ref. 26). These 
findings suggest that SUMOylation inhibition could impact both 
immune and nonimmune stromal cells in addition to cancer cells 
in PDAC tumors. 

An orthotopic mouse model recapitulates the TME of human 
PDAC, and inhibition of SUMOylation increases survival in a 
T cell–dependent manner 

To investigate the effect of SAE inhibition on PDAC, we carried 
out studies using two different immunocompetent, orthotopic 
models using cell or organoid lines derived from the LSL- 
KrasG12D/+;LSL-Trp53R172H/+;Pdx-1-Cre (KPC) genetic model 
(27). One model used a cell line (KPC4580P; ref. 21) to initiate 
orthotopic tumors in the tails of the pancreas of immunocompetent 
C57Bl6 mice as we previously described (19, 20). Another model is a 
3D organoid line (KPC-46-1) derived from a liver metastatic tumor 
of the KPC genetic model (27). For this model, when cells are 
injected orthotopically into the pancreatic tail, resultant tumors 
readily metastasize to the liver, the main site of PDAC metastasis 
(Supplementary Fig. S2A). 

Tumors were assessed through ultrasound imaging (Fig. 2A) and 
at the end of treatment (Supplementary Fig. S2B), and animals were 
randomized to treatment groups when tumors reached 3 to 4 mm in 
diameter. The SUMOylation inhibitor, TAK-981, was dosed at 
15 mg/kg every 48 hours. The dose and frequency were determined 
based on achieving SUMOylation inhibition as observed by IHC 
staining (Supplementary Fig. S2C), and by inducing type I IFN 
response in peripheral blood (Supplementary Fig. S2D). We tested 
dosing daily and twice weekly. We did not observe significant target 
inhibition in the KPC-46-1 model when dosing twice weekly but 
observed significant target inhibition when dosing daily (Supple-
mentary Fig. S2B). However, we observed tolerability issues in some 
mice in the daily dosing group. Therefore, we chose to dose every 
48 hours in the KPC-46-1 model, which was well-tolerated, and 
western blots of peripheral blood mononuclear cell confirmed target 
inhibition at this dosing level (Supplementary Fig. S2D). TAK-981 
significantly improved survival as monotherapy when tumors were 
established in immunocompetent mice [Fig. 2B (left)], but not in 
Rag1�/� mice [Fig. 2B (right)]. Rag1 (recombination activating 
gene 1) is required for variable–diversity–joining rearrangement 
[V(D)J] recombination to encode immunoglobulin and T-cell re-
ceptor molecules. As such Rag1�/� mice contain fully functional 
innate immune cells, including NK cells, but do not contain mature 
T and B cells. Because B cells represent approximately 5% of all cells 
in the tumor (Fig. 2C), these data suggest that the survival benefit 
seen in immunocompetent mice is mainly mediated by T cells. This 
contrasted with our prior expectation that SUMOylation drives 
oncogenesis and cell cycle progression by tumor cell–intrinsic ef-
fects (7–9). Our own data show direct inhibition of proliferation by 
TAK-981 on this organoid line in cell culture (Supplementary Fig. 
S2F). IHC staining of tumor tissues showed that TAK-981 also 
inhibited proliferation and enhanced apoptosis as evidenced by Ki67 
and caspase 3 cleavage staining, respectively (Supplementary Fig. 
S2G). Mice died of metastatic disease progression, which was 
delayed in treated mice in the immunocompetent model, but TAK- 
981 did not affect primary tumor size (Supplementary Fig. S2E). 

