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Liver metastasis is the main cause of colorectal cancer (CRC)-related

death. Neutrophil extracellular traps (NETs) play important roles in CRC

progression. Deoxyribonuclease I (DNase I) has been shown to alter NET

function by cleaving DNA strands comprising the NET backbone. More-

over, DNase I displays high antimetastatic activity in multiple tumor mod-

els. To circumvent long-term daily administrations of recombinant DNase

I, we have developed an adeno-associated virus (AAV) gene therapy vector

to specifically express DNase I in the liver. In this study, we demonstrate

AAV-mediated DNase I liver gene transfer following a single intravenous

injection suppresses the development of liver metastases in a mouse model

of CRC liver metastasis. Increased levels of neutrophils and NET forma-

tion in tumors are associated with poor prognosis in many patients with

advanced cancers. Neutrophil infiltration and NET formation were inhib-

ited in tumor tissues with AAV-DNase I treatment. This approach restored

local immune responses at the tumor site by increasing the percentage of

CD8+ T cells while keeping CD4+ T cells similar between AAV-DNase I

and AAV-null treatments. Our data suggest that AAV-mediated DNase I

liver gene transfer is a safe and effective modality to inhibit metastasis and

represents a novel therapeutic strategy for CRC.

1. Introduction

Colorectal cancer (CRC) is a leading cause of cancer-

associated death and the third most common cancer

worldwide [1]. The liver is the most frequent site of

CRC metastasis, as the majority of intestinal

mesenteric drainage enters through the hepatic portal

venous system [2]. Population-based studies have

shown that ~ 25–30% of patients diagnosed with CRC

have synchronous liver metastasis during the course of

their disease [3,4]. Unfortunately, despite recent onco-

logical and surgical advances, only about 25% of
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CRC patients are amenable to liver resection, which is

regarded as the only curative treatment [3,5]. Once the

disease spreads to other organs, benefits of conven-

tional chemotherapy and targeted therapy (e.g., beva-

cizumab and cetuximab) are limited [6,7]. Therefore, it

is important to develop novel therapeutic strategies for

distant metastasis.

Neutrophil extracellular traps (NETs) are composed

of extracellular strands of decondensed chromatin

expelled from activated neutrophils, having over

15 9 103 base pairs of DNA in length and organized

into three-dimensional web-like structures [8,9]. Accu-

mulated evidence suggests that NETs are ‘protago-

nists’ of cancer progression: Cancer cells provoke the

innate immune system to produce more NETs in order

to promote their own growth, invasion, and metastasis

[10–12]; increased deposition of NETs within the

tumor tissue predicts poor survival [13]; excessive

NETs formation trigger coagulopathies and throm-

botic events [14], inflammatory states [15], and perma-

nent organ damage to the respiratory, cardiovascular,

and renal systems in cancer patients [16]. In patients

receiving cytotoxic chemotherapy, NETs facilitate the

development of drug resistance [17] and related toxici-

ties [18].

Deoxyribonuclease I (DNase I) is an endonuclease

that selectively cleaves the phosphodiester bond in

DNA, which is the major structural component of

NETs; thus, the DNA scaffold of NETs can be

destroyed by DNase I [8]. Single daily intravenous

(IV) or intraperitoneal (IP) injections of DNase I dis-

play potent antimetastatic activity in multiple animal

tumor models [19–22]. According to our previous

work, daily systemic administration of DNase I at the

dose of 50 lg�per mouse per�day for 3 weeks provides

meaningful suppression of primary tumor growth and

metastasis development in subcutaneous and meta-

static models of MC38 murine colon adenocarcinoma

in C57BL/6 mice as well as in subcutaneous HCT116

human colorectal carcinoma and human Huh7 liver

carcinoma models in NU/J mice [23].

However, recombinant DNase I protein has a rela-

tively short half-life of 3–4 h with serum concentra-

tions displayed variable multicompartment distribution

and dose-proportional profiles after IV injection

[24,25]. Monomeric G-actin released from neutrophils

as the result of NETs formation [26] almost entirely

inhibits DNase I enzymatic activity [27]. Considering

pharmacokinetic and pharmacodynamics variables,

multiple daily injections of DNase I is required to

achieve sufficient drug exposure. Bearing in mind the

potential lifelong nature of treatment, these factors

create a significant challenge for the use of DNase I as

a therapeutic agent for cancer treatment in human tri-

als.

Gene therapy is a powerful therapeutic tool that can

transduce a range of cells to produce and secrete ther-

apeutic proteins. The adeno-associated virus (AAV) is

a versatile viral vector technology that can be engi-

neered for very specific functionality in gene therapy

applications and is proven to be one of the safest gene

transfer strategies [28]. AAVs demonstrated safety and

efficacy profile in the clinic using liver-directed gene

therapies, and its persistence and long-term expression

in differentiated cells make this vector of choice to

explore DNase I gene transfer [29]. Recent efforts to

engineer new AAV vectors have shown that transduc-

tion efficiency can be greatly improved through capsid

engineering approaches. One such example is the engi-

neered AAV capsid, Anc80L65, which has been

demonstrated to be a highly potent vehicle for in vivo

liver targeted gene transfer [30]. To develop an effec-

tive and clinically applicable delivery system providing

long-term expression of DNase I in the liver for anti-

tumor therapy, we generated an AAV expressing

DNase I transgene. Human DNase I cDNA was put

under the control of a liver-specific promoter, cloned

into an AAV expression cassette, and packaged within

the Anc80L65 capsid. This study for the first time

evaluates the efficacy of AAV-mediated DNase I liver

gene transfer in a mouse model of CRC liver metasta-

sis.

2. Materials and methods

2.1. Cell culture

Murine cancer cell line of MC38 colon carcinoma

(Kerafast, Boston, MA, USA) and human hepatoma

cell line HepG2 (American Type Culture Collection,

Manassas, VA, USA) were cultured in Dulbecco’s

modified Eagle’s medium (DMEM; Hyclone, Logan,

UT, USA) supplemented with 10% FBS (Hyclone)

and 1% penicillin/streptomycin (Thermo Fisher Scien-

tific, Waltham, MA, USA) at 37 °C in a 5% CO2

incubator (Thermo Fisher Scientific).

2.2. Luciferase transfection and bioluminescence

imaging

MC38 tumor cells expressing GFP and firefly lucifer-

ase (FLuc) genes were generated using FLuc-F2A-

GFP-IRES-Puro Lentivirus (Biosettia, San Diego, CA,

USA) then selected with hygromycin (Thermo Fisher

Scientific). For imaging, mice were anesthetized with
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inhaled isoflurane followed by IP injection of potas-

sium luciferin (300 mg�kg�1; Gold Biotechnology, St.

Louis, MO, USA). After 10 min to allow for luciferin

distribution, mice were imaged using the Optical imag-

ing system IVIS Lumina II (PerkinElmer Inc., Shang-

hai, China), according to the manufacturer’s

instructions. Analysis of resultant data was performed

using LIVING IMAGE software (PerkinElmer Inc., Shang-

hai, China). Regions of interest were manually selected

and quantified for average photon flux (photons/sec-

ond/cm2/steradian).

