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LETTER TO EDITOR

An optimized integrin α6-targeted peptide for positron
emission tomography/magnetic resonance imaging
of pancreatic cancer and its precancerous lesion

Dear Editor,
Recently, we successfully developed a radiolabeled

probe targeting integrin α6 for the positron emission
tomography (PET)/magnetic resonance (MR) imaging of
pancreatic ductal adenocarcinoma (PDAC) and its precan-
cerous lesion, pancreatic intraepithelial neoplasia (PanIN).
Most pancreatic cancers are PDAC.1 Standard

approaches for detecting PDAC at early stage are lacking
with most diagnosed patients at advanced stage.2 Tumor-
targeted molecular imaging significantly improved the
tumor-detection rate,3 which may also enhance the early
diagnosis of PDAC. Considering the genetic complexity
of PDAC, a PDAC-specific target with highly adaptability,
sensitivity, and specificity is required.
We selected integrin α6 as the target of PDAC as it

was overexpressed in pancreatic cancer cells4,5 and can-
cerous tissue of patients with PDAC4,6,7 with an over-
expression rate up to 92%.4 Increased integrin α6 levels
were associated with stronger PDAC cell invasiveness5 and
poorer prognosis for patients.6,7 Furthermore, the inte-
grin α6β4 dimer was overexpressed in PanIN even at a
stage as early as PanIN 1A.4 Here, we confirmed that inte-
grin α6 was overexpressed in human PDAC (Figure 1A,B)
and increased integrin α6 had poorer prognosis for PDAC
patients (Figure 1C). Recently, a peptide CRWYDENAC
(dubbed RWY) targeting integrin α6 has been identified8
and employed for nanotherapeutics of nasopharyngeal
carcinoma8 and for PET imaging of hepatocellular car-
cinoma by our team.9 Here, we used the Ala scanning
mutagenesis to modify the RWY peptide. R, W, and Y
were the three key amino acids within the RWY peptide,
since their replacement by an alanine reduced the cellu-
lar binding ability of this peptide, both in vitro and in vivo.
Interestingly, the alanine substitution of E resulted in the
CRWYDANAC (dubbed S5) peptidewith an approximately
1.5-fold enhanced tumor binding ability (Figure 1D,E). The
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higher binding affinity of S5 peptide to tumor cells was fur-
ther confirmed in vitro by flow cytometry (Figure 1F,G)
and in vivo in PDAC mouse model using optical imaging
(Figure 1H,I).
The recently introduced PET/MR imaging technique

displays certain advantages in tumor imaging and has
potential applications in the imaging of early pancreatic
cancer.10 Thus, we synthesized the radiotracer 18F-NOTA-
PEG4-S5 (18F-S5 for short) for the PET/MR imaging (Fig-
ure S1A). 18F-S5 was stable in serum (Figure S1B), and it
showed ideal biodistribution characteristics in vivo that
the uptake of 18F-S5 in tumor tissues was the highest
among all collected tissues and organs except for the kid-
ney (Figure S1C,D, Table S1). The convenience of 18F-S5-
PET/MR imaging on PDAC and PanIN was proved in four
mice models. Approximately 3.7 × 106 Bq (100 μCi) of 18F-
S5 was intravenously injected to a mouse for PET imag-
ing, and 2.5 mmol/kg of gadolinium-diethylenetriamine
pentaacetic acid was injected for enhanced MR imaging.
After 120 min postinjection of 18F-S5, PET/MR imaging
was obtained by using a hybrid 3.0T PET/MR scanner
(uPMR 790; UIH, Shanghai, China).
The PDAC-targeting effect of 18F-S5 was preliminary

