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Abstract
Macrophage-mediated drug delivery system has emerged and gained wide interest as a novel strategy for cancer treatment. 
Among them, RAW264.7 cell was commonly used as the macrophage model for antitumor drug loading and delivery. How-
ever, this cell line was a macrophage-like cancerous cell with both immunogenicity and pro-tumorigenic properties, which 
may interfere with the positive response of the host immune system to developed tumor. Thus, the safety and efficacy of 
the RAW264.7 cell line as a drug carrier for cancer therapy remain questionable. Here, we constructed doxorubicin-loaded 
RAW264.7 cells and examined its antitumor efficacy in S180 tumor-bearing mice. The bio-distribution of RAW264.7 cells 
was determined by in vivo imaging technique, showing a high accumulation level of RAW264.7 cells in mice livers, spleens, 
and thymuses. A phenomenon of accelerated tumor growth was observed in mice treated with doxorubicin-loaded RAW264.7 
cells. Thereafter, the effect of frequency, dose, and viability of injected RAW264.7 cells on S180 tumor growth was further 
investigated. The underlying mechanism was confirmed, attributing to the immune tolerance induced by excessive RAW264.7 
cells. Our findings emphasized the latent limitation of RAW264.7 cells as drug carrier in current researches, and provided 
an experimental basis for the clinical safety of cell-mediated drug delivery system.
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Introduction

The development of a tumor-targeting drug delivery system 
is one of the most crucial goals in the oncologic field to 
improve the therapeutic index of anticancer agents. Mac-
rophage-mediated drug delivery systems have emerged as a 
promising strategy and gained wide interest for their ability 
to exhibit inflammatory chemotaxis and traverse biological 
barriers [1–3]. During tumor progression, monocytes are 
recruited from blood stream to tumor inflammatory area and 
differentiate into tumor-associated macrophages (TAMs) [4, 
5], which promote tumor growth and constitute up to 80% 
of the total tumor mass [6]. Due to the pivotal role of mac-
rophages in tumor development, drug-loaded macrophages 
acting as Trojan horses are an attractive choice for tumor 
therapy [7, 8].

Despite great efforts in the development of macrophage-
mediated drug delivery, there is as yet limited success [9]. 
Accumulation of drug-loaded macrophages in the liver has 
been found in several studies [10–12], which makes us think 
about the potential danger of these improperly used allogenic 
cellular carriers. Among them, the mouse macrophage-like 
cell line, RAW264.7, is commonly used due to its accessibil-
ity [11–14]. However, RAW264.7 cells were first introduced 
by Raschke et al. in 1978 as macrophage-like cancer cells 
established from murine tumors [15], possessing both the 
immunogenicity and pro-tumorigenic property. Thus, the 
safety and efficacy of the RAW264.7 cell line as a drug car-
rier for the tumor treatment remain unexplored.

For cell allograft, several clinical studies have reported 
adverse immune responses following allogenic cells trans-
fusion, such as acute graft-versus-host disease (GVHD) 
[16], and cytokine release syndrome (CRS) in artificially 
processed chimeric antigen receptor T (CAR-T) cell ther-
apy [17, 18]. Moreover, other clinical data have indicated 
that an immune tolerance could be established by allogenic 
cell transplantation as a fundamental immune regulation to 
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maintain the homeostasis of the host [19, 20], which was 
predominately mediated by regulatory T cells (Treg) [21, 22].

Importantly, immune tolerance following allogenic trans-
plantation can interdict the virtuous cancer-immunity cycle 
[23], thus, contributing to the deterioration and metastasis 
of tumor [24]. Early data have suggested that the relative 
risk of de novo malignancies in patients who have received 
successful liver transplants is unexpectedly increased [25]. 
Furthermore, an elegant study by Curiel et al. revealed that 
homeostatic peripheral tolerance might result in the growth 
of human tumors in vivo [26]. Therefore, the correlation 
between drug delivery strategies using allogenic RAW264.7 
cells and the development of immune tolerance needs to be 
clarified.

In the current study, we constructed DOX-loaded 
RAW264.7 cells and demonstrated an immune tolerance 
induced by these allogenic cells, resulting in the promo-
tion of growth of murine S180 tumor with an obvious dose 
dependency. These results highlighted the inappropriate use 
of RAW264.7 cells as drug carriers and showed a need for 
more studies focusing on the interactions of transplanted 
cells with the recipient immune system in cell-mediated 
drug delivery research.