2.3. Animals and tumor models

Male and female wild-type (C57BL/6) mice were pur-

chased from Jackson Laboratories (Bar Harbor,

Maine, USA). Animal protocols were approved by the

Animal Care and Use Committee of The Ohio State

University, and the experiments were performed in

adherence to the National Institutes of Health Guide-

lines. In the liver metastasis models, the anesthetized

mice were placed in a supine position. After disinfect-

ing the skin in the area of surgery, a median abdomi-

nal incision was performed followed by mobilization

of the duodenum to identify the portal vein. One mil-

lion MC38 cells were injected into the portal vein

using a 30-G needle. After removal of the needle,

bleeding was stopped by gently pressing the puncture

site with a cotton swab. After injection, the intestine

was repositioned and the abdominal wall was closed

with nonabsorbable sutures. A dose of 1.05 9 1012

GC per mouse vector genomes was systemically

administered through the tail vein on 4 days after

MC38 injection. Blood was collected before MC38

injection and 21 days after MC38 injection. Livers

were harvested at 21 days after MC38 injection.

2.4. AAV expression plasmid construction

The plasmid, pAAV-ApoEHCR enhancer-hAAT pro-

moter-hDNase I (hyperactive) -WPRE Xinact (AKA,

pCLS-014) was constructed as follows: The cDNA of

the transgene expression cassette for CLS-014 was

synthesized by GenScript (Piscataway, NJ, USA). A

50 EcoRI site and a 30 HindIII site were added to the

sequence of CLS-014. The cassette consists of (a)

apolipoprotein E-hepatic control region (APOE-HCR

enhancer) and human alpha-1-antitrypsin (hAAT)

promoter, (b) a Kozak sequence, (c) human hyperac-

tive, actin resistant, DNase I-variant containing the

natural signal sequence, (d) a woodchuck hepatitis

virus posttranscriptional element (WPRE) with the X

protein coding region inactivated by mutating the

start codon [WPRE-X-inactivated (woodchuck hepati-

tis virus posttranscriptional regulatory element with

X protein inactivated)] (Fig. 1A). The CLS-014

cDNA was digested with EcoRI-HF and HindIII-HF

(New England Biolabs, Ipswich, MA, USA). An

AAV promoterless expression vector, pAAV-MCS-

Promoterless (which provides a polyA signal (pA)

and two flanking AAV2 inverted terminal repeats,

ITRs, for the CLS-014 cassette) was purchased from

Cell Bio Labs (Cat no. VPK-411, San Diego, CA,

USA). The pAAV-MCS Promoterless vector was

digested with EcoRI-HF and HindIII-HF, and simi-

larly digested pCLS-014 cassettes were ligated for 1 h

at room temperature in a 3 : 1 insert to vector molar

ratio. The ligated construct was transformed into

SURE electrocompetent cells (Agilent Technologies,

Santa Clara, CA, USA) and plated on LB-Agar-

ampicillin plates. Colonies were selected and mini-

preps were prepared for screening. First, a SmaI

digest was performed for AAV2-inverted terminal

repeats (ITR) integrity to determine that the expected

bands were present. Bacterial clones were selected

when the expected bands were present in each of the

SmaI digest and the EcoRI-HF and HindIII-HF

digest. The pCLS-014 AAV plasmid (Fig. 1A) was

subjected to whole-plasmid sequencing (MGH DNA

core), and then, plasmid was purified using an endo-

free Gigaprep (Qiagen, Carlsbad, CA, USA) per-

formed by Alta Biotech (Aurora, CO, USA). We also

engineered a control AAV plasmid called AAV-null.

AAV-null contained all components of pCLS-014

AAV plasmid with the exception that it was devoid

of the DNase I cDNA.

2.5. AAV production

AAV-DNase I vector was produced using large-scale

polyethylenimine triple plasmid transfections of rep/

cap plasmid encoding the Anc80L65 capsid [30],

pCLS-014, and adenovirus helper plasmids in near-

confluent monolayers of HEK293 cells with further

purification on an iodixanol gradient at scale using tra-

ditional protocols. The purified AAV-DNase I vector

was reformulated in PBS supplemented with 35 mM

NaCl and 0.001% Pluronic F68, and quantitative PCR

revealed a titer of 1.0 9 013 genome copies per mL

(GC per mL). The purified AAV vector was analyzed

by SDS/PAGE, with three bands of 60, 72, and

90 kDa were observed in a ratio of ~ 1 : 1 : 10, which

corresponds to the VP1-3 proteins. AAV-null con-

tained all the components of CLS-014 transgene

expression cassette, with the exception that it was

devoid of DNase I cDNA.
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2.6. Histology

Formalin-fixed, paraffin-embedded liver and tumor

sections were stained with hematoxylin and eosin for

assessment of liver and tumor histology.

2.7. Immunohistochemistry and

immunofluorescence

For immunolabeling of tumor specimens, resected

mouse tumors were embedded in formalin. Slides were

deparaffinized and rehydrated two times in xylene for

5 min, two times in 100% EtOH for 5 min, two times

95% EtOH for 1 min then 5 min in running H2O.

Antigen retrieval was performed by heat induction in

antigen unmasking solution (Vector Laboratories, Bur-

lingame, CA, USA) using a microwave. Endogenous

peroxidases were quenched, and slides were blocked in

10% goat serum (Vector Laboratories) for 1 h at

25 °C. Slides were incubated in primary antibody

against CD45 (1 : 500 overnight at 4 °C) (BD

Pharmagin, San Diego, CA, USA), CD4, and CD8

(1 : 500 overnight at 4 °C) (Abcam, Cambridge, MA,

USA). Following three washes in PBS, slides were

incubated in secondary antibody 45 min at 25 °C.
After ABC and DAB (Vector Laboratories), slides

were counterstained with hematoxylin. Negative con-

trols included secondary antibodies alone. Two expert

pathologists blinded to the study groups determined

the percentage of the cells that stained positive for the

above-mentioned antibodies in tumors. This was deter-

mined by counting the number of positive cells in 10

random areas at a magnification of 9400 under light

microscopy.

Murine tumor specimens were frozen in Tissue-

Tek� Optimal Cutting Temperature compound (Gen-

price Inc., San Jose, CA, USA) and stored at �80 °C.
Cryostat (8-lm sections) was used for immunofluores-

cence staining. Tissue was fixed in 2% paraformalde-

hyde for 30 min at room temperature and incubated

with antihistone H3 antibody (Abcam) at 1 : 50 dilu-

tion and anti-mouse Ly6G antibody (BD Biosciences,

Fig. 1. AAV-DNase I transduction

of cultured human hepatoma cells

leads to DNase I secretion. (A) The

schematic construct of pAAV-

ApoEHCR enhancer-hAAT promoter-

hDNase I (hyperactive)-WPRE Xinact

(AKA, CLS-014). hAAT promoter,

human alpha antitrypsin promoter.

(B) DNase I levels were determined

at 24–72 h post-transduction with

different AAV vector concentrations

in HepG2 cells. Levels of AAV-

DNase I in culture media changes

with time and vector concentration.

n = 3. (C) Viability of cells as

indexed by trypan blue at 5 days

after AAV vector exposure to

HepG2. AAV-DNase I did not induce

cytotoxicity. n = 3. Data represent

mean � SD. The data were

analyzed by two-way ANOVA. Data

represent mean � SD. ****P <

0.0001.

