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AAV induces hepatic necroptosis and carcinoma
in diabetic and obese mice dependent on
Pebp1 pathway
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Abstract

Obesity and diabetes are risk factors for hepatocellular carcinoma
(HCC); however, the underlying mechanisms are yet to be eluci-
dated. Adeno-associated virus (AAV) frequently infects humans and
has been widely used in gene therapy, but the risk of AAV infection
such as HCC should be further evaluated. Here, we show that
recombinant AAV injection caused liver injury, hepatic necroptosis,
and HCC in db/db or high-fat diet-induced hyperglycemic and
obese mice, but not in mice with only hyperglycemia or obesity.
Prednisone administration or knockdown of Pebp1, highly
expressed in db/db mice, alleviated hepatic injury and necroptosis
induced by recombinant AAV in mice with diabetes and obesity.
Inhibition of Pebp1 pathway also attenuated inflammation and
necroptosis in vitro. Our findings show that AAV infection is a criti-
cal risk factor for HCC in patients with diabetes and obesity, and
AAV gene therapy for these patients should be carefully evaluated.
Both prednisone treatment and targeting Pebp1 pathway are
promising strategies to alleviate inflammation and necroptosis
that occurred in AAV gene therapy or related diseases.
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Introduction

Both diabetes and obesity are considered as important risk

factors for tumorigenesis, including hepatocellular carcinoma (HCC;

Marengo et al, 2016; Mantovani & Targher, 2017; Lega &

Lipscombe, 2020; Plaz Torres et al, 2022). A case–control study

showed that a history of diabetes could explain around 8% of cases

of liver cancer in the population (La Vecchia et al, 1997). Similarly,

a history of diabetes at baseline is highly associated with HCC with-

out hepatitis B or C virus infections (Koh et al, 2013). A study in

362,552 Swedish men showed that obese men have a significantly

increased risk of all cancers (Samanic et al, 2006). Moreover, a

European cohort study also provided evidence of an association

between obesity, particularly abdominal obesity, and the risk of

HCC (Schlesinger et al, 2013). A national population-based cohort

study in Korean showed general obesity and central obesity are

associated with an increased risk of HCC (Hwang et al, 2021). How-

ever, the underlying mechanisms for the high risk of HCC in

patients with diabetes and obesity need further investigation.

It has been reported that the estimated total of infection-

attributable cancer is 17.8% of the global cancer burden, and HBV

and HCV account for 4.9% (Parkin, 2006). HBV and HCV are the

leading risk factors for HCC globally (El-Serag, 2012; Teng et al,

2021). Around 54.4% of all liver cancer in the world is attributable

to HBV (Parkin, 2006). A prospective study showed that persons

with anti-HCV positivity and anti-HBV negativity have a 20-fold

increased risk of developing HCC (Sun et al, 2003). Moreover, a

follow-up study showed over 100-fold increased risk of HCC in HBV

or HCV carriers with both obesity and diabetes (Chen et al, 2008),

and overweight is associated with an increased risk of HCC occur-

rence in patients with HCV (N’Kontchou et al, 2006). However,

whether other viral infections may also contribute to the risk of

HCC in patients with diabetes and obesity is yet to be elucidated.

Adeno-associated virus (AAV) infection is around 30–80% in

human populations (Erles et al, 1999; Halbert et al, 2006; Calcedo

et al, 2009). However, no specific diseases have yet been associated

with natural infection in most population studies, and AAV is usu-

ally regarded as nonpathogenic (Russell & Kay, 1999; Vasileva &

Jessberger, 2005). Moreover, AAV vectors have broad tropism, low

immunogenicity, rarely integrate into the host chromosome and can
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result in long-term expression of the transgene (Russell & Kay, 1999;

Li & Samulski, 2020). Therefore, AAVs are considered as promising

vectors with the excellent safety profile for gene therapy applica-

tions, and even approved for clinical applications (Nathwani

et al, 2014; Keeler & Flotte, 2019; Li & Samulski, 2020). Meanwhile,

it has been reported that gene therapy with recombinant AAV

(rAAV) frequently leads to impaired serum alanine aminotransfer-

ase (ALT) and/or aspartate aminotransferase (AST) activities

(Nathwani et al, 2014; George et al, 2017; Mendell et al, 2017; Ozelo

et al, 2022), and high dose of AAV even led to liver dysfunction and

death of four patients (Philippidis, 2020, 2021). Newly, a Phase Ib

trial of AAV gene therapy was placed on hold after the death of a

young male participant (Philippidis, 2022). However, the underlying

mechanisms leading to liver dysfunction and death are still unclear.

Recently, a participant in a Phase 3 trial of AAV gene therapy devel-

oped hepatocellular carcinoma, although whether AAV contributed

to this cancer’s development needs further investigation (Kai-

ser, 2020). The safety of AAV was further challenged by the findings

of AAV vector integration sites in mouse HCC after AAV injection

(Donsante et al, 2007). Furthermore, a long-term study of AAV gene

therapy in dogs identified 1,741 unique AAV integration events in

genomic DNA (Nguyen et al, 2021). It has also been reported that

clonal integration of AAV in 11 of 193 HCCs, suggesting AAV is

associated with oncogenic insertional mutagenesis in human HCC

(Nault et al, 2015). Therefore, an association between AAV and

HCC in the setting of therapeutic gene delivery has remained uncer-

tain, and the mechanisms of AAV-correlated development of HCC

are still largely unknown (Valdmanis et al, 2012; Chandler et al,

2015). Moreover, whether rAAV injection in diabetic and obese

models will lead to the development of HCC is still unclear.

In this study, we investigated the effect of rAAV injection in

hyperglycemic and/or obese mice, and the potential protective role

of prednisone. Liver injury, hepatic necroptosis, and HCC were

monitored in those mice. Moreover, Pebp1 was screened, and we

investigated its role in inflammation and necroptosis in vivo and

in vitro. Our data demonstrate that rAAV induces prednisone-

protectable liver injury, hepatic necroptosis, and HCC in diabetic

and obese mice via Pebp1 pathway.

Results

Injection of rAAV induces liver injury, hepatic necroptosis, and
carcinoma in db/db mice

To investigate whether rAAV injection will affect liver function and

lead to the development of HCC in mice with diabetes and obesity,

rAAV serotype 2/9 was constructed and injected into wild-type and

db/db male mice at the age of 9 weeks through tail vein (Fig 1A

and B). The increased body weight, blood glucose levels, and serum

ALT and AST activities in the diabetic and obese db/db mice were

confirmed (Fig EV1A–D). Two months after a single injection of

rAAV, wild-type mice showed similar body weight, blood glucose

levels, serum ALT and AST activities with the mice injected with

PBS (Fig 1C–F). Injection of rAAV also had no noticeable effect on

the hepatic morphology and histomorphology analyzed by H&E

staining in wild-type mice (Fig 1G). Meanwhile, db/db mice injected

with rAAV showed similar body weight and blood glucose levels,

but markedly increased serum ALT and AST activities compared

with those injected with PBS (Fig 1H–K). Moreover, rAAV injection

induced hepatic necrosis and death in db/db mice, and the incidence

of necrosis and death was around 58 and 17%, respectively

(Fig 1L).

To investigate whether the necrosis is necroptosis, phosphoryla-

tion of MLKL as a specific marker of necroptosis was detected

(Pasparakis & Vandenabeele, 2015). The p-MLKL level in necrotic

area was dramatically increased compared with that in normal area

(Fig 1M), which indicated that necroptosis was induced in livers of

▸Figure 1. Tail vein injection of rAAV induces liver injury, hepatic necroptosis, and carcinoma in db/db but not wild-type mice.

