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Abstract
Background: Toxoplasma gondii is a zoonotic intracellular protozoon that is estimated to infect about
30% of the world’s population, resulting in toxoplasmosis in immuno-compromised patients and adverse
outcomes in the primary infection during pregnancy. Exosomes are tubular vesicles secreted by cells, and
they function in intercellular communication. It has been reported that the exosomes secreted by T.
gondii-infected immune cells transmit infection signals to the uninfected cells. However, the mechanism
and effect of the exosome transmission are still vague. We therefore investigated the function of the
exosomes transmitted from DC2.4 cells infected with T. gondii RH strain (Tg-DC-Exo) to the uninfected
cells, as well as their roles in anti-infection.

Methods: We conducted exosome isolation and identi�cation with ultracentrifugation, transmission
electron microscopy (TEM), nanoparticle tracking analysis (NTA) and Western blotting. Recipient cells
taken up exosomes by PKH67 assay. The signal transmission and the abundance of mir155-5p were
determined using transwell assay and qRT-PCR. For the immune responses, cytokines was evaluated. T.
gondii B1 gene was determined to evaluate tachyzoites proliferation.

Results: We observed that Toxoplasma infection up-regulated mir155-5p expression in DC2.4 cells
secreted exosomes, and those exosomes can be ingested by murine macrophage RAW264.7 cells. Tg-DC-
Exo and mir155-5p stimulating host proin�ammatory immune responses such as proin�ammatory
cytokine (IL6,iNOS and TNF-α) production increased and NF-κB signal pathway activation by down
regulating SOCS1, leading to inhibit T. gondii tachyzoite proliferation in RAW264.7 cells.

Conclusion: Our �ndings provide a novel mechanism for how infected cells transmit infection signals to
the uninfected cells through exosome secretion after T. gondii infection, followed by in�ammatory
responses and anti-infection reactions, which may help us develop a new intervention strategy for
toxoplasmosis prevention, especially in immuno-compromised patients.

Introduction
Toxoplasma gondii is an obligate intracellular protozoon that infects almost one-third of the world's
population [1]. The infection is usually asymptomatic, but causes a lifelong threat to immune-competent
populations; however, it may result in severe toxoplasmosis and even death in immuno-compromised
patients, and primary infection during pregnancy may result in adverse pregnancy outcomes [1]. Hosts’
immune responses mediate the results of T. gondii infection [2]. For example, interferon-γ (IFN-γ),
Interleukin-12 (IL-12), and IL-1α have been reported to promote protective immunity against T. gondii
infection [3–5]. Macrophages are important components of the innate immune system; they scavenge
pathogens by activating innate immunity or promoting adaptive immunity through antigen presentation
[6]. Many T. gondii secretions, such as ROP16, GRA12, GRA15, and GRA2, have been reported to regulate
the host immune response [7–9].
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Exosomes—nano-sized vesicles that encapsulate proteins, nucleic acids (with the highest abundance of
microRNAs (miRNAs)), and other biological substances—are powerful tools for intercellular
communication that mediate biological, physiological, and pathological states related to immune
responses. It has been reported that T. gondii exosomes can trigger humoral and cellular immune
responses and can promote the secretion of proin�ammatory cytokines by macrophages for immune
protection of the host [10, 11]. Nematode exosomes can inhibit the innate type 2 response [12]. Proteomic
and microRNA (miRNA) analyses of the exosome-like vesicles from Schistosoma mansoni implicated
that exosomes have potential for use in vaccine development and therapeutic innovation [13].

Small non-coding RNAs (miRNAs) inhibit the transcription and translation of the target genes, mainly by
binding to the 3'UTR regions. Exosomes released by immune cells can carry miRNAs from donor cells to
recipient cells to regulate biological processes [14]. Except Rather than regulating their own cells,
exosomic miRNAs can regulate proximal and distal target cells through exosome transportation or other
means. However, how exosomic miRNA works has not been fully characterized. Several highly expressed
miRNAs have been identi�ed from the extracellular vesicles of Schistosoma japonicum and have been
found to be able to suppress target genes’ expression in RAW264.7 cells [15].

The activation of CD8+T cells is essential for inhibition of T. gondii infection [16]. Dendritic cells and
macrophages are important antigen-presenting cells for T cells, which play important roles in anti-
infection [17, 18]. The communication between these immune cells is particularly important. However, it is
not known if the exosomes secreted by dendritic cells can transmit the anti-infection signals to
macrophages. This study was conducted to answer this question.

Materials And Methods

Parasites and Cell Lines
Murine dendritic cell line DC2.4, human foreskin �broblast cell line HFF, and murine macrophage cell line
RAW264.7 were purchased from the ATCC (American Type Culture Collection, Manassas, USA) and
preserved in our laboratory. The DC2.4 cells were cultured in RPMI-1640 (Roswell Park Memorial Institute-
1640, bought from Gibco/Invitrogen, Waltham, MA, USA); the HFF and RAW264.7 cells were cultured in
DMEM (Dulbecco’s Modi�ed Eagle’s Medium, bought from Gibco/Invitrogen). Both of the culture
mediums were supplemented with 10% fetal bovine serum (FBS) (Gibco/Invitrogen) and 1% gentamicin
(10 mg/mL, Invitrogen, USA). The cells were cultured with 5% CO2 at 37°C. The T. gondii RH strain was
propagated in HFF cells in our lab.