examined in a subcutaneous Sw1990-luciferase tumor-
bearing mouse model, where the tumor-to-muscle ratio
reached 3.62 ± 0.25 in unblocked mice and significantly
decreased to 1.62 ± 0.05 when the binding was blocked by
nonradiolabeled S5 (Figure S2A-D). Similar results were
observed in the orthotopic Sw1990-luciferasemousemodel
with a tumor-to-muscle ratio of 3.48± 0.62 (Figure S2E-G).
In the genetically engineered KPC mice (LSL-KrasG12D/+;
Pdx1-Cre; Trp53fl/fl) with spontaneously developed PDAC,
a routineMR scan showed no abnormal signal in pancreas
on T1 weighted images, and the tumor only presented as
local moderate enhancement on the enhanced MR scans
(Figure S3A). However, in the PET/MR imaging, 18F-S5
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F IGURE 1 Increased and poorer prognosis of integrin α6 in PDAC and the optimization of a peptide targeting integrin α6. A, According to
the TCGA database, increased integrin α6 expression was observed in tumor tissues of PADC patients. B and C, Based on the GEPIA database,
patients with higher integrin α6 expression in the tumor tissue showed a poorer prognosis for overall and disease-free survival. D, The binding
affinities of seven Ala-mutated peptides were analyzed by ELISA. E, The in vivo blocking assays were performed via intravenous injection
of 6 nmol of Cy5-RWY together with 6 μmol of the unlabeled RWY peptide, or its scrambled peptide or a set of its alanine-scanning mutant
peptides into mice bearing Sw1990 tumors. The S5 peptide had the highest blocking effect on Cy5-RWY. F and G, Sw1990 cells were incubated
with Cy5-RWY and Cy5-S5 at 37◦C for 30 min, and the integrin α6-binding affinities of Cy5-RWY and Cy5-S5 were analyzed by flow cytometric
analysis (F); the fluorescence intensity of the S5 group presented as relative (1.41 ± 0.03) fold over RWY, indicating a higher tumor cell-binding
ability of S5. H and I To further investigate the in vivo tumor-binding ability of the S5 peptide, Cy5-S5, Cy5-RWY, and Cy5-CG7C (negative
control) were synthesized and used in NIRF. In the in vivo NIRF imaging of mice bearing subcutaneous Sw1990-luciferase xenografts, Cy5-S5
exhibited higher fluorescence intensity in tumor location (black arrow: the xenograft) (H); the fluorescence intensity of Cy5-S5 presented as
relative fold over RWY (2.64 ± 0.09) was significantly higher than that of Cy5-RWY (1.00 ± 0.10, P = .000) (mean ± SD, ANOVA in (D) and (E)
and Student’s t-test in (G) and (I) were used for statistical analysis. *P < .05, **P < .01, ***P < .001. NS, not significant)

produced high PET signals in the possible location of the
tumor (Figure 2A). The uptake of 18F-S5 in tumor was
quantified as 4.34± 1.16%ID/g (a percentage of the injected
dose per gram) (n = 5) and the tumor-to-muscle ratio was
4.32 ± 0.65 (Figure 2B). The pancreas of the KPC mouse

displayed morphological changes compared with the pan-
creas of a healthy mouse (Figure 2C). The overexpression
of integrin α6 in the spontaneously developed PDAC tissue
was confirmed using immunohistochemistry (Figure 2D).
In addition, 18F-S5-PET/MR imaging could also detect
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F IGURE 2 18F-S5 PET/MR imaging in PDACandPanINmousemodels. A, Representative cross-sectional images of PET/MR imagingwith
18F-S5 of KPC mouse (left) and the 3D image (right). B, Quantification of 18F-S5 uptake (%ID/g) by KPC mouse in tumor (4.34 ± 1.16), muscle
(1.00 ± 0.17), liver (1.24 ± 0.33), and heart (2.38 ± 0.45), respectively. C, The pancreas of the KPC mouse showed an abnormal appearance
compare to the pancreas of a healthy mouse. D, The development of PDAC in KPC mouse was confirmed by HE staining (left), and increased
integrin α6 expression was confirmed by immunohistochemistry (right). E, Representative cross-sectional images of PET/MR imaging of KC
mouse (left) and the MIP reconstructed image (right). F, Quantification of 18F-S5 uptake (%ID/g) by KC mouse in PanIN tissue (2.99 ± 0.52),
muscle (0.89± 0.13), liver (1.31± 0.22), and heart (2.43± 0.35), respectively. G, The pancreas of the KPCmouse showed an abnormal appearance
compare to the pancreas of a healthymouse. H, The development of PanIN inmice was confirmed by HE staining (left), and the overexpression
of integrin α6 in the lesion was analyzed using immunohistochemistry (right) (red arrow: PanIN; black arrow: relatively normal pancreatic
tissue) (mean ± SD, the difference was evaluated by Student’s t-test, *P < .05, **P < .01, ***P < .001)

