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Abstract

Adoptive cell-based immunotherapy typically utilizes cytotoxic T lymphocytes (CTLs), expanding 

these cells ex vivo. Such expansion is traditionally accomplished through the use of autologous 

APCs that are capable of interactions with T cells. However, incidental inhibitory program 

such as CTLA-4 pathway can impair T cell proliferation. We therefore designed a nanobody 

which is specific for CTLA-4 (CTLA-4 Nb 16), and we then used this molecule to assess its 

ability to disrupt CTLA-4 signaling and thereby overcome negative costimulation of T cells. 

With CTLA-4 Nb16 stimulation, dendritic cell/hepatocellular carcinoma fusion cells (DC/HepG2-

FCs) enhanced autologous CD8+ T cell proliferation and production of IFN-γ in vitro, thereby 

leading to enhanced killing of tumor cells. Using this approach in the context of adoptive 

CD8+ immunotherapy led to a marked suppression of tumor growth in murine NOD/SCID 

hepatocarcinoma or breast cancer xenograft models. We also observed significantly increased 

tumor cell apoptosis, and corresponding increases in murine survival. These findings thus 

demonstrate that in response to nanobody stimulation, DC/tumor cells-FC-induced specific CTLs 

exhibit superior anti-tumor efficacy, making this a potentially valuable means of achieving better 

adoptive immunotherapy outcomes in cancer patients.
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1. INTRODUCTION

Tumor is one of the diseases that threaten human health in today’s society [1, 2]. 

Currently, in addition to surgery, chemotherapy, and irradiation, immunotherapy has become 

a promising way to treat cancers [3]. Many ways for cancer immunotherapy have been 

established [4] including (i) application of specific killing effects of CTLs on cancer cells, 

(ii) functional improvement of DCs, (iii) inhibition of tumor angiogenesis and cancer cell 

growth by downregulating the expression of tumor-associated macrophages (TAM) with 

relevant drugs [5], and (iv) stimulation of DCs and helper T cells (Ths) by cytokines to 

improve the anti-cancer effects of immunocytes, such as the stimulation of interferon-γ 
(IFN-γ), interleukin-4 (IL-4), IL-10, and granulocyte-macrophage colony-stimulating factor 

(GM-CSF)[6–9]. Among these methods, tumor specific cytotoxic T lymphocyte adoptive 

therapy has received increasing attention [10–12]. The traditional adoptive immunotherapy 

generally uses CTLs, however, their marginal efficacy with the killing of tumor cells 

compromises their application making it necessary to find other ways to improve the effects 

of adoptive immunotherapy [13, 14]. It is known that enhancing the quality and number of 

adaptive T cells is a valid way to improve therapeutic effects. By transfecting total RNA, 

introducing specific liver cancer antigen peptides [15, 16] or cell lysates [17] from liver 

cancer cells to dendritic cells, or generating fusion cells between DCs and liver cancer cells 

[18], the specific liver cancer CTLs could be successfully induced. Although the fusion 

tumor/DCs can express specific tumor antigens and surface molecules of DCs effectively 

stimulating T cell proliferation [19, 20], the efficiency of inducing CTLs for cancer therapy 

[21] is low. In our previous study, we established the technology to effectively generate the 

fusion tumor/DCs that induced specific liver cancer T lymphocytes that were effective for 

liver cancer cell killing [22]. The curative effect of our strategy, however, needed further 

improvement.

CTLA-4 is a key negative costimulatory molecule in T cells and is expressed in activated 

T cells and on some cancer cells. CTLA-4 can competitively bind with B7 and inhibit 

further activation of T cells. It inhibits early T cell expansion and opposes the action of 

CD28-mediated costimulation [23]. Upon T cell activation, it is quickly upregulated and can 

bind B7 molecules with affinity superior to that of CD28 [24, 25]. The anti-cancer effects of 

CTLA-4 make it aan ideal tumor immunotherapy target by using anti-CTLA-4 antibody [26, 

