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ARTICLE INFO ABSTRACT
Keywords: Circulating tumor cells (CTCs) are a major cause of tumor metastasis and resistance to anticancer therapies. To
T}lftsm ) date, no effective low-toxicity chemotherapeutic agents or antibodies have exhibited significant clinical activity
Lidamyein against CTCs. Macrophages are important mediators of antitumor immunity. Tuftsin (TF), a tetrapeptide located
(F;]l)s;;n protein at residues 289-292 of the CH2 domain of the Fc region of the IgG heavy chain, binds to Nrp-1, a receptor on the
Girculating tumor cells surface of macrophages that promotes phagocytosis and induces nonspecific activation of the immune system
Macrophage against tumors. Lidamycin (LDM) is an antitumor chemotherapy agent that is strongly cytotoxic to tumors and

can dissociate into an apoprotein (LDP) and active enediyne (AE) in vitro. We previously constructed the fusion
protein LDP-TF through genetic engineering and inserted the chromophore AE to produce LDM-TF, which can
target macrophages to promote their phagocytic and cytotoxic activity against tumor cells. Preliminary exper-
iments confirmed the anti-tumor activity of LDM-TFs. In this study, we found that LDM-TF effectively inhibited
the growth of CTCs of gastric cancer origin and enhanced macrophage phagocytosis both in vivo and in vitro.
Tumor cell expression of CD47, which helps to evade phagocytosis by macrophages, was substantially down-
regulated by LDM-TF. Notably, our in vitro experiments demonstrated that the combination of LDM-TF and anti-
CD47 antibodies promoted phagocytosis more than either component alone. Our findings demonstrate the sig-
nificant inhibitory effect of LDM-TF on the growth of CTCs of gastric cancer origin and suggest that the com-
bination of LDM-TF and anti-CD47 antibodies may exhibit synergistic effects, thereby providing a new option for
the clinical treatment of patients with advanced tumors that have metastasized.

however, it can prolong patient survival [3]. Compared to etoposide
alone, the combination of etoposide and TF was more effective in the
treatment of fibrosarcoma. Although the TF-containing polypeptide
([TKPR]4-K2-G-OH) does not show potent cytotoxicity against tumor
cells in vitro, it can promote the proliferation of macrophages, induce
their differentiation to M1 macrophages, and promote the production of
anti-tumor cytokines tumor necrosis factor-o (TNF-a) and NO by mac-
rophages. These anti-tumor effects have been validated via animal ex-
periments [4-6]. However, the anti-tumor effects of TF-associated
antibodies and drugs on circulating tumor cells (CTCs) have yet to be
reported.

1. Introduction

Tuftsin (TF) is a naturally occurring human tetrapeptide (Thr-Lys-
Pro-Arg) that promotes macrophage phagocytosis. TF binds to
neuropilin-1 (Nrpl), a specific receptor on the membranes of immune
cells, such as macrophages and monocytes, to promote phagocytosis and
exert antibacterial and antitumor effects [1]. The immunomodulatory
effects exerted following binding occur through the TGF-f signaling
pathway [2]. TF does not exert direct cytotoxic effects on tumor cells
and has no significant inhibitory effect on the growth of solid tumors;
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Abbreviations

AE Active enediyne from lidamycin

TF Tuftsin

BSA Bovine serum albumin

CTCs Circulating tumor cells

ELISA  Enzyme-linked immunosorbent assay
FACS Fluorescence-activated cell sorting
FITC Fluorescein isothiocyanate