metastatic tumors in KPC, where 18F-S5 produced high
PET signals in both of the PDAC lesions and themetastatic
tumors in the abdominal cavity (Figure S4A-D). Further-
more, 18F-S5-PET/MR imaging could detect precancer-
ous lesions of PDAC in the KC mice (LSL-KrasG12D/+;
Pdx1-Cre) with spontaneous developed PanIN (Figure 2E),
which was undetectable when enhanced MR imaging was
used alone (Figure S3B). 18F-S5 showed a high accumula-
tion in the possible lesion site, as the quantified uptakewas
2.99± 0.52 %ID/g and the PanIN-to-muscle ratiowas 3.35±
0.43 (Figure 2F). The pancreas of the KC mouse displayed
morphological changes as its outer surface was rougher
(Figure 2G ) than that of the normal pancreas, as shown in
Figure 2C. Immunohistochemical analysis confirmed the
formation of PanIN lesions in the pancreas and increased
integrin α6 expression in lesion tissues (Figure 2H).
In summary, we developed an optimized integrin α6-

targeted radiolabeled probe, 18F-S5, for PET/MR imag-
ing of PDAC and PanIN in mice models. 18F-S5 displayed
ideal stability and biodistribution characteristics, and it
enabled the detection of PDAC at an early stage with
high sensitivity, a favorable tumor-to-muscle ratio, and low
liver uptake in mice, which suggests its potential clinical
translation.

ACKNOWLEDGMENTS
This work was supported by grants from the National
Key R&D Program of China (2017YFA0505600 and
2016YFA0502100), the National Natural Science Foun-
dation of China (NSFC) (projects 81972531, 81602364,
81621004, 81520108022, and 81572403), the National Sci-
ence & Technology Major Project (2017ZX09304021), and
the Science & Technology Project of Guangdong Province
(2017A020211010). The approval Research Data Deposit
number was RDDB2020000944.

CONFL ICT OF INTEREST
The authors have declared that no competing interest
exists.

ETH ICS APPROVAL
The animal experiments were approved by the animal wel-
fare and ethics committees of Sun Yat-sen University Can-
cer Center.

DATA AVAILAB IL ITY STATEMENT
The raw data used in this article have been uploaded
onto the Research Data Deposit public platform (www.
researchdata.org.cn).

http://www.researchdata.org.cn
http://www.researchdata.org.cn


4 of 4 LETTER TO EDITOR

Yan Mei1,∗
Ying-He Li1,∗

Xiao-Chun Yang1,∗
Chao Zhou1
Zhi-Jian Li1

Xiao-Bin Zheng1
Jia-Cong Ye1
Cheng Li2

Xuan-Hong Zhang3
Jian-Min Yuan4

Hui-Qiang Huang1
Wei Fan1

Wei-Guang Zhang1
Mu-Sheng Zeng1
Guo-Kai Feng1

1 State Key Laboratory of Oncology in South China,
Collaborative Innovation Center for Cancer Medicine, Sun

Yat-sen University Cancer Center, Guangzhou, China
2 School of Pharmaceutical Sciences, Sun Yat-sen

University, Guangzhou, China
3 Experimental Equipment Management Center,

Zhongshan School of Medicine, Sun Yat-Sen University,
Guangzhou, China

4 Central Research Institute UIH Group, Shanghai, China

Correspondence
Guo-Kai Feng, Mu-Sheng Zeng, and Wei-Guang Zhang,

State Key Laboratory of Oncology in South China,
Collaborative Innovation Center for Cancer Medicine,

Sun Yat-sen University Cancer Center/Cancer Hospital,
651 Dongfeng East Road, Guangzhou 510060, China.

