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inhibition weakens immune suppression and

inhibits tumor growth in mouse breast cancer
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Purpose: To investigate whether inhibition of the CXCL12/CXCR4 axis or IDO1 could

produce antitumor effects in a metastasized breast cancer immunocompetent animal model.

Methods: Breast cancer metastasis models were established in mice. CXCR4 inhibitor and

IDO1 inhibitor were used to evaluate the anticancer effects.

Results: Combination treatment using the CXCR4 antagonist AMD3465 and the IDO1 inhi-

bitor D1MT successfully delayed the progression of breast cancer bone metastases. AMD3465

reduced the number of intratumoral regulatory T-cells (Tregs) and myeloid-derived suppressor

cells (MDSCs), while D1MT facilitated the antitumor effects of intratumoral CD8+ T-cells.

IDO1 inhibition elevated the expression of perforin, granzyme-B, and IFN-γ in CD8+ T-cells,

and AMD3465 treatment weakened the potential immune suppressive effects of Tregs and

MDSCs. As a result, combination treatment significantly prolonged tumor-bearing mouse

survival in two metastasis models, and these antitumor effects relied on overexpression of

indoleamine 2, 3-dioxygenase 1 (IDO1), an enzyme that modulates the immune response and

impairs immune attack in ovarian cancers CXCR3+ CD8+ cytotoxic T-cell function.

Conclusion: The current study provides preclinical evidence that AMD3465 treatment in

combination with IDO1 inhibition may be a promising therapeutic regimen for refractory

metastasized breast cancers.
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Introduction
Breast cancer (BC) is threatening the health of women worldwide.1 Although the overall

survival of BC patients has improved in recent decades, individuals with metastasized

cancer, ie stage IV BC, still have an unfavorable 5-year-survival.1 The metastatic spread

of BC cells is considered to be the primary reason for treatment failure. Bones are

commonmetastatic sites for BC, and bonemetastases can cause pathological fracture and

severe pain, which profoundly impair quality of life and shorten survival.2 Therapeutic

strategies that can shrink or control metastasized tumors could be significantly beneficial

during subsequent surgery or radiotherapy. Therefore, investigating promising targets for

nonsurgical treatment of BC bone metastases is important.

Chemokines and their receptors have been reported to be involved in mediating

tumor cell proliferation and immune escape through multiple mechanisms.

CXCL12 and its receptor CXCR4 are expressed by primary BC tissues,3,4 and
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can stimulate tumor cell proliferation and migration by

activating downstream signaling transduction pathways,

including the PI3K-AKT and MAPK pathways.5 Previous

studies have also demonstrated that CXCR4 expression is

prognostic for BCs.3,6,7 Furthermore, CXCL12 produced

by tumor tissue and stroma can facilitate the recruitment of

CXCR4+ endothelial progenitor cells.5 CXCL12 has been

shown to recruit immunosuppressive cells including reg-

ulatory T-cells (Tregs) and myeloid-derived suppressor

cells (MDSCs), and consequently establish an immuno-

suppressive microenvironment.8,9 CXCL12-CXCR4 axis

blockade has shown promising anticancer effects in some

cancers.10,11 CXCR4 antagonists or blocking peptides

have shown potential in suppressing CXCL12-induced

cancer cell proliferation and metastasis.12,13

Indoleamine 2, 3-dioxygenase 1 (IDO1) is an enzyme

that regulates catabolic conversion of tryptophan (Trp) into

kynurenine (Kyn). In the cancer microenvironment, IDO1

depletes local L-Trp and produces Kyn, which impairs

cytotoxic T-cells and generates Treg cells, and conse-

quently permits tumor cells to escape from immune

attack.14,15 Multiple clinical trials are ongoing to investi-

gate if IDO1 inhibitors can suppress Treg function and

restore the immune response in cancers. IDO1 is also

highly expressed in BCs,16,17 which can theoretically

impair the local immune response in BC. Therefore, inhi-

bition of IDO1 may provide a favorable environment for

the anticancer processes of cytotoxic T-cells.

