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ABSTRACT
We previously established a hepatocellular carcinoma (HCC) targeting system of conditionally replicative 
adenovirus (CRAd) delivered by human umbilical cord-derived mesenchymal stem cells (HUMSCs). 
However, this system needed to be developed further to enhance the antitumor effect and overcome 
the limitations caused by the alpha-fetoprotein (AFP) heterogeneity of HCC. In this study, a bispecific T cell 
engager (BiTE) targeting programmed death ligand 1 controlled by the human telomerase reverse 
transcriptase promoter was armed on the CRAd of the old system. It was demonstrated on orthotopic 
transplantation model mice that the new system had a better anti-tumor effect with no more damage to 
extrahepatic organs and less liver injury, and the infiltration and activation of T cells were significantly 
enhanced in the tumor tissues of the model mice treated with the new system. Importantly, we confirmed 
that the new system eliminated the AFP-negative cells on AFP heterogeneous tumor models efficiently. 
Conclusion: Compared with the old system, the new system provided a more effective and safer strategy 
against HCC.
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Background

Hepatocellular carcinoma (HCC) is a leading cause of 
cancer-related death in many parts of the world1. The 
5-year survival rate of patients with HCC is low due to 
the high rate of recurrence and metastasis of HCC and 
resistance to antitumor drugs2. Recently, many novel stra
tegies have emerged to develop the treatment of HCC3–5. 
In our previous studies, an HCC-targeting system of con
ditionally replicative adenovirus (CRAd) delivered by 
human umbilical cord – derived mesenchymal stem cells 
(HUMSCs) was established, which depended on the hom
ing and hepatic differentiation of HUMSCs at tumor sites 
and the specific transcriptional activity of the alpha- 
fetoprotein (AFP) promoter in differentiated HUMSCs 
and hepatoma cells6. However, we thought that the anti
tumor effect of this system should be strengthened. 
Additionally, AFP heterogeneity in hepatoma tissues was 
a challenge to the clinical application of this targeting 
system because the CRAd selectively cleared the AFP- 
positive tumor cells but not the negative ones. Therefore, 

the targeting system needed to be developed by arming it 
with an additional antitumor element.

In recent years, the oncolytic adenovirus armed with 
a bispecific T cell engager (BiTE) has been investigated for 
treating many solid tumors7–9. BiTE is a chimeric protein 
composed of two single-chain variable fragments (scFvs) con
nected with a flexible peptide linker, one specific for tumor- 
associated antigen and the other for CD310. Oncolytic virother
apy can evoke antitumor immune responses and increase the 
intratumoral infiltration of T lymphocytes11–13. When BiTE is 
armed, the intratumoral T cells can be activated and can 
selectively eliminate tumor cells. Consequently, these proper
ties of oncolytic adenovirus and BiTE are ideal for combina
torial approaches.

We used αCD3HAC, a BiTE specific for programmed 
death ligand 1 (PD-L1) and CD3, for treating triple- 
negative breast cancer (TNBC) by blocking PD-L1 and 
activating T cells14. Similar to TNBC, HCC was character
ized by high expression of PD-L115,16 so that a cistron 
constructed by human telomerase reverse transcriptase
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(hTERT) promoter and αCD3HAC coding sequence was 
loaded on the CRAd to improve the old targeting system. 
In this study, the new system was investigated in terms of 
exerting a synergistic antitumor effect and overcoming AFP 
heterogeneity.

Materials and methods

Cell lines and cell culture

Human hepatoma cell lines (HepG2 and SMMC-7721), 
embryonic renal cell line 293 A, and human embryonic 
kidney cell-derived 293T cell line (Institute of Hematology 
and Blood Diseases Hospital Chinese Academy of Medical 
Sciences and Peking Union Medical College, PUMC, 
Tianjin, China), were maintained in DMEM (#1791922, 
Gibco, USA) supplemented with 10% FBS (#10099–141, 
Gibco, USA). Human T cell leukemia cell-line Jurkat 
(Institute of Hematology and Blood Diseases Hospital 
Chinese Academy of Medical Sciences and Peking Union 
Medical College) was maintained in RPMI 1640 (#1721503, 
Gibco, USA) plus 10% FBS.

Preparation of adenoviruses

The construction of adenoviruses was based on the AdEasy ade
noviral vector system (#240009, Stratagene, USA) and is shown in 
Figure 1a. The plasmid pAdTrack and pAdE1A were established 
previously6. The tandem sequences of hTERT promoter and 
αCD3HAC were inserted into pAdTrack and pAdE1A, respec
tively, at the sites of KpnI and BglII. Later, all the four shuttle 
vectors (pAdTrack, pAdE1A, pAdαCD3HAC, and pAdE1A- 
αCD3HAC) were packaged using the methods described 
previously6. The titers were determined using a 50% tissue culture 
infectious dose (TCID50).

Isolation, culture and hepatic differentiation of HUMSCs

HUMSCs were isolated from the gelatinous Wharton’s jelly within 
the human umbilical cord. The methods of isolation, culture and 
hepatic differentiation were described previously6,14,17.