To understand the effect of pharmacological inhibition of 
SUMOylation in vivo, we carried out single-cell RNA-seq analyses 
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Figure 2. 
Pharmacological SAE inhibition in a mouse PDAC model, which recapitulates the TME of human PDAC, increased survival in a strictly T cell–dependent 
manner. A, A representative ultrasound image of an orthotopic KPC-46-1 tumor in mice. B, Kaplan–Meier survival curves show the survival difference 
between control mice and TAK-981-treated mice injected orthotopically with KPC-46-1 cells in WT (left) and Rag1�/� mice (right), dosed with 15 mg/kg 
every 48 hours. C, (Left) UMAP visualization plot of PCA on all cells from KPC-46-1 tumors. Tumors were harvested from both vehicle control- and TAK-981- 
treated mice when established in WT mice. The clusters are separated into specific cell types: B cells, DC, myeloid, granulocytes, T/NK cells, CAF, ductal cells, 
and endothelial cells. (Right) Dot plot of representative marker genes for each cluster/cell type. The dot size represents the percentage of cells in the cluster 
that express the corresponding gene. The color scale of red to yellow represents the average expression level of the gene in the cluster. D, (Left) UMAP 
visualization plot of PCA on ductal cell types from KPC-46-1 tumors. Tumors were harvested from both vehicle control- and TAK-981-treated mice when 
established in WT mice. (Right) Dot plot of representative marker genes for each cluster/cell subtype. The dot size represents the percentage of cells in the 
cluster that express the corresponding gene. The color scale of red to yellow represents the average expression level of the gene in the cluster. E, Dot plot 
showing the effect of TAK-981 on the expression of genes in the two ductal cancer cell clusters. The dot size represents the percentage of cells in the cluster 
that express the corresponding gene. The color scale of red to yellow represents the average expression level of the gene in the cluster. F, Cell population 
proportion test comparing the proportions of ductal cell populations in vehicle control- and TAK-981-treated samples using scProportionTest (22). Positive 
Log2-FC values indicate the population of the corresponding cell subtype is larger in proportion in the TAK-981 treated group. The negative values indicate 
that the proportion of the corresponding population has decreased upon TAK-981 treatment. The error bars and the fold difference threshold of Log2FC ¼
0.58 indicate the statistical significance of those differences. The significant values that are above the threshold and with FDR below 0.05 are shown in red. 
The confidence interval for the magnitude difference is calculated through bootstrapping. G, GSEA analysis of the top activated and inhibited pathways in 
the two ductal cancer cell clusters. H, Dot plot showing the effect of TAK-981 on the expression of MHC class I and class II genes in the two ductal cancer cell 
clusters. The dot size represents the percentage of cells in the cluster that express the corresponding gene. The color scale of red to yellow represents the 
average expression level of the gene in the cluster. 
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of two KPC-46-1 mouse tumors treated for 2 weeks with TAK-981 
and two similarly sized tumors from the control group. The im-
mune cell types were identified and classified using highly expressed 
genes as previously described (Fig. 2C; Supplementary Fig. S1B; 
Supplementary Table S2; ref. 28). TAMs represented the largest 
population among immune cells (Fig. 2C). In addition, CAFs, en-
dothelial cells, dendritic cells, granulocytes, and B, T, and NK cells 
were also identified (Fig. 2C). Thus, this model recapitulates human 
PDAC tumors in that it is TAM rich, contains all major immune 
and nonimmune stromal cell types found in human PDAC tumors, 
and cancer cells occupy less than 50% of total cells of the tumors. 
We observed a reduction of B cells in the tumors and systemically. 

Although TAK-981 did not have a significant effect on tumor 
growth in the immunocompromised mouse model, cancer cells in 
the TME are affected by TAK-981 in vivo. As an organoid line 
derived from a KPC model (27), we observed two clusters of ductal 
cancer cells (Ductal 1 and 2) along with noncancerous Ductal 3 and 
metaplastic acinar (acinar-to-ductal metaplasia) cells (Fig. 2D). 
Cancer stem cell markers, such as Aldh1a1, had higher expression in 
Ductal 1 than Ductal 2 cells (Fig. 2E). Ductal 2 cells expressed 
higher level of Mki67 and Top2a than Ductal 1 cells (Fig. 2E). 
Violin plots with P values are shown in Supplementary Fig. S3A and 
S3B. TAK-981 exposure did not significantly reduce the ductal 
cancer cell population, consistent with lack of inhibition of tumor 
progression in Rag1�/� mice, but it increased the population of the 
noncancerous Ductal 3 cell population (Fig. 2F). TAK-981 treat-
ment did alter gene expression in ductal cancer cells, reducing 
Mki67 and Top2a in Ductal 2 cells (Fig. 2F) and reducing the 
expression of cancer stem cell marker Aldh1a1, and EMT markers 
(Cdh2, S100a4, and Snai2) in Ductal 1 cells (Fig. 2E). GSEA using 
the fgsea method (29) showed that TAK-981 treatment reduced 
oxidative phosphorylation in both Ductal cancer cell populations 
and activated apoptosis and the TNFα pathway (Fig. 2G). Cell 
cycle–related gene sets did not show significant changes, unlike 
those observed in vitro (30). 

The expression of major histocompatibility complex class I 
(MHC-I) is required for antitumor adaptive immunity by present-
ing neoantigens to T cells. Tumor cells can evade immunity by 
reducing or losing the expression of MHC-I molecules. PDAC tu-
mor cells often have low expression of MHC-I molecules which 
allows them to evade antitumor T-cell response (31). Similar to 
human PDAC tumors, MHC-I molecules were expressed in less 
than 50% of cells and at low levels in cancer cells in this mouse 
model (Fig. 2H). SAE inhibition increased both the expression 
levels and percentage of cells expressing MHC-I genes in both 
Ductal 1 and Ductal 2 cancer cells (Fig. 2H). Violin plots with P 
values are shown in Supplementary Fig. S3A and S3B. 

SAE inhibition significantly shifts TAMs toward antitumor 
phenotypes. 

