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the Ec-LDM-TF caused marked down-regulation of CD47 
in A431 cells. Moreover, the best therapeutic effect was 
recorded in the group of animals treated with the combina-
tion of Ec-LDP-TF with Ec-LDM-TF. The results suggest 
that tuftsin-based, enediyne-energized, and EGFR-targeting 
fusion proteins exert highly antitumor efficacy with CD47 
modulation. Tuftsin-based fusion proteins are potentially 
useful for treatment of EGFR- and CD47-overexpressing 
cancers.
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Abbreviations
AE  Active enediyne from lidamycin
BSA  Bovine serum albumin
CSCs  Cancer stem cells
DSB  DNA double-strand breaks
Ec  The C-loop of epidermal growth factor (22 

amino acids of EGF COOH terminal)
Ec-LDM-TF  The enediyne-energized fusion protein 

composed of Ec, LDP, TF and AE
Ec-LDP-TF  The fusion protein composed of Ec, LDP 

and TF
EGF  Epidermal growth factor
EGFR  Epidermal growth factor receptor
ELISA  Enzyme-linked immunosorbent assay
FACS  Fluorescence-activated cell sorting
FITC  Fluorescein isothiocyanate
HER2  Human epidermal growth factor receptor-2
HPLC  High-performance liquid chromatography
HRP  Horseradish peroxidase
IFN  Interferon
IgG  Immunoglobulin
LDM  Lidamycin (composed of LDP and AE)

Abstract Tuftsin (TF) is an immunomodulator tetrapep-
tide (Thr-Lys-Pro-Arg) that binds to the receptor neuro-
pilin-1 (Nrp1) on the surface of cells. Many reports have 
described anti-tumor activity of tuftsin to relate with non-
specific activation of the host immune system. Lidamy-
cin (LDM) that displays extremely potent cytotoxicity to 
cancer cells is composed of an apoprotein (LDP) and an 
enediyne chromophore (AE). In addition, Ec is an EGFR-
targeting oligopeptide. In the present study, LDP was used 
as protein scaffold and the specific carrier for the highly 
potent AE. Genetically engineered fusion proteins LDP-
TF and Ec-LDP-TF were prepared; then, the enediyne-
energized fusion protein Ec-LDM-TF was generated by 
integration of AE into Ec-LDP-TF. The tuftsin-based fusion 
proteins LDP-TF and Ec-LDP-TF significantly enhanced 
the phagocytotic activity of macrophages as compared with 
LDP (P < 0.05). Ec-LDP-TF effectively bound to tumor 
cells and macrophages; furthermore, it markedly sup-
pressed the growth of human epidermoid carcinoma A431 
xenograft in athymic mice by 84.2 % (P < 0.05) with up-
regulated expression of TNF-α and IFN-γ. Ec-LDM-TF 
further augmented the therapeutic efficacy, inhibiting the 
growth of A431 xenograft by 90.9 % (P < 0.05); notably, 
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LDM-TF  The enediyne-energized fusion protein 
composed of LDP, TF and AE

LDP  Lidamycin apoprotein (110 amino acids)
LDP-TF  The fusion protein composed of LDP and 

TF
Nrp1  Receptor neuropilin-1
TF  Tuftsin (4 amino acids)
TGF-β  Transforming growth factor beta
TGI  Tumor growth inhibition
TNF  Tumor necrosis factor

Introduction

Tuftsin is a natural immunomodulating tetrapeptide that 
is formed by enzymatic cleavage of the Fc portion of the 
immunoglobulin (IgG) molecule (residues 289–292) [1, 2]. 
This peptide binds specifically to the receptor neuropilin-1 
(Nrp1) of macrophages/microglia, and the binding equilib-
rium dissociation constant was found to be 5.3 × 10−8 M 
[3]. Several studies have indicated that tuftsin stimulated 
phagocytosis in macrophages and enhanced immunomod-
ulatory activity in the host [4, 5]. Many reports have also 
described the antitumor activity of tuftsin in animal mod-
els [6]. Tuftsin-bearing liposomized etoposide was found 
to be more effective than free etoposide in treatment of 
fibrosarcoma in mice [5]. Tuftsin-based scFv (anti-CA125 
antibody) may provide protective immunity against ovarian 
cancer in vivo [7]. It is evident that the antitumor activity 
of tuftsin may be related to phagocytosis. Recently, CD47 
has caused much attention for its role in the suppression 
of phagocytosis. Because the growth of tumor requires 
avoidance of being phagocytosed by the macrophages, the 
expression of CD47 in cell surface is a common mecha-
nism by which cells protect themselves from phagocytosis 
[8]; hence, it is needed to understand the effect of tuftsin or 
its analogs on CD47 modulation. Some reports showed that 
tuftsin involves in Nrp1 and the canonical TGF-β signal-
ing pathways [9]. However, there are no any reports yet on 
tuftsin in association with CD47 signaling pathway. There-
fore, it is of interest to investigate the antitumor activity of 
tuftsin and tuftsin-derived agents relating to the possible 
involvement of CD47 modulation.

