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Abstract
Given the complex nature of ulcerative colitis (UC), combination therapy targeting multiple pathogenic genes and pathways of UC may be required.
Unfortunately, current therapeutic strategies based on independent chemical compounds or monoclonal antibodies are not applicable for combination therapy
of UC. Here, we developed a synthetic biology strategy that integrates the naturally existing exosome-circulating system with arti�cial genetic circuits for self-
assembly and delivery of multiple siRNAs for the combination therapy of UC. Intravenous injection of genetic circuit (in the form of DNA plasmid) designed for
inhibition of TNF-α, B7-1 and integrin α4 successfully reprogrammed the host liver to direct the self-assembly of TNF-α, B7-1 and integrin α4 siRNA into
secretory exosomes. The multitargeted genetic circuit could rapidly relieved intestinal in�ammation and exert a synergistic therapeutic effect against UC
through suppressing the proin�ammatory cascade in colonic macrophages, inhibiting the costimulatory signal to T cells and blocking T cell homing to sites of
in�ammation. More importantly, we designed an AAV-driven genetic circuit to induce substantial and lasting inhibition of TNF-α, B7-1 and integrin α4. Overall,
this study established a feasible combination therapeutic strategy for UC, which is superior to the conventional biological therapies requiring.

Introduction.
Ulcerative colitis (UC) is a type of chronic and relapsing in�ammatory bowel disease (IBD) that is characterized by uncontrolled intestinal in�ammation and
disruption of the colonic epithelial layer.1 Over the past decade, biological therapy with antibodies targeting to the excessive immune responses has been
intensively investigated as a new therapeutic option for UC patients, especially in cases where the disease is refractory or intolerant to conventional agents.2

Based on the functions and mechanisms of the targets that are involved in the immune dysregulation of UC, current biological therapy can be classi�ed into
several subtypes. (1) Inhibition of proin�ammatory cytokines or augmentation of the effect of anti-in�ammatory cytokines.3 The most representative one is
in�iximab, a chimeric monoclonal antibody (mAb) to human tumour necrosis factor-α (TNF-α), which has become the �rst-line treatment for moderate to
severe UC.4 In�iximab promotes anti-in�ammatory effects mainly by inhibiting TNF-α in colonic macrophages and suppressing a proin�ammatory cascade,
thereby relieving structural damage to the mucosa.5 (2) Blockade of T cell homing to sites of in�ammation. Upon activation, T cells express integrin α4β7 to
recognize mucosal addressin cellular adhesion molecule-1 (MAdCAM-1), which is expressed at sites of in�amed vascular endothelium, thereby directing the
migration of effector T cells to the intestinal lamina propria.6 Natalizumab, an antibody directed against integrin α4, can inhibit T cell migration through the
endothelial vascular barrier, therefore showing clinical e�cacy for the management of UC.7 (3) Blockade of T cell activation. Complete T cell activation
requires two signals: the �rst is mediated by the interaction of the T cell receptors (CD4 or CD3) with the antigenic peptides presented by major
histocompatibility complex (MHC) molecules on the surface of antigen presenting cells (APCs), and the second is the costimulatory signal, which is provided
by the interaction between CD28 protein on the T cell surface and B7 protein (CTLA-4) on the membrane of APCs.8 Abatacept (a CLTA-4/Fc-fusion protein
containing a high-a�nity binding site for B7) inhibits the costimulatory signal to T cells, resulting in T cell anergy.9 Although biological therapy has yielded
promising therapeutic outcomes in the preclinical and clinical treatment of UC, it still suffers from some inherent limitations of antibody drugs. The biggest
problem is that antibody drugs have strong immunogenicity. A large portion of patients fail to respond to or gradually develop resistance to antibody therapy
because of the generation of anti-antibodies.10 Simultaneously, the high treatment costs and serious side effects remain a major obstacle. Therefore, there is
still a considerable unmet medical need to develop a new therapeutic approach for UC.11

Because UC is a multifactorial and multistep process, merely blocking a single in�ammatory cytokine or immunological target may not be adequate and
certainly not optimal to maintain clinical remission and achieve long-term e�cacy.12,13 Recently, combination therapy has been proposed as a promising new
treatment for a variety of diseases. Theoretically, a combination of two or more drugs given as a single formulation should be more effective than treatment
with single or sequentially administered drugs.14 Unfortunately, it is still technically immature to use combination therapy in UC, especially for patients
showing immunological heterogeneity and phenotypic variation. More importantly, traditional combination therapy based on the simultaneous administration
of multiple drugs is costly and may involve complicated treatment regimens, undesired drug-drug interactions and an accumulative risk of side effects.13 Due
to the high speci�city, potency and �exibility of small interfering RNAs (siRNAs) to control multiple pathogenic genes and pathways at a single dosage, RNA
interference (RNAi)-based therapeutics offer an attractive strategy to cotarget multiple pathways involved in the pathogenesis of UC.15 In principle, the design
of a combinatory expression cassette that carries multiple siRNA-expressing units can cotranscribe these siRNAs in cells, thus providing a simple and e�cient
strategy for inhibiting multiple genes simultaneously. However, siRNAs are susceptible to degradation by ubiquitous RNases and, as they are anionic and
hydrophilic, are unable to cross the cell membrane e�ciently.16 Thus, the success of RNAi therapy relies heavily on siRNA carriers and delivery approaches.
Currently, the development of an appropriate delivery system for siRNAs remains a major bottleneck of RNAi therapy. Recently, exosomes, nanosized
membrane-bound extracellular vesicles self-produced by endogenous cells, have emerged as promising delivery carriers for siRNAs.17 However, it is still very
di�cult to load su�cient siRNA cargos into exosomes and harvest su�cient exosomes to reach the scale required by clinical practice. Recently, we developed
a synthetic biology strategy that reprogrammes the host liver as a tissue chassis to direct the self-assembly of siRNAs into secretory exosomes and facilitate
the in vivo delivery of siRNAs to desired tissues based on the intrinsic capability of the liver to express transgenes introduced by intravenous injection of
genetic circuits (in the form of naked DNA plasmids).18 This state-of-the-art technology borrows the body’s workshop and reconceptualizes the assembly and
delivery strategies of siRNA-encapsulating exosomes, thereby avoiding the complicated procedures, high cost and labour intensity associated with current
techniques for exosome engineering and delivery. Since self-assembled siRNAs hold the potential to simultaneously and synergistically target multiple genes,
this technology may provide a promising tool to cotarget multiple genes and pathways in the aetiology of UC, thereby addressing the bottleneck problem in the
treatment of UC. In this study, we designed a combinatory multitargeted genetic circuit and evaluated its therapeutic value in acute and chronic UC models.

