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We sought to determine whether Dopamine D2 Receptor (D2R) agonists inhibit lung tumor

progression and identify subpopulations of lung cancer patients that benefit most from D2R

agonist therapy. We demonstrate D2R agonists abrogate lung tumor progression in synge-

neic (LLC1) and human xenograft (A549) orthotopic murine models through inhibition of

tumor angiogenesis and reduction of tumor infiltrating myeloid derived suppressor cells.

Pathological examination of human lung cancer tissue revealed a positive correlation be-

tween endothelial D2R expression and tumor stage. Lung cancer patients with a smoking

history exhibited greater levels of D2R in lung endothelium. Our results suggest D2R ago-

nists may represent a promising individualized therapy for lung cancer patients with

high levels of endothelial D2R expression and a smoking history.

ª 2014 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights

reserved.
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1. Introduction (Johnson et al., 2004). Although effective in lung adenocarci-
Lung cancer remains the leading cancer related cause of death

in the United States and worldwide (Siegel et al., 2013). Non-

small cell lung cancer (NSCLC), the most common subtype

(85%) of lung cancer, continues to be associated with a very

poor 5-year survival rate of less than 15% (Cetin et al., 2011).

Despite the recent advances in systemic lung cancer treat-

ment due to the introduction new therapies targeting angio-

genesis, epidermal growth factor receptor (EGFR), and activin

receptor-like kinase-1 (ALK1) in selected patient subgroups,

the overall mortality of patients with advanced stage disease

remains high. The development of new biomarkers and indi-

vidualized therapies is needed to overcome these challenges

and make significant strides towards improving the care of

lung cancer patients.

Vascular endothelial growth factor A (VEGF) is a multi-

functional cytokine with important roles in vasculogenesis

and angiogenesis (Carmeliet et al., 1996; Ferrara et al., 1996;

Leung et al., 1989; Nasevicius et al., 2000; Senger et al., 1983).

VEGF was originally discovered as “vascular permeability fac-

tor” and described as a tumor-secreted factor that potently

promotes microvascular permeability (Senger et al., 1983).

Later, it was discovered separately as VEGF, an endothelial

mitogen (Leung et al., 1989) essential for the development of

blood vessels (Carmeliet et al., 1996; Ferrara et al., 1996;

Nasevicius et al., 2000). VEGF plays a central role in the forma-

tion of lung vasculature. Correspondingly, the lungs possess

the highest level of VEGF gene expression among normal tis-

sues (Kaner et al., 2000). VEGF and its receptors (VEGFR-1,

VEGFR-2, and NRP-1) have been detected in alveolar type II

cells, airway epithelial cells, mesenchymal cells, airway and

vascular smooth muscle cells, macrophages, and neutrophils

(Kazi et al., 2004; Voelkel et al., 2006). In normal lung, VEGF

acts in a paracrine fashion by slowly diffusing across the alve-

olar epithelium to the adjacent vascular endothelium. Howev-

er, in disease states the expression of VEGF and/or its

receptors is affected and often specifically related to the path-

ophysiology and the particular characteristics of each disease

(Lahm et al., 2007). Not surprisingly, NSCLC tumors produce

high levels of VEGF (Korpanty et al., 2010), and vascular lung

endothelium associated with malignant tissue expresses

higher levels of VEGFR-2 compared to normal lung endothe-

lium (Smith et al., 2010). Increased secretion of VEGF by tumor

cells and upregulation of endothelial VEGFR-2 promotes tu-

mor angiogenesis, which provide lung tumors with the blood

supply necessary to grow and metastasize.

Two distinct molecular therapies to target VEGF signaling

are currently being investigated clinically. The first involves

the blockade of VEGF binding to its extracellular receptors by

a VEGF-specific antibody; the second uses tyrosine kinase in-

hibitors (TKI) to block intracellular VEGF signaling. Bevacizu-

mab (Avastin�) is a humanized monoclonal antibody that

binds all forms of VEGF. In 2004, a phase II clinical trial of bev-

acizumab in newly diagnosed stage IIIB/IV or recurrent NSCLC

patients was conducted. Patients received low or high doses of

bevacizumab with standard chemotherapy, and those who

received high doses demonstrated improved time to progres-

sion (7.4 months) compared to the chemotherapy alone group
noma patients, bevacizumab caused serious pulmonary

bleeding in some patients with squamous cell lung tumors

and typically is not used in patients with squamous histology

or brain metastases (Johnson et al., 2004). Vandetanib

(Zactima�) is a small molecule TKI that blocks VEGFR-1, -2,

-3 and EGFR. Phase II patients with advanced NSCLC who

received vandetanib as a single agent experienced an 11.9

week increase in progression-free survival (Natale, 2008).

Because bevacizumab and vandetanib only modestly improve

the clinical outcome of NSCLC patients, new therapies are

needed for the treatment of lung cancer.

