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An engineered novel lentivector specifically transducing dendritic cells and eliciting
robust HBV-specific CTL response by upregulating autophagy in T cells
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ABSTRACT
Dendritic cells (DCs) play a predominant role in initiating cell immune responses. Here we generated a
DC-targeting lentiviral vector (LVDC-UbHBcAg-LIGHT) and evaluated its capacity to elicit HBV-specific
cytotoxic T lymphocyte (CTL) responses. DC-SIGN-mediated specific transduction using this construct
was confirmed in DC-SIGN-expressing 293T cells and ex vivo-cultured bone marrow cells. LVDC-
UbHBcAg-LIGHT-loaded DCs were highly effective in inducing HBV-specific CTLs. Mechanistic studies
demonstrated autophagy blocking led to a significant increase in apoptosis and obvious inhibition of
CD8 + T cells entry into S-phase, correspondingly attenuated LVDC-UbHBcAg-LIGHT-loaded DC-induced
T cell responses. This observation was supported by accumulation of pro-apoptotic proteins and the
main negative cell cycle regulator-CDKN1B that otherwise would be degraded in activated T cells where
autophagy preferentially occured. Our findings revealed an important role of autophagy in the activa-
tion of T cells and suggested LVDC-UbHBcAg-LIGHT may potentially be used as a therapeutic strategy to
combat persistent HBV infection with higher security.
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Introduction

Hepatitis B Virus (HBV) infection, responsible for approxi-
mately 250 million chronic infections globally, is one of the
main causes of many dreadful consequences including cirrho-
sis and hepatocellular carcinoma [1–3]. Notably, viral persis-
tence during HBV infection is mainly due to defective
cytotoxic T lymphocytes (CTLs) to viral antigens and indivi-
duals who are chronically infected with HBV usually have low
to undetectable CTL responses[4]. Dendritic cell (DCs) are
identified as the most efficient professional antigen-presenting
cells (APCs) and various efforts have been made to modify
DCs to combat persistent HBV infection by genetically alter-
ing them using gene-gun, liposomes or transduction by viral
vectors [5–7].

Lentivirus vectors (LVs) have been the focus of many
studies because of the ability to transduce nondividing cells
and permanently integrate into the genome of target cell with
high efficiency [7,8]. We have previously confirmed that len-
tivirus-delivered and ubiquitin-fused Hepatitis B core antigen
(LV-Ub-HBcAg) could promote the maturation of dendritic
cells (DCs), trigger the preferential activation of HBV-specific
CTL immune response and elicit therapeutic immunity in
HBV transgenic mice [9–11]. Glycoprotein of vesicular sto-
matitis virus (VSVG) is usually used as the lentiviral vector
envelope, but it has a wide spectrum of cell tropism which
limits its application in vivo. An ideal lentiviral vector system
for in vivo application should specifically target DCs to max-
imize antigen presentation, meanwhile, reduce adverse effects
in the surrounding cells. To this end, Yang et al. engineered

novel lentivectors with modified envelope glycoprotein of the
DC-tropic Sindbis virus (SVGmu) which has lost its ability to
bind to heparin sulfate structures, while retaining its specific
binding to DC-specific ICAM3-grabbing Nonintegrin (DC-
SIGN), a receptor that is expressed mainly on DCs[12]. The
immunotherapy platform suitable for selective in vivo target-
ing of DCs has shown potent capacity to induce immune
responses in models of many diseases [13–15].

Autophagy is a highly conserved cellular homeostasis
pathway that delivers cytoplasmic material to lysosomes
and is uniquely defined by the formation of autophagosomes
[16,17]. In the immune system, autophagy is a mechanism to
eliminate intracellular pathogens and plays an essential role
in the development and function of T lymphocytes.
Autophagy regulates the calcium mobilization and energy
metabolism in T cells, and is critical for effector CD8 + T
cell survival and memory formation [18–21]. A network of
ATG genes that are essential for the formation of autopha-
gosomes have been identified. Previous results revealed that
the proliferation ability of ATG5−CD8 + T cells was signifi-
cantly impaired after TCR stimulation. Furthermore,
ATG5−CD8 + T cells had a decreased capacity to reach the
peak effector response and were unable to maintain cell
viability during the effector phase [22–25]. We have con-
firmed the preferential activation of HBV-specific T cells by
the LVs both ex vivo and in vivo, however, whether autop-
hagy was induced in activated T cells and the detailed
mechanism by which autophagy mediated the LV-induced
T cell activation still remains unknown.
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LIGHT, a TNF superfamily member (TNFSF14), is
expressed on activated T cells and DCs [26,27].
Experimental evidence suggested that LIGHT provided potent
costimulatory activity for T cells, enhancing T cells prolifera-
tion and Th1 cytokines production independently of the B7-
CD28 pathway [28,29]. Moreover, previous studies have con-
firmed that adenovirus vector Ad-LIGHT transduction pro-
moted the maturation of DCs and LIGHT-modified DCs
elicited more potent CTL immune responses in HBV trans-
genic mice[30]. Hence, in the present study we constructed a
novel DC-targeting lentiviral vector encoding Ub-HBcAg and
LIGHT, for the purpose of investigating whether the recom-
binant lentivector (LVDC-UbHBcAg-LIGHT) was able to
target DCs and boost HBV-specific CTL immune responses
and further assessed the molecular mechanisms underlying
LVDC-UbHBcAg-LIGHT-modified DCs mediated T cell
activation.

