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Abstract: Mesenchymal stem cells (MSCs) are adult stem cells with multilineage potential, 

which makes them attractive tools for regenerative medicine applications. Efficient gene transfer 

into MSCs is essential not only for basic research in developmental biology but also for thera-

peutic applications involving gene-modification in regenerative medicine. Adenovirus vectors 

(Advs) can efficiently and transiently introduce an exogenous gene into many cell types via 

their primary receptors, the coxsackievirus and adenovirus receptors, but not into MSCs, which 

are deficient in coxsackievirus and adenovirus receptors expression. To overcome this problem, 

we developed an Adv coated with a spermine-pullulan (SP) cationic polymer and investigated 

its physicochemical properties and internalization mechanisms. We demonstrated that the SP 

coating could enhance adenoviral transduction of MSCs without detectable cytotoxicity or 

effects on differentiation. Our results argue in favor of the potentiality of the SP-coated Adv as 

a prototype vector for efficient and safe transduction of MSCs.

Keywords: mesenchymal stem cells, adenovirus vectors, spermine-pullulan, polymer, gene 

transduction

Introduction
Mesenchymal stem cells (MSCs) have recently generated high enthusiasm as a novel 

therapeutic paradigm for a variety of diseases.1–3 The clinical potential of MSCs is 

mainly attributed to the following important biological properties: the ability to dif-

ferentiate into osteoblasts, adipocytes, and other cell types; the ability to home into 

sites of inflammation following tissue injury; the ability to secrete several bioactive 

molecules capable of recovering injured cells or inhibiting inflammation; and the abil-

ity to perform immunomodulatory functions. However, the therapeutic application of 

MSCs has been facing low success rates, and gene delivery into MSCs prior to engraft-

ment has been proposed as a mechanism to augment their therapeutic potential.

Adenovirus vectors (Advs) are widely used vectors in gene transduction because 

of many useful features, such as high transduction efficiency, ease of production of 

high-titer stocks, and low risk of gene mutation.4,5 Advs can efficiently introduce exog-

enous genes into many cell types via their primary receptors, the coxsackievirus and 

adenovirus receptors (CARs).6 However, gene transfer with Advs is not very efficient 

in MSCs because of the scarcity of CARs on their cell surface.7,8 For this reason, the 

application of Advs as gene transfer vectors for MSC transduction has been limited.

Previously, some groups, including ours, reported the physical coating and chemical 

conjugation of Advs as alternative approaches for efficient adenoviral gene therapies.9–15 

Thus, we aimed at modifying an Adv with another suitable polymer to overcome the 

obstacle of MSC low transduction efficiency. Spermine–pullulan (SP), one kind of 
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cationic polymers prepared by the conjugation of pullulan 

and spermine, was demonstrated to be able to efficiently 

transfect plasmids for in vitro gene expression in various 

cell types, including MSCs.16–20 Pullulan is a water-soluble 

polysaccharide with a repeated unit of maltotriose connected 

through an α-1,6 bond and known to be a safe material for 

oral health care and pharmaceutical coating applications. This 

polysaccharide-based carrier was proven to be internalized 

by different cells through a sugar-recognition receptor on the 

cell surface. In this study, we hypothesized that SP could help 

Advs enter into MSCs by bypassing CAR-mediated endocy-

tosis and consequently yield efficient transgene expression. 

Thus, we coated Advs with different SP coating combinations 

and compared their transgene expression and cytotoxicity in 

MSCs. We also investigated their physicochemical proper-

ties, internalization mechanism and effects on MSCs’ dif-

ferentiation, and demonstrated that SP coating significantly 

increased the safe expression of transgenes in MSCs.

Materials and methods
animals and cell lines
Three-week-old male Sprague-Dawley (SD) rats (50–60 g) 

were used for the isolation of MSCs. All the experimental 

procedures conducted on animals were approved and per-

formed in accordance with the Guidelines for the Welfare and 

Ethics of Animals of Chinese Academy of Medical Sciences 

and Zhejiang University (Zju2012-0052).

MSCs were isolated from the bone shaft of femurs of 

3-week-old male SD rats. Briefly, both ends of rat femurs 

were cut away from the epiphysis, and the bone marrow 

was flushed out using a syringe (21-gauge needle) with 

1 mL low-glucose Dulbecco’s Modified Eagle’s Medium 

(DMEM) supplemented with 10% fetal bovine serum (FBS), 

L-glutamine (2 mM), penicillin (50 U/mL), and streptomycin 

(50 U/mL). The cell suspension was placed into two 25 cm2 

flasks and cultured at 37°C in 5% CO
2
. The medium was 

changed on day 4 of the culture and every 3 days thereafter. 