Materials and methods

Materials

Doxorubicin hydrochloride salt (DOX) was sourced from 
Beijing HuaFeng Co., Ltd. (Beijing, China). Rapamycin 
was acquired from Taizhou Hongyao Chemical Co., Ltd. 
(Taizhou, China). N-(Carbonyl-methoxy polyethylene gly-
col-2000)-1,2-distearoyl-sn-glycero-3-phosphoethanolamine 
(mPEG2000-DSPE), hydrogenated soy phosphatidylcholine 
(HSPC) and cholesterol were obtained from A.V.T. Phar-
maceutical Co., Ltd. (Shanghai, China). 1,1′-Dioctadecyl-
3,3,3′,3′-tetramethyl indo tricarbocyanine iodide (DiR) was 
purchased from American ATT Bioquest, Inc (CA, USA). 
Roswell Park Memorial Institute 1640 Medium, trypsin, 
RIPA Lysis Buffer and penicillin/streptomycin were pur-
chased from Meilun Biotechnology Co., Ltd. (Dalian, 
China). Fetal bovine serum was the product of Gibco, Inv-
itrogen Corp. (Carlsbad, USA). Mouse TNF-α and IL-10 
ELISA kit was obtained from eBioscience (CA, USA). Anti-
mouse Foxp3 antibody and Anti-mouse Vegf-C antibody 
were purchased from Santa Cruz Biotechnology, Inc. (CA, 
USA). Goat anti-rabbit secondary antibody, streptavidin 
peroxidase and DAB were purchased form Zhongshan Bio-
technology Co., Ltd. (Beijing, China).

Cell culture and animals

Murine sarcoma S180 cell line and murine RAW264.7 mac-
rophages were obtained from the Cell Bank of the Chinese 
Academy of Sciences (Shanghai, China), and maintained 
in RPMI 1640 Medium (Meilunbio) containing 10% FBS 
(Gibco) at 37 °C in a humidified atmosphere of 5% CO2.

Male Kunming mice (aged 6–7 weeks; weighing 18–22 g) 
were purchased from the Laboratory Animal Center of 
Shenyang Pharmaceutical University (Shenyang, China). 
All animal care and experiments were conducted in accord-
ance with the guidelines for the care and use of the Animal 
Welfare Committee of Shenyang Pharmaceutical University.

MTT assay of RAW264.7 cells and S180 cells to DOX

RAW264.7 cells and S180 cells were seeded into 96-well 
plates (5 × 103 cells well−1) and treated with DOX solution at 
various concentrations for 48 h. MTT solution (5 mg mL−1) 
was added to each well and incubated for an additional 4 h. 
At the end of the experiment, the medium was replaced with 
100 µL of DMSO to dissolve the formazan crystals, and the 
absorbance was measured at 570 nm using in a microplate 
reader (Model 680, Bio-Rad, USA). The cell viability was 
calculated according to Eq. (1):

 ODexp is the absorbance of the experimental group, ODblank 
is the absorbance of the blank group, and ODcontrol is the 
absorbance of the control group.

Preparation of DOX‑RAW264.7 cells

Selection of DOX‑loading time

DOX-loaded RAW264.7 cells were obtained by incubating 
RAW264.7 cells with DOX solution. The appropriate drug-
loading time was confirmed based on cell uptake. Briefly, 
the RAW264.7 cells were lifted by scraping, washed by PBS, 
and then counted (5 × 105 cells mL−1, 2.0 mL). After cen-
trifuging at 1500 rpm for 5 min, the RAW264.7 cells were 
re-suspended in 2.0 mL DOX solution (PBS, 50 µg mL−1 
DOX). Then the cell suspensions were cultured at 37 °C 
in a humidified atmosphere of 5% CO2 for 0, 0.5, 1, 2 and 
4 h. The cells were harvested and washed with PBS twice. 
Finally, the cellular uptake of DOX at different times (0, 
0.5, 1, 2, and 4 h) was evaluated with a Quanta SC Flow 
cytometer (Beckman Coulter, CA, USA).

(1)Cell viability (%) =
ODexp − ODblank

ODcontrol − ODblank

× 100%,
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The status of DOX‑loaded RAW264.7 cells

The status of the RAW264.7 cells at different DOX-loading 
time was evaluated by Laser Confocal Microscopy (ZEISS 
LSM 800, Germany). Briefly, RAW264.7 cells were seeded 
into nine-well plate chambered cover glass (2 × 105 cells 
per well) and incubated with DOX solution for 0.5, 1, 2 
or 4 h. The cells were washed on the cover slips with PBS 
and DAPI solution was added to stain the nuclei for 15 min. 
Finally, the samples were observed and photographed using 
confocal microscopy.

The survival time of DOX‑RAW264.7 cells

The cell survival time of DOX-RAW264.7 cells was deter-
mined by CCK-8 assay. RAW264.7 cells were seeded in 
96-well plates (5 × 103 cells per well) and incubated with 
DOX (50 µg mL−1) for 2 h. The medium was discarded and 
the cells were washed by PBS for three times. The cells were 
re-suspended with fresh media and cultured for 2, 4, 8, 12 
and 24 h. The cells were observed under optical micros-
copy. Finally, CCK-8 solution (20 µL well−1) was added and 
incubated for an additional 30 min. The absorbance of the 
formazan solution was measured at 450 nm in a microplate 
reader (Model 680, Bio-Rad, USA). The cell viability was 
calculated according to Eq. (1) as well.