Results

Engineering and identifying the DC-targeting lentivirus
encoding ubiquitin-HBcAg and LIGHT

To produce the expression plasmid H4725 (pLOV-UBC-Ub-
HBcAg-EGFP-P2A-Tnfsf14-3FLAG, Tnfsf14 is another saying
of LIGHT) encoding Ub-HBcAg and LIGHT (Figure 1(a)),
EGFP-P2A-Tnfsf14-3FLAG gene was amplified, purified, and
cloned into BamHI/XbaI sites of the expression plasmid
CN1043 (pLOV-UBC-UB-HBcAg-EGFP-3FLAG) we have
assembled previously [28,29]. Fusion gene UB-HBcAg-EGFP
and Tnfsf14-3FLAG could be expressed independently by the
self-splicing of P2A. Plasmid H4725 was confirmed by direct
sequencing (data not shown) and western blot (Figure 1(c)).

The SVG gene was engineered with the alterations as
described in the Materials and methods to blind its canonical
binding receptor heparin while leave its intact ability to inter-
act with DC-SIGN. We cloned the mutant gene into BamHI
sites of the traditional envelope plasmid pHCMV-VSV-G to
replace the VSVG gene and achieved the novel targeting
envelope plasmid H4738 (Figure 1(b)). The engineered envel-
ope plasmid was confirmed by direct sequencing (data not
shown) and incorporated onto the surface of H4725 to pro-
duce the recombinant lentiviral vector LVDC-UbHBcAg-
LIGHT. Transduction efficiency of LVDC-UbHBcAg-LIGHT
in DCs was assessed by detecting GFP expression using an
inverted fluorescence microscope (Figure 1(d)).

Targeting of DC-SIGN-expressing 293T cell lines by the
DC-targeting lentivector

To facilitate our study of targeted transduction, 293T cells were
transduced with a designed LV-DCSIGN at the MOI of 1, 5
and 20, respectively, and the obtained lines (293T.DCSIGN.1,
293T.DCSIGN.5, 293T.DCSIGN.20) over-expressed murine
DC-SIGN on the cell membrane. The DC-SIGN protein level
in each group was analyzed by western blot (Figure 2(a)). Then
the above 293T cell lines were transduced by LVDC-
UbHBcAg-LIGHT and LV-UbHBcAg-LIGHT respectively.
The results showed that LV-UbHBcAg-LIGHT had similar

transduction efficiency (51.7–63.7%) towards the four target
cell lines (293T, 293T.DCSIGN.1, 293T.DCSIGN.5, 293T.
DCSIGN.20) (Figure 2(b)), In contrast, LVDC-UbHBcAg-
LIGHT could specifically transduce 293T.DCSIGN.1, 293T.
DCSIGN.5 and 293T.DCSIGN.20 cells, with 24.6%, 34.6%
and 40.3% transduction efficiencies, respectively, but not the
untreated 293T cells (Figure 2(c)). Strikingly, adding a neutra-
lizing anti-mouse DC-SIGN antibody to the viral supernatant
before its exposure to 293T.DCSIGN.20 cells could significantly
reduce the LVDC-UbHBcAg-LIGHT transduction efficiency,
but not the LV-UbHBcAg-LIGHT.

Targeting of DCs ex vivo by the DC-targeting lentivector

We next tested the capacity of the lentivectors to transduce ex
vivo cultured bone marrow cells. Flow cytometry analysis
showed that in a mouse bone marrow culture, approximately
11% of the cells were CD11c positive (data not shown). After
LVDC-UbHBcAg-LIGHT transduction, about 10% of the cells
were GFP+, within the GFP+ cells, up to 82.5% of the trans-
duced cells were CD11c+DC-SIGN+ (Figure 3(a)), moreover,
the neutralizing anti-mouse DC-SIGN antibody sharply
reduced the percentage of GFP+ cells (from 36.6% to 14.4%)
(Figure 3(c)). In contrast, although 53.6% of the cells were
GFP+ after LV-UbHBcAg-LIGHT transduction, only 15.7% of
the transduced cells were CD11c+DC-SIGN+ (Figure 3(b)).
Noticeably, the blocking DC-SIGN antibody did not make any
difference to the transduction efficiency of LV-UbHBcAg-
LIGHT (Figure 3(d)). Additionally, the lentivectors were
used to transduce primary T and B cells harvested from
mouse spleen. The results showed that LV-UbHBcAg-
LIGHT could transduced both T and B cells with an efficiency
of about 13%, while LVDC-UbHBcAg-LIGHT had a low to
undetectable transduction efficiency (Figure 3(e)).

LVDC-UbHBcAg-light induced DCs maturation and
increased IL-12p70 secretion

Here we explored whether the DC-targeting lentivector could
activate and mature BMDCs. Flow cytometry analysis of
mBMDCs 3 days after transduction showed that both LV-
UbHBcAg-LIGHT and LVDC-UbHBcAg-LIGHT could signifi-
cantly elevate the expression of DC activation markers (CD80,
CD83, CD86 and MHC-II) when compared with the alternatives
(Figure 4(a,b)). However, there was no difference between LV-
UbHBcAg-LIGHT and LVDC-UbHBcAg-LIGHT. In this study,
we also discovered that LV-UbHBcAg-LIGHT and LVDC-
UbHBcAg-LIGHT transduction led to obvious upregulation of
IL-12p protein levels in the medium compared with the alterna-
tives (Figure 4(c)). The results confirmed that the engineered DC-
targeting lentivectors could significantly mature DCs.