HPLC High-performance liquid chromatography
IFN Interferon

TNF Tumor necrosis factor

IL-2 Interleukin-2

IL-12 Interleukin-12

IgG Immunoglobulin

LDM Lidamycin

LDM-TF The enediyne-energized fusion protein composed of
LDP, TF, and AE

LDP Lidamycin apoprotein

LDP-TF  The fusion protein composed of LDP and TF

EMT FOL-FOX Calcium folinate-fluorouracil-oxaliplatin

SOX Tegafur-oxaliplatin

Macrophages are among the most abundant immune cells in the
human body. They differentiate into different cell types in various tis-
sues and organs with high specificity; however, they generally have
similar functions, including phagocytosis, cytotoxic activity, antigen
presentation (T-cell activation), and immunomodulation [7]. Macro-
phages also play an important role in antitumor immune response,
which is driven by the binding of Fc receptors to antibodies [8].
Phagocytosis of tumor cells by macrophages is controlled by a balance of
pro- and anti-phagocytic inputs, known respectively as “eat me” and
“don’t eat me” signals [9]. CD47 is overexpressed on tumor cells and
inhibits macrophage activity by interacting with its receptor, SIRPa
[10]. CD47 antagonists have shown promising clinical activity in early
human trials [11,12]. In particular, a combination of rituximab, a
CD20-targeted monoclonal antibody, and anti-CD47 is effective in pa-
tients with rituximab-resistant lymphoma [12,13]. It is unclear which
anticancer drugs can effectively block CD47.

In the present study, we investigated the efficacy of previously
developed fusion proteins, LDP-TF and LDM-TF, against CTCs of gastric
cancer origin. We demonstrated the antitumor effects of LDP-TF and
LDM-TF, as well as their ability to recruit tumor-associated macrophages
(TAMs). In addition, these responses were associated with the altered
expression of cytokines that readjusted the balance of macrophage ac-
tivity toward phagocytosis of tumor cells, including a reduction in CD47
expression. These results suggest that LDP-TF and LDM-TF have signif-
icant anti-CTC effects and that combining them with anti-CD47 anti-
bodies may result in unique synergistic effects with the potential to
improve the prognosis of patients with advanced tumor metastases
significantly.

2. Materials and methods
2.1. Cell culture

The HGC, MGC, and J774.1 cell lines were purchased from the
Chinese Academy of Medical Sciences Cancer Cell Bank (Beijing, China).
The human gastric circulating tumor cells (CTC-105 and CTC-141) used
in this study were previously established by CD44+/CD45-isolation
[14]. Macrophages J774A.1 was routinely grown in RPMI-1640
(GIBCO) supplemented with 10% fetal bovine serum (GIBCO), peni-
cillin (100 IU/ml), and streptomycin (100pg/ml). Cells were cultured in
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Dulbecco’s modified Eagle’s medium (DMEM; Invitrogen, Carlsbad, CA,
USA) supplemented with 10% fetal bovine serum (FBS; Hyclone, Beijing,
USA). All cell lines were maintained in a humidified atmosphere con-
taining 5% CO2.

2.2. In vitro phagocytosis assay

The phagocytic specificity of the LDP-TF fusion protein was analyzed
in J774A.1, using fluorescence microscopy, as previously described [2].
As previously reported, the indicated LDP-TF or LDP protein (10 pM)
was added and incubated [2]. To quantitatively compare the effect on
the phagocytosis affinity of macrophages by LDP-TF or LDP,
FITC-labeled BSA fluorescence was then determined by flow cytometry.

2.3. Live cell phagocytosis assay

Mouse macrophages (5 x 10* cells/well) were plated overnight in
24-well plates. After a single PBS wash, 141 and 105 cells were labeled
by incubation with 5 pM carboxyfluorescein succinimidyl ester (CFSE)
(Invitrogen) for 2 h. Cells were washed twice with complete media
before adding 2 x 10° target cells to each well of the 24-well plate.
Where indicated, 10 pM of LDP-TF, 10 pg/ml of anti-CD47, or the
combination of both protein and antibodies was added. Live cell imaging
was performed using a live-cell station (AxioObserver 7, Zeiss, Ober-
kochen, Germany). Phagocytosis was quantified as the area under the
curve (AUC) of the integrated green fluorescence intensity between
0 and 24 h.

2.4. Western blot analysis

Western blotting was performed as described previously [15]. After
incubation with LDP-TF or LDM-TF for 24 h, whole-cell lysates were
prepared and analyzed by western blotting. Total protein from 141 to
105 cells was separated by SDS-PAGE and transferred to a poly-
vinylidene fluoride (PVDF) membrane (Millipore, ISEQ00010). The
PVDF membrane was then incubated with antibodies against CD47
(Epitomics, Abcam Company, City, USA), ZEB1 (Epitomics, Abcam
Company, City, USA), AKT (Cell Signaling Technology, City, USA),
p-AKT (473) (Epitomics, Abcam Company, City, USA), GAPDH or
B-ACTIN overnight at 4 °C. Proteins were visualized using ECL Western
Blotting Substrate (Pierce, 32,106).