27]. Although the targeted therapy using anti-CTLA-4 antibody has achieved some success 

for some cancers, there are many limitations of this strategy. These include non-specific 

binding between the antibody and normal tissues, heterogeneity of tumor antigens, and 

poor penetration of antibody in solid tumors [28, 29]. Therefore, there is an urgent need to 

significantly improve this strategy by developing novel antibodies with high efficiency and 

low toxicity for cancer therapy exploiting the current progress in this field [30]. To this end, 

antibody humanization, high efficiency, and miniaturization are the major considerations for 

the development of novel therapeutic antibodies for cancers [31].
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Nanobodies are single chain antibodies with one heavy chain variable region, which is the 

minimal unit to stably bind to antigen [32–35]. As small genetically engineered antibodies, 

nanobodies have many advantages for targeted immunotherapy of tumors including high 

expression, solubility, stability, strong tissue penetration and weak immunogenicity [36, 37]. 

In our previous study, we developed a nanobody specific for CTLA-4 (CTLA-4 Nb16) [38]. 

The efficacy and mechanism of CTLA-4 Nb16, however, needed further investigation. In 

this study, we exploredthe anti-tumor function and mechanism of tumor-specific CD8+ T 

lymphocytes induced by DC/HepG2-FCs or DC/MCF 7-FCs upon stimulation with CTLA-4 

Nb16. The induced tumor-specific CD8+ T lymphocytes were further applied for adoptive 

immunotherapy in NOD/SCID mice with cancer xenografts to understand the mechanism by 

which CTLA-4 Nb16 boost the antitumor effects of tumor-specific T lymphocytes induced 

by DC/HepG2-FCs and DC/MCF 7-FCs. We presume that nanobody CTLA-4 Nb16 may 

represent a promising tool for inducing highly efficient CTLs and promoting the anti-tumor 

immune response (Scheme 1).

2. MATERIALS AND METHODS

2.1 Animals and Cells

Female NOD/SCID mice of 4–6 weeks age were from Beijing Vital River Lab Animal 

Technology Co. Ltd (Beijing, China), under SPF grade raise. The Institutional Animal Care 

and Use Committee of Guangxi Medical University approved all animal studies. HepG2 

and MCF7 cells were from ATCC and were grown in DMEM containing 10% FBS and 

penicillin/streptomycin at 37 °C in a 5% CO2 incubator.

2.2 Antibodies and Nanobodies

The human CTLA-4 Nb16 and CD105 nanobodies were developed in our laboratory. 

CTLA-4 recombinant protein was from Abcam (Cambridge, UK). The anti CTLA-4 

monoclonal antibody was acquired from BD Biosciences (NJ, USA).

2.3 T Cells and DC Generation

Density gradient centrifugation was used to collect healthy donor peripheral blood 

mononuclear cells (PBMCs), which were grown in RPMI-1640 medium (Gibco) containing 

10% FBS and penicillin/streptomycin. Following 2 h of culture, the suspended cells (T cells) 

were grown in RPMI-1640 containing 100 U/mL recombinant human IL-2 (Sigma-Aldrich). 

In addition, cells which adhered were used for dendritic cell differentiation via culture in 

RPMI supplemented with 1000 U/mL recombinant human GM-CSF (rhGM-CSF; R&D) 

and 500 U/mL rhIL-4 (R&D). The Institutional Review Board (Guangxi Medical University) 

approved all human sample research.

2.4 Fusion cell preparation

Fusion cell preparation mixed with HepG2 or MCF-7 cells labelled using PKH26 at a 

5:3 ratio. After spinning at 1500 rpm for 10 min, preheated (40 °C) polyethylene glycol 

(PEG) (Sigma, USA) was used to treat cells for 3 minutes, then 180 μL PBS and 5 ng/mL 

of collagen were added following centrifugation. The cells were washed and stimulated 

using500 U/mL rhGM-CSF and 100 U/mL rh IL-4 in RIPM 1640 for 24 h. DAPI staining 
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was then conducted prior to fluorescent microscopic examination. The DC/HepG2 fusion 

cells (DHFC) or the DC/MCF-7 fusion cells (DMFC) were prepared. Furthermore, the DC/

HepG2 fusion cells at day 7 were stained using FITC-labeled antibodies specific for CD80, 

CD86, and MHCII (eBiosciences, CA, USA) as well as immature DC, and expression of 

these markers was assessed on DHFC via flow cytometry.

