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Plasmodium infection inhibits tumor angiogenesis
through effects on tumor-associated macrophages
in a murine implanted hepatoma model
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Abstract
Background: Hepatocellular carcinoma (HCC) is one of the leading causes of cancer-related death in
China. The lack of effective treatment results in a high recurrence rate in patients who undergo radical
tumor resection, and the 5-year survival rate remains low. Our previous studies demonstrated that
Plasmodium infection provides a potent antitumor effect by inducing innate and adaptive immunity in a
murine Lewis lung carcinoma (LLC) model.

Methods: A study was conducted to investigate the inhibitory effect of Plasmodium infection on
hepatocellular carcinoma in mice, and chip analysis techniques were used to �nd possible signal
regulation mechanisms.

Results: we report that Plasmodium infection e�ciently inhibited tumor progression and prolonged
survival in tumor-bearing mice in a murine implanted hepatoma model. The inhibition of tumor
progression by Plasmodium infection is related to the suppression of tumor angiogenesis within the
tumor tissue and the decreased in�ltration of tumor-associated macrophages (TAMs). Further study
demonstrated that TAM-produced matrix metalloprotease 9 (MMP-9) contributed to tumor angiogenesis
in the tumor tissue and that the reduced expression of MMP-9 in TAMs mediated by parasite infection
resulted in the suppression of tumor angiogenesis. A mechanistic study revealed that the Plasmodium-
derived hemozoin (HZ) that accumulated in TAMs inhibited IGF-1 signaling through the PI3-K and MAPK
signaling pathways, which led to decreased expression of MMP-9 in TAMs.

Conclusions: Our study suggests that this novel method of inhibiting tumor angiogenesis by Plasmodium
infection is of high importance for developing new therapies for cancer patients.

Introduction
Plasmodium infection, which causes malaria in humans or animals, has been shown to modulate host
immunity by inducing the secretion of cytokines, the activation of some immune cell populations, and
especially by altering the function of macrophages [1, 2]. Therefore, Greentree proposed the idea of
macrophage activation-based therapeutic malaria for cancer treatment in 1981 [3]. Angsubhakorn and
colleagues found that Plasmodium infection reduced hepatic carcinogenesis induced by dietary a�atoxin
B1 [4]. Our previous study demonstrated that Plasmodium infection provides a potent antitumor effect
through the induction of innate and adaptive antitumor immune responses in a murine Lewis lung
carcinoma (LLC) model [5].

Angiogenesis plays a central role in the invasion, growth and metastasis of solid tumors through the
formation of new blood vessels from preexisting vessels [6]. Blocking angiogenesis signi�cantly inhibits
tumor growth [7]. Although our previous study demonstrated that Plasmodium infection inhibits tumor
angiogenesis by releasing plasma exosomes that contain endogenous functional microRNAs in a murine
LLC model [8], the more precise mechanisms underlying the inhibition of tumor angiogenesis by
Plasmodium infection remain unclear.
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Based on a series of pilot experiments, we hypothesized that Plasmodium infection in tumor-bearing
mice may regulate tumor angiogenesis by modulating the function of macrophages. Macrophages make
up the major proportion of host-derived immune cells associated with most solid tumors and are key
regulators of tumor angiogenesis [6, 9]. In the tumor microenvironment, tumor-associated macrophages
(TAMs) are polarized into the alternatively activated phenotype (M2 type) and promote tumor
angiogenesis through the production of several proangiogenic factors, such as matrix metalloproteinases
(MMPs) [6, 9, 10]. MMP–2 and –9 are well documented to play crucial roles in the process of
angiogenesis, mainly by degrading the extracellular matrix (ECM) [8, 11, 12]. A recent study showed that
increased type 1 insulin-like growth factor (IGF–1) signaling is associated with an upregulation of MMP–
2 and –9 expressions [13–15]. Both the Ras/Raf/ERK pathway and the PI 3-kinase/Akt signaling
pathway have been shown to be crucial pathways involved in the regulation of IGF–1 functions [16–18].

Hemozoin (HZ, a malarial pigment) is a polymer of heme produced by Plasmodium parasites during
hemoglobin degradation inside infected red blood cells (iRBCs) [19]. This pigment is released when an
iRBC bursts and is rapidly engulfed by phagocytes [20]. Naturally, HZ can be engulfed by TAMs. Although
in vitro studies have revealed that HZ modulates the production of in�ammatory factors by murine
macrophages and human monocytes [21], there is a paucity of data on the role of the modulatory effect
of HZ on TAMs in the regulation of tumor development.

In the present study, we demonstrated that Plasmodium infection effectively inhibited tumor progression
and prolonged survival in tumor-bearing mice in a murine implanted hepatoma model. The inhibition of
tumor progression by Plasmodium infection was associated with decreased tumor angiogenesis. We
further demonstrated that TAMs that produced MMP–9 contributed to tumor angiogenesis in tumor
tissue and that the reduction in MMP–9 expression in TAMs mediated by infection resulted in the
suppression of tumor angiogenesis. A mechanistic study revealed that the Plasmodium-derived HZ that
accumulated in TAMs inhibited IGF–1 expression through the PI3-K and MAPK signaling pathways,
which led to decreased expression of MMP–9 in the TAMs. Our study suggests a novel method of
inhibiting tumor angiogenesis by Plasmodium infection.

