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Abstract 

Aptamers have the potential to be used as targeting ligands for cancer treatment as they form 
unique spatial structures.  
Methods: In this study, a DNA aptamer (T1) that accumulates in the tumor microenvironment 
was identified through in vivo selection and validation in breast cancer models. The use of T1 as a 
targeting ligand was evaluated by conjugating the aptamer to liposomal doxorubicin.  
Results: T1 exhibited a high affinity for both tumor cells and polymorphonuclear myeloid-derived 
suppressor cells (PMN-MDSCs). Treatment with T1 targeted doxorubicin liposomes triggered 
apoptosis of breast cancer cells and PMN-MDSCs. Suppression of PMN-MDSCs, which serve an 
immunosuppressive function, leads to increased intratumoral infiltration of cytotoxic T cells. 
Conclusion: The cytotoxic and immunomodulatory effects of T1-liposomes resulted in superior 
therapeutic efficacy compared to treatment with untargeted liposomes, highlighting the promise of 
T1 as a targeting ligand in cancer therapy. 

Key words: DNA aptamer, active targeting, tumor microenvironment, myeloid-derived suppressor cells 
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Introduction 
The tumor microenvironment (TME), which 

consists of extracellular matrix components and 
various cell types, such as cancer-associated 
fibroblasts, infiltrating immune cells, and endothelial 
cells, plays a critical role in tumor progression [1]. 
Strategies that target the TME have the potential to 
overcome therapeutic challenges as surrounding cells 
often develop tumor-protective functions [2-5]. 

Among various infiltrating immune cells, 
myeloid-derived suppressor cells (MDSCs), a major 
population of immature myeloid cells, stimulate 
angiogenesis, promote metastasis, and serve an 
immunosuppressive role through inhibition of CD8+ 
T cell proliferation and function [6-8]. The dramatic 
expansion of MDSCs in blood, spleen, and bone 
marrow has been widely documented in many animal 
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tumor models as well as in patients with various types 
of cancers [9]. Mouse MDSCs express two primary 
surface markers, CD11b and Gr-1, and can be further 
classified as polymorphonuclear (PMN-MDSCs, 
CD11b+Ly6G+Ly6Clow), which form the largest 
population of MDSCs, and monocytic (M-MDSCs, 
CD11b+Ly6G-Ly6Chigh) [10]. Recent studies have 
revealed that depletion [11-14] or inhibition [15-17] of 
MDSCs substantially augments antitumor responses, 
highlighting the promise of MDSC targeting strategies 
for cancer therapy.  

Single-stranded oligonucleotide (DNA or RNA) 
aptamers can bind to biological targets with high 
affinity and specificity, owing to the unique 3D 
structure of these molecules. Aptamers can be 
selected from a random library using a procedure 
known as systematic evolution of ligands by 
exponential enrichment (SELEX) [18, 19]. Briefly, 
iterative selection rounds are applied to enrich for 
sequences with strong binding affinity for a specific 
target, eventually yielding several potential aptamer 
candidates. Both in vitro-based SELEX methods, such 
as cell-SELEX and protein-SELEX, and 
live-animal-based SELEX have been developed 
[20-22]. Aptamers selected with these techniques have 
shown promising potential for diagnostic and 
therapeutic applications. Recently, nanoparticle-based 
drug delivery systems have attracted attention as 
powerful tools to overcome biological barriers in the 
body in order to improve the therapeutic efficacy and 
safety of drugs [23-26]. However, there exists a need 
to increase site-specific delivery of systemically 
administered nanoparticles. Several studies have 
demonstrated that active targeting approaches 
involving nanoparticle functionalization with 
aptamers can dramatically improve drug delivery 
[27-36].  

Here, a TME-targeting DNA thioaptamer 
candidate, T1, was selected and validated in an 
MDA-MB-231 breast cancer bone metastasis model. 
The targeting ability of T1 was further validated in 
MDA-MB-231 and 4T1 orthotopic breast cancer 
models. This study is the first to demonstrate the 
identification of an aptamer that displays high 
binding affinity for both PMN-MDSCs and tumor 
cells in vitro and in vivo. Furthermore, the conjugation 
of the T1 aptamer to a well-established liposomal 
delivery system for doxorubicin (Dox) extended the 
therapeutic potential of this drug beyond cancer cell 
cytotoxicity to immunomodulatory capacity. 
Anticancer efficacy was evaluated in the poorly 
immunogenic and highly metastatic 4T1 orthotopic 
breast cancer model, which is associated with 
PMN-MDSC expansion [15, 37]. T1-targeted 
liposomes induced transformation of the TME toward 

a more immunostimulatory state, leading to 
improved anticancer efficacy. In vivo results revealed 
that the combination of chemotherapy and 
immunotherapy effectively suppressed tumor 
growth. In summary, the successful identification of 
an aptamer with dual targeting capability for 
PMN-MDSCs and tumor cells was leveraged to 
improve cancer therapy. 

Materials and Methods 
Cell culture 

The murine breast cancer cell line 4T1, human 
breast cancer cell lines MDA-MB-231, MDA-MB-468, 
and MCF-7, human lung cancer cell lines A549 and 
HCC827, the human Burkitt’s lymphoma cell line Raji, 
and human acute monocytic leukemia cell lines 
(AMoL) MV4-11 were obtained from ATCC 
(American Type Culture Collection). H322 and H1299 
human lung cancer cell lines were obtained from the 
National Cancer Institute (NCI). The TUBO mammary 
carcinoma cell line was generously provided by Dr. L. 
Pease (Mayo Clinic). The human chronic myeloid 
leukemia (CML) cell line 32Dp210 was derived from 
the interleukin 3 (IL-3)-dependent murine 
hematopoietic cell line [38]. The acute myeloid 
leukemia (AML) cell line Molm-13 was obtained from 
Leibniz-Institut DSMZ (Deutsche Sammlung von 
Mikroorganismen und Zellkulturen GmbH). 
Hematopoietic stem cells (HSCs) were isolated from 
bone marrow as previously described [39]. 

