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Abstract
To study the mechanism of Tim-3 on immune escape in benzene-induced acute myeloid leukemia (AML),
to provide potential targets of clinical monitoring and intervention of hematological toxicity in benzene-
induced AML . C3H/He mice were randomly divided into control group and experimental group. Serum
levels of IL-12 in the experimental group were significantly lower than that in the control group. Serum
levels of TGF-β1 in the experimental group were significantly higher than that in the control group( p
<0.05). The proportion of Tim-3 positive CD14 + monocytes of bone marrow and spleen in the
experimental group were both significantly higher than that in the control group ( p <0.05) by Flow
cytometry (FCM). Compared with the control group, the expression of Tim-3 on (M1+M2) macrophages of
bone marrow in the experimental group significantly increased by immunofluorescence assay. The
expression of type M2 macrophages in (M1+M2) macrophages of bone marrow and spleen tissues in the
experimental group were both higher than that in the control group. The expression levels of p-PI3K, p-
AKT and p-mTOR in the experimental group were all significantly higher than that in the control group.
Tim-3 was highly expressed in macrophages in benzene-induced AML. It promoted the activation of
PI3K/AKT/mTOR signaling pathway, stimulated the secretion of anti-inflammatory cytokines, and
inhibited the secretion of pro-inflammatory cytokines. High expression of Tim-3 changed the phenotype
and function of macrophages by promoting the macrophages polarization, thus inducing negative
immune response in the tumor microenvironment and tumor immune escape.

Background
Benzene is currently a recognized important environmental factor that can induce leukemia. Long-term
chronic benzene exposure primarily damages the hematopoietic system, causing leukopenia,
pancytopenia, aplastic anemia and even leukemia. Benzene exposure has been associated with
increased incidence of leukemia in humans, particularly AML, which predominantly based on evidence
from epidemiology (Greim, H,et al. 2014; Loomis, D,et al.2017). Leukemia treatment costs are higher, and
benzene-induced leukemia causes harm to the society. A number of studies showed that the blood
toxicity of benzene triggered abnormal hematopoietic processes through a variety of pathways (Bi Y, et al.
2010; McHale CM, et al. 2011; Zhou H, et al.2010). including the appearance of malignant clones and
malignant proliferation, and the formation of immunosuppression which allowed them to escape
immune surveillance(Li B, et al. 2009). Benzene exposure can also cause immune disorders and
hematopoietic microenvironment changes (Li B, et al. 2009; Wang, BS, et al.2018). However, the
pathogenesis of leukemia caused by benzene is not very clear. Tim-3 is an important negative
immunological checkpoint molecule that has attracted much attention in recent years (Shin DS, et
al.2015). Although the role of Tim-3 as a negative immunological checkpoint molecule in tumor immune
escape is important, there are relatively few reports on macrophages and leukemia in domestic and
international research. Whether benzene mediates tumor immune escape by up-regulating the expression
of Tim-3 in benzene-induced leukemia had not been reported.
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Macrophages play an important role in regulating the immune response and are involved in health and
disease (Cassetta L, et al.2011; Wynn TA, et al.2013). Myeloid cells in the bone marrow microenvironment
play an immune role by differentiating into tumor-associated macrophages (TAMs) with
immunosuppressive functions. The role of macrophage polarization in tumor immune escape has
attracted much attention in recent years. In the tumor microenvironment, tumor cells, fibroblasts and
endothelial cells can produce a variety of chemokines which recruit TAMs precursor cells(monocytes) to
tumor site. They can "domesticated" type M1 macrophages which play an important role in
immunosurveillance to type M2 macrophages which play the role of immunosuppression. The process is
called macrophage polarization. At the same time, we speculated that Tim-3, as an important regulator of
macrophage polarization(Jiang, X, et al. 2016; Sun, J, et al. 2018; Zhang, D, et al. 2019; Yang, H, et al.
2019; Zhang, W, et al.2019), might also induce macrophage polarization in the tumor microenvironment
to mediate immune escape of leukemia cells in this process. This has not been reported. Does up-
regulation of the expression Tim-3 as a negative regulatory molecule induce changes in the
hematopoietic microenvironment during benzene-induced AML? Then tumor cells can escape immune
surveillance and immune attack from the body or even completely immunodeficiency. So Tim-3 maybe
promote tumor progression and participate in immune escape. This paper will demonstrate for it.