Methods
Mice, cells and parasites

Female C57BL/6 mice (6–8 weeks old) were purchased from Beijing Vital River Experimental Animals,
Co., Ltd. The murine Hepa1–6 hepatoma cell line was obtained from the First A�liated Hospital of Sun
Yat-Sen University and cultured in Dulbecco’s modi�ed Eagle’s medium (DMEM) (GIBCO) supplemented
with 10% fetal bovine serum (FBS), 1% penicillin and streptomycin. The murine H22 hepatoma cell line
was purchased from the China Center for Type Culture Collection and maintained in RPMI 1640 medium
supplemented with 10% FBS, 1% penicillin and streptomycin. The murine RAW264.7 macrophage cell line
was kindly provided by Dr. Chiwei Huang and cultured in DMEM supplemented with 10% FBS, 1%
penicillin and streptomycin. Plasmodium yoelii 17 XNL (Py),, a strain of Plasmodium parasite that is
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nonlethal in C57BL/6 mice, was kindly provided by BEI Resources (formerly the Malaria Research and
Reference Reagent Resource Center, MR4) and was recovered in 7-week-old female C57BL/6 mice.

Design of animal experiments

To evaluate the effects of Plasmodium infection on tumors in mice, mice were subcutaneously
inoculated with 2×106 Hepa1–6 or H22 cells in 100 μl of serum-free RPMI 1640 and intraperitoneally (i.p.)
inoculated with 5×105 parasitized erythrocytes or uninfected RBCs as a control in 200 μl of saline
simultaneously. The palpable spherical tumor mass emerged 4–6 days after tumor cell inoculation. The
tumor size was measured every 3 or 4 days using a caliper and calculated using the formula 0.52 × a × b2

(a: long diameter of the tumor; and b: short diameter of the tumor). Blood samples were collected from
the tail vein of the mice every 2 days for 30 days, and parasitemia was determined by analyzing a thin
Giemsa-stained blood �lm. The mice were observed until death or until their tumor size reached 2000
mm3. In some experiments, the mice were sacri�ced on day 8 or 17 after parasite inoculation for biopsy.
The tumor tissue was used for further analysis. For assays studying blocking parasite infection,
Plasmodium parasites were killed with a dose of 10 mg chloroquine per kilogram of mouse body weight
on day 8 after infection, and then the mice were euthanized on day 17 for further analysis.

For the orthotopic tumor model, 50 μl of 1×106 Hepa1–6 cells were injected into the left lobe of the liver
of anesthetized mice. After recovering, the mice were i.p. inoculated with 5×105 parasitized erythrocytes
or uninfected RBCs. On day 17 after parasite inoculation, the mice were sacri�ced for biopsy. The liver
and spleen were removed and photographed. The liver sections were stained with H&E.

Alginate-encapsulated tumor cell assay

An alginate-encapsulated tumor cell assay was performed in vivo as previously described with slight
modi�cations [22]. Brie�y, Hepal–6 or H22 hepatoma cells were resuspended in a 1.5% (W/V) sodium
alginate solution. When the droplets were added into a swirling 37℃ solution of 250 mmol/L calcium
chloride, alginate beads were formed. Four alginate beads (1×105 Hepal–6 or H22 cells per bead) were
subcutaneously implanted into an incision made on the dorsal side of mice. The mice were randomly
divided into two groups (n = 10 per group). One group was i.p. inoculated with 5×105 parasitized
erythrocytes. The other group, which acted as the control, was i.p. inoculated with the same number of
uninfected RBCs. After 14 days, the mice were injected with 0.1 ml of a 100 mg/kg FITC-dextran (Sigma-
Aldrich) solution via the tail vein. The beads were rapidly removed and photographed. The uptake of
FITC-dextran was assessed using a standard FITC-dextran curve.

TAM isolation

Single cell suspensions were prepared from tumor tissue as described previously with some
modi�cations [23]. Brie�y, tumor-bearing mice were sacri�ced 17 days after parasite inoculation. Solid
tumors were chopped into small pieces and incubated with a mixture of enzymes for 30 min at 37℃.
Cells were recovered by centrifugation and resuspended in PBS containing 1% FBS. The RBCs were lysed.
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The tumor cells were isolated by the Ficoll density gradient method. A total of 1×107 cells were incubated
with 10 μg of FITC- or APC-conjugated anti-F4/80 monoclonal antibody (mAb) for 30 min on ice and then
washed with cold buffer to remove any unbound antibody. F4/80+ cell populations were sorted by �ow
cytometry (BD FACSAria). The purity of the cell populations was between 85 and 90%.

TAM induction in vitro

TSN was obtained by culturing 4×106 Hepa1–6 cells in 24-well �at-bottom tissue culture plates for 72 h.
For the in vitro induction of the TAM phenotype, 5×105 RAW 264.7 cells were seeded in a six-well plate,
and the TSN (1:2 dilution) was added. After 48 h, total RNA was isolated, and the expression levels of
alternatively activated genes (ym1, mgl1/2, and arginase 1) and classical activated genes (il–12, inos)
were analyzed.

Microarray experiment

Hepa1–6 cell-implanted mice were sacri�ced on day 17 after Plasmodium infection. TAM isolation was
performed as described in a previous section.The TAMs were sorted by FACS using FITC-conjugated anti-
F4/80 mAb. Gene expression was compared using Roche NimbleGen mouse gene chips (CapitalBio,
China). Genes that showed an expression fold-change ≥ 2 with a q-value ≤ 0.05 in triplicate arrays were
considered to be signi�cantly induced in response to treatment. These differentially expressed genes
were annotated using the Molecule Annotation System (CapitalBio, China).