HSCs, Raji, MV4-11, and 32Dp210 cells were 
cultured in RPMI 1640 (Corning Inc., USA) medium 
supplemented with 10% fetal bovine serum (FBS) and 
penicillin (100 IU/mL)/streptomycin (100 μg/mL) 
(Cellgro, Corning, USA) at 37 °C with 5% CO2. Other 
cells were cultured in Dulbecco's Modified Eagle’s 
Medium (DMEM, Corning, USA) supplemented with 
10% FBS and penicillin (100 IU/mL)/streptomycin 
(100 μg/mL) at 37 °C with 5% CO2.  

Murine models 
All animal studies were performed following 

protocols approved by the Institutional Animal Care 
and Use Committee (IACUC) at the Houston 
Methodist Research Institute. Female athymic nude 
mice and BALB/c mice (6-8 weeks old) were 
purchased from Charles River Laboratories (Boston, 
MA, USA). To generate an MDA-MB-231 orthotopic 
breast cancer model, 3 × 106 cells were inoculated in 
the mammary fat pad of nude mice. An MDA-MB-231 
murine bone metastatic model was established in 
nude mice through intracardiac inoculation of 1 × 105 
cells transfected with a plasmid carrying the luciferase 
gene. Tumor growth in the bone was monitored 
through bioluminescence imaging using a Xenogen in 
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vivo imaging system (IVIS)-200 imaging system 
(PerkinElmer, Inc., USA). A 4T1 orthotopic breast 
cancer model was generated by injecting 3 × 104 4T1 
cells in the mammary fat pad of BALB/c mice.  

In vivo aptamer selection 
A DNA thioaptamer combinatorial library was 

synthesized as previously described [40]. The library 
consisted of a 21 base 5’-primer (5’-CGCTCGATA 
GATCGAGCTTCG-3’), a 23 base 3’-primer (5’-GTCG 
ATCACGCTCTAGAGCACTG-3’) in the flank, and a 
30 base random region in the middle. The library (10 
μg) was intravenously injected into mice bearing 
MDA-MB-231 breast cancer bone metastases. Mice 
were euthanized 4 h post-injection and tumor tissues 
were collected and homogenized. Bound 
thioaptamers were extracted and amplified with 
amplified polymerase chain reaction (PCR) using 
primers specific for the aptamer library. The amplified 
PCR products were reinjected into mice for a next 
round of screening. After ten iterative selection cycles, 
the amplified PCR products were subcloned into a 
plasmid vector for DNA sequencing, generating 
several candidates. The sequences with highest 
occurrence frequency was named T1 and used for 
further analysis. The full sequence of T1 is: 
(5’-CGCTCGATAGATCGAGCTTCGCTCGATGTGG
TGTTGTGGGGGCTTGTATTGGTCGATCACGCTCT
AGAGCACTG-3’). A random scrambled aptamer 
(Scr) sequence (5’-ATCCAGAGTGACGCAGCACTA 
CTGGACTTCATCGGAGCTAGGTCATCGCTTGCA
TGCATGGACACGGTGGCTTA-3’) was used as a 
control. T1 and Scr aptamers were synthesized 
(Integrated DNA Technologies, Inc., USA) and 
labeled with Cy5, as this dye is suitable for several 
applications, including flow cytometry, confocal 
microscopy, and IVIS imaging.  

In vitro evaluation of T1 
For cell viability studies, MDA-MB-231 cells 

were seeded in 96-well plates at a seeding density of 5 
× 103 cells/well and incubated with Scr or T1 
aptamers. Cell proliferation was measured 48 h later 
using a cell counting kit-8 (CCK8) viability assay 
(Dojindo Molecular Technologies, Inc. Japan) 
according to the manufacturer’s instructions. For 
evaluation of cell migration using the scratch assay, 
MDA-MB-231 cells were seeded in 6-well plates (85% 
confluency). Cells were scratched with a pipette tip 
and then incubated with 500 nM Scr and T1 aptamer 
for 24 h. Microscopy images were taken immediately 
after scratching and 24 h later. To study the stability of 
the T1 aptamer, the aptamer was incubated with 2% 
FBS in phosphate buffered saline at 37 °C for 0 h, 1 h, 3 
h, 5 h, 8 h, 12 h, 24 h, 48 h, and 72 h. Electrophoresis 