In the current study, we hypothesized that CXCL12-

CXCR4 axis blockade in BC bone metastases, using the

CXCR4 antagonist AMD3465 in combination with the

IDO1 inhibitor D-1-methyl-tryptophan (D1MT), could

reduce the number of intratumoral Treg cells and impair

Treg function, and consequently suppress tumor progres-

sion in vivo. We established conventional metastasis mouse

models and spontaneous metastasis models to investigate

whether continuous treatment using AMD3465 in combina-

tion with D1MTcould delay tumor progression and prolong

survival by facilitating the immune response.

Materials and methods
Reagents and cell line
The highly metastatic 4T1 mouse BC cell line was pur-

chased from the Cell Collection of the Chinese Academy

of Science (Shanghai, China). Cells were cultured at 37 °C

in DMEM supplemented with 1% L-glutamine, 1% peni-

cillin-streptomycin, and 10% fetal bovine serum.

AMD3465 was obtained from Genzyme Corporation

(Cambridge, MA) and diluted in PBS before use. The

IDO1 inhibitor D1MTwas purchased from Sigma Aldrich.

Animal models and treatment
Female BALB/c mice aged 4–5 w were obtained from

Shanghai experimental animal center and maintained in

a gnotobiotic animal facility in Zhejiang Chinese

Medical University. Ethical and legal approval from

the animal care and use committee of Hangzhou First

People’s Hospital was obtained prior to the commence-

ment of the study. All animal procedures and experi-

ments followed protocols approved by the animal care

and use committee of Hangzhou First People’s

Hospital.

To establish spontaneous metastasis BC models, 5×106

4T1 cells were inoculated into the mammary gland fat pad

area, and the primary tumors were resected after 3 w. For

conventional metastasis models, 5×105 cells in 20 μL of

PBS were administrated into the tibia. After tumor inocu-

lation (day 7), the mice were randomized into four differ-

ent treatment groups, each having at least 10 mice per

group as follows: vehicle control (PBS), AMD3465 single-

agent treatment (AMD3465), D1MT single-agent treat-

ment (D1MT), and combination treatment (Combo).

AMD3465 continuous treatment was realized using osmo-

tic pumps starting at 3 d after tumor resection (sponta-

neous models) or 14 d after tumor inoculation

(conventional models). D1MT was dissolved in sterile

water, and the mice were fed with D1MT supplemented

water at 100 mg/kg twice a day at 3 d after tumor resection

(spontaneous models) or 14 d after tumor inoculation

(conventional models), and the water was replaced every

3 d. The survival rate was monitored.

Tumor sample processing
For sample preparation for flow cytometry analysis, five

mice from each group were anesthetized and euthanized

using carbon dioxide. Tumor tissues in the tibia in con-

ventional metastasis model mice were harvested, and then

the tumors were disaggregated using a razor blade and

incubated at 37 °C for 2 h in DMEM with collagenase

type IV (2 mg/mL, Sigma), DNase (0.1 mg/mL, Sigma),

and hyaluronidase (0.1 mg/mL, Sigma). Cell suspensions

were passed through 70 μm cell strainers to remove aggre-

gates. The cells were washed using cell staining buffer

(Biolegend, San Diego, CA, USA) and were then ready for

antibody incubation.
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Flow cytometry
The following antibodies were purchased from Biolegend:

anti-CD3 (clone 17A2), anti-CD45 (clone 30-F11), anti-

CD4 (clone GK1.5), anti-CD8α (clone 53–6.7), anti-IFN-γ
(clone XMG1.2), anti-TIM-3 (clone RMT3-23), anti-CD

62L (clone MEL-14), anti-CD11b (clone M1/70), and anti-

Gr-1 (clone RB6-8C5). Conjugated antibodies obtained

from eBioscience were as follows: anti-granzyme

B (clone NGZB), anti-perforin (clone eBioOMAK-D),

and anti-PD-1 (clone J43). For cell surface markers, cells

were stained using antibodies at room temperature for

30 min. For intracellular antigen detection, an intracellular

staining kit containing fixation/permeabilization reagents

from eBioscience was used. Flow cytometry analyses were

performed using a BD LSRFortessa (BD Biosciences).

Flowjo V10 was used to analyze the data. Compensation

was performed using micro beads.

Statistical analysis
Survival curves were drawn using the Kaplan–Meier

method. Statistical analysis was performed using one-

way ANOVA with Dunnett’s multiple comparison. All

the analysis was performed using GraphPad Prism 6.

Data are presented as mean ± SEM. P<0.05 was consid-

ered to be statistically significant.

