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A B S T R A C T

Immune escape is the final phase of the cancer immunoediting process. Researchers have found that cancer
induces immune escape by inhibiting the expression of CD40L. The purpose of the present study was to select a
high affinity CD40 single chain variable fragment (ScFv) and to evaluate its effect on tumor-specific immune
activation. One Wistar rat was immunized with mouse CD40 antigen. CD40 ScFv with high affinity was con-
structed by overlap extension-polymerase chain reaction (SOE-PCR) and screened by three rounds of phage
display. CD40 ScFv protein was expressed by the pET28a (+)-Rosetta prokaryotic expression system and pur-
ified using a nickel-nitrilotriacetic acid (Ni-NTA) column. CD40 ScFv significantly upregulated CD80, CD86, and
MHC-II in vitro expression in dendritic cells (DCs) and upregulated the expression of IL-12 (p70) based on ELISA
results. Cell counting kit-8 (CCK-8) results indicated that T lymphocytes were stimulated by DCs in an
Ag+CD40 ScFv group, which also inhibited the proliferation of immortalized T6–17 cells. In an in vivo assay,
1×106 T6–17 cells were subcutaneously injected into BALB/c mice in the hind flank. Tumor volume curves
showed that CD40 ScFv exhibited a remarkable inhibition of tumor proliferation after 15 days of treatment.
Hematoxylin-eosin (H&E) staining of tumor tissues indicated that CD40 ScFv enhanced lymphocyte infiltration,
which remarkably inhibited the proliferation of T6–17 cells. Furthermore, immunohistochemistry (IHC) staining
revealed that caspase-3 was abundantly expressed in the T6–17 cytoplasm after CD40 ScFv treatment. In con-
clusion, this study revealed that high affinity CD40 ScFv could be screened by phage display and had a sig-
nificant stimulating effect on DCs and inhibited the proliferation of T6–17 cells in vivo and in vitro.

1. Introduction

Immune escape is the final phase of the cancer immunoediting
process, which prevents cancer cells from being destroyed by the im-
mune system. Many cellular and molecular events govern cancer im-
mune escape [1]. Based on these events, strategies have been designed
to reverse tumor immune escape to develop promising therapeutic
approaches for cancer patients [2].

CD40 is a cell surface glycoprotein belonging to the TNF receptor
(TNFR) superfamily and plays a vital role in immune activation [3]. The
CD40 ligand, CD40L is predominantly expressed on activated T lym-
phocytes and plays a crucial role in the maturation of dendritic cells
(DCs) in combination with CD40 [4]. However, researchers have found
that cancer could inhibit the expression of CD40L and inactivate the
CD40-CD40L costimulatory pathway, which contributes toward cancer
immune escape [5].

CD40 monoclonal antibodies such as CP-870,893 [6] and SGN-40
have been used in preclinical models and exhibited prominent

antitumor effects. However, their associated side effects cannot be ig-
nored, such as high liver metabolic burden and poor tissue penetration
[6]. Single chain variable fragment (ScFv) is a particular form of anti-
body that combines variable heavy (VH) and variable light (VL) regions
of a complete antibody by a flexible linker [7]. Although the molecular
weight of ScFv (25–27 kDa) is lower than one-fifth of a complete anti-
body (150 kDa), the antigen binding ability of ScFv is the same as that
of a complete antibody [8]. A number of ScFvs have been used for the
treatment of cancer. Phage display is an efficient alternative to hy-
bridoma technology for the production of therapeutically relevant an-
tibodies [9]. Antibody phage display provides opportunities to design
and construct large libraries of antibody fragments [10]. The expression
of antibodies on the surface of phage particles represents a potent
platform for the isolation of monoclonal antibodies (mAbs) with desired
binding characteristics that can aid in the diagnoses and im-
munotherapies of different cancers. Phage display is an effective tech-
nique for the selection of tumor-specific recombinant human antibodies
in vitro [11].
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The present study utilized phage display technology to isolate po-
tential positive ScFv clones from a phage library against mouse CD40
protein and characterization by phage enzyme-linked immune-sorbent
assay (ELISA), DNA fingerprinting, and sequencing to obtain high af-
finity ScFv. Afterward, the immunostimulatory effects of the selected
ScFv were assessed by flow cytometry and ELISA in vitro and hema-
toxylin-eosin (HE) and immunohistochemistry (IHC) staining in vivo.