Luciferase assay for AFP and hTERT promoters in vitro

The pGL3-AFP promoter and pGL3-hTERT promoter were con
structed previously. The transcriptional activities in HepG2 and

Figure 1. Identification of the novel CRAd armed with αCD3HAC. (a)Schematic representations of the novel CRAd (AdE1A-αCD3HAC) and its control adenoviruses. (b) 
Transcriptional activities of the AFP promoter and the hTERT promoter in HepG2 and SMMC-7721 cell lines, respectively, detected by the dual-luciferase reporter system. 
(c) Viabilities of HepG2 and SMMC-7721 cells after infection with different adenoviruses at 10 or 50 MOI measured using CCK-8 assays. (d) Concentrations of αCD3HAC in 
the culture supernatants of HepG2 and SMMC-7721 cells infected with different adenoviruses at 50 MOI for 48 h and detected using ELISA. (e) Concentrations of 
αCD3HAC in the culture supernatants of HepG2 and SMMC-7721 cells infected with AdE1A-αCD3HAC at 50 MOI detected using ELISA every 24 h. All these results were 
expressed as the mean ± SD for three separate experiments.
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SMMC-7721 cells were also detected using dual-luciferase reporter 
assay (#E1910, Promega, USA) as described previously6,18.

Isolation and culture of peripheral blood mononuclear 
cells

The blood of healthy donors was obtained from the Tianjin 
Blood Center. Peripheral blood mononuclear cells (PBMCs) 
were isolated using Ficoll solution (#LTS10771, TBD Science, 
China). The cells were maintained in RPMI 1640 plus 10% FBS 
and cultured in the presence of recombinant human interleu
kin-2 (IL-2, 100 U/mL; #202-IL-010, R&D) every other day.

Cell counting Kit-8 assay

The cell viability assay for the cytotoxicity of CRAd was per
formed using a cell counting kit-8 (CCK-8) kit (#CK04, 
Dojindo, Japan). The cells were seeded in a 96-well plate at 
the density of 1 × 104 cells/well and infected with different 
adenoviruses at 10, 50, or 100 multiplicities of infection 
(MOI). Then, the cell viabilities were evaluated every 24 h, 
from day 2 to day 4. The cells without infection were used as 
negative control. Each data point was averaged from three 
replicates of three separate experiments.

Establishment of PD-L1-overexpressing cell line

The sequences of human PD-L1 (Accession: NM_014143.4) and 
firefly luciferase were linked by the T2A sequence, and the linked 
sequence was inserted into the pCDH1‑CMV‑MSC‑EF1α‑Puro 
plasmid (#CD510B, SBI, USA) using EcoRI and 
BamHI restriction sites. The lentivirus was packaged as described 
previously19. SMMC-7721 cells were transduced with the lenti
virus for 48 h and selected with 30 μg/mL puromycin (#P8230; 
Beijing Solarbio Science & Technology, China) for 2 weeks. The 
new cell line was termed 7721-PD-L1.

Establishment of HepG2 with luciferase reporter

The sequence of firefly luciferase was inserted into the 
pCDH1‑CMV‑MSC‑EF1α‑Puro plasmid using EcoRI and 
BamHI restriction sites. The lentivirus was packaged and trans
fected into HepG2 cells as described previously. After selection 
using 30 μg/mL puromycin, the stable cell line was established 
and termed HepG2-luc.

ELISA for αCD3HAC

HepG2 or SMMC-7721 cells were infected with different ade
noviruses at 50 MOI for 48 h. The culture supernatants were 
collected, and the concentrations of αCD3HAC were measured 
using a His Tag ELISA Detection Kit (#L00436, GenScript, 
USA). Similarly, the concentrations of αCD3HAC in the super
natants of HepG2 or SMMC-7721 cells were measured using 
the same method every day after infection with AdE1A- 
αCD3HAC. The assays were performed in three replicates of 
three separate experiments.

αCD3HAC-binding detection

SMMC-7721 cells were infected with different adenoviruses for 
96 h, following which the culture supernatants were collected 
to detect the binding of αCD3HAC to PD-L1 on 7721-PD-L1 
cells by flow cytometry. For direct-binding assay, 1 × 105 cells 
were suspended in 100 μL of the collected supernatant and 
mixed with 5 μL of allophycocyanin (APC)-His tag antibody 
(#362605, Biolegend, USA). The cells without any supernatant 
were used as negative control, whereas the cells with APC- 
human PD-L1 antibody (#374514, Biolegend, USA) were used 
as positive control. After culturing at room temperature for 30  
min, the cells were detected using flow cytometry (FACS). For 
the competition assay, 5 µL of the APC-human PD-L1 anti
body was added to the 7721-PD-L1 suspension of the collected 
supernatant. The cells with APC-isotype control (#982108, 
Biolegend, USA) were used as negative control, whereas the 
cells with only APC-human PD-L1 antibody were used as 
positive control. FACS was performed after culturing. The 
binding to CD3 was manipulated as earlier except for replacing 
the APC-human PD-L1 antibody with the APC-human CD3 
antibody (#300312, Biolegend, USA).

Surface plasmon resonance assay

The αCD3HAC protein was expressed and purified as pre
viously described14. And then the association and dissociation 
kinetics was detected by Biacore 8K (Cytiva, USA). Human 
recombinant CD3D & CD3E heterodimer protein and PD-L1 
protein (#CT038-H2508H and #10084-H08H, Sino Biological, 
China) were immobilized via amine groups on the surface of 
the sensor chip CM5 (#BR100530, Cytiva, USA).

Cytotoxicity and activation of T cells

The culture supernatants of SMMC-7721 cells infected with 
different adenoviruses were still used in the following experi
ments. 7721-PD-L1 cells were seeded into 96-well plates (1 ×  
104 cells/well). The next day, PBMCs pretreated with IL-2 for 
72 h were added at the effector: target (E:T) ratios of 5:1. Then, 
100 uL of the supernatant was added simultaneously. The 
specific cytotoxicity toward 7721-PD-L1 cells was measured 
by the lactate dehydrogenase assay 16 h later using a CytoTox 
96 nonradioactive cytotoxicity kit (#G1780, Promega, USA) 
following the manufacturer’s protocols. Then, the cells and 
the culture supernatant of every well were separated. The 
cells were stained with the APC-human CD3 antibody 
(#300312, Biolegend, USA) and the phycoerythrin (PE)- 
human CD69 antibody (#310906, Biolegend, USA) for 30 min 
at room temperature and measured using FACS to detect 
activated T cells. The levels of interleukin-2 (IL-2), inter
feron-γ (IFN-γ), and tumor necrosis factor-α (TNF-α) in the 
supernatants were measured using the corresponding ELISA 
kits (D2050, DIF50C, and DTA00D, R&D, USA).