PDAC is rich in TAMs, which are thought to promote immune 
suppression and T-cell exclusion. We analyzed the effect of pharma-
cological inhibition of SUMOylation on TAMs. GSEA showed that 
TAK-981 treatment activated both type I interferon (IFN) and IFNγ 
targeted gene expression in TAMs (Supplementary Fig. S4A). Single- 
cell transcriptomics have revealed more subtypes of TAMs than tra-
ditionally classified “M1” and “M2” types (11, 32, 33), and, consistent 
with previous findings, the TAMs consist of six major subtypes 
(Fig. 3A and B). TAK-981 treatment altered the proportions of the 
subtypes significantly (Fig. 3C). Consistent with fewer TAM cells in 

single-cell transcriptome data, total macrophages in a tumor were 
reduced by TAK-981 treatment as shown by CD68 IHC (Supple-
mentary Fig. S2G). The Macro-Ly6c subtype increased the most 
(Fig. 3C) and expressed type I IFN-stimulated genes (i.e., Ifit2, Isg15; 
Fig. 3B). This subtype is the main producer of chemokine Cxcl10 
(Fig. 3D), a chemoattractant for T and NK cells, and the expression of 
Cxcl10 also increased upon TAK-981 treatment (Fig. 3D). The macro-
proliferating subtype also expressed Cxcl10, and the proportion of this 
subtype increased upon TAK-981 exposure. Because IFN-I and IFNγ are 
among the top upregulated pathways in myeloid cells, the most abundant 
stroma cells, we examined IFN-I and IFNγ stimulated genes by RNA 
expression analysis (qPCR) of tumor lysates. We confirmed increased 
expression of IFNγ target genes, such as Pdl1, Il1b, and Cxcl9, but var-
iations in Ifnb1 and Cxcl10 expression (Supplementary Fig. S4B) between 
mice were too large to yield statistically significant differences. 

Single-cell transcriptomics allowed the identification of corre-
sponding TAM subtypes in human PDAC samples. In human tis-
sues, myeloid cells are more enriched in tumors than noncancerous 
pancreatic tissues (Fig. 3E and F). The myeloid cells are classified 
into eight subtypes according to gene expression profiles (Fig. 3E– 
G). The Macro-Ly6c subtype in mice can be mapped to the Macro- 
CXCL9/10 in human samples, which only exists in cancer tissues 
and expresses higher levels of these chemokines than other subtypes. 
The macroproliferating subtype can also be mapped to human 
samples and predominately exists in tumors. These findings suggest 
that SAE inhibition may similarly increase these subtypes in human 
PDAC and increase their expression of CXCL9/10 chemokines. 
Indeed, TAK-981 monotherapy increased CXCL10 in patients’ 
blood in Phase I clinical trials (14). 

The MDSC, which confers immunosuppressive functions (36), 
was the cell type reduced the most upon pharmacological inhibition 
of SUMOylation by TAK-981 (Fig. 3C). Macro-CCl2 and Macro- 
FCN1 are specific to cancer tissues in human samples and have high 
MDSC gene expression signatures as identified previously (37) and 
marked by expression of M2-like genes, such as TGFB1 (Fig. 3G). 
These subtypes likely correspond to the MDSC population in mouse 
PDAC tumors. Analysis of immune infiltrates provided by the 
TIMER2.0 webserver (35) identified positive correlations between 
MDSC populations and the expression of SUMOylation-related 
genes. Higher expression of SUMOylation-related genes correlates 
with increased MDSC populations across many human tumor types, 
including PDAC (Fig. 3I). As an example, SUMO1 expression 
positively correlates with MDSC levels in PDAC samples [P < 
0.0001; Fig. 3I (right)]. These findings suggest that pharmacological 
inhibition of SUMOylation is a potential strategy to reduce the 
immunosuppressive MDSC population in PDAC tumors. 

Besides MDSC, SAE inhibition by TAK-981 suppressed the 
expression of genes known to promote tumor progression. 
SUMOylation inhibition reduced the proportions of the Macro- 
MHC-II subtype in our mouse model—this subtype can be 
mapped to a tumor-dominating subclass of macrophage Macro- 
MHC-II in human samples (Fig. 3A and E) that expresses 
angiogenesis-promoting VEGFA and the proinflammatory cyto-
kine IL1B (Fig. 3B). SAE inhibition reduced the proportions of 
this subtype in our mouse model (Fig. 3C). Although TAK-981 
reduced populations of TAM subtypes that express tumor- 
promoting and immune suppression factors, TAK-981 treatment 
increased the total TAM expression of genes traditionally associ-
ated with the antitumor M1-like phenotype (including Cd86, Nos2, 
Ccl2, Ccl3, Ccl4, Cxcl9, and Cxcl10) and enhanced genes related to 
IFN and TNF response such as Cd40, Irf3 and Irf5, Il18, Tlr4, and 
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Stat1 (Supplementary Fig. S4C). In addition, the expression levels 
of genes traditionally associated with the M2-like phenotype were re-
duced, such as Mrc1, Arg1, Stat3, Il10ra, and Vegfa, Il6, and Tgfb 
(Supplementary Fig. S4C). To test the statistical significance of these 
changes, we analyzed these genes collectively using the M1 score (defined 
by the expression of Cd86, Nos2, Stat1, Cxcl9, and Cxcl10) and M2 score 
(defined by the expression of Cd163, Arg1, Mrc1, Stat3, Msr1, and Vegfa) 
and found this difference to be significant (Supplementary Fig. S4D). 
Together, these data suggest that SAE inhibition results in shifts in TAM 
subtypes as well as changes in gene expression within subtypes that 
reduce immunosuppression within the TME. 