Materials And Methods.
Animals



Page 3/13

All the animal experiments were approved by Animal Ethical and Welfare Committee of NJU. Six-week-old male BALB/c mice were purchased from the Model
Animal Research Center of Nanjing University and maintained under speci�c pathogen-free conditions at Nanjing University.

 

Design and construction of the genetic circuits

The CMV-siRTNF-α circuit was generated by inserting a TNF-α siRNA sequence (5'-CCATTTGGGAACTTCTCATCC-3') into a 166-bp pre-miR-155 backbone with
structurally conserved nucleotide changes to maintain pairing
(GGATCCTGGAGGCTTGCTGAAGGCTGTATGCTGAATTCGCCATTTGGGAACTTCTCATCCGTTTTGGCCACTGACTGACGGATGAGATTCCCAAATGGCAACCGGTCAG
the CMV-siRT+B+I circuit designed to co-express TNF-α siRNA, B7-1 siRNA and integrin α4 siRNA, two tandem pre-miR-155 backbones carrying the B7-1 siRNA
sequence (5'- AAGAGAAACTAGTAAGAGTCT-3') and the integrin α4 siRNA sequence (5'- ATCACATGATGCCCAAGGTGG -3') were cloned downstream of the
TNF-α siRNA element. A circuit designed to express a scrambled RNA was used as the negative control. The plasmids used to express genetic circuits were
synthesized and constructed by Realgene Biotech Company (Nanjing, China). Maps and scaffolds of the plasmids are shown in Supplementary Fig. 17. The
plasmids were transformed into E. coli DH5α competent cells (Tsingke, TSC01, Beijing, China), cultured with LB medium (with 50 µg/mL spectinomycin) for 14
hours in a 37°C shaking incubator and extracted and puri�ed with an EndoFree Maxi Plasmid Kit V2 (Tiangen, DP120, Beijing, China) according to the
manufacturer’s instructions. The puri�ed plasmids were sequenced to ensure that the sequences of the inserted genetic circuits were correct.

Sequences of the siRNAs designed for silencing of TNF-α, IL-17A, INF-γ, IL-6, integrin α4, ICAM-1, CD3 and B7-1 are shown in Supplementary Table. 1.
Sequences of the siRNA expression cassettes are shown in Supplementary Table. 2.

For construction of the AAV-driven genetic circuits, the complete sequences of the CMV-siRTNF-α and CMV-siRT+B+I backbones were inserted into the AAV-9
vector by HANBIO (Wuhan, China).

 

Extraction and culture of primary cells

Peritoneal macrophages were collected from the DSS-induced UC mice by lavage from the peritoneal cavity using 5 mL ice-cold PBS.19 ANA-1 cells
and peritoneal macrophages were cultured at 37°C under 5% CO2 in RPMI-1640 supplemented with 10% foetal bovine serum (FBS, Gibco, MA, USA).

Mononuclear cells were isolated from the peripheral blood and spleen by using mouse peripheral blood mononuclear cells separation kit (TBD science,
LDS1090, Tianjin, China) and mouse splenic mononuclear extraction kit (TBD science, LDS1090PK), respectively. Lamina propria mononuclear cells were
isolated using a method as described previously.20 Brie�y, the colon was removed from the sacri�ced mice, cut into 0.5 cm pieces and washed thoroughly with
cold PBS to remove all debris and blood. After incubating with 2 mM dithiothreitol and 1 mM EDTA in PBS at 37°C for 2×20 minutes under gentle shaking to
remove intestinal epithelial cells, the tissues were digested in 10 mL 2% FBS-RPMI-Collagenase A (1 mg/mL, Roche, Mannheim, Germany) at 37°C for 30
minutes. Lamina propria cells were then collected and further puri�ed via density gradient centrifugation with 40% and 70% Percoll–RPMI solution. Lamina
propria mononuclear cells were collected from the interphase.

Monocytes were isolated from the peripheral blood mononuclear cells using the peripheral blood monocyte extraction kit (TBD science, TBD2011M). Splenic
macrophages and colonic macrophages were isolated by using anti-F4/80 MicroBeads UltraPure (Miltenyi Biotec, 130-110-443, Bergisch gladbach, Germany)
from spleen mononuclear cells and lamina propria mononuclear cell.

Peripheral blood lymphocytes and spleen lymphocytes were enriched using mouse peripheral blood lymphocyte separation kit (TBD science, LTS1092) and
mouse splenic lymphocyte extraction kit (TBD science, LTS1092PK). CD4+ T cells were obtained from peripheral blood lymphocytes, spleen lymphocytes
andlamina propria mononuclear cells with CD4+ T cell Isolation kit (Miltenyi Biotec, 130-104-454, Bergisch gladbach, Germany).

All primary cell extraction steps were performed under aseptic conditions, and the viability of the primary cells was determined by trypan blue staining and cell
count.

 

Statistical analysis

Details on the statistics used can be found in the �gure legends. All statistical analyses were performed using commercially available software (GraphPad
Prism 9). Data were �rst checked for a normal distribution, differences among groups were compared by one-way ANOVA, and multiple comparisons were
conducted by Dunnett’s test. N represents the number of samples used in the experiments. Data are means with error bars showing the SEM. Signi�cance was
assumed at *p < 0.05; **p < 0.01; ***p < 0.005.

Additional information is available in Supplementary Materials and Methods.