Jurkat apoptosis assay

7721-PD-L1 and Jurkat cells were co-cultured in the super
natants collected previously at the ratio of 10:1 for 24 h. Then,
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the cells were separated and stained with the APC-human CD3 
antibody (#300312, Biolegend, USA) and fluorescein isothio
cyanate (FITC) – Annexin V (#556547, BD, USA). The apop
tosis of Jurkat cells was measured using FACS.

Adenovirus package in hepatic differentiated HUMSCs

HUMSCs were induced to undergo hepatic differentiation 
for 10 days and then infected with different adenoviruses at 
500 MOI. The infected HUMSCs were separated at the 
indicated time point, and the copy numbers of viral DNA 
in these cells were measured by real-time polymerase-chain 
reaction (PCR) as described previously18. The HUMSCs col
lected 48 h after infection with AdE1A or AdE1A-αCD3HAC 
were observed using an electron microscope to find the 
adenovirus particles in the cells. Simultaneously, 50 μL of 
the supernatant removed from the hepatic differentiated 
HUMSCs infected with different adenoviruses was co- 
cultured with HepG2 in 96-well plates at a density of 2500 
cells/well. After 2 days, the HepG2 cells were observed under 
a fluorescence microscope to confirm the presence of ade
novirus particles in the supernatants.

Transwell migration assay

HUMSCs were infected with the indicated adenovirus at 500 
MOI for 48 h and plated at a density of 2 × 104 in the top 
chamber with 200 μL of serum-free medium. The method 
was performed as described previously6.

Orthotopic hepatocarcinoma model

The orthotopic hepatocarcinoma model was established 
with HepG2-luc or 7721-PD-L1 cell line on BALB/c athy
mic nude mice as previously described6. For the AFP 
heterogeneous hepatocarcinoma model, HepG2 and 7721- 
PD-L1 cells were mixed at the ratio of 3:1, following which 
2 × 107 cells were injected subcutaneously into the right 
anterior flank of mice. Subsequently, the same operation 
was performed as in the case of the orthotopic model.

Treatment of the orthotopic hepatocarcinoma model

After 10 days of orthotopic tumor inoculation, the mice were 
randomized into three to five groups (five mice for each group) 
according to the requirements. After infection with the indicated 
adenovirus at 500 MOI for 48 h, the HUMSCs were injected into 
each mouse (iv, 1 × 106 cells) on the first and fourth days. Then, 
PBMCs were injected (iv, 6 × 106 cells/mouse) on the seventh 
and tenth days. In vivo, the luciferase signal was monitored using 
Xenogen In Vivo Imaging System (IVIS) at the indicated time 
points. The body weight was recorded twice a week after the 
HUMSC injection. On the 18th day after treatment, the mice 
were sacrificed and the serum levels of alanine aminotransferase 
(ALT) and aspartate transaminase (AST) were assessed using 
detection kits (#C009-2-1 and #C010-2-1, Nanjing Jiancheng 
Bioengineering Institute, China). At the same time, the tissues 
of tumor and some extrahepatic organs, including the lung, 
kidney, and spleen, were removed from model mice. The total 

RNA of tumor tissue was extracted using TRIzol reagent 
(#15596026, Invitrogen, USA), and the quantitative RT-PCR 
was performed to detect the expression of the PD-L1 gene as 
described previously19. The extrahepatic organs were fixed in 4% 
paraformaldehyde (PFA), embedded in paraffin, sectioned and 
stained with hematoxylin and eosin.

Immunofluorescence

The tumor tissues of orthotopic hepatocarcinoma models 
treated with adenovirus-armed HUMSCs for 4 days were 
cut into paraffin-embedded sections for immunofluores
cence to explore the adenovirus delivery by HUMSCs. 
The sections were stained with mouse anti-Hexon primary 
antibody (#GTX36896, GeneTex, USA) and AF488- 
conjugated goat anti-mouse secondary antibody 
(#ab150113, Abcam, UK) to detect the adenovirus hexon 
protein. Meanwhile, rabbit anti-human CD90 primary anti
body (#ab226123, Abcam, UK) and AF647-conjugated goat 
anti-rabbit secondary antibody (#ab150079, Abcam, UK) 
were used to indicate HUMSCs. The nuclei were stained 
with 4’,6-diamidino-2-phenylindole (DAPI; #D9564, Sigma, 
USA). The images were captured using a two-photon laser 
scanning confocal microscope (FV1200 MPE, Olympus, 
Japan). Similarly, the tumor tissues of model mice treated 
with MSC.Ad and PBMC for 16 days were cut into paraf
fin-embedded sections and then stained with mouse anti- 
Hexon primary antibody, AF488-conjugated goat anti- 
mouse secondary antibody, rabbit anti-His tag primary 
antibody (#ab213204, Abcam, UK), and AF647-conjugated 
goat anti-rabbit secondary antibody to indicate hexon and 
αCD3HAC.