A, B Schematic of rAAV serotype 2/9 (rAAV2/9) package for expressing si-NC and ZsGreen (A) and the experimental design for the effect of rAAV injection on liver function
and the potential development of liver cancer (B). ITR, AAV2 ITR. Except indicated, rAAV2/9 expressing si-NC and ZsGreen were used.

C–F Two months after a single tail vein injection of rAAV, wild-type mice showed similar body weight (C), blood glucose levels (D), serum alanine aminotransferase (ALT)
(E) and aspartate aminotransferase (AST) activities (F) with the mice injected with PBS. n = 8–10 for each group.

G Liver images, H&E staining of liver sections and the incidence of hepatic necrosis (Nec) for mice in (C). NML, Normal.
H, I Two months after a single injection of rAAV, db/db mice showed similar body weight (H) and blood glucose levels (I) with the mice injected with PBS. n = 10 for

each group.
J, K Serum ALT (J) and AST (K) of mice in (H).
L Liver images, H&E staining of liver sections for mice in (H) and the incidence of death and hepatic necrosis of db/db mice after a single injection of PBS or rAAV for

2 months. n = 10–12 for each group.
M The hepatic p-MLKL protein level in normal and necrotic area from mice injected with PBS or rAAV in (H). Ncp, Necroptosis. n = 7–8 biological replicates.
N The hepatic mRNA levels of Il-6, Il-1b, Tnf-a and Mcp-1 involved in necroptosis at normal or necroptotic area from mice injected with PBS or rAAV in (H). n = 7–8

biological replicates.
O Scatter plots comparing the differentially expressed hepatic genes of mice in (H).
P The top 15 significantly enriched KEGG pathways of the differentially expressed genes in (O).
Q, R Six months after a single injection of rAAV, db/db mice showed decreased body weight (Q) and similar blood glucose levels (R) compared to the mice injected with

PBS. n = 8–12.
S, T Serum ALT (S) and AST (T) activities of mice in (Q). n = 8–10.
U Liver images, H&E staining, and ki67 immunohistochemistry of liver sections for mice in (Q) and the incidence of death and HCC of db/db mice after a single

injection of PBS or rAAV for 6 months. n = 8–13.
V Scatter plots comparing the differentially expressed hepatic genes of mice in (Q). adj, adjacent.
W The top 15 significantly enriched KEGG pathways of the differentially expressed genes in (V).

Data information: In (C–F, H–K, M, N, Q–T), data are presented as mean � SD. Student’s t-test.
Source data are available online for this figure.
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Figure 1.
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db/db mice after a single injection of rAAV for 2 months. Necrop-

tosis is usually accompanied with inflammation (Newton & Man-

ning, 2016); therefore, the hepatic mRNA levels of some key

inflammatory factors were monitored. As expected, the mRNA

levels of Il-6, Il-1b, Tnf-a, and Mcp-1 were significantly increased in

necroptotic area compared with those in normal area (Fig 1N). To

further investigate the effects of other serotypes of rAAV, rAAV

serotype 2/8 was constructed and injected into db/db mice in the

same manner. Two months after a single injection of rAAV serotype

2/8, liver injury and hepatic necroptosis were also observed in db/

db mice (Fig EV2A–G). These data demonstrate that rAAV injection

can lead to liver injury and necroptosis in db/db mice but not in

wild-type mice.

We next analyzed gene expression profiles of normal and

necroptotic areas from livers of db/db mice after a single injection

of PBS or rAAV for 2 months. In this and the following experi-

ments, rAAV serotype 2/9 were used. The scatter plots of differen-

tially expressed genes were shown in Fig 1O. The top 15

significantly enriched KEGG pathways of the differentially

expressed genes between normal and necroptotic areas from mice

injected with PBS and rAAV, respectively, were shown in Fig 1P.

GSEA analysis of the enriched chemical carcinogenesis and cell

cycle pathways related to carcinogenesis were shown in Fig EV3A

and B, and the top 15 differentially expressed genes in these two

enriched KEGG pathways were shown in Fig EV3C and D. To fur-

ther investigate whether rAAV injection will lead to the develop-

ment of HCC in db/db mice, the mice were analyzed after a single

injection of rAAV or PBS for 6 months. The db/db mice injected

with rAAV showed decreased body weight, similar blood glucose

levels, and markedly increased serum ALT and AST activities com-

pared with those injected with PBS (Fig 1Q–T). Furthermore, as

expected, obvious liver tumors could be observed in around 54%

of db/db mice after a single injection of rAAV for 6 months and

around 8% of these mice died (Fig 1U). The hepatic carcinoma

was confirmed by H&E staining and ki67 immunohistochemistry of

liver sections (Fig 1U). Moreover, we analyzed gene expression

profiles of HCC and adjacent areas from livers of db/db mice after

a single injection of rAAV for 6 months. The scatter plots of differ-

entially expressed genes were shown in Fig 1V. The top 15 signifi-

cantly enriched KEGG pathways of the differentially expressed

genes between HCC and adjacent areas were shown in Fig 1W.

GSEA analysis of the enriched chemical carcinogenesis and ECM-

receptor interaction pathways related to carcinogenesis were

shown in Fig EV3E and F, and the top 15 differentially expressed

genes in these two enriched KEGG pathways were shown in

Fig EV3G and H.

Taken together, these data demonstrate that injection of rAAV

induces liver injury, necroptosis, and development of HCC in db/db

mice but not in wild-type mice.

Injection of rAAV induces liver injury, but not hepatic
necroptosis, in mice with only hyperglycemia or obesity

To investigate whether rAAV injection induces liver injury, hepatic

necroptosis, and carcinoma in mice with only hyperglycemia, wild-

type mice were consecutively injected with 40 mg/kg/day strepto-

zotocin intraperitoneally for 5 days to induce hyperglycemia. The

schematic of the experimental design was shown in Fig 2A. Injection

with streptozotocin led to a decrease in body weight and an obvious

increase in blood glucose levels (Fig 2B and C). After a single injec-

tion of rAAV for 2 months, hyperglycemic mice induced by strepto-

zotocin showed similar body weight, blood glucose levels, and

hepatic glycogen content, but increased liver weight, serum ALT

and AST activities, and apoptotic liver cells compared with those

injected with PBS (Figs 2D–H, and EV4A and B). Hepatic morpho-

logical and histomorphological analysis showed that rAAV injection

did not cause necroptosis in livers of streptozotocin-induced hyper-

glycemic mice (Fig 2I). Moreover, there was no significant change

of p-MLKL level in livers of streptozotocin-induced hyperglycemic

mice after rAAV injection (Fig 2J).

To investigate whether rAAV injection induces liver injury,

hepatic necroptosis and carcinoma in mice with obesity and eugly-

cemia, resistance to HFD-induced hyperglycemia (RHH) mice were

fed with high-fat diet (HFD) to induce obesity. The schematic of the

experimental design was shown in Fig 2K. Resistance to HFD-

induced hyperglycemia mice fed with HFD for 12 weeks showed sig-

nificantly increased body weight and fat mass but normal blood glu-

cose levels (Fig 2L–N). Two months after a single injection of rAAV,

obese but euglycemic RHH mice showed similar body weight, liver

weight and blood glucose levels, and significantly increased serum

ALT and AST activities compared with those injected with PBS

(Fig 2O–S). Hepatic morphological and histomorphological analysis

showed that rAAV injection did not cause necroptosis in livers of

the obese but euglycemic mice (Fig 2T). Moreover, there was no sig-

nificant change of p-MLKL level in livers of the obese but eugly-

cemic mice after rAAV injection (Fig 2U).