Results.
Construction and characterization of the genetic circuits targeting TNF-α
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We evaluated the therapeutic effects of the genetic circuit designed to speci�cally target TNF-α in colonic macrophages for the treatment of UC. We
constructed a genetic circuit consisting of two functional modules: the promoter module drives the transcription of siRNA and directs the package of siRNA
into exosomes, while the siRNA expression cassette module maximizes the expression of the siRNA guide strand and minimizes the expression of undesired
passenger strand. Based on our previous study, the cytomegalovirus (CMV) promoter was selected as the promoter module, and the pre-miR-155 backbone
was selected as the optimal siRNA expression cassette to produce siRNA.18 By inserting the TNF-α siRNA sequence into the 5’ arm of the pre-miR-155 hairpin,
a CMV-directed genetic circuit (in the form of a DNA plasmid) carrying a TNF-α siRNA expression cassette was constructed (hereafter, the CMV-siRTNF-α circuit)
(Fig. 1a). 

 

Next, we tested whether the CMV-siRTNF-α circuit has the ability to synthesize functional TNF-α siRNA in vitro. ANA-1 cells were transfected with three CMV-
siRTNF-α circuits designed to target different sites of the coding sequence (CDS) of TNF-α and then treated with LPS to stimulate an in�ammatory response. A
CMV-directed genetic circuit encoding a scrambled RNA (CMV-scrR circuit) was transfected as a negative control. ANA-1 cells exhibited a remarkable increase
in TNF-α mRNA expression with LPS stimulation; however, this effect was considerably reduced in ANA-1 cells transfected with the three CMV-siRTNF-α circuits
(Supplementary Fig. 1a). Likewise, while LPS dramatically stimulated the secretion of TNF-α into the cell culture medium, the three CMV-siRTNF-α circuits
signi�cantly suppressed the amounts of secreted TNF-α (Supplementary Fig. 1b). The circuit with the greatest interference e�ciency, CMV-siRTNF-α-1, was
selected for further evaluation. 

 

Evaluation of the self-assembly of TNF-α siRNA-encapsulating exosomes in an ex vivo model

Subsequently, we established an ex vivo model to examine the self-assembly and secretion of TNF-α siRNA-encapsulating exosomes. An acute UC model was
induced in male BALB/c mice by replacing their drinking water with a 2.5% DSS solution for 7 days; the CMV-scrR or CMV-siRTNF-α circuit was intravenously
injected into DSS mice 7 times, and then, the exosomes were puri�ed from mouse plasma and incubated with in vitro cultured macrophages (Fig. 2a). First, we
con�rmed the proper enrichment of exosomes from mouse plasma by nanoparticle tracking analysis (NTA) and transmission electron microscopy
(TEM) (Supplementary Fig. 2). Second, we investigated whether the CMV-siRTNF-α circuit could trigger the e�cient packaging of TNF-α siRNA into exosomes. A
time-dependent accumulation of TNF-α siRNA was observed in the plasma derived from mice injected with the CMV-siRTNF-α circuit (peaking at 12 hours and
decreasing to a background level at 48 hours) (Fig. 2b). Interestingly, most TNF-α siRNA was detected in the plasma exosomes rather than exosome-free
plasma of CMV-siRTNF-α-injected mice (Fig. 2c). These results suggested that TNF-α siRNA was released into the blood circulation in an exosome-dependent
manner. Third, we evaluated whether the formation of TNF-α siRNA-encapsulating plasma exosomes could reduce TNF-α expression in macrophages. When
macrophages were incubated with plasma exosomes derived from mice injected with the CMV-siRTNF-α circuit and then stimulated with LPS, a signi�cant
decrease in TNF-α mRNA expression was observed (Fig. 2d), which was accompanied by a reduced amount of TNF-α secreted into the cell culture medium
(Fig. 2e). 

 

Tracking of the delivery of self-assembled TNF-α siRNA to immune cells in in�amed mucosa

We investigated whether exosome-enclosed TNF-α siRNA was successfully delivered to mononuclear phagocytes, particularly to colonic
macrophages, via the exosome-circulating system. The CMV-siRTNF-α circuit was intravenously injected into DSS-induced acute UC mice, and then the
biodistribution of TNF-α siRNA in various tissues was determined. Time-dependent accumulation and clearance of TNF-α siRNA was observed in the livers of
CMV-siRTNF-α-injected mice (peaking at 12 hours and decreasing to a background level at 48 hours) (Fig. 2f). Similarly, direct tracking of TNF-α siRNA in
mouse liver by �uorescence in situ hybridization (FISH) also revealed a time-dependent change in TNF-α siRNA levels in the liver (Fig. 2g and Supplementary
Fig. 3a). These results are consistent with the �ndings of previous studies and support the idea that the liver can express transgenes introduced by
intravenously injected genetic circuits (naked DNA plasmids).21 In addition to the liver, a time-dependent accumulation of TNF-α siRNA was also observed in
the colon, spleen and kidney of CMV-siRTNF-α-injected mice (peaking at 12-24 hours and decreasing signi�cantly after 48 hours) (Fig. 2h). Likewise, when the
distribution of TNF-α siRNA to the colon was examined by FISH, hybridization signals of TNF-α siRNA were detected, with a similar time trend, in
the colon sections of CMV-siRTNF-α-injected mice (Fig. 2i and Supplementary Fig. 3b). To further quantify the cellular uptake of TNF-α siRNA, immune cells
(monocytes, macrophages and CD4+ T cells) were speci�cally isolated from the colonic lamina propria, peripheral blood and spleen of CMV-siRTNF-α-treated
mice. A time-dependent increase in TNF-α siRNA levels was detected in these isolated immune cells (Fig. 2j and 2k). Thus, TNF-α siRNA-encapsulating
exosomes possessed the capacity to access immune cells in in�amed mucosa, blood and spleen, resulting in e�cient delivery of TNF-α siRNA to the sites of
desire.