2. Materials and methods

2.1. Animals and reagents

One female Wistar rat and several BALB/c (H2-d) mice (6–8weeks
old; 25–30 g weight) were purchased from the Animal Resource Center
at the Institute of Radioactive Medicine, Chinese Academy of Medical
Sciences (Tianjin, China). They were housed in a pathogen-free room
with free access to autoclaved food and fresh water. All experimental
protocols were reviewed and approved by the Institutional Animal Care
and Use Committee of Tianjin Medical University. T6–17 cells, a ge-
netically modified cell line derived from NIH/3T3 cells transfected with
neu/c-erbB-2 oncogene, were granted as a gift from Professor Hongtao
Zhang (University of Pennsylvania, Pennsylvania, USA). Rat anti-mouse
CD40 mAb (FGK4.5) was purchased from BioXcell (West Lebanon, NH).
pCANTAB5E phagemid (NEB, USA), FITC-CD80, PerCP-Cy5-5-CD86,
and APC-MHC-II (BD Biosciences, USA) were used in the flow cyto-
metry assay of DCs. Murine IL-12 (P70) and IFN-γ ELISA kits were all
purchased from BOSTER Biosciences. Rabbit-anti-mouse caspase-3 an-
tibody (Abcam, USA) and secondary goat-anti-rabbit IgG H&L antibody
(Biotin; Abcam, USA) were used for the IHC detection of caspase-3 in
tumor samples.

2.2. Construction of the phage display ScFv library

All genes encoding mouse VH and VL immunoglobulin sequences,
including VH, kappa (Vκ), and lambda (Vλ) chains derived from B cells
of Wistar rat immunized by mouse CD40 protein [12], were amplified
by PCR for the phage library construction. Briefly, total RNA was pre-
pared with TRIzol isolation reagent (Invitrogen, USA). cDNA was syn-
thesized from RNA samples, and VH and VL genes were amplified with
different primer mixtures by annealing to the constant regions of mouse
VH and VL, respectively. VH and VL sequences were randomly linked
via a (Gly4Ser)3 linker and cloned into pCANTAB5E phagemid with SfiI
restriction sites for VH and NotI for VL at the 5′ and 3′ ends, respec-
tively. The presence and size of inserts were determined by sequencing
of 13 separate colonies [13].

2.3. Bio-panning and isolation of CD40 ScFv

The bio-panning and isolation of CD40-specific ScFv were per-
formed as described in the Human Single Fold ScFv Library (I+ J)
handbook with a few modifications. After the third-round panning,
individual colonies were randomly selected and sequenced. Affinity to
CD40 of the different clones was estimated by monoclonal phage-ELISA
and gradient phage-ELISA as described by Salles et al. [14]. Murine
CD40 protein (Sinobiological, China) was enveloped into a 96-well
ELISA plate using CBS buffer. Then, 5 μg/mL and 100 μL/well were
used in the monoclonal phage ELISA. In gradient phage ELISA, the
concentrations of CD40 protein were 5 μg/mL, 2.5 μg/mL, 0.5 μg/mL,
0.1 μg/mL, and 0 μg/mL. The plate was incubated at 4 °C overnight
after CD40 was embedded. Afterward, the ScFvs were subjected to af-
filiation, elution, and labeling by secondary antibody for microplate
reader detection.