2923Molecular Oncology 14 (2020) 2920–2935 ª 2020 The Authors. Published by FEBS Press and John Wiley & Sons Ltd.

Y. Xia et al. AAV-Deoxyribonuclease I reduces tumor metastasis



San Jose, CA, USA) at 1 : 50 dilution overnight at

4 °C. Following three washes with PBS, slides were

incubated with fluorescent-conjugated secondary anti-

body (Thermo Fisher Scientific) for 1 h followed by

Hoechst nuclear staining. Negative controls included

antibody isotypes and secondary antibody alone.

Imaging was performed using Olympus Fluoview 3000

microscope (Olympus Corporation, Shinjuku, Tokyo,

Japan).

2.8. Western blot

Cell lysates from tumor tissues were run on a 15%

Bis-Tris gel then transferred to a 0.2-mm nitrocellulose

membrane. After blocking in 5% BSA, membranes

were incubated overnight at 4 °C with primary anti-

bodies for histone H3 (Abcam) and b-actin (Cell Sig-

naling Technology, Danvers, MA, USA). Proteins

were visualized using IRDye� 800CW goat anti-rabbit

926–32 211 (1 : 10 000; LI-COR, Lincoln, NE, USA)

secondary antibodies. Images were captured with the

Odyssey system (LI-COR). The protein was semi-

quantified through the IMAGE STUDIO Ver 5.2 software

(LI-COR, Lincoln, NE, USA).

2.9. MPO-DNA quantification

To identify NETs in mouse serum, a capture ELISA

myeloperoxidase (MPO) associated with DNA was

performed as previously described [31].

2.10. DNase I concentration

The DNase I concentration in cell culture medium and

plasma samples was analyzed using a fluorescent probe

[32], representing hairpin oligonucleotide labeled with

fluorescent dye and quencher. The increase in fluores-

cence was monitored using Varioscan Flash plate

reader (Thermo Scientific). Culture medium and

plasma samples were diluted by 20-fold with the reac-

tion buffer. 0.25 µM concentration of florescent probe

was used. Calibration curve for DNase I concentration

estimation was obtained using serial dilution of pure

DNase I (Pulmozyme�, Dornase alfa) (Genentech,

South San Francisco, CA, USA) assuming its concen-

tration is 1 mg�mL�1 according to supplier and Mw

31 kDa. DNase I concentration in samples was esti-

mated using linear regression (Fig. S1).

2.11. Quantitative polymerase chain reaction

RNA was extracted from liver tissues and purified

(RNeasy Kit; Qiagen, Germantown, MD, USA), and

1 lg of total RNA was reverse-transcribed into com-

plementary DNA (PrimeScript RT Master Mix;

Takara, Mountain View, CA, USA). Expression levels

were determined by real-time quantitative PCR (ABI

Technologies, Foster City, CA, USA). The relative

expression of target genes was normalized by b-actin
expression as an internal control. b-Actin was mea-

sured by using the 50-GCTCTTTTCCAGCCTTCCTT-

30, forward and 50-TGATCCACATCTGCTGGAAG-

30, reverse primers. DNase I was measured by using

the 50-ATGCGGTACAC-AGGGCTAATG-30, for-

ward and 50-AAAAGTCCGAATGTTGAAGGCT-30,
reverse primers.

2.12. Serum analysis

Serum alanine aminotransferase (ALT), aspartate

aminotransferase (AST), alkaline phosphatase, and

total bilirubin were measured using HesKa Dri-Chem

4000 (Heska, Loveland, CO, USA).

2.13. Flow cytometry analysis

The tumors were minced with surgical scissors and dis-

sociated in an enzymatic solution of collagenase D

(1 mg�mL�1) (Roche, Mannheim, Germany) and

DNase I (100 lg�mL�1) for 30 min at 37 °C in a water

bath with continuous agitation. After this treatment,

the enzymatic solution was inactivated by adding

DMEM with 10% FBS and was immediately cen-

trifuged at 400 g for 5 min at 4 °C. The cell suspen-

sion was filtered through a 70-lm cell strainer,

subjected to discontinuous Percoll gradient separation

(GE Healthcare, Pittsburgh, PA, USA). The cells were

collected from their respective density fractions and

prepared for flow cytometry analysis. One negative

sample (no antibody) was used for gating purposes.

Cell populations were determined by electronic gating

based on forward versus side scatter. The CD45+ pop-

ulation was further characterized for T cells (CD3+/

CD4+ and CD3+/CD8+) and neutrophils (CD11b+/

Ly6G+). Flow cytometric data acquisition was per-

formed using the LSRFortessaTM flow cytometer (BD

Biosciences).

2.14. Statistical analysis

All values are expressed as the mean � SD. Depend-

ing on the distribution (normal or non-normal), either

the t-test, ANOVA, or the Mann–Whitney U-test was

performed in statistical analysis to compare differences

between the groups. All statistical analyses were per-

formed using GRAPHPRISM 8 (GraphPad Software, Inc.,
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La Jolla, CA, USA). The following designations apply

to all figures: *P < 0.05, **P < 0.01, ***P < 0.001,

****P < 0.0001. P-value < 0.05 was considered signifi-

cant.

3. Results

3.1. AAV-DNase I transduction of cultured

human hepatoma cells leads to DNase I secretion

Human DNase I was cloned into an AAV expression

plasmid (CLS-014 AAV plasmid) with a liver-specific

promoter and packaged into the Anc80L65 capsid

(Fig. 1A). HepG2 hepatoma cells were transduced with

AAV-DNase I to produce DNase I or AAV-null as neg-

ative control. Cell culture media were collected over

time to determine the levels of active DNase I. As shown

in Fig. 1B, AAV-DNase I efficiently transduced HepG2

cells and significantly increased DNase I concentration

in cell supernatants continually up to 72 h post-trans-

fection. Similarly, DNase I concentration in the culture

supernatant was also clearly increased in a dose-depen-

dent manner (1 9 104–1 9 106 GC/cell). The potential

toxicity of AAV-DNase I was compared with that of

AAV-null transduced cells (Fig. 1C). After AAV-

DNase I transduction, the proportion of dead cells in

HepG2 cell culture at 5 days did not differ significantly

with that of the AAV-null transduced cells at any MOI

examined. These findings indicate that AAV-mediated

DNase I gene transfer into cells of hepatocyte origin

in vitro lead to sustainable secretion of DNase I in a

dose-dependent manner.