SAE inhibition reduced CAF cell interactions. 
PSCs and CAFs in the TME interact with cancer cells and immune 

cells to promote tumor progression and immune suppression 
(38–41). In the human PDAC TME, CAFs and PSCs have distinct 
gene expression profiles from fibroblasts found in noncancerous tis-
sues (Fig. 4A and B; Supplementary Fig. S5A). The majority of CAFs 
belong to the previously identified myofibroblastic CAF (myCAF) 
category (43). In addition, inflammatory CAFs (iCAF) are also tumor- 
specific. The software CellChat (44) was used to analyze CAF 
interactions with other cells in the TME. Cell–cell interaction 
strength is calculated from receptor/ligand expression and the 
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Figure 3. 
TAK-981 induces changes in TAM to 
reduce the expression of immune sup-
pressive genes and subtypes, but in-
crease the subtypes and genes that 
support T-cell recruitment. A, UMAP 
visualization plot of TAM in the mouse 
model. Different subtypes of macro-
phages were identified as previously 
described (32–34). B, Dot plot of rep-
resentative marker genes for each 
macrophage/monocytic cell subtype. C, 
Cell population proportion test com-
paring the proportions of myeloid 
populations in vehicle control- and TAK- 
981-treated samples using scPro-
portionTest (22). Positive Log2FC values 
indicate the population of the corre-
sponding cell subtype is larger in pro-
portion in the TAK-981-treated group. 
The negative values indicate that the 
proportion of the corresponding pop-
ulation has decreased upon TAK-981 
treatment. The error bars and the fold 
difference threshold of Log2FC ¼ 0.58 
indicate the statistical significance of 
those differences. The significant values 
that are above the threshold and with 
FDR below 0.05 are shown in red. The 
confidence interval for the magnitude 
difference is calculated through boot-
strapping. D, Violin plot of Cxcl10. It was 
mainly expressed in the Mono-Ly6c 
subtype and the expression increased 
upon TAK-981 treatment. E, UMAP vi-
sualization plot of myeloid cells in hu-
man PDAC and noncancerous pancreas 
dataset. The cells are categorized into 
specific subtypes. F, UMAP visualization 
plot of the same cells, but the cells are 
indicated as “normal” or “tumor” based 
on the origins of the cells. G, Dot plot of 
representative marker genes for differ-
ent myeloid cell subtypes. H, The asso-
ciations between MDSC in the TME and 
SUMOylation-related genes in The 
Cancer Genome Atlas using TIMER2.0 
(35). Significant positive associations 
(red color) were observed for PDAC 
(PAAD) and other multiple cancer 
types. Correlation of MDSC tumor infil-
tration with the expression of the 
SUMO1 gene is shown on the right. 
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extent of gene expression changes reflective of the signaling 
pathways triggered by the cell–cell interactions (44). A circle plot 
illustrates the cell–cell interactions in human PDAC tumors, in 
which the cell–cell interaction strengths are represented by the 
thickness of the lines (Fig. 4C). Indeed, cell–cell interactions 
indicate that CAFs and PSCs exhibit the strongest interactions 
with ductal cancer cells (Fig. 4C). 

In the PDAC mouse model, similar CAF subtypes were identified 
(Fig. 4D; Supplementary Fig. S5B). iCAFs and myCAFs correspond 
to those in the human PDAC according to gene expression profiles. 
PSCs were also identified in the mouse model (Fig. 4D). apCAFs 
form a distinct cluster in the mouse model but are distributed into 
iCAFs and myCAFs in human PDAC samples (43). Pharmacolog-
ical inhibition of SUMOylation did not change the total PSC and 
CAF subtype proportions in the mouse model significantly (Fig. 4E) 
but altered their gene expression. GSEA revealed significant in-
creases in IFNα and IFNγ target genes and a significant reduction of 
oxidative phosphorylation (Fig. 4F). 