Exosome Isolation and Identi�cation
The DC2.4 cells were cultured with RPMI-1640 supplemented with 10% exosome-free FBS (Gibco) in three
75 cm² cell culture �asks to 100% con�uence and were infected with RH tachyzoites with a multiplicity of
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infection of 3 (MOI = 3) for 28 h. Supernatants were collected and exosomes were extracted as described
previously [19]. Isolated exosomes were examined using transmission electron microscopy (TEM)
(Hitachi, Northeastern Honshu, Japan) at a voltage of 80 kV, as well as the exosomic proteins were
detected with Western blotting [19] and the size of exosomes was determined by nanoparticle tracking
analysis(NTA) using ZetaView (Particle Metrix, Germany) as previously described [15]. Exosome
concentration was determined using Pierce BCA Protein Assay Kit (Thermo Fisher Scienti�c,
Massachusetts, USA) as manufacturer’s described.

Western Blot
The isolated exosomes and the transfected cells were collected and lysed using lysis buffer (Beyotime
Biotechnology, Shanghai, China), total proteins were loaded for SDS-PAGE, and immunoblotting was
performed as described previously [20]. The following primary antibodies were used: rabbit mAb anti-CD9
(1:1000), rabbit mAb anti-TSG101 antibody (1:1000), rabbit mAb anti-HSP70 antibody (1:1000), rabbit
mAb anti-iNOS (1:1000), rabbit mAb anti-p65 (1:1000) and rabbit mAb anti-SOCS1 (1:1000) ,which were
purchased from Abcam (Massachusetts, USA); mouse mAb anti-GAPDH (1:1000), rabbit mAb anti-
phosphorylated IκB alpha (Ser32/Ser36) (1:1000), and rabbit mAb anti-phosphorylated NF-κB p65 (S536)
(1:1000), which were purchased from A�nity Biosciences (OH,USA); rabbit mAb anti-IKBα(1:1000) was
purchased from GeneTex (Santa Cruz, USA). The secondary antibodies used for the Western blot were
HRP goat anti-mouse IgG (1:5000) and HRP goat anti-rabbit IgG (1:5000), which were purchased from
abclonal (Wuhan, China).

Uptake of Tg-DC-Exo and DC-Exo by RAW264.7 Cells
RAW264.7 cells were seeded on coverslips in a 12-well plate, approximate 1.1×106 cells per well, and were
cultured with DMEM supplemented with 10% exosome-free FBS for 12 h. Exosomes extracted from the
supernatants of T. gondii-infected DC2.4 cells (Tg-DC-Exo) and DC2.4 cells (DC-Exo) were labeled with
green �uorescence using a PKH67 Green Fluorescent Cell Linker Mini Kit (Sigma-Aldrich, USA) according
to the experimental procedures described by Lin WC et al. [21]. Brie�y, Tg-DC-Exo and DC-Exo (5µg each)
were respectively mixed in 40µl of PBS with 50µl Diluent C and 0.25µl PKH67 dye, mixed gently for 5 min
at room temperature and 1% bovine serum albumin (BSA) was added to terminate the dying process.
PKH67-stained Tg-DC-Exo and DC-Exo were recollected at 100,000×g for 2h at 4°C and resuspended in
PBS. PKH67-stained exosomes or the same volume of the PKH67-PBS control were separately added to
the RAW264.7 cells and incubated for 6 h. The cells were washed with PBS three times and �xed with 4%
paraformaldehyde (Dingguo, China). Subsequently stained with DAPI (Dingguo, China). The coverslips
were taken out and then observed under a �uorescence microscope (Nikon, Tokyo, Japan) with a Green
Fluorescence Protein (GFP) �lter, and images were captured.
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Detection of Macrophage Polarization after Treatment of
RAW264.7 Cells with Tg-DC-Exo and DC-Exo
The RAW264.7 cells were seeded in 24-well plates, grown overnight to 80% con�uence, and then treated
with 120 µg/mL of Tg-DC-Exo or DC-Exo for 24 h. The cells were washed with PBS three times and
harvested after scraping. Total RNA was extracted to detect the transcription of TNF-α, iNOS, and IL6. The
RAW264.7 cells were treated with 120 µg/mL of Tg-DC-Exo or DC-Exo for 48 h. The macrophage M1-type
cytokine iNOS and M2-type cytokine Arg1 were detected with a Western blot.

