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Rapid integration into the host tissue is critical for long-term patency after small diameter tissue engineering vascular grafts
(sdTEVGs) transplantation. Neural recognition may be required for host integration and functionalization of the graft.
However, immune rejection and inflammation hinder nerve regeneration of sdTEVGs. Here, a CRISPR/dCas9-nanocarrier was
used for targeted programming of regulatory T cells (Treg cells) in situ to promote nerve regeneration of sdTEVGs by
preventing excessive inflammation. Treg cells and (C-C chemokine receptor) CCR2+ macrophage recruitment occurred after
transplantation. The nanodelivery system upregulated ten eleven translocation (TET2) in Treg cells in vitro. Reprogrammed
Treg cells upregulated anti-inflammatory cytokines and decreased the proportion of CCR2+ macrophages. IL-6 concentrations
decreased to the levels required for nerve regeneration. Implantation of CRISPR/dCas9 nanodelivery system-modified
sdTEVGs in rats resulted in Treg cell editing, control of excessive inflammation, and promoted nerve regeneration. After 3
months, nerve regeneration was similar to that observed in normal blood vessels; good immune homeostasis, consistency of
hemodynamics, and matrix regeneration were observed. Neural recognition promotes further integration of the graft into the
host, with unobstructed blood vessels without intimal hyperplasia. Our findings provide new insights into vascular implant
functionalization by the host.

1. Introduction

Small diameter tissue engineering vascular grafts (sdTEVGs;
<4mm) are in high demand for treating cardiovascular dis-
eases or for hemodialysis [1]. However, the association with
a high incidence of thrombosis, intimal hyperplasia, and cal-
cification has hindered their clinical application. In particu-
lar, the use of sdTEVGs in the size range of 1.5 to 2mm
during coronary artery bypass still poses many challenges
[2–6]. Imbalance in vascular homeostasis (i.e., aneurysm,
intimal hyperplasia, and calcification) remains a challenge
following the endothelialization of sdTEVGs [7]. Thus, the

long-term, steady-state formation of sdTEVGs requires fur-
ther investigation.

In an autogenous environment, nerves and blood vessels
influence each other. Practically all blood vessels of the
human body, except capillaries, are innervated by sympa-
thetic vasoconstrictor fibers [8–10]. Nerves can mediate the
proliferation and contractile activity of vascular smooth
muscle cells through a variety of transmitters and regulate
their normal phenotype. We have previously demonstrated
that neurotrophic factors promote endothelialization and
effectively improve the patency rate of sdTEVGs [11, 12].
An sdTEVG implantation procedure will inevitably lead to
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peripheral nerve injury; thus, the effective induction of nerve
fiber regeneration is a key problem that needs to be
addressed to promote long-term patency and homeostasis
of sdTEVGs in vivo.

As acellular vascular grafts retain the structure and com-
position of native blood vessels following decellularization,
they have favorable mechanical properties and are suitable
for integrating sdTEVGs [13]. Foreign implants may induce
the recruitment of various types of immune cells, such as T
cells and monocytes/macrophages, 30 days postimplanta-
tion. The infiltration of macrophages, especially CCR2+
macrophages associated with monocyte recruitment, can
cause an increase in the levels of multiple inflammatory fac-
tors, leading to excessive immune rejection, thrombosis,
rapid degradation of the vascular graft, and inhibition of
nerve reconstruction [14, 15]. However, inflammation-
mediated remolding of the graft can also occur during this
process [14–16]. Regulatory T (Treg) cells are immunosup-
pressive T cells that can counteract excessive inflammation,
maintain immune homeostasis [17], modulate the prolifera-
tion and differentiation of tissue-resident stem cells after
injury, and play important roles in organ transplantation
[18–20]. Ten eleven translocation (TET) proteins and
DNA modification exert a pervasive influence on immune
cell development and function. The TET2-catalyzed conver-
sion of 5-methylcytosine to 5-hydroxymethylcytosine in
Foxp3 establishes a Treg cell-specific hypomethylation pat-
tern. TET2 deficiency leads to Foxp3 hypermethylation,
causing impaired Treg cell function in regulating excessive
inflammation [21, 22]. Thus, it is important to determine
whether stable TET2 and Foxp3 expression in Treg cells
can regulate excessive inflammation in the local area and
induce peripheral nerve fiber regeneration of sdTEVGs.

Here, we constructed a CRISPR/dCas9 nanodelivery sys-
tem for the targeted programming of Treg cells to promote
nerve regeneration of sdTEVGs that transplanted in rats by
regulating excessive inflammation in situ. This system tar-
geted the Treg cell surface marker CD25 to promote TET2
expression and maintain immune homeostasis. We demon-
strated that the targeted delivery system specifically regu-
lated immune homeostasis by stabilizing Foxp3 expression
in Treg cells in vivo, repolarizing macrophages, inhibiting
excessive inflammatory response, and regulating interleu-
kin- (IL-) 6 level secreted by macrophages to achieve nerve
reconstruction and long-term patency of sdTEVGs. This
advanced implant system with immunomodulatory func-
tion is also suitable for use in other fields as it provides
universal guidance for circumventing the wide range of
adverse effects induced in response to immune rejection
and promotes the integration of the graft into the host
tissue.

2. Results and Discussion

2.1. Tregs and CCR2+ Macrophages Infiltrated after sdTEVG
Transplantation. During inflammation, M1 and M2 macro-
phages may promote the healing of injured tissues by phago-
cytizing cell debris, resulting in the release of specific
cytokines and growth factors [12, 23, 24]. Recently, it has

been revealed that C-C chemokine receptor 2- (CCR2-)
macrophages might be involved in wound healing and
regeneration [25]. Molecular and cellular events that occur
during the early steps of nerve regeneration include axonal
fragmentation and phagocytosis by invading macrophages.
To detect immune cell infiltration, immunofluorescence
was performed on frozen sdTEVG sections at different time
points after transplantation into Sprague-Dawley (SD) rats
(Figures 1(a) and 1(b)). Three days after transplantation,
the absolute number of T cells began to increase, peaking
on day 7, and this trend was maintained for the next 15 days.
The numbers of CD3 + Foxp3 + Treg cells peaked on day 30
(Figure 1(c)). Meanwhile, the trend in the change in macro-
phage (Mø) counts was similar to that observed for Treg
cells. CD68 +Mø and CD68 + /CCR2 +Mø counts increased
over time and peaked on day 7 (Figures 1(b) and 1(d)). Treg
cells and CCR2+ macrophages were recruited after trans-
plantation, and both cells persisted for a long duration more
than 30 days. Subsequently, the macrophage counts began to
decline between days 7 and 30, indicating that both were
synchronously involved in early inflammation around the
graft.