3.2. Systemic administration of AAV-DNase I

mediates liver expression and secretion of DNase

I in vivo

We next determined that a single IV AAV-DNase I

injection at 1.05 9 1012 GC per mouse resulted in sig-

nificant increase of DNase I gene expression by day 21

in the liver, as compared with the AAV-null group

(P < 0.05, Fig. 2A). To compare the concentration of

serum DNase I in the group of animals receiving single

IV 1.05 9 1012 GC/mouse of AAV-DNase I to ani-

mals receiving daily DNase I IP injections (50 lg�per
mouse per�day), blood samples were assayed at day 0

and 21 after MC38 colon adenocarcinoma cells were

injected via the portal vein. A dose of 1.05 9 1012

GC/mouse vector genomes was systemically adminis-

tered through the tail vein 4 days after MC38 injec-

tion. Serum DNase I concentration was higher at day

17 after AAV-DNase I treatment compared to mice

that underwent daily DNase I injection via the IP

route (P < 0.0001; Fig. 2B). Due to gender differences

in AAV-mediated transgene expression, we also

detected DNase I concentration in female mice. The

level of serum DNase I significantly increased after

AAV-DNase I injection in female mice at day 21

(Fig. 2C). To examine potential liver injury of AAV-

DNase I, markers of hepatocellular injury and

cholestasis (ALT, AST, ALP, and total bilirubin) were

evaluated at baseline and day 21 after AAV-DNase I

injection in wild-type mice. We found no difference in

hepatocellular injury and cholestasis markers in mice

with and without AAV-DNase I injection (Fig. 2D–
G). These results suggest DNase I can be effectively

expressed and released in vivo following AAV-medi-

ated DNase I liver gene transfer.

3.3. AAV-mediated DNase I liver gene transfer

reduces the growth of colorectal liver metastases

To determine whether AAV-DNase I injection could

inhibit the progression of CRC liver metastasis, we

injected a luciferase-expressing colon cancer cell line

(MC38) into mice via the portal vein. Four days after

MC38 cell injection, mice were given a single IV injec-

tion of 1.05 9 1012 GC/mouse of AAV-DNase I or

1.05 9 1012 GC/mouse of AAV-null as negative con-

trol and monitored for 21 days (Fig. 3A). Biolumines-

cent imaging shows metastasis development in AAV-

DNase I-treated mice was lessened compared to mice

in the AAV-null group (P < 0.05; Fig. 3B,C). Previous

work from our laboratory demonstrated that the

development of gross metastases was attenuated by

chronic administration of DNase I protein as it cleaves

the DNA strands comprising NET structures [22,23].

Similarly, in this study, single AAV-DNase I adminis-

tration inhibited the progression of liver metastasis in

both male and female mice compared to the AAV-

null-treated mice (Fig. 3D). AAV-DNase I treatment

also significantly decreased the number of metastatic

nodules (P < 0.05) (Fig. 3E). A lower liver weight to

body weight ratio in AAV-DNase I-treated mice was

observed compared to AAV-null treated mice

(P < 0.05; Fig. 3F). These results further validate that

AAV-DNase I treatment inhibits the progression of

liver metastasis in CRC model.

3.4. AAV-mediated DNase I reduces neutrophil

recruitment and inhibits NET formation in CRC

liver metastasis and in circulation

In the tumor microenvironment, the presence of

immune cells plays a crucial role in cancer
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development [33]. HE staining revealed the tumor

immune cell load following AAV-null and AAV-

DNase I treatment at day 21. Based on previous stud-

ies, most of the immune cells present were CD45+ [34].

The percentage of CD45+ immune cell infiltration was

significantly higher in AAV-DNase I-treated mice than

the AAV-null-treated group (Fig. 4A; P < 0.0001). In

human tumors, neutrophils make up a significant por-

tion of the immune infiltrate in a wide variety of can-

cer types and increased levels of neutrophils and NETs

in tumors is associated with poor prognosis in many

patients with advanced cancers [13,35]. Flow cytometry

of tumor tissues revealed that neutrophil infiltration

(CD11b+/Ly6G+ neutrophils) was significantly reduced

in the AAV-DNase I-treated group (P < 0.05;

Fig. 4B). Activated neutrophils can release NETs and

facilitate capture of circulating cancer cells and sup-

port tumor metastasis [11]. In addition, disseminating

tumor cells can in turn stimulate neutrophils to form

NETs and treatment with NET-digesting DNase I

inhibits metastasis [36]. We thus examined whether the

targets of DNase I could be tumor-derived NETs in

Fig. 2. Systemic administration of AAV-DNase I mediates liver expression and secretion of DNase I in vivo. (A) Gene expression of DNase I

in AAV vector-injected liver. Livers were isolated at 21 days from AAV-DNase I group and total RNA was extracted. n = 3 mice/group. Data

were analyzed by Welch’s t-test. (B, C) DNase I secretion from AAV-DNase I-treated mice after MC38 injection. AAV-DNase I was

systemically administered through the tail vein 4 days after MC38 injection. On day 17 after AAV-DNase treatment, the levels of DNase I

were significantly higher than levels before AAV-DNase I injection and daily DNase I IP-injected group in tumor-bearing mice. n = 5 mice/

group. Data were analyzed by two-way ANOVA and Student’s t-test. (D, E, F, and G) The levels of hepatocellular injury and cholestasis

markers (ALT, AST, ALP, TBIL). AAV-DNase I did not increase markers of liver injury in wild-type mice. n = 4 mice/group. Data were

analyzed by Student’s t-test. All data represent mean � SD. *P < 0.05, ***P < 0.001, ****P < 0.0001.
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blood plasma since high levels of NETs and decreased

DNase activity of blood plasma have been found in

patients with metastatic cancers [37,38]. The protein

level of citrullinated histone H3 (CitH3), a marker of

NET formation, was markedly lower in the tumors of

AAV-DNase I-treated mice compared to AAV-null-

treated mice (P < 0.01; Fig. 4C). Similarly, levels of

NETs in the circulation as measured by MPO-DNA

complexes were significantly reduced in the AAV-

DNase I-treated mice (P < 0.01, P < 0.05, Fig. 4D).

Tumor tissues from both AAV-DNase I and AAV-null

group were then harvested after 3 weeks of growth

and stained for neutrophils (Ly6G), NETs (CitH3),

and GFP-labeled tumor cells. Immunofluorescent

images revealed NETs were abundant in the AAV-null

treated mice but absent in AAV-DNase I-treated mice

(Fig. 4E, P < 0.01, P < 0.001). These findings suggest

that AAV-mediated DNase I liver gene transfer inhib-

ited neutrophil infiltration and NET formation in

tumor tissues.

3.5. AAV-mediated DNase I liver gene transfer

recruits CD8+ T cells to CRC liver metastasis

Our results above demonstrate that AAV-mediated

DNase I liver gene transfer can modulate innate

immune responses to the tumor. However, adaptive

immune cells in the tumor microenvironment play an

equally crucial role in tumor control. We next ana-

lyzed CD4+ T cells and CD8+ T cells in the metastatic

tissue by immunohistochemistry. Compared to the

AAV-null treated group, the percentage of CD8+ T

cells at the tumor site was greatly increased in the

AAV-DNase I-treated group (P < 0.01, Fig. 5A).

CD8+ T cells can detect and kill tumors through cyto-

toxic molecules, such as granzymes and perforin [39].