Methods
1 Materials

1.1 Animals

The male C3H/He mice at the age of 6-8 weeks of (23 ± 2) g weight with SPF grade were selected. These
mice were purchased from Beijing Wei Tong Li Hua experimental animal technology co. LTD. License
number is SCXK(Jing) 2016-0011. The experiment was approved by the ethics committee of Qilu Hospital
of Shandong University. All mice were raised in SPF animal house of experimental animal center of Qilu
Hospital of Shandong University, with ambient temperature of 20~24℃ and relative humidity of
50%~70%. Ordinary feed was purchased from experimental animal center of Shandong University.

1.2  Reagents

Pure benzene (excellent purity,>99.9%) was purchased from Sinopharm Chemical Reagent co. LTD. PE-
labeled Tim-3 mouse flow cytometry antibody, perCP-Cy5.5 labeled CD14 mouse flow cytometry antibody,
TGF- beta 1 Elisa kit and IL-12 Elisa kit were all purchased from eBiosicence.F4/80, CD68 and CD163
mouse immunofluorescent antibody were all purchased from Servicebio. CD206 mouse
immunofluorescent antibody, Tim-3 mouse immunofluorescent antibody and PI3K mouse
immunofluorescent antibody were all purchased from Bioss. AKT mouse immunofluorescent antibody
was purchased from Servicebio and mTOR mouse immunofluorescent antibody was purchased from
CST.

2 Methods
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2.1 Animal models and groups

C3H/He mice were randomly divided into control group and experimental group (benzene-induced AML
model group), there were six mice in each group.

2.2 Cytokine Detection

Each group were anesthetized by intraperitoneal injection of 10% chloral hydrate in 0.1ml/10g (ml drug
per 10g mouse body weight). After administration of chloral hydrate, the mice were active at first,
followed by unstable gait when crawling, and then stopped crawling, finally they lay on one side. The
mice did not exhibit peritonitis or other discomfort. Mice were killed by cervical dislocation. The mice
orbital blood was collected, and the blood was naturally coagulated at room temperature for 20min. Then
got supernatant and centrifuged at 2000 r/min for 20min. According to the instructions of Elisa kit, the
contents of IL-12 and TGF-β1 in the experimental group and the control group were detected at the
wavelength of 450 nm with an enzyme marker.

2.3 FCM

Expression levels of Tim-3 on CD14+ monocytes in bone marrow and spleen in the experimental group
and control group were detected.

2.4 Immunofluorescence staining detection

2.4.1 Immunofluorescence assay was used to detect the expression of Tim-3 on F4/80 (M1+M2)
macrophages and CD206 (M2) macrophages in F4/80 (M1+M2) macrophages of bone marrow tissues

Polychromatic immunofluorescence staining of F4/80 (red)+ Tim-3 (green) + nucleus (DAPI, blue) were
performed. Immunofluorescence staining of F4/80 (red)+CD206(green) + nucleus (DAPI, blue) were
performed in paraffin-embedded bone marrow pathology sections.

2.4.2 Immunofluorescence assay was used to detect the expression of CD163 (M2) macrophages in
CD68(M1+M2) macrophages of spleen tissues

Immunofluorescence staining of CD68 (red)+CD163(green) + nucleus (DAPI, blue) were performed in
paraffin-embedded spleen pathology sections.

2.4.3 Immunofluorescence was used to detect the protein expressions of p-PI3K, p-AKT, p-mTOR in bone
marrow macrophages

The protein expressions of p-PI3K, p-AKT and p-mTOR in bone marrow macrophages were detected by
immunofluorescence method in the experimental group and the control group respectively.

Immunofluorescence staining of F4/80 (red)+p-PI3K(green) and nucleus (DAPI, blue), F4/80 (red)+p-AKT
(green) and nucleus (DAPI, blue), F4/80 (red)+ p-mTOR(green) and nucleus (DAPI, blue) were performed
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in paraffin- embedded bone marrow pathology sections.

3 Statistical Analysis

The data were preliminarily processed by Excel 2003, then the results were expressed as M±S, and SPSS
22.0 software was used for statistical analysis. p<0.05 was considered as statistically significant
difference.

 

Results
1 Peripheral blood immune cytokines IL-12、TGF-β1

1.1 Cytokines IL-12

Serum levels of IL-12 in the experimental group were significantly lower than that in pre-benzene
exposure, (128.65±62.06) pg/mL and (240.46±130.98) pg/mL respectively(p<0.05). Serum levels of IL-12
in the experimental group significantly reduced than that in the control group, (128.65±62.06) pg/mL and
(216.71±70.16) pg/mL respectively(p<0.05) (Table 1).