RNA and DNA Isolation and qRT-PCR
The total RNA of exosomes was extracted with an exoRNeasy Serum/Plasma MidiKit (QIAGEN,
Duesseldorf, Germany) according to the manufacturer’s protocol. The total RNA of cells was extracted
with Trizol reagent (Thermo Fisher Scienti�c, Waltham, USA) according to the manufacturer’s protocol.
Genomic DNA was removed with a One-Step gDNA Removal kit (Trans Gen Biotech, Beijing, China). For
miRNA analysis, exosomic RNA was reverse-transcribed using Super Script™ II Reverse Transcriptase
(Thermo Fisher Scienti�c, Wilmington, USA), and cell RNA was reverse-transcribed using Easy Script® All-
in-One First-Strand cDNA Synthesis Super Mix. To evaluate the relative amount of T. gondii tachyzoites,
the total DNA of infected cells was extracted with a DNeasy Blood and Tissue Kit and Proteinase K
(QIAGEN, Duesseldorf, Germany) according to the manufacturer’s protocol. The speci�c detection method
of the T. gondii B1 gene followed previously described experimental procedures [22]. Real-time
polymerase chain reaction (PCR) was performed by using Hieff® qPCR SYBR® Green Master Mix
(Yeasen, Shanghai, China) and the Quant Studio™ real-time PCR system (Thermo Fisher Scienti�c,
Wilmington, USA). The primers for quantitative PCR (qPCR) are shown in Table S1. The relative mRNA
level was measured with 2−ΔΔCt.

Detection of mir155-5p Transportation to RAW264.7 Cells
through Exosome Uptake with a Transwell Experiment
DC2.4 cells were seeded in the upper chambers of 24-well transwell inserts (Corning, New York, USA) and
cultured with DMEM supplemented with 10% exosome-free FBS and 1% gentamicin to 100% con�uence.
The cells were divided into four groups: two groups were left uninfected, and two groups were infected
with the T. gondii RH strain (MOI = 3). After infection for 30 min, the culture medium was aspirated and
the DC2.4 cells in the upper chambers were washed with PBS three times to remove the unrecruited T.
gondii tachyzoites. Meanwhile, RAW264.7 cells were seeded in the lower chambers. The four groups of
DC2.4 cells (two infected with T. gondii and two uninfected) in the upper chambers and the RAW264.7
cells in the lower chambers were co-cultured in DMEM supplemented with 10% exosome-free FBS and 1%
gentamicin, with or without 100 µL of 10 µm GW4869 (inhibitor of exosome secretion, MedChemExpress),
for 52h. Each of these groups was labeled as Normal, DC2.4 + GW4869, DC2.4 + RH, or DC2.4 + RH + 
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GW4869. After that, the RAW264.7 cells were harvested and lysed with lysis buffer (Beyotime
Biotechnology, China). The total RNAs were extracted for detection of mir155-5p abundance via
quantitative real-time PCR (qRT-PCR). Each group was prepared in triplicate, and the experiment was
repeated three times for statistical analysis.

Cell Transfection with Synthesized miRNA or siRNA and
Treatment with Exosomes
RAW264.7 cells were seeded in 6-well plates to 80% con�uence and were divided into 4 groups. Two
groups were transfected with 10 µL of 20 nM mir155-5p mimics and mimic-NC(miRNA mimic-Normal
Control), mir155-5p inhibitors and miRNA inhibitors-NC (miRNA inhibitor-Normal Control) (Gene Pharma,
Suzhou, China), respectively. The other two groups were transfected with 10 µL of 20 nM si-SOCS1
(siRNA targeting SOCS1) and si-NC (siRNA-Normal Control) (Ribobio, Guangzhou, China), respectively.
The transfection was performed using Lipofectamine 3000 (Thermo Fisher Scienti�c) according to the
protocol provided by the manufacturer. The exosomes extracted from the cell culture supernatant of the
DC2.4 (DC-Exo) and the DC2.4 infected with T. gondii (Tg-DC-Exo) were added to the 80% con�uent
RAW264.7 cells at 120 ug/well, respectively.

Cell activity, Proliferation, and Polarization Detection
The RAW264.7 cells were incubated with exosomes or transfected with miRNA/siRNA. At 24 h post-
treatment, the transcription of the related cytokines was detected via qRT-PCR and Western blotting, and a
CCK8 kit (Cell Counting Kit, Trans Gen Biotech, Beijing, China) was used to detect the cell viability and
proliferation according to the instructions. In the same way, cell proliferation activity was evaluated by
detecting cell absorbance after treatment for 0, 24, 48, 72, and 96 h. Each group was prepared in triplicate,
and the experiment was repeated three times for statistical analysis.

Statistical Analysis
The differences between two or three groups were analyzed with Prism (GraphPad Software) using
Student’s t-test and one-way analysis of variance (ANOVA). SPSS (version 20) was used to analyze
multiple comparisons (Tukey’s), and p < 0.05 indicated that the difference was statistically signi�cant.