2.2. The CRISPR/dCas9 Nanodelivery System Activated Treg
Cells and Inhibited Excessive Inflammation. Previous experi-
ments have shown that the expression of TET2 in Treg cells
can be increased in response to treatment with the TET2
agonist, vitamin C, and decreased in response to treatment
with the inhibitor SC-1 (Supplementary Figure 1). To
enhance TET2 expression in Treg cells in vivo and in vitro,
a nonviral plasmid DNA delivery system containing an
enhanced TET2 gene promoter named as dcas9 plasmid,
cationic polymers H4000 as transfection vector, and target-
ing peptides was designed (Figures 2(a)–2(c)). After trans-
fecting the cells with the plasmid, the presence of the
reporter (i.e., green fluorescent protein (GFP)) indicated
successful transfection in vivo (Supplementary Figure 2).
Flow cytometry revealed that the transfection (Foxp3 and
GFP positive Treg cells) and activation efficiencies
(CD44 + GFP + Treg cells) were significantly increased after
modification of the CRISPR/dCas9 nanodelivery system
with the CD25 antibody (Figures 2(d)–2(g); Supplementary
Figure 2). The increase in intracellular TET2 protein levels
was indicative of improved gene delivery (Figure 2(h)).
These results indicated the superior targeting of the CD25
antibody-modified NPs (H4000-CD25/dCas9) to that of
the unmodified NPs (H4000/dCas9). The CD25 antibody
enhanced the targeted editing efficiency of the gene delivery
system. The mixed lymphocyte reaction is a commonly used
method in immune modulation studies. We tried to deter-
mine the contribution of Treg cells in counteracting the
excessive immune response. The results showed that the
proportion of Treg cells in T cells increased significantly,
especially in cells transfected with H4000-CD25/dCas9 after
coculturing T cells and Treg cells at a ratio of 1 : 9 for 7 days
(Figures 2(i) and 2(j)). Moreover, the levels of inflammatory
inhibitory factors, including IL-10, IL-35, and TGF-β,
secreted by Treg cells were also elevated following transfec-
tion with H4000-CD25/dCas9 (Figures 2(k)–2(m)). These
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Figure 1: Stability of immune cell infiltration after sdTEVG transplantation. Immunofluorescence staining to check the infiltration of
immune cells in transplanted sdTEVGs. (a) T cells (CD3 and DAPI) and Treg cells (CD3, Foxp3, and DAPI). (b) Macrophages (CD68,
CCR2, and DAPI). The dot lines mean dividing lines between the vascular adventitia, media, and intima. A and L means adventitia and
lumen of sdTEVGs. (c, d) Mean number of immune cells in each visual field within 30 days of vascular transplantation. n = 5, data are
presented as means ± SD.
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Figure 2: CRISPR/dCas9 nanodelivery system used to activate Treg cells and inhibit excessive inflammation in vitro. (a) Design of the
plasmid showing all the minimal modules, including the three versions of the sgRNA. The red box shows the sequence used. (b)
Schematic diagram of the gene delivery system. CD25-PE covalently binds cationic polymer H4000 as the targeted transfection vector.
After adding dcas9-plasmids to the H4000-CD25 suspension dropwise, H4000-CD25/dCas9 nanoparticles packaging dCas9 plasmids
were obtained. (c) A simple schematic illustration of the active Treg cell targeting mechanism of the nanogene editing system. (d, g) The
transfection efficiency of Treg cells was confirmed using flow cytometry, control group means Treg cells product with no transfection;
n = 6, data were analyzed using unpaired Student’s t-test. (e, f) The percentage of activated Treg cells after transfection was
characterized using flow cytometry, n = 6, one- way ANOVA followed by Tukey test. (h) ELISA was used to detect the TET2 protein
content before and after Treg cell transfection. From top to bottom, n = 6, unpaired Student’s t-test. (i, j) Mixed lymphocyte reaction.
T cells from rat spleens were transfected and cultured for 7 days. Furthermore, natural T cells and different transfection treatment
Treg cells were cocultured at a 1 : 9 ratio for 7 days. The ratio of T cells to Treg cells was detected using flow cytometry to reveal the
relative proliferation rate of Treg cells, n = 6, two- way ANOVA followed by Tukey test. (k–m) The level of anti-inflammatory
cytokines in Treg cells before and after transfection with the nanodelivery system. From left to right: TGF-β-ELISA, IL-10 ELISA, and
IL-35-ELISA. n = 6, unpaired Student’s t-test. ∗P < 0:05, ∗∗P < 0:01, n.s.: no significance. Data are presented as means ± SD. Above
control group means normal group with no transfection.
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data suggested that Treg cells inhibited the proliferation of T-
lymphocytes by secreting inhibitory cytokines, and that the
immunosuppressive function of active-Treg cells was
enhanced following transfection with the H4000-CD25/
dCas9 gene nanodelivery system via TET2 expression upreg-
ulation. This confirmed the potential ability of activated Treg
cells to inhibit transplant-induced T cell-mediated immune
rejection and excessive inflammation.

2.3. Decreased CCR2+ Macrophage Counts in Response to
Activated Treg Cells Promoted Nerve Regeneration. To verify
that edited Treg cells can regulate the inflammatory environ-
ment, we incubated rat macrophages for 2 days with the
supernatant of Treg cells transfected with H4000-CD25/
dCas9 (active Treg cells, aTreg-sup), Treg cells with no
transfection (rest Treg cells, rTreg-sup), or with RPMI
medium (control), and then, new macrophages supernatant
in different groups were extracted out to detect the function
on nerve regeneration and factor mechanism (Figure 3(a)).
The results showed that the proportion of CCR2+ macro-
phages, which was associated with monocyte recruitment
and inflammation, decreased after treatment with aTreg-
sup (Figures 3(b) and 3(c)). In addition to phagocytosing
degenerated nerve cell fragments, CCR2- macrophages can
promote nerve regeneration through paracrine stimulation
[26, 27]. We found that the levels of nerve growth-related
factors NGF and Netrin-1 in the macrophage supernatant
were significantly increased after stimulation with both
rTreg-sup and aTreg-sup, especially the latter (Figures 3(d)
and 3(e)). Although the role of Netrin-1 and NGF secreted
by macrophages in nerve regeneration has been demon-
strated [14, 15], IL-6, a typical inflammatory factor derived
from macrophages and other immune cells, has been found
to be significantly involved in peripheral nerve regeneration
[28, 29]. Thus, to investigate the effect and mechanism of
CCR2- macrophages on nerve regeneration, we incubated
dorsal root ganglion (DRG) neurons with the three groups
of macrophage supernatants above and added an IL-6 recep-
tor antagonist group (Figure 3(f)). Compared with that in
the control and rTreg-sup groups, the CCR2- macrophage
supernatant group exhibited promotion of axon regenera-
tion, and after treatment with the IL-6 receptor antagonist,
axon regeneration was significantly reduced (Figures 3(g)
and 3(h)). ELISA for neuronal axon surface growth-related
protein 43 (GAP43) also showed the same trend
(Figure 3(i)). Interestingly, we found that as the gradient of
IL-6 changed, the length and number of axons showed a par-
abolic trend that was initially enhanced and then inhibited,
and the optimal IL-6 concentration was 50–100ngmL-1
(Supplementary Figure 3). Therefore, we speculated that
the excessive secretion of IL-6 by CCR2+ macrophages
inhibited DRG neuron axon regeneration. With the decrease
in the level of IL-6, nerve growth gradually entered the most
suitable phase, and continued decrease of IL-6 weakened the
trend of nerve growth. Thus, IL-6 may have played a more
decisive role in this process than NGF or Netrin-1. Regulat-
ing the proportion of CCR2 macrophage subsets by editing
Treg cells may increase the local concentrations of IL-6 in
the optimal range for nerve regeneration. Furthermore, the

regeneration of nerve axons requires the support of Schwann
cells, which phagocytose axonal debris and secrete benefi-
cial growth factors, such as pleiotrophin and glial cell-
derived neurotrophic factor [30]. To explore the influence
of the inflammatory microenvironment on Schwann cells,
we cocultured primary rat DRGs and Schwann cells to study
their combination and nerve regeneration.