1.2 Cytokines TGF-β1

Serum levels of TGF-β1 in the experimental group were significantly higher than that in pre-benzene
exposure, (103.59±36.13) pg/mL and (54.03±21.07) pg/mL respectively(p<0.05). Serum levels of TGF-β1
in the experimental group were significantly higher than that in the control group, (103.59±36.13) pg/mL
and (76.84±15.73) pg/mL respectively(p<0.05) (Table 2).

2 FCM

2.1 Expression of Tim-3 on CD14+ monocytes in bone marrow was detected by FCW

The proportion of Tim-3 positive CD14+ monocytes of bone marrow in the experimental group were
significantly higher than that in the control group, (76.81±6.50) and (60.91±6.18) respectively (p<0.05)
(Figure 1).

2.2 Expression of Tim-3 on CD14+ monocytes in spleen was detected by FCW

The proportion of Tim-3 positive CD14+ monocytes of the spleen in the experimental group were
significantly higher than that in the control group, (67.71±18.76) and (12.01±7.46) respectively (p<0.05)
(Figure 2).

3 Immunofluorescent staining technique
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3.1 The expression of Tim-3 on F4/80 (M1+M2) macrophages in bone marrow was detected by
immunofluorescence assay

Compared with the control group, the expression of Tim-3 on F4/80 (M1+M2) macrophages in the
experimental group significantly increased (Figure 3).

3.2 Immunofluorescence analysis of polarization in bone marrow

macrophages and spleen macrophages

The results showed that the expression of CD206 macrophages in bone marrow macrophages
significantly increased in the experimental group than that in the control group (Figure 4). And the
expression of CD163 macrophages in spleen macrophages significantly increased in the experimental
group than that in the control group (Figure 5).

3.3 The protein expressions of p-PI3K, p-AKT and p-mTOR in bone marrow macrophages were detected
by immunofluorescence

The results showed that the protein expression levels of p-PI3K, p-AKT and p-mTOR of bone marrow
macrophages in the experimental group were significantly higher than that in the control group (Figure 6-
8).

Discussion
Benzene is the simplest aromatic hydrocarbon compound with a molecular formula of C6H6. It is a
colorless and transparent oily liquid with a special aromatic taste. It is one of the basic raw materials of
the organic chemical industry and a carcinogen, which can lead to one or multiple types of leukemia
(Belingheri M, et al. 2019; Zhang L,et al. 2012; McHale CM,et al.2012). Tim-3 is mainly expressed in
various immune cells such as differentiated mature Th1 cells, CD8+ T cells, monocytes, regulatory T cells
(Treg) and other immune cells. Tim-3 binds to its ligand galectin-9 and mediates immunosuppression in
the tumor microenvironment through different mechanisms. In this study, the expression levels of Tim-3
on the surface of CD14+ monocytes in bone marrow and spleen were detected for the first time in the
animal model group of benzene-induced AML. The results showed that the expression levels of Tim-3 on
the surface of CD14+ monocytes in bone marrow and spleen in the experimental group were significantly
higher than that in the control group. Moreover, the expression level of Tim-3 on mononuclear
macrophages in the bone marrow samples was higher than that in spleen, so verified that Tim-3 could be
used as one of the markers of toxicity in bone marrow tissues of benzene poisoning. And the percentage
average of Tim-3 positive CD14+ monocytes of the bone marrow in the control group was also very high,
which was 60. It significantly increased than that in the control group of spleen samples. It is considered
that Tim-3 is not only expressed in various immune cells, but also ectopically expressed in a series of
normal tissues. And its expression is associated with poor prognosis. In addition, the experimental mice
were C3H/He mice with susceptible to leukemia, so the expression level of Tim-3 in bone marrow
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monocytes in the late stage of this type of mice significantly increased. At the same time, the
immunofluorescence staining results showed that the expression of Tim-3 in bone marrow macrophages
in the experimental group was also significantly higher than that in the control group, which further
verified that benzene exposure could promote the expression of Tim-3 in macrophages. Therefore, Tim-3
is considered as a potential anti-AML therapeutic target. The results in the early stage of this study
showed that there was disturbance of immune regulatory function of mononuclear macrophage system
in occupational benzene poisoning patients. And it also showed that Tim-3 expression could serve as a
promising diagnostic biomarker for discriminating AML from controls (Xiangxin Li, et al.2016). It also
further indicates that Tim-3 can be used as a therapeutic target and predictor of AML. It was reported that
Tim-3 expression was correlated with T cells, AML, tumor immune escape and clinicopathological
prognosis stratification (Li C, et al.2014). These are in agreement with the results of our study.