Once subconfluence was reached, the cells were detached 

from the flask using trypsin/ethylenediaminetetraacetic 

acid (EDTA; 0.25/0.02%). Third or fourth passage cells at 

subconfluence were used for all the experiments. HEK293 

cells were purchased from China Infrastructure of Cell Line 

Resources and were maintained with minimum essential 

medium supplemented with 10% FBS. HEK293 cells are 

only used for Adv amplification and titer check.

Viral vector construction
The E1/E3-deleted type 5 Adv, expressing firefly luciferase 

under the control of the cytomegalovirus promoter, was 

constructed with an improved in vitro ligation method, as pre-

viously reported.21–24 The Adv was amplified in HEK293 cells 

using established methods,25 and purified by cesium chloride 

step-gradient ultracentrifugation. The virus particles (vp) and 

biological titer were determined via spectrophotometry26 and 

the Adeno-X Rapid Titer protocol (Clontech Laboratories, 

Mountain View, CA, USA), respectively. The vp-to-titer 

ratio was around 100 (between 50 and 200).

Preparation of sP-coated advs
SP was prepared using an N,N′-carbonyldiimidazole activa-

tion method as previously reported.27 The molar extent of 

spermine introduced into the hydroxyl groups of pullulan 

was 12.3%. An SP stock concentration of 4 mg/mL was used 

in all the experiments. To find the optimal coating ratio, we 

constructed SP-coated Advs using different concentrations 

of the SP solution. A total of 2×109 vp/mL Advs were simply 

mixed with 2, 4, 8, 16, 32, 64, or 128 μg/mL SP solutions at 

room temperature for 15 minutes because SP, as a cationic 

polymer, was readily attracted to the negatively charged sur-

face of the Adv. We labeled the resulting Advs as SP-Adv2, 

SP-Adv4, SP-Adv8, SP-Adv16, SP-Adv32, SP-Adv64, and 

SP-Adv128, respectively. The SP to Adv molar ratios were 

2.4×104, 4.8×104, 9.6×104, 1.9×105, 3.8×105, 7.7×105, and 

1.5×105, respectively. SP-Adv2 morphology was observed 

under a transmission electron microscope (TEM, H-9500, 

Hitachi, Tokyo, Japan).

In vitro gene transduction
MSCs (2×104 cells/well) derived from rat bone marrow 

(shortly written as MSCs in the following study) were 

seeded into 48-well plates. The following day, each well 

was treated with 104 vp/cell of luciferase-encoding Adv 

(~100 multiplicity of infection) or SP-coated Adv. After 24 

hours, luciferase activity was determined using a luciferase 

assay system (Promega Corporation, Fitchburg, WI, USA), 

in accordance with the manufacturers’ instructions, and the 

amount of proteins was measured with the bicinchoninic acid 

(BCA) assay. Relative luciferase activity was calculated as 

relative light units/mg protein.

cytotoxicity assay
MSCs (1×104 cells/well) were seeded into 96-well plates. 

The following day, the control group was treated with 

phosphate-buffered saline (PBS), Adv group was treated 

with 104 vp/cell of luciferase-encoding Advs (~100 MOI), 

uncoated or SP-coated. After 24 hours, cell viability was 

determined using an MTT assay system (Sigma-Aldrich Co., 

St Louis, MO, USA) in accordance with the general protocol. 
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Finally, we set control group as 100% and calculated other 

groups as % compared with control group.

endocytosis-dependent cellular uptake
MSCs (2×104 cells/well) were seeded into 48-well plates. 

The following day, the control group was pretreated with 

PBS, others were pretreated with one of the following 

endocytosis inhibitors for 1 hour: 6.65 mg/mL methyl-

β-cyclodextrin (MBCD) (Kaiyang Bio Co, Shanghai, 

People’s Republic of China), 10 μg/mL chlorpromazine 

(CPA) (Kaiyang Bio Co) or 2.5 mM amiloride HCl hydrate 

(Sigma-Aldrich Co.). Each well was treated with 2×108 

vp (104 vp/cell) of uncoated or SP-coated Advs encoding 

luciferase (~100 MOI). After 24 hours of culture, luciferase 

activity was determined as described earlier. Finally, we 

set each control group of uncoated or SP-coated Advs as 

100%, and calculated other groups as % compared with 

their control group.

