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A B S T R A C T   

Immunotherapy has recently become a promising cancer therapy with extensive applications of immune 
checkpoint inhibitors (ICIs). However, pancreatic ductal adenocarcinoma (PDAC) appears to be unresponsive to 
immunotherapy due to the immunosuppressive microenvironment. Recent studies showed that cancer stem cell 
marker DCLK1 promoted the initiation and development of PDAC. Nevertheless, the mechanism driving this 
process remains unclear. Here, by performing gain-of-function investigations in PDAC cell lines, we demonstrate 
that both DCLK1 long (DCLK1-iso1, DCLK1-AS) and short (DCLK1-iso4, DCLK1-BL) isoforms can efficiently 
activate EMT leading to tumor migration and invasion. Consistent with experiments in vitro, bioinformatic 
analysis demonstrates that DCLK1 may act as a driver of EMT activation in PDAC. Further analysis showed that 
EMT was associated with an immunosuppressive microenvironment, which includes more immunosuppressive 
cells and chemokines, and patients with a higher EMT score were less sensitive to immune checkpoint inhibitors 
according to the TIDE (Tumor Immune Dysfunction and Exclusion) algorithm. Multiplexed immunofluorescence 
results demonstrated the close correlation between DCLK1, EMT and immunosuppression in PDAC patients. The 
findings were further confirmed in vivo reflected by decreased CD4+, CD8+ T cells and increased M2 macro-
phages as well as E-cad loss in DCLK1-overexpressing subcutaneous tumors. Importantly, the highly-specific 
DCLK1 inhibitor (DCLK1-IN-1) was able to effectively block EMT process and restore T-cell activity. Alto-
gether, our data demonstrate that DCLK1 is strongly associated with tumor immune escape in PDAC and 
inhibiting DCLK1 kinase activity may be a promising therapeutic modality.    

Abbreviations 
DCLK1 (doublecortin-like kinase 1) 
ICIs (immune checkpoint inhibitors) 
PDAC (pancreatic ductal adenocarcinoma) 
EMT (epithelial–mesenchymal transition) 
TIDE (tumor immune dysfunction and exclusion) 
TME (tumor microenvironment) 
PanIN (pancreatic intraepithelial neoplasia) 
CSC (cancer stem cell) 
qPCR (quantitative real-time PCR) 
PBMC (peripheral blood mononuclear cell) 
TCGA (the cancer genome atlas) 
MsigDB (molecular signatures database) 

TIMER (tumor immune estimation resource) 
mIF (multiplexed immunofluorescence) 
EMT-TFs (EMT- transcription factors) 
MDSCs (myeloid-derived suppressive cells) 
TAMs (tumor-associated macrophages) 

Introduction 

Pancreatic ductal adenocarcinoma (PDAC) is one of the most lethal 
diseases with 5-year survival rates less than 10% [1]. Poor outcomes in 
PDAC are mainly due to a tumor-promoting microenvironment, which 
causes the resistance to current therapy regimens [2]. A distinctive 
characteristic of the PDAC tumor microenvironment (TME) is an abun-
dance of non-tumor cell components including both immunosuppressive 
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molecular signals and cell types [3]. Recent reports demonstrate that 
more mesenchymal-like tumors generally induce a more immunosup-
pressive TME compared to more epithelial-like tumors in several cancers 
like breast cancer and non-small cell lung cancer [4–6]. EMT is an 
important program through which epithelial cells lose their cell–cell 
adhesion and apico-basal polarity, resulting in increased migration and 
invasion abilities. Importantly, EMT is a dynamic process that may 
render tumor cells non-responsive to ICIs [7,8] and drive the recruit-
ment of immunosuppressive cells via the regulation of key chemokines 
[4,9]. Current knowledge suggests that EMT activation drives multiple 
parallel pathways to alter the landscape of immune cell infiltrates [10]. 
For instance, EMT promotes the infiltration of activated B cells and 
regulatory T-cells as well as the exclusion of CD4/CD8+ Tcells in NSCLC 
[6]. Moreover, higher EMT-related gene expression is correlated with 
lower ICI response rates and worse prognosis in patients with urothelial 
cancer [11]. Similarly, breast cancer with more epithelial characteristics 
has higher infiltration of CD8+ T cells and M1 macrophages as well as 
lower PD-L1 expression compared to more mesenchymal breast cancer 
[12]. In PDAC, it has recently been demonstrated that EMT occurred in 
pancreatic intraepithelial neoplasia (PanIN) lesions before tumor for-
mation, and that pancreatic carcinogenesis was accompanied by 
immunosuppression [13]. Notably, whether EMT is associated with 
immune cell infiltration in PDAC has not been investigated. 