Results
AMD3465 in combination with D1MT

prolonged survival in metastasized BC

models
We used two metastasis models to determine if the CXCR4

antagonist AMD3465 or the IDO1 inhibitor D1MT could

delay tumor progression (Figure 1A and B). In spontaneous

metastasis models (Figure 1A), ie mice bearing intratibial

inoculated 4T1 BC cells, AMD3465 treatment alone

slightly prolonged mouse survival when compared with

phosphate buffered saline (PBS) treated mice, but no statis-

tically significant difference was found (medium survival,

AMD3465 34 d vs control 32.5 d; P=0.0704). D1MT treat-

ment alone did not show a substantial effect in suppressing

tumor progression. However, when these two agents were

used in combination, treated mice demonstrated signifi-

cantly longer survival (medium survival, combination treat-

ment 42 d vs control 32.5 d; P<0.0001). In conventional

metastasis models (Figure 1B), AMD3465 treatment alone

did not produce significant antitumor effects, but D1MT

treatment prolonged mouse survival (medium survival,

D1MT 29 d vs control 23 d; P=0.0372). Moreover, similar

to the results in the conventional metastasis models, combi-

nation treatment significantly prolonged mouse survival

(medium survival, combination treatment 38.5 d vs control

23 d; P=0.0002). Taken together, these results indicate that

solo treatment using either AMD3465 or D1MT had limited

ability to control tumor progression, while combination

treatment displayed powerful effects in prolonging mouse

survival.

Combination treatment increased the

number of infiltrated lymphocytes in

mouse models
We investigated the underlying mechanism through which

combination treatment prolonged mouse survival. As

AMD3465 and D1MT have been determined to be associated

with the immune response, we analyzed the intratumoral

immune status in tumors in the conventional metastasis mod-

els. We counted the number of intratumoral leukocytes and

discovered that IDO inhibition had potential in increasing the
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Figure 1 Combination treatment (ie, combo in the figures) with AMD3465 and D1MT significantly increased survival in mice bearing metastasized breast cancer. (A) The

survival curves of mice bearing spontaneously metastasized breast cancer. (B) The survival curves of mice with intratibial injected breast cancer cells. n=10/group. *P<0.05,
**P<0.01, ***P<0.001, and ****P<0.0001.
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number of intratumoral CD45+ leukocytes, while AMD3465

appeared to slightly decrease the number of leukocytes.

However, in combination treated mice, the number of intratu-

moral leukocyteswas significantly elevated (Figure 2A andB).

We further analyzed intratumoral CD45+ leukocytes, and

found that the proportion of CD3+ CD8+ T-cells was signifi-

cantly higher in AMD3465 treated or combination treated

groups (Figure 2C and D). IDO inhibition also had potential

in elevating the proportion of CD3+ CD8+ T-cells, although

a statistically significant difference was not observed.

IDO1 inhibition reinforced intratumoral

CD8+ T-cell function
The activation status of intratumoral CD8+ cytotoxic cells is

crucial in allowing them to attack cancer cells. We analyzed

the expression of perforin, granzyme-B, and IFN-γ in intra-

tumoral CD8+ cells. Both AMD3465 and D1MT showed

potential in strengthening the cytokine secretion of intratu-

moral CD8+ cells, although there was no statistically signifi-

cant increase in secretion. In the combination treatment

group, the expression of perforin, granzyme-B, and IFN-γ
demonstrated an over five-fold (Figure 3A and B), seven-fold

(Figure 3C and D), and approximately two-fold (Figure 3E

and F) increase, respectively. Many intratumoral cytotoxic

cells become exhausted because of the tumor immunosup-

pressive microenvironment. Therefore, we evaluated the

expression of TIM-3, a hallmark of CD8+ T-cell exhaustion,

to determine if treatment could protect the cytotoxic cells

from exhaustion. Intratumoral CD8+ T-cells from combina-

tion regimen treated mice had significantly lower expression

of TIM-3 (Figure 3G and H), indicating that dual treatment

maintained the activation status of intratumoral CD8+

T-cells.