Dopamine (DA) has long been used in the treatment of Par-

kinson’s disease and acute cardiac dysfunction (Lynch et al.,

2006). Given that DA is produced by the sympathetic nerves

ending in blood vessels, we originally postulated and later

revealed that DA and its dopamine D2 receptor (D2R) agonists

inhibit VEGF-mediated angiogenesis and also completely

block accumulation of tumor ascites and tumor growth in

mice (Basu et al., 2001). Specifically, we demonstrated that

DA stimulates endocytosis of VEGFR-2 via D2R thereby pre-

venting angiogenesis by inhibiting VEGF binding, receptor

phosphorylation and subsequent downstream signaling

(Basu et al., 2001). These observations define a possible link be-

tween DA and vascular biology. Subsequent studies by

numerous investigators clearly demonstrate that this strategy

can be successfully applied to various diseases including can-

cer (Basu et al., 2004; Chakroborty et al., 2008; Tilan and

Kitlinska, 2010). Correspondingly, we observed significantly

more angiogenesis, tumor growth, and VEGFR-2 phosphoryla-

tion in D2R knockout mice (Basu et al., 2004). We documented

D2R colocalization with VEGFR-2 and described the molecular

mechanism through which D2R/VEGFR-2 crosstalk can

mediate the dephosphorylation of VEGFR-2 (Bhattacharya

et al., 2008; Sinha et al., 2009). D2R agonists have been shown

to increase the efficacy of anti-cancer drugs in preclinical

models of breast and colon cancer (Sarkar et al., 2008). Here

we show that D2R agonists inhibit tumor growth in orthotopic

murine lung cancer models through inhibition of tumor

angiogenesis and reduction of tumor infiltrating myeloid

derived suppressor cells. Our findings suggest treatment

with D2R agonists may represent a promising therapeutic

alternative for NSCLC patients with increased endothelial

D2R expression.
2. Materials and methods

2.1. Cell culture

Human NSCLC cell lines A549, H226, H157, H441 and H1650 as

well as the murine LLC1 lung cancer cell line were purchased

from American Type Culture Collection and maintained ac-

cording to their instructions. Human umbilical vein endothe-

lial cells (HUVEC; Lonza) were cultured in endothelial basal

medium (EBM) supplemented with the EGM-MV Bullet Kit

[5% fetal bovine serum (FBS), 12 mg/mL bovine brain extract,

1 mg/mL hydrocortisone, and 1 mg/mL GA-1000]. HUVEC of

passage three to five were used and cultured in plates coated
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with bovine collagen type I (BD Biosciences). All cell lines were

certified by the indicated cell bank and periodically authenti-

cated by morphologic inspection.

2.2. Antibodies

For immunoblotting and immunohistochemistry, a mouse

monoclonal D2R antibody (sc-5303) from Santa Cruz Biotech-

nology was used. A rabbit polyclonal CD31 antibody (sc-

1506-R; Santa Cruz Biotechnology) was used for

immunohistochemistry.

2.3. Immunohistochemistry staining

The lungs of tumor bearing mice were intracardially perfused

with PBS, harvested, and fixed in neutral buffered 10%

formalin at room temperature for 24 h before processing and

embedding in paraffin and sectioning. Sections were deparaf-

finized and then subjected to D2R and CD31 immunochem-

istry staining. Stable diaminobenzidine (DAB) was used as a

chromogen substrate, and the sections were counterstained

with a hematoxylin solution. For the D2R immunohistochem-

istry, the staining was performed using a Bond Autostainer

(Leica), and the sections were incubated in Rodent Block M

(Biocare RBM961) to eliminate non-specific mouse IgG

staining.

Patient lung cancer tissue microarrays were created using

specimens obtained from a variety of NSCLC patients at

Mayo Clinic. Tissue microarrays were immunostained using

D2R antibody as described above and D2R expression in endo-

thelial cells and myeloid derived cells was assessed by a pul-

monary pathologist (ACR).

2.4. Immunofluorescence staining

Tissues sections were deparaffinized, rehydrated, heat-

retrieved with EDTA buffer (PH8.5, Sigma), and then permea-

bilized with 0.3% Triton in PBS. Immunofluorescence staining

was performed with primary antibody against PECAM-1

(Santa Cruz, sc-1506-R) and a rhodamine-labeled secondary

antibody (Licor). After incubation with secondary antibody,

the slides were rinsed with PBS and then subjected to TUNEL

staining following manufacturer’s instructions (Promega,

G3250). Briefly, the slides were incubated with equilibration

buffer for 5 min and then with the reaction buffer containing

rTdT and Nucleotide Mix for 1 h at 37 �C. The reaction was

terminated with 2� sodium citrate buffer, rinsed with PBS

and counterstained with DAPI. Images were captured using

of a Zeiss LSM 780 confocal laser scanning microscope.