Doublecortin-like kinase 1 (DCLK1) was initially identified as a 
crucial regulator of neurogenesis and neuronal migration [14]. More 
recently, it has emerged as a cancer stem cell (CSC) marker in intestine 
and pancreas [15–19]. DCLK1 is also overexpressed in many cancers, 
including colorectal cancer [20], PDAC [21], hepatocellular carcinoma 
[22], and renal clear cell carcinoma [23]. Nakanishi et al. firstly 
revealed that DCLK1 marked intestinal CSCs specifically using 
lineage-tracing experiments. Further research by Westphalen et al. 
demonstrated that DCLK1-positive cells were long-lived and could 
function as tumor-initiating cells in colorectal cancer [24]. Likewise, 
DCLK1-expressing epithelial cells were identified as progenitors in 
conditions of pancreatic injury and tumor-initiating cells in PDAC [25]. 
However, it is unclear whether DCLK1-promoted tumorigenesis in PDAC 
is related to the formation of immunosuppressive microenvironment. 
The DCLK1 gene has two distinct promoter regions. The upstream 5′

(α)-promoter encodes a full-length DCLK1 (~82 kDa long forms 
DCLK1/2), and the β-promoter encodes a C-terminus kinase-containing 
region (termed as DCLK1-S or DCLK3/4, 45–50 kDa,) of the full-length 
DCLK1 [26]. Whether the difference in structures lead to different 
functions are still unknown. Here, the potential tumor-promoting role of 
these isoforms is a subject of continued study. 

In this study, by performing multiple bioinformatics as well as in vitro 
and in vivo experiments, we found that DCLK1 played an important role 
in EMT activation which may be involved in the formation of immu-
nosuppressive microenvironment characterized by the enrichment of 
M2 macrophages as well as decreased CD4+ and CD8+ T cells. Finally, 
targeting DCLK1 might be an effective therapeutic target to improve the 
efficacy of immunotherapies. 

Materials and methods 

Cell culture and drug administration 

Human PDAC cells including AsPC-1, PANC-1 and BxPC-3 and mouse 
cell line Pan02 were purchased from the Beijing Union Cell Resource 
Center (Beijing, China). AsPC-1 and BxPC-3 were propagated in RPMI- 
1640 medium (SIGMA) and PANC-1, Pan02 were cultured in DMEM- 
high glucose (SIGMA). All cells were cultured with 10% fetal bovine 
serum (FBS) (Ausbian) at 37 ◦C and 5% CO2. DCLK1 inhibitor (DCLK1- 
IN-1) was dissolved in DMSO and three different working concentrations 
(0 μM, 5 μM, 10 μM) were put in the cell culture medium of PDAC cells 
and incubated at 37 ◦C for 48 h. 

Construction of DCLK1 overexpressing cell lines 

DCLK1 isoforms sequences were cloned into pCDH-MSCV-MCS- 
EF1α-puro vector for construction of overexpressing cell lines. Then the 
constructed plasmids and packaging plasmids including pMD2G and 
psPAX2 were co-transfected into 293T packaging cells by lipofectamine 
3000 (Invitrogen, USA) for lentiviral amplification, and the lentivirus 
was obtained at 48 h and 72 h post-transfection. Next, the harvested 
viruses were filtered by 0.45 μm filters and co-cultivated with PDAC cell 
lines (AsPC-1 and PANC-1, Pan02). After 3 days of co-cultivation, those 
cells stably overexpressing DCLK1 were picked out with 2 μg/ml puro-
mycin to construct stable cell lines. 

Western blotting 

The whole-cell protein was extracted by RIPA lysis buffer (Beyotime 
Biotechnology, Shanghai, China) and the protein concentration was 
detected using a BCA protein assay kit (Thermo Fisher Scientic). 
Extracted proteins were denatured at 95 ◦C for 10 min and separated on 
a 10% SDS polyacrylamide gel. After electrophoresis, these proteins 
were transferred onto a PVDF membrane using semi-dry transfer at 200 
mA for 90 min (EMD Millipore). All membranes were blocked for one 
hour using 5% nonfat milk and probed overnight with specific primary 
antibodies at 4 ◦C. After that, membranes were washed with TBST and 
incubated with secondary antibodies (ZSGB-BIO, China) at room tem-
perature for one hour. Signals were detected using chemiluminescence 
kit (Millipore) with the Bio-Rad imaging system. The antibodies used 
above were anti-DCLK1 (1:1000, ab31704, Abcam, 62257S, Cell 
Signaling Technology), anti-ZO-1(1:1000, 8193T, Cell Signaling Tech-
nology), anti-Snail (1:1000, 3879T, Cell Signaling Technology), anti- 
Vimentin (1:1000, 5741T, Cell Signaling Technology), anti-ZEB1 
(1:1000, 3396T, Cell Signaling Technology), anti-N-cad (1:1000, 
13116T, Cell Signaling Technology), anti-E-cad (1:1000, 3195T, Cell 
Signaling Technology), anti-GAPDH (1:1000, abs830030, Univ). 