SAE inhibition significantly reduced CAF-mediated cell–cell in-
teraction strengths with nearly all cell types. Similar to the human 
PDAC TME, CAFs in the mouse model also exhibit strong inter-
actions with cancer cells and other cells in the TME, as shown by the 
thickest lines (Fig. 4G). SAE inhibition caused the strongest re-
duction of CAF interactions with other cell types but induced the 
strongest increase in T/NK cell interactions with other cell types 
(Fig. 4H; PSCs and CAFs in mouse samples were grouped together 
in this analysis). This is consistent with the significantly altered gene 
expression seen in CAFs (Fig. 4F). Along with the previous findings 
that CAFs in the TME promote tumor progression (38–41), these 
findings suggest that SAE inhibition may reduce the tumor- 
promoting functions of CAFs. 

TAK-981 alters T-cell phenotypes and increases T-cell 
infiltration into the TME 

The PDAC TME is often characterized by poor penetration of 
cytotoxic T cells. Indeed, in the control group, CD4 and CD8 T cells 
were mostly restricted to the peri-tumoral areas [Fig. 5A (top)]. 
Following treatment with TAK-981, however, T cells became widely 
distributed throughout the tumor tissues, and peri-tumoral T cells 
were visibly reduced [Fig. 5B (bottom)]. Therefore, pharmacologi-
cal inhibition of SUMOylation increased T-cell infiltration into 
the TME. 

The mouse tumor-infiltrating T and NK cell types were also 
analyzed using single-cell transcriptomics for the effect of phar-
macological inhibition of SUMOylation (Fig. 5B and C; Supple-
mentary Fig. S6). We observed a dramatic reduction of regulatory 
T cells (Treg) with TAK-981 treatment (indicated in pink; Fig. 5B– 
D). This is consistent with the analysis of multiplex IF imaging 
showing a ∼20-fold reduction in the frequency of Tregs (CD4+-
FoxP3+) from 17 cells/mm2 in the control group to 0.8 cells/mm2 in 
the TAK-981 treatment group (Fig. 5A and E). We also observed 
changes in other T-cell subtypes. Control tumors contained a much 
larger number of näıve-like T cells than TAK-981 treated tumors 
(Fig. 5B and C). In addition, a subgroup of effector-like T cells in 
TAK-981-treated tumors, indicated as Teff1, was increased as 
compared with control tumors, whereas another subgroup of 
effector-like T cells, indicated as Teff2, had the opposite changes. 
Teff1 cells express the highest level of Nkg7 among all cell types 
examined. Nkg7 has been associated with antitumor cytotoxicity 
and accumulation of T cells in the TME and immune checkpoint 

inhibition therapy efficacy (45). Furthermore, we observed CD4- 
expressing effector memory-like cells in TAK-981-treated tumors 
only and not in control tumors (Fig. 5B–D). 

TAK-981 increased the expression of activation markers and cos-
timulatory receptors but reduced the expression of some exhaustion 
markers. The activation markers and costimulatory molecules that 
were increased include Cd28, Ifng, Cd69, Cd44, Tnfrsf4 (OX-40), 
Tnfrsf9 (4-1BB), and Gzmb (Fig. 5F). The expression of Pdcd1 (PD1) 
and Ctla4 was detected in more cells upon TAK-981 exposure. 
However, the expressions of Havtr3 (Hepatitis A virus cellular re-
ceptor 2, Tim3), Tigit, and Lag3 were detected in less than 20% of 
these cells (Fig. 5F). To further investigate the expression of these low 
expression exhaustion markers, we performed IF staining for Tim3 
(Fig. 5A and E). Immunofluorescence staining showed that there was 
an overall reduction in cell staining for Tim3 (Fig. 5E). The NK cell 
proportion did not change substantially. Taken together, pharmaco-
logical inhibition of SUMOylation not only resulted in increased 
T-cell infiltration into the TME but also altered T-cell subtype pro-
portions in the TME by reducing näıve T cells and immunosup-
pressive Tregs and increasing effector and memory T cells and their 
activation while suppressing some T-cell exhaustion markers. 

To evaluate TAK-981 in vivo in a different orthotopic model, a 
2D KPC4580P cell line (21) was implanted into the tail of the 
pancreas of immunocompetent mice to establish tumors. Tumor 
growth was monitored by high-resolution ultrasound. Once tu-
mors reached 5 to 7 mm in diameter, mice were randomized to 
one of the treatment groups: TAK-981 (7.5 mg/kg) versus vehicle 
control that was delivered via injection twice weekly for four doses 
as previously described for this inhibitor other tumor models (12). 
Tumor growth in the TAK-981 group was reduced compared with 
control, and this effect persisted to day 20, even though treatment 
with TAK-981 was stopped on day 11 (Fig. 6A). Flow cytometry 
was performed on tumors, revealing increases in IFNγ+CD8+ 

T cells, NK cells, and CD4+ T cells, reduction of PD1+CD8+ 

T cells, although statistical significance (P < 0.05) was not 
achieved. We observed a reduction of CD68, a general macrophage 
marker, by IHC (Supplementary Fig. S2G) with SUMOylation 
inhibition. However, no change in the M1:M2 ratio was observed 
in CD45+CD11b+F4/80+ cells in which CD206loMHC-IIhi cells 
were classified as M1 macrophages and CD206hiMHC-IIlo cells 
were classified as M2 macrophages (Fig. 6B). These data are 
consistent with the KPC46-1 model in that TAK-981 treatment– 
induced increases in cytotoxic lymphocytes, increased T-cell ac-
tivation and reduced exhaustion. 

