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INTRODUCTION 
 

Immunotherapy mediated by T cells has a high potential 

to treat various diseases [1]. Moreover, T cell-based 

therapies have shown unprecedented success in the 

treatment of cancers. For instance, chimeric antigen 

receptor modified T cell (CAR-T) therapy against CD19 

is effective in treating B-cell acute lymphoblastic 

leukemia [2, 3]. The rapid expansion of functional T 

cells in vitro (a primary step for such therapies) remains 

a challenge, especially for T cells from aged cancer 

patients. Previous research has shown that T cell 

activation requires three signals, namely T cell receptor 

(TCR) stimulation, TCR costimulation, and prosurvival  

 

cytokine signaling [4]. T cell stimulus intensity depends 

on the density of bound receptors in contact with T cells 

[5], and higher receptor density contributes to better T 

cell activation [6]. 

 

Currently, the CD3/CD28 antibodies and microbeads 

(Dynabeads) functionalized with activating antibodies 

for CD3 and CD28 are used to activate and expand T 

cells in vitro [7, 8]. Although they contribute to T cell 

expansion, there are certain limitations. CD3/CD28 

antibodies are immobilized to plastic surfaces for better 

function [9]; however, low rates of expansion remain. As 

one of the most commonly used systems for T cell 

expansion, Dynabeads are non-degradable and must be 
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ABSTRACT 
 

Therapeutic ex vivo T cell expansion is limited by low rates and poor functionality, especially for T cells from 
aged cancer patients. Here, we describe a novel method for T cell stimulation and expansion using a system 
named SunTag-based clustering of anti-CD3/CD28 scFv (SBCS). In this method, SunTag was used to recruit up to 
13 copies of anti-CD3/CD28 scFv for T cell activation. Compared with the traditional method using immobilized 
CD3/CD28 antibodies, the SBCS system produced approximately 1.5-fold greater expansion of T cells from 
healthy donors, and more than 2-fold greater expansion of T cells from aged cancer patients after stimulation. 
The efficiency of expansion depended mainly on the concentration of the clustered polymers of anti-CD3 scFv 
rather than anti-CD28 scFv. We also demonstrated that the SBCS-expanded T cells could be used to prepare 
functional chimeric antigen receptor modified T cells for antitumor therapy. 
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separated from the cell product prior to infusion, which 

can increase cost [10]. Furthermore, Dynabeads are 

prone to sink to the bottom of culture dishes. Therefore, 

the rate of T cell expansion stimulated by Dynabeads is 

low under stationary culture conditions. 

 

SunTag, a tandem repeat of multiple copies of the 19 

amino-acid GCN4 peptide separated by amino acid 

linkers of 5 amino acid residues, is able to recruit 

effector domains fused to a single-chain variable 

fragment (scFv) against GCN4 (αGCN4scFv). Thus far, 

the SunTag system has mainly been used for 

intracellular imaging or DNA editing via its signal 

amplification ability [11–15]. 

 
In the present study, we hypothesized that anti-CD3scFv 

polymers and anti-CD28scFv polymers clustered by 

SunTag can be used for T cell expansion. Thus, we 

developed SunTag-based clustering of anti-CD3/CD28 

scFv (SBCS) for stimulating T cells in vitro. Moreover, we 

used SBCS-expanded cells to prepare the B7-H3-specific 

chimeric antigen receptor T cells (B7-H3 CAR-T cells), 

and evaluated the tumor-killing effect of B7-H3 CAR-T 

cells against head and neck cancer cell (HNC) line FaDu 

and cervical cancer cell line Hela. Our results 

demonstrated that the SBCS system can efficiently expand 

T cells, especially T cells from aged cancer patients. 
 

RESULTS 
 

Expression and purification of recombinant proteins 
 

Figure 1A and 1B show the schemes of the formation of 

αCD3/CD28 scFv polymers for T cell expansion. 