Lidamycin (LDM), an antitumor antibiotic displays 
extremely potent cytotoxicity to cultured cancer cells in 
vitro and high efficacy against various experimental tumors 
in vivo, contains an active enediyne (AE) responsible for the 
highly potent cytotoxicity and a non-covalently bound apo-
protein LDP [10]. Notably, LDP and AE can be dissociated 
and reconstituted in vitro [11]. Our previous studies with tis-
sue microarray have shown that LDP could bind to various 
human tumors with significant difference from the corre-
sponding normal tissues [12]. The AE of LDM may induce 

major changes in the cell, including proliferation inhibition, 
apoptosis, and DNA double-strand breaks (DSB) [13].

The overexpression of epidermal growth factor receptor 
(EGFR) has been observed in many human tumors and the 
receptor evaluated as important target for the development of 
new targeted therapeutics [14, 15]. In this study, we gener-
ated tuftsin-based fusion proteins, LDP-TF and Ec-LDP-TF, 
and their corresponding AE integrated analogs, LDM-TF 
and Ec-LDM-TF, to enhance antitumor efficacy associated 
with immunomodulation. The genetically engineered LDP-
TF fusion protein comprises tuftsin and LDP; in addition, 
Ec-LDP-TF is composed of an oligopeptide Ec and LDP-
TF. As reported, the oligopeptide Ec can be used as EGFR-
targeting molecule [16]. Our results suggest that Ec-LDP-TF 
and Ec-LDM-TF may be potential agents for anticancer ther-
apy. Moreover, the induced reduction of CD47 expression 
in tumor cells might provide a basis for understanding the 
mechanism of action of tuftsin-based agents.

Materials and methods

Cell culture

Human epidermoid carcinoma A431 cells were routinely 
grown in DMEM (GIBCO) supplemented with 10 % fetal 
bovine serum (GIBCO). Macrophages J774A.1, breast can-
cer MCF-7 and lung carcinoma A549 cells were routinely 
grown in RPMI-1640 (GIBCO) supplemented with 10 % 
fetal bovine serum (GIBCO), penicillin (100 IU/ml) and 
streptomycin (100 μg/ml).

Construction of expression vector pET-Ec-ldp-TF

As shown in Fig. 1a, the full gene of the fusion protein Ec-
LDP-TF (from 5′ to 3′) consisted of pelB signal peptide (22 
amino acids; [16]), C-loop of EGF (the 22 amino acids of 
EGF COOH terminal; [17]), apoprotein LDP (110 amino 
acids; [17]) and tuftsin (4 amino acids; [2]). Two (GGGGS)2 
linkers were inserted into the space separately between 
the coding sequences of EGF C-loop and LDP, and that of 
LDP and tuftsin, respectively. After PCR and DNA clon-
ing process, the resultant 549-bp fragment was digested by 
NdeI/XhoI and was inserted into pET30a expression vector 
to generate plasmid pET-Ec-ldp-TF. Coding sequence for 
the fusion protein LDP-TF was created by the same way.

Expression and purification of the fusion proteins

Expression plasmids pET-Ec-ldp-TF, pET-ldp-TF, and pET-
ldp were transformed into Escherichia coli strain BL21 
(DE3) star (Novagen). After overnight culture, bacteria 
were grown at 37 °C until the OD600 reaches 0.8–1.0. 
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Gene expression was induced with the addition of IPTG 
at 0.1-mmol/L concentration at 37 °C for 12 h. The fusion 
proteins through a C-terminal 6 × His-tag were purified 
by affinity chromatography (HisTrap HP, GE Healthcare) 
according to the manufacturer’s instruction and the purity 
of fusion proteins was analyzed by high-performance liq-
uid chromatography (HPLC) on a S3000 column (Tosoh).

Preparation of enediyne-energized fusion proteins

The fusion proteins (Ec-LDP-TF and LDP-TF) were 
packed with the enediyne AE as described [18, 19]. Then 
free AE was removed by using a Sephadex G-75 column 
(GE Healthcare) and the assembled energized fusion pro-
teins (Ec-LDP-TF-AE and LDP-TF-AE) were confirmed 
by reverse-phase HPLC using a Vydac C4 300A column 
(Grace). Absorbance at 350 nm was measured.