FACS for T cells in tumors

After the model mice were treated with MSC.Ad + PBMC for 
16 days, the tumors were cut into approximately 1-mm3 

pieces and digested with 0.05 mg/mL of type-IV collagenase 
(#C5138, Sigma, USA), hyaluronidase (#H3506, Sigma, 
USA), and DNase I (D5025, Sigma, USA) at 37°C for 60  
min. Single cells were obtained by grinding and filtering 
through a 70-μm strainer. Subsequently, mononuclear cells 
were obtained by density gradient centrifugation using 40% 
and 80% Percoll (#17-0891-09, GE, USA). The cells were 
stained with APC-human CD3 antibody and PE-human 
CD69 antibody. FACS was used to detect the activated 
T cells.

Co-culture and killing assay

Firstly, HepG2 cells were infected with different adeno
viruses at 50 MOI for 24 h. Then, the infected HepG2 
cells (2 × 104 cells/well) were seeded in the upper of the 
24-well cell culture insert with 0.4-μm pore filters 
(#353095, BD Falcon, USA), and 7721-PD-L1 cells (5 ×  
104 cells/well) were seeded in the lower. After co-culture 
for 48 h, the cell culture inserted with infected HepG2 
cells was removed, and PBMCs (1 × 106 cells/well) were
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added into and co-cultured with the 7721-PD-L1 cells for 
24 h. Finally, the culture medium and suspended cells 
were all removed, and 500 μL/well of D-luciferin (0.15  
mg/mL; #P1043, Promega, USA) was added. 
Bioluminescence imaging was performed immediately 
using the Xenogen IVIS.

Statistical analysis

Data are represented as mean ± SD. Significance was assayed 
by independent-sample t test, ANOVA and Tukey’s test. 
A P value <0.05 indicated a statistically significant difference, 
whereas a P value <0.01 indicated a highly statistically signifi
cant difference.

Results

Functional identification of the CRAd loaded with 
αCD3HAC

The CRAds were constructed as shown in Figure 1a. One of 
them, designated as AdE1A, was used in the old targeting sys
tem. AdE1A-αCD3HAC was the improved one with the 
αCD3HAC expression cassette. Two HCC cell lines were 
selected as experimental objects with different AFP expression 
levels: HepG2 was the positive one, and SMMC-7721 was the 
negative one (Supp. 1A). Subsequently, the transcriptional activ
ities of AFP and hTERT promoters were detected in these two 
cell lines. The activity of the AFP promoter was significantly 
higher in HepG2 cells than in SMMC-7721 cells, whereas the 
activity of the hTERT promoter was similar in both of them 
(Figure 1b). The survival of HepG2 cells was dramatically 
decreased by AdE1A and AdE1A-αCD3HAC in a dose- 
dependent manner because of the presence of E1A expression 
unit controlled by the AFP promoter and the miR-122 target 
sequence. The cell inhibitory effect of AdE1A-αCD3HAC was 
similar to that of AdE1A at the same MOI. However, the four 
adenoviruses, with or without the E1A expression unit, did not 
affect the survival of SMMC-7721 cells (Figure 1c).

Furthermore, the expression of αCD3HAC driven by the 
hTERT promoter was observed in HepG2 cells infected with 
AdαCD3HAC or AdE1A-αCD3HAC (Supp. 1B). Likewise, the 
αCD3HACs secreted by HepG2 and SMMC-7721 cells infected 
with AdE1A or AdE1A-αCD3HAC were detectable in the 
culture supernatants (Figure 1d). Finally, variations in the 
αCD3HAC level were investigated in supernatants from 24 h 
to 96 h after infection with AdE1A-αCD3HAC. In the SMMC- 
7721 supernatant, the concentration of αCD3HAC followed 
a continuous upward trend for 96 h. However, in the HepG2 
supernatant, the concentration of αCD3HAC did not increase 
remarkably at the point of 96 h after infection owing to the cell 
death resulting from the cytolytic effect of the CRAd 
(Figure 1e).

Function identification of αCD3HAC secreted from infected 
cells

An SMMC-7721 cell line overexpressing human PD-L1 (7721- 
PD-L1) was established firstly for determining the binding 

activity of αCD3HAC to PD-L1. Then, the supernatants of 
SMMC-7721 infected with different adenoviruses for 96 h 
were collected for the following experiments. The direct bind
ing and competition assays verified that the αCD3HACs in the 
supernatants of SMMC-7721 cells infected with AdαCD3HAC 
or AdE1A-αCD3HAC could bind to 7721-PD-L1 and compete 
with the purchased PD-L1 antibody (Figure 2a,b). Similarly, 
αCD3HAC in the supernatant could also bind to Jurkat, 
a CD3-positive cell line, and compete with the purchased 
CD3 antibody (Figure 2c,d). The competitive ability of 
αCD3HAC to PD-L1 was less remarkable than which to CD3, 
because the binding sites of αCD3HAC and the purchased 
antibody were different on PD-L1, but the same on CD3. 
Furthermore, the affinity constants of αCD3HAC binding to 
CD3 and PD-L1 were confirmed by Biacore assay and the KD 
values were 1.15 × 10−10 and 3.00 × 10−10 respectively 
(Figure 2e,f).

After 7721-PD-L1 (target cells) and PBMCs (effect cells) 
were co-cultured with the medium containing the indicated 
supernatants separately for 24 h, more than 60% of target cells 
were eliminated by effector cells in the medium containing 
αCD3HAC (Figure 2g). Furthermore, we observed the interac
tion between the target and effect cells mediated by αCD3HAC 
using living cells workstation (Supp. 2). Also, the proportions 
of CD69-positive (activated) T cells were increased to about 
90% by αCD3HAC (Figures. 2h, Supp. 3). As the products of 
activated T cells, the levels of IL-2, IFN-γ, and TNF-α in the co- 
culture medium containing αCD3HAC also remarkably 
increased (Figure 2i–k). Under this condition, the T cell pro
liferation mediated by αCD3HAC was detectable (Supp. 4). As 
the negative controls, the cytolytic effect and the activation of 
T cells and the increases of IL-2, IFN-γ, and TNF-α mediated 
by αCD3HAC on SMMC-7721 and HL-7702 (a human normal 
liver cell line) were all not observed (Supp. 5). PD-L1 on tumor 
cells has the function of inducing T cell apoptosis by interact
ing with PD-1. Therefore, the apoptosis of Jurkat (PD-1-posi
tive) co-culturing with 7721-PD-L1 cells and the collected 
supernatants of infected SMMC-7721 were detected. The result 
showed that αCD3HAC inhibited the PD-L1 induced apopto
sis (Figure 2l, Supp. 6).