Results
Characterization of the Exosomes Derived from DC2.4 Cells Infected or Uninfected with T. gondii RH
Strain

The exosomes extracted from the DC2.4 cells infected or uninfected with T. gondii presented a speci�c
saucer structure when observed with a transmission electron microscope (TEM) (Fig. 1A). The
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nanoparticle tracking analysis showed that the particles had a diameter of 30–200 nm diameter, which
was the characteristic size of the exosomes (Fig. 1B1 and Fig. 1B2). Several speci�c exosomic protein
makers, such as TSG101, CD9, CD81, and HSP70, were detected in the exosome extracts by the Western
blot (Fig. 1C).

 Macrophages’ (RAW264.7) Uptake of Exosomes Secreted by DC2.4 Cells

To determine whether immune cells can communicate with each other through exosome transmission,
we labeled exosomes with PKH67 and incubated with RAW264.7 for 6 h in vitro. As the confocal
microscope results shown in (Fig. 2), the RAW264.7 cells could engulf the exosomes successfully
(including Tg-DC-Exo and DC-Exo) extracted from DC2.4 cells; however this uptake phenomenon was not
observed in PKH67-PBS and PBS groups.

 Tg-DC-Exo Results in Polarization of Macrophages toward
M1 and Promotion of In�ammation Progress
Exosomes play a key role in intercellular communication by transmitting signals and molecules to other
cells [23]. Based on the observation that RAW264.7 cells ingest exosomes secreted by DC2.4 cells, we
hypothesized that exosomes function in the intercellular communication between different types of
immune cells. To test this hypothesis, we treated RAW264.7 cells with Tg-DC-Exo and DC-Exo for 24 h,
and evaluated the proin�ammatory cytokine production in these RAW264.7 cells. The transcription levels
of the proin�ammatory cytokines (TNF-α, iNOS, and IL6) relative to the housekeeping gene—
glyceraldehyde-3-phosphate dehydrogenase (GAPDH)—in these RAW264.7 cells were detected with real-
time PCR. The results showed that the transcription levels of IL6, iNOS, and TNF-α were remarkably
increased in the RAW264.7 cells treated with Tg-DC-Exo compared with those of the cells treated with DC-
Exo (Fig. 3A). Consistently with the RT-PCR results, in our Western-blot detection, Tg-DC-Exo signi�cantly
promoted iNOS translation compared with DC-Exo treatment and non-treatment (Fig. 3B). Taken together,
these results indicated that Tg-DC-Exo could induce RAW264.7 M1 macrophage polarization in vitro.

 Mir155-5p Is Abundantly Packed in Tg-DC-Exo and
Delivered to Recipient Cells via Exosomes
Our exosomic transcriptome sequencing identi�ed a bunch of differentially enriched exosomic miRNAs
from the DC2.4 cells infected with T. gondii RH tachyzoites; unlike those identi�ed from the uninfected
DC2.4 cells, the mir146a, let7k, and mir155-5p were upregulated [19]. Upon T. gondii infection, high
expression of mir-155 was detected in immune cells [24]. Given the unique functions of mir-155 in
immune system, such as controlling in�ammatory response, regulating immune memory[25] and others
highly related to immunity[26, 27]. We �rst con�rmed the transcriptome sequencing result of the
upregulated mir155-5p expression in Tg-DC-Exo compared with that in DC-Exo with qRT-PCR (Fig. 4A). To
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determine whether mir155-5p can be transported to the recipient cells through the exosomes secreted by
the DC 2.4 cells infected with T. gondii, RAW264.7 cells were co-cultured with Tg-DC-Exo or DC-Exo for 24
h, and the abundance of mir155-5p was detected with qRT-PCR. The level of mir155-5p relative to U6
increased by several times in Tg-DC-Exo-treated RAW264.7 cells compared with DC-Exo-treated RAW264.7
cells (Fig. 4B).

In our transwell experiment, DC2.4 cells infected with T. gondii and uninfected DC2.4 cells were pre-
treated with GW4869 (an inhibitor of exosome secretion) for 24h to prevent the production of exosomes,
or were left untreated with GW4869 as a control. After that, RAW264.7 cells were cultured in the lower
chambers for 28 h, and were then harvested for detection of mir155-5p transcription with qRT-PCR. We
found that the relative transcription level of mir155-5p in the RAW264.7 cells was reduced signi�cantly in
the DC2.4 + RH + GW4869 treatment group compared with that in the DC + RH treatment group (Fig. 4C).
All these data indicated that the mir155-5p enriched in the exosomes derived from DC2.4 cells infected
with T. gondii was transported to and absorbed in the RAW264.7 cells.