Binding specificity with cancer cells

The binding specificity of the tuftsin-based fusion protein 
Ec-LDP-TF to A431 cells was evaluated with fluorescence 

microscope. This assay was performed as previously 
reported [19].

To quantitatively compare the binding affinity of each 
fusion protein to target cells, we used a fluorescence-acti-
vated cell sorting (FACS)-based saturation binding assay 
[19].The data were analyzed with the Prism 5.0 software 
(GraphPad Software).

In vivo fluorescence imaging

A431 cells were inoculated to the right armpit of nude 
mice. After 14 days, Dylight 680 antibody-labeled Ec-
LDP-TF (20 mg/kg) was intravenously injected into the 
xenograft-bearing mice (n = 3). Then the mice were anes-
thetized by inhalation of isoflurane and the images were 
observed with the Xenogen Ivis 200 system and recorded 
by built-in camera (Caliper Life Sciences).

In vitro phagocytosis assay

For in vitro phagocytosis assay, macrophages were plated 
at 5 × 104 per well in a 24-well plate. Bovine serum 

Fig. 1  Purification and characterization of the Ec-LDP-TF or its 
enediyne-energized analogue Ec-LDM-TF. a Diagram of NdeI/XhoI 
gene fragments encoded for the fusion proteins Ec-LDP-TF, LDP-TF, 
and LDP (top). Bottom, the amino acid sequence of Ec-LDP-TF. b 
SDS-PAGE (left) and Western blot (right) analysis of fusion proteins. 

Lane 1 molecular weight marker; Lane 2 LDP protein; Lane 3 LDP-
TF protein; Lane 4 Ec-LDP-TF protein. (c) and (d) The purity of 
LDP-TF and Ec-LDP-TF were analyzed by HPLC on S3000 column, 
respectively
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albumin was labeled with FITC. Macrophages were incu-
bated in serum-free medium for 2 h before adding 1 μM 
FITC-labeled BSA. The indicated Ec-LDP-TF, LDP-TF or 
LDP protein (10 μM) was added and incubated for 2 h at 
37 °C. Macrophages were repeatedly washed and subse-
quently imaged with an inverted microscope.

To quantitatively compare the effect on the phagocytosis 
affinity of macrophages by various fusion proteins, FITC-
labeled BSA fluorescence was then determined by flow 
cytometry.

Cytotoxicity assay by cell counting kit-8

Cells were plated in 96-well plates at 2 × 103 cells/well. 
After 24 h, the cells were then serum-starved for 8 h and 
further incubated with various concentrations of Ec-LDP-
TF, LDP-TF, LDP, or PBS for 24 h at 37 °C, respectively. 
After adding 10 μL CCK-8 solution (Dojindo, Kumamoto, 
Japan) to 100 μl of culture media, optical density was 
measured at 450 nm.

RT-RCR analysis

Total mRNA was extracted from the cells by TRIzol 
reagent (Invitrogen) with an extra step of acid phenol 
extraction. RT-PCR was carried out using AMV Reverse 
transcriptase (promega) as described previously [20]. Oli-
gonucleotide primers used were as follows: CD47 P1, 
5′-CGG CGG GCG CGG AGA TGT-3′; CD47 P2, 5′-
TCA CCT GGG ACG AAA AG AAT GG-3′; β-actin P1, 
5′-CCC AGG CAC CAG GGC GTG ATG GT-3′; β-actin 
P2, 5′-GGA CTC CAT GCC CAG GAA GGA A-3′. β-actin 
mRNA was analyzed as internal control. A measure of 
1 μg of total RNA was reverse-transcribed to synthesize 
cDNA at 37 °C for 2 h, and then the cDNA was subjected 
to PCR amplification with specific primers in 25 μl mix-
tures. PCR comprised 25 cycles with denaturing at 94°C 
for 15 s, annealing at 55°C for 30 s, and extension at 72°C 
for 40 s in each cycle using an MJ PCR system (Bio-Rad). 
The PCR products were then subjected to 2 % agarose gel 
electrophoresis.

Western blot analysis

After incubation with Ec-LDP-TF or Ec–LDM–TF for 
24 h, the whole cell lysates were prepared and analyzed 
by Western blot. The polyvinylidene fluoride membrane 
samples containing cell proteins were probed with anti-
CD47 antibody (Epitomics, Abcam Company, USA), 
then with anti-rabbit IgG HRP-linked antibody (Cell 
Signaling Technology), and finally visualized with 
Immobiolon Western Chemiluminescent HRP Substrate 
(Millipore).