Package and delivery of adenovirus by HUMSCs

After induced hepatic differentiation for 10 days in vitro, 
HUMSCs were loaded with different adenoviruses. These 
HUMSCs were collected every day to measure the copies of 
viral DNA in them for 3 days. The curves in Figure 3a demon
strate that the content of adenovirus in differentiated HUMSCs 
peaked at the point of 48 h after infection with AdE1A or 
AdE1A-αCD3HAC, but no viral DNA was detected in the 
HUMSCs infected with other adenoviruses. Under the electron 
microscope, adenovirus particles were discovered in differen
tiated HUMSCs infected with AdE1A or AdE1A-αCD3HAC 
(Figure 3b). The supernatants of differentiated HUMSCs 
loaded with the adenoviruses were added onto HepG2 cells to 
verify that the packaged adenovirus could be released from the 
HUMSCs. After 2 days, HepG2 cells with the supernatant from 
MSC.AdE1A or MSC.AdE1A-αCD3HAC showed clustered 
green fluorescence because the corresponding adenoviruses
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Figure 2. Identification of αCD3HAC in the culture supernatants. The culture supernatants of SMMC-7721 cells infected with different adenoviruses at 50 MOI for 96 h 
were collected for the direct-binding assay and competitive-binding assay (A-D). (a) Direct binding activities of the culture supernatants to PD-L1 detected by FACS on 
7721-PD-L1 cells. The APC-human PD-L1 antibody was used as positive control, and the APC-His tag antibody was used as the secondary antibody. (b) Competitive 
binding activities of culture supernatants with the purchased APC-human PD-L1 antibody detected on 7721-PD-L1 cells using FACS. (c) Direct binding activities of 
culture supernatants to human CD3 detected using FACS on Jurkat cells. The APC-human CD3 antibody was used as positive control, and the APC-His tag antibody was 
used as the secondary antibody. (d) Competitive binding activities of culture supernatants with the purchased APC-human CD3 antibody detected on Jurkat cells using 
FACS. (e,f) Association and dissociation kinetics detected by Biacore assay. Human recombinant CD3D & CD3E heterodimer protein and PD-L1 protein were immobilized 
on the sensor chip CM5. Corresponding sensorgrams collected by Biacore 8K with analyte concentrations from 0.069 to 16.7 nM (color gradient) for the purified 
αCD3HAC. (g) PBMCs and 7721-PD-L1 cells were co-cultured in the collected supernatants of the infected SMMC-7721 cells at the ratio of 5:1 for 16 h, and the specific 
cytotoxicity toward 7721-PD-L1 cells was measured by lactate dehydrogenase assay using the CytoTox 96 nonradioactive cytotoxicity kit. (h) Cell component in the co- 
culture system was collected and stained with the APC-human CD3 antibody and the PE-human CD69 antibody for detecting activated T cells using FACS. (i–k) 
Supernatants of the co-culture system were measured using ELISA for the concentrations of IL-2, IFN-γ, and TNF-α. (l) 7721-PD-L and Jurkat cells were co-cultured in the 
collected supernatants of infected SMMC-7721 cells at the ratio of 10:1 for 24 h. Then, the cells were separated and stained with the APC-human CD3 antibody and 
FITC – Annexin V. The apoptosis of Jurkat cells was measured using FACS. The results in (G – L) represent the mean ± SD for three separate experiments.
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Figure 3. Package and delivery of adenovirus by HUMSCs. (a) DNA copy numbers of adenovirus in the hepatic differentiated HUMSCs detected by real-time PCR at the 
indicated time point after infection with different adenoviruses. This result represented the mean ± SD for three separate experiments. (b) Representative images of 
adenovirus particles in the hepatic differentiated HUMSCs infected with AdE1A or AdE1A-αCD3HAC observed under the electron microscope. Adenovirus particles are 
indicated by red arrows. Scale bar, 500 nm. (c) Representative fluorescence microscopic images of HepG2 cells treated with the culture supernatants of the hepatic 
differentiated HUMSCs infected with different adenoviruses. The HepG2 cells showed green fluorescence due to the supernatant containing adenovirus particles. Scale 
bar, 20 μm. (d, e) Transwell migration assay. Representative images of migrated HUMSCs stained with crystal violet after infection with different adenoviruses for 2 days 
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were released into supernatants from differentiated HUMSCs 
and propagated in the AFP-positive cells after infecting them, 
but the cells with the supernatant from MSC.AdTrack or MSC. 
AdαCD3HAC did not (Figure 3c).

On the contrary, the Transwell assay showed that the migra
tion capability of HUMSCs was not affected by loading with 
adenovirus (Figure 3d,e). MSC.ads were intravenously injected 
into the orthotopic hepatocarcinoma model mice to investigate 
the delivery of adenovirus by HUMSCs in vivo. The tumor 
tissues were removed and observed under a confocal micro
scope 4 days later. The tissues from mice treated with MSC. 
AdTrack or MSC.AdαCD3HAC showed scattered HUMSCs 
marked by the CD90-antibody (red). However, HUMSCs dis
appeared in the tumor tissues of mice treated with MSC. 
AdE1A or MSC.AdE1A-αCD3HAC and were replaced by clus
tered adenoviruses stained with the hexon antibody (green) 
(Figure 3f). It indicated that the MSC.Ads could home into 
tumor tissues, and the HUMSCs loaded with adenovirus con
taining the E1A expression cassette were lysed and releasing 
the adenovirus.