was performed on 2% agarose gels at a constant 
voltage of 115V for 25 min. To study the uptake of the 
T1 aptamer, MDA-MB-231 cells were seeded in 4-well 
chamber slides (LAB-TEK, Nagle Nunc, IL, USA) 
overnight at a density of 2 × 104 cells per well. Cells 
were then incubated with the Cy5-labeled T1 aptamer 
for 30 min. The cells were washed twice with 
pre-warmed PBS, fixed with 4% paraformaldehyde 
solution for 10 min, washed twice with PBS, and 
stained with 4′,6-diamidino-2-phenylindole (DAPI, 
Thermo Fisher scientific, USA) for 10 min. Finally, 
cells were washed twice with PBS and imaged with a 
confocal microscope (A1 Confocal Imaging System, 
Nikon). The binding buffer used in the aptamer 
binding studies was prepared by adding yeast tRNA 
(0.1 mg/mL) (Sigma) in the washing buffer (PBS/2% 
FBS). Cells were exposed to ethylenediaminet-
etraacetic acid (EDTA) and then washed, incubated 
with 100 μL of Cy5-labeled aptamer solution on ice for 
30 min, and washed twice with washing buffer. Cells 
(1 × 105) were counted with flow cytometry (LSRII, 
BD Biosciences) and analyzed with Flowjo 7.6.1 
software (Tree Star, USA). The apparent dissociation 
constants (Kd) of the aptamer–cell interaction was 
obtained by using the following equation Y = Bmax 
X/(Kd + X). To identify the cellular internalization 
pathway of T1, MDA-MB-231 cells were pretreated 
with various uptake inhibitors for 40 min and 
incubated with T1 for 30 min. Specifically, cells were 
exposed to amiloride (macropinocytosis; 50 μM, 100 
μM and 200 μM), chlorpromazine (clathrin-dependent 
endocytosis; 7.5 μM, 15 μM and 30 μM), cytochalasin 
D (broad-spectrum inhibitor of actin-dependent 
endocytosis; 4 μM, 8 μM, and 16 μM), dynasore 
(dynamin inhibitor; 25 μM, 50 μM, and 100 μM), and 
genistein (caveolae-dependent endocytosis; 40 μM, 80 
μM, and 160 μM). The inhibitor concentrations were 
selected based on maintaining cell viability above 
80%. Cells were then detached with trypsin, washed 
twice with washing buffer, and analyzed with flow 
cytomerty using Flowjo software. 

Ex vivo and in vivo biodistribution of T1  
To investigate the biodistribution of the 

aptamers, Cy5-labeled Scr or T1 aptamers (0.5 
nmol/mouse or 2 nmol/mouse) were intravenously 
injected in mice bearing MDA-MB-231 orthotopic 
breast cancer tumors, MDA-MB-231 bone metastases, 
or 4T1 orthotopic breast cancer tumors (n = 3). The 
biodistribution of the aptamers was assessed at 
various time points (5 min, 1 h, 2 h, 4 h, and 8 h) using 
an IVIS-200 imaging system. Animals were 
euthanized 4 h or 8 h post-injection, and major organs 
and bone samples were collected and visualized with 
the IVIS-200 imaging system. The signal-to-noise ratio 
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(SNR) was obtained as previously described [41] 
using the following equation: SNR = ηA / ηB, where ηA 
and ηB are the total radiant efficiency of organs from 
aptamer-injected and control mice, respectively. 
Tumor samples were frozen and processed for 
confocal fluorescence microscopy to detect 
Cy5-labeled aptamers. Single-cell suspensions were 
prepared from blood, lung, spleen, and bone marrow 
samples to determine aptamer binding by flow 
cytometry (LSRII, BD Biosciences, USA). Specifically, 
tumor samples were minced with scalpels and 
incubated with 250 U/mL collagenase type III 
(Worthington Biochem, USA) for 2 h at 37 °C. Tumor 
samples were then homogenized by repeated 
pipetting and filtered through 70-µm nylon filters (BD 
Biosciences, USA). Single-cell suspensions from 
spleen samples were obtained by grinding the organ 
through 40-µm filters, while bone marrow cells were 
harvested from the tibia and femur by flushing with 
PBS. Red blood cell lysis with ACK Lysing Buffer 
(Lonza, USA) was performed as required and all 
samples were washed and re-suspended in washing 
buffer. Cells were stained with antibodies of cell 
specific markers on ice for 30 min (MDA-MB-231 cell, 
HLA-ABC+; PMN-MDSCs, CD45+CD11b+Ly6G+ 

Ly6Clow; M-MDSCs, CD45+CD11b+Ly6G-Ly6Chigh; T 
cells, CD45+CD3+; B cells, CD45+B220+; Macrophages, 
CD45+CD11b+F4/80+). CD45, CD3, and CD11b 
antibodies were purchased from Tonbo Biosciences 
(USA), while all other antibodies were acquired from 
eBioscience (USA). The antibodies were diluted 1:100 
in PBS containing 2% FBS.  
Preparation and characterization of 
aptamer-Dox liposomes 

Aptamer-lipid conjugates (Scr-lipid or T1-lipid) 
were prepared by conjugation of the aptamer to the 
distal end of 1,2-distearoyl-sn-glycero-3-phospho-
ethanolamine-N- [maleimide (polyethylene glycol)- 
2000 (DSPE-PEG-Mal) (Avanti Polar Lipids, Inc. USA) 
through thiol-maleimide coupling. Briefly, aptamers 
with a 5’ end thiol group (Integrated DNA 
Technologies, USA) were reduced by 
Tris(2-carboxyethyl)phosphine hydrochloride (TCEP, 
Thermo Fisher Scientific, USA) to convert any 
disulfide aptamer dimers back into thiol monomers, 
and then reacted with DSPE-PEG-Mal micelles in PBS 
(pH = 7, 3 mM EDTA) at room temperature overnight 
with magnetic stirring. Excess DSPE-PEG-Mal was 
removed by dialysis (3,000-3500 molecular weight cut 
off (MWCO) dialysis tubing, Spectrum Laboratories, 
Inc., USA) in DMSO and phosphate buffer (50 mM; 
pH = 7). The aptamer-lipid conjugates were 
concentrated using centrifugal filter unit (MWCO 
3000, Millipore, USA) and lyophilized for liposome 