2.5. ELISA

Blood samples were collected from the orbital blood capillaries of the
mice 24 h after fusion protein treatment. The TNF-o, IFN-y, IL-10, and
IL-12 production following stimulation was measured using an ELISA
KIT (BioLegend) [2] (BioLegend, San Diego, CA).

2.6. Mouse xenograft tumor models

To evaluate the in vivo role of LDP-TF or LDM-TF, we subcutaneously
inoculated 5 x 10° CTC-141 cells into the fossa axillaries of four-to six-
week-old female nude BALB/c mice (Hufukang, Beijing, China) (n = 5
per group). Tumor growth was measured every two days after the tumor
volume reached 100 mm®. When the tumor size reached approximately
100 mm3, mice were divided into groups (n = 5) and treated with
different doses of fusion proteins or energized fusion proteins in a 200 pL
volume of sterile saline by intravenous (i.v.) injection into the tail vein.
One group of mice was administered i. v. saline as a control. Tumor
volumes were measured as described previously [16]. All procedures
involving mice were approved by the Animal Care Committee of the
Shandong Cancer Hospital and Institute.
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2.7. Cell viability assay

Cells were plated in 96-well plates at 2 x 10° cells/well for the CCK-8
assay. The cells were serum-starved for 8 h and further incubated with
various concentrations of LDP-TF, trastuzumab, or cetuximab for 24 h at
37 °C. To quantify cell growth, CCK-8 assays were performed as previ-
ously described [2].

Briefly, each cancer cell line was seeded in 96-well plates (4000
cells/well). After incubating overnight, cells were treated with LDM-TF,
LDM, oxaliplatin, or 5-FU at varying concentrations (1 x 107%,1 x 1077,
1x10781%x107%1x107%%1 x 10711, 1 x 107'2 M, respectively)
and continuously incubated for 48 h at 37 °C. To quantify cell growth,
MTT assays were performed as described [13,17]. Results were derived
from three independent experiments.

2.8. Histopathological examination

Circulating gastric cancer cells were monitored by histopathological
examination. When the tumor volume was more than 1000 mm?,
athymic mice were euthanized, and specimens were taken from the tu-
mors of the group treated with 20 mg/kg LDP-TF and the control group.
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After fixation with 10% formalin and paraffin embedding, 5 pm thick
histological sections were prepared and stained with hematoxylin and
eosin (H&E). Histopathological changes were observed using a Leica
microscope (manufacturer, City, Country).

2.9. Immunohistochemical analysis

Tumors were collected as previously described. Formalin immobi-
lizes tumor tissues. Immunohistochemical analysis of the tumor tissue
sections was performed using an F4/80 specific antibody (Cell Signaling
Technology, D2S9R) [18]. In short, tissue sections were incubated in a 5
mM citric acid buffer (F4/80), incubated at 100 °C for 25 min (F4/80) to
obtain antigenicity, and then incubated with F4/80 antibody for 1 h. The
stained sections were observed under a microscope, and the images were
systematically analyzed using Leica software.

2.10. Statistical analysis
All analyses were performed using SPSS software (version 22.0; SPSS

Inc.) or GraphPad Prism 5.0 (GraphPad Software, Inc.). The 2-tailed
unpaired Student’s t-test or paired Student’s t-test was used to
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Fig. 1. (A) Diagram of the Ndel/Xhol gene fragments encoding for the protein LDP-TF. (B) The diagram indicates the components of the LDM-TF fusion protein and
its reconstituted enediyneintegrated analog LDM-TF. (C) Representative images of mouse macrophages phagocytosing FITC-labled BSA following treatment with
fusion proteins. Arrows point to phagocytosed BSA. Cell morphology through microscope (10 x original magnification). (D) Bar graph shows the mean fluorescence
intensity of FITC-labeled BSA after being primed by BSA, LDP-TF, LDP or tuftsin 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. (E) Graphs show flow-cytometry-based
quantification of phagocytosis of CTC cell lines in the presence of LDP-TF, LDP or BSA treatment. Shown are mean =+ s.d. of three experimental replicates. (F) CTC-
141 (left) cells or CTC-105 (right) cells treated with tested samples (100 pg), including LDP, LDP-TF, LDM (1 nM), and LDM-TF (1 nM), respectively.
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perform statistical comparisons between the two groups. The level of
significance was set at p < 0.05.