Quantitative real-time PCR 

Total cellular RNA from PDAC cells was extracted using Trizol re-
agent (Yeasen, China). Then 1ug RNA was reversely transcribed into 
cDNA by applying Hifair III 1st Strand cDNA Synthesis SuperMix 
(11141ES10, Yeasen, China). Real-time PCR analysis was carried out to 
detect DCLK1-isoforms mRNA expression levels on the 7500 Sequence 
Detection System (Applied Biosystems, China). During this process, the 
SYBR Green Premix (Invitrogen, USA) was used with GAPDH as an in-
ternal control. The sequences of primers were as follows: 

GAPDH-F: 5′-AATCCCATCACCATCTTCCA-3′

GAPDH-R: 5′-TGGACTCCACGACGTACTCA-3′

DCLK1-L-F: 5′-GGAGTGGTGAAACGCCTGTAC-3′

DCLK1-L-R: 5′-GGTTCCATTAACTGAGCTGG-3′

DCLK1-S-F: 5′-ACACTAAGACTGTGTCCATGTTAGAACTC-3′

DCLK1-S-R: 5′-AAGCCTTCCTCCGACACTTCT-3′

The relative mRNA expression levels of DCLK1-isoforms were 
calculated by 2− ΔΔCT methods. 

Wound healing assay 

The empty control, DCLK1iso1 OE, and DCLK1iso4 OE cells of PANC- 
1 and AsPC-1 (2 × 105) were respectively seeded into 6-well culture 
plates and permitted to grow to approximately 60% confluence. The 
confluent cell layers were then scratched by a sterile 200 μl pipette tip, 
thereby generating a linear wound. Next, the wound areas were viewed 
and detected at 0 h, 6 h, 12 h and 24 h. Finally, the ImageJ was used to 
quantify the unmigrated area. 
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Transwell migration and invasion assay 

Transwell assays were performed to evaluate the migration and in-
vasion potential of cancer cells. The empty control, DCLK1iso1 OE, and 
DCLK1iso4 OE cells of PANC-1 and AsPC-1 (10 × 104 in 0.2 mL serum- 
free medium) were seeded into the upper chamber of 24-well plate 
(Corning, USA) and 0.6 ml DMEM comprising 10% FBS was added to the 
lower chamber. After incubating for 24 h at 37 ◦C, the migrated or 
invaded cells were fixed with paraformaldehyde for 10 min and dyed 
with crystal violet for 5 min. Three random fields of view were counted 
and the average was calculated. For invasion assay, matrigel (BD 
Bioscience, USA) was needed in the upper chamber. 

PBMC separation and co-culture experiments 

Peripheral blood mononuclear cell (PBMC) was isolated from 
healthy donors by ficoll density gradient centrifugation (GE Healthcare, 
USA). CD4+ and CD8+ T cells were depurated from the collected PBMC 
using a Human CD4+ and CD8+ T cell kit (Stem cell, Canada). CFSE was 
used to tag CD4+ and CD8+ T cells by the manufacturer’s instructions 
(1:1000, Life Technologies, C34554) and CFSE-labeled human CD4+
and CD8+ T cells were co-cultured with DCLK1 iso1-overexpressing 
cells which were treated with DCLK1-IN-1 for 48 h before co-culture. 
Anti-CD3 (eBioscience, USA) and Anti-CD28 (eBioscience, USA) was 
used to stimulate T cell. After three days of co-culture, the proliferation 
of T cells was detected via measuring CFSE fluorescence using flow 
cytometry on a Fortessa (BD) Flow Cytometer. 

The cancer genome atlas (TCGA) dataset analysis 

mRNA expression data of TCGA-PDAC dataset (n = 148) were 
downloaded from UCSC Xena (https://xenabrowser.net/datapages/). 
EMT score was calculated by the mean of expression values of 200 EMT- 
related genes, which were acquired from Molecular Signatures Database 
(MsigDB, HALLMARK_EPITHELIAL_MESENCHYMAL_TRANSITION) 
[27]. Tumor samples were then grouped by EMT score as either 
EMT-low (lowest 1/3 of EMT scores) or EMT-high (highest 1/3 of EMT 
scores). We defined the EMT-low group as “epithelial” PDAC while the 
EMT-high group was defined as “mesenchymal” PDAC. Likewise, we 
divided tumor samples into DCLK1-high expression group (highest 1/3 
of DCLK1 expression levels) and DCLK1-low expression group (lowest 
1/3 of DCLK1 expression levels). The methods to classify TCGA-PDAC 
patients into established molecular subtypes were obtained from Col-
lisson et al. [28] and Bailey et al. [29]. 

We applied CIBERSORT deconvolution method to evaluate the dif-
ferential abundance of tumor-infiltrating immune cells in “epithelial” 
and “mesenchymal” groups [30]. Additionally, the distribution of 10 key 
immunosuppressive cytokines/chemokines (CCL2, CCL5, CSF1, CXCL1, 
CXCL2, CXCL12, CXCL8, IL10, IL6, TGFB1) and 6 immune checkpoint 
molecules (CD274, CTLA-4, TIM3, BTLA, LAG3, VSIR) were compared 
between “epithelial” and “mesenchymal” groups. Moreover, the Tumor 
Immune Dysfunction and Exclusion (TIDE, http://tide.dfci.harvard. 
edu./) online tool was utilized to analyze the effect of EMT status on 
ICIs efficacy, and the T cell dysfunction and T cell exclusion scores were 
also calculated [31]. T-cell subpopulations refers to cytotoxic T lym-
phocytes (CTL). 