Determination of TNF‑α and IL‑10 in RAW264.7 cells

The levels of cytokines (i.e., TNF-α and IL-10) in culture 
fluid of RAW264.7 cells before and after doxorubicin load-
ing were determined using an ELISA kit and following the 
instructions provided by the manufacturer.

The DOX‑loading capacity and drug release

To determine the DOX-loading capacity of RAW264.7 cells, 
we measured the amount of doxorubicin in DOX-RAW264.7 
cells. Briefly, 1 million RAW264.7 cells were counted and 
incubated with doxorubicin for 2 h as before. Those DOX-
RAW264.7 cells were washed with PBS for three times. 
After centrifugation, DOX-RAW264.7 cells were re-sus-
pended and destructed by RIPA Lysis Buffer. Centrifuge 
again and transfer 200 µL supernatant to 96-well plates. The 
amount of doxorubicin was quantified by Microplate Reader 
at EX 480 nm, EM 590 nm fluorescence. The experiment 
was carried out three times.

The drug release behavior was investigated subsequently. 
As before, DOX-RAW264.7 cells were prepared and sepa-
rated from the DOX solution by centrifugation and then re-
suspended in 1.0 mL PBS. The tube containing the cells 
was placed in a 37 °C swing bed at 80 rpm. At 0 h, 1 h, 2 h, 
4 h, 8 h, 12 h and 24 h, cellular samples were centrifuged. 

The amount of DOX in the media and intracellular part was 
determined by Microplate Reader and the percentage of 
DOX release/residue was calculated. Each time point was 
executed with three parallel samples.

Bio‑distribution of RAW264.7 cells in S180 
tumor‑bearing mice

RAW 264.7 cells were labeled with DiR. Brief ly, 
RAW264.7 cells (1 × 106) were incubated with DiR solu-
tion (0.3 mg mL−1) in 37 °C with 5% CO2 for 30 min. Next, 
the cell suspensions were centrifuged at 1200 rpm for 5 min 
to remove the media, and the residual cells were washed 
three times with PBS and diluted to 1 × 106 cells mL−1 for 
injection.

S180 cells (2 × 106 cells) were implanted into the 
right axillary flank of male Kunming mice (about 20 g) 
to establish mouse sarcoma model. When the tumor size 
reached around 200–300 mm3, the mice were intrave-
nously injected with free DiR solution (1 mg kg−1) or DiR-
labeled RAW264.7 cells (5 × 105 cells/mouse, equivalent 
to 1 mg kg−1 DiR). The in vivo fluorescence images were 
recorded at 1, 4, 8, and 12 h using a Kodak in vivo imaging 
system FX PRO (Bruker, Inc., USA) with excitation and 
emission bandpass filters centered at 720 nm and 790 nm, 
respectively. At the end of the experiment, tumors and major 
organs (heart, liver, spleen, lung, and kidney) were removed 
for fluorescent imaging. The mean fluorescence intensities 
(%) of tumors and different organs were calculated using a 
region of interest (ROI) analysis system.

The effect of DOX‑loaded RAW264.7 cells 
on the S180 tumor‑bearing mice

Male Kunming mice were subcutaneously injected with 
S180 cells (2 × 106 cells per mouse) in the right axillary 
flank on day 1. When tumor volumes reached 100 mm3, the 
mice were randomly divided into three groups (6 per group) 
and intravenously injected with DOX-loaded RAW264.7 
cells (1 × 105 cells per mouse equivalent to 20 µg DOX), 
DOX solution (20 µg), or an equal volume PBS on days 4, 
7 and 10. At day 14, the mice were sacrificed and the level 
of TNF-α and IL-10 in blood serum was determined. The 
tumors and hearts were removed for pathological section 
(Hematoxylin–Eosin staining).

Throughout the trial, the mice were weighed every other 
day and the tumor size was measured with an electronic ver-
nier caliper. The estimated volume was calculated according 
to Eq. (2). The area under tumor growth curve (AUTGC) 
was calculated by Origin 9 software. The Tumor-Inhibition 
(TI) Index was calculated according to Eq. (3), as a compre-
hensive parameter for evaluating both antitumor effect and 
toxicity [27]. The tumor density is assumed to be 1 g cm−3 
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for the calculation of net body weight. The net change in 
body weight in tumor-bearing animals was used as a marker 
for toxicity, which could more reliably reflect the life quality 
of tumor-bearing mice.

 where “a” is the largest and “b” is the smallest diameter of 
tumor. AUTGC​exp is the area under tumor growth curve of 
the experimental group; the AUTGC​control is the area under 
tumor growth curve of the control group.