3. Results

3.1. Tuftsin-based fusion proteins promote phagocytosis of macrophages
and downregulate CD47 expression in CTCs

The TF-based fusion protein, LDP-TF, was produced by genetic en-
gineering (Supplemental figure 1). LDP-TFs are formed by linking the C-
terminus of LDP to the N-terminus of a tetrapeptide (TF) via a linker
peptide (Fig. 1A). The AE moieties of LDM were integrated into LDP-TF
separately to obtain the enediyne fusion protein LDM-TF (Fig. 1B).
Fluorescence microscopy (Fig. 1C) revealed that LDP-TF treatment
promoted phagocytosis of bovine serum albumin (BSA) by mouse
macrophages. The findings of FACS analysis showed that, compared to
the LDP and control groups, the LDP-TF-treated group exhibited
significantly increased phagocytosis in macrophages (Fig. 1D).
Compared to the BSA and LDP controls, CFSE-labeled CTC-141 and CTC-
105 cells exhibited increased phagocytosis by LDP-TF-activated mouse
macrophages (Fig. 1E). CD47 expression was significantly correlated
with macrophage phagocytic activity. Notably, CD47 protein levels
were significantly reduced in LDM-TF-treated CTC-141 and CTC-105
cells (p < 0.01; Fig. 1F). Thus, LDM-TF may downregulate CD47
expression by enhancing the phagocytic capacity of macrophages.

3.2. Tuftsin-based fusion proteins display potent cytotoxicity against
CTCs

The cytotoxicities of LDP-TF, trastuzumab, cetuximab, oxaliplatin, 5-
FU, and LDM-TF were examined in four gastric cancer cell lines and CTC
lines 105, 141, HGC, and MGC (Fig. 2). The MTT assay (Fig. 2A-D)
revealed that the LDM-DF fusion protein exhibited strong cytotoxicity
against gastric cancer cell lines. Against the CTC-105, CTC-141, HGC,
and MGC cells, the IC50 values of LDM-DF were 1.84 x 1078, 1.4 x
10’11, 1.2 x 10’10, and 1.1 x 1071 M, respectively (Fig. 2H).
Furthermore, LDM-TF was more effective than oxaliplatin and 5-FU at
the same concentration (p < 0.05). In the CCK-8 assay (Fig. 2E-G), LDP-
TF significantly inhibited cancer cell proliferation. In addition, the LDP-
TF fusion protein was tested for comparison with trastuzumab and
cetuximab; at the same concentration. The LDP-TF was more potent than
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both.

3.3. LDT-TF exerts higher antitumor efficacy in vivo

The J774A.1 mouse macrophages were treated with LDP-TF, LDP,
anti-CD47 (B6H12, mouse IgG1 antibody), or a combination of LDP-TF
and anti-CD47 antibodies in vitro, and the phagocytosis of CTC-141 cells
by mouse macrophages was measured using phagocytosis assays. The
combination of LDP-TF and anti-CD47 resulted in the strongest phago-
cytosis among all groups tested (Fig. 3A).

The anti-tumor effects of LDP-TF in CTC-141 tumor cells were
investigated. LDP-TF is more effective than LDP in treating CTC-141
xenografts. Treatment was initiated when the tumor reached approxi-
mately 100 mm® in size. Mice were intravenously injected with the
fusion protein on day 6. At a dose of 20 mg/kg, LDP-TF effectively
inhibited tumor growth (p < 0.01) (Fig. 3B-D) and delayed tumor
growth with better efficacy than LDP (p < 0.05). On day 26 of treatment
with LDP-TF, the inhibition rate was 89.1%. Histopathological exami-
nation confirmed the therapeutic effect on tumors (Fig. 3E). The survival
curve of nude mice showed that LDP-TF significantly increased the
likelihood of survival in mice relative to controls (p < 0.05 compared to
control) (Fig. 3F).