Analysis of human PDAC datasets suggests a direct role of 
SUMOylation in regulating T-cell activation, differentiation, and 
Treg maintenance. In human samples, T and NK cells are rare in 
noncancerous pancreas tissues (Fig. 7A–C), suggesting the immune 
privilege of noncancerous pancreas. For T cells, various CD8+ and 
CD4+ subtypes were identified, including näıve, central memory, 
effector memory, exhaustive, and Treg using the highly expressed 
genes (Fig. 7C). Supporting our findings in the mouse model, ef-
fector and memory-like T cells have lower expression of 
SUMOylation-related genes compared with Treg and exhausted 
T cells (Fig. 7D), suggesting the lower dependency of effector and 
memory-like T cells on SUMOylation than Treg and exhausted 
T cells. Analysis of tissue microarray panels of 15 human noncan-
cerous pancreas tissues and 76 PDAC tissues (Supplementary Fig. 
S7) confirmed that T cells are not abundant in PDAC tissues, but 
there are even fewer CD8+ T cells in noncancerous pancreas tissues 
than PDAC tissues. 
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Figure 4. 
SAE inhibition remodeled CAF/PSC and inhibited their interactions with tumor cells and other cell types in the TME. A, UMAP visualization plot of PSC and CAF in 
human PDAC/pancreas data. Cells are classified into subtypes. B, UMAP visualization plot of PSC and CAF in human PDAC/pancreas data. Cells are grouped into 
either “normal” or “tumor” based on the cells’ origins. C, Circle plot of cell–cell interaction strengths in human PDAC samples. The interaction strengths are shown 
by the thickness of the lines with thicker lines representing stronger interactions. D, UMAP visualization plot of PSC and CAFs in mouse KPC-46-1 data. Cells are 
classified into specific subtypes. E, Proportion test plot of mouse PSC/CAF populations, showing no significant increase or decrease in the populations of the 
various cell subtypes. F, GSEA shows the most upregulated and downregulated pathways in CAFs upon TAK-981 exposure. G, Circle plot of cell–cell interaction 
strengths in human PDAC samples. The interaction strengths are shown by the thickness of the lines. H, Comparative plots of incoming and outgoing interaction 
strengths comparing TAK-981-treated tumors with controls. Interaction strengths were calculated via CellChat (42). Blue or red indicates reduced or enhanced 
cell–cell interactions, respectively, in TAK-981-treated samples compared with the control. Darker red or blue colors indicate more increased or decreased 
interaction strengths, respectively. 
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To further analyze the relationship between the SUMOylation 
pathway and T-cell activation and exhaustion, we created a SUMO 
gene expression score that consists of the expression of SUMO1, 
SUMO2, SUMO3, UBA2, and UBE2I using Seurat (24). Similarly, 
we created a CD8 T-cell activation score that consists of CD69 and 
CD44, and a CD8 T-cell exhaustion score defined by the expression 
of PDCD1, CTLA4, TIGIT, FIBP, TNFSF10, HAVCR2, and LAG3. 
There was a significant inverse correlation between the SUMO score 
and T-cell activation score [Fig. 7E (left)] and a significant positive 
correlation between SUMO score and exhaustion score [Fig. 7E 
(right)]. The analyses from these human datasets support the 
finding that pharmacological inhibition of SUMOylation in our 
mouse model reduces Tregs and enhances T-cell activation, memory 
formation, and effector function (Fig. 5). The multiple effects of 
TAK-981 treatment on T cells are likely important for the devel-
opment of adaptive immunity as shown by the loss of survival 
benefit in Rag1�/� mice, in contrast to that observed in WT mice 
(Fig. 2B). 