AMD3465 reduced the number of

intratumoral Tregs and MDSCs
As a CXCR4 antagonist, AMD3465was conjectured to impair

the homing of CXCR4+ Treg cells and immunosuppressive

MDSCs. We analyzed the proportion of CD25+ Foxp3+ cells

in the intratumoral CD4+ T-cells. Unsurprisingly, AMD3465

treatment did decrease the number of Treg cells, and combina-

tion treatment also resulted in a lower proportion of Treg cells

(Figure 4A and B). We also analyzed the number of CD11b+

Gr-1+ MDSCs in the CD45+ cells. As presented in Figure 4C

and D, therapeutic regimens involving AMD3465 signifi-

cantly reduced the number of MDSCs in tumors. Then we

analyzed the ratio of CD8+ T-cells to Treg cells or MDSCs.

AMD3465 and combination treatment resulted in

a significantly higher ratio of CD8+ T-cells to Treg cells

(Figure 4E) and CD8+ T-cells to MDSCs (Figure 4F). As

shown above, IDO inhibition had potential in facilitating

CD8+ T-cell function, and we therefore calculated the ratio

of activated CD8+ T-cells (perforin positive) to functional

Treg cells (CD62L- TIM-3+). We discovered that although

IDO inhibition did not change the ratio of total CD8+ T-cells

to Treg cells, it elevated the ratio of activated CD8+ T-cells to

2.76

A

C

B

D
CD45

SS
C

-A

CD8

C
D

3

2.70 4.39 6.38 8

Intratumoral leukocytes

Intratumoral CD8+ cells

*

6

4

2

C
D

45
+  

in
 to

ta
l l

iv
e 

ce
lls

 (%
)

0

15

10

5

C
D

3+  
C

D
8+ i

n 
in

tra
tu

m
or

al
 le

uk
oc

yt
es

 (%
)

0

Con
tro

l

AMD34
65

D1M
T

Com
bo

Con
tro

l

AMD34
65

D1M
T

Com
bo

6.86 10.2 9.13 12.7 * **

Figure 2 Combination treatment (combo) significantly elevated the number of intratumoral CD45+ leukocytes and CD3+ CD8+ T-cells. (A) Representative data of the

proportions of intratumoral CD45+ leukocytes. (B) Pooled data of the proportions of CD45+ T-cells in the tibial breast metastases in different groups. n=5/group. (C)

Representative data of the proportions of intratumoral CD3+ CD8+ T-cells (gated CD45+). (D) Pooled data of the proportions of intratumoral CD3+ CD8+ T-cells in

different groups. n=5/group. *P<0.05, and **P<0.01. Data are presented as mean ± SEM. The different shapes in B and D represented samples in groups.

Zhang et al Dovepress

submit your manuscript | www.dovepress.com

DovePress
OncoTargets and Therapy 2019:124988

Powered by TCPDF (www.tcpdf.org)

http://www.dovepress.com
http://www.dovepress.com


functional Treg cells (Figure 4G), indicating that IDO inhibi-

tion had strong effects in maintaining the tumor immune

response.

CXCR3+ CD8+ cells played key roles in

suppressing tumor progression after

combination treatment
As AMD3465 could theoretically impair the homing of

CXCR4+ CD8+ T-cells, we investigated the subtype of

CD8+ T-cells playing a major role in these antitumor

procedures. As CXCR3+ CD8+ T-cells, which are respon-

sive to TH1-type chemokine CXCL9 and CXCL10, are

also one of the major subtypes of CD8+ T-cells, we used

the CXCR3 antagonist AMG487 to inhibit the homing of

CXCR3+ CD8+ T-cells to the tumor in both metastasis

models. In addition, to determine whether the antitumor

effects of combination treatment depend on the function of

CD8+ T-cells or CD4+ T-cells, we used blocking antibo-

dies to deplete these cells. As shown in Figure 5A, com-

bination treatment could significantly prolong the survival

of mice bearing spontaneous metastasis, and the addition

of AMG487 significantly weakened these effects (medium

survival, combination treatment 34.5 d vs combination

treatment + AMG487 27 d; P<0.0001). Depletion of

CD8+ or CD4+ T-cells also severely impaired combina-

tion treatment-mediated anticancer effects, but CD8+

T-cells appeared to play a more important role in this BC

metastasis model. Similar results were also seen in the

conventional metastasis models (Figure 5B).