ELISA

Blood samples were collected from the orbital blood capil-
lary of mice 24 h after the second treatment. TNF-α and 
IFN-γ production following stimulation was measured 
using BioLegend’s ELISA Max™ Sets, according to the 
manufacturer’s instructions (BioLegend, San Diego, CA).

MTT assay

Cancer cells were detached by trypsinization and seeded at 
4,000 cells/well in a 96-well plate (Costar) overnight. Then 
different concentrations of LDM, Ec-LDM-TF and LDM-
TF were separately added and incubated for an additional 
48 h. The effects on cell growth were examined by MTT 
assay, which was described previously [18].

Animal experiments

Antitumor experiment was carried out using A431 xeno-
graft model. Female athymic mice (BALB/c, nu/nu) were 
purchased from the Institute for Experimental Animals, 
Chinese Academy of Medical Sciences and Peking Union 
Medical College. The study protocols were in accordance 
with the regulations of Good Laboratory Practice for Non-
clinical Laboratory Studies of Drugs issued by the National 
Scientific and Technologic Committee of People’s Repub-
lic of China. The treatment and use of animals during the 
study were approved by the Animal Ethics Committee of 
the Institute of Medicinal Biotechnology, Chinese Acad-
emy of Medical Sciences & Peking Union Medical College 
(permission number:c1-2012-1220). Epidermoid carcinoma 
A431 cells were suspended in sterile saline (1 × 107 cells/
mL) and 200 μL of the suspension were inoculated s.c. in 
the right armpit of nude mouse. After 3 weeks tumors in 
donor animals were aseptically dissected and mechanically 
minced. The tumor pieces tissue blocks (2 mm3 in size) 
were transplanted (subcutaneously) by a trocar needle into 
nude mice. When the tumor size reached approximately 
100 mm3, mice were divided into groups (n = 6) and 
treated with different doses of fusion proteins or energized 
fusion proteins in a 200 μL volume of sterile saline by 
injected i.v. into the tail vein, in total of two injections with 
a weekly interval. One group of mice was administered i.v. 
with saline as control. Tumor volumes were measured as 
described previously [18, 19].

Statistical analysis

Statistical differences between experimental groups were 
determined by the unpaired t test using Prism software 
(GraphPad, La Jolla, CA). Bar graphs indicate means; error 
bars represent SD.
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Results

Effect of tuftsin on epidermoid carcinoma A431 cells

As shown in Supplementary Fig. 1A, no obvious cytotox-
icity was observed in A431, A549 or MCF-7 cells even at 
a concentration of 1,000 μmol/L of tuftsin. Additionally, 
tuftsin did not display obvious anti-tumor effects on A431 
xenografts in vivo (Supplementary Fig. 1B). By treatment 
with high-dose tuftsin resulted in transient weight loss in 
treated animals (data not shown).

Construction and preparation of fusion proteins

Tuftsin-based fusion proteins were generated by genetic 
engineering. For LDP-TF, the C-terminal of LDP was 
tethered to the N-terminal of the tetrapeptide tuftsin with 
a linker peptide. In the case of Ec-LDP-TF, the apopro-
tein LDP was separately at the C-terminal and N-terminal 
tethered to tuftsin and the oligopeptide Ec that consists of 
a C-loop of EGF (Fig. 1a). As shown in Fig. 1b, the purity 
of fusion proteins was analyzed by SDS-PAGE and West-
ern blot. The molecular mass of LDP-TF and Ec-LDP-
TF are approximately 12.9 and 15.1 kD, respectively, as 
determined by MALDI. The purity of LDP-TF isolated by 
molecular sieve approached 98 % as assessed by HPLC 
(Fig. 1c); and Ec-LDP-TF approached 91 % (Fig. 1d).

Binding affinity of fusion proteins

FaCS analysis revealed that Ec-LDP-TF obviously bound to 
the EGFR-overexpressed A431 cells; by contrast, LDP barely 
bound to A431 cells (Fig. 2b, Supplementary Table 1). As to 
the tuftsin receptor-integrated mouse macrophages, Ec-LDP-
TF and LDP-TF both bound to J774A.1 cells efficiently; 
however, LDP showed no binding to J774A.1 cells (Fig. 2b, 
Supplementary Table 1). The binding specificity of Ec-LDP-
TF with the cancer cells was also characterized by immuno-
fluorescence. The results showed that Ec-LDP-TF protein 
bound specifically to the membrane of EGFR-overexpressed 
A431 cells (Fig. 2c). An optical in vivo imaging system was 
used to evaluate the tissue distribution and tumor targeting 
capability of Ec-LDP-TF. The images of Dylight 680 anti-
body-labeled Ec-LDP-TF showed fast tumor localization and 
accumulation in the A431 xenografts (Fig. 2d), which yielded 
images with good contrast as early as 2 h after injection.