preparation. Empty liposomes were prepared and 
Dox was loaded using the ammonium sulfate 
gradient method according to a previously reported 
protocol [42]. Briefly, PEGylated liposomes composed 
of 1,2-dipalmitoyl-sn-glycero-3-phosphocholine 
(DPPC), cholesterol, and 1,2-distearoyl-sn-glycero-3- 
phosphoethanolamine-N-[methoxy(polyethylene 
glycol)-2000 (DSPE-PEG(2000)) (Avanti Polar Lipids, 
Inc. USA)) and aptamer-lipids were mixed at the 
molar ratio of 63:32:4.5:0.5. The lipid mixture was 
frozen, lyophilized, hydrated at 60 °C in 150 mM 
ammonium sulfate (pH = 4), and sonicated until 
transparent. Dialysis was performed to remove 
unencapsulated ammonium sulfate against 20 mM 
HEPES buffered saline for 4 h (MWCO 10,000, 
Thermo Fisher Scientific, USA). Dox was then loaded 
into liposomes at a drug-to-lipid ratio of 1:10 (w/w) 
and incubated at 60 °C for 1 h with gentle shaking. 
Finally, unencapsulated Dox was removed by dialysis 
as described above. Dox loading efficiency was 
determined using a spectrophotometric absorbance 
assay. Briefly, Triton X-100 (Sigma, USA) was added 
to liposomal Dox to produce a 1% (v/v) final 
detergent concentration and the absorbance at 490 nm 
was recorded on a microplate reader (iMarkTM, 
Bio-Rad Laboratories, Inc., USA). Absorbance values 
were compared to that of a Dox standard curve. The 
mean diameter and zeta potential of liposomes were 
determined with dynamic light scattering and laser 
Doppler electrophoresis, respectively, using a 
Zetasizer Nano ZS Zen 3600 (Malvern, UK) at 25 °C. 
Liposomes were diluted in Milli-Q water, PBS, or 
DMEM (1:100 dilution). To study the uptake of 
liposomes functionalized with Scr aptamer (Scr-Dox) 
or T1 aptamer (T1-Dox), 4T1 cells were seeded in 
4-well chamber slides (LAB-TEK, Nagle Nunc, IL, 
USA) overnight at a density of 2 × 104 cells per well. 
Cells were then incubated with Scr-Dox and T1-Dox 
(500 μg/mL) for 30 min. The cells were washed twice 
with pre-warmed PBS, fixed with 4% paraform-
aldehyde solution for 10 min, washed twice with PBS, 
and stained with DAPI for 10 min. Finally, cells were 
washed twice with PBS and imaged with a confocal 
microscope. 
Biodistribution of aptamer-Dox liposomes 

To evaluate the biodistribution of aptamer-Dox 
liposomes, mice bearing 4T1 orthotopic breast cancer 
tumors were intravenously administered with 6 
mg/kg Scr-Dox or T1-Dox (n = 3). Animals were 
sacrificed 24 h post-injection and major organs (heart, 
liver, spleen, lungs, kidneys, brain, tumor, bone, and 
spine) were collected. The drug concentration in 
tissues was measured by high performance liquid 
chromatography (HPLC) with a fluorescence detector 
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(Hitachi LaChrom Elite, Japan) and a Zorbax 
300SB-C18 reverse phase column (Agilent, USA) [43].  
Evaluation of the therapeutic efficacy of 
aptamer-Dox liposomes 

Mice bearing 4T1 orthotopic breast cancer 
tumors were intravenously administered with PBS, 
free Dox, Scr-Dox, or T1-Dox (3 mg/kg) on day 7, 14, 
21, and 28 post-injection of cancer cells. Body weight 
and tumor measurements (length × width × height/2) 
were recorded every other day. On day 35, mice were 
euthanized and major organs (heart, liver, spleen, 
lungs, and kidneys) were harvested, fixed in formalin, 
and processed for histological evaluation with 
hematoxylin and eosin (H&E) staining. Tumor, 
spleen, and blood samples were collected for single 
cell isolation as described above. MDSCs were 
analyzed by flow cytometry. For tumor 
immunofluorescent staining, tissues were harvested 
and frozen. Frozen slides were fixed in ice-cold 
methanol for 10 min, blocked with 10% bovine serum 
albumin (BSA) in PBS, and permeabilized with 0.1% 
triton X-100 for 1 h at room temperature. Slides were 
the incubated with FITC-anti-Gr-1 (Affymetrix 
eBioscience, 1:100) and PE-anti-mouse CD11b 
(Affymetrix eBioscience, 1:100) antibodies at 4°C 
overnight. Nuclear counterstaining was performed 
using DAPI according to the manufacturer's 
instructions. Slides were mounted with fluorescence 
mounting medium (Thermo Fisher scientific, USA) 
and visualized using a confocal microscope. 

Statistical analysis 
Statistical analysis was performed with the 

Student’s t-test when comparing two independent 
groups and with two-way ANOVA when comparing 
more than two groups.  

Results  
Evaluation of T1 aptamer accumulation in 
tumors 

In vivo aptamer selection was applied to an 
animal model of MDA-MB-231 breast cancer bone 
metastasis. Specifically, luciferase-transfected 
MDA-MB-231 cells were intracardially injected to 
generate bone metastases and bioluminescence 
imaging was performed to confirm tumor growth 
(Fig. S1A). After intravenous injection of a random 
library, bones were harvested and homogenized. 
DNA molecules were extracted and amplified using 
aptamer library-specific primers. The resulting DNA 
pool was then reinjected into mice and the process 
was repeated ten times. The PCR products were 
sequenced and several candidates were identified 
(Fig. 1A). The sequence with highest occurrence 

frequency (T1) was selected for further evaluation. A 
database search with the Basic Local Alignment 
Search Tool (BLAST) of the National Center for 
Biotechnology Information (NCBI) revealed a lack of 
homology between the T1 sequence and existing 
genes.  