Inhibitory effect against the orthotopic liver xenograft 
tumor

In order to explore the tumor-inhibitory effect of the new 
improved targeting system, orthotopic hepatocarcinoma 
model mice were established using HepG2-luc and admi
nistered with the MSC.Ads and PBMCs as shown in 
Figure 4a. After 8 days of treatment, the tumors were 
inhibited significantly by MSC.AdE1A or MSC.AdE1A- 
αCD3HAC, but with no remarkable difference between 
these two treatment groups. Subsequently, on the 
16th day after treatment, the tumors of the MSC.AdE1A  
+ PBMC or MSC.AdE1A-αCD3HAC + PBMC groups were 
still smaller than those of the other groups. From the 
8th day to the 16th day, the treatment with MSC.AdE1A- 
αCD3HAC + PBMC achieved a better tumor-inhibitory 
effect than MSC.AdE1A + PBMC because of the 
αCD3HAC-mediated antitumor function of PBMCs 
(Figures 4b,c, Supp. 7, 8). Subsequently, the TUNEL assay 
was performed on the tumor tissue sections. From the 
images of confocal microscope, we observed a mass of 
dead cells in the tumor treated by MSC.AdE1A + PBMC 
or MSC.AdE1A-αCD3HAC + PBMC (Supp. 9).

ALT and AST levels in serum were detected to evaluate liver 
injuries in these model mice under different therapeutic stra
tegies. As shown in Figure 4d, the levels of ALT and AST 
declined after treatment with MSC.AdE1A + PBMC or MSC. 
AdE1A-αCD3HAC + PBMC; the ALT levels were remarkably 
different between these two groups but the AST levels were not. 
Additionally, no marked difference was found in weight 
change and pathologic features of extrahepatic organs among 
all treatment groups (Figure 4e,f).

Adenovirus and INF-γ could promote PD-L1 expression 
so that the PD-L1 level in tumors was measured using 
quantitative PCR. As expected, the levels of PD-L1 in the 
tumors in the MSC.AdE1A + PBMC and MSC.AdE1A- 
αCD3HAC + PBMC treatment groups were elevated 
obviously. Although the PD-L1-positive cells were the tar
get of T cells mediated by αCD3HAC, no significant dif
ference was found in the PD-L1 expression level between 
these two groups (Figure 4g).

Expression of αCD3HAC and activation of T cells in tumor 
tissues

Confocal microscopy was performed to verify the expression of 
αCD3HAC in tumor tissues. Adenovirus hexon protein (green) 
and αCD3HAC (red) were both found on the tumor tissue 
sections of the MSC.AdE1A-αCD3HAC + PBMC treatment 
group, and their distributions were similar. Only hexon, but 
no αCD3HAC, was shown on the sections of the MSC.AdE1A  
+ PBMC group; neither hexon nor αCD3HAC was found in 
the tumors of the other groups (Figure 5a). The infection and 
proliferation of adenoviruses in tumors could promote 
T lymphocyte infiltration; αCD3HAC could maintain their 
survival by activating them directly and blocking PD-L1 to 
prevent inactivation. Therefore, lymphocytes in tumors were 
isolated and the proportion of activated T cells was measured 
using FACS. Few CD3-positive T cells were found in the 
tumors of the MSC.AdTrack + PBMC and MSC. 
AdαCD3HAC + PBMC groups (Supp. 10). However, the infil
tration of T cells increased significantly in the tumors of the 
MSC.AdE1A + PBMC and MSC.AdE1A-αCD3HAC + PBMC 
groups (Figure 5b). Moreover, the proportions of not only 
total T cells but also activated T cells in the tumors of the 
MSC.AdαCD3HAC + PBMC group were higher than those of 
the MSC.AdE1A + PBMC group (Figure 5c,d, Supp. 11).

Inhibitory effect on the AFP heterogeneous 
hepatocarcinoma model

Previously, it was identified that both AdE1A and AdE1A- 
αCD3HAC could not cause SMMC-7721 cell lysis in vitro 
(Figure 1c). In this study, the treatment effects of MSC. 
AdE1A + PBMC and MSC.AdE1A-αCD3HAC + PBMC on 
7721-PD-L1 orthotopic liver xenograft model mice were 
further considered. Although αCD3HAC could be released by 
7721-PD-L1 infected with AdE1A-αCD3HAC, the treatment 
of MSC.AdE1A-αCD3HAC + PBMC, similar to MSC.AdE1A  
+ PBMC, did not inhibit the tumor growth (Figure 6a,b, Supp. 
12A). It was speculated that αCD3HAC was not sufficient to 
evoke the antitumor effect of T lymphocytes in the unitary 
AFP-negative tumor model. If tumor tissues contained both 
AFP-positive and AFP-negative cells, the amounts of 
αCD3HAC were supported by the replication of AdE1A- 
αCD3HAC in AFP-positive cells to facilitate the clearance of