Differentiation of adv-transduced Mscs
MSCs (3×105 cells/well) were seeded into six-well plates. 

The following day, the control group was treated with PBS, 

Adv group was treated with 104 vp/cell of luciferase-encoding 

Advs (~100 MOI), uncoated or SP-coated. Twenty-four hours 

later, culture media were removed, and cells were washed 

with PBS and then incubated with adipogenesis induction 

medium (low-glucose DMEM supplemented with 10% 

FBS, 1 μM dexamethasone, 0.5 mM isobutylmethylxan-

thine, and 1 mM ascorbic acid) or ostogenesis induction 

medium (low-glucose DMEM supplemented with 10% FBS, 

10 mM β-glycerophosphate, 10 nM dexamethasone, and 

0.2 mM ascorbic acid). All reagents used in the osteogenic 

and adipogenic differentiations were from Sigma-Aldrich 

Co. Induction mediums were changed every other day for 

approximately 1 week. The expression of adipogenic and 

osteogenic markers was evaluated by reverse transcrip-

tion quantitative polymerase chain reaction (RT-qPCR). 

Briefly, total RNA was extracted using Trizol® reagent 

(Thermo Fisher Scientific, Waltham, MA, USA) and puri-

fied according to the manufacturer’s instructions. RT-qPCR 

was carried out to with SYBR Green I (TaKaRa, Japan). The 

expression level of genes was normalized to glyceraldehyde 

3-phosphate dehydrogenase (GAPDH). All experiments 

were performed in triplicates and data were calculated with 

the comparative Ct (ΔΔCt) method. Primers used for ampli-

fication were as follows: peroxisome proliferator-activated 

receptor-γ (PPARγ), (F) GGACGCTGAAGAAGAGACCTG 

and (R) AAGTTGGTGGGCCAGAATGG; LPL, (F) CC 

AGCTGGGCCTAACTTTGA and (R) GGAAAGTGCCT 

CCATTGGGA; AP2, (F) AGAAGTGGGAGTTGGC 

TTCG and (R) ACTCTCTGACCGGATGACGA; 

RUNX2, (F) CCATAACGGTCTTCACAAATCCT and 

(R) TCTGTCTGTGCCTTCTTGGTTC; ALP, (F) CA 

TCGGACCCTGCCTTACC and (R) GGAGACGCCCAT 

ACCATCTC; glyceraldehyde 3-phosphate dehydrogenase, 

(F) CCATGTTCGTCATGGGTGTGAACCA and (R) GCC 

AGTAGAGGCAGGGATGATGTTC.

statistical analysis
All results were repeated with at least three independent 

biological replicates that showed similar results. Finally, the 

most representative data were shown here and expressed as 

the mean ± standard deviation (sd) with six (n=6) or three 

(n=3) technical replicates. Differences were compared using 

Student’s t-test with two-tailed P-value or one-way analysis 

of variance.

Results and discussion
evaluation of transgene expression and 
cytotoxicity of sP-coated advs
First, we compared the transgene expression of luciferase-en-

coding Advs coated with different SP ratios in MSCs derived 

from the bone marrow of SD rats. The relative luciferase 

expressions for SP-Adv2, 4, 8, 16, 32, 64, and 128 were 16.9, 

18.0, 15.4, 25.3, 22.8, 10.0, and 28.9-fold higher than the one 

of the uncoated Adv, respectively (Figure 1A). Although the 

SP coating increased Adv transgene expression in MSCs, 

this positive effect was independent of the SP ratios used. 

We next evaluated the cytotoxicity in MSCs infected with 

uncoated and SP-coated Advs, relative to untreated control 

cells. An MTT cell viability assay was performed 24 hours 

after transduction (Figure 1B). Cell viability of SP-Adv32, 

SP-Adv64, and SP-Adv128 infected cells was notably lower 

than control. Based on the results in Figure 1, a wide range 

(from 2 to 16 μg/mL) of SP could be used for Adv coating, 

and in the following experiments we chose 2 μg/mL SP as the 

optimal coating concentration for 2×109 vps/mL Adv, with a 

final molar ratio of SP to Adv of 2.4×104. These conditions 

facilitated the highest transgene expression and lowest cyto-

toxicity and will hereafter be referred to as SP-Adv. In short, 

SP-Adv2 was chosen and used as SP-Adv in the following 

part of this study.