Multiplexed immunofluorescence (mIF) 

Two consecutive PDAC tissue microarrays containing 28 primary 
PDAC tumor and matching para-cancerous tissues and 2 normal 
pancreatic tissues were used for multiplexed Immunofluorescence 
staining with Opal™ 4 Multiplex reagents (Perkinelmer, USA) by the 
manufacturer’s instructions, as in the previous studies described 
[32–34]. These six markers were stained on two consecutive tissue 
microarrays rather than one microarray mainly to avoid the cross-color. 

Staining was conducted as two interdependent panels with DAPI as a 
nuclear stain: Panel 1: DCLK1 (ab31704,1:500) opal 690, CD163 
(ab189915, 1:500) opal 570, E-cad (ab40772,1:500) opal 520, panel 2: 
DCLK1 (ab31704,1:500) opal 690, ZEB1(ab203829, 1:500) opal 570, 
CD8 (ab93278, 1:500) opal 520. Multiplexed fluorophore-stained slides 
were scanned by Shanghai Outdo Biotechnology. For all multicolor 
fluorescence images, each channel was obtained separately to further 
evaluate the gene expression levels according to mean fluorescence in-
tensity of the whole slide by ImageJ software. When the background 
color or the cross color cannot be eliminated, we randomly selected 
three slide fields (× 100) and evaluated the mean fluorescence intensity. 
These scores from ImageJ were used for statistical analysis. Human 
tissue microarrays of PDAC (HPanA060CS03-M-111, 
HPanA060CS03-M-110) were purchased from Shanghai Outdo 
Biotechnology. 

In vivo experiments 

Adult femal C57BL/C (6 to 8 weeks) mice were purchased from 
Charles River Laboratories (Beijing, China). 1 × 106 cells diluted in 100 
μl PBS were transplanted subcutaneously into the abdomen of mice (n =
6 per group) and tumors size were measured every 3–5 days after 3 days 
of injection. Tumor volume was calculated by the following methods: 
Volume = (Length × Width2)/2. After 16 days, the subcutaneous tumors 
were harvested and photographed. 

Immunohistochemistry (IHC) 

The harvested subcutaneous tumors were fixed with 4% para-
formaldehyde (Solarbio, Beijing, China) and embedded in paraffin, 
finally sliced into 6 µm-thick sections for IHC analysis. Briefly, these 
tissues sections were deparaffinized in xylene for 30mins and hydrated 
in a descending alcohol series (100% alcohol, 95% alcohol, 80% 
alcohol) for 5 min respectively. After antigen retrieval with EDTA 
(ZSGB-BIO, China) and blocking with goat serum for one hour at room 
temperature, the sections were incubated with the corresponding anti-
body at 4 ◦C overnight. Followed by incubation with enhanced enzyme- 
labeled goat anti-mouse/rabbit IgG polymer (ZSGB-BIO, China), IHC 
signal was detected by 3,3′-diaminobenzidine (DAB, ZSGB-BIO, China). 
The antibodies used above were: anti-CD4 (1:500, ab183685, Abcam), 
anti-CD8 (1:500, ab217344, Abcam), anti-CD163(1:500, ab182422, 
Abcam), anti-E-cadherin (1:500, 3195T, Cell Signaling Technology), 
anti-IFN-γ (1:100, AF-585-NA, R&D), anti-DCLK1 (1:500, ab31704, 
Abcam) 

Statistical analyses 

The student’s t-test was performed by Graph Pad Prism 7 and 
nonparametric data were analyzed by the Mann-Whitney U test and 
Wilcoxon using R software (version 3.6.3). P values < 0.05 were 
considered statistically significant (*p < 0.05, **p < 0.01, ***p < 0.001, 
****p < 0.0001). The Spearman’s correlations between DCLK1 expres-
sions and EMT-TFs expressions as well as EMT score in TCGA dataset 
were analyzed. All experiments were independently performed for at 
least three times. 