 

In vivo therapeutic e�cacy of self-assembled TNF-α siRNA in an acute UC model

Next, we evaluated the therapeutic effects of self-assembled TNF-α siRNA on mice suffering from acute UC. An acute UC model was induced in male BALB/c
mice by replacing their drinking water with a 2.5% DSS solution for 7 days. Starting on day 3, DSS mice were intravenously injected with CMV-scrR or three
dosages of the CMV-siRTNF-α circuit or infliximab once a day for seven times until the �nal analysis on day 10 (Fig. 3a). CMV-scrR circuit-treated DSS mice
experienced apparent body weight loss compared with normal control mice; however, treatment with a high dose of the CMV-siRTNF-α circuit signi�cantly
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alleviated body weight loss in DSS mice (Fig. 3b). The disease activity index (DAI), a composite score re�ecting the severity of the disease
characteristics, was dramatically elevated in CMV-scrR circuit-treated DSS mice, but this score was signi�cantly alleviated by treatment with a high dose
of the CMV-siRTNF-α circuit (Fig. 3c). Furthermore, CMV-scrR circuit-treated DSS mice had distinctly shorter colon lengths than normal mice, but treatment
with a high dose of the CMV-siRTNF-α circuit caused a signi�cant recovery of colon length (Fig. 3d and Supplementary Fig. 4a). In terms of the expression
levels of TNF-α, while a remarkable increase in colonic TNF-α mRNA and protein levels was observed in the DSS mice treated with the CMV-scrR circuit, a dose-
dependent reduction in TNF-α mRNA and protein levels was observed in the colon of DSS mice injected with the CMV-siRTNF-α circuit (Fig. 3e and
3f). Immuno�uorescence staining of TNF-α also con�rmed a dose-dependent decline in TNF-α protein levels in the colonic lamina propria derived from CMV-
siRTNF-α circuit-treated mice (Fig. 3g and Supplementary Fig. 4b). Accordingly, while the production of proin�ammatory cytokines (IL-6, IL-12p70, IL-17A and IL-
23) that are mechanistically associated with TNF-α was evoked in the colon of CMV-scrR circuit-treated DSS mice, all of these cytokines were markedly
reduced by a high dose of the CMV-siRTNF-α circuit (Supplementary Fig. 4c). Likewise, myeloperoxidase (MPO) activity, a direct indicator of the in�ltration of
neutrophils into colonic mucosa, was alleviated by a high dose of the CMV-siRTNF-α circuit (Supplementary Fig. 4d). Finally, many cardinal histological signs of
UC, including mucosal damage, ulceration, neutrophil in�ltration, crypt abscesses and muscular layer thickness, were clearly manifested in the colonic
sections derived from CMV-scrR circuit-treated mice, but these signs were signi�cantly improved after treatment with the CMV-siRTNF-α circuit, and the colonic
sections derived from CMV-siRTNF-α circuit-treated mice had relatively intact epithelia, well-de�ned crypt structures and relatively low levels of neutrophil
in�ltration (Fig. 3h and Supplementary Fig. 4e). Accordingly, the colonic histological score was higher in CMV-scrR circuit-treated mice, but this score was
dose-dependently reduced by treatment with the CMV-siRTNF-α circuit (Supplementary Fig. 4f). Overall, these results demonstrated that the self-assembled
TNF-α siRNA induced by the CMV-siRTNF-α circuit could alleviate the characteristics of DSS-induced in�ammation and achieve mucosal healing. Conversely,
in�iximab also improved many critical signs of UC in DSS mice, but the therapeutic effect was somehow inferior to that of the CMV-siRTNF-α circuit (Fig. 3b-3h
and Supplementary Fig. 4). Similarly, in an acute colitis model established by trinitrobenzene sulfonic acid (TNBS), the characteristic symptoms of colitis were
signi�cantly alleviated by treatment with the CMV-siRTNF-α circuit, to a similar, if not better, extent as treatment with in�iximab (Supplementary Fig. 5).

 

In vivo therapeutic e�cacy of self-assembled TNF-α siRNA in a chronic UC model

Because UC is a chronic condition characterized by recurrent episodes of intestinal in�ammation, we established a DSS-induced chronic UC
model (Supplementary Fig. 6a). Similar to the therapeutic e�cacy acquired in acute model, CMV-siRTNF-α circuit-treated mice experienced milder symptoms of
UC, including lower body weight loss, a decreased DAI score, a longer colon length, reduced colonic proin�ammatory cytokines, reduced MPO activity and an
improved histological appearance of colonic sections, compared with the control mice treated with the CMV-scrR circuit (Supplementary Fig. 6b-6g). At the
molecular level, treatment with the CMV-siRTNF-α circuit signi�cantly reduced the expression levels of TNF-α mRNA and protein in the colon of the chronic UC
model (Supplementary Fig. 6j-6l). The CMV-siRTNF-α circuit performed slightly better than infliximab in ameliorating the clinical and histopathological severity
of UC in the chronic model (Supplementary Fig. 6h-6i). Furthermore, the potential side effects and tissue toxicity of the genetic circuits were evaluated.
Repeated injection of the CMV-siRTNF-α circuit posed negligible hepatic toxicity and renal toxicity and caused no overt tissue damage in the chronic UC model
(Supplementary Fig. 7a). Likewise, representative serum biochemical indexes, including alanine aminotransferase (ALT), aspartate aminotransferase (AST),
total bilirubin (TBIL), blood urea nitrogen (BUN), alkaline phosphatase (ALP) and creatinine (CREA), were unchanged after treatment with the CMV-siRTNF-α

circuit (Supplementary Fig. 7b). In addition, the anti-TNF-α e�cacy of the CMV-siRTNF-α circuit was validated in a TNBS-induced
chronic colitis model (Supplementary Fig. 8). Overall, these results demonstrate the therapeutic potential of the self-assembled TNF-α siRNA to inhibit the
progression of intestinal in�ammation and to promote the recovery of colon tissue from UC.

 

Design of a multitargeted genetic circuit to simultaneously assemble multiple siRNAs for combination therapy of UC

Subsequently, we designed a combinatory multitargeted genetic circuit to simultaneously block multiple causal genes and pathways relevant to the onset and
persistence of UC. Based on literature mining,22-26 we �rst set up a group of candidate target genes, including proin�ammatory cytokines (IL-17A, INF-γ and IL-
6),22-25 adhesion molecules involved in T cell tra�cking to the gut (integrin α4 and ICAM-1)26,27 and molecules essential for T cell activation (CD3 and B7-
1)8,9. Second, we constructed a library of genetic circuits among which each genetic circuit carried only one siRNA expression cassette directed against one of
the candidate target genes (Supplementary Table. 2). After assessing the therapeutic e�cacy of these genetic circuits individually, genetic circuits targeting
B7-1, integrin α4 and ICAM-1 were shown to be more effective than circuits targeting IL-17A, INF-γ, IL-6 and CD3 in ameliorating the manifestations of DSS-
induced UC, as assessed by the DAI score and colon length (Supplementary Fig. 9a-9c). Moreover, genetic circuits targeting B7-1 and integrin α4 were more
e�cient than circuits targeting IL-17A, INF-γ, IL-6, CD3 and ICAM-1 in knocking down their target genes (Supplementary Fig. 9d-9j). To view the effects as a
whole, genetic circuits targeting B7-1 and integrin α4 were retained. Third, we constructed a multitargeted genetic circuit carrying three siRNA expression
cassettes, which were organized into a head-to-tail tandem array under the control of a CMV promoter to simultaneously silence TNF-α, B7-1 and integrin α4
(hereafter, the CMV-siRT+B+I circuit) (Fig. 1b). As a basis of comparison, the CMV-siRTNF-α, CMV-siRB7-1 and CMV-siRIntegrin α4 circuits carrying a single siRNA
expression cassette against their corresponding target genes were included as controls.