2.4. Expression and purification of CD40 ScFv

CD40 ScFv protein was expressed by E. coli Rosetta (DE3)

(Invitrogen, USA) after transformation with recombinant pET28a
(+)-CD40 ScFv. The expression of the soluble and insoluble protein
fractions was examined by sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE). Soluble ScFv was purified by a nickel-ni-
trilotriacetic acid (Ni-NTA) column (Kangweishiji Bio Inc., Beijing,
China) and confirmed by western blot His-tag analysis. The endotoxin
level of CD40 ScFv was evaluated semiquantitatively using a
Tachypleus amebocyte lysate (TAL) kit (Zeyebiological, China) ac-
cording to the manufacturer's protocols.

2.5. Assessment of CD40 ScFv-stimulated tumor-specific immunoreaction

Primary marrow stromal cells (MSCs) were isolated from mice
femur. Bone marrow dendritic cells (BMDCs) were induced in complete
DMEM supplemented with 10% fetal calf serum (FCS), granulocyte
macrophage colony-stimulating factor (GM-CSF; 20 ng/mL)
(PeproTech, USA) and interleukin-4 (IL-4; 10 ng/mL) (PeproTech, USA)
at 37 °C in a 5% CO2 humidified atmosphere. After 4 days of culture,
T6–17 frozen-thawed antigen (Ag) (25 μg/mL) was added to the su-
pernatant. After another 2 days of culture, CD40 ScFv (1 μg/mL), TNF-α
(100 U/mL) (PeproTech, USA) and normal saline (NS) were added to
the supernatant followed by another 2 days of incubation.

After 10 days of incubation, DCs were recovered by centrifugation at
1500 rpm (250g) for 5min. Cell culture supernatant was recovered and
stored in a sterile EP tube at 4 °C. The expression levels of CD80, CD86
and MHC-II on DCs were estimated by flow cytometry. IL-12 expression
in the supernatant of DCs in different treatment groups was detected by
ELISA according to the manufacturer's instructions.

Magnetic column (Miltenyi Biotec USA) purification was used to
purify splenic CD3+ T lymphocytes that had been incubated together
with DCs of different treatment groups as previously described (the cell
number ratio was DCs:T cells= 1:10). The proliferation of T lympho-
cytes in different treatment groups was detected by the CCK-8 test
(DOJINDO, Japan). T cells in different treatment groups were recovered
by centrifugation at 1500 rpm (250g) for 5min. Cell culture supernatant
was recovered and stored in a sterile EP tube at 4 °C. IFN-γ expression
was estimated by ELISA according to the manufacturer's instructions.
T6–17 cells were cultured and incubated together with T lymphocytes
in different treatment groups. The CCK-8 test was implemented to
evaluate the inhibition rate of T6–17 cells. The cell growth inhibition
rate was calculated according to the formula: inhibition rate= (OD of
control cells−OD of treated cells) / OD of control cells× 100%.

Then, 1× 106 T6–17 cells in 100 μL of PBS were subcutaneously
injected into the hind flank of BALB/c mice. After tumor models were
confirmed, mice were randomly split into 3 groups (n=5 for the CD40
ScFv group, CD40 mAb group and normal saline group). Mice received
different implements by intratumoral injection: CD40 ScFv (750 μg/kg),
CD40mAb (5mg/kg) or NS. Treatments started from the first day when
tumor establishment was confirmed (Day 0) and continued on Days 3,
6, 9, 12, 15, 18, and 21. Tumor volumes were calculated in cm3 as
0.5× (length)3× (width)2 after each treatment. After 8 treatments,
mice were sacrificed at Day 24. Tumors were harvested and processed
for histological staining, and caspase-3 expression was assessed by IHC
as described in Qiu's study [15]. IHC staining and scoring were de-
termined by two clinical pathologists, according to the proportion of
positively stained cells and staining intensity. Five high power fields
were randomly selected. Positively stained cells were scored as follows:
1 (< 10%), 2 (10–30%), 3 (30–60%), and 4 (> 60%). The staining
intensity was graded as follows: 1 (light yellow), 2 (yellow to brown), 3
(brown), and 4 (deep brown). The staining index was determined by
positive staining cells × staining intensity. Hematoxylin–eosin-stained
slides were evaluated for stromal tumor infiltrating lymphocytes (TILs)
using full sections in 10% increments (< 10%, 10% ~100%) by a pa-
thologist blinded to the intervention of the mouse model, as re-
commended [16]. Four nonoverlapping fields with high numbers of
TILs on the H&E-stained slides were selected.
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2.6. Statistical analysis