Immunohistochemistry

Para�n-embedded tissue sections were depara�nized in xylene and rehydrated through a graded series
of ethanol. High-pressure antigen retrieval was performed in 10 mM EDTA buffer (pH 8.0) before the
sections were incubated with a primary antibody against F4/80, a rat mAb against mouse macrophages
(clone No. RM0029–11H3), an anti-CD31 antibody and an anti-MMP–9 antibody. Bright �eld images
were captured and analyzed.

The number of TAMs, density of CD31-positive microvessels and expression of MMP–9 in TAMs were
assessed under 400× magni�cation (0.17 mm2 �eld) in 8 random �elds, and the results are expressed as
the mean number per �eld ± SD (8 �elds per tumor, four tumors per group).

RNA isolation and real-time RT-PCR

Total RNA was isolated using Trizol (Invitrogen) according to the manufacturer’s instructions. Real-time
RT-PCR for the ym1, arg–1, mgl1, mgl2, �zz1, inos, mmp–2, mmp–9, leyve1, vegf, igf1 and -actin genes
was performed on an MJ chromo 4 real-time PCR machine (Bio-Rad) using the OneStep SYBR®

PrimeScriptTM RT-PCR Kit (Takara) according to the manufacturer’s instructions. The -actin gene was
used as a reference gene.

Western blot analysis
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Sample preparations from tissue or cells, gel electrophoresis, and transfer to polyvinylidene �uoride
membranes (Millipore) were carried out as described previously [23]. The membranes were incubated
with primary antibodies against MMP–2/9, VEGF, IGF–1, AKT, phospho-AKT, p44/42 MAPK (Erk1/2), and
phospho-p44/42 MAPK (Erk1/2) at 4°C overnight and with secondary antibodies at room temperature for
1 h. Immobilon Western HRP Chemiluminescent Substrate (Cell Signaling Technology) was used to
detect the speci�c signals. Band intensity was visualized.

Preparation of HZ

Natural HZ was obtained from the spleen and liver of Py-infected C57BL/6 mice. Tissues were lysed
using saponin. HZ was recovered via centrifugation, washing, and processing with a proteinase, nuclease
and urea mixture. The pigment was lyophilized, dried, resuspended in endotoxin-free PBS at a �nal
concentration of 10 mg/ml and kept at –20℃. The endotoxin level of the isolated HZ was assessed
using a Limulus amebocyte lysate kit (Sigma-Aldrich). The endotoxin level was less than 0.015 EU.

Assessment of IGF–1 derived from HZ-loaded TAMs

To assess the effect of HZ on the secretion of IGF–1, induced TAMs were treated with HZ (100 μg/ml) or
left untreated for 48 h. The IGF–1 mRNA and protein levels were evaluated using real-time PCR and
immunoblot analysis, respectively. In some experiments, the cells were treated with different
concentrations of HZ (10 to 200 μg/ml) and for different times (3 to 48 h).

Preparation of Cl2MDP liposomes and the macrophage “in vivo knockout” assay

These experiments were performed by following a previously described procedure [10].

Statistical analysis

The statistical signi�cance of the differences between values was determined by Student’s t test using
GraphPad Prism 6.01 software. The correlation between two factors was evaluated by Pearson’s
correlation analysis. Kaplan-Meier survival curves were plotted. Data are expressed as the mean ± SD. P
values < 0.05 were considered signi�cant.

Results
Plasmodium Infection Inhibited the Growth of Liver Cancer Cells and Prolonged the Survival of Tumor-
Bearing Mice

To observe the effect of Plasmodium infection on tumor growth, mice simultaneously received a
subcutaneous (s.c.) injection of Hepa1–6 or H22 cells and an intraperitoneal injection of the malarial
parasite. The tumor growth and survival rates of tumor-bearing mice were evaluated. As shown in Fig. 1A,
Plasmodium infection signi�cantly inhibited tumor growth in the Hepa1–6 cell-implanted hepatoma
model. The survival rate of the tumor-bearing mice in the infected group was signi�cantly higher than
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that of the tumor-bearing mice in the uninfected control group (Fig. 1B). Considering the potential side
effect of Plasmodium infection, parasitemia was monitored by thin Giemsa-stained blood �lm
microscopy. The parasite densityappeared to peak on days 16 to 24 and then decreased to a low level
until it disappeared after 32 days (Fig. S1).

The inhibitory effect of Plasmodium infection on tumor growth was also observed in the H22 cell-
implanted hepatoma model (Fig. 1C). The survival rate of the tumor-bearing mice in the infected group
was also signi�cantly higher than that of the tumor-bearing mice in the control group (Fig. 1D).

To further validate the inhibitory effect of Plasmodium infection on tumor growth, we performed a similar
experiment using an orthotopically implanted tumor model. A similar result was obtained through gross
observation of the removed tumors (Fig. 1E) and microscopic observation of hematoxylin and eosin
(H&E)-stained tumor tissue (Fig. 1F, left panel). Compared with the control group, the infected group
exhibited signi�cantly reduced tumor nodule formation in the liver (Fig. 1F, right panel).