Results 

DCLK1 may be a key contributor to EMT program activation in PDAC 
patients 

EMT is a critical factor for cancer initiation and metastasis in PDAC 
and considered as a hallmark of CSCs [35]. Based on the TCGA-PDAC 
dataset, we found that CSC marker DCLK1 was closely associated with 
EMT in PDAC patients as evidenced by increased mesenchymal marker 
(SNAIL1, Vimentin, ZEB1, ZEB2, CDH11, TWIST2, ACAT2, ITGA1, 
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DDR2) and decreased epithelial marker (CDH1, MUC1, CLDN4, CLDN7, 
TJP3, TJP2, CRB3) expression (Fig. 1a). According to established clas-
sifications in PDAC, the Quasi-mesenchymal (QM- PDA) subtype char-
acterized by high expression of mesenchyme-associated genes which 
provided by Collisson et al. [28] and the immunogenic subtype involved 
upregulated acquired immune suppression pathways which provided by 
Bailey et al. [29] were enriched by high DCLK1 expression (Fig. 1a). 
DCLK1 expressions were also positively and significantly correlated with 
EMT scores (Spearman’s test, R = 0.66, p < 0.001, Fig. 1b). Moreover, 
DCLK1 labeled EMT-activated subtypes of PDAC (Fig. 1c). We next 
analyzed the association between DCLK1 and EMT transcription factors 
(EMT-TFs), the main drivers of EMT program activation. The results 
showed that DCLK1 was positively associated with all three families of 
EMT-TFs including SNAI (mean expression of Snail and Slug), ZEB 
(mean expression of ZEB1 and ZEB2), and Twist (mean expression of 
Twist1 and Twist 2) (Fig. 1d). 

DCLK1 isoform 1 (DCLK1-AS) and isoform 4 (DCLK1-BL) activate EMT 
and enhance migration and invasion in PDAC cells 

Although the existence of alternative splice variants leading to a 
lengthened C-terminus from the DCLK1 gene is known (Fig. 2a), most 
prior studies have not distinguished their individual functions. To obtain 
more precise knowledge of the role of DCLK1, we performed gain-of- 
function studies with an alpha-promoter driven (DCLK1 iso1, DCLK1- 
AS) and beta-promoter driven (DCLK1 iso4, DCLK1-BL) isoforms. 
Baseline expression levels of DCLK1 isoforms by qPCR and Western 
blotting indicated relative lower DCLK1-iso1 and DCLK1-iso4 expression 
levels in AsPC-1 and PANC-1 cells compared to BxPC-3 cells (Fig. 2b-c). 
Therefore, AsPC-1 and PANC-1 cell lines were selected to overexpress 
DCLK1 iso1 and DCLK1 iso4 for subsequent study. Overexpression of 
DCLK1 isoforms in AsPC-1 and PANC-1 cells were confirmed by qPCR 
and Western blotting analyses (Fig. 2d-e). Wound healing and transwell 
assays revealed that both DCLK1-iso1 and DCLK1-iso4 significantly 
promoted cell migratory and invasive abilities of PDAC cells (Fig. 3a-b). 
Moreover, EMT was activated in DCLK1-overexpressing cells as 

demonstrated by increased expression of mesenchymal markers and 
EMT-TFs including Snail, ZEB1, N–Cadherin and Vimentin concurrent 
with decreased expression of epithelial marker ZO1, E-cad, although 
N–Cadherin was not detected in AsPC-1 cells. (Fig. 3c-d). Taken 
together, these results reveal that both the alpha and beta-promoter 
driven DCLK1 isoforms are closely associated with EMT in PDAC cells. 

Immunosuppressive components are highly enriched in “mesenchymal” 
PDAC and may result in low response rates to ICIs 

Recent reports pointed out that EMT played a pivotal role in 
immunosuppression in many cancers such as NSCLC, triple-negative 
breast cancer, and urothelial cancer [5,9–11,36]. We firstly analyzed 
the relationship between EMT and immune cell infiltration by quantified 
the percentages of 22 types of immune cells in the PDAC TME via 
CIBERSORT. The results revealed that M2-macrophages were the most 
abundant immunosuppressive cells in the PDAC TME and represented a 
higher percentage in the “mesenchymal” group than in the “epithelial” 
group, while there was no significant difference was observed in the 
proportion of M1 macrophages (Fig. 4a). The next heatmap analysis also 
revealed a positive correlation between EMT score and M2-macrophage 
markers, while there was no clear correlation between M1-macrophage 
markers and EMT score (Fig. 4b). M2 macrophages could directly pro-
mote immunosuppression by secreted cytokines and indirectly by 
inducing tumor-cell–associated immune checkpoint molecules to block 
spontaneous antitumor immune responses [37]. Afterwards, we 
compared differences in macrophage-secreted immunosuppressive 
cytokines/chemokines and immune checkpoint molecules between 
“mesenchymal” and “epithelial” groups. Our results showed that the 
distribution of ten chemokines (CCL2, CCL5, CSF1, CXCL1, CXCL2, 
CXCL12, CXCL8, IL10, IL6, TGFB1) associated with macrophages re-
cruitments and M2-macrophages polarization were increased in 
“mesenchymal” PDAC, although the difference was not statistically 
significant in CXCL1 and CXCL2. (Wilcoxon test, all p <0.01, Fig. 4c). 
Moreover, six immune checkpoint markers (CD274, CTLA-4, TIM3, 
BTLA, LAG3, VSIR) were also significantly higher in “mesenchymal” 