The expression of S100 in the different groups showed
that the supernatant of macrophages stimulated by Treg
cells matched the combination of cells, especially as Treg
cells could significantly promote the growth of Schwann
cells on axons (Figures 3(j) and 3(k)).

2.4. Design and Properties of sdTEVGs Modified with H4000-
CD25/dCas9 Nanodelivery System. Based on these results,
the protonated H4000-CD25/dCas9 delivery system and col-
lagen with many electrons were used to construct a long-
term sustained-release engineering vessel using an electro-
static layer-by-layer self-assembly method (Figures 4(a)
and 4(b)). The successful modification on the adventitia of
the decellularized vascular matrix was confirmed by surface
zeta potential analysis and scanning electron microscopy.
After encapsulating the plasmid, the H4000-CD25/dCas9
system appeared in clusters, and the sdTEVGs modified
with H4000-CD25/dCas9 showed that many nanoparticles
were adsorbed onto the adventitia surface (Figures 4(c)
and 4(f)). To evaluate the sustained-release efficiency and
maintenance time, we added fluorescent molecules (Cy3
or Dir) to H4000 (Supplementary Figure 4), and then,
sdTEVGs modified with H4000-Cy3 or DiR were placed in
agarose gel or implanted in rats. After observation for a
period, the modified sdTEVGs showed strong fluorescence
at days 7 and 15, which was maintained until day 30 both
in vitro and in vivo (Figure 4(d); Supplementary Figure 4).
With respect to the in vitro characterization of the
sustained-release of the CRISPR/dCas9 plasmid, qPCR
revealed that the plasmid was continuously released for
over 21 days (Figure 4(e)). These data suggest that the
system could maintain the sustained release for nearly 1
month in vivo. Thus, it provided sufficient time for nerve
fibers to grow into sdTEVGs.

2.5. The Modified sdTEVGs Targeted Programming of Treg
Cells In Vivo and Decreased the Proportion of Infiltrative
CCR2+ Macrophages. After transplantation of H4000-
CD25/dCas9-modified sdTEVGs into the common carotid
artery of SD rats using confocal immunofluorescence, we
observed that the number of GFP+ and Foxp3+ Treg cells
in the H4000-CD25/dCas9 group was distinctly larger than
that in the control and H4000/dCas9 groups over time. This
confirmed the successful targeting and transfection of the
H4000-CD25/dCas9 system in Treg cells in vivo
(Figures 5(a) and 5(c)). After the transfected Treg cells infil-
trated in grafted vessels, dCas9 significantly promoted their
TET2 expression on days 3, 7, and 15 (Figure 5(e)). Thus,
immune homeostasis could be regulated by Treg cells with
stabilized Foxp3 expression in vivo. Furthermore, we exam-
ined macrophage infiltration in sdTEVGs and found that the
ratio of CCR2+ macrophages decreased over time, especially
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Figure 3: Activated Treg cells promoted nerve regeneration by regulating CCR2+ macrophages. (a) Cartoon photo of experiment process in
cell supernatants obtaining and function evaluating of nerve regeneration. (b) Rat macrophages incubated in Treg cell supernatants were
visualized by immunofluorescence staining. rTreg sup: supernatant of regular Treg cells; aTreg sup: supernatant of Treg cells activated by
H4000-CD25/dCas9 nanodelivery system. Green: CD68; red: CCR2; blue: DAPI. (c) Percentage of CCR2+ macrophages among CD68
macrophages. n = 6, one-way ANOVA followed by Tukey test. (d, e) The level of nerve growth-related factors (NGF) and Netrin-1
secreted by macrophages stimulated by the Treg cell supernatant for 2 days. N = 6, one- way ANOVA followed by Tukey test. (f)
Immunofluorescence staining: the rat dorsal root ganglion incubated with supernatant of macrophages separately stimulated by rTreg
and aTreg cells and a group of macrophage supernatant added with IL-6 antagonist. Blue: DAPI and green: PGP9.5. (g, h) Axon length
and cell survival of DRG after coculturing with macrophage supernatants from each group, n = 6, one-way ANOVA followed by Tukey
test. (i) GAP43 expression in DRG cells after coculturing with macrophage supernatant from each group. n = 6, one- way ANOVA
followed by Tukey test. (j) Schwann cells and DRG cells were cocultured and then incubated with the supernatants of macrophages
stimulated by rTreg and aTreg cells. (k) Number of Schwann cells grown on axons of DRG cells in each visual field, n = 12, one- way
ANOVA followed by Tukey test. ∗P < 0:05, ∗∗P < 0:01, n.s.: no significance. Data are presented as means ± SD.
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Figure 4: Design and properties of sdTEVGs modified with H4000-CD25/dCas9 nanodelivery system. (a) Schematic diagram of the
nanodelivery system targeting Treg cells to control inflammation and promote nerve regeneration on sdTEVGs. (b) Construction of the
long-term sustained-release vascular adventitia engineering design using an electrostatic layer-by-layer self-assembled nanodelivery
system. (c) SEM showed the process of H4000 nanoparticles modification on sdTEVGs adventitia after dCas9 delivery. (d) The delivery
system loaded with DIR dye replaced the left common carotid artery of rats. The fluorescence attenuation within 30 days was measured.
n = 5. (e) Plasmids continuously released from sdTEVGs in agarose gel for 30 days, detected using qPCR. (f) The surface zeta potential
of electrostatic self-assembly of an engineered blood vessel. Layers 1 and 3 represent the H4000-CD25/dCas9 layer, and layers 0, 2, and 4
represent the hyaluronic acid (HA) layer. n = 6, data are presented as means ± SD.
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in the H4000-CD25/dCas9 group (Figures 5(b) and 5(d)).
These results showed that the H4000-CD25/dCas9 delivery
system could shift the macrophage phenotype toward the
CCR2- phenotype by inducing stable Foxp3 expression in
Treg cells in vivo. Thus, our system provided an appropriate
microenvironment for nerve regeneration.