Plasmodium Infection Suppressed Tumor Angiogenesis

It is worth noting that in the Plasmodium-infected tumor-bearing mice, tumor angiogenesis was
signi�cantly inhibited while tumor growth was inhibited (Fig. 2A). Consistent with this result, H&E staining
and CD31 immunohistochemical staining of the tumors from tumor-bearing mice on day 17 after the
parasite infection showed that tumor angiogenesis was signi�cantly decreased in the infected mice
compared to the control mice (Fig. 2B and 2C).

To further con�rm whether Plasmodium infection may lead to the inhibition of angiogenesis in tumor-
bearing mice, an alginate-encapsulated tumor cell assay was carried out. As shown in Fig. 2D,
angiogenesis in the hepatoma tissue of the Hepa1–6 cell-implanted mice infected with the parasite was
markedly inhibited. FITC-dextran uptake in the tumor-bearing mice infected with the parasite was
signi�cantly lower than that in the control mice (Fig. 2E). Together, these results showed that
Plasmodium infection induced an important reduction in tumor angiogenesis in the tumor-bearing mice,
leading to the inhibition of tumor growth.

Suppression of TAMs Mediated by Plasmodium Infection Contributes to the Inhibition of Tumor
Angiogenesis

TAMs have been reported to be important promoters of tumor angiogenesis in the tumor
microenvironment [6]. To determine the effect of TAMs on tumor angiogenesis in the Plasmodium
infection model, we analyzed the in�ltration of TAMs into the tumor tissue on days 8 and 17 after the
infection. Immunohistochemical staining showed that compared with the control treatment, Plasmodium
infection signi�cantly decreased the number of TAMs on days 8 and 17 after infection (Fig. 3A and 3B;
Fig. S2). Furthermore, the proportion of TAMs was approximately 11% in the uninfected tumor-bearing
controls, whereas the proportion was markedly decreased to approximately 5% in the tumor-bearing mice
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on day 17 after the parasite infection (Fig. 3C). Examination of the absolute number of TAMs revealed
that the parasite infection signi�cantly reduced the number of in�ltrating TAMs (Fig. 3D).

Our previous study demonstrated that the reduction in TAM in�ltration induced by treatment with
dichloromethylene diphosphonate (Cl2MDP) liposomes led to an improvement in the tumor
microenvironment and a signi�cant inhibition of tumor growth [10]. To further con�rm that a reduction in
TAM in�ltration may induce the inhibition of tumor angiogenesis, we designed a TAM “in vivo-
knockdown” assay by treating tumor-bearing mice with Cl2MDP liposomes. Compared to the phosphate-
buffered saline (PBS) liposome-treated tumors, the tumors treated with Cl2MDP liposomes showed
obviously reduced blood vessel density and CD31 expression (Fig. 3E). Consistent with this result, the
number of MF+ macrophages in the tumors treated with Cl2MDP liposomes was also signi�cantly
decreased (Fig. 3F). Moreover, an analysis of the correlation between the expression of CD31 and that of
MF molecules in the tumor microenvironment of the Cl2MDP liposome-treated tumor-bearing mice
revealed that the extent of tumor angiogenesis was positively correlated with the number of in�ltrating
TAMs in the tumor (Fig. 3G). Interestingly, compared to the uninfected control group, the infected group
exhibited reductions in both tumor angiogenesis and TAM in�ltration (Fig. 3H and 3I).

Taken together, our data indicated that TAMs contribute to tumor angiogenesis, which is inhibited by
Plasmodium infection.

Plasmodium Infection Reduced the Expression of IGF–1 and MMP–9 in TAMs

To explore the underlying mechanism by which Plasmodium infection inhibits tumor angiogenesis
mediated by TAMs, we sorted the TAMs from the murine tumors and performed gene chip analysis. The
purity of the sorted TAMs was shown to be approximately 90% (Fig. S3A). As expected, compared to the
control group, the infected group exhibited markedly changed TAM gene expression (Fig. 4A, Fig. S3B).
Importantly, the gene expression pro�les related to angiogenesis were signi�cantly different between the
two groups. In the infected group, the expression of proangiogenic genes such as mmp–2/9 and igf–1
was lower, while the expression of antiangiogenic genes such as Nppb was higher than that in the control
group. Unexpectedly, the vegf gene in TAMs showed a slight reduction in the infected group (Fig. 4B).
Pathway analysis showed that igf–1 was a key upstream regulator of mmp–2/9. These results were
further con�rmed by RT-PCR analyses and Western blot validation. As expected, the RNA and protein
levels of mmp–9 in the TAMs from parasite-infected tumors were signi�cantly lower than those in the
TAMs from control group tumors. The levels of igf–1 RNA and IGF–1 protein were also reduced
approximately 4-fold in the infected mice (Fig. 4C and 4D), although the level of mmp–2 showed only a
slight reduction (Fig. S3C). These results suggested that the reduction in MMP–9 and IGF–1 expression
in TAMs induced by Plasmodium infection might be responsible for the reduced tumor angiogenesis.