LVDC-UbHBcAg-LIGHT induced strong cytotoxic T
lymphocyte immune activities largely through
upregulating autophagy in T cells

The secretion of cytokines in the supernatant (including IL-2, IL-6,
TNF-α and IFN-γ) was detected in all groups after 72 h of incuba-
tion. As shown in Figure 5(c), T cells in the LVDC-UbHBcAg-
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LIGHT group secreted higher levels of IFN-γ than those in the
LVDC-UbHBcAg group, however, there was no significant differ-
ence between LVDC-UbHBcAg-LIGHT and LV-UbHBcAg-
LIGHT group. Similar results were observed for the examination
of IL-2, IL-6 and TNF-α (Figure 5(c)). Furthermore, intracellular
IFN-γ and TNF-α production in CD8 + T cells was measured by
flow cytometry. As shown in Figure 6(a,b), the LVDC-UbHBcAg-
LIGHT group had obviously increased percentages of IFN-γ+ or

TNF-α+CD8 + T cells than the LVDC-UbHBcAg group suggest-
ing the additional expression of LIGHT in the vector significantly
enhanced the ability of lentiviral particles to activate T cells, how-
ever, there was no significant difference between LVDC-
UbHBcAg-LIGHTandLV-UbHBcAg-LIGHTgroup. In addition,
the HBcAg-specific cytotoxicity of T lymphocytes against P815/c
cells in each groupwas evaluated by LDH release assays. As shown
in Figure 6(d), the percentages of specific cytolysis in the LVDC-

Figure 1. Schematic representation, HBcAg and LIGHT protein expression and GFP expression in DCs transduced with the lentivectors. (a,b) Schematic representa-
tions of H4725 and H4738 vector. (c) The 293T cells were transduced with H4725 and cultured for 48 h. The protein lysates were analyzed by western blot with anti-
HBcAg and anti-LIGHT antibodies. (d) DCs were cultured at 2 × 105 cells/well in six-well plates and LVDC-UbHBcAg-LIGHT, LV-UbHBcAg-LIGHT, or LVDC was added to
transduce DCs at an MOI of 20. GFP expression in DCs was observed using an inverted fluorescence microscope. (Original magnification: × 100). The scale bars:
20 μm.

1222 S. MA ET AL.



UbHBcAg-LIGHT and LV-UbHBcAg-LIGHT group were always
higher than other groups at effector: target (E:T) ratios of 20:1,
10:1, 5:1. ATG5 is a known autophagy associated gene and has
been verified to exert enormous function on the formation of
autophagosomes. To investigate the role autophagy played in T
cell activation, we transduced T cells withATG5 siRNA for 24 h or
pretreatedT cellswith autophagy inhibitors 3-MA (10mM) for 1 h
before the incubation with LV-modified DCs. The interference
efficiency of the ATG5 siRNA was examined by PCR and western
blot (Figure 5(a,b)). Our results showed that both 3-MA and
ATG5 siRNA treatment significantly reduced LVDC-UbHBcAg-
LIGHT or LV-UbHBcAg-LIGHT-induced secretion of cytokines,

the percentages of IFN-γ+ or TNF-α+CD8 + T cells and the
activities of HBV-specific cytotoxic T lymphocytes (Figures 5(c)
and 6(a-d)).

Autophagy was notably induced in the activated T cells

To validate the induction of autophagy by LV-modified DCs in T
cells, we first examined the protein levels of autophagy related
membrane structures as that of LC3-II, Beclin and p62, rapamycin
treatment was included as a positive control. As shown in Figure 7
(a,b), western blot revealed a noticeable increase in LC3-II

Figure 2. Lentivector bearing engineered SVG targeted to DC-SIGN-expressing 293T cells. (a) We transduced the 293T cells with a designed LV-DCSIGN at the MOI of
1, 5 and 20, respectively. The expression levels of DC-SIGN were analyzed by western blot. Left: representative immunoblots. Right: densitometric analysis. Bars
represent the mean ± SD of three independent experiments. *p < 0.05, ***p < 0.001. (b,c) LV-Ub-HBcAg-LIGHT and LVDC-Ub-HBcAg-LIGHT were used to transduce
293T cell lines (MOI = 20) with increasing protein levels of murine DC-SIGN, respectively. An anti-murine DC-SIGN antibody was added into viral supernatant during
the transduction for 8 h when necessary, isotype-matched antibody was used as a control. 72h later, the transduction efficiency was determined by flow cytometry.
Left: representative flow cytometric analysis. Right: statistical analysis.***p < 0.001.
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expression in the LVDC-UbHBcAg-LIGHT group. Meanwhile,
similar results were observed for the protein expression of Beclin,
however, the p62 expression varied in oppositemanners. Then, the
formation of autophagosomes in the T cells stably transducedwith
tandem mCherry-Wassabi-LC3-II was monitored by a confocal
microscopy (Figure 7(d)). In these cells, early autophagosomes
displayed both red (mCherry) and green (Wassabi) signal. While
autophagolysosome displayed only red fluorescence because of the

stability of the mCherry signal and the sensitivity of the Wassabi
signal to the acidic conditions in the lysosome lumen. As shown in
Figure 7(c), the total number of yellow puncta (both green and red
positive, G+R+) and red puncta (G-R+) increased significantly in
the LVDC-UbHBcAg-LIGHT group when compared with the
control. Furthermore, more autophagic vesicles that contained
engulfed organelles were observed by transmission electron
microscopy in the LVDC-UbHBcAg-LIGHT group (Figure 7(e)).