2.6. The H4000-CD25/dCas9 Delivery System Induced Nerve
Regeneration and Remodeling of sdTEVGs. SdTEVGs modi-
fied with the H4000-CD25/dCas9 nanodelivery system were
transplanted into SD rats to detect the effects of the dCas9
sustained-release system on their patency and nerve remod-
eling (Figure 6(a)). Abundant adventitia tissue was observed
by hematoxylin and eosin (H&E) staining at day 30, which
might have been caused by the infiltration of inflammatory
cells and migration of adventitia vascular progenitor cells.
Intravascular stenosis and accumulation of inflammatory
cells in the intima could be observed in the groups, except
for the H4000-CD25/dCas9 group. Our findings were con-
firmed using Doppler ultrasound imaging and computed
tomographic angiography (CTA) to evaluate blood flow

and patency. Compared with that in the control groups,
the H4000-CD25/dCas9 group showed the best vascular
patency rate (Figure 6(a)). Doppler ultrasound revealed
that the H4000-CD25/dCas9 group exhibited stable hemo-
dynamics as the blood flow velocity of sdTEVGs remained
stable at 83 ± 6:4 cm s − 1 after 30 days (Figure 6(b)). Fur-
thermore, CTA showed that the H4000-CD25/dCas9-mod-
ified sdTEVGs remained unobstructed in the 3 following
months.

Furthermore, we explored whether sdTEVGs play a role
in maintaining immune homeostasis in the microenviron-
ment and vascular remodeling. The expression of inflamma-
tory factors, such as IL-6, began to decrease on day 7 and
was still lower than that in the control group on day 30
(Figure 6(c)), demonstrating that sdTEVGs exhibited a
lower level of inflammation. On day 30 of transplantation,
the nerve fibers in the adventitia of blood vessels, as demon-
strated in the confocal images (Figure 6(d)), showed nerve
regeneration in the adventitia. After tracer labeling of the
superior cervical ganglion using virus injection, a GFP signal
was observed on the sdTEVGs adventitia 60 days after
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Figure 5: The H4000-CD25/dCas9 delivery system for sdTEVGs targeted Treg cells in vivo and decreased the proportion of CCR2+
macrophages. (a) The H4000-CD25/dCas9 delivery system was transfected into Treg cells infiltrated on sdTEVGs, green: GFP; red:
Foxp3; blue: DAPI; n = 5. (b) Immunofluorescence staining of sdTEVGs showed the decreased adventitia infiltration of CCR2+
macrophages in the H4000-CD25/dCas9 group, green: CCR2, red: CD68, blue: DAPI; n = 5. The dot lines mean dividing lines between
the vascular adventitia, media, and intima. A and L means adventitia and lumen of sdTEVGs. (c) Transfection efficiency of the H4000-
CD25/dCas9 delivery system into Treg cells. n = 5, two- way ANOVA followed by Tukey test. (d) The number of CCR2+ macrophages
in the adventitia of sdTEVGs. n = 5, two- way ANOVA followed by Tukey test. (e) Western blot showed the TET2 protein in sdTEVGs
in three groups at different time points. ∗P < 0:05, ∗∗P < 0:01, ∗∗∗P < 0:001, n.s.: no significance. Data are presented as means ± SD.
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Figure 6: The H4000-CD25/dCas9 delivery system promotes nerve regeneration and matrix remodeling of sdTEVGs in rats. (a) From top
to bottom: the engineered blood vessels were used to replace the left common carotid artery of rats; 30 days after transplantation, the frozen
sections of sdTEVGs were stained with hematoxylin and eosin (H&E); ultrasonic Doppler examination of left sdTEVGs in rats; 90 days after
transplantation, computed tomography angiography (CTA) was performed in the rat neck. Arrows pointed to sdTEVGs. (b) Thirty days
after transplantation, the blood flow velocity in sdTEVGs in rats was statistically analyzed. n = 5, one-way ANOVA followed by Tukey
test. (c) On day 30 of transplantation, ELISA tested the IL-6 contents of sdTEVGs in three groups at various time points. n = 5, two- way
ANOVA followed by Tukey test. (d) Nerve immunofluorescence staining of frozen sections of sdTEVGs on day 30 after transplantation,
green: PGP9.5, red: TUBB3. (e) On day 30, after the virus tracer was injected into the stellate ganglion of rats, the stellate ganglion
(upper) and the adventitia nerve of the sdTEVGs expressed green fluorescent protein (below). n = 5, one- way ANOVA followed by
Tukey test. (f) Statistics of nerve coverage on sdTEVGs adventitia. n = 5, one- way ANOVA followed by Tukey test. (g, h)
Hydroxyproline (Hyp) kits and DA ELISA kits tested the collagen and dopamine content of sdTEVGs. n = 5, one- way ANOVA
followed by Tukey test. (i) Thirty days after transplantation, whole vascular adventitia was performed with nerve immunofluorescence
staining and subsequent three-dimensional reconstruction, green: PGP9.5, red: TUBB3. ∗P < 0:05, ∗∗P < 0:01, n.s.: no significance. Data
are presented as means ± SD.
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transplantation, suggesting that nerves regrew from the
superior cervical ganglion, and that the intensity of the
GFP fluorescence signal was significantly increased, espe-
cially in the H4000-CD25/dCas9 group (Figures 6(e) and
6(f)). The results indicated that excessive inflammation
was regulated by Treg cells and that the IL-6 level was
decreased to an appropriate level for nerve regeneration by
the H4000-CD25/dCas9 system in vivo.

As a neurotransmitter and an important substance in the
maintenance of the structural strength of blood vessels, the
content of vascular dopamine (DA) is closely related to the
functional structure of blood vessels. On day 30, the total
content of DA in H4000-CD25/dCas9-sdTEVGs was signif-
icantly higher than that in the control group and close to
that in normal rat blood vessels (Figure 6(h)). Similar results
were observed in tests of collagen content and endothelializa-
tion and smooth muscle reconstruction, which demonstrated
the favorable vascular remodeling and matrix reconstruction
in H4000-CD25/dCas9-sdTEVGs (Figure 6(g) and Supple-
mentary Figure 5). The three-dimensional reconstruction of
the vascular adventitia using immunofluorescence revealed
the effect of nerve reconstruction on sdTEVGs 1 to 3 months
after transplantation. The signals of cord-like nerve fibers
could be traced in the adventitia over time, while the nerve
gradually grew from the transplanted end to the middle of
the sdTEVGs (Figure 6(i); Supplementary Video 1-4). These
data showed that the regenerated nerve fibers contribute to
vascular matrix remodeling and reduced the risk of vascular
stenosis.

Immune cell infiltration of implants and their effect on
patency have attracted attention. A previous study has dem-
onstrated that the host cell response often determines the
fate of the explanted vascular grafts [31]. From the point of
view of material biology, the immune response induced by
vascular implant transplantation provides a new perspective
for the regulation of regeneration. Antigen-presenting cells
and lymphocytes trigger the chronic immune rejection of
vascular grafts and lead to transplantation failure [32, 33].
With respect to the host inflammatory response, this study
found that after sdTEVG transplantation into rats, T cells,
macrophages, and a small amount of Treg cells were
recruited over time and existed mainly within the adventitia.
We revealed the spatiotemporal regularity of host immune
cell infiltration after vascular implantation, which laid the
foundation for the regulation of immunity and regeneration
in situ. However, most commercially available synthetic
grafts mainly induce inflammatory reactions, are rarely used
to achieve regeneration, and fail to integrate properly into
the surrounding tissue [34–36]. Nerve regeneration can reg-
ulate vascular activity and homeostasis. This can play an
important role in extracellular matrix and normal smooth
muscle remodeling and induce neuroimmune homeostasis
to promote long-term symbiosis between the implant and
host [37, 38].