To further investigate the concentrations of MMP–9 and IGF–1 within the tumor microenvironment, we
also analyzed the tumor tissue 17 days after Plasmodium infection. Consistent with the expression in
TAMs, MMP–9 and IGF–1 expression was also signi�cantly decreased in the infected tumor tissue (Fig.
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4E and 4F); however, the expression of VEGF was only slightly decreased in the infected tumors
compared with the uninfected tumors (Fig. S3C). In addition, the results from a FACS-like tissue cytometry
analysis con�rmed that MMP–9 expression in the Plasmodium-infected group was signi�cantly lower
than that in the control group (Fig. 4G, Fig. S4). Taken together, these results suggested that Plasmodium
infection may reduce MMP–9 and IGF–1 expression in TAMs and tumor tissue and that this effect is
responsible for the reduced angiogenesis within the tumors.

The Number of TAMs and MMP–9 Expression Positively Correlated with Tumor Vascular Density

Immunohistochemical analysis revealed that the cells secreting MMP–9 were mainly localized in the
tumor margin, and most of these cells were macrophages (Fig. 4H). Next, we carried out correlation
analyses by using the expression of MMP–9, CD31 and MF molecules in the Plasmodium-infected model
measured by immunohistochemical analysis. Pearson’s correlation test showed that MMP–9, the number
of in�ltrating TAMs, and the degree of angiogenesis achieved quantitatively similar positive correlations
in the parasite-infected group (Fig. S5A) and the uninfected group (Fig. S5B). Furthermore, similar results
were achieved quantitatively when the two groups were combined together (Fig. 4I). Taken together, these
results suggested that the reduction in MMP–9 expression in the TAMs signi�cantly correlated with the
inhibition of tumor angiogenesis in the Plasmodium-infected model.

Plasmodium Infection Reduced IGF–1 Expression by Blocking IGF–1R Signaling and the PI3-K and MAPK
Pathways

IGF–1 has been reported to promote MMP–9 expression via the AKT and MEK/ERK pathways [13–16].
We next conducted a mechanistic study to explore the role of IGF signaling in the expression of MMP–9
in Plasmodium-infected tumor-bearing mice. There was a signi�cant reduction in the p-AKT and
phosphorylated p42/44 MAPK levels in the infected group compared with the uninfected group (Fig. 5A
and 5B). Terminating the parasite infection restored the expression of these signaling proteins (Fig. 5C
and 5D), implying that both the PI3-K and MAPK pathways participate in the IGF–1 signaling that induces
MMP–9 expression.

HZ, a Plasmodium Metabolite, Reduced the Expression of IGF–1 in TAMs

As expected, Plasmodium-infected red blood cells (iRBCs) were found within the tumors from the tumor-
bearing mice (Fig. 6A, upper panel). Interestingly, we observed that HZ, a metabolite of the Plasmodium
parasite, accumulated in TAMs (Fig. 6A, down panel). Thus, we postulated that HZ could play roles in the
modulation of the expression of IGF–1 in TAMs.

To con�rm this hypothesis, we examined the expression of IGF–1 molecules in polarized M2-like
macrophages stimulated with HZ. To generate M2-like macrophages, RAW264.7 cells were cocultured
with Tumor cell-free supernatant (TSN) in vitro. These polarized cells showed enhanced expression of
genes such as ym1, �zzl, mgl1, arginase–1 (arg–1) and vegf, but the expression of inos, a gene that
correlates with classical activation, was downregulated (Fig. 6B). Furthermore, these polarized M2-like
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macrophages could phagocytose HZ in vitro (Fig. 6C), and cell viability was not affected by the doses of
HZ used.

Polarized M2-like macrophages were treated with HZ for 48 h, and the expression of the igf–1 gene was
examined. As shown in Fig. 6D and 6E, the expression of IGF–1 signi�cantly decreased when the M2-like
macrophages phagocytosed HZ. Interestingly, the expression of IGF–1 was reduced in a dose-dependent
fashion (Fig. 6F). Compared with the dose at 10 μg/ml, the dose of HZ at 100 μg/ml showed a much
stronger suppression of this gene expression in the M2-like cells. However, when the M2-like cells were
treated with HZ (100 μg/ml) for the indicated time periods shown in Fig. 6G, the change in IGF–1
expression was dependent on the treatment time. Together, these results showed that HZ played an
important role in the reduced expression of IGF–1 in the TAMs of the Plasmodium-infected tumor-bearing
mice.

Discussion
In the present study, we showed that Plasmodium infection e�ciently inhibits hepatic tumor progression
via the inhibition of tumor angiogenesis mediated by TAMs. Mechanistic studies revealed that the
Plasmodium product HZ, which is taken up by TAMs, down-regulates MMP–9 expression by suppressing
IGF–1 via the PI3-K and MAPK pathways.

For a long time, it has been recognized that parasite infection may serve to enhance immune surveillance
mechanisms against some types of solid cancers [5, 8, 24]. Furthermore, our global epidemiological data
analysis also suggested an inverse correlation between malaria incidence and cancer mortality [24].
Plasmodium pathogen-associated molecular patterns (PAMPs), such as glycosylphosphatidylinositol
(GPI) anchors, HZ and immunostimulatory nucleic acid motifs [25], can be recognized by host immune
cell sensors called pattern recognition receptors (PRRs) [26, 27], triggering systemic immune responses
that counteract the immunosuppressive tumor microenvironment that contains TGF-β, IL–10, regulatory
T cells and myeloid-derived suppressive cells (MDSCs), thereby contributing to the suppression of tumor
development [28, 29]. Indeed, our previous study demonstrated that blood-stage malaria exerts antitumor
effects by inducing a potent antitumor innate immune response that includes the secretion of IFN-γ and
the activation of natural killer (NK) cells. Our murine lung cancer model studies also demonstrated that
malaria infection induced adaptive antitumor immunity by increasing the proliferation of tumor-speci�c T
cells, the cytolytic activity of CD8+ T cells and the in�ltration of these cells into tumor tissue [5]. A study
by Deng and colleagues demonstrated that the inoculation of attenuated liver-stage Plasmodium induces
an antitumor innate immune response, including the secretion of tumor necrosis factor (TNF)-α, IL–6/12
and IFN-γ and antitumor adaptive immunity with increasing CD8+ T cell cytolytic activity [30].