2.5 CTL Preparation

CD8+ T cells isolated from peripheral blood lymphocytes were plated in 24-well plates 

(5×106 /mL) and IL-2 (100 U/mL), IL-4 (500 U/mL) and GM-CSF (1000 U/mL) were used 

to treat cells. Human CD8+ T cells were first incubated with DHFC followed by stimulation 

with CTLA-4 Nb16, CTLA-4 antibody, or negative control CD105 Nb. According to 

incubate with various antibodies, cells were divided into five groups: T cells alone, DHFC, 

DHFC +CD105 Nb, DHFC +CTLA-4 mAb, and DHFC +CTLA-4 Nb16.

2.6 Cell Proliferation Assay

How CTLA-4 Nb16 and CTLA-4 antibody stimulation affected human lymphocyte 

proliferation in vitro was assessed via flow cytometry Human CD8+ T cells were grown 

using RPMI containing 10% FBS, 100 U/mL rhIL-2 at 37 °C with 5% CO2 in 6-well 

plates (cell confluence 106/mL). Human CD8+ T cells were first incubated with DHFC 

followed by stimulation with CTLA-4 Nb16, CTLA-4 antibody, or negative control CD105 

Nb. The DHFC to CD8+ T cells marked with CFSE ratio was 1:10. CTLA-4 Nb16, CTLA-4 

antibody, or CD105 Nb was added to the media (50 μg/mL). Five days later, the content of 

CFSE positive CD8+ T cells in cell suspension was examined viaflow cytometry analysis.

2.7 ELISPOT Assay

CD8+ T cells with IFN-γ secretion was examined by ELISPOT. Briefly, 100 μL of 

cell suspension was maintained in 96-well plate for 16–20 h at 37 °C with 5% CO2. 

Subsequently, cell suspension from each group was incubated with biotin-labeled anti-IFN-γ 
monoclonal antibody. By adding AEC solution, the antibody binding was examined. The 

spots of ELISPOT plate were counted with CTL instrument.

2.8 Cytotoxicity Assay

HepG2 and MCF-7 cells, used as target cells, were maintained in 48-well plates. Human 

CD8+ cells were first incubated with DHFC followed by stimulation with CTLA-4 Nb16, 

CTLA-4 antibody, or negative control CD105 Nb. After collection of CD8+ T lymphocytes, 

the E:T ratio of 5:1, 10:1 or 20:1 was set by mixing CD8+ T lymphocytes and HepG2 or 

MCF-7 cells. Target cells without staining, with PKH26 staining, and were treated with high 

temperature and stained with PI as a control for establishing flow regulation compensation. 

After co-culture 6 h at 37 °C with 5% CO2, target cells were stained with PI and then 

apoptosis was analyzed by flow cytometry. The killing rate was then calculated.

2.9 Anti-tumor Effect Experiments In Vivo

Female NOD/SCID mice aged 4–6 weeks were used. For subcutaneous tumor models, cells 

were collected and resuspended with PBS to implantation. Each mouse was inoculated with 
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HepG2 cells by subcutaneous injection (2 × 106 cells/injection). For MCF-7 models, 5 × 106 

cells were implanted. The length and width of tumor were measured with a caliper every 

6 days. When tumors reached ~100 mm3, NOD/SCID mice were randomly divided into 6 

groups (5 mice in each group). The mice treatment in each group were tail vein injected 

with induced CD8+ T lymphocytes every 7 days (5 × 106 cells each injection) for 3 times. 

Mice injected with non-stimulated CD8+ T cells or with only PBS were set as PBS and T 

cells group, respectively. Tumor size were measured by calipers for tumor growth and mouse 

survival time were recorded for survival rate analysis.