The results are presented as the mean ± SD of at least three se-
parate experiments. The data were analyzed by one-way ANOVA for the
comparison of variables among groups based on the homogeneity test
of the data. The Student-Newman-Keuls multiple comparison test was
used to compare two groups using PRISM software (GraphPad
Software, Inc., San Diego, CA, USA). Significant differences were de-
fined as P < 0.05.

3. Results

3.1. Construction of the anti-CD40 immunization phage display library

As shown in Fig. 1A, B, and C, VH, Linker and VL genes were am-
plified. In another strategy, VH and VL were amplified and linked
through overlap PCR (Fig. 1D). Subsequently, the ScFv genes were
cloned into the pCANTAB5E vector by enzymatic digestion (Fig. 1E).
The library capacity was 1.2× 107, and each of the ScFv genes had a
real size insertion by random colony PCR (Fig. 1F).

3.2. Bio-panning of the high affinity CD40 ScFv clone by phage display

Three rounds of panning were carried out for the enrichment of
anti-CD40 phage ScFv from the phage display library. Increasing
numbers of output phages in each round indicated the validity of the
panning (Fig. 2A). Polyclonal phage-ELISA demonstrated that after
three rounds of panning, the OD450 value of Round 3 (3.02 ± 0.18)
increased significantly (F=95.547, P=0.000) when compared with
before panning (0.76 ± 0.103). This indicated that the affinity of the
clones significantly increased (Fig. 2B).

After the third round of panning, 20 clones were randomly selected
for monoclonal phage ELISA. Multi-alignments of sequences showed

that 6 clones were excluded because the sequences were repetitive.
Among the 14 clones, 8 clones reacted positively to CD40 with high OD
values and low cross-reactivity with BSA (ratio > 4, Fig. 3A). Gradient
phage ELISA demonstrated that following the decline of embedded
CD40 concentration from 5 μg/mL to 0.1 μg/mL, clone 8# exhibited the
highest affinity to CD40 antigen, which had significant differences
when compared with the other clones (Fig. 3B). Therefore, clone 8# was
affirmed as a positive clone for CD40 (CD40 ScFv).

3.3. Identification of CD40 ScFv by DNA sequencing and structure imitating

DNA sequencing indicated that clone 8# contained 714 bp, which
included 345 bp of VH, 45 bp of Linker and 324 bp of VL. IMGT tests
showed the VH and VL fragments had high matching scores with
RadnorIGHV5-29*01 F and Ratnor IGKV10S12*01 F, respectively,
which indicated the structural correctness of clone 8#. Molecular
models of CD40 ScFv were generated by Protean software: 115 amino
acids in the VH (red color), 15 amino acids in the linker (green color),
and 109 amino acids in the VL (blue color) (Fig. 4). The protein tertiary
structure of CD40 ScFv was imitated by I-TASSER (https://zhanglab.
ccmb.med.umich.edu/I-TASSER/output/S364859/). The C-score of the
model was 0.93, and the estimated TM-score was 0.84 ± 0.08.

3.4. Expression and purification of CD40 ScFv

pET28a (+)-8# was transformed into E. coli Rosetta (DE3) for the
expression of soluble ScFv. SDS-PAGE demonstrated that 1mM iso-
propyl-β-D-thiogalactoside (IPTG) more effectively induced CD40 ScFv
protein expression (Fig. 5A). Protein was purified by Ni-NTA, and
200mM imidazole exhibited the best eluting effect (Fig. 5C). To eval-
uate the expression of soluble ScFv protein, western blot assay was
applied using anti-His-tag antibody. Representative results demon-
strated a specific reactivity of anti-His-tag antibody with ScFv protein at