To confirm tumor-targeting capability of the T1 
aptamer, Cy5-labeled T1 and Scr aptamers were 
intravenously injected into mice bearing 
MDA-MB-231 breast cancer bone metastases. Major 
organs and bones were collected for IVIS imaging. 
The results revealed that the T1 aptamer exhibited 
increased tumoritropic accumulation compared to the 
Scr aptamer (Fig. 1B and Fig. S1B). After confirming 
the targeting effect in the breast cancer bone 
metastasis model, biodistribution studies were 
performed in an MDA-MB-231 orthotopic breast 
cancer model to evaluate the utility of the aptamer for 
primary breast cancer. Consistent with the results 
obtained with the breast cancer bone metastasis 
model, T1 displayed increased tumor deposition 
compared to the Scr aptamer (Fig. 1C and Fig. S1C). 
Confocal microscopy analysis of tumor sections 
confirmed increased accumulation of T1 aptamers in 
tumors (Fig. 1D). Taken together, these results 
indicate that the T1 aptamer exhibits selectivity for the 
TME in both orthotopic and metastatic breast cancer 
models. 

Identification of T1 aptamer binding targets 
To identify cellular targets of the T1 aptamer, 

single cells from MDA-MB-231 orthotopic tumors 
were isolated, stained with antibodies, and incubated 
with T1 or Scr aptamers on ice. Due to the complexity 
of the TME, the two main cell populations, epithelial 
tumor cells (HLA-ABC+CD45-) and infiltrating 
immune cells (CD45+) were stained first. After gating 
on live singlet cells, flow cytometry analysis of the 
tumor specimens revealed that the T1 aptamer was 
bound to both MDA-MB-231 and immune cells (Fig. 
2A). Further analysis of the infiltrating immune cell 
population demonstrated that T1 displayed increased 
binding to PMN-MDSCs (CD11b+Ly6G+) compared to 
Scr. On the contrary, the Scr and T1 aptamers 
exhibited similar binding to non-PMN-MDSCs 
(CD11b-Ly6G-) and (Fig. 2B). Further staining of B 
cells, T cells, and macrophage cells revealed no 
binding difference between Scr and T1 aptamer (Fig. 
2C and Fig. S2). The ability of the T1 aptamer to 
preferentially bind to PMN-MDSCs in blood samples 
was also demonstrated (Fig. 2D). Together, these 
results indicate that that the T1 aptamer binds to 
PMN-MDSCs and MDA-MB-231 cells, both of which 
can be targeted for cancer therapy. 
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Figure 1. Validation of T1 aptamer tumor accumulation in an orthotopic and metastatic MDA-MB-231 breast cancer model. (A) Table showing 
seven DNA aptamer sequences with more than 300 reads present in breast cancer bone metastases after ten rounds of in vivo selection. (B-D) Mice were 
intravenously administered with a Cy5-labeled T1 or scrambled (Scr) aptamer. Tissues were analyzed 4 h post-injection. (B, C) Fluorescent images of organs and 
bones obtained with an in vivo imaging system (IVIS- 200 Spectrum) in mice bearing breast cancer bone metastases (B) or orthotopic breast cancer tumors(C). 
Organs: Bn, bones; Br, brain; He, heart; Ki, kidney; Li, liver; Lu, lung; Sp, spleen; St, sternum; Tu, tumor. Scale bar, 1 cm. (D) Representative confocal microscopy 
images of orthotropic breast cancer tumor sections. Scr aptamer (left) and T1 aptamer (right). Scale bar, 100 μm. 

 

Characterization of the T1 aptamer in vitro 
Structure predictions for the aptamer were 

determined by Mfold [44]. The predicted secondary 
structure with lowest energy (∆G = -12.73 kcal/mol) 
for the T1 aptamer is shown in Fig. 3A. The 
characteristics of the T1 aptamer was studied in vitro 
using MDA-MB-231 cells, as these cells are easier to 
maintain in culture compared to PMN-MDSCs. The 
potential cytotoxicity of the T1 aptamer was 
determined, as safety is a major consideration for the 
development of therapeutic agents [45]. As shown in 
Fig. 3B, neither T1 nor Scr displayed any toxicity in 
MDA-MB-231 cells. Additionally, cell migration, 
determined with the scratch assay, was unaffected in 
response to aptamer treatment (Fig. S3A). Next, the 
stability of the T1 aptamer was assessed in serum 
solution. The deoxyadenosine (dA) residues on the 
aptamers were modified with a thiol group to 
improve in vivo stability [46]. Agarose gel 
electrophoresis results indicated that the T1 aptamer 
remained stable for at least 72 h (Fig. S3B).  