Taken together, neither hyperglycemia nor obesity alone is suffi-

cient for rAAV-induced hepatic necroptosis in mice.

Injection of rAAV induces liver injury, hepatic necroptosis, and
carcinoma in HFD-induced hyperglycemic and obese mice

To further investigate the contribution of hyperglycemia and obesity

to the liver injury, hepatic necroptosis, and carcinoma induced by

rAAV injection, wild-type mice were fed with HFD to induce hyper-

glycemia and obesity. The schematic of the experimental design was

shown in Fig 3A. Body weight, fat mass, and blood glucose levels

were significantly increased in mice fed with HFD for 12 weeks

(Fig 3B–D). Two months after a single injection of rAAV, hypergly-

cemic and obese mice induced by HFD showed similar body weight,

liver weight, and blood glucose levels, but significantly increased

serum ALT and AST activities compared with those injected with

PBS (Fig 3E–I). Hepatic morphological and histomorphological anal-

ysis showed that rAAV injection led to hepatic necroptosis in hyper-

glycemic and obese mice induced by HFD (Fig 3J). Moreover, the

protein level of p-MLKL and the mRNA levels of some key inflam-

matory factors in necroptotic area were dramatically increased com-

pared with those in normal area (Fig 3K and L).

To further investigate whether rAAV injection will lead to the

development of HCC in hyperglycemic and obese mice induced by

HFD, the mice were analyzed after a single injection of rAAV for

6 months. The mice injected with rAAV showed similar body

weight and blood glucose levels, decreased liver weight, and

increased serum ALT and AST activities compared with those

injected with PBS (Fig 3M–Q). Furthermore, as expected, obvious

liver tumors could be observed in around 38% of the hyperglycemic
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and obese mice after a single injection of rAAV for 6 months

(Fig 3R). The hepatic carcinoma was further confirmed by H&E

staining and ki67 immunohistochemistry of liver sections (Fig 3R).

Taken together, rAAV injection induces liver injury, hepatic

necroptosis, and carcinoma in mice with both hyperglycemia and

obesity.

Figure 2. Tail vein injection of rAAV induces liver injury, but not hepatic necroptosis, in mice with only hyperglycemia or obesity.

A Schematic of the hyperglycemic mouse model construction by streptozotocin (STZ) and the experimental design for the contribution of hyperglycemia to the liver
injury and hepatic necroptosis induced by rAAV injection.

B, C Body weight (B) and blood glucose levels (C) were measured 6 weeks later, after injection once a day for 5 consecutive days with vehicle (Veh) or streptozotocin
(STZ). n = 6–19 for each group.

D–F Two months after a single injection of rAAV, hyperglycemic mice induced by streptozotocin showed similar body weight (D), blood glucose levels (F) and increased
liver weight (E) compared with those mice injected with PBS. n = 9–10.

G, H Serum ALT (G) and AST (H) activities of mice in (D).
I Liver images, H&E staining of liver sections and the incidence of hepatic necroptosis for mice in (D).
J The hepatic p-MLKL level of mice in (D).
K Schematic of the obese mouse model construction induced by high-fat diet (HFD) and the experimental design for the contribution of obesity to the liver injury

and hepatic necroptosis induced by rAAV injection.
L–N Body weight (L), fat mass (M) and blood glucose levels (N) of RHH (Resistance to HFD-induced Hyperglycemia) mice fed with HFD for 15 weeks. n = 6–12.
O–Q Body weight (O), liver weight (P) and blood glucose levels (Q) of obese and euglycemic mice in (L) after a single injection of PBS or rAAV for 2 months. n = 6.
R, S Serum ALT (R) and AST (S) activities of mice in (O).
T Liver images, H&E staining of liver sections and incidence of hepatic necroptosis for mice in (O).
U The hepatic p-MLKL level of mice in (O).

Data information: In (B–H, J, L–S, U), data are presented as mean � SD. Student’s t-test.
Source data are available online for this figure.
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Oral administration of prednisone significantly alleviates rAAV-
induced liver injury and hepatic necroptosis in db/db mice

It has been reported that asymptomatic increase in serum AST and/

or ALT activities induced by gene therapy with AAV vector can be

resolved with prednisone treatment (George et al, 2017; Mendell

et al, 2017). To investigate whether prednisone can also attenuate

liver injury, hepatic necroptosis, and carcinoma induced by rAAV

injection in mice with hyperglycemia and obesity, we first investi-

gated whether prednisone can alleviate inflammation and necrop-

tosis in vitro. It has been reported that Poly(I:C) has been used to

mimic virus infection in cell model to induce inflammation (Liu

et al, 2019). As shown in Fig 4A, some inflammatory factors were

dramatically induced by poly(I:C) in primary macrophages, which

was markedly alleviated by prednisone. Then, we directly analyzed

the effect of prednisone on necroptosis in a cell model induced by

poly(I:C) and z-VAD-fmk (Pearson et al, 2017). Necroptosis induced

by poly(I:C) and z-VAD-fmk in primary macrophages monitored by

propidium iodide staining and p-MLKL level was also significantly

inhibited by prednisone (Fig 4B and C). Furthermore, we fed db/db

mice with chow diet containing prednisone for 2 months after a sin-

gle injection of rAAV (Fig 4D). As shown in Fig 4E–I, prednisone

treatment had no significant effect on body weight, liver weight,

and blood glucose levels, but markedly decreased serum ALT and

Figure 3. Tail vein injection of rAAV induces liver injury, hepatic necroptosis, and carcinoma in mice with both hyperglycemia and obesity.

A Schematic of the hyperglycemic and obese mouse model construction and the experimental design for the contribution of hyperglycemia and obesity to the liver
injury, hepatic necroptosis and carcinoma induced by rAAV.

B–D Body weight (B), fat mass (C), and blood glucose levels (D) of mice fed with chow or high-fat diet (HFD) for 15 weeks. n = 8–21.
E–G Two months after a single injection of PBS or rAAV, body weight (E), liver weight (F), and blood glucose levels (G) of hyperglycemic and obese mice in (B) were not

significantly changed. n = 10–11 for each group.
H, I Serum ALT (H) and AST (I) activities of mice in (E).
J Liver images, H&E staining of liver sections and the incidence of hepatic necroptosis (Ncp) for mice in (E). NML, Normal.
K The hepatic p-MLKL protein level in normal or necrotic area from mice injected with PBS or rAAV in (E).
L The hepatic mRNA levels of Il-6, Il-1b, Tnf-a and Mcp-1 involved in necroptosis at normal or necroptotic area from mice in (E).
M–O Body weight (M), liver weight (N) and blood glucose levels (O) of hyperglycemic and obese mice after a single injection of PBS or rAAV for 6 months. n = 8.
P, Q Serum ALT (P) and AST (Q) activities of mice in (M).
R Liver images, H&E staining and ki67 immunostaining of liver sections and HCC incidence of mice in (M).

Data information: In (B–I, K–Q), data are presented as mean � SD. Student’s t-test.
Source data are available online for this figure.
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Figure 4. Prednisone alleviates inflammation and necroptosis in vitro and attenuates liver injury and hepatic necroptosis in db/db mice injected with rAAV.