2.5. In vivo orthotopic lung cancer model

LLC1 syngeneic model: Six to eight week-old pathogen-free fe-

male wildtype and D2R knockout C57BL/6 mice were pur-

chased from Jackson Laboratory. The animals were housed

in a temperature-controlled room with alternating 12 h

light/dark cycles, allowed 1 week to acclimate to their sur-

roundings, and fed a standard diet. Mice were orthotopically

injected with 1 � 105 luciferase-labeled murine LLC1 cells sus-

pended in 80 ml PBS and Matrigel. After establishment of the
lung tumor, mice were xenogen imaged four days post-

injection of LLC1 cells. Starting on day 5 post-injection of

LLC1 cells, mice received daily intraperitoneal injections of

PBS vehicle (control groups) or 50 mg/kg dopamine, 10 mg/kg

quinpirole, or 5 mg/kg cabergoline (treatment groups) for

seven days. Mice were xenogen imaged following treatment.

The lungs of the mice were perfused with PBS and prepared

for histology as indicated.

A549 human xenograft model: Six to eight week-old path-

ogen-free female SCID mice were purchased from the Na-

tional Cancer Institute and animal husbandry was

performed as described above. Mice were orthotopically

injected with 2� 106 luciferase-labeled human A549 lung can-

cer cells suspended in 80 ml PBS and Matrigel. After establish-

ment of the lung tumor,micewere xenogen imaged eight days

post-injection of A549 cells. Mice received intraperitoneal in-

jections of PBS vehicle (control group, n ¼ 6) or 10 mg/kg quin-

pirole (treatment group, n ¼ 6) every other day for 17 days.

Mice were xenogen imaged following treatment. All animal

work was conducted under protocols approved by the Mayo

Clinic Institutional Animal Care and Use Committee.

2.6. Flow cytometry

Lungs intracardially perfused with PBS were harvested from

euthanized mice and cells were extracted through digestion

using Liberase� (Roche), DNase1 (Stemcell Technologies) and

mechanical disassociation. Cells were prepared for flow

cytometry by incubating for 5 min with Mouse Fc Block (BD

Pharmingen) followed by staining in the presence of Fc Block

with a lineage cocktail made up of CD45R/B220, CD49b,

Ter118, CD8, CD4 and CD3 antibodies conjugated to APC (Bio-

legend) as well as GR1-FITC (Biolegend), CD11b-PerCp (Bio-

legend) and CD11c-PE (Biolegend) antibodies for 20 min at

4 �C. The cells were washed three times in FACs Buffer (1%

BSA in HBSS (Hank’s Balanced Salt Solution, Life Technolo-

gies) with 0.035% w/v Sodium Bicarbonate and 0.02% Sodium

Azide) and resuspended in 400 ml of 2% paraformaldehyde in

PBS, and 100,000 events per tube were analyzed by flow

cytometry. The resulting data was analyzed using FlowJo

flow cytometry analysis software (Tree Star Inc).

2.7. Statistics

All values are expressed as means � SEM. Statistical signifi-

cance was determined using 2-sided Student’s t test and a

value of P < 0.05 was considered significant.
3. Results

3.1. Dopamine receptor 2 is upregulated in lung cancer

Given the anti-tumor and anti-angiogenesis effects of D2R ag-

onists and the highly vascularized nature of lung tumors, we

sought to determine whether D2R agonists may show promise

as an effective therapy for NSCLC patients. First, we assessed

expression of D2R in lung cancer through immunoblotting and

immunohistochemistry. D2R was expressed in all the human

lung cancer cell lines we examined (H1650, H157, H226,
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H441, A549) as well as murine Lewis lung carcinoma 1 (LLC1)

cells (Supp. Figure 1A). We also found that D2R is expressed

at greater levels in human lung cancer tissue compared to

normal human lung (Figure 1AeD). We next sought to identify

which cell types express D2R in physiological and pathological

lung tissue. To this end, we performed

immunohistochemistry-based colocalization studies in

normal and lung tumor tissue using antibodies to D2R and

Fli-1, an endothelial cell marker that is also expressed in

some lymphocytes (Pusztaszeri et al., 2006). We observed

increased endothelial expression of D2R in lung tumor tissue

compared to lung specimens obtained from healthy individ-

uals, as evident by increased colocalization of the D2R and

Fli-1 staining (Figure 1EeF). Based on our observations that

D2R is upregulated in human lung tumor endothelium
Figure 1 e Dopamine D2 Receptor is upregulated in human lung cancer tis

D2R antibody on formalin-fixed, paraffin-embedded tissue as follows: A: m

mouse brain tissue (positive control), C: human lung tissue from a healthy i

EeF: Immunohistochemistry of formalin-fixed, paraffin-embedded human n

Fli-1 (brown staining) and D2R (red staining). Pink arrows indicate FliD,

endothelial cells (F) and black arrows indicate D2RD myeloid cells.
combined with the previously reported tumor angiogenesis

inhibitory effects of D2R agonists, we postulated that D2R ago-

nists will significantly reduce angiogenesis and lung tumor

growth.