2.10 Immunohistochemistry

Immunohistochemical analysis was used to evaluate the proliferation and apoptosis of 

tumor. Tumor tissue was fixed in 4% Faure Marin buffer overnight. After paraffin 

embedding, tumor tissue was sectioned with 4 μm thickness. Tumor tissue sections were 

dewaxed in dimethylbenzene and ethanol solution. To examine Ki67 expression, sections 

were incubated with anti-Ki67 monoclonal antibody overnight at 4 °C. After washing, 

sections were further probedwith the HRP-labeled secondary antibody. Cell apoptosis 

analysis was performed by TUNEL assay. Sections were inspected with an inverted 

fluorescence microscope and photographed. Five cross sections were randomly selected in 

each tumor tissue section, and each experiment was repeated three times.

2.11 Statistical Analysis

The statistical difference was measured by t-test. One way ANOVA for more than three 

experiments and the value was indicated as mean ± SD. Survival was assessed via the 

Kaplan–Meier test. Statistical analyses were processed with Prism GraphPad 6 software. P < 

0.05 indicated significance.

3. RESULTS

3.1 Preparation and Characterization of the DC/HepG2 Fusion Cells (DHFC)

We analyzed the efficiency of fusion through both fluorescent microscopic imaging and 

flow cytometry. Cell nucleus was stained with DAPI, then DCs were stained with CFSE 

(green) and HepG2 were stained using PKH26 (red) such that fused cells exhibit orange 

fluorescence in fluorescent images. We achieved DC/HepG2 fusion cells percentages over 

75%, and DC/HepG2 fusion cells exhibited a larger volume and multiple nuclei (Figure 1A). 

Relative to immature DC cells, mature DHFC expressed higher CD80, CD86 and MHCII 

levels after 500 U/mL rhGM-CSF and 100 U/mL rhIL-4 stimulation (Figure 1B–C). This 

indicated that FC were still capable of responding to factors which stimulate DCs, meaning 

they may still be able to effectively present antigen to T cells.

3.2 CTLA-4 Nb16 Promoted Proliferation of Induced CD8+ T Cells

Initially, we examined whether FC-induced CD8+ T cells proliferation was promoted by 

CTLA-4 Nb16. CFSE-labeled CD8+ cells were mixed with FCs, stimulated with different 

antibodies and then co-cultured for 5 days. Proliferation of CD8+ T cells was analyzed by 

flow cytometry. As shown in Figure 2A–B, the CFSE proliferation assay indicated that the 

cell proliferation under DHFC+CTLA-4 Nb16 induction was significantly higher than that 
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under DHFC or DHFC+CD105 Nb induction. These data suggested that DHFC +CTLA-4 

Nb16 promoted proliferation of CD8+ T lymphocytes.

3.3 CTLA-4 Nb16 Increased the Number of FC-induced IFN-γ-secreting CD8+ T Cells

We investigated the effects of CTLA-4 Nb16 on stimulating IFN-γ production from CD8+ 

T cells via ELISPOT. CD8+ cells were mixed with FC cells, stimulated with different 

antibodies, and then co-cultured for 7 days. The results clearly indicated that the positive 

cell numbers in DHFC+CTLA-4 Nb16 group were markedly more than that in other 

groups (Figure 3A), a conclusion further verified by the statistical analysis (Figure 3B, P 
< 0.001 or P < 0.0001). These results demonstrated that DHFC+CTLA-Nb16 might induce 

T lymphocyte activation and increase the cell numbers with IFN-γ secretion.

3.4 CTLA-4 Nb16 Facilitated the Tumor Cell Killing by FC-induced CD8+ T Cells

A cytotoxicity assay was used to examine the impact of DHFC+CTLA-4 Nb16-induced 

CD8+ T lymphocytes on tumor cell killing. Figure 4A determinated, by the effector:target 

ratios of (E:T) 5:1, 10:1 or 20:1, that DHFC+CTLA-4 Nb16-induced CD8+ T lymphocytes 

exhibited much higher killing effects on HepG2 cells than the CD8+ T lymphocytes induced 

by other fusion cells with control nanobodies. As shown in Figure 4B, the DHFC+CTLA-4 

Nb16-induced CD8+ T lymphocytes effector cells had a certain killing effect on MCF-7, but 

the killing ability was lower than that of HepG2.