Fig. 1. Agarose gel electrophoresis of PCR.
A. 1. VH Fragment M: Marker DM2000; B. Linker; C. 1. VL Fragment M: Marker DM2000 D. 1, 2, 3: ScFv M: Marker DM2000; E. 1, 2: restriction analysis of
pCANTAB5E-ScFv M: Marker IV; F. 1–13: random colony PCR of phage library M: Marker DM2000. CD40 ScFv contained 714 bp, which included 345 bp of VH, 45 bp
of Linker and 324 bp of VL. The agarose gel electrophoresis results were consistent with the expected length. Two bands could be found in the double enzyme assay
results, which were consistent with the length of pCANTAB5E (4522 bp) and ScFv (714 bp).
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the expected site (25 kDa). The concentration of CD40 ScFv was
1.122mg/mL (Fig. 5B). The endotoxin level of prepared protein was
assayed using a TAL kit and found to be lower than 0.79 EU/mL.

3.5. CD40 ScFv activated BMDCs resulting in improved T-cell responses

Mouse BMDCs stimulated by CD40 ScFv exhibited significantly
upregulated expression of CD80, CD86 and MHC-II (Figs. 6A, B, C and
S1), similar to previous observations with CD40 agonists [17]. A no-
table increase in IL-12p70 secretion was detected after CD40 ScFv sti-
mulation (Fig. 6D); a similar pattern (P > 0.05) was observed in the
Ag+TNF-α group. IFN-γ ELISA indicated that T cells could be stimu-
lated by mature BMDCs after interference by CD40 ScFv (Fig. 6E).

3.6. CD40 ScFv inhibited the proliferation of T6–17 and generated tumor-
specific immune responses

We evaluated whether the CD40 ScFv could enhance tumor-specific
immune responses. T6–17 cells were cultured and incubated with T

lymphocytes in different treatment groups. The CCK-8 test was applied
to evaluate the inhibition rate of T6–17 cells. After frozen-thawed an-
tigens of T6–17 tumor cells (Ag) were phagocytized and generated in T
lymphocytes, CD40 ScFv caused a dramatic inhibition of T6–17 cells by
stimulating tumor-specific T lymphocytes. The inhibition rate was
higher than those of the NS and Ag groups (P < 0.05), which is
dominantly attributed to the maturation of BMDCs and stimulation of
tumor-specific CTL (Fig. 7).

After co-culture with matured DCs, T lymphocytes were activated
by antigen presentation and co-stimulating signal. This induced the
apoptosis of tumor cells by a cytotoxic effect. CCK-8 tests indicated that
CD40 ScFv caused a dramatic inhibition of T6–17 cells by stimulating
tumor-specific T lymphocytes.

CD40 ScFv induced T6–17 cell apoptosis by activating T lympho-
cytes in vivo.

T6–17 tumor models in mice were constructed (Fig. S2). After
treatment, mice were sacrificed. The differences in tumor volumes at
each time point of the three groups were evaluated, and the results
showed no significant differences between the three groups from Day 0

Fig. 2. Evaluation of the enrichment of the phage display library.
A. Titer of input phage and output phage in each round; B. evaluation of each round's library affinity progress by polyclonal phage-ELISA (n=3). The increasing
number of output phages in each round indicated the validity of panning. Polyclonal phage-ELISA also demonstrated that the affinity of the clones increased
significantly.