3.2. DA and D2R agonist treatment decreases tumor
progression and angiogenesis in an LLC1 murine lung
cancer model

To test the hypothesis that D2R agonists reduce angiogenesis

and lung cancer growth, we orthotopically injected

luciferase-labeled murine LLC1 cells into the left thorax of

C57BL/6 mice, allowed establishment of the lung tumor,

and then performed intraperitoneal injections of vehicle or

D2R agonists at low, nontoxic doses (DA: 50 mg/kg,
sue. AeD: Immunohistochemistry was performed using a monoclonal

ouse brain tissue with no primary D2R antibody (negative control), B:

ndividual, D: human lung tissue from a lung adenocarcinoma patient.

ormal lung (E) and lung adenocarcinoma (F) tissue was performed for

D2R- endothelial cells (E), green arrows indicate FliD, D2RD
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corresponding to 5% of the median lethal dose (LD50)

(Zaroslinski et al., 1977), quinpirole: 10 mg/kg, cabergoline:

5 mg/kg) (Figure 2A). Mice were luciferase imaged before

and after the seven day period of daily D2R agonist treatment.

DA and the D2R agonist, quinpirole, each reduced lung tumor

growth in wildtype mice but failed to inhibit LLC1 growth in

D2R knockout mice (Figure 2BeC), thus supporting the notion

that dopamine agonists block tumor growth specifically

through D2R. The FDA-approved D2R agonist cabergoline

(Dostinex�) also significantly reduced LLC1 tumor growth

(Figure 2DeE). We performed murine dose-response studies

with cabergoline and found LLC1 growth was inhibited by

80e85% with 5 mg/kg cabergoline, 40e45% with 1 mg/kg

cabergoline, and 25e30% with 0.5 mg/kg cabergoline (Supp.

Figure 2). Taken together, our results suggest DA and D2R ag-

onists act specifically through D2R to inhibit lung tumor

growth.

It has been well established that DA and D2R agonists

inhibit tumor angiogenesis by abrogating VEGFR-2-

mediated signaling in endothelial cells. Specifically, previous

studies have shown DA inhibits VEGF-induced HUVEC prolif-

eration and migration specifically through D2R and ablation

of peripheral dopaminergic nerves increased endothelial

cell density (Basu et al., 2004). Therefore, we hypothesized
Figure 2 e DA and D2R agonist treatment decreases tumor progression in

and D2R knockout (BeC) mice were orthotopically injected with 1 3 105

Matrigel. After establishment of the lung tumor, mice were xenogen image

intraperitoneal injections of PBS vehicle (control groups) or 50 mg/kg dop

(treatment groups) for seven days. Mice were xenogen imaged following trea

growth by determining the difference in relative luciferase units (RLU) befo

vehicle- and cabergoline treated mice.
that D2R agonist treatment decreases endothelial cells in

the lung tumor microenvironment. To that end, we per-

formed CD31 immunohistochemistry with LLC1 tumor tissue

harvested from wildtype mice that had been treated with D2R

agonist quinpirole or a vehicle control. As expected, we

observed a significant decrease in CD31þ endothelial cells

in lung tumor tissue from quinpirole-treated mice compared

to tumor tissue from control mice treated with vehicle

(Figure 3AeB). Correspondingly, we found that DA or quinpir-

ole treatment does not affect proliferation of a human lung

cancer cells (Supp. Figure 1B). We postulated that D2R ago-

nists reduce endothelial cells in the lung tumor microenvi-

ronment by stimulating apoptosis. To test this hypothesis,

we performed TUNEL immunofluorescence staining in lung

tissue derived from LLC1 tumor bearing mice treated with

quinpirole or vehicle control. We demonstrated that D2R

agonist treatment increases apoptosis in endothelial cells,

as evident by the increased prevalence of double positive

TUNEL and CD31 cells in the quinpirole-treated group rela-

tive to the control group (Figure 3CeD). Taken together, our

findings indicate that DA and D2R agonists decrease VEGF-

induced angiogenesis in lung tumor microenvironment

through apoptosis of endothelial cells to reduce LLC1 tumor

growth in mice.
an LLC1 murine lung cancer model. AeE: C57BL/6 wildtype (BeD)

luciferase-labeled murine LLC1 cells suspended in 80 ml PBS and

d four days post-injection of LLC1 cells. Mice received daily

amine (B), 10 mg/kg quinpirole (C), or 5 mg/kg cabergoline (D)

tment. A: Experimental timeline. BeD: Quantitation of LLC1 tumor

re and after treatment. E: Pre- and post-treatment xenogen images of

http://dx.doi.org/10.1016/j.molonc.2014.08.008
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Figure 3 e D2R agonist treatment decreases angiogenesis and promotes apoptosis in the endothelium of LLC1 tumor bearing mice. A:

Immunohistochemistry was performed using a monoclonal CD31 antibody on formalin-fixed, paraffin-embedded tissue harvested from LLC1

tumor bearing mice treated with vehicle (left) or 10 mg/kg quinpirole (right) daily for seven days. B: The amount of CD31-positive endothelial

cells in lung tissue harvested from control and quinpirole-treated mice (n [ 2 for each group) was quantitated by counting the number of CD31-

positive endothelial cells per visual field (10 visual fields were counted for each tissue). C: Co-immunofluorescence staining for TUNEL (green;

bottom left single stain) and CD31 (red; bottom right single stain) was performed on tissue harvested from LLC1 tumor bearing mice treated with

vehicle (left) or 10 mg/kg quinpirole (right) daily for seven days. Merged images are shown in the top panel (green: TUNEL, red: CD31, blue:

DAPI). D: Colocalization of TUNEL and CD31 staining was quantitated in the immunofluorescent images of lung tissue harvested from control

and quinpirole-treated mice (n [ 2 for each group) by counting the number of double positive TUNEL and CD31 endothelial cells per visual field

(10 visual fields were counted for each tissue).

M O L E C U L A R O N C O L O G Y 9 ( 2 0 1 5 ) 2 7 0e2 8 1 275
3.3. D2R agonist inhibits lung cancer growth in a human
xenograft model

We next sought to determine whether the D2R agonist-

mediated inhibition of murine lung cancer growth trans-

lates into an effective therapy for human NSCLC. To begin

addressing this question, we utilized a human lung xeno-

graft model. Specifically, human A549 adenocarcinoma cells

were orthotopically injected into the left thorax of anesthe-

tized SCID mice and allowed to establish themselves for

eight days. Mice received intraperitoneal injections of D2R

agonist quinpirole or vehicle control every other day for 17

days and were xenogen imaged before and after treatment

(Figure 4A). We observed a significant decrease in A549

lung tumor growth in mice treated with D2R agonist

compared to controls (Figure 4BeC). These findings support

our hypothesis that D2R agonists inhibit human lung tumor

growth.
3.4. Endothelial expression of D2R is upregulated in lung
cancer and correlates with tumor progression

To continue determining whether D2R agonist treatment of

NSCLC patients represented an efficacious anti-cancer ther-

apy, it was necessary to assess the expression levels of D2R

in patients with various types and stages of lung cancer.

We hypothesized that a subset of NSCLC patients would

have high D2R expression, and therefore, envisioned a poten-

tial individualized medicine approach in which patients iden-

tified to possess high D2R expression would be ideal

candidates for D2R agonist therapy. We performed D2R

immunohistochemistry on lung cancer tissue microarrays

developed using specimens obtained from a variety of NSCLC

patients at Mayo Clinic. A pulmonary pathologist (ACR)

reviewed the D2R immunohistochemistry staining and scored

the percentage of D2R-positive endothelial cells present in

each sample. Not surprisingly, we observed increased

http://dx.doi.org/10.1016/j.molonc.2014.08.008
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Figure 4 e D2R agonist treatment decreases tumor progression in a human lung tumor xenograft model. AeC: SCID mice were orthotopically

injected with 2 3 106 luciferase-labeled human A549 lung cancer cells suspended in 80 ml PBS and Matrigel. After establishment of the lung

tumor, mice were xenogen imaged eight days post-injection of A549 cells. Mice received intraperitoneal injections of PBS vehicle (control group,

n [ 6) or 10 mg/kg quinpirole (treatment group, n [ 6) every other day for 17 days. Mice were xenogen imaged following treatment. A:

Experimental timeline. B: Quantitation of A549 tumor growth by determining the difference in relative luciferase units (RLU) before and after

treatment. C: Pre- and post-treatment xenogen images of vehicle- and quinpirole-treated mice.
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endothelial expression of D2R in lung cancer samples

compared to normal lung (Figure 5). Furthermore, in both

lung adenocarcinoma and squamous cell lung carcinoma,

we found a positive correlation between tumor grade and

expression of D2R in endothelial cells (Figure 5). As postu-

lated, specific NSCLC patients with high expression of D2R

were identified. Taken together, our results suggest lung

endothelial D2R expression may increase as lung adenocarci-

noma and squamous cell lung carcinoma progress and indi-

vidual patients with high D2R levels in the lung

endothelium that are most likely to benefit from D2R agonist

therapy can be identified.

3.5. D2R agonists reduce lung tumor infiltrating myeloid
derived suppressor cells in vivo

Interestingly, pathological analysis of the human lung can-

cer tissue specimens revealed a considerable amount of

D2R-positive myeloid lineage cells (Figure 1EeF; Figure 6A).