The mir155-5p Packed in the Exosomes Secreted by DC2.4
Cells Infected with T. gondii (Tg-DC-Exo) Modulates
Macrophage Polarization
It has been reported that mir155-5p induces a robust pro-in�ammatory response in macrophages [28]. In
this study, we found that mir155-5p was highly enriched in Tg-DC-Exo and Tg-DC-Exo-induced RAW264.7
M1 polarization. We therefore hypothesized that mir155-5p could be a key factor that plays an important
role in Tg-DC-Exo-induced M1 polarization of RAW264.7. We �rst transfected mir155-5p mimics and
mir155-5p inhibitors into RAW264.7 cells and mir155-5p inhibitors into DC2.4 cells, consistent levels of
mir155-5p were detected with qRT-PCR in the transfected RAW264.7 cells (Fig. 5A Figure S1A).
Proliferation of these RAW264.7 cells was detected with a CCK8 kit at different times post-transfection.
However, no signi�cant differences were found in cell proliferation and viability at different time points
among these transfected or un-transfected RAW264.7 cells (Fig. 5B). We further speculated that mir155-
5p modulated the polarization direction of macrophages. We found in our experiments that mir155-5p
mimics led to a signi�cant increase in proin�ammatory cytokine (IL-6, iNOS, and TNF-α) transcription in
RAW264.7 cells compared to miRNA mimic-NC and mock treatments (Fig. 5C). To further verify the role of
miR155-5p in macrophages, we transfected a miR155-5p inhibitor to DC2.4 and then extracted the
exosomes (miR155-5p inhibitor-DC-Exo). The miR155-5p inhibitor-DC-Exo and the exosomes extracted
from the normal DC2.4 cells (negative control-Exo) were added to RAW264.7 cells and incubated for 24 h,
after that, the cytokines in the culture medium were detected. However, no signi�cant differences in
cytokine’ levels were found between these groups (Figure S1B). Considering the low background value of
miR155-5p [24] and loss of exosomes in extraction, the inhibition effect of the miR155-5p in exosomes
may not be obvious. Therefore, we transfected a miR155-5p inhibitor to RAW264.7 cells. The mir155-5p
inhibitor signi�cantly inhibited the transcription of IL-6, iNOS, and TNF-α in RAW264.7 cells compared to
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miRNA-NC inhibitor (miRNA Normal Control inhibitor) and mock treatments (Fig. 5D). The Western blot
showed a result consistent with that of the qRT-PCR: mir155-5p mimics signi�cantly up-regulated iNOS
expression in RAW264.7 cells compared to miRNA mimic-NC and mock treatments (Fig. 5E). All of this
evidence illustrated that Tg-DC-Exo-derived mir155-5p contributes to M1 macrophage polarization.

 The mir155-5p Packed in Tg-DC-Exo Inhibits the
Multiplication of T. gondii RH Tachyzoites
The production of proin�ammatory factors is conducive for restraining T. gondii multiplication [29], and
we had identi�ed that Tg-DC-Exo-derived mir155-5p up-regulated the transcription of some
proin�ammatory cytokines (Fig. 3 and Fig. 5). However, whether the Tg-DC-Exo-derived mir155-5p inhibits
T. gondii multiplication or not is still unknown. Therefore, we also found in our study that Tg-DC-Exo
treatment of RAW264.7 cells resulted in the inhibition of T. gondii replication in the RAW264.7 cells
compared to DC-Exo treatment and non-treatment (Fig. 6A). We assumed that the Tg-DC-Exo signi�cantly
enriched with mir155-5p also had the same effect on T. gondii replication. Firstly, a CCK8 was used to
examine the effects of mir155-5p mimics and mir155-5p inhibitors on cell activity, and no signi�cant
differences were found between the RAW264.7 cell groups that were transfected or un-transfected with
the miRNAs (Fig. 6D). Secondly, the T. gondii B1 gene copies (indicating the amount of T. gondii
tachyzoites) in the cells transfected with mir155-5p mimics and mir155-5p inhibitors were evaluated with
qRT-PCR. The results showed that the amount of B1 gene copies was signi�cantly lower in the RAW264.7
cells transfected with the mir155-5p mimic than in the cells transfected with the miRNA mimic-NC and in
the mock cells (Fig. 6B). On the contrary, the amount of B1 gene copies was signi�cantly greater in the
RAW264.7 cells transfected with mir155-5p inhibitors than in the cells transfected with the miRNA-NC
inhibitor and in the mock cells (Fig. 6C). Overall, these results indicated that Tg-DC-Exo treatment and
highly expressed mir155-5p in RAW264.7 cells signi�cantly inhibit the multiplication of T. gondii in these
cells. 