Fig. 3. Affinity assessment of different clones by phage ELISA.
A. Monoclonal phage ELISA of the random clones after the 3rd round of panning (n=3). B. Gradient phage ELISA of potential positive clones (n=3). Among the 14
different clones, 8 clones reacted positively to CD40 with high OD450 values and low cross-reactivity with BSA, ratio > 4. Gradient phage ELISA demonstrated that
following the decline of embedded CD40 concentration from 5 μg/mL to 0.1 μg/mL, clone 8# exhibited the highest affinity to CD40 antigen (n= 3, *: P < 0.05).
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to Day 12. Until Day 15, CD40 ScFv and CD40 mAb exhibited re-
markable inhibition of tumor proliferation when compared with the NS
group (Table 1). The TIL ratios in the different treatment groups were
evaluated based on the HE staining of tumor tissues. The results in-
dicated that, when compared with the NS group, CD40 ScFv and CD40
mAb significantly enhanced lymphocyte infiltration in tumor tissue
(F=55.30, P=0.000) and markedly inhibited the proliferation of
T6–17 cells. No significant differences were observed between the CD40
ScFv group (70.0 ± 14.0)% and the CD40 mAb group (72.5 ± 5.00)%
(P=0.708). The expression of caspase-3 in different treatment groups
was scored as previously described. The results indicated that caspase-3
was abundantly expressed in the T6–17 cytoplasm after CD40 ScFv or
CD40 mAb treatment (F=16.829, P=0.000). Significant differences
were observed between the CD40 ScFv group (11.0 ± 3.082) and the
NS group (2.80 ± 1.304) (P=0.000). No significant differences were

observed between the CD40 ScFv group and the CD40 mAb group
(11.4 ± 3.130) (P=0.815) (Fig. 8).

4. Discussion

CD40/CD40L is a costimulatory molecule. CD40 is mainly expressed
on antigen presenting cells such as B lymphocytes and DCs. CD40L is
mainly expressed in T lymphocytes, which can combine with CD40 and
promote DC maturation. Therefore, the activation of a costimulatory
pathway plays a decisive effect in the maturation of DCs, which con-
tributes toward immune activation. However, in tumor microenviron-
ments, cancer cells can inhibit the expression of CD40L by releasing
immunosuppressive factors, thereby inhibiting DC maturation and the
inactivation of cytotoxic T lymphocytes (CTLs), which are considered
the most important mechanisms of cancer immune escape [18]. In re-
cent years, CD40 agonists have been used in cancer therapy to induce
the apoptosis of cancer cells by promoting DC maturation and stimu-
lating T lymphocyte proliferation [19,20]. Treatment with anti-CD40
monoclonal antibodies has been exploited in several cancer im-
munotherapy studies in mice. This has led to the development of anti-
CD40 antibodies for clinical use. As examples, Dacetuzumab [21] and
Lucatumumab [22–26] have both exhibited promising treatment out-
comes with low toxicity.

Humanized mAbs against tumor antigens have been considered for
targeted therapies in cancer treatment. However, most humanized
mAbs have been derived from mice, which have limited im-
munogenicity. As one of the most common recombinant antibodies,
ScFv exhibits promising prospects in cancer treatment. Compared with
monoclonal antibodies, ScFv has better tissue penetration ability and
lower metabolic burden due to its lower molecular weight (25–27 kDa).
In this study, CD40 ScFv was selected to elucidate the mechanism of
tumor immunity activation by CD40 small-molecule agonist antibody
and to provide a theoretical basis for future research. Based on the
results of this study, we will continue to screen human CD40 ScFv to
construct a CD40×HER2 single chain diabody for potential applica-
tions in cancer treatment.

Phage display technology provides an alternative to traditional
antibody production methods. This technique involves the selection of a
number of high affinity antigen-reactive antibody fragments by em-
ploying recombinant phage libraries, which expose functional antigen
binding sites on their surface. Phage display technology is widely used
to isolate human ScFvs to recognize diverse proteins [27]. Based on
different library constructions, phage display libraries can be divided
into natural libraries and immunological libraries [28]. Natural anti-
body libraries are derived from animals or human B lymphocytes with
good diversity and large library capacity [29]. However, the

Fig. 4. Structural analysis of CD40 ScFv.
Relying on the IMGT analysis, the CDR region of VH and VL could be identified
and labeled. Based on the amino acid sequence, the tertiary structure of CD40
ScFv was predicted by I-TASSER.