The antitumor effects of TF-based fusion protein were investigated
using TNF-a and IFN-y as parameters. In the present study, the TNF-a
and IFN-y expression levels were elevated in animals treated with the
LDP-TF fusion protein. Compared to levels in the PBS group, TNF-a
expression in tumor-bearing mice treated with LDP-TF or LDP increased
8-fold and 7-fold, respectively, and IFN-y expression increased 10-fold
and 2-fold, respectively (Fig. 3G). These results suggest that the LDP-
TF fusion protein influences cytokine levels, which may regulate im-
mune responses. A significant decrease in the abundance of IL-10 and a
considerable increase in the abundance of IL-12 were also detected in
the LDP-TF group compared to those in the control and LDP groups (p <
0.05). Cytokine IL-10 inhibits macrophage function, and IL-12 is pri-
marily secreted by macrophages. Thus, LDP-TFs have the potential to

promote macrophage function in cancer immunotherapy.

3.4. The anticancer effects of the LDP-TF fusion protein are macrophage-
dependent

In vivo experiments were performed using nude mice with CTC-141
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xenografts. Compared to oxaliplatin and 5-FU, commonly used to treat
patients with advanced gastric cancer, the fusion protein LDM-TF
exhibited higher anti-tumor efficacy (Fig. 4A). In comparison, the in-
hibition rates of oxaliplatin, 5-FU, and LDM-TF on CTC-141 growth were
54.1%, 40.6%, and 78.4%, respectively (Fig. 4C). Fig. 4B shows that the
weight loss in animals treated with different doses did not exceed 10% of
their pre-treatment body weight. Thus, oxaliplatin, 5-FU, and LDM-TF
were well-tolerated. Survival curves of the nude mice showed that,
compared with the control, mice treated with LDM-TF exhibited a
significantly increased likelihood of survival (p < 0.05) (Fig. 4D).
Compared to normal gastric cancer cells, CTC-141 and CTC-105 cells
exhibited higher expression of the AKT signaling pathway and the EMT-
associated protein ZEB1. Therefore, we examined the phosphorylation
and total expression of AKT in xenograft tumor tissues in tumor samples
from drug-treated nude mice using western blotting. The results showed
that Compared with control mice, mice treated with LDM-TF (0.15 mg/
kg) exhibited significantly reduced AKT phosphorylation and ZEB1
expression in tumors. Immunohistochemical evaluation of tumors in
mice treated with LDM-TF revealed that treatment was associated with
increased macrophage infiltration (Fig. 4F).

4. Discussion
In our previous study, CTCs from four patients with gastric cancer

were found to be unresponsive to oxaliplatin, cetuximab, and trastuzu-
mab. In addition, four patients underwent many cycles of FOL-FOX and

SOX chemotherapy before CTC isolation and showed disease progres-
sion [14]. Western blotting revealed moderate-to-low expression of
HER2 and no expression of HER1 in CTCs, which may explain the
resistance of CTCs to cetuximab and trastuzumab in vitro [14]. A
phase-III clinical trial demonstrated no benefit of cetuximab in patients
with advanced gastric cancer [17]. In radiotherapy studies, CTCs exhibit
relative tolerance to X-rays compared to other gastric cancer cell lines
[19]. To date, the need for an effective clinical treatment for CTCs has
not been addressed; therefore, novel therapeutic options are urgently
required.