αCD3scFv or αCD28scFv was recruited by 12  

tandem copies of GCN4 to form 13×αCD3scFv or 

13×αCD28scFv. Recombinant proteins were expressed 

by transient transfection into HEK293FT cells with 

vectors containing CMV promoters (Figure 1C). The 

purified proteins were analyzed using sodium dodecyl 

 

 
 

Figure 1. SunTag-based clustering of αCD3/CD28 scFv (SBCS). (A, B) Schematic of the SBCS strategy for stimulation and expansion of T 

cells. (A) αCD3scFv or αCD28scFv fused with 12 tandem copies of the GCN4 tag was used to recruit αCD3/CD28 scFv fused with αGCN4scFv, 

forming 13×αCD3scFv or 13×αCD28scFv, respectively. (B) 13×αCD3scFv and 13×αCD28scFv bind to the TCR/CD3 complex and the CD28 
molecule, respectively, to activate resting T cells. (C) Schematic drawing of the vectors used for recombinant protein expression. (D, E) SDS-
PAGE analysis of the purified recombinant proteins of (C). All recombinant proteins were expressed by transient transfection of HEK293FT 

cells. Lanes 1, 2, and 3 of (D) represent αCD3scFv-4×GCN4, αCD3scFv-12×GCN4, and αGCN4scFv-αCD3scFv, respectively. Lanes 1 and 2 of (E) 

represent αCD28scFv-12×GCN4 and αGCN4scFv-αCD28scFv, respectively. 
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sulfate polyacrylamide gel electrophoresis (SDS-PAGE; 

Figure 1D and 1E). Lanes 1, 2, and 3 in Figure 1D 

represent αCD3scFv-4×GCN4, αCD3scFv-12×GCN4, 

and αGCN4scFv-αCD3scFv, respectively. Lanes 1 and 

2 of Figure 1E represent αCD28scFv-12×GCN4 and 

αGCN4scFv-αCD28scFv, respectively. We also 

prepared 18× and 24×αCD3scFv for T cell expansion. 

Although their activities were greater, the expression 

level was too low to prepare (data not shown). 

 

Proliferation of primary human T cells isolated from 

healthy donors 

 

To evaluate the expansion of primary human T cells 

stimulated by the polymers, the T cells were cultured 

with 5×αCD3scFv, 13×αCD3scFv, or 13×αCD28scFv 

for 3 days. As a result, distinct T cell clusters were 

observed in the groups treated with 5×αCD3scFv or 

13×αCD3scFv rather than 13×αCD28scFv (Figure 2A). 

Approximately 2-fold expansion of T cells was  

obtained in 5×αCD3scFv cultures, and more than 3-fold 

greater expansion was obtained in immobilized 

CD3/CD28 antibodies or 13×αCD3scFv cultures than 

that in the IL-2 control group (Figure 2B). T cells  

were also cultured with 5×αCD3scFv/13×αCD28scFv 

or 13×αCD3scFv/13×αCD28scFv for 3 days. Compared 

with T cells treated with 5×αCD3scFv/13×vCD28scFv, 

those treated with 13×αCD3scFv/13×αCD28scFv  

led to larger T cell clusters and nearly 1.5- 

fold greater expansion (Figure 2C and 2D). Thus, 

13×αCD3scFv/13×αCD28scFv was used for the 

subsequent experiments and henceforth referred to as 

SBCS. Furthermore, T cells were stimulated by SBCS 

using different concentrations of 13×αCD3scFv and 

13×αCD28scFv for 7 days. As a result, 75-fold 

expansion of T cells was achieved in SBCS cultures, 

while 55-fold expansion was obtained in immobilized 

CD3/CD28 antibody cultures. In addition, higher 

concentration of 13×αCD3scFv enhanced the expansion 

of T cells while 13×αCD28scFv failed to promote the 

proliferation of T cells (Figure 2E). On day 7, T cell 

clusters were more evident in the SBCS cultures than in 

the immobilized CD3/CD28 antibody cultures (Figure 

2F). On day 14, expansion of T cells treated with SBCS 

and immobilized CD3/CD28 antibody were 950- and 

640-fold, respectively (Figure 2G and 2H). There was 

no significant change in the CD4-to-CD8 ratio of 

expanded T cells (Figure. 2I and 2J). 