Fig. 5. Evaluation of the expression and purification of CD40 ScFv.
A. M Protein ladder; 1. bacterium spallation supernatant of 0.5 mM IPTG, 2. inclusion body of 0.5 mM IPTG, 3. bacterium spallation supernatant of 1mM IPTG, 4.
inclusion body of 1 mM IPTG; B. positive protein bands emerge around 25 kDa in the His-tag western blot; C. 1, eluent of 50mM imidazole; 2, eluent of 100mM
imidazole; 3, eluent of 200mM imidazole.
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construction process is complex and cannot be concentrated for any one
specific antigen. Immunological libraries are constructed using specific
antigens immunized to animals. Despite the relatively small capacities

of these libraries, they have specific values for antigen immunization.
Antigen-specific antibodies are predominantly distributed in these li-
braries [30]. Due to their convenient construction process and higher
screening efficiency, an anti-CD40 immunization library was con-
structed for our research. The capacity of this library was
1.2×107 pfu/mL, and the sequencing results indicated good diversity.
To select the best affinity clone after screening, phage ELISA and Gra-
dient phage ELISA are typically employed. The criteria are often dif-
ferent and rely on different experiment design and screening programs.
Aghebati [31] randomly selected clones after a final screening round
and performed a phage ELISA. A positive clone was considered if the
ratio of A490 values between the clone and a negative control group
was> 3. Zhou [32] performed EGFRvIII antibody screening; the A490
value of the clone to be tested was defined as being>2 times higher
than the negative control group. In the present study, based on our
lower filter, we defined potential clones as those having an A490 value
ratio of at least 4.

CD80 and CD86 belong to a costimulatory adhesion molecule family
that activates T cells through a costimulatory pathway. They have been
used as indicators of DC maturation in most studies. MHC-II, as the
principal component of antigen presentation, is significantly elevated
after antigen loading. Therefore, CD80, CD86 and MHC-II molecules
have been considered markers of DC maturation [33]. IL-12 is also
considered one of the more important parameters of DC maturation
[34]. In our study, CD40 ScFv significantly upregulated CD80/CD86/
MHC-II expression compared with the NS and Ag groups. IL-12

Fig. 6. CD40 ScFv activates BMDCs, resulting in improved T cell responses.
A. CD80 expression of different treatment groups (n=3), B. CD86 expression of different treatment groups (n= 3), C. MHC-II expression of different treatment
groups (n=3), D. IL-12 expression of different treatment groups (n= 3), E. IFN-γ expression of different treatment groups (n= 3). After stimulation by CD40 ScFv,
DCs exhibited significantly upregulated expression of CD80, CD86 and MHC-II, and a notable increase in IL-12p70 secretion was detected in the meantime. After co-
culture with T lymphocytes, IFN-γ expression was markedly improved (*: P < 0.05, #: P≥ 0.05).

Fig. 7. Comparison of tumor inhibition rates of T6–17 cells in different treat-
ment groups (*: P < 0.05, #: P≥ 0.05, n=3).
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expression in the Ag+CD40 ScFv group was significantly increased
compared with the NS and Ag groups. However, no significant differ-
ences between the Ag+CD40 ScFv and Ag+TNF-α groups were ob-
served (P > 0.05). Our results were consistent with those of Mangsbo
et al. [35]. Narayanan [36], after stimulating CD40 signaling pathways
in DCs, observed significant upregulation of the expression of CD80/
CD86/MHC-II, consistent with our results.

CTL plays a critical role in the antitumor immune response [37].
CTL can induce cancer cell apoptosis by secreting perforin and gran-
zyme after stimulation by mature DCs. A previous study reported that
CD40L-expressing DCs could deliver CD40–CD40L signaling to CD8+ T
cells to induce CTL responses [38]. Therefore, we further evaluated the
immune activation of CD40 ScFv by detecting the inhibition rate of
T6–17 by CTL. Our results revealed that T lymphocytes activated by
Ag+CD40 ScFv inhibited the proliferation of T6–17 cells with sig-
nificant differences compared with the NS and Ag groups but not with
the Ag+TNF-α group. A number of studies have shown that CD40mAb
can inhibit tumor proliferation by activating tumor-specific immune
responses in vivo [39]. Therefore, we used it as a positive control to
evaluate the immune activation function of CD40 ScFv in vivo. The
concentration of CD40 mAb was 5mg/kg, which is the same con-
centration used in most studies [40,41]. Differences in tumor volumes
were evaluated. The results demonstrated that until Day 15, CD40 ScFv
exhibited a remarkable inhibition of tumor proliferation. Ruth [42],
after 5 treatments with CD40 mAb and on the 8th day of treatment,
showed a significantly decreased tumor size, which was similar to our
results. We speculated that the immune activation of tumor cells is a
systematic process involving multiple cell types.