 

To validate that intravenous injection of the CMV-siRT+B+I circuit indeed induced the coassembly of three siRNAs into plasma exosomes and facilitated the
delivery of three siRNAs to target cells, we assessed the in vivo distribution of the three siRNAs in a DSS-induced UC model. Regardless of injection with
individual CMV-siRTNF-α circuit or multitargeted CMV-siRT+B+I circuit, a similar amount of TNF-α siRNA was detected in the plasma and colon of DSS mice
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(Supplementary Fig. 10a-10b). Direct tracking of TNF-α siRNA by FISH also revealed the clear presence of TNF-α siRNA in the colonic macrophages derived
from the mice injected with the CMV-siRTNF-α or CMV-siRT+B+I circuit (Supplementary Fig. 10c). Simultaneously, a similar amount of B7-1 siRNA accumulated
in the plasma, colon and colonic macrophages derived from the mice treated with individual CMV-siRB7-1 circuit or multitargeted CMV-siRT+B+I

circuit (Supplementary Fig. 10d-10f). Moreover, compared with the DSS mice treated with the CMV-scrR circuit, extensive accumulation of integrin α4 siRNA
was detected in the plasma, colon and colonic CD4+ T cells of DSS mice treated with the CMV-siRIntegrin α4 or CMV-siRT+B+I circuit (Supplementary Fig. 10g-
10i).

 

Next, the therapeutic effects of the multitargeted CMV-siRT+B+I circuit were evaluated in a DSS-induced chronic UC model to investigate whether a synergistic
advantage was achieved (Fig. 4a). While both multi- and single-targeted genetic circuits signi�cantly alleviated body weight loss, promoted the recovery of
colon length, reduced the DAI score and improved the histological appearance in the DSS-induced UC model, the CMV-siRT+B+I-treated group showed the least
body weight loss, best colon length recovery, lowest DAI score and in�ammatory cytokine levels, and minimal histological signs of UC among the three
treatment groups (Fig. 4b-4e and Supplementary Fig. 11). In terms of body weight, colon length and in�ammatory cytokine levels, treatment with the CMV-
siRT+B+I circuit even alleviated these pathophysiological parameters to a similar level in normal control mice (Fig. 4b-4e and Supplementary Fig. 11). In
particular, colon tissues from the CMV-siRT+B+I-treated group exhibited almost the same tissue morphology as that observed in the normal control group,
especially with respect to the integration of the colonic epithelial layer and the in�ltration of in�ammatory cells (Fig. 4e and Supplementary Fig. 11c).
Moreover, hepatic and renal toxicity and abnormal alterations in serum biochemical indexes were not observed after injection with the multitargeted CMV-
siRT+B+I circuit (Supplementary Fig. 7). Overall, combination therapy with the multitargeted CMV-siRT+B+I circuit yielded the highest therapeutic e�cacy among
all the tested groups, indicating that the multitargeted genetic circuit could exert a synergistic therapeutic effect against DSS-induced UC.

 

At the molecular level, the knockdown e�ciency of the corresponding target genes was evaluated. First, a remarkable reduction in TNF-α mRNA and protein
levels was observed in the colon of mice injected with the CMV-siRTNF-α or CMV-siRT+B+I circuit (Fig. 4f-4g). To further characterize the colonic macrophages
that internalized TNF-α siRNA, primary macrophages were speci�cally isolated from the colonic lamina propria and cultured in conditioned medium for 12
hours. Immuno�uorescence staining of TNF-α in primary macrophages revealed that TNF-α protein levels were signi�cantly decreased by treatment with CMV-
siRTNF-α or CMV-siRT+B+I circuit (Supplementary Fig. 12a). Accordingly, the number of colon-in�ltrating macrophages, as measured by �ow cytometric analysis
of F4/80+ cells in colonic lamina propria macrophages cells, was signi�cantly decreased by treatment with the CMV-siRTNF-α or CMV-siRT+B+I circuit
(Supplementary Fig. 12b-12c). Second, the levels of B7-1 mRNA were signi�cantly reduced in the colon of mice injected with the CMV-siRB7-1 or CMV-siRT+B+I

circuit (Fig. 4h). Flow cytometry also revealed that the colonic lamina propria mononuclear cells, peripheral blood mononuclear cells and splenic mononuclear
cells isolated from DSS mice treated with the CMV-siRB7-1 or CMV-siRT+B+I circuit exhibited reduced amounts of B7-1 protein (Fig. 4i-4j and Supplementary
Fig. 13a-13d). Immuno�uorescence staining of B7-1 in primary cultured macrophages of DSS mice also con�rmed an apparent reduction of B7-1 protein after
treatment with the CMV-siRB7-1 or CMV-siRT+B+I circuit (Supplementary Fig. 13e). Furthermore, double staining of B7-1 and F4/80 in colon sections of DSS
mice revealed that the number of double-positive B7-1+ F4/80+ cells increased remarkably in CMV-scrR circuit-treated DSS mice compared with normal mice,
but this increase was abrogated by treatment with the CMV-siRB7-1 or CMV-siRT+B+I circuit, especially the latter (Fig. 4k and Supplementary Fig. 13f). These
results suggest that B7-1-positive macrophages are increased at sites of intestinal in�ammation, whereas intravenous injection of genetic circuits targeting
B7-1 causes a synergistic decline in B7-1 protein and colon-in�ltrating macrophages in in�amed mucosa. Since the B7-1 molecule on APCs
provides costimulatory signals for T cell activation, we evaluated T cell activation using CD25 as a marker.28 Flow cytometry revealed that after CMV-siRB7-1 or
CMV-siRT+B+I circuit treatment, the positive rate of CD25+ T cells was signi�cantly reduced (Supplementary Fig. 13g-13h). Third, a signi�cant
decrease in integrin α4 mRNA was observed in the colon of DSS mice injected with CMV-siRIntegrin α4 or CMV-siRT+B+I circuit (Fig. 4l), which was accompanied
by a signi�cant decline in integrin α4 protein levels in the membrane surface of lymphocytes derived from the colonic lamina propria, peripheral blood and
spleen of these mice (Fig. 4m-4n and Supplementary Fig. 14a-14d). In the immuno�uorescence staining assay, double-positive signals of integrin α4+ CD4+