Tuftsin-based fusion proteins promoting phagocytosis 
of the macrophages and inhibiting tumor cell proliferation

The fluorescence microscopy images in Fig. 3a shows that 
phagocytosis of BSA by mouse macrophages was promoted 
following Ec-LDP-TF treatment. FACS analysis suggested 

that mouse macrophages treated with tuftsin-based fusion 
proteins obviously enabled phagocytosis as compared with 
those treated with LDP and the control (Fig. 3b). As shown, 
the fusion proteins inhibited the growth of A431and MCF-7 
cells in a dose-dependent manner. Ec-LDP-TF and LDP-TF 
displayed more marked cell growth inhibition than LDP did 
as compared at 100 μM concentration (Fig. 3c).

Tuftsin-based fusion proteins displaying therapeutic effect 
against A431 xenograft in nude mice

In comparison, Ec-LDP-TF was more effective than LDP-
TF or LDP in the treatment of epidermoid carcinoma A431 
xenograft. The treatment started when the tumors attained 
the size of approximately 100 mm3. Mice were treated 
with the proteins by intravenous route, once a week, a 
total of two injections. At doses of 1 μmol/kg, LDP-TF 
(12.9 mg/kg) and Ec-LDP-TF (15.1 mg/kg) were effective 
in suppressing tumor growth (P < 0.01) (Fig. 4a). LDP-
TF delayed tumor growth and the efficacy was superior 
to that of LDP (P < 0.05). Ec-LDP-TF showed even bet-
ter therapeutic effect (P < 0.01). Notably, treatment with 
Ec-LDP-TF markedly reduced tumor growth down to 
69.8 ± 30.2 mm3 from the original 100 mm3 with in eight 
days after the initiation of therapy. As evaluated on day 30 
(Supplementary Table 2), Ec-LDP-TF treatment showed 
an inhibition rate of 84.2 %. The therapeutic effects on the 
tumors were further confirmed by histopathological exami-
nation. Tumor cells were found to arrange in loose pattern 
and disappearance of mitosis (Supplementary Fig. 2).

As reported, TNF-α and IFN-γ were used as a parame-
ter to study the antitumor effect of the tuftsin [4, 21]. In the 
present study, the level of TNF-α decreased in A431-bearing 
animals compared with untreated healthy ones (Fig. 4b). Ele-
vated expression level of TNF-α was recorded in the animals 
treated with tuftsin-based fusion proteins. Compared with 
those treated with PBS, the expression levels of TNF-α in 
tumor-bearing mice treated with Ec-LDP-TF, LDP-TF and 
LDP increased by 250-fold, 7-fold and 5-fold, respectively 
(Fig. 4b). As shown, the levels of IFN-γ increased more sig-
nificantly in mice treated with Ec-LDP-TF than those treated 
with LDP (P < 0.05) (Fig. 4c). These results indicated that 
tuftsin-based fusion proteins could influence the cytokine 
levels that might modulate the immune responses and be 
potentially useful for cancer immunotherapy.

Enediyne-energized, tuftsin-based fusion proteins 
displaying highly potent cytotoxicity to cancer cells

The enediyne-energized fusion proteins Ec-LDM-TF 
and LDM-TF were prepared by integrating AE mol-
ecule of LDM into Ec-LDP-TF and LDP-TF, respectively. 
Using CCK-8 assay, the fusion proteins showed moderate 
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antitumor effects in vitro with IC50 values varied from levels 
of 10−2–10−4 M. The tuftsin-based fusion proteins LDP-TF 
and Ec-LDP-TF displayed moderate cell growth inhibition 
(Supplementary Fig. 4). For A431 and MCF-7 cells, the IC50 
values of LDP-TF were 1.72 × 10−4 and 2.3 × 10−4 M; and 
those of Ec-LDP-TF were 1.0 × 10−4 and 2.2 × 10−4 M, 
respectively. Notably, as determined by MTT assay, the 
enediyne-energized fusion proteins LDM-TF and Ec-LDM-
TF displayed highly potent cytotoxicity to cancer cells. For 
A431 and MCF-7 cells, the IC50 values of LDM-TF were 
6.93 × 10−11 and 2.6 × 10−10 M; and the IC50 values of 

Ec-LDM-TF were 2.94 × 10−12 and 9.14 × 10−11 M, 
respectively (P < 0.01). Evidently, the EGFR-overexpressed 
A431 cells were more sensitive to Ec-LDM-TF than the 
low-expressing MCF-7 cells (Supplementary Fig. 3).