A Prednisone treatment markedly blocked the increase of some key inflammatory factors in mouse macrophages treated with poly(I:C) (pIC). n = 3 in duplicate.
B, C Prednisone treatment markedly blocked the loss of cell membrane integrity monitored by PI staining (B, n = 5–6 in duplicate or triplicate.) and the increase in p-

MLKL level (C, n = 3 in duplicate.) of macrophages induced by poly(I:C) and z-VAD-fmk (zVAD). Scar bar, 100 lm.
D Schematic of the experimental design for the effect of prednisone on liver injury and hepatic neccroptosis induced by rAAV.
E–G Two months after a single injection of rAAV, the db/db mice treated with or without prednisone showed similar body weight (E), liver weight (F) and blood glucose

levels (G). n = 12.
H, I Serum ALT (H) and AST (I) activities of mice in (E).
J Representative liver images for mice in (E).
K The incidence of death and hepatic necroptosis (Ncp) for mice in (E). NML, Normal.
L Representative H&E staining of liver sections for mice in (E).
M The hepatic p-MLKL level of mice in (E).
N The indicated hepatic mRNA levels of mice in (E).

Data information: In (A–C, E–I, M, N), Data are presented as mean � SD. Student’s t-test.
Source data are available online for this figure.
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AST activities in db/db mice after a single injection of rAAV for

2 months. Moreover, prednisone administration dramatically inhib-

ited hepatic necroptosis induced by rAAV injection when analyzed

by morphological analysis, and the incidence of hepatic necroptosis

was decreased from 83 to 33%; meanwhile, the death ratio was sig-

nificantly decreased (Fig 4J and K). The effect of prednisone on

hepatic necroptosis was further confirmed by H&E staining and

immunoblot analysis of p-MLKL level (Fig 4L and M). In addition,

some inflammatory factors increased in necroptotic area were dra-

matically decreased by prednisone treatment (Fig 4N).

These data demonstrate that prednisone treatment protects db/

db mice injected with rAAV from liver injury and hepatic necrop-

tosis, and prednisone is likely to alleviate liver injury through

blocking hepatic necroptosis.

Pebp1 mediates rAAV-induced liver injury and hepatic
necroptosis in db/db mice

To further investigate why hyperglycemic and obese mice are sensi-

tive to rAAV injection, the gene expression profile of liver samples

Figure 5. Downregulation of Pebp1 prevents rAAV-induced liver injury and hepatic necroptosis in db/db mice.

A The top 15 hepatic genes upregulated in 9-week-old db/db mice compared with wild-type mice. n = 1, liver samples from three mice were mixed together in equal
amounts for RNA extraction.

B Relative mRNA levels of Cyp4a14, Pebp1 and Tat in livers of wild type and db/db mice. n = 6 for each group.
C Schematic of the experimental design to study the role of candidate genes in liver injury and hepatic necroptosis induced by rAAV.
D–F Body weight (D), liver weight (E), and blood glucose levels (F) of db/db mice after a single injection of rAAV-si-NC/Cyp4a14/Pebp1/Tat for 2 months. n = 10–12.

rAAV-si-NC was packaged as indicated in Fig 1A and mentioned as rAAV in Figs 1–4.
G, H Serum ALT (G) and AST (H) activities of mice in (D).
I Liver images, H&E staining of liver sections and the incidence of death and hepatic necroptosis (Ncp) of mice in (D). n = 10–14, NML, Normal.
J The indicated hepatic mRNA levels of mice in (D).
K The hepatic p-MLKL level of the indicated mice in (D).
L The indicated hepatic mRNA levels of mice in (K).

Data information: In (B, D–H, J–L), Data are presented as mean � SD. Student’s t-test.
Source data are available online for this figure.
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from wild-type and db/db mice was analyzed. The scatter plot of dif-

ferentially expressed genes was shown in Fig EV1E. The top 15 sig-

nificantly enriched KEGG pathways of the differentially expressed

genes were shown in Fig EV1F, and the top 15 genes upregulated in

db/db mice were shown in Fig 5A. Among the top 15 genes upregu-

lated in db/db mice, Cyp4a14 plays an important role in the devel-

opment and progression of NAFLD (Zhang et al, 2017), Pebp1 is an

inflammatory and immune system modulator (Lai et al, 2017;

Gabriela-Freitas et al, 2019), and Tat plays an important suppressive

role in the development and progression of HCC (Fu et al, 2010).

However, the effects of these three genes involved in different sig-

naling pathways on diabetes or necroptosis are still largely

unknown. The increase in Cyp4a14, Pebp1, and Tat were validated

by qPCR and selected for further investigation (Fig 5B). The rAAV

expressing siRNAs targeting these genes were injected via tail vein

into db/db mice, and the schematic of the experimental design was

shown in Fig 5C. Two months after a single injection of rAAV

expressing the siRNAs, each group of db/db mice showed similar

body weight, liver weight, and blood glucose levels (Fig 5D–F).

Serum ALT and AST activities were significantly decreased in db/db

mice injected with rAAV-si-Pebp1 compared with those injected

with rAAV-si-NC, rAAV-si-Cyp4a14, or rAAV-si-Tat (Fig 5G and H).

Similarly, hepatic morphological and histomorphological analysis

showed that downregulation of Pebp1 markedly alleviated rAAV-

induced hepatic necroptosis from around 57% to around 17% in

db/db mice, and the death ratio was significantly decreased (Fig 5I).

The effect of these siRNAs was confirmed by qPCR (Fig 5J).

Moreover, the levels of p-MLKL and some inflammatory factors in

necroptotic area were dramatically decreased by downregulation of

Pebp1 (Fig 5K and L).

These data demonstrate that knockdown of Pebp1 prevents liver

injury and hepatic necroptosis induced by rAAV injection in db/db

mice.

Pebp1 mediates rAAV-induced liver injury and hepatic
necroptosis in HFD-induced hyperglycemic and obese mice

To further confirm the role of Pebp1 in the development of liver

injury and hepatic necroptosis after rAAV injection, HFD-induced

hyperglycemic and obese mice were injected with rAAV-si-NC or

rAAV-si-Pebp1 (Fig 6A). As expected, after a single injection of

rAAV for 2 months, all the mice showed similar body weight and

blood glucose levels, while serum ALT and AST activities were sig-

nificantly decreased in the mice injected with rAAV-si-Pebp1 com-

pared with those injected with rAAV-si-NC (Fig 6B–E). The same

mice with high ALT activity had high AST activity (Fig 6D and E),

and 4 of the 5 mice with high ALT and AST activities showed

hepatic necroptosis (Fig 6F). Both Pebp1 mRNA and protein levels

were similar in the high ALT & AST subgroup and low ALT & AST

subgroup (Fig EV4C and D). Hepatic morphological and histomor-

phological analysis showed that downregulation of Pebp1 signifi-

cantly alleviates rAAV-induced hepatic necroptosis in HFD-induced

hyperglycemic and obese mice (Fig 6F). In addition, the levels of p-

MLKL and some inflammatory factors increased in necroptotic area

Figure 6. Downregulation of Pebp1 prevents rAAV-induced liver injury and hepatic necroptosis in HFD-induced hyperglycemic and obese mice.

A Schematic of the experimental design for the role of Pebp1 in liver injury and hepatic necroptosis induced by rAAV.
B, C Two months after a single injection of rAAV-si-Pebp1, HFD-induced hyperglycemic and obese mice showed similar body weight (B) and blood glucose levels (C) with

the mice injected with rAAV-si-NC. n = 10–11.
D, E Serum ALT (D) and AST (E) activities from mice in (B). The colored dots indicate the mice with high ALT or AST activity, and the same color dot in (D) and (E)

indicates the same mouse.
F Liver images and H&E staining of liver sections and the incidence of hepatic necroptosis (Ncp) for mice in (B). NML, Normal.
G The hepatic p-MLKL level of mice in (B).
H The indicated hepatic mRNA levels of mice in (B).