Eriksson et al. [43] found that the activation of CD40-CD40L by
CD40L gene therapy enhanced T-cell expansion and migration in the

Fig. 8. CD40 ScFv inhibited the proliferation of T6–17 cells in BALB/c mice.
A–F. Cell morphology and caspase-3 expression in different treatment groups (n=5 for the CD40 ScFv group, CD40 mAb group and normal saline group). Mouse
tumor models were constructed successfully. The differences in tumor volume were evaluated, and the results demonstrated that until Day 15, CD40 ScFv exhibited a
marked inhibition of tumor proliferation. HE staining indicated significant lymphocyte infiltration, and a notably increased expression of caspase-3 could be detected
by IHC. G. T6–17 tumor growth curve in the BALB/c mouse model of different treatment groups. H. IHC staining score of caspase-3 in different treatment groups. I.
Comparison of the TIL ratio in different treatment groups (n=5, *: P < 0.05, #: P≥ 0.05).

Table 1
Comparison of tumor volumes at each time point in the three groups.

Day Tumor volume (cm3) F P

CD40ScFv NS CD40mAb

3 0.550 ± 0.196# 0.453 ± 0.237# 0.591 ± 0.259 0.483 0.760
6 1.214 ± 0.298# 1.032 ± 0.314# 1.350 ± 0.335 1.269 0.316
9 1.514 ± 0.242# 1.353 ± 0.282# 1.641 ± 0.270 1.481 0.264
12 1.945 ± 0.264# 2.310 ± 0.226# 1.850 ± 0.235 4.552 0.086
15 2.610 ± 0.290⁎# 3.214 ± 0.250 2.270 ± 0.381⁎ 11.815 0.001
18 2.765 ± 0.349⁎# 3.780 ± 0.229 2.516 ± 0.201⁎ 20.199 0.000
21 3.010 ± 0.375⁎# 3.886 ± 0.312 2.712 ± 0.286⁎ 17.433 0.000
24 3.044 ± 0.239⁎# 3.933 ± 0.326 2.749 ± 0.261⁎ 24.642 0.000

⁎ Significant difference in comparison with the NS group (P < 0.05).
# No significant difference in comparison with the CD40mAb group

(P≥ 0.05).
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tumor microenvironment. Therefore, we assessed tumor lymphocyte
infiltration. Hematoxylin–eosin-stained slides for paired match cases
were evaluated for stromal tumor infiltrating lymphocytes (TILs) based
on previously described criteria. The results demonstrated that CD40
ScFv significantly enhanced lymphocyte infiltration when compared
with the NS group. The main mechanism of CTL inhibition of tumor
cells is to internalize granzymes [44], which ultimately induces apop-
tosis of tumor cells by activating Caspase-3. Caspase-3 is a critical
protease in early stage apoptosis activation and is the final apoptotic
executioner [45]. In many studies [46,47], Caspase-3 was used as an
indicator for CTL function evaluation. In this study, IHC staining
showed that Caspase-3 was abundantly expressed in the T6–17 cyto-
plasm after treatment with CD40 ScFv or CD40 mAb, which indicated
that CD40 ScFv induced apoptosis of T6–17 cells by stimulating CTL.

In conclusion, we screened a high-affinity CD40 ScFv by phage
display in a CD40 immunization library. CD40 ScFv stimulated DCs and
inhibited the proliferation of T6–17 cells in vitro and in vivo.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.intimp.2019.03.020.
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