Discussion 
Most studies of SUMOylation in cancers have focused on epithelial 

cancer cell biology. However, cancer cells are often outnumbered by 
stromal cells in TME (Fig. 1), and the cell–cell interactions in the 
TME, through direct ligand–receptor interactions and through se-
creted cytokines and other factors, strongly affect cancer progres-
sion and response to therapies (11). The SUMOylation pathway is 
active in cancer cells as well as immune and nonimmune stromal 
cells, and thus, it is important to understand the impact of SAE 
inhibition in the context of relevant TME. In this study, SAE in-
hibition produced therapeutic benefits in two different orthotopic 
syngeneic mouse models derived from the KPC genetic model (27). 
Although some effects were seen on tissue markers of cellular 
proliferation and apoptosis, the main effect of SAE inhibition was 
the induction of antitumor adaptive immunity (Figs. 2 and 6). 
Transcriptomic analysis at single-cell resolution allowed us to 
examine the effects of SAE inhibition on each cell type in the 
context of a relevant TME. In vivo, tumor cell transcriptome 
analysis showed that SAE inhibition did not alter Myc, KRas, 
and cell cycle pathways as expected from previous studies of 
cancer cells in the absence of TME (7–9) but altered pathways 
that are less well described in association with SUMOylation, 
including reduced oxidative phosphorylation and enhanced 
TNFα signaling. This could be because of TME effects and/or an 
in vitro/in vivo difference in the magnitude or duration of 
SUMO inhibition by TAK-981. Single-cell transcriptomics 
allowed the mapping of mouse cells to the corresponding cell 
types/subtypes in human tumors to provide insights for the 
successful translation of the findings to improve treatment re-
sponses in PDAC. 

Gene expression changes in cancer cells by TAK-981 monotherapy 
likely played a critical role in developing antitumor immunity. One of 
the key mechanisms for PDAC and many other cancer cells to evade 
immune surveillance is the downregulation of MHC-I that is required 
for the presentation of neoantigens to cytotoxic T cells (31). Similar to 
that observed in human PDAC tumors, MHC-I molecules are 
expressed in 20% to 40% of cancer cells at low levels in our mouse 
model (Fig. 2H). SAE inhibition induced MHC-I expression in up to 
80% of cancer cells and markedly increased the expression levels 
(Fig. 2H). MHC-I gene upregulation in PDAC cells would enhance 
neoantigen presentation to cytotoxic T cells and thus likely contribute 

to antitumor T-cell response induced by TAK-981. The mechanism 
for such upregulation and its role in antitumor immunity requires 
further investigations. Thus, pharmacological inhibition of SUMOy-
lation is a potential strategy to enhance MHC-I expression of cancer 
cells to induce antitumor immunity. 

Changes in TAM and CAFs in the TME by TAK-981 monotherapy 
likely contributed to the antitumor T-cell response. Single-cell tran-
scriptome analyses indicate that CAF/PSCs in untreated human and 
mouse PDAC tumors exert strong cell–cell interactions with ductal 
cancer cells (Fig. 4). This is in line with the previous finding that 
tumor cells and CAFs engage in reciprocal signaling to amplify on-
cogenic signaling in PDAC (46). SAE inhibition significantly reduced 
CAF/PSC interactions with cancer cells and other cell types (Fig. 4J), 
suggesting that CAFs are reprogramed by SAE inhibition to reduce 
their tumor-promoting effects. SAE inhibition reduced MDSCs in the 
mouse TME. Direct regulation of MDSCs by SUMOylation is sug-
gested by a positive correlation of MDSC levels with the expression of 
SUMOylation-related genes in human PDAC and other tumor types 
(Fig. 3I and J). SAE inhibition reduced TAM numbers in a dose 
frequency-dependent manner (Supplementary Fig. S2G), 
whereas it increased the proportion of Ly6c-expressing mono-
cytes that have type I IFN signatures. The Ly6c-high monocytes 
with type I IFN signatures were shown to be bone marrow- 
derived and have phagocytic functions (47), and their increase in 
TME likely reflects increased infiltration in response to SAE 
inhibition. This subtype shows the highest expression level for 
Cxcl10, and their Cxcl10 expression further increased upon TAK- 
981 treatment (Fig. 3D). Although Cxcl9 was not well-detected 
in the single-cell dataset, qPCR of tumor lysates showed an in-
crease of Cxcl9 by TAK-981 treatment. Upregulation of Cxcl9 
and Cxcl10 is consistent with previous findings that SUMOyla-
tion inhibition activates IFNβ and the expression of IFNγ target 
genes (48). The increase in Cxcl9 and Cxcl10 chemokine ex-
pression, which are chemo attractants for T cells, is consistent 
with increased T/NK cell infiltration into the TME upon SAE 
inhibition in both KPC-46-1 and KPC4580P orthotopic models 
(Figs. 5A and 6). Thus, pharmacological inhibition of SUMOy-
lation is a potential strategy to remodel CAFs and TAM in the 
TME to reduce their tumor-promoting and immune-suppressive 
functions. 