However, excessive inflammatory reactions and immune
rejection hinder the neural reconstruction of engineered
blood vessels [39]. An initial objective of the project was to
identify the relationship among immune homeostasis, nerve
reconstruction, and artificial blood vessel regeneration.

Treg cells have strong immunomodulatory abilities, and
their safety and efficiency has have been demonstrated in
some a clinical trials [40]. We selected the CRISPR/dCas9
technology to promote TET2 expression to maintain the
low methylation levels in the gene encoding a key factor
Foxp3 and stabilize Treg cells to control inflammation. Fur-
thermore, we modified the plasmid delivery nanoparticles
with a CD25 antibody to target the Treg cells, and the trans-
fection efficiency substantially improved. After TET2 expres-
sion in Treg cells was improved by the transfection, we
found that not only was Foxp3 expression stabilized but also
that Treg cells were actively expressing CD44. The increased
secretion of anti-inflammatory factors TGF-β, IL-35, and IL-
10 and inhibition of T-cell proliferation validated the anti-
inflammatory capabilities of Treg cells, which were further
amplified after gene editing, and were consistent with a pre-
vious finding that showed that the lack of TET2 in myeloid
cells could lead to increased IL-6 secretion and atherosclero-
sis risk [41, 42].

Excessive inflammation is responsible for poor periph-
eral nerve regeneration in tissues [43], and proinflammatory
populations of macrophages significantly suppress periph-
eral nerve repair [44]. Macrophages exist in different pheno-
types depending on their environment. During nerve
regeneration, chemokine C-C motif ligand 2 (CCL2) mRNA
expression increases in axotomized neurons and Schwann
cells, which is the major chemokine for monocytes and acts
on the macrophage receptor CCR2 [45–47]. At the initial
stage, CCR2+ macrophages activate neuronal signal trans-
ducer and activator of transcription 3 (STAT3), which pro-
motes myelination by acting on Schwann cells, leading to
the clearance of axonal debris, and removing molecules that
inhibit nerve regeneration [48]. However, the long-term
presence of CCR2+ macrophages results in excessive inflam-
mation and delays wounded tissue healing. We cocultured
macrophages and activated Treg cells and found that com-
pared with that in the control group, the number of CCR2
+ macrophages decreased. Furthermore, the levels of nerve
growth-related factors NGF and Netrin-1 in the macrophage
supernatant were significantly increased after stimulation
with the Treg cell supernatant, whereas the level of IL-6
secreted by the macrophages was significantly reduced. IL-
6 has been identified to be very important for peripheral
nerve regeneration [28, 29]. IL-6 was upregulated during
Wallerian degeneration after nerve injury, and delivery of
IL-6 into injury sites could activate the signal transducer
and activator of transcription 3 (STAT3) pathway, and then
the downstream genes related to axon regeneration, such as
growth-associated protein 43 (GAP43), leading to peripheral
nerve axon growth [49–51]. Here, we found that in the low
level-inflammation group, the IL-6 content decreased but
the nerve cells grew better. However, nerve growth was
worse than that in the control group after adding the IL-6
antagonist into the medium, which indicated that the posi-
tive effect of CCR2- macrophages on nerve growth may
not only be attributed to NGF or Netrin-1 proteins but also
the appropriate concentrations of IL-6. Thus, we further
treated the neuron cells with a gradient concentration of
IL-6 in vitro and found that the optimum concentration
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was 50–100ngmL-1. Regulating the proportion of CCR2
macrophage subsets by editing Treg cells may promote the
local IL-6 level in this optimal range. Future research on
nerve regeneration will further confirm the effect of IL-6.

During the reinnervation process of vascular grafts,
Schwann cells play important roles as they not only grow
to link adjacent endplates in the denervated tissues but also
resemble the miniature endplate potentials of innervated tis-
sues [52, 53]. Thus, we cocultured the rat primary DRG of
neurons and Schwann cells. The expression of S100 in differ-
ent groups suggested that the supernatant of macrophages
cultured with Treg cells promoted the combination of
Schwann cells on axons, indicating that this interaction will
promote the formation of a link between the injury nerve
fibers and endplates in vascular grafts in vivo. We found that
active Treg cells can promote the colocalization of nerve
axons and Schwann cells, indicating that axons extend with
the support of Schwann cells. Axonal regeneration is insep-
arable from the support and repair of Schwann cells. These
findings suggest a positive role in both axonal regeneration
and Schwann cell protection.

Thus, the H4000-CD25 encapsulated dCas9 system was
attached onto the adventitia of sdTEVGs using a layer-by-
layer electrostatic self-assembly method, which is widely
used for the preparation of nanoparticles on various sub-
strates for a range of applications [54]. The targeting nano-
particle transfection system could be stably released for 30
days in vivo, providing sufficient time for inflammation con-
trol and nerve fiber growth. Compared with injection or oral
administration, the implantation of a sustained-release sys-
tem requires a smaller dose and avoids systemic side effects,
including hepatotoxicity and infection. The reporter gene
GFP showed that the dCas9 was effective in vivo and mainly
expressed in Treg cells at day 15 in the media and adventitia.
The TET2 expression of sdTEVGs in the H4000-CD25/
dCas9 group was significantly higher than that in the other
two groups, and more macrophages were transformed into
the CCR2- phenotype. The effect became more pronounced
with the increase in implantation time after 15 days.

This suggested that the delivery system functions nor-
mally in vivo and becomes stable for a certain period. Fur-
thermore, a higher density of tubblin3 and PGP9.5-positive
neural fibers existed in the adventitia of the sdTEVGs in
H4000-CD25/dCas9 group, and the tracer experiment fur-
ther confirmed these neural fibers came from the superior
cervical ganglion located next to the common carotid
artery. In pathological conditions, smooth muscles without
nerve connection exhibit pathological behaviors, such as
abnormal proliferation and migration, and will not produce
normal extracellular matrix or secrete extracellular matrix-
degrading enzymes, such as matrix metalloproteinases,
leading to conditions, such as vascular wall thickening, scle-
rosis, and aneurysm. The sustained-release system inhibited
excessive inflammation and promoted nerve regeneration
in situ. SdTEVGs innervated by neural fibers showed good
patency and complete, regular morphological features. Nerve
regeneration plays an important role in vascular extracellular
matrix remodeling and regulation of vascular homeostasis.
There is a harmonious interaction among the sustained-

release system of scaffold materials, the improvement of local
immune homeostasis, nerve remodeling, and good implant
morphology and function. It is effective to promote the
regeneration of engineered blood vessels from the point of
view of immune regulation.