Immunotherapy has received extensive attention in recent years, and
multifunctional drugs proposed in some preclinical studies, such as
antibody-drug conjugates (ADCs), or similar drug delivery systems, such
as protein-drug conjugates, have great potential for clinical applications
[20,21]. Liu et al. constructed a novel fusion protein, Ec-LDM-TF, which
contains an EGF ligand oligopeptide that specifically recognizes re-
ceptors highly expressed in tumor cells [22]. Recombinant LDM is
composed of an apoprotein LDP and an enediyne AE and is highly
cytotoxic against tumors [23]. TF are endogenous small-molecule pep-
tides that are important components of the natural immune system [1].
In recent years, TF has been found to possess good anti-tumor activity,
making it a novel therapeutic agent that treats multiple conditions [24].
We conducted a comprehensive evaluation of its biological activity in
vitro, a partial study of its mechanism of action, and a preliminary study
of its anti-tumor activity in a mouse tumor transplant model [16]. The
results showed that this multifunctional drug has excellent potential for
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clinical applications. This study involved CTCs without EGFR expres-
sion; therefore, the fusion protein LDM-TF was used, and its efficacy in
CTCs was observed. In this study, we demonstrated the antitumor effects
of LDM-TF on two different types of CTCs, providing a potential
approach for treating advanced metastatic tumors. We plan to perform
extensive nude mouse tumor transplantation experiments to confirm the
anti-CTC effects of LDM-TF, and if validated, we expect to proceed to
clinical trials. The significant antitumor activity exhibited in our model
was derived from LDM, which is directly cytotoxic to tumors, whereas
TF drive phagocytosis by macrophages.

In the CTC-141 model, the antitumor effect of LDP-TF was signifi-
cantly stronger than that of LDP alone. At equal doses, the inhibition of
CTC-141 tumor cell growth by 76.3% and 84.2% for LDP-TF and LDP,
respectively (Fig. 3). By testing several factors that may activate mac-
rophages, it was found that TNF-a, IFN-y, and IL-12 expression levels
were significantly upregulated (Fig. 3). In addition, compared to the
corresponding non-primed fusion protein, the enediyne-primed LDM-TF
showed improved antitumor efficiency. Furthermore, the required dose
of enediyne-primed LDM-TF was 5% of the dose of the non-primed
fusion protein (Fig. 4). Moreover, LDM-TF treatment did not result in
significant weight loss in treated animals. The immunohistochemical
results showed increased macrophage infiltration in the tumor sections
of the LDM-TF-treated group (Fig. 4). These results suggested that LDP-
TF and LDM-TF promoted macrophage function and that their antitumor
effects were macrophage-dependent.

In our previous study, the enediyne-primed fusion protein Ec-LDM-
TF significantly downregulated CD47 expression in A431 cells, similar
to the fusion protein LDM-TF [16]. Coincidentally, LDM-TF significantly
down-regulated CD47 expression in CTC-141 cells (Fig. 4E). These

fs

Fig. 4. In vivo efficacy of enediyne-energized tuftsin-based fusion proteins. (A) Antitumor effects of LDM-TF on CTC-141 xenograft. Triangles, the day of injection
(day 5). (B) Mean body weights of mice in each group are shown. (C) The mean tumor weight after treatment is shown. (D) The Kaplan-Meyer survival curve
(endpoints defined as tumor load of 400 mm®) demonstrated that compared with other groups, the probability of survival (i.e., probability of maintaining a tumor
volume <400 mm?) of mice treated with LDM-TF (0.15 mg/kg) was significantly improved (p < 0.05). (E) Expression of CD47, ZEB-1, AKT, and p-AKT in CTC-141
cells detected by Western blot. (F) Representative IHC images showing the detection of macrophages (anti-F4/80).

results suggested that the antitumor effects of TF fusion proteins are
widespread and may be at least partially associated with the down-
regulation of CD47. Various solid tumors in humans have been reported
to require CD47 expression to prevent phagocytosis through surveil-
lance and elimination by the innate immune system [25]. In the present
study, we combined LDP-TF or LDM-TF with anti-CD47 antibodies to
investigate macrophage function in tumor cells and observed enhanced
macrophage phagocytosis. In conclusion, we demonstrated the anti-
tumor effect of LDM-TF on CTCs and demonstrated that this approach is
effective. Additionally, this study provides an avenue for combining the
activity of LDM-TFs with that of anti-CD47 antibodies. This mechanism
of action may be associated with the presence of macrophages in cancer
cells. Our findings suggest a potential role of TF-based fusion proteins in
the treatment of cancers involving CTCs.
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