In this study, bone marrow and spleen macrophages derived from control group and experimental group.
Macrophage polarization types were identified from serum cytokine secretion levels and macrophage
surface markers, demonstrating macrophages polarization was involved in the immunomodulation of
benzene-induced AML. Type M1 and M2 macrophages play an immunomodulatory role by secreting
different cytokines. IL-12 and TGF-β1 mediate positive and negative regulation respectively. Type M1
macrophages can secrete inflammatory cytokines such as IL-1β, TNF-α, IL-12, IL-18 and IL-23 (Benoit M,
et al. 2008; Murray PJ, et al. 2011; Mills CD, et al.2014). Type M2 macrophages secrete large amounts of
immunoregulatory cytokines IL-10, TGF-β and the metabolic conversion of arginine to ornithine and
polyamines (Van den Bossche J, et al.2012). The results showed that the serum IL-12 level in the
experimental group was significantly lower than that in the control group, and the level of TGF-β1 in the
experimental group was significantly higher than that in the control group. The serum expression level of
these factors can be used as a biomarker of the aggravating of AML. By monitoring the changes of these
molecular markers in different stages of leukemia patients, the severity and development trend of the
disease can be predicted and diagnosed.

In order to confirm the phenotype of TAMs, the study founded that the expression levels of CD206
macrophages in bone marrow macrophages significantly increased in the experimental group compared
with the control group. And the expression levels of CD163 macrophages in spleen macrophages
significantly increased in the experimental group compared with the control group. CD206 and CD163
macrophages represent type M2 macrophages, thus indicating that macrophages began to polarize to
type M2 during the pathogenesis of benzene leukemia. At the same time, the study also observed that
Tim-3 was highly expressed in bone marrow macrophages in experimental group. Therefore, we believe
that up-regulation of Tim-3 expression in macrophages of experimental group may accelerate
macrophages polarized to type M2, indicating that the polarization of macrophages was involved in the
pathogenesis of benzene leukemia.

Then, we further studied the specific regulation mechanism of up-regulation of Tim-3. Current studies had
shown that the PI3K/AKT/mTOR signaling pathway was a signaling pathway closely related to tumor
development, involving various tumor chemotherapy resistance and tumor cell survival. Besides breast
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cancer, small cell lung cancer and urinary system tumors, the occurrence and development of leukemia
were also closely related to this signal transduction pathway (Liu LL, et al. 2013; Zhou ZW, et al.2015;
Hao, Y, et al. 2019). So is the occurrence of benzene-induced AML related to the signaling pathway?
Previous studies had founded that Tim-3 was highly expressed in human AML cells, triggered growth
factor-like effects by activating the PI3K/AKT/mTOR signaling pathway, and promoted hypoxia-induced
neovascularization and activation by activating HIF-1 signaling pathway (Prokhorov A,et al.2015).
Activation of PI3K/AKT/mTOR signaling pathway can effectively promote intracellular glucose uptake,
improve hexokinase activity and glycolysis process, and enhance the glycolysis ability of cells, which are
very important for maintaining the survival and function of type M2 macrophages (Covarrubias AJ, et
al.2015). A number of studies had also confirmed that the PI3K/AKT/mTOR signaling pathway was
related to macrophage function regulation which involved in the proliferation and development of
macrophages (Xu Q, et al.2003). Activation of this pathway promoted the conversion of macrophages
from type M1 to M2 (Troutman, TD; et al. 2012; T. Fukao, et al. 2003; Liu R, et al. 2017; Tian Y, et al. 2015;
Ruckerl D, et al.2012).

The activity of the PI3K/AKT/mTOR signaling pathway was determined by detecting the phosphorylation
levels of PI3K, AKT and mTOR. The results showed that benzene poisoning could promote the expression
of p-PI3K, p-AKT and p-mTOR in bone marrow macrophages. This experiment research results
demonstrated that the immunosuppression microenvironment of leukemia cells programed the
phenotype and function of macrophages by various channels, including higher expression level of Tim-3
and higher expression of phosphorylation of PI3K, AKT and mTOR in bone marrow macrophages, which
promote macrophage polarization from type M1 to M2. The ability of macrophages in recognizing and
swallowing antigens decreased. So suppression of the immune system played an important role in the
benzene leukemia tumor environment. At the same time, with the deepening of molecular biology and
proteomics research, more abnormalities of PI3K/AKT/mTOR pathway molecules involved in the
pathogenesis of leukemia will be revealed, providing more reliable and specific targets for the emerging
research on tumor targeted therapy.