Email: fengguok@sysucc.org.cn (G.-K.F.);
zengmsh@sysucc.org.cn (M.-S.Z.);
zhangwg@sysucc.org.cn (W.G.Z.)

∗These authors contributed equally to this study.

ORCID
Guo-Kai Feng https://orcid.org/0000-0002-8251-291X

REFERENCES
1. Siegel RL,Miller KD, Jemal A. Cancer statistics, 2019.CAACan-

cer J Clin. 2019;69(1):7-34.
2. Kamisawa T, Wood LD, Itoi T, Takaori K. Pancreatic cancer.

Lancet. 2016;388(10039):73-85.
3. Yao VJ, D’Angelo S, Bulter KS, et al. Ligand-targeted theranostic

nanomedicines against cancer. J Control Release. 2016;240:267-
286.

4. Cruz-Monserrate Z, Qiu S, Evers BM, O’Connor KL. Upregu-
lation and redistribution of integrin α6β4 expression occurs at
an early stage in pancreatic adenocarcinoma progression. Mod
Pathol. 2007;20(6):656-667.

5. Wu Y, Tan X, Liu P, et al. ITGA6 and RPSA synergistically
promote pancreatic cancer invasion and metastasis via PI3K
and MAPK signaling pathways. Exp Cell Res. 2019;379(1):30-
47.

6. Sawai H, Funahashi H, Matsuo Y, et al. Expression and prog-
nostic roles of integrins and interleukin-1 receptor type I in
patients with ductal adenocarcinoma of the pancreas. Dig Dis
Sci. 2003;48(7):1241-1250.

7. Zhu G, Huang C, Qiu Z, et al. Expression and prognostic sig-
nificance of CD151, c-Met, and integrin alpha3/alpha6 in pan-
creatic ductal adenocarcinoma. Dig Dis Sci. 2011;56(4):1090-
1098.

8. Feng G, Zhang M, Wang H, et al. Identification of an integrin
α6-targeted peptide for nasopharyngeal carcinoma-specific nan-
otherapeutics. Adv Therap. 2019;2:1900018.

9. Feng G, Ye J, ZhangW, et al. Integrin α6 targeted positron emis-
sion tomography imaging of hepatocellular carcinoma inmouse
models. J Control Release. 2019;310:11-21.

10. Yeh R, Dercle L, Garg I, Wang ZJ, Hough DM, Goenka AH. The
role of 18F-FDGPET/CT and PET/MRI in pancreatic ductal ade-
nocarcinoma. Abdom Radiol. 2018;43(2):415-434.

SUPPORT ING INFORMATION
Additional supporting information may be found online
in the Supporting Information section at the end of the
article.

https://orcid.org/0000-0002-8251-291X
mailto:fengguok@sysucc.org.cn
mailto:zengmsh@sysucc.org.cn
mailto:zhangwg@sysucc.org.cn
https://orcid.org/0000-0002-8251-291X
https://orcid.org/0000-0002-8251-291X

	An optimized integrin &#x03B1;6&#x2010;targeted peptide for positron emission tomography/magnetic resonance imaging of pancreatic cancer and its precancerous lesion
	ACKNOWLEDGMENTS
	CONFLICT OF INTEREST
	ETHICS APPROVAL
	DATA AVAILABILITY STATEMENT

	ORCID
	REFERENCES
	SUPPORTING INFORMATION