Determination of physicochemical 
properties of sP-advs
After coating optimization, we investigated why SP coat-

ing could enhance SP-Adv transduction in MSCs. First, we 

evaluated the physicochemical differences between Adv and 
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SP-Adv by TEM. We observed that SP-Adv (Figure 2B) 

looked slightly larger than Adv (Figure 2A). Moreover, Adv 

particles appeared clear, whereas SP-Adv particles were 

blurry and dispersed. These results proved that SP could 

completely surround the adenoviral particles and form a 

hydration layer outside, suggesting a possible bypass of 

Adv-related CAR-mediated endocytosis.

evaluation of the internalization 
mechanisms of sP-advs
To further investigate how SP altered the pathway of adeno-

viral internalization into MSCs, we analyzed SP-Adv endo-

cytosis in the presence of endocytosis inhibitors. As shown 

in Figure 3, Adv transduction was inhibited by the clathrin-

mediated endocytosis inhibitor CPA and the lipid-raft 

inhibitor MBCD, but not by the macropinocytosis-mediated 

endocytosis inhibitor amiloride. However, SP-Adv trans-

duction was only inhibited by MBCD, a chemical that can 

selectively extract cholesterol to organize sphingolipid rafts, 

and is related to caveolae-mediated and macropinocytosis-

mediated endocytosis.28 The transduction of both uncoated 

and SP-coated Advs was inhibited by MBCD, but not com-

pletely by amiloride. These results indicated that both the 

Adv and SP-Adv were allowed to enter into the cells through 

caveolae-mediated endocytosis. In contrast, the clathrin-

mediated endocytosis inhibitor CPA, which primarily 

affects receptor-mediated endocytosis,29 could only inhibit 

Adv transduction. This suggested that SP coating helped 

Adv enter into MSCs without the requirement for CAR 

receptors, which are only minimally expressed in MSCs, 

and could also explain the enhanced transgene expression 

with SP-Advs.

Figure 1 sP coating enhances adv transgene expression without cytotoxicity.
Notes: (A) sP coating enhances adv transgene expression in vitro. Mscs (2×104 cells/well) were transduced with the luciferase-encoding uncoated (adv) or sP-coated 
(2–128) advs. luciferase activity was measured (n=6) after culturing for 24 hours. all data are represented as mean ± sd (*P0.05, **P0.01, ***P0.001 compared with 
adv group). (B) Optimally coated sP-advs do not affect cell viability. Mscs (2×104 cells/well) were transduced with the indicated uncoated (adv) or sP-coated (2–128) advs. 
after culturing for 24 hours, cell viability was measured (n=6). all data are represented as mean ± sd (****P0.0001 compared with adv group).
Abbreviations: adv, adenovirus vector; sP, spermine-pullulan; sd, standard deviation; Mscs, mesenchymal stem cells; sP-adv, spermine-pullulan-adenovirus vector; rlU, 
relative light units.

Figure 2 sP coating affects adv particle morphology.
Notes: (A, B) Morphology of adv (A) and sP-adv (B) by TEM observation. Bars indicate magnification (600,000×).
Abbreviations: adv, adenovirus vector; sP, spermine-pullulan; sP-adv, spermine-pullulan-adenovirus vector; TeM, transmission electron microscope.
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analysis of the serum effects on sP-adv 
expression
Generally, the serum in culture media affects the transgene 

expression from cationic-polymer coated plasmids, such as 

when the lipofectamine 2000 reagent is used. To investigate 

whether serum would affect transgene expression of cationic 

SP-coated Advs, we compared the following three methods 

for transduction of Advs or SP-Advs (Figure 3). In one case, 

MSCs were seeded overnight in culture medium containing 

FBS and then infected with Adv or SP-Adv particles for 

24 hours. Alternatively, MSCs seeded overnight were only 

infected with Advs or SP-Advs for 1 hour in the presence of 

serum and cultured for additional 23 hours in FBS-containing 

medium. In a third case, MSCs were seeded overnight in 

the presence of serum; then cells were infected with Adv 

or SP-Adv particles in culture medium without FBS for 

1 hour; finally, after infection, serum was added in the culture 

medium for additional 23 hours. As depicted in Figure 4, the 

three conditions tested did not affect the transgene expres-

sions of both Advs and SP-Advs, indicating that serum can 

be present or absent during infection. This will not preclude 

the use of SP-Advs when medium conditions containing 

serum must be used.