Enediyne-energized analogs exerting higher antitumor 
efficacy in vivo.

Therapeutic experiments were performed with epider-
moid carcinoma A431 xenograft in nude mice. As shown in 
Fig. 5a, the enediyne-energized fusion proteins LDM-TF and 

Fig. 2  Binding affinity of Ec-LDP-TF protein in vitro and the opti-
cal imaging in vivo. a Expression of EGFR on different carcinoma 
cell lines analyzed by Western blotting. b Binding affinities of three 
fusion proteins with A431 and J774A.1 cells. Following FACS, the 
mean fluorescence intensity was plotted versus fusion protein concen-
tration. c Immunorescence assay on binding affinity of Ec-LDP-TF 
using A431 cells. Red fluorescence located around the cells staining 

with anti-His-tag antibody (TRITC –conjugated antibody) as well 
as 4′,6-diamidino-2-phenylindole (DAPI). d Optical imaging in liv-
ing nude mice bearing A431 xenografts treated with Dylight 680 
antibody-labeled Ec-LDP-TF. The images collected at different times 
after i.v. injection of Dylight 680 antibody-labeled Ec-LDP-TF. Red 
circles the tumor areas
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Ec-LDM-TF exerted higher antitumor efficacy as compared 
with respective non-enediyne analogs LDP-TF and Ec-LDP-
TF. In comparison, LDM-TF and Ec-LDM-TF as well as 
LDP-TF and Ec-LDP-TF suppressed A431 tumor growth by 
79.2, 90.9, 61.2, and 80.8 %, respectively. Free LDM at tol-
erated dosage of 0.05 mg/kg resulted in a 65.0 % inhibition. 
Figure 5b shows that body weight loss in the animals treated 
with different doses did not exceed 10 % of the pre-treatment 
body weight. Thus, the dosages of Ec-LDM-TF and LDM-
TF were tolerated. Ec-LDM-TF significantly enhanced the 
probability of survival of the mice compared with the control 
group (Fig. 5c). In comparison, the best therapeutic effect 

was recorded in the group of animals treated with Ec-LDM-
TF (P < 0.05; compared with control). Notably, in thera-
peutic experiments with A431 xenograft in nude mice, the 
combination of Ec-LDP-TF (10 mg/kg) with Ec-LDM-TF 
(0.5 mg/kg), exerted high antitumor efficacy (P < 0.05; com-
pared with Ec-LDM-TF treatment) (Fig 5d).

Enediyne-energized tuftsin-based fusion proteins 
down-regulating CD47 expression in A431 cells

CD47, known as a “don’t eat me” signal for phagocytic 
cells, is expressed on the surface of all human solid 

Fig. 3  Cytotoxicity of 
tuftsin-fusion proteins against 
tumor cells. a Representative 
images of mouse macrophages 
phagocytosing FITC-labled 
BSA following treatment with 
fusion proteins. Arrows point to 
phagocytosed BSA. b Bar graph 
shows the mean fluorescence 
intensity of FITC-labeled BSA 
after being primed by BSA, 
Ec-LDP-TF, LDP-TF, or LDP 
for the 2-h time point. Fold 
change is expressed as a ratio 
of mean fluorescence intensity 
level of the different fusion 
proteins relative to the mean 
fluorescence intensity level of 
the BSA protein. *P < 0.05. c 
The growth inhibition ratio of 
A431 and MCF-7 cells were 
indicated by the absorbance of 
experimental groups compared 
with that of control group. Data 
represent mean ± SD of three 
repeats. Compared LDP treated 
group, *P < 0.05
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tumor cells. In comparison with adjacent normal (non-
tumor) tissue, CD47 is overexpressed on cancer cells 
[21]. Previous studies imply that CD47 overexpres-
sion might lead tumor cells more resistant to phagocy-
tosis. Therefore, it is important to determine whether 
tuftsin-based proteins could modulate CD47 expression 
on tumor cells, rendering the cell more susceptible to 
phagocytosis. In the present study, the expression lev-
els of CD47 on different carcinoma cell lines were ana-
lyzed by Western blot. Among the tested cell lines, epi-
dermoid carcinoma A431 cells showed the highest level 
of CD47 expression (Supplementary Fig. 5a). Notably, 
the level of CD47 protein was markedly reduced in A431 
cells treated with Ec-LDM-TF (P < 0.01, Fig. 6b, c). 
Moreover, the levels of CD47 protein were significantly 
reduced in A431 cells, which were treated with the com-
bination of Ec-LDP-TF with Ec-LDM-TF (Fig. 6d, e). It 
is evident that Ec-LDM-TF can down-regulate the level 
of CD47 expression.