Preparation of Rapamycin‑pegylated liposome

Rapamycin-pegylated liposome (RPPA-PL) was prepared 
using the reverse ethanol injection method. Briefly, the lipid 
mixture composed of HSPC/Cholesterol/mPEG2000-DSPE/
Rapamycin (50.0/16.7/16.7/1.0, w/w) was dissolved in etha-
nol and evaporated at 65 °C to near-dryness. The resulting 
lipid film was hydrated with sterile water at 65 °C for 20 min 
with stirring. After hydration, the dispersion was sonicated 
using a laboratory ultrasonic cell pulverizer (JY92-II, 
Ningbo Scientz Biotechnology Co., Ltd., China), for a 2 min 
cycle (200 w) followed by an additional 4 min cycle (400 
w). The liposomal solution was filtered through membranes 
for a uniform preparation. The rapamycin concentration was 
determined using the Agilent 1260 HPLC system with the 
Agilent C18 column (200 mm × 4.6 mm, 5 µm), operating at 
278 nm. The mobile phase was methanol:water 80:20 (v/v), 
at a flow rate of 1 mL min−1 at 45 °C.

Preparation of inactivated RAW264.7 cells

The RAW 264.7 cells were collected by centrifuging, washed 
with PBS and then counted. One million cells were re-sus-
pended and inactivated with 2 mL 4% paraformaldehyde for 
2 h. The inactivated cells were washed with PBS, observed 
under microscope and then prepared for administration.

(2)Tumor volume (mm3) = 0.5 × a × b
2,

(3)TI index =
Body weight (g)

Tumor weight (g)
,

The effect of frequency, dose and viability 
of RAW264.7 cells on S180 tumor growth

Further animal experiments were carried out to determine 
the influence of frequency, dose and viability of RAW264.7 
cells injected on the growth of S180 tumors. The S180 
mouse sarcoma model was established as previous and 
divided into eight groups with six mice per group (Control 
group, RAPA-PL group, Groups 1–6). The dosage regimens 
of each group are presented in Table 1. Body weight and 
tumor size of mice were recorded as before.

Immunohistochemistry analysis

Male Kunming mice were subcutaneously injected with 
2 × 106 S180 cells in the right axillary flank on day 1. The 
mice were randomly divided into three groups with three 
mice per group (Control, RAPA-PL, RAW264.7) and, 
respectively, injected with PBS, RAPA-PL (50 µg rapamycin 
per mouse), and RAW264.7 cells (1 × 105 cells per mouse) 
at days 4, 7, and 10. The mice were sacrificed at day 14 and 
the tumors, spleens and thymuses were removed for immu-
nohistochemistry analysis.

Foxp3 and Vegf-C expression in each of the specimens 
was detected by immunohistochemistry using anti-Foxp3 
antibody (Santa Cruz, USA, 1:100) and anti-Vegf-C anti-
body (Santa Cruz, USA, 1:100). The sections were depar-
affinized in xylene, and rehydrated through graded alcohol 
and deionized water. For antigen retrieval, the sections were 
heated in a microwave oven in 0.3% citrate buffer (pH 6.0) 
for 5 min and washed with phosphate-buffered saline (PBS) 
three times for 5 min. Endogenous peroxidases were inac-
tivated by a 25-min incubation in methanol-containing 3% 
H2O2, followed by three PBS washes for 5 min each. The 
slides were immune-stained with anti-Foxp3 antibody or 
anti-Vegf-C antibody at 4 °C overnight. Next, the slides were 
washed three times in PBS and exposed to goat anti-rabbit 
secondary antibody for 20 min, followed by treatment with 
streptavidin peroxidase. For color development, the slides 
were stained with DAB and then counterstained with hema-
toxylin followed by a wash with ammonia water. A brown 

Table 1   Dosage regimens of 
each group

Group Injection dose of RAW264.7 cells per mouse Injection times

1 1 × 105 cells 1 (Day 4)
2 1 × 105 cells 2 (Day 4,7)
3 1 × 105 cells 3 (Day 4,7,10)
4 1 × 105 inactivated cells 3 (Day 4,7,10)
5 5 × 104 cells 3 (Day 4,7,10)
6 1 × 104 cells 3 (Day 4,7,10)
RAPA-PL None (RAPA-PL as 50 µg rapamycin per mouse) 3 (Day 4,7,10)
Control None (equal volume of PBS) 3 (Day 4,7,10)
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precipitate in cells is indicative of a positive reaction. All 
images were captured on a digital microscope and images 
were analyzed using Image pro plus 6.0 software.

Statistical analyses

Results are presented as mean ± standard deviation (SD). 
One-way ANOVA was used for statistical comparison. 
The survival analysis was performed by the Kaplan–Meier 
method with GraphPad Prism 6.0 software. Statistical sig-
nificance was set at *P < 0.05 and **P < 0.01.