Data information: The experiments for (B), (F) and Fig 3E and J were performed simultaneously, and the rAAV-si-NC group and the HFD-rAAV group are the same group.
In (B–E, G, H), data are presented as mean � SD. Student’s t-test.
Source data are available online for this figure.
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were dramatically decreased by downregulation of Pebp1 (Fig 6G

and H).

The observations in db/db mice and HFD-induced diabetic and

obese mice show that Pebp1 mediates rAAV-induced liver injury

and hepatic necroptosis in hyperglycemic and obese mice.

Inhibition of Pebp1 pathway can attenuate inflammation and
necroptosis

To investigate the role of Pebp1 in necroptosis pathway, we first

analyzed the role of Pebp1 in inflammation. Poly(I:C) was used to

mimic virus infection in cell model to induce inflammation as

described previously (Liu et al, 2019). As shown in Fig 7A, the

downregulation of Pebp1 in mouse primary macrophages by siRNA

was confirmed by qPCR, and knockdown of Pebp1 almost

completely inhibited the increase of some inflammatory factors

induced by poly(I:C) (Fig 7B). Then, we directly analyzed the role

of Pebp1 in a necroptosis cell model induced by poly(I:C) and

zVAD-fmk. Necroptosis of macrophages monitored by propidium

iodide staining and p-MLKL level was significantly alleviated by

downregulation of Pebp1 (Fig 7C and D). It has been reported that

Pebp1 is essential for Tbk1 activation (Lai et al, 2017). As shown in

Fig 7E, knockdown of Pebp1 suppressed the elevation of p-Tbk1

induced by poly(I:C). Knockdown of Tbk1 alleviated the increase of

some inflammatory factors induced by poly(I:C) (Fig 7F and G).

Similarly, necroptosis of macrophages was significantly attenuated

by downregulation of Tbk1 (Fig 7H and I). In addition, the role of

PEBP1 and TBK1 in necroptosis pathway can also be observed in

THP-1 human macrophages (Fig EV5).

To investigate whether Tbk1 mediates rAAV-induced liver injury

and hepatic necroptosis, db/db mice were injected with rAAV-si-NC

or rAAV-si-Tbk1 (Fig 7J). As expected, after a single injection of

rAAV for 11 weeks, all the db/db mice showed similar body weight,

liver weight, and blood glucose levels, while serum ALT and AST

activities were significantly decreased in the mice injected with

rAAV-si-Tbk1 compared with those injected with rAAV-si-NC

(Fig 7K–O). Hepatic morphological and histomorphological analysis

showed that downregulation of Tbk1 significantly alleviates rAAV-

induced liver necroptosis in db/db mice (Fig 7P). The downregula-

tion of Tbk1 by siRNA was confirmed by qPCR (Fig 7Q). In addition,

the levels of p-MLKL and some inflammatory factors increased in

necroptotic area were dramatically decreased by downregulation of

Tbk1 (Fig 7R and S).

These evidences demonstrate that inhibition of Pebp1 pathway

can also attenuate inflammation and necroptosis both in vitro and

in vivo.

Discussion

In this study, we found that rAAV injection induces liver injury,

hepatic necroptosis, and carcinoma in diabetic and obese mice, but

neither in normal mice nor in mice with only hyperglycemia or obe-

sity. Similarly, it has been reported that diabetes and obesity are

considered as important risk factors for HCC (Gallagher &

LeRoith, 2015; Lega & Lipscombe, 2020). Moreover, AAV infection

is around 30–80% in human population (Erles et al, 1999; Halbert

et al, 2006; Calcedo et al, 2009). Combined with our observations,

these findings demonstrate that AAV infection is most likely a vital

cause leading to HCC in patients with diabetes and obesity. Chronic

infection with HBV together with exposure to aflatoxin B1 and infec-

tion with HCV together with alcohol use are considered as the domi-

nant risk factors for HCC (Llovet et al, 2003). Our findings suggest

that AAV infection together with diabetes and obesity is an addi-

tional key risk factor for HCC. Early detection of AAV infection and

serum ALT/AST activities in patients with diabetes and obesity is

highly encouraged to evaluate the risk of HCC, and it is also highly

recommended to prevent HCC by keeping serum ALT/AST activities

within normal levels in patients with diabetes and obesity infected

with AAV.

Here, we show that rAAV injection leads to liver injury, hepatic

necroptosis, and carcinoma in diabetic and obese mice, suggesting

that AAV gene therapy should be limited to patients without hyper-

glycemia and obesity. Similarly, tumorigenesis after rAAV injection

▸Figure 7. Downregulation of Pebp1 signaling alleviates inflammation and necroptosis in vitro and attenuates liver injury and hepatic necroptosis in db/db
mice injected with rAAV.

A The effect of si-Pebp1 in primary mouse macrophages. n = 3.
B Knockdown of Pebp1 markedly blocked the increase of some key inflammatory factors in mouse macrophages treated with poly(I:C). n = 6.
C, D Knockdown of Pebp1 markedly blocked the loss of cell membrane integrity (C, n = 6 in duplicate or triplicate.) and the increase of p-MLKL level (D, n = 3) of mouse

macrophages induced by poly(I:C) and z-VAD-fmk.
E Knockdown of Pebp1 attenuated the increase of p-Tbk1 level induced by poly(I:C). n = 3 biological replicates.
F The effect of si-Tbk1 in mouse macrophages. n = 3.
G Knockdown of Tbk1 alleviated the increase of some key inflammatory factors in mouse macrophages treated with poly(I:C). n = 3.
H, I Knockdown of Tbk1 markedly blocked the loss of cell membrane integrity (H, n = 8) and the increase of p-MLKL level (I, n = 4) of mouse macrophages induced by

poly(I:C) and z-VAD-fmk.
J Schematic of the experimental design for the role of Tbk1 in liver injury and hepatic necroptosis induced by rAAV.
K–M After a single injection of rAAV-si-Tbk1 for 11 weeks, the db/db mice showed similar body weight (K), liver weight (L) and blood glucose levels (M) with the mice

injected with rAAV-si-NC. n = 11.
N, O Serum ALT (N) and AST (O) activities of mice in (K).
P Liver images and H&E staining of liver sections and the incidence of hepatic necroptosis for mice in (K).
Q Relative mRNA level of Tbk1 in the livers of mice in (K).
R The hepatic p-MLKL level of mice in (K).
S The indicated hepatic mRNA levels of mice in (K).

Data information: In (A–I, K–O, Q–S), data are presented as mean � SD. Student’s t-test.
Source data are available online for this figure.
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in mice with mucopolysaccharidosis type VII disease or with orni-

thine transcarbamylase deficiency was observed (Donsante

et al, 2001; Bell et al, 2006), which also suggest that AAV gene ther-

apy needs to be applied in patients without some specific diseases.

In our study, we found that the death of mice with severe liver

injury and hepatic necroptosis after rAAV injection for 4–6 weeks in

db/db mice. Similarly, it has been reported that high dose of rAAV

led to liver dysfunction and death of four patients with heavier

weight and evidence of pre-existing hepatobiliary disease (Philip-

pidis, 2020, 2021; Shieh et al, 2020; Wilson & Flotte, 2020). Since a

Figure 7.
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lot of clinical trials are ongoing (Wang et al, 2019), and clinical

applications even have been approved, it has been recommended

that patients with liver or kidney dysfunction needs to be excluded

as an eligibility criteria for gene therapy (Miesbach et al, 2019).