Discussion

Because of its extremely potent cytotoxicity to cancer cells, 
LDM has been considered an effector molecule (“war-
head” agent) for the construction of antibody-based, mol-
ecule-targeted drugs [17]. In previous studies, a series of 
antibody-based fusion proteins with enhanced antitumor 
efficacy have been prepared and evaluated, such as EGFR/
HER2-specific fusion protein Ec-LDP-Hr-AE [19], anti-
gelatinase diabody format dFv-LDP-AE [18], anti-EGFR 
fusion protein Fv-LDP-AE [22], and the endostatin-based 
fusion protein Es-LDP-AE [23]. It is of interest to construct 
novel fusion proteins using LDP as scaffold and compris-
ing active “effector” agents. As well known, tuftsin, a 
tetrapeptide, promotes phagocytic activity of those cells of 
monocytic origin, such as macrophages and microglia, and 
also exerts other stimulatory effects, including enhanced 
cell migration/chemotaxis and antigen presentation. Tuft-
sin can affect T-cell function as well [24, 25]. However, 

Fig. 4  In vivo efficacy of 
tuftsin-based fusion proteins. 
a Antitumor effects of Ec-
LDP-TF alone on epidermoid 
carcinoma A431 xenograft. 
Triangles, the day of injection 
(day 8 and 14). Production of 
cytokine in blood serum treated 
with fusion proteins. Blood 
samples were taken 24 h after 
the injection of second dose of 
drugs. Results are presented 
in histograms IFN-γ (b) and 
TNF-α (c) per milliliter ± SD. 
Asterisks (*) indicate significant 
difference (P < 0.05) between 
untreated tumor group and 
drugs treated groups. Control is 
normal animal
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the degradation of this tetrapeptide in serum, especially 
caused by leucine aminopeptidase, greatly limits its clinical 
use [26]. Therefore, it is crucial to develop target-oriented, 
highly active and metabolically stable analogs of tuftsin.

During the past decade, biodegradable polymers or oli-
gopeptides that recognize particular cell-surface receptors 
have been shown to increase drug specificity with lowering 
systemic drug toxicity [19]. Thus, for construction of tuft-
sin-based fusion protein, we used a ligand-based oligopep-
tide (Ec) for the receptor EGFR binding, an apoprotein LDP 
as protein scaffold and specific carrier for assembled with 
the AE, and the tetrapeptide tuftsin for immunostimulating 
effects. This genetically engineered EGFR-targeting fusion 

protein Ec-LDP-TF not only efficiently bound to carci-
noma A431 cells, but also mouse macrophage J774A.1 cells 
(Fig. 2). Evidently, Ec-LDP-TF showed higher antitumor 
efficacy than that of LDP-TF in epidermoid carcinoma A431 
model; the inhibition rates by LDP-TF and Ec-LDP-TF 
at equimolar/kg dosage level on A431 tumor growth were 
76.3 and 84.2 %, respectively (Supplementary Table 2). By 
checking several factors that may activate macrophages, 
TNF-α and IFN-γ expression levels have shown remarkable 
up-regulation (Fig. 4). As reported, TNF-α is able to induce 
apoptotic cell death, inflammation and to inhibit tumo-
rigenesis [27]; and IFN-γ is a cytokine being critical for 
innate and adaptive immunity against viral and intracellular 

Fig. 5  In vivo efficacy of tuftsin-based fusion proteins and corre-
sponding enediyne-energized fusion proteins. a Mean tumor volumes 
and b Mean body weights of mice in each group are shown. Triangles 
the days were injected by day 7 and day 15. Compared with LDM 
group, *P < 0.05. c The Kaplan–Meyer survival curve (end-points 
defined as tumor load of 400 mm3) demonstrated that compared with 

other groups, probability of survival (i.e., probability of maintaining a 
tumor volume <400 mm3) of mice treated with Ec-LDM-TF (0.5 mg/
kg) was significantly improved (P < 0.05). d, Antitumor effects of Ec-
LDP-TF (10 mg/kg) combined with Ec-LDM-TF (0.5 mg/kg) on the 
growth of epidermoid carcinoma A431 xenograft in nude mice. Trian-
gles the day of injection (day 8 and 14). *P < 0.05
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bacterial infections and for tumor control [28]. In particular 
IFN-γ is an important activator of macrophages. In addi-
tion, Supplementary Table 2 showed that weight loss result-
ing from the Ec-LDP-TF treatment at the termination of the 
experiment at different doses did not exceed 10 % of the 
pre-treatment weight. Thus, we suggested the anticancer 
potential of Ec-LDP-TF against human epidermoid carci-
noma xenograft on the basis that Ec-LDP-TF displays cyto-
toxic property and immunomodulatory property. Ec-LDP-
TF more effectively bound to tumor cells compared with 
LDP-TF; furthermore, it markedly suppressed the growth of 