Tg-DC-Exo-Derived mir155-5p Targets SOCS1 to Activate
the NF-κB Signaling Pathway in Macrophages
We previously reported that the target genes of the signi�cantly enriched miRNAs (such as mir155-5p) in
Tg-DC-Exo are mainly related to immunity and are aggregated in NF-κB, MAPK, P13K-AKT, and the
calcium signaling pathway [19]. To identify the target genes of mir155-5p in RAW264.7, online
bioinformatics tools (Target Scan and mirWalk) were used to predict the potential target genes. Among
the potential targets, the suppressor of cytokine signaling (SOCS1), which acts in both immune
modulation and cell cycle regulation, has been reported to be a negative feedback regulator of cytokines
and to be involved in multiple signaling pathways [30]. Hence, we assumed that SOCS1 is targeted by Tg-
DC-Exo and mir155-5p and that it acts in the promotion of M1 macrophage polarization. We found that
the transcription and translation of SOCS1 were signi�cantly inhibited by mir155-5p mimics (compared to
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miRNA mimic-NC transfection and non-transfection); These statements were veri�ed with qRT-PCR and
Western blotting, respectively (Fig. 7A Fig. 7B). Considering the fact that the activation of NF-κB plays a
crucial role in M1 macrophage polarization and inhibition of T. gondii proliferation [31], we speculated
that the mir155-5p packed in Tg-DC-Exo was transported to the target RAW264.7 cells and that it targeted
SOCS1 to the activate NF-κB signaling pathway. As a result, the multiplication of T. gondii in RAW264.7
cells was inhibited. To test our hypothesis, SOCS1 was knocked down in RAW264.7 cells by using small
interfering RNAs targeting SOCS1 (si-SOCS1) (Fig. 7C Fig. 7D). We found that mir155-5p mimics and si-
SOCS1 transfection promoted the phosphorylation of IKBα and p65 more in the RAW264.7 cells
compared with the si-NC transfection and un-transfected groups (Fig. 7E Fig. 7F). Thus, NF-κB was
activated, and macrophage polarization towards M1 was subsequently induced. We also found that the
si-SOCS1 transfection into RAW264.7 did not affect the cells’ proliferation or viability (Fig. 7G Fig. 7H).
Next, we investigated the role of SOCS1 in T. gondii RH proliferation in RAW264.7 cells by detecting the
copy number of the T. gondii B1 gene in the si-SOCS1 and si-NC treatment groups with qRT-PCR. No
signi�cant differences in T. gondii RH proliferation were found between the groups (Fig. 7H). Interestingly,
when pretreated with IFN-γ, si-SOCS1 can play a synergistic role in inhibition of T. gondii proliferation
(Fig. 7H). Collectively, these results demonstrated that the mir155-5p-targeting SOCS1 gene activated the
NF-κB signal pathway and inhibited the proliferation of T. gondii.

 

Discussion
Hosts’ immune sensors can recognize T. gondii infection and activate immune cells in order to produce
pro-in�ammatory cytokines to resist infection [32–34]. Here, we found that exosomes derived from
dendritic cells infected with T. gondii (Tg-DC-Exo) could be ingested by RAW264.7 cells and that mir155-
5p was highly enriched in Tg-DC-Exo, but not in DC-Exo. Mir155-5p was found to target the SOCS1 gene
to activate the NF-κB pathway, and it subsequently inhibited T. gondii proliferation in the RAW264.7 cells.

Macrophages are the �rst line of immune cells to respond to an infection, and together with DC2.4 cells,
they present antigens to T cells, which are as important as macrophages in anti-infection responses.
Therefore, the RAW264.7 cells we used here could be a model for observing the intercellular transmission
of infection signals between different types of immune cells [35–37]. In our study, we found that the
intercellular communication between dendritic cells and macrophages could be realized through
exosome transmission (Fig. 2). This could be a mechanism for how infection signals from infected cells
are transmitted to uninfected cells.

T. gondii infection altered the miRNA pro�les of exosomes secreted from DC2.4 cells [19]. Mir155-5p is
abnormally expressed in activated dendritic cells, macrophages, T cells, and B cells, it is an important
regulatory factor that plays a key role in hematopoietic differentiation, immunity, in�ammation, and
pathogen infection [24, 38]. We deduced that the highly enriched mir155-5p in the exosomes released
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from the dendritic cells infected by T. gondii was transmitted to RAW264.7 cells to activate the immune
signaling pathways.

We found that Tg-DC-Exo and mir155-5p mimics boosted the transcription levels of IL6, iNOS, and TNF-α,
which are macrophage M1-associated marker cytokines (Fig. 3 and Fig. 5). In T. gondii(RH )infection,
dendritic cells transmitted immune signals to macrophages by secreting exosomes enriched with mir155-
5p. As a result, the macrophages were driven to M1 polarization and participated in the positive immune
responses after receiving mir155-5p. This phenomenon we found happened in late phase of infection
resulted by exosomes transmission. However, it has been reported that T. gondii (types I and III) direct
infection drives the polarization of macrophages towards M2 [39]. It is possible that T. gondii (types I and
III) ROP16 activates M2 macrophages by arousing STAT6, which reduces the secretion of pro-
in�ammatory factors, such as IL12, in the early infection stage, thus helping to reduce the response of the
host.