Figure 3. LVDC-Ub-HBcAg-LIGHT could selectively transduce DCs ex vivo. (a,b) The ex vivo cultured-bone marrow cells were exposed to LVDC-Ub-HBcAg-LIGHT and LV-Ub-
HBcAg-LIGHT, respectively on day 5. Three days after transduction, the cells were collected and stained with anti-CD11c and anti-DC-SIGN antibodies. The percentages of GFP+
cells (left) and DC-SIGN+CD11c+ cells within the GFP+ gate (right) were assessed by flow cytometry. (c,d) We transduced BMDCs with LVDC-UbHBcAg-LIGHT and LV-UbHBcAg-
LIGHT, respectively with or without the presence of anti-murine DC-SIGN antibody. Transduction efficiency was evaluated by flow cytometry. Left: representative flow cytometric
analysis. Right: statistical analysis. LVDC is short for LVDC-UbHBcAg-LIGHT and LV is short for LV-UbHBcAg-LIGHT. ***p < 0.001. (e) Primary B cells or T cells were transduced with
LVDC-UbHBcAg-LIGHT and LV-UbHBcAg-LIGHT, respectively. The percentages of GFP+ cells were detected by flow cytometry. Left: representative flow cytometric analysis.
Right: statistical analysis. LVDC is short for LVDC-UbHBcAg-LIGHT and LV is short for LV-UbHBcAg-LIGHT. ***p < 0.001.

1224 S. MA ET AL.



Upregulated autophagy contributed to decreased
apoptosis and increased S phase T cells by selectively
degrading proteins related to apoptosis and cell cycle

Similar co-incubation of LV-modified DCs and T cells was
performed to active T cells and the samples in all groups were
subjected to western blot. As shown in Figure 8(a-f), the levels
of apoptotic proteins (Bim, Pro-caspase-3, Pro-caspase-8 and
cleaved caspase-3, caspase-8) in the LVDC-UbHBcAg-LIGHT
and LV-UbHBcAg-LIGHT group decreased considerably
compared with the others, however, the inhibitory effect of
the lentivectors on these proteins expression diminished upon
autophagy blocking. By contrast, PCR analysis revealed no
significant difference between all groups for all the targets
(Pro-caspase-3, Pro-caspase-8 and Bim) (Figure 8(g)).
Consistent with this idea, notably lower percentages of apop-
totic CD8 + T cells were observed in the LVDC-UbHBcAg-

LIGHT and LV-UbHBcAg-LIGHT group by flow cytometry
analysis. Similarly, autophagy blocking significantly increased
the percentages of apoptotic CD8 + T cells (Figure 9(a-c)).

T lymphocyte proliferation was also determined by CCK-8
and the data showed that the capacity of T lymphocyte pro-
liferation in the LVDC-UbHBcAg-LIGHT and LV-UbHBcAg-
LIGHT group was apparently higher than that in other groups
(Figure 10(a)). Consistently, 3-MA and ATG5 siRNA treat-
ment almost abrogated the facilitation of lentivectors on T cell
proliferation. Cell cycle analysis showed that approximately
70% of CD8 + T cells progression into S-phase in the LVDC-
UbHBcAg-LIGHT and LV-UbHBcAg-LIGHT group
(Figure 10(b,c)). However, noticeably reduced percentages of
CD8 + T cells entering into S-phase were detected after
autophagy blocking by 3-MA and ATG5 siRNA. CDKN1B is
the main negative cell cycle regulator and degradation of
CDKN1B could facilitate the transition from G1- to S-phase

Figure 4. LVDC-UbHBcAg-LIGHT promoted DCs maturation and enhanced IL-12p70 secretion. (a) The expression levels of DC activation markers (CD80, CD83, CD86
and MHC-II) were determined by flow cytometry. (b) The percentage of DCs surface molecules (c) ELISA analysis of IL-12p70 secretion levels in the supernatants.
**p < 0.01, ***p < 0.001.
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in T lymphocytes. Here we found an obvious decrease in
CDKN1B protein expression in the LVDC-UbHBcAg-
LIGHT and LV-UbHBcAg-LIGHT group compared with the
others, however, CDKN1B protein accumulated in CD8 + T
cells upon autophagy blocking (Figure 10(d,e)), which coin-
cided well with the cell-cycle and CCK-8 analysis. Again, we
did not detect any difference in CDKN1B mRNA expression
between all groups(Figure 10(f)).

Discussion

DCs are essential for the initiation of antigen-specific immune
responses through antigen capture and presentation [31–33]. DC-
based vaccination or immunization involving loading DCs with
specific antigens have been the target of intense research [13,34–
36]. Of these methods, viral vectors have been proven most
effective in priming cytotoxic T lymphocytes because they can
deliver antigen for MHC class I presentation to target CD8 + T
cells. However, the generation of patient-specific DC vaccines

through isolation and transduction of autologous DCs from
patient blood is labor intensive, time consuming and costly.
Therefore, the process should be optimized by directly injecting
lentiviral vectors that are further standardized in the design and
can target the patient’s DCs for the treatment of HBV. In the
present research, we generated a new DC-targeting recombinant
lentivector bearing an engineered glycoprotein derived from
Sindbis virus and termed it LVDC-UbHBcAg-LIGHT.

Considering that DC-SIGN is an ideal targeting recep-
tor expressed on DC surface and capable of rapid binding
and endocytosis of materials[37], we established a cell
model of DC-SIGN overexpression (293T.DCSIGN.1,
293T.DCSIGN.5, 293T.DCSIGN.20) and observed that
the transduction efficiency of LVDC-UbHBcAg-LIGHT
increased with the protein levels of DC-SIGN in 293T
cells. In comparison, LV-UbHBcAg-LIGHT could trans-
duce all the 293T cell lines with similar transduction
efficiency suggesting that VSVG had broad tropism and
DC-SIGN expression on the cell surface did not obviously

Figure 5. The effects of 3-MA and ATG5 siRNA on LVDC-UbHBcAg-LIGHT or LV-UbHBcAg-LIGHT-induced secretion of cytokines. (a,b) The interference efficiency of
ATG5 siRNA was evaluated by PCR and western blot. (a) Total RNA was extracted from T cells and analyzed by real-time PCR for ATG5. ***p < 0.001. (b) The samples
were subjected to western blot analysis for ATG5. Left: representative immunoblots. Right: densitometric analysis. ***p < 0.001. (c) The secretion of cytokines in the
supernatant was detected by ELISA. *p < 0.05, **p < 0.01, ***p < 0.001.
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alter the transduction ability. Then, we used the lentivec-
tors to transduce ex vivo-cultured mixed bone marrow
cells for the purpose of testing whether the conclusions
we made from 293T cells could be of the same assessment
in DCs. Interestingly, the non-targeting version trans-
duced mixed bone marrow cells more efficiently, however,
the percentage of DCs within the transduced cells was
relatively low. By contrast, almost all the transduced cells
were CD11c+DC-SIGN+ DCs in the LVDC-UbHBcAg-
LIGHT group. Furthermore, attempts to transduce pri-
mary T and B cells harvested from mouse spleen with
LVDC-UbHBcAg-LIGHT failed further confirming the
specific transduction of LVDC-UbHBcAg-LIGHT.