human epidermoid carcinoma A431 xenograft with up-reg-
ulated expression of TNF-α and IFN-γ. Thus, we propose 
that the Ec oligopeptide of Ec-LDP-TF might be relevant 
to the higher efficacy that Ec-LDP-TF suppresses tumor 
growth. Our results confirm that Ec-LDP-TF is a promising 
therapeutic agent for various forms of cancers. Moreover, 
the enediyne-energized LDM-TF and Ec-LDM-TF could 
further improve the antitumor efficiency as compared with 
the corresponding non-energized fusion proteins and the 
dosage used was about 20-fold less. Treatment with com-
bination therapy resulted in the better therapeutic effect 

Fig. 6  CD47 modulation by tuftsin-based fusion proteins and cor-
responding enediyne-energized fusion proteins. a A431 cells treated 
with tested samples (100 μg), including LDP, LDP-TF, and Ec-LDP-
TF, respectively. b A431 cells treated with 1 nM LDM, LDM-TF, 
and Ec-LDM-TF by RT-PCR (upper panel) and Western blot (lower 

panel). c Mean ± SEM density of Western blot. The experiments 
repeated at least three times. *P < 0.05, **P < 0.01. d, 1 nM LDM, 
LDM-TF, Ec-LDM-TF, and Ec-LDM-TF (1 nM) + Ec-LDP-TF 
(5 μM), respectively. e Mean ± SEM. *P < 0.05, **P < 0.01
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compared with Ec-LDM-TF (Fig. 5d). However, treatment 
with combination therapy resulted in transient body weight 
loss in treated animals. Thus, the dosages of combination 
therapy were might be not well tolerated.

It is interesting to determine whether the expression 
level of CD47 in cancer cells is affected by the tuftsin-
based fusion proteins. Notably, as the results shown, the 
survival rate of CD47-overexpressed A431 cells was 
lower than that of CD47-low expressed MCF-7 cells when 
treated with tuftsin-based proteins. The results of West-
ern blot revealed that the CD47 in A431 cells was mark-
edly down-regulated by enediyne-energized fusion protein 
Ec-LDM-TF (Fig. 6b and Supplementary Fig. 5b). Coinci-
dently, the therapeutic experiment in A431 xenograft model 
showed that Ec-LDM-TF exerted high efficacy against 
tumor growth. The results of Western blot revealed that 
the CD47 in A431 cells was markedly down-regulated by 
the fusion proteins in combination therapy (Fig. 6d). Coin-
cidently, treatment with combination therapy resulted in 
the better therapeutic effect compared with Ec-LDM-TF 
(Fig. 5d). These results suggest that the antitumor efficacy 
of tuftsin-based fusion proteins against the epidermoid 
carcinoma A431 might relate to, at least in part, the down-
regulation of CD47. As reported, a series of human solid 
tumors require CD47 expression to avoid phagocytosis by 
innate immune surveillance and elimination [21]. Thus, 
we propose that CD47 might be relevant in the mechanism 
of action that tuftsin-based fusion proteins suppress tumor 
progression.

In summary, we have generated a novel engineered 
fusion protein Ec-LDP-TF that comprises oligopeptide Ec, 
apoprotein LDP, and the tetrapeptide tuftsin; in which, Ec is 
an EGFR-targeting peptide. LDP serves as protein scaffold 
and specific carrier for the highly potent cytotoxic enediyne 
AE. By molecular reconstitution, AE can be integrated into 
Ec-LDP-TF to prepare the enediyne-energized fusion pro-
tein Ec-LDM-TF. Notably, the tuftsin-based fusion protein 
Ec-LDP-TF markedly inhibited the growth of human epi-
dermoid cancer A431xenograft; furthermore, the enediyne-
energized fusion protein Ec-LDM-TF showed even higher 
therapeutic efficacy. The mechanism of action may relate 
to, at least in part, the down-regulation of CD47 in cancer 
cells. Study results indicate that tuftsin-based fusion pro-
teins are potentially useful for treatment of EGFR- and 
CD47-overexpressing cancers.
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