3. Conclusion

In summary, we established a gene editing system for the
targeted delivery of Treg cells, which modulated the inflam-
matory environment of sdTEVGs for nerve regeneration by
activating Treg cells and led to the phenotypic transforma-
tion of macrophages. Nerve-regulated sdTEVGs showed
good extracellular matrix remodeling and patency. This type
of advanced delivery system, with immunomodulatory func-
tion and neural recognition, contributes to the integration
and functionalization of multiple grafts by the host.

4. Materials and Methods

4.1. Materials. Antibodies against CD68 (TA318150) were
purchased from Origene Technologies. CD3-PE (550353),
CD25-PE (554866), anti-CD3 (554829), anti-CD28 (554992),
and anti-CD4-APC (550057) antibodies were purchased from
BD. CD44-647 (203908) was obtained from Biolegend, anti-
GAPDH antibody (gb11002) from Servicebio, and toci-
lizumab (m6223) from Abmole. Anti-PGP9.5 (ab8189), anti-
Foxp3 (ab22510), and anti-CCR2 (ab203128) were purchased
from Abcam. The antitubulin antibody (bs-4512r) was
obtained from Bioss. The CRISPR/cas9 activation vector was
purchased from Beijing Syngentech Co., and the nanotrans-
fection reagent (H4000) from Engreen. The anti-MAG anti-
body (p100328) was purchased from Kleanab, secondary
anti-mouse488 antibody (a11001) from Life Technology, and
SC-1 (hy-10579) from MCE.

4.2. Animals. Animal procedures were reviewed and
approved (the approved number: SCXK-PLA-20120011) by
the animal ethics committee of Army Medical University.
In total, 216 6-week-old male specific pathogen-free
Sprague-Dawley (SD) rats (250–300 g) were provided by
the animal house of Army Medical University. We used
anesthesia with isoflurane (RWD Life Science, Shenzhen,
China) to minimize pain during the organ extraction and
sdTEVG implantation.

4.3. Experimental Design. The aim of this study was to
promote the nerve regeneration of sdTEVGs. The effec-
tiveness of the CRISPR/dCas9 nanodelivery system on
nerve regeneration on sdTEVGs was investigated via
in vitro and in vivo experiments. The in vitro experiments
that evaluated the transfection of a CRISPR/dCas9 nano-
delivery system on Treg cells and nerve fibers included
flow cytometry, ELISA, RT-qPCR, and immunofluores-
cence. Rat primary DRG and peritoneal macrophages were
used. The in vivo studies were conducted in 250 g female
SD rats transplanted with sdTEVGs, and then nerve distri-
bution, infiltration of macrophages and Treg cells, and the
characteristics of sdTEVGs were measured. CRISPR/dCas9
nanodelivery system characteristics were investigated using
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scanning electron microscopy (SEM); zeta potential and
stability were investigated in vitro and in vivo. The
CRISPR/dCas9 nanodelivery system modified on sdTEVGs
was not blinded. Investigators were blinded to sdTEVG
transplantation in rats, macrophage phenotypes, Treg cell
transfection, and characteristics of blood vessels. Sample
processing and statistical analysis were performed concur-
rently on all groups using identical conditions. For all
experiments, sample sizes, numbers of replicates, and sta-
tistical tests are indicated in the figure legends to ensure
statistically significant differences.

4.4. Extraction and Culture of Treg Cells. The spleens
extracted from SD rats were ground and sieved through a
40-mesh sieve. Cell suspensions were washed with PBS,
and red blood cells were removed with lysate (Biosharp,
BL503A). After resuspending the cells in RPMI (Solarbio),
they were incubated with CD4-APC and CD25-PE, and
the double-positive cell groups were screened using flow
cytometry. Finally, cells were cultured in RPMI medium
containing IL-2 (novo protein, final concentration of
30 ngmL-1) and 10% FBS and then seeded in a 12-well plate
covered with CD3 (BD) and CD28 (BD).

4.5. dCas9 Plasmid Design. A 200bp sequence, which was
upstream of the initiation codon, was selected as the
dCas9-sgRNA binding sequence to enhance TET2 expres-
sion. The sgRNA sequence was designed as follows: 5′-
CCGCCCCGAGGCCGGCCGCCG-3′. The transfection
vector was constructed and synthesized by Beijing Syngen-
Tech Co. as follows: pZdonor_U6-sgRNA-EF1α-dSpCas9-
NLS-VP64-2A-EGFP-2A-Puro.

4.6. Manufacturing of H4000-CD25PE and H4000-Cy3
Nanoparticles. The Entranster-H4000 (H4000, Engreen)
was diluted from 20μL to 1mL. Hydrodynamic dimension
and zeta potential were measured. CD25-PE (100μL,
0.2mgmL-1) was mixed with EDC (300μL, 1mgmL-1) in
MES (pH5.5), and then, H4000 (100μL) was added over-
night in the dark. Finally, H4000-CD25PE was purified
using a dialysis bag with a molecular weight of 100 kD and
enriched in 100μL of water. The hydrodynamic force and
zeta potential of the product were measured again to check
for coupling effect, and 20μL was used to perform the fluo-
rescence spectrometer test. Activated Cy3-NHS (10μL,
5mgmL-1), H4000 (200μL), and NaHCO3 (200μL, 0.1M,
pH7.8) were homogeneously mixed and reacted overnight
in the dark at 4°C. Subsequently, the reacted solution was
dialyzed (molecular weight: 3500 D) in deionized water for
24 h, and the H4000-cy3 nanoparticles were obtained. Fur-
thermore, H4000 and purified H4000-CY3 were diluted to
0.5mgmL-1 with deionized water, and the hydration parti-
cle size and surface potential of each sample were tested
thrice using a laser particle size analyzer (Malvern, zen3690).

4.7. dCas9 Plasmid Packaging in Entranster-H4000. The
dCas9 plasmid and vector Entranster-H4000/H4000-
CD25PE were diluted with serum-free RPMI to a working
concentration of 32μgmL-1 and 80μgmL-1.

To prepare the transfection complex, the Entranster-
H4000 was mixed with the plasmid at a volume ratio of
2 : 5 and kept for 15min at 18–25°c. The following groups
of transfected vectors and plasmids were mixed using the
same methods: H4000-CD25PE, H4000/dCas9, and
H4000-CD25PE/dCas9.

4.8. Transfection and Activation Rates. In total, 1 × 104 Treg
cells were cultured in a 96-well plate with normal medium
(50μL) in each well for 24 h before transfection. Then, trans-
fected vectors (20μL) from each group were added into the
wells and incubated for 15min at 25°C. After transfection
for 6 h, the medium was replaced with a medium without
transfection reagents. Two days later, these were purified
using PURO antibiotics and showed green fluorescence
(GFP). RT-PCR was also performed to detect TET2 expres-
sion in Treg cells to confirm the success of transfection at the
mRNA level. Furthermore, Treg cells were incubated with a
primary antibody against GFP (Servicebio) followed by sec-
ondary antibody (568 antirabbit) incubation, primary anti-
body against Foxp3 (Abcam), and secondary antibody (568
antimouse). Transfection efficiency was measured using flow
cytometry (C6, BD).