analysis of adipogenesis and osteogenesis 
in sP-adv-transduced Mscs
MSCs have the basic ability to readily differentiate into 

adipocytes and osteoblasts. To investigate whether SP-Adv 

transduction could perturb this basic MSCs ability, we 

employed RT-qPCR to evaluate the key markers for adipo-

genesis (Figure 5A, PPARγ, lipoprotein lipase [LPL] and 

adipocyte-specific fatty acid-binding protein [AP2]) and 

ostogenesis (Figure 5B, runt-related gene 2 [RUNX2] 

and alkaline phosphatase [ALP]) in transduced or control 

MSCs. In short, PPARγ is the central transcription factor in 

adipogenic differentiation, and the increased PPARγ expres-

sion promoted adipogenesis and inhibited osteogenesis of 

MSCs;29 LPL is a fat storage indicator and adipocyte-specific 

marker gene; AP2, also called fatty acid binding protein-4 

(FABP4), is a specific adipocyte markers and upregulated 

PPARγ targets;30 RUNX2 is considered a master transcrip-

tion factor in regulating osteogenic differentiation of MSCs, 

and upregulation of RUNX2 in MSCs promotes their dif-

ferentiation potential into immature osteoblasts, while 

inhibiting their lineage commitment to the adipocytes;31,32 

ALP is related to matrix mineralization and therefore can 

be used as an early osteogenic differentiation marker.30 As 

a result, compared to noninduction controls, the mRNAs 

for all the adipogenesis and ostogenesis markers analyzed 

showed significant upregulation upon induction of dif-

ferentiation (Figure 5A and B, PBS vs noninduction). It 

demonstrated that we succeeded in setting up adipogenic 

and osteogenic model of MSC differentiation. Next, when 

comparing transduced cells with uninfected cells, no mat-

ter which of the two differentiations was induced, all the 

markers tested showed similar expression levels (Figure 5, 

Adv and SP-Adv vs PBS). Although the levels of PPARγ 

(69.4% of PBS, Figure 5A) and RUNX2 (73.9% of PBS, 

Figure 5B) in Adv-transduced MSCs, and AP2 (63.6% of 

Figure 3 sP-adv cellular uptake is independent of car-regulated endocytosis.
Notes: Mscs (2×104 cells/well) were pretreated with or without amiloride, MBcD, 
or cPa for 1 hour. cells were then transduced with advs or sP-advs encoding 
luciferase. after culturing for 24 hours, luciferase expression was measured (n=6). 
all data are represented as mean ± sd (**P0.01, ***P0.001, and ####P0.0001 
compared with each control group).
Abbreviations: adv, adenovirus vector; car, coxsackievirus and adenovirus 
receptor; cPa, chlor promazine; MBcD, methyl-β-cyclodextrin; Mscs, mesenchymal 
stem cells; sP-adv, spermine-pullulan-adenovirus vector; sd, standard deviation.

Figure 4 serum does not alter sP-adv transgene expression.
Notes: Mscs (2×104 cells/well) were transduced with the indicated advs or 
sP-advs for 1 or 24 hours, with or without serum. after culturing for 24 hours, 
luciferase expression was measured (n=6). all data are represented as mean ± sd 
(no significant difference compared with Adv group).
Abbreviations: adv, adenovirus vector; FBs, fetal bovine serum; Mscs, 
mesenchymal stem cells; rlU, relative light units; sd, standard deviation; sP-adv, 
spermine-pullulan-adenovirus vector.
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PBS, Figure 5A) and ALP (147.4% of PBS, Figure 5B) in 

SP-Adv-transduced MSCs showed weakly significant dif-

ferences, the increase/decrease ratios were no more than 

twofold and could be physiologically negligible as limita-

tion of RT-qPCR experiment. Therefore, Advs or SP-Advs 

did not change the expression levels of adipogenesis and 

osteogenesis of MSCs and then demonstrated that uncoated 

or SP coated Advs did not impair the basic differentiation 

ability of MSCs. These results advocated for the safety of 

both Adv- and SP-Adv-transduced MSCs.

Conclusion
SP coating of the Adv to form a cationic particle enhances 

adenoviral transduction into MSCs independently of CAR 

receptors. These results demonstrate the potential of the 

SP-coated Adv as a prototype vector for efficient and safe 

transduction into MSCs. In fact, because of their enhanced 

but still safe transgene induction, when AP-Adv-transduced 

MSCs are employed in cell-replacement therapies, they may 

integrate into targeted tissues more quickly, differentiate into 

specified cell types more precisely, secrete specific bioactive 

molecules capable of inhibiting inflammation more rapidly, 

and perform immunomodulatory functions more efficiently. 

In conclusion, SP-coated adenoviral transduction makes 

MSCs more attractive in both clinical therapies as well as 

basic research.
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