According to our findings, whether AAV gene therapy is applicable

to patients with hyperglycemia and obesity should be carefully

considered.

AAV gene therapy frequently lead to impaired serum AST and/or

ALT activities, and which can be resolved with prednisone treat-

ment (Nathwani et al, 2014; George et al, 2017; Mendell

et al, 2017). Consistently, we also observed that the prednisone

treatment attenuated the increase of AST and ALT activities induced

by rAAV injection in db/db mice. Moreover, we found that predni-

sone also alleviated hepatic necroptosis induced by rAAV in db/db

mice. It has been reported that glucocorticoids are crucial to various

physiological processes including inflammation, and prednisone is a

synthetic glucocorticoid routinely used in the clinic today for their

anti-inflammatory and immunosuppressive effects (Spies

et al, 2011; Cain & Cidlowski, 2017). Meanwhile, inflammatory fac-

tors can induce necroptosis (Newton & Manning, 2016). Combined

with our observations, prednisone might block necroptosis by inhi-

biting inflammation. All these findings show that inhibiting inflam-

mation and necroptosis by prednisone is a promising way to

prevent liver dysfunction and subsequent related diseases during

AAV gene therapy.

It has been reported that Pebp1 is involved in antiviral innate

immunity, and Pebp1 deficiency or knockdown of Pebp1 attenuates

inflammatory response (Gu et al, 2016; Lai et al, 2017). Consis-

tently, we also observed that knockdown of Pebp1 alleviated inflam-

mation both in vitro and in vivo. Furthermore, we found that

knockdown of Pebp1 prevents necroptosis both in vitro and in vivo,

and the downregulation of Pebp1 is likely to block necroptosis

through inhibition of inflammation. Pebp1 is essential for Tbk1 acti-

vation (Lai et al, 2017), and we also found that knockdown of Tbk1

attenuated inflammation and necroptosis both in vitro and in vivo.

These findings provide strong evidence that Pebp1 pathway is

essential to necroptosis and targeting Pebp1 pathway is a potential

promising strategy to alleviate necroptosis and related diseases.

Taken together, our findings provide strong evidence to consider

AAV infection as a critical risk factor for HCC, especially for patients

with diabetes and obesity. It should be carefully weighed whether

AAV gene therapy is applicable to patients with hyperglycemia and

obesity, and treatment with prednisone to alleviate inflammation

and necroptosis is a promising strategy to attenuate the side effects

during AAV gene therapy. We also identified Pebp1 as a key compo-

nent in necroptotic pathway and a potential drug target to alleviate

necroptosis and related diseases including the side effects of AAV

gene therapy.

Materials and Methods

Animals

All animals were maintained and used in accordance with the guide-

lines of the Institutional Animal Care and Use Committee of Shang-

hai Institute of Nutrition and Health, Chinese Academy of Sciences

(ethics committee approval no. SIBS-2017-ZQW-1, SINH-2021-ZQW-

1, SINH-2022-ZQW-1). Male wild-type C57BL/6J, db/db and RHH

mice were purchased from the Shanghai Laboratory Animals Center

(SLAC). The animals were housed in individual cages with free

access to a regular chow diet and water in a room at 22 � 1°C on a

12-h light/dark cycle. The animals presented a healthy status, and

male mice were used for all experiments.

Recombinant adeno-associated virus (rAAV) construction and
injection

For rAAV2/9 construction, a random sequence TTCTCCGAAC

GTGTCACGTAA without any predicted target gene, and the

sequence CAGCCTTCCACTATGATATCCTCAA, GAGACAACTC

AAGACTCCCATCTTA, CCCAGAATTTGAGAATGACGTGGAA and

AGACTATACTAACGAGTTA targeting Cyp4a14, Pebp1, Tat and

Tbk1 were synthesized and cloned into pHBAAV-U6-ZsGreen

(Hanbio) to obtain pAAV-U6-si-NC-ZsGreen, pAAV-U6-si-Cyp4a14-

ZsGreen, pAAV-U6-si-Pebp1-ZsGreen, pAAV-U6-si-Tat-ZsGreen and

pAAV-U6-si-Tbk1-ZsGreen. These constructed plasmids were co-

transfected with pAAV-RC (Hanbio) and pHelper (Hanbio) respec-

tively into HEK293T cells to generate rAAV-si-NC, rAAV-si-Cyp4a14,

rAAV-si-Pebp1, rAAV-si-Tat and rAAV-si-Tbk1. Except indicated,

rAAV-si-NC was mentioned as rAAV and used to study the effect of

rAAV. For rAAV2/8 construction, the pAAV-GFP plasmid (Cell

Biolabs) was co-transfected with packaging plasmid pHelper and

pAAV-8 (Cell Biolabs) into HEK293T cells to generate rAAV2/8. The

virus was concentrated by density gradient centrifugation with

iodixanol (Sigma, 1343517). Titers of the virus were measured by

qPCR with vector-specific primers GTGCACTGTGTTTGCTGACG

and GAAAGGAGCTGACAGGTGGT. The viruses were diluted with

PBS and administered at a dose of 1 × 1011 vg/mouse through tail

vein injection with a volume of 200 ll.

Blood and serum analysis

Blood glucose levels were measured at the indicated time points

using tail or heart blood using the FreeStyle blood glucose monitor-

ing system (TheraSense). Serum aspartate transaminase and alanine

transaminase were determined using enzymatic assay kits (ShenSuo

Unf Medical Diagnostics Articles Co.).

Histological analysis of liver

Liver tissues were excised and fixed with 4% paraformaldehyde in

PBS for 24 h and then dehydrated in PBS containing 30% sucrose

for at least 16 h. Following paraffin embedding, the tissue sections

were stained with hematoxylin and eosin (H&E). Immunohisto-

chemistry was performed as described previously with modifica-

tions (Wu et al, 2011). Briefly, sections were deparaffinized with

xylene and rehydrated. Heat-induced epitope retrieval was

performed by placing slides immersed in sodium citrate buffer (pH

6.0) at 100°C for 20 min followed by endogenous peroxidase

blocking with 3% H2O2 for 30 min. Blocking was performed with

2% (w/v) BSA, and then the sections were incubated with Ki67 anti-

body (CST, 9449, 1:400) at 4°C overnight. Subsequently, the sec-

tions were incubated with Horseradish peroxidase (HRP)-

conjugated goat anti-mouse antibody for 2 h at room temperature,

and then stained by diaminobenzidine tetrahydrochloride (Gene
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Tech, GK500710). The sections were counterstained with

hematoxylin.

Immunoblotting

Equal volume of cell or liver lysates at the same protein concentra-

tions with a total amount of 20–40 lg protein were separated by

SDS–PAGE, transferred to polyvinylidene fluoride (PVDF) mem-

branes (Merck Millipore), blocked and detected with antibodies

against mouse p-MLKL (S345; Abcam, Ab196436, 1:1,000), mouse

MLKL (CST, 37705, 1:1,000), human p-MLKL (S358; Abcam,

Ab187091, 1:1,000), human MLKL (Abcam, Ab184718, 1:1,000),

PEBP1 (Santa Cruz Biotechnology, sc-376925, 1:2,000), p-TBK1

(CST, 5483, 1:1,000), TBK1 (CST, 38066, 1:1,000), cleaved Caspase-

3 (CST, 9661, 1:1,000), Caspase-3 (CST, 9662, 1:1,000), cleaved

Caspase-8 (CST, 9429, 1:1,000), Caspase-8 (CST, 4927, 1:1,000),

and GAPDH (CST, 2118, 1:5,000). The immune complexes were

detected using a horseradish peroxidase-conjugated secondary anti-

body and visualized with a chemiluminescence reagent (Thermo).