In contrast, the percentage of CD4+ T cells at the

tumor sites in the AAV-DNase I-treated mice was not

significantly different from those in the AAV-null trea-

ted group (Fig. 5B). Similar results of the contrasting

percentages of CD4+ and CD8+ T cells in tumor tis-

sues were also detected and confirmed by flow cytome-

try (Fig. 5C,D). The proportion of CD8+ T cells was

significantly higher in AAV-DNase I-treated mice

when compared with AAV-null treated mice

(P < 0.05). Though not significant, the proportion of

CD4+ T cells had a decreasing trend in AAV-DNase I-

treated mice. These results suggest AAV-mediated

DNase I liver gene transfer induced antitumor immune

responses through modulation of both innate and

adaptive immune mechanisms.

4. Discussion

DNase I has been shown to be a potential biomarker

in cancer patients as levels increase after successful

treatment interventions and during remission. In addi-

tion, the failure of DNase I levels to increase in

response to treatment is correlated with poor cancer

prognosis [40,41]. DNase I displays certain antimeta-

static effects in a number of different tumor models

[19–22]. However, DNase I as a cancer therapeutic is

questionable due to its short half-life, potential

requirement for lifelong use, and presence of potent

DNase I inhibitors in the blood of cancer patients [42].

For example, actin, a major constituent of the micro-

filament system of eukaryotic cells can bind DNase I

with nanomolar affinity and inhibit DNase I enzymatic

activity almost entirely. Upon apoptotic and necrotic

cell death, a significant amount of monomeric actin is

released into the circulation thereby inhibiting DNase

I catalytic activity in blood [43]. Methods to address

this limitation in clinical use include studies utilizing

DNase I-coated nanoparticles [36]. Mice treated with

DNase I-coated nanoparticles displayed an increased

concentration of DNase I but still required daily IP

injection to reduce tumor metastasis. Similarly, DNase

I attached to polysialic acid (PSA) has also been

explored to improve in vivo pharmacological properties

[44]. Although PSA could extend circulation time of

DNase I by diminishing its excretion, its specific

expression of DNase I was transient.

The present work provides evidence of inhibition of

colorectal liver metastasis upon administration of an

AAV vector encoding DNase I (CLS014). Since the

majority of intestinal mesenteric drainage makes its

first pass through the hepatic portal venous system, we

consider liver-specific expression with subsequent

Fig. 3. AAV-mediated DNase I liver gene transfer reduces the growth of colorectal liver metastases. (A) Schematic showing experimental

design in vivo. (B, C) The use of luciferase-labeled MC38 cells allowed in vivo tracking of tumor growth with bioluminescence imaging. In

the AAV-DNase I-treated group, we demonstrated that tumor growth is significantly inhibited at days 7, 14, and 21. n = 7 mice/group. Data

were analyzed by Student’s t-test or Mann–Whitney U-test. (D) Liver metastasis model using MC38 cells (1 9 106) injected through the

portal vein, showing smaller tumors harvested 3 weeks postinoculation in AAV-DNase I-treated mice compared with AAV-null control. Scale

bar = 1cm. (E, F) Graphs showing that AAV-DNase I significantly decreased surface tumor nodules on liver and lower ratio of liver weight/

body weight compared with AAV-null group. n = 8 mice/group. Data were analyzed by Mann–Whitney U-test. Data represent mean � SD,

*P < 0.05.
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secretion of DNase I to liver sinusoids would be

preferable delivery solution for CRC. We used a hepa-

totropic AAV utilizing Anc80L65 capsid to deliver

DNase I into mouse hepatocytes and achieved a sus-

tained DNase I expression in vivo. Anc80L65, a novel

AAV capsid designed from in silico reconstruction of

the viral evolutionary lineage, previously demonstrated

robust transduction capabilities after local delivery

into the liver compared with conventional AAVs [30].

Interestingly, the generation of NETs by neutrophils is

accompanied by massive degradation of actin in the

cytoplasm of neutrophils and release of actin into cir-

culation [26]. The DNase I sequence in CLS014 trans-

gene expression cassette has been reengineered to

produce DNase I precursor with amino acid substitu-

tions Q9R/E13R/N74K/A114F yielding DNase I pro-

tein with increased enzymatic activity and insensitive

to actin inhibition [45,46].

In this study, we use intraportal injection of colon

cancer cells (MC38) to mimic the vascular spread of

CRC metastasis. Compared with the commonly used

injection of tumor cells into the spleen with subsequent

splenectomy, intraportal injection is technically more

difficult [47]. However, intraportal injection of tumor

cells mimics the natural metastatic process more clo-

sely than intrasplenic, and splenectomy is not fit for

the research of immune system. Although a rate of

10% portal venous thrombosis following intrahepatic

injection is described [48], we did not observe any

thrombotic complication when we injected one million

MC38 cells in our models.

In this study, we achieved out translational objec-

tive: a single IV injection of CLS014 at 1.05 9 1012

GC dose was sufficient to reduce NET deposition in

tumor tissue, to decrease levels of circulating NETs in

blood, and to suppress the development of CRC liver

metastasis in a preclinical immunocompetent mouse

model without any signs of potential liver injury as

measured by the end of treatment period. Fortunately,

AAV vectors have been utilized in many clinical trials

to deliver agents and have proven their safety and

therapeutic efficacy in various diseases, including can-

cers [49]. AAV-mediated DNase I liver gene transfer

thus might provide efficient alternative to long-term

multiple daily injections of DNase I protein which

otherwise might be required. However, NETs that are

expelled from dying neutrophils are an important first-

line defense mechanism against bacterial, viral, fungal,

and parasitic infections. Lifelong DNase I overexpres-

sion with digestion of NETs may have the potential to

attenuate the control of pathogens. In addition, the

recent study utilizing a different AAV9 variant and

transgene indicates that systemic and sensory neuron

toxicity may be general properties of IV delivery of

AAV vectors at high doses, irrespective of the capsid

serotype or transgene [50]. These potential negative

effects require further investigation.

The tumor microenvironment is a complex network

in which immune cells play pivotal roles in initiating

and promoting cancer development or immune-medi-

ated tumor regression. The present work provides the

evidence that AAV-mediated DNase I liver gene trans-

fer modulates both innate and adaptive immune

responses in tumor microenvironment through suppres-

sion of neutrophil recruitment and parallel increase of

tumor CD8+ T-cell load. Neutrophils are the most abun-

dant effector cells of innate immunity, and accumulating

evidence has revealed the prominent role of neutrophils

in infiltrating tumor tissues to promote growth, inva-

sion, angiogenesis, and metastasis in various types of

cancers [51]. Previous evidence suggests that release of

NETs mediates the procancerous behavior of neu-

trophils [52]. Our results show that AAV-mediated

DNase I liver gene transfer significantly decreases the

percentage of neutrophils and NET formation in meta-

static tissue. In addition to physical cleavage of NET

deposits, DNase I can reduce neutrophil infiltration and

NET formation by attenuation TLR9 signaling [22],

CXCL2 activation [53], and downregulation of CXCL2

and integrin a M expression [54].