 

Proliferation of primary human T cells isolated from 

aged cancer patients 

 

Next, we evaluated SBCS for the expansion of primary 

human T cells isolated from aged cancer patients. As 

shown in Figure 3A, the size and persistence of T cell 

clusters were greater in the SBCS cultures than in the 

immobilized CD3/CD28 antibody cultures. While more 

than 600-fold expansion of T cells was obtained in the 

SBCS cultures, only approximately 300-fold expansion 

was obtained in the CD3/CD28 antibody cultures on 

day 14 (Figure 3B). There was no significant change in 

the CD4-to-CD8 ratio among live T cells (Figure 3C 

and 3D). 

 

Antitumor efficacy of SBCS-prepared CAR-T cells 

 

To evaluate whether T cells from aged cancer patients 

expanded with SBCS were functional in vitro, the 

expanded T cells were transfected with B7-H3-targeted 

CAR for preparing the B7-H3 CAR-T cells. 

 

Recent studies reported that B7-H3 was overexpressed 

in multiple tumor tissues, especially in epithelial-

derived tumor tissues including HNC and cervical 

cancer [16, 17]. In the present study, we firstly verified 

that B7-H3 was highly expressed in HNC and cervical 

cancer tissue by immunohistamycytosis, as well as on 

FaDu and Hela cell lines by flow cytometry (Figure 4A, 

4B and Supplementary Table 1). Then, we constructed  

a vector for the expression of αB7-H3scFv-hFc,  

which was used to verify specific binding of αB7-

H3scFv to B7-H3 (Figure 4C). As shown, FaDu and 

Hela cells were positively stained with B7-H3scFv-hFc 

as the primary antibody by immunofluorescence assay 

(Figure 4D). 
 

Figure 4E shows that B7-H3 CAR-T cells targeted B7-

H3 positive cells by specific binding of αB7-H3scFv to 

B7-H3. The lentivirus vector map of B7-H3-targeted 

CAR was shown in Figure 4F. The transfection 

efficiency of B7-H3 CAR against the SBCS expanded T 

cells was approximately 75% (Figure 4G). The 

transfection efficiency was similar in the CD3/CD28 

antibody cultures (data not shown). The lysis rates of 

FaDu and Hela cells upon treatment with B7-H3 CAR-

T cells were 20% and 15%, respectively, at the 

effector:target ratio of 5:1 (Figure 4H and 4I). 

 

DISCUSSION 
 

In this study, we established a novel system (SBCS) for 

T cell expansion. In this system, the SunTag was used 

to recruit αCD3/CD28 scFv for forming αCD3scFv and 

αCD28scFv polymers, respectively, and the 

corresponding proteins could be easily obtained using 

eukaryotic expression systems. 

 

As expected, T cell expansion was evident after 

treatment with αCD3scFv polymers, but not with 

αCD28scFv polymers. Our data also indicated that the 

proliferation of T cells mainly depended on the 

concentration of αCD3scFv polymers rather than that of 
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Figure 2. Expansion of T cells from healthy donors. (A) Representative bright-field microscope images of T cells after 3 days of 
treatment with immobilized CD3/CD28 antibodies, αCD3scFv, and αCD28scFv polymers at a concentration of 3 nM. The corresponding fold 
expansion of T cells is shown in (B). (C) Representative images of T cells after 3 days of treatment with the indicated antibodies or polymer 
compositions (3 nM 5×αCD3scFv/1 nM 13×αCD28scFv, or 3 nM 13×αCD3scFv/1 nM 13×αCD28scFv). The corresponding fold expansion of T 
cells is shown in (D). (E) Fold expansion of T cells after 7 days of treatment with immobilized CD3/CD28 antibodies or SBCS using different 
concentrations of 13×αCD3scFv and 13×αCD28scFv. (F) Representative images of the T cells cultured with immobilized CD3/CD28 
antibodies or SBCS (30 nM 13×αCD3scFv/10 nM 13×αCD28scFv) at day 7. (G) Representative images of the T cells cultured with 
immobilized CD3/CD28 antibodies or SBCS at day 14. (H) Fold expansion of T cells after 14 days of treatment with immobilized CD3/CD28 
antibodies or SBCS. (I, J) CD4-to-CD8 ratio of CD4+ and CD8+ single-positive cells among live cells after treatment with CD3/CD28 
immobilized antibodies or SBCS for 14 days. ‘d0’ represents peripheral blood mononuclear cells before cell expansion. Data in B, D, E, H and 
J represent mean ± s.d. of n = 3 healthy donors and are representative of at least three independent experiments. ** P < 0.01, *** P < 
0.001. ns, not significant. Scale bars = 100 μm. 
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αCD28scFv polymers. This observation can be 