Fig. 1. DCLK1 is closely accociated with EMT program according to TCGA database analysis. (a) Heatmap analysis demonstrating the correlation between DCLK1 
expression levels and EMT-related genes as well as established classifications by Collisson et al., Bailey et al. (b) DCLK1 expression was positively correlated with EMT 
score (R = 0.66, p<0.0001). (c) DCLK1 expression was significantly higher in “mesenchymal” group than “epithelial” group. (d) Spearman correlation analysis 
showing the positive association between DCLK1 expression and EMT-TFs. 
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group (Wilcoxon test, all p <0.001, Fig. 4d). These data demonstrated a 
strong association between EMT and the formation of a tumor immu-
nosuppressive microenvironment. Subsequently, TIDE algorithm was 
used to evaluate the effects of EMT status on T cell function and ICIs 
efficacy [31]. As shown in Fig. 4e-f, the “epithelial” group PDAC patients 
(58%, 29/50) may be more likely to respond to ICIs (anti-PD-1 and 

anti-CTLA4) compared with the “mesenchymal” group (20%, 10/50) 
(Chi-Square test, P <0.001). Furthermore, as shown in Fig. 4g, T cell 
dysfunction and T cell exclusion scores were both significantly higher in 
“mesenchymal” group, which might account for the limited ICIs 
response in “mesenchymal” PDAC patients according to TIDE algorithm 
(Fig. 4g). 

Fig. 2. Establishment of stable cell lines with DCLK1 isoforms overexpression in PDAC cells. (a) Schematic demonstrating differences in protein domains of DCLK1 
isoforms. (b-c) Relative mRNA and protein expressions of DCLK1 isoform1 and 4 in three PDAC cell lines (AsPC-1, Bxpc-3 and PANC-1) were detected by Real-time 
PCR (b) and Western blotting (c). (d-e) Validation of the upregulation of DCLK1 mRNA (d) and protein (e) expressions in DCLK1 iso1 and iso4-overexpressing (DCLK1 
iso1 OE, DCLK1 iso4 OE) PANC-1 and AsPC-1 cells. 

Fig. 3. Overexpression of DCLK1 isoform1 and isoform4 activates EMT in PDAC cells. (A-B) Wound-healing (a) and transwell assays (b) showing both DCLK1 
isoform1 and isoform4 significantly increased the migratory and invasive abilities of PDAC cells. (c-d) Western blotting analysis of the effects of DCLK1 isoform1 and 
isoform 4 on EMT marker proteins in PANC-1 (c) and AsPC-1 (d) cells. 
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High DCLK1 expression are associated with EMT activation and 
immunosuppression in PDAC patients 

To explore the association among DCLK1, EMT program and tumor 
immune infiltrations, we preformed multiplexed immunofluorescence 
analysis of tissue microarrays including 30 early-stage PDAC samples. 
The representative images of multiplexed immunofluorescence stained 
for DCLK1, CD163, ZEB1, CD8, E-cad from two consecutive microarrays 
were presented in Fig. 5. The results revealed that DCLK1 was directly 
related to EMT program activation, with DCLK1 expression increased, 
the expression of E-cad was decreased and the expression of ZEB1 was 
increased. Besides, more M2 macrophages and less CD8+ T-cells in-
filtrations could also be found in patients’ samples with higher DCLK1 
expression. The roughly converse phenomenon (low ZEB1 expression, 
high E-cad expression, low density of M2 macrophages and abundant 
CD8+ T cell) were presented in patients with low DCLK1 expression and 
normal pancreatic tissues (Fig. 5a-b). Applying the median DCLK1- 
expression level as the cutoff value, we classified the tumors into high- 
and low-DCLK1 groups. We observed that the expression scores of 
CD163 and ZEB1 in the high DCLK1 group were significantly higher 
than that in the low DCLK1 group. Conversely, the expression scores of 
E-cad and CD8 were significantly lower in the high DCLK1 group than 
that in the low DCLK1 group (Fig. 5c). It’s worth noting that almost all 

patients’ samples used in our tissue microarrays were in the early-stage, 
which suggested that the tumor- promoting role of EMT may occurred in 
the formation of tumor, which was firstly proved by Ben Z. Stanger in 
2012 [38]. And the cross-talk between EMT and immunosuppression has 
been described comprehensively in recent reviews [8,39]. To some 
extent, our multiplexed immunofluorescence results verified the close 
association between EMT and immunosuppressive environment. 

DCLK1 promotes tumor growth and reduces T cells infiltration in vivo 

According to our previous findings, we supposed that DCLK1 might 
also affect tumor-infiltrating immune cells. So, we constructed the 
mouse DCLK1 gene overexpression vector which was then stably 
transferred into Pan02 cells (Fig. 6a). DCLK1-overexpressing Pan02 cells 
and the corresponding control cells were subcutaneously injected into 
the abdomen of mice (n = 6). 16 days after inoculation, the tumor 
growth curve achieved by regularly measuring tumor size showed that 
DCLK1 significantly promoted the tumor growth when compared to the 
control group (Fig. 6b). And the average weight of tumor tissues from 
DCLK1-overexpressing group was also higher (Fig. 6c-d). Next, the 
tumor-infiltrating immune cells were detected by IHC using the obtained 
subcutaneous tumors. The results demonstrated that the tumors with 
high DCLK1 expression were often accompanied with E-cad loss and 