cells were readily detected in the colon sections of CMV-scrR circuit-treated DSS mice; however, the double-positive signals were remarkably diminished by
treatment with the CMV-siRIntegrin α4 or CMV-siRT+B+I circuit (Fig. 4o and Supplementary Fig. 14e). To investigate the interaction of integrin α4β7 with their
ligands, a solid-phase adhesion assay was performed with plates coated with E-cadherin.26 The amounts of adherent CD4+ T cells isolated from the peripheral
blood of CMV-siRIntegrin α4 circuit- or CMV-siRT+B+I circuit-treated mice were signi�cantly lower than those from CMV-scrR circuit-treated mice (Supplementary
Fig. 14f-14g), indicating that homing of lymphocytes to the in�amed gut mucosa was abolished by treatment with the CMV-siRIntegrin α4 and CMV-siRT+B+I

circuit. 

 

Development of an AAV-based strategy for long-term self-assembly and delivery of exosome-enclosed siRNAs for the treatment of UC 

Next, we focused on optimizing the delivery vehicles of genetic circuits to achieve a long-term therapeutic effect. Since adeno-associated virus (AAV) is
clinically safe and capable of establishing long-term transgene expression, we sought to investigate whether AAV-based liver delivery and expression of a
genetic circuit enabled long-term self-assembly of siRNAs in the liver and induced constant target gene silencing in vivo.29 We inserted the whole sequence
of the CMV-siRTNF-α circuit into an AAV serotype 9 (AAV-9) vector (AAV-CMV-siRTNF-α) and evaluated  the therapeutic effects in a chronic UC model
(Supplementary Fig. 15a). Since the AAV-9 vector could coexpress TNF-α siRNA and a luciferase reporter, evaluation of luciferase activity might re�ect TNF-α
siRNA accumulation in vivo. AAV-mediated luciferase expression was dose-dependently increased from week 1, reached a peak at week 3 and decreased to
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the background level at week 10 (Supplementary Fig. 15b-15c). Compared with treatment with AAV-CMV-scrR, treatment with a high dose of AAV-CMV-siRTNF-α

caused a signi�cant recovery of body weight and colon length, a signi�cant decline in the DAI score and proin�ammatory cytokine levels and an apparent
alleviation of the histological appearance in DSS mice (Supplementary Fig. 15d-15i). At the molecular level, treatment with a high dose of AAV-CMV-siRTNF-α

resulted in a signi�cant accumulation of TNF-α siRNA in plasma, and consequently, an apparent reduction in TNF-α mRNA and protein levels was observed
in colon tissue (Supplementary Fig. 15j-15l). These results revealed that AAV-mediated liver expression of a genetic circuit provided a substantial and lasting
therapeutic effect following a single administration.

 

Finally, the multitargeted CMV-siRT+B+I circuit was inserted into the AAV-9 vector (AAV-CMV-siRT+B+I) to induce long-term combination therapy in a chronic UC
model (Fig. 5a). AAV-CMV-siRT+B+I-treated mice recovered body weight quite fast after each DSS administration, especially those in the high-dose group (Fig.
5b). Likewise, AAV-CMV-siRT+B+I-treated mice experienced a signi�cant recovery in colon length, had a dramatic decrease in the DAI score
and proin�ammatory cytokine levels and displayed a striking improvement in histological signs compared with mice treated with AAV-CMV-scrR (Fig. 5c-5e
and Supplementary Fig. 16a-16d). Remarkably, while colon tissues from the AAV-CMV-scrR-treated mice exhibited epithelial disruption, goblet cell depletion
and signi�cant in�ltration of in�ammatory cells into the mucosa, colons from the AAV-CMV-siRT+B+I-treated mice showed a relatively normal histology, with no
clear signs of in�ammation or disruption of tissue morphology (Fig. 5e and Supplementary Fig. 16c). At the molecular level, treatment with AAV-CMV-siRT+B+I

resulted in a dose-dependent increase in TNF-α siRNA, B7-1 siRNA and integrin α4 siRNA in the liver, plasma and colon of DSS mice (Fig. 5f-5h and
Supplementary Fig. 16e-16j), which was accompanied by a dose-dependent reduction in TNF-α, B7-1 and integrin α4 in colon tissues (Fig. 5i-5k).

 

Discussion.
Combination therapy is emerging as an attractive therapeutic option for UC.30 The basic concept behind this strategy is quite straightforward: simultaneous
engagement of two or more different targets by a single drug formulation may have a synergistic therapeutic effect.31 However, monoclonal antibodies are
usually used alone rather than in combination with other monoclonal antibodies, considering both the possibility of an increased risk of immunogenicity and
side effects. Conversely, because the design of siRNAs is quite simple and �exible, RNAi-based combination therapy conducted by the codelivery of multiple
siRNAs enables the simultaneous blocking of two or more different target genes or pathways in a single treatment.18 In this study, we developed an upgraded
and innovative RNAi strategy through the design of a multitargeted CMV-siRT+B+I circuit carrying a siRNA expression cassette organized as a head-to-tail
tandem array under the control of a single CMV promoter. This multitargeted circuit reprogrammes the host liver to direct the self-assembly of TNF-α siRNA,
B7-1 siRNA and integrin α4 siRNA into secretory exosomes and facilitate the in vivo delivery of these siRNAs to colonic macrophages and CD4+ T cells. The
improvements of the multiple-target strategy are re�ected by two �ndings. First, in mouse models of UC, the multitargeted circuit exerted strong inhibitory
activities on each of the corresponding target genes and exhibited a synergistic and cooperative therapeutic effect compared with the single-targeted circuit.
Second, the multitargeted CMV-siRT+B+I circuit could simply decrease the dosages of plasmid and AAV carrying the genetic circuit when compared with the
coinjection of three kinds of single-targeted circuits, thereby contributing to a reduction in the cytotoxicity, immunogenicity and side effects caused by the
plasmid and AAV themselves. Overall, the multitargeted genetic circuit offers an easy-to-use, effective and safe combination therapeutic RNAi strategy, which
is superior to conventional biological therapies where two or more independent compounds or antibodies are needed.