Protein quantification was analyzed by PhotoShop, and normalized

to GAPDH.

RNA isolation and quantitative PCR

Total RNA extracted with TRIzol reagent was reverse transcribed

using M-MLV Reverse Transcriptase (Promega) with random

hexamer primers. Quantitative PCR was performed using FastStart

Universal SYBR Green Master (Roche) on an ABI Prism 7900

Sequence Detection System. The primers GTGCCGCCTGGAGAAA

CCT and TGAAGTCGCAGGAGACAACC were used to detect mouse

Gapdh; CCCAACTGGTACATCAGCAC and TCTGCTCATTCA

CGAAAAGG for mouse Il-1b; CCCACTCTGACCCCTTTACT and

TTTGAGTCCTTGATGGTGGT for mouse Tnf-a; CGGAGAGGAGA

CTTCACAGA and CCAGTTTGGTAGCATCCATC for mouse Il-6;

TTAAAAACCTGGATCGGAACCAA and GCATTAGCTTCAGATTTA

CGGGT for mouse Mcp-1; TGAATTGCTGCCAGATCCCAC and

GTTCAGTGGCTGGTCAGAGTT for mouse Cyp4a14; ATAGACCCAC-

CAGCATTTCGT and GTAAACCAGCCAGACATAGCG for mouse

Pebp1; ACCTTCAATCCCATCCGA and TCCCGACTGGATAGGTAG

for mouse Tat; TATCTTTGTCACGAGCCGGG and AACCAGTTCAA

CCAGCCACC for mouse Tbk1. The gene expression levels were nor-

malized to mouse Gapdh. The primers GCGAGAAGATGACCCAGA

TCAT and GCTCAGGAGGAGCAATGATCTT were used to detect

human ACTB; AGATGATAAGCCCACTCTACAGC and CTTTAAGT

GAGTAGGAGAGGTGAG for human IL-1b; AGATGATCTGACTGCCT
GGG and CTGCTGCACTTTGGAGTGAT for human TNF-a; GGT

ACATCCTCGACGGCATCT and GTGCCTCTTTGCTGCTTTCAC for

human IL-6; CAGCCAGATGCAATCAATGCC and TGGAATCCT

GAACCCACTTCT for human MCP-1; CTACACCTTGGTCCTGACAGA

and GAGCCCACATAATCGGAGAGG for human PEBP1; TTGCAG

TCTTTCTCGGGGTC and ACTGGTCAAAACCCCAACACT for human

TBK1. The gene expression levels were normalized to human ACTB.

Streptozotocin-induced hyperglycemia mouse model

Male wild-type mice were injected intraperitoneally with 40 mg/kg/

day STZ (Sigma-Aldrich) or an equivalent volume of vehicle for 5

consecutive days at the age of 9-week-old as described previously

(Cheng et al, 2019). The mice with a blood glucose level > 13.8 mM

were used for the following experiments.

Measurement of hepatic glycogen content

Hepatic glycogen content was measured using a glycogen content

assay kit (Sangon Biotech).

HFD-induced obesity mouse model

Five-week-old wild-type mice were randomly assigned and fed with

either normal chow diet containing 10 kcal% fat or high-fat diet

containing 40 kcal% fat and 40 kcal% sucrose (Research Diets

D12327). Fat mass was measured in conscious animals by a

minispec mq serial NMR spectrometer (Bruker). After fed with high-

fat diet for 12 weeks, the mice with a fat mass percentage > 30%

and a blood glucose level > 13.8 mM were considered both hyper-

glycemia and obesity, and used for the following experiments. Injec-

tion with PBS, AAV-si-NC or AAV-si-Pebp1 was performed

simultaneously in these hyperglycemic and obese mice. Five-week-

old RHH mice were randomly assigned and fed with either normal

chow containing 10 kcal% fat or high-fat diet containing 60 kcal%

fat (Research Diets). After fed for 12 weeks, the mice with a fat

mass percentage > 30% were considered obesity.

Oral administration of prednisone

The chow diet was ground and mixed with the powder of predni-

sone at the indicated concentrations, and then was pelleted for the

following studies. The db/db mice at the age of 9 weeks were

injected with AAV at a dose of 1 × 1011 vg/mouse and randomly

assigned to feed a chow diet without or with 4.3 mg/kg/day predni-

sone for 2 months. The liver function of the mice was monitored by

measurement of serum aspartate transaminase and alanine

transaminase.

High-throughput RNA-Sequencing (RNA-Seq)

Liver samples were used to extract total RNA for the following RNA-

Seq. Completed libraries were generated and sequenced with 150-bp

paired-end reads on Illumina HiSeq 4000. The top 15 hepatic genes

upregulated in 9-week-old db/db mice compared with wild-type

mice ranked by adjusted P-value with fold change > 3 and

rpm > 100 in wild-type mice were selected for the following analy-

sis. Genes having adjusted P-value ≤ 0.05 and abs (log2 (fold

change)) ≥ 1 were considered as differentially expressed. The differ-

entially expressed genes were further analyzed by KEGG (Kyoto

Encyclopedia of Genes and Genomes) and GSEA (Gene Set Enrich-

ment Analysis).

Mouse peritoneal macrophage isolation, culture, and treatment

Mouse peritoneal macrophages were obtained from male wild-type

mice at the age of 6–8 weeks as described previously (Zhao et al,

2017). Briefly, mice were intraperitoneally injected with 2–3 ml 5%

dehydrated thioglycolate medium (BBL) in PBS. After 3–4 days, the

mice were killed, and 3–4 ml of RPMI 1640 medium was injected

intraperitoneally. The mice were gently rubbed on the abdomen to
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make the medium flow well in the abdomen, and then an incision

was made on the abdomen, and the liquid was aspirated from the

abdomen with a 5-ml syringe. After precipitation by centrifugation,

washing and counting, peritoneal macrophages were cultured in

RPMI 1640 containing 10% FBS at 37°C with 5% CO2. Mouse perito-

neal macrophages were treated by 20 lg/ml poly(I:C) (Sigma) with

or without 20 lM z-VAD-fmk (MCE) for 8 h, then used for RNA iso-

lation, propidium iodide staining or immunoblotting. For treatment

with prednisone, cells were treated with 40 lM prednisone (MCE)

for 1 h, then 20 lg/ml poly(I:C) with or without 20 lM z-VAD-fmk

were added and incubated for 3 h. Subsequently, additional 40 lM
prednisone was supplemented to compensate its degradation. The

cells were harvested for immunoblotting after treatment with poly(I:

C) and z-VAD-fmk for 6 h, and used for RNA isolation and propi-

dium iodide staining after treatment with poly(I:C) with or without

z-VAD-fmk for 8 h.

Human THP-1 cell culture and treatment

THP-1 human monocytes were obtained from Cell Bank of Chinese

Academy of Sciences and were tested about monthly for myco-

plasma contamination. THP-1 monocytes were cultured in RPMI

1640 containing 10% FBS and 50 lM b-mercaptoethanol at 37°C

with 5% CO2, and treated with 100 ng/ml phorbol 12-myristate 13-

acetate (PMA; Sigma) for 24 h to induce the differentiation to mac-

rophages. After culture in RPMI 1640 containing 10% FBS for

another 24 h, the THP-1 macrophages were transfected with the

indicated siRNAs. After transfected with siRNAs for 48 h, the cells

were treated with 40 lg/ml poly(I:C) for 8 h to isolate RNA or

treated with 40 lg/ml poly(I:C) and 40 lM z-VAD-fmk for 24 h for

propidium iodide staining or immunoblotting.