Then we investigated the ability of the LVs to mature DCs
ex vivo and explored whether LV-modified DCs could deliver
antigen to T lymphocytes for stimulation of antigen-specific
CD8 + T cell responses. The results indicated that both
targeting (LVDC-UbHBcAg-LIGHT) and non-targeting (LV-
UbHBcAg-LIGHT) constructs shared similar abilities to
induce DC maturation and IL-12p production. DCs loaded
with both constructs also exhibited similar capabilities to
induce T cell immune responses in the form of cytokine
production and cytolytic killing of HBcAg antigen-expressing
target cells. This was presumably due to the wide cell tropism
of LV-UbHBcAg-LIGHT and the characteristic of LVDC-
UbHBcAg-LIGHT to limit transduction to DCs. Despite the

Figure 6. The effects of 3-MA and ATG5 siRNA on LVDC-UbHBcAg-LIGHT-induced CTL immune responses. (a,b) The whole cell population was stained with CD8-
perCP-Cy5.5, IFN-γ-APC or TNF-α-APC antibodies. The percentages of IFN-γ+CD8+ and TNF-α+CD8 + T cells were examined by flow cytometry. (c) statistical analysis.
*p < 0.05, **p < 0.01, ***p < 0.001. (d) The HBcAg-specific CTL activity was determined using LDH release assay. *p < 0.05, **p < 0.01.
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relatively poor transduction capability, LVDC-UbHBcAg-
LIGHT was especially advantageous for effective delivery of
antigen genes into DCs, thereby inducing a more powerful
antigen presentation. Notably, LIGHT expression in DCs
strongly enhanced the capacity of lentiviral particles to acti-
vate T cells which was in line with previous reports [28,30].

It has been shown that autophagy played an essential role
in the function of T lymphocytes and was critical for effector
CD8 + T cell survival [22,37,38]. In our study, we demon-
strated that autophagy blocking by ATG5 siRNA or 3-MA
significantly weakened LVDC-UbHBcAg-LIGHT-induced T
cell immune responses, highlighting the role of autophagy in

T cell activation. Given the results observed above, we specu-
lated that autophagy may be widely induced in the activated T
cells. As expected, significantly increased numbers of charac-
teristic double membrane autophagosomes were identified in
the activated T cells populations with a transmission electron
microscopy, concurring with up-regulated expression of
autophagy related membrane structures such as LC3-II and
Beclin as analyzed by western blot analysis. Interestingly,
autophagy inhibition could significantly weaken but not com-
pletely block the LVDC-UbHBcAg-LIGHT-induced T cells
responses indicating the existence of autophagy-independent
pathways for the regulation of T cells activation.

Figure 7. Autophagy was significantly induced in activated T cells. (a,b) T cells were co-cultured for 3 days with mBMDCs that were transduced with LVDC-UbHBcAg-
LIGHT and then re-isolated by negative selection. Protein levels were detected by western blot using antibodies against LC3, Beclin and p62. The fold change of LC3
only refers to LC3-II. Rapamycin (150 nM) added for 4h was included as the positive control. (a) Representative immunoblots. (b) Densitometric analysis. **p < 0.01,
***p < 0.001. (c,d) T cells stably transduced with mCherry-Wassabi- LC3-II were incubated with DCs pulsed by LVDC-UbHBcAg-LIGHT, then subjected to confocal
microscopy analysis. (Original magnification: × 1000). The scale bars: 10 μm. (c) The total number of two kinds of LC3-II puncta (yellow puncta, G + R+; red puncta,
G-R+) per cell. *P < 0.05, ***p < 0.001. (e) T cells were treated as mentioned above, and then subjected to transmission electron microscopy analysis. The arrows
indicate autophagosomes. The lower panels show enlarged regions of the upper panels. The arrows indicate autophagosomes. The scale bars: 1 μm (upper) and
0.5μm (lower), respectively. Original magnification: × 10,000 (upper) and × 20,000 (lower), respectively.

1228 S. MA ET AL.



The interaction between the TCR-CD3 complex and the
MHC-peptide complex on APCs triggers TCR activation-induced
proliferation, which expands antigen-specific T cell clones and
ultimately induces the adaptive immune response. T cell expan-
sion is regulated by the progression of the cell cycle which consists
of the transition from G0 to G1 then to S-phase, and is controlled
by positive regulators as well as negative regulators. Degradation
of CDKN1B, the main negative cell-cycle regulator, facilitates the
transition from G1- to S-phase in CD8 + T cells after TCR
stimulation [39–41]. Experimental evidence suggested that autop-
hagy promoted CD8 + T cell survival via the degradation of cell
deathmachinery proteins.More importantly, autophagy-deficient
CD8 + T cells have obvious deficiencies in survival and

proliferation after TCR stimulation [23–25]. In the latter half of
the study we discovered that apoptotic proteins and CDKN1B
expression decreased significantly in the LVDC-UbHBcAg-
LIGHT-loaded DCs activated CD8 + T cells where autophagy
preferentially occured. These observations were consistent with
decreased apoptosis and more CD8 + T cells entry into S-phase.
As expected, autophagy blocking increased the percentages of
apoptotic CD8 + T cells, decreased the percentages of CD8 + T
cells progression into S phase, correspondingly resulting in
remarkably compromised T cell function. These results revealed
a direct role of autophagy in promoting the survival and prolif-
eration of CD8 + T cells by selectively degrading the proteins
associated with apoptosis and cell cycle after TCR stimulation.