To verify that the T1 aptamer binds to 

MDA-MB-231 cells in culture, binding studies were 
performed using flow cytometry. The results reveal 
that the T1 aptamer exhibited increased binding to 
MDA-MB-231 cells compared to the Scr aptamer (Fig. 
3C). The apparent dissociation constants (Kd) were 
measured by incubating cells with serial dilutions of 
the aptamers (Fig. 3D). As shown in Fig. 3E, the T1 
aptamer binds to MDA-MB-231 cells with high 
affinity (Kd = 2.47 nM). To investigate cell-binding 
specificity, concentration gradient binding 
experiments were performed on other cell lines. Based 
on the Kd values, the cell lines were divided into two 
groups: binding cell lines (Kd < 10 nM) and 
non-binding cell lines (Kd > 500 nM). Interestingly, the 
T1 aptamer displayed increased binding to other solid 
tumor cell lines, such as those derived from murine 
and human breast cancer, lung cancer, and cervical 
cancer (Fig. 3F). However, the T1 aptamer did not 
bind to suspension cell lines, such as CML and AML 
cells (Fig. 3G). These results suggest that the T1 
aptamer could have broader applicability beyond 
targeting the breast TME. 
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Uptake of the T1 aptamer in vitro  
Previous reports have demonstrated that 

oligonucleotides longer than 25 bases do not readily 
penetrate the cell membrane [47]. Therefore, confocal 
microscopy studies were performed to determine 
whether the T1 aptamer, which consists of 74 bases, is 
internalized into cells. Confocal microscopy images 
revealed that Cy5-labeled T1 was present in large 
quantities inside the cells after a short period of time 
(Fig. 4A and Fig. S4A). Ice-incubation substantially 
reduced T1 cellular internalization (Fig. 4B), 
suggesting that the uptake process was 
energy-mediated. Flow cytometry results further 
confirmed that T1 was rapidly taken up by 
MDA-MB-231 cells (Fig. 4C). Cells were treated with 
proteinase K and trypsin to determine whether 
membrane proteins were involved in T1 uptake. As 
shown in Fig. 4D, treatment with trypsin or proteinase 

K lead to a substantial decrease in the fluorescent 
intensity of MDA-MB-231 cells, whereas exposure to 
EDTA had less of an effect on cellular uptake. Further 
studies were performed to identify T1 internalization 
pathways. As shown in Fig. 4E, T1 uptake was 
minimally affected by amiloride, chlorpromazine, 
cytochalasin D, and genistein, whereas dynasore 
dramatically reduced internalization in a 
dose-dependent manner. Confocal microscopy 
further confirmed that dynamin-dependent 
endocytosis plays an important role in T1 uptake (Fig. 
S4B).” These observations indicate that T1 is primarily 
internalized into cancer cells through interactions 
with membrane proteins that are involved in 
dynamin-dependent uptake. 

Revalidation of T1 aptamer binding targets in a 
4T1 orthotopic breast cancer model 

The ability of the T1 aptamer to 
bind to the TME of breast tumors 
was further validated in a 4T1 
orthotropic breast cancer model. 
This model was selected, as 4T1 
tumor development is associated 
with an expansion of MDSCs. 
Indeed, as shown in Fig. 5A, 4T1 
tumor-bearing mice had a six- to 
eightfold increase in circulating 
MDSCs (CD11b+Gr-1+) compared to 
control mice. IVIS images revealed 
that the Cy5-labeled T1 aptamer 
displayed increased accumulation in 
the tumor in comparison to the Scr 
aptamer (Fig. 5B and Fig. S5A). 
Single cells from blood and tissue 
samples were analyzed by flow 
cytometry. Similar to the results 
obtained with MDA-MB-231 breast 
cancer models, the T1 aptamer 
displayed increased binding to 
PMN-MDSCs in the blood, bone, 
tumor, and spleen tissues compared 
to the Scr aptamer (Fig. 5C and Fig. 
S5B). In tumor samples, CD11b- cells 
were gated as 4T1 tumor cells, due 
to a lack of other makers to identify 
these cells. In accordance with 
previous results, the T1 aptamer 
exhibited increased binding to 4T1 
cancer cells compared to the Scr 
aptamer (Fig. 5D). Moreover, 
neither Scr nor T1 showed a positive 
signal for M-MDSCs, B cells, T cells, 
or macrophages (Fig.S6A-D). 
Whole-body imaging time course 

 

 
Figure 2. Identification of T1 aptamer binding targets in MDA-MB-231 orthotopic breast 
cancer model. (A-C) Representative flow cytometry graphs of Cy5-labeled Scr and T1 aptamer binding 
(ice incubation) to single cells isolated from orthotopic breast cancer tumors. (A) Tumor 
infiltrating-immune cells and MDA-MB-231 cells were defined as CD45+ and HLA-ABC+, respectively. (B) 
Tumor infiltrating polymorphonuclear myeloid-derived suppressor cells (PMN-MDSCs) and 
non-PMN-MDSCs were defined as CD45+CD11b+Ly6G+, CD45+CD11b-Ly6G-, respectively. (C) Tumor 
infiltrating B cells and T cells were defined as CD45+B220+ and CD45+CD3+, respectively. (D) 
Representative flow cytometry graphs of Cy5-labeled aptamers incubated with PMN-MDSCs derived from 
the blood of mice bearing MDA-MB-231 orthotopic breast cancer. 
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experiments were performed with the Scr and T1 
aptamers. The Scr aptamer was cleared from the body 
at a higher rate than T1. Notably, T1 was still present 
in high quantities in the body after 8 h (Fig. 5E). Taken 
together, these results confirm that the T1 aptamer 
binds to PMN-MDSCs and breast cancer cells, 
suggesting the potential use of the aptamer for tumor 
targeting applications. 