Results

The effect of DOX on RAW264.7 cells and S180 cells 
viabilities

To examine the effect of DOX on cell viability, we measured 
the viability of RAW264.7 and S180 cells by MTT assay 
following incubation with DOX for 48 h. Both RAW264.7 
and S180 cells displayed dose-dependent survival inhibition 
when treated for 48 h with DOX (Fig. 1a). DOX decreased 
cell viability with an IC50 of 1.56 ± 0.28  µg  mL−1 for 
RAW264.7 cells and 0.52 ± 0.07 µg mL−1 for S180 cells. 
Compared with S180 cells, RAW264.7 cells displayed a 
relative resistance to DOX treatment. This result indicates 
that RAW264.7 cells could be a promising cellular carrier 
for DOX delivery.

Determination of DOX‑loading time for RAW264.7 
Cells

According to the results of the cytotoxic assays, we choose a 
high DOX concentration (50 µg mL−1) for drug loading into 
RAW264.7 cells. The cellular uptake of DOX at different 
time points was compared by flow cytometry. The uptake 
increased along with the prolongation of incubation time and 
reached a maximum at 2 h. A slight decrease in uptake was 
observed for longer incubation time (Fig. 1b). Correspond-
ing to the results of flow cytometry analysis, the fluorescent 
images of the uptake of DOX in RAW264.7 cells showed a 
maximum fluorescence at 2 h and no difference with that at 
4 h (Fig. 1c). Therefore, 2 h was selected as a preferred time 
for drug loading.

The survival time of DOX‑RAW264.7 cells

To further examine the survival time of DOX-RAW264.7 
cells, we evaluated the viability of them in different peri-
ods (2, 4, 8, 12, and 24 h) by CCK-8 assay. After ingestion 
for 2 h, the cells gradually tended towards apoptosis. More 
than 60% of the cells died within 8 h and the cell population 

was completely dead within 24 h (Fig. 1e). We recorded 
the gradual apoptosis process of DOX-RAW264.7 cells by 
optical microscope imaging as seen in Fig. 1d. DOX is a cell 
cycle-nonspecific cytotoxic drug that inhibits the synthesis 
of DNA and RNA [28]. As shown in Fig. 1c, the pink area in 
confocal microscope images presents an obvious nuclei-like 
shape which indicated that most of DOX was distributed in 
nucleus and that those cells could hardly proliferate.

The DOX‑loading capacity and drug release

DOX-loading content per million RAW264.7 cells was deter-
mined to be 203.2, 198.5 and 197.1 µg, separately in three 
tests. Namely, about 20 µg DOX was able to be uploaded 
into 1 × 105 cells, which was sufficient for subsequent phar-
macodynamics experiment. The drug release behavior was 
shown in Fig. 1f. With the increase of incubation time, the 
intracellular drug gradually released and reached saturation 
at 8 h. Combined with the results of DOX-RAW264.7 cells 
viability test in Fig. 1e, it was suggested that cellular apop-
tosis was the main cause for drug release.

The changes of cytokine levels in RAW264.7 cells 
after DOX loading

The levels of TNF-α and IL-10 were determined in 
RAW264.7 cells before and after DOX loading. As the 
results presented on Fig. 1g, h, neither of cytokines levels 
(TNF-α and IL-10) showed a significant variation before 
and after drug loading. This result implied the interference 
of cytokine changes caused by DOX loading on subsequent 
in vivo experiments could be excluded.

Bio‑distribution of RAW264.7 cells in S180 
tumor‑bearing mice

To verify the bio-distribution of RAW264.7 cells in vivo, 
DiR-labeled-RAW264.7 cells or free DiR solution was 
injected intravenously into S180 tumor-bearing mice. The 
fluorescent signals of labeled cells or free dye were recorded 
at 1, 4, 8 and 12 h post-injection using an in vivo imaging 
system. According to the results presented in Fig. 2a, the 
injection of the DiR solution gradually increased the fluo-
rescent signal in tumors from 1 to 8 h with a slight decline 
at 12 h. However, the fluorescent signal was barely detect-
able in tumors of mice injected with DiR-RAW264.7 cells, 
but accumulated in the livers of these mice. The higher 
fluorescent intensity in the livers of mice treated with DiR-
RAW264.7 cells suggested allo-recognition and elimination 
of RAW264.7 cells by recipient immune system.

The bio-distribution of RAW264.7 cells in major organs 
was assessed 12 h after injection. Compared with the DiR-
RAW264.7 groups, the injection of free DiR solution led 
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to a higher fluorescent signal in the lung due to its cationic 
charge [29]. In contrast, mice injected with DiR-RAW264.7 
cells presented significantly elevated fluorescent signals in 
the liver, spleen and thymus (P < 0.05, Fig. 2b, c). This unde-
sirable accumulation in immune organs indicated an acute 
transplant rejection following allogenic RAW264.7 cells 
injection. In addition, the accumulation of donor antigens 
in immune organs, especially in the thymus, could result in 
a long duration of interaction with the host immune system, 
thus, leading to immune tolerance.