Fig. 4. EMT is closely associated with immune suppression in PDAC patients and might affect ICIs efficacy. (a) Wilcoxon analysis of 22 immune cell proportions 
estimated via CIBERSORT method between “epithelial” and “mesenchymal” groups of TCGA-PDAC patients. (b) Heatmap visualizing the correlations of EMT score 
with M1/2 macrophages markers, and EMT score was positively associated with M2 macrophage markers (CD163, MS4A4A, VSIG4) rather than M1 macrophage 
markers (NOS2, PTGS2, IPF5). (c-d) Wilcoxon analysis of the expressions of ten immunosuppressive chemo/cytokines (c) and six immune checkpoint markers (d) 
between “mesenchymal” and “epithelial” groups. (e-f) The “mesenchymal” group (20%) was predicted to be less likely to respond to ICIs compared to the “epithelial” 
group (58%) in the TCGA-PDAC dataset according to TIDE algorithm. (g) T cell dysfunction score and T cell exclusion score (calculated via TIDE algorithm) were 
higher in “mesenchymal” group than “epithelial” group according to TIDE. 
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decreases in CD4+, CD8+ T cells, especially CD8+ cells, as well as the 
decrease of IFN-γ secretion, an important effector cytokine of CD8+ cells 
(Fig. 6e). At the same time, M2 macrophages were also increased in 
DCLK1-overexpressing tumors (Fig. 6e). In vivo results further revealed 
the importance of DCLK1 in EMT activation and formation of immu-
nosuppressive environment. TCGA-PDAC dataset analysis also sup-
ported that DCLK1 expression had strongly positive correlations with 
expression of M2 macrophages marker (Supplementary Fig.1a). Immune 
checkpoint molecules and immunosuppressive chemokines/cytokines 
were also elevated in high DCLK1 expressing patients (Supplementary 
Fig. 1b-c). The TIDE analysis revealed that T cell dysfunction score and T 
cell exclusion score were significantly higher in patients with high 
DCLK1 expression (Supplementary Fig.1d). 

DCLK1 kinase inhibition blocks EMT program and restores T-cell activity 

These findings hinted that DCLK1 might be an effective target to 
improve the efficacy of immunotherapies in PDAC. We used DCLK1 
inhibitor (DCLK1-IN-1) on DCLK1-overexpressing PDAC cells. The re-
sults demonstrated that EMT could be blocked by DCLK1 inhibitor, as 
evidenced by decreased migratory and invasive abilities (Fig. 6f) as well 
as decreased expression levels of EMT-TFs (ZEB1, Snail) and mesen-
chymal marker Vimentin (Fig. 6g). Finally, in order to assess the effect of 
DCLK1 inhibitor on T-cell activity, we conducted an experiment of co- 
culture of CD4+ and CD8+ T cells with tumor cells. The results 
revealed that DCLK1-IN-1 was able to effectively restore T cell activity 
(Fig. 6h). 

Discussion 

Numerous clinical trials have intended to find effective 

immunotherapy targets in PDAC, but strategies including ICIs and 
adoptive cellular therapies have largely failed due to a highly immu-
nosuppressive microenvironment. Immunosuppressive cells including 
myeloid-derived suppressive cells (MDSCs), tumor-associated fibro-
blasts, tumor-associated macrophages (TAMs) appear and function in 
early PanIN lesions [40]. Therefore, a better understanding of critical 
factors driving immunosuppression in PDAC could help in identifying 
more effective therapies. 

CSCs are key drivers of tumorigenesis and have gained attention for 
modulating the tumor immune microenvironment. Recent studies have 
demonstrated that CSCs promoted the recruitment of TAMs and MDSCs 
[41–43], which may in turn inhibit the anti-tumor immune response by 
inducing an immunosuppressive microenvironment. As a specific CSC 
marker in PDAC, the role of DCLK1 in interactions between tumor cells 
and TME components requires further investigation. According to our 
bioinformatics analysis, DCLK1 is closely associated with EMT activa-
tion in PDAC, which concurs with previous findings [44–47]. To verify 
these results experimentally, we overexpressed both DCLK1-long 
(DCLK1-iso1, ~80–82 KDa) and DCLK1-short (DCLK1-iso4, 
~45–50 KDa) isoforms in PDAC cell lines and detected changes in 
EMT-associated cell functions and molecular markers. We found that 
both DCLK1 long and short isoforms effectively activated EMT in PDAC 
cells as demonstrated by the enhanced migration/invasion abilities as 
well as the acquisition of mesenchymal molecular characteristics. These 
data suggest that DCLK1 acts as both a marker and driver of EMT 
activation. 