Previous reports have linked DA signaling with immune re-

sponses in lung cancer patients (Saha et al., 2001). While the

presence of pro-inflammatory immune cells, such as cyto-

toxic CD8þ T-lymphocytes, NK-cells, TH1 polarized T-helper

cells and mature dendritic cells, within the tumor microen-

vironment have been associated with favorable lung cancer

patient outcomes, large numbers of immunosuppressive

cells, such as T-regulatory cells and immature myelo-

monocytic cells (including myeloid derived suppressor cells

and tumor-associated macrophages), correspond to poor
patient survival. Based on previous studies and our patho-

logical findings, we hypothesized that tumor infiltrating

myeloid derived suppressor cells (MDSCs) express D2R and

targeting MDSCs with D2R agonist may reduce their quantity

and immunosuppressive function in the lung tumor micro-

environment. Therefore, we sought to determine whether

the D2R agonist cabergoline decreases MDSCs using the

orthotopic LLC1 murine model described earlier. Briefly,

following cabergoline treatment of mice bearing LLC1 tu-

mors, lungs were harvested from euthanized mice and cells

were extracted through collagenase digestion. Flow cytome-

try was utilized to assess the number of LIN�, GR1þ, CD11bþ

MDSCs in cabergoline- and vehicle-treated mice. We found

LLC1 tumor burdened mice treated with cabergoline

harbored less pulmonary MDSCs than corresponding con-

trol mice (Figure 6BeC). These results suggest that D2R ago-

nists may reduce lung tumor growth through inhibition of

immunosuppressive MDSCs as well as abrogating tumor

angiogenesis. Next, we investigated whether these results

translate to humans by determining the effect of D2R ago-

nists on human myeloid cell maturation. CD14þ monocytes

isolated from the blood of healthy human donors were

treated daily with 10 mM cabergoline and cultured with

appropriate cytokines to stimulate the formation of imma-

ture and mature myeloid cells. Cabergoline treatment

caused a decrease in maturation of both immature and

mature myeloid cells, as evident by decreased myeloid cell

maturation marker HLA-DR in cabergoline treated cells

compared to controls (Supp. Figure 3).

http://dx.doi.org/10.1016/j.molonc.2014.08.008
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Figure 5 e D2R is expressed by endothelial cells in human lung tumor tissue. A: Immunohistochemistry was performed using a monoclonal D2R

antibody on a human lung cancer tissue microarray, and each tissue was scored for the percentage of endothelial cells that were D2R-positive. Each

point on the graph represents an individual tissue. B: Representative staining from tissue microarray (top: 103 H&E staining, middle: 103 D2R

staining, bottom: 203 D2R staining). Red arrows indicate D2R-positive endothelial cells.
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3.6. Increased endothelial D2R expression in lung tumor
patients with a smoking history

Smoking is a known risk factor for most cancers, particularly

lung carcinomas (Burns, 2003; Hecht, 1999; Tournier and

Birembaut, 2011). Interestingly, some initial reports suggest

that variant D2R genotypes are associatedwith a greater likeli-

hood to smoke and a greater smoking intensity and may also

be a potential cause for familial aggregation of smoking-

related cancers (Styn et al., 2009; Wu et al., 2000). Hence, the

link between the D2R pathway and lung cancer development

and progression can be at least partially attributed to smoking.

Given the association between D2R, NSCLC, and smoking, we

hypothesized that lung cancer patients with a smoking his-

tory would exhibit greater endothelial expression of D2R. As

expected, we found an increased number of D2R-positive

endothelial cells in lung cancer tissue specimens from

smokers compared to samples from NSCLC patients classified

as never smokers (Figure 6D).

Further studies beyond the scope of those presented here

are necessary to fully understand this association. However,

the greater prevalence of endothelial D2R expression in lung

cancer patients with a smoking history suggests D2R agonists

may represent an intriguing precision therapeutic strategy for

treatment of the subset of NSCLC patients with a smoking his-

tory and high D2R expression in lung tumor endothelium.
4. Discussion

In this report, we demonstrate that D2R agonists inhibit

NSCLC tumor progression using LLC1 syngeneic and A549 hu-

man xenograft murine models of lung cancer. Our findings

suggest D2R agonists decrease lung cancer tumor growth
through two mechanisms: reduction of tumor angiogenesis