Combination treatment significantly prolonged mouse sur-

vival, while AMG487 almost abolished these effects (med-

ium survival, combination treatment 41.5 d vs

combination treatment + AMG487 31.5 d; P<0.0001).
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Depletion of CD4+ T-cells weakened the antitumor effects

of combination therapy, but CD8+ T-cells appeared to be

more dominant.

Discussion
BC metastasizing to remote organs is a devastating event

which can lead to treatment failure. Although efforts have

been made to improve treatment outcomes, current thera-

peutic strategies do not typically achieve favorable out-

comes for individuals with metastasized BC. Orthopedic

surgeons are also trying to improve the quality of life

of BC bone metastasized patients by performing surgical

resections, but micro metastases which cannot be discov-

ered, or huge tumor burdens are still challenging for
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surgeons or medical oncologists. Immunotherapy is

a promising non-surgical method for refractory cases, but

more preclinical studies are still needed to discover more

potential therapeutic regimens.

AMD3465, as a CXCR4 antagonist, can directly block

the interaction of CXCL12 and CXCR4, and therefore

inhibit tumor cell proliferation by impairing CXCL12-

induced activation.18 The CXCL12-CXCR4 axis was

found to be associated with the immune response in

some solid malignancies, and the intervention of this axis

might strengthen the immune attack.5 In the current study,

we focused on the role AMD3465 plays in inhibiting the

homing of CXCR4+ immunosuppressive cells, such as

some Treg cells and MDSCs. We discovered that solo

treatment using AMD3465 elevated the proportion of

CD8+ T-cells in CD45+ cells, but reduced the total num-

ber of intratumoral CD45+ leukocytes, indicating that

AMD3465 had effects that were more specific in other

immune cells aside from CD8+ T-cells. Further assays

demonstrated that AMD3465 significantly reduced the

number of Treg cells and MDSCs, which provided

a favorable environment for cytotoxic CD8+ T-cells to

fight against cancer cells. Mouse survival assays showed

that using AMD3465 alone produced limited effects in

prolonging survival. Cancers can impair the immune

response in various ways. Combination treatment is

needed to reach a favorable outcome.

BC cells can also weaken the immune attack by over-

expressing IDO1, which can establish a CD8+ T-cell-

hostile environment through metabolic routes. In clinical

trials, some IDO1 inhibitors such as D1MT or epacadostat

have already been investigated for their presumed antic-

ancer effects. However, according to published articles,

using IDO1 inhibitors alone had limited effects in prolong-

ing patient survival.19,20 Therefore, we investigated the

effects of a combination treatment regimen in the current

animal study. In addition to AMD3465, we employed an

IDO1 inhibitor, D1MT, to suppress the function of IDO1.

Single agent treatment using D1MT had modest effects in

prolonging survival, but IDO1 inhibition showed promis-

ing effects in facilitating CD8+ T-cell function. Once used

in combination with AMD3465, the intratumoral CD8+

T-cells were “refreshed,” and secreted significantly higher

levels of cytokines which could kill cancer cells.

Moreover, combination treatment protected the CD8+

T-cells from exhaustion. AMD3465 could theoretically

prevent the homing of CXCR4+ T-cells, and therefore

we investigated the role of CXCR3+ CD8+ T-cells in the

immune response, and provided evidence that they play

key roles in this process. Depletion assays demonstrated

that the antitumor effects of the combination strategy

largely relied on the function of CD8+ T-cells, and CD4

+ T-cells also played a role in this process.

AMD3465 also appeared to elevate the proportion of

CD11b+ Gr-1- cells in the CD45+ leukocytes. Quite a few

subtypes of leukocytes have theCD11b+Gr-1- phenotype, and

we currently are not sure if AMD3465 facilitated the prolifera-

tion or survival of some CD11b+ cells, or if this occurred

because of indirect effects after the inhibition of CXCR4+

MDSCs. Further studies are needed to clarify the role that

AMD3465 and IDO1 inhibition play in cancer treatment.

Conclusion
Taken together, this is the first study providing preclinical

in vivo evidence that AMD3465, in combination with the

IDO1 inhibitor D1MT, can suppress metastasized BC pro-

gression and prolong mouse survival. Combination treatment

triggered the immune response based on the activation of

CD8+ T-cells and the inhibition of Treg cells and MDSCs.

Our results suggest that this combination regimen may be

a promising strategy for the treatment of metastasized BCs.
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