(D). Statistics of the migrated HUMSCs were represented by the mean ± SD for three separate experiments (E). (F) Representative confocal microscopic images of the 
tumor tissues of orthotopic hepatocarcinoma model mice treated with different MSC.Ads for 4 days (intravenous injection with 1 × 106 cells per mouse). Green (anti- 
hexon protein) indicates adenovirus, red (anti-CD90) indicates HUMSCs, and blue (DAPI) indicates nuclei. Scale bar, 30 μm.
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Figure 4. Tumor suppression of MSC.AdE1A-αCD3HAC in combination with PBMCs against liver orthotopic transplantation tumors. (a) Design and timeline for 
therapeutic strategy. ( ) indicates the time for monitoring the luciferase signal using the Xenogen IVIS imaging system. (b) IVIS images of HepG2-Luc cells were 
shown for all treatment groups (n = 5 per group) at the indicated time point. (c) Quantification of luciferase signals on all model mice at the indicated time point. (d) 
Levels of ALT and AST in the serum of all model mice after treatment for 16 days. Orange dotted lines indicate the mean values of ALT and AST concentrations in five 
healthy BALB/c athymic nude mice (without tumor). (e) Average body weight of five groups (n = 5 per group) of HepG2 orthotopic transplantation model mice during 
treatment. (f) Representative images of sectioned organs (lung, kidney, and spleen) from the model mice in different treatment groups after hematoxylin and eosin 
staining. (g) Relative level of PD-L1 expressed in the tumor tissues of all treatment groups detected by real-time PCR.
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Figure 5. Expression of αCD3HAC and activation of T cells in tumor tissues. (a) Representative confocal microscope images for the tumor tissues in each treatment group 
on the 16th day. Green (anti-hexon protein) indicates adenovirus, red (anti-His tag) indicates αCD3HAC, and blue (DAPI) indicates nuclei. Scale bar, 30 μm. (b) 
Lymphocytes isolated from the tumor tissues of model mice in the MSC.AdE1A + PBMCs and MSC.AdE1A-αCD3HAC + PBMCs treatment groups (n = 3 per group) were 
stained with APC-human CD3 antibody and PE-human CD69 antibody and analyzed using FACS. (c) Statistical graph of the FACS assay on the percentage of T cells in 
tumors. (d) Statistical graph of the FACS assay on the percentage of the activated T cells (CD69+CD3+/CD3+).
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Figure 6. Inhibitory effect on the AFP heterogeneous hepatocarcinoma model. (a) IVIS images of 7721-PD-L1 cells were shown for all treatment groups (n = 5 per group) 
on 7721-PD-L1 orthotopic transplantation model mice at the indicated time point. (b) Quantification of luciferase signals on all model mice at the indicated time point. 
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the AFP-negative cells. A co-culture experiment was per
formed to test this assumption, as shown in Figure 6c. The 
result demonstrated that the killing effect against 7721-PD-L1 
mediated by HepG2 infected with AdE1A-αCD3HAC was 
more significant than that mediated by HepG2 infected with 
AdαCD3HAC (Figure 6d,e). This was because the released 
adenovirus spread into the lower chamber through the mem
brane with 0.4-μm pores and infected the 7721-PD-L1, result
ing in a higher concentration of αCD3HAC remaining in the 
supernatant. Subsequently, the treatment of the AFP hetero
geneous tumor model with MSC.AdE1A-αCD3HAC + PBMC 
was evaluated. The luciferase reporter signal of 7721-PD-L1 
remarkably decreased in the group treated with MSC.AdE1A- 
αCD3HAC + PBMC compared with the untreated group and 
the group treated with MSC.AdE1A+PBMC (Figure 6f,g, Supp. 
12B). This result indicated that MSC.AdE1A-αCD3HAC +  
PBMC could be used to overcome the problem resulting 
from AFP heterogeneity.

Discussion

Since we found that the AFP promoter was activated during 
the hepatic differentiation of HUMSCs, the HUMSCs were 
used as the in vivo delivery vehicle of CRAds or therapeutic 
proteins controlled by the AFP promoter against 
HCC6,18,20,21. For the specific replication of the CRAd in 
hepatoma cells, the AFP promoter was an important regu
lator; and the miR-122 target sequence was another regulator 
for further reducing the side effects on normal hepatocytes6. 
Although the CRAd delivered by HUMSCs had a better 
antitumor effect and safety, it still needed improvement for 
two reasons: (1) The tumor inhibition rate was unsatisfac
tory so that the combination with other antitumor strategies 
was necessary. (2) The intratumoral heterogeneous expres
sion of AFP was an important feature of HCC22,23, and 
hence the selectivity of the CRAd only to AFP-positive cells 
resulted in failure to eliminate tumors completely.

Nowadays, many BiTEs have been armed on CRAds to exert 
a synergistic antitumor effect8,9,24. In this study, we established 
a novel CRAd (AdE1A-αCD3HAC) with a PD-L1 targeting 
BiTE (αCD3HAC), which was applied in treating TNBC 
previously14. In the sequence of αCD3HAC, the part of anti- 
CD3 scFv was cloned from the variable region of an immuno
globulin G antibody (HIT3a), and the part of HAC was 
a mutant of PD-1 ectodomain with high affinity to PD-L125. 
The expression of αCD3HAC was under the control of the 
hTERT promoter, a known tumor-specific promoter, which 
guaranteed the release of αCD3HAC from both AFP-positive 
cells and AFP-negative cells after infection. After a series of 
identification experiments including selective killing activity of 
CRAd, release and binding activity of αCD3HAC, and 
αCD3HAC-mediated T cell activation, it was confirmed that 
the characteristics of AdE1A-αCD3HAC were as expected.

It was validated that AdE1A could be delivered and pack
aged by HUMSCs in a previous study6. The in vitro experi
ments showed that AdE1A-αCD3HAC was similar to AdE1A 
in terms of adenovirus package and HUMSC migration when 
loaded on HUMSCs. On the orthotopic xenograft model mice, 
CRAds were observed in tumor tissues of the MSC.AdE1A and 
MSC.AdE1A-αCD3HAC treatment groups at the appropriate 
time point. It indicated that, like AdE1A, AdE1A-αCD3HAC 
was delivered and released by HUMSCs in vivo.