Accelerated tumor growth phenomenon 
of DOX‑RAW264.7 cells injection

To evaluate the biological effects of DOX-RAW264.7 
cells in vivo, we employed a S180 sarcoma model in 
Kunming mice. The control group showed TI index of 
6.57 ± 2.12, DOX group showed TI index of 18.95 ± 5.68. 
Surprisingly, the injection of DOX-RAW264.7 cells or 
RAW264.7 cells showed no antitumor effects, but accel-
erated tumor proliferation. As seen in Fig. 3a, the tumor 

Fig. 1   a Cytotoxic effects of DOX on S180 and RAW264.7 cells. 
Cell viability was measured by MTT assay after exposure to DOX 
at different concentrations. b The uptake of DOX in RAW264.7 
cells treated with 50 µg mL−1 DOX at different time. c Fluorescent 
images of DOX-loaded RAW264.7 cells with different loading time 
(scale bar 50  µm). d The morphology of DOX-RAW264.7 cells 
under optical microscope. e The cell viability of DOX-RAW264.7 

cells after treatment with 50 µg mL−1 DOX for at different times. f 
The drug release extracellular (red) and drug residue intracellular 
(blue) of DOX-RAW264.7. g The levels of TNF-α in RAW264.7 
and DOX-RAW264.7 cells. h The levels of IL-10 in RAW264.7 and 
DOX-RAW264.7 cells. Data shown are mean ± SD (n = 6) (*P < 0.05, 
**P < 0.01, no significant difference was marked as n.s.)



367Cancer Chemotherapy and Pharmacology (2019) 83:361–374	

1 3

size in cellular injection group began to differ at day 12 
(P < 0.01), and tumor growth was accelerated in DOX-
RAW264.7 and RAW264.7 cells group. At the end of the 
experiment (day 14), the tumor volume of mice injected 
with DOX-RAW264.7 or RAW264.7 cells were enlarged 
nearly twice and three times compared with control group 
(P < 0.01), respectively.

Through the analysis of net body weight (Fig.  3b), 
the DOX-S group showed some toxicity but there was 
no significant difference between the DOX-RAW264.7, 
RAW264.7 cells and control groups (P > 0.05). In Fig. 3e, 
tissue sections showed that DOX-RAW264.7 did not 
inhibit tumor growth effectively. Interestingly, it was 
observed that all of the overgrown S180 tumors were 
intact and showed no obvious necrotic ulceration as the 
tumors in the control group (Fig. 3f). The serum cytokine 
levels (TNF-α and IL-10) were measured and presented 
on Fig.  3c, d. Compared with the control group, the 
TNF-α level of all the experimental groups was signifi-
cantly lower (P < 0.01). A higher IL-10 level was detected 
in the mice injected with RAW264.7 or DOX-RAW264.7 
cells (P < 0.01), which implied the immunosuppressive 
effects of mice in vivo. Based on this suggestive appear-
ance, we suspected that the allogenic RAW264.7 cells, 
whether or not DOX loading, tolerated host immune and 
diminished its favorable immune response to the S180 
tumor.

The effect of injection frequency, dose and viability 
of RAW264.7 cells on tumor growth

Groups with different injected frequencies (Group 1, 2, 3) 
and dose (Group 3, 5, 6) of RAW264.7 cells were designed 
to further explore whether the accelerated tumor growth 
phenomenon was dose or frequency dependent. We also set 
up the inactivated RAW264.7 cell group (Group 4) to vali-
date the interference of cellular viability (as seen in Fig. 4c). 
To prove the correlation of immune tolerance and tumor 
overgrowth, we set up RAPA-PL group, using rapamycin to 
induce immune tolerance (RAPA-PL was shown in Fig. 4b). 
The tumor growth process in each group was captured by 
photography as shown in Fig. 4d.

The impact of the frequency of cell injection on tumor 
growth was presented in Fig. 5a. It was found that the growth 
of tumors in mice injected with 1 × 105 RAW264.7 cells for 
1, 2, 3 times were significantly accelerated (P < 0.01). This 
result indicated that accelerated tumor growth could be 
induced by a single overdose injection.

The impact of cell injection quantity on tumor growth 
was presented in Fig. 5b. Similar to previous results, the 
mice in Group 3 and 5 displayed a trend of accelerated 
tumor growth starting around day 12. The tumor growth of 
mice injected with RAPA-PL showed a significant increase 
compared with the control group at day 14. However, 
when the cell quantity decreased to 1 × 104 cells per mouse 

Fig. 2   In vivo bio-distribution of RAW264.7 cells in tumor-bearing 
mice. Tumor-bearing mice were intravenously injected with free 
DiR solution (1  mg kg−1) or DiR-labeled RAW264.7 cells (5 × 105 
cells/mouse, equivalent to 1  mg kg−1 DiR). a In  vivo images of 

mice. b Fluorescence signals of excised tumors and organs at 12 h. 
c Mean fluorescent intensity of tumors and organs. Data shown are 
mean ± SD (n = 3) (**P < 0.01, no significant difference was marked 
as n.s.)