Figure 8. Autophagy blocking could inhibit the degradation of apoptosis-associated proteins. (a-f) T cells stimulated were re-isolated by negative selection and
extract was made for western analysis of Bim, Pro-caspase-3, Pro-caspase-8 and cleaved caspase-3, caspase-8. (a) Representative immunoblots. (b-f) Densitometric
analysis. *p < 0.05, ***p < 0.001. (g) Total RNA was extracted and analyzed by real-time PCR for Pro-caspase-3, Pro-caspase-8, and Bim.
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Taken together, our study reported a DC-targeting lenti-
vector which could stimulate robust HBV-specific CTL
immune responses and provided new insights into the under-
standing of lentivector-mediated T cell activation. However,
the precise mechanism underlying the interplay between
autophagy and proteins essential for T cell activation are not
yet fully understood, and more work in this direction are
needed to elucidate this issue in the future. In addition,
whether the targeting lentivector can specifically transduce
DCs in vivo and induce therapeutic effects in HBV transgenic
mice requires further investigation.

Materials and methods

Reagents and antibodies

The fluorescent antibodies and their corresponding isotype
controls were obtained from eBioscience (San Diego, USA),
and the enzyme-linked immunosorbent assay (ELISA) kits for

interleukin (IL)-12p, IL-2, IL-6, IFN-γ, TNF-α were pur-
chased from R&D Co., Ltd (Minneapolis, USA). Antibodies
against HBcAg, LIGHT, DC-SIGN, LC-3, p62, Beclin,
CDKN1B, Pro-caspase-3, Pro-caspase-8, caspase-3, caspase-8
and Bim were purchased from Abcam (Cambridge, UK). The
neutralizing DC-SIGN monoclonal antibody (invitrogen,
Gaithersburg, USA) was used to neutralize the DC-SIGN
expressed on cell surface. Phorbol 12-myristate 13-acetate
(PMA), ionomycin, monensin, concanavalin A (ConA), 3-
Methyladenine (3-MA) and rapamycin were purchased from
Sigma-Aldrich (St Louis, USA).

Cell lines

Human Embryonic Kidney 293T cells were purchased from the
American Type Culture Collection (Manassas, USA) and cultured
in RPMI-1640 (Invitrogen, Gaithersburg, MD, USA) supplemen-
ted with 10% fetal bovine serum (Gibco, Grand Island, NY, USA),
penicillin (100 U/mL), and streptomycin (100 mg/mL) at 37°C in

Figure 9. Autophagy blocking could promote the apoptosis of CD8 + T cells. (a,b) The apoptosis of CD8 + T cells was analyzed by flow cytometry. T cells were
stained three times with PerCP-Cy5.5 labeled anti-CD8 antibody, Annexin V-FITC and PI. (a) The percentages of PerCP-Cy5.5+ (CD8 + T) cells in T cells. (b) Annexin V+
(apoptotic) cells within the PerCP-Cy5.5+ gate. (c) Densitometric analysis. *p < 0.05, **p < 0.01, ***p < 0.001.
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a humidified incubator, 5% CO2. The H-2kd mastocytoma cell
line P815/c (expressing the HBcAg) was kept in our lab.

Dendritic cell generation

Mouse bone marrow-derived DCs (mBMDCs) were generated
as the protocol described by Chen et al. [9]. Briefly, femurs
and tibiae were removed from BALB/c mice, thereafter, the
isolated bones were placed in 75% ethanol for 5 min for

disinfection and washed with PBS. The ends were then cut
with scissors, the bone marrow was syringed with PBS using a
injector with a diameter of 0.45 mm. Clusters within the
marrow suspension were removed by vigorous pipetting.
The red blood cells were lysed and the bone marrow cells
were seeded in complete RPMI 1640 at a density of 2 × 106

cells/mL with the addition of 10 ng/mL murine IL-4 (mIL-4;
PeproTech, Rocky Hill, USA) and 20 ng/mL murine granulo-
cyte-macrophage colony-stimulating factor (mGM-CSF,

Figure 10. The induced autophagy promoted T cell proliferation by selectively degrading the cell-cycle associated proteins. (a) T lymphocyte proliferation activity was
assessed by the CCK-8. d1: **p < 0.01 LVDC-UbHBcAg-LIGHT versus control; d2: *p < 0.05 LVDC-UbHBcAg-LIGHT versus LVDC-UbHBcAg-LIGHT/3-MA or si-ATG5. (b,c)
Flow cytometry analysis was used to analyze the purified CD8 + T cells in G1, S and G2/M phase. (c) Densitometric analysis. ***p < 0.001. (d,e) The expression levels
of CDKN1B in purified CD8 + T cells were determined by western blot. (e) Statistical analysis. *** p <0.001. (f) Real-time PCR analysis of CDKN1B.
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PeproTech). Non-adherent cells and half of the RPMI 1640
were removed, and the mGM-CSF, mIL-4 and fresh PRMI
1640 were supplemented on alternate days.

Small interfering RNAs

Gene-specific siRNAs and one non-targeting siRNA were pur-
chased from Genechem Co., Ltd (Shanghai, China). ATG5
siRNA target the sequences CCUUUGGCCTAAGAAGAAA.
While the sequence of the non-targeting control siRNA was
5′-UUCUCCGAACGUGUCACGUTT-3′.