T1 aptamer conjugated liposomal Dox 
accumulation in tumors and bone tissue 

Next, the potential use of T1 for targeted drug 

delivery was assessed. A liposomal-based system was 
utilized, as liposomes represent a major category of 
clinically approved delivery vehicles [48, 49]. The 
aptamer was conjugated to the outer lipid membrane 
and the liposomes were loaded with Dox (Fig. 6A) 
using an active loading procedure. The drug loading 
efficiency was >90% and was unaffected by aptamer 
conjugation. Liposomes functionalized with Scr or T1 
were similar in size (~120 nm) (Fig. 6B). Tumor 
accumulation of liposomes in the nano-size range is 
usually facilitated through passive targeting due to 
the enhanced permeability and retention (EPR) effect. 

Size measurements revealed that the 
liposomes remained stable in various 
solutions (Fig. 6B). The targeting capability 
of the liposomes was assessed in 4T1 
cancer cells using flow cytometry. 
Consistent with the results obtained with 
the free aptamers, the T1-functionalized 
liposomes displayed increased binding to 
4T1 cells compared to liposomes 
conjugated to Scr (Fig. 6C). These results 
were further confirmed by confocal 
microscopy (Fig. 6D), which indicated that 
T1-liposomes delivered larger quantities of 
Dox inside cells. The biodistribution of the 
liposomes was evaluated in a 4T1 
orthotopic breast cancer model using 
HPLC to detect Dox. Mice administered 
with T1-Dox exhibited higher intratumoral 
levels of Dox compared to those injected 
with Scr-Dox (Fig. 6E). These results 
suggest that the T1 aptamer could be used 
for targeted delivery of Dox liposomes to 
breast cancer tumors.  

Therapeutic efficacy of 
aptamer-functionalized liposomal 
Dox in vivo 

The therapeutic efficacy of 
aptamer-functionalized Dox liposomes 
was assessed in a 4T1 orthotopic breast 
cancer model (Fig. 7A). The 4T1 tumor 
model is highly aggressive and recalcitrant 
to most therapeutic agents, partially due to 
extreme expansion of MDSCs [15, 37]. The 
results revealed that T1-Dox liposomes 
outperformed Scr-Dox liposomes and free 
Dox (Fig. 7B). Treatment with T1-Dox 
resulted in an almost two- to three-fold 
decrease in tumor weight compared to the 
other groups (Fig. 7C). Moreover, flow 
cytometry analysis confirmed the T1-Dox 
selectively eliminated PMN-MDSCs in the 
tumor, spleen, and blood (Fig. 7D). 

 

 
Figure 3. Characterization of the T1 aptamer in vitro. (A) Predicted secondary structure 
of the T1 aptamer determined with Mfold. (B) Viability of MDA-MB-231 breast cancer cells 
treated with Scr or T1 aptamers for 48 h. (C) Flow cytometry of MDA-MB-231 cells treated with 
Cy5-labeled aptamers (25 nM). (D) Concentration-dependent binding of Cy5-labeled T1 in 
MDA-MB-231 cells. (E) The apparent equilibrium Kd of the T1 aptamer with MDA-MB-231 
cancer cells. Data is presented as mean ± s.d. of three measurements. (F) Table showing cancer 
cell lines that display increased binding to T1 (Kd < 10 nM). (G) Table showing cancer cell lines 
that do not display increased binding to T1 (Kd > 500 nM). HSCs, Hematopoietic stem cells. 
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Moreover, the percentage of CD8+ T cells was 
substantially higher in tumors of mice treated with 
T1-functionalized liposomes (Fig. S7), suggesting that 
PMN-MDSCs depletion promotes antitumor 
immunity. These results were further confirmed by 
confocal microscopy of tumor sections. As shown in 
Fig. 7E and F, treatment with T1-Dox liposomes 
dramatically decreased the intratumoral population 
of MDSCs and increased tumor infiltration of CD8+ T 
cells. Immunohistochemical analysis of Ki-67, a cell 
proliferation marker, showed a substantial decrease in 
this protein in response to T1-Dox (Fig. S8). Taken 

together, targeting and elimination of MDSCs 
facilitated a more immuneresponsive microenviron-
ment, which likely contributed to increased cancer cell 
death. Notably, mice exhibited no clinical signs of 
distress, toxicity, or renal damage during the 
treatment period. Additionally, repeated injections of 
liposomes did not affect body weight (Fig. S9) or 
cause gross morphological changes in major organs 
(Fig. S10). In conclusion, the use of T1-Dox liposomes 
represents a safe and effective approach to target both 
PMN-MDSCs and breast cancer cells in order to 
improve conventional cancer therapy. 

 