368	 Cancer Chemotherapy and Pharmacology (2019) 83:361–374

1 3

(Group 6), no tumor overgrowth was detected. These data 
suggested that a dose of allogenic cells of 1 × 104 cells per 
mouse could be disposed of by the mouse immune system 
without any obvious immune regulation. The accelerated 
tumor growth phenomenon was dose-dependent with the 
injection of RAW264.7 cells.

In addition, this accelerated tumor growth phenomenon 
was found in Group 4 as well. No significant difference 
was seen in tumor growth between the mice injected with 
inactivated RAW264.7 cells and those receiving living 
RAW264.7 cells (P > 0.05, Fig. 5c). These results sug-
gest that the acceleration of tumor growth is not due to 
the accumulation and proliferation of RAW264.7 cells in 

the tumor, but the immune tolerance induced by excessive 
antigen of RAW264.7.

The net body weight change is shown in Fig. 5d. No sig-
nificant difference was detected between each experimental 
group and control group.

Determination of immune tolerance status

To confirm that immune tolerance was induced by allo-
genic RAW264.7 cells injection, it was important to deter-
mine the expression of relevant immune tolerance markers. 
We assessed the expression of Foxp3 and Vegf-C in the 

Fig. 3   Effect of DOX-loaded RAW264.7 cells on S180-tumor-bear-
ing mice. a Tumor growth curve of mice treated with PBS, DOX-
RAW264.7 (1 × 105 cells per mouse equivalent to 20 µg DOX), DOX 
(20  µg per mouse) and RAW264.7 cells (1 × 105 cells per mouse). 
b Net body weight change in tumor-bearing mice. c The levels of 
serum TNF-α of tumor-bearing mice. d The levels of serum IL-10 

of tumor-bearing mice. e Histopathology of heart and tumor sections 
with hematoxylin and eosin (H&E) staining of different experimental 
groups (magnification × 200). f The appearance of ulcerated tumor 
(Control) and accelerated growth tumor (DOX-RAW264.7). Data are 
shown as mean ± SD (n = 6) (*P < 0.05, **P < 0.01, no significant dif-
ference was marked as n.s.)
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tumors, spleens and thymuses of mice injected with either 
PBS, RAPA-PL, or RAW264.7 cells. As demonstrated in 
Fig. 6a, b, the expression of Foxp3, the critical marker 
for Treg cells [30], significantly increased in tumors and 
spleens of mice injected with RAPA-PL and RAW264.7 
cells (P < 0.01). This result suggests that the injection of 
RAW264.7 cells generates Treg cells in implanted tumor 
and lymphoid organs. As seen in Fig. 6c, d, the injec-
tion of RAPA-PL and RAW264.7 cells also resulted in the 
increased expression of Vegf-C in the tumors and spleens. 
No differences of Vegf-C expression were observed in the 
thymus between the groups. Compared to the RAPA-PL 
group, mice injected with RAW264.7 cells showed higher 
expression of Vegf-C in tumors. These results suggest 
that up-regulation of Vegf-C by RAW264.7 cells medi-
ates peripheral lymphatic hyperplasia and dilation [31], 
directly promoting the S180 tumor invasion. Recent stud-
ies have revealed the critical role of Vegf-C in promoting 
immune tolerance and cross-presentation of tumor antigen 
[32].

Discussion

The published literatures about macrophage-mediated 
drug delivery system for cancer treatment was summa-
rized in Table 2. Under the inspiration of Zhang Qiang’s 
work [11], we have successfully constructed DOX-loaded 
RAW264.7 cells in vitro. In contrast to previous work, in 
our subsequent pharmacodynamics test, mice injected with 
DOX-RAW264.7 cells showed accelerated tumor growth 
unexpectedly. We confirmed that this phenomenon was 
cell dose-dependent and proposed that there was a critical 
value between 1 × 104 to 5 × 104 cells per mouse for the 
development of immune tolerance. We confirmed that the 
inactivated dead cells also promoted the tumor growth, 
suggesting that overgrowth was not directly related to the 
recruitment of live RAW264.7 cells but the antigens of the 
RAW264.7 cells. We observed an unusual thymus accu-
mulation of RAW264.7 cells, which might be attributed to 
the migration of dendritic cells (DCs) [33, 34] that have 
captured DiR-labeled cell debris as presented antigen to 

Fig. 4   a Representation of the treatment protocol applied to S180-bearing mice. b The particle size distribution and transmission electron micro-
scope (TEM) image of RAPA-PL. c The morphology of inactivated RAW264.7 cells. d The process of tumor growth in each group
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thymocytes. Further work was required to determine the 
underlying mechanism of thymus accumulation.

Rapamycin, an immunosuppressant used for transplanta-
tion, can induce Treg activation in vivo and protect grafts 
from host immune rejection [39, 40]. We prepared RAPA-
PL and confirmed its action in mediating immune tolerance. 
Interestingly, mice injected with RAPA-PL showed acceler-
ated tumor growth, suggesting that this phenomenon was 
associated with immune tolerance. These findings are simi-
lar to the results of a study by Tien-Jen Lin et al. [41], who 
reported that rapamycin promoted mouse 4T1 tumor metas-
tasis. Meanwhile, as indirect evidence, numerous clinical 
statistics have shown that patients who have long-term used 
immunosuppressive agents have a higher risk of cancer [42].