3.5 CTLA-4 Nb16 Increased the Anti-tumor Efficacy of DHFC-induced CD8+ T Cells In 
Vivo

Model therapy experiments were conducted as a means of assessing the anti-tumor effects 

in animal model. We examined the effects of DHFC+CTLA-4 Nb16-induced CD8+ T 

lymphocytes in vivo. As shown in Figure 5A & B, adoptive therapy using DHFC+CTLA-4 

Nb16-induced CD8+ T lymphocytes resulted in the smallest average tumor size and the 

longest survival time in all groups. These results indicated that the adoptive therapy using 

DHFC+CTLA-4 Nb16-induced CD8+ T lymphocytes significantly suppressed tumor growth 

and enhanced murine survival in animals with human liver cancer. Similar results were 

observed in mice with human breast cancer xenografts treated with DMFC+CTLA-4 Nb16-

induced CD8+ T lymphocytes. DMFC+CTLA-4 Nb16 treatment group could inhibit breast 

cancer growth and prolong the survival of mice, the results showed a certain therapeutic 

effect (Figure 5 C - D).

3.6 CTLA-4 Nb16 Promoted Tumor Cell Apoptosis by FC-induced CD8+ T Cells

Immunohistochemical analysis showed fewer Ki67 positive cells in tumor tissues of mice 

with adoptive therapy using DHFC+CTLA-4 Nb16 induced CD8+ T lymphocytes than 

those in other groups (Figure 6A–B). While TUNEL assays indicated that the number of 

TUNEL positive cells was higher compared to those in other groups (Figure 6C). Statistical 

analysis of an average number of apoptotic cells and standard derivation further confirmed 

that the difference was significant (Figure 6D). These results demonstrated that treatment 

with DHFC +CTLA-4 Nb16 efficiently impaired tumor cell proliferation, mediating their 

apoptotic death in mice by induced CD8+ T lymphocytes.
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4. DISCUSSION

Due to the intrinsic disadvantages of traditional cancer therapy, tumor immunotherapy 

has currently become the promising strategy to treat malignant cancers. For cancer 

immunotherapy, it has been demonstrated that the prognosis and the comprehensive 

therapy effects could be improved if the activated anti-tumor effector cells were adoptively 

introduced into patients [39, 40]. Among the different strategies of tumor immunotherapy, 

the adoptive therapy using tumor-specific CTLs has received increasing attention [41]. For 

instance, the in vitro cultured and amplified tumor-specific CTLs were used for tumor 

treatment [42]. In this strategy, the preparation of fusion cells from DCs and tumor cells is 

one of the effective ways to induce CTLs [43, 44]. DCs are specialized functional antigen 

presenting cells, which can be used to induce liver cancer-specific CTLs by transfecting with 

total RNA from liver cancer cells [15], introducing liver cancer-specific antigen peptides 

[16, 45] or tumor lysates [17], and generating fusion cells with liver cancer cells [46]. In 

clinical trials, these methods were safe, but the improvement of clinical results was limited 

[47, 48]. Despite the advantage of fusion DC/liver cancer cells in presenting tumor antigens 

and initiating efficient Th1 reaction [46, 49], few reports indicate that this method was 

clinically effective. Therefore, it is necessary to establish new strategies to improve the 

efficiency of CTL adoptive therapy induced by fusion cells [21, 44, 50].