Our data suggest that SUMOylation regulates T-cell activation 
and differentiation. Large populations of näıve T cells were observed 
in the PDAC TME in our mouse model and in human tumors in 
our analysis (Figs. 5B and 7A) and previously (23, 49). SAE inhi-
bition diminished näıve T-cell numbers and increased CD4+ 

memory T cells in the TME (Fig. 5B). The important role of CD4+ 

T cells in antitumor immune response in PDAC was previously 
shown (50). SAE inhibition also increased T-cell activation-related 
genes (Fig. 5F) and reduced the terminal exhaustion marker Tim3 
(Fig. 5E) in the orthotopic KPC-46-1 model. Analysis of human 
PDAC samples reveals higher expression of SUMOylation-related 
genes in exhausted T cells and Tregs than effector and memory 
T cells, suggesting a stronger dependence of exhausted T cells and 
Tregs on SUMOylation than effector and memory T cells. Indeed, 
previous studies have shown that SUMO2 is required for Foxp3 
expression, and exposure of primary human tissues with TAK-981 
reduced the viability of Tregs (51, 52). In addition, SAE inhibition 
could inhibit T-cell exhaustion indirectly by modulating the TME, 
such as inhibition of Tgfβ expression in myeloid cells (Supple-
mentary Fig. S4B). Furthermore, transcription factors, such as AP1 
and NFAT involved in the expression of activation and 
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Figure 5. 
Pharmacological inhibition of SUMOylation increased T-cell expression of activation markers and costimulatory receptors, inhibited some exhaustion markers, 
and promoted the formation of memory phenotypes. A, Multiplex IF imaging to detect CD4, CD8, FoxP3, and Tim3. Bars in the 4� images represent 1 mm. The 
bar in the 10� image in the control tumor represents 200 μm and in the TAK-981 treatment tumor represents 250 μm. Bars in the 40� images represent 20 μm. 
B, Split UMAP visualization of T/NK cells comparing control and TAK-981-treated tumors. C, Dot plot of representative marker genes for different T/NK cell types. 
D, Percentage of different cell subtypes in control and TAK-981 treated tumors. E, Quantification of the IF image of A using the software QuPath. F, Violin plots of 
T-cell activation and exhaustion marker gene expressions within CD3+ cells. 
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costimulatory receptors and cytokines, are regulated by SUMOyla-
tion (53–55). Future studies are needed to further understand the 
role of SUMOylation in T-cell activation and differentiation. 
Changes in cancer cells and immune and nonimmune stromal cells 
in the TME by SUMOylation inhibition have significant implications 
for designing future combination therapy. SAE inhibition could syner-
gize with adaptive T-cell therapy, such as tumor-infiltrating lymphocyte 
therapy, by enhancing T-cell infiltration and promoting activation and 
memory phenotype formation, enhancing neoantigen presentation on 
cancer cells, and removing immune suppression of TAM and CAF. 

Similarly, these properties can enhance cancer vaccine therapy not only 
by enhancing dendritic cell activation and T-cell priming through type I 
IFN response (12), but also by enhancing antitumor T-cell responses 
through mechanisms uncovered here. We did not observe synergism of 
TAK-981 with a PDL1-blocking antibody (Supplementary Fig. S8). 
However, SAE inhibition may synergize with other immune therapies 
that enhance antigen presentation/T-cell priming. We observed en-
hanced TNF pathway activity in multiple cell types. Besides in tumor 
cells, an increased expression of TNF receptor family members OX-40 
and 4-1BB were observed in T cells that provide co-stimulation to 
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enhance T-cell receptor signaling. TAK-981 treatment also increased 
TNF receptor family member CD40 on myeloid cells (Supplementary 
Fig. S4B). The enhancement of CD40 provides a mechanistic rationale 
for combination therapy with CD40 agonists to enhance antigen pre-
sentation. In addition, we observed increased expression of Pvr on tu-
mor cells and dendric cells, and an increase of CD226 on T cells in the 
single-cell transcriptomic dataset. Because TIGIT on cytotoxic T cells 
inhibits interactions between CD226 and Pvr during antigen presenta-
tion/T-cell priming and T cell–mediated tumor cell killing, this result 
suggests that SAE inhibition may synergize with TIGIT-blocking therapy 
to enhance antigen presentation and T cell–mediated tumor control. 

These studies, using a highly specific, clinical-stage SAE inhibitor, 
allow for rapid bench-to-bedside translation and potential clinical 
impact. Although we recognize that small molecule inhibitors have 
potential off-target effects, it is worth noting that TAK-981 is highly 
specific as shown by the high selectivity over homologous enzymes, 
and by the target-catalyzed formation of drug–SUMO conjugate as 
the actual inhibitor, where a SUMO protein is the critical contrib-
utor to inhibitory binding of SAE (13). 

In summary, our study has demonstrated that a major effect of SAE 
inhibition in preclinical models of PDAC is the induction of adaptive 
antitumor immunity. Adaptive immunity through the formation of 
memory T cells is critical for durable responses to therapy and cures. 
T cells and other immune and nonimmune stroma cells analyzed in this 
study commonly exist in other tumor types. Our findings form the basis 
for future studies targeting SUMOylation to develop an efficacious 
immune therapy regimen for PDAC and potentially other tumors. 
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