Construction of the GFP labeled targeting lentiviral vectors

To achieve the targeting lentiviral particles (LVDC-UbHBcAg-
LIGHT), we transduced 80% confluent 293T cells with a combi-
nation of three elements: the appropriate H4725 (pLOV-UBC-
UB-HBcAg-EGFP-P2A-Tnfsf14-3FLAG) backbone plasmid
(10μg), the engineered envelope plasmid (5 μg), along with 5μg
of the psPAX2 packaging plasmid using Lipofectamine 2000
(Invitrogen). Plasmid H4725 was assembled by cloning the
EGFP-P2A-Tnfsf14-3FLAG gene into the BamHI/XbaI sites of
the CN1043 (pLOV-UBC-Ub-HBcAg-EGFP-3FLAG) which
was maintained in our lab [10,11]. We generated the targeting
envelope plasmid (SVGmu) by alterations including an insertion
of 10-amino acid sequence (MYPYDVPDYA) between amino
acids 71 and 74 of the SVG E2, mutations of 157KE158 into
157AA158 of the SVG E2. Additionally, deletion was introduced
to the SVG E3 to remove amino acids 61–64 as described by
Yang et al. [12]. The control lentiviral particles (LVDC) was
constructed by incorporating the SVGmu onto the pLOV.
UBC.EGFP.3FLAG plasmid. Lentiviral packaging was accom-
plished with a helper virus-free packaging system. All lentivec-
tors in this study reached a titer of 1 × 109 transducing units/ml.

Construction of lentiviral vectors expressing the murine
DC-SIGN

The primers used for murine DC-SIGN were forward: 5′-
GGGTCAATATGTAATTTTCAGTG-3′ and reverse: 3′-
CATAGCGTAAAAGGAGCAACA-5′. Plasmid H4723 was
generated by amplifying and cloning the cDNAs into the
EcoRI and NheI restriction sites of the pLenti-Ubc-EGFP-
3FLAG vector (Obio Biotech Co., Ltd, Shanghai, China).
The recombinant lentivirus LV-DCSIGN was generated by
pseudotyping H4723 with VSVG and transducing the 293T
cells similar to the methods described above.

Transduction of mixed bone marrow cells and BMDCs

Total bone marrow cells were harvested from BALB/c mice
and BMDCs were generated as described above. Either bone
marrow cells or immature BMDCs of day 5 were seeded in a
24-well plate (2 × 105/well) and then cultured at 37°C in the
presence of the indicated lentivectors at a MOI of 20, PBS was
used as a control. After 24 h, the supernatant was discarded
and fresh RPMI 1640 containing 10% fetal bovine serum was
added. The transduced cells were cultured for an additional
3 days and analyzed for green fluorescent protein (GFP)

expression by an a Coulter Epics XL flow cytometer
(Beckman, Miami, USA). A specific neutralizing monoclonal
antibody (Invitrogen) was used at 10 μM to neutralize the
DC-SIGN expressed on the cell surface.

Dendritic cell immunophenotyping and IL-12 production

On day 5, immature DCs were cultured for indicated time in the
presence of LVDC-UbHBcAg, LVDC-UbHBcAg-LIGHT, LV-
UbHBcAg-LIGHT or LVDC at a MOI of 20. On day 8, IL-
12p70 secretion levels in harvested supernatants of mature DCs
were assessed by a commercial mouse ELISA kit (R&D Co., Ltd,
USA) according to the manufacturer’s instructions. On day 9,
mature DCs were harvested and the expression levels of DC
surface molecules were determined by incubation with PE-
labelled anti-mouse CD80, CD83, CD86 and MHC-II antibodies
(eBioscience). The stained cells were examined by flow cytometry.

Animals

H-2Kd BALB/c mice, 6–8-week-old, were purchased from
Shanghai SLAC Laboratory Animal Co., Ltd of the Chinese
Academy of Sciences and maintained under standard patho-
gen-free conditions in the Experimental Animal Center of
Shanghai Jiao Tong University Affiliated Sixth People’s
Hospital. Mice were treated on the basis of the criterion set
up by the Shanghai Public Health Service Policy on the
Humane Care and Use of Laboratory Animals.

T lymphocyte generation

T lymphocytes were generated from the above splenocytes using
nylon wool columns (Wako, Tokyo, Japan) and single-cell sus-
pensions of T lymphocytes were seeded in a 24-well plate at the
density of 2 × 106 cells/well with the presence of RPMI 1640
medium containing 10% fetal bovine serum. Isolated T cells were
subjected to an EasySep mouse CD8 + T cell negative-selection
kit (StemCell Technologies, Canada) to harvest purified CD8 + T
cells according to the manufacturer’s protocol.

Mixed leukocyte reaction

On day 9, harvested mature DCs loaded with LVDC-Ub-
HBcAg, LVDC-UbHBcAg-LIGHT, LV-UbHBcAg-LIGHT,
LVDC or PBS were pre-treated with 25 μg/mL mitomycin C
(Sigma) for 30 min at 37 ℃. T cells collected from BALB/c mice
were grown in 96 well plates and co-cultured with the mature
DCs at different responder/stimulator (T cells/DCs) ratios (5:1,
10:1 or 20:1) for 72 h. Then the cells were cultured in a final
volume of 200 μL complete RPMI-1640 in 96-well culture plates
for 2 h and 10 μL of Cell Counting Kit-8 (CCK-8) solution
(Dojindo, Kumamoto, Japan) was added to the plates for
another 4h. The absorbance was recorded at 450 nm.