explained based on the facts that the TCR/CD3 complex 

can be used as a key element to deliver signal 1 of T 

cell expansion and T cells can be expanded by CD3 

antibodies alone [18]. Although CD3 antibody 

treatment alone provides a strong proliferative signal 

(signal 1) in the absence of costimulatory signals (signal 

2), such proliferation is likely followed by premature T 

cell apoptosis or anergy [19]. CD3/CD28 antibodies to 

simultaneously deliver signals 1 and 2 can be used for T 

cell expansion without inducing early cell death [20]. In 

our study, the rate of T cell expansion with 

5×αCD3scFv/13×αCD28scFv was lower than that with 

SBCS (13×αCD3scFv/13×αCD28scFv). Therefore, the 

repeat number of SunTag is also an important factor for 

the efficient activation of T cells. Notably, for the T 

cells from aged cancer patients, our SBCS system 

produced a 2-fold greater expansion than that obtained 

by conventional CD3/CD28 antibodies after 14-day 

stimulation. Moreover, it is difficult to expand the T 

cells from aged cancer patients for CAR-T therapy. 

Thus, compared with conventional methods, the SBCS 

T cell expansion system is more efficient, especially for 

T cells from aged cancer patients. 

 

Unlike CD3/CD28 antibodies, SBCS is able to 

efficiently expand T cells without immobilization. 

SBCS consisting of recombined proteins can efficiently 

expand T cells under the stationary culture condition, 

while Dynabeads cannot. In addition, SBCS can be 

easily produced in most laboratories. Although the 

SBCS system has the advantages of low cost and high 

efficiency, there are some elements that should be 

optimized, such as the repeat number and linker length 

of the SunTag, as well as the ratio of αCD3scFv and 

CD28scFv polymers. 

 

 
 

Figure 3. Expansion of T cells from aged cancer patients. (A) Representative images of T cells from aged cancer patients cultured with 
CD3/CD28 antibody or SBCS (30 nM 13×αCD3scFv/10 nM 13×αCD28scFv). (B) Fold expansion of T cells from aged cancer patients treated 
with immobilized CD3/CD28 antibodies or SBCS for 14 days. (C, D) CD4-to-CD8 ratio of CD4+ and CD8+ single-positive cells among live cells 
after treatment with CD3/CD28 immobilized antibodies or SBCS for 14 days. ‘d0’ represents peripheral blood mononuclear cells before cell 
expansion. Data in B–D represent mean ± s.d. of n = 3 aged cancer patients and are representative of at three independent experiments. *** 
P < 0.001. ns, not significant. Scale bars = 100 μm. 
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Rapid and scalable manufacture of functional T cells in 
vitro is a significant challenge in personalized T cell 

therapies. Here, we show that the low-cost SBCS system 

enables expansion of T cells with high efficiency, 

especially for T cells from aged cancer patients. 

The expanded T cells can be used to prepare  

CAR-T cells, which showed potent antitumor  

efficacy in vitro. Thus, the SBCS method may be an 

attractive strategy for expansion of polyfunctional T 

cells. 