To detect the transfection efficacy of H4000-CD25PE,
Treg cells were mixed with T cells at a ratio of 1 : 1 and trans-
fected using this method. Two days later, the cells were incu-
bated with CD25PE, CD44-APC (BD), primary rabbit
antibody against GFP (bs-0844r, BIOSs), and secondary
antibody (568 antirabbit). The affinity and activation rates
of Treg cells were measured using flow cytometry (C6, BD).

4.9. Real-Time qPCR. TET2 mRNA expression in Treg cells
was compared before and after transfection. Briefly, total
RNA was extracted using the Trizol reagent (Life), and
cDNA was synthesized. The cDNA of different samples was
amplified using StepOnePlus, and qPCR was performed
using the SYBR Green qPCR Mix (Tiangen Biology) accord-
ing to the manufacturer’s instructions. The primer sequences
used are shown in Supplementary Table 1.

4.10. Protein Expression. Treg cells were lysed using RIPA
lysis buffer before and after transfection. Supernatant was
obtained after centrifugation at 700× g TET2 and cytokines,
including IL-6, TGF-β, IL10, and IL35, were detected using
an ELISA kit (Shanghai Xin Yu Biotech) following the man-
ufacturer’s instructions.

4.11. Mixed Lymphocyte Reaction Experiment. T cells (CD3-
PE positive) and Treg cells (CD4-APC and CD25-PE dou-
ble-positive) were obtained from the spleen, sorted using
flow cytometry, and then cultured in RPMI (Solarbio)
medium containing 30 ngmL-1 IL2 (Novoprotein Scientific)
and 10% FBS. Cells in the control groups or those trans-
fected with H4000-CD25PE/dCas9 were used at a 1 : 9 ratio
to establish a mixed population of T cells and Treg cells.
Finally, cells were, respectively, incubated with CD3PE and
Foxp3-647 after culture for 1 day and 1 week. The propor-
tion of T cells and Treg cells was compared using flow
cytometry to determine the immunosuppressive effect of
Treg cells.
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4.12. Treatment of Macrophages with the Supernatant of Treg
Cells. Peritoneal macrophages were obtained and cultured as
previously described [55]. The supernatant of Treg cells
transfected with H4000-CD25PE and H4000-CD25PE/
dCas9 (rTreg and aTreg) was extracted, mixed with RPMI
at the ratio of 1 : 1, and used to treat the macrophages for 2
days. Later, macrophage culture medium was changed to
fresh RPMI for another 2 days’ treat, and the supernatant
of macrophages in each group was then extracted and
preserved at -20°C for subsequent experiments. The pheno-
types of macrophages in three groups were, respectively,
determined using immunofluorescence staining. Macro-
phages were incubated with mouse anti-CD68 (OriGene
Technologies, 1 : 500) and rabbit anti-CCR2 (Servicebio,
1 : 500) antibodies overnight at 4°C and washed with PBS
(5 min × 3 times) before adding the secondary antibodies
(Alexa Fluor 488 antimouse and 568 antirabbit). The cells
were imaged using a confocal imaging system (LSM780).

4.13. Treatment of Neurons with the Supernatant of
Macrophages. After sterilization with alcohol immersion,
the back skins of 1-day-old SD rats were cut longitudinally
along the spine. The DRG on both sides was taken out,
and the fascia was removed as much as possible. These
were cut into 1mm3 pieces and transferred into a 0.25%
trypsin digestion solution for 20min at 37°C. Dulbecco’s
modified Eagle medium (DMEM) with 10% FBS was
added to stop the digestion, and the supernatant was dis-
carded after centrifugation at 150× g for 10min. The neu-
ron cells were cultured on polylysine-coated slides in a
complete medium (98%neuron basic medium −A + 1:5%
B27 supplement ðGibcoÞ + 0:5%penicillin and streptomycin).
After 1 day, the neurons were divided into four groups,
respectively, treated by complete neuron medium and the
three groups of macrophage supernatants in a 1 : 1 ratio,
and fourth group was treated as the third group supple-
mented with tocilizumab (100μgmL-1, IL6R antagonist,
Abmole, M6223). After two days of culture, immunofluores-
cence staining for PGP9.5 (Abcam) was performed. The
growth of axons was detected using fluorescent imaging.

4.14. Schwann Cell Culture. After sterilization with alcohol
immersion, the sciatic nerves were removed from neonatal
SD rats (1–3 days old), and the neurilemma was carefully
removed. Nerves were digested with type IV collagenase
(1.6mgmL-1) for 10min at 37°C, and then, trypsin was
added at a 1 : 1 ratio to continue the digestion for 5min.
After centrifugation at 150× g for 5min, the cell pellet was
suspended in DMEM medium with 10% FBS and placed in
a cell plate for culture. Two days later, trypsin was added
for digestion until most of the Schwann cells and a few fibro-
blasts were digested and then replaced twice in the cell plate
for culture according to the differential detachment protocol
for purification [56]. After repeated cultivation, the Schwann
cells were purified.

4.15. Coculture of Neurons and Schwann Cells. After culture,
purification, and identification, Schwann cells were digested
with 0.125% trypsin for 5min and placed into DMEM

medium containing VC (250μM) and FBS (100mLL-1).
Then, Schwann cells were cocultured with primary neurons
cells at a ratio of 10 : 1 for 3 to 5 days to promote their com-
bination. Macrophage supernatants from above three groups
(had mixed with Treg cells supernatants) were added into
the medium at the ratio of 1 : 1 for another 2-day culture.
Finally, Schwann cell growth on nerve axons was detected
using immunofluorescence staining with S100 (KLEANAB)
and PGP9.5 (Abcam).

4.16. Preparation of sdTEVGs. Under sterile conditions, the
carotid arteries of SD rats were harvested and decellularized
with 0.05% trypsin (Gibco) at 37°C for 30min and washed
thrice with PBS for 5min. Subsequently, acellular blood ves-
sels were soaked in h4000-cd25pe, h4000/dCas9, and h4000-
cd25pe/dCas9 for 10min, washed with PBS for 2min, and
again soaked in a soluble collagen PBS solution (1 g L-1)
for 10min. SdTEVGs were obtained after repeating the incu-
bation and elution thrice.

4.17. Structure of sdTEVGs Modified with Transfected
Vectors. Five groups, namely, three transfected nanoparticles
groups (H4000, H4000-CD25, and H4000-CD25/dCas9)
and two blood vessel groups (acellular blood vessels or incu-
bated with H4000-CD25/dCas9), were investigated. Before
SEM observation, a drop of transfected nanoparticles was
added into the mica sheet and dried for the first three
groups. The blood vessels in the last two groups needed to
be fixed with glutaraldehyde overnight and then gradually
dehydrated by alcohol and tert-butyl alcohol. All samples
were fixed on the carrier, sprayed with gold, and photo-
graphed using SEM (Zeiss).

4.18. Surface Zeta Potential Detection. The porcine tho-
racic aorta was cut into square slices of 0:8 cm × 0:8 cm.
A conductive adhesive was used to stick to the glass sub-
strate. Samples were activated by adding EDC-NHS
(1mgmL-1) and incubating for 2 h. Afterward, blood ves-
sels were transferred to 1% hyaluronic acid solution and
incubated at 37°C for 2 h. After gently soaking with deion-
ized water for 5min, the blood vessels were transferred to
H4000-dCas9 (0.2mgmL-1) solution for 2 h. After gently
washing with deionized water, the procedure was repeated
3–5 times. The final blood vessels were tested with A sur-
face potentiometer (ZetaCAD).