 
Figure 4. Uptake of the T1 aptamer in vitro. MDA-MB-231 cells were treated with Cy5-labeled-T1 (25 nM) at 37 °C for 30 min unless otherwise indicated. (A) 
Confocal fluorescence microscopy images. T1 aptamer (red), phalloidin (green), and DAPI (blue). Scale bar, 20 μm. (B) Confocal fluorescence microscopy images. 
Cells were incubated with aptamers for 20 min on ice. Scale bar, 25 μm. (C) Flow cytometry graphs. (D) Flow cytometry graphs of cells treated with trypsin, 
proteinase K-treated, or ethylenediaminetetraacetic acid (EDTA) for 5 min. (E) Relative cellular uptake of T1 in response to uptake inhibitors. Data is presented as 
mean ± s.d. (n = 3). Statistics by Student’s t-test. *, P < 0.05; ***, P < 0.001, ***, P < 0.0001, compared with control cells. 
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Figure 5. Revalidation of T1 binding targets in a 4T1 orthotopic breast cancer model. (A) Percentage of myeloid-derived suppressor cells (MDSCs) in 
the blood following cancer cell implantation. (B-E) Cy5-labeled aptamers (0.5 nmol/mouse) were intravenously administered and analysis was performed 4 h 
post-injection unless otherwise indicated. (B) Fluorescent images of organs captured with the IVIS-200 imaging system. Organs: Tu, tumor; Sp, spleen; Bn, bones; Sp, 
spine. Scale bar, 1 cm. (C) Representative flow cytometry graphs of PMN-MDSCs from the blood, bone, tumors, and spleen. (D) Representative flow cytometry 
graphs of 4T1 cells (CD11b- cells) from tumor samples. (E) Whole body images of mice acquired with an IVIS-200 imaging system. Scale bar, 2 cm. 
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Figure 6. Tumor accumulation of aptamer-conjugated liposomal doxorubicin (Dox) in an orthotopic 4T1 breast cancer model. (A) Schematic 
illustration of aptamer-conjugated liposomal Dox. (B) Size and zeta potential of Scr aptamer-conjugated liposomal Dox (Scr-Dox) and T1 aptamer-conjugated 
liposomal Dox (T1-Dox) in phosphate buffered saline (PBS), water, or Dulbecco's Modified Eagle’s Medium (DMEM). Three measurements were taken of each 
sample. (C) Flow cytometry analysis of 4T1 cells treated with Scr-Dox and T1-Dox at 37 °C for 30 min. (D) Confocal fluorescence microscopy images of 4T1 cells 
treated with Scr-Dox and T1-Dox for 30 min. Dox (red), phalloidin (green), and DAPI (blue). Scale bar, 25 μm. (E) Biodistribution of liposomes based on Dox content 
(6 mg/kg Scr-Dox or T1-Dox) 24 h post-injection. Data is presented as mean ± s.d. (n = 3). *, P < 0.05; **, P < 0.001; ***, P < 0.0001. 
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Figure 7. Therapeutic efficacy of T1-Dox in a 4T1 orthotopic breast cancer model. (A) Schematic of the experimental design. PBS, Dox, Scr-Dox, or 
T1-Dox (3 mg/kg) was administered intravenously on day 7, 14, 21, and 28 post-injection of cancer cells. Mice were sacrificed on day 35. (B) Tumor growth in 
response to treatment. Data is presented as mean ± s.d. (n = 8). (C) Tumor weight in response to treatment. Data is presented as mean ± s.d. (n = 8). (D) Left panel: 
Representative flow cytometry results of CD11b+Ly6G+ cells in tumor, blood, and spleen samples. Right panel: CD11b+Ly6G+ cells in tumor, blood, and spleen 
samples. Data is presented as mean ± s.d. (n = 5). (E) Representative confocal fluorescence microscopy images of CD11b+Gr-1+ cells in tumor samples. CD11b 
(green), Gr-1 (red), and DAPI (blue). Scale bar, 50 μm. (F) Representative confocal fluorescence microscopy images of CD8+ cells in tumor samples. CD8 (red) and 
DAPI (blue). Scale bar, 50 μm. *, P < 0.05; **, P < 0.001; ***, P < 0.0001. 
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Discussion 
PMN-MDSCs are a key component of the TME 

and play an important role in the cellular networks 
that regulate immune responses in various cancers [4, 
6]. These cells display high levels of reactive oxygen 
species and low nitric oxide production, which causes 
suppression of T cell function and subsequent 
promotion of tumor progression and metastasis [6, 7]. 
Furthermore, several studies have shown that 
suppression of MDSCs can overcome resistance to 
checkpoint blockade therapy, such as programmed 
cell death protein 1 (PD-1) and cytotoxic 
T-lymphocyte-associated protein 4 (CTLA-4) antibody 
therapies [15, 16]. Therefore, PMN-MDSCs present a 
promising target for improving anticancer immunity 
[5]. Indeed, several strategies have been explored to 
either eliminate or reduce the immunosuppressive 
function of MDSCs, resulting in restored T-cell 
antitumor activity [12-15]. Notably, conventional 
chemotherapeutic agents, such as gemcitabine and 
Dox, are able to cause cell death of MDSCs [13, 14]. 
However, the ability of these cytotoxic agents to 
eliminate MDSCs is highly dependent on targeted 
delivery, and there is a need to identify ligands that 
display preferential binding to these cells.  

In this study, a DNA aptamer (T1) for dual 
targeting of PMN-MDSCs and tumor cells was 
identified and validated in multiple breast cancer 
models. To the best of our knowledge, this is the first 
example of an aptamer that can simultaneously target 
these two cell populations. An RNA aptamer that 
binds to MDSCs and tumor-associated macrophages 
has previously been described [50]. However, this 
aptamer is unable to serve as a combined targeting 
ligand for immunochemotherapy due to a lack of 
preferential binding to cancer cells. The T1 DNA 
aptamer identified in this study was conjugated to 
liposomal Dox. In a 4T1 orthotopic breast cancer 
model, treatment with T1-Dox caused cancer cell 
death and efficiently eliminated MDSCs in the blood, 
spleen, and tumor, increasing CD8+ T cell 
intratumoral infiltration. T1-Dox-induced 
transformation of the TME toward a more 
immunoactive state lead to improved anticancer 
efficacy compared to free Dox or non-targeted Dox 
liposomes. In addition to PMN-MDSCs and breast 
cancer cells, several other solid tumor cell lines were 
also shown to be targets for T1, indicating that this 
aptamer could have broader implications beyond 
breast cancer treatment. Taken together, this study 
highlights the promising potential of T1 to be used as 
a targeting ligand for cancer therapy.  
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