Macrophages or TAMs derived from circulating monocytes are often the most abundant immune cells in
the tumor microenvironment and are key regulators of tumor progression [9, 10, 31]. Our previous study
showed that TAM depletion mediated by clodronate liposomes inhibits hepatic tumor growth [9]. Indeed,
the role of TAMs in promoting hepatoma growth has been con�rmed by several clinical investigations
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[32, 33]. Therefore, in the present study, we focused on investigating the role of TAMs in tumor
angiogenesis in tumor-bearing mice infected with Plasmodium.

Accumulating evidence indicates that TAMs release a panel of potent proangiogenic cytokines and
growth factors, such as VEGF, TNFα, IL–8, basic �broblast growth factor, thymidine phosphorylase,
urokinase-type plasminogen activator, adrenomedullin, semaphoring 4D, and cyclooxygenase–2[34–36].
VEGF is known to be a major proangiogenic cytokine released by TAMs that causes an angiogenic
switch. Its levels correlate with TAM density and tumor angiogenesis in several types of human cancer
[37]. However, our present study showed no signi�cant decrease in the VEGF levels of the TAMs in the
Plasmodium-infected tumor-bearing mice, which suggests that there might be other antiangiogenic
mechanisms. Several studies have demonstrated that TAMs may produce some angiogenesis-related
enzymes, including MMP–2 and MMP–9, which mediate ECM degradation and increase the vascular
invasion of tumor cells [38, 39]. The inhibition of MMP–9 expression by in�ltrating macrophages via
zoledronic acid effectively diminishes angiogenic responses in cervical cancer cells [40]. Similar to this
�nding, our study con�rmed that TAMs that in�ltrated into the tumor tissue of tumor-bearing mice are an
important source of MMP–9 in the tumor environment. The decrease in MMP expression in TAMs can be
an important mechanism for the inhibition of tumor angiogenesis in Plasmodium-infected tumor-bearing
mice. The IGF/IGF-IR axis is considered to play an important role in the regulation of several MMPs and
can thereby trigger MMP-mediated tumor angiogenesis and invasion [14, 15, 41, 42]. IGF–1 has been
shown to signal intracellularly through the PI3 and MAPK pathways after binding to IGF–1R on the cell
surface, and IGF–1 thereby increases the enzymatic activity of MMP–2 and MMP–9 and enhances the
proliferation and migration of tumor cells [14, 15, 43–45]. Noticeably, IGF–1 derived from polarized
macrophages can maintain the M2-type activation pro�le in these macrophages by activating the PI3-K
and MAPK pathways [43, 46]. We showed that infection with Plasmodium signi�cantly inhibited tumor
angiogenesis by inhibiting the expression of MMP–9 in TAMs. The reduced expression of MMP–9 in
TAMs was mediated by suppressing IGF–1 via the PI3-K and MAPK pathways. These data suggested
that Plasmodium could alter the angiogenic functions of TAMs by regulating particular signal
transduction pathways.

Plasmodium-infected RBCs (iRBCs) were observed within the tumor vasculature in the animals. Thus, the
iRBCs and Plasmodium metabolic products including HZ could be easily phagocytosed by TAMs. It has
been suggested that the consequence of TAM phagocytosis may be the direct alteration of the activation
status of the TAM, resulting in decreased in�ltration of the TAM into tumor sites. Alternatively, the
engulfment of Plasmodium metabolic products induces apoptosis in TAMs that may lead to a partial
depletion of TAMs. We have demonstrated that the decreased number of TAMs at least partially
contributes to the inhibition of tumor angiogenesis. Additionally, our study showed that the phagocytosis
of HZ by TAMs induces a signi�cant reduction in the production of IGF–1, although the mechanism has
to be elucidated.

Overall, the present study demonstrated that Plasmodium infection inhibits hepatic tumor progression by
reducing TAM-mediated tumor angiogenesis (Fig. 7). Plasmodium infection suppresses the in�ltration of
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TAMs into tumors, which can alter the tumor milieu and thereby partially contribute to the inhibition of
tumor angiogenesis. More importantly, infection can signi�cantly reduce the levels of proangiogenic
factors and increase the levels of antiangiogenic factors in TAMs. In particular, infection can signi�cantly
decrease MMP–9 expression by regulating IGF–1, which may signal intracellularly through the PI3 and
MAPK pathways after binding to IGF–1R on the cell surface and thereby increase the expression of
MMPs in tumor-bearing mice.