Considering the short in vivo half-life of the genetic circuits in the plasmid backbone, repeated injection of genetic circuits is inevitable for the long-term
treatment of chronic UC. The problems associated with repeated injection should be dealt with properly.32 Therefore, we selected AAVs as the carrier of genetic
circuits because AAVs are capable of establishing long-term transgene expression with minimal immunogenicity, toxicity and side effects.16 A growing
number of human clinical trials have used AAVs, achieving a good safety pro�le and signi�cant clinical bene�t in many diseases.29 The results revealed that
AAV-mediated liver uptake of the AAV-CMV-siRT+B+I circuit caused substantial and lasting inhibition of the corresponding target genes in a chronic UC model.
The therapeutic bene�t was comparable between the single injection of the AAV-CMV-siRT+B+I circuit and repeated injection of the CMV-siRT+B+I circuit.
Therefore, even if more work is needed to verify the therapeutic effects and ensure safety, AAV-driven genetic circuits hold strong promise of becoming a new
option for complex human diseases in the future.

Taken together, this study induced controllable and predictable self-assembly and delivery of multiple siRNAs in mouse models of UC and allowed
simultaneous control of multiple immunological targets in a purpose-driven mode. This state-of-the-art technology has major theoretical signi�cance and
translational value because it provides a feasible and promising solution for combination therapy in UC.
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Figures

Figure 1

Schematic description of the architecture of the genetic circuits. (a) The CMV-siRTNF-α circuit contains a CMV promoter part and a TNF-α siRNA-expressing
part. When the CMV-siRTNF-α circuit is taken up and processed by the liver after intravenous injection, the CMV promoter drives the transcription of TNF-α
siRNA and directs the loading of TNF-α siRNA into exosomes as cargo. Subsequently, TNF-α siRNA-encapsulating exosomes facilitate the systematic
distribution of siRNAs to multiple tissues and cells, including colonic macrophages. Once arriving colonic macrophages, TNF-α siRNA has the potential to
regulate immune balance and relieve intestinal in�ammation by inhibiting the uncontrolled release of TNF-α from macrophages. (b) The multitargeted CMV-
siRT+B+I circuit carries three siRNA expression cassettes, which are organized into a head-to-tail tandem array under the control of a CMV promoter, to
simultaneously express TNF-α siRNA, B7-1 siRNA and integrin α4 siRNA. When these three siRNAs are loaded into exosomes and delivered to appropriate
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immune cells, TNF-α siRNA can suppress the proin�ammatory cascade, B7-1 siRNA can inhibit the costimulatory signal to T cells, and integrin α4 siRNA can
block T cell homing to the sites of in�ammation, thereby exerting a synergistic therapeutic effect against UC.

Figure 2

Characterization of the self-assembly of TNF-α siRNA-encapsulating exosomes in an ex vivo model. (a) Schematic of the experimental design. Acute UC was
induced in male BALB/c mice by replacing their drinking water with a 2.5% DSS solution for 7 days. DSS mice were intravenously injected with 5 mg/kg CMV-
scrR or CMV-siRTNF-α every day for a total of 7 times, and the exosomes were then puri�ed from mouse plasma and incubated with primary macrophages.
After stimulating macrophages with 50 ng/ml LPS, the uptake of TNF-α siRNA-encapsulating exosomes by macrophages and subsequent suppression of
TNF-α expression by TNF-α siRNA were examined in this ex vivo model. (b) Kinetics of TNF-α siRNA in mouse plasma following tail vein injection of the 5
mg/kg CMV-siRTNF-α circuit (n = 3 in each group). (c) Quantitative RT-PCR analysis of the absolute expression levels of TNF-α siRNA in plasma, exosome and
exosome-free plasma (n = 6 in each group). (d) Quantitative RT-PCR analysis of the relative expression levels of TNF-α mRNA in primary macrophages (n = 6
in each group). (e) Determination of the levels of secretory TNF-α protein in cell culture supernatant by ELISA (n = 6 in each group). (f) Kinetics of TNF-α siRNA
in mouse liver following tail vein injection of the 5 mg/kg CMV-siRTNF-α circuit (n = 3 in each group). (g) In situ detection of TNF-α siRNA in liver sections of
DSS mice at 0, 6, 12, 24 or 48 hours after injection with the CMV-siRTNF-α circuit. Positive in situ hybridization signals are shown in green, and DAPI-stained
nuclei are shown in blue. Scale bar: 50 μm. (h) Kinetics of TNF-α siRNA in the mouse colon, spleen and kidney following tail vein injection of the 5 mg/kg
CMV-siRTNF-α circuit (n = 3 in each group). (i) In situ detection of TNF-α siRNA in colon sections of DSS mice at 0, 6, 12, 24 or 48 hours after injection with the
CMV-siRTNF-α circuit. Positive in situ hybridization signals are shown in green, and DAPI-stained nuclei are shown in blue. Scale bar: 50 μm. (j) Kinetics of
TNF-α siRNA in monocytes and macrophages derived from peripheral blood, spleen and colonic lamina propria of DSS mice following tail vein injection of the
5 mg/kg CMV-siRTNF-α circuit (n = 3 in each group). (k) Kinetics of TNF-α siRNA in CD4+ T cells derived from peripheral blood, spleen and colonic lamina
propria of DSS mice following tail vein injection of the 5 mg/kg CMV-siRTNF-α circuit (n = 3 in each group). Values are presented as the mean ± SEM.
Significance was determined using one-way ANOVA followed by Dunnett’s multiple comparison in panels c, d and e. * p < 0.05; ** p < 0.01; *** p < 0.005.
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Figure 3