Tim-3 was highly expressed in macrophages in benzene leukemia. It promoted the activation of
PI3K/AKT/mTOR signaling pathway, stimulated the secretion of anti-inflammatory cytokines, and
inhibited the secretion of pro-inflammatory cytokines. And the up-regulation of Tim-3 expression changed
the phenotype and function of macrophages by promoting type M2 polarization of macrophages, thus
inducing negative immune response in the tumor microenvironment, making tumor cells escape from
immune surveillance and attack of the body or even immunodeficiency, accelarating cancer progression
and immune escape. It may be one of the mechanisms of benzene-induced AML. And Tim-3 is therefore
considered a potential anti-AML therapeutic target.

However, in this study, the research on the specific regulation mechanism of Tim-3 in this pathway was
not deep and was lack of further confirmation of clinical samples. In future studies, we will conduct in-
depth discussion and research.
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Conclusions

1. Tim-3 as a immunosuppressive molecule was highly expressed on CD14+ monocytes in bone
marrow and spleen in experimental group, and the Tim-3 expression level of bone marrow
macrophages in the experimental group was also significantly higher than that in the control group.
The results showed that benzene exposure can promote the expression of Tim-3 in macrophages.

2. In the benzene-induced AML model group, with the up-regulation of Tim-3 expression, the serum level
of IL-12 as type M1 macrophage functional marker decreased, and the serum level of TGF-β1 as type
M2 macrophage functional marker increased. The expression of M2 macrophages in the bone
marrow and spleen macrophages in the experimental group was significantly higher than that in the
control group, suggesting that benzene exposure can induce the macrophages polarization to type
M2.

3. The protein expressions of PI3K/AKT/mTOR signal pathway in bone marrow tissue macrophages
increased. So this signaling pathway protein may be involved in the macrophages activation
process, and promote the macrophages polarization from type M1 to type M2 and that led to AML.
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Tables

Table 1.     Serum levels of peripheral blood IL-12

group case IL-12（pg/mL）

0 day 6 240.46±130.98

control group 6 216.71±70.16

experimental group 6 128.65±62.06ab

Note: a Compared with pre-infection, p < 0.05; b Compared with the control group, p < 0.05.

 

 

 

Table 2.     Serum levels of peripheral blood TGF-β1

group case TGF-β1（pg/mL）

0 day 6 54.03±21.07

control group 6 76.84±15.73

experimental group 6 103.59±36.13ab

Note: a Compared with pre-infection, p < 0.05; b Compared with the control group, p < 0.05
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Figure 1

Benzene-induced AML promoted Tim-3 expression in CD14+ monocytes of bone marrow: The proportion
of Tim-3 positive CD14+ monocytes of bone marrow in the experimental group were significantly higher
than that in the control group.



Page 15/21

Figure 2

Benzene-induced AML promoted Tim-3 expression in CD14+ monocytes of spleen: The proportion of Tim-
3 positive CD14+ monocytes of spleen in the experimental group were significantly higher than that in the
control group.
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Figure 3

Benzene-induced AML promoted Tim-3 expression in the bone marrow macrophages (Red: F4/80, Green:
Tim-3, Blue: DAPI, Immunofluorescence 400x): Compared with the control group, the expression of Tim-3
on F4/80 (M1+M2) macrophages of bone marrow in the experimental group significantly increased.
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Figure 4

Benzene-induced AML promoted CD206 expression in the bone marrow macrophages (Red: F4/80, Green:
CD206, Blue: DAPI, Immunofluorescence 400x): The expression of CD206 macrophages in F4/80
(M1+M2) macrophages of bone marrow in the experimental group significantly increased than that in the
control group.
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Figure 5

Benzene-induced AML promoted CD163 expression in the spleen macrophages (A: control group B:
experimental group) (Red: CD68, Green: CD163, Blue: DAPI, Immunofluorescence 400x): The expression
of CD163 macrophages in CD68(M1+M2) macrophages of spleen in the experimental group significantly
increased than that in the control group.
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Figure 6

Benzene-induced AML promoted p-PI3K expression in the bone marrow macrophages (Red: F4/80, Green:
p-PI3K, Blue: DAPI, Immunofluorescence 400x): Compared with the control group, the expression levels of
p-PI3K of bone marrow macrophages in the experimental group significantly increased.
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Figure 7

Benzene-induced AML promoted p-AKT expression in the bone marrow macrophages (Red: F4/80, Green:
p-AKT, Blue: DAPI, Immunofluorescence 400x): Compared with the control group, the expression levels of
p-AKT of bone marrow macrophages in the experimental group significantly increased.
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Figure 8

Benzene-induced AML promoted p-mTOR expression in the bone marrow macrophages (Red: F4/80,
Green: p-mTOR, Blue: DAPI, Immunofluorescence 400x): Compared with the control group, the expression
levels of p-mTOR of bone marrow macrophages in the experimental group significantly increased.