It is generally believed that M1 macrophages exert positive immune-modulatory effects and inhibit T.
gondii proliferation by secreting proin�ammatory cytokines, including TNF-α, IL6, and iNOS [40].
Therefore, the inhibited proliferation of T. gondii in the treatment with mir155-5p mimics was veri�ed
(Fig. 6). The downstream genes of mir155-5p in RAW264.7 cells were predicted with an informatic
analysis, and SOCS1 was proposed. SOCS1 was veri�ed as the target gene of mir155-5p through an
experiment with mir155-5p mimic transfection (Fig. 7A, B). This result is consistent with that of the
previous report by Ye J. et al. [41]. This previous study showed that, as a negative feedback cytokine
regulator of the host cells, SOCS1 is involved in multiple immune-related pathways [42–45]; as the NF-κB
signaling pathway is a crucial one for in�ammatory response regulation, it can be activated by a variety
of proin�ammatory factors [46]. In our studies, after mir155-5p mimics were transfected into RAW264.7
cells, the NF-κB signaling pathway was signi�cantly activated (Fig. 7D). However, multiple pathways are
involved in proin�ammatory cytokine secretion, and SOCS1 plays a key role in these pathways. The
modulation of SOCS1 by miR-155-5p may also affect the other cellular functions; therefore, the function
of the enriched mir155-5p in Tg-DC-Exo in anti-T. gondii infection remains to be further investigated.

Host interferon-γ (IFN-γ) plays a crucial role in the control of T. gondii infection [47, 48]. We found in our
research that SOCS1, an effective inhibitor of the interferon-γ (IFN-γ) pathway, showed no effect on the
proliferation of T. gondii in RAW264.7 cells without IFN-γ stimulation; however, when the RAW264.7 cells
were treated with IFN-γ, the proliferation of T. gondii in the SOCS1 knockdown group was signi�cantly
more inhibited than in the normal control siRNAs (si-NC) transfected cells and the normal control cells
(stimulated or not stimulated by IFN-γ) (Fig. 7F). This result implied an inhibitory role of SOCS1 in IFN-γ’s
anti-infection function, which is consistent with the report that T. gondii induces host cell SOCS1 to block
IFN-γ signaling for immune evasion [49].

Conclusions
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The exosomes secreted by the DC2.4 cells infected with T. gondii (Tg-DC-Exo) transmitted T. gondii
infection signals to RAW264.7 cells through the latter’s exosome uptake. The enriched mir155-5p in Tg-
DC-Exo targeted the SOCS1 gene to activate the NF-κB pathway and then to promote the transcription of
in�ammatory factors, including TNFα, IL6, and iNOS. As a result, T. gondii proliferation was inhibited in
these RAW264.7 cells. This �nding may provide a new insight into intercellular communication for
transmission of infection signals between host cells, and may have implications for the role of exosomic
mir155-5p in anti-T. gondii infection.
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Figure 1

Identi�cation of the extracted exosomes. Exosomes were extracted from dendritic cells infected or
uninfected with T. gondii (RH strain) for 28 h. (A) Transmission electron microscopy was used to analyze
the morphological structure of the exosomes obtained from the infected (Tg-DC-Exo) or uninfected
dendritic cells (DC-Exo). Particle sizes and concentrations in Tg-DC-Exo (B1) and DC-Exo (B2) were
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detected with nanoparticle tracking analysis (NTA). (C) Exosome-speci�c proteins TSG101, CD9, and
CD81 and heat-shock protein HSP70 were detected in Tg-DC-Exo (1) or DC-Exo (2) using Western blotting.

Figure 2

Tg-DC-Exo and DC-Exo are taken up by macrophages. Tg-DC-Exo, DC-Exo and PBS were labeled using
PKH67 exosome labeling kit and were incubated with RAW264.7 cells for 6 h. PKH67-PBS and PBS were
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set as negative control. Green indicates the labeled Tg-DC-Exo and DC-Exo. Cell nucleus were stained blue
with DAPI.

Figure 3

Findings of the different macrophage polarizations stimulated by Tg-DC-Exo and DC-Exo. (A) The relative
transcription levels of IL-6, iNOS, and TNF-α in the RAW264.7 cells were quanti�ed with quantitative real-
time polymerase chain reaction (qRT-PCR) 24 h after the treatment with 120µg/ml Tg-DC-Exo and DC-Exo;
they are represented as the fold change relative to the glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) level (set to 1). (B) The macrophage M1-type cytokine iNOS was detected by Western blotting.
Each band densitometric quantitation in B was applied using Image J. Statistical analysis. The
differences between two or three groups were analyzed with Prism (GraphPad Software) or SPSS (version
20) using Student’s t-test or one-way analysis of variance (ANOVA). Tukey’s multi-group test was used for
multi-group comparisons. Each experiment was repeated three times (***p-value < 0.001).
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Figure 4