Considering the �ndings of our previous studies [5, 8, 24, 47], which showed that Plasmodium parasite
infection induces antitumor immunity and inhibits tumor angiogenesis in animal models of cancer, we
conclude that Plasmodium infection or component vaccination provides a potent therapeutic strategy for
cancer treatment. Three clinical trials of Plasmodium immunotherapy for advanced lung cancer
(clinicaltrials.gov/ct2/show/NCT02786589), advanced breast and liver cancers
(clinicaltrials.gov/ct2/show/NCT03474822), and advanced cancers
(clinicaltrials.gov/ct2/show/NCT03375983) have been approved and are ongoing in China. In these
clinical trials, our collaborators have observed that infection with blood-stage Plasmodium vivax (a
relatively benign form of the human malaria parasite) activates the immune system of advanced cancer
patients without severe side effects or complications because artemisinin effectively controls
parasitemia at a safe level (unpublished data). A gene-modi�ed attenuated human malaria parasite could
be explored as a cancer vaccine vector or an immunotherapy for cancer patients [47].

Conclusions
In conclusion, we highlighted in this study that the immunity mediated by Plasmodium infection can
reactivate the immunity inhibited by tumors. Macrophages in�ltrating in tumor microenvironment bridge
the gap between these two different immune mechanisms. This novel method of inhibiting tumor
angiogenesis by Plasmodium infection is of high importance for developing new cancer therapy
strategies in future.
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Figure 1

Plasmodium infection inhibited tumor progression and prolonged survival in tumor-bearing mice. (A-D)
Hepa1-6 (A, B) or H22 (C, D) cells were s.c. inoculated into C57BL/6 mice, and Plasmodium parasites
were simultaneously inoculated i.p. (n=12). The tumor sizes and survival of the mice were monitored. The
data are representative of three independent experiments. The columns represent the mean ± SD.
Statistical analysis was performed using GraphPad Prism software 6.0 (two-way analysis of variance
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(ANOVA)). **, p <0.01; ***, p <0.001. (E-F) Hepa1-6 cells were injected into the liver of mice, and parasites
were i.p. inoculated (n=10). Seventeen days later, the liver, spleen and orthotopic tumor (black arrow) were
removed and photographed (E). The nodules (black arrow) in the liver were observed by H&E staining and
imaged (F, left panel). Original magni�cation: 400×. Quantitative analysis was performed by counting the
number of nodules with the same original magni�cation (200×) (F, right panel).

Figure 2
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Plasmodium infection suppressed neovascularization in Hepa1-6-implanted tumor tissue (A-C) The
vascularization of the tumor tissue from tumor-bearing mice on day 17 after Plasmodium infection was
imaged (n=4) (A). H&E staining showed the neovascularization of the tumor in tumor-bearing mice on
day 17 after Plasmodium infection (n=4) (B, up panel). Representative images (B, bottom panel) and the
quantitative analysis (C) of microvessel density (MVD) by immunohistochemical staining with antibodies
reactive to CD31 were used to characterize the neovascularization in tumor-bearing mice on day 17 after
Plasmodium infection. Original magni�cation: 400×. ***, p < 0.001. (D-E) The alginate-encapsulated
tumor cell assay was performed according to the description in the “Materials and methods” section (n =
10). Representative images of the alginate beads are shown (D). Quanti�cation of the FITC-dextran
uptake by the beads is shown (E). The data are expressed as the mean±SD. ***, p < 0.001.

Figure 3

Quanti�cation of TAM in�ltration into the tumor tissue. (A-B) Tumor histological specimens were
prepared on days 8 and 17 after infection with Plasmodium parasites (n=4) and stained
immunohistochemically with a “rat mAb against mouse macrophages” (clone No. RM0029-11H3)
(colored by AEC). Representative images are presented (A). The number of in�ltrating TAMs was
quanti�ed by counting. (B). ***, p < 0.001. (C-D) The in�ltrating TAMs were sorted by FACS using a FITC-
conjugated anti-F4/80 mAb. The proportion of TAMs was analyzed (C). The absolute number of TAMs
was quanti�ed per gram of tumor (n=5) (D). All data were analyzed using FlowJo software (7.6.1
version). The purity of the cell populations was between 85% and 90%. (E-F) Hepa1-6 tumor-bearing mice
were intraperitoneally injected with Cl2MDP liposomes (300 μl/mouse) at 4, 8 and 13 days after tumor
cell inoculation and sacri�ced at 16 days. The tumor tissue was dissected, and tumor angiogenesis was
examined visually and imaged (E, upper panel). PBS liposomes were used as a control.
Neovascularization was examined by immunohistochemical staining with antibodies reactive to CD31,
and representative images are shown (E, bottom panel). In�ltrating TAMs were stained with a rat mAb
that recognizes mouse macrophages [RM0029-11H3] and imaged (F, medium panel). Original
magni�cation: 400×. Quantitative analyses of the MVD (E right) and TAMs (F, right) were carried out. Data
represent the mean MΦ/MVD number per �eld ± SD (10 �elds per tumor sample, 6 tumors per group;
400× magni�cation, 0.17 mm2/�eld). ***, p < 0.001. (G) Pearson's correlation was used to analyze the
correlation between TAM in�ltration and the MVD in tumor-bearing mice treated with Cl2MDP liposomes
or PBS liposomes. (H-I) Histological tumor specimens were prepared on day 17 after infection with
Plasmodium parasites (n=4) and stained immunohistochemically with a “rat mAb against mouse
macrophages” and an antibody reactive to CD31. Representative images are shown (H). Original
magni�cation: 400×. The number of in�ltrating TAMs and the MVD were quanti�ed by counting. Data
represent the number per �eld ± SD (10 �elds per tumor sample, 8 tumors per group; 400× magni�cation,
0.17 mm2/�eld). Pearson's correlation was used to analyze the correlation between TAM in�ltration and
the MVD (I).
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Figure 4