 

 
 

Figure 4. In vitro antitumor efficacy of B7-H3-targeted CAR-T cells produced with SBCS. (A) Representative images of B7-H3 IHC 
staining in HNC and cervical cancer tissues. Scale bar, 20 μm. (B) Cell-surface expression of B7-H3 was evaluated by flow cytometry analysis. 
(C) Upper panel, schematic illustration of the vector for the expression of αB7-H3scFv-hFc. Lower panel, SDS-PAGE analysis of the purified 
αB7-H3scFv-hFc. (D) Immunofluorescent analysis of the expression of B7-H3 in FaDu and Hela cells using the recombinant αB7-H3scFv-hFc as 
the primary antibody. (E) Illustration of a B7-H3-targeted CAR-T cell against the tumor cell. (F) Schematic illustration of the vector for the 
expression of B7-H3 CAR. (G) The representative expression efficiency of B7-H3-redirected CAR on the T cells was evaluated using flow 
cytometry tracking the mCherry marker gene 10 days post-transfection. (H, I) Four-hour 51Cr release assays of B7-H3 CAR-T cells produced 
with SBCS or immobilized CD3/CD28 antibodies against FaDu or Hela cells. Scale bars = 50 μm. Data in G–H represent mean ± s.d. of three 
experimental replicates and are representative of at three experiments. 
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MATERIALS AND METHODS 
 

Cells and reagents 

 

HEK293FT, FaDu, and Hela cell lines were purchased 

from the American Type Culture Collection. The cells 

were cultured with Dulbecco’s modified Eagle medium 

with 10% fetal bovine serum and 100 μg/mL penicillin–

streptomycin. Polyethylenimine (PEI) used as a cell 

transfection reagent was purchased from Sigma (St. 

Louis, MO, USA). Antibodies used in this study 

included Cy3-conjugated goat anti-mouse IgG 

(ProteinTech, SA0009-1), PE mouse anti-human CD4 

(BD Pharmingen, 55347), and FITC mouse anti-human 

CD8 (BD Pharmingen, 555366). 

 

Expression and purification of recombinant proteins 
 

The sequences of anti-CD3 and anti-CD28 scFv 

(αCD3scFv and αCD28scFv) were obtained from the 

National Center for Biotechnology Information 

database and synthesized by GENEWIZ (Beijing, 

China). Fragments were subcloned into the vector pVax 

(Addgene, 74466) to construct plasmids pVax-

αCD3scFv-4×GCN4, pVax-αCD3scFv-12×GCN4, 

pVax-αCD28scFv-12×GCN4, pVax-αGCN4scFv-

αCD3scFv, and pVax-αGCN4scFv-αCD28scFv for 

recombinant protein expression. All the recombinant 

proteins were expressed in HEK293FT cells cultured 

with FreeStyle serum-free medium by transient 

transfection with PEI. Proteins were purified using Ni-

NTA affinity columns and size exclusion chromato-

graphy. The concentration of stock protein solution was 

1 mg/mL, and the proteins were store at -80°C until use. 
 

Expansion of T cells of healthy donors or aged 

cancer patients 
 

Peripheral blood mononuclear cells were isolated from 

whole blood of healthy donors or aged cancer patients 

using LymphoprepTM (CORNING, 25-072-CL) gradient 

centrifugation (1000 g for 15 min at 25°C) according  

to the manufacturer’s instructions. Isolated PBMCs  

were initially cultured in X-VIVOTM 15 serum-free 

hematopoietic cell medium (Lonza, 04-418Q) with 

recombinant human IL-2 (BBI Life Sciences) at  

a concentration of 100 units/mL. 13×αCD3scFv was 

assembled by mixing αCD3scFv-12×GCN4 and 

αGCN4scFv-αCD3scFv according to a mass proportion 

of 1:12 and incubating for 10 min at 37°C. 5×αCD3scFv 

and 13×αCD28scFv were prepared similarly. The 

traditional method using immobilized CD3 antibodies (5 

μg/mL, Biolegend) and CD28 antibodies (5 μg/mL, 

Biolegend) followed a previously reported method [21].  