Intravenous injection of the CMV-siRTNF-α circuit protects mice from DSS-induced acute UC. (a) Flow chart of the experimental design. Acute UC was induced
in male BALB/c mice by replacing their drinking water with a 2.5% DSS solution for 7 days. From day 3 of modelling, the mice were intravenously injected with
20 mg/kg CMV-scrR or three dosages (0.5, 5 and 20 mg/kg) of the CMV-siRTNF-α circuit or 20 mg/kg infliximab (IFX) once a day. After 7 injections, the mice
were euthanized. Body weights were monitored daily, and symptoms and histology were evaluated on day 10. Untreated BALB/c mice were included as normal
controls. (b) Body weight curves (n = 5 in each group). (c) DAI scores (n = 5 in each group). (d) Representative macroscopic features of colons. Scale bar: 1
cm. (e) Quantitative RT-PCR analysis of the relative expression levels of TNF-α mRNA in the colon (n = 5 in each group). (f) Determination of the absolute
expression levels of TNF-α protein in the colon by ELISA (n = 5 in each group). (g) Immuno�uorescence staining of TNF-α (red) and DAPI (blue) in colon
sections. Scale bar: 25 μm. (h) Representative images of H&E staining of colon sections. Scale bar: 100 μm. Values are presented as the mean ± SEM.
Significance was determined using one-way ANOVA followed by Dunnett’s multiple comparison in panels c, e and f or two-way ANOVA followed by Dunnett’s
multiple comparison in panel b. * p < 0.05; ** p < 0.01; *** p < 0.005.



Page 12/13

Figure 4

Intravenous injection of the multitargeted CMV-siRT+B+I circuit simultaneously inhibits TNF-α, B7-1 and integrin α4 in target cells and exerts a synergistic
therapeutic effect against DSS-induced chronic UC. (a) Flow chart of the experimental design. Chronic UC was induced in male BALB/c mice by rhythmically
administering to mice 2.5% DSS for 1 week and water for 2 weeks for 3 cycles. Four days after each DSS drinking, mice were intravenously injected with PBS,
10 mg/kg CMV-scrR, 10 mg/kg CMV-siRTNF-α, 10 mg/kg CMV-siRIntegrin α4, 10 mg/kg CMV-siRB7-1 or 10 mg/kg CMV-siRT+B+I circuit for a total of 3 times,
once every 2 days. Two days after the �nal injection on day 52, the mice were euthanized. Body weights were monitored every two days, and symptoms and
histology were evaluated on day 52. Untreated BALB/c mice were included as normal controls. (b) Body weight curves (n = 6 in each group). (c) DAI scores (n
= 6 in each group). (d) Representative macroscopic features of colons. Scale bar: 1 cm. (e) Representative images of H&E staining of colon sections. Scale
bar: 100 μm. (f) Quantitative RT-PCR analysis of the relative expression levels of TNF-α mRNA in the colon (n = 6 in each group). (g) Determination of the
absolute expression levels of TNF-α protein in the colon by ELISA (n = 6 in each group). (h) Quantitative RT-PCR analysis of the relative expression levels of B7-
1 mRNA in the colon (n = 6 in each group). (i) Representative �ow cytometric plots of B7-1 on the surface of colonic lamina propria mononuclear cells. (j) The
population of B7-1+ cells in total colonic lamina propria mononuclear cells (n = 4 in each group). (k) Immuno�uorescence staining of B7-1 (red), F4/80 (green)
and DAPI (blue) in colon sections. Double-positive (red and green) signals indicate B7-1+ macrophages. Scale bar: 100 μm. (l) Quantitative RT-PCR analysis of
the relative expression levels of integrin α4 mRNA in the colon (n = 6 in each group). (m) Representative �ow cytometric plots of integrin α4 on the surface of
mononuclear cells derived from the colonic lamina propria. (n) The population of integrin α4+ lymphocytes in total colonic lamina propria lymphocytes (n = 4
in each group). (o) Immuno�uorescence staining of integrin α4 (red), CD4 (green) and DAPI (blue) in colon sections. Double-positive (red and green) signals
indicate integrin α4+ CD4+ cells. Scale bar: 100 μm. Values are presented as the mean ± SEM. Significance was determined using one-way ANOVA followed
by Dunnett’s multiple comparison in panels c, f, g, h, j, l and n or two-way ANOVA followed by Dunnett’s multiple comparison in panel b. * p < 0.05; ** p < 0.01;
*** p < 0.005.
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Figure 5

Intravenous injection of the AAV-CMV-siRT+B+I circuit induces long-term combination therapy in the DSS-induced chronic UC model. (a) Flow chart of the
experimental design. On week 0, BALB/c mice were intravenously injected with AAV-CMV-scrR (1.0×1011 v.g.) or with three dosages of AAV-CMV-siRT+B+I
(2.5×1010 v.g., 5.0×1010 v.g. or 1.0×1011 v.g.). Three weeks later, chronic UC was induced by rhythmically administering to mice 2.5% DSS for 1 week and
water for 2 weeks. Body weights were monitored every two days, and the symptoms and histology were evaluated at week 10. Untreated BALB/c mice were
included as normal controls. (b) Body weight curves (n = 4 in each group). (c) DAI scores (n = 4 in each group). (d) Representative macroscopic features of
colons. Scale bar: 1 cm. (e) Representative images of H&E staining of colon sections. Scale bar: 100 μm. (f-h) Quantitative RT-PCR analysis of the absolute
expression levels of TNF-α siRNA (f), B7-1 siRNA (g) and integrin α4 siRNA (h) in the colon (n = 4 in each group). (i) Determination of the absolute expression
levels of TNF-α protein in the colon by ELISA (n = 4 in each group). (j and k) Quantitative RT-PCR analysis of the relative expression levels of B7-1 mRNA (j)
and integrin α4 mRNA (k) in the colon (n = 4 in each group). Values are presented as the mean ± SEM. Significance was determined using one-way ANOVA
followed by Dunnett’s multiple comparison in panels c, f, g, h, i, j, and k or two-way ANOVA followed by Dunnett’s multiple comparison in panel b. * p < 0.05; **
p < 0.01; *** p < 0.005.
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