Attenuated MMP-9 expression in the in�ltrating TAMs in tumor-bearing mice infected with Plasmodium
parasites led to the inhibition of tumor angiogenesis. (A-B) Tumor-bearing mice were sacri�ced on day 17
after infection with Plasmodium parasites. TAMs were sorted, RNA was extracted, and then a gene chip
(Roche NimbleGen) analysis was carried out to detect the gene expression in TAMs. Genes with a ≥ 2-
fold difference in expression and a q-value ≤0.05 were chosen and mapped (A). A molecular annotation
system was used to analyze the functions of these differentially expressed genes and the biological
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processes involved. Genes associated with tumor angiogenesis with a ≥ 2-fold difference in expression
and a q-value ≤ 0.05 were chosen for further analysis (B). (C-F) The relative MMP-9 and IGF-1 mRNA
levels in the sorted TAMs (C) and tumor tissue (E) were quanti�ed using qRT-PCR. Western blotting
visualized the expression of MMP-9 and IGF-1 in the sorted TAMs (D, left panel) and tumor tissue (F, left
panel). Quantitative analysis was performed using ImageJ software to quantify the endogenous MMP-9
and IGF-1 levels in the sorted TAMs (D, right panel) and tumor tissue (F, right panel). (G) A FACS-like tissue
cytometer analysis system was applied to analyze the MMP-9 expression by the cells in the tumor margin
by immunohistochemical staining with an antibody reactive to MMP-9 on day 17 after infection with
Plasmodium parasites. Double-positive scatter plots represent MMP-9-positive cells in scattergrams (left
panel). The percentages represent the ratio of MMP-9-positive cells to total cells in the selected area. The
mean intensity (MI) represents the average DAB intensity (right panel). (H) Representative images of the
MMP-9-positive cells identi�ed by immunohistochemical staining with an antibody reactive to MMP-9 on
day 17 after infection with Plasmodium parasites (Original magni�cation: 400×). The insets show
representative cells expressing MMP-9 (left panel) and the number of cells expressing MMP-9 (right
panel). (I) A comprehensive analysis of the correlation among MMP-9 expression, MVD, and macrophage
in�ltration in the tumors from tumor-bearing mice on day 17 after Plasmodium infection compared with
that in the tumors from uninfected tumor-bearing mice. p < 0.05 was considered signi�cant.
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Figure 5

Plasmodium infection attenuated MMP-9 expression by blocking IGF-1R signaling. (A-B) The expression
of IGF-1, MMP-9, phosphorylated Akt, total Akt, phosphorylated p42/44 MAPK and total MAPK in the
sorted TAMs from tumor-bearing mice on day 17 after Plasmodium infection was detected by
immunoblotting (A). Quantitative analysis was performed using ImageJ software to quantify the levels of
these signaling proteins in the sorted TAMs (B). (C-D) Plasmodium parasites were killed by chloroquine
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on day 8, and AKT signaling and MAPK signaling were examined. Western blotting visualized the
restoration of the levels of these signaling proteins (C). Quantitative analysis of signaling proteins in the
sorted TAMs from the tumor-bearing mice with Plasmodium infection blocked on day 8 was performed
using ImageJ software (D).

Figure 6

HZ modulated the expression of IGF-1 in TAMs polarized in vitro by coculture. (A) Tumor tissue sections
were observed on day 17 after Plasmodium infection (n=4). Parasite-infected red blood cells (iRBCs)
could be found in the tumor tissue (upper panel). Representative photos are presented (×1,000
magni�cation). The insets show representative iRBCs, with the black arrows identifying Plasmodium
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parasites in the iRBCs. HZ was found in the TAMs from Hepa1-6 cell-implanted mice infected with
Plasmodium parasites (n=4) (bottom panel). Arrows indicate representative cells with HZ accumulation
in their cytoplasm. Original magni�cation: 400×. RAW264.7 cells were plated in the absence or presence
of TSN (1:2 dilution). (B-C) Genes associated with TAM phenotype characteristics were analyzed in the
induced TAMs using real-time PCR (B). The phagocytosis of HZ by RAW264.7 cells in vitro was also
observed (C). Arrows illustrate examples of cells with HZ accumulation in their cytoplasm. Original
magni�cation: 400×. (D-E) Cells were treated with or without HZ (100 μg/ml) in the presence of TSN (1:2
dilution). The level of IGF-1 was analyzed 48 h after co-culture using RT-PCR (D, left panel) and qRT-PCR
(D, right panel). The expression of IGF-1 was detected using immunoblotting and quanti�ed by ImageJ
software (E). (F-G) In some experiments, the induced TAMs were treated with different doses of HZ. The
analysis of IGF-1 mRNA expression was performed using qRT-PCR 48 h later (F). In other experiments, the
induced TAMs were exposed to HZ (100 μg/ml) for the indicated time periods. The level of IGF-1 was also
analyzed (G). The results are the mean ± SD of the data from the triplicate samples of three independent
experiments.
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Figure 7

Summary of the mechanisms by which Plasmodium infection inhibits tumor angiogenesis by reducing
the in�ltration of tumor-associated macrophages (TAMs) and attenuating the expression of MMP-9 in
TAMs.
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