T cell expansion by SBCS was performed with  

αCD3scFv polymers, αCD28scFv polymers, and IL-2 

supplementation. Briefly, T cells (8 × 104) were cultured 

in 96-well tissue culture plates containing X-VIVO 

Medium (Lonza) supplemented with activation stimulus 

(immobilized CD3/CD28 antibodies, αCD3scFv polymers 

or αCD28scFv polymers) and 100 U/mL IL-2 at 37°C in a 

humidified atmosphere with 5% CO2. Fresh medium with 

IL-2 was added every 3 days and maintain cells below a 

density of 2.5 × 106 cells/ml throughout the culture period. 

T cell culture with only IL-2 supplementation was taken 

as the control group. Live cells were counted manually 

with a hemocytometer using the trypan blue exclusion 

method. T cell phenotype was evaluated using flow 

cytometry. Fold expansion was calculated by dividing the 

number of cells at the respective time point by the initial 

number of cells (8 × 104). 

 

Antitumor efficacy of SBCS-prepared CAR-T cells 
 

A total of 103 samples, including 62 HNC and 41 

cervical cancer samples, were collected from West 

China Hospital. Immunohistochemistry (IHC) and flow 

cytometry assay were performed with an anti-B7-H3 

rabbit mAb (Cell Signaling Technology; 1:200) and  

an anti-B7-H3 mouse mAb (BioLegend; 1:400), 

respectively. The anti-B7-H3 scFv (αB7-H3scFv) 

derived from 8H9 [22] was synthesized by GENEWIZ. 

αB7-H3scFv-hFc recombinant protein was expressed 

and purified in a eukaryotic expression system 

according to the method noted above. Immuno-

fluorescence analysis with the αB7-H3scFv-hFc as the 

primary antibody was used to verify the binding of αB7-

H3scFv to B7-H3 on FaDu or Hela cells. 

 

A sequence encoding B7-H3-targeted CAR was 

synthesized by GENEWIZ. B7-H3-CAR and vehicle 

lentiviral vectors were produced using HEK293T cells 

according to previously published study [23]. In brief, 

cells were plated 24 h before transfection, then 

cotransfected with lentiviral constructs (B7-H3-CAR 

or vehicle-treated control vectors) and packaging 

plasmids (psPAX2 and pMD2.G vectors) using 

polyetherimide. Cell supernatants were harvested at 

48 h and 72 h after transfection and then further 

concentrated 50-fold by centrifugation at 15,000 rpm 

for 2 h at 4°C. The pellet was resuspended in serum-

free RPMI medium. 

 

T cells isolated from aged cancer patients were 

expanded using SBCS or immobilized CD3/CD28 

antibodies in X-VIVO Medium as the above method. 

Activated T cells were transduced with lentivirus 

(multiplicity of infection, MOI = 3–10) to express anti-

B7-H3 CAR. Ten days after transfection, the expression 

efficiency of B7-H3-redirected CAR was evaluated by 

flow cytometry. Vehicle-transfected T cells were set as 

control. 
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Cytotoxic activity of B7-H3 CAR T cells was assessed 

using a standard 51Cr release assay [24]. The percentage 

of specific lysis was calculated using the following 

formula: (test release – spontaneous release) / (maximal 

release – spontaneous release) × 100. 
 

Statistical analysis 
 

Data were expressed as mean ± standard deviation (SD) 

from three independent experiments. Statistical analyses 

were performed using GraphPad Prism Software 

version 5.0 (GraphPad Software, San Diego, CA, USA). 

Results were analyzed using Student’s t test. P < 0.05 

was considered statistically significant. 
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SUPPLEMENTARY MATERIALS 
 

Supplementary Table 
 

Supplementary Table 1. B7-H3 expression patterns in HNC and cervical cancer tissues analyzed with IHC. 

Tumor Type Stained Positive 
Intensity 

– + ++ +++ 

HNC 62 65% 22 10 12 18 

Cervical cancer 41 73% 12 5 8 16 

Note: The staining intensity was scored using a common four-point scale as follows: no expression (–), <20% positive cells (+, low 
or weak expression), 20–50% positive cells (++, moderate expression), and >50% positive cells (+++, high or strong expression). 
HNC: Head and neck cancer 
 