CTLA-4 negatively regulates T cells whose activation can be inhibited. As a means 

of disrupting CTLA-4 inhibition, an anti-CTLA-4 antibody was applied for tumor 

immunotherapy. However, the inherent disadvantages of antibodies include large size/

molecular weight, poor penetrability in tumor tissues and vascular barrier, and low effective 

concentration in solid tumors significantly compromising the effectiveness of antibody drugs 

in tumor treatment [51]. To overcome many of these disadvantages of traditional antibodies, 

genetically engineered nanobodies have been developed. Nanobodies exhibit higher affinity 

and antigen specificity, superior tissue penetration, and weak immunogenicity and are suited 

for tumor immunotherapy. Nanobodies and other recombinant antibodies offer a number of 

advantages. One can take advantage of normal in vivo immune maturation (in this case in a 

camelid), but also utilize the high throughput screening with phage in order to optimize their 

properties and efficacy. The small size of nanobodies allows them to reach restricted binding 

pockets and may facilitate cell entry. Their known structures and stability to heat and to 

solvents simplify chemical derivatization using tools such as PEGalation and click chemistry 

reagents. Nanobody production in bacteria leads to a dramatic cost reduction of the reagent 

but also simplifies genetic modification of the nanobody to improve pharmacokinetics and 

efficacy. As a reagent, the small and defined sequence of nanobodies helps us to avoid many 

problems of irreproducibility associated with classical antibodies [52, 53].

CTLA-4, an important negative co-stimulatory molecule on the surface of T cells, represents 

a good target for tumor immunotherapy. In our previous study, we developed CTLA-4 

Nb16 and showed its good binding affinity with CTLA-4. We further investigated whether 

CTLA-4 Nb16 promoted the anti-tumor effects of T cells by blocking CTLA-4 suppression 

and promoting the specificity of CTLs. By binding to CTLA-4 on the surface of CD8+ 

T lymphocytes, CTLA-4 Nb16 increased CD8+ T lymphocyte activation, with stronger 

cytotoxicity and anti-tumor effects against HepG2 cells. CTLA-4 Nb16 could block CTLA-4 
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suppression and increase the immune response of CD8+ T lymphocytes. Data in this study 

clearly demonstrated that when DHFC or DMFC were stimulated with CTLA-4 Nb16, 

CD8+ T lymphocyte-mediated tumor killing was facilitated which subsequently inhibited 

tumor growth and prolonged murine survival in animals with human liver cancer or breast 

cancer. In the previous study, we have done lots of research on nanomaterials, fusion 

vaccines and combination to enhance cancer adoptive therapy of DCs and T cells [54], 

this novel nanobody combination nanomaterials to induce tumor-specific CTLs for adoptive 

immunotherapy may offer a new approach for in the clinic.

5. CONCLUSIONS

In summary, we applied nanobody against CTLA-4 to eliminate immunosuppression for 

adoptive cellular immunotherapy. By blocking T cell induced by DHFC with CTLA-4 

Nb16, the suppression of CTLA-4-mediated T cell activation could be inhibited during 

the process of CTL-activated killing. When DC/HepG2 fusion cells or DC/MCF-7 fusion 

cells were treated with CTLA-4 Nb16, the induced CD8+ T cells markedly suppressed 

tumor growth and prolonged survival time of mice with human cancer by inhibiting tumor 

cell proliferation and driving apoptosis. This suggests that the nanobody CTLA-4 Nb16 

increases tumor-specific CD8+ T Cell activity and offers unique advantages for adoptive 

cancer immunotherapy. This novel nanobody-based strategy to induce tumor-specific CTLs 

for adoptive immunotherapy may offer a new approach for cancer adoptive therapy.
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Figure 1. Identification of DC/HepG2 fusion cells and express increased CD80, CD86 and MHC 
II.
(A) The DC2.4/HepG2 fusion cell identification approach was as follows: CSFE (green) 

and PKH26 (red) were used for the respective labeling of DCs and HepG2 cells, after 

which PEG was used to mediate fusion. DAPI (blue) was then used for nuclear staining, 

followed by fluorescence microscopy with fused cells marked by white arrows (× 400). 