Transfection of siRNAs

Mouse peritoneal macrophages were transfected with si-NC (sense:

50-UUCUCCGAACGUGUCACGUAAdTdT-30, antisense: 50-UUACGU-
GACACGUUCGGAGAAdTdT-30) or si-Pebp1 (sense: 50-GAGACAA-
CUCAAGACUCCCAUCUUAdTdT-30, antisense: 50-
UAAGAUGGGAGUCUUGAGUUGUCUCdTdT-30) or si-Tbk1 (sense:

50-AGACUAUACUAACGAGUUAdTdT-30, antisense: 50-UAACUC-
GUUAGUAUAGUAUdTdT-30) Human THP-1 cells were transfected

with si-NC (sense: 50-UUCUCCGAACGUGUCACGUAAdTdT-30, anti-
sense: 50-UUACGUGACACGUUCGGAGAAdTdT-30) or si-PEBP1

(sense: 50-UGGUCAACAUGAAGGGUAAdTdT-30, antisense: 50-
UUACCCUUCAUGUUGACCAdTdT-30) or si-TBK1 (sense: 50-CCUCU-
GAAUACCAUAGGAUdTdT-30, antisense: 50-AUCCUAUGGUAUUCA-
GAGGdTdT-30). All the siRNAs were transfected at a dose of 50 nM

using Lipofectamine 3000 (Thermo Fisher Scientific). After transfec-

tion for 36 h for mouse macrophages or 48 h for human macro-

phages, cells were treated as indicated and harvested for RNA

isolation. After transfection for 48 h, cells were treated as indicated

for propidium iodide staining and immunoblotting.

Propidium iodide staining

Cells were stained with 5 lg/ml propidium iodide (Beyotime Bio-

tech) in PBS for 5–10 min and visualized under a fluorescent

microscope.

Statistics

Animals were randomized into different treatment groups. No mice

were excluded from all the experiments. Propidium iodide positive

cells were counted blindly.

Data are expressed as mean � SD of at least three independent

experiments. Statistical significance was assessed by two-tailed

unpaired Student’s t-test. Differences were considered statistically

significant at P < 0.05.

Data availability
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The paper explained

Problem
Obesity and diabetes are important risk factors for tumorigenesis,
including liver cancer. Adeno-associated virus (AAV), widely used for
gene therapy, is found in around 30–80% of the population. However,
whether environmental or therapeutical AAV infection is a critical risk
factor for liver cancer in individuals with obesity and diabetes is yet
to be elucidated.

Results
rAAV injection leads to liver injury, hepatic necroptosis, and liver can-
cer in hyperglycemic and obese mice, but not in hyperglycemic and
slim mice or euglycemic and obese mice. Prednisone administration
markedly alleviated liver injury and hepatic necroptosis in hyperglyce-
mic and obese mice. Inhibition of Pebp1/Tbk1 signaling also attenu-
ated liver injury, hepatic necroptosis, and subsequent liver cancer
caused by rAAV injection in hyperglycemic and obese mice.

Impact
Environmental AAV infection or AAV gene therapy for individuals with
hyperglycemia and obesity should be carefully evaluated. Both predni-
sone treatment and targeting Pebp1/Tbk1 signaling are promising
strategies to prevent or treat AAV-induced liver injury, hepatic necrop-
tosis, and related diseases including liver cancer.
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Expanded View Figures

Figure EV1. Body weight, blood glucose levels, and serum ALT and AST activities, hepatic transcriptomic analysis of wild type and db/db mice.

A, B Body weight (A) and blood glucose levels (B) were significantly increased in db/db mice. n = 18–20 for each group.
C, D Serum alanine aminotransferase (ALT) (C) and aspartate aminotransferase (AST) (D) activities were significantly elevated in db/db mice. n = 18–20 for each group.
E Scatter plot comparing the differentially expressed genes detected by RNA-seq in liver of wild-type and db/db mice.
F The top 15 significantly enriched KEGG pathways of the differentially expressed genes in (E).

Data information: In (A–D), data are presented as mean � SD. Student’s t-test.

Figure EV2. Injection of rAAV serotype 2/8 can
also lead to liver injury and necroptosis in db/db
mice.

A, B Schematic of rAAV serotype 2/8 (rAAV2/8)
package (A) and the experimental design for
the effect of rAAV2/8 injection on liver function
and hepatic necroptosis (B). ITR, AAV2 ITR.

C–F Two months after a single injection of rAAV2/8,
db/db mice showed similar blood glucose
levels (D), and increased body weight (C),
serum ALT (E) and AST (F) activities compared
with those before injection of rAAV2/8. n = 5.

G Liver images, H&E staining of liver sections
and the incidence of hepatic necroptosis (Ncp)
for mice in (C). NML, Normal.

Data information: In (C–F), data are presented as
mean � SD. Student’s t-test.
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Figure EV3. GSEA analysis and heatmaps of the top 15 differentially expressed genes in the indicated enriched KEGG pathways.

A, B GSEA analysis of the indicated enriched KEGG pathways of the differentially expressed genes in normal or necroptotic area from the liver of mice after a single
injection of PBS or rAAV for 2 months. Ncp, necroptosis.

C, D Heatmaps of the top 15 differentially expressed genes ranked by adjusted P value in the indicated KEGG pathways in (A) and (B).
E, F GSEA analysis of the indicated enriched KEGG pathways of the differentially expressed genes in adjacent or HCC area from the liver of mice after a single

injection of rAAV for 6 months. adj, adjacent.
G, H Heatmaps of the top 15 differentially expressed genes ranked by adjusted P value in the indicated KEGG pathways in (E) and (F).

Figure EV4. Effect of rAAV injection on hepatic glycogen content and
apoptosis in hyperglycemicmice and on endogenous Pebp1 level in liver of
hyperglycemic and obese mice.

A Two months after a single injection of rAAV, hyperglycemic mice induced
by streptozotocin showed similar glycogen content compared with those
mice injected with PBS. n = 9–10.

B The hepatic protein levels of cleaved Caspase 3 (cl-Casp3) and cleaved
Caspase 8 (cl-Casp8) in the livers of mice in (A) were measured to monitor
apoptosis. n = 9–10.

C The hepatic mRNA level of Pebp1 were similar in the high ALT & AST
subgroup and low ALT & AST subgroup from HFD-induced hyperglycemic
and obese mice injected with rAAV-si-NC as shown in Fig 6D and E. n = 5
biological replicates.

D The hepatic protein level of Pebp1 from mice in (C).

Data information: In (A–D), data are presented as mean � SD. Student’s t-test.
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Figure EV5. Suppression of PEBP1 signaling alleviates inflammation and necroptosis in human macrophages.

A The effect of si-PEBP1 and si-TBK1 in THP-1 human macrophages. n = 6 biological replicates.
B Knockdown of PEBP1 and TBK1 markedly blocked the increase of some key inflammatory factors in THP-1 macrophages treated with poly(I:C). n = 9 biological

replicates.
C–E Knockdown of PEBP1 and TBK1 markedly blocked the loss of cell membrane integrity (C-D, n = 3 in triplicate) and the increase of p-MLKL level (E, n = 8 biological

replicates) of THP-1 macrophages induced by poly(I:C) and z-VAD-fmk.

Data information: In (A, B, D, E), data are presented as mean � SD. Student’s t-test.
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