The expression of PD-L1 was high in HCC and increased 
after stimulation by virus and IFN-γ26–30. The existence of 
large amounts of PD-L1 in tumors was not beneficial to the 
survival of effector lymphocytes. The reason of choosing 
αCD3HAC to enhance the antitumor effect was that it not 
only blocked PD-L1 to cause T cell survival but also activated 
T cells for proliferation and specific killing. The detection of 
lymphocytes isolated from tumor tissues of orthotopic xeno
graft model mice using FACS verified that αCD3HAC 
increased the proportion of intratumoral T cells and made 
them active. Therefore, the sequential therapy of MSC. 
AdE1A-αCD3HAC + PBMC had a better antitumor effect 
than MSC.AdE1A + PBMC on orthotopic hepatocarcinoma 
models. Before PBMCs came into play, MSC.AdE1A- 
αCD3HAC and MSC.AdE1A achieved similar inhibition 
rates. Along with the participation of PBMCs, the function of 
αCD3HAC was exhibited, which resulted in a further increase 
in the tumor inhibition rate of the MSC.AdαCD3HAC +  
PBMC group. After treatment, we discovered that PD-L1 levels 
in tumor tissues of the MSC.AdE1A-αCD3HAC + PBMC and 
MSC.AdE1A + PBMC treatment groups were remarkably 
higher than those of the other groups. Although αCD3HAC 
mediated the specific lysis of PD-L1-positive cells, the total PD- 
L1 level in tumor tissues of the MSC.AdE1A-αCD3HAC +  
PBMC treatment group did not decline significantly. This 
result hinted that the function of αCD3HAC did not disappear 
in a short time when the model mice were treated with MSC. 
AdαCD3HAC + PBMC. Additionally, it also had been found 
that the intratumoral T cells were significantly increased in the 
both MSC.AdE1A-αCD3HAC + PBMC and MSC.AdE1A +  
PBMC treatment group. I think there are two reasons for it: 
(1) the physical barrier is broken by the cytolytic effect of the 
CRAd; (2) under the stimulation of adenovirus, some chemo
kines are released from the tumor tissue.

Many mechanisms were designed in the new system to 
avoid side effects: (1) The homing and hepatic differentiation 
of HUMSC controlled the release of CRAds only in the tumor 
tissues. (2) The AFP promoter and miR-122 target sequence 
ensured the selectivity of tumor cells. (3) The hTERT promoter 
was active in tumor cells but inactive in HUMSCs18 so that the 
distribution of αCD3HAC was limited to the local tumor site. 
According to the aforementioned designs, the treatment with 
MSC.AdE1A-αCD3HAC + PBMC did not affect the body 
weight and extrahepatic organs. As the biomarkers of liver

(c) Schematic representation of the co-culture and killing assay ( ) indicated monitoring of the luciferase signal using the Xenogen IVIS imaging system. (d) 
Representative IVIS image of residual 7721-PD-L1 cells in the co-culture and killing assay. (e) Quantification of luciferase signals of the residual 7721-PD-L1 cells. (f) IVIS 
images of 7721-PD-L1 cells were shown for all treatment groups (n = 5 per group) on AFP heterogeneous hepatocarcinoma model mice at the indicated time point. (g) 
Quantification of luciferase signals on the AFP heterogeneous hepatocarcinoma model mice at the indicated time point.
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injury, the serum ALT and AST levels declined in the model 
mice of the MSC.AdE1A-αCD3HAC + PBMC and MSC. 
AdE1A + PBMC treatment groups. Compared with the MSC. 
AdE1A + PBMC group, the MSC.AdE1A-αCD3HAC + PBMC 
group showed lower levels of ALT.

The immunotherapy against HCC faced many problems 
similar to other solid tumors, such as effective and safe target
ing, infiltration and survival of lymphocytes, tumor heteroge
neity, and immunosuppressive microenvironment31,32. Based 
on the aforementioned findings, it was concluded that the new 
targeting system solved the first two problems to a large extent. 
In the old system, the recognition of tumor cells mainly 
depended on the AFP promoter, and therefore the heteroge
neous expression of AFP in tumors limited its antitumor effect. 
αCD3HAC at the local tumor site could re-target tumor cells by 
PD-L1, so that the treatment with MSC.AdαCD3HAC + PBMC 
showed obvious killing capacity against AFP-negative tumor 
cells on AFP heterogeneous model mice. Theoretically, several 
mechanisms by which AdE1A-αCD3HAC overcame the pro
blem of tumor microenvironment were available32–34. However, 
the tumor xenograft models in this study were established using 
BALB/c athymic nude mice, and hence the influence of 
αCD3HAC on the tumor microenvironment was not exhibited 
sufficiently. Therefore, the change in the tumor microenviron
ment caused by CRAd and αCD3HAC on humanized mice 
should be further explored in future studies.

Conclusions

A BiTE, αCD3HAC, driven by the hTERT promoter, was 
loaded on the CRAd of the old HCC-targeting system to 
overcome the limitation caused by the selectivity of the 
AFP-positive cells and strengthen the antitumor effect. 
The new system exhibited a better antitumor effect with 
no more damage to extrahepatic organs and less liver 
injury, compared with the old one. The αCD3HAC released 
from the AFP-positive cells re-targeted the PD-L1-positive 
cells to facilitate the elimination of the AFP-negative cells 
in the AFP heterogeneous tumor model. Taken together, 
the new system provided a more effective and safer strategy 
against HCC.
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