Within the tumor microenvironment, the adaptive

immune system is also highly involved in tumor

Fig. 4. AAV-mediated DNase I reduces neutrophil recruitment and inhibits NET formation in CRC liver metastasis and in circulation. (A)

Representative images of H&E staining and immunohistochemical labeling for CD45 in the section exhibit increased immune cells in mice

with AAV-DNase I treatment compared with AAV-null treated group. Quantification of CD45-positive staining is expressed as a percentage

average in the 10 fields. Magnification, 9200; magnified, 9400. Scale bar = 50 lm. n = 4 mice/group. Data were analyzed by Mann–

Whitney U-test. (B) Flow cytometry of tumor tissue showing neutrophils infiltration. n = 4 mice/group. Data were analyzed by Student’s t-

test. (C and D) The expression of CitH3 by western blot analysis and quantification of serum MPO-DNA by ELISA were assessed at

21 days. n = 3–7 mice/group. Data were analyzed by Student’s t-test and Kruskal–Wallis test. (E) Immunofluorescent staining of tumor

tissue shows NET formation 21 days after tumor cell injection in AAV-DNase I and AAV-null treated mice. Nucleus, blue; tumor cells labeled

with GFP, green; Ly6G, yellow; CitH3, red. Magnification, 960. Scale bar = 50lm. Quantification of Ly6G positive or CitH3-positive

fluorescence intensity. n = 4 mice/group. Data were analyzed by Student’s t-test. All data represent mean � SD, *P < 0.05, **P < 0.01,

***P < 0.001, ****P < 0.0001.
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control [55]. CD8+ T cells, as major effectors for anti-

gen-specific antitumor immunity, can recognize and

kill malignant cells [56]. CD8+ T-cell infiltration in

liver metastasis is associated with better prognosis [57].

Our results indicate that AAV-mediated DNase I liver

gene transfer enhanced CD8+ T-cell infiltration of liver

metastasis. Interestingly, though not significant, the

proportion of CD4+ T cells had a decreasing trend in

AAV-DNase I-treated mice. It has been shown that

recruitment of regulatory CD4+ T cells into tumors via

secretion of CCL17 by tumor accumulating neu-

trophils represent a potent mechanism of impairment

of local antitumor immunity [58]. It has been shown

that NETs wrap and coat tumor cells and shield them

from cytotoxicity, as mediated by CD8+ T cells and

natural killer cells, by obstructing contact between

immune cells and the surrounding target cells. Thus,

reduced deposition of NETs might unlock the target

access for immune effector cells. In addition, CD8+ T-

cell transwell migration was profoundly inhibited by

NETs, while DNase I-mediated removal of NETs

restored CD8+ T-cell migration [59]. The mechanism

by which AAV-DNase I induces CD8+ T-cell infiltra-

tion is unknown. One possibility may be through

DNase I treatment to increase sensing by TLR9 on

CD8+ T cells. It has been demonstrated that TLR9

agonist effectively increases tumor infiltration by CD8+

T cells [60]. Furthermore, tumor accumulating neu-

trophils can produce NETs enriched with PD-L1

thereby inhibiting cytokine production and prolifera-

tive capacity of tumor infiltrating lymphocytes through

PDL-1/PD-1 axis. DNase I treatment reverses the

functionality of tumor infiltrating lymphocytes.

Therefore, our findings suggest that AAV-mediated

DNase I liver gene transfer might rebalance innate and

adaptive immune response in the tumor microenviron-

ment and restore immune control on cancer cells as

one of the mechanisms inhibiting CRC metastasis

development in the liver.

5. Conclusions

Our research provides early evidence that AAV-medi-

ated DNase I liver gene transfer inhibits the develop-

ment of CRC liver metastasis in preclinical setting and

warrants further translational development of CLS014

gene therapy. Our findings highlight new perspectives

for understanding the mechanisms that restore innate

and adaptive immune response in the tumor microen-

vironment by targeting tumor-associated NETs with

AAV-DNase I.

Acknowledgements

We thank the CPMPSR supported in part by NCI

grant P30 CA016058 and Small Animal Core sup-

ported by NIH grant 1S10OD020006-01 for their tech-

nical assistance.

This work was supported by the National Institute

of Health grants R01-GM95566 (AT), R01-CA214865-

02 (AT), and by the National Natural Science Founda-

tion of China Grant Number 81700515 (YX).

Conflict of interest

CAM has a financial interest in Chameleon Bio-

sciences, Inc., a company developing an enveloped

AAV vector platform technology. CAM interests were

reviewed and are managed by Massachusetts General

Hospital and Partners HealthCare in accordance with

their conflict of interest policies. CAM serves as a con-

sultant of the scientific advisory board of CLS thera-

peutics, a gene therapy company with interest in

developing an AAV-based gene therapy for pancreatic

cancer. GT and DG are co-inventors on United States

Patent Application 20190241908 for Treatment of dis-

eases by liver expression of an enzyme which has a

deoxyribonuclease (DNase) activity.

Data Accessibility

The raw research data are available from the corre-

sponding author upon reasonable request.

Author contributions

AT and YX performed the conception and design;

YX, JH, HZ, HW, AS, ST, AO, and VU executed the

experiments; JH and YW acquired data; CAM, GT,

VT, and DG involved in the development of method-

ology. YX, AT, GT, HH, and DG wrote, reviewed,

and revised the manuscript.

Fig. 5. AAV-mediated DNase I liver gene transfer recruits CD8+ T cells to CRC liver metastasis. (A and B) The ratios of CD8+ and CD4+ T

cells in tumors. Quantification of CD4-positive or CD8-positive staining is expressed as a percentage average in the 10 fields. Magnification,

9200; magnified, 9400. Scale bar = 50 lm. Data were analyzed by Student’s t-test or Mann–Whitney U-test. (C, D) Quantification of

cellular percentages in tumor tissues by flow cytometry. Data were analyzed by Student’s t-test. All data represent mean � SD; n = 4 mice/

group, *P < 0.05, **P < 0.01.

2932 Molecular Oncology 14 (2020) 2920–2935 ª 2020 The Authors. Published by FEBS Press and John Wiley & Sons Ltd.

AAV-Deoxyribonuclease I reduces tumor metastasis Y. Xia et al.



References

1 Siegel RL, Miller KD & Jemal A (2019) Cancer

statistics, 2019. CA Cancer J Clin 69, 7–34.
2 Zarour LR, Anand S, Billingsley KG, Bisson WH,

Cercek A, Clarke MF, Coussens LM, Gast CE,

Geltzeiler CB, Hansen L et al. (2017) Colorectal cancer

liver metastasis: evolving paradigms and future

directions. Cell Mol Gastroenterol Hepatol 3, 163–173.
3 Hackl C, Neumann P, Gerken M, Loss M,

Klinkhammer-Schalke M & Schlitt HJ (2014) Treatment

of colorectal liver metastases in Germany: a ten-year

population-based analysis of 5772 cases of primary

colorectal adenocarcinoma. BMC Cancer 14, 810.

4 Manfredi S, Lepage C, Hatem C, Coatmeur O, Faivre J

& Bouvier AM (2006) Epidemiology and management

of liver metastases from colorectal cancer. Ann Surg

244, 254–259.
5 Engstrand J, Nilsson H, Str€omberg C, Jonas E &

Freedman J (2018) Colorectal cancer liver metastases -

a population-based study on incidence, management

and survival. BMC Cancer 18, 78.