A recent study reported that EMT occurred during early stages of 
precancerous lesions before tumor formation in PDAC [38]. However, 
whether EMT activation relates to the immunosuppressive nature of 
PDAC, as it does in other cancers, remains unknown. Lou et al. found 
that EMT was closely associated with multiple immune checkpoint 

Fig. 5. Multiplexed immunofluorescence displays the close association among DCLK, EMT activation and immunosuppression. (a-b). Multiplexed immunofluores-
cence analysis showing that high DCLK1 expression is often accompanied by increased CD163 and ZEB1 expression levels as well as decreased CD8 and E-cad 
expression levels. (c) Immunofluorescence quantitative analysis results showing ZEB1 and CD163 expression levels are higher in DCLK1-high group, while CD8 
expression level was lower in DCLK1-high group than DCLK1-low group. 
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molecules and could be identified as a predictive biomarker for the ef-
ficacy of ICIs in NSCLC, and this finding was confirmed by a retro-
spective study analyzing the transcriptional profiles of 52 advanced 
NSCLC patients treated with anti-PD1/PD-L1 therapy [5,48]. In mela-
noma, Snail, one of the most important EMT-TFs, promotes immuno-
therapy resistance by induction of Treg and DC [49]. It has also been 
shown that EMT-related gene expression is associated with T cell infil-
tration and the efficacy of ICIs in urothelial cancer [11]. Similar results 
have been reported in other cancers including ovarian cancer, head and 
neck squamous cell carcinoma, and esophageal squamous cell carci-
noma [50–52]. To investigate the role of EMT in PDAC immunosup-
pression, we divided PDAC patients into epithelial and mesenchymal 
groups according to the expression of EMT-related genes obtained from 
The Molecular Signatures Database. The CIBERSORT algorithm was 
then used to evaluate the landscape of TME immune cells in both groups. 
The relative proportion of M2 macrophages, which could inhibit 
anti-tumor immunity by inducing T-cell suppression, were significantly 
higher in “mesenchymal” group. In addition, the expressions of immu-
nosuppressive cytokines and immune checkpoint molecules were also 
significantly higher in “mesenchymal” group. These results strongly 
suggest that an immunosuppressive microenvironment induced by EMT 
might be a potential limitation to immunotherapy. To further explore 

this concept, we applied TIDE online algorithm for the prediction of 
immunotherapy responses in TCGA-PDAC patients and found that PDAC 
patients in the “mesenchymal” group were less likely to respond to 
immunotherapy compared to the “epithelial” group. 

The Pan02 syngeneic mouse model further verified the above results 
in vivo as demonstrated by E-cad loss accompanied by an immunosup-
pressive environment in DCLK1-overexpressing tumors. EMT-induced 
immunosuppression promotes tumor progression yet also brings a new 
therapeutic direction of treatment. DCLK1 is a critical driver in the EMT 
program, and we hypothesized that EMT program could be blocked by 
DCLK1 kinase inhibition in patients with high DCLK1 expression. Our 
analysis showed that DCLK1 was positively correlated with immune 
cells, especially tumor associated macrophages, and that high DCLK1 
expression can inactivate T cells. Compounds that can inhibit DCLK1’s 
kinase activity have been studied in several cancers [53–55]. Among 
them, DCLK1-IN-1 is the first highly selective inhibitor of this target. 
Using this inhibitor, we found that EMT program was blocked and T-cell 
activity was restored in DCLK1-overexpressing PDAC cells. These data 
suggest that DCLK1 is a promising target to inhibit EMT-associated 
immunosuppression. To verify the association among DCLK1, EMT 
and immune infiltrate in patients, we applied multiplexed immunoflu-
orescence analysis of DCLK1, ZEB1, E-cad, CD8, CD163 with PDAC’s 

Fig. 6. DCLK1 kinase inhibition can block EMT program and restore T-cells activity.(a) Western blotting verifying the overexpression of DCLK1 in Pan02 cells. (b) 
Tumor growth curve showed that the tumors derived from DCLK1-overexpressing group grew much more quickly than those from the control group (n = 6). (c-d) 16 
days after subcutaneous injections, tumors were excised to weighed (c) and photographed (d). Results showed that DCLK1 overexpression led to increased tumor 
weights. (e) Immunohistological staining of harvested tumor tissues and results demonstrated that the infiltration of CD4+, CD8+ T cells, IFN-γ secretion and E-cad 
expression levels were decreased while M2 macrophages were increased in DCLK1-overexpressing group. (f-g) Transwell assay (f) and western blot (g) analysis 
demonstrated that DCLK1 inhibitor DCLK1-IN-1 could attenuate DCLK1-induced EMT in PDAC cells. (h) DCLK1-IN-1 restored CD4+ and CD8+ T-cell activity as 
measured by CFSE-based T-cell proliferation assays. 
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tissue microarrays. The results showed that patients with high DCLK1 
expressions were often accompanied by EMT program activation and 
increasing immunosuppressive cells infiltrations. However, we couldn’t 
yet capture these events in an autochthonous model of PDAC due to the 
limitations of our experimental conditions. 

In conclusion, our results suggest that DCLK1 is a critical activator in 
the EMT program, which may result in an immunosuppressive micro-
environment and render cancer cells non-responsive to immunother-
apies. DCLK1 inhibitors might be of great utility for application in 
conjunction with immunotherapies to elevate their clinical efficacy. 
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