Tumor Necrosis Factor alpha (TNF-α) was a cytokine 
involved in systemic inflammation and was one of the 
cytokines that make up the acute phase reaction. It was 
produced chiefly by activated macrophages and able to 
induce fever, apoptotic cell death, inflammation and to 
inhibit tumorigenesis [43]. Interleukin-10 (IL-10) was an 
anti-inflammatory cytokine, which was well known for its 

immunosuppressive function. IL-10 acted on a variety of 
immune cell subsets and played an immunosuppressive 
effect through a variety of ways [44]. Before and after DOX 
loading, the TNF-α and IL-10 levels in RAW264.7 cells 
showed no significant change. However, the mice injected 
with DOX-RAW264.7 or RAW264.7 cells showed a dis-
tinctly higher IL-10 levels and lower TNF-α levels at day 
14. It meant that these mice were in a state of immunosup-
pression. The mice treated with DOX solution also showed 
a lower TNF-α, which may be attributed to the toxicity of 
DOX to immune cells.

Despite the nude mice were widely used in cell-mediated 
drug delivery researches, their immunodeficiency intrinsi-
cally flawed in their value to predict the potential connec-
tions between transplanted cells, host immune system and 
tumor growth. Thus, we chose the S180-bearing mice, which 
possess a complete immune system, to evaluate the in vivo 
effect of allogenic RAW264.7 cells. The rapid growth and 
proliferation of S180 amplifies the signals of accelerating 
tumor growth under the host immune tolerance and make it 
measurable as 2–3 times tumor volume enlarged. Moreover, 

Fig. 5   Effect of injection frequency, dose, and viability of RAW264.7 
cells on S180-tumor-bearing mice. a Impact of RAW264.7 cells 
injection frequency (Group 1: 1 × 105 cells injection once; Group 2: 
1 × 105 cells injection twice; Group 3: 1 × 105 cells injection three 
times). b Impact of RAW264.7 cells injection quantity (Group 5: 

5 × 104 cells injection three times; Group 6: 1 × 104 cells injection 
three times). c Impact of injection RAW264.7 cells activity (Group 
4: 1 × 105 inactivated cells injection three times). d Net body weight 
change in tumor-bearing mice. Data are shown as mean ± SD (n = 6) 
(*P < 0.05, **P < 0.01, no significant difference was marked as n.s.)
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safety and efficacy studies of cell-mediated drug delivery 
based on immune complete mice were more valuable for its 
further clinical transformation.

Still, the possibility that the phenomenon described in the 
present study was dependent on the RAW264.7 cells could 
not be excluded. Further studies are needed to demonstrate 
whether this phenomenon also applies to other allogeneic 
cells. Even if RAW264.7 cells have the potential to deliver 
the therapeutic agent in the tumor, their antigenicity might 
limit the effect of this agent. It is important to consider that 
artificial reconstructions such as drug loading or geneti-
cally modified CAR-T might increase the immunogenicity 
of autologous cells leading to long-term immune tolerance. 
Based on our results, we predict that in situ programming of 
drug-loaded monocytes/macrophages or leukemia-specific T 
cells would be more immune-competent for tumor treatment. 
Indeed, this hypothesis was supported by some published 
experimental data [45, 46].

Conclusions

In summary, RAW264.7 cell possessed both the immu-
nogenicity and pro-tumorigenic property, which made 
it unsuitable as allograft drug carrier. We reported an 
accelerated tumor growth phenomenon in S180 tumor-
bearing mice followed with DOX-loaded RAW264.7 
cells injection. This phenomenon was dose-dependent 
on the injected RAW264.7 cells and irrelevant to injec-
tion frequency or cellular viability. We confirmed that the 
induction of immune tolerance by the transfusion of allo-
geneic RAW264.7 cells was one of the main reasons for 
the accelerated tumor growth. In the process that allograft 
RAW264.7 cells were disposed as foreigners by the host 
immune system, these cells disturbed the immunologic 
balance and induced an immune tolerance accompanied 
with rapid tumor growth. Our study calls into question the 
suitability of RAW264.7 cell used in the cell-based drug 
delivery for cancer therapy and provides an experimental 
basis on safety studies of cell-mediated drug delivery sys-
tems for further clinical applications.

Fig. 6   Expression of Foxp3 (a, b) and Vegf-C (c, d) in tumor, spleen 
and thymus of S180 tumor-bearing mice treated with PBS (Control), 
RAPA-PL or RAW264.7 cells (magnification × 200 and × 400). Data 

are presented as the mean ± SD (n = 3) (**P < 0.01, no significant dif-
ference was marked as n.s.)
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