4.19. Sustained Release of H4000 on sdTEVGs In Vitro and
In Vivo. SdTEVGs were modified with H4000-Cy3 using
the above method and then placed in a 1.5% agarose phys-
iological saline gel. Finally, the residual fluorescence of Cy3
was photographed and compared at 1, 3, 7, 15, and 30 days.
Furthermore, H4000-DIR was used to modify the sdTEVGs
and then transplanted into rats. At 3, 7, 15, and 30 days
after transplantation, the skin hair around the surface layer
of the carotid artery was removed, and rats were then ana-
lyzed using in vivo imaging system Spectrum (PerkinElmer)
at 740nm and imaged using the Living Image software
(version 4.4).
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4.20. Plasmid Release. The following PCR primers were
designed for the GFP fragment on the dCas9 plasmid using
Premier 5.0: JCs: 5′-GAAGAACGGCATCAAGGTG-3′ and
JCa: 5′-ACTGGGTGCTCAGGTAGTGG-3′, and H4000-
CD25PE/dCas9 modified sdTEVGs were placed in 1.5% aga-
rose physiological saline gel; gel (2μL) with released plasmid
was taken out at 1, 3, 7, 15, and 30 days and mixed into a
10μL PCR system for amplification. The brightness of
electrophoretic bands was analyzed using ImageJ to calculate
the plasmid sustained-release rate.

4.20.1. SdTEVG Transplantation. All sdTEVGs (length:
1 cm, diameter: 1mm) in the H4000-CD25PE, H4000/
dCas9, and H4000-CD25PE/dCas9 groups were trans-
planted into the carotid artery of 6–8-week allogenic SD rats,
which were injected intraperitoneally with heparin sodium
(1,000Ukg-1, Aladdin) for 4 days, and maintained in the
absence of a specific pathogen.

4.21. Ultrasound and CT Detection of sdTEVGs in SD Rats.
Thirty days after transplantation, the SD rats in the three
groups (5 samples in each group) were anesthetized and
evenly smeared with ultrasonic gel in the neck. The blood
flow and waveform of the carotid artery were observed using
Doppler ultrasound, and the flow velocity was statistically
compared. After injecting heparin (1mL) through the tail
vein, iohexol (300mgmL-1, Tianheng Pharmaceutical) was
injected into the left ventricle at 1.5–2mLkg-1. The SD rats
were scanned using the small animal CT scanner (Skyscan
176, Bruker micro CT), and CT images were obtained to
characterize the patency of the sdTEVGs.

4.22. Protein Detection in sdTEVGs. SdTEVGs were cut into
2mm pieces and soaked in RIPA lysate (Beyotime) at a pro-
portion of 10% (w/v), sonicated on ice thrice for 30 s with an
Ultrasonic Crasher Noise Isolating Chamber (SCIENTZ,
Ningbo Science Biotechnol Co.), and centrifuged at
1,200× g to obtain the supernatant. An ELISA Kit (Xin Yu
Biotech) was used to detect IL-6 and DA in sdTEVGs 1, 3,
7, and 15 days after transplantation. A hydroxyproline
(Hyp) kit (Xin Yu Biotech) was used to detect collagen in
sdTEVGs. To detect TET2 expression, the supernatant
(60μg) was heated at 95°C and transferred for electrophore-
sis and western blotting. Blots were probed with anti-TET2
(Abclone, 1 : 500) and anti-GAPDH antibodies (Bioworld).

4.23. Virus Injection into the Stellate Ganglion (SG). Two
months after transplantation, SD rats were anesthetized,
and the SG nearby sdTEVGs were carefully separated to
avoid damaging the peripheral nerves. A 2.5μL titer 1:06e
+ 13 AAV virus AOV002 (Heyuan, sequence: paav-cag-
mcs-egfp-3flag, serotype AAV2/9) was then injected into
the SG using 3.5” glass capillaries (Drummond). Five days
later, SG and sdTEVGs were extracted and fixed with 4%
paraformaldehyde. The SG frozen sections and adventitia
of sdTEVGs were imaged using a confocal imaging system.

4.24. H&E and Immunofluorescence Staining. SdTEVGs in
three groups (H4000-CD25PE, H4000/dCas9, and H4000-
CD25PE/dCas9) were taken out 3, 7, and 15 days after

implantation for immunofluorescence staining and at 3
months for H&E staining. In addition, sdTEVGs without
transfection in the control group were taken out at 30 days
for immunofluorescence staining. SdTEVGs were embedded
in paraffin, sectioned (5μm thick), dewaxed in xylene, rehy-
drated in an alcohol gradient, and stained by H&E. Sections
in each group were incubated with antirabbit GFP (Service-
bio, 1 : 500), antimouse Foxp3 (Abcam, 1 : 500), and anti-
mouse CD68 antibody (OriGene Technologies, 1 : 500),
followed by detection with an Alexa Fluor 488 secondary
antibody (Thermo Fisher, 1 : 1,000), antirabbit CCR2 anti-
body (Abcam,1 : 500), Alexa Fluor 568 secondary antibody
(Thermo Fisher, 1 : 1,000), and 4′,6-diamidino-2-phenylin-
dole (DAPI, Invitrogen) to stain the cell nuclei at room tem-
perature for 7min. SdTEVGs in the control group were
incubated with antirabbit CD3 (Servicebio, 1 : 500), anti-
mouse Foxp3 (Abcam, 1 : 500), antimouse CD68 antibody,
and antirabbit CCR2 antibody followed by the indicated
secondary antibodies. Confocal photography was performed,
so that the temporal and spatial law of immune cells can
infiltrate the transplanted blood vessels with or without
transfection.

4.25. Three-Dimensional Reconstruction. The sdTEVGs in
the H4000-CD25PE/dCas9 group were taken out at 1, 2,
and 3 months. After washing and fixation, the adventitia
was torn and stretched for prepared slices. Subsequently,
slices were incubated with antimouse PGP9.5 (Abcam,
1 : 500) followed by Alexa Fluor 488 secondary antibody
and antirabbit TUBB3 (Bioss, 1 : 500) followed by an Alexa
Fluor 568 secondary antibody (Thermo Fisher, 1 : 1,000).
Confocal images were taken, and 3D Max 2020 software
(Autodesk) was used to reconstruct the vascular nerve.

4.26. Statistical Analysis. Data were analyzed using the
GraphPad Prism 7.0 software and are expressed as mean ±
SEM. Unpaired Student’s t-test was used to analysis single
comparisons between two independent groups. One or
two-way ANOVA followed by Tukey test analysis was used
to analyze the variance (ANOVA) of multiple groups. P
values of ∗P < 0:05, ∗∗P < 0:01, and ∗∗∗P < 0:001 were con-
sidered statistically significant.
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