Ex vivo DC stimulation of T lymphocyte and functional
assays

T cells were co-cultured with the different lentivectors-pulsed
DCs mentioned above at a ratio of 10:1 (T cells/DCs) in 96
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well plates. 3 days later, the supernatant was collected and
measured for the secretion levels of different cytokines (IL-2,
IL-6, TNF-α and IFN-γ) using ELISA kits.

IFN-γ and TNF-α production was also detected by intra-
cellular staining. The above primed T cells were stimulated for
6 h in the presence of 25 μg/mL PMA, 1 μg/mL ionomycin
and 1.7 μg/mL monensin. Then the stimulated cells were
stained with perCP-Cy5.5 conjugated anti-CD8 McAb
(eBioscience) for 30 min followed by fixation with Fix and
Perm reagents A and B (eBioscience). Finally, the cells were
stained with APC conjugated anti-IFN-γ or anti-TNF-α
McAb (eBioscience) for 30 min and analyzed by flow
cytometry.

For CTL assay, the primed lymphocytes (5 × 106 cells/ml)
were used as the effector cells, P815/c cells (5 × 104 cells/well)
harbouring HBcAg expression were used as target cells, and
were co-cultured in 96-well plates at different effector and
target (E/T) ratios (5:1, 10:1, and 20:1) for 4 h. The HBcAg-
specifc CTL activity was evaluated with a CytoTox 96 Non-
Radioactive Cytotoxicity Assay (Promega, USA) for lactate
dehydrogenase (LDH) release according to the manufacturer’s
instructions.

Assessment of apoptosis

The former stimulated T cells (2 × 106 cells/mL) were washed
in PBS twice and incubated with perCP-Cy5.5-labeled anti-
CD8 McAb. Propidium Iodide (PI) and Annexin V–FITC
staining (eBioscience) were then performed according to the
manufacturer’s instructions. Thrice stained positive cells among
the whole cell population were detected by flow cytometry.

Cell cycle analysis

For cell cycle analysis, the former stimulated T cells were
purified with a CD8 + T cell negative-selection kit and washed
with PBS twice, then a total of 5 × 105 cells were collected and
fixed in 75% alcohol overnight at 4°C. Cells were incubated
with 10 mg/ml RNase (Sigma) and 50 mg/ml propidium
iodide (Sigma) at 37°C for 30 min in the dark. The cell cycle
was measured by flow cytometry.

Real-time PCR

T cells described above were harvested for total RNA isolation by
Trizol (TaKaRa Bio, Shiga, Japan); cDNA was synthesized
according to the manufacturer’s instructions (TOYOBO, Japan)
and quantified by PCR on an ABI 7500 FAST system
(Applied Biosystems), using the SYBR Green qPCR Mix kit
(TOYOBO, Japan) with appropriate primers: ATG5, 5′-
GACAAAGATGT+GCTTCGAGATGTG-3′ (F) and 5ʹ-GTAG
CTCAGATGCTCGCTCAG-3ʹ (R); Pro-caspase-3, 5ʹ-ATGGA
CAACAACGAAACCTCCGTG-3ʹ (F) and 5ʹ-CCACTCCC
AGTCATTCCTTTAGTG-3ʹ (R); Pro-caspase-8, 5ʹ-GTGAC
AAGGGTGTCGTCTATGG-3ʹ (F) and 5ʹ-GGATGCTAAGAAT
GTCATCTCC-3ʹ (R); Bim, 5ʹ-TGATTACCGCGAGGCTGAA-3ʹ
(F) and 5ʹ-ACCAGACGGAAGATAAGCGTAAC-3ʹ (R);
CDKN1B, 5ʹ-CGCCTGGCTCGCTCCATTTGAC-3ʹ (F) and 5ʹ-
GACACTCTCACGTTTGACATCTTCC-3ʹ (R). Primers were

observed from Sangon Biotech (Shanghai, China). Cycling condi-
tionswere as follows: 40 cycles at 95°C for 3min, 95°C for 15 s, and
60°C for 30 s.

Western blot

The above purified CD8 + T cells were collected and lysed
with RIPA lysis buffer to obtain total protein lysates. The
protein concentration of cell samples was measured using
the BCA method. Equal amounts of proteins from each sam-
ple were loaded onto SDS-PAGE gels and transferred to
PVDF membranes. After incubation with corresponding pri-
mary and secondary antibodies, the signals were detected with
an ECL assay kit (Amersham).

Transmission electron microscopy

The stimulated T cells were treated with the indicated con-
centrations of triptolide for 24 h and collected by trypsiniza-
tion. Cells were fixed in 2.5% phosphatebuffered
glutaraldehyde at 4 °C overnight and postfixed in 1% phos-
phatebuffered osmium tetroxide for 1.5 h at room tempera-
ture. After being embedded and double-stained with uranyl
acetate/lead citrate, the sections were determined under a
H-7650 transmission electron microscope (Hitachi) at 60 kV.

Tandem mCherry-Wassabi confocal microscopy

T cells transfected with mCherry-Wassabi-LC3-II were seeded
into cell culture dishes at a density of 1 × 105 cells per dish. Then
the cells were washed with PBS three times and viewed under a
laser-scanning confocal microscope (Nikon, Japan). Images
were processed using the NIS Element Viewer software
(Nikon). The average number of mCherry-Wassabi-LC3-II
puncta per cell was evaluated by twenty cells randomly selected.

Statistical analysis

All values in the text and figures were obtained from three
independent experiments. Results were presented as means ±
SD. GraphPad Prism V5.0 (San Diego, CA, USA) was used to
perform statistical analyzes. Differences between two groups
was analyzed using Student’s t test, and the differences
between two or more groups were using one-way analysis of
variance. Differences were considered significant at P < 0.05.
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