Evidence of mir155-5p being enriched in Tg-DC-Exo and delivered to recipient cells via exosomes. (A)qRT-
PCR con�rmation of the abundance of mir155-5p in Tg-DC-Exo and DC-Exo. (B) After RAW264.7 cells
were treated with 120µg/ml Tg-DC-Exo or DC-Exo for 24 h, the mir155-5p transcription levels were
quanti�ed with qRT-PCR and are represented as the fold change relative to the U6 level (set to 1); normal
cells were set as the negative control. (C) DC2.4 cells were pre-cultured in upper transwell chambers
overnight; as indicated, the DC2.4 cells were pre-treatment or no treatment with GW4869. Followed with
RH strain infected (for 30 min, and then the un-recruited tachyzoites were washed off) or left uninfected,
synchronously RAW264.7 cells were cultured in the lower chambers for 28 h. The mir155-5p transcription
levels in each lower chamber were detected with qRT-PCR, and are represented as the fold change relative
to the U6 level (set to 1); normal cells were set as the negative control. Data are presented as mean ±
standard deviation (SD). Student’s t-test and one-way ANOVA were used for the signi�cance analysis, and
Tukey’s multi-group test was used for multi-group comparisons. Each experiment was repeated three
times (** p-value < 0.01 and***p-value < 0.001).
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Figure 5

Tg-DC-Exo-enriched mir155-5p promoted macrophage M1 polarization. After the indicated treatment, the
levels of mRNAs in RAW264.7 cells were quanti�ed with qRT-PCR and are represented as the fold change
relative to U6 (set to 1) for mir155-5p or relative to GAPDH (set to 1) for IL-6, iNOS, and TNF-α. (A)
Detection of the transfection e�ciency of mir155-5p mimics and inhibitors in RAW264.7cells. (B)
RAW264.7 cells’ proliferation was detected after transfection with mir155-5p mimics or mir155-5p
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inhibitors for 12, 24, 48, 72, and 96 h, as indicated; the mimic control, inhibitor control, and normal cells
were used as negative controls. The relative transcription levels of IL6, iNOS, and TNF-α in the mir155-5p
mimic transfection group at 18 h post-transfection (C) and in the mir155-5p inhibitor transfection group
at 24 h post-transfection (D). Western blot assay for iNOS expression in the mir155-5p mimic transfection
group at 48 h post-transfection, (E). Densitometric quantitation of each band in E was applied using
Image J . The mimics control transfection and mock cells were set as negative controls, and the
lipopolysaccharide (LPS) treatment was set as the positive control. The SPSS software was used for
statistical analysis. One-way ANOVA was used for between-group comparisons, and Tukey’s multi-group
test was used for multi-group comparisons. Each experiment was repeated three times (*p-value < 0.05, **
p-value < 0.01 and *** p-value < 0.001).
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Figure 6

The inhibited proliferation of T. gondii in the Tg-DC-Exo treatment and mir155-5p transfection groups. T.
gondii B1 gene copies were quanti�ed with qPCR. (A) The RAW264.7 cells were treated with 120µg/ml Tg-
DC-Exo or DC-Exo for 24 h and then infected with T. gondii for 24 h. (B) The RAW264.7 cells were
transfected with mir155-5p mimics or (C) mir155-5p inhibitors for 24 h and then infected with T. gondii
for 24 h; the mimic control transfection and mock cells were set as negative controls. (D) The cell viability
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detection of the RAW264.7 cells transfected with mir155-5p mimics or inhibitors for 24 h. The SPSS
software was used for statistical analysis. One-way ANOVA was used for between-group comparisons,
and Tukey’s multi-group test was used for multi-group comparisons. Each experiment was repeated three
times (*p-value < 0.05, ***p-value < 0.001).

Figure 7
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Tg-DC-Exo mir155-5p target SOCS1 to promote the inhibitory effect of interferon-γ (IFN-γ) on T. gondii
proliferation through the NF-κB pathway. (A-B) Detection of SOCS1 transcription with qRT-PCR and
translation with Western blotting in RAW264.7 cells transfected with mir155-5p mimics or Normal Control
miRNA (mimic-NC) at 24 and 48 h post-transfection. (C-D) Detection of SOCS1 transcription with qRT-PCR
and translation with Western blotting in siRNA targeting SOCS1 (si-SOCS1) and Normal Control siRNA (si-
NC) transfected RAW264.7 cells at 24 and 48 h post-transfection. (E- F) Detection of the phosphorylation
levels of p65 and IKBα in the NF-κB pathway in the RAW264.7 cells transfected with mir155-5p mimics,
Normal Control siRNA (mir-NC), si-SOCS1, or si-NC for 36 h. (G) RAW264.7 cells’ proliferation was
detected after transfection with si-SOCS1, and si-NC for 12, 24, 48, 72, and 96 h. (H) Detection of the T.
gondii B1 gene copies in the RAW267.4 cells transfected with si-SOCS1 or si-NC and stimulated with IFN-γ
for 24 h, then infected with T. gondii. Densitometric quantitation of each band in B, D and E was applied
using Image J .One-way ANOVA was used for between-group comparisons, and Tukey’s multi-group test
was used for multi-group comparisons. Each experiment was repeated three times (**p-value < 0.01, ***p-
value < 0.001).
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