6 Center MM, Jemal A & Ward E (2009) International

trends in colorectal cancer incidence rates. Cancer

Epidemiol Biomarkers Prev 18, 1688–1694.
7 Ohhara Y, Fukuda N, Takeuchi S, Honma R, Shimizu

Y, Kinoshita I & Dosaka-Akita H (2016) Role of

targeted therapy in metastatic colorectal cancer. World

J Gastroint Oncol 8, 642–655.
8 Brinkmann V, Reichard U, Goosmann C, Fauler B,

Uhlemann Y, Weiss DS, Weinrauch Y & Zychlinsky A

(2004) Neutrophil extracellular traps kill bacteria.

Science 303, 1532–1535.
9 Sørensen OE & Borregaard N (2016) Neutrophil

extracellular traps - the dark side of neutrophils. J Clin

Invest 126, 1612–1620.
10 Albrengues J, Shields MA, Ng D, Park CG, Ambrico A,

Poindexter ME, Upadhyay P, Uyeminami DL, Pommier

A, K€uttner V et al. (2018) Neutrophil extracellular traps

produced during inflammation awaken dormant cancer

cells in mice. Science 361, eaao4227.

11 Cools-Lartigue J, Spicer J, McDonald B, Gowing S,

Chow S, Giannias B, Bourdeau F, Kubes P & Ferri L

(2013) Neutrophil extracellular traps sequester

circulating tumor cells and promote metastasis. J Clin

Invest 123, 3446–3458.
12 Yang L, Liu Q, Zhang X, Liu X, Zhou B, Chen J,

Huang D, Li J, Li H, Chen F et al. (2020) DNA of

neutrophil extracellular traps promotes cancer

metastasis via CCDC25. Nature 583, 133–138.
13 Jin W, Xu HX, Zhang SR, Li H, Wang WQ, Gao HL,

Wu CT, Xu JZ, Qi ZH, Li S et al. (2019) Tumor-

infiltrating NETs predict postsurgical survival in

patients with pancreatic ductal adenocarcinoma. Ann

Surg Oncol 26, 635–643.

14 Demers M & Wagner DD (2014) NETosis: a new

factor in tumor progression and cancer-associated

thrombosis. Semin Thromb Hemost 40, 277–283.
15 Huang H, Tohme S, Al-Khafaji AB, Tai S, Loughran

P, Chen L, Wang S, Kim J, Billiar T, Wang Y et al.

(2015) Damage-associated molecular pattern-activated

neutrophil extracellular trap exacerbates sterile

inflammatory liver injury. Hepatology 62, 600–614.
16 Cedervall J, Hamidi A & Olsson AK (2018) Platelets,

NETs and cancer. Thromb Res 164 (Suppl 1), S148–
S152.

17 Lin C, Herlihy SE, Li M, Deng H, Bernabei L,

Gabrilovich DI, Vogl DT & Nefedova Y (2019) NETs

promote tumor resistance to anthracyclines. Cancer Res

79 (13 Suppl). (AACR Annual Meeting) Abstract nr

2103.

18 Mittra I, Pal K, Pancholi N, Shaikh A, Rane B, Tidke

P, Kirolikar S, Khare NK, Agrawal K, Nagare H et al.

(2017) Prevention of chemotherapy toxicity by agents

that neutralize or degrade cell-free chromatin. Ann

Oncol 28, 2119–2127.
19 Alekseeva LA, Sen’kova AV, Zenkova MA &

Mironova NL (2020) Targeting circulating SINEs and

LINEs with DNase I provides metastases inhibition in

experimental tumor models. Mol Ther Nucleic Acids 20,

50–61.
20 Salganik RI, Martynova RP, Matienko NA &

Ronichevskaya GM (1967) Effect of deoxyribonuclease

on the course of lymphatic leukaemia in AKR mice.

Nature 214, 100–102.
21 Sugihara S, Yamamoto T, Tanaka H, Kambara T,

Hiraoka T & Miyauchi Y (1993) Deoxyribonuclease

treatment prevents blood-borne liver metastasis of

cutaneously transplanted tumour cells in mice. Br J

Cancer 67, 66–70.
22 Tohme S, Yazdani HO, Al-Khafaji AB, Chidi AP,

Loughran P, Mowen K, Wang Y, Simmons R, Huang

H & Tsung A (2016) Neutrophil extracellular traps

promote the development and progression of liver

metastases after surgical stress. Cancer Res 76, 1367–
1380.

23 Yazdani HO, Roy E, Comerci AJ, van der Windt DJ,

Zhang H, Huang H, Loughran P, Shiva S, Geller D,

Bartlett DL et al. (2019) Neutrophil extracellular traps

drive mitochondrial homeostasis in tumors to augment

growth. Cancer Res 79, 5626–5639.
24 Davis JC Jr, Manzi S, Yarboro C, Rairie J, Mcinnes I,

Averthelyi D, Siniscropi D, Hale VG, Balow J, Austin

H et al. (1999) Recombinant human Dnase I (rhDNase)

in patients with lupus nephritis. Lupus 8, 68–76.
25 Mohler M, Cook J, Lewis D, Moore J, Sinicropi D,

Championsmith A, Ferraiolo B & Mordenti J (1993)

Altered pharmacokinetics of recombinant human

deoxyribonuclease in rats due to the presence of a

binding protein. Drug Metab Dispos 21, 71–75.

2933Molecular Oncology 14 (2020) 2920–2935 ª 2020 The Authors. Published by FEBS Press and John Wiley & Sons Ltd.

Y. Xia et al. AAV-Deoxyribonuclease I reduces tumor metastasis



26 Metzler KD, Goosmann C, Lubojemska A, Zychlinsky

A & Papayannopoulos V (2014) A myeloperoxidase-

containing complex regulates neutrophil elastase release

and actin dynamics during NETosis. Cell Rep 8, 883–
896.

27 Lazarides E & Lindberg U (1974) Actin is the naturally

occurring inhibitor of deoxyribonuclease I. Proc Natl

Acad Sci USA 71, 4742–4746.
28 Naso MF, Tomkowicz B, Perry WL 3rd & Strohl WR

(2017) Adeno-Associated Virus (AAV) as a vector for

gene therapy. BioDrugs 31, 317–334.
29 Mingozzi F & High KA (2011) Therapeutic in vivo gene

transfer for genetic disease using AAV: progress and

challenges. Nat Rev Genet 12, 341–355.
30 Zinn E, Pacouret S, Khaychuk V, Turunen HT,

Carvalho LS, Andres-Mateos E, Shah S, Shelke R,

Maurer AC, Plovie E et al. (2015) In silico

reconstruction of the viral evolutionary lineage yields a

potent gene therapy vector. Cell Rep 12, 1056–1068.
31 Kessenbrock K, Krumbholz M, Sch€onermarck U, Back

W, Gross WL, Werb Z, Gr€one HJ, Brinkmann V &

Jenne DE (2009) Netting neutrophils in autoimmune

small-vessel vasculitis. Nat Med 15, 623–625.
32 Terekhov SS, Smirnov IV, Stepanova AV, Bobik TV,

Mokrushina YA, Ponomarenko NA, Belogurov AA Jr,

Rubtsova MP, Kartseva OV, Gomzikova MO et al.