Images are representative of three independent experiments. (B) DCs exhibited MHC II 

and costimulatory molecule expression at day 7 in FCs. (C) The status of three membrane 

molecules, MHC II, CD80 and CD86 were high at day 7 in FCs. Data are means ± SD, n = 

3. *** P < 0.001.
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Figure 2. CTLA-4 Nb16 promoted CD8+ T cell proliferation.
(A) CFSE-labeled CD8+ cells were mixed with different antibodies following with DHFC, 

and then co-cultured for 5 days. Proliferation of CD8+ T cells was assessed via flow 

cytometry. (B) CD8+ T Cell proliferation Index in DHFC+CTLA-4 Nb16 group was higher 

than that in other’s groups, except DHFC+CTLA-4 mAb group. Data are means ± SD, n = 3. 

NS stand for P > 0.05, ** P < 0.01, *** P < 0.001.
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Figure 3. CTLA-4 Nb16 increased the abundance of IFN-γ secreting CD8+ T lymphocytes.
(A) CD8+ cells were mixed with different antibodies following with DHFC, and then 

co-cultured for 7 days. ELISPOT assay was applied to examine the number of CD8+ T 

lymphocytes secreting IFN-γ. (B) The number of spots in DHFC+CTLA-4 Nb16 group 

increased significantly than other’s groups, except DHFC+CTLA-4 mAb groups. Data are 

means ± SD, n = 3. *** P < 0.001, **** P < 0.0001.

Tang et al. Page 14

J Biomed Nanotechnol. Author manuscript; available in PMC 2022 September 27.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. CTLA-4 Nb16 promoted the tumor cell killing effects of CD8+ lymphocytes.
(A) Comparison of cell killing effects of CD8+ T lymphocytes induced by indicated 

treatments on HepG2 in different E:T raitos of 5:1, 10:1 and 20:1. DHFC+CTLA-4 Nb16 

enhanced cytotoxic T cell killing function on target HepG2 cells. (B) Comparison of cell 

killing effects of CD8+ T lymphocytes induced by indicated treatments on MCF-7. It had 

weaker killing effect on MCF-7 than HepG2. Data are means ± SD, n = 3.

Tang et al. Page 15

J Biomed Nanotechnol. Author manuscript; available in PMC 2022 September 27.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 5. CTLA-4 Nb16 increased the anti-tumor effects of CD8+ T lymphocyte by inhibiting 
HepG2 and MCF-7 tumor growth and enhancing survival.
(A) The Therapy with DHFC+CTLA-4 Nb16 significantly delayed the tumor growth in 

mice bearing liver cancer xenograft. (B) Kaplan-Meier survival curves of mice reported in 

DHFC+CTLA-4 Nb16 group therapy significantly increased survival. (C) The Therapy with 

DMFC+CTLA-4 Nb16 significantly delayed the tumor growth in mice bearing breast cancer 

xenograft. (D) Kaplan-Meier survival curves of mice reported in DMFC+CTLA-4 Nb16 

group therapy significantly increased survival. Data are means ± SD or percentage survival 

(n = 5 mice/group). **P < 0.01, *** P < 0.001.
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Figure 6. CTLA-4 Nb16 stimulation suppressed proliferation of tumor cells and promoted tumor 
cell apoptosis in mice.
(A) Immunohistochemical assay of Ki67 staining in different groups (x 40). Brown 

in nuclear indicates the positive staining. (B) The Ki67 expression of tumor cells 

in DHFC+CTLA4-Nb16 group was significant lower than in other groups, except in 

DHFC+CTLA4-mAb group. (C) TUNEL assay was used to monitor cell apoptosis in 

different groups. Blue indicates nuclear and green indicates the positive signal (×20). (D) 

The apoptosis of tumor cells in DHFC+CTLA4-Nb16 group was significant higher than that 

in other’s groups, except in DHFC+CTLA4-mAb group. Data are measn ± SD. **P < 0.01, 

*** P < 0.001, **** P < 0.0001.
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Scheme 1. Illustration of therapy with FC+ Nanobody.
DC fusion cells (DC/tumor fusion cells, FCs) are generated. Nanobody against CTLA-4 

(CTLA-4 Nb16) eliminates immunosuppression via disrupting CTLA-4-mediated negative 

costimulation in T cells induced by dendritic cell/tumor fusion cells. Finally, the induced-

CTLs were transferred to kill tumor cells.
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