in lung endothelial cells and abrogation of tumor infiltrating

myeloid derived suppressor cells. While additional studies

are necessary to elucidate whether these mechanisms are

interconnected, we speculate that D2R agonist-mediated

reduction of lung tumor-associated endothelial cells and

angiogenesis may contribute to a tumor microenvironment

that is less conducive to tumor infiltration of MDSCs. We pre-

viously showed DA and D2R agonists selectively inhibit VEGF-

induced angiogenesis and vascular permeability by negatively

regulating VEGFR-2 phosphorylation (Basu et al., 2001). Specif-

ically, D2R agonists increase the recruitment of Src-homology-

2-containing protein tyrosine phosphatase (SHP-2) to the D2R/

VEGFR-2 complex and promote increased VEGF-induced phos-

phorylation of SHP-2, which stimulates its phosphatase activ-

ity (Sinha et al., 2009). Active SHP-2 then dephosphorylates

VEGFR-2 at Y951, Y996 and Y1059, thus mitigating subsequent

VEGF-dependent signaling events including those that pro-

mote angiogenesis (Sinha et al., 2009). Previous studies

strongly support the notion that D2R agonist-mediated inhibi-

tion of cancer can be translatable as a therapeutic strategy

(Basu et al., 2004; Chakroborty et al., 2008; Tilan and

Kitlinska, 2010). It has been shown that disruption of periph-

eral dopaminergic nerves stimulates tumor growth through

induction of VEGF-dependent angiogenesis (Basu et al.,

2004), and DA treatment inhibits tumor-promoting endothe-

lial progenitor cell mobilization from the bone marrow niche

(Chakroborty et al., 2008). Furthermore, D2R agonists

increased the efficacy of anti-cancer drugs in preclinical

models of breast and colon cancer (Sarkar et al., 2008). We

observed DA, quinpirole and cabergoline each decreased

LLC1 lung tumor growth in C57BL/6 mice. Interestingly, the

DA-mediated reduction in LLC1 growth was appreciable but

not quite statistically significant (Figure 2B), whereas the quin-

pirole and cabergoline treatment each resulted in a

http://dx.doi.org/10.1016/j.molonc.2014.08.008
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Figure 6 e Tumor infiltrating myeloid derived suppressor cells decreased in vivo by D2R agonists and endothelial D2R expression increased in

NSCLC patients with a smoking history. A: Representative image of D2R immunohistochemistry of human lung cancer tissue microarray

depicting D2R-positive myeloid/macrophage lineage cells (red arrows). BeC: C57BL/6 wildtype mice were orthotopically injected with 1 3 105

LLC1 cells. Mice were intraperitoneally administered vehicle or cabergoline daily for seven days starting on day five post-injection of LLC1 cells.

After 12 days, the lungs were harvested from euthanized mice and cells were extracted through collagenase digestion. Flow cytometry was used to

determine the number (B) and percentage (C) of murine myeloid derived suppressor cells (MDSCs), which were defined as LIN-, GR1D, and

CD11bD. n [ 16 mice/treatment group. D: Immunohistochemistry was performed using a monoclonal D2R antibody on a human lung cancer

tissue microarray. The graph shows the percentage of endothelial cells stained positive for D2R among lung cancer tissue obtained from smokers

(n [ 13) compared to those from never smokers (n [ 3).

M O L E C U L A R O N C O L O G Y 9 ( 2 0 1 5 ) 2 7 0e2 8 1278
statistically significant decrease of LLC1 tumor growth

(Figure 2CeD). The greater effectiveness of quinpirole and

cabergoline likely reflects the fact that they are high affinity

agonists for D2R, whereas DA is more promiscuous for other

DA receptors.

While the inhibitory effects of D2R agonists on VEGF-

dependent tumor angiogenesis have been well established,

we describe D2R agonist-mediated abrogation of myeloid

derived suppressor cell tumor infiltration using a syngeneic

murine lung cancer model. The presence of pro-

inflammatory immune cells, such as cytotoxic T-lympho-

cytes, NK-cells, TH1 polarized T-helper cells and mature den-

dritic cells, within the tumor microenvironment have been

associated with favorable lung cancer patient outcomes.

Conversely, large numbers of immunosuppressive cells,

such as T-regulatory cells and immature myelo-monocytic

cells including myeloid derived suppressor cells and tumor-

associated macrophages, correspond to poor patient survival.

Most recently the therapeutic success of immunostimulatory

checkpoint inhibitors, such as anti-PD-1, anti-PD1-L1 (B7H1)
and anti-CTLA-4, for the treatment of various malignancies,

including lung cancer, in early phase clinical trials strongly

supports a potential role of immunotherapy for the treatment

of lung cancer (Lynch et al., 2012; Topalian et al., 2012). Inter-

estingly, circulating DA levels have been shown to be

increased in lung cancer patients and corresponding in vitro

studies revealed decreased proliferation and cytotoxicity of

CD4þ and CD8þ T cells in these patients by a dopamine D1

receptor-dependent mechanism (Saha et al., 2001). Although

beyond the scope of our current study, it would be informative

to determine whether administration of D2R agonists to lung

cancer patients changes circulating DA levels and/or the ef-

fects of endogenous DA on T cell proliferation and cytotox-

icity. Regardless, our studies suggest that D2R is expressed

on myeloid precursor cells in the lung tumor microenviron-

ment and D2R agonist treatment results in a reduction of tu-

mor infiltrating MDSCs. D2R has been identified as a

negative regulator of NADPH oxidase, which promotes angio-

genesis and reactive oxygen species (ROS) production

(Bhandarkar et al., 2009; Perry et al., 2006; Yang et al., 2012).

http://dx.doi.org/10.1016/j.molonc.2014.08.008
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Therefore, some of the beneficial anti-angiogenesis effects of

D2R agonists may occur through inhibition of NADPH oxidase.