(2017) Microfluidic droplet platform for ultrahigh-

throughput single-cell screening of biodiversity. Proc

Natl Acad Sci USA 114, 2550–2555.
33 Hanahan D & Coussens LM (2012) Accessories to the

crime: functions of cells recruited to the tumor

microenvironment. Cancer Cell 21, 309–322.
34 Torlakovic EE, Naresh K, Kremer M, van der Walt J,

Hyjek E & Porwit A (2009) Call for a European

programme in external quality assurance for bone

marrow immunohistochemistry; report of a European

Bone Marrow Working Group pilot study. J Clin

Pathol 62, 547–551.
35 Schmidt H, Bastholt L, Geertsen P, Christensen IJ,

Larsen S, Gehl J & von der Maase H (2005) Elevated

neutrophil and monocyte counts in peripheral blood are

associated with poor survival in patients with metastatic

melanoma: a prognostic model. Br J Cancer 93, 273–278.
36 Park J, Wysocki RW, Amoozgar Z, Maiorino L, Fein

MR, Jorns J, Schott AF, Kinugasa-Katayama Y, Lee

Y, Won NH et al. (2016) Cancer cells induce

metastasis-supporting neutrophil extracellular DNA

traps. Sci Transl Med 8, 361ra138.

37 Cherepanova AV, Tamkovich SN, Bryzgunova OE,

Vlassov VV & Laktionov PP (2008) Deoxyribonuclease

activity and circulating DNA concentration in blood

plasma of patients with prostate tumors. Ann N Y Acad

Sci 1137, 218–221.
38 Th�alin C, Lundstr€om S, Seignez C, Daleskog M,

Lundstr€om A, Henriksson P, Helleday T, Phillipson M,

Wall�en H & Demers M (2018) Citrullinated histone H3

as a novel prognostic blood marker in patients with

advanced cancer. PLoS One 13, e0191231.

39 Mart�ınez-Lostao L, Anel A & Pardo J (2015) How do

cytotoxic lymphocytes kill cancer cells? Clin Cancer Res

21, 5047–5056.
40 Dewez B, Lans M, Allaeys V, Karaoglou A, Taper H &

Roberfroid M (1993) Serum alkaline deoxyribonuclease

activity, a sensitive marker for the therapeutic

monitoring of cancer patients: methodological aspects.

Eur J Clin Chem Clin Biochem 31, 793–797.
41 Patel PS, Patel BP, Rawal RM, Raval GN, Patel MM,

Patel JB, Jha FP & Patel DD (2000) Evaluation of

serum alkaline DNase activity in treatment monitoring

of head and neck cancer patients. Tumour Biol 21, 82–
89.

42 Tamkovich SN, Cherepanova AV, Kolesnikova EV,

Rykova EY, Pyshnyi DV, Vlassov VV & Laktionov PP

(2006) Circulating DNA and DNase activity in human

blood. Ann N Y Acad Sci 1075, 191–196.
43 Dinsdale RJ, Hazeldine J, Al Tarrah K, Hampson P,

Devi A, Ermogenous C, Bamford AL, Bishop J, Watts

S, Kirkman E et al. (2020) Dysregulation of the actin

scavenging system and inhibition of DNase activity

following severe thermal injury. Br J Surg 107, 391–
401.

44 Meng H, Jain S, Lockshin C, Shaligram U, Martinez J,

Genkin D, Hill DB, Ehre C, Clark D & Hoppe Iv H

(2018) Clinical application of polysialylated

deoxyribonuclease and erythropoietin. Recent Pat Drug

Deliv Formul 12, 212–222.
45 Manderson AP, Carlucci F, Lachmann PJ, Lazarus

RA, Festenstein RJ, Cook HT, Walport MJ & Botto M

(2006) The in vivo expression of actin/salt-resistant

hyperactive DNase I inhibits the development of anti-

ssDNA and anti-histone autoantibodies in a murine

model of systemic lupus erythematosus. Arthritis Res

Ther 8, R68.

46 Pan CQ & Lazarus RA (1997) Engineering hyperactive

variants of human deoxyribonuclease I by altering its

functional mechanism. Biochemistry 36, 6624–6632.
47 Thalheimer A, Otto C, Bueter M, Illert B, Gattenlohner

S, Gasser M, Meyer D, Fein M, Germer CT & Waaga-

Gasser AM (2009) The intraportal injection model: a

practical animal model for hepatic metastases and

tumor cell dissemination in human colon cancer. BMC

Cancer 9, 29.

48 Casey ME, Edwards CT & Holder WD Jr (1988) Site-

directed metastasis: a model to study site variations in

treatment response. J Surg Res 45, 443–451.
49 Di L, Zhu Y, Jia J, Yu J, Song G, Zhang J, Che L,

Yang H, Han Y, Ma B et al. (2012) Clinical safety of

induced CTL infusion through recombinant adeno-

associated virus-transfected dendritic cell vaccination in

Chinese cancer patients. Clin Transl Oncol 14, 675–681.

2934 Molecular Oncology 14 (2020) 2920–2935 ª 2020 The Authors. Published by FEBS Press and John Wiley & Sons Ltd.

AAV-Deoxyribonuclease I reduces tumor metastasis Y. Xia et al.



50 Hinderer C, Katz N, Buza EL, Dyer C, Goode T, Bell

P, Richman LK & Wilson JM (2018) Severe toxicity in

nonhuman primates and piglets following high-dose

intravenous administration of an adeno-associated virus

vector expressing human SMN. Hum Gene Ther 29,

285–298.
51 Granot Z & Jablonska J (2015) Distinct functions of

neutrophil in cancer and its regulation. Mediators

Inflamm 2015, 701067.

52 Mantovani A, Cassatella MA, Costantini C & Jaillon S

(2011) Neutrophils in the activation and regulation of

innate and adaptive immunity. Nat Rev Immunol 11,

519–531.
53 Al-Haidari AA, Algethami N, Lepsenyi M, Rahman M,

Syk I & Thorlacius H (2020) Neutrophil extracellular

traps promote peritoneal metastasis of colon cancer

cells. Oncotarget 11, 670.

54 Merza M, Hartman H, Rahman M, Hwaiz R, Zhang

E, Renstr€om E, Luo L, M€orgelin M, Regner S &

Thorlacius H (2015) Neutrophil extracellular traps

induce trypsin activation, inflammation, and tissue

damage in mice with severe acute pancreatitis.

Gastroenterology 149, 1920–1931.e8.
55 Baitsch L, Baumgaertner P, Devêvre E, Raghav SK,
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Fig S1. Calibration curve for DNase I concentration.

(A) The typical calibration curve for 0.006-100 mg�L�1

DNase I standards. (B) The linear range of calibration

curve (0.01-1 mg�L�1 DNase I standards). (C) Typical

calibration curve for 0.006-100 mg�L�1 DNase I stan-

dards, diluted in DMEM + 10% FBS. The sample

without FBS could be used to estimate the background

activity of the culture medium. (D) The linear part of

fluorescence growth is used for the calculation of reac-

tion rates.
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