Recent studies have demonstrated that one of the major

mechanisms of MDSC-induced immune suppression is medi-

ated by ROS (Corzo et al., 2009). Thus, D2R-mediated inhibition

of ROS may contribute to ablation of the immune suppressive

effects of MDSCs.

Smoking is contributing factor in 80e90% of lung cancer

deaths, and men and women who smoke are respectively

23 and 13 times more likely to develop lung cancer compared

to never smokers (Alberg et al., 2014). Cigarette smoke con-

tains several carcinogens, including polycyclic aromatic hy-

drocarbons and mutagenic nicotine metabolites such as N-

nitrosonornicotine and 4-(methylnitrosamino)-1-(3-pyridyl)-

1-butanone (Burns, 2003; Hecht, 1999; Tournier and

Birembaut, 2011). Importantly, in most cases, the nicotine

and its derived metabolites function through nAChRs that

are present not only in the nervous system, but also in

numerous peripheral organs such as the lung epithelium

and endothelium (Heeschen et al., 2002; Wang et al., 2001).

Several reports and detailed reviews have described the im-

plications of nAChRs and their polymorphisms in lung tumor

cell proliferation, apoptosis, angiogenesis, and invasion

(Benowitz, 2009; Lambrechts et al., 2010; Saccone et al.,

2010; Schuller, 2009; Spitz et al., 2008; Tournier and

Birembaut, 2011). Interestingly, an association between

smoking, D2R signaling, and the development of lung cancer

exists as variant D2R genotypes have been linked to an

increased likelihood to smoke, greater smoking intensity,

and familial aggregation of smoking-related cancers (Styn

et al., 2009; Wu et al., 2000). In addition, the association be-

tween the variant D2R TaqIA genotype and smoking cessa-

tion suggests that genetic variation in the DA pathway

influences smoking cessation (Styn et al., 2009). DA receptors

are known to be expressed in alveolar epithelial cells and hu-

man lung tumors (Campa et al., 2007). We assessed D2R

expression in lung tumor-associated endothelial cells and

found a positive correlation between smoking history and

increased levels of endothelial D2R. Our findings are signifi-

cant in at least three aspects: (1) given the high prevalence

of lung cancer patients with a smoking history, D2R agonist

treatment results may vary by smoking history; (2) D2R

agonist treatment may result in smoking cessation; and

more importantly, (3) helping smoking patients quit smoking

may improve their treatment outcome and quality of life

(Chen et al., 2010, 2012; Garces et al., 2004). While further

studies are necessary, our data suggests D2R agonist thera-

pies may be more effective in NSCLC patients with a smoking

history compared to never smokers.

Our preclinical studies presented here suggest D2R agonists

represent a promising individualized therapeutic strategy for

NSCLC patients with high endothelial D2R expression and a

smoking history. Cabergoline (Doxtinex�), one of the high af-

finity D2R agonists used in ourmurine lung cancer studies, has

been FDA approved for the treatment of hyperprolactinemia

and advanced Parkinson’s disease. A significant advantage

of using cabergoline to treat lung cancer is avoidance of direct

inhibition of VEGF pathways or VEGF itself, while achieving

similar inhibition of tumor angiogenesis. Therefore, we can

bypass the adverse effects of anti-angiogenesis therapy, as
well as anti-angiogenesis resistance of the tumor microenvi-

ronment. In view of recent data reporting the challenges of

combined chemotherapy and anti-angiogenesis regimens

(Ellis and Al-Saleh, 2012), it will be of great interest to deter-

mine whether D2R agonists have value as therapies for lung

cancer, in which angiogenesis has important pathogenic

roles. The mechanisms of anti-VEGF therapies remain under

investigation. Jain and colleagues proposed that anti-

angiogenesis drugs “normalize” the tumor vasculature and

temporarily improve blood flow within the tumor, thereby

enhancing the efficacy of chemotherapy (Jain, 2005). Here we

demonstrate that D2R agonists inhibit lung tumor growth by

reducing angiogenesis and tumor infiltrating immune cells.

Our findings suggest cabergoline as a lung cancer therapeutic

strategy and future studies are necessary to determine its ef-

ficacy in NSCLC patients in